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Self-organization of metallic nanoparticles in a medium is an efficient and a low-cost way to produce plasmonic systems that can be used for applications to active colour display, image encoding, and security. Such nanocomposite systems must be synthesized in form of stable films which could be coated on any kind of surface for laser processing. This doctoral thesis focuses on laser-induced self-organization of nanocomposite thin films of silver and mesoporous titania.

In this work, we first investigate synthesizing mesoporous TiO2 thin films using hydrolytic process, which is easy to implement, to provide crystallized films starting at 100°C. First activation energies in mesoporous TiO2 films using Raman spectroscopy in combination with the phonon quantum confinement model are reported in this work. Further, growth mechanisms of nanocrystals in mesoporous TiO2 films are investigated in form of ellipsometric measurements highlighting its effect on film porosity and crystallinity with annealing temperature.

The second study demonstrates fabrication of different nanocomposite structures using femtosecond laser scanning technique, triggering growth and self-organization of silver nanoparticles inside porous amorphous titania matrix giving rise to plasmonic dichroic colours.

Further investigation on the parametric study of such nanocomposites gives rise to different nanostructures at two different scan speed regimes, which are formed at the surface and are embedded below due to excitation of surface and the guided modes. The flexibility of this laserbased marking technology also allows to fabricate hybrid nanostructures composed of different adjacent nanostructure types, interlaced to cover large areas. An extension of this study is concluded on plastic/flexible substrates to encode diffractive printed images. Here surface nanostructures (LIPSS) are formed by using the control of laser polarization and thus grating orientation, which is used to encode grey-level images that can be observed in diffraction modes.

Further, this study is concluded by producing three image multiplexing which can be observed in three selected modes of observation under white light in reflection with non-polarized light and transmission between polarizers for two different polarization angles. This is due to the fact that the film birefringence and dichroism can be controlled to produce unprecedented colour gamuts for multiplexing. Such smart laser processing on nanocomposite thin films gives rise to artistic and security applications by encoding different images up to three under same area.
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Their properties are not just governed by the arrangement of the atoms within the crystal but also by the pore size and its surface area. Further, investigations for exploiting the pore size, phase, synthesis temperature and the structure has been carried out for applications to solar cells, sensors, membranes, optoelectronics and others, but still a need of exploring the world of such mesoporous nanostructures is present. Research of new mesostructured and mesoporous materials has become important over the last 25 years. [START_REF] Suib | A Review of Recent Developments of Mesoporous Materials[END_REF][START_REF] Linares | Mesoporous Materials for Clean Energy Technologies[END_REF][START_REF] Li | Mesoporous Materials for Energy Conversion and Storage Devices[END_REF] Such mesoporous materials also act as host matrices to grow metallic nanoparticles within them.

They are emerging as a new class of optical materials. These nanocomposite materials are characterized by the localized surface plasmon resonance (LSPR) phenomenon exhibiting absorption in the ultraviolet/visible region. LSPR is a collective oscillation of electrons in the conduction band of metallic nanoparticles, which is excited by the incoming electric field of the incident light. This behavior is directly related to the shape of the nanoparticles, their size, nature, inter-particle distance and the dielectric permittivity of the host environment. [START_REF] Murray | Plasmonic Materials **[END_REF][START_REF] Mock | Shape Effects in Plasmon Resonance of Individual Colloidal Silver Nanoparticles[END_REF][START_REF] Kristensen | Plasmonic Colour Generation[END_REF] Metallic nanoparticles have been used in for different applications, the oldest being used as a colourizing agent when dispersed inside a host matrix. A famous example of such response from the past, is the well-known Lycurgus Cup which exhibits dichroic colours due to the presence of gold (Au)

and silver (Ag) nanoparticles. [START_REF] Barber | An Investigation of the Origin of the Color of the Lycurgus Cup By Analytical Transmission Electron-Microscopy[END_REF] Metallic nanoparticles exhibit colours due to light absorption and scattering in the visible region due to their plasmon resonances. Two of the most studied plasmonic metals for such behavior are Ag and Au as they exhibit the LSPR in the visible thus being used in many applications including colours, biosensors, surface enhanced Raman scattering (SERS) applications, and others. [START_REF] Kumar | Printing Colour at the Optical Diffraction Limit[END_REF][START_REF] Mayer | Localized Surface Plasmon Resonance Sensors[END_REF][START_REF] Lee | Application of Gold Nanoparticle to Plasmonic Biosensors[END_REF] Metallic nanoparticles are important in fabricating nanocomposite materials with different optical properties when high intensity light is interacted with them. In the past, lasers have been used to alter the optical response of the nanocomposites either by tuning the individual characteristics of the nanoparticle or by producing nanoparticles gratings. While inducing the deformation of Ag in glass, Kaempfe et al. were able to produce permanent dichroic colour changes inside the glass. 14 Seifert et al. showed that Au/Ag nanoparticles in glass can be transformed to anisotropic shapes along the laser polarization direction to design optical properties of metal glass nanocomposites. [START_REF] Seifert | Laser-Induced, Polarization Dependent Shape Transformation of Au/Ag Nanoparticles in Glass[END_REF] While for latter cases, where the optical response of nanocomposite materials can also be tuned both by varying features of the periodic structure and changing the morphology of the individual nanoparticle, Loeschner et al. showed femtosecond (fs) induced laser grating like structure and nanoparticle anisotropy inside polymer films giving rise to optical dichroism. [START_REF] Loeschner | Self-Organized, Gratinglike Nanostructures in Polymer Films with Embedded Metal Nanoparticles Induced by Femtosecond Laser Irradiation[END_REF] Other ways of altering the optical response of the composite systems can be using lasers to grow or self-organize nanoparticles inside dielectric titanium dioxide (TiO2) thin films with embedded nanoparticles. A recent example of which was shown by our group 'Nanoparticules' using continuous-wave (cw) and fs laser on nanocomposites of Ag:TiO2. Here while nucleation, growth and self-organization was observed using cw laser, a double self-organization was observed while using fs laser system giving rise to permanent dichroic colours. [START_REF] Destouches | Dichroic Colored Luster of Laser-Induced Silver Nanoparticle Gratings Buried in Dense Inorganic Films[END_REF][START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF] Such laser induced nanocomposites can be used to encode colour pattern by taking advantage of its dichroic nature. This motivates us in studying the nanostructures that can be fabricated combining nanocomposite mesoporous thin films of Ag:TiO2 and fs lasers and further explore the applications that these nanostructures can pave for applications towards encoding information. Further, structuring of metallic nanoparticles inside the crystallized and amorphous thin films of TiO2 starting from low temperatures can potentially improve the photocatalytic performance of potentially fabricated laser induced nanocomposites on such films due to field trapping in the self-organized gratings.

The thesis completely revolves around mesoporous TiO2 that is the principal matrix used in the thesis. In the first part, we explore the chemistry of mesoporous crystalized TiO2 thin films while working at lower synthesis temperatures followed by studying light interaction of a fs laser system with nanoparticle composite films made of Ag:TiO2 to control and self-organize nanoparticles within the oxidize films in the second part of the thesis. Further investigations show the practical applications of such nanostructures fabricated for multiple image hiding on plastic substrates and image multiplexing with fs laser systems.

Overview of TiO 2 Synthesis Methods and Applications

Since the commercial production of TiO2 after 1920, it is one of the most exploited semiconductor. In 1972, Fujishima and Honda first discovered the photocatalytic splitting of water on electrodes of TiO2 under ultraviolet (UV) light. [START_REF] Fujishima | Electrochemical Photolysis of Water at a Semiconductor Electrode[END_REF] Since then enormous efforts have been put to research on TiO2 material, leading to many practical applications including photovoltaics, photocatalysis, pigments, waveguides and sensors. [START_REF] Grätzel | Mesoporous Oxide Junctions and Nanostructured Solar Cells[END_REF][START_REF] Elgh | Controlling Morphology, Mesoporosity, Crystallinity, and Photocatalytic Activity of Ordered Mesoporous TiO2 Films Prepared at Low Temperature[END_REF][START_REF] Farrokhpay | Titania Pigment Particles Dispersion in Water-Based Paint Films[END_REF][START_REF] Guan | Compact Titanium Dioxide Waveguides with High Nonlinearity at Telecommunication Wavelengths[END_REF][START_REF] Tang | TiO2 Anatase Thin Films as Gas Sensors[END_REF] TiO2 exists in three different polymorphs apart from its amorphous phase known as anatase, rutile and brookite where, the formation of the amorphous TiO2 starts at room temperature until 350°C . All the three polymorphs are built from the TiO6 octahedra where, the anatase structure is built from the edge sharing TiO6 octahedra, and the other two polymorphs are built from both edge and corning sharing of the TiO6 octahedra. [START_REF] Dambournet | Tailored Preparation Methods of TiO2 Anatase, Rutile, Brookite: Mechanism of Formation and Electrochemical Properties[END_REF][START_REF] Li | Brookite → Rutile Phase Transformation of TiO2 Studied with Monodispersed Particles[END_REF] Moreover from various synthesis procedures of TiO2 including sol-gel, physical vapor deposition (PVD), chemical vapor deposition (CVD) and hydrothermal, the transformation of amorphous to anatase phase usually occurs first at 350-400°C, due to ease of arrangement of short range TiO6 octahedral into long range order anatase structure, this can be due to less constrained molecular construction of anatase as compared to rutile. [START_REF] Hanaor | Review of the Anatase to Rutile Phase Transformation[END_REF] A pure anatase is considered to be transformed to the rutile phase at around 600°C in the air. Although, the transition temperature can vary up to 1200°C depending upon the type of synthesis precursors and route chosen. [START_REF] Hanaor | Review of the Anatase to Rutile Phase Transformation[END_REF] Usually anatase and rutile are the two common polymorphs of TiO2 and its third polymorph, i.e its brookite phase is usually obtained at around 500-600°C as a bi-product along with its other two polymorphs when synthesized under an ambient synthesis condition. [START_REF] Li | Brookite → Rutile Phase Transformation of TiO2 Studied with Monodispersed Particles[END_REF] The vast applications of amorphous and different polymorphs of TiO2 being used as pigments in paints, cosmetics, polymers is due to their high refractive index in the visible range and its strong absorption in the ultraviolet range, especially in its anatase and rutile forms which also result in high reflectivity at its surface. [START_REF] Hanaor | Review of the Anatase to Rutile Phase Transformation[END_REF] It has been studied that while the refractive index of amorphous TiO2 is around 2.4, the refractive index values for the anatase varies from 2.5 ~ 2.6 and further rutile phase possesses a higher refractive index values of around 2. 6 ~ 3 (wavelength (λ) corresponding to 546 -550 nm). [START_REF] Dieter Mergel | Density and Refractive Index of Thin Evaporated Films[END_REF][START_REF] Bendavid | Review of Thin Film Materials Deposition by the Filtered Cathodic Vacuum Arc Process at CSIRO[END_REF] Further, due to its high dielectric constant, high transparency in the visible region TiO2 has also been used in different optical applications. It has been used as micro ring resonators and waveguides. [START_REF] Evans | Low-Loss Titanium Dioxide Waveguides and Resonators Using a Dielectric Lift-off Fabrication Process[END_REF] Other works have showed that TiO2 can be used as antireflector on infrared detectors, thanks to the low refractive index values of TiO2 nanorods at wavelengths greater than 2 µm. [START_REF] Jayasinghe | Optical Properties of Nanostructured TiO2 Thin Films and Their Application as Antireflection Coatings on Infrared Detectors[END_REF] Further, the other applications of TiO2 has been in the area of photocatalysis due to its deep valence band and the tendency of the photon-generated holes to locate at the surface of the material, thus making it as an oxidant agent. Also, the oxygen vacancy of TiO2 and its n-type semiconductor behavior makes it good candidate for sensors including gas, optical, electric, and biosensor. [START_REF] Bai | Titanium Dioxide Nanomaterials for Sensor Applications[END_REF] Thus, when the gases are absorbed on the surface of TiO2 they lead to a change in its resistance. All these applications and the ease of fabrication of TiO2 makes it an interesting material to investigate for further applications too.

Mesoporous TiO 2 and Thin Films: First Achievements

According to the definition of 'The International Union of Pure and Applied Chemistry' (IUPAC), porous solids are classified into three categories according to the diameter size of the pores: micropores (< 2 nm), mesopores (2-50 nm), and macropores (> 50 nm). Porous materials are of great interest due to their capacity of interacting with ions, molecules, atoms and nanoparticles not just on the surface but throughout the bulk of the porous material as a result of which the porous materials enhance their physical, and chemical properties and hence their potential applications. In early 90's scientists first reported a new family of mesoporous silicate denoted as M 41, before which such porous features were not recognizable due to lack of analysis techniques. 33 After this work, a quest of investigating new porous materials began, especially metal oxides, due to their tunable pore size, shape, volume, and composition. The first ever synthesis of hexagonal packed mesoporous TiO2 was in print in the year 1995 by Antonelli et al.

using sol-gel route. [START_REF] Antonelli | Synthesis of Hexagonally Packed Mesoporous TiO2 by a Modified Sol-Gel Method[END_REF] . When compared to bulk TiO2, the mesoporous TiO2 is advantageous due to a higher surface area, and the possibility of diffusion of reactants over the surface, and further an increase in the density of the active sites hence making it interesting candidate over bulk TiO2. [START_REF] Li | A Perspective on Mesoporous TiO2 Materials[END_REF] Such mesoporous materials are usually synthesized by two approaches, i.e. hard or soft templating routes (Figure I.1). [START_REF] Machado | Applications of Mesoporous Ordered Semiconductor Materials -Case Study of TiO2[END_REF] In hard templating synthesis routes the nanostructures are formed on the surface of the template. The templates are then removed via different physical and chemical methods thus generating pores. The other method used vastly, due to ease of fabrication is the soft templating route. It involves use of organic or polymeric surfactant which assembles into supermolecular structures, which involve co-assembly of the precursors (metal oxides, polymers, silica, etc). Such assemblies are then used as soft templates to tune pores. 37 Besides these templating methods, other methods can also produce mesoporous TiO2, but with disordered structures. A perspective of synthesizing mesoporous TiO2 thin films is by combining sol-gel along with soft templating technique or self-assembly process. A sol-gel is generated by two terms: sol, which consists of the liquid, and gel, which consists of a three dimensional network. The sol-gel process consists of an inorganic precursor or organic metal precursor along with an amphiphilic organic template. After this, the precursor and the organic template are mixed in a solvent in presence of an acid. The complete reactions take place under water. The final solution is then deposited with the help of different coating techniques such as spin-coating, dip-coating or slot die. The different coating techniques can offer different homogeneity and the choice for the coating technique generally depends upon the final application of the films. After the coating process, a thermal treatment is usually required to eliminate the organic template and release the porosity to obtain mesoporous TiO2 thin films. In order to maximize the utility of such TiO2 mesoporous materials, it is essential to synthesize them in form of thin films.

In 2001, three different research groups published back-to-back works on mesoporous TiO2 thin films. Grosso et al. produced optical thin films of mesoporous TiO2, synthesized using titanium tetrachloride (TiCl4) as the inorganic precursor and F 127 and Brij 58 as the structuring template.

The films were obtained at temperature of 350°C, with porosity ranging from 20 to 45%. [START_REF] Grosso | Highly Organized Mesoporous Titania Thin Films Showing Mono-Oriented 2D Hexagonal Channels[END_REF] Further, Hwang at al. used a different four step synthesis process to obtain mesoporous TiO2 films using nanoparticles of TiO2. [START_REF] Hwang | Nanoparticle Routes to Mesoporous Titania Thin Films[END_REF] Their four-step process comprises the synthesis of TiO2 nanoparticles using TiCl4 as a precursor and then blending these synthesized nanoparticles with template molecules of Brij di-block copolymer into the film followed by ageing and calcination process. The third published research in the same year used different synthesis precursors and templates. Yun et al. synthesized hexagonally packed TiO2 mesoporous films under acidic conditions using titanium isopropoxide (TTIP) as the precursor and poly(ethylene glycol)-blockpoly(propylene glycol)-block-poly(ethylene glycol), i.e. P123, as pore generating agent. [START_REF] Yun | Synthesis of Mesoporous Thin TiO2 Films with Hexagonal Pore Structures Using Triblock Copolymer Templates[END_REF] The mesoporous films were obtained after heating at 300°C. After this year, research on synthesizing mesoporous films began. Such mesoporous thin films of TiO2 have proven their worth in the applicative research areas when compared to the bulk mesoporous TiO2 as discussed above, due to instability of the nanopowders, and agglomeration over time for practical applications. On the other hand, dip coating requires a flat and cylindrical substrate which is immersed in a coating solution vertically or with an angle and then is withdrawn upwards with a constant speed, thus resulting in thin film coating which is deposited on both sides of the substrate. The formation of the thin film occurs at the time of withdrawal where the substrate is retracted. It is when the evaporation of the coating solution takes place and part of the coating solution is stuck to the substrate. The thickness in this case is also dependent on the viscosity of the coating solution.

The other factors which play a role on the film thickness are the withdrawal speed, fluid density and fluid surface tension as predicted by model proposed by Landau and Levich. Although, improvement in this model proposed by Faustini et al. showed that the film thickness also depends upon the evaporation rate of the sol used and the substrate width. [START_REF] Faustini | Preparation of Sol -Gel Films by Dip-Coating in Extreme Conditions[END_REF] When comparing the two techniques, dip coating is developed for large-scale film production and has an advantage

for incorporation to roll to roll processing and also for small batch experiments.

Applications to Mesoporous TiO 2 Thin Films

This section gives an overview and the advantages of the porous TiO2 in different applications. TiO2 thin films with larger surface areas, and controllable pore sizes have been studied for applications to solar-cells, photocatalysis, sensors, lithium ion batteries, waveguides and for micro inscription using lasers due to their stability over time. [START_REF] Hou | Highly Crystallized Mesoporous TiO2 Films and Their Applications in Dye Sensitized Solar Cells[END_REF][START_REF] Zhou | Mesoporous TiO2: Preparation, Doping, and as a Composite for Photocatalysis[END_REF][START_REF] Li | Low-Temperature Fabrication of Mesoporous Titanium Dioxide Thin Films with Tunable Refractive Indices for One-Dimensional Photonic Crystals and Sensors on Rigid and Flexible Substrates[END_REF][START_REF] Ortiz | Ordered Mesoporous Titanium Oxide for Thin Film Microbatteries with Enhanced Lithium Storage[END_REF][START_REF] Miller | Mesoporous Metal Oxide Semiconductor-Clad Waveguides[END_REF][START_REF] Crespo-Monteiro | Reversible and Irreversible Laser Microinscription on Silver-Containing Mesoporous Titania Films[END_REF] A typical dye synthesized solar cell (DSSCs) contains a dye-adsorbed TiO2 layer deposited on conductive oxide glass. A porous TiO2 permits the dye specific concentration to be high for the absorption of the incident light and also provides accessibility to hole transporter, a thumb rule for efficient solar energy conversion in case of a typical DSSCs. Tuning the pore volume, Granados et al. synthesized mesoporous TiO2 films with varying thickness and demonstrated that a combination of higher porosity and higher thickness gave the largest photocurrent density and hence the best photovoltaic performance when compared to the films with lower porosity and thicknesses. [START_REF] Hernández-Granados | Optically Uniform Thin Films of Mesoporous TiO2 for Perovskite Solar Cell Applications[END_REF] Further, TiO2 has been a great candidate for applications to photocatalysis. For a photocatalytic reaction, light with greater energy than the band gap of semiconductor should be absorbed on the surface of the semiconductor, thus creating electron-hole pairs, and simulating oxidation and reduction reactions. For this purpose, mesoporous TiO2 becomes an interesting candidate, with higher surface areas. However, since TiO2 alone shows a poor absorption in the visible range, efforts have been made to dope it with noble metals, non-metal anions and metal cations, thus enhancing absorption in the visible region and hence promoting the photocatalytic activity. [START_REF] Zhang | Mesoporous Titania: From Synthesis to Application[END_REF] Further, such TiO2 mesoporous thin films have also shown their worth as sensors due to higher surface areas, pore volumes and carrier diffusion length. When the TiO2 mesoporous films are exposed to gases, the gas molecules are bound onto the surface of the pores, resulting in a chemical reaction and generating electrical signals. [START_REF] Scarpelli | Mesoporous TiO2 Thin Films: State of the Art[END_REF] Such mesoporous films also possess advantage over bulk TiO2 acting as potential electrodes for lithium ion batteries, used in day-today life. The pores in the TiO2 give a higher surface area to the material and a shorter diffusion pathway for electrons and lithium ions. [START_REF] Ortiz | Ordered Mesoporous Titanium Oxide for Thin Film Microbatteries with Enhanced Lithium Storage[END_REF] Further, one of the interesting properties of such mesoporous TiO2 thin films in terms of this thesis is that, such films can also be used as reservoir for metallic ions, which results in high ionic mobility for such metallic ions. As the thesis, is principally based on nanocomposite of Ag:TiO2, it is now important to give an overview of the optical phenomena happening around when laser are used with such nanocomposites.

Metallic Nanoparticles and Photochromic Behavior

Particles within the range of 1-100 nm, known as nanoparticles, show some fascinating properties. When an electromagnetic wave is trapped at a metal-dielectric interface on a metal surface, it is termed as surface plasmon polariton (SPP). Surface plasmons possess specific characteristic due to the oscillation of conduction electrons upon excitation of the incident light.

Surface plasmon confined on the surface of metallic nanoparticles exhibit what is named LSPR as describe above. This collective oscillation of the free electrons (Figure I.3) causes a large resonant enhancement of the local field around the nanoparticle. This phenomenon, is widely used in SERS, [START_REF] Hossain | Surface-Enhanced Raman Scattering: Realization of Localized Surface Plasmon Resonance Using Unique Substrates and Methods[END_REF] optical tweezers, [START_REF] Juan | Plasmon Nano-Optical Tweezers[END_REF] and optical devices. [START_REF] Prabowo | Surface Plasmon Resonance Optical Sensor: A Review on Light Source Technology[END_REF] The resonance frequency of the oscillations as discussed in the introduction depends upon the dielectric properties of the metal, surrounding medium and other factors like the shape and size of the nanoparticles. Faraday showed that metal particles with different sizes and shapes exhibit different colours. Further in 1908, Mie theory suggested a general solution for single sphere interacting with electromagnetic radiation by solving the Maxwell equations. [START_REF] Mie | Contributions on the Optics of Turbid Media, Particularly Colloidal Metal Solutions[END_REF] The other important developments or models in this field included that of the effective medium theory and dipole approximations. [START_REF] Milton | Bounds on the Complex Permittivity of a Two-Component Composite Material[END_REF][START_REF] Draine | Discrete-Dipole Approximation For Scattering Calculations[END_REF] 2.1 Factors Influencing Localized Surface Plasmon Resonance (LSPR)

The surface plasmon resonance is not only influenced by the nature of the nanoparticle, but also by the environment of the host matrix. Once the effective polarizability of the free electrons is affected, the plasmon resonance is also affected. When the particle is smaller than the wavelength of light, the polarizability α(λ) can be simplified as: [START_REF] Murray | Plasmonic Materials **[END_REF][START_REF] Bohren | Absorption and Scattering of Light by Small Particles[END_REF] 𝛼(𝜆) = 4𝜋𝑟 occurs at 520 nm. [START_REF] Murray | Plasmonic Materials **[END_REF] Other works from Rivera et al. also showed that the resonance frequency for Au and Ag nanoparticles differed when the 𝜂 of host matrix was changed from 𝜂=1 to 𝜂=2. The shift in the LSPR corresponded to 78.5 nm for Ag nanoparticles, whereas a shift of 54.1 nm was observed for the Au nanoparticles for the two different host matrices. [START_REF] Rivera | Localized Surface Plasmon Resonances: Noble Metal Nanoparticle Interaction with Rare-Earth Ions[END_REF] While the surrounding matrix is dominant for LSPR shift for smaller nanoparticles, for larger particles above 10 nm, the effects due to the amplitude and phase of the electromagnetic field around the particles become important thus resulting in size and shape dependency of the plasmon resonance. As the nanoparticle size is increased, there is an increase in the absorption and scattering, thus affecting the optical extinction of the nanoparticles. Further, the sizeincrease scattering dominates the absorption in the optical extinction thus shifting the plasmon resonance response. [START_REF] Murray | Plasmonic Materials **[END_REF] Moreover, a change in the shape produces different surface charge (Figure I.4). While for the sphere or rods, the distribution of the surface charges is homogeneous, it becomes complex when the nanoparticle shape changes. An example of such particle is triangular nanoparticle where the charges are localized on one tip and one base of the prism. In such cases the resonances can be described in terms of hybridization between the plasmon modes of different structural components of the nanoparticles. While different shapes of the nanoparticles from rod, sphere to triangle fabricated using electron beam lithography (EBL) has showed a huge shift and splitting in the LSPR. [START_REF] Murray | Plasmonic Materials **[END_REF][START_REF] Coronado | Optical Properties of Metallic Nanoparticles: Manipulating Light, Heat and Forces at the Nanoscale[END_REF] Further works from Mock et al. showed the effect of both the shape and size on the respective LSPR of the nanoparticles. [START_REF] Mock | Shape Effects in Plasmon Resonance of Individual Colloidal Silver Nanoparticles[END_REF] Here the authors investigated that they were able to shift the LSPR of the spherical silver nanoparticles from 400 nm, to 550 nm for pentagon silver nanoparticles and up to 700 nm for triangular silver nanoparticles. Such tuning of the LSPR with shape, size and medium as discussed firstly gives rise to various applications including near-field optical microscopy, nanosensors, and others. 61,62

Photochromic Behavior

Photochromic behavior is defined as light induced reversible change of colour. The word photochromic is derived from Greek, where 'Phos' depicts the light and 'Chroma' means colour.

In 1867, photochromism, first came into print when Fritzsche found that the colour of a tetracene solution from initial orange faded when kept in sunlight. Further, when the solution was again kept in dark it regained its orange colour. 63 This research expanded applications to photochromic glasses and photochromic micro-images where a book consisting of 1245 pages was reduced to 6 cm 2 , but photodegrading of the organic photochromes limited the practical applications then.

As this work also deals with photochromic Ag:TiO2 thin films in some parts, this section discusses the mechanism behind the photochromic behavior of the Ag:TiO2 nanocomposites, giving users a background. It is known that when a metallic nanoparticle integrated with a host semiconductor is photo-excited due to plasmon resonance, then charge separation occurs by the transfer of the photo-excited electrons from the metallic nanoparticle to the conduction band of the semiconductor, passing through the Schottky junction formed at the metal/semiconductor interface (Figure I.5a). [START_REF] Sze | Physics of Semiconductor Devices[END_REF][START_REF] Kawahara | Electron Transport in Silver-Semiconductor Nanocomposite Films Exhibiting Multicolor Photochromism[END_REF] Ph.D. Thesis -Nipun Sharma 13 In case of Ag:TiO2 nanocomposites, under UV light irradiation the Ag ions are converted into Ag nanoparticles, due to the photocatalytic activity of the TiO2 matrix; the Ag nanoparticle grows due to the LSPR of the nanoparticle. The film at this point is brownish in colour. Now if the same film is irradiated by a monochromatic white light, the excited electrons at the silver surface absorb the white light, thus the electrons which are excited are transferred to the oxygen and hence the Ag nanoparticle oxidizes to Ag ions. Now due to the oxidation, only light of incoming wavelength is reflected or transmitted, and the rest is absorbed by the remaining particles thus

showing the colour on the nanocomposite films of the respective excited wavelength. [START_REF] Naoi | TiO2 Films Loaded with Silver Nanoparticles: Control of Multicolor Photochromic Behavior[END_REF] Further, the UV light reduces the Ag ions to nanoparticles, due to the photocatalytic activity of TiO2.

Such Ag nanocomposites can be synthesized using different protocols inside and with TiO2 porous or nonporous matrix in its different phase of amorphous, anatase and rutile. Ohko et al.

investigated reduction of Ag ions into Ag nanoparticles using UV light irradiation inside TiO2 anatase films synthesized using sintering techniques. [START_REF] Ohko | Multicolour Photochromism of TiO2 Films Loaded with Silver Nanoparticles[END_REF] . Such nanocomposites of Ag:TiO2 were also prepared by Crespo-Monteiro et al. where the authors synthesized amorphous TiO2 matrix using sol-gel and then reduction of Ag ions into nanoparticles inside such matrix was performed using a continuous UV laser. [START_REF] Matsubara | Morphological Changes and Multicolor Photochromism of Ag Nanoparticles Deposited on Single-Crystalline TiO2 Surfaces[END_REF] Although, such growth of nanoparticles inside the pores is reduced when using lasers. The authors overcame this issue by thermally growing silver nanoparticles in such TiO2 amorphous mesoporous matrix using heating of TiO2 matrix with Ag ions at 200°C in air. [START_REF] Crespo-Monteiro | Reversible and Irreversible Laser Microinscription on Silver-Containing Mesoporous Titania Films[END_REF] Further, Bois et al. also showed how Ag nanoparticles can be grown in TiO2 mesoporous template using ammonical silver solution and its chemical reduction using ammonium hydroxide (NH3), followed by a thermal treatment at 100°C. [START_REF] Bois | Chemical Growth and Photochromism of Silver Nanoparticles into a Mesoporous Titania Template[END_REF] Due to photochromic behavior of Ag:TiO2 nanocomposite films, the nanocomposites are unstable over time and may change the nanoparticle content (size, density) inside the film over time or in other words the colour stability for the films. To have reproducible results on such films, it is vital to make such films stable over time. Our group showed the stability of such films by demonstrating the repeatable ability of photochromic behavior of such nanocomposites coated on glass by exposing them to laser induced reduction (244 nm) followed by laser induced oxidation (488 nm), six times. The bleached films, regain their brown colour under UV exposure and absorption was similarly restored to its original value even after six cycles of UV-visible depicting colour stability of the films under ambient light. [START_REF] Nadar | Multicolor Photochromism of Silver-Containing Mesoporous Films of Amorphous or Anatase TiO2[END_REF] Further, Fanny et al. showed the photochromic stability of the Ag:TiO2 nanocomposites coated on plastic substrates using UVvisible light exposure. The photochromic properties were showed to be in good contrast for coloured and colourless state for five different cycles, demonstrating a good reproducibility. [START_REF] Tricot | Photochromic Ag:TiO2 Thin Films on PET Substrate[END_REF] 3. Self-Organization Using Continuous (cw) and Femtosecond (fs) Lasers on Nanocomposites of Ag:TiO 2

The change in behavior of the nanoparticles dispersed in a host matrix after laser exposure is known since few years now. The nanoparticles after laser irradiation can grow, oxidize or self-organize themselves inside a host matrix. Such fundamentals become vital to understand before discussing the experimental results and applications discussed in this thesis work. This section will mainly revolve around the work carried out by our group in recent years.

Continuous (cw) Laser

The first self-organized arrays of nanoparticles with a cw laser was reported in the year 2014 by our group. [START_REF] Destouches | Self-Organized Growth of Metallic Nanoparticles in a Thin Film under Homogeneous and Continuous-Wave Light Excitation[END_REF] Here, a thin mesoporous film of TiO2 acting as a waveguide of around 200 nm was produced via a sol-gel chemistry on a glass substrate. The film acts as a waveguide, and high refractive index of TiO2 becomes essential in such laser processes. The initial films are impregnated with Ag ions, which are converted to small Ag nanoparticles, thanks to the photocatalytic activity of TiO2. Thus, the initial Ag:TiO2 films contain Ag ions, atoms and nanoparticles as suggested by Liu et al. [START_REF] Liu | Understanding the Growth Mechanisms of Ag Nanoparticles Controlled by Plasmon-Induced Charge Transfers in Ag-TiO2 Films[END_REF] For the growth of Ag nanoparticles using cw laser, high atomic and ionic mobility must be reached, which is favored by the low density of the mesoporous films. The laser driven growth of nanoparticles is a two-step process where silver ions are firstly reduced to silver atoms by reduction reaction, and growth mechanisms that increase the size of the nanoparticles either by adsorption of Ag atoms to nanoparticles according to Ostwald ripening or by coalescence of nanoparticles, the whole being controlled by plasmon induced temperature rise. [START_REF] Liu | Self-Organization of Metallic Nanoparticles in Waveguides by Laser: Mechanisms Modelling and New Approaches[END_REF] Oxidation occurs whatever the laser intensity, while the nanoparticle growth becomes significant above a certain threshold temperature (Figure I.6). [START_REF] Liu | Laser Induced Mechanisms Controlling the Size Distribution of Metallic Nanoparticles[END_REF] Above an intensity threshold leading to temperature rise, for certain laser parameters including power, speed, and wavelength, the laser writing gives rise to buried self-organized arrays of Ag nanoparticles where the embedded grating are always parallel to the laser polarization. [START_REF] Baraldi | Polarization-Driven Self-Organization of Silver Nanoparticles in 1D and 2D Subwavelength Gratings for Plasmonic Photocatalysis[END_REF] The optical origin of self-organization arises from the fact that a part of the field scattered by the nanoparticles is trapped inside the waveguide. The particles which are periodically spaced by a

distance P = 2𝜋 𝛽 𝑚
, where 𝛽 𝑚 is the propagation constant of the guided mode, can then excite the guided mode. [START_REF] Destouches | Self-Organized Growth of Metallic Nanoparticles in a Thin Film under Homogeneous and Continuous-Wave Light Excitation[END_REF] These guided waves thus interfere with the incident beam, giving rise to an intensity modulation and further nanoparticle evolution. Thus, embedded self-organization with a cw laser occurs with grating lines parallel to the incident laser polarization.

Further studies by Baraldi et al. with cw lasers showed a polarization driven 1-D and 2-D selforganization. [START_REF] Baraldi | Polarization-Driven Self-Organization of Silver Nanoparticles in 1D and 2D Subwavelength Gratings for Plasmonic Photocatalysis[END_REF] Here, a 2-D organization was obtained via two different methods. The first method involves a two consecutive laser writing process with cross polarizations. As discussed above, the porous structures play an important role; the author takes care that the porosity is not destroyed completely after the first laser writing. The porous structure provides the ionic and atomic mobility for the growth of the nanoparticles for the second consecutive laser writing along with that, the presence of the adsorbed oxygen in this scenario is responsible for oxidation to occur. While the second approach uses a single scan illumination consisting of a circularly polarized light thus giving rise to a 2-D hexagonal structure.

With the self-organization of silver nanoparticles with the cw laser system being discussed now, it is important to give an introduction to the nanoparticle growth and self-organization processes using femtosecond (fs) laser systems, recently developed within the team.

Femtosecond (fs) Laser

Unlike a cw laser system, a pulsed laser system confines the optical energy into a short span of time (10 -15 seconds) and leads to a very short interaction of light with matter and transient response of the atoms and molecules. [START_REF] Diels | Ultrashort Laser Pulse Phenomena Fundamentals, Techniques, and Applications on a Femtosecond Time Scale, Second[END_REF] It is also known that the pulsed laser generates less temperature rise than cw lasers. Theoretically, Baffou et al. showed that for nanoparticles of specific size 'r', the thermal response with the cw laser systems is much higher than with the pulsed laser system. [START_REF] Baffou | Femtosecond-Pulsed Optical Heating of Gold Nanoparticles[END_REF] In the context of this thesis, a high temperature rise with the cw laser systems is considered as a drawback for industrial applications where substrates like plastic and paper are used. The latter actually have a low temperature resistance. To explore the performances of pulsed laser for generating self-organized gratings of nanoparticles, our group collaborated with the laser processing group at Instituto de Optica-CSIC in Madrid, Spain. The work led to 3-D self-organization of Ag nanoparticles with fs laser irradiations on nanocomposites of Ag:TiO2. [START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF] Liu et al. especially demonstrated that two independent self-organization processes can occur, giving rise to a 3-D nanostructuring with a fs laser while exciting a surface wave and a guided wave propagating in perpendicular directions. For a constant laser fluence, and for two different scan speeds two different structures named LS (low speed) and HS (high speed) as shown in , λ being the laser wavelength and Re(𝜂) is the real part for the complex of the effective refractive index of the plasmon mode. Re(𝜂) is close to 1 as the matrix has a metal-like behavior, which leads to a grating period value around 500 nm thanks to the positive feedback mechanisms that arises pulse after pulse when the progressive appearance of an index grating in the film enhances the excitation of the plasmon mode that creates the grating itself. Furthermore, while the number of laser pulses is increased, temperature increases within the film promoting the growth of nanoparticles in the film. Higher electromagnetic scattering inside the film can now lead to the excitation of a guided mode in the film, which acts as a waveguide.

As previously, an interference pattern can fall into place with the incident wave and a positive feedback can enhance the excitation of the guided mode provided that the wave now propagates in the direction perpendicular to the laser polarization. The growth of larger nanoparticles After discussing cw and fs laser mechanism on the nanocomposite films of Ag:TiO2, the last section for this chapter illustrates the motivation and the organization of the thesis and defines different collaborators who were involved in this thesis work.

Motivation and Organization of the Thesis

The thesis is divided into five chapters, including this first chapter of the Introduction giving an overview of the background and the motivation behind the work. Further, at Laboratoire Hubert Curien (LabHC), the group 'Nanoparticles' has developed experience in developing amorphous mesoporous TiO2 and silica films in the past on glass substrates. Such films of TiO2 are important if the porosity and crystallinity can be finely tuned at will. Further studying the crystalline growth in such mesoporous films followed by investigating the role of crystal seeds, and pores on the activation energy of crystal growth is motivated by the works of Kohn et al. [START_REF] Kohn | Low Temperature Crystallisation of Mesoporous TiO2[END_REF] and Zhang et al. [START_REF] Zhang | Kinetics of Crystallization and Crystal Growth of Nanocrystalline Anatase in Nanometer-Sized Amorphous Titania[END_REF] , where the authors investigated crystal growth in mesoporous networks of TiO2, and compared with samples that are purely amorphous, nanocrystalline and a mix of Further as discussed above, the group has been successful in investigating several growth processes of silver nanoparticles inside TiO2 matrix using UV assisted and chemical reduction processes. As the nanocomposite films of Ag:TiO2 (amorphous TiO2) are photochromic in nature, which means that they change their colour when exposed to visible light, a defined protocol was adopted to ensure the reproducibility of the films before laser processing. This is what the second part of Chapter II deals with.

Chapter three is motivated by the work on 3D self-organization processes performed by the Dr.

Zeming Liu, former PhD student of the group [START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF] and extends the study to a larger parameter range.

All laser irradiations of this chapter were performed in Madrid by Post-doctorant Dr. Camilo

Florian and Research Scientist Jan Siegel at Laser Processing Group of Instituto de Optica, of Consejo Superior de Investigaciones Científicas (CSIC), Spain. We provided the samples and performed all the characterizations on the processed films. The work focuses upon nanoparticle growth and self-organization processes that are controlled by a careful adjustment of laser irradiation parameters between the ranges of two self-organization regimes obtained before, giving rise to different structures with tuneable particle size, shape and arrangement. The wide range of produced structures obtained between the two regimes, offers unparalleled control over the optical response of the system, including spectral control in reflection and transmission, as well as diffraction configurations and dichroic plasmonic colours.

The fourth and the fifth chapters investigate the potential applications of fs laser processing on flexible plastic and glass substrates for applications to multiple image hiding and image multiplexing as a consequence of laser induced self-organization processes and shape anisotropy of metallic nanoparticles for producing dichroic colours in reflection, and transmission. While, the above processes with lasers were always investigated on the nanocomposite films deposited on glass substrates, there was a need to investigate the probability of expanding such selforganization processes leading to colours and diffraction gratings on flexible substrates including plastics. Due to the very poor thermal inertness of plastic flexible substrates, the group developed new protocols for the synthesis of photochromic Ag:TiO2 films deposited on polyethylene terephthalate (PET) substrates [START_REF] Tricot | Photochromic Ag:TiO2 Thin Films on PET Substrate[END_REF][START_REF] Tricot | Flexible Photochromic Ag:TiO2 Thin Films Fabricated by Ink-Jet and Flexography Printing Processes[END_REF] and the production of micro-patterns using cw laser printing on such substrates. [START_REF] Tricot | Films Reinscriptibles Sur Support Souples[END_REF] The film elaboration process was used for coating polycarbonate (PC) sheets and fs laser printing was implemented to limit thermal effects and lead The thesis is concluded in chapter sixth, where a complete conclusion of the thesis is presented along with the perspectives of the work, which can be carried out in future.

.

CHAPTER II

MATERIAL SYNTHESIS 1. Introduction

As discussed in the previous chapter, TiO2 is a widely used material for applications to waveguide, [START_REF] Destouches | Self-Organized Growth of Metallic Nanoparticles in a Thin Film under Homogeneous and Continuous-Wave Light Excitation[END_REF] photocatalysis, [START_REF] Schneider | Understanding TiO2 Photocatalysis: Mechanisms and Materials[END_REF] pollution control, [START_REF] Schneider | Understanding TiO2 Photocatalysis: Mechanisms and Materials[END_REF] colour marking, [START_REF] Destouches | Dichroic Colored Luster of Laser-Induced Silver Nanoparticle Gratings Buried in Dense Inorganic Films[END_REF] photovoltaics, [START_REF] Schulze | Novel Low-Temperature Process for Perovskite Solar Cells with a Mesoporous TiO2 Scaffold[END_REF] selfcleaning windows, [START_REF] Cedillo-González | Self-Cleaning Glass Prepared from a Commercial TiO2 Nano-Dispersion and Its Photocatalytic Performance under Common Anthropogenic and Atmospheric Factors[END_REF] and sensors, [START_REF] Tang | TiO2 Anatase Thin Films as Gas Sensors[END_REF] owing to its specific optical and electronic properties like high refractive index [START_REF] Evans | Low-Loss Titanium Dioxide Waveguides and Resonators Using a Dielectric Lift-off Fabrication Process[END_REF] and high band gap [START_REF] Dette | TiO2 Anatase with a Bandgap in the Visible Region[END_REF] . In recent years, synthesizing crystallized TiO2 starting at low temperatures has been of great importance for several of these applications, however most of the synthesis processes are long, tedious and lead to crystallized TiO2 in powder form, which is not convenient for optical applications. 87,88.89 Synthesizing films at low temperature, whose porosity is controlled in the nanometer range to reach high specific surfaces, whose thickness and refractive index are tunable and for which the crystallinity affords good charge transport properties may widen the use of TiO2 as a functional coating on many kinds of surfaces, including plastic surfaces that do not withstand high temperatures.

While most of the reported studies consider non-hydrolytic chemistry approaches, only few discuss about hydrolytic chemistry. Hydrolytic methods provide foremost reaction and heat control for synthesizing a material as compared to the non-hydrolytic methods which requires a long reaction duration to reach a thermodynamically stable state. [START_REF] Liu | Salt Melt Synthesis of Ceramics, Semiconductors and Carbon Nanostructures[END_REF] Until now, different hydrolytic and non-hydrolytic sol-gel routes were proposed to synthesize TiO2 nanocrystals at room temperature, however with more than a week long ageing time of the sol. When considering hydrolytic chemistry, Qi et al. [START_REF] Qi | Room-Temperature Synthesis of Single-Phase Anatase TiO2 by Aging and Its Self-Cleaning Properties[END_REF] synthesized anatase TiO2 powders at low temperatures in a week for applications to self-cleaning properties. Gopal et al. [START_REF] Gopal | Room Temperature Synthesis of Crystalline Metal Oxides[END_REF] synthesized crystalized TiO2 precipitates in the sol at low temperatures in a time close to what will be discussed in this chapter, however such precipitates cannot be used to form optical thin films.

Using non-hydrolytic processes, Zhang et al. synthesized TiO2 dry-gel films with an ageing time of two weeks followed by an UV assisted fabrication process. [START_REF] Zhang | UV/Ozone-Assisted Low Temperature Preparation of Mesoporous TiO2 with Tunable Phase Composition and Enhanced Solar Light Photocatalytic Activity[END_REF] Few of the published works discuss about obtaining crystallized TiO2 films at low temperature by introducing commercial anatase TiO2 nanoparticles in their synthesis process. [START_REF] Li | Low-Temperature Fabrication of Mesoporous Titanium Dioxide Thin Films with Tunable Refractive Indices for One-Dimensional Photonic Crystals and Sensors on Rigid and Flexible Substrates[END_REF] While such processes are not cost-effective, there is a risk of forming agglomeration when using sol-gel synthesis or wet-chemical processes with an external physical parameter like pH.

Kohn et al. investigated the role of as-synthesized crystalline seeds in lowering the crystallization temperature for non-mesoporous and mesoporous TiO2 network with a synthesis process combining both hydrolytic and non-hydrolytic chemistries. [START_REF] Kohn | Low Temperature Crystallisation of Mesoporous TiO2[END_REF] They further investigated the role of crystal seeds on the activation energies of crystalized non-mesoporous films. A non-hydrolytic process was used by Angelomé et al. to get nanocrystals in mesoporous TiO2 films from 100°C after 24 hours heat treatment under humidity for application to photocatalysis. [START_REF] Angelome | Mesoporous Anatase TiO2 Films: Use of Ti K XANES for the Quantification of the Nanocrystalline Character and Substrate Effects Ph.D. Thesis -Nipun Sharma 133 in the Photocatalysis Behavior[END_REF] Compared to the aggregate crystalized TiO2, a mesoporous network eases atomic diffusion in pores and acts as a reservoir that can be filled with an electrolyte forming a heterojunction with large contact areas in some applications [START_REF] Grätzel | Mesoporous Oxide Junctions and Nanostructured Solar Cells[END_REF] or with metallic ions to create nanostructured multi-colour plasmonic films by laser in others, which is important for the next part of the thesis. [START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF] It thus becomes vital to investigate and understand the crystal evolution of mesoporous optical films with tunable porosity and crystallinity with annealing temperature.

In this chapter, the conditions to obtain mesoporous crystallized films via rapid and facile hydrolytic sol-gel route, were optimized with significant modifications in our previously published synthesis process to initiate the nucleation of TiO2 nanocrystals near the boiling point of ethanol. [START_REF] Crespo-Monteiro | Irradiance Influence on the Multicolor Photochromism of Mesoporous TiO2 Films Loaded with Silver Nanoparticles[END_REF] The effect of crystal seeds in as-deposited films on the phase transitions of TiO2 at increasing temperature is then investigated using Raman spectroscopy interpreted in the framework of a phonon quantum confinement model, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The isothermal crystal growth is investigated in a temperature range between 100°C and 1000°C to estimate its activation energy as a function of the presence of crystal seeds in the as-deposited films. Ellipsometry manifests how chemical changes in the sol affect the porosity and the evolution of the film refractive index for increasing annealing temperatures. Absorption spectra are measured to determine the band gap of all these TiO2 films.

Experimental Details

Materials

TiO2 sol was prepared after doing some modifications in the synthesis process of amorphous mesoporous TiO2 described in one of our previously published article. [START_REF] Nadar | Influence of Reduction Processes on the Colour and Photochromism of Amorphous Mesoporous TiO2 Thin Films Loaded with a Silver Salt[END_REF] This amorphous sol will be defined as normal sol for this chapter as a reference. The new sol discussed here, involves chemicals such as titanium-tetraisopropoxide (TTIP-97%), Acetylacetone (AcAc-99%), nitric acid (HNO3), poly(ethylene oxide) -poly(propylene oxide) -poly(ethylene oxide) block copolymer (pluronic P123, molecular weight: 5000), all purchased from Sigma Aldrich and ethanol (absolute EtOH) from Carlo Erba. The chemical reactions were carried out using deionized water (DI) in all the cases where material synthesis is involved in the thesis. Whereas, all the chemical synthesis and coating processes were performed in a clean-room (class 100 and class 1000; Rh%= 45±5 % and Temperature= 20°C±2 °C) to maintain the reproducibility in the synthesis process and prevent any impurities in the system. Although, the coating methods may vary with chapter of the thesis (dip or spin-coating).

Initial Sol

The chemicals were used in a defined molar ratios fixed at: TTIP:P123:EtOH:HNO3:DI:AcAc ::

1:0.025:28.5:0.015:29.97:0.5. In flask one, TTIP (5g) was mixed with AcAc (0.88g) under a constant stirring for 15 minutes. In a second flask, P123 (2.55g) was dissolved in EtOH (23.08g) under a stirring for 15 minutes, before adding two drops of HNO3. The mixture is allowed to stir for 30 minutes. Then, at room temperature the content of flask one was added dropwise to flask two with a constant stirring at 350 rpm followed by an addition of DI (9.5g) to the mixture, the pH of the final mixture being 4.5. The solution was stirred for the next 2 hours. The sol synthesized at this step was transparent yellow in colour. It's to be noted that, the only difference between the 'normal sol' and the sol mentioned in our previous works, is the used of acid in the process.

While, hydrochloric acid (HCl) was used in the normal sol as mentioned in our previous work, HNO3 is used in the present synthesis process. The only reason for the change is the inert nature of flexible substrates (PETs, polycarbonates, plastic) towards HNO3 when compared to HCl, for applications to low temperature uses. When a high amount of HCl is added, the flexible substrates (polycarbonates, plastic) initiate a surface damage which is not the case while using HNO3. As the synthesis process in this study involves a lower pH, HCl is replaced with HNO3.

Modifications in the Sol

The as-prepared sol was divided into four vials and pH of three vials were adjusted to 3, 2 and 1 with HNO3 acid along with the original synthesized sol having a pH of 4.5. For studying the effect of the synthesis temperature on the crystal seed formation, these sols were stirred at 50, 60, 70

or 75°C for 4 hours. The reactional temperature was restrained to 75°C that is near the boiling point of EtOH, a solvent used in our synthesis process. Above this temperature the solution will turn into a gel.

TiO 2 Films

Block copolymer-templated mesostructured titanium dioxide films were obtained by dipcoating the different sols on silica (NEGS2 from Neyco) substrates at a rate of 7 cm/min. Before dip-coating, the TiO2 sol was filtered using a 0.2 µm syringe filter. Just after titania deposition, films were baked at 100°C for 30 minutes in a pre-heated oven. Prior to any experiment, the substrates were cleaned with a defined protocol of sonication in EtOH, acetone and DI for 15 minutes each under a sonication bench, followed by drying the slides with nitrogen. To investigate the influence of the presence of crystal seeds in the initial sol on phase changes and activation energy of the crystal growth, films deposited on silica were independently calcined for Ph.D. Thesis -Nipun Sharma 29 30 minutes at temperatures from 100°C to 1000°C with a step of 100°C. To get mesoporous titania films below the degrading temperature of P123, the mesoporosity can be released by chemical extraction or infrared annealing, as described in details in one of our previous papers and also in Chapter IV. [START_REF] Tricot | Photochromic Ag:TiO2 Thin Films on PET Substrate[END_REF] However, such further treatments were not used in the present chapter to investigate only the effect of annealing temperature on the crystallization process and haven't been discussed here in the chapter.

Results and Discussion

3.1 Influence of pH and Synthesis Temperature on the Generation of

Crystal Seeds

Raman spectroscopy have been used as a basic tool to study the phase of TiO2 for this study. A LabRAM ARAMIS-Horiba Raman confocal spectrometer was used with an excitation laser wavelength of 633 nm to measure all Raman spectra. At this raman laser wavelength, not only the titania and the substrate are transparent but the laser power on the sample was decreased to 7 mW to minimize the potential heating. This allows us to eliminate Raman response due to the local laser-induced temperature rise even on the samples synthesized at lower annealing temperatures. Under such conditions, measurements were fully reproducible on all samples.

Raman spectroscopy is a non-destructive powerful tool to characterize the vibrational and rotational frequencies of specimens and serves as a tool for the material identification that absorbs laser photons. [START_REF] Vašková | A Powerful Tool for Material Identification : Raman Spectroscopy[END_REF] It can accurately depict the crystallized phase of any material. Bulk anatase TiO2 consists of three Eg bands at 144, 197 and 633 cm -1 and B1g and A1g bands at 409 and 515 cm -1 respectively, whereas four bands exist for the rutile phase consisting of B1g, Eg, A1g bands at 143, 447, 612 cm -1 respectively, and a band at 235 cm -1 corresponding to a combination of modes. [START_REF] Vinogradov | Low-Temperature Sol-Gel Synthesis of Crystalline Materials[END_REF][START_REF] Nemanich | Light Scattering Study of Boron Nitride Microcrystals[END_REF][START_REF] Shen | Raman Study of Polish-Induced Surface Strain in 100 GaAs and InP[END_REF]100 Such bands get broader and are shifted when the crystal size decreases due to the phonon confinement effect. 100 Studying the germination of anatase nanocrystals for the films annealed at only 100°C, we mainly focus on the emergence of the strongest Eg anatase band coming from external vibrations of the structure. In this study, this band starts developing at around 155 cm -1 rather than at 144 cm -1 owing to the small size of crystal seeds.

The modifications in the sol described in the experimental section were done in order to start No nucleation was observed for 50°C synthesis temperature whatever the pH. At pH 3, a slight crystallization occurs from 70°C. At pH 2, the Raman band at 155 cm -1 emerges from 60°C but its amplitude is less than at pH 1. The best conditions to germinate anatase seeds in the sol itself are therefore for pH 1 at 75°C synthesis temperature; these conditions are used in the next sections when dealing with "sol with seeds".

Synthesis T pH 50 °C 60 °C 70 °C 75 °C 1     2     3     4.5    
Further, the crystallization was not enhanced when the baking time was increased to several hours, clearly showing that the annealing time above 30 min had no influence on such samples for enhancing the crystallization inside the matrix (not shown here). To check if the crystal seeds were formed in the sol itself, Raman spectra were measured for the as-deposited film as-well and were found to be close to the ones measured after 100°C baking, as shown in Figure II.2d.

In our formulations, AcAc is added to complex inorganic titania precursors. This diminishes the hydrolysis and condensation of inorganic species, keeping the particle size to only a few nanometer. When the acid content is increased inside the sol, AcAc molecules are protonated (under their acidic form) and do not complex Ti oxo-clusters anymore. Without complexant, larger particles are able to form through hydrolysis, condensation and peptisation of the Ti precursors. In the right conditions, those particles grow big enough to trigger the nucleation of nanocrystals of several nanometers in size. [START_REF] Vinogradov | Low-Temperature Sol-Gel Synthesis of Crystalline Materials[END_REF] In our case, a higher acid content lower than pH 1 can lead to a higher crystallization, but hundreds of nanometers sized nanocrystals wouldn't be favorable to develop films for optical applications where light scattering is prohibited. Further, the synthesis temperature acts as an activation parameter along with pH in the sol thus accelerating the peptisation and crystallization process. [START_REF] Zhang | Formation of Crystalline Nanosized Titania in Reverse Micelles at Room Temperature[END_REF] 3.2 Role of Crystal Seeds on the Temperature-Induced Crystal Growth and

Phase Transition

We now investigate how the presence of seeds in the initial film influences the phase transitions and the isothermal crystal growth when the samples are subjected to temperatures ranging from 100°C to 1000°C. For this study we considered a sol without crystal seeds (initial sol at pH 4.5) and a sol with crystal seeds (pH 1-75°C). Silica substrates, which is known to be inert at such temperatures were dip coated using both the sols after the filtration using a 0.2 µm syringe filter and films were annealed at the above mentioned temperatures for 30 minutes each in a pre-heated oven as mentioned above.

Raman spectra of all samples are gathered in Figure II.3. For samples with seeds, the amplitude of the strongest Eg band of the anatase structure increases with the annealing temperature up to 700°C as well as the amplitude of the four other bands of anatase that only appear from 400°C, meaning that the amount of anatase in the amorphous titania phase increases with the annealing temperature and reaches a maximum at 700°C where traces of rutile band at 447 cm -1 starts developing. At 800°C and 900°C, anatase and rutile phases co-exist and anatase band disappears to the benefit of rutile at 1000°C. Considering the samples without crystal seeds, we observe that germination starts at 350°C and, regardless the considered temperature, the amplitude of all bands is always smaller than the one measured on a film with crystal seeds annealed at the same temperature. The content of nanocrystals in a film with seeds is therefore always higher than the one in a film without initial seeds after annealing at any temperature. Interestingly, the films without seeds exhibit a faster transition from the anatase to the rutile phase between 700°C and 800°C with a small amount of residual anatase at 800°C and 900°C respectively, and no anatase at 1000°C. The minute traces of anatase at 800°C and 900°C are characterized by the low band at about 144 cm -1 that is more likely for the anatase than for the rutile phase and that does not exist at the highest temperature when only rutile is present. It is to be noted that the bands mentioned for anatase at 197 cm -1 and for rutile at 235 and 447 cm -1 respectively for some temperatures, With, an increase in the annealing temperature, there is a shift in the lowest Raman frequency of the Eg anatase band along with the reduction in the Raman linewidth that can be seen in the Further exploitation of such spectra can be performed in the framework of a phonon confinement model. When crystals are smaller than 100 nm, the description of atomic vibrations in terms of phonons with a well-defined wave vector is no longer valid because of the lack of translational invariance in a finite domain [START_REF] Nemanich | Light Scattering Study of Boron Nitride Microcrystals[END_REF] . Raman scattering intensity can then be approximated at the first-order and for spherical nanoparticles by the following equation: 100,101 |𝐶(0, 𝒒)| 2 = exp (-

𝑞 2 𝐷 2 16𝜋 2 ) (Eq. II.2)
where D is the crystallite size. Further, the phonon frequency 𝜔(𝒒) can be approximated by: 100

𝜔(𝒒) = 𝛿 * [1 -cos(q𝑎 0 )] + 𝜔 0 (Eq. II.3)
where a0 = 0.3768 nm is the lattice parameter, 𝜔 0 = 144 cm -1 is the zone center phonon frequency and 𝛿 = 20 cm -1 is the width of the phonon dispersion curve. By fitting the phonon confinement's model with the experimental values of the first Eg band of the anatase structure between 100°C and 700°C, we calculated the average crystallite size D for the different films. The fitting results in the Figure II.4b show that such a spectral behavior corresponds to an increase in the nanocrystal size with the annealing temperature from 4.3 nm at 100°C to 13.7 nm at 700°C for sol with seeds. Calculations carried out for the sample without seeds yield nearly the same size values in the range where they are measurable, which starts at 350°C with an average crystal size of 5.6 nm. Thus, between 350°C and 700°C the presence of crystal seeds in the initial film increases the crystal content after annealing. These seeds, however do not significantly influence the crystal size, which mainly depends on the annealing temperature.

It should be mentioned that other parameters could affect the position and linewidth of the first Eg band. The band can be shifted by an increase in temperature during the Raman measurements. 103 To neglect this effect all Raman measurements were carried out under the same configuration using a very low laser power that had no effect on the samples, even when baked at 100°C. A change in the oxygen stoichiometry of the crystal phase can also shift the band, as reported by Bassi et al., but the probability that the stoichiometry evolves significantly with the annealing temperature here is low. 100 We can thus consider that the selected model is the most suitable for estimating crystal sizes from our experimental data. However, it is useful to relation of the anatase structure that has not been measured yet, the assumption of isotropic dispersion relations that is implicit in the model, the absence of consideration of surface effects for very small nanocrystals and the fact that the dispersion relation does not change with the crystal size.

The process of anatase crystal growth in the titania amorphous phase during isothermal annealing can be analyzed using a general equation for grain growth and the Arrhenius law as follows: 104

𝐷 𝑛 -𝐷 0 𝑛 = 𝑘𝑡 𝑒𝑥𝑝 (- 𝐸 𝑎 𝑅 ′ 𝑇 ) (Eq. II.4)
where D is the crystallite size obtained after annealing at temperature T (K) for time t, which in this case is 30 minutes. D0 is the crystallite size obtained at the lowest temperature leading to crystallization, n is the grain growth exponent, R ' is the molar gas constant, k is a constant and Ea is the activation energy of the isothermal crystal growth. Terms k and Ea are assumed to be temperature independent. Otherwise the model is invalid and the fitted parameters do not represent any physical value. We used the value n = 2, which allows to make a comparison with related papers and corresponds to the standard model of normal grain growth and grain boundary migration. 105 However, better fits of experimental data can be obtained with other values of n (3, 4 and 5) for both seeded and unseeded samples (not shown here), emphasizing different grain growth mechanisms for the two kinds of samples. The calculated activation energies is tabulated in Table II eV) for TiO2 which corresponded to anatase re-crystallization by Ostwald ripening. [START_REF] Zhang | Kinetics of Crystallization and Crystal Growth of Nanocrystalline Anatase in Nanometer-Sized Amorphous Titania[END_REF] In their study, close activation energies were obtained for seeded and unseeded amorphous TiO2 films, letting conclude that the growth was governed by atomic diffusion. In the previous work of Kohn et al., the activation energies were found to be 84.2 kJ/mol and 29.3 kJ/mol for temperatures above and below 400°C respectively. [START_REF] Kohn | Low Temperature Crystallisation of Mesoporous TiO2[END_REF] The high temperature growth was attributed to the nonseeded crystallization, whereas the lower one was due to differing surface chemistries of the nanocrystal seeds, which is decisive for seed-induced growth from a surrounding amorphous phase. In our case, the lower activation energy obtained for seeded films can be related to the change in surface chemistry of TiO2 nanocrystals that occurs when decreasing the pH. At pH 4.5, in the sol that leads to unseeded films, AcAc molecules complex with the titania precursor thus, limiting the size of amorphous TiO2 nanoparticles and their crystallization. At pH 1, AcAc molecules are strongly protonated and do not complex with the precursor, which is expected to reduce their content in the film and to make the growth easier. This is coherent with the lower activation energy measured for seeded films and highlights the role of surface chemistry in the temperature range 400-600°C shown in Figure II.4c.

Comparing the values of activation energies we obtain for both mesoporous TiO2 films with those reported in the above literature for non-mesoporous films, shows a significant difference at temperatures greater than 400°C. The presence of pores is known to limit the crystalline growth. [START_REF] Kohn | Low Temperature Crystallisation of Mesoporous TiO2[END_REF] Here, we can infer, from comparison with previous works that porosity may be a factor that lowers the activation energy of crystal growth in amorphous TiO2, and this may result from a higher mobility of atoms and the absence of ligands on surfaces.

Structural and Optical Properties of the Elaborated Films

To investigate the structural properties of the films synthesized by the two sols, electron microscopy techniques were employed. A SEM, using a FEI Nova nanoSEM 200 microscope was used in a low vacuum mode using a helix detector to measure the surface morphology of samples without conductive coating and high resolution TEM-HRTEM (high resolution TEM) experiments were carried out with a FEI Titan ETEM G2 80-300, operated at 300 kV to attest the presence of the crystal phase that were identified by Raman spectroscopy as illustrated in the (𝛼 ′ ℎ𝜈) 1/𝑛 = 𝐴(ℎ𝜈 -𝐸 𝑔 ) (Eq. II.5)

where, ℎ𝜈 is the photon energy, 𝐴 is a constant and 𝛼 ′ is the absorption coefficient given by: 109 The result shows that seeded films have a lower bandgap as compared to the films without seeds for all the mentioned temperature values, which is coherent with the higher content in anatase phase reported previously. 112 With an increase in annealing temperature from 300°C to 600°C, the band gap energy decreases from 3.33 to 3. To further exploit the optical properties of such non-scattered and stable films, the refractive index dispersion and thickness of films were characterized using a spectroscopic Ellipsometry (Woollam M2000V) system equipped with micro-focused probes. Refractive index was measured using a Cauchy Model with a mean deviation ranging from 0.003 -0.005 for the measurements.

The Environmental Ellipsometric Porosimetry (EEP) measurements were carried out with the same equipment combined with an atmospheric control chamber. Water was selected as the adsorbate. The volume of adsorbed (and capillary condensed) water into the pores was followed through a time resolved measurement of the refractive index variation as a function of P/P0. The volume of adsorbed water was then deduced from the refractive index using the Cauchy models and the Bruggeman Effective Medium Approximation (J A Woollam CompleteEASE software). The pore size distribution was then plotted using the Kelvin's equation and using a model for cylindrical pores. 115 The evolution of the refractive index and thickness for films with and without seeds is displayed in Figure II.8a-b between 300 and 700°C, which are stable and non-scattering. For the seeded layer, larger particles were deposited with a lower organic to inorganic ratio due to the low complexant effect of protonated AcAc molecules. In those conditions, a steady increase of the refractive index with temperature is observed, originating from the densification and further crystallization of the layer. On the contrary, without seeds, the film contains a high organic to inorganic content (high concentration of complexant AcAc molecules at the surface of each titania cluster and high surface to volume ratio of small nanoparticles). During annealing, the organic compounds are first degraded, decreasing the refractive index of the film. At 500°C, the refractive index increases again due to the densification of the layer. The film thickness steadily diminish with temperature due to condensation and sintering regardless the formulation.

Further, environmental ellipsometric porosimetry was used to probe the porosity of the films.

The results (Figure II.8c-d) show that the porosity of stabilized and non-scattering films is highly accessible (very low hysteresis between adsorption and desorption curves) thanks to the wormlike shape of the porous network and this whatever the annealing temperature. For the layer with seeds, the porous volume remains constant and only slightly diminishes at 700 °C from 57 to 54% due to the layer densification. For the layer without seeds, the porous volume first strongly increases between 300 and 400 °C (from 45 to 60%vol) due to organic degradation. Above 400°C, the porous volume is mostly stable and decreases from 60% at 400°C to 55% at 700 °C due to the layer densification. The average pore diameter, extracted from the curves previously mentioned, steadily increases with temperature from 4 ± 1 nm and 3 ± 1 nm at 300 °C for the layer with and without seeds, respectively, to 11 ± 2 nm at 700 °C due to the network sintering, degradation of the organic compounds and elimination of areas of higher curvature (i.e. small pores).

Such mesoporous crystallized films can be used for various applications including photocatalysis, laser-induced colour marking and photovoltaics with controlled proportions of crystalline phases and porosity. Partially crystallized TiO2 films can also be deposited on substrates that do not withstand high temperature like plastic or paper for other industrial applications.

Next section of this chapter will discuss about the photochromic behavior of the films produced on the amorphous TiO2 sol (published in our previous studies) as mentioned at the starting of this chapter. Such films are amorphous in nature and photochromic. Later, Chapter III is devoted to investigating the growth of Ag metallic nanoparticles with fs laser in such photochromic nanocomposite films. Further, such nanocomposite films can also be used for colour markings that are important for pplications to security for industries; a topic which is also focused in the following chapters. Thus, it becomes important to introduce steps where we can obtain photochromic transparent films after the introduction of metallic nanoparticles into the mesoporous amorphous TiO2 films. Such nanocomposite films must be reproducible on a large scale when the applications to industries are concerned. The next section, will deal with the photochromic behavior of Ag:TiO2 films along with the steps to produce such nanocomposite in a reproducible manner.

4. Optical Properties of Amorphous Mesoporous Ag:TiO 2 Films

Synthesizing Ag:TiO 2 Films

Even though, the process of Ag impregnation has been reported by our group in previous publications as discussed in the Introduction chapter I, a defined protocol needs to be reported when working for applications related to industries for mass production. [START_REF] Destouches | Self-Organized Growth of Metallic Nanoparticles in a Thin Film under Homogeneous and Continuous-Wave Light Excitation[END_REF] After obtaining mesoporous amorphous TiO2 films from the normal sol at 340 °C annealing temperature, as reported before, or the amorphous TiO2 films that will be discussed in Chapter III, IV and V, the films are heated at 140°C for an hour to remove any excess of water molecules that may have entered in the porous system due to adsorption of ambient humidity prior to the impregnation with Ag metallic ions solution. For a 1.5 M of Ag ionic solution, 5.09 g of AgNO3 salt is taken in a beaker followed by an addition of 2.5 mL of DI and 17.5 mL of ethanol. The solution is then stirred at 300 rpm, after which liquid NH3 is added to the above solution dropwise. At, this point the solution colour starts changing from transparent to brown. After an addition of approximately 

Conclusions

In this chapter an easy and rapid synthesis sol-gel route is shown to produce mesoporous semi-crystalized TiO2 optical thin films starting at 75°C via a hydrolytic process. Initiation of crystallization in the sol is a result of an acid assisted sol-gel method, which is facilitated by the temperature increase during the sol formation. Limiting complexation of AcAc with the titania precursor by lowering the pH to 1 allows the formation of crystal seeds near the boiling point of ethanol. The comparison of seeded and unseeded films during isothermal annealing allows to draw conclusions about their different thermal behaviors. The activation energy of the crystal growth is lowered by the presence of seeds in the film and by a high atomic diffusion in the porous structure. The anatase nanocrystals content is always higher in seeded films as compared to unseeded films after isothermal annealing and the band gap is decreased with the increase in the anatase content. In seeded films, the anatase crystal phase coexists with the rutile phase from 700°C until 900°C, while the rutile phase strongly predominates from 800°C in the unseeded film. Due to the presence of a larger organic content in the unseeded films, changes in the pore volumes and refractive index exhibit a non-monotonous behavior at increasing temperature from 300°C to 700°C, while the seeded films only exhibit temperature induced densification. Partially crystallized TiO2 films can be deposited on different substrates that do not sustain high temperature, like plastic or paper for applications to photocatalysis and other industrial use.

In the end, the photochromic behavior of the Ag:TiO2 nanocomposite films were discussed, prepared using amorphous TiO2. The reproducibility of such films could be obtained when following a defined protocol for the inclusion of the metallic ions. Such films show photochromic behavior and are used after bleaching. The next chapter focuses on the growth and selforganization of Ag nanoparticles inside amorphous TiO2 films using femtosecond systems. A deep investigation is carried out to synthesize different nanocomposite structures resulting in dichroic plasmonic colours which is followed by the applications in the followed chapters.

Introduction

Metal nanoparticles are key players in modern strategies to fabricate nanocomposite materials with exceptional properties, not offered by nature. Interaction with light triggers collective oscillations of electrons at the nanoparticle surface, also known as LSPR, which determines the optical response of the system. The LSPR is related to the size, shape, separation and orientation of the nanoparticles, along with the refractive index of the surrounding matrix.

Although this dependence provides an opportunity for tailoring the spectral response of the system to match specific applications, 116,117,118 the interrelation of all parameters complicates this problem enormously. Thus, most fabrication techniques fail to produce nanoparticles with a high degree of symmetry, featuring broad distributions in size, shape, orientation, and consequently only weak LSPRs.

Another possibility for shaping the optical response of a material is by arranging nanoparticles with moderate symmetry and size distribution into gratings or lattices with medium or long-range order. The optical response of such "superstructures" can be tuned conveniently by changing the grating or lattice period, which is simpler than tuning individual nanoparticle characteristics.

Fabricating such structures with top-down approaches such as lithography, in which a pattern is imprinted by photons, electrons or ions, would be prohibitive in terms of time and cost. A superior methodology is to exploit self-organization processes, a bottom-up technique which is capable of arranging micro-and nanometer size objects to form extended periodic structures. 119,120 One strategy to fabricate such nanoparticle structures is based on the use of nanostructured substrates in order to achieve controlled growth of regular arrays of Ag nanoparticle chains 121 or stripes. 122 Another approach, not requiring the use of patterned substrates, is based on physical vapor deposition at glancing angle combined with subsequent laser treatment, leading to preferential melting and merging of certain nanoparticles. 123 Both techniques, though, are limited to obtain non-protected nanoparticle structures located at the substrate surface, which is troublesome in case of silver, which degrades through oxidation, accompanied by a corresponding change in its LSPR. 124 Although the above techniques can be complemented by an additional step of cover layer deposition to protect the nanoparticles, single-step techniques would be desirable as they result in lower fabrication costs of devices. Such techniques can be grouped in two approaches, based either on re-shaping and re-ordering, or growth and self-organization of nanoparticles. The first strategy exploits the high peak intensity of low repetition rate fs laser pulses to change the nanoparticle shape and even rearrange them, overcoming the large forces exerted by the dielectric matrix. [START_REF] Kaempfe | Ultrashort Laser Pulse Induced Deformation of Silver Nanoparticles in Glass[END_REF]125,126 The second approach relies on the use of porous dielectric titania films loaded with Ag nanoparticles, in which nucleation, growth and self-organization can be triggered by irradiation with cw laser light, as shown by our group. [START_REF] Destouches | Self-Organized Growth of Metallic Nanoparticles in a Thin Film under Homogeneous and Continuous-Wave Light Excitation[END_REF] Recently, the beneficial influence of thermal accumulation using fs laser pulses has been reported for such systems, enabling the growth of Ag nanoparticle structures in mesoporous amorphous TiO2 films. [START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF] In that work, only two specific types of nanocomposites were fabricated as discussed in first chapter by using two different laser scan speeds at a constant laser fluence.

In the present chapter, a wide range of scan speeds is systematically explored, which allows to considerably extend the type of structures that can be fabricated from the previous work.

Moreover, we demonstrate how the choice of laser polarization allows us either to generate or to prevent polarization anisotropy in the spectral response of the samples. In addition, a fabrication strategy based on interlacing two different nanocomposite structures produced with two different scan speeds is used, yielding hybrid nanostructures. The broad spectral range covered by the different structures illustrates their potential for smart visual effects and other photonics -based applications.

Thin Film Fabrication

The films are elaborated by sol-gel process, exactly similar to that for the normal sol discussed in the last chapter but with just a change of acid used, from HNO3 to HCl. A change in the acid for the sol used to study crystallization, as discussed previously, was made as HNO3 acid is less reactive for substrates such as polycarbonates and PET's when compared to HCl. A change in acid is not supposed to make a difference while the interactions with lasers is concerned. So for applications of such films to lasers, the previously elaboration process was not changed.

Although, in some cases the films are dip-coated or spin-coated according to the substrate dimensions and the applications.

From this chapter and following until the chapter concerning applications to image multiplexing (Chapter V) where fs is considered, the films with the following precursor will be used; although the elaboration process for coating may vary. Here, TTIP, Aldrich; 97%, AcAc, Aldrich; 99%, HCl, Roth; 37%, EtOH, Carlo Erba; absolute, Pluronic P123 ((PEO)20(PPO)70(PEO)20 (Aldrich; MW: 5000), and DI were taken with similar molar ratios at: TTIP:P123:EtOH:HCl:DI:AcAc ::

1:0.025:28.5:0.015:29.97:0.5, as previously discussed in the chapter II while discussing normal sol. The sol was stirred for 7 hours for stabilization here. The glass slides were cleaned with a defined protocol of sonication with acetone, EtOH and DI for 30 minutes each and drying with nitrogen. The films were dip coated at 7 cm/min rate while, staying for 1 minute in the sol after which the films were annealed at 340°C with 1°C/min temperature rise, to obtain mesoporous amorphous titania thin films. The films are impregnated with Ag by soaking the film in a silver nitrate solution (1.5 M). The ions are partly converted into silver atoms and small silver nanoparticles under UV light (254 nm, 6 mW/cm², 10 min). After which, a process of bleaching with solar lamp is followed. Such cycles (detailed in chapter II) are repeated to have nearly transparent and stable films at the end. The transparent films allows to have repetitive results

with lasers for different films. 

Laser Setup

The laser system used at CSIC was a fiber-amplified fs laser system with a pulse duration of 340 fs and a fundamental wavelength of 1030 nm, working at a repetition rate frep = 500 kHz.

In order to excite the LSPR of the Ag nanoparticles, the fundamental wavelength was frequency doubled to 515 nm, using a BBO crystal. This assures the non-absorption of this wavelength by the titania matrix or the glass substrate, the laser fluence being low enough not to allow twophoton absorption by the latter. The incidence pulse fluence was adjusted using a half-wave plate combined with a thin film polarizer, which was followed by another half-wave plate or quarterwave plate for controlling the laser polarization. 2. Femtosecond (fs) Irradiations on Ag:TiO 2 Nanocomposite Thin Films

Scan Speed Study

The laser parameters of this study were chosen to investigate the formation of the nanocomposite structures as a function of scan speed, ranging from 1 mm/s to 200 mm/s at a constant laser fluence (F = 47 mJ/cm 2 ). Each structure was laser-written with a 2 µm spacing between scan lines and covered an area of 9 mm 2 . The homogeneity of the structures achievable with the fabrication method can be best appreciated by optical inspection of the colour change for speeds ranging from 1 to 170 mm/s. Above 170 mm/s, the colour starts fading. The different nanostructures responsible for these optical responses were investigated using SEM and Atomic Fore Microscopy (AFM). The details for SEM have been provided in chapter II.

While for AFM, an Agilent 5500 is used in this work to quantitatively characterize the surface topography of samples with nanometer resolution in tapping mode. In this study, AFM is a useful tool to characterize the LIPSS on the nanocomposites. nanoparticles (< 3 nm) increased considerably and is resolved by SEM, yielding sizes in the range of 20 nm -80 nm. While differences in nanoparticle size between the four structures can be appreciated, the most striking difference is the nanoparticle arrangement, caused by different self-organization processes. An influence of the laser polarization on the shape of Ag nanoparticles was reported previously in different systems and resulted from a series of processes; following the excitation of hot electrons through plasmonic absorption, metallic nanoparticles ionize after releasing electrons in the surrounding matrix mainly along the laser polarization, where the field enhancement is higher. The ionization is followed by an isotropic Ag + ion ejection. The latter can reduce on the nanoparticles again, along the axis where electrons are concentrated, leading to nanoparticles that tend to elongate along the laser polarization. 125,126,131 Further, at the lowest scan speed of v = 1 mm/s (Fig. III.4a), the nanoparticles self-arrange into horizontal stripes, parallel to the laser polarization, with a period 1mm/s = 344 ± 20 nm. This nanoparticle structure is embedded inside the titania matrix, which can be seen by the low contrast of the white embedded Ag nanoparticles compared to the random single nanoparticles that can be seen at the sample surface. The fact, that the nanoparticle grating is embedded can also be appreciated by the AFM map displayed in The underlying reason, why a change of the scan speed leads to this strong change in the nanostructure, is related to the different number of effective pulses incident on a given area, as explained in the Introduction.

Two Different Self-Organization Processes

Depending on the pulse number, the relative weight of the numerous laser-induced processes (hot electron generation, silver ion ejection and reduction, heating, Oswald ripening, coalescence, and nanoparticle growth) is changed. The starting point -and underlying reason for grating formation -is the excitation of directional modes by the linearly polarized ultrashort laser pulse; a guided mode inside the TiO2 film, [START_REF] Destouches | Self-Organized Growth of Metallic Nanoparticles in a Thin Film under Homogeneous and Continuous-Wave Light Excitation[END_REF] which leads to embedded gratings, and a surface mode in form of a surface plasmon polariton, which leads to surface gratings. [START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF]132 Both modes can be excited by the heterogeneities of the randomly distributed silver nanoparticles in the initial nanocomposite film. These modes propagate in orthogonal directions and interfere with the incident wave, giving rise to orthogonal intensity modulations with different periodicities.

The surface grating always occurs first when increasing the number of pulses. The initial sample contains a high density of small nanoparticles mainly located in the top part of the film. Charge transfers from the excited nanoparticles to the TiO2 occurring during each fs laser pulse are likely to transiently turn the film into a metal-like film and to allow the excitation of a surface plasmon polariton for which a positive feedback may occur when the grating starts forming, but only for the transverse magnetic (TM) polarization, i.e. for a grating perpendicular to the incident laser polarization. As shown in the previous article of Liu et al. [START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF] and chapter I, the very smooth surface grating that forms in such conditions mainly results from a local densification of the mesoporous film rather than matter ablation. When increasing the pulse number, nanoparticles grow more while their density decreases, leading to less charge transfers from the nanoparticle surface to the surrounding matrix (decrease of the surface/volume ratio), to more optical scattering in the film (larger size) and to larger heating (increased absorption). The reduced number of hot electrons transferred to the titania matrix is expected to affect the metal-like behaviour and the excitation of the surface mode. At the same time, the increased heating in the film tends to crystallize the titania matrix and collapse the film mesostructure, independently of the surface grating thus, leading to a flattening of the surface profile. Simultaneously, the increased scattering of embedded nanoparticles favours the excitation of guided modes, which is enhanced by the embedded grating formation, provided that its orientation is parallel to the incident polarization (only the transverse electric (TE) polarization allows efficient diffraction into a guided mode). This condition therefore creates a positive feedback, leading to the generation of an embedded nanoparticle grating parallel to the laser polarization. Experimentally, after the surface grating generation (v = 170 mm/s), an increase in the pulse number leads to the growth of embedded nanoparticles (v = 20 mm/s) with a surface flattening, followed by the formation of the embedded grating (v = 1 mm/s), confirming the successive appearance of the described mechanisms. Depending on the scan speed (effective pulse number) it is possible to enhance or supress certain processes and effectively imprint an embedded grating corresponding to the guided mode, a surface grating corresponding to the surface plasmon polariton, or no grating.

For both, the guided and surface modes, the grating period is calculated by:

Λ 𝐸𝐺,𝑆𝐺 = 𝜆 𝑅𝑒(𝜂) (Eq. III.1)
where 𝜆 is the laser wavelength (515 nm) and Re(𝜂) is the real part of the complex effective index experienced by the propagating mode. 133,134 For the guided mode:

Re(𝜂) = 𝑛 𝑔𝑚 (Eq. III. with the mechanism of embedded grating formation via a guided mode with 𝑛 𝑔𝑚 ranging between 1.50 and 1.57. The latter should be larger than the refractive index of the substrate, 1.46, and lower than the refractive index of the mesoporous titania film loaded with silver nanoparticles. Interestingly, the measured periods are also consistent with the one obtained for embedded nanogratings obtained using cw laser on the same nanocomposites (Λ 𝑐𝑤-𝑙𝑎𝑠𝑒𝑟 = 318 nm, with  = 530 nm and v = 0.6 mm/s). [START_REF] Destouches | Self-Organized Growth of Metallic Nanoparticles in a Thin Film under Homogeneous and Continuous-Wave Light Excitation[END_REF] The similarity of the structures formed upon ultrashort or cw laser irradiation, in particular the very similar scan speed values used, suggests that the underlying mechanisms are comparable. This hypothesis is supported by the fact that the ultrashort laser pulses are delivered with a very high repetition rate (f = 500 kHz), which leads to a strong heat accumulation effect and therefore generating similar thermal conditions as for cw laser irradiation when accumulating a large number of pulses per unit area.

For surface mode excitation, the physics is different. Due to the high initial density of small Ag nanoparticles in the titania film, combined with the large peak intensity of the fs laser that leads to an increase of the free electron density, the material develops a metal-like state and plasmonic behaviour. This allows coupling of the laser light into a surface plasmon polariton (SPP), which propagates along the direction of the electric field vector. In this case, the relevant effective refractive index for the grating period can be obtained from:

𝜂 = 𝑘 𝑆𝑃𝑃 0 • 𝜆/(2𝜋) = [(𝜖 𝑎𝑖𝑟 • 𝜖 𝑚𝑒𝑡𝑎𝑙 ) (𝜖 𝑎𝑖𝑟 + 𝜖 𝑚𝑒𝑡𝑎𝑙 ) ⁄ ] 1 2 ⁄ (Eq. III.3)
with 𝑘 𝑆𝑃𝑃 0 being the SPP wavevector on a planar air-metal interface with ϵ air and ϵ metal being the dielectric functions of air and metal. Typically, for metals Re(𝜂)  1, which yields a grating period that is close to the laser wavelength used, Λ 𝑆𝐺  515 nm. 135 For the speed range where surface gratings (SG) are formed, the evolution of the period is different from that of EG, as seen in 

Temperature Rise in the Nanocomposite

The results in section 2.2, indicate that a change in the scan speed, and thus the effective number of pulses, leads to a temperature change inside the nanocomposite, thus, altering the final nanostructure. In order to study the maximum temperature increase experienced by the film during laser processing, the fabricated nanostructures were examined with a low power Raman spectrometer, in order to detect the possible formation of the crystalline phase in the TiO2 matrix with a change in the scan speed. This allows an approximate estimation of the experienced temperature increase, since the formation of the anatase phase in TiO2 is known to occur at a temperature of 350-400°C as also indicated in first chapter. 136,137 The presence of the anatase phase can be identified in the Raman spectra by its characteristic Eg bands at 144 and 633 cm -1 and B1g and A1g bands at 409 and 515 cm -1 , respectively, also discussed in the chapter II. [START_REF] Vinogradov | A New Approach to Apply Crystalline Titania Hydrosols onto a Polyester Cloth[END_REF]100 presence of a higher density of the crystalline phase. The latter are actually mainly located in the grating grooves when the surface grating is formed, as reported in the previous article of Liu et al. [START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF] and are nearly inexistent at the highest speed (200 mm/s) where no grating occurs.

As different phases have different dielectric functions, the partial crystallization and densification of the film (collapse of pores) may be a reason for the observed period changes with the scan speed, in both speed regimes. It is to be noted that while with fs lasers we just reach the temperature where we crystallized the matrix in its anatase phase, with cw lasers the temperature was high enough to get the rutile phase in the speed ranges of 1-30 mm/s at 488 nm laser wavelength for a fixed laser power as indicated in Liu's thesis. [START_REF] Liu | Self-Organization of Metallic Nanoparticles in Waveguides by Laser: Mechanisms Modelling and New Approaches[END_REF] Figure III.7: Raman spectra for the different nanostructures obtained using different scan speeds, as indicated. 'A' denotes the bands corresponding to the crystalline anatase phase of titania.

Optical Response in the Nanocomposite

In order to assess the optical response of the nanocomposites with the scan speed, the nanostructures were characterized using a Cary spectrophotometer. dichroism due to a nanoparticle shape anisotropy with preferential orientation was also reported in other works on femtosecond laser irradiation of silver nanoparticles embedded in different dielectric matrices. 125,126,138,139 In the work of Stalmashonak et. al., the initial shape of the spherical silver nanoparticles were altered using low repetition rate (1 kHz) fs laser irradiation to lengthen or shorten the nanoparticles along the laser polarization direction (depending on the irradiation conditions), yielding optical dichroism in the material. 131 Similarly, Baraldi et. al. showed polarization anisotropy of a near-coalescence single layer of Ag nanoparticles using fs laser irradiation, altering the shape, alignment and organization of the nanoparticles. 126 At v = 100 mm/s and 170 mm/s, the peaks in absorption and reflectance, as well as the minimum in transmission, are further sharpened and the polarisation anisotropy is reduced. Moreover, additional spectral bands appear in the infrared region near 800 nm. These bands correspond to the probe light that is coupled into the film acting as a waveguide, leading to a lower reflection and transmission and to a higher absorption. Coupling is mediated by the surface grating. The fact that no such band is observed at 1 mm/s, although the structure also features a grating, suggests that the coupling efficiency of a surface grating is higher than that of an embedded grating. This additional band can be conveniently used to estimate the effective refractive index of the nanostructured film using the grating equation:

𝜂 = sin(𝜃 𝑖 ) + 𝜆 𝑇𝑚𝑖𝑛 Λ (Eq. III.4)
where 𝜃 𝑖 is the incidence angle and 𝜆 𝑇𝑚𝑖𝑛 the wavelength at which transmission shows a minimum, which is close to the resonance wavelength, even though not exactly the same.

For v = 100 mm/s the grating structure has a period of 474 nm, and from the spectrum we obtain 𝜆 𝑇𝑚𝑖𝑛 = 760 nm, for 𝜃 𝑖 = 6°. The calculation yields 𝜂 = 1.71, which is an approximation of the effective index value for the guided mode in the nanostructured film. At 760 nm wavelength, the 474 nm period grating does not diffract light in free space, since

|sin(𝜃 𝑖 ) ± 𝜆 Λ | > 1 (Eq. III.5)
for incidence angles smaller than -37°, depicting that the increased losses are mainly due to absorption. The dichroism observed in all structures is directly related to the laser polarization, either by determining a preferential direction of surface or guided mode coupling or by lengthening the nanoparticles along a certain direction. This strong dichroism observed in the processed samples (Fig. III.3 and III.8) can be exploited in a variety of applications for example for encoding and counterfeiting materials, as well as for smart decorative purposes.

Elimination of Spectral Anisotropy by Structuring with Circular

Polarized Laser Light

In the following section, it is demonstrated how fs-laser processing also allows the fabrication of nanostructures yielding an angle-insensitive colour perception. This can be easily performed by using circular instead of linear polarized light. Fig. III.9 displays the R, T and loss spectra of two representative nanocomposite films that were irradiated with a circular polarized laser beam, using scan speeds of 1 and 100 mm/s. It can be seen immediately that any signs of anisotropy disappeared when using circular polarized light, while comparing the spectra to those of the structures written with linear polarized light. Their shape seems to be similar to the mean value of the two spectra corresponding to the two polarization states of the anisotropic structures. To confirm this, the average of the experimental spectra for the two linear probe For v = 1 mm/s, the results are indeed equivalent, while for v = 100 mm/s, the resulting average curves are similar but show a significant deviation in the infrared region due to the existence of grating coupling and mode propagation for the structures fabricated with linear polarized laser light, and the absence of this behaviour for circular laser light. The general similarity of the spectral response for the two laser polarizations underlines its importance for applications and the usefulness of this approach, which allows to fabricate nanostructures with a similar spectral response and optional polarization anisotropy. 

Imprinting Hybrid Structures

Conclusions

This chapter demonstrates the fabrication of different silver nanocomposite structures using a facile fs laser scanning technique, triggering growth and self-organization of silver nanoparticles. By adjusting the scan speed, such nanocomposites can be selectively formed either at the surface or imbedded inside the film to form grating structures. Excitation of a surface mode in form of surface plasmon polaritons is possible due to the high density of small nanoparticles in the initial film and the transient effects induced by the ultrashort laser pulse.

This way, laser induced periodic surface structures are formed at higher scan speeds, featuring silver nanoparticles along the grating lines. At lower speeds, nanoparticle organization is governed by the excitation of a guided mode inside the film and larger nanoparticles are grown, enabled by a higher temperature rise. Raman spectroscopy studies reveal a partial crystallization of the titania matrix in its anatase phase, which indicates a maximum temperature increase above 400°C around Ag nanoparticles, and demonstrates an increase in the nanocrystal content when decreasing the scan speed.

The induced growth and self-organization processes lead to a marked colour change of the nanostructured composite thin film, which strongly depends on the scan speed. Moreover, strong dichroism in reflection and transmission is induced by using linear polarized laser pulses.

Dichroism is found to be caused by the presence of the different grating structures for high and low scan speeds, as well as by the shape anisotropy of the nanoparticles induced at moderate scan speeds. The films with dichroism show iridescent properties that can be useful for encoding of information in counterfeiting applications. In addition, it is demonstrated that films showing angle-insensitive colour perception can be also prepared by using circularly polarized laser light for processing. The flexibility of this laser-based marking technology also allows the fabrication of hybrid nanostructures composed of different adjacent nanostructure types, interlaced to cover large areas. Such generation and design of multiple nanostructures with ultrashort pulsed lasers offers high control over the optical response of nanocomposite systems, providing access to a broad range of nanostructures with a tailored optical response suitable for eminent applications in security for hidden images as illustrated in the next chapter, image multiplexing that will be illustrated in chapter V, photocatalysis, photovoltaics and smart visual effects.

Introduction

Encoded printed images that allow optical recognition of different patterns under various conditions of observation have sparked many developments for applications to entertainment, design, data storage or security. Different approaches can be found in the literature; they are suited for different kinds of materials, and require sometimes additional devices to reveal different images. Moiré methods allow revealing latent images when superposing a master screen to a printed image. 140,141,142 Colour separation schemes for reflective and diffusive viewing conditions of inks printed on metallic surfaces have been developed to display dual images. 143 Changeable Laser Image (CLI) and multiple laser image (MLI) systems display with angular selectivity interlaced images printed underneath a micro-lens array. 144 Moreover, holograms have been used since decades for security applications, providing angle-dependent or polarization-controlled full colour dual images. 145 More recently, polarization driven vectorial meta-holograms robust against incidence angles and wavelengths have been fabricated by EBL using couples of orthogonal plasmonic nanorods. 146 Another approach based on spin and wavelength encoding of metasurfaces has been proposed to encode up to 63 6-bit colour holograms resulting from combinations of 6 independent monochromatic holograms. 147 Plasmonic anisotropic nanopatterns produced by EBL have also been used to draw high resolution polarization-controlled full-colour dual images observable with white light. 148,149 EBL is however an expensive technology compared to the aforementioned ones and mainly produces small images observable by optical microscopy. On plasmonic surfaces, nanovolcanoes created individually by a tightly focused laser beam have been controlled to produce angular encryption of full-colour images. 150

Versatile ink-free printing technologies based on laser scanning techniques have several merits.

They provide a simple implementation for drawing complex patterns on non-necessarily planar surfaces, they can reach better spatial resolution than ink-based printing techniques, and are cost-effective when compared with printing technologies involving electron beam lithography.

Lasers have already been used to engrave, 151 oxidize 152 or change the refractive index 153 of materials, leading to several marking applications. They can also trigger self-organization mechanisms that create ripples on surfaces, also known as LIPSS as discussed in previous chapter. 127 LIPSS have been produced by cw or pulsed lasers on all kinds of materials i.e. metal, 135 semiconductor, 154 dielectric 155 and few nanocomposites. [START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF] They can give rise to highly dispersive diffraction gratings for visible light provided that their period is close to visible wavelengths. This led to printing of diffractive coloured images on metallic surfaces. 156 However, while demonstrated on different polymer substrates with both nanosecond (ns) and fs laser pulses, 157,158 no LIPSS were produced on such materials with periods close to visible wavelengths and high dielectric contrast that could provide high dispersion for visible light with high diffraction yields.

This chapter shows that highly dispersive self-organized diffraction gratings can be induced on Ag:TiO2 nanocomposite films deposited on commercial polycarbonate sheets and can be used to encode three different grey-scale images revealed in three angular directions. The chapter addresses the issue of laser-induced thermal effects that are serious limitations for plastics processing and provides conditions optimizing the nanoparticle growth and self-organization in the nanocomposite film while preventing the film spallation and the substrate damage.

Employing a continuous control of laser polarization orientation, the grating orientation is modulated to provide a grey-scale variation of the diffracted intensity in given observation directions. The three image frames are interlaced to create a single encoded image whose appearance is fully homogeneous in transmission and reflection on plastic substrate. To compare the resolution of a similar encoded image on plastic, a glass substrate with such nanocomposites was also used, which can withstand higher temperatures and hence provide a better resolution with lower pixel size inscription. Images were produced to be observed by eye and the question of spatial resolution of such a writing process is addressed on soft and hard substrates. It is to be noted that the laser processing used for the applicative part that are discussed in this chapter and the following chapter were performed using a Pharos laser system at Laboratoire Hubert Curien, for which the detailed are given below in the section Laser Processing.

Thin-Film Fabrication

As the hidden images were printed on plastic substrate, the elaboration process used in the previous chapter for coating on glass substrates is modified to suit it for coating on flexible plastic. The plastic substrate is a commercial 375 µm thick polycarbonate sheet with a scratchresistant coating. The sol consists of chemicals in similar ratios, as detailed in the previous chapter, to obtain TiO2 amorphous sol. Prior, to any coating, the substrates are cleaned with ethanol and De-ionized water (DI) under sonication and dried with nitrogen. The substrate which was fixed on a square rigid glass (as to avoid any vibrations or deformations) was spin-coated at 1500 rpm/30s with the TiO2 sol and baked at 110°C for 2 hours for stabilization. Further, the polymerization of TiO2 and release of porosity is done differently (as compared to heating on glass substrates), in two steps. Primarily, the film is submitted to UV illumination (254 nm, 6 mW/cm 2 ) for 6 hours to decompose the complex of TTIP-AcAc followed by soaking the films in EtOH under sonication to extract the surfactant. [START_REF] Tricot | Photochromic Ag:TiO2 Thin Films on PET Substrate[END_REF] The film porosity is further filled with Ag ions, by soaking the film in a silver nitrate solution (1.5 M). The ions are partly converted into silver atoms and small silver nanoparticles under UV light (254 nm, 6 mW/cm², 10 min), as discussed previously. The films are transparent but slightly absorbent in the visible range due to the localized surface plasmon resonance of the small Ag nanoparticles initially present in the nanocomposite film. It has to be noted that the photochromic behaviour on films deposited on plastic was not similar to that deposited on glass due to the change in the thickness. In this case, thickness plays an important role in photochromic behaviour, and it was observed a thicker film of more than 200 nm is less photochromic.

Laser Setup

The laser system comprises of a single unit integrated Pharos laser with a pulse duration of 200 fs at a fundamental wavelength of 1030 nm and at 100 kHz repetition rate, which can be tuned. Frequency doubling to get a wavelength of 515 nm is achieved with a BBO crystal. This wavelength is used to excite the localized surface plasmon resonance of Ag nanoparticles in the composite films and does not directly affect the TiO2 matrix or the substrate at the used fluences.

The pulsed energy of the laser is tuned with a half-wave plate followed by a polarizer, which are followed by another half-wave plate for controlling the laser polarization with the help of an external LABVIEW software (Figure IV.1). The laser is then focused on the sample with a 10 cm focal length lens where the scanning is being implemented with motorized translation stages (PI Micos) in two different directions. With such a system we are limited to scan speed between 0.01 to 10 mm/s, which was not the case while using the setup at CSIC as detailed in the previous chapter that uses a galvanometric scanning head to reach higher speeds. A schematic diagram of the laser system is shown in Figure IV.1. In the present case, we work with a low repletion rate of less than 50 kHz preventing the damage while working on the plastic substrates. A parametric study is performed to investigate different regimes followed by using the foremost parameters for multiple images hiding.

Parametric Study

Different regimes that can be found by tuning the scan speed and the laser fluence at a fixed repetition rate and spacing between laser lines are investigated in this section. As substrate damage (burning/deformation of plastic) limits the parameter range when working on plastic, the results obtained on polycarbonate substrate are reported here. On such substrates, the repetition rate could not exceed 50 kHz to identify regimes where self-organized gratings can appear without sample deformation. At higher repetition rates the thermal accumulation appeared to be too strong.

In order not to slow down too much the scan speeds in which self-organized gratings could be produced, the repetition rate was not decreased below 25 kHz. At a fluence of 124 mJ/cm 2 (Figure IV.3c), and slow scan speed of 1.8 mm/s, few Ag nanoparticles in the form of nanorods are observed on the surface where no grating is formed, but most of Ag nanoparticles are embedded in the film as attested by the irregular contrast of the SEM image of the surface that is characteristic of the presence of a high density of Ag nanoparticles (brighter contrast) just below the film surface. Due to the low contrast and the blurred outline of the nanoparticles, SEM images are not suitable to properly measure the size distribution and the nanoparticle density. We can however estimate that nanoparticle sizes between 10 and 40 nm are present in the film. Such a film does not delaminate from the substrate.

When increasing the scan speed to 3.08 mm/s at the same fluence, Ag nanoparticles are still few on the film surface and they have a rather circular shape; a high density of Ag nanoparticles is still present below the surface with a size that does not exceed 25 nm, as estimated from SEM images. A slight periodic contrast is now observed on the SEM images corresponding to the presence of LIPSS with a low amplitude. The film does not delaminate. At a scan speed of 10.5 mm/s, the nanoparticles on the film surface are rare and with a circular shape. Embedded nanoparticles have a lower size than in the previous case and are difficult to identify by SEM.

Surface gratings can be distinguished but with less contrast than at the previous speed. They have been highlighted by white double dash lines when they exist. At a higher fluence of 159 mJ/cm 2 (Figure IV.3b), spallation (shown in inset when imaging samples at a lower magnification) occurs at 1.8 mm/s and LIPSS with a better contrast as previously start emerging when increasing the Further, when submitted to high temperatures, TiO2 partially crystallizes as also discussed in the previous chapter and the film mesoporosity tends to collapse creating high tensile stresses. The latter create cracks, which cause peeling of the film off the polycarbonate substrate. When working at a higher repetition rate of 50 kHz, similar regimes can be obtained in slightly different parameter ranges. Interestingly, higher diffraction efficiencies are reached at 50 kHz compared to 25 kHz, in the parameter range where LIPSS form while preserving the film integrity. This relative higher repetition rate is thus of greater interest for the targeted application and is used in the following, using a fluence of 133 mJ/cm², a speed of 8.74 mm/s, which corresponds to 300 pulses per unit area, and spacing between lines of 40 µm. On glass substrate the best results were obtained at 100 kHz and are compared further to the best results obtained on plastic.

The presence of LIPSS on the sample surface was better identified when observing diffraction of white light on the sample. Note that the big Ag particles (yellow arrows) appearing on the film cross section were not stable under electron beam during STEM characterizations, contrary to the smaller ones d) HAADF-STEM enlarged view of the sample cross-section, with Ag nanoparticles embedded in the grooves of the LIPSS. Inset: EELS Ti L2,3 near-edge structures obtained in the region below the LIPSS groove. The red arrow highlights the shoulder at the higher-energy side of the eg peak of the L3 line, which is characteristic of the anatase TiO2 phase. 175,176 The low amplitude of this shoulder compared to anatase spectra of the literature 177 is attributed to the partial crystallization of the TiO2 as well as the instrumental resolution ( ̴ 1 eV). for a laser beam under normal incidence;  being the laser wavelength and Re() the real part of the effective refractive index of the surface plasmon polariton. [START_REF] Liu | Three-Dimensional Self-Organization in Nanocomposite Layered Systems by Ultrafast Laser Pulses[END_REF] In the present case (Figure IV.5), the grating period is 495 nm  15 nm, which leads to an effective refractive index close to 1; a value usually reported for surface plasmon polaritons on metal surfaces as discussed in previous chapters. 133 The composite film is non-metallic, however the n-type semiconductor TiO2 matrix loaded with silver nanoparticles can transiently adopt a metal-like behavior and support the excitation of a surface plasmon polariton at the film/air interface. Indeed, during a few hundreds of fs at each laser pulse, hot electrons excited through the localized surface plasmon resonance of the numerous small Ag nanoparticles initially present in the film can transfer to, and accumulate in the TiO2 conduction band, 159,160,161 hence modifying the nature of the film.

During the first laser pulses, the surface plasmon polariton is only excited through scattering at heterogeneities and is no more than a perturbation signal. While its propagation direction is not precisely defined, the surface plasmon polariton interferes with the incident wave, creating a periodic modulation of the deposited energy. The resulting formation of a grating then acts as a positive feedback loop that enhances the excitation of the plasmon polariton at the origin of the modulation. As a plasmon polariton can only be a TM wave, the positive feedback only works for grating lines that are perpendicular to the incident polarization. The positive feedback thus triggers the self-organization process for a specific orientation of the interference pattern, and the surface gratings form pulse after pulse perpendicular to the incident laser polarization. [START_REF] Destouches | Self-Organized Growth of Metallic Nanoparticles in a Thin Film under Homogeneous and Continuous-Wave Light Excitation[END_REF]152 Here, we use the control of the grating orientation to encode grey-level images that can be observed in diffraction. Such a methodology is used to print three interlaced images, whose 256 grey-levels were converted into grating orientations ranging over 15° and starting for each image at 0°, 60° and 120° respectively (Figure IV.6a).

When illuminating a grating of period  with a collimated beam under the incidence angle i in the plane perpendicular to the grating lines, diffraction takes place in the plane of incidence under the angle p defined by the grating equation:

𝑠𝑖𝑛(𝜃 𝑝 ) = -𝑠𝑖𝑛(𝜃 𝑖 ) + 𝑝 𝜆 Λ . (Eq. IV.1)
When rotating the grating in its plane, i.e. introducing an azimuthal angle between the plane of incidence and the perpendicular to the grating lines, conical diffraction occurs and the diffracted orders do not belong anymore to the plane of incidence. So, continuously varying the grating orientation in an angular range from 0° to 15° allows tuning the intensity of diffracted light that can be captured by a camera located in the plane of incidence from a maximum value to zero.

Such encoding of images, performed with laser parameters that lead to a grating period of 495  15 nm (see Figure IV.5), allows to observe green (around 537 nm) images in the plane of incidence Drawing images pixel by pixel using a laser scanning process, is made with an home-made Labview software that stops the translation stage between each pixel to let the time to the An improvement in the image resolution could be done by modifying the Labview software and the setup itself. In order to work at the highest possible resolution, the laser drawing could be done dot by dot by controlling the number of pulses per dot rather than the scan speed, but this would require adding a pulse picker to the setup. In such a case, the resolution would be defined by the beam size on the sample surface, which could be decreased to few micrometers in order to optimize the resolution. The limit would then be the minimum size required to observe the formation of LIPSS. One has however to note that LIPSS formed along lines are usually more regular than LIPSS formed in dots. Further, the diffraction efficiency of each dot is directly correlated to the regularity of the grating. Accordingly, optimizing the writing process in terms of diffraction efficiency may be less efficient with a dot matrix printing. Here, the angle between the light source and the camera is fixed at 35°. A rotation of the sample changes both the incidence angle 𝜃 𝑖 and the angle 𝜃 1 of the first diffracted order imaged on the camera. These angles are linked as follows:

𝜃 1 = 𝜃 𝑖 -35° (Eq. IV.2)
Also knowing the period of the self-organized grating ( = 495 nm), one can deduce the wavelength at which the image is recorded on the camera. It is given by the grating equation 

CHAPTER V IMAGE MULTIPLEXING

The last chapter of the thesis deals with the second application arising from laser nanostructuring of the Ag:TiO2 nanocomposite thin films. Such thin films are fabricated using the same methodology than the one illustrated in Chapter III, but on flexible glass substrates. The idea of this technology is to encode different information in the same pixel. Up to three images are encoded in a single one, printed in a single frame using the laser processing technology and then revealed independently when observing the sample under different observation conditions.

Here the laser-induced nanostructures allows to control the film birefringence and dichroism, giving rise to different colour gamuts in modes of reflection and transmission using polarized or non-polarized white light as an illuminant. The strategy of such a technology is to identify sets of nanostructures that satisfy particular combinations of colours in the selected modes of observation that we name conditions for multiplexing. The experiments for this chapter were performed at LabHC using a Pharos laser with frequency doubling (wavelength 515 nm) while working at a pulse duration of 200 fs and at 610 kHZ repetition rate.

Introduction

Standard pigments or dyes either absorb or scatter light with different wavelengths. To alter the colour of such pigments, one needs to change the chemical formulation, thus making the change of the colour difficult to engineer. On the other hand, nanoparticles can be engineered to either absorb, scatter or do both by changing their shape, size or overall geometry thus providing large variation of colour change. Recently, advancements in plasmonic colours have generated interest as they are promising to have high durability, high spatial resolution, efficient vibrant nature and in some cases possess dichroic properties, that could have a large technological impact on the area of colouring transparent materials. Such plasmonic colours arise due to resonant interactions between the nanostructures and the interacting light as already discussed in Chapter I. They are compatible with mass production and require a reduced number of materials in the whole process. [START_REF] Kristensen | Plasmonic Colour Generation[END_REF] Different techniques have been implemented to print structural plasmonic colours in the past such as EBL, polymer replication, self-assembly and post laser treatment of plasmonic surfaces. [START_REF] Kumar | Printing Colour at the Optical Diffraction Limit[END_REF]162,163,164 EBL has been used first for demonstrating full colour printing by encoding the colour information in nanodisks of Ag/Au. The colours here arises due to plasmon and Fano resonances that can be tuned at will by altering the size of these nanodisks. [START_REF] Kumar | Printing Colour at the Optical Diffraction Limit[END_REF] Moreover, EBL was also used to fabricate circular gap plasmon Au resonators arranged in a periodic array for printing colours. To enhance the durability of these colours, coatings were proposed to protect the metal nanostructures. In reference 165 Poly(methyl methacrylate) (PMMA) was used to coat plasmonic resonators and enhance their durability, but to the detriment of the red content in the colours. Further, aluminum (Al), a cheaper metal, has also replaced Ag/Au for mass production of plasmonic structural colours using EBL. In this chapter we demonstrate a two and three image polarized dependent multiplexing which encodes different sets of information in the same area which can be viewed by eye using white light. We combine laser processing and plasmonic nanocomposite thin films to control multidimensional colours to print up to three multiplexed images. The multiplexed images are printed using colour pallets fabricated using a femtosecond laser on nanocomposite thin films deposited on flexible glass substrates, a methodology discussed in chapter III. The multiplexing is achieved by selecting the modes from the colour pallets printed and observed in reflection and cross-polarized transmission. An explanation is provided further on conditions that the colour pallets in the modes must fulfill to produce a two or three image multiplexing, and how such conditions are satisfied with the plasmonic colours.

Experimental Techniques

Thin Film Fabrication

The films were fabricated using similar TiO2 sol that was used in Chapter III. Although, due to different dimension of the substrate, the sol was spin-coated at 2000 rpm/30s on circular flexible glass coupon provided by SCHOTT (AS87, 100 µm). The films were impregnated with similar protocols as described in Chapter III, along with UV-Visible cycles to obtain Ag:TiO2 nanocomposite bleached films.

Laser Setup

The laser system, comprises of a single unit integrated Pharos laser as detailed in the chapter IV, with a pulse duration of 200 fs at a fundamental wavelength of 1030 nm and at 610 kHz repetition rate for this study. Frequency doubling to get a wavelength of 515 nm is achieved with a BBO crystal as explained in the last chapter. This wavelength is used to excite the localized surface plasmon resonance of Ag nanoparticles in the composite films and is poorly absorbed by the TiO2 matrix or the substrate. The low repetition rate in the last chapter was used to avoid deformation of the plastic substrate, but due to the fact that we are working on flexible glass in this study, we use similar parameters as used in Chapter III at higher repetition rates due to resistance of glass to higher temperatures.

Conceptual Insights

As stated above, image multiplexing is defined as encoding different images onto the same area, which is able to display different images independently in various observation conditions or modes. In this section, emphasis is given to how we solve this problem by combining laser processing with nanocomposite thin films of Ag:TiO2.

Multidimensional Colours

Our laser-processed films exhibit dichroic properties, which means colours that depend on the conditions of observation. In this section we introduce the concept of multidimensional colours that is a set of colours that defines a specific kind of nanostructure defined by statistical properties as described in section 3.3 resulting from a given set of fabrication parameters including the sample and the laser parameters. To define the multidimensional colour, that can be called hypercolour, we first define the modes of observation that will be used to characterize the sample and we measure the colour of a single nanostructured pixel in these different modes.

The modes that will be used in this thesis are reflection under non polarized white light and transmission using polarized white light. More specifically, we depict in Figure V.2 the concept of a nanostructured pixel exhibiting a 3-dimensional colour in the following selected modes of observation: reflection under non-polarized light and a given angle of incidence, transmission under normal incidence and in between two polarizers crossed with an angle β between them.

By rotating the sample in its plane, we can select two different modes characterized by the azimuthal angle α of the sample.

An interesting feature of the laser-processed Ag:TiO2 nanostructured pixels is that pixels generated with different laser parameters can exhibit the same colour in some of the modes and 

Conditions for Mutiplexing

To understand the conditions required for multiplexing let us consider two situations where we want to multiplex two or three bicolour images. In Let us generalize to more colours per mode. Each time you add a colour in a mode, you have to If the logic for creating the multiplexed image is quite simple, we understand that the challenge is to identify the set of nanostructures that can satisfy such a logical graph. In the following section, we explain our methodology to find out such logical graphs among the nearly infinite number of nanostructured pixels that can be produced by varying continuously the printing parameters that are: laser fluence, laser repetition rate, scan speed, laser focusing, overlapping between successive laser written lines, and laser polarization.

We worked in an empirical manner to find out what can be called orthogonal parameters for 2 modes. Orthogonal parameters are printing parameters that vary the colour in one mode but not in the other considered mode, respectively. When one finds such orthogonal parameters for given modes of observation, one can print a pixel matrix where horizontal lines exhibiting a vertical gradient of colours appear in mode 1 and vertical lines of colours exhibiting a horizontal For this, the next section presents the optical properties of the laser-printed nanostructured pixels.

Influence of the Printing Parameters on the Optical Properties of the Nanostructures

Varying a single parameter of the printing process of Ag:TiO2 nanocomposite thin films usually leads to change several opto-geometrical parameters of the films simultaneously, like:

the nanoparticle size distribution, the average depth of nanoparticles, the presence of selforganized gratings of nanoparticles and their regularity, the film thickness and refractive index (due to densification of the initial amorphous mesoporous TiO2 film), and the presence of a The printing parameters that were varied are the scan speed, laser power, interline spacing, and laser polarization. As most of the nanostructures exhibited polarization dependent colours under white light, it rapidly became obvious to use a polarized mode as one of the useful modes with the laser polarization as a parameter controlling the colour in this mode. Further, placing the sample in between two polarizers crossed at 80° gave more colour variations than using only a single polarizer. As a consequence, the polarized mode that is used in the following sections is the one described in figure V.2 where the sample is placed between two polarizers.

For a fixed laser scan speed, interline spacing (dy) and repetition rate, a pixelated matrix was printed for different laser polarization and laser fluence values. As we were restricted to speeds up to 10 mm/s (explained in last chapter) it was observed that, a change in the scan speed variation did not provide a huge change in the colour gamut, while a constant higher dy was chosen as to increase the printing time of the final image. , it is seen that while the fluence is increased from 226 to 284 mJ/cm 2 , one can observe a variation in the reflective colour while, the colours for various laser polarizations (from 0° to 90°) remain the same. On the other hand, when the same matrix is illuminated under polarized transmission (Mode 2), the colour now strongly varies with the laser polarization angle but not with the fluence. Such orthogonal parameters give rise to modes that can be used for multiplexing since we get a vertical gradient in one mode and horizontal gradient in the other mode.

selecting actual laser-polarization angles, a 3-image multiplexing can be implemented where one image is displayed in the reflection mode, and the two other images are displayed in the polarized mode but for two different azimuthal angles as explained further in the next section.

Origin of Colour Variations and Dichroism

To form of a grating. The latter is embedded inside the TiO2 matrix, as illustrated in Chapter III also while the matrix seems to be collapsed at this fluence due to a temperature increase (film thickness of 154 nm). It is to be noted that the parameters for obtaining self-organization processes when compared to results obtained in Chapter III, vary in terms of speed and fluence, due to changes in the setup and few parameters like beam diameter of around 20 µm as compared to beam diameter of around 33 µm in the laser setup used in chapter III . In this chapter, the aim is not to study the self-organization processes of the nanoparticles inside the TiO2 matrix, but rather to characterize the nanostructures that are useful for multiplexing.

From such characterizations, one can infer that the dichroism occurring at lower fluences is not due to the self-organization process, but most probably due to shape anisotropy of the nanoparticles, even though it is not obvious for such small particles. Before starting to discuss image multiplexing, it is important to elaborate how a single image can be printed using such multidimensional colours on the nanocomposite film using lasers.

As we need to print a single image that can be observed under different modes of observation, with only various colours but always with the same image, a single printing parameter is varied.

Here, a coloured image is converted into a greyscale image by defining the laser fluence as a linear function of the 256 greyscale levels. All the other printing parameters are kept constant.

One can also print an image by defining the laser polarization angle as a linear function of the Here, the image is printed pixel by pixel, where a single pixel is 80 µm in size, with dy corresponding to 15 µm and a scan speed of 7 mm/s. The fluence range is from 215 to 307 mJ/cm 2 with a laser polarization parallel to the laser writing direction (horizontal on the image).

Two-Image Multiplexing

The idea here is to multiplex two greyscale images that will appear independently in two different modes of observation. Note that even though the final images displayed in each mode will be coloured, we just convert in these experiments the greyscale image into the gradient of colours that can be obtained by varying one parameter of the laser printing process. The first step is to find out two parameters that appear as orthogonal in well suited modes. According to what was shown in section 3.3 the laser fluence and the laser polarization can be used to print a multiplex image that will display the fluence encoded image in the reflection mode and the polarization encoded image in the polarized transmission mode. In order to satisfy the conditions for two image multiplexing, the fluence range is limited from 226 to 284 mJ/cm 2 and the laser polarization angle is varied between 0° and 90° to encode the second image.

In the example shown in Figure V.10, the initial pictures have 256 grey levels and the multiplexed image is printed using a linear variation of the fluence and laser polarization according to the initial grey levels of the images, with steps of 58/256 mJ/cm² and 90/256° respectively. We then obtain 256x256 different kinds of nanostructures whose features slightly vary from one to the other. It is interesting to note that rotating continuously the sample in its plane in between the two fixed polarizers changes the colour gamut and the image contrast, since different colours appear in different places of the second image. We can add that this colour gamut can also be changed by changing the angle between the two polarizers. With such an encoding, the same picture of the "Sacré Coeur" (Cathedral in Paris) will appear regardless the angles α and β chosen in the polarized transmission mode, only the colours of the image will change with the angles. The colour distributions that can be obtained in the polarized transmission mode are very dependent on the initial composition (Ag content, mesopore size, quantity of crystallized TiO2 nanocrystals), thickness of the nanocomposite film and the substrate nature. Producing the same gamut for specific combination of angles is therefore very tricky without any a priori knowledge about the sample. This flexibility to get specific colour gamuts makes such a printing very secured for authentication application for instance. As the laser processing completely changes several parameters of the initial films, it prevents from measuring a posteriori the initial state of the sample.

To the best of our knowledge, it is the first demonstration of two-image multiplexing where the two images are displayed in reflection and transmission under white light. Up to now, only the polarization was used to switch between two-colour images either in reflection or in transmission only as also discussed in the introduction of this chapter. In the next section, we focus on how we implement the technology to print a three image multiplexing using a similar combination of fs laser and the nanocomposite thin films.

Three-Image Multiplexing

Here again, the original idea is to display three different images under white light For this, let us consider the sample as a birefringent thin film with neutral axes along and perpendicular to the orientation of the laser polarization used to print the squares. Let us name

x and y the two neutral axes. Such a sample can be characterized by two different complex refractive indices or by two different components of the complex transmittance of the film written 𝑡 𝑥 𝑒 𝑖𝜑 𝑥 (𝜆) and 𝑡 𝑦 𝑒 𝑖𝜑 𝑦 (𝜆) , respectively along x and y. The expression for the intensity transmitted under normal incidence through the dichroic sample placed between two polarizers whose axes are at α and α+β from x, as shown in Figure V.12a, is thus given by: 𝐼(𝛼,β, 𝜆 ) = |𝐸 0 𝑐𝑜𝑠(𝛼)𝑡 𝑥 (𝜆)𝑒 𝑖𝜑 𝑥 (𝜆) 𝑐𝑜𝑠(𝛼 + 𝛽) + 𝐸 0 𝑠𝑖𝑛(𝛼)𝑡 𝑦 (𝜆)𝑒 𝑖𝜑 𝑦 (𝜆) 𝑠𝑖𝑛(𝛼 + 𝛽)| 2 (Eq. V.1)

where 𝐸 0 is the amplitude of the incident electric field. After some calculations detailed in Annexure 1, the expression for this intensity at angle α and any wavelength, can be written as a function of three values of this intensity taken (or measured) at three specific values of α. For the sake of simplicity, we choose values: 0, (Eq. V.

2)

The transmittance spectra of the system composed of the sample and the polarizers can be deduced for each value of α and β, from the equation V. , the transmittance spectrum of such a sample can be deduced for any value of α, This results is the first 3-image multiplexing demonstrated on printed images observed under white light combining reflection and transmission modes and that uses laser processing to print the multiplexed image in a single passage in a single film, which is so thin that is can be considered as a metasurface.

This brings us to the end of this thesis, and this chapter which demonstrates smart printing of multidimensional colours using laser technology and nanocomposite thin films of Ag:TiO2, while such a technology can be useful to print multiple encoded images onto the same area.

Conclusions

This chapter demonstrates a distinctive technology to produce three-image multiplexing on flexible substrate coated with nanocomposite films using ultrashort pulsed laser. The nanocomposite thin films containing anisotropic metallic nanoparticles can be used to print an encoded image that contains the information of three independent images, which are revealed in non-polarized reflection and in polarized transmission using two different polarization angles.

The proposed method can be applied to different nanoparticle shapes and implemented with different technologies. The demonstration is illustrated here by laser process, which allows printing centimeter scale images observable by eye. The versatile technology can encode any kind of images over large areas that can be printed on any sort of transparent substrate. This approach also enables to print images with different combinations of observation modes giving rise to multiplexing and artistic images as well. A fs laser grows and shapes metallic nanoparticles at the same time tuning the size distribution and the spatial distribution of these nanoparticles in the film. The laser process results in the generation of micrometer size plasmonic nanostructured areas where the film birefringence and dichroism can be controlled at will, to produce unprecedented colour gamuts that satisfy conditions for three-and two-image multiplexing in different selected modes of observation. Each nanostructured area is characterized by a set of colours corresponding to the colours exhibited in each selected mode.

The conditions that the colour gamuts in the two and three modes must fulfil to produce two and three-fold image multiplexing were further explained and illustrated how such conditions can be satisfied with multidimensional colours. The physical parameters leading to such dichroic plasmonic colours were accompanied with the optical characterization using SEM and STEM microscopy. Such a technology can pave way for encoding information over a large area that can be used for anti-counterfeiting, security and data storage over flexible transparent substrates for the industrial applications.

CHAPTER VI GENERAL CONCLUSIONS AND PERSPECTIVES

The first part of the thesis starting from chapter second, discusses about a facile and rapid synthesis sol-gel route used to produce mesoporous semi-crystalized TiO2 optical thin films starting from low temperature using hydrolytic route. A comparison between seeded and unseeded films gives an overview of the film behavior with respect to the thermal annealing.

Further, first values of activation energies in mesoporous TiO2 thin films are reported, and it is inferred that the presence of crystal seeds (weakly complexed with organic compounds and homogeneously dispersed in the amorphous TiO2 phase), as well as the high atomic diffusion provided by the porous structure, significantly lower the activation energy and lead to a more stable anatase phase above 700°C. Such films with tunable crystal content and porosity can be used for the applications to photocatalysis, photovoltaics and other applications where tuning porosity and crystallinity is essential.

The second part of the thesis starting from the third chapter, demonstrates the fabrication of different nanocomposite structures using a facile and controlled fs laser scanning technique, triggering growth and self-organization of Ag nanoparticles inside porous (amorphous) TiO2 matrix giving rise to plasmonic dichroic colours. Adjusting the laser scan speed (number of effective pulse), such nanocomposites can be selectively formed either at the surface or imbedded inside the film to form grating structures. Excitation of a surface mode in form of surface plasmon polaritons is possible due to the high density of small nanoparticles in the initial film and the transient effects induced by the ultrashort laser pulse. This way, LIPSS are formed at higher scan speed, whereas at lower speeds nanoparticle organization is governed by the excitation of a guided mode inside the film; thus yielding different nanostructures with tunable dichroic colours at different laser scan speeds. Dichroism is found to be caused by the presence of the different grating structures for high and low scan speeds, as well as by the shape anisotropy of the nanoparticles induced at intermediate scan speeds.

The fourth chapter deals with the first application of such laser processing including multiple hidden images imprinting on flexible plastic substrates. Here, the issue of laser-induced thermal effects are countered, that are serious limitations for plastics processing and provides conditions optimizing the nanoparticle growth and self-organization in the nanocomposite film while preventing the film spallation and the substrate damage. Employing a continuous control of laser polarization orientation, the grating orientation (LIPSS) is modulated to provide a grey-scale variation of the diffracted intensity in given observation directions. The three image frames are interlaced to create a single encoded image whose appearance is fully homogeneous in transmission and reflection. While such imprinting on the nanocomposite deposited on glass gives a higher resolution, due to high thermal stability of the substrates.

Moving further, the thesis discusses the second application about multiplexing images on such nanocomposites deposited on flexible glass substrate. A combination of fs laser process and nanocomposite thin films of Ag:TiO2 results in the generation of micrometer size plasmonic nanostructured areas, where the film birefringence and dichroism can be controlled at will, to produce colour matrix that satisfy conditions for two and three image multiplexing in different selected modes of observation under white light: reflection under non-polarized light and transmission between polarizers for different polarization angles. These nanostructures are a result of growth, shape anisotropy of the nanoparticles and self-organization processes. Further, the expression of the intensity transmitted by a dichroic and birefringent sample placed between two polarizers is formulated and it is shown to describe quite well the spectral behavior of the sample birefringence and dichroism. This expression is used to predict solutions for multiplexing in the polarized transmission mode between two polarizers. This facile technology paves way to find a solution to encode up to three images onto the same area with other technologies and materials.
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Although the thesis gives an overall view on optical thin films produced using facile acid assisted sol-gel processes and using fs laser processes to fabricate nanostructures giving rise to dichroic plasmonic colours for applications to hidden diffractive images on plastic and image multiplexing, following investigations can be the future prospective for the current work:

 Crystallized thin films: Such fine-tuned optical thin films with varying crystallite and porosity content offer promising perspectives of applications in photocatalysis specially when doped with noble metals on different substrates according to varying crystallinity and porosity

 The broad range of nanostructures fabricated using such fs system can be fabricated using ns laser system with faster writing processes that can give rise to more than three image multiplexing. Other modes of observation, including scattering, diffraction can be tested  Such image multiplexing can pave way for security for encoding information using system comprising of an industrialized laser and easy to fabricate nanocomposite thin films Ph.D. Thesis -Nipun Sharma 123

ANNEXURE 1

From chapter V, section 4.3, the intensity transmitted from a dichroic nanostructured sample placed between two polarizers under normal incidence, is given by: 𝐼(𝛼,β, 𝜆 ) = |𝐸 0 𝑐𝑜𝑠(𝛼)𝑡 𝑥 (𝜆)𝑒 𝑖𝜑 𝑥 (𝜆) 𝑐𝑜𝑠(𝛼 + 𝛽) + 𝐸 0 𝑠𝑖𝑛(𝛼)𝑡 𝑦 (𝜆)𝑒 where k is the scaling factor (100), x λ , 𝑦 ̅ λ , 𝑎𝑛𝑑 z λ are the chromatic response of observer, and N = ∫ 𝑔 𝜆 𝑦 ̅ λ 𝑑𝜆 
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Figure I. 1 :

 1 Figure I.1: Scheme representing the methods of a) Soft templating and b) hard templating to produce mesoporous films. (Image adapted from Machado et al.) 36

1. 2

 2 Coating Techniques for Thin Film DepositionTwo main types of coating techniques namely spin and dip coating techniques have been used in this thesis to deposit thin films of mesoporous TiO2, before the post heat treatment as explained in the above section. Although such techniques are well-known a small introduction will give users a background of these two important techniques for thin film deposition. Spin coating requires a flat substrate (dimensions up to centimeter in length or diameter) for coating a solution. The substrate is stacked over the spinner with the help of vacuum and the coating solution is put homogenously over the substrate. The spinner is rotated at a specific angular speed, thus allowing the coating solution to spread homogeneously over the top surface due to centrifugal force acting due to the rotation (Figure I.2).[START_REF] Raut | Anti-Reflective Coatings: A Critical, in-Depth Review[END_REF] Generally the film thickness can be controlled by the speed of the spinner (in rotations per minute (rpm)), viscosity of the liquid used and the evaporation rate of the liquid which in turn depends upon the vapor pressure, local humidity, and temperature of the surrounding.[START_REF] Ossila | Spin Coating: Complete Guide to Theory and Techniques[END_REF] Generally, thickness of around 1 µm or less can be achieved with such coating technique.

Figure I. 2 :

 2 Figure I.2: Steps involved in a) Spin and b) Dip coating techniques, generally used to coat mesoporous thin films (Image adapted from Raut et al.) 41

Figure I. 3 :

 3 Figure I.3: A schematic diagram of electron charge displacement in the metallic nanoparticle interacting with an incident plane wave.

Figure I. 4 :

 4 Figure I.4: Schematic diagram of LSPR of nanoparticles with two different shapes of a) sphere and triangle nanoparticles, with their corresponding charges distribution. Figure b) shows the LSPR shift, broadening and splitting for different nanoparticle shape. (Images adapted from Coronado et al. 60 and Murray et al. 7 )

Figure I. 5 :

 5 Figure I.5: a) Mechanism proposed by Kawahara et al. for a) charge separation at Ag:TiO2 interface and b) electron pathway from excited silver nanoparticle to the oxygen molecule (Images adapted from Kawahara et al. 65 ).

Figure I. 6 :

 6 Figure I.6: Physio-chemical mechanisms leading to the growth or the shrinkage of Ag nanoparticles with a cw laser system. (Image adapted from Liu et al.) 75

Figure I. 8

 8 Figure I.8 were obtained. Whereas laser induced periodic surface structures (LIPSS) with a period close to 500 nm (laser wavelength) were obtained for HS structure whose orientation was perpendicular to the laser polarization, an embedded periodic nanostructure was obtained for LS structure, where a period of around 300 nm was measured with lines parallel to the laser polarization.

Figure I. 7 :

 7 Figure I.7: a) Energetic diagram of the silver metal and semiconductor interface, in this case Ag:TiO2 (Image adapted from Liu et al.) 18

Figure I. 8 :

 8 Figure I.8: a) SEM micrograph showing a self-organized periodic surface grating when the surface wave is excited while using high speed of 100mm/s with fs laser. The corresponding images showing the AFM topography for the same followed by HAADF-STEM micrographs from the top view (top right side) and on the cross section for the HS structure. b) LS nanostructures produced while using 10 mm/s laser scan speed. AFM surface topography and HAADF-STEM top view and cross-section. The white double sided arrow in the top corner of each images, depicts the laser polarization.(Image adapted from Liu et al.) 18

  amorphous and nanocrystalline. This work is illustrated in Chapter II, which focuses upon synthesizing crystallized optical mesoporous TiO2 thin films starting at low temperature. A process is developed, to initiate nucleation of TiO2 below the boiling point of ethanol using acidassisted sol-gel process. Further, the role of crystal seeds on the films crystallization is investigated via Raman spectrometry and interpreted in the framework of a phonon quantum confinement model. The modelling in this chapter was performed by Hongfeng Ma, a Ph.D. student at Laboratoire Hubert Curien, supervised by Tatiana Itina. The isothermal crystal growth is investigated to estimate its activation energy as a function of the presence of crystal seeds and is characterized by optical microscopy and ellipsometry. All the transmission electron microscopy (TEM) characterizations of this thesis were performed by Dr. Matthieu Bugnet, CNRS researcher at Laboratoire MATEIS in Lyon, France, at Consortium Lyon Saint-Etienne de Microscopie (CLYM), Lyon. The Ellipsometry measurements depict the changes in porosity and the evolution of the film refractive index arising due to chemical changes in the sol with the temperature. The ellipsometric and ellipsoporosimetry characterizations were performed by Dr. Thomas Bottein, formerly Ph.D. student of Professor David Grosso, at IMP2NP, Aix-Marseille University, France.

  to the formation of LIPSS on Ag:TiO2 films deposited on PC. A part of this work, deals with printing multiple images on such flexible plastic substrate. The laser processes of this chapter were carried out by Dr. Marie Vangheluwe, a post-doc at Laboratoire Hubert Curien who also developed the fs laser experimental setup at LabHC. The work further enlightens the issue of laser-induced thermal effects that are serious limitations for plastics processing and provides conditions optimizing the nanoparticle growth and self-organization in the nanocomposite film while preventing the film spallation and the substrate damage. The work then deals with an innovative technology of printing multiple hidden diffractive images on plastic substrate that can be revealed to the eye under specific observation conditions only. The present work demonstrates a simple and facile technology for industrialization. Hiding several images on the same area, which are recognizable under different angles of observation have become useful for applications concerning security, optical storage and identification. The last part was of this work in chapter fifth was motivated by the development of a laser printing technology for HID global CID, France which allows to demonstrate the principle of three image multiplexing of images with fs laser technology on Ag:TiO2 nanocomposite thin films on flexible glass substrates. All the characterization techniques, experimental setup used in the context of the thesis have been acknowledged; unless specified, the characterization techniques or experiments were performed at LabHC.

  the nucleation of TiO2 nanocrystals within the sol itself and to study the effect of pH and synthesis temperature on this nucleation process. A change in the yellow colour of the sol to milky yellow was observed (Figure II.1) when increasing the synthesis temperature and decreasing the pH, especially for pH 1 at 70°C and 75°C and for pH 2 at 75°. The sol was stable for one week without precipitation. The initial sol which had a pH of 4.5 gave rise to amorphous TiO2 films. When stirred at 50°C or above, this sol (pH 4.5) became a gel and could not be deposited in a film form. For all the other pH and synthesis temperature values, films were deposited on a silica substrate, baked at 100°C for 30 minutes and analyzed by Raman micro-spectroscopy. The results are reported in Figure II.2a-c. At pH 1, crystal seeds appear (Raman Eg band of anatase TiO2, Figure II.2) when increasing the synthesis temperature above 60°C, with a higher amount at the maximum synthesis temperature of 75°C. At 75°C, the three pH values lead to the emergence of nanocrystals, but lowering the pH clearly increases the amount of crystal seeds according to the increase in the relative amplitude of the band at 155 cm -1 . The results are summarized in TableII.1 below.

Figure II. 1 :

 1 Figure II.1: An image showing the colour change in sols when synthesized at different pH and temperatures.

Figure II. 2 :

 2 Figure II.2: The presence of crystal seeds is followed by the growth of Eg band of anatase TiO2 at 155 cm -1 . Influence of the synthesis temperature for sol synthesized at a) pH 1. b) pH 2 and c) pH 3 respectively. A comparison of the Eg anatase band of TiO2 for the as-deposited film and the film baked at 100°C/30 minutes for the sol at pH 1 and 75°C synthesis temperature.

  not clearly visible in the Figure II.3 are better observed in Figure II.5, later with a different scale.

Figure

  Figure II.4a, which is attributed to the crystal growth as explained in the next paragraph.

Figure II. 3 :

 3 Figure II.3: Raman spectra of films with and without seeds after calcination at various temperatures. Spectra were measured in the same conditions and are plotted using the same intensity scale. A and R locate the different bands of the anatase and rutile phases, respectively

Figure

  Figure II.4a zooms in the 110-200 cm -1 Raman frequency range used for fitting and shows bands of the sample with seeds normalized for an easier comparison of linewidths and positions. The higher the temperature, the narrower the linewidth and the lower the shift compared to the bulk frequency at 144 cm -1 .

  remind the conclusions drawn by Bassi et al. after assessing such a model for anatase TiO2 nanoparticles produced by flame pyrolysis. 100 Discrepancies between calculated and experimental sizes may exist, resulting from the factors like the uncertainty on the dispersion

Figure

  Figure II.4: a) Normalized first Eg band of the anatase phase measured on films with seeds as a function of annealing temperature. b) Average anatase nanocrystal size D versus annealing temperature for the two kinds of films calculated using a phonon-confinement model. An inset figure illustrates the accuracy of the model by showing the experimental and fitted curves of the film with seeds annealed at 400°C. c) Fits used for determining the activation energy of the crystal growth in both sample in the temperature range from 300°C to 600°C, as derived by the theoretical model relating the isothermal grain size D (nm) to the annealing temperature T (K).It's to be noted that units of kelvin have been used for depicting activation energy here.

  Figure II.3, previously. Figures II.5a show the high density of anatase nanocrystals found in a film with seeds annealed at 400°C and confirms that the crystal size is well below 10 nm. At lower magnification at the cross-section, Figure II.5b shows the mesoporosity of film without seeds, annealed at 400°C. SEM micrographs systematically recorded on all films shows that the mesostructure on the film surface is very similar for both types of films (sol with and without seeds) upto 500°C, where some pores started to merge giving rise to larger pores and grains.From 700°C, a clear difference occurs between seeded and unseeded films with larger pores and grains for sol with seeds(Figure II.5d-e). In this case, we observe increasing pore and grain sizes with annealing temperature, with larger sizes (up to about 200 nm) for samples with seeds (Figure II.5d). Whereas, the Figure II.5c shows the same Raman spectra as in Figure II.3 with a different scale to highlight the smaller bands of anatase at 197 cm -1 and anatase-rutile phases that co-exist in the unseeded film at 800 and 900°C for a clearer view.

Figure II. 5 :

 5 Figure II.5: a) HRTEM image of a film with seeds annealed at 400°C showing a large amount of small anatase nanocrystals. Adjacent Image:FFT of image (a) and identification of diffraction lines of anatase TiO2. b) Cross-section of the mesoporous films without seeds. c) Selection of Raman spectra from seeded and unseeded films after annealing at 400°C, 700°C, 800°C and 1000°C and corresponding SEM images for seeded (d) and unseeded (e) film surfaces. The scale bars for all the SEM micrographs corresponds to 400 nm.

  photon energy. Figure II.7d shows variations of band gap energy with the temperature in the range 300°C-600°C for the stable films with and without seeds. Figure II.7c shows the extrapolation method to determine the band gap values for film annealed at 600°C for sol with seeds.

  25 and from 3.38 to 3.3 eV for the films with and without seeds, respectively, the value reported for bulk anatase TiO2 being 3.2 eV.113 Variations of the band gap with annealing temperature of our partly crystallized TiO2 films are similar to the work ofLin et al., where a variation of 0.06 eV was reported between 300°C and 500°C. 114 Further, work by Mathews et al. showed a variation in the bandgap of TiO2 films from 3.4 eV for the amorphous films (as-deposited) to 3.32 eV for crystallized anatase films (600°C).112 

Figure II. 7 :

 7 FigureII.7: The change in the spectral response for the films synthesized with a) sol with seeds and b) sol without seeds for the films annealed at 300, 400, 500 and 600°C. The solid line depicts the transmittance along with the dotted line depicting the measured reflectance. c) The band gap calculated while extrapolating the absorption edge; calculated from the transmittance and the reflectance values for the film made with sol with seeds annealed at 600°C. d) Changes in the band gap with temperature for films with and without seeds annealed between 300 and 600°C.

Figure II. 8 :

 8 Figure II.8: Evolution of a) refractive index and b) thickness of films with and without seeds annealed between 300 and 600°C. c-d) Adsorption (full lines) and desorption (dotted lines) curves of films with (c) or without (d) seeds at 300, 400 and 700°C. Figures in inset show the pore size distribution extracted from the adsorption curve.
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 12 of NH3 dropwise, the final solution again turns into transparent indicating the completion of reaction for the formation of [Ag(NH3)2] + solution. The dried films are then soaked in this solution by using a 0.2 µm syringe filter avoiding any micrometer size particles in the system. The films are then soaked in the dark for an hour after which the films are rinsed with DI carefully to remove excess of solution from the surface, followed by drying with nitrogen. The samples are then dried overnight for 12 hours before the next step of photochromic effect, discussed in the next sub-section.4.2 Photochromic Behavior of Ag:TiO 2 FilmsThe Ag:TiO2 film after drying overnight is exposed to UV light (two lamps of 15 W giving an intensity of 50 mW/cm 2 on the sample) at 254 nm for 5 minutes after which the initially transparent film turns brown. After this step, the film is exposed to white light source (LCS-100, Newport solar simulator) for 3 hours with a long-pass filter at 495 nm to cut the UV-blue domain.The film at this step, looks transparent and is bleached completely(Figure II.9c). A continuous exposure to UV and white light is termed as one cycle here. The sample is exposed to two cycles more to completely stabilize the films at the end, where a bleached film is obtained whose colour remains stable for at least one day when used under ambient conditions. To investigate the reproducibility of films, six different films of mesoporous amorphous TiO2 were taken and impregnated with the Ag ionic solution with the protocol mentioned above. Followed by three UV-bleaching cycles, the absorption spectra were measured. It was observed that for the six films produced, there was a difference of 2% in the absorption spectra(Figure II.9a-b) after the last bleaching cycle, showing the reproducibility of such films if the right protocol is followed. FigureII.9c shows the image of the six Ag:TiO2 nanocomposite films after the first UV irradiation showing the brownish colour obtained and the bleached samples after the last cycle of bleaching.After this defined protocol, the bleached films can be used for colour processing as they do not evolve over time when kept under a cover of aluminum foil to avoid any outer light and do not significantly evolve under ambient light during a day of experiment. Such stabilized films give much more reproducible results on various samples when compared to TiO2 films impregnated with Ag solution and then exposed to just UV light to grow nanoparticles without any stabilization process; The latter evolve over time. Figure II.9b shows the absorption taken at 515 nm, which is the laser wavelength used with femtosecond laser for the generation of plasmonic colours, illustrating the photochromic behavior on such samples (reversible changes of colour upon UV and visible light exposure).

Figure II. 9 :

 9 Figure II.9: a) Absorption spectra for the six different films after the third cycle bleaching. b) Absorption for the threecycle UV/bleaching for six different films measured at 515nm (laser wavelength for applications). c) Colour change of films from brown to transparent, showing the photochromic behavior of the nanocomposite films.

  Figure III.1, shows the spectra of the bleached films, for transmission, reflection and 1-R-T (absorption and losses). It is observed that, after bleaching the films absorbs very slightly in the visible and are nearly transparent.

Figure

  Figure III.1: a) Transmittance (T) and reflectance (R) spectra taken at 6° incidence angle for the initial Ag:TiO2 nanocomposite films. Losses including absorption and scattering were calculated as (1-R-T). ⊥ and ∥ refers to the probe polarization, respective to the laser polarization

  The beam is delivered by a galvanometric scanning system (Figure III.2) combined with an f-theta lens of focal length 10 cm, focusing the laser beam on the sample surface with a beam diameter d = 33 µm (1/e 2 intensity). The advantage of using a galvanometric head is that, one can reach rapid scan speeds. The corresponding effective number of pulses (Neff) in each case can be calculated for overlapping scan lines as Neff,2D = (  (d/2) 2  frep) / (vdy), and for single scan lines as Neff,1D = d  frep / v, where v is the scan speed in mm/s, dy is the distance between two successive laser lines, and d corresponding to beam diameter.

Figure III. 2 :

 2 Figure III.2: a) Schematic of a galvanometer scanner completed by a F-theta lens to perform laser scans over a large area. Image source: OptoSigma.

Figure III. 3 shows

 3 images of different laser written areas recorded with a smartphone camera, illustrating smart visual effects of the dichroic colours produced using a change of the scan speed.

Figure III. 4

 4 Figure III.4 shows the respective SEM and AFM images of four different nanocomposite structures obtained at speeds of 1, 20, 100 and 170 mm/s. The speeds were explicitly chosen, where a change in the nanostructure was observed. In all cases, the size of initially very small

Figure III. 3 :

 3 Figure III.3: a) Illustration of the colour changes induced by scanning high repetition rate femtosecond laser pulses over the sample surface at different speeds and constant fluence. Each square is imprinted over an area of 9 mm 2 . Illumination was provided by a white light source for unpolarized (No pol) and horizontally/vertically polarized light (denoted by double sided arrows) and the image was recorded with a smartphone camera (a) in reflection and (b) in transmission.

Figure III. 4 :

 4 Figure III.4: Illustration of the evolution of the nanocomposite structure with the scan speed, characterized by their respective SEM and AFM images for a) 1 mm/s b) 20 mm/s c) 100 mm/s and d) 170 mm/s scan speeds. The embedded grating (EG) for speed v = 1 mm/s is formed parallel to the laser polarization (depicted by double side yellow arrows), whereas the surface grating (SG) at v = 100 mm/s and 170 mm/s is oriented perpendicular to the laser polarization.

Fig

  Fig. III.4a, featuring no visible periodic surface structure. This structure is similar to one of the structures reported in the former work of Liu et al. obtained at 10 mm/s, 18 but shows no residual periodic surface modulation perpendicular to the grating. It is worth emphasizing that this grating

2 )

 2 which corresponds to the effective refractive index of the guided mode when the embedded grating starts forming. The grating period values of the different structures (determined from SEM images) are plotted as a function of the scan speed in Figure III.5. For v = 5 mm/s, where embedded nanogratings (EG) are formed with parallel orientation to the laser polarization, the grating period was measured as Λ 5𝑚𝑚/𝑠 = 329 ± 20 nm. The period increases slightly towards lower speeds, yielding a maximum value of Λ 1𝑚𝑚/𝑠 = 344 ± 20 nm. Both values are consistent

Fig. III. 6 .

 6 At the lowest speed within this range, surface ripples with a period of Λ 70𝑚𝑚/𝑠 = 467 ± 30 nm are formed. The period gradually increases with speed up to Λ 170𝑚𝑚/𝑠 = 498 ± 30 nm. As discussed above, the grating is formed by interference of SPPs with the incident pulse, and the period is thus expected to depend on the effective dielectric constant of the film surface. Using the above relation, values in the range of 1.0 < Re(𝜂) < 1.1 are obtained. The implication of 𝜂 being a function of the scan speed is actually reasonable, since the effective pulse number per unit area is expected to change the size of the nanoparticles and therefore affect the effective dielectric constant. For speed values outside the two regimes of grating formation, at speeds between 5 and 70 mm/s, randomly distributed nanoparticles beneath the titania surface with a small shape anisotropy (as shown in the inset FFT of Fig. III.4b) were obtained. For speeds of 200 mm/s or higher, randomly distributed nanoparticles were formed at the surface. As shown below in Figure III.6, for 200 mm/s scan speed, the nanoparticles grow and distribute randomly on the TiO2 surface.

Figure III. 5 :

 5 Figure III.5: Evolution of the period of the nanostructures that feature gratings with the scan speed. For speeds in the range v = 1 -5 mm/s, an embedded grating (EG) is formed inside the film and its orientation is parallel to the laser polarization. For the range v = 70 -170 mm/s, a surface grating (SG) is formed, whose orientation is perpendicular to the laser polarization.

  Figure III.7 shows a series of spectra recorded in areas fabricated at different scan speeds. All bands were detected in the study, with an increasing amplitude for a decreasing scan speed. The low peak amplitude observed at higher speeds is characteristic of a low density of nanocrystals in the amorphous titania matrix. At the lowest scan speed of v = 1 mm/s, the Raman spectrum has the highest amplitude of the anatase phase peaks, revealing the

Figure III. 6 :

 6 Figure III.6: Randomly distributed of Ag nanoparticles at scan speed of 200 mm/s

  Fig. III.4. For each structure, spectra for both light polarizations were recorded, parallel and perpendicular to the laser polarization, in order to investigate the possible presence of anisotropic optical response. As a reference, the corresponding spectra of an infiltrated nanocomposite film before laser exposure is shown in Figure III.1, which shows a very weak absorption in the visible range.

Figure III. 8 :

 8 Figure III.8: Transmittance (T) and reflectance (R) spectra taken at 6° incidence angle for a) the initial Ag:TiO2 nanocomposite films before laser irradiation and different scan speeds of b) 1 mm/s, c) 20 mm/s, d) 100 mm/s, and e) 170 mm/s. Losses including absorption and scattering were calculated as (1-R-T). ⊥ and ∥ refers to the probe polarization, respective to the laser polarization.

  polarizations (Figure III.8a and III.8c) were calculated and displayed in Figure III.9c and III.9d for comparison.

Figure III. 9 :

 9 Figure III.9: Transmittance (T), reflectance (R) and loss (1-R-T) spectra for nanostructures fabricated with circular polarized laser light for two different scan speeds. a) 1 mm/s and b) 100 mm/s. For comparison, c) and d) show curves for linear polarized laser light, obtained by calculating the average value of the experimental ⊥ and ∥ curves from Fig. III.8a and III.8c. ⊥ and ∥ refers to the probe beam polarization, respective to the laser polarization. The spectra were taken at 6° incidence angle.

  Figure III.10 was fabricated by first writing a large array with a line spacing of 46 µm at a laser scan speed of 100 mm/s and subsequently writing a second array at 1 mm/s, which was laterally displaced by 23 m in order to fill the gaps of the first array. This led to the formation of interlaced lines, as shown in Fig. III.10a, each with a different grating period (Λ 𝐸𝐺 = 330 nm and Λ 𝑆𝐺 = 480 nm) and orthogonal orientations.

Figure III. 10 :

 10 Figure III.10: Optical micrographs of a hybrid nanostructure composed of adjacent vertical scan lines, each containing a different type of nanograting. Magnified regions are shown below, the left corresponding to the EG (barely visible horizontal grating lines) and the SG (vertical grating lines). b) and c) Measured transmittance spectra of the hybrid nanostructure for both light polarizations (∥ and ⊥), compared to the corresponding spectra of areas written at single speeds, 1 and 100 mm/s.

Figure III. 11 :

 11 Figure III.11: Photographs of samples highlighting diffraction of white light by laser-written areas at different scan speeds corresponding to a) embedded gratings (EG) and hybrid gratings (HG) and b) surface gratings (SG) and hybrid gratings. The red arrow indicates that the sample has been rotated by 90º between (a) and (b).

Figure IV. 1 :

 1 Figure IV.1: A schematic diagram showing the laser setup developed at Laboratoire Hubert Curien for low repetition rate laser writing. The inset shows the legend used in the illustrative diagram.

Figure IV. 2 :

 2 Figure IV.2: Different regimes of laser-induced changes in the film nanostructure and morphology, identified with varying scan speed and laser fluence for a fixed spacing between lines of 20 µm and repetition rate at 25 kHz.

Figure IV. 3 :

 3 Figure IV.3: SEM images showing surface topography as illustrated in Figure II parametric range (25 kHz,) for three different laser fluences of a) 124 mJ/cm 2 , b) 159 mJ/cm 2 and 195 mJ/cm 2 (SEM image in each row corresponds to the similar power as depicted) and the scan speed for 1.8, 3.08 and 10.5 mm/s, mentioned here for each column are similar for each fluence respectively.

  Figure IV.4 shows photographs of a sample, where squares were drawn with varying scan speeds and fluences, taken under right conditions of observation and illumination to catch optical diffraction of blue, green and yellow radiations. The diffraction efficiency qualitatively decreases when decreasing the speed and the fluence, except for the two lowest fluences where the maximum speed also leads to low diffraction. Such information together with SEM observations was used to draw the sketch of Figure IV.1.

Figure IV. 4 :

 4 Figure IV.4: Diffraction by LIPSS patterns on plastic substrate. Photographs of a sample taken under white light and different angles of observation to qualitatively highlight the variations in the diffraction efficiency with the scan speed and laser fluence.

Figure IV. 5 :

 5 Figure IV.5: a-b) SEM images at two different locations, showing LIPSS with a period of 495  15 nm and different orientations perpendicular to the laser polarization (green double sided arrows).c) HAADF-STEM cross-section view of the LIPSS. Note that the big Ag particles (yellow arrows) appearing on the film cross section were not stable under electron beam during STEM characterizations, contrary to the smaller ones d) HAADF-STEM enlarged view of the sample cross-section, with Ag nanoparticles embedded in the grooves of the LIPSS. Inset: EELS Ti L2,3 near-edge structures obtained in the region below the LIPSS groove. The red arrow highlights the shoulder at the higher-energy side of the eg peak of the L3 line, which is characteristic of the anatase TiO2 phase.175,176 The low amplitude of this shoulder compared to anatase spectra of the literature 177 is attributed to the partial crystallization of the TiO2 as well as the instrumental resolution ( ̴ 1 eV).

A

  cross-sectional view of the LIPSS(Figure IV.5c-d), observed by high angle annular dark field HAADF-STEM, shows that the small (<40 nm) Ag nanoparticles (white in FigureIV.5c, d) embedded in the film, have preferentially grown within the grooves of the LIPSS. It is to be noted that the big Ag particles appearing on the film cross section did not grow inside the film but have been shifted from the top surface to the side of the lamella during focused ion beam (FIB) preparation. Electron energy-loss spectroscopy (EELS) experiments were carried out in a FEI Titan ETEM G2 80-300 instrument, operated at 300 kV. EELS measurements recorded in the region below the grating grooves (inset of Figure IV.5d) show a partial crystallization of TiO2 in its anatase phase. The latter most probably slightly changed the appearance of the film. Indeed, the big Ag particles appearing on the film cross section were not stable under electron beam during STEM characterizations, contrary to the smaller ones. They are thus not expected to have grown inside the film but rather seem to have been shifted from the top surface to the side of the lamella during the preparation by focused ion beam, (FIB-FEI Helios 600i FIB instrument). Such big particles, if they had been embedded in the film, would have been visible with blurred outlines and low contrast, contrary to what was observed on all SEM images (Fig. IV.5a-b). Such a local growth of Ag and anatase nanocrystals creates a periodic modulation of the film effective refractive index, which reinforces the diffraction efficiency of the surface periodic structure. HAADF-STEM images in Figure IV.5c-d also confirm the perfect integrity of the plastic substrate below the Ag:TiO2 film after the laser irradiation. The formation of LIPSS as also discussed in the previous chapter in detail is governed by selfenhanced interferences between the incident wave and a surface plasmon polariton propagating along the material surface, which sets their period at 𝜦 = 𝛌 𝐑𝐞(𝜼)

Figure

  Figure IV.6: a) Angular ranges of LIPSS used to encode the 256 grey-levels of each image. The three raster images have been interlaced and printed on a 1.18 cm 2 surface. b) Sketch of the setup used for taking photographs of the sample. This top view sketch especially shows the incidence angle 𝜽 𝒊 of the white light collimated beam and the angle 𝜽 𝟏𝒈 of the first diffraction order in the plane of incidence for a green radiation at 537 nm wavelength. c) Photographs of the sample printed on polycarbonate recorded for three different azimuthal angles obtained by rotating the sample in its plane. The three different images appear at 0°, 60° and 120°, respectively and their d) negative images at 15°, 75° and 135° angles.

Figure IV. 7 :

 7 Figure IV.7: Photographs taken with a smartphone under ceiling lighting illustrating the reflectivity and the flexibility of the samples fabricated on flexible plastic substrate.

Figure IV. 8 :

 8 Figure IV.8: An illustration of the pixelated technology. a) Diffraction image of human portrait on plastic substrate with an optical zoomed image showing a pixel. SEM images, showing a) two dots, representing starting points of the laser lines inside the pixel, b) a zoomed image showing separation for two laser lines inside a pixel, with LIPSS.

Figure IV. 9 :

 9 Figure IV.9: Interlaced diffractive images with same human portrait as in Figure V and a better resolution of 40 µm. Azimuthal angles a) 0°,60° and 120° displays the three positive images while their respective negative images are shown in b) at 15°, 75° and 135° angles.

Figure IV. 10 :

 10 Figure IV.10: Setup for taking pictures b) A tabulated values for 𝜃 𝑖 , 𝜃 𝑑 and respective λ as calculated using equation 1 and 2, followed by images taken for different diffraction angles c) Multi-images illustrated at azimuthal angles of 0°, 60° and 120° revealing images of doughnut, star and a square with their respective negative images at 15°, 75° and 135° angles with angle of incidence and diffraction fixed at 55.5° and 20.5°.

  It was demonstrated that Al nanorods antennas were produced to print polarization driven plasmonic colours arising due to the local resonances and diffractive effects which were tuned by altering the geometry of Al nanorods. 166 EBL, which is limited to small surfaces with nanometric precision can be extended to larger surfaces by using large area self-assembly technology or replication methods. Hojlund-Neilsen et al. demonstrated mass production of plasmonic colours using Al thin film coating produced using polymer replication technique via roll to roll printing, film inserting molding, and direct injection molding of the polymers. 162 Different replication techniques include nanoimprint lithography, roll to roll nanoimprint lithography, and roll to roll extrusion coating techniques that bring fabrication of plasmonic colours from laboratory to polymer based industries. 167 Other techniques, for production of plasmonic nanostructures on large scale has raised development in approaches including self-assembly of nanostructures and nanoparticles. Such a methodology, can produce nanoparticles of varying size that can be used to produce resonances within the visible region. Such self-assembly approach was used by Wang et al. to create periodic nanostructures on Ph.D. Thesis -Nipun Sharma 93 centimetric scale samples. 163 Other methods to produce self-assembly of nanostructures/nanoparticles include colloidal self-assembly, direct self-assembly or dewetted nanoparticles, where narrow resonances are achieved by tuning the contact angle of metal dewetted nanocaps, which gives rise to large range of colours due to the excitation of localized surface plasmons in the particles. 168 Another way to control plasmonic colours have been to use post laser treatments on plasmonic nanostructures or nanoparticles. Metal surfaces have been modified by lasers (fs, ns, cw) to generate surface colours. The idea of using post laser treatment on nanostructures is to reshape the structures thus generating the colour change. In past, carbon dioxide lasers have been used on Au thin films, to fabricate wide range of colours, using direct patterning of nanostructures. 169 Further, Zhu et al. showed how laser pulse energy density gives rise to photo thermal re-shaping of metasurfaces thus generating different plasmonic resonances leading to different colours. 170 As discussed above, each technology possesses some advantages and disadvantages over one another. Although, laser induced post treatments for morphological changes for colour productions are irreversible, they hold advantage for being rapid, low-cost solution, and such technologies are flexible for large surfaces.As stated above, these plasmonic colours can be light-polarization dependent or in other words dichroic in nature. The polarization driven colours are interesting in various applications as such colours provide degree of freedom to tune plasmon resonance mode as to enhance data storage capacity in some cases and encrypt or multiplex images that can be decrypted only while using right light polarization condition.Goh et al. utilized the idea of such spectral control to fabricate independent tunable colour pixels composed of Al nanosquares dimers.149 Here a strong field is confined in the dimers gap and a coupled dipole mode is excited with one polarization state, while when the polarization is rotated by 90°, the coupling disappears. Using this, the authors multiplexed two images onto the same area using coupled dimers for orthogonal polarization state. While, Li et al. demonstrated dual-colour nanopixels fabricated as cross-shaped plasmonic cavity apertures in Al thin film. A change in the polarization of the incident light, gives rise to dualcolour selectivity in one nanopixel due to polarization driven resonances. This allowed authors to multiplex two images with nanometric resolution by patterning the pixels specifically. 171 While recently, Heydari et al. demonstrated image encoding using polarization multiplexing of two arbitrary full coloured images into a single pixel of array. Here each array exhibits two independent resonances which can be tuned in sRGB (standard Red Green Blue) colour space. 148 While using laser tuning of plasmon colouration earlier, Zijlstra et al. used randomly distributed Au nanorods supporting surface plasmon resonance (SPR) and used pulsed laser to selectively heat and reshape them, using wavelength and laser polarization as selection parameters. The printed images are read using two-photon luminescence at different wavelengths and polarizations. Authors used this technology, to multiplex eighteen different images using three different polymer layers, three different wavelengths and two different polarizations. 172

Figure V. 1 :

 1 Figure V.1: Ag:TiO2 films deposited on four circular flexible glass. The photographs were taken after the three UV-VIS cycle.

  the other modes. This opens the possibility to find out conditions for multiplexing.

  Figure V.3a, images A and B are combined in image C. Image C is then the final image printed on the sample where each pixel is characterized by a 2-dimensional colour (one colour per mode of observation) composed of a colour in mode 1, where image A must be observed, and a colour in mode 2, where image B must be observed. In order to properly print image C on the sample we need to find out 4 differentnanostructures that exhibit the specific 2-dimensional colours shown in the table on the rightend side. This table is like a logical graph that shows all the possible combinations of the two colours selected in the two modes of observation. In a general manner the number of possible

Figure V. 2 :

 2 Figure V.2: A concept for multidimensional colour illustrating that a single laser nanostructured pixel can generate three different colours in three different modes of observation.

Figure V. 3 :

 3 Figure V.3: Conditions to satisfy image multiplexing for a) two images and b) three images. A nanostructured pixel is depicted by a black square.

Figure V. 4 :

 4 Figure V.4: Conditions to satisfy image multiplexing for three images. Here we use 5 colours in mode 1, while in mode 2 and 3, 2 colours are used.

Figure V. 5 :

 5 Figure V.5: A sketch for pixelated matrix printed with orthogonal laser parameters and observed in three different modes of observation. Here each squared box represents nanostructure printed with a specific laser parameter.

  While a variation in the laser fluence gave various dichroic colours in reflection and not under polarized transmission, a change in the laser polarization allowed to vary colours under polarized transmission but not under reflection as illustrated in Figure V.6.In order to print complex images, we printed square pixels 80 µm in size with an interline spacing dy of 15 µm. Furthermore, to have a good colour matching between the different powers in the polarized mode, laser fluence was varied from 215 to 354 mJ/cm 2 (Figure V.7) at a constant speed of 7 mm/s and the laser polarization was varied from 0 to 150. Although, the fluence range specifically used for image multiplexing in reflection mode varied from 226 to 284 mJ/cm 2 (2 and 3 image multiplexing) while in polarized transmission mode, the polarization range varied from 0 to 150° from which for 2 image multiplexing, the polarization values were chosen from 0 to 90° and for 3 image, polarization values were 30, 60, 120 and 150° respectively, as illustrated in the next sections. The sole aim of this study was to find orthogonal parameters, which can be used for multiplexing. It is interesting to note that the laser polarization can be varied continuously when printing a multiplexed image containing two different images to be displayed in two different modes (Modes: reflection and polarized transmission), as shown later. Further, when

Figure V. 6 :

 6 Figure V.6 : When the laser printed matrix is illuminated and observed under reflection (Mode 1), it is seen that while the fluence is increased from 226 to 284 mJ/cm 2 , one can observe a variation in the reflective colour while, the colours for various laser polarizations (from 0° to 90°) remain the same. On the other hand, when the same matrix is illuminated under polarized transmission (Mode 2), the colour now strongly varies with the laser polarization angle but not with the fluence. Such orthogonal parameters give rise to modes that can be used for multiplexing since we get a vertical gradient in one mode and horizontal gradient in the other mode.

  better understand what are the opto-geometrical parameters that influence the colour change, three nanostructures from the ones used previously were observed by SEM and HAADF TEM from the top view and the cross-section (preparation of the FIB lamella by David Troadec at IEMN). The cross-section was cut along the white dashed lines as shown in Figure V.7c. These electron microscopy characterizations were conducted on nanostructures with three different laser fluences for laser polarization 0° (horizontal polarization depicted by double side arrow in yellow) and 90° for one parameter as to check the effect of laser polarization of the nanostructure anisotropy (Figure V.8a). It was observed that when working on the lower fluence value of 249 mJ/cm 2 (Figure V.7c), the Ag nanoparticles grew very slightly with the mesoporosity of TiO2 being still present even though the film thickness is smaller than on the initial film (200-250 nm). An increase in the laser fluence to 307 mJ/cm 2 , tends to increase the nanoparticle size (white bright particles) and decrease their density, especially on the top part of the film. The bottom part contains mainly a higher density of smaller particles as for the lower fluence (Figure V.7b). The maximum fluence of 354 mJ/cm2 (Figure V.7a) tends to start organizing the nanoparticle in the

  Higher magnification HAADF STEM micrographs of sample top views are show in Figure V.8. As was depicted in chapter III, the laser polarization can influence the shape and elongation of Ag nanoparticles along its direction. The anisotropy becomes prominent for laser fluence 307 mJ/cm 2 (Figure V.8b), where the nanoparticles seems elongated along the polarization direction (yellow double sided arrow) and a hint of shape anisotropy is dominant from the images. The change in the laser polarization by

Figure V. 7 :

 7 Figure V.7: Control of the dichroic properties of the nanostructures using fs laser on Ag:TiO2 nanocomposites. The matrix were printed with varying laser fluence and laser polarization. The image shows the matrix in reflection and under polarized transmission. SEM images for three fluences of a) 354, b) 307, and c) 249 mJ/cm 2 are shown here for laser polarization 0°. The white dashed line shows the way FIB cross-section was made and the yellow double sided arrow depicts the laser polarization.

Figure V. 8 :

 8 Figure V.8: STEM images for three fluence of a) 354, b) 307, and c) 249 mJ/cm 2 shown for different laser polarization indicated with a double side yellow arrow as compared to Figure V.7. The images indicate a shape anisotropy and elongation of silver nanoparticles along with the direction of laser polarization, especially for 307 and 354 mJ/cm 2 .The STEM shows how the matrix collapses as the fluence is increased and the density of nanoparticles is decreased. While, lower fluence values of 249 mJ/cm 2 , shows higher density of silver nanoparticles with smaller size.

Figure V. 9 :

 9 Figure V.9: Illustration for coloured image printing using fs laser on nanocomposite film while defining a) laser fluence as linear function of the 256 greyscale levels. b) Image printed with 256 greyscale levels as observed in reflection mode of illumination, polarized transmission for different β values and scattering mode. The scale bar in the image corresponds to 4 mm.

Figure V. 10

 10 Figure V.10: a) Requirements for producing two image multiplexing using 256 × 256 nanostructures. The encoded image should be such that different nanostructures gives similar colour in polarized transmission and colour pallet in reflection and vice versa. b) Illustrates the colour pallet observed under different modes of reflection and polarized transmission for specific laser fluence and polarization with the corresponding printed image in modes of reflection and polarized transmission. The scale bar on the image corresponds to 4 mm.

  illumination (rather than monochromatic light as shown in several articles) in three different modes of observation. As explained earlier, the conditions fulfilled to construct the logical graph are much more binding with three modes. Starting from the result shown for 2-image multiplexing, we can wonder if two different azimuthal angles could be used to display two different images in the polarized transmission mode, as illustrated in the literature where only the polarization angle was varied to change the displayed image. As explained in Figure V.4, the conditions required to fulfil the construction of the logical graph for 3-image multiplexing with a multicolour image in mode 1 (reflection) and two different bicolour images in modes 2 and 3 (polarized transmission for two azimuthal angles), are to find out modes in which the 2D matrix of squares exhibits a vertical gradient of colours in mode 1, as shown in the previous section, and two different combinations of bicolour vertical lines in the other modes. These combinations, depicted in Figure V.5, are actually present in the matrix drawn in Figure V.6 for 2-image multiplexing, provided that we select particular values of the azimuthal angle α. The results are shown in Figure V.11 if we consider the polarization angles 30°, 60°, 120° and 150°. Knowing that such a result exists, one can wonder if it can be predicted.

Figure V. 11 :

 11 Figure V.11: Colour pallet matrix printed with different laser fluence from 226 to 284 mJ/cm 2 and laser polarization 30, 60, 120, 150° respectively and observed in Reflection in Mode 1 and polarized transmission for different values of sample rotation or α in Mode 2 and 3 respectively, depicting a solution for 3-image multiplexing.

  2 after normalizing by the incident intensity. Such spectra can then be used to calculate the (CIE) XYZ values (Formula given in Annexure 2) to show the colour variation through the Chromaticity diagram for different values of α, β being fixed (Figure V.12b).When rotating the laser polarization angle by θ during laser printing, the sample anisotropy is maintained but its neutral axis are rotated by the same angle. This means that a sample printed with the angle of polarization θ behaves as a sample printed with θ=0 provided that it is rotated between the two polarizers by an angle α=-θ (see Figure V.13a). According to Equation V.2, if we measure the transmittance of a sample printed for θ=0 between 2 polarizers for the three values of α=0,

Figure V. 12

 12 Figure V.12: a) Setup use to measure the polarized transmittance spectra. α is the angle between laser induced nanostructure oriented along the laser polarization and the polarizer axis. β is the angle between the two polarizers. The nanostructure here acts as a dichroic sample. b) The spectra data is converted to determine the CIE XYZ values which in turn displays the colour variation in the form of chromaticity diagram.

  .

Figure V. 13

 13 Figure V.13. a) Illustration showing setting up of neutral axis, when the sample is printed with laser polarization θ paralle to x ' . The sample has to be rotated at α=-θ between two polarizers as to make the sample behave as if it is printed with polarization θ= 0° b) illustrates the colour variation with the rotation of angle α for a single nanostructure printed with a fluence of 249 mJ/cm 2 , laser polarizations along the x axis, scan speed of 7 mm/s and a dy 15 µm. The curves intersects two different values of α. The first value for α1 for which colours for 30° and 150°will be similar (red dashed rectangle) and colours of 60° -120° will be similar (black dashed rectangle) and similar colour combination is achieved for α2 for 30° -60° and 120° -150° respectively.

Figure V. 15

 15 Figure V.15 illustrates a three image multiplexing printed on flexible glass using laser fluences from 226 to 284 mJ/cm 2 and laser polarization values of 30,60,120 and 150°, where the image in reflection (Mode 1) was chosen for laser fluence as a linear combination for the greyscale values

Figure V. 14

 14 Figure V.14: a) Requirements for producing three image multiplexing that requires a production of colour pallet with 256 × 2 × 2 nanostructures to be able to display pallets in Mode 1 for reflection and mode 2 and 3 for polarized transmission for different samples angles α and angle β.

Figure V. 15 :

 15 Figure V.15: Three images multiplexing printed with three independent images as observed under a) reflection and polarized transmission for different α angle and for a specific β angle. The matrix corresponding to each image corresponds to the variation in the laser fluence and the different laser polarization chosen for printing the encoded image. The scale bar corresponds to 4 mm for the image.

ANNEXURE 2 For

 2 a given reflectance or transmittance spectrum 𝑓 𝜆 at a certain illuminance 𝑔 𝜆 (example D65 illuminant), the CIE colour matching function is given by 𝑥 𝜆 , 𝑦 ̅ 𝜆 , and 𝑧̅ 𝜆 . The CIE X, Y, Z coordinates are thus, calculated as: 173,174 𝑋 = 𝑘 𝑁 ∫ 𝑔 𝜆 𝑓 𝜆 𝑥 𝜆 𝑑𝜆 (Eq. A2.1) Y = 𝑘 𝑁 ∫ 𝑔 𝜆 𝑓 𝜆 𝑦 ̅ λ dλ (Eq. A2.2) 𝑋 = 𝑘 𝑁 ∫ 𝑔 𝜆 𝑓 𝜆 z λ dλ (Eq. A2.3)

Figure A2. 1 :

 1 Figure A2.1: CIE colour matching functions 𝑥 𝜆 , 𝑦 ̅ 𝜆 , 𝑎𝑛𝑑 𝑧̅ 𝜆 .

  

  

  Table II.1: Summary of films synthesized with sols having different pH and synthesis temperature.  indicates nucleation of nanocrystals,  indicates amorphous phase of TiO2 and  means no sample characterization due to gelification of the sol.

  One can note that the activation energy is slightly decreased when seeds are present. This is obtained whatever the value of n used for fitting, see the table below.

	.2 for different values of n. In all calculations, D0 = 4.3 nm (first detectable crystal size at T= 100°C) or 5.6 nm (first detectable crystal size at T= 350°C) for the films with or without seeds, respectively. Figure II.4c shows the experimental values calculated from equations (II.1-II.4) for films with and without seeds for temperatures below 700°C, and straight lines that fit the data according to equation (II.4) showing activation energies of 27.3 Sol with seeds Ea (kJ/mol) Sol without seeds Ea (kJ/mol) 2 27.3 37.8 3 32 40.9 4 36.9 44.4 kJ/mol (Ea≈0.29 eV) and 37.8 kJ/mol (Ea≈0.40 eV), respectively. n 5 42.4 48.3

For non-mesoporous TiO2 films, Zhang et al reported the activation energy of 78 kJ/mol (Ea≈0.81

  TableII.2: Activation energies as calculated with the different values of n. The activation energy for the sol with seeds is however lower each time with respect to the activation energy for the sol without seeds, whatever the value of n is.

  𝑖𝜑 𝑦 (𝜆) 𝑠𝑖𝑛(𝛼 + 𝛽)| 𝑡 𝑥 (𝜆)𝑡 𝑦 (𝜆) cos(𝜑 𝑥 -𝜑 𝑦 )] 𝑡 𝑥 (𝜆)𝑡 𝑦 (𝜆) cos(𝜑 𝑥 -𝜑 𝑦 )

		𝐸 0	𝜋 4 2 = 𝐼 (	,β, 𝜆 )	2 𝑐𝑜𝑠(2𝛽)	-𝐼(0,β, 𝜆 )	𝑐𝑜𝑠 2 ( 𝜋 4 𝑐𝑜𝑠(2𝛽)𝑐𝑜𝑠 2 (𝛽) + 𝛽) Ph.D. Thesis -Nipun Sharma
					-𝐼 ( 𝜋 2	,β, 𝜆 )	𝑠𝑖𝑛 2 ( 𝜋 4 𝑐𝑜𝑠(2𝛽)𝑐𝑜𝑠 2 (𝛽) + 𝛽)
								(Eq. A1.8)
	Now using (Eq.A1.6), (Eq.A1.7), and (Eq.A1.8) in (Eq. A1.2), we get,	2
	Or,	𝐼(𝛼, 𝛽, 𝜆) = 𝐼(0, 𝛽, 𝜆) [	𝑐𝑜𝑠²(𝛼)𝑐𝑜𝑠²(𝛼 + 𝛽) 𝑐𝑜𝑠²(𝛽)	-	𝑐𝑜𝑠² (	𝜋 4	(Eq. A1.1) + 𝛽) 𝑠𝑖𝑛(2𝛼)𝑠𝑖𝑛(2𝛼 + 2𝛽) 2𝑐𝑜𝑠²(𝛽)𝑐𝑜𝑠 (2𝛽) ]
	𝐼(𝛼,β, 𝜆 ) = 𝐸 0 + 1 2 + 𝐼 ( 𝜋 4 , 𝛽, 𝜆) 2 [𝑐𝑜𝑠 2 (𝛼)𝑐𝑜𝑠 2 (𝛼 + 𝛽)𝑡 𝑥 2 (𝜆) + 𝑠𝑖𝑛 2 (𝛼)𝑠𝑖𝑛 2 (𝛼 + 𝛽)𝑡 𝑦 2 (𝜆) 𝑠𝑖𝑛(2𝛼)𝑠𝑖𝑛(2𝛼 + 2𝛽) 𝑐𝑜𝑠 (2𝛽) 𝑠𝑖𝑛(2𝛼)𝑠𝑖𝑛(2𝛼 + 2𝛽)(Eq. A1.2) Now, putting the values 𝛼 = 0, 𝜋 4 , 𝑎𝑛𝑑 + 𝐼 ( 𝜋 2 , 𝛽, 𝜆) [ 𝑠𝑖𝑛²(𝛼)𝑠𝑖𝑛²(𝛼 + 𝛽) 𝑐𝑜𝑠²(𝛽) -𝑠𝑖𝑛² ( 𝜋 4 + 𝛽) 𝑠𝑖𝑛(2𝛼)𝑠𝑖𝑛(2𝛼 + 2𝛽) ] 2𝑐𝑜𝑠²(𝛽)𝑐𝑜𝑠 (2𝛽) 𝜋 individually in the Eq. A1.2 we get, 2 𝐼(0,β, 𝜆 ) = 𝐸 0 2 𝑐𝑜𝑠 2 (𝛽)𝑡 𝑥 (Eq. A1.3) 2 (𝜆) (Eq. A1.9)
		𝐼 ( 𝜋 4	,β, 𝜆 ) =	𝐸 0 2	2	[𝑐𝑜𝑠 2 ( 𝜋 4	+ 𝛽) 𝑡 𝑥 2 (𝜆) + 𝑠𝑖𝑛 2 ( 𝜋 4	+ 𝛽) 𝑡 𝑦 2 (𝜆)
		+ 𝑐𝑜𝑠(2𝛽)𝑡 𝑥 (𝜆)𝑡 𝑦 (𝜆) cos(𝜑 𝑥 -𝜑 𝑦 )]
								(Eq. A1.4)
								𝐼 (	𝜋 2	,β, 𝜆 ) = 𝐸 0	2 𝑐𝑜𝑠 2 (𝛽)𝑡 𝑦 2 (𝜆)	(Eq. A1.5)
	Using (Eq.A1.3) and (Eq.A1.5) we get, respectively :
								𝐸 0	2 𝑡 𝑥 2 (𝜆) =	𝐼(0,β,𝜆 ) 𝑐𝑜𝑠 2 (𝛽)	(Eq. A1.6)
								𝐸 0	2 𝑡 𝑦 2 (𝜆) =	𝐼( 𝑐𝑜𝑠 2 (𝛽) 𝜋 2 ,β,𝜆 )	(Eq. A1.7)
	And from (Eq. A1.6), (Eq. A1.7) and (Eq. A1.4) we deduce :
								125
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CHAPTER III

TAILORING NANOCOMPOSITES OF Ag:TiO 2 WITH FS LASERS After the previous chapter of the thesis that focuses on crystallization of the TiO2 matrix starting from low temperatures and understanding the crystal growth mechanisms in seeded and non-seeded TiO2 films , we now discuss how tailoring the colour and dichroism of nanocomposites of Ag:TiO2 using fs laser. As discussed in the previous chapter, photochromic Ag:TiO2 films are developed using a defined protocol to stabilize the films for laser processing.

Such bleached films provide repetitive results over different samples, as the initial nanoparticles inside the films does not alter much with time, which becomes important especially when considering industrial applications. Further, not to confuse the users with the crystallized films discussed in the previous chapter, in the upcoming chapters, when Ag:TiO2 films are considered, these are the samples with amorphous TiO2 matrix and not the crystallized TiO2. The chapter III, was possible after collaborating with the Research Scientist "Jan Siegel" at CSIC and post-doc Camelio Florian, Madrid Spain