Chapter 1

General introduction

Photonic structures are defined as an artificial materials in which the refractive index (n) is periodically modulated, therefore affecting the propagation of optical wave. Indeed, in such structures, the mutual interference of the scattered waves leads to the reflection or the transmission of the incident light in discrete directions and with modulated intensity. This property provides an effective mechanism to fabricate various functional photonic devices for applications in guiding and controlling the propagation of light. In photonic structures, the refractive index modulation can be realized in different directions, providing one-, two-, and three-dimensional (1D, 2D, 3D) photonic structures. These photonic structures have been widely observed in nature: the sheen of some bird feathers, butterfly wings, the opals, some plants' leaves, etc. [START_REF] Vukusic | Photonic structures in biology[END_REF]. They are also artificially fabricated on demand [START_REF] Yablonovitch | Photonic band structure: the face-centered-cubic case employing nonspherical atoms[END_REF][START_REF] Lai | Fabrication of two-and three-dimensional periodic structures by multi-exposure of two-beam interference technique[END_REF][START_REF] Edrington | Polymer-based photonic crystals[END_REF] thanks to the development of micro and nanotechnology. Two categories of photonic structures can be distinguished: photonic crystals (PCs) and surface relief gratings (SRGs), as shown in Fig. 1.1.

The concept of PCs was proposed by Yablonovitch [START_REF] Yablonovitch | Inhibited spontaneous emission in solid-state physics and electronics[END_REF] and John [START_REF] John | Strong localization of photons in certain disordered dielectric superlattices[END_REF] in 1987. PCs are a new class of artificial optical materials in which the refractive index is periodically modulated over a period of on the order of the optical wavelength. Figures 1.1(a1-a3) depict schematically the PCs in which the refractive index is modulated in 1D, 2D and 3D. The modulation is realized throughout the volume of PCs. For such periodic composites of different materials, light propagation is forbidden along certain directions and for given frequencies within a band called photonic band gap (PBG). Nowadays, the PCs are applied for many applications, for example, control over spontaneous emission rates, low-loss waveguides, low-threshold laser, etc. [START_REF] Joannopoulos | Photonic crystals[END_REF][START_REF] Johnson | Photonic crystals: road from theory to practice[END_REF][START_REF] Noda | Roadmap on photonic crystals[END_REF][START_REF] Inoue | Photonic crystals: physics, fabrication and applications[END_REF].
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SRG is a photonic structure, in which the material surface is periodically modulated. Figures 1.1(b1-b2) illustrate the SRG structure with sinusoidal groove shape, in comparison with different types of PCs. While PCs require a large contrast of refractive index (n 1 /n 2 ≫ 1) in order to create a PBG, SRGs can be realized in a material of low refractive index, such as polymers. These SRGs can be used in various optical elements, for example, the optical filters, waveguide couplers, distributed-feedback lasers (DFB), distributed Bragg reflectors (DBR), etc. Geometrically, SRGs can be categorized in two different forms: 1D and 2D. 3D SRG seems have no meaning in this context. Among all the tasks related to photonic structures, fabrication is the first and the most important and difficult one. In order to fabricate photonic structures, several approaches have been proposed. Depending on desired structures (1D, 2D, 3D PCs or SRGs) and on chosen materials (organic, semiconductor, etc.), a technique can be used and present its own advantage. For example, the direct-laser writing (DLW) method [START_REF] Vuckovic | Design of photonic crystal microcavities for cavity QED[END_REF][START_REF] Ebendorff | Laser writing of waveguides in photosensitive glasses[END_REF][START_REF] Sun | Three-dimensional photonic crystal structures achieved with two-photon-absorption photopolymerization of resin[END_REF][START_REF] Fleming | Laser All-metallic three-dimensional photonic crystals with a large infrared bandgap[END_REF] is considered as a flexible and promising way to produce photonic structures with arbitrary shape. For fabrication of large structures, X-ray lithography [START_REF] Romanato | Fabrication by means of X-ray lithog-raphy of twodimensional GaAs/AlGaAs photonic crystals with an unconve-tional unit cell[END_REF], deep UV lithography [START_REF] Bogaerts | Fabrication of photonic cyrstals in silicon-on-insulator using 248-nm deep UV lithography[END_REF] and laser interference lithography [START_REF] Vogelaar | Large area photonic crystal slabs for visible light with waveguiding defect structures: Fabrication with focused ion beam assisted later interference lithography[END_REF] are more appropriate. Interference lithography in particular allows to realize rapidly both PCs and SRGs in multiple dimensions. Some unconventional fabrication techniques have also been proposed depending on the nature and the application of polymer materials, such as scanning probe lithography (SPL), edge lithography, molding, embossing, printing, etc. [START_REF] Wouters | Nanolithography and nanochemistry: probe-related patterning techniques and chemical modification for nanometer-sized devices[END_REF][START_REF] Aizenberg | Control of crystal nucleation by patterned self-assembled monolayers[END_REF][START_REF] Colburn | Step and flash imprint lithography: a new approach to high-resolution patterning[END_REF][START_REF] Chou | Sub-10 nm imprint lithography and applications[END_REF][START_REF] Xia | Soft Lithography[END_REF]. All these techniques allow to realize 1D and 2D photonic structures. The fabrication of 3D photonic structures is also possible but it remains as a challenge.

Concerning the materials used, photonic structures were usually realized on metal and silicon materials. However, it is quite difficult and expensive to realize structures on these materials. Nowadays, polymer materials become a choice for fabrication of optical devices. Indeed, polymers possess very interesting properties, such as inexpensive, and flexible patterning approaches, being functionalized to possess the required optical, mechanical or electronic properties, etc. [START_REF] Jiang | Polymers move in response to light[END_REF][START_REF] Geoffrey | New photonic and electronic polymers[END_REF][START_REF] Xia | Self-assembly approaches to three-dimensional photonic crystals[END_REF][START_REF] Braun | Introducing defects in 3D photonic crystals: state of the art[END_REF]. Recently, photopolymers, also known as photosensitive polymer materials, have been widely applied for fabrication of photonic structures (data storage, holographic optical elements, waveguides and PCs) by optical lithography. Depending on the use of polymer-based photonic structure, photopolymers can be divided into two types: passive polymers and active polymers.

The negative/positive photoresists, acting as passive polymers, are important materials in the photolithographic fabrication. The photoresist is an organic material Chapter 1. General introduction that crosslinks and becomes insoluble (negative photoresist) or that changes chemically and becomes more soluble (positive photoresist) in a basic solution upon exposure to light with the wavelength in their absorption ranges. 1D, 2D and 3D micro-and nano-structures have been fabricated using different types of photoresists, such as SU-8 (commercial negative photoresist). The fabricated structures are applied as a passive device, i. e., property remains unchanged under light irradiation, or as a template for PCs. Despite many advantages of these photoresist for fabrication of photonic structures, there are still some drawbacks. Indeed, the shrinkage effect that happens during the photopolymerization process distorts the patterns of the recorded structures. Besides, as made of a passive polymer, the fabricated structures have no optical response to the applied light or electric field. In order to make structure active, we can dope some active materials into them. However, the experimental process will become more complicated and the quality of structures decreases [START_REF] Mach | Electro-optic response and switchable Bragg diffraction for liquid crystals in colloid-templated materials[END_REF]. Thus, in order to realize the applications of these photonic structures as active devices, the idea is to realize these structures directly on active polymers.

One active polymer, named azobenzene-containing polymer (azopolymer), has attracted much attention because of its possible applications [START_REF] Kravchenko | Optical interference lithography using azobenzene functionalized polymers for microand nanopatterning of silicon[END_REF] in various technological fields, such as holographic recording, photomechanics, diffraction optics and micro-/nano-patterning. All these applications are based on the photoisomerization of the azobenzene chromophores between two forms, namely the stable trans-form and the excited cis-form, respectively. There existed an unexpected phenomenon of azopolymers which has been discovered by two independent groups in 1995 [START_REF] Rochon | Optically induced surface gratings on azoaromatic polymer films[END_REF][START_REF] Kim | Laser-induced holographic surface relief gratings on nonlinear optical polymer films[END_REF]. When the azopolymers are exposed to polarized light, the deformation on the surface will appear immediately and automatically. This single-step optical procedure, resulting in formation of structures, is allowed to operate at room temperature much below the glass transition temperature (T g ) of azopolymer. However, the mechanism of the mass transport effect formation process is still ambiguous. Compared with the passive materials, the active materials are attractive because the photonic structures fabricated on these materials can be used for many interesting applications such as electro-optical devices, enhancement of non-linear optics effect, tunable lasers, etc. [START_REF] Enami | Hybrid polymer/sol-gel waveguide modulators with exceptionally large electro-optic coefficients[END_REF][START_REF] Michel | High-performance electrooptic modulators realized with a commercial side-chain DR1-PMMA electro-optic copolymer[END_REF][START_REF] Dumarcher | Polymer thin lm distributed feedback tunable lasers[END_REF].

As the photonic devices based on polymer materials are currently facing increasing challenges, researchers believe that it might be possible to fabricate all the photonic structures, even 3D strcutures based on SRGs on the polymers [START_REF] Edrington | Polymer-based photonic crystals[END_REF]. Thus, the motivation of this doctoral research is the realization and optimization of 1D, 2D SRGs and 3D structures based on SRGs in polymer materials (both passive and active) by using a simple and low cost technology, as well as applications of these structures. We propose to exploit first the shrinkage effect of negative photoresist polymer to fabricate 1D and 2D SRGs, without using the chemical wet developing process. This allows to simplify the fabrication process and the fabricated structures can be applied for some passive devices such as microlens arrays. Then, we investigate in detail the formation of 1D, 2D SRGs and SRG-based 3D structuress on the DR1/PMMA copolymer. Thanks to the mass transport effect of this active material, we also demonstrate the possibility of using these SRGs for applications such as hight quality optical filter, multiple wavelength distributed Bragg reflector, etc.

Outline of thesis

The second chapter addresses the fabrication of 1D and 2D SRGs on negative photoresist SU-8 without the developing step, on the basis of the shrinkage effect. The fabrication is performed by using the two-beam interference technique. The dependence of SRGs formation on various parameters will be represented in detail, such as the exposure dosage, the film thickness and the structure period. The application of these fabricated structures will be discussed.

In the third chapter, we will review the properties of two forms (trans and cis) of the DR1 azobenzene molecule and the photoisomerization process between them. The active polymer material used in our experiments is a commercial side-chain copolymer DR1/PMMA. This product fabricated and commercialized by Specific Polymers (www.specificpolymers.fr). We will discuss one important property of azopolymer, mass transport effect, which allows to realize the SRGs. In order to understand the origin of SRG formation, several theoretical models will be presented and compared.

In Chapter 4, we will present the realization of 1D surface relief grating (SRG) on DR1/PMMA by using a single exposure of two-beam interference pattern. The effects of different experimental parameters, such as polarization configuration, writing intensity and interference periodicity, during formation of SRGs will be studied. We will also optimize the depth of SRGs by using an assisting independent UV/VIS beam.

In Chapter 5, we will introduce the fabrication of 2D SRGs by two methods: two exposures of two-beam interference and single exposure of three-beam interference, respectively. By using two-beam interference technique, the azopolymer film will be exposed two times with a rotation of sample between the two exposures resulting in any 2D structures. However, the mass movement during the formation of SRG results in an unsymmetrical distribution in this case. The symmetrical 2D SRG will be then obtained by using single exposure of three-beam interference pattern.

In Chapter 6, we will present the fabrication of desired SRG-based 3D structures using layer-by-layer (LBL) technique. The idea of LBL method is to separate the structured layers (1D or 2D SRGs) by a spacer layer. The spacer layer is used not only to separate the structured layers, but also to avoid the influence (by spin-coating, photochemical effect, etc.) between different structured layers. The atomic force microscope (AFM) is used to characterize the formation of SRGs on each layer. In order to confirm the quality of fabricated SRG-based 3D structures, scanning electron microscope (SEM) and confocal laser scanning microscope (CLSM) are also used to image the side view of the whole structures and the structure of each layer, respectively. The applications of SRGs on DR1/PMMA as filters and distributed feedback reflectors will be demonstrated theoretically and experimentally.

Chapter 2

Realization of 1D and 2D periodic structures on negative photoresist

Introduction

Nowadays, the negative photoresist SU-8 has attracted a wide range of interest in various fields thanks to its high sensitivity, chemical resistance and compatibility with electroplating, such as the development of many new MEMS (Micro Electro Mechanical Systems) devices [START_REF] Lorenz | SU-8: a low-cost negative resist for MEMS[END_REF]. Especially, by combining applying the holographic lithography (HL) technique to this material, high aspect ratio microstructures and photonic structures [START_REF] Campbell | Fabrication of photonic crystals for the visible spectrum by holographic lithography[END_REF][START_REF] Miklyaev | Three-dimensional face-centered-cubic photonic crystal templates by laser holography: fabrication, optical characterization, and band-structure calculations[END_REF][START_REF] Ullal | Photonic crystals through holographic lithography: simple cubic, diamond-like, and gyroid-like structures[END_REF] have been fabricated. As shown in Fig. 2.1, our group [START_REF] Lai | Fabrication of two-and three-dimensional periodic structures by multi-exposure of two-beam interference technique[END_REF] has fabricated uniform and large-area 2D and 3D periodic structures by using the two-beam interference technique. It's well known that the SU-8 resist consists of a multi-functional, highly branched polymeric epoxy resin as illustrated in Fig. 2.2(b). The name of SU-8 comes from the fact that each molecule has on average 8 epoxy ring groups. The standard fabrication process on SU-8 film includes: substrate cleaning, spin-coating to obtain the film with desired thickness, soft-baking to remove all residual solvents, light exposure to light for creating the acid followed by post exposure baking (PEB) to finalize the cationic photopolymerization reaction and developing process.

The important process, named cross-linking, will happen during the polymerization reaction as illustrated in Fig. 2.2(a). The photoacid, designated H + A -, is photochemically produced in the solid photoresist film upon the absorption of light during the exposure step. Then the photoacid acts as a catalyst in the subsequent cross-linking reaction, which takes place with the thermal treatment (PEB). In addition, it explains why the cross-linking process happens only in the exposed area for negative photoresist. Namely, the monomers diffuse from the unexposed to the exposed regions leading to the surface modulation. It should be emphasized that the following PEB is necessary because the reaction kinetic of the cross-linking mechanism is very slow at room temperature. By heating the photoresist film above its glass transition temperature (T g = 55 • C for un-cured SU-8), the motion of molecule is increased, and therefore assists the cross-linking process. As schematically described in Fig. 2.2(a), during this crosslinking process, there is a significant shrinkage effect of the photoresists, especially in the case of negative resists, such as SU-8. This phenomenon happens when the photopolymerization process takes place, resulting in a reduction of the free volume of the polymer network, which in turn gives rise to the volume shrinkage. The phenomenon can also be treated as a kind of mass transport effect. Different groups have detected this large shrinkage (about ∼ 40%) in 3D fabrication process on SU-8 [START_REF] Meisel | Shrinkage precompensation of holographic threedimensional photonic-crystal templates[END_REF][START_REF] Zhu | Distortion of 3D SU8 photonic structures fabricated by four-beam holographic lithography with umbrella configuration[END_REF]. However, it provides a simple and efficient way to fabricate structures. By combining this shrinkage effect with different designed masks, researchers have realized various shapes of periodic structures. Figure 2.2(c) shows the absorbance of SU-8 film on the glass substrate for wavelength range from 300 nm to 600 nm. The absorption spectrum of SU-8 sample was measured by using a UV-VIS spectrometer Lambda 950. Due to the high absorption of SU-8 at wavelength shorter than 400 nm, the SU-8 is commonly processed with near UV radiation (300 nm -400 nm).

In this chapter, we will investigate the shrinkage effect of SU-8 negative photoresist by using UV laser (355 nm) and show how to use it to realize 1D and 2D periodic structures. A two-beam interference with multiple exposures is adopted to realize these structures. Compared with other fabrication techniques, such as mask lithography [START_REF] Kang | Direct photofabrication of focal-lengthcontrolled microlens array using photoinduced migration mechanisms of photosensitive sol-gel hybrid materials[END_REF] or direct laser writing [START_REF] Croutxe-Barghorn | Fabrication of refractive microlens arrays by visible irradiation of acrylic monomers: influence of photonic parameters[END_REF], this method is more flexible allowing to obtain structures with controlled sizes and shapes [START_REF] Wu | Fabrication of microlens arrays based on the mass transport effect of SU-8 photoresist using a multiexposure two-beam interference technique[END_REF]. The influence of various experimental parameters on the formation of SU-8 based SRGs will be considered, including the exposure dose, the interference periodicity and the film thickness. The 2D structure can be applied as microlens arrays (MLAs). isopropanol and distilled water. Nitrogen gas was used to dry the substrate. The photoresist SU-8 solution was then spin-coated on the cleaned glass substrate with relevant programmes, resulting in different film thicknesses as shown in Table 2.1. Note that the PEB step is realized after light exposure only.

Fabrication process

Figure 2.3 shows the fabrication process of a periodic structure on a SU-8 photoresist, using mass transport effect. The SU-8 samples with different film thicknesses are prepared by the process described above. One or two exposures of the sample to the two-beam interference pattern were applied to fabricate 1D/2D periodic structures. The incident angle (θ) and the rotational angle (α) can be adjusted to obtain structures with different periods and shapes. The S-S polarization configuration is chosen in this case, which results in a 100% intensity modulation of the interference pattern. The theoretical calculations of other polarization configurations (P-P, RC-LC and P-S) will be presented in detail in Chapter 4. In order to produce a large and uniform interference pattern, a laser beam is cleaned through spatial filtering and extended by using a commercial telescope. According to the absorption spectrum of SU-8 (as shown in Fig. 2.1(c)), we have used a pulsed laser (1 ns pulse width, 150 kHz repetition rate) emitting at 355 nm wavelength. The laser beam is then separated into two identical beams that interfere on the position of SU-8 film. The angle (θ) between two laser beams is adjusted by using two reflection mirrors. The average power of each laser beam is about 16 mW. Of course, the exposure dose can also be adjusted by controlling the exposure time. After exposure to the interference pattern, the first PEB1 is applied to finalize the polymerization process of the exposed area. Figure 2.3(c) illustrates the formation of SRGs owning to the shrinkage effect. In order to solidify the whole film, an uniform laser beam was applied to irradiate the sample, followed by a second PEB2. Note that a thermal treatment can also be used here to replace the second uniform exposure process to obtain the fully solidified SU-8 film [START_REF] Kang | Direct photofabrication of focal-lengthcontrolled microlens array using photoinduced migration mechanisms of photosensitive sol-gel hybrid materials[END_REF]. We obtained finally an fully-solidified SRG as shown in Fig. 2.3(e). The surface profiles are finally characterized by atomic force microscope (AFM) and scanning electron microscope (SEM). The period is chosen to be about 8 µm.

Experimental results

We have firstly fabricated a 1D periodic structure with a large area on the photoresist SU-8 according to the procedure introduced above. Results from experimental data and theoretical calculations are shown in Fig. 2.4. Figures 2.4(a) and (b) show, as example, an uniform and large periodic structure. The theoretical calculation of intensity distribution (Fig. 2.4(c)) shows that a 100% intensity modulation is obtained by using two-beam interference with S-S polarization configuration. The peaks of the structure correspond to the high intensity area. Other polarization configurations have been also attempted, but did not produce good SRGs.

As an advantage of the fabrication technique [START_REF] Lai | Fabrication of two-and three-dimensional periodic structures by multi-exposure of two-beam interference technique[END_REF], that uses two exposures of the sample to the interference pattern at two appropriate orientations, we can create desired 2D periodic structures. Figure 2.5 shows the calculated, AFM and diffraction images of 2D square (a1, a2, a3) and 2D hexagonal (b1, b2, b3) periodic structures. The 2D square and hexagonal periodic structures have been fabricated by rotating the sample by an angle of 90 • and 60 • between two successive exposures, respectively. The experimental conditions (exposure dosage, incident angle, polarization configuration) are identical for both exposures. The relevant diffraction images shown in Fig. 2.5 (a3, b3), are obtained by sending a low power laser beam at 633 nm in normal incidence onto the SRG structures. These results show that uniform and symmetrical 1D/2D periodic structures can be fabricated by using the shrinkage effect of negative photoresist and a simple fabrication technique. We have therefore transformed the drawback of this negative photoresist (shrinkage) into an advantage for the fabrication of 1D and 2D SRGs.

Influence of experimental parameters on SU-8based SRG formation

In order to optimize the formation of SU-8 SRGs, in particular to obtain structures with a large modulation depth, we have investigated the influence of different experimental parameters on SRG formation.

SRG depth vs exposure dosage

We first studied the influence of the exposure time on the formation of SRGs. For that the average power of the laser is kept unchanged while the exposure time is adjusted. Figure 2.6 displays the SRG depth as a function of the exposure time (exposure dosage) in the case of 2D square structures. The sample thickness is 8 µm and the period is 6 µm. For this investigation, the samples were exposed twice to the interference pattern only (no exposure to an uniform beam and no second PEB2). Two similar samples are realized for each exposure time: one, without development, is used to obtain the AFM image; the one is developed and is used for SEM imaging. The SRG depth increases with the exposure time, caused by the increase of the mass transport effect of SU-8 monomers. After reaching a maximum value, the SRG depth decreases if the exposure time increases. This phenomenon can be explained as follows: i) at low dosage (short exposure time), SU-8 monomers move from area of low intensity to area of high intensity, resulting in a SRG structure; ii) when the dosage increases (long exposure time), the movement of SU-8 becomes saturated between the low and high light intensity, resulting in a maximum SRG depth; iii) when the sample is exposed for a long time, the whole sample becomes solid and the SRG depth consequently decreases. This explanation can be supported by comparing the AFM and SEM images of the same fabricated structures, obtained before and after the developing process. However, SRG was still obtained in that case, as evidently shown in Fig. 2.6(a). For very long exposure time, all SU-8 film become solid (Fig. 2.6(b)-top), SRG depth becomes weak, accordingly (Fig. 2.6(c)). 

SRG depth vs interference pattern periodicity

Since the SRG formation is based on mass transport effect, the movement distance of SU-8 monomers plays a crucial role in the SRG depth. Figure 2.7 shows the dependence of 2D square structure depth on the period of interference pattern. In this case, we have kept unchanged the thickness (8 µm) and the optical exposure time (1.5 s) for all samples. Note that in our experiment, the smallest realized SRG period is limited at 1 µm, due to a problem of the pointing stability of Q-switched pulsed laser source.

During the fabrication process, the exposure time is normally few seconds, making the formation of SRGs for small periods (< 1 µm) difficult by using pulsed laser. When the period increases, the depth first increases and then keeps almost the same value. It is obvious that a structure with a larger period provides more SU-8 monomers engaging in the mass transport process and gives rise to a higher depth. However, the large period also makes the SU-8 monomers difficult to participate in the mass transport process, which explains why the depth is almost constant at the large period. 

SRG depth vs film thickness

Due to the quantity of SU-8 monomers participating in the formation of cross-linking process, the film thickness dependence has been also investigated. Different film thicknesses are realized according to Table 2.1: 2 µm, 8 µm and 21 µm. We have kept the SRG period (3.3 µm) and the exposure time (1.5 s) unchanged for all fabrications in film thickness investigation. Figure 2.8(a) shows that the depth of 2D square SRG structure increases with the film thickness. The SRG depths are 32 nm, 104 nm and 223 nm for the films with thicknesses 2 µm, 8 µm and 21 µm, respectively. Figure 2.8(b-d) represent the corresponding AFM images of these 2D square structures. It is obvious that the thicker film can provide more SU-8 monomers participating in the cross-linking process resulting in larger depth. However, the depth obtained on thick SU-8 film will be limited by the saturation of the cross-linking process, which is dependent on the SRG period and the penetration depth. Indeed, we have evidenced that due to absorption, the laser beam at 355 nm cannot penetrate deeply in SU-8 film more than 25 µm [START_REF] Nguyen | Optimization of thickness and uniformity of photonic structures fabricated by interference lithography[END_REF]. The use of thicker film (> 21 µm) is therefore not useful and is not investigated in this work. As mentioned before, the fabricated 1D and 2D SRGs on SU-8 can be used as passive devices, such as optical filters, distributed Bragg reflectors (DBR), microlens arrays, etc. Microlens arrays (MLAs) are important components for various applications, such as optical fiber couplers [START_REF] Yu | A simple method for fabrication of thick sol gel microlens as a single-mode fiber coupler[END_REF] and optical tweezers [START_REF] Rodrigo | Shack-Hartmann multiple-beam optical tweezers[END_REF]. It also allows to enhance the bright-ness of light-emitting diode (LED) arrays [START_REF] Wei | Method to evaluate the enhancement of luminance efficiency in planar OLED light emitting devices for microlens array[END_REF]. The profile of SRG structures is similar to MLAs and can be used in different applications. Compared with the conventional methods used to create MLAs such as etching technique, reflowing photoresist, isotropic etching substrate, ink-jet, etc. [START_REF] Zhang | Cylindrical microlens array fabricated by argon ion-beam etching[END_REF][START_REF] Fu | Investigation of diffractive-refractive microlens array fabricated by focused ion beam technology[END_REF][START_REF] Syms | Refractive collimating microlens arrays by surface tension selfassembly[END_REF][START_REF] Lee | A simple method for microlens fabrication by the modified LIGA process[END_REF][START_REF] Danzebrink | Deposition of micropatterned coating using an ink-jet technique[END_REF], the fabrication process based on the combination of interference pattern and mass transport effect presents a great advantage: simple, low-cost and flexible. Indeed, this technique allows to create MLAs with different sizes and shapes, by changing for example the angle between two interference beams or the rotation angle between different exposures. We are able to produce microlenses with size ranging from µm to several dozen µm and with different lattices, such as square and hexagonal. Figure 2.9 shows the AFM results of a square-type MLA. The sample is obtained by two exposures of two-beam interference according to the following parameters: θ = 1.2 • , α 1 = 0 • and α 2 = 90 • and the exposure time for each exposure is 1.5 s. Figure 2.9(a) shows the top view AFM image of the square lattice MLA with a period about 12 µm. The surface profiles of a single microlens are shown in Figs. 2.9(b) and (c) in the X and Y directions marked in Fig. 2.9(a), respectively. We can calculate the radius of curvature (R c ) of microlenses in MLAs by using

Applications of passive SRGs: microlens arrays

R c = H 2 + ( D 2 ) 2 2H , (2.1) 
where H and D are the height and average diameter, respectively, as shown in Fig. 2.9(b). Thus, the focal length (f ) can be determined by

f = R c n -1 , (2.2) 
where n is the refractive index of the MLAs. According to Fig. 2.9(b) and (c), the f value we can get in our case is about 0.3 mm. The technique, combining the shrinkage effect and two-beam interference, is flexible in fabricating MLAs with desired shapes and sizes without developing and pattern transferring processes. We have investigated square-lattice-type MLAs. Other types can also be simply obtained by adjusting the appropriate rotational angles of SU-8 film and by controlling the exposure time. For example, triple exposure of two-beam interference technique with α = 0 • , 60 • and 120 • will result in one hexagonal-lattice-type MLAs.

Discussion and conclusion

We have demonstrated that the shrinkage effect of the SU-8 (negative) photoresist is an useful method for the formation of SRGs. In this demonstration, a maximum depth of about 230 nm has been demonstrated. In order to optimize the depth of SRG, a photoresist with a larger shrinkage effect is therefore necessary. Researchers [START_REF] Ovsianikov | Shrinkage of microstructures produced by two-photon polymerization of Zr-based hybrid photosensitive materials[END_REF] have discovered that photosensitive sol-gel hybrid materials also have the shrinkage effect. They have investigated the irradiation dose dependence of this phenomenon. The structural reduction, up to 35% of the original values, has been demonstrated in the hybrid material. Such a large shrinkage effect should be good for fabrication SRGs. Note that, there are two kinds of photoresist: positive and negative. Because the mechanism of patterning on positive photoresists is to change the chemical structure of the resist, it becomes more soluble in the developer. Therefore, the shrinkage effect on positive photoresist is not observed.

In this chapter, the mass transport effect of negative photoresist SU-8 has been studied in detail. By combining this effect with two-beam interference technique, the uniform and large 1D and 2D square and hexagonal structures have been fabricated easily without the developing process. The dependence of SRG formation on exposure time, film thickness and period of structure is investigated in detail. The saturation phenomenon appears either after long exposure time or for the large period due to the limitation of SU-8 monomers involved in the mass transport process. Evidently, the mass transport effect of SU-8 has enlarged its application areas. In this work, we have presented the application of these 2D structures to microlens arrays. However, SU-8 belongs to one of the passive polymers, thus the fabricated structures are just applied as passive devices. In next chapters, we will investigate the fabrication of 1D, 2D and 3D SRGs using active polymer materials.

Chapter 3

Mass transport effect in azobenzene polymer thin films

Introduction

In recent years, polymers containing azobenzene and its derivatives (azopolymers for short) have been widely investigated for many applications in photonics, chemistry, and biology. Indeed, the photoresponsive properties of those azopolymers are related to phase transition [START_REF] Ikeda | Photochemically induced isothermal phase transition in polymer liquid crystals with mesogenic phenyl benzoate side chains. 1. Calorimetric studies and order parameters[END_REF], chromophore orientation [START_REF] Todorov | Polarization holography. 1: A new highefficiency organic material with reversible photoinduced birefringence[END_REF], surface-relief gratings (SRGs) formation [START_REF] Rochon | Optically induced surface gratings on azoaromatic polymer films[END_REF][START_REF] Kim | Laser-induced holographic surface relief gratings on nonlinear optical polymer films[END_REF], photo-mechanical thin film contraction and bending [START_REF] Finkelmann | A new optomechanical effect in solids[END_REF][START_REF] Li | Light-driven side-on nematic elastomer actuators[END_REF][START_REF] Yu | Photomechanics: directed bending of a polymer film by light[END_REF], and photoinduced colloidal formation [START_REF] Li | Photoinduced deformation of amphiphilic azo polymer colloidal spheres[END_REF]. These photoresponsive properties are trigged by the photoisomerization process between trans-and cis-forms of azobenzene molecules. Namely, under illumination, the azobenzene molecules undergo photoisomerization that results in a series of motions of these molecules. When these azobenzenes are mixed or bound to the polymer chains, the photoisomerization process can affect their environment and may also induce the motions of the polymer chains. According to the Natansohn and Rochon's work [START_REF] Natansohn | Photoinduced motions in azo-containing polymers[END_REF], these motions can be described by three different levels depending on their size scales, namely molecular motion at nano-metric scale, domain motion, and mass motion at micrometer scale. The linear and nonlinear optical properties of the azopolymers are related to the first two motions. For linear optical property, for example, the Weigert effect and the photoinduced dichroic and birefringent effects have been demonstrated [START_REF] Rochon | Optically induced and erased birefringence and dichroism in azoaromatic polymers[END_REF]. The origin of the photoinduced anisotropy (PIA) is attributed to a trans → cis photoisomerization followed by a cis → trans thermal relaxation or photoorientation effects. When the material is irradiated by a linearly polarized light, azomolecules undergo photoisomerization cycles with changing their orientation that tends to align in a direction perpendicular with the direction of polarization of the exciting light. Concerning nonlinear properties, by applying a DC electric field to the azopolymer, the random and isotropic feature of the angular redistribution in such polymer is broken, resulting in a noncentrosymmetry, or a second-order nonlinear optical property. We remark that the all-optical poling (AOP) is also demonstrated as an excellent technique allowing to induce both PIA and noncentrosymmetry of azopolymer. Namely, a coherent superposition of two optical waves with an appropriate phase difference, one at the frequency ω and another at 2ω, yields a noncentrosymmetric resultant field [START_REF] Delaire | Linear and Nonlinear Optical Properties of Photochromic Molecules and Materials[END_REF]. The third-order nonlinear optical response of these azopolymers have also been studied using the z-scan technique with tunable picosecond pulses [START_REF] Rangel-Rojo | Large nearresonance third-order nonlinearity in an azobenzene-functionalized polymer film[END_REF]. Another common method used to measure the third-harmonic generation (THG) has been developed in particular by Kajzar, Zyss and Ledoux [START_REF] Kajzar | Electric-field-induced optical second-harmonic generation in polydiacetylene solutions[END_REF]. Wide applications have been realized on the basis of these linear and nonlinear optical properties of azobenzene polymers, such as electro-optic modulators, reversible optical storage devices, holographic storage devices, waveguides, couplers, wavelength and optical filters, polarization separators, optoelectronic switches, optical switches, etc. [START_REF] Zouheir | Photoreactive organic thin films[END_REF]. For these two first motions, molecular and domain, we constate that the optical irradiation beam is usually expanded in an uniform form. The last motion (mass motion) has been discovered in 1995 and results in SRG on the azopolymers, when it is excited with a light interference pattern. Since the first two articles were published [START_REF] Rochon | Optically induced surface gratings on azoaromatic polymer films[END_REF][START_REF] Kim | Laser-induced holographic surface relief gratings on nonlinear optical polymer films[END_REF], many studies have been done to explain the possible mechanisms of SRG formation as well as to develop different interesting applications. Indeed, a number of applications have been demonstrated for this SRGs on azopolymer films, such as couplers, filters, polarization separator, etc. [START_REF] Barrett | Photoinscription of channel waveguides and grating couplers in azobenzene polymer thin films[END_REF][START_REF] Stockermans | Narrow band resonant grating waveguide lters constructed with azobenzene polymers[END_REF][START_REF] Natansohn | Photoinduced motions in azo-containing polymers[END_REF].

In this chapter, we first introduce the structures and properties of two isomers of azobenzene molecules (trans-form and cis-form). The photoisomerization process between these two isomers will be discussed in detail. We then introduce a typical commercial side-chain azopolymer named Disperse Red 1-Poly-Methyl-Methacrylate (DR1/PMMA) that is used in this work. In the second part, we present the mass transport effect that results in surface relief grating (SRG) on the azopolymer film. Two important fabrication techniques, namely two-beam interference and direct laser writing will be detailed. Till now, various models have been proposed to explain the formation of SRGs, but none of them can entirely explain all experimental observations. In the last section, several significant models will be reviewed and compared.

Chemical structures and properties of azobenzene polymers

Molecules that have two phenyl rings separated by an azo (-N=N-) bond are named as azobenzene molecules. As shown in Fig. 3.1(a), the azobenzene molecules are classified into three types according to their different substituents added to azobenzene rings, named azobenzene type, aminoazobenzene type, and DR1 type, respectively [START_REF] Rau | Photochemistry and photophysics[END_REF]. The different spectroscopic characteristics are shown in Fig. 3.1(b), and reflect the energy of their energetic electronic states π → π * and n → π * . For azobenzene type molecules, the n → π * band is weak in the visible region, and an intense π → π * band appears in the UV region. The aminoazobenzene type molecules have very close or overlapping bands for π → π * and n → π * in the UV-VIS region resulting in orange colour. For DR1 type molecules that are substituted with electron donors and electron acceptors at the 4 and 4

′ positions (named push/pull system, as shown in Fig. 3.1(a)), the absorption band is shifted to red for π → π * transition and the n → π * band is extinguished in these molecules. In 1937, one century after the first description of azobenzene [START_REF] Mitscherlich | Ueber das stickstoffbenzid[END_REF], Hartley [START_REF] Hartley | The cis-form of azobenzene[END_REF] has discovered the new geometric isomer of the azobenzene named cis-form when the configuration of -N=N-double bonds is influenced by light exposure. The azobenzene molecules display two geometric isomers: trans-form and cis-form that have different molecular properties such as the geometric shape, absorbance, polarity, dipole moment and so on. The photoisomerization of the azobenzene compounds is the most prominent feature in the applications of azobenzene containing polymers. The photoinduced reversible process between these two forms in DR1 azomolecule will be presented in the following section.

Photoisomerization of DR1 molecule

In many optical applications, the most widely used molecule is DR1. It is characterized by a short lifetime of its cis-form, a property that is useful in optical information storage and holographic recording [START_REF] Natansohn | Photoinduced motions in azo-containing polymers[END_REF]. Moreover, the asymmetric electron distribu- tion gives rise to large ground-state dipole moment and hyperpolarizabilities, making them suitable for nonlinear optical applications [START_REF] Yesodha | Stable polymeric materials for nonlinear optics: a review based on azobenzene systems[END_REF]. In this thesis, we will introduce the 4-[N-ethyl-N-(2-hydroxyethyl)]amino-4 ′ -nitro-azobenzene, known as Disperse Red 1 (DR1, see in Fig. 3.1(a)), a common DR1-type NLO molecule used in a variety of optical applications. It is well known as a highly optically nonlinear chromophore.

Various experimental and theoretical studies concerning DR1-like molecules have been published [START_REF] Priimagi | Polymer-dye complexes: a facile method for high doping level and aggregation control of dye molecules[END_REF][START_REF] Wang | Optical properties of disperse-red-1-doped nematic liquid crystal[END_REF][START_REF] Sek | Polarizationsensitive holographic recording in polyimide-containing azo-dye[END_REF][START_REF] Pliska | Comparative study of nonlinearoptical polymers for guided-wave second-harmonic generation at telecommunication wavelengths[END_REF][START_REF] Egami | Third-order resonant optical nonlinearity from trans-cis photoisomerization of an azo dye in a rigid matrix[END_REF][START_REF] Sekkat | Lightinduced orientation in a high glass trnsition temperature polyimide with polar azo dyes in the side chain[END_REF][START_REF] Kurita | Ab initio molecular orbital and density functional studies on the stable structures and vibrational properties of trans-and cis-azobenzenes[END_REF][START_REF] Jussi | Electronic structure and absorption spectrum of disperse red 1: comparison of computational approaches[END_REF]. DR1 molecule includes a conjugated Π-electron system terminated by electron donor (-NO 2 ) and electron acceptor (-NC 3 H 7 ) groups at the 4 and 4 ′ positions as shown in Fig. 3.4(a), respectively. Thus, a large molecular nonlinearity with large hyperpolarizability [START_REF] Singer | Second-order nonlinear-optical properties of donor-and acceptor-substituted aromatic compounds[END_REF] has been detected in DR1 molecule. ′ positions reduces from trans-form to cis-form. The change in geometry results in a modification of the molecule dipole, which is formed by the donor and acceptor groups [START_REF] Hartley | The cis-form of azobenzene[END_REF]. The change in refractive index (n) between these two forms have been detected by using attenuated total reflection (ATR), which is very sensitive to small variations of n of thin films [START_REF] Sekkat | Photoisomerization of azobenzene derivatives in polymeric thin films[END_REF]. Figure 3.2(b) presents the absorption spectra of the trans-form and cis-form of the DR1 molecule measured by using Fisher's method [START_REF] Loucif-Saibi | Photoisomerization and second harmonic generation in disperse red one-doped and -functionalized poly(methyl methacrylate) films[END_REF]. Both trans-form and cis-form possess an absorption band ranging from 380 nm to 540 nm, but the cis-form presents lower absorptance. In contrast, an absorptance appears between 350 nm and 380 nm for the cis-form.

As shown in Fig. 3.2(a), the trans -cis photoisomerization of DR1 molecule is induced by light irradiation and thermal relaxation [START_REF] Zouheir | Photoreactive organic thin films[END_REF]. The trans-form is fundamentally stable compared with the cis-form at room temperature. Molecules in the trans-form will be converted into cis-form by light irradiation with the wavelength in absorbing range. The reversible process from cis-form to trans-form happens either by light irradiation or by thermal relaxation. Note that the switching time of the former process is much faster (picoseconds) than that of the last one (from minutes to hours). In particular, for the DR1 spectral class, the absorption spectra of the trans-form and cis-form isomers are overlapped in some ranges. For example, both the trans-and cis-form DR1 molecules absorb the light in a wavelength ranging from 380 nm to 540 nm (Fig. 3.2(b)). This means that both processes, trans to cis and cis to trans, could be realized by an unique irradiation in this wavelength range. In other words, the DR1 molecules undergo repeated efficient isomerization cycles that result in a rotation of the molecules.

During the photoisomerization cycles, an angular redistribution of azomolecules takes place under irradiation as shown in Fig. 3.3. It is an angle-selective (or photoselective) process under irradiation with polarized light [START_REF] Ichimura | Photoalignment of liquid-crystal systems[END_REF]. This process highly depends on the angle between the transition dipole moment of azomolecule and the electric field vector of the irradiation light because the azomolecules preferentially absorb light with the direction of polarization along the transition dipole axis (long axis of the azomolecule). In detail, the probability of absorption is proportional to cos 2 φ, where φ is the angle between the dipole axis and the electric field vector of the excitation light. On the left side of Fig. 3.3, the system of trans-form azomolecules (represented by red arrows) is randomly distributed (the material is isotropic). When the linearly polarized light at a wavelength within the absorption range of the trans-form is applied to the system, the trans-form converts into cis-form. When the cis-form molecules (represented by bent blue arrows) reconvert into trans-form, by either thermal relaxation or light induced orientation, the transition dipole moments of azomolecules are perpendicular to the electric field vector of applied light, generating an anisotropic distribution, as shown on the right side of Fig. The photoorientation process of DR1 azobenzene molecules by optical irradiation with a linear polarization (E p ). The red arrows and the bending blue arrows represent dipole moments of trans-and cis-form molecules, respectively. φ is the angle between the electric field vector of polarized light and the dipole moments of the molecules. process. Note that during the photoorientation process, when some azomolecules revert to trans-form but with a new random direction that is perpendicular to the light polarization, these molecules will no longer isomerize and reorient. This phenomenon is known as the orientation hole burning (OHB). This statistical reorientation is fast and gives rise to strong dichroism (anisotropy in absorption spectrum) and birefringence (anisotropy in refractive index) because of the anisotropy of the material [START_REF] Natansohn | Azo polymers for reversible optical storage. 4. cooperative motion of rigid groups in semicrystalline polymers[END_REF][START_REF] Hagen | Photoaddressable polymers for optical data storage[END_REF].

Structure and properties of DR1/PMMA copolymer

Although azomolecules present interesting optical properties, they are rarely used as independent molecules. The potential applications of these azomolecules are normally realized when they are doped or functionalized (main-chain or side-chain) with different polymer matrices. In such case, the photoisomerization process still exists and affects also the surrounding polymer matrices. One of the great advantages of doped or functionalized polymers is their ability to form thin films for applications such as integrated optics. In doped polymers, azomolecules are simply dissolve into the polymer matrix resulting in a guest-host mixture. Some concentrations of DR1 in the guest-host DR1-PMMA solution can be obtained. Because of the solubility of PMMA solution, we cannot dope with a desired DR1 concentration. Moreover, with a high concentration of DR1 in polymer matrices, it conducts to scattering centers inside a guest-host materials. These polymers usually encounter some other problems, such as a low and temperaturedependent solubility of the azomolecule, an unstable orientation of the material, due to a fast decay, the T g decrease of the matrix and even phase separation (aggregation), due to doping etc. The reason for these problems is that azomolecules are "loosely" in fixed polymer matrix. All these drawbacks can be solved by using side-chain polymers.
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Disperse Red 1-poly-methyl-methacrylate (hereafter DR1/PMMA) is a commercial side-chain polymer material. The chemical structure of this azo-polymer is shown in Fig. 3.4(a). Different molar ratios (MRs) between DR1-functionalized and unfunctionalized MMA monomers can be synthesized. The one used in this work has 30/70 MR with a glass transition temperature (T g ) of 125 • C. We have first measured the UV-Visible absorption spectrum of a DR1/PMMA thin film before and after it was exposed to a green (532 nm wavelength) laser beam. Figure 3.4(b) shows that, before exposure, the absorption band ranges from 400 nm to 570 nm, with an absorption peak at 480 nm. After exposure, the amplitude of the peak absorption at 480 nm decreases while a new absorption band, around 355 nm, appears. This phenomenon can be explained by the isomerization effect of DR1 azobenzene molecule. Even if the DR1 is covalently bound with PMMA as side chains, its isomerization still takes place when the thin film is exposed by a green laser. Therefore, according to Fig. 3.2, the absorption of the film measured before green-exposure is due to the absorption of DR1 molecules in their trans-form (stable form), while the absorption obtained after green-exposure is due to a mixture of cis-and trans-forms of DR1 molecules. DR1/PMMA has been studied for almost twenty years. The optical properties of this copolymer are well known [82,[START_REF] Loucif-Saibi | Photoisomerization and second harmonic generation in disperse red one-doped and -functionalized poly(methyl methacrylate) films[END_REF] and its applications in rewritable optical storage and integrated optical devices are demonstrated. Researchers [82] have experimentally demonstrated that an optical anisotropy is induced by a linearly polarized laser beam and it can be erased by irradiating the same area with the same circularly polarized laser beam. This property of the azopolymer can be applied for reversible optical storage. The nonlinear property of this copolymer has been also studied by many research groups [START_REF] Loucif-Saibi | Photoisomerization and second harmonic generation in disperse red one-doped and -functionalized poly(methyl methacrylate) films[END_REF][START_REF] Zhang | The electrical and optical properties of the nonlinear optical polymer DR1/PMMA films[END_REF]. The typical experiment is the second-harmonic generation (SHG) of electrically poled DR1/PMMA thin films. In this work, we experimentally study the mass transport effect of DR1/PMMA and apply it to fabricate the 1D, 2D SRGs and SRG-based 3D structures. We review in the next section some experiments concerning the mass transport effect of DR1/PMMA copolymer and several main theoretical models to explain this effect.

Mass transport effect of DR1/PMMA

Since the first discovery of birefringence gratings (BGs) on azobenzene copolymer [START_REF] Todorov | Polarization holography. 1: A new highefficiency organic material with reversible photoinduced birefringence[END_REF], the photoisomerization property between trans-and cis-forms of azobenzene has been widely investigated. This property makes azopolymers a good candidate for various optical devices [START_REF] Dhanabalan | Storage studies of Langmuir-Blodgett (LB) films of methacrylate copolymers derivatized with Disperse Red-13[END_REF][START_REF] Maack | Molecular cistrans switching in amphiphilic monolayers containing azobenzene moieties[END_REF][START_REF] Nikolova | Polarization holographic gratings in side-chain azobenzene polyesters with linear and circular photoanisotropy[END_REF]. However, an unexpected and unusual large diffraction efficiency has been noticed during the investigation of the storage properties of azopolymer using an azobenzene chromophore covalently attached to the main chain polymer. The phenomenon seemed unlikely to be only attributed to the BGs. It has been solved in 1995, when Rochon et al. [START_REF] Rochon | Optically induced surface gratings on azoaromatic polymer films[END_REF] and Kim et al. [START_REF] Kim | Laser-induced holographic surface relief gratings on nonlinear optical polymer films[END_REF] simultaneously and independently discovered a surprising and interesting optical effect: a large-scale surface mass transport was formed in polymer thin films containing an azo chromophore when the films were irradiated with an interference pattern. This interesting phenomenon is associated with the photoisomerization process and the resulting SRGs are due to a large-scale photo-driven mass transport process in thin solid films at a temperature much below the glass-transition temperature T g of the polymer [START_REF] Yager | All-optical patterning of azo polymer lms[END_REF]. That is quite different from other conventional microscopic processing techniques such as laser ablation and chemical etching, which are formed by the physical removal of the molecules from the film surface. In contrast to SU-8 negative photoresist, the polymer migrates from regions of high intensity to regions of low intensity. Furthermore, the formation of SRGs using copolymers depends not only on the energy, intensity, incident angle but also on the polarization of the excitation beam. Similar to the use of photoresist, the photoinduced surface mass transport of azopolymer is not limited to just grating fabrication and can produce arbitrary structures, depending on the chosen fabrication technique.

Realization of large SRGs by interference technique

As mentioned above, the formation of SRG on azopolymers was discovered for the first time by two independent groups. Their experimental setup called Lloyd's mirror setup is shown in Fig. 3.5 (left). The polarized laser beam is expanded and collimated by two lenses resulting in a low intensity that is not high enough to produce the photobleaching or ablation of the material. This beam illuminates the sample holder that consists of a sample stage and a mirror perpendicular to the sample. The portion of the beam which strikes onto the mirror will be reflected back onto the sample to interact with the direct beam, then forming an interference pattern on the sample. As a result, light intensity is periodically modulated at the sample position, giving rise to a periodical irradiation of the DR1/PMMA copolymer. A SRG is then obtained. The period of the formed SRG, which is controlled by the incident angle θ, can be adjusted by rotating the sample stage with the rotation angle α.

On the right of Fig. 3.5, the fabricated SRG is characterized by AFM. It is clear that a large and uniform 1D SRG can be obtained on the azopolymer film by using this one-step optical technique.

Fabrication of SRG with arbitrary forms by direct laser writing technique

Recently, it has been reported that the direct laser writing (DLW) technique can also been used to form arbitrary SRG structures on azopolymers [START_REF] Ambrosio | Two-photon patterning of a polymer containing Y-shaped azochromophores[END_REF][START_REF] Bian | Photoinduced surface deformations on azobenzene polymer films[END_REF]. The experimental setup is shown in Fig. 3.6(a). The azomaterial is moved away of area of focusing light. By scanning the focusing spot, we can create the desired SRG. In this technique, the laser beam is focused by an objective lens with high numerical aperture (NA) in order to increase the lithography resolution and to reduce the width of the grating lines. The laser intensity is controlled to be low enough to prevent laser ablation and photobleaching effect. The fabricated structures (see in Fig. 3.6(b)) have been realized by moving the samples with a piezoscanner capable of 300 µm X-Y travel in combination with a microscope micrometric stage. By controlling the moving programme, gratings with different periods have been realized. Figure 3.6(c) shows the 3D side view of one line of a SRG fabricated by Bian's group [START_REF] Bian | Photoinduced surface deformations on azobenzene polymer films[END_REF].

By using the DLW technique, the arbitrary form of SRG can be fabricated on demand. But, the feature size is highly dependent on the focus point that requires a high resolution of microscope set-up. A long fabrication time is also needed to realize large area structures. These make this method expensive, complicate and less used.

Further discussion of mass transport effect

It should be emphasized that surface patterning can also be produced on many other kind polymers. Yamaki and his co-workers [START_REF] Yamaki | Surface relief gratings generated by a photocrosslinkable polymer with styrylpyridine side chains[END_REF] have observed the formation of surface relief grating with small amplitude on liquid-crystalline (LC) polymers with styrlpyridine side chains after post-exposure baking. But the mechanism of this process is evidently different from that observed in azopolymer. On the other hand, researchers have noticed that most SRGs were formed on azobenzene chromophores even with a strong overlap of their trans and cis absorption spectra. Sanchez/Hvilsted research team [START_REF] Sanchez | Biphotonic holographic gratings in azobenzene polyesters: surface relief phenomena and polarization effects[END_REF] and Jager/Bieringer collaboration [START_REF] Jager | Bicolor surface reliefs in azobenzene sidechain polymers[END_REF] independently discovered a biphotonic phenomenon during the inscription of SRGs for some azopolymers. They have used some azobenzenes with trans absorption in blue, and cis absorption in the red. The experimental results show that SRGs can be realized only when the sample is irradiated simultaneously by an interference pattern of a red He-Ne laser beams and a blue laser beam. This investigation has proved that the cycling process of photoisomerization is fundamental in the fabrication of SRGs. This study is very useful to understand the mechanism of SRGs formation. Another noticeable phenomenon during the SRGs formation is the phase relationship between the interference intensity pattern and the resulting SRG. In most cases, the materials are moved out of the irradiation areas and migration toward the dark regions, i. e., the phase relationship is a 180 degree shift between the incident light field and SRGs. This out-of-phase phenomenon is also crucial in understanding the mechanism of SRGs formation. According to all the experimental discoveries, various models have been proposed. In the next section, we will review several existing theoretical models to explain the microscopic origin of the driving force leading to the formation SRGs in azopolymers.

Theoretical models of mass transport effect

Since the observation of SRG formation on azopolymers, the mechanism responsible for the SRG inscription, has attracted much attention. Understanding this process appears to be essential for holographic grating applications. The mechanism used to explain this phenomenon should consider the influence of experimental parameters such as laser intensity, polarization, grating periodicity, etc. Thermal, swelling, or ablation effect can be excluded in these methods. It is noticed that the mechanism of mass transport effect in azopolymer is totally different from that in the negative photoresist SU-8. The photoisomerization definitely plays a dominating role in this process. But the SRG formation mechanism is still unclear. To date, various models [START_REF] Sumarua | Photoinduced surface relief gratings on azopolymer films: analysis by a fluid mechanics model[END_REF][START_REF] Fiorini | Molecular migration mechanism for laser induced surface relief grating formation[END_REF][START_REF] Baradaa | Computer simulation of photoinduced mass transport on azobenzene polymer films by particle method[END_REF][START_REF] Barrett | Mechanism of optically inscribed high-efficiency diffraction gratings in azo polymer films[END_REF]105,[START_REF] Kumar | Gradient force: The mechanism for surface relief grating formation in azobenzene functionalized polymers[END_REF] have been proposed to explain the origin of driving force, which is responsible for SRG formation. Several important results, for example, pressure gradient force model, meanfield theory model, asymmetric diffusion model, optical-field gradient force model and particle model will be presented. 

Pressure gradient force

The model proposed by Barrett et al. [102,[START_REF] Barrett | Model of laser-driven mass transport in thin films of dye-functionalized polymers[END_REF] suggested that the free volume required during the photoisomerization of the azobenzene leads to an increase in pressure (P ) within the film. Figure 3.7 schematically describes that the spatial pressure gradient is induced by the intensity modulation on the film and it is sufficiently high to induce the bulk viscosity of the polymer matrix to form the SRG. Simulations have also been done based on a fundamental hydrodynamic theory [START_REF] Levich | Physicochemical hydrodynamics[END_REF], and specifically on the Navier-Stokes equations governing the fluid flow in a thin film with defined boundary layers. The resulting differential equation can be presented as:

∂h ∂t = 1 3 
d 3 η ∂ 2 P (x) ∂x 2 , (3.1) 
where x represents the direction according to which the modulation of intensity or polarization takes place. The rate of inscription (∂h/∂t) is the theoretical dependence on film thickness (d). The viscosity (η) is proportional to the molecular weight. Based on Equation (3.1), the relationship between the inscription rate and intensity of writing beams (P (x)), film thickness and the weight of polymer molecule can be experimentally verified.

In order to solve the equation, many assumptions and boundary conditions are presented in this model. Although this model can explain some experimental results, such as the relationship between grating formation rate and intensity of the writing beams, thickness of the film and molecular weight of the polymer, it has still many limitations. The experimental observation of the thickness dependence for the grating diffraction is only for thinner film. Also this model cannot account for the strong polarization dependence during the SRG. It is incapable to rationalize the SRGs generation by a polarized interference pattern or reconfiguration of isolated structure.

Mean-field theory

Pedersen et al. [105][START_REF] Pedersen | Mean-field theory of photoinduced formation of surface reliefs in sidechain azobenzene polymers[END_REF][START_REF] Pedersen | Theoretical model of photoinduced anisotropy in liquid-crystalline azobenzene side-chain polyesters[END_REF] have developed the mean-field theory model in which each chromophore is assumed to be subject to a potential resulting from the dipoles of all other chromophores. In other words, the attractive force results from the interaction between the molecules: aligned azobenzene molecules perpendicular to the light polarization can attract each other. polarizations of beams were used to result in the constant intensity distribution and the spatial variation of polarization state of the total field along x-direction as shown in Fig. 3.8(b). In this model, to account for the mass displacement, intermolecular interactions are considered as the driving force. Thus, the end-to-end attraction between molecules can be negligible. The experimental results showed that the formation of SRG was reformed in the x-direction. But, as a result of the attractive force, this mechanism leads to the formation of peaks rather than pits in the illuminated regions that is different from the results in amorphous azopolymers. The reason is that the SRGs was formed by using liquid-crystalline (LC) azopolymers. The difference is that the amorphous azopolymers have very small intermolecular cooperativity. Therefore, this model can be used to explain the SRGs formation in LC azopolymer only.

Asymmetric diffusion

It is no doubt that the photoisomerization of azobenzene molecule plays a crucial role during the formation of SRGs on azopolymers. Hence, Lefin et al. [START_REF] Lefin | Anisotropy of the photoinduced translation diffusion of azo-dyes[END_REF][START_REF] Lefin | Anisotropy of the photo-induced translation diffusion of azobenzene dyes in polymer matrices[END_REF] proposed an asymmetric diffusion model in which the inchworm like-azobenzene molecular motion leads to diffusion along the light polarization direction. Figure 3.9 shows that the isomerization between trans-and cis-forms is photo-induced by a polarized light.

After the formation of the transient cis-form, the chromophore thermally relaxes back into trans-form with a random motion of molecules preferentially along their long axis due to their inherent shape anisotropy. The undergoing random walk is affected by the intensity of light and the angle between the electric field vector of the light and the chromophore dipole moment. This conducts the transport of molecules out of the illuminated areas and into the dark regions. It can also interpret the intensity and the polarization dependence of SRGs formation process. This model can be well used to explain experimental results for the small molecules. This model does not consider the well-known photoinduced reorientation of the azomolecules as well.

Optical-field gradient force

The most plausible and widely used model was proposed by Kumar et al., is the socalled optical-field gradient force model [START_REF] Kumar | Gradient force: The mechanism for surface relief grating formation in azobenzene functionalized polymers[END_REF]. They suggested that the driving force was caused by electric field gradient. In this case the form of the driving force is given by

f = Re[P(r)∇]E(r) = Re(P x ∂ ∂x + P y ∂ ∂y + P z ∂ ∂z )E(r), (3.2) 
where E(r) represents the real part of the optical electric field; P(r) is a medium polarization induced by E(r), whose relation is:

P(r) = ε 0 χE(r), (3.3) 
where ε 0 is the linear permittivity of vacuum and χ is the medium susceptibility. This model adequately explains the polarization dependence of the SRGs formation. Equation 3.2 indicates that the driving force takes place only when there is a component of optical gradient along the polarization direction, otherwise the force is vanished. So S-S is good for intensity distribution but 'zero' for polarization. This feature is experimentally proved. For example, it is widely known that, compared with the S-S, S-P and P-P polarization configurations, the RC-LC cases can result in better SRG formation.

Another significant phenomenon during the SRGs formation, i. e. the π shift of the grating formation with respect to the interference pattern, was also explained using this model theoretically and experimentally by Bian and his colleagues [START_REF] Bian | Photoinduced surface deformations on azobenzene polymer films[END_REF][START_REF] Bian | Photoinduced surface relief grating on amorphous poly(4-phenylazophenol) films[END_REF]. Firstly, they considered a single Gaussian beam with the polarization in the x direction illuminating 

f (x, y, z) = 1 4 ε 0 χexp(-αz) ∂I(x, y) ∂x x 0 , (3.4) 
where I(x, y) is the Gaussian intensity distribution on the surface of sample and x 0 is the unit vector in the direction x. Then, they treated the azopolymer surface as a thin mobile layer in which the azopolymer viscosity is controlled by the gradient force f (x, y, z). The velocity caused by this force is given by

ν s (x, y, z) = µf (x, y, z), (3.5) 
where µ is the coefficient determined by the viscoelasticity of the photo-changed azopolymer due to the photoisomerization process between trans-and cis-forms. It depends on the different types of polymer chain. Here, µ was considered as a constant. Under these conditions, the amplitude of the surface deformation caused by the linearly polarized Gaussian beam is given by:

S(x, y, t) = t 0 ν s (x, y, 0)dt = 1 4 hµε 0 χ ∂ 2 I(x, y) ∂x 2 t, (3.6) 
where h is the effective thickness of the mobile layer in the azopolymer film. The formation of SRGs caused by two-beam interference patterns can then be predicted by this model.

Figure 3.10 shows, respectively, the intensity pattern I(x) caused by two-beam interference, the optical force f (x) resulting from optical gradient-force model and the amplitude surface profile S(x) formed by mass transport effect. According to gradient force distribution, the molecules are pulled out towards opposite directions, positions with maximum intensity forming the valley. They are then accumulated from two sides at the positions with minimum intensity. Thus, the peak will appear at these positions. Consequently, this model can well explain the polarization dependent and the π shift between the grating formation and the interference pattern. However, according to this model, for the S-S (the light polarization is aligned along the SRG) or the S-P (no intensity modulation) polarization configurations, the optical gradient force model gives no SRG, which is contradiction to the experimental observation. Therefore, an additional effect or at least a correction needs to be considered in the optical gradient force model. On the other hand, the force density presented by Saphiannikova et al. [START_REF] Saphiannikova | Linear viscoelastic analysis of formation and relaxation of azobenzene polymer gratings[END_REF] is two orders of magnitude smaller than that of the gravitation force (10 4 N/m 3 ). Thus, it is too small to induce the mass transport effect. surface tension model of local particle. r e is the radius of the area that have interaction with particle i. The coordinate system x ′ y ′ for i particle is rotated by an angle ϕ i with respect to the given xy coordinate system [START_REF] Barada | Computer simulation of photoinduced mass transport on azobenzene polymer films by particle method[END_REF][START_REF] Barada | Numerical analysis of photoinduced surface relief grating formation by particle method[END_REF].

Barada et al. [START_REF] Barada | Computer simulation of photoinduced mass transport on azobenzene polymer films by particle method[END_REF][START_REF] Barada | Numerical analysis of photoinduced surface relief grating formation by particle method[END_REF] have numerically analysed the photoinduced surface relief grating formation by using the particle method. Figure 3.11 represents the main idea of this method. The space is meshed by finite number of particles and the differential operations, such as gradient, rotation, and so on, are formulated as the interaction among particles. The numerical analysis is performed by solving the equation of motion for incompressible viscous fluid with inhomogeneous viscosity as follows:

ρ Dv Dt = -∇P + (∇ η∇)v + F, (3.7) 
where ρ, v, P, η and F are the fluid density, velocity vector, pressure, viscosity and external force vector, respectively.

The motion of the particles is driven by an external force F that is expressed by

F = F e + F m + F s , (3.8) 
where F e , F m and F s represent the electric, magnetic and surface tension forces, respectively.

The expressions of F e and F m are obtained by calculating Maxwell's wave equation:

F e = 1 2 ε 0 χ e Re[(E ∇)E * ], F m = - 1 2 ε 0 µ 0 (iχ m E × H * ), (3.9) 
where ε 0 , χ e , µ 0 , ω and χ m are the dielectric constant of vacuum, the effective electric susceptibility for the electric force, the magnetic permeability of a vacuum, in angular frequency of light and the effective electric susceptibility for the magnetic force, respectively.

The surface tension model is schematically illustrated in Fig. 3.11 and the tension force is represented by

F e = σκδn, (3.10) 
where σ, κ, δ and n are surface tension coefficient, curvature coefficient of surface, delta function and normal unit vector to surface, respectively.

Finally, the boundary conditions are taken into account, including the surface of polymer film and the interface of polymer film and the glass substrate. The results of numerical analysis are in good agreement with some experimental observations, especially for polarization configuration dependence. The S-S polarization configurations that give rise to a small SRG depth is explained by this model, due to the magnetic force. But, in their model, the considered effective electric susceptibility and effective magnetic susceptibility are still not clear.

Discussion and conclusion

In this chapter, we have reviewed the structures and properties of three types of azomolecules. We have focused on study one typical azo type DR1 molecule as an example to explain the most important property: photoisomerization between transand cis-forms. Different properties (geometrical structure, refractive index and absorption spectrum) have also been presented. We have introduced the advantages to use functionalized azopolymers. The side-chain azopolymer (DR1/PMMA), used in our experiment, has been presented. We have discussed the change in absorption spectrum of DR1/PMMA before and after exposure with a green laser (532 nm). The spectrum change has been explained by the trans -cis -trans photoisomerization of DR1 molecules. It demonstrates that the photoisomerization of azomolecule can affect the polymer matrices. Then, we have reviewed the possible mass transport mechanisms of azopolymers that allows to create surface relief gratings under irradiation with a polarized and modulated light. SRGs with large area have been formed by using a twobeam interference technique. Alternatively, DLW technique allows to create arbitrary gratings in small area. Although the mechanism of this SRGs formation is ambiguous so far, several models (pressure gradient force, mean-field theory, asymmetric diffusion, optical-field gradient force and particle model) have been proposed in order to explain some experimental results. The advantages and drawbacks of each model have been discussed in detail.

In the next chapter, we will experimentally demonstrate the mass transport effect on DR1/PMMA by using a two-beam (TB) interference technique. We will propose an optical assisting technique which allows to optimize the SRGs depth and formation time.

Chapter 4

Realization and optimization of one-dimensional SRGs by two-beam interference

Introduction

In Chapter 2, we have already used the two-beam interference technique to realize 1D/2D SRGs on the SU-8 negative photoresist based on mass transport effect. The disadvantage of the passive optical properties of SU-8 limits the applications in active photonic devices, such as nonlinear photonic crystals and optical polarisers [START_REF] Nagata | Novel optical properties of conducting polymer photochromic polymer systems[END_REF] and tunable distributed-feedback (DFB) laser [START_REF] Dumarcher | Polymer thin lm distributed feedback tunable lasers[END_REF], etc. Using mass transport effect of azopolymer, 1D SRGs have been realized. This fabrication process is rapid, as it is done in a single-step, without pre-or post-treatment. Due to the limited depth of SRG, it is also interesting to improve it and to optimize the SRGs formation on different azopolymer materials. In this chapter, we first introduce the theory of two-beam interference in detail, taking into account the influence of different polarization configurations. This allows to understand the intensity and the polarization distributions of the interference pattern. We then demonstrate the fabrication of 1D SRG on DR1/PMMA by using a single-exposure of this interference technique. The influence of different experimental parameters on SRG formation will be studied in detail. Finally, we will propose two optical methods to optimize the formation of SRGs.

Theory of two-beam interference

Consider that two coherent laser beams of the same profile and same intensity and coming from the same laser source propagating toward the same sample area. These laser beams are symmetrically oriented around the sample normal direction and make an angle θ with respect to this axis. The electric fields, E 1 (r, t) and E 2 (r, t), of the two plane waves corresponding to these two laser beams are given by

E 1 (r, t) = Re [E 01 exp(i(k 1 • r -wt))e 1 ] , (4.1) 
E 2 (r, t) = Re [E 02 exp(i(k 2 • r -wt))e 2 ] , (4.2) 
where k 1 and k 2 are the corresponding wave vectors, r is the position vector in the overlapping space, ω is the frequency and all the initial phases are 0, E 01 and E 02 are the real electric field amplitude, and e 1 and e 2 are the unit vectors indicating the polarizations of E 1 and E 2 , respectively. Using the principle of superposition, the total electric field is the sum of the electric fields of individual plane waves. That is,

E T (r, t) = E 1 (r, t) + E 2 (r, t). (4.3) 
The interference intensity distribution of the resultant wave is given by

I T = E * T • E T t ∝ 1 2 Re E 01 e -ik 1 •r e * 1 + E 02 e -ik 2 •r e * 2 • E 01 e ik 1 •r e 1 + E 02 e ik 2 •r e 2 ∝ I 1 + I 2 + 1 2 E 01 E 02 Re e i(k 2 -k 1 )•r e * 1 • e 2 + e i(k 1 -k 2 )•r e * 2 • e 1 , (4.4) 
where ... t represents the time average of the resultant electric field, e * is the conjugation complex of the polarization unit vector e,

I 1 ∝ 1 2 |E 01 | 2 and I 2 ∝ 1 2 |E 02 | 2
represent the intensities of individual plane waves, respectively. From Equation (4.4), the interfering intensity I T is not simply equal to I 1 + I 2 . There is an additional term called the interference term. Because of this term, the interfering intensity is not a constant and it depends on the position r. Therefore, the distribution of electromagnetic energy in space is inhomogeneous, due to the superposition of the electromagnetic plane waves. The interference pattern depends strongly on the polarizations and the angle between the two laser beams. We distinguish two important situations: intensity modulation and polarization modulation. To calculate the two-beam interference pattern, the Jones vector representation J i is used to represent the unit vectors for the polarizations of different laser beams as shown in Table 4.1. In this representation, we assume that the direction of the original wave vector k 0 is along the z-axis. 

k i = R(θ i , α i )k 0 , (4.5) 
where θ i , α i and k i are respectively the rotational angles and the wave vector for the i th beam and R(θ i , α i ) is the rotation matrix:

R(θ i , α i ) =    cosα i cosθ i -sinα i cosα i sinθ i sinα i cosθ i cosα i sinα i sinθ i -sinθ i 0 cosθ i    , (4.6) 
k 0 is the original wave vector (the propagation direction along z-axis), which can be represented as:

k 0 = k 0    0 0 1    . (4.7) 
From this matrix representation, it is quite easy to calculate the difference of the wave vectors, k 2 -k 1 of Equation (4.4). Similarly, the matrix expression for the polarization of the i th beam (i = 1 or 2) will become:

e i = R(θ i , α i )J i , (4.8) 
Polarization Jones Vector J i (i=1 or 2) Light beam (k 0 ) P-polarization

   1 0 0    x z y S-polarization    0 1 0    RC-polarization    1/ √ 2 -i/ √ 2 0    LC-polarization    1/ √ 2 +i/ √ 2 0    Table 4.1:
The Jones vectors represents amplitude and phase of electric field, when the light beam travels along z-direction. The schematic diagrams of each polarized light beam are shown on the third collumn.

Using this matrix calculation, we can easily predict the intensity and polarization modulation of a two-beam interference pattern for different experimental conditions. In this work, all numerical calculations were realized by using Matlab software with personal codes. To demonstrate the interfering intensity distribution, we consider a simplest case in which the polarizations of two laser beams are the same (S-polarization) as shown in Fig. 4.2. Two laser beams are rotated by θ 1 = -θ (clockwise rotation), θ 2 = θ (counter-clockwise rotation) and α 1 = α 2 = 0 • , from the original k 0 vector. Applying Equations (4.6) and (4.8) and according to Table 4.1, the polarization vectors now are expressed as below: Similarly, we have:

Intensity modulation

e 1 =    cosθ 0 -sinθ 0 1 0 sinθ 0 cosθ       0 1 0    =    0 1 0    , e 2 =    cosθ 0 sinθ 0 1 0 -sinθ 0 cosθ       0 1 0    =    0 1 0    .
k 1 = k 0    cosθ 0 -sinθ 0 1 0 sinθ 0 cosθ       0 0 1    = k 0    -sinθ 0 cosθ    , k 2 = k 0    cosθ 0 sinθ 0 1 0 -sinθ 0 cosθ       0 0 1    = k 0    sinθ 0 cosθ    , (4.10)
and,

k 2 -k 1 = k 0    2sinθ 0 0    . (4.11) 
We assume that E 01 = E 02 = A (A is a constant) and Equation (4.4) becomes:

I T ∝ I 1 + I 2 + 1 2 E 01 E 02 Re e i(k 2 -k 1 )•r e * 1 • e 2 + e i(k 1 -k 2 )•r e * 2 • e 1 = 1 2 A 2 + 1 2 A 2 + A 2 cos (2k 0 x sinθ) = A 2 [1 + cos (2k 0 x sinθ)] = 2A 2 cos 2 (k 0 x sinθ) , (4.12) 
where k 0 =|k 0 | = 2π/λ, λ is the wavelength in vacuum of the interfering waves. According to Equation (4.12), the results of intensity modulation for different incident angles are shown in the first row of Fig. 4.3. It shows that the intensity modulation in this case (S-S polarization configuration) is 100% for various incidence angles. Note that there is no polarization modulation in this case, as which will be detailed in the next section. It is easy to calculate the periodicity of the interference pattern by

Λ = λ 2 sin θ , (4.13) 
which depends on the incidence angle (θ) and the laser wavelength (λ). Similarly, the interference patterns have been also calculated for other polarization configurations of the two coherent beams. , respectively. The wavelength of the coherent beam is 532 nm. S and P represent two orthogonal linear polarizations; RC and LC are right and left circular polarizations, respectively. Note that: i) the intensity modulation keeps the same shape (except periodicity) for any θ value in the case of S-S polarization configuration; ii) there is a Λ/2 switching position of the interference pattern for θ = 45 • in the case of P-P polarization configuration, and iii) there is no intensity modulation at any θ value in the case of S-P polarization configuration.

laser beams, but also on the incidence angle θ. Namely, for a S-S polarization configuration, the polarizations are the same for both laser beams at any angle θ, resulting in a maximal amplitude modulation (100%) of the intensity interference pattern. However, the amplitude modulation increases from 0 to 100% when θ increases in the case of RC-LC polarization configuration. Also, for the P-P configuration, the amplitude modulation first decreases then increases when θ varies from 0 • to 90 • . We note that for the last case, there is a position shifting of the interference pattern by a distance of Λ/2 along the x-axis for θ = 45 • , but this does not affect the fabrication of SRGs. Furthermore, it confirms that there is no intensity modulation either when both waves propagate in the same direction, or when the polarizations of the coherent beams are perpendicular to each other (such as S-P polarization configuration).

In order to evaluate the influence of polarizations of the interfering beams on the intensity modulation, we introduce a well-known parameter called visibility (interference contrast),

C C = (I max T -I min T )/(I max T + I min T ) , (4.14) 
where I max T and I min T are the maximum and minimum of the intensity, respectively. Figure 4.4 shows the intensity contrast as a function of θ (from 0 • to 85 • ) for different polarization configurations. It is clear that the intensity contrast is constant for S-S polarization configuration and keeps increasing with θ for the RC-LC polarization configuration. On the other hand, for the P-P case, the interference contrast decreases from 100% to 0 when the incident angle is varied from 0 • to 45 • , then increases again from 0 to 100% when θ increases from 45 • to 90 • . The reason is that in the case of P-P polarization configuration, two polarizations tend to be orthogonal when θ approaches 45 • . At this particular angle, two polarizations are perpendicular and there is no interference. For the case of the S-P polarization configuration, the intensity contrast is equal to 0, independent of the incident angle. It can be explained that the polarizations of two coherent beams in this case keeps perpendicular with each other for any incident angle. This case can be used to study the polarization modulation dependence during the fabrication process with a constant intensity distribution. Therefore, for a standard optical lithography, a two-beam interference pattern with S-S polarization configuration is used in order to ensure the best intensity modulation contrast. of the interference polarization amplitude in this plane. For the two other polarization configurations, the interference polarization varies periodically between linear, elliptic and circular forms, as seen in Fig. 4.5. In particular, for the S-P polarization configuration, a periodic modulation of the resulting polarization is obtained, while the resulting intensity modulation cannot be achieved, as discussed in the previous section. That will explain why SRG can be realized with such a polarization configuration, thanks to the interference polarization modulation. Finally, for the case of RC-LC polarization configuration, the resulting polarization becomes a linear polarization for any θ-value, but the polarization direction changes periodically in the xy-plane. We note that, similar to the case of a P-P polarization configuration, the polarization amplitude in the xy-plane decreases when θ increases. Besides, the interference polarization pattern is shifted by a distance of Λ/4 along the x-axis with respect to the interference intensity pattern, as shown in Fig. 4.5. As discussed before, the formation of SRGs on azo-copolymer depends on the modulation of the irradiating light pattern and also on its resulting polarization. Therefore, polarization modulation and intensity distribution of the interference pattern are two necessary conditions, complementary and also competitive, for creating SRGs. In this work, different SRGs were experimentally realized and the polarization dependence in the formation of SRGs was also investigated. mer is dissolved in Trichlorethylene (TCE) and agitated for more than 12 hours; ii) the solution is then spun-coated on a cleaned glass substrate, after filtration using a 0.2 µm filter, with a proper programme (time, speed and acceleration); iii) the films are then dried in an oven at 120 • C for 2 hours, this time being long enough to remove the TCE solvent. The film thickness is measured by imaging a scratch in the thin film by a Dektak 3ST surface profile measuring system. The absorption spectrum of DR1/PMMA film was measured and shown in Fig. 3.4(b). The absorption band is from 400 nm to 570 nm with an absorption peak at 480 nm. Therefore, the green laser (532 nm) is used as light source to realize SRG on DR1/PMMA. The SRGs structure will be characterized by using an atomic force microscope (AFM) and/or a scanning electron microscope (SEM).

Experimental demonstration

The two-beam interference experimental setup is shown in Fig. 4.7. A green laser (λ = 532 nm) beam is split into two identical secondary beams by a 50/50 non-polarizing beam splitter. The two beams are then recombined, by using two mirrors, and interfer on the azo-copolymer film. The polarizations of the two laser beams are controlled independently by using different wave plates (WP1, WP2: quarter-wave plate and halfwave plate). The incident angle θ is adjusted by tuning the two mirrors symmetrically, and the SRGs periodicity varies from several micrometers to hundreds nanometers. The intensity of both interference beams can be controlled from a few mW/cm 2 to hundreds mW/cm 2 at the sample position. In order to monitor the dynamics of SRGs formation, a red laser beam (λ = 633 nm, power = 1 mW) is sent onto the interference area, and the first-order diffraction intensity is measured as a function of time, indicating the formation of SRG. Note that the diffraction efficiency depends on the formation of three different gratings [START_REF] Sobolewska | Three grating coupling during the holographic grating recording process in azobenzene-functionalized polymer[END_REF]. In our case, the probing beam has S-polarization for all fabrications of SRGs, i.e., the probing polarization is parallel to the grating vector to efficiently probe the diffraction light due to SRGs. The probe wavelength is out of the absorption band of DR1/PMMA azopolymer (seen in Fig. 3.4(b)) and does not influence the SRGs formation. shown in Fig. 4.8(c), which is perfectly consistent with the simulation result of the interference pattern illustrated in Fig. 4.8(d). Actually, the shapes of the interference intensity pattern and that of SRGs are similar, with a sinusoidal form of the same period. However, we note that the highest intensity of the interference pattern corresponds to the valley of SRGs, due to the mass transport effect which induces the transfer of the DR1 molecule from high intensity to low intensity area. Because the formation of SRGs is strongly dependent on the polarization configurations of the writing beams, the relationship between the SRGs and different polarization configurations will be investigated in the following section. 4.9(a) shows the diffraction image with different orders (0, +/-1, +/-2) of the 1D SRG fabricated on DR1/PMMA. The intensity of +1 order (first-order) diffraction is detected by a powermeter allowing to monitor the SRG formation. The DE obviously depends on polarization as shown in Fig. 4.9(b). For all polarization configurations, DE increases as a function of time, except for the RC-LC polarization configuration for which DE saturates and decreases after 10 min of exposure. The irradiation intensity is fixed at 84 mW/cm 2 in this case. However, we note that during the light irradiation process, the DE results from three different gratings of the azobenzene copolymer: two gratings were induced by refractive index change in the bulk copolymer material because of the different refractive index values between trans-form and cis-form of DR1, the third one being related to SRG [START_REF] Sobolewska | Three grating coupling during the holographic grating recording process in azobenzene-functionalized polymer[END_REF]. An investigation of the SRG amplitude is necessary to fully analyze the polarization dependence of the SRG formation. Figure 4.9(c) shows the amplitude of the SRGs, obtained by using AFM. The exposure time-dependence of the SRG depth is similar to that of the first-order diffraction intensity, except in the case of RC-LC polarization configuration, for which SRGs depth doesn't decrease after saturation. This explains the behaviour observed in Fig. 4.9(b) for the RC-LC polarization configuration, in which there is an exchange of the DE between the three different gratings, as shown in Fig. 4.9(e). Namely, the DE of the two other refractive gratings increases then decreases as a function of time, the DE of the SRGs just continues to increase. We conclude that the SRGs formation plays a dominant role in the DE evolution. Besides, we also found that the RC-LC polarization configuration is the best choice, which allows to achieve SRGs with the largest amplitude, as seen in Fig. 4.9(d). On the other hand, the S-S polarization configuration, theoretically providing 100% of intensity modulation, allows to obtain SRGs with a depth of only several tens nanometers. Surprisingly, the S-P polarization configuration, which does not create any intensity modulation, allows to obtain SRGs with large depth, similar to those obtained by using a P-P polarization configuration. The formation of SRGs therefore depends strongly on the polarization distribution, or more precisely, it depends on the compromise between intensity and polarization modulations. Furthermore, we observed that the SRGs depth reaches a saturation level and remains unchanged afterwards. This saturation level depends mostly on the thickness of the sample, on the light irradiation intensity, and also on the periodicity of the interference pattern. The dependence of the SRGs formation with respect to the two first parameters has been studied before [START_REF] Bian | Photoinduced surface deformations on azobenzene polymer films[END_REF][START_REF] Munakata | A new holographic recording material and its diffraction efficiency increase effect: the use of photoinduced surface deformation in azo-polymer film[END_REF], and those parameters are kept unchanged in our case. In the next section, we will show the influence of the periodicity of the interference pattern on the SRGs depth, in order to find out the best SRGs, i.e. the smallest period with large amplitude, which are useful for applications in nanophotonic domain. Recently, Yadavalli's group [START_REF] Yadavalli | Structuring of photosensitive material below diffraction limit using far field irradiation[END_REF] has found a double-grating phenomenon by adjusting the polarization configurations of the interference beams. They have developed a new experimental setup, combining atomic force microscopy with two-beam interferometry, in order to scan the changes at the surface of the azopolymer film corresponding to different polarization configurations. A remarkable phenomenon has been evidenced: a pattern of a period 2 times smaller than for interference is formed, when the film was irradiated with a S-P polarization configuration. This behaviour can be elucidated by using the polarization interference pattern that in the S-P case. This phenomenon cannot be detected in our experiments. We guess the reason might be that because of different structures of azopolymers which result in different responses to the polarization interference pattern.

SRG depth vs different polarization configurations

SRG depth vs interference periodicity

We made vary the periodicity of the two-beam interference and kept all other parameters the same for this investigation. The thickness of the azo-copolymer film is about 1.7 µm.

The irradiation intensity is 84 mW/cm 2 and the exposure time is fixed at 40 min, which is long enough to achieve the saturation of the grating formation. The polarizations of the two laser beams are RC-LC configuration to ensure the best SRGs amplitude. According to Equation (4.13), the SRG period can be adjusted with the incident angle θ to a minimal value of λ/2, equivalent to approximately 270 nm. 4.10(e) shows how the SRG depth depends on the grating period. The best SRG with the largest depth, of about 400 nm, was obtained with Λ between 1.5 µm and 3 µm. The SRG depth decreases outside of this period range (>3 µm or <1.5 µm), but SRG can be still created with θ values as large as 10 µm, or as small as 0.38 µm. In the literature [START_REF] Barrett | Mechanism of optically inscribed high-efficiency diffraction gratings in azo polymer films[END_REF][START_REF] Kim | Polarized laser induced holographic surface relief grating on polymer films[END_REF], researchers tried to explain this dependence by using a compromise of the intensity and the polarization modulations. However, it is more complicated to explain the dependence of SRG depth on its period. Various elements should be considered to explain this dependence. For example, Kim et al. [START_REF] Kim | Polarized laser induced holographic surface relief grating on polymer films[END_REF] suggested that the thermal effects resulting from absorption of light contribute to this phenomenon. But they cannot explain the sharp drop of the depth for smaller periods (<0.8 µm). Barret et al. [START_REF] Barrett | Mechanism of optically inscribed high-efficiency diffraction gratings in azo polymer films[END_REF] have used the photoisomerization pressure model to explain the mass transport effect, which led to a relationship between the SRG period and depth. However, their theoretical prediction and the experimental observations do not match well.

In our point of view, the dependence of the SRG depth on the period should be explained by taking into account the effective movement distance of the azo-copolymer molecule under light irradiation. Actually, light induces the photoisomerization effect and pushes the azo-copolymer material away from high exposure intensity to dark areas over an effective distance of several hundred nanometers [START_REF] Lambeth | Proximity field nanopatterning of azopolymer thin films[END_REF]. For a large period, this movement distance is too short to match with Λ, and cannot help to create a SRG with large amplitude. When the SRG period is smaller than the movement distance, the azo-copolymer will move from highest intensity to lowest intensity areas, and even to the next highest intensity area. An overlapping movement in different areas happens and the barrier between lowest and highest intensity is not clearly identified, leading to a decrease of the SRG depth. Finally, there exists a range of periods, in which the movement distance of the azo-copolymer is matched with the distance between highest and lowest intensities of the interference pattern, leading to a best formation of the SRG with largest amplitude. These arguments are well consistent with our experimental observations. We note also that the movement distance of the azo-copolymer, accordingly the optimum SRG period and depth, depends strongly on different experimental parameters, such as the sample thickness, the light wavelength and intensity, the environment temperature, etc.

SRG depth vs intensity of writing beam

Most of the investigations on SRGs formation have been done at low intensity of writing beam (tens to hundreds of mW/cm 2 ) because, in this condition, the process is a reversible mass transport and polarization dependence without any material ablation and photobleaching. In 1999, Bian et al. [START_REF] Bian | Photoinduced surface deformations on azobenzene polymer films[END_REF] has demonstrated that SRGs can be formed with azopolymers when irradiated at high intensity(tens to hundreds of W/cm 2 ), however the nature of SRG forming behaviour in this case is extremely different from that at low intensity of writing beam. They demonstrated that the shape of SRGs was unerasable neither by heating above T g or light irradiation and it was in phase with the interference pattern, namely, the peak of SRGs corresponding to the maximum interference intensity. The investigation also showed that the in-phase SRGs formation did not depend strongly on the polarization configurations of the interference beams, in contrast with the out-of-phase low light intensity SRGs. It was noted that photothermal and photobleaching effects may play an important role at high intensity.

In this thesis, the intensity of writing beam is settled at the lower level, i. e., only out-of-phase grating can be fabricated in our experiment. Even though, we demonstrated that the evolutions of the first-order DE and depth of SRGs dependent on these lower intensities. Firstly, all the samples were exposed for same duration (5 minutes long enough to form SRGs) with different intensities of writing beam [START_REF] Colburn | Step and flash imprint lithography: a new approach to high-resolution patterning[END_REF][START_REF] Kang | Direct photofabrication of focal-lengthcontrolled microlens array using photoinduced migration mechanisms of photosensitive sol-gel hybrid materials[END_REF][START_REF] Rochon | Optically induced and erased birefringence and dichroism in azoaromatic polymers[END_REF][START_REF] Nikolova | Polarization holographic gratings in side-chain azobenzene polyesters with linear and circular photoanisotropy[END_REF] mW/cm 2 ). Then the evolution of SRGs depth as a function of time under different intensities of writing beam (60, 100, 450 mW/cm 2 ) was also measured by AFM. As shown in Fig. 4.11(a), the increase of DE appears immediately for different intensities of writing beam and the slope of the DE curve increases along with the increasing of intensity. It is because that the higher intensity results in more efficient of the photoisomerization process. Figure 4.11(b) demonstrates the variation of SRGs depth as a function of the exposure time for different writing intensities. For different irradiation intensities, the SRG depth reaches the same value but with different exposure times. In order to obtain a depth of 230 nm, the required exposure time is 4, 10 and 30 min, for intensities of 450, 100, 60 mW/cm 2 , respectively. It means that large depth of SRGs can be obtained in short time with high intensity. However, it is worth to note that the quality of the SRG realized with high intensity and short exposure time is very poor. The reason is that the high intensity easily induces photobleaching and ablation effects. Thus, the SRGs in copolymer are obtained usually at lower intensity range.

Finally, we note that the SRG depth is limited at about several nanometers to several hundreds nanometers, depending on experimental conditions. For a best choice of experimental parameters, the SRGs depth is obtained only about 30% of the thickness of the sample and a long exposure time is needed for obtaining high diffraction efficiency (DE) and large depth. In the next section, we will introduce two optical methods to optimize the SRG formation and to obtain larger SRG depth.

Optimization of SRG formation

Till now, several methods have been proposed to improve the DE and the modulation depth of the SRGs. On one hand, Munakata et al. [START_REF] Munakata | Diffraction efficiency increase by corona discharge in photoinduced surface-relief gratings on an azo polymer film[END_REF] have increased DE (from ∼2% to ∼40%) and depth (from ∼130 nm to ∼450 nm) by applying a corona poling above the glass-transition temperature. Note that when the temperature is set higher than T g , SRGs will be thermally erased. However, the experimental observations showed an opposite phenomenon: the SRG depth increases when the temperature comes near or above T g . They explained this effect as a result of the Coulomb force extended by the electric charge located in the groove area. The high temperature softens azopolymer and helps to enhance the electric charge effect. On the other hand, Jager et al. [START_REF] Jager | Bicolor surface reliefs in azobenzene sidechain polymers[END_REF] and Yang et al. [START_REF] Yang | Enhancing the inscription rate of surface relief gratings with an incoherent assisting light beam[END_REF] have proposed to use an incoherent optical pump beam to improve both DE and SRGs depth. It is generally known that the isomerization cycling between the trans-and cis-forms in azopolymer has played an important role in the formation of SRGs because no surface modulations have been measured on nonisomerization side chains polymers [START_REF] Kim | Polarized laser induced holographic surface relief grating on polymer films[END_REF]. The main idea of this optical assisting method is to enhance the trans-cis-trans cycling by using another incoherent beam (named an assisting beam). Normally, the wavelength of the assisting laser beam is within the trans absorption band. And it has been demonstrated that SRGs enhancement can be only obtained if the polarization of the assisting beam is perpendicular to that of the writing beams in their cases. By comparing these two methods, the latter one seems more convenient and easier to realize. Also, this method proves again that the isomerization of transcis -trans cycling is an essential condition for the SRGs formation that can help to a better understanding of the mechanism of mass transport effect of azopolymer.

In this section, we will demonstrate a simple optical method, which allows to increase rapidly the formation of the SRGs on DR1/PMMA. This method is based on the control of the photoisomerization process between the trans-and cis-forms of the DR1 molecules. As shown in Fig. 3.2(b), the trans-and cis-forms have different absorption spectra. At 532 nm, the trans-form displays a higher absorbance than the cis-form. In contrast, the trans-form shows lower absorbance at 355 nm than the cis-form. The trans-form of the DR1 molecule is therefore transformed to the cis-form and vice-versa by applying suitable excitation conditions, such as an optical excitation, resulting in a trans -cis -trans cycle. The trans-form can be excited to the metastable cis-form by a green (VIS) laser beam. The cis-form relaxes back to trans-form either by a spontaneous thermal effect (represented by k BT , slow effect) or by an optical UV excitation (fast effect). After each trans -cis -trans cycle, the DR1 molecule moves from an area with high irradiated light intensity to another of low irradiated light intensity. This process is believed as the origin of motion resulting in the mass transport effect. Therefore, we will demonstrate that the two optical methods using an additional and independent assisting beam (VIS or UV) to accelerate the photoisomerization process result in an improved formation of SRG. The dependence of the diffraction efficiency and the relief depth of the SRGs on the polarizations of both assisting beams was investigated, showing two different assisting mechanisms. .12(a) describes the optical arrangement used to realize and to optimize the formation of SRG, employing the combination of a writing laser (532 nm) and an assisting beam (VIS or UV). The SRG is fabricated by two coherent interfering green beams that is the same as that we have demonstrated previously. Another beam, whose wavelength is 532 nm (VIS) or 355 nm (UV), comes vertically onto the sample, at the interfering area, in order to improve the formation of SRG. Here again, different polarization configurations of the writing and assisting beams are investigated, as shown in Fig. 4.12(b). For that study, we have fixed the other parameters, such as the intensity of each writing beam (84 mW/cm 2 ), the thickness of the DR1/PMMA film (about 1.7 µm), the writing time (long enough to reach the maximum SRG depth), the incident angle ( 7• resulting in a grating period of about 2 µm), the intensity and polarization of the probe beam (1.8 mW and S-polarization).

SRG formation assisted by an UV beam

Figure 4.13 shows the intensity of the first-order diffraction and the modulation depth of the SRGs created with the assistance of an UV beam (λ = 355 nm, average intensity = 390 mW/cm 2 ). We can observe clearly that DE increases immediately and rapidly when the UV assisting beam is turned on (Figs. [START_REF] Edrington | Polymer-based photonic crystals[END_REF]. 13(a-c)) and reaches a maximum value, which is much higher than that obtained without the UV assisting beam. The corresponding SRG modulation depths were measured by using an atomic-force microscope (AFM), and results are also shown in Figs. [START_REF] Edrington | Polymer-based photonic crystals[END_REF].13(d-f), respectively. The evolution of the SRG depth displays a behaviour similar to that of the DE, but not exactly the same, in particular for the case of C-C writing beam polarizations. The reason is that DE is the result of three different gratings: two gratings are caused by refractive index changes in the bulk of copolymer material, and only the third one is related to surface relief modulation as mentioned in Chapter 3. The SRG depth was improved from several nanometres to several hundred nanometres.

From DE and AFM measurements, we found that the best improvement of SRG formation was obtained when the polarization of the UV assisting beam is parallel to the polarizations of the writing beams. This result is different from those observed in previous works [START_REF] Jager | Bicolor surface reliefs in azobenzene sidechain polymers[END_REF][START_REF] Yang | Enhancing the inscription rate of surface relief gratings with an incoherent assisting light beam[END_REF], in which the SRG with the largest amplitude was obtained if the polarization of the assisting beam is perpendicular to that of the writing beams. To explain this difference, the standard photoisomerization process of DR1 molecules can be described as follow: DR1 molecules undergo photoisomerization process from transto cis-forms by applying a green light excitation. This excitation, mostly linearly polarized, induces angular hole burning (AHB) and angular redistribution (AR) effects to result in an anisotropic distribution of DR1 molecules (perpendicular to the pump polarization). The cis-form molecules can return (slowly) to their original trans-form by thermal relaxation (TR) and molecular orientation diffusion (OD) effects. In our experiment, when a trans-form becomes a cis-form, the UV assisting beam excites the cis-form, which rapidly returns to the trans-form before any AHB, AR, TR or OD effect can occur. This results in a rapid cis -trans cycle, resulting in an improving SRG formation. For the best cis -trans cycle, the writing and assisting beams should have the same polarizations in order to excite the same molecules in the same direction.

It is worth to point out that the assistance of UV beam is almost not efficient in the case of C-C polarizations, as shown in Fig. 4.13(f), in which the SRG modulation depth reaches a saturation value of about 410 nm. We believe that a SRG with 100 %-modulation depth may never be obtained due to the compromise between the interference contrast and the suitable polarization of the writing beams, the film thickness and the interference period, as well as the balance of polymer material between low and high intensities of the writing beam during exposure. We also note that the S-P configuration gave intermediate results comparing to those obtained by S-S and P-P configurations, for both cases, with and without an UV assisting beam. This observation is consistent with the results obtained without assisting beam published in literature [START_REF] Viswanathan | Surface relief structures on azo polymer films[END_REF]. The effect of the UV assisting beam is similar to other cases, but the polarization of the UV beam allowing to achieve the largest SRG depth depends on the angle between two writing beams.

Assisting by a VIS beam

According to the DR1 photoisomerization process shown in Fig. 3.2(a), another additional VIS beam (λ = 532 nm, average intensity = 54 mW/cm 2 ), of the same wavelength as the writing beams (532 nm), was used instead of the UV beam to assist the formation of SRG. The DE also immediately increases and accordingly a SRG with large amplitude is obtained, similar to the results obtained from the UV assisting. Figure 4.14 shows the improvement of DE and the SRG depth for different polarization configurations. Considering only two particular polarizations, S-and P-polarizations, contrary to the case of UV assisting, the best improvement of SRG formation was obtained when the polarization of the VIS assisting beam is perpendicular to the polarizations of the writing beams. Here again, the mechanism of the VIS assisted SRG formation should be explained using the photoisomerization process. Indeed, when an assisting VIS light beam is simultaneously applied with the writing green beams, the trans-form is trans- ferred to the cis-form (green excitation), the cis-form relaxes to the trans-form, which is oriented in perpendicular direction to the original trans-form (angular hole burning effect). The assisting VIS beam, whose polarization is perpendicular to those of the writing beams, therefore excites the new trans-form and enhances the photoisomerization process and consequently the SRG formation. Here, the VIS assisting optical method is consistent with the results published by Jager et al. and Yang et al. [START_REF] Jager | Bicolor surface reliefs in azobenzene sidechain polymers[END_REF][START_REF] Yang | Enhancing the inscription rate of surface relief gratings with an incoherent assisting light beam[END_REF].

Conclusion

In conclusion, in this chapter, a simple fabrication technique based on two-beam interference was theoretically and experimentally demonstrated as an efficient method for the creation of SRGs on azo-copolymer. The interference patterns were theoretically analysed in detail for both intensity and polarization distributions. These two parameters are competitive and complementary for the formation of SRG. The polarization modulation is however experimentally demonstrated to be more important. And the dependence of interference periodicity and intensity of writing beam during the process of SRG formation have also been discussed.

Besides, we have demonstrated two efficient optical methods to enhance the formation of SRG on DR1/PMMA, employing an independent UV or VIS laser. These lasers assist the photoisomerization process of DR1 molecules, resulting in a rapid inscription and a large depth of SRG. The polarizations analysis has been investigated showing different mechanisms corresponding to two different assisting laser wavelengths (UV and VIS). The largest depth SRG was obtained when the polarizations of the writing beam and the UV beam are parallel and when the polarizations of the writing beam and the VIS beam are perpendicular. This SRG with the largest depth is very useful for many applications, such as polymer based waveguide coupling or DFB laser resonators. As compared with UV assisting, the VIS assisting technique is quite interesting for SRGs fabrication. In fact, on one hand, a low cost VIS laser such as a green laser diode is sufficient to help the SRGs formation. On the other hand, a single green laser beam could be also split and delayed in time into two independent lasers sources, each one playing a role as writing and assisting beams, resulting in a simple and compact fabrication setup.

Chapter 5

Realization of periodic 2D SRGs

Introduction

In this chapter, we propose to use the interference technique to realize 2D SRGs using the mass transport effect of azopolymers. Two interference techniques can be used to fabricate 2D SRGs on azopolymers. Indeed, the multi-exposure of two-beam (TB) interference technique has been demonstrated to be very efficient to fabricate desired 2D and 3D structures on photoresists [START_REF] Lai | Fabrication of two-and three-dimensional periodic structures by multi-exposure of two-beam interference technique[END_REF][START_REF] Lai | Rapid fabrication of large-area periodic structures containing well-defined defects by combining holography and mask techniques[END_REF]. For TB interference technique, after the first exposure, the sample is rotated by an α-angle around the z-axis, and the second exposure can be applied resulting in a 2D interference pattern. This method is simple and convenient to realize desired 2D structures. This fabrication technique has been successfully used to produce 2D periodic structures on SU-8 in Chapter 2. Another HL technique, using the interference of three beams (ThB), will also be employed as an optimum way to fabricate desired 2D structures on azopolymer materials.

Realization of 2D structures by two exposures to two-beam interference pattern

The theory of two-beam interference has been introduced in detail in Chapter 4. The experimental setup is the same as Fig. 4.7. DR1/PMMA film is used to obtain the desired 2D SRGs. The experimental parameters settings, that are identical for both exposures, are chosen as follows: 84 mW/cm 2 (intensity of each coherent writing beam), RC-LC polarization configuration for the best formation of SRGs, 1,7 µm period, 40 min exposure time that is long enough to arrive the saturation of mass transport process. The experimental process is as follow: after first exposure, the film is rotated by a desired rotational angel α, and is exposed for the second time at the same region as that for the first time.

Figure 5.1 shows the theoretical simulation and the corresponding experimental results (AFM and diffraction images) by setting the rotation angle α of 90 • or 60 • between two exposures to the two-beam interference pattern. As can be seen in Fig. 5.1(a1, b1), we predicted a fabrication of a square or hexagonal structure with symmetric form like that obtained in SU-8 photoresist. Figures 5.1(a2,b2) show that 2D square and hexagonal structures were actually fabricated on the DR1/PMMA. The corresponding diffraction patterns shown in Fig. 5.1(a5, b5) also explain the periodicities of fabricated 2D structures. However, as can be seen in Fig. 5.1(a5, b5), the 2D structures fabricated in DR1/PMMA, by using two exposures to two-beam interference technique, are not symmetric with respect to the two directions of fabrication, as indicated by the 1 and 2 axis. AFM results also show that the SRG depths are different in these two directions as seen in Fig. 5.1 (a3-4, b3-4). It is clear that the mechanism of the SRG formation is different from that of the fabrication of 2D structures on photoresists. Indeed, after the first inscription, a 1D SRG was created and the thickness of DR1/PMMA in the regions of peaks was increased with respect to the thickness of the original film. The second exposure therefore dealt with a non-uniform film, which makes the formation of a final symmetric 2D structure difficult. In order to obtain such a 2D symmetric SRG, the exposure time of the second exposure should be much longer than that of the first exposure. The control of the exposure dose ratio between two exposures should be considered [START_REF] Lee | Facile fabrication of close-packed microlens arrays using photoinduced surface relief structures as templates[END_REF], but this method lacks of reproducibility. Indeed, the SRG formation depends on many experimental parameters as those mentioned in the previous chapter and the SRG depth does not reach the same value for different samples or different fabrication times.

The square and hexagonal 2D structures have been produced with 90 • and 60 • rotated grating vectors on the same region. However, the unsymmetrical structures were detected in the directions of these two grating vectors under the same exposure conditions (exposure time, polarization configurations, etc.). This is due to the mass transport effect in azopolymer, which makes this method more complicated and time consuming in fabricating symmetrical 2D structures. In the next section, we report our investigations on the use of another alternative interference technique to produce symmetrical 2D SRG structures.

Realization of 2D structure by one exposure to three-beam interference technique

In the case of a standard fabrication on photoresist, the information of three-beam interference resultant polarization is often ignored. However, when this method is applied to the formation of SRG on azopolymer, both intensity distribution and polarization distribution of the interference pattern play important roles due to the polarization and intensity dependences of the formation process. Figure 5.2(a) shows the beam geometry of the considered three-beam interference. The three laser beams are symmetrically oriented around the z-axis with the same incident angle θ. Similar to the case of two-beam interference, the three beams are associated to three plane waves E 1 (r, t), E 2 (r, t) and E 3 (r, t), whose electric fields are given by 

E 1 (r, t) = Re [E 01 exp(i(k 1 • r -wt))e 1 ] , (5.1) 
E 2 (r, t) = Re [E 02 exp(i(k 2 • r -wt))e 2 ] , (5.2) 
E 3 (r, t) = Re [E 03 exp(i(k 3 • r -wt))e 3 ] . (5.3) 
where ω is the frequency and all the initial phases are 0. The total real field is:

E T (r, t) = Re (E 01 e ik 1 •r e 1 + E 02 e ik 2 •r e 2 + E 03 e ik 3 •r e 3 )e -iwt . (5.4) 
The time average intensity distribution is expressed as

I T = E * T • E T t ∝ 1 2 Re E 01 e -ik 1 •r e 1 * + E 02 e -ik 2 •r e * 2 + E 03 e ik 3 •r e 3 * • E 01 e ik 1 •r e 1 + E 02 e ik 2 •r e 2 + E 03 e ik 3 •r e 3 ∝ I 1 + I 2 + I 3 + 1 2 E 01 E 02 Re e i(k 2 -k 1 )•r e 1 * • e 2 + e i(k 1 -k 2 )•r e 2 * • e 1 + 1 2 E 02 E 03 Re e i(k 3 -k 2 )•r e 2 * • e 3 + e i(k 2 -k 3 )•r e 3 * • e 2 + 1 2 E 03 E 01 Re e i(k 1 -k 3 )•r e 3 * • e 1 + e i(k 3 -k 1 )•r e 1 * • e 3 , (5.5) 
where k 1 , k 2 and k 3 are the corresponding wave vectors, r is the position vector in the interference zone, E 01 , E 02 and E 03 are the real electric field amplitudes, and e 1 , e 2 and e 3 are the unit vectors of the polarizations. In our simulations, we assumed that

|k 1 | = |k 2 | = |k 3 | = k 0 and E 01 = E 02 = E 03 = A.
Similar to the case of two-beam interference, we have investigated the intensity distribution and the polarization distribution of the three-beam interference pattern as a function of the polarizations of the three laser beams. In the next section, we will choose the case of three S-polarizations as an example for a detailed calculation. The personal Matlab code will be used to do the simulations.

Intensity modulation

There are three incident coherent beams as shown in Fig. 5.2(a). Each of them makes an angle θ with respect to the normal direction of the sample. In the xy-plane, the Intensity (a.u.)

x -axis (µm) wave vectors of three laser beams are rotated by a 120 • with respect to each others. It means that, in the xy-plane, if the first laser beam is rotated by an angle α with respect to x -axis, the second and third beams should be rotated by α+120 • and α+240 • , respectively. Considering a Jones vector (along z -axis): (0 1 0) T (S-polarization), it is easy to calculate the polarization information of three laser beams, shown in Fig. 5.2(a), by using the matrices calculation as used in Chapter 4. We assume:

α=0 • resulting α 1 =0 • , α 2 =120
• and α 3 =240 • . The rotation matrices for three corresponding laser beams become:

R 1 (θ, 0 • ) =    cosθ 0 sinθ 0 1 0 -sinθ 0 cosθ    , R 2 (θ, 120 • ) =    -1 2 cosθ - √ 3 2 -1 2 sinθ √ 3 2 cosθ -1 2 √ 3 2 sinθ -sinθ 0 cosθ    , R 3 (θ, 240 • ) =    -1 2 cosθ √ 3 2 -1 2 sinθ - √ 3 2 cosθ -1 2 - √ 3 2 sinθ -sinθ 0 cosθ    .
(5.6)

The polarization vectors e i can be represented by using Equation (5.6):

e 1 = R 1 J 1 =    0 1 0    , e 2 = R 2 J 2 =    - √ 3 2 -1 2 0    , e 3 = R 3 J 3 =    √ 3 2 -1 2 0    .
( 

k 1 • r = sinθk 0 x + cosθk 0 z , k 2 • r = - 1 2 sinθk 0 x + √ 3 2 sinθk 0 y + cosθk 0 z , k 3 • r = - 1 2 sinθk 0 x - √ 3 2 sinθk 0 y + cosθk 0 z .
(5.8)

According to Equation (5.5), the intensity distribution can be represented as:

I T ∝ 2A 2 -A 2 cos( √ 3 2 (sinθ)k 0 y)[cos( 3 2 (sinθ)k 0 x ) + cos( √ 3 2 (sinθ)k 0 y)].
(5.9)

We can find that I T is independent of the z-axis, i. e., a two-dimensional interference pattern (x and y directions) is obtained. This 2D periodic structure possesses a periodicity, determined by Λ = λ/(1.5 sin θ)), where λ is the wavelength of laser beam.

Similarly, we also considered other three particular polarizations configurations, namely, three random (unknown but fixed) polarizations (R,R,R), three P-polarizations (P,P,P), and three circular polarizations (C,C,C). The simulation results of 2D interference pattern obtained with different polarization configurations are shown in Fig. 5.3. All simulated hexagonal structures are symmetric and have the same period, but their forms change for different polarization configurations. For example, we obtained "air-hole" structures (low intensity spots) with P,P,P or S,S,S polarization configuration, and dielectric-cylinder structures (high intensity spots) with C,C,C polarization configuration. The intensity contrast varies from this case to the other. The curves shown at the bottom of Fig. 5.3 show the intensity distributions along the x-axis for each case. Note that the contrast also varies as a function of the incident angle θ. However, we show here results corresponding to the case of θ = 17.65 • only, as it will be realized experimentally and shown in the next section. Theoretically, we expected that this three-beam interference technique allows to create 2D symmetric SRG, by using any polarization configuration.

Polarization modulation

We now consider only three particular polarization configurations, i. e., P,P,P; S,S,S; and C,C,C. Because of the periodicity of the interference pattern, it is necessary to calculate the resultant polarization for only one particular area corresponding to a socalled Wigner-Seitz primitive cell (the smallest area cell of the lattice). Figure 5.4 shows thus polarization distributions in the xy-plane for these three cases. We can see that the resultant polarization changes as a function of the considered position. The polarization distributions are also different from one configuration to the other. However, the interfering polarizations are all symmetrically distributed around the origin of the Wigner-Seitz primitive cell. Concretely, for P,P,P and S,S,S cases, the resultant polarization is changed from linear to elliptic and to circular. But for the C,C,C case, the resultant polarization keeps the same polarization (circular) throughout the interference pattern. With the SRG samples obtained using the two-beam interference technique, it is difficult to predict the best polarization configuration enabling the fabrication of SRGs with the largest depth. However, from the point of view of fabrication setup, it is quite easy to build-up a three-beam interference technique with C,C,C polarizations, as it will be presented in the following section. 

Experimental demonstration

The challenge of applying ThB-interference technique is how to produce three coherent beams in a suitable way. In this section, we will demonstrate a simple and easy experimental setup by using a tri-prism in order to realize the ThB-interference.

Figure 5.5 shows the experimental setup of the three-beam interference and the experimental results of 2D hexagonal SRG realized on the DR1/PMMA material. A large and uniform laser beam with circular polarization was split into three sub-beams by a non-polarizing multi-surface prism. These three sub-beams (BA 1 , BA 2 and BA 3 ), corresponding to three surfaces denoted as A 1 , A 2 , and A 3 , respectively (Fig. 5.5(a)), show different propagation directions after passing through the prism and then overlap on the surface of the sample. These three beams have the same intensities and the same polarizations (circular). This compact system allows to realize a 2D hexagonal structure by only one exposure, which corresponds to the theoretical calculation of the C,C,C polarization configuration, shown in Fig. 5.3(a). We note that other polarization configurations could be also realized from this setup, but it requires the use of three other mirrors and also different wave plates (quarter-wave and half-wave plates) to control the polarization of each laser beam. In this work, we experimentally demonstrated the fabrication of 2D SRG by using only the simple C,C,C polarization configuration.

The special design of the tri-prism results in a hexagonal structure with a period of 1.2 µm (corresponding to θ = 17.65 • ). With only one exposure to a green laser (532 nm) via the multi-surface-prism, a 2D hexagonal SRG was then created, as shown in Fig. 5.5(b). The 2D SRG is quite uniform and symmetric. This is re-confirmed by a symmetric diffraction pattern of the fabricated structure, as shown in Fig. 5.5(d). The surface modulation along different directions was also characterized, and display the same modulation depth, as illustrated in Fig. 5.5(c). However, we remark that, since the period belongs to the range for which the SRG depth is weak (see Fig. 4.10), the formation of the structure strongly depends on the relative ratio of the intensity of the three laser writing beams. A small difference of the intensities of the laser beams induces a deformation of the 2D SRG. Identical intensities of the three laser beams are therefore necessary to obtain a perfect symmetry of the SRGs. The dependence of the symmetry of the 2D SRGs on the relative intensities and on the different polarizations (S,S,S and P,P,P) of the laser beams could be a perspective study of this work.

Conclusion

In conclusion, two different techniques have been introduced to fabricate 2D SRGs on azopolymers, namely single-and two-exposure to the two-beam interference and three-beam interference, respectively. Firstly, 2D SRGs with different configurations, e.g., square or hexagonal, have been fabricated by using a simple two-exposure to the two-beam interference pattern. The shape of the fabricated structures is however not symmetric due to the mechanism of the SRG formation. Then, three-beam interference technique is proposed as an alternative method. By using a special design tri-prism, 2D hexagonal SRGs with perfect symmetry have been then fabricated by a single-exposure to the three-beam interference pattern. We expect that a symmetric 2D square SRG could be also fabricated by using a four-beam interference pattern. The theoretical study of this interference technique will be presented in Appendix A. Furthermore, it will be possible to fabricate quasi-periodic SRGs on demand by using two exposures to the three-beam interference or to four-beam interference patterns.

Chapter 6

Realization of 3D structures and applications of SRGs

Introduction

The 3D periodic structures with modulation of refractive indices are widely applied as photonic crystals [START_REF] Jiang | Polymers move in response to light[END_REF][START_REF] Xia | Self-assembly approaches to three-dimensional photonic crystals[END_REF][START_REF] Norris | Chemical approaches to three-dimensional semiconductor photonic crystals[END_REF]. Recently, new application of 3D diffraction structures has been proposed as motion sensors according to the principles of the eye [START_REF] Lauinger | Diffractive 3D phase gratings will qualify optical sensors and image processing technologies for reaching performances of human vision[END_REF]. Several fabrication methods have been proposed for realization of 3D structures on different materials: self-assembly of colloidal particles, multi-exposure methods during photolithographic patterning, interference lithography and direct laser scanning technique [START_REF] Xia | Self-assembly approaches to three-dimensional photonic crystals[END_REF][START_REF] Norris | Chemical approaches to three-dimensional semiconductor photonic crystals[END_REF]. All these techniques are time-consuming and limited by the difficulty in the fabrication of desired 3D structures. We think now to realize SRG-based 3D structures on active azopolymers based on mass transport effect. An approach named layer-by-layer (LBL) technique is then proposed to realize desired 3D periodic structures. Two different materials are needed in this method, one active layer and one passive layer. Desired 1D or 2D periodic structures are fabricated on the active layers, while passive material is spin coated on the structured active layer to isolate each active layer from the other ones. By repeating this procedure, one can fabricate 3D structures with different periods and with desired structures. Indeed, the structure (1D and/or 2D) in each active layer can be controlled by the interference technique. The passive layer is used not only to separate the active layers, but also to adjust the space between two active layers, i. e., the periodicity in the third dimension. Thus, this method has a 90 Chapter 6. Realization of 3D structures and applications of SRGs great advantage because it allows to control, as desired, types, periods and number of layers of 3D structures.

In this chapter, we will represent the fabrication process of desired 3D structures by using LBL method by using DR1/PMMA as active layer. The desired 1D and 2D SRGs can be fabricated by single-and two-exposure to two-beam interference set-up that have been studied in the last two chapters. NOA73 will be used as a passive material. Then, an atomic force microscope (AFM) is used to make sure that the periodic structures, which are fabricated on different active layers, are the same as these realized on a thin film. The scanning electron microscope (SEM) will also be used to characterize the whole SRG-based 3D structure. Furthermore, we will apply a confocal laser scanning microscope (CLSM) to image the structured active layers.

Experimental demonstration

The fabrication process of 3D structures by LBL technique is schematically described in the left part of Fig. 6.1. One of the main problems to be solved by using LBL method is to find a "spacer" material to separate the active azobenzene-containing polymer DR1/PMMA layers without damaging them. Recently, the DR1/PMMA copolymer and NOA73 polymer were used to fabricate high-performance electro-optic modulators [START_REF] Michel | High-performance electrooptic modulators realized with a commercial side-chain DR1-PMMA electro-optic copolymer[END_REF]. The UV curable epoxy polymer NOA73 was used as lower and upper cladding layers of waveguides. It was shown that there is an excellent compatibility between these two kinds of materials. In this work, we use NOA73 as passive layers to efficiently isolate the active layers from each other. All layers are prepared by spin coating with optimized parameter settings. The thickness are about 1.5 µm and 3 µm for DR1/PMMA and NOA73 layers, respectively. 1D/2D SRGs are fabricated in each DR1/PMMA layer by single-/two-exposure to a two-beam interference pattern. The RC-LC polarization configuration is chosen in this experiment because it allows to obtain SRG with largest depth. The exposure time is fixed at 40 min, that is long enough to reach the saturation of the grating formation. In the first demonstration, the incidence angle is set at 8 • , resulting in a grating period of 2 µm . All these experimental conditions are identical for each exposure. After each formation of SRG in the active layer, NOA73 is spun coated on SRG structure. Soft baking at 95 • C for 1 minute and solidification in UV box for 20 minutes after spin coating should be included in the process of fabrication space layer. Note that the treatment of NOA73 (including soft baking and solidification by UV) In order to make sure experimentally that NOA73 efficiently separates the different active layers and does not affect the fabricated 1D or 2D structures, AFM is used to scan the surface of each active layer. Figure 6.1 presents the AFM results of the 1 st and 3 rd DR1/PMMA layers with 1D SRG before spin coating the NOA73 passive layer. In order to further characterize the 3D fabricated structures, we employ a confocal laser scanning microscope (CLSM) to reconstruct 3D images. The advantage of using this technique is that we can scan not only the xz /yz profile of the samples, but also the xy plans at different z depths. There are two approaches to detect the signal from CLSM, the transmitted and reflected light. Thanks to different refractive indices between the active (n DR1/P M M A = 1.605) and space (n N OA73 = 1.549) layers, the reflected signal from CLSM can be detected, which results in imaging of each active layer and also of 3D structures.

The typical experimental setup is shown in the Appendix B of this thesis. Figure 6.4(left) illustrates only the organization of the sample in such a setup. Here, the sample consists in 4 bilayers, namely 4 NOA73 layers and 4 identical 1D structured DR1/PMMA layers. A continuous red laser (633 nm) with very low power (about 220 nW) is used as the light source of the CLSM system. This laser beam is out of the absorption area of DR1/PMMA and its low power avoids the damage the structures of the films. The laser beam is tightly focused into a submicrometer spot by using a high NA objective lens (NA = 1.3, oil immersion). During the scanning process, reflection will occur on each interface between DR1/PMMA and NOA73 thanks to their different refractive indices. The reflected signal is detected by a silicon avalanche photodiode (APD). The sample is scanned in the yz (or xz ) plane and in the xy-plane at different z -positions. The scanned images are shown in Fig. 6.4. It clearly shows that there are 5 interfaces. The top surface is caused by the interface between oil and NOA73. The other 4 interfaces result from the NOA73 and DR1/PMMA. The same 1D SRGs (same period and direction) are obtained for each interface, in agreement with the fabricated samples. Note that the reflected signal of layers far from objective lens decreases due to the long penetration and also due to the self-shadowing from the previous active layer. The scanning results by using CLSM prove again that the desired SRG-based 3D structures can be fabricated by using LBL technique based on mass transport effect of DR1/PMMA.

Applications

Thanks to the excellent properties of azobenzene copolymers, in particular, their stability, several groups [START_REF] Wright | All-optical tunability of holographically multiplexed organic distributed feedback lasers[END_REF] have successfully applied SRGs to different applications, such as optical filter, distributed-feedback (DFB), distributed Bragg reflector (DBR) laser and so on. The principle of all these applications is based on the optical perturbation due to the periodic structures such as diffraction phenomenon and the optical feedback.

In this section, we analyze the optical diffraction and the resonance caused by SRGs. The diffraction by a grating can be illustrated in Fig. 6.5. It shows a light beam of wavelength λ i at an incidence angle α and, the beam diffracted by a grating (period Λ). The light is diffracted at different orders, m (m = ... -1, 0, 1, ...), at different output angles β m . The sign convention for these angles depends on whether the light is diffracted on the same side of the grating as the incident light. As shown in Fig. 6.5, α > 0 and β +1 > 0, because they are measured counterwise from the grating normal, while β 0 < 0 and β -1 < 0. The relationships between them can be expressed by the grating equation:

mλ = Λ i (sinα + sinβ m ). ( 6.1) 
According to this relationship, different simulations can be done. In our experiments, we are interested in the relationship between the diffraction wavelength and the diffraction angle for different orders. In particular, we focus on the light diffracted in direction parallel to SRG surface. Thus, the simulation will be done for particular periods and only for the light diffracted between 80 • and 90 • . The incident light is supposed to be perpendicular to the grating, namely, α = 0 • . According to our spectrometer, the calculation wavelength is also limited to the 450 -1100 nm range. Figure 6.6 shows the diffraction wavelengths for two particular SRG periods: 517 nm (a) and 1017 nm (b). The simulation is done with a diffraction angle ranging from 80 • to 90 • . We can find that only first-order diffraction, for the SRG grating with Λ=517 nm, can be detected between 450 nm and 1100 nm; with Λ=1017 nm, two diffraction orders (m = 1, 2) can be detected within this wavelength range and for β 1,/2 ≈90 • . It is important to note that when the light falls on the grating, a resonance phenomenon can happen and the resonance signal at λ R p will come out from the bottom part of the sample, as shown in Fig. 6.5. These resonance signals should satisfy the Bragg condition and the resonance mode can be calculated by: pλ R = 2n ef f Λ, (

where λ R is the wavelength of resonance mode, n ef f is the effective refractive index of the SRG, p is the resonance mode (p = 1, 2, 3...), and Λ is the SRG period. The relationship between the grating period and the resonance wavelength can be simulated for different resonance modes. Figure 6.7 depicts the resonance wavelength λ R as a function of the SRG period (Λ). In this calculation, we assume that n nef f = 1.5 for the case of a DR1/PMMA based SRG. For a given period, different resonance wavelengths (λ R p ) can be obtained. As shown in Fig. 6.7, for the 517 nm period, we obtain the following resonance signals: λ R 1 = 1551 nm, λ R 2 = 775.5 nm, λ R 3 = 517 nm, λ R 4 = 387.75 nm, λ R 5 = 310.2 nm, and λ R 6 = 258.5 nm. Similarly, the different resonance modes can be obtained for Λ = 1017 nm, λ R = 3051, 1525.5, 1017, 762.75, 610, and 508.5 nm, for the first to the sixth resonance mode, respectively.

Experimental test of diffraction and resonance modes

The experimental setup for detecting the resonance signal is shown in Fig. 6.8. The samples are fabricated by using two-beam interference technique. The white light with a wavelength range from 450 nm to 2500 nm is used as the incident light. It propagates in the normal direction on the sample surface, i. e., α = 0 • . According to Equation (6.1), different wavelengths will be diffracted with different diffraction angles (β) for the same order. Different wavelengths associated to different diffraction orders can be detected at the same β angle. In order to detect the diffraction and the resonance signals, the spectrometer detector is put on one side of the sample as shown in Fig. 6.8. Two kinds of signals can be detected at β = 90 • : the diffraction signal and the distributed feedback (Bragg resonance) signal. Figure 6.9 shows the detected results for two different SRG periods: 517 nm (a) and 1017 nm (b). Figure 6.9(a) shows that two peaks with 517 nm and 774 nm wavelengths can be detected from the sample side. The peak at 517 nm can be considered as the first-order diffraction (Fig. 6.6 (a)). The other peak at 774 nm should correspond to the resonance mode p = 2, as predicted in Fig. 6.7. Not that: i) the first resonance mode (p = 1) in this case cannot be detected due to the sensitivity limitation of spectrometer range (350 nm ∼ 1100 nm); ii) the third resonance mode (p = 3) associated to with the wavelength close to 517 nm may be overlapped with the diffraction peak. There are three peaks for the sample with period 1017 nm as shown in Fig. 6.9 (b). The similar analysis is done by comparing with the simulation results. The peak at 1017 nm is the first-order diffraction. The fourth resonance mode is detected with 758 nm wavelength. It is hard to identify the peak at 507 nm, because the second-order diffraction and the sixth resonance are all close to this wavelength.

We have also measured the resonance signals from two SRG layers with different periods fabricated by LBL technique. There are three samples prepared, i. e. S1, S2 and S3. S1 and S2 are fabricated one layer 1D SRG on DR1/PMMA with the periods: Λ 1 = 564 nm and Λ 2 = 523 nm, respectively. Following the fabrication process as shown in Fig. 6.1, we have obtained S3 with two active layers. There is 1D SRG on each layer with an identical grating vector but different periods: 564 nm for the first layer and 523 nm for the second layer. Figure 6.10 shows the spectral detection from these three samples. There are two peaks in Fig. 6.10(a) for S1 with a 564 nm period. According to Equation (6.2) and Fig. 6.7, the peak at wavelength 846 nm should be the second mode (p = 2) resonance. For the peak at wavelength 564 nm, it should result from the overlap between the first order (m = 1) diffraction and the third mode (p = 3) resonance. Similarly, for S2 with a 523 nm period, there is one resonance signal at wavelength 784 nm (p = 2). When we excited S3, the two resonance signals have been detected simultaneously as shown in Fig. 6.10(c).

The result shown in Fig. 6.10 demonstrates that it is possible to realize multiple wavelength filters and multiple wavelength DFB laser based on the SRG-based 3D structure. Depending on the purpose of different applications, the desired SRG-based 3D structures can be easily obtained by the LBL fabrication process. These SRGs structures can be also used to improve the second-harmonic generation (SHG) and third-harmonic generation (THG). We are also trying to apply the 1D SRG as a coupler to a waveguide. The fabrication process and the realized structure will be presented in detail in Appendix C.

Conclusion

In conclusion, the desired 3D structures can be fabricated conveniently and flexibly by using the LBL technique. The 1D/2D periodic structures are realized on DR1/PMMA by using a single-/two-exposure of two-beam interference pattern. The depth, period and shape of the structures can be controlled conveniently by adjusting the parameters of the exposure conditions, exposure time, incidence angle and rotational angle, respectively. Compared with other techniques, such as self-assembly of colloidal particles and multi-beam holography, the most important advantage of such LBL method is the possibility to control the structure type, period, amplitude and orientation in each layer and in each direction independently. All AFM, SEM and CLSM results show that NOA73 is a good candidate to separate the active layers DR1/PMMA and the desired 3D structures can be obtained. The realization of a multiple-wavelength DBR is proposed at last by using an assembly of multiple 1D SRGs with different periods.

Chapter 7 Conclusion and perspectives

In this work, we have investigated the formation of surface relief gratings on passive polymer (SU-8 negative photoresist) and electro active polymer (DR1/PMMA azopolymer). The creation of SRG structures is based on the mass transport effect of these photosensitive polymers and the fabrication is realized by using interference technique, which presents a great advantage such as being simple, flexible and inexpensive.

First, we have fabricated uniform and large-area 1D and 2D square and hexagonal periodic structures on SU-8 photoresist without any developing process, thanks to the shrinkage effect induced during the photopolymerization reaction. We have studied the parameters dependence of this process, including the dose of the writing beams, the period of the interference pattern and the thickness of the film. High depth is obtained with long exposure time, large period and thick films. However, it is limited by the saturation phenomenon, in which SU-8 monomers cannot engage in the mass transport process after a long exposure time and with a large period. 1.5 s (writing power: 16 mW) is enough to realize a 110 nm depth for a sample with 8 µm thickness and 6 µm period. Saturation appears for a period larger than 3.8 µm under the following conditions: 8 µm thickness and 1.5 s exposure time. A 233 nm depth has been obtained on the SU-8 film with 21 µm thickness. We have proposed one application of these fabricated 2D structure, i. e. microlens arrays.

Then, we have introduced a typical azobenzene molecule: Disperse Red 1 (DR1). We have reviewed the photoisomerization process and photoorientation phenomenon between two forms (trans and cis) of DR1 molecules. The properties of side-chain functionalized DR1/PMMA copolymer have been presented, including the linear and 106 Chapter 7. Conclusion and perspectives nonlinear properties caused by the photoisomerization of DR1 molecule. We have found the change in the absorption spectrum of DR1/PMMA before and after exposure to green laser light (532 nm). It demonstrates that the photoisomerization of azomolecule can affect the polymer matrices. We have reviewed the mass transport effect of this copolymer, which results in the moving of molecules under irradiation with polarized light. We have presented the fabrication techniques combining with mass transport effect to realize the desired structures. We have reviewed some models, which account for some experimental results during the formation of SRGs on azopolymer. The disadvantages and advantages of each model have been discussed.

We have theoretically studied the intensity interference pattern (IIP) and the polarization interference pattern (PIP) for different polarization configurations (S-S, P-P, S-P and RC-LC) of two coherent beams. The S-S case can provide the 100% modulation of IIP, but no PIP. However, there is PIP with a constant intensity pattern for S-P case. For the RC-LC case, it possesses both IIP and PIP. The IIP of P-P and RC-LC depends on the incident angle. We have used a well-known parameter named interference contrast (C), in order to evaluate the influence of the polarization configurations on the IIP. We have experimentally realized 1D SRG on DR1/PMMA by using a two-beam interference technique. The polarization configuration dependence has demonstrated that SRGs with high depth are fabricated in RC-LC case. The SRGs formation is a competitive and complementary process between IIP and PIP. We have investigated that too small or too large periods have restricted the movement of the azomolecules resulting in small SRGs depths. The intensity dependence has also been discussed, high intensity (450 mW/cm 2 does not strong enough to bleach the molecule) can realize high depth (230 nm) SRG in a short time (4 minutes). We have proposed to optimize the SRG formation by assisting process with an independent UV or VIS laser. The different demands of polarization for achieving the better optimization have shown that the different principles during these two assisting processed. According to the absorption spectra of DR1 and DR1/PMMA, we have explained that the UV laser have assisted the cis transfer back into trans, however more azomolecules have undergone the photoisomerization process from trans to cis by using an independent green laser (532 nm).

We have fabricated 2D square and hexagonal SRGs on DR1/PMMA by using two exposures of two-beam interference technique. We have detected the unsymmetrical distribution of 2D structures due to the mechanism of SRG formation on azopolymers. We have proposed another method by using a desired tri-prism to realize three-beam interference. An uniform and symmetrical 2D hexagonal structure has been achieved by this technique. At the same time, we have investigated the fabrication of 3D structures based on the 1D or 2D SRGs by using a layer-by-layer technique. We have presented that the 1D/2D structured azopolymer layers have been well separated by using UV curable epoxy polymer NOA73 as the spacer layer. We have used the AFM, SEM and CLMS to characterize the fabricated 3D structures. Based on these fabricated structures, we have proposed to realize the applications (such as optical filters and the multiple-wavelength distributed Bragg resonator (DBR)).

This work is directed toward to a better understanding the different mechanisms of mass transport effect on photoresist and azopolymer and providing new methods to fabricate 1D, 2D SRGs and SRG-based 3D structures. In future perspectives, we propose some works that are related to the current research: the optimization of 2D structures; polarization and period dependences of three-beam interference; application 1D SRG on waveguide; probing the multiple-wavelength DFB laser and realization of 1D, 2D and 3D nonlinear photonic crystals. where E 0i is the amplitude, e i is the unit polarization vector, k i is the vector in the propagation direction, r is the position vector, ω is the frequency and all the initial phases are 0.

Then, the total real field is: (A.8)

The new polarization vectors e i can be represented: 

e 1 = R 1 J 1 =    0 1 0    , e 2 =
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 11 Figure 1.1: (a1-a3) Schematic illustrations of one-, two-and three-dimensional photonic crystals, respectively. The photonic crystals consist of two different dielectric materials with refractive indices n 1 and n 2 , respectively. (b1-b3) Schematics of 1D, 2D and unknown 3D surface relief gratings. n represents the refractive index of material.
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 21 Figure 2.1: The scanning electron microscope (SEM) images of 2D (a) and 3D (b) periodic structures, fabricated by two-beam interference lithography technique on the negative photoresist SU-8 [3].
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 22 Figure 2.2: (a) The cross-linking process of SU-8 photoresist under the exposure and thermal treatment. The volume of cured SU-8 photoresist decreases with respect to that of un-cured one, as indicated by arrows. (b) The chemical structure of SU-8 monomer. H + A -presents the photoacid. (c) Absorption spectrum of SU-8 photoresist.
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 22324 Figure 2.3: The direct photofabrication process of surface relief grating structure based on the mass transport effect of SU-8 photoresist. (a) SU-8 photoresist layer is spin coated on a cleaned glass substrate. (b) Two-beam interference technique is applied to create periodic structure. S indicates the polarization of laser beam, which is perpendicular to the incidence plane. θ and α represent the incidence angle and the rotational angle, respectively. (c) The surface relief grating is formed in phase with the intensity distribution. First post-exposure baking (PEB1) is applied to solidify the exposed areas. (d) The fabricated SU-8 SRG film is exposed again by one uniform laser irradiation. (e) Second post-exposure baking (PEB2) is applied to solidify the whole film.

Figure 2 . 5 :

 25 Figure 2.5: Fabrication of 2D SRGs on SU-8 photoresist by using two exposures to a two-beam interference pattern. 2D square and hexagonal structures are fabricated by two exposures with a rotational angle of 90 • and 60 • , respectively. (a1, b1) Theoretical calculation of intensity distribution. (a2, b2) AFM images of fabricated SRGs. (a3, b3) Optical diffraction images at 633 nm of the corresponding structures.
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 2 6(a) and (b) show the corresponding AFM and SEM images.

Figure 2 .

 2 6 (c) represents the surface profile of SRGs structures.

Figure 2 .

 2 6(d) summaries the SRG depth as a function of exposure time.

Figure 2 . 6 :

 26 Figure 2.6: AFM (a) and SEM (b) images of some relevant structures fabricated with different exposure times: 0.5, 1.5, 2.5, 3.5 (s), from bottom to top. AFM images are obtained on samples without developing process, while SEM images are obtained on samples after developing process. Note that all the SU-8 film is removed from the glass substrate for the sample exposed with 0.5 s as shown in the bottom. (c) The corresponding SRG profiles from AFM images according to the marked green dashed line in (a). (d) The SRG depth as a function of exposure time. The error bars represent the deviation of the SRG depth measured from the same sample.
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 27 Figure 2.7: The dependence of SRG depth on the interference periodicity. (a) SRG depth as a function of the interference periodicity. (b-d) 3D AFM images of the 2D square SRG structures obtained with different periods, 8.5 µm (b), 4.9 µm (c) and 2.7 µm (d), respectively. The thickness of all samples is 8 µm.

  Figures 2.7 (b),(c) and (d) show, as example, AFM images of 2D SRG realized with different periods, 8.5 µm, 4.9 µm and 2.7 µm, respectively. With large period, (> 10 µm), 2D SRGs looks like a microlens arrays, which can be useful for applications such as light display arrays. Such microlens arrays application will be presented in more detail in the section 2.4.
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 28 Figure 2.8: The dependence of SRG depth on the thickness of SU-8 film. (a) SRG depth as a function of the film thickness. (b-d) 3D AFM images of 2D square SRG structures, obtained with different film thicknesses: 21 µm (b), 8 µm (c) and 2 µm (d), respectively. The period of all SRGs is 3.3 µm.
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 29 Figure 2.9: (a) AFM images of a square lattice MLA: top view. (b) and (c) profiles of a single microlens in the X and Y directions marked in (a). H and D present height and average diameter of a signal MLA.

Figure 2 .

 2 Figure 2.10 has shown one example of the realization of MLAs. The sample was fabricated with 20µm period. Microscope projector experimental setup is described in Fig. 2.10(a). The transmission images are obtained by changing the distance d (as shown in Fig. 2.10(b)). When we have put the handwriting letter "D" with the size 1 mm between OL and MLAs, Fig. 2.10(c) has shown the imaging result that each of the MLAs can image the letter with the size 7µm.
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 210 Figure 2.10: Optical microscope images of the MLAs. (a) Microscope projector experimental setup. OL: objective lens with NA 0.95. MLA: microlens array fabricated on SU-8 with 20 µm period. d: the distance between OL and MLA. (b) Images of fabricated MLA recorded with a transmission optical microscope at different d (d 1 < d 2 < d 3 < d 4 ). (c) Image recorded with a transmission optical microscope by projecting a letter (D) through a MLA at distance d 3 .
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 31 Figure 3.1: (a) Examples of azobenzene molecules structures: azobenzenetype (unsubstituted azobenzene), aminoazobenzene-type (4-nitro-4 ′hydroxyazobenzene (NHA)) and DR1 type (Disperse Red One (DR1)), from left to right, respectively. (b) Absorption spectra of azobenzene, NHA and DR1, respectively [68].
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 32 Figure 3.2: (a) The photoisomerization between trans-and cis-forms of DR1 azobenzene molecule. The trans-form transforms into cis-form by light irradiation (hν) the wavelength being into absorbing range and cis-form converts back to trans-form either by another light irradiation (hν ′ ) or by thermal relaxation k B T. (b) The absorption spectra for trans-and cis-forms of DR1 molecule [83].
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 3 Figure 3.2(a) illustrates the geometric shapes of trans-form and cis-form of DR1 molecule. The optical properties of these two isomers are quite different. Indeed, the distance between the 4 and 4′ positions reduces from trans-form to cis-form. The

3 . 3 .

 33 Figure 3.3: The photoorientation process of DR1 azobenzene molecules by optical irradiation with a linear polarization (E p ). The red arrows and the bending blue arrows represent dipole moments of trans-and cis-form molecules, respectively. φ is the angle between the electric field vector of polarized light and the dipole moments of the molecules.
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 34 Figure 3.4: (a) The chemical structure of the DR1/PMMA azopolymer. The DR1 azomolecule is attached to the PMMA back-bone polymer with a 30/70 molar ratio between DR1 functionalized and unfunctionalized MMA monomers. (b) Absorption spectra of DR1/PMMA before and after exposure to green laser light (532 nm).
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 35 Figure 3.5: Left: Schematic of Lloyd's mirror setup. L1 and L2 are two lenses for expanding and collimating the laser beam. M and S represent the mirror and azopolymer sample, respectively. θ and α are the incident angle and rotation angle. Right: the AFM image of large fabricated SRG [29].
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 36 Figure 3.6: (a) Illustration of the fabrication process by using direct laser writing technique. (b) AFM image of a 10x10 µm 2 area of 1D SRGs [92]. (c) 3D view of corresponding 1D SRG [93].
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 437 Figure 3.7: Schematic illustration of the isomerization pressure gradient force model. (a) The photoisomerization process between trans-and cis-forms and the difference in the free volume requirement for these two forms leading to the pressure (P) in the volume. (b) Intensity distribution of two-beam interference pattern causes the isomerization and pressure resulting in the formation of the SRG [102].
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 38 Figure 3.8: (a) Illustration of the attractive force caused by the side-by-side and end-to-end intermolecules. Thin arrows represent molecules and polarization, thick arrows represent forces. (b) Formation of SRG. The hight intensity corresponds to the peak of SRG. ↔ represents the intensity and polarization in the direction x. [105]
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 39 Figure 3.9: Photoisomerization induces the worm like motion of DR1 molecule [108]. The molecules moves from high intensity irradiation to low intensity irradiation by a distance L.
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 310 Figure 3.10: The simulation results according to optical-gradient force model: I(x) (green curve) is intensity distribution in x direction, f (x) (blue curve) represents gradient optical force and S(x) is amplitude surface profile. The arrows drawn along the force present the direction and value of force at different positions.
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 45311 Figure 3.11: Left: schematic of particle model. The solid blue line and green line represent the electric field and the gradient force, respectively. Right:surface tension model of local particle. r e is the radius of the area that have interaction with particle i. The coordinate system x ′ y ′ for i particle is rotated
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 41 Figure 4.1: Illustration of an arbitrary light beam in a (xyz)-coordinate system. An arbitrary wave vector k i is obtained by rotating the original wave vector k 0 by an angle θ around the y-axis and by an angle α around the z-axis.

Figure 4 .

 4 Figure 4.1 illustrates an arbitrary light beam, represented by the wave vector k i and formed by rotating k 0 with an angle θ around the y-axis and with an angle α around the z-axis. The k i wave vector can be calculated as:
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 42 Figure 4.2: The schematic representation of two-beam interference with a S-S polarization configuration.
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 49544 We obtain then: e * 1 • e 2 = 1, e * 2 • e 1 = 1. Realization and optimization of 1D SRGs by two-beam interference

Figure 4 .

 4 3 displays the intensity distributions for different polarization configurations (S-S, P-P, RC-LC and S-P) with θ = 5 • , 50 • , 85 • , respectively. The intensity modulation cannot be realized with S-P polarization configuration because of two orthogonal polarizations. For the three other polarization configurations, we can see that intensity modulation depends not only on the polarizations of the two 4.2. Theory of two-
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 43 Figure 4.3: Interference intensity distributions along the x -axis, calculated for different polarizations configurations (S-S, P-P, RC-LC, S-P) at θ = 5 • , 50 • and 85• , respectively. The wavelength of the coherent beam is 532 nm. S and P represent two orthogonal linear polarizations; RC and LC are right and left circular polarizations, respectively. Note that: i) the intensity modulation keeps the same shape (except periodicity) for any θ value in the case of S-S polarization configuration; ii) there is a Λ/2 switching position of the interference pattern for θ = 45 • in the case of P-P polarization configuration, and iii) there is no intensity modulation at any θ value in the case of S-P polarization configuration.
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 45 Figure 4.5: Polarization distributions of the two-beam interference pattern in xy-plane, obtained with different polarization configurations. The interference pattern is calculated for one period (from -Λ/2 to +Λ/2). The polarization modulation varies as a function of θ-values (5 • , 50 • and 85 • ). The white-green colour of the background represents intensity interference pattern.
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 4 Figure 4.6 demonstrates the procedure for fabricating SRGs on azopolymer DR1/PMMA. The preparative process of DR1/PMMA film includes the following steps: i) the azopoly-
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 46 Figure 4.6: Schematic depiction of experimental process: (a) uniform surface film obtained by spin-coating; (b) exposure by a two-beam interference pattern; (c) examination of SRG structure by using AFM.
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 47 Figure 4.7: Schematic diagram of the experimental setup for the fabrication and recording of surface relief gratings by the two-beam interference technique. BS: 50/50 non-polarized beam splitter to realize two identical coherent beams; M1, M2: mirrors to combine the two separated beams; WP1 and WP2: half or quarter wave plates to adjust the polarizations of beams; D: detector to record the first-order diffraction intensity.
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 4 [START_REF] Johnson | Photonic crystals: road from theory to practice[END_REF] shows experimental results of the SRGs formation. The incident angle θ is 9 • , corresponding to a grating period of 1.7 µm. A large area and uniform SRG can be thus fabricated on DR1/PMMA by using this simple interference technique.

  Figure 4.8(b) demonstrates that our experimental setup can fabricate the SRG with a sub-micrometric period (400 nm). The AFM image is
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 48 Figure 4.8: SRG inscribed on DR1/PMMA by the two-beam interference technique. (a) 3D AFM image of 1D SRG with large area (50 µm×50 µm); (b) 2D AFM image of 1D SRG with small period (400 nm); (c) 2D AFM image of fabricated 1D SRG and its corresponding theoretical calculation of the light intensity distribution of the two-beam interference pattern (d).
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 4 Figures 4.9 shows the first-order diffraction efficiency (DE) and the amplitude of the SRGs fabricated using different polarization configurations. Figure4.9(a) shows the diffraction image with different orders (0, +/-1, +/-2) of the 1D SRG fabricated on DR1/PMMA. The intensity of +1 order (first-order) diffraction is detected by a powermeter allowing to monitor the SRG formation. The DE obviously depends on polarization as shown in Fig.4.9(b). For all polarization configurations, DE increases as a function of time, except for the RC-LC polarization configuration for which DE saturates and decreases after 10 min of exposure. The irradiation intensity is fixed at 84 mW/cm 2 in this case. However, we note that during the light irradiation process, the DE results from three different gratings of the azobenzene copolymer: two gratings were induced by refractive index change in the bulk copolymer material because of the different refractive index values between trans-form and cis-form of DR1, the third one being related to SRG[START_REF] Sobolewska | Three grating coupling during the holographic grating recording process in azobenzene-functionalized polymer[END_REF]. An investigation of the SRG amplitude is necessary to fully analyze the polarization dependence of the SRG formation. Figure4.9(c) shows the amplitude of the SRGs, obtained by using AFM. The exposure time-dependence of the SRG depth is similar to that of the first-order diffraction intensity, except in the case of RC-LC polarization configuration, for which SRGs depth doesn't decrease after saturation. This explains the behaviour observed in Fig.4.9(b) for the RC-LC polarization configuration, in which there is an exchange of the DE between the three different gratings, as shown in Fig.4.9(e). Namely, the DE of the two other refractive gratings increases then decreases as a function of time, the DE of the SRGs just continues to increase. We conclude that the SRGs formation plays a dominant role in the DE evolution. Besides, we also found that the RC-LC polarization configuration is the
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 49 Figure 4.9: (a) The experimental diffraction pattern with 0, +/-1,+/-2 orders. (b) Time evolution of the first-order diffraction intensity, obtained by sending a red laser beam at a normal incidence to the 1D SRGs. (c) 2D AFM image of 1D SRG (above) and measured profile (below). (d) SRGs depths measured as a function of exposure time for different polarization configurations. For all the cases, the incident angle θ is 9 • resulting a grating period of 1.7 µm. (e) Three different gratings have been fabricated during the light irradiation process. Red and blue arrows represent the trans-and cis-forms, respectively.
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 4 Figure 4.10 shows the experimental results of the relationship between the SRG period and depth. Figures 4.10(a-d) show the AFM images of several examples of 1D SRGs with different periods. As expected from the intensity modulation (Fig. 4.3) and polarization modulation (Fig. 4.5), the SRG depth is not constant, but varies as a function of the θ-value.Figure4.10(e) shows how the SRG depth depends on the grating period. The best SRG with the largest depth, of about 400 nm, was obtained with Λ between 1.5 µm and 3 µm. The SRG depth decreases outside of this period range (>3 µm or <1.5 µm), but SRG can be still created with θ values as large as 10 µm, or as small as 0.38 µm. In the literature[START_REF] Barrett | Mechanism of optically inscribed high-efficiency diffraction gratings in azo polymer films[END_REF][START_REF] Kim | Polarized laser induced holographic surface relief grating on polymer films[END_REF], researchers tried to explain this dependence by using a compromise of the intensity and the polarization modulations.

  Figure 4.10 shows the experimental results of the relationship between the SRG period and depth. Figures 4.10(a-d) show the AFM images of several examples of 1D SRGs with different periods. As expected from the intensity modulation (Fig. 4.3) and polarization modulation (Fig. 4.5), the SRG depth is not constant, but varies as a function of the θ-value.Figure4.10(e) shows how the SRG depth depends on the grating period. The best SRG with the largest depth, of about 400 nm, was obtained with Λ between 1.5 µm and 3 µm. The SRG depth decreases outside of this period range (>3 µm or <1.5 µm), but SRG can be still created with θ values as large as 10 µm, or as small as 0.38 µm. In the literature[START_REF] Barrett | Mechanism of optically inscribed high-efficiency diffraction gratings in azo polymer films[END_REF][START_REF] Kim | Polarized laser induced holographic surface relief grating on polymer films[END_REF], researchers tried to explain this dependence by using a compromise of the intensity and the polarization modulations.
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 410 Figure 4.10: The dependence of SRG depth on the interference periodicity. (a-d) AFM images of SRG structures obtained with different θ-values: 10 µm, 2 µm, 1.5 µm, and 0.7 µm, respectively. (e) SRG depth as a function of the SRG period.

Figure 4 .

 4 Figure 4.11: (a) First-order diffraction efficiency of the SRGs as a function of time with different intensities of writing beam (20, 40, 60 and 90 mW/cm 2 ). (b) Corresponding SRGs depth versus the exposure time for different intensities of writing beam (60, 100, 450 mW/cm 2 ).

Figure 4 . 12 :

 412 Figure 4.12: (a) Optical arrangement of two-beam interference experiment with an additional assisting beam. (b) Polarizations configurations of writing and assisting beams (VIS or UV). S and P represent two orthogonal linear polarizations and C indicates the circular polarization.

Figure 4

 4 Figure 4.12(a) describes the optical arrangement used to realize and to optimize the formation of SRG, employing the combination of a writing laser (532 nm) and an assisting beam (VIS or UV). The SRG is fabricated by two coherent interfering

Figure 4 . 13 :

 413 Figure 4.13: Optimization of SRG formation by an UV assisting beam. Left: time dependence of the first-order diffraction intensity (a-c). Right: improvement of the SRG depth as a function of time (d-f). The polarization configurations of writing and assisting beams are illustrated in each figure. The black curves (left) and dots (right) show the results obtained without UV assisting beam, which are plotted in each figure in order to compare with those obtained with assisting beam. Inset of (f) shows an AFM image of a SRG obtained by a writing beam with C-C polarization configurations and assisted by an UV beam with C polarization.

Figure 4 . 14 :

 414 Figure 4.14: Optimization of SRG formation by an independent green beam. (a) Time dependence of the first-order diffraction intensity. (b) Comparison of the depth of the SRGs inscribed with and without green assisting beam for two particular polarization configurations, P-P (red) and S-S (blue).
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 785 Realization of periodic 2D SRGs

Figure 5 . 1 :

 51 Figure 5.1: 2D square and hexagonal SRG structures fabricated by two exposures of two-beam interference pattern with a rotation angle of 90 • and 60 • between the two exposures, respectively. The period is the same (1,7 µm ) in two dimensions. (a1) and (b1) theoretical calculation of light intensity distribution. (a2) and (b2) AFM images of 2D square and hexagonal structures. (a3-a4) and (b3-b4) Corresponding profile distribution of SRG in two directions. (a5) and (b5) Relevant diffraction images. Note that directions "1" and "2" correspond to the first and second exposures, respectively.

Figure 5 . 2 :

 52 Figure 5.2: (a) Optical arrangement of three-beam interference technique. Each laser beam is symmetrically oriented around the vertical axis by an angle θ. k i (i = 1, 2, 3) represents the wave vector of each laser beam. α is a rotation angle of k 1 with respect to x-axis. (b) The resultant interference intensity distribution in xy-plane. Λ is the period of the intensity distribution, which depends on the wavelength of the coherent beam and on the incident angle θ.

Figure 5 . 3 :

 53 Figure 5.3: Theoretical calculation of the three-beam interference intensity patterns with different polarization configurations. Polarization arrangements: (a) three random (R) polarization beams; (b) three P-polarization beams; (c) three S-polarization beams; and (d) three circular (C) polarization beams. The interference patterns are all symmetric in the xy-plane, but the intensity modulation never reaches 100% for all the cases.

. 7 )

 7 It is then easy to get e * 1 • e 2 = e * 2 • e 1 = e * 2 • e 3 = e * 3 • e 2 = e * 3 • e 1 = e * 1 • e 3 = -1/2. The wave vectors (k i ) can also be determined via Equations (4.5) and (4.6) and give rise to the expressions of phase parts:

Figure 5 . 4 :

 54 Figure 5.4: Polarization distributions of the three-beam interference pattern, calculated for one Wigner-Seitz primitive cell. The polarizations vary in different ways for three particular polarization configurations, but all distributions display a 3-fold or 6-fold symmetry.

Figure 5 . 5 :

 55 Figure 5.5: Realization of a 2D periodic and symmetric SRG structure by one exposure with the three-beam interference pattern using C,C,C polarization configuration. (a) A large and uniform laser beam comes onto a multi-surface prism and is divided in three sub-beams corresponding to surfaces denoted as A1, A2, and A3, respectively. The three beams overlap in an area in which a DR1/PMMA film is placed for the fabrication. (b) SEM image of a 2D SRG structure produced by three-beam interference with C,C,C polarization configuration. (c) Surface modulation along three particular directions, as shown in (b), of the fabricated 2D SRG structure. (d) Image of a diffraction pattern of the corresponding fabricated 2D SRG structure.

Figure 6 . 1 :

 61 Figure 6.1: Schematic presentation of the layer-by-layer fabrication process for desired 3D structures. The materials used for active and passive layers are DR1/PMMA and NOA73, respectively. In each active layer, 1D/2D SRGs are realized by single-/two-exposure to two-beam interference pattern. In the right: AFM images of 1D SRG, obtained in the first and the third layers.

Figure 6 . 2 :

 62 Figure 6.2: SEM image of experimenatal 3D DR1/PMMA SRG structure.

Figure 6 .

 6 2 shows a SEM image of a SRG-based 3D structure, obtained by multiple 1D SRG. It shows clearly that the periodic structures are well fabricated on each active layer by using the spacer layers. Various 3D structures consisting in six layers (three DR1/PMMA layers and three NOA73 layers) have been fabricated. Figure 6.3 represent different SRG-based 3D structures with different recorded structures: 1D linear grating with different rotational angles between two successive layers, 90 • (a) and 60 • (b) respectively; the stack of identical square (c) and hexagonal (d) 2D structures for each active layers. The corresponding diffraction images of these fabricated 3D structures are shown at the bottom of Fig. 6.3. The diffraction images show clearly that desired 3D structures can be fabricated by LBL method. The unsymmetrical diffraction distributions are caused by the unsymmetrical 2D structures (square and hexagonal) in each layer, which is the same phenomenon as shown in section 5.2 (see Fig. 5.1).

Figure 6 . 3 :

 63 Figure 6.3: Designs of SRG-based 3D structures and diffraction images of fabricated structures: (a) and (b) SRG-based 3D structures obtained by alternation of 1D gratings with different orientation angles, 90 • and 60 • , respectively; (c) and (d) SRG-based 3D structures obtained by the stack of identical 2D square and hexagonal SRGs. The corresponding diffraction patterns are consistent with fabricated SRGs.

Figure 6 . 4 :

 64 Figure 6.4: Left: part of the experimental confocal laser scanning microscope and illustration for a sample with 4 bilayers. OL: oil immersion microscope objective (×100, NA = 1.3); PZT: piezoelectric translation stage. Middle: scanning results of SRG-based 3D structure with corresponding 4 layers in yz -plane. Right: scanning images in xy-plane of 1D structures. The focused laser is scanned in xy-plane at chosen z -positions corresponding to each active layer.
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 65 Figure 6.5: Schematic illustration of a reflection grating. The light (λ i wavelength) is sent to the grating at an incidence angle α. λ D m and β m are the diffracted wavelength and diffraction angle in different orders (m = 0, +/-1, etc.), respectively. Λ is the period of the grating. λ R p is the wavelength of the resonance modes (p = 1, 2, 3 ...). β 0 = α.
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 666710066869 Figure 6.6: The relationship between the diffraction angle and the diffraction wavelength. (a) First-order (m = 1) diffraction for a grating with Λ = 517 nm. (b) First-(m = 1) and second-order (m = 2) diffractions for a grating with Λ = 1017 nm. Note that we are interested only for: i) the wavelength diffraction light from 450 nm to 1100 nm; ii) the diffraction angle (β) from 80 • to 90 • .

  is shown in Fig.A.1. There are four coherent beams named B1, B2, B3 and B4, which are symmetrically distributed around the vertical z axis by an angle θ (incident angle). They are organized following a symmetrical configuration with the azimuthal angles of 0 • , 90 • , 180 • , 270 • . The electric field vector of each beam (E i , i=1, 2, 3, 4) can be expressed asE 1 (r, t) = Re [E 01 exp(i(k 1 • r -ωt))e 1 ] ,(A.1)E 2 (r, t) = Re [E 02 exp(i(k 2 • r -ωt))e 2 ] ,(A.2)E 3 (r, t) = Re [E 03 exp(i(k 3 • r -ωt))e 3 ] ,(A.3) E 4 (r, t) = Re [E 04 exp(i(k 4 • r -ωt))e 4 ] , (A.4)
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 21122231313234343124122461234721 Figure A.2: (a) Schematic of interference technique with four linear polarized beams. The polarizations are perpendicular to the corresponding incident plane. (b) Interference simulation result with the identical incident angle θ=30 • . d x and d y represent the periods in x and y directions, respectively. (c) Corresponding intensity distribution along the diagonal dash line in (b) with the period d.
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 293 Figure A.3: (a) Schematic of interference technique with four right circular polarized beams. (b) Interference simulation result with the identical incident angle θ=30 • . d x and d y represent the periods in x and y directions, respectively. (c) Corresponding intensity distribution along the diagonal dash line in (b) with the period d.

Figure A. 3

 3 Figure A.3 shows the simulation results of 2D square structure obtained by four beam interference with circular particular polarization configurations. The periods in x

Figure B. 2

 2 Figure B.2 displays the mapping images after writing with three different powers. The DR1 molecules are photobleached by using the writing light with high power (P 1 ), therefore no photon can be detected as shown in Fig. B.2(c).Figure B.2(b) shows that the photobleaching is caused by longer writing time with the same power (P 2 ). The detected photon number by APD is shown in the inset of Fig. B.2. It demonstrates that less photons are detected at the area with longer writing time. The confocal microscope system has provided another method to fabricate 1D/2D SRGs on DR1/PMMA under appropriate writing power. Although this technique is time consuming, it is flexible to realize the desired structures, apart from the periodic structures. By using this
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Table 2 .

 2 

	1: Parameters used for preparation of different SU-8 film thicknesses.
	SC is the abbreviation of spin coating. S, A, and T represent SC speed (rpm),
	acceleration (rpm/s) and time duration (s), respectively. T SB and T P EB rep-
	resent the time duration for soft baking (SB) and post exposure baking (PEB)
	process.

Nous avons étudié théoriquement et expérimentalement la formation de réseaux en relief sur des surfaces active ou passive, avec deux types de polymères photosensibles : résine photosensible négative et copolymère azobenzene. Le mécanisme de formation des structures est attribué à l'effet de transport de masse, qui déplace la matière dans des directions opposées dans ces deux matériaux. La technique de fabrication est basée sur l'utilisation de la lithographie par interférence, ce qui a permis de créer des structures grandes et uniformes. Dans le premier cas, des structures passives de surface en relief en 1D et 2D ont été créés sur la résine photosensible négative SU8 grâce à l'effet de rétrécissement durant le processus de réticulation. Dans le second cas, des structures périodiques actives en 1D, 2D et 3D ont été obtenues grâce à la migration des matériaux copolymères DR1/PMMA des régions de forte intensité d'irradiation à celles de faible intensité. L'amplitude de modulation de la structure est optimisée par le contrôle de l'épaisseur du film, de la périodicité de la structure, de la dose d'exposition, et des polarisations des faisceaux laser. Les applications de ces structures pour des lasers DFB à multiples longueurs d'onde, les cristaux photoniques non-linéaires, et le couplage dans les guides d'ondes ont été discutés.

550 nm.
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.4: Interference contrast or visibility of the two-beam interference pattern as a function of the angle θ. Three curves are obtained by using different polarizations configurations (S-S: blue line, P-P: red line, RC-LC: black line; S-P: green line). There is a Λ/2 switching position of the interference pattern for θ=45 • in the case of P-P polarization configuration, corresponding to a minimum contrast at this angle. In the case of S-P polarization configuration, the intensity contrast is equal to 0 for any incident angle.

Polarization modulation

When the two-beam interference technique is applied to SRGs formation, the modulation condition of the interference intensity is not enough, since the photoisomerization of DR1 molecules depends also on the illuminated light polarization. The polarization distribution of the resultant field of the two laser beams has been then evaluated. Figure 4.5 represents the polarization distributions of the two-beam interference pattern in the xy-plane for different polarization configurations and for different incident angles. The background illustrates the intensity pattern where the deep colour corresponds to high intensity and the light colour corresponds to low intensity. The polarization of the resulting field is calculated for several particular positions, corresponding to x = Λ/2; Λ/4; 0. For the S-S polarization configuration, the interference polarization keeps the same direction, as those of the two laser beams, for any position and for all incident angles. In the case of the P-P polarization configuration, the interference polarization direction is also the same for different θ-values, but the polarization amplitude decreases with increasing θ. In fact, when θ increases, the polarizations of both laser beams become parallel to the z-axis, i.e., perpendicular to the xy-plane, resulting in a diminution In order to fabricate the symmetrical 2D structures on azopolymer materials, the multi-beam interference technique is a straightforward method. In Chapter 5, we have experimentally realized the symmetrical 2D hexagonal structures on DR1/PMMA by using single-exposure of three-beam interference. In this section, we will theoretically introduce the four-beam interference technique, which can be practically applied to fabricate the symmetrical 2D square structures. The schematic of four-beam interference and y directions are both changed and become d x =d y =λ/sinθ. The minimum intensity cannot arrive to 0 as shown in Fig. A.3(c) and it depends on the incident angle. It can be explained by the interference between B1, B2, B3 and B4. The period (d) in the diagonal direction is unchanged with d=λ/ √ 2sinθ.

Comparing with two-/three-beam interference, four-beam interference lithography is the most extensively investigated technology. Similarly, the intensity distribution of four-beam interference is a function of incident angles, azimuthal angles, phase differences and polarization configurations. Researchers [START_REF] Wang | Effects of polarization on four-beam laser interference lithography[END_REF] have theoretically and experimentally found that in this case, the interference pattern is also high sensitive with the polarization of the coherent beam. As shown in 

Appendix B

Photobleaching of DR1 molecule in DR1/PMMA copolymer Photobleaching is the photochemical destruction of a dye or a fluorophore with high power exposure or after long exposure time. The dye-doped or dye-functionalized polymer materials exhibit the photobleaching property. Among them, the photobleaching in organic nonlinear optical polymers is more interesting. Their physical and optical properties (refractive index and absorption coefficient) will be changed after bleaching. Different methods have been studied on the photobleaching process [START_REF] Jia | Study on photobleaching of PMMA/DR1 film by z-scan measurement[END_REF]. In this appendix, we will introduce the photobleaching phenomenon of DR1 molecule in sidechain DR1/PMMA copolymer. By using the confocal laser microscope (CLMS) setup, we can realize and characterize the photobleaching phenomenon. Thin film with thickness about 150 nm is obtained on the glass substrate. The continuous laser with wavelength = 532 nm is used as the writing source and the mapping source, with different powers. The writing power is about milliWatt, while microWatt is enough for the mapping. The power is controlled by adjusting the combination of a half-wave plate (HWP), a polariser (P) and a quart-wave plate (QWP). The writing/mapping light is focused via an oil immersion microscope objective lens with numerical aperture (NA) = 1.35. During the mapping process, the DR1 molecule will absorb at 532 nm (Fig. Appendix B. Photobleaching of DR1 molecule in DR1/PMMA copolymer technique, the polarization dependence during surface deformation can be investigated and it will be a perspective to understand the mechanism of mass transport effect in azopolymer.

Appendix C SRG on waveguide

SRGs have been extensively used in integrated optics: such as input and output couplers and feedback elements, etc. However, the fabrication process is complicate by using the traditional methods, which normally need multiple steps and is time consuming. Here, we will fabricate the SRGs directly on the azopolymer (DR1/PMMA) based waveguide by using single-step of two-beam interference pattern. Note that the azopolymer also acts as core layer for the rib waveguide. Then, DR1/PMMA is spin coated above the NOA73. In order to increase the adhesion between them, the surface of NOA73 will be activated by using reactive ion etching (RIE) technique before spin coating DR1/PMMA. The photolithography is followed, by a standard process: spin coating S1805 (positive photoresist), lithography by a mask, development. For patterning the structures on DR1/PMMA, RIE technique is used to etch the surface. The rib waveguide is formed by thees processes. The last step is to fabricate the SRGs on the DR1/PMMA waveguide by using two-beam interference technique. As shown in 

Abstract

We have theoretically and experimentally investigated the formation of both active and passive surface relief gratings on two kinds of photosensitive polymers: negative photoresist and azobenzene copolymer. The common mechanism of the structures formation was attributed to mass transport effect, which however pushes the materials in opposite directions in these two materials. The fabrication technique is based on the use of interference lithography, which allowed to create large and uniform structures. In the first case, 1D and 2D passive periodic surface relief structures were created on the negative photoresist SU8 thanks to the shrinkage effect during the crosslinking process. In the second case, 1D, 2D and 3D active periodic structures have been obtained thanks to the movement of DR1/PMMA copolymer materials from regions of high intensity to those of low intensity irradiation. The modulation amplitude of structures is optimized by controlling the film thickness, the structure periodicity, the exposure dosage, and the polarizations of interference laser beams. Applications of these structures for multiple wavelength DFB laser, nonlinear photonic crystals, and waveguide coupling have been discussed.

Résumé