In this study, we investigate theoretically and experimentally the coupling between nanoparticle and photonic structures. The work focuses on the elaboration and applications of structured polymer materials, as well as the manipulation of optical properties of various kinds of single nano-fillers such as gold nanoparticles, magnetic and nonlinear nanoparticles, etc. The study of each kind of nanoparticle addresses a specific goal. In order to conduct our research, we first built and tested an optical confocal setup, which allowed us to both image and fabricate nanostructures at a sub-lambda resolution. Besides, we propose a method exploiting the thermal effect caused by a continuous-wave laser source to optimize 2D and 3D structures realized by low one-photon absorption (LOPA)-based direct laser writing (DLW). Then by using this technique, we are capable of creating novel 2D and 3D polymeric photonic structures containing nanoparticles of different kind (gold nanoparticles, nonlinear nanoparticles, and magnetic nanoparticles). The characterization of the fabricated structures was carried out using the same confocal setup. We demonstrated a significant enhancement of the optical properties of the nanoparticles embedded inside the photonic structures. We also performed numerical calculations using a finite different time domain (FDTD) method to confirm the experimental results.

Résumé

Dans ce travail, nous étudions théoriquement et expérimentalement le couplage entre nanoparticules uniques de différentes natures (fluorescentes, non-linéaires, plasmoniques, etc.) et une structure photonique en matériau polymère. Dans un premier temps, nous avons optimisé la méthode dite écriture directe par laser en régime de faible absorption à un photon (LOPA) pour réaliser des structures photoniques de bonne qualité à la demande. Ensuite, nous avons également exploité l'effet thermique induit par le laser d'excitation continue, pour simplifier la méthode de fabrication LOPA et améliorer les structures fabriquées. Puis nous avons introduit de façon précise une nanoparticule unique à un emplacement contrôlé dans la structure photonique. Le couplage nanoparticule/structure photonique a été réalisé par le même système optique. Ce couplage a été démontré par une augmentation du nombre de photons émis par la nanoparticule fluorescente et par une forte amélioration du signal de génération de seconde harmonique. Parallèlement, nous avons effectué des calculs numériques par la méthode FDTD pour prédire les propriétés optiques intéressantes des structures photoniques et pour confirmer les résultats expérimentaux. i
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Chapter 1

General Introduction

The age of nanotechnology was born with the invention and development of tools that could see and manipulate nanostructures and nanoparticles, such as superresolution optical microscope (OM), scanning electron microscope (SEM), atomic force microscope (AFM), scanning tunneling microscope (STM), and transmission electron microscopy (TEM), etc. Since then, nanotechnology has drawn a great deal of attention due to its capability and diversity, with many subject areas under its banner, for example, nanoelectronics, nanomaterials, nanomechanics, nanomagnetics, nanophotonics, nanobiology, nanomedicine, etc. [START_REF]Nanoscience -Nanotechnologies and nanophysics[END_REF].

The key to nanotechnology is the imaging and making of various nanostructures.

Among commercially available microscopies techniques, conventional OM is widely used in most optical experiments due to its simplicity and low-cost and its specific advantages compared with others. Nowadays, OM becomes a necessary tool of any multidisciplinary laboratory. Moreover, thanks to the use of high numerical aperture objectives, the optical resolution of OM down to sub-wavelength scale will allow one to exploit many interesting physical phenomena and to offer potential applications. The use of an OM to optically address a small object can be distinguished in two ways: it images the nano-object (imaging) and/or it fabricates the nano-object (fabrication). For example, an optical nanofocusing spot increases the capacity of a memory disk from several gigabits to even a terabit by writing (fabrication) bits closer to each other and reading them (imaging) at nanoscale. Though it is still a long way for this optical nanotechnology to reach its practical applications, it definitely has its place in the nanoscience and nanotechnology research community. The development of a simple and robust OM which can address multiple tasks at the same time would be of great interest.

Together with the ongoing development of a more efficient optical nanotechnology, a great deal of interest has been devoted to working with suitable and inexpensive materials, which would form desired nanostructures. In fact, the major challenge for nanostructure study is the fabrication of these structures with sufficient precision and processes that can be robustly mass-produced [START_REF]Photonic Crystals: Physics and Technology[END_REF]. Organic or polymer materials recently appeared as a material of choice for fabrication of photonic devices, such as light emitting diodes, integrated lasers, photovoltaic cells or photodetectors, etc. [START_REF] Wong | Polymers for electronic and photonic applications[END_REF].

Organic molecular systems offer unique opportunities in nanophotonics since both top-down and bottom-up strategies can be pursued towards the nanoscale. Indeed, the nanotechnology approach permits down-scaling the patterning of polymer materials in order to build either single nano-objects (e.g., nanocavity, single quantum device, nanolaser, etc.) or nanostructured materials (e.g., photonic bandgap materials, distributed feedback lasers, resonant waveguides gratings, etc.) [START_REF] Charra | North Atlantic Treaty Organization[END_REF].

Meanwhile, nano-object or nanoparticle (NP) research is currently of great scientific interest, due to a wide range of potential applications in biomedical, optical, and electronic fields. NPs are effectively a bridge between bulk materials and atomic or molecular structures. They possess size-dependent properties such as quantum confinement in semiconductor particles, surface plasmon resonance in metal particles and superparamagnetism in magnetic materials. These featured properties make NPs the key factor in many recent researches. Specifically, semiconductor quantum dots [START_REF] Strauf | High-frequency single-photon source with polarization control[END_REF] or color centers in diamond nanocrystals [START_REF] Dumeige | Photoinduced creation of nitrogen related colored centers in diamond nanocrystals under femtosecond illumination[END_REF][START_REF] Jelezko | Single defect centres in diamond: A review[END_REF] can serve as single photon emitters in quantum optics or quantum information applications [START_REF] Hemmer | Where is my quantum computer?[END_REF], magnetic NPs can be used for data storage [START_REF] Reiss | Magnetic nanoparticles: Applications beyond data storage[END_REF][START_REF] Chappert | The emergence of spin electronics in data storage[END_REF] and biomarkers [START_REF] Alonso | Superparamagnetic nanoparticles encapsulated in lipid vesicles for advanced magnetic hyperthermia and biodetection[END_REF], metallic NPs allow one to obtain thermal nanosources [START_REF] Lal | Nanoshell-Enabled Photothermal Cancer Therapy: Impending Clinical Impact[END_REF][START_REF] Huang | Plasmonic photothermal therapy (PPTT) using gold nanoparticles[END_REF] and to strongly enhance local electromagnetic field [START_REF] Clavero | Plasmon-induced hot-electron generation at nanoparticle/metaloxide interfaces for photovoltaic and photocatalytic devices[END_REF], and nonlinear NPs can be also used as biomarkers [START_REF] Staedler | Harmonic nanocrystals for biolabeling: A survey of optical properties and biocompatibility[END_REF] or sensitive sensor systems [START_REF] Gao | In vivo cancer targeting and imaging with semiconductor quantum dots[END_REF].

In many practical applications, functional materials with optical, electric, magnetic or mechanical properties, which common polymers do not exhibit, are highly desirable. Therefore, functional nanostructures began to be designed by doping them with special substances, such as metallic [START_REF] Shukla | Two-Photon Lithography of Sub-Wavelength Metallic Structures in a Polymer Matrix[END_REF], semiconductor [START_REF] Sun | Multicolor Polymer Nanocomposites: In Situ Synthesis and Fabrication of 3D Microstructures[END_REF], or magnetic [START_REF] Gass | Superparamagnetic Polymer Nanocomposites with Uniform Fe 3 O 4 Nanoparticle Dispersions[END_REF] NPs, into the common polymers to exploit the hybrid properties. The ensemble can be optically structured in a desired way to obtain a polymer-based photonic nanostructure (the host) containing active materials (the guest). This host/guest coupling can have an effect on both sides, depending on specific application. The photonic structure (PS) can, for example, enhance the nonlinear optical property of the guest thanks to field confinement and anormal dispersion effects [START_REF] Lu | Simultaneous perfect phase matching for second and third harmonic generations in zns/yf3 photonic crystal for visible emissions[END_REF][START_REF] Galli | Low-power continuous-wave generation of visible harmonics in silicon photonic crystal nanocavities[END_REF] or modify the fluorescent property through the Purcell effect [START_REF] Noda | Spontaneous-emission control by photonic crystals and nanocavities[END_REF][START_REF] Nomura | Laser oscillation in a strongly coupled single-quantum-dot-nanocavity system[END_REF]. In other cases, the guest can also modify the optical property of photonic systems. For instance, the photoinduced effect of doped nonlinear polymer materials can help modify the refractive index contrast of the whole structure, thus tuning the so-called photonic bandgap of the PS [START_REF] Hu | Picosecond and lowpower all-optical switching based on an organic photonic-bandgap microcavity[END_REF][START_REF] Liu | Optically tuneable blue phase photonic band gaps[END_REF].

Due to the above reasons, the concept of PS containing fluorescent molecules or active nano-objects has drawn a great attention in the past decades. Figure 1.1 presents a hybrid cavity system coupling with gold nanorods realized by AFM manipulation technique [START_REF] Barth | Nanoassembled Plasmonic-Photonic Hybrid Cavity for Tailored Light-Matter Coupling[END_REF]. To realize the hybrid cavity system they used a modified dipping technique in combination with AFM manipulation. They dipped the end of a tapered fiber into a solution of chemically grown gold NPs and brought it into contact with the silicon nitride surface near the photonic crystal structure. By this way, individual gold NPs could be selected and moved into the cavity using the tip of an AFM. The coupling of metallic NPs to photonic crystal cavity can lead to strongly localized fields and enhanced optical feedback provided by surrounding structure. Hybrid plasmonic-photonic cavities may find wide application in integrated optoplasmonic devices for quantum information processing, as efficient single photon sources or nano lasers.

Optical nonlinear conversion such as second-and third-harmonic generation (SHG and THG) was extensively studied using nonlinear materials of different forms, bulk or nanocrystals. Large size nonlinear materials are mainly used to generate strong harmonic light or electro-optics effect. For other applications, such as sensors or biomarkers, nonlinear NPs should be used [START_REF] Staedler | Harmonic nanocrystals for biolabeling: A survey of optical properties and biocompatibility[END_REF][START_REF] Gao | In vivo cancer targeting and imaging with semiconductor quantum dots[END_REF]. Different kinds of nonlinear NPs have been fabricated and studied, such as nano KTP [START_REF] Le Xuan | Balanced homodyne detection of second-harmonic generation from isolated subwavelength emitters[END_REF][START_REF] Le Xuan | Photostable Second-Harmonic Generation from a Single KTiOPO4 Nanocrystal for Nonlinear Microscopy[END_REF], or QDs [START_REF] Zielinski | Second-Harmonic Generation from a Single Core/Shell Quantum Dot[END_REF][START_REF] Zielinski | Nanoengineering the second order susceptibility in semiconductor quantum dot heterostructures[END_REF],

etc. However, due to the small size of the NPs, the resulting nonlinear effect is very weak, even it was realized by using a strong femto-second laser source. In (c) Theoretical calculation of angle-and wavelength-resolved optical transmission of a sample with p x = p y = 400 nm and with dots diameter 120 nm [START_REF] Kataja | Surface lattice resonances and magneto-optical response in magnetic nanoparticle arrays[END_REF].

order to optimize the nonlinear conversion, one possible way is to couple these NPs to PSs, as in the case of a single photon source. Actually, optical nonlinear [START_REF] Mascheck | Observing the localization of light in space and time by ultrafast second-harmonic microscopy[END_REF] and lasing effects [START_REF] Khajavikhan | Thresholdless nanoscale coaxial lasers[END_REF] have been observed in simple cavities, such as nanopillars.

Recently, it has been demonstrated that nonlinear optical effects, such as SHG and THG, can be realized even in a continuous regime, i.e., by continuous-wave light conversion, by using a photonic crystal nanocavity containing a nonlinear NP [START_REF] Galli | Low-power continuous-wave generation of visible harmonics in silicon photonic crystal nanocavities[END_REF][START_REF] Rivoire | Sum-frequency generation in doubly resonant GaP photonic crystal nanocavities[END_REF]. The effective size of the nonlinear particle embedded in the photonic crystal nanocavity is quite small, but the nonlinear effect is giant thanks to a strong local field, fundamental and harmonic, corresponding to the defect mode of the cavity [START_REF] Benisty | Photonic crystals: New designs to confine light[END_REF].

Figure 1.2 represents the coupling of a nonlinear material to a photonic crystal (PhC) cavity. Both SHG and THG were simultaneously observed by using only a continuous-wave fundamental laser beam 1 .

1 This coupling has been realized by using the same semiconductor material for both nonlinear NPs and PSs. The device was fabricated from a SOITEC silicon-on-insulator wafer using electronbeam lithography and reactive ion etching with a CHF 3 /SF 6 gas mixture. The lattice constant of the photonic crystal was 420 nm with r/a = 0.28.
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Magnetic NPs (MNPs) commonly consist of magnetic elements such as iron, nickel (Ni), cobalt (Co), or negative charged nitrogen-vacancy color centers in diamond, with a typical size of about 1-100 nm. These NPs can be manipulated by a magnetic field gradient and be optically detected [START_REF] Jelezko | Single spin states in a defect center resolved by optical spectroscopy[END_REF][START_REF] Shi | Photo-fluorescent and magnetic properties of iron oxide nanoparticles for biomedical applications[END_REF][START_REF] Gimenez | Optical detection of magnetic nanoparticles in colloidal suspensions[END_REF]. Therefore MNPs have attracted many applications, such as catalysis and biomedicine [START_REF] Alonso | Superparamagnetic nanoparticles encapsulated in lipid vesicles for advanced magnetic hyperthermia and biodetection[END_REF], high sensitivity magnetic resonance imaging and sensors [START_REF] Waldherr | Highdynamic-range magnetometry with a single nuclear spin in diamond[END_REF][START_REF] Maletinsky | A robust scanning diamond sensor for nanoscale imaging with single nitrogen-vacancy centres[END_REF], and high capacity data storage [START_REF] Reiss | Magnetic nanoparticles: Applications beyond data storage[END_REF][START_REF] Chappert | The emergence of spin electronics in data storage[END_REF], etc. Besides, it is also interesting to organise these NPs in microand nanostructures, which may possess novel properties, and could be useful for other applications. Various methods have been proposed to fabricate desired magnetic structures. In an effort to realize magneto-optical properties at the nanoscale, Kataja et al. [START_REF] Kataja | Surface lattice resonances and magneto-optical response in magnetic nanoparticle arrays[END_REF] have fabricated a periodic rectangular array of cylindrical Ni dots to examine surface plasmon modes in which two directions of lattice are coupled by controllable spin-orbit coupling. It has been shown that the localized surface plasmon resonance supported by the Ni dots hybridized with narrow line-width diffracted orders of the lattice via radiation fields. By breaking the symmetry of the lattice, the optical response shows a prominent Fano-type surface lattice resonance (SLR) that is associated with the periodicity orthogonal to the polarization of the incident field. Consequently, the polar magneto-optical Kerr effect (MOKE) response is strongly modified by the SLR. Figure 1.3 shows the Ni magnetic structure, fabricated by e-beam lithography of a resist followed by e-beam evaporation of a nickel film and lift-off, and the corresponding theoretical and experimental results. The induced dipole moments, d x and d y , affect the optical response of the system when an external electric field E y is applied. As a result, the polarization of reflected light turns into elliptical.

Although various complex photonic structures containing different kinds of NPs have been proposed and realized, leading to a lot of interesting applications, it should be noted that the materials and fabrication methods used for those structures remain expensive and time consuming. Therefore, an investigation of a simple and low-cost technique which can address various kinds of NP for both fabrication and characterization is a strong motivation. Figure 1.4 illustrates a general idea of coupling of a single NP with a PS. Different kinds of single NPs (quantum emitter, metallic, magnetic, and nonlinear optics) could be envisoned to be coupled with desired PSs for specific applications. Direct laser writing (DLW) is currently one of the most interesting fabrication technologies enabling desired one-, two-, and three-dimensional (1D, 2D, and 3D) structures at sub-micrometer scale [START_REF] Hohmann | Three-Dimensional µ-Printing: An Enabling Technology[END_REF][START_REF] Maruo | Recent progress in multiphoton microfabrication[END_REF]. In regular DLW, a femto second laser beam is tightly focused into a photoresist by means of a high numerical aperture (NA) objective lens (OL). Only a tiny volume at the focusing spot is sufficiently polymerized/depolymerized by two-or multi-photon absorption (TPA or MPA) mechanisms. By moving the focus of the laser beam, arbitrary structures can be written into the volume of photoresist. After the development step, desired structures could be obtained.

The TPA-based DLW requires the use of a femtosecond or picosecond laser and a complicated optical system, making it a rather expensive fabrication technique.

Recently, we have demonstrated an original method called low one-photon absorption (LOPA) DLW [START_REF] Li | Concept for threedimensional optical addressing by ultralow one-photon absorption method[END_REF][START_REF] Do | Submicrometer 3d structures fabrication enabled by one-photon absorption direct laser writing[END_REF], allowing one to combine the advantages of both OPA and TPA methods. Indeed, the LOPA method employs a simple, continuous-wave (cw)

Chapter 1 General Introduction and low power laser, as in the case of conventional OPA, but it allows the optical addressing of 3D objects, like the TPA method, by using a combination of an ultralow absorption effect and a tightly focusing spot. Our recent work has demonstrated the capability of the LOPA DLW technique to create desirable multi-dimensional structures on both negative [START_REF] Do | Submicrometer 3d structures fabrication enabled by one-photon absorption direct laser writing[END_REF] and positive photoresists [START_REF] Tong | Direct laser writing of polymeric nanostructures via optically induced local thermal effect[END_REF], as well as plasmonic structures [START_REF] Tong | Rapid direct laser writing of desired plasmonic nanostructures[END_REF][START_REF] Tong | Realization of Desired Plasmonic Structures via a Direct Laser Writing Technique[END_REF] using a cw laser at 532 nm-wavelength.

In this thesis, we aim to investigate the use of LOPA-based DLW for the incorpo- 

The thesis is organized as follows:

In Chapter 2, we introduce the LOPA DLW technique and investigate the thermal effect induced by a CW green laser, which plays a role as a heat assistance for completing the crosslinking process of the photopolymerization of SU8. We demonstrate the fabrication of submicrostructures using LOPA DLW with laser induced thermal effect, also called local post-exposure bake (PEB), and show how it alters the traditional PEB on a hot plate and helps overcome the accumulation effect existing in standard LOPA DLW. By solving the heat equation, in which the laser is considered as a heat source, we explain the working principle of local PEB and the phenomenon observed. Finally, we demonstrate that LOPA DLW with local PEB is an excellent alternative method for TPA method because of the ability to fabricate any desired 1D, 2D and 3D structures of similar quality, but at low cost.

In Chapter 3, we implement LOPA DLW to fabricate desired magneto-photonic devices on a photocurable magnetic nanocomposite consisting in superparamagnetic magnetite NPs (Fe 3 O 4 ) dispersed in polymer matrix of negative tone photoresist SU8. We analyse the impact of viscosities of host environments, concentration of MNP, and the preparation time on the quality of the nanocomposite to obtain the In Chapter 4, we report our investigation on the coupling of a single gold NP with a polymer-based PS. Using LOPA DLW with a double step process, we demonstrate the precise incorporation of a single NP to a microstructure as desired.

For this, we take advantage of the absorption of materials: strong absorption of NP and low absorption of photoresist. The fabrication of the desired structure is therefore carried out in two steps: first, to identify the position of the NP by LOPA DLW at a very low excitation power, and second, to fabricate the resin structure containing the NP at a higher power. The fabricated samples are charaterized using the same optical setup, and we show an enhancement in the fluorescence signal of the samples, which is explained by a simulation model using the FDTD method.

In Chapter 5, we investigate nonlinear KTP NPs and embed them into PSs using LOPA DLW. We use a pulsed laser with the wavelength of 1064 nm, which is integrated into the LOPA setup, to study the nonlinear property of the NPs. First, we prove that KTP NPs do not cause any thermal explosion in polymeric material as gold NPs do, therefore, it is easy to manipulate and incorporate them into structures of any shapes and sizes. The position of the NP in PS can also be controlled. Then, we demonstrate theoretically and experimentally the enhancement of the second harmonic generation (SHG) signal thanks to the coupling of the fundamental light and the PS.

In the last Chapter, we summerize the main results obtained within the frame of the thesis and discuss some prospects for further applications of hybrid structures obtained with LOPA DLW technique.

Chapter 2

Low one-photon absorption direct laser writing with optically induced local thermal effect

Introduction

In recent years, various fabrication techniques have been proposed and implemented to realize structures at micro and nano scales, opening numerous applications such as micro-machining, optical data storage, nanophotonics, plasmonics, etc. [START_REF] Lin | A threedimensional photonic crystal operating at infrared wavelengths[END_REF][START_REF] Cumpston | Two-photon polymerization initiators for three-dimensional optical data storage and microfabrication[END_REF][START_REF] Strickler | Three-dimensional optical data storage in refractive media by two-photon point excitation[END_REF].

Among those techniques, optical lithography, which includes mask lithography [START_REF] Alkaisi | Subdiffraction-limited patterning using evanescent near-field optical lithography[END_REF][START_REF] Mata | Fabrication of multi-layer SU-8 microstructures[END_REF], interference or holography photolithography [START_REF] Campbell | Fabrication of photonic crystals for the visible spectrum by holographic lithography[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] Lai | Fabrication of desired three-dimensional structures by holographic assembly technique[END_REF], and direct laser writing The OPA excitation method is an ideal way to fabricate one-and two-dimensional (1D and 2D) thin structures [START_REF] Rensch | Laser scanner for direct writing lithography[END_REF]. In this technique, a simple and low-cost continuous-wave (cw) laser operating at a wavelength located within the absorption band of the thin film material is used as the excitation source. Wavelengths in the UV range are commonly used to achieve high resolution [START_REF] Bratton | Recent progress in high resolution lithography[END_REF]. This method is usually applied in mask lithography and interference techniques, where an entire pattern over a wide area is created in seconds. All structures are often realized at the same time; therefore, these techniques are called parallel processes.

However, due to the strong absorption effect, light is dramatically attenuated from the input surface. Thus, it is impossible for OPA to address thick film materials or 3D optical structuring. The TPA (or multi-photon absorption) technique presents a better axial resolution. In this case, two low energy photons are simultaneously absorbed inducing an optical transition from the ground state to the excited state of the material, equivalent to the case of linear absorption (OPA). Two-photon absorption is a nonlinear process, which is several orders of magnitude weaker than linear absorption, thus very high light intensities are required to increase the number of such rare events. In practice, the process can be achieved using a pulsed (picosecond or femtosecond) laser. The TPA method is commonly applied for the technique called direct laser writing (DLW), in which a pulsed laser beam is focused into a sub-micrometer spot, resulting in a dramatic increase of the laser intensity at the focusing spot. Hence, TPA-based 3D imaging or fabrication can be achievable [START_REF] Sun | Three-dimensional photonic crystal structures achieved with two-photon-absorption photopolymerization of resin[END_REF][START_REF] Gissibl | Two-photon direct laser writing of ultracompact multi-lens objectives[END_REF] with high spatial resolution.

Indeed, DLW has been proved to be an ideal way to fabricate sub-micrometric arbitrary structures, offering flexibility, ease of use, and cost effectiveness. As opposed to mask lithography and interference techniques, DLW is a serial process in which a structure is realized by scanning the focusing spot following a desired pattern. Thus any arbitrary 1D, 2D, and 3D periodic or non-periodic pattern can be fabricated on demand. and TPA (purple ring), respectively. If a laser beam, whose wavelength is positioned at the edge of the absorption band where the absorption is ultra low, is applied, the light intensity distribution remains almost the same as in the absence of material.

In short, by tightly focusing an optical beam inside a thick material with a very low absorption at the operating wavelength, it is possible to address 3D imaging and 3D

fabrication, as what realized by TPA method. As compared to the latter one, this LOPA-based DLW is very simple and inexpensive and allows one to achieve very similar results.

It is worth to mention that for most negative photoresists used in optical lithography, the final structures can only be obtained after the post-exposure bake (PEB)

Chapter 2 Low one-photon absorption direct laser writing with optically induced local thermal effect process, which is conventionally implemented by heating the exposed sample using a hot plate at a temperature of about 100°C for several minutes. Excessive heating can lead to the diffusion of photoacids into non-exposed areas, resulting in a loss of resolution [START_REF] Keller | Processing of thin SU-8 films[END_REF]. Besides, in the LOPA-based DLW technique, we note that the energy accumulation effect inherently exists due to the linear absorption mechanism, resulting in the apparent non-uniformity of the fabricated structures, especially when the structure period is smaller than 0.5 µm. A dose compensation technique has been proposed and proved to be able to compensate the size difference in the structures [START_REF] Do | Optimization of LOPAbased direct laser writing technique for fabrication of submicrometric polymer two-and three-dimensional structures[END_REF]. Nonetheless, this technique requires numerous calculation and test in order to find out appropriate dose compensation parameters. In the past decade, thermal effect induced by many kinds of laser has been numerically and experimentally investigated [START_REF] Seet | Feature-size reduction of photopolymerized structures by femtosecond optical curing of SU-8[END_REF][START_REF] Yang | Comparing the use of mid-infrared versus far-infrared lasers for mitigating damage growth on fused silica[END_REF][START_REF] Wei | Manipulation of heat-diffusion channel in laser thermal lithography[END_REF][START_REF] Kuwahara | Thermal lithography for 0.1 µm pattern fabrication[END_REF][START_REF] Kuwahara | Dot formation with 170-nm dimensions using a thermal lithography technique[END_REF][START_REF] Wei | Thermal melting of solid materials induced by ultrafast laser pulse irradiation as explosively homogeneous nucleation[END_REF][START_REF] Jung | Sub-millisecond post exposure bake of chemically amplified resists by CO 2 laser heat treatment[END_REF]. Several reports explained how to use thermal effect to induce the polymerization of polymers and to optimize microstructure fabrication [START_REF] Wei | Manipulation of heat-diffusion channel in laser thermal lithography[END_REF][START_REF] Kuwahara | Thermal lithography for 0.1 µm pattern fabrication[END_REF][START_REF] Kuwahara | Dot formation with 170-nm dimensions using a thermal lithography technique[END_REF]. Some others proposed to additionally expose the samples by a laser beam as an alternate heat source for completing the PEB step [START_REF] Seet | Feature-size reduction of photopolymerized structures by femtosecond optical curing of SU-8[END_REF][START_REF] Jung | Sub-millisecond post exposure bake of chemically amplified resists by CO 2 laser heat treatment[END_REF]. Particularly, Seet et al. [START_REF] Seet | Feature-size reduction of photopolymerized structures by femtosecond optical curing of SU-8[END_REF] proposed to use the TPA-based DLW technique in which a femtosecond laser with the wavelength of 800 nm was employed to fabricate microstructures in SU8 photoresist. They observed that structures could be formed without the PEB step. Their results were explained by considering thermal emission of hot electrons during the femtosecond pulse excitation. This is equivalent to a blackbody-type radiation with IR spectral component, which enhances the polymerization of SU8 during the exposure by direct absorption.

In this chapter, we first recall the theory of LOPA-based DLW. We then investigate the thermal effect induced by a cw green laser in the LOPA-based DLW technique, which plays a role as a heat assistance for completing the crosslinking process of the photopolymerization of SU8. By solving the heat equation, in which the laser was considered as a heat source, we explain the working principle of the optically induced thermal effect, also called local PEB. We demonstrate the fabrication of submicrostructures using LOPA DLW local PEB, and show how it alters the traditional PEB on a hot plate, which is in agreement with the theoretical calculation. We prove that it helps overcome the accumulation effect existing in standard LOPA DLW.
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LOPA-based DLW technique

In this section, the vectorial Debye approximation is presented, based on which a new mathematics representation is further established, where the absorption effect of the material is taken into account when a light beam propagates through an absorbing medium. Based on the new evaluation form of vectorial Debye theory, the influence of absorption coefficient of the studied material, the numerical aperture (NA) of the objective lens (OL), and the penetration depth of light beam on the formation of a tight focusing spot are investigated. From that, the crucial conditions for the realization of LOPA microscope and LOPA DLW are established.

Electromagnetic field distribution of a tightly focused beam in an absorbing medium

The mathematical representation of the electromagnetic field distribution in the focal region of an OL was proposed by Wolf in the 1950s [START_REF] Wolf | Electromagnetic diffraction in optical systems -I. An integral representation of the image field[END_REF]. This theory based on the vectorial Debye approximation allows the calculation and prediction of the intensity and polarization distributions of a light beam focused inside a material by a high NA OL. Nonetheless, the influence of material absorption on the intensity distribution and the focused beam shape of a propagating optical wave have not been systematically investigated yet. In this section, the mathematical representation proposed by Wolf [START_REF] Wolf | Electromagnetic diffraction in optical systems -I. An integral representation of the image field[END_REF] will be employed, taking into account the absorption effect of the material through which a focused light beam propagates, in order to investigate the intensity distribution, especially in the focal region. where C is a constant, k is the wave number (k = 2πn/λ), n is the refractive index of the absorbing medium, λ is the excitation wavelength, Ω is a solid angle corresponding to the objective aperture, S = (s x , s y , s z ) is the vector of an arbitrary optical 

r = (x -x) 2 + (y -y) 2 + (d -z) 2 , ( 2.2) 
where (x',y',d) gives the position of an arbitrary diffracted light ray located on the D interface. Essentially, Equation 2.1 gives the light distribution resulting from the interference of all light rays diffracted by the exit pupil of the OL. However, in practice, the light intensity and the focus shape at the focus region depend strongly on the absorption term A(s) since light is absorbed by the material in which it propagates and its amplitude decreases along the propagation direction.
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The relevant intensity distribution of light, also called point spread function (PSF), in the focal region is defined as:

I P SF = EE * . (2.3)
This theory is applicable for any cases, OPA, LOPA, or TPA. It can be seen that the EM field distribution in the focal region depends on various parameters, such as the polarization of incident light, the NA of OL, the absorption coefficient of the material, etc. It is impossible to have an analytical solution of the light field at the focusing spot of a high NA OL. However, it can be numerically calculated, which will be shown in the next part.

Numerical calculation of point spread function

In order to numerically calculate the light intensity distribution, the I P SF equation was programmed by a personal code script based on Matlab software, with the influence of different input parameters including the absorption coefficient of the studied material, the NA of the OL, and the penetration depth of the light beam.

First, the influence of the absorption effect of the SU8 material, which will be used later for experimental demonstration in the next sections, was investigated.

Based on the absorption spectrum of SU8 (see Figure 2.10), three typical wavelengths to calculate the intensity distribution in the focal region were chosen, representing three cases of interest: conventional OPA (308 nm), LOPA (532 nm) and TPA (800 nm), respectively. The corresponding absorption coefficients in each case are: σ 1 = 240720 m -1 (λ 1 = 308 nm), σ 2 = 723 m -1 (λ 2 = 532 nm), and σ 3 = 0 m -1 (λ 3 = 800 nm). The absorption interface (D) was arbitrarily assumed to be separated from the focal point O by a distance of 25 µm, the NA of the OL was chosen to be 0.6, the refractive index n of SU8 is 1.58. As seen in Figure 3(a 1 ), the incoming light is totally attenuated at the interface D because of the strong absorption of SU8 at 308 nm, which explains why it is not possible to optically address 3D object with the conventional OPA method. However, when using an excitation light source emitting at 800 nm, the absorption coefficient is zero, thus light can penetrate deeply inside the material, resulting in a highly resolved 3D intensity distribution. Note that
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the TPA mechanism (∝ I 2 P SF ) is not applied for λ = 800 nm for this moment. The numerical calculation result derived from the quadratic dependence of the EM field is shown in Figure 2.3(a 3 ). The size of the focusing spot (full width at half maximum, FWHM) is quite large due to the use of a long wavelength. However, in practice, two photons can be simultaneously absorbed only at an intensity above the polymerization threshold. Therefore, a small effective focusing spot below the diffraction limit can be achieved with the TPA method by controlling the excitation intensity.

The case where the linear absorption is very low (LOPA) was particularly considered. At the wavelength λ = 532 nm, the absorption coefficient is only 723 m -1 , which is much smaller than that at 308 nm. Simulation results show that light can penetrate deeply inside the absorbing material without significant attenuation thanks to this very low linear absorption. As shown in Figure 2.3(a 2 ), the light beam can be tightly confined at the focusing spot, which can then be moved freely inside the thick material, exactly as in the case of λ = 800 nm (transparent). Furthermore, LOPA requires a shorter wavelength as compared with TPA, the focusing spot size (FWHM) is therefore smaller. The diagram depicted in Figure 2.3(a 4 ) shows clearly the difference of the intensity distribution along the optical axis of the three excitation mechanisms. It is important to note that there is no intensity threshold in the case of LOPA, because it is a linear absorption process. Therefore, LOPA requires a precise control of light dose in order to achieve high resolution optical addressing.

The NA of OL is also an important parameter to be taken into account for LOPA case. It was demonstrated that the use of a high NA OL is a crucial condition. The intensity distributions at the focusing spot obtained with OLs of different NA values (with the same low absorption coefficient σ 2 = 723 m -1 ) are shown in Figure 2.3(b). It is clearly seen that with an OL of low NA (NA = 0.3), the light beam is not well focused, resulting in low contrast intensity distribution between the focal region and its surrounding. Therefore, the LOPA based microscopy using a low NA OL cannot be applied for 3D optical addressing. However, in the case of tight focusing (for example, NA = 1.3), the light intensity at the focusing spot is a million time larger than that at out of focus, resulting in a highly resolved focusing spot (Figures 2.3(b 3 )). For all the above calculations, it can be concluded that the LOPA based microscopy is promising for the realization of 3D imaging and 3D fabrication, similarly to what could be realized by TPA microscopy. By using the LOPA technique, 3D fluorescence imaging or fabrication of 3D structures can be realized by moving the focusing spot inside the material since fluorescence (for imaging) or photopolymerization (for fabrication) effects can be achieved efficiently within the focal spot volume only. It is worth noting that in LOPA technique, the absorption exists, even if the probability is very small, the penetration depth is therefore limited to a certain level. This effect exists also in the case of TPA, but it is more important for LOPA. Figure 2.4 represents the maximum intensity at the focusing spot as a function of the penetration length. For this calculation, the ultralow absorption coefficient of SU8 at λ = 532 nm, σ = 723 m -1 was considered. At the distance of 390 µm, the intensity was found to decrease by half with respect to that obtained at the input of absorbing material (D interface). This penetration depth of several hundred micrometers is fully compatible with the scanning range of piezoelectric stage (typically, 100 µm for a high resolution), or with the working distance of microscope OL (about 200 µm for a conventional high NA OL). In summary, in order to realize the LOPA based microscopy, two important conditions are required: i) ultra low absorption of the studied material at the chosen excitation wavelength,
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and ii) a high NA OL for tight focusing of the excitation light beam.

3D PCs were successfully fabricated by means of LOPA DLW [START_REF] Do | Submicrometer 3d structures fabrication enabled by one-photon absorption direct laser writing[END_REF]. However, there are still some existing drawbacks in structures fabricated by LOPA DLW, such as the energy accumulation effect, shrinkage effect, or high aspect
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ratio [START_REF] Do | Submicrometer 3d structures fabrication enabled by one-photon absorption direct laser writing[END_REF]. In the next section, the thermal effect induced by a cw green laser in the LOPA-based DLW technique, which plays a role as a heat assistance for completing the crosslinking process of the photopolymerization of SU8, is investigated. This thermal effect will help overcome those drawbacks and significantly improve the quality of structures fabricated by LOPA DLW.

Theoretical model of optically induced local thermal effect

In this section, by solving the heat equation, in which the laser was considered as a heat source, we explain the working principle of the optically induced thermal effect, also called local PEB.

First, the heat distribution in the laser-heated SU8 is calculated. When a laser beam propagates through an absorbing material, the temperature distribution in the material can be derived from the equation of heat [START_REF] Grupen | Numerical analysis of infrared laser heating in thermoluminescent material layers[END_REF]:

ρC p ∂T ∂t = k∇ 2 T + S, (2.4)
where ρ is the mass density (kg.m -3 ), C p is the heat capacity (J.kg -1 .K -1 ), k is the thermal conductivity (W.m -1 .K -1 ), and the S (W.m -3 ) term is calculated as a variation of light intensity along the propagation direction:

S = - ∂I(r, z) ∂z r = µ abs (1 -R c )I(r, z) exp(-µ abs z), (2.5) 
where I(r,z) is the laser intensity, µ abs is the absorption coefficient of the material, and R c is reflection coefficient. In our case, the light beam is focused into photoresist by a high NA OL. The intensity distribution of the focused laser beam is calculated by:

I(r, z) = I(0, 0)I OPA , (2.6)
where r is the radial distance from the beam axis, z is the axial distance from the center of the focusing spot, I (0,0) is the peak intensity at the center of focusing spot (r = 0, z = 0) and I OPA is the normalized intensity distribution of focused . The size of this area is even smaller than the full-width at half maximum of the optical focusing spot, suggesting that a solidified structure made by optically induced thermal effect could be smaller than the diffraction limit, which usually limits the resolution of DLW technique.

The resolution of the DLW technique along the propagating direction of the laser beam (z-direction), i.e., the voxel aspect ratio, plays an important role in 3D fabrication. As seen in Figure 2.6(a) which shows theoretical calculations of light intensity distribution at the focal region, the longitudinal (z-axis ) size of the focusing spot is about 3 times larger than the transverse size (x-axis). Meanwhile, the temperature distribution along the longitudinal direction (z-axis) is quite similar to that of transverse direction (x-axis, or y-axis) as observed in Figure 2.6(b). It means that the fabrication based on optically induced thermal effect could have an isotropic resolution for 3D structures.

We note that the induced temperature is very sensitive to the exposure dose.

Indeed, when a small area of material is strongly excited, the temporal thermal balance is immediately broken due to the change of thermal constants. We also analysed thermal profiles for different values of thermal constants, assuming that we excite a small area of 200 nm-diameter to reach a temperature above 95°C. The thermal conductivity of the exposed part will be reduced from 0.3 to 0.25. The simulation results show that the thermal profile increases slightly and become sharper as shown in Figure 2.7(a). Furthermore, we found theoretically that the absorption coefficient (µ abs ) is also an essential parameter to define the transfer rate of the energy from the focusing spot to the absorbing medium. Therefore, a minor modification of (µ abs ) can lead to a significant change in the thermal response, i. e. induced temperature, as shown in Figure 2.7(b). However, the absorption coefficient of SU8 at the writing wavelength (λ = 532 nm) does not significantly change for temperature range of 50°C-95°C. Therefore, by limiting the laser power or exposure time to keep the induced temperature in this range, the absorption coefficient is constant. Only, if we extend the exposure process, the temperature at the focusing spot will progressively increase and the cross-linked area will be expanded accordingly.

Solving the heat equation 2.1 with the depth taken into account, we calculated the dependence of the locally induced temperature on the depth of the focusing spot inside the material. Due to the ultra-low absorption of SU8 at the wavelength of 532 nm (µ abs = 723 m -1 ), light can be tightly focused inside the material while the intensity does not decrease much, resulting in a photo induced thermal effect with high temperature even at large penetration depth. This is evident in the calculation result shown in Figure 2.8(a), which presents the local peak temperature as a function of depth with different laser powers. Obviously, the deeper the focusing spot
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goes inside the material, the lower the temperature is due to the decrease of the light intensity. However, the induced temperature changes only slightly, for example, with a laser power of 5 mW (intensity of 0.11 W µm -2 ), the temperature decreases by only 5°C (from 99°C to 94°C) when the focusing spot goes from the interface to a depth of 75 µm. The higher the used intensity is, the deeper the focusing spot can go inside the material with the peak temperature remaining above the required temperature for PEB. Thus, it is possible to fabricate 3D structures using LOPA DLW with local PEB. More importantly, LOPA DLW with local PEB can help overcome some drawbacks existing in traditional LOPA DLW. Figure 2.9 illustrates the working principle of traditional PEB on a hot plate (green curves) and optically induced local PEB (red curves). In the first case, heat is broadly provided, thus the fabricated structure (voxel size and shape) depends critically on the exposure dose. When the exposures are made too close, the energy will be accumulated, leading to the effect that the central voxel possesses a largest size (due to the most accumulated energy) and the voxels sizes gradually reduce from the center to the edge. Solidification of structure resulting from photothermal process differs from that of photochemical process in term of accumulation. In the second case, although the energy is still accumulated, the voxel size is determined by the local PEB, which resulting from the optically Chapter 2 Low one-photon absorption direct laser writing with optically induced local thermal effect induced heat distribution. The red curves in Figure 2.9 show the temperature profile generated by a focused laser spot (laser power of 4 mW, or intensity of 0.088 W µm -2 ) inside the exposed area. With moderate excitation power, the induced temperature is just enough to complete the PEB step and does not damage the fabricated structure. Furthermore, the induced temperature is not only localized but also temporal, i.e., during the exposure time only. In our DLW method employing a cw laser, we found theoretically that the induced temperature at the focusing spot rises up quickly as a function of exposure time and reaches a stable temperature (beyond 100 • C) after several 10 µs, depending on the exposure power (see Figure 2.8(b)) and remains at that temperature during the exposure time, which is in between 10 ms and 1000 ms. This time scale is consistent with previous heat models on other polymer materials [START_REF] Brown | Fundamentals of Laser-Material Interaction and Application to Multiscale Surface Modification[END_REF]. Figure 2.9 shows the integrated light intensity profile resulting from multiple exposures at a 500 nm period (green curve) and heat profiles generated temporally during each exposure time. Thus, even when the light energy is accumulated in case of LOPA-based DLW, the localized and temporal temperature profile is the same for every exposure without accumulation, resulting in the uniform solid voxels array. We note that, using a femtosecond laser, the induced temperature increases quickly to one million degrees but also decreases quickly to room temperature [START_REF] Weiner | Ultrafast Optics[END_REF] (the heating time is the same as the femtosecond pulse duration), which is not suitable to solidify the photoresist. Therefore, DLW using a femtosecond laser does not induce such thermal effect, except the result reported in reference [START_REF] Seet | Feature-size reduction of photopolymerized structures by femtosecond optical curing of SU-8[END_REF],

where the femtosecond pulse excitation induced high temperature that plays a role as a blackbody source emitting IR light, which enhances the polymerization of SU8 during the exposure by direct absorption. We also note that the voxel size increases as the exposure time rises since the voxel size depends on both the exposure dose (exposure time) and the PEB time. It is also worth noting that, when using traditional PEB, the exposure step and PEB step are separated, which means the photoacids have sufficient time to diffuse into exposed region, whose overlap is then fixed by PEB, leading to non-uniform structures. On the contrary, optically induced PEB occurs simultaneously with optical exposure, providing a highly localized immediate fixing in a small region inside the focusing spot which is not affected by the diffusion. In summary, we have demonstrated theoretically the working mechanism of the optically induced thermal effect by solving a heat equation. The results prove that it is possible to apply this effect to LOPA-based DLW technique to create 1D,
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2D and 3D microstructures, and to optimize the quality of fabricated structures.

In the next section, we will implement the experiments to confirm the theoretical calculation results.

LOPA-based DLW by local PEB

LOPA-based DLW system

The LOPA technique can be used for all 3D applications, including 3D imaging and 3D fabrication. As mentioned in section 2.1, two conditions are required: a photoresist that presents an ultralow absorption at the wavelength of the excitation laser, and a highly focusing confocal laser scanning (CLSM) system. For the first condition, SU8, a commercial photoresist, is an ideal candidate, thanks to its ultralow absorption in the visible range, in particular at 532 nm ( In order to implement the LOPA DLW technique, a confocal optical system illustrated in Figure 2.11 was built. In this system, a cw laser operating at 532 nm shown. This suggests the evolution of the structure size and shape, which is linearly dependent on the exposure doses (excitation power and exposure time) and can be controlled by applying an appropriate dose [START_REF] Do | Submicrometer 3d structures fabrication enabled by one-photon absorption direct laser writing[END_REF]. By scanning the focusing spot, we can obtain desired multi-dimensional structures, which are similar to those realized by the commercial TPA-based DLW.

Below we describe in detail some optical components of the setup, which are used in all experiments of the thesis.

Laser source:

In this work we used a cw laser operating at 532 nm for fabrication of PSs in SU8 photoresist. A pulsed laser operating at 1064 nm was used for second harmonic generation (SHG) measurement of KTP NPs (details in Chapter 5).

Besides, cw 532 nm laser source was used for all system characterizations (confocal system, data acquisition calibration, etc.) using a single gold nanoparticle (Au NP).

• Pulsed laser (JDSU): 1064 nm wavelength; maximum averaged power: 300 mW; pulse duration: 1 ns, repetition rate: 24.5 kHz. • Continuous wave laser (Oxxius): frequency-doubled Nd-YAG laser, 532 nm wavelength, maximum power: 300 mW, coherence length: 300 m; pointing stability: 0.005 mrad/C.

Translation system: In order to precisely translate the sample relatively to the focusing spot during fabrication, DLW requires a high-resolution piezo-based translation PZT system. In our experimental setup, a high-precision nanopositioning system for up to six degrees of freedom is used (P365 PIMars Nanopositioning Stage -Physik Instrumente). This piezo-based translation system offers a large travel ranges of 300 × 300 × 300 (µm 3 ) and very high precision. According to the company specification, this device shows a resolution of 1 nm when operating in open-loop and 2 nm in close-loop. The stability for an accuracy of about 10 nm can maintain within a long period of up to 5 hours. However, the precision and the stability is very sensitive to the mechanical vibration and ambiant temperature. We keep the PZT system remote from mechanical noise source and the room temperature was maintained within 20-25°C.
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Detection system: The detection system is used for calibration and optical characterization of the DLW system. The emission of the fluorescent object (glass/photoresist interface, NPs) is collected by the OL and sent to the detection system. The sample preparation process is shown in Figure 2.12 (top), which consists of two steps:

Sample preparation

• Substrate cleaning: Glass substrates are treated with a solvent before spin coating.
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• Spin coating of resins: SU8 photoresist is deposed on the cleaned glass substrates for fabrication.

Substrate cleaning

The glass subtrates must be treated prior to spin coating in order to remove all the contamination. The cleaning process is carried out as follow:

• The glass substrates are dipped in acetone and ultra-sonicated for 10 minutes to remove impurities on their surface.

• Then they are soaked in isopropanol (IPA) to wash away acetone and rinsed in distill water.

• They are dried using Ni gun.

• The glass substrates could be baked at 200°C in order to evaporate all the water left on the surface (optional).

Deposition of SU8

Spin coating is a procedure used to deposit uniform thin films to flat substrates.

Usually, a small amount of coating material is applied on the center of the substrate.

The substrate is then rotated at high speed in order to spread the coating material by centrifugal force.

In this work, we use SU8 2000 as the coating material. SU8 2000 is a high contrast, epoxy based photoresist designed for micromachining and other microelectronic applications, where a thick, chemically and thermally stable image is desired.

SU8 2000 is an improved formulation of SU8, which has been widely used by MEMS producers for many years. The use of a faster drying, more polar solvent system results in improved coating quality and increases process throughput. SU8 2000 is available in twelve standard viscosities. Film thicknesses of 0.5 to > 200 microns can be achieved with a single coat process.
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For 1D and 2D structures, SU8 2000.5 and 2002, which give a layer thickness of 0.5 and 2 µm, are used. For 3D structures, other types of SU8 at higher viscosity, for example SU8 2005 or 2025, are required. Before spin coating the SU8 layer used for fabrication, we can create a buffer layer in order to assure the firm formation of the structure. The buffer layer is formed by spin coating a SU8 2000.5 layer, then hard baking in the UV oven for 30 seconds.

After spin coating, the samples are put on a hot plate at 65°C and 95°C (Soft baking step). The soft baking time depends on the types of SU8 used. The samples must be protected from the light until the exposure process to avoid the solidification of the photoresist.

The parameters used for the spin coating step and soft baking for different types of SU8 are described in Table 2.1 below: 

Fabrication process

The fabrication process following two ways (traditional PEB and local PEB) is described in Figure 2.12 (bottom). It consists of three main steps: exposure with the 532 nm cw laser, post exposure bake, and development.

Exposure process

The confocal optical system of the DLW technique is presented in Figure 2.11 and described in Section 2.4.1. Before writing the structure on the photoresist, the interface between the glass substrate and the photoresist layer must be determined. To
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determine the interface, we use a very low laser power (several µW) to prevent the solidification of the photoresist prior to the writing step. The laser beam is scanned along an arbitrary vertical (xz or yz) plane (in fact, the PZT will be shifted instead of the OL) and the fluorescence signal can be collected by the APD. We obtain a fluorescence image which indicates exactly the position of the photoresist layer. This step allows us to precisely write the structure at the desired position.

After that, we increase the laser power to several mW to fabricate desired structures. The focusing spot is scanned inside the photoresist along an arbitrary path programmed with the Labview software to create any microstructures. The excitation power and exposure time are important parameters, which directly determine the characteristics of fabricated structures and can be controlled by the fabrication program.

Post exposure bake

As shown in Figure 2.12, depending on which way we choose to fabricate our structures: standard PEB or local PEB, the PEB step can be either carried out or skipped.

For standard PEB, which takes place directly after exposure, the sample is put on a hot plate at 65°C for 1 minute and then at 95°C for 3 minutes to complete the polymerization process. For local PEB, the heating with hot plates is skipped.

Development process

After that, the development step is carried out. SU8 2000 photoresist has been designed for use in immersion, spray or spray-puddle processes with MicroChem's SU8 developer. Here we rinse the sample in a bath of SU8 developer for 3 minutes, then wash with Isopropanol (IPA) for 1 minute and finally soak in distilled (DI) water.

2D and 3D microstructures fabrication enabled by

LOPA DLW with local PEB

Small featured size structures

For the demonstration of local PEB, we fabricated two sets of 2D structures, each set contains pillar arrays written at different doses (by varying the laser power and the writing speed). One set was realized following the traditional process, i.e., after exposure, the sample is post-baked for 1 minute at 65°C and then 3 minutes at 95°C using hot plate. For the other set, the PEB step was skipped, which means that the exposure process was followed directly by the development process, in which the samples were bathed in SU8 developer and rinsed by IPA and DI water to remove the non-cross-linked resist. All fabricated structures were examined by optical microscopy and scanning electron microscopy (SEM). However, it is observed that structures were obtained even when the PEB step was skipped, which suggests that the PEB was already achieved during light exposure.

The heat source can be apparently referred to the laser, which is tightly focused and absorbed by the material. The absorbed energy locally induces the necessary heat for the crosslinking process. We found that, without PEB, polymerized structures were obtained only if the laser power is larger than a certain value. Indeed, with a laser power of 2 mW (intensity = 0.044 W.µm -2 at the focusing plane), most structures were created in set 1 (with PEB), while no structure was obtained in set 2 (no PEB). From 3 mW, structures were obtained without PEB step, only at low scanning velocity (1 µm/s).

The above investigation suggests that, in LOPA-based DLW process, the intense light intensity at the focusing spot induces a hot spot with a temperature higher fact that the structures are not formed at low power (low light intensity), the applied laser power or intensity must be above a threshold in order to induce enough heat for the crosslinking process, and this threshold should be higher than that of standard LOPA (with PEB) for complete photopolymerization. The calculation of induced temperature presented in Section 2.3 confirms this experimental result, i.e.,
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above a temperature of 95°C (effective temperature for PEB) induced by the laser at the focal spot, the polymerization is fully completed, leading to the formation of structures. Furthermore, observing the temperature profile (Figure 2.6 inset), only a small region inside the exposed area is heated at the temperature above 95°C, where the complete crosslinking reaction takes place. As a consequence, the voxel size is smaller than that obtained in the case of standard PEB. We also see that the size of voxels increases with the exposure time and laser power. This increment comes from the growth of crosslinking reaction due to the induced temperature. Obviously, we can control precisely the laser power and the exposure time to obtain desired structures. We have proved theoretically and experimentally that it is possible to fabricate submicrostructures on negative photoresists using LOPA DLW without PEB process, thanks to laser induced thermal effect. In particular, this optically induced thermal effect is localized inside the focusing spot, which could be advantageous to optimize the structure size as well as to avoid the accumulation effect inherently existing in OPA-based optical lithography, which is shown in the next section.
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Accumulation-free and short period structures

Experimental realization of LOPA-DLW in fabrication of multidimensional submicrostructures showed evidently the advantage of LOPA-based DLW [START_REF] Do | Submicrometer 3d structures fabrication enabled by one-photon absorption direct laser writing[END_REF]. With a few milliwatts of a cw laser and in a moderate exposure time, any kind of sub-micrometer structure with or without designed defect could be fabricated. However, some fabricated structures are not uniform or distorted. The physical causes of the distortion can be attributed to two main effects: dose accumulation effect [START_REF] Do | Optimization of LOPAbased direct laser writing technique for fabrication of submicrometric polymer two-and three-dimensional structures[END_REF] and shrinkage effects [START_REF] Matta | The nature, origin and effects of internal stresses in reinforced plastic laminates[END_REF]. In this section, those effects will be proved to be overcome by applying local PEB.

Light can be tightly confined within a hundred-nanometer spot by using an OL with high NA. If a single exposure and a PEB process are implemented, a single voxel corresponding to a volume in which the spatial exposure dose is above the polymerization threshold can be created. That has been experimentally confirmed in the LOPA fabrication technique.

As a consequence of linear behaviour of OPA mechanism, the dose accumulation effect is the inherent nature of linear absorption material [START_REF] Scott | Principles of voxel refinement in optical direct write lithography[END_REF][START_REF] Chen | Fabrication of 3d polymer microstructures using electron beam lithography and nanoimprinting technologies[END_REF]. In contrast to a conventional TPA method, a photoresist operated in OPA regime does not have any threshold of polymerization [START_REF] Correa | Two-Photon Polymerization Fabrication of Doped Microstructures[END_REF], hence the voxel size can be controlled by adjusting the exposure dose. In principle, polymerization occurs at the focusing spot with a single-shot exposure resulting in a very small voxel (smaller than the diffraction limit) [START_REF] Li | Achieving lambda/20 resolution by one-color initiation and deactivation of polymerization[END_REF]. However, when two voxels are built side-by-side with a distance of about several hundred nanometers, two resulting voxels are no longer separated [START_REF] Do | Submicrometer 3d structures fabrication enabled by one-photon absorption direct laser writing[END_REF]. This issue evidently originates from the dose accumulation effect in OPA process.

Similar to OPA microscopy where the microscopy image cannot resolve two small objects which localized at about several hundreds nanometers from each other, the fabricated voxels in DLW also cannot be separated. Abbe's criterion states that, the minimum resolving distance of two objects is defined as 0.61λ/NA, where λ is the wavelength of incident light. This diffraction barrier thus imposes the minimum distance between different voxels, created by different exposures. Moreover, when multiple exposures are applied, although isolated voxel fabrication is ideally confined to the focal volumetric spot, the superposition of many out-of-focus regions of densely-spaced voxels leads to undesired and unconfined reaction. This results in the larger effective voxel size, even seperated by a distance far from diffraction limit.

Indeed, in the case of OPA, photons could be absorbed anywhere they are, with an efficiency depending on the linear absorption cross-section of the irradiated material.

The absorbed energy is gradually accumulated as a function of exposure time.

A dose compensation technique has been proposed and proved to be able to compensate the size difference in the structures [START_REF] Do | Optimization of LOPAbased direct laser writing technique for fabrication of submicrometric polymer two-and three-dimensional structures[END_REF]. In this technique, outer pillars are compensated by higher dose and it is possible to obtain uniform structures.

Nonetheless, this technique requires numerous calculation and tests in order to find out the appropriate dose compensation parameters. For example, for the fabrication of other 2D structures with a sub-micrometer period containing an arbitrary defect, such as a microcavity or a waveguide of arbitrary shape, the dose should be controlled for individual voxel (or pillar) as a function of its position with respect to the defect and to the center or the edge of structure. The dose compensation is different for different structures, and it requires many attempts to find out the optimized parameters.

Figure 2.15 shows the accumulation effect observed in the structures fabricated using traditional PEB process at different doses. The distance between two pillars is 500 nm, which is considered as a sufficiently short separation to induce noticeable accumulation effect. It can be observed that the pillar size decreases from the center to the edge, with a variation of 10% to 20%, resulting in non-uniform structures. the LOPA-based DLW using local PEB does not require testing, since the dose applied is constant for all voxels and the range of applicable doses is large. In addition, the PEB step is skipped, which is a great advantage in terms of fabrication time.

Furthermore, comparing to structures realized by TPA-based DLW, the period of these fabricated structures is much shorter (only 500 nm or even 400 nm) thanks to the use of short laser wavelength, which can be an additional advantage of this LOPA technique.

Indeed, Figures 2.17 show two experimental proves of a 3D woodpile and a 3D spiral structure fabricated by this technique. The woodpile structure consists of 18 stacked layers, each layers consists of parallel rods with period a = 400 nm. Due to the shrinkage effect, the line spacing measured at the top surface is reduced. The spiral structure was also well created with a small lattice constant of 600 nm. This is of interest for the fabrication of any photonic crystal with small period, which possess a photonic bandgap in the visible range.

Uniform shrinkage structures

Shrinkage is a fundamental issue for photopolymerization in the photopolymer. It is difficult to avoid the non-uniformity when the conventional polymerized microstructures are attached to substrates. The origin of this effect for TPA polymerization has been investigated [START_REF] Ovsianikov | Shrinkage of microstructures produced by two-photon polymerization of Zr-based hybrid photosensitive materials[END_REF]. It was suggested that the origin of the shrinkage is the collapse of this material during the development stage owing to the polymer not being fully cross-linked under an irradiation power close to the photopolymerization threshold.

At illumination parameters slightly above the photopolymerization threshold, the photopolymerization yield is not 100 %. Thus, during the development process, the non-polymerized material is removed, leaving a sponge-like material behind. The collapse of this material at a molecular level results in the structural shrinkage observed at low average laser powers [START_REF] Ovsianikov | Shrinkage of microstructures produced by two-photon polymerization of Zr-based hybrid photosensitive materials[END_REF]. However, it has also been confirmed that, although the sponge-like materials are formed during the development because of the incomplete polymerization at low laser power, the shrinkage indeed occurs due to the capillary forces and the dramatic change of surface tension during the drying process [START_REF] Sun | In situ investigation of the shrinkage of photopolymerized micro/nanostructures: the effect of the drying process[END_REF]. For LOPA 3D fabrication, this shrinkage effect is also observed, with
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different levels of distortion for different exposure doses, i. e., the lower the exposure dose is the higher the shrinkage is. It can be clearly seen that the degree of shrinkage at different exposure doses is different, i.e., from left to right, the writing speed decreases (the dose increases), the shrinkage decreases. This result is also in agreement with previous report on the shrinkage in the case of TPA polymerization [START_REF] Ovsianikov | Shrinkage of microstructures produced by two-photon polymerization of Zr-based hybrid photosensitive materials[END_REF], which suggests that in both cases, the shrinkage effect might have a similar origin. Non-uniform shrinkage might destroy the structural periodicity of a photonic crystal, resulting in the degradation of its optical quality. While shrinkage is an intrinsic problem, which cannot be avoided, non-uniform shrinkage problem can be positively resolved. Several approaches have been reported on how to overcome this non-uniform shrinkage, including pre-compensation for deformation [START_REF] Sun | Shape precompensation in two-photon laser nanowriting of photonic lattices[END_REF], single [START_REF] Maruo | Single-anchor support and supercritical CO2 drying enable high-precision microfabrication of threedimensional structures[END_REF] and multi-anchor supporting method [START_REF] Ovsianikov | Shrinkage of microstructures produced by two-photon polymerization of Zr-based hybrid photosensitive materials[END_REF][START_REF] Lim | Net Shape Manufacturing of Three-Dimensional SiCN Ceramic Microstructures Using an Isotropic Shrinkage Method by Introducing Shrinkage Guiders[END_REF], or freestanding microstructures trapped in cages [START_REF] Sun | Freestanding and movable photonic microstructures fabricated by photopolymerization with femtosecond laser pulses[END_REF]. All the above methods are investigated for the TPA case. In this work, the multi-anchor supporting method was employed to reduce the deformation caused by the non-uniform shrinkage of 3D microstructures by LOPA DLW. To demonstrate this idea, instead of fabricating woodpile structures directly on glass substrate, four "legs" at four corners of structures were created in order to avoid the attachment of the structures to the glass substrate, which is the direct cause of
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the non-uniform shrinkage. These anchors were designed and fabricated as rods of several hundreds nanometers and did not affect the main structure. Figures 2.18(eh) show woodpile structures with anchors fabricated at different doses. It can be seen that at low dose, the non-uniform shrinkage still remains as shown in Figure 2.18(e). However, when the dose is increased by a small amount, the distortion decreases and disappears. In this case, a laser power of 9 mW and a writing speed of 3 µm/s were sufficient for a considerable uniform structure. Compared to the non-anchored structures, the fabrication speed is reduced by three times to obtain a nearly deformation-free PC, which is remarkable especially for the fabrication of large structures. The shrinkage effect can also be exploited to produce PCs with small lattice constant.

To conclude, the multi-anchor supporting method was successfully applied to reduce the non-uniform deformation of 3D microstructure caused by attachment to the substrate. Since the support with four anchors allows uniform shrinkage of a polymeric microstructure by releasing it from the substrate, the fabricated microstructure shrinks isotropically. The combination of LOPA with local PEB and this supporting method is a promising way of producing small lattice constant photonic structures, which could result in a photonic bandgap in the visible range.

Potential applications 2.5.1 Hybrid surface-enhanced Raman scattering substrate from gold nanoparticles and photonic crystal

Surface-enhanced Raman scattering (SERS) has been the key for developing ultrahigh sensitivity sensors for biochemical molecules since its discovery in 1974 [START_REF] Fleischmann | Raman spectra of pyridine adsorbed at a silver electrode[END_REF].

For practical sensor design, Au or Ag NP decorated surfaces are the first candidates for SERS substrates. The idea is simply to use the SERS effect from NPs, which results from the electric field enhanced by the localized surface plasmon excited by the incident light and its interaction with the individual molecules attached to the surface [START_REF] Schatz | Electromagnetic Mechanism of Surface-Enhanced Spectroscopy[END_REF]. per unit area on the structures with more layers is larger than that of the structures with less layers, assuming that they have the same surface number density and the distribution is fairly uniform. This leads to higher Raman signal intensity.
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In the future, we aim at fabricating PhC with PBG within which the peaks in the Raman spectra locate. This is not only for the enhancement of the Raman signal intensity but also for the selective detection of the SERS signal.

Optomechanics in polymer for sensor applications

The fields of photonics and phononics, both of which are important for information We propose a concept of DFB laser by combining gratings of different periods to enhance the lasing effect (see Figure 2.21). In this design, there are two main parts: the central grating acts as an input/output coupler, allowing the excitation of a guided mode of the stack through one diffraction order, while the Bragg gratings prevent the mode to spread outside the structure. The parameters of the structures are chosen so that the coupler grating presents a resonance peak at a wavelength located in the bandgap of the Bragg grating. A pump laser is incident from the top of the central grating and the emitted beam is collected in the opposite direction.
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By changing the incident angle of the pump laser beam, we can control the emitting direction of the emitted beam.

In the work collaborated with Vietnam National University, we have fabricated gratings of different periods on which perovskite materials were deposited for the investigation of lasing effect with controllable emitting direction.

Those results show that LOPA-based DLW is a simple but robust technique which is applicable for many potential applications. However, for the rest of this thesis, we focus mainly on the coupling of NPs into PSs using LOPA-based DLW.

Conclusion

By using LOPA DLW with optically induced thermal effect taken into account, we have succeeded in fabricating accumulation-free submicrometer polymeric 2D and 3D structures. Solving the heat equation using finite element model realized by Matlab, we demonstrated that the heat induced by high excitation intensity of a 532 nm continuous wave laser confined the crosslinking reaction in the local region where the temperature is higher than the PEB temperature. This resulted in fine and uniform structures, since only the material within the effective temperature region was properly polymerized. Temperature-depth dependence calculation showed that this technique allows the fabrication of uniform 3D sub-micro structures with large thickness. This was then evident by an experimental demonstration of fabrication of a uniform 3D woodpile structure without PEB step, with a period as small as 400 nm.

Non-uniform shrinkage effect was also remarkably reduced by applying the multianchor supporting method. Compared to the commonly used TPA method, LOPAbased DLW with local PEB shows numerous advantages such as simple, low-cost setup and simplified fabrication process. This technique is an excellent alternative to the TPA method because of the capability of fabricating any desired 1D, 2D and 3D structures with the similarly high quality, but at a lower cost.

Chapter 3

Realization of magneto-photonic microstructures and microdevices

Introduction

Functional nanocomposites, especially magneto-polymeric nanocomposites have attracted a great attention due to their multifunctionality for a variety of applications, including data storage [START_REF] Henderson | Pattern transfer nanomanufacturing using magnetic recording for programmed nanoparticle assembly[END_REF], sensors [START_REF] Alfadhel | Magnetic polymer nanocomposites for sensing applications[END_REF], actuators [START_REF] Kim | Programming magnetic anisotropy in polymeric microactuators[END_REF], biomedicine [START_REF] Safarik | Magnetic techniques for the isolation and purification of proteins and peptides[END_REF], etc.

Microdevices and micromachines with moving parts have now been utilized for environmental applications [START_REF] Seethapathy | Passive sampling in environmental analysis[END_REF], microfluidics [START_REF] Melin | Microfluidic large-scale integration: the evolution of design rules for biological automation[END_REF], in vivo sensing, monitoring [START_REF] Jager | Microfabricating Conjugated Polymer Actuators[END_REF],

and even inside human body [START_REF] Huang | Soft micromachines with programmable motility and morphology[END_REF]. Unlike photonic crystals which are merely threedimensional (3D) periodic structures [START_REF] Sukhoivanov | Introduction to Photonic Crystals[END_REF], micromachines and devices generally consist of complex 3D components, and therefore are more difficult to fabricate. Moreover, micromachines need mechanical movement of individual parts for an operation, which requires not only well defined, robust microcomponents, but an appropriate machine driving mechanism is also highly desired. Several actuation methods have been proposed, such as an electric field actuation [START_REF] Kharboutly | Modeling the trajectory of a microparticle in a dielectrophoresis device[END_REF], piezo-electric actuation [START_REF] Kosa | Propulsion Method for Swimming Microrobots[END_REF],

thermal actuation [START_REF] Liew | Development of SiCN ceramic thermal actuators[END_REF], and light-driven actuation [START_REF] Sun | Elastic force analysis of functional polymer submicron oscillators[END_REF]. These methods have some challenges, especially for in vivo applications, for example, light-driven [START_REF] Sun | Elastic force analysis of functional polymer submicron oscillators[END_REF] is an effective method for manipulating micromachines, but it suffers from high laser intensity, which is not suitable to operate inside human body. The magnetic force driven technique would be an ideal method for remote control due to its simple, safe and noncontact properties [START_REF] Sun | A three-terminal spin-torque-driven magnetic switch[END_REF].

Magneto-polymeric nanocomposites could be a promising candidate for the fabrication and manipulation of microstructures and microdevices. A number of synthesis and fabrication methods have been proposed to obtain desired magnetic microdevices, for instance, template-assisted method [START_REF] Li | Template electrosynthesis of tailored-made helical nanoswimmers[END_REF][START_REF] Gao | Bioinspired Helical Microswimmers Based on Vascular Plants[END_REF], self-scrolling technique [START_REF] Zhang | Artificial bacterial flagella: Fabrication and magnetic control[END_REF],

lancing angle deposition method [START_REF] Ghosh | Controlled Propulsion of Artificial Magnetic Nanostructured Propellers[END_REF], and direct laser writing (DLW) [START_REF] Tottori | Magnetic Helical Micromachines: Fabrication, Controlled Swimming, and Cargo Transport[END_REF][START_REF] Wang | Remote manipulation of micronanomachines containing magnetic nanoparticles[END_REF][START_REF] Xia | Ferrofluids for Fabrication of Remotely Controllable Micro-Nanomachines by Two-Photon Polymerization[END_REF].

Among those, DLW has been the most widely used technique thanks to its flexibility and capacity of fabricating arbitrary complex 3D structures. It is worth mentioning that while the TPA-based DLW technique is very powerful for fabrication of desired structures, it requires the use of a pulsed femtosecond or picosecond laser and a complicated optical system [START_REF] Tottori | Magnetic Helical Micromachines: Fabrication, Controlled Swimming, and Cargo Transport[END_REF][START_REF] Wang | Remote manipulation of micronanomachines containing magnetic nanoparticles[END_REF][START_REF] Xia | Ferrofluids for Fabrication of Remotely Controllable Micro-Nanomachines by Two-Photon Polymerization[END_REF], making it a rather expensive fabrication technique.

In this chapter, we demonstrate the use of LOPA-based DLW as a simple and robust technique for the fabrication of desired multidimensional micro magnetophotonic devices. Superparamagnetic magnetite nanoparticles (Fe 3 O 4 ) were first synthetized and used as nanofillers in a polymer matrix host of SU8 photoresist.

We investigated in details the influence of magnetite nanoparticles concentration, of photoresist viscosity, as well as of the preparation duration on the uniformity and the homogeneity of the nanocomposite. We then demonstrated the use of LOPA-based DLW as a simple and robust technique for the fabrication of desired multidimensional micro magneto-photonic structures and devices. Structures with submicro-features were systematically investigated to obtain optimized fabrication parameters and basic concept for their integrations to numerous optical and biological devices. We also demonstrated the fabrication and manipulation of free-floating structures by an external magnetic field showing a strong and controllable magnetic response of the fabricated structures to the external magnetic field, which paves the way for different applications in biotechnologies and optophysics, such as biosensors, actuators and data storage [92-95, 113, 114]. Different models of magnetic microdevices and micromachines are proposed and realized.

Synthesis of photopatternable magneto-polymer nanocomposite

Nanocomposite made from a photosensitive polymer and magnetic particles (MNPs) has been used for fabrication of magnetic structures with feature sizes larger than 10 µm by using a conventional photolithography [START_REF] Kim | Programming magnetic anisotropy in polymeric microactuators[END_REF][START_REF] Suter | A photopatternable superparamagnetic nanocomposite: Material characterization and fabrication of microstructures[END_REF]. However, when further device miniaturization is desired, the control of nanoparticles dispersion at nanoscale in polymer matrices is critical and challenging. To avoid clustering of particles, the polymer-particle and particle-particle interactions have to be balanced. This issue becomes more difficult with MNPs possessing remnant magnetization. They intrinsically attract each other due to attractive magnetic forces. Therefore, the use of surfactant agent is a typical way to modify MNPs surface for well-mixed nanocomposite materials. However, it usually comes along with challenges related to chemical affinity or toxicity with surrounding environment such as carrier liquids or biological systems. To minimize this occurrence, the superparamagnetic nanoparticles, such as Fe 3 O 4 , are frequently exploited. Superparamagnetism is a well-known phenomenon exhibited by ferromagnetic single-domain particles with very small size in which no hysteresis and magnetic remanence exist [START_REF] Lu | Magnetic Nanoparticles: Synthesis, Protection, Functionalization, and Application[END_REF]. In this chapter, we present our investigation on the synthesis of photopatternable magneto-polymer nanocomposites by mixing of Fe 3 O 4 MNPs and a commercial SU8 photoresist.

Preparation of superparamagnetic nanoparticles

Iron oxide MNPs are widely used in different physical and biological applications owing to their excellent optical and magnetic characteristics. For example, their large surfaces permit strong bonds with the surface of functional molecules or their superparamagnetic nature allows them to be controlled by an external magnetic field. Moreover, their small size (typically 11 nm) are ideal for them to be mixed with polymer materials resulting in homogeneous nanocomposites, which became a subject of intensive research over a decade [START_REF] Hyeon | Chemical synthesis of magnetic nanoparticles[END_REF]. The two main forms of iron-based MNPs are magnetite (Fe 3 O 4 ) and its oxidized form maghemite (γ-Fe 2 O 3 ).
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In our experiments, we have used Fe 3 O 4 NPs, which were synthesized by our colleagues in Hanoi National University of Education (Vietnam). The synthetic procedure can be briefly described as follow [START_REF] Hai | Mechanism for Sustainable Magnetic Nanoparticles under Ambient Conditions[END_REF]: A magnetic fluid is prepared by using the conventional precipitation of Fe 3+ and Fe 2+ ions by OH -at room temperature. In a typical case, 4.17 g of FeCl were formed and isolated from the solution by magnetic decantation method. The water washing and decantation process are repeated several times to purify MNPs.

In order to incorporate MNPs with SU8 photoresist, the magnetic decantation process is repeated to exchange solution from water to ethanol. negative photoresist for the fabrication of desired magneto-photonic structures.

Magnetic-polymer nanocomposites

Influence of SU8 viscosity and MNPs concentration

The polymer matrix with high viscosity can prevent the inter-diffusion of inorganic substituents such as metallic or magnetic nanofillers. In our work, different types of SU8 negative photoresist and various concentrations of MNPs were used to study the viscosity and concentration effects on the dispersion and the homogeneity of the nanocomposite. Different MNPs/SU8 concentrations ranging from 0 to 10 wt%. were also prepared and analyzed. The mixtures were stirred for 2 hours (typical duration) and followed by 30 minutes of ultra-sonication. Finally, nanocomposite solutions of different viscosities and concentrations were stored in a non-magnetic environment and observed by optical microscopy as a function of time. Figure 3.2 shows photos of four bottles of -concentration) were completely mixed leaving particles in suspension of SU8 2005.

The dispersion is very homogeneous and stable for longtime. However, it is not true for all cases, the sedimentation might occur with higher MNPs concentrations. Indeed, by using SU8 2005 with MNPs concentrations from 2 wt%. to 10 wt%., the observations show that MNPs with a concentration above 5 wt%. quickly deposited on the bottom of containers, and the nanocomposites of lower concentrations, for example, 3 wt%., 4 wt%. and 5 wt%., are partly sedimented as shown in Figure 3.3. Of course, using lower particles contents (< 2 wt%.), the quality of nanocomposites become similar to that of pure SU8 photoresist, but the MNPs quantity is too low to have a strong magnetic response. Hence, we come to a conclusion that the best nanocomposite for realization of magneto-photonic structures and devices is the mixing of SU8 2005 with an appropriate value of viscosity (45 cSt) and MNPs with a modest concentration of 2 wt%. 

Influence of time on MNPs dispersion and homogeneity

A remarkable improvement in nanoparticles dispersion was noticed by prolonging the observation time. For that, a small quantity of nanocomposite (2 wt%. -concentration) was dropped onto a glass substrate and examined by an optical microscope.

We found that the big clusters of MNPs observed in the "one-day" sample (Fig- 

Typical hybrid properties of nanocomposites

The incorporation of MNPs into polymer matrices of SU8 photoresist allows to exploit both properties of nanofillers and polymer materials, as well as new behaviors due to their mutual interactions. We discuss here only some typical hybrid properties of this nanocomposite, which are the most important for fabrication of functional structures.

Absorption spectrum

Due to the excellent transparency and favorable optical parameters, the epoxy negative tone SU8 has been preferred as a special material for fabrication of many optical devices such as waveguide, grating, filter and photonic bandgap structures, etc. On the contrary, the absorption coefficient of Fe 3 O 4 MNPs is relatively high at visible range as shown in Figure 3.1(b), explaining the origin of the dark color of MNPs 

Optically induced thermal effect

The absorption of MNPs, even with very weak contribution, has some effects on the fabrication of magneto-photonic structures. Indeed, when using the nanocomposite, it was observed that the presence of MNPs influences on the exposure power and time of LOPA DLW. The exposure time or power decreased by more than a half when using LOPA-based DLW technique for fabrication of submicrostructures. This is explained by the optically induced thermal effect due to the strong absorption of MNPs at the excitation wavelength (532 nm). This thermal effect allowed Chapter 3 Realization of magneto-photonic microstructures and microdevices a rapid completion of the polymerization process, thus reducing the exposure time and power.

It is important to note that due to the strong energy absorption of metallic properties as well as their special nature, MNPs show remarkable heating effect that has already been applied for a wide range of biomedical applications, such as hyperthermia [START_REF] Deatsch | Heating efficiency in magnetic nanoparticle hyperthermia[END_REF] and radiotherapy [START_REF] Mahmoudi | The application of magnetic nanoparticles for the treatment of brain tumors[END_REF].

Submicroscale manipulation by an external magnetic field

The ability to response to an external magnetic field of MNPs brings out many unique applications for manipulating objects at microscale, for example, drug delivery [START_REF] Mody | Magnetic nanoparticle drug delivery systems for targeting tumor[END_REF], cancer treatment [START_REF] Mahmoudi | The application of magnetic nanoparticles for the treatment of brain tumors[END_REF], and nanomaterial-based catalyst [START_REF] Lu | Nanoengineering of a Magnetically Separable Hydrogenation Catalyst[END_REF]. To demonstrate the presence of MNPs in nanocomposite and their magnetic response to the external magnetic field, a droplet of nanocomposite sample was submitted to an uniform magnetic field of 20 mT and simultaneously observed by an optical microscope.

MNPs quickly formed chain-like agglomerations, as illustrated in Figure 3.5(a). It is worth noting that the MNPs moved easily in this case because the nanocomposite still contained a large quantity of solvent. When the nanocomposite thin film was made and the solvent was evaporated, it was more difficult to magnetize those MNPs, thus requiring a stronger magnetic field. In particular, when the structures are fabricated, i.e., the photopolymerization and cross-linking are completed, the magnetization of MNPs in polymer matrices is fixed as permanent, suggesting a lot of ideas for patterning magneto-photonic structures. The fabrication of submicrometer magneto-photonic structures and their interaction with an external magnetic field will be demonstrated in Section 3.4.

Realization of 2D and 3D magneto-photonic structures on demand

In this section, we show that the LOPA-based DLW allowed us to fabricate 2D and 3D magneto-photonic structures as desired.

In the LOPA operation regime, the excitation power and exposure time are important parameters, which directly determine the characterization of fabricated structures. To study the behavior of the photopatternable magnetic nanocomposite, we first investigated the evolution of structure size as a function of laser power and writing speed. Series of submicropillars were fabricated on a film thickness of 2 µm and analyzed. We note that, in the DLW, a single exposure results in a single polymerized voxel, and a pillar is obtained by scanning the focusing spot along the film thickness. Figure 3.6(a) shows an SEM image of a 2D periodic structure constituted of different pillars, which were created when using different writing speeds, ranging from 1 µm/s to 8 µm/s, and a laser power of 9 mW. The pillar diameter changes as a function of the scanning speed, and very small pillars could be obtained with this magnetic nanocomposite, as shown in the left image of Figure 3.6(a). With a laser power of 9 mW, the pillar size varies between 400 nm and 650 nm, as shown in Figure 3.6(b). By decreasing the laser power to 7 mW or 5 mW, the pillar sizes decrease further to a range of 150 nm-300 nm. Due to the ultralow absorption effect, it was not possible to obtain polymerized structures with further decrease of the laser power and with a reasonable writing speed. This result shows that the fabricated structures on magnetic nanocomposite are quite similar to those obtained by pure SU8 photoresist. By performing many different tests, we have found that the laser power of 7 mW and the scanning velocity of 4 µm/s allow for obtaining small and stable submicropillars. Furthermore, the smallest feature size of 150 nm is even smaller than the minimum focusing spot (a diffraction limit) of the used objective lens. Obviously, the Fe 3 O 4 /SU8 2005 nanocomposite with a low particle concentration of 2 wt% is an excellent hybrid material to create magnetic nanostructures by the LOPA-based DLW technique.

Based on the above investigations of structure size and periodicity, we now demonstrate the use of a LOPA-based DLW technique to pattern arbitrary magnetic structures by using the magneto-polymer. Figure 3.7(a) shows a SEM image of an arbitrary shape 2D structure, the letter "LPQM". In this experiment, the "LPQM" structure was patterned by a scanning speed of 4 µm/s and with a laser power of 5 mW, which is lower compared to the laser power used for fabrication of other structures such as square and hexagonal structures. It is due to the accumulation of exposure energy at the vicinity of each point when the distance between them was set below 250 nm. An SEM image of a 2D pillar array magneto-photonic pillar array, with a period of 1.5 µm is shown in Figure 3.7(b). This structure was fabricated at a laser power of 10 mW and a writing speed of 3 µm/s.

Various 3D structures have also been realized. For most applications of PS, the small size is not only a key parameter but also the minimum distance between two features. We have therefore examined the quality of structures as a function of the structure lattice parameter. Different magnetophotonic structures with a periodicity varying from 2 µm to 0.4 µm were fabricated of an external magnetic field, the displacement in three dimensions of magnetic structures can be controlled as desired. However, the structure size is still challenging for interaction with smaller targets. In this part, we present the realization of freefloating magneto-photonic microstructures by LOPA-based DLW techniques.

In order to prove the response of magnetic structures to a magnetic field, arrays of "micro-swimmers" were fabricated as an example for demonstration. Figure 3.9 illustrates the fabrication and demonstration of magnetic field-driven processes. First, an array of microswimmers was fabricated. Unlike other fabrication process where good attachment of structures to the substrate is required, the microswimmers were created at a midway position in order to assure the free-floating ability afterward.

After that, a developer solvent was dropped directly on the subtrate, washing away all the unexposed areas, leaving the microswimmers which are free to move inside the liquid. We note that these microswimmers were superparamagnetic since they were created from superparamagnetic MNPs. The superparamagnetic microswimmers are more advantageous than conventional ferromagnetic microswimmers, as ferromagnetic microswimmers tend to attract to each other, making them difficult to move freely. By contrast, the superparamagnetic microswimmers can move freely and easily under an applied external magnetic field. A magnetic field generated by a permanent magnet was then applied to investigate the magnetic field response of the magnetic micro-swimmers. Figure 3.10(a) shows an SEM image of the microswimmers and the zoomed image of one pattern, fabricated at a power of 9 mW. We note that, for SEM examination, these microswimmers were fabricated attached to the glass substrate. Figure 3.10(b) shows a series of screenshots at 0s, 5s, and 20s of a video captured by an optical microscope to illustrate the whole process from the structural development to the movement toward higher gradient of the external magnetic field. Obviously, all of the micro-swimmers quickly moved toward the strong response to the applied magnetic field. We also performed a similar process, but without applying the external magnetic field. In this case, the structures just randomly floated in SU8 developer.

Since the magneto-photonic micro-structures response strongly to the external magnetic field, it should be possible to fabricate magneto-photonic micromachines and microdevices with complex components which can be mechanically driven by magnetic force. In the next section, the realization of such microdevices by LOPAbased DLW will be demonstrated.

Realization of 3D magneto-photonic devices

The great advantage of the DLW method is that it allows the realization of arbitrary structures on demand. The LOPA-based DLW technique has just been demonstrated to be able to pattern magnetic structures from the magneto-polymeric nanocomposite, which show strong response to an external magnetic field. Magnetic micromachines and microdevices have shown their potential for applications in various fields, such as biomedical fields [START_REF] Tottori | Magnetic Helical Micromachines: Fabrication, Controlled Swimming, and Cargo Transport[END_REF][START_REF] Troisi | Fabrication of new Magnetic Micro-Machines for minimally invasive surgery[END_REF], and microfluidics [START_REF] Tian | A Laser Fabrication of Magnetic Micromachines by Using Optimized Photosensitive Ferrofluids[END_REF], due to the biocompatibility and flexibility of the magnetic actuation. The remote control of these structures can be realized by applying an external magnetic field. As illustrated in the schematic model (Figure 3.11(c)), one end of the spring is fixed to a polymerized cubic anchor attached to the substrate, and the other end is polymerized into a sphere shape as a moving part. The movement process of such microspring with a length of 60 µm has been observed and recorded under a microscope in Ref. [START_REF] Xia | Ferrofluids for Fabrication of Remotely Controllable Micro-Nanomachines by Two-Photon Polymerization[END_REF]. In this work, we target smaller structures, which results in difficulties in observing using a microscope. We propose another method for observation, as illustrated in Figure 3.12(a). After fabrication, the sample is put back to the setup and scanned to identify the position of the microspring. An external magnetic field is then applied, causing the stretch of the microspring, which can be scanned again at this state to observe the difference. Using this method, we expect to estimate the frequency of the oscillation of the spring. The focusing spot of the laser beam is first fixed at the object position when the spring is at the stretched state, at which the photodiode records a high photon count signal.

The spring is then released by removing the magnetic field and starts to oscillate at a certain frequency. When the object is out of the focusing spot of the laser beam, the photodiode records a low photon count signal. The movement repeats and we can obtain a time-dependent profile of the oscillation of the microspring, from which we can deduce its frequency. In practice, this frequency can be easily determined from the Young's modulus of the material and the sizes of the spring and the object. Figure 3.12(b) shows a fluorescence image of a microspring at its rest state. Three parts of the spring including the anchor, the spring, and the object can be easily identified from this image. However, the investigation of the movement of the microspring is still in progress and will not be shown in this thesis.

All of these experimental results confirm that any magneto-photonic microstructures or devices can be realized by using the LOPA-based DLW on this magnetopolymeric nanocomposite. It opens a possibility to go further on development of magnetic nano-devices and micro-robotic tools for a wide range of applications. 

Discussion

The fabrication of magneto-photonic microstructures by LOPA DLW has been demonstrated. In the future, the fabrication of 2D and 3D magnetic structures with determined orientation of magnetic dipoles as shown in the schematic in Figure 3.13 is highly desirable. This can be achieved by applying tunable external magnetic field during the fabrication process. Particularly, it is interesting to study the coupling of single MNPs with PSs. However, it is quite challenging to optically identify single MNPs since they absorb the excitation light and do not emit fluorescence signal. Attempts have been made to determine single MNPs by measuring the excitation light (532 nm) reflected from samples. Since MNPs show a slight absorption at the wavelength of 532 nm, they will appear on the scanned map as dark spots. However, it has not been confirmed that those dark spots are single NPs. Another solution is to use fluorescent magnetic NPs. We have investigated Ag@Fe 3 O 4 core/shell nanoflowers and we have been successful in determining single NPs by detecting the fluorescence signal emitted from the NPs. Nevertheless, we had some difficulties in the fabrication process due to the explosion effect originating from the metal core. Further investigations on other fluorescent magnetic NPs will be implemented. 

Conclusion

In [START_REF] Scholl | Quantum plasmon resonances of individual metallic nanoparticles[END_REF][START_REF] Goncalves | Plasmonic nanoparticles: fabrication, simulation and experiments[END_REF]. When exciting a single metallic NP by a light beam with appropriate wavelength, the electromagnetic field is strongly and locally amplified nearby the NP. This localized plasmonic effect becomes even stronger when those NPs are organized in nanostructures, such as dimers [START_REF] Alonso-Gonzalez | Resolving the electromagnetic mechanism of surfaceenhanced light scattering at single hot spots[END_REF][START_REF] Chen | A protein transistor made of an antibody molecule and two gold nanoparticles[END_REF] or arrays [START_REF] Scholl | Quantum plasmon resonances of individual metallic nanoparticles[END_REF][START_REF] Goncalves | Plasmonic nanoparticles: fabrication, simulation and experiments[END_REF][START_REF] Kühn | Enhancement of Single-Molecule Fluorescence Using a Gold Nanoparticle as an Optical Nanoantenna[END_REF][START_REF] Kim | Highharmonic generation by resonant plasmon field enhancement[END_REF][START_REF] Zijlstra | Five-dimensional optical recording mediated by surface plasmons in gold nanorods[END_REF][START_REF] Schuller | Plasmonics for extreme light concentration and manipulation[END_REF][START_REF] Linic | Plasmonic-metal nanostructures for efficient conversion of solar to chemical energy[END_REF]. The LSPR phenomenon has therefore triggered many investigations on the optical responses of integrated metallic/active nanostructures, such as: fluorescence enhancement [START_REF] Kühn | Enhancement of Single-Molecule Fluorescence Using a Gold Nanoparticle as an Optical Nanoantenna[END_REF], nonlinear optics enhancement [START_REF] Kim | Highharmonic generation by resonant plasmon field enhancement[END_REF], antennas for sensing [START_REF] Zhang | Trapping and Sensing 10 nm Metal Nanoparticles Using Plasmonic Dipole Antennas[END_REF], or organic plasmon-emitting diode [START_REF] Koller | Organic plasmon-emitting diode[END_REF].

Meanwhile, photonic crystal cavities are of great interest for confining light at resonance frequencies and enhancing electromagnetic field [START_REF] Noda | Spontaneous-emission control by photonic crystals and nanocavities[END_REF][START_REF] Nomura | Laser oscillation in a strongly coupled single-quantum-dot-nanocavity system[END_REF][START_REF] Englund | General recipe for designing photonic crystal cavities[END_REF]. The resonant mode of a photonic crystal cavity shows a much narrower spectrum than that of the plasmonic resonance mode. Combining plasmonic and photonic cavity modes thus allows a strong modification of optical response of the hybrid system, which may lead to interesting applications. Similarly to the case of magnetic/PS coupling, the plasmonic/photonic coupling can be realized by an ensemble of metallic NPs [START_REF] Jiménez-Solano | Integration of Gold Nanoparticles in Optical Resonators[END_REF][START_REF] Wang | Large and Ultrafast Optical Response of a One-Dimensional Plasmonic-Photonic Cavity[END_REF][START_REF] Wang | Coupling Localized Plasmonic and Photonic Modes Tailors and Boosts Ultrafast Light Modulation by Gold Nanoparticles[END_REF] or by an individual gold NP [START_REF] Barth | Nanoassembled Plasmonic-Photonic Hybrid Cavity for Tailored Light-Matter Coupling[END_REF]. All these hybrid structures proved a strong interaction of the cavity mode with the plasmonic NPs. Indeed, Wang et al.

demonstrated theoretically and experimentally the coupling of the LSPR of Au NPs ensemble with a resonant mode of a 1D cavity [START_REF] Wang | Large and Ultrafast Optical Response of a One-Dimensional Plasmonic-Photonic Cavity[END_REF][START_REF] Wang | Coupling Localized Plasmonic and Photonic Modes Tailors and Boosts Ultrafast Light Modulation by Gold Nanoparticles[END_REF]. Using a pump wavelength of 550 nm, which matches the LSPR of the Au NPs and the defect mode of the cavity, they obtained a transient optical response enhancement of the NPs up to 30 to 40 times and a strongly sharpened spectral profile. Besides, in order to couple a single metallic NP into a photonic crystal cavity, Barth et al. [START_REF] Barth | Nanoassembled Plasmonic-Photonic Hybrid Cavity for Tailored Light-Matter Coupling[END_REF] proposed to use a dip-pen technique with AFM manipulation, which pushes a single gold NP towards the photonic crystal cavity, which is previously fabricated by a standard technique on a semiconductor material. The coupling is realized through the evanescent field of the metallic NP and the dielectric photonic crystal cavity mode [START_REF] Barth | Nanoassembled Plasmonic-Photonic Hybrid Cavity for Tailored Light-Matter Coupling[END_REF].

In this chapter, we report our investigation on the coupling of a single gold NP with a polymer-based PS. First, using a software called Lumerical based on FDTD method, we build a simulation model which shows theoretically the plasmonics/photonics coupling. Then, employing LOPA-based DLW with a double step process, we demonstrate the precise incorporation of a single NP to a microstructure as desired.

For this, we take advantage of the absorption of materials: strong absorption of NP and low absorption of photoresist. The fabrication of the desired structure is therefore carried out in two steps: first, to identify the position of the NP by LOPA DLW at a very low excitation power, and second, to fabricate the resin structure containing the NP at a higher power. The fabricated samples are charaterized using the same optical setup, and we show an enhancement in the fluorescence signal of the samples, which is explained by the simulation model above.

Localized plasmonic resonance and plasmonics/photonics coupling: theoretical calculations

Plasmonics is the discipline describing the bridging between electromagnetic radiation and electronic oscillations. The excitation, propagation, and localization of the plasmonic effect can be tailored by controlling particle size and shape. We therefore distinguish three categories of plasmonic effects: i) surface plasmon resonance;

ii) localized surface plasmonic resonance; and iii) plasmonic nanostructures. In this section, we focus mostly on the second case dealing with plasmonic effect of single metal NP as well as its coupling to different polymer-based PSs.

Localized surface plasmonic resonance

Plasmons arise from the collective oscillations of free electrons in metallic materials.

Under the irradiation of an incident electromagnetic wave, the free electron are driven to coherently oscillate at a frequency relative to the lattice of positive nuclei.

For a metallic structure with finite dimensions, such as metallic films, only the electrons on the surface are the most significant since the electromagnetic wave can penetrate a limited depth in metal. Therefore, the collective oscillations of such electrons are called surface plasmon resonance (SPR).

In the case of metallic NPs, the collective oscillations of free electrons are confined to a finite volume defined by the particle dimensions. Such plasmons of NPs are termed as localized surface plasmon resonances (LSPRs) since they are localized rather than propagating. When the free electrons in a metallic NP collectively oscillate at a certain resonant frequency due to the incident electric field, the incident light is absorbed by the NP. Some of these photons will be scattered, i.e., released in all directions with the same frequency, while some others will turn into vibrations of the lattice, which is known as absorption.

The plasmon resonant frequency is highly sensitive to the refractive index of the surrounding environment, a change in refractive index results in a shift in the resonant frequency. We have used a common finite different time domain (FDTD) method to perform simulations of LSPRs of a typical metal NP (gold). First, we considered a spherical Au NP (diameter = 50 nm) immersed in different media, such as air (n = 1), water (n = 1.33), and glass (n = 1.5). of Au nanorods with different aspect ratios (the diameter was fixed at 15 nm, and R = 1, 2, 2.5, 3). We can see that the transverse plasmon band exhibits a slight blue shift as aspect ratio of the nanorods increases, while the longitudinal peak is continuously shifted from the visible to near infrared spectra as the aspect ratio increases.

We note that, in our simulations, the Au NPs are modelled as ellipsoidal particles, while the experimentally fabricated nanorods are more like cylinders. Nevertheless, it has been common to treat small metallic nanorods as ellipsoids in order to adequately calculate their optical properties and their geometry/property relationship.

The plasmonics/photonics coupling has drawn great attention since such combination can induce a modification of optical properties of the cavity as well as the NP introduced inside. Specifically, we are interested in Au NPs and polymeric photonic cavities. In order to clarify the mechanism of such coupling, we have performed various simulations using FDTD method to address different issues: How the excitation light is coupled into a photonic cavity; How the LSPR of the NPs is enhanced due to the coupling of the light in the cavity; And how the emitted light of the NPs is coupled out of the cavity. For all these simulations, we have also considered Au NP as a plasmonic and fluorescent NP, since it can absorb and emit light. 

Coupling of light into cavities

First, a simulation addressing the coupling of light into a photonic cavity was carried out. We investigated two types of cavity, without any metallic particle: microsphere and micropillar made of SU8 photoresist (refractive index of SU8 was assumed to be 1.5 for all wavelengths). We built a simple model in which the photonic cavity (a microsphere with the diameter = 1.12 µm and a micropillar with the height = 1.2 µm and the diameter = 0.3 µm) is placed on a glass substrate, as shown in Figures 4.2(a, c). A linear polarized (along x-axis) plane wave source is placed underneath, pointing upward (in z direction). A monitor is set in the (xz)-or (yz)plane to record the incident light field. We studied the coupling effect of the 532 nm wavelength, which is the wavelength of the excitation laser used in the experimental work. In other words, the coupling of the incident light from the excitation source into the cavities could be properly studied in this calculation. 

Plasmonics/photonics coupling

After verifying the coupling of the excitation light into the cavities, we studied further the interaction between the LSPRs of Au NPs and the amplified field inside the cavities. We performed a simulation in which a Au NP with a diameter of 50 nm was introduced at the center of the cavities (z = 0). A case where a Au NP was embedded inside a SU8 uniform film was also taken into accounted for reference. illustrates the simulation models in those three cases. In this simulation, the source used is a total-field scattered-field source that surrounds the entire structures. The wavelength of the source ranges from 400 to 800 nm. An analysis group bounds the Au NP, allowing the calculation of its absorption. For the Au NP inside the SU8 uniform film, the obtained spectrum is similar to the one shown in Figure 4.1(a), since the SU8 layer of 1 µm-thickness can be almost considered as an infinite medium with respect to the Au NP. The resonance peak locates at 553 nm. However, in the case of sphere and pillar, we found critical changes.

The absorption spectrum of the Au NP inside the microsphere possesses two peaks, one at 567 nm and the other at 500 nm, and with enhanced absorption. Meanwhile, it is clear that the spectral profile in the case of micropillar is remarkably enhanced compared to the other cases. These modifications in the optical characteristics of the Au NPs must be attributed to the amplified field within the photonic cavities experienced by the Au NPs, as well as the particle field that is due to the LSPR of the Au NP. More specifically, the Au NP located at the center of the sphere experiences a much lower electromagnetic field compared to the one inside the pillar (as shown in Figure 4.2(e)), resulting in an enhancement of the resonance peak. This is also confirmed by the calculated electric intensity distribution at the position of Au NPs in those structures, shown in Figure 4.4. In this case, a linear polarized (along xaxis) plane wave source with the excitation wavelength of 532 nm is used. The source is also placed under the structure and inside glass substrate, pointing upward in z direction. A monitor bounding the NP is set to record the field in (xy)-plane. It can be seen that the Au NP inside the micropillar experiences the highest field, while that in the case of SU8 film is the lowest, even lower than in the air. This is in good

agreement with what we have done so far. Obviously, for the case of microsphere, the best configuration is to locate the Au NP at the edge of the sphere, where the field is maximum. However, within the scope of this work, we limited the investigation to the case where the Au NP was inserted at the center of the microsphere.

Enhanced light out-coupling

Finally, we investigated how the emitted light is coupled out of the cavity. In this case, instead of a Au sphere, the Au NP is modeled as a single oscillating electric dipole (same as a single emitter) whose orientation is parallel to the interface between SU8 and glass substrate, corresponding to the excitation polarization at the focusing spot, since the emission from a small isolated spherical Au NP depends on the excitation field [START_REF] Huang | Gain, detuning, and radiation patterns of nanoparticle optical antennas[END_REF]. We also assumed that the emitted wavelength is λ = 650 nm, which is arbitrarily chosen within the fluorescence spectrum of Au NPs. This wavelength does not necessarily correspond to the maximum fluorescence spectrum, however it does not affect the generality of the calculation method either. Three particular configurations were taken into accounted for simulations: a single Au NP embedded in a SU8 film, a SU8 microsphere, and a SU8 micropillar (structures and parameters are presented in Figure 4.3(a)). For all three cases, we assumed that the oscillating dipole is located in SU8 photoresist at the distance of 500 nm from the interface between SU8 and glass substrate and the detector is located at the objective lens position (glass side). • , which belongs to the collection cone of the microscope objective, and therefore could be detected. This portion is even larger in the case of SU8 pillar, which makes this shape the most desirable structure to couple NPs to.

On the contrary, the radiation pattern in case the SU8 film is oriented at a larger angle, resulting in a loss of photons propagating out of the collection cone of the microscope objective. In order to explain these simulation results, we note that for small particles behaving like dipoles close to a dielectric interface, the radiated power is principally emitted towards the denser medium at the critical angle [START_REF] Lukosz | Light emission by magnetic and electric dipoles close to a plane interface I Total radiated power[END_REF]. Since a SU8 film possesses a high refractive index n SU8 1.6 with respect to that of glass substrate (n glass = 1.518), the emission from the Au NP suffered a total internal reflection (TIR) effect, where all the emitted light at angles larger than the critical angle are completely reflected. In contrast, in the case of a Au NP embedded in a SU8 microsphere or micropillar, the Au NP is bounded by a small SU8 volume, surrounded by air, resulting in a low effective refractive index, as compared to that of glass substrate. Therefore there is no limitation caused by the TIR effect, the radiated light is transmitted into the glass substrate and most of it is then collected by the microscope objective. Certainly, we cannot directly compare the experimental results with the numerical calculations as we have simplified the coupling by considering a Au NP as a single electric dipole. A complete model and full mathematical calculation may be necessary for future investigation of such coupling of emitted light out of cavities.

Coupling of a single gold nanoparticle to a polymer-based photonic structure: experimental demonstration

As discussed above, PSs containing active molecules or fluorescent NP have become of great interest and many kinds of coupling structures have been studied and reported. However, the fabrication of such kind of coupling structures still remains a great challenge since it requires complex and expensive techniques. The simple LOPA DLW technique [START_REF] Li | Concept for threedimensional optical addressing by ultralow one-photon absorption method[END_REF][START_REF] Do | Submicrometer 3d structures fabrication enabled by one-photon absorption direct laser writing[END_REF] allows us to address most kinds of NPs and to precisely embed them into desired polymeric PSs with a double-step process [START_REF] Do | Controlled coupling of a single nanoparticle in polymeric microstructure by low one-photon absorption-based direct laser writing technique[END_REF]. In

Chapter 4 Coupling of a single gold nanoparticle into photonic structures

this section, we describe that experiment process as well as the theoretical and experimental results.

Characterization of gold nanoparticles

The 50 nm-diameter Au NPs used in this chapter were bought from Sigma-Aldrich

Corp. The absorption spectrum of Au NPs in water is measured and shown in In this work, due to the plasmonic resonance of gold NPs in the visible spectrum, with the use of a 532 nm laser and a confocal system, a single gold NP position can be easily determined at very low laser power. Hence, using the same LOPA system, the fabrication process of our structure can be divided into two steps as shown in 

Sample preparation

The glass substrate cleaning step follows the same process as decribed in Chapter The table below presents all parameters for each step of spin coating: 

Precisely positioning a single NP

The fabrication process starts with the mapping step in which we aim to precisely position single Au NP sandwiched between two layers of SU8. First, as mentioned before in Chapter 2, the interface of the glass subtrate and the sandwiched layers must be determined by scanning an arbitrary xz or yz plane. Then we can get the exact position of the interface, where we will later do the xy scanning. We note that Au NPs emit fluorescence in the visible range when excited by UV or visible (plasmonic resonance) light. Fluorescence images of Au NPs were obtained by raster scanning the sample through the focusing spot. Due to the high absorption of Au NPs at the used wavelength (Figure 4.6(a)), a very low excitation power (less than 0.1 mW, or less than 0.0022W/µm 2 at focusing region) was employed. The power used for this step, on one hand, must be high enough so that we can distinguish the fluorescence signal of Au NPs to that of SU8, hence precisely addressing the single Au NP within the diffraction limit (≈ 250 nm at λ = 532 nm), and on the other hand, must be sufficiently weak in order not to affect the solubility of the working SU8 region, i.e., no structure is formed during the mapping process. The distribution and separation of particles on the site depends mainly on the concentration of the particle in solution and the ultra-sonic processing. 

Embedding single NP into PC

Once the position of a single NP is determined, the fabrication of PSs containing this NP will be realized. For the fabrication step, the excitation power was increased due to the ultralow absorption of SU8 photoresist at 532 nm excitation wavelength. In this work, we have chosen a power of 4 mW for all fabrications. The target structure is made of micropillars arranged in a hexagonal 2D photonic crystal. The NP was chosen to be located at the central pillar of the hexagonal structure. The fabrication of each pillar was realized by scanning the focusing spot along the vertical direction (z-axis) and through the total SU8 film thickness (total moving distance of 2 µm).

In this work, we did not aim to investigate the effect of the periodic microstructure, Au NP strongly absorbs green light due to the strongly localized surface plasmon resonance. The absorption energy decays mainly non-radiatively via electronphonon collisions followed by phonon-phonon relaxation. As a result, the NP is continuously heated and radially diffuses heat beyond its surface to the surrounding medium [START_REF] Merabia | Heat transfer from nanoparticles: A corresponding state analysis[END_REF][START_REF] Hashimoto | Studies on the interaction of pulsed lasers with plasmonic gold nanoparticles toward light manipulation, heat management, and nanofabrication[END_REF]. Meanwhile, SU8 photoinitiators within the focal spot absorb one-photon energies from the incident light to generate a certain number of strong Au NP. This phenomenon can be attributed to the excessive heating during the PEB step. As discussed above, due to the localized surface plasmon resonance of the Au NP at the wavelength of 532 nm, the Au NP played a role as a hot-spot and radially diffused heat to the surrounding medium, leading to the higher rate of generation of photoacids. Then the heat provided by the hot plate during PEB contributed to that process, resulting in the excessive diffusion of the photoacids into non-exposed area. In Chapter 2, we have demonstrated that the traditional PEB step can be replaced by the optically thermal induced effect caused by the use of a cw laser (local PEB), which immediately completes the crosslinking process at the exposed area. The local thermal effect allows us to obtain smaller and more uniform structures, as compared to the conventional PEB method. We note that in this case, the structures can only be obtained if the laser power is higher than a certain value. explosion occurred in more than half of the total fabricated patterns, whereas for the other sample, all patterns were well created even if the laser power used for fabrication is higher (fabrication power = 5 mW, scanning speed = 2 µm/s). This implied the advantages of local PEB, i.e., it helps to avoid the excessive heating as well as to reduce the fabrication time (since the standard PEB step is removed).

We note that, despite the advantages of local PEB, a too high laser power can still lead to an explosion, since the temperature at the exposed region arises as the power increases. Moreover, although we have skipped the standard PEB step, the structures containing Au NPs still appear to be in spherical shape, which confirms that the formation of such shape indeed has the origin from the LSPR of the Au NP.

Characterization: Fluorescence measurement

In order to evaluate the NP/PS coupling, after the development step, the sample was placed back to the same position on the PZT stage to measure the fluorescence signal emitted by the NP embedded inside the microsphere. Each pattern was scanned again, using the same excitation power as in the mapping step. By doing this, we could clearly confirm the existence of a single Au NP inside the microsphere.

Moreover, by comparing the fluorescence signal obtained before (Au NP embedded in SU8 films) and after fabrication (Au NP embedded in a microsphere), we could verify the fluorescence enhancement, thanks to the NP/PS coupling. in a microsphere), we found a strong enhancement. The green and red curve in Figure 4.12(c) represent the fluorescence intensity of the same Au NP, obtained before and after fabrication, respectively. For a sphere with a diameter of 1.12 µm (Figure 4.9(d)), we estimated a six-fold enhancement of the collected fluorescence rate. For all other structures, the enhancement factor varies between 3.0-fold and 6.0-fold, due the difference of the microspheres sizes. This fluorescence enhancement should be a consequence of different coupling effects (in-coupling, out-coupling, plasmonic coupling), as shown previously in theoretical calculation section. In practice, it is however difficult to clearly separate the contribution of each coupling. 

Influence of gold particle sizes

We for each particle size are 12.9 ± 2.5, 12.6 ± 5.6, 3.9 ± 2.7, 5.9 ± 4.4, and 6.6 ± 5.1 times, respectively. It can be seen that the highest average photon collection corresponds to Au NPs of 10 nm-size, while it reaches a minimum value for Au NPs of 50 nm-size. The highest gain in fluorescence that we obtained, corresponding to a 10-nm gold NP, reached up to 36.6 times, which is remarkably high. The trend of fluorescence enhancement in relation with NP size might be related to the surface plasmon resonance spectra of those NPs, as well as the volume ratio between metallic NP and polymeric microsphere. However, due to the thermal induced polymerization effect, the fabrication did not always produced the same result, and it is quite difficult to quantify the influence of different fabrication parameters. This requires more investigations in order to understand correctly about the fluorescence enhancement or plasmonic NP/PS coupling. Certainly, deterministic embedding of a single Au NP into polymeric microstructures by LOPA DLW technique is very interesting to realize fundamental study of ultrafast light modulation effect as well as application in biosensor via plasmonic effect [START_REF] Wang | Coupling Localized Plasmonic and Photonic Modes Tailors and Boosts Ultrafast Light Modulation by Gold Nanoparticles[END_REF]. Besides, fabrication of a polymeric structure containing a single emitter, such as quantum dot or single nitrogen-vacancy color center in diamond [START_REF] Dousse | Scalable implementation of strongly coupled cavity-quantum dot devices[END_REF][START_REF] Schell | Three-dimensional quantum photonic elements based on single nitrogen vacancy-centres in laser-written microstructures[END_REF], should be an ideal way to investigate NP/SP coupling, which opens the way for quantum applications.

Conclusion

In conclusion, we have demonstrated theoretically and experimentally the precise Second harmonic generation (SHG) is a nonlinear optical process, in which photons with the same frequency interacting with a nonlinear material are effectively combined to generate new photons with with a frequency at 2ω. Involving exclusively virtual electronic states, SHG does not include energy absorption, then avoiding bleaching usually observed with fluorescent and luminescent nanoparticles. Therefore, it is possible to achieve observations over long durations with no decrease in the signal quality. In contrast to fluorescence, the light emission spectrum of the SH radiation is distinctly separated from the excitation spectrum, allowing efficient spectral filtering and therefore a better contrast in microscopy. Moreover, SHG is a non-resonant process which can occur for a large range of excitation wavelength [START_REF] Staedler | Harmonic Nanocrystals for Biolabeling: A Survey of Optical Properties and Biocompatibility[END_REF][START_REF] Kachynski | Zinc Oxide Nanocrystals for Nonresonant Nonlinear Optical Microscopy in Biology and Medicine[END_REF][START_REF] Extermann | Nanodoublers as deep imaging markers for multi-photon microscopy[END_REF]. Thus, excitation wavelengths can be selected in spectral ranges where the biological tissue absorption and scattering are low so that photo-damage is limited and penetration depth increased [START_REF] Grange | Imaging with second-harmonic radiation probes in living tissue[END_REF], which can bring several benefits for bio-imaging.

Nanosources emitting SHG signal have been widely studied since no phasematching is required when working at the nanoscale [START_REF] Johnson | Near-Field Imaging of Nonlinear Optical Mixing in Single Zinc Oxide Nanowires[END_REF][START_REF] Long | Far-field Imaging of Optical Second-Harmonic Generation in Single GaN Nanowires[END_REF][START_REF] Bonacina | Polar Fe(IO3)3 nanocrystals as local probes for nonlinear microscopy[END_REF][START_REF] Nakayama | Tunable nanowire nonlinear optical probe[END_REF]. Besides, for several applications, such as sensor or biomarkers, nonlinear NPs should be used [START_REF] Staedler | Harmonic nanocrystals for biolabeling: A survey of optical properties and biocompatibility[END_REF][START_REF] Gao | In vivo cancer targeting and imaging with semiconductor quantum dots[END_REF]. Several studies have been devoted to SHG organic nanosources, such as nanocrystals of CMONS [START_REF] Treussart | Second Harmonic Generation and Fluorescence of CMONS Dye Nanocrystals Grown in a Sol-Gel Thin Film[END_REF][START_REF] Floc | Caractérisation de l'organisation moléculaire par microscopie non-linéaire cohérente et incohérente[END_REF][START_REF] Ibanez | Controlled Nanocrystallization of Organic Molecules in Sol-Gel Glasses[END_REF][START_REF] Sanz | Polymorphism and luminescence properties of CMONS organic crystals: bulk crystals and nanocrystals confined in gel-glasses[END_REF] and hybrid organic/inorganic-based nanoparticles MnPS 3 [START_REF] Delahaye | Second harmonic generation from individual hybrid MnPS3-based nanoparticles investigated by nonlinear microscopy[END_REF].

The SHG of this type of nanosources is efficient because the 2-photon excitation is close to a resonance of the quantum system, and the radiation emitted by these nanosources comprises both a SHG signal and a two-photon fluorescence. This double emission was analyzed by a technique of nonlinear ellipsometry which makes it possible to characterize these nano-emitters in their environment [START_REF] Brasselet | In situ diagnostics of the crystalline nature of single organic nanocrystals by nonlinear microscopy[END_REF][START_REF] Floc'h | Monitoring of Orientation in Molecular Ensembles by Polarization Sensitive Nonlinear Microscopy[END_REF]. In particular, it is possible to sort nano-assemblies non-centrosymmetric molecules to study their degree of crystallinity, and evaluate order or disorder within them. However, the resonant excitation at two photons leads to the phenomenon of "photobleaching", which corresponds to a weak change of the molecule structure, but sufficient to change its electronic properties of fluorescence [START_REF] Renn | Oxygen-dependent photochemistry of fluorescent dyes studied at the single molecule level[END_REF][START_REF] Westphal | Nanoscale resolution in the focal plane of an optical microscope[END_REF]. This photobleaching phenomenon varies the intensity of the second harmonic radiation, making this type of nano-emitter difficult to use.

One of the most popular materials in nonlinear optics is the KTiOPO 4 (KTP).

The KTP crystal is a very commonly used material in optics thanks to its important nonlinear response, and its ability to realize the condition of phase matching for a wide excitation spectral range [START_REF] Driscoll | Efficient second-harmonic generation in KTP crystals[END_REF]. The studies on this material have mainly concentrated on its optimal growth to obtain crystals of large size without defects, leading to many uses in the physics of lasers [START_REF] Driscoll | Efficient second-harmonic generation in KTP crystals[END_REF]. Recently Loc Le Xuan et al. [START_REF] Xuan | Génération de seconde harmonique à l'échelle nanométrique : nanocristaux de KTP, exaltation par un réseau métallique[END_REF] have successfully synthesized and characterized KTP nanoparticles (NPs), with the size varies between 30 and 100 nm. The analyses of these NPs were carried out under different conditions, and the result shows that the SH signal, under femtosecond excitation, is perfectly stable, and that the coefficients characterizing the secondorder nonlinear response for the massive KTP crystal remain relevant for particles in this size range. It was also demonstrated that, despite their nanometric size, KTP NPs have a very good degree of crystallinity.

In this chapter, we first integrate a pulsed laser at 1064 nm to the LOPA DLW setup to study the SHG signal of the KTP NPs. Then, we investigate the coupling of a single KTP NP into PSs by embedding them into polymeric structures of different shapes and sizes, with the NP position being controlled. Finally, we demonstrate theoretically and experimentally the enhancement of the SHG signal thanks to the coupling of the fundamental light and the PS.

Characterization of KTP NPs

In this section, using our own setup, we verify again several characteristics of the KTP NPs.

Experimental setup

In order to measure and to characterize the SHG signal of KTP NPs, we aligned a second laser into the LOPA DLW setup. It is a pulsed laser operating at the wavelength of 1064 nm (pulse duration of 1 ns and repetition rate of 24.5 kHz). This second laser is aligned so that the laser beam coincides with that of the 532 nm 

Sample preparation

KTP nanocrystals used for experiments were obtained by sorting the nanocrystals from a KTP powder recovered at the end of a flux growth process used for the growth of massive crystals. The sample preparation process described below was done by our colleague [START_REF] Xuan | Génération de seconde harmonique à l'échelle nanométrique : nanocristaux de KTP, exaltation par un réseau métallique[END_REF],

we used the final solution to conduct our experiments. The synthesis process can be summarized as follows:

The KTP powder is mixed with a polymer (polyvinylpyrrolidone, PVP) in a controlled concentration solvent (propanol, PrOH). The solution is then placed for 20 minutes in an ultrasonic bath, thereby disaggregating the particle assemblies and promoting the formation of a layer of polymer around the particles. This layer prevents the particles from aggregating again. At the end, we obtain a colloidal solution of KTP nanoparticles. The solution obtained is then passed through a particle filter, the diameter of the holes being 1 µm, in order to eliminate the largest particles and then placed in a glass pellet placed in a centrifuge. To obtain a monodisperse solution of controlled size, with particles whose size is between 30 and 150 nm, it is necessary to eliminate the larger particles and also particles too small to be able to with spatial components:

p i = 0 j,k χ (2) ijk E j E k . ( 5.2) 
The second order susceptibility tensor χ (2) of the KTP has a coefficient which greatly exceeds all other tensor coefficients χ

(2)
ZZZ , where Z is the 3-fold of KTP. In a first approximation, we can therefore take into account only this χ (2) ZZZ coefficient. The induced nonlinear dipole is then reduced to:

p Z = 0 χ (2) ZZZ E Z E Z , ( 5.3) 
and the nanocrystal responds only to the component of the field parallel to its axis Z, an excitation field perpendicular to this axis does not lead to significant SH emission.

Therefore, when such a nanocrystal is scanned with a polarization in the focal plane, only the nanocrystals whose Z axis is close to the polarization of the incident field is revealed. A SHG image is shown in Figure 5.2. To reveal the entire distribution of the nanocrystals, it is therefore necessary to realize two scans with two perpendicular polarizations along the X and Y axes, or use a circularly polarized beam. However, for these types of excitation, the nanocrystals whose Z -axis is perpendicular to the plane of the sample can not be detected. In reality, KTP has five non-zero nonlinear coefficients (see Appendix C), so that a nanocrystal whose axis Z is perpendicular to the sample plane can also generate a SH signal thanks to the other coefficients of the tensor χ (2) . However this signal is generally low compared to the emission of the other nanocrystals whose axis Z is closer to the polarization of the incident field. In our setup, we use a quarter-wave plate to generate a circularly polarized beam, which allows the detection of the entire distribution of the NPs. Some SHG signals can be lower than in the case where we use linearly polarized beam.

For KTP nanocrystal studies, we typically use an average excitation power of With an infrared filter, we can efficiently eliminate laser scattering and ambient light which is the most important contribution to the substance. This spectral filtering to obtain images of very large signal-to-background ratio. On this typical image obtained in scanning, for an average incident power of 0.3 mW, we obtain a signal-to-background ratio of about 100. This gives us great ease to identify and analyze individual nanocrystals.

We now consider the second harmonic emission of a KTP nanocrystal depending on the excitation conditions. Stability of the SHG signal: According to the emission spectrum of a KTP nanocrystal excited at 1064 nm, two-photon fluorescence is not present. That means that the KTP nanocrystal is not excited in a real electronic state and that the SHG is non-resonant, as expected. Indeed, the KTP complex refractive index studies show an excellent transparency of this material at 1064 and 532 nm [START_REF] Hansson | Transmission measurements in KTP and isomorphic compounds[END_REF]. The non-resonant character of the SHG process is essential for the stability of the signal. Indeed, once the system is in a real excited state, it can generate photoinduced processes that degrade its ability to generate the signal, as is often observed for nonlinear organic crystals [START_REF] Patterson | Photobleaching in two-photon excitation microscopy[END_REF]. Basically, the fabrication process of structures containing single KTP NPs shown in Figure 5.6 is quite similar to that with Au NPs. It consists of two main steps:

Spectral analysis:

• Identification of the position of single KTP NP using 1064 nm laser

• Fabrication of the structure containing the NP using 532 nm laser

The only difference is that, the first step is carried out using the 1064 nm laser, and the image obtained is a SHG signal image. The intensity of the SHG signal of KTP NPs is also measured by the spectrometer at this step. After that, we switch to the 532 nm laser to fabricate the desired structures. We note that, the two lasers have been aligned so that their focusing spots have the same x and y coordinates. For z coordinate, there is an unavoidable difference due to the difference in wavelength, but it can be easily overcome by just adjusting the z position in the fabrication program.

After fabrication, as usual, samples are developed with SU8 developer to wash away all monomers. The fabricated sample is then placed again on the PZT stage, at the same position as in the fabrication step, in order to measure the SH signal of KTP NPs after fabrication and compare with that obtained before fabrication.

A SHG image obtained to determine the exact position of a KTP NP can be seen in Figure 5. since KTP crystal possesses a wide transparency range (350 nm -4500 nm) [START_REF] Hansson | Transmission measurements in KTP and isomorphic compounds[END_REF].

Therefore, no energy is absorbed during the exposure of the 532 nm laser, leading to similar shapes for all pillars, with or without KTP NPs.

As compared to Au NPs, the fact that structures do not explode under laser exposure is a great advantage which can be exploited to study further the coupling of this NP to different kinds of structure. In the following parts, we demonstrate that using LOPA DLW technique, we can easily manipulate the structures containing single KTP NPs.

Control of size and shape of structures

First of all, the size of pillars containing single KTP NPs is taken into account. We a step even as small as 30 nm, which is a great advantage due to the non-explosion effect.

We investigate further the coupling of KTP NPs to structures by creating various structures in different shapes. Figures 5.9 Furthermore, we are able to fabricate 3D structures containing a single KTP NP.

In order to realize such kind of structure, we used SU8 2005 as the coating material. 

Control of position of NP in structures

The position of the NPs in structures is also of great importance since it decides the field intensity experienced by NPs in those structures. Therefore, we are also interested in precisely controlling and manipulating the position of a NP in structures.

We have fabricated several structures containing KTP NPs at different positions, which can be controlled by a Labview program. 

SHG signal enhancement

In this section, we investigate experimentally the enhancement of the SHG signal emitted by a single KTP nanocrystal embedded in a micropillar. We also use a simulation model based on FDTD method to explain the origin of this enhancement.

Experimental measurement

In order to study the enhancement of SHG signal, we are going to compare the signal strength of the KTP nanocrystal before and after being embedded into a structure. Each structure is scanned again using the same excitation power and the SHG signals are detected by both the APD and the spectrometer. It can be seen from the image scanned with laser 1064 nm after fabrication that the NP still exist inside the micropillar. As mentioned above, since SU8 does not emit fluorescent signal when excited by a wavelength of 1064 nm, we observe only the SHG signal of the KTP NP and we see no sign of the pillar in this image.

However, when we compare the SHG signal intensity before and after fabrication, we can see clearly a great enhancement which can be attributed to the existence of the micropillar. Indeed, while the KTP massive crystal has a unique and well-defined orientation, a KTP nanocrystal can have a perfectly arbitrary orientation in space. The amount of light that is collected in the numerical aperture of the microscope objective strongly depends on the orientation of the emitting dipole and the refractive indices. The signal strength of the spectrometer is therefore the product of the intensity actually emitted by the nonlinear dipole and the corresponding collection efficiency, which is defined as the ratio of the photons collected by the microscope to the total photons emitted by the dipole. In the next part, we will perform several simulations to explain the enhancement in the SHG signal.

Simulation model

Influence of the cavity

In this section, we perform various simulations using FDTD method to address different problems: How the fundamental light is coupled and enhanced in a cavity (pillar); How the SHG signal emitted from the NPs is guided out of the cavity, and how the coupling out is affected by the orientation of the NPs. In all these simulations, the emitted signal is simulated as an electric dipole, which radiates a single wavelength at 532 nm. By doing these simulations, we expect to explain the enhancement in the SHG signal observed during experiment.

First, we investigated the coupling of the fundamental light into the pillar cavity.

A simple simulation model was built where the pillar cavity is placed on a glass substrate, as shown in Figure 5.16. A plane wave source emitting wavelength at 1064 nm was placed underneath, pointing upward (in z direction). A monitor was set in the (xz)-or (yz)-plane to record the incident light field. A thin SU8 film on a glass substrate was also investigated using the same simulation model in which the pillar was replaced by a thin film. The coupling of the fundamental light into the cavity could be properly studied and compared with the field inside the film in these calculations. The cavity parameters (diameter, height) are swept in a large range in order to fully investigate the role of the cavity. It has been observed that just a small change in diameter or height (the sweeping step is 100 nm) can lead to a great difference of how the light is coupled into the cavity. These results can help predict the best parameters of any kinds of structure for different wavelengths. As mentioned above, the signal strength detected by the spectrometer is affected by not only the intensity actually emitted by the nonlinear dipole but also by the corresponding collection efficiency of the dipole. The SH intensity emitted by the nonlinear dipole can be enhanced by placing it in an amplified fundamental field originating from the coupling with a cavity as explained above. Meanwhile, the collection efficiency is affected by both the cavity configuration and the orientation of the emitting dipole. We will take these factors into account in the calculations.

To investigate how the emitted light is coupled out of the cavity, we model the nonlinear dipole as a single oscillating electric dipole (Figure 5.20(a)). In this simulation, the dipole orientation is assumed to be parallel to the interface between SU8 and glass substrate, i.e., θ = 90°. Two particular configurations were considered for simulations: a single KTP NP embedded in a SU8 film (thickness of 1.3 µm) and a SU8 micropillar (diameter of 800 nm and height of 1.3 µm). For both cases, we assumed that the dipole is located in SU8 photoresist at the distance of 650 nm from the interface between SU8 and glass substrate and the detector is located at the objective lens position (glass side). Figure 5.18 shows the radiation patterns, The degree of enhancement of the collection efficiency depends strongly on the size of the pillar. Figure 5.19 presents the calculation of the collection efficiency at the half angle of 58.8°as a function of diameter and thickness of pillars. This pixel map is very useful to predict the best configuration of the pillar for the highest collection efficiency. In this case, the highest collection efficiency belongs to a pillar with a diameter of 800 nm and a thickness of 1300 nm. The simulation can be applied to a larger range of size and any kind of desired structures.

Influence of dipole orientation

To study the influence of the emitting dipole orientation on the collection efficiency of the microscope objective, we now consider the parameter θ of the dipole, which is the angle the dipole makes with z-axis (Figure 5.20(a)). This angle is swept from 0°to 90°w ith a step of 1°. Figure 5.20(b) shows the radiation patterns the dipole with different θ angles located inside a micropillar (diameter = 800 nm, height = 1.3 µm). It can be seen that with small θ, the emitted light is distributed in a large angle, but as θ increases, this angle becomes smaller, which means the collection efficiency increases.

We also calculate the collection efficiency as a function of the dipole orientation as shown in Figure 5.21. The best value undoubtedly belongs to the angle θ = 90°, i.e., the dipole orientation is parallel to the sample plane. Therefore, it can be concluded that the dipole orientation also affects greatly the collection efficiency, hence affected the detected SHG signal. In practice, this orientation depends on the orientation of the KTP crystal, which is defined by three angles (θ, ψ, φ). These angles can be determined by a method called defocused imaging [START_REF] Xuan | Génération de seconde harmonique à l'échelle nanométrique : nanocristaux de KTP, exaltation par un réseau métallique[END_REF]. However, due to the lack of equipment, we could not carry out the experiments to confirm this simulation.

Conclusion

In this chapter, we first investigated the SHG of individual nanocrystals of KTP with size ranging from 30 nm to 100 nm. These KTP NPs, under a pulsed laser excitation and off two-photon resonance, efficiently emit a second harmonic signal.

The use of KTP, with its high nonlinear coefficients and its transparency for both the wavelength of the excitation laser and the second harmonic signal, leads to a high signal-to-background ratio as well as a perfect photostability. We then employed LOPA DLW to realize PSs containing individual KTP NPs. KTP NPs are found not to cause explosion during fabrication as Au NPs do, hence they are an ideal candidate to be manipulated and coupled to various kinds of PS. We have successfully embedded individual KTP NPs into different kinds of 2D and 3D structures. The size, shape of the structures, as well as the position of the NPs inside the structures, can be controlled at nanoscale. We found an enhancement up to 90 times of the SHG signal of a KTP NP embedded in a polymeric pillar. The enhancement was different for different NPs, since it is not only due to the resonance of the fundamental light in the cavity, but also due to the orientation of the KTP nanocrystals, which affects the collection efficiency of the OL. A simulation model using FDTD method has been studied and confirmed the experimental results.

Conclusions and Prospects

This thesis has been developed to investigate the coupling of nanoparticles (NPs)

and photonic structures (PSs). To conclude, we have theoretically and experimentally investigated an optimization method for LOPA DLW, which helps overcome some drawbacks existing in polymeric structures such as accumulation and shrinkage effects. Then employing this LOPA DLW, we have studied three kinds of NPs, each of them possessing featured properties which are enhanced by incorporating them into a PS. These investigations have proved the excellent capability of LOPA DLW, in addition to those demonstrated previously in [START_REF] Do | Submicrometer 3d structures fabrication enabled by one-photon absorption direct laser writing[END_REF][START_REF] Tong | Rapid direct laser writing of desired plasmonic nanostructures[END_REF], and also open a new door to many interesting applications based on such hybrid structures.

Outlook

For future work, we emphasize some potential research which can follow this thesis study:

• Local PEB can be investigated under low temperature condition. While the surrounding areas are kept at a constant low temperature and only the area at the focusing spot is heated, it is possible to achieve structures with sizes even smaller than the limit of 100 nm.

• We have successfully fabricated magneto-photonic microstructures using a magnetic nanocomposite with randomly oriented MNPs. It is also possible to study structures made from pre-oriented MNPs by applying an external magnetic field during fabrication. Another possibility is to investigate single MNP to create single domain magnetic structures.

• For KTP NPs, further research on 3D microstructures both theoretically and experimentally is necessary since fundamental light can have higher resonance in 3D cavities which can serve for the great enhancement of SHG signal of KTP NPs.

• Coupling of a single photon source into a 3D cavity into 3D PS is in high demand for quantum device. This is currently investigated by another PhD student in the group. With these notations, the refractive indices of the KTP are given by: And the non-linear polarizability P is written in the referential of the crystal:

P I = J,K χ IJK .E J E K , (C.1)
with I, J, K replacing X, Y, or Z.

In reference [START_REF] Kuwahara | Thermal lithography for 0.1 µm pattern fabrication[END_REF], the coefficients are given in the form of a contraction of index: 

E J E K = E 2 L ,

Perspectives

Pour les travaux futurs, nous soulignons quelques recherches potentielles qui peuvent suivre cette étude de thèse:

• Le PEB local peut être étudié à basse température. Alors que les zones environnantes sont maintenues à une température basse constante et que seule la zone à Abstract : In this study, we investigate theoretically and experimentally the coupling between nanoparticle and photonic structures. The work focuses on the elaboration and applications of structured polymer materials, as well as the manipulation of optical properties of various kinds of single nano-fillers such as gold nanoparticles, magnetic and nonlinear nanoparticles, etc. The study of each kind of nanoparticle addresses a specific goal. In order to conduct our research, we first built and tested an optical confocal setup, which allowed us to both image and fabricate nanostructures at a sub-lambda resolution. Besides, we propose a method exploiting the thermal effect caused by a continuous-wave laser source to optimize 2D and 3D structures realized by low one-photon absorption (LOPA)-based direct laser writing (DLW).Then by using this technique, we are capable of creating novel 2D and 3D polymeric photonic structures containing nanoparticles of different kind (gold nanoparticles, nonlinear nanoparticles, and magnetic nanoparticles). The characterization of the fabricated structures was carried out using the same confocal setup. We demonstrated a significant enhancement of the optical properties of the nanoparticles embedded inside the photonic structures. We also performed numerical calculations using a finite different time domain (FDTD) method to confirm the experimental results.

  photonic structure by LOPA-based direct laser writing", GLEAM'15 -Games of Light with Meta-Molecules: Communicating, Sensing and Imaging, Cachan (June 2015), Poster. • Nguyen, T. T. N., Luong, M. H., Do, M. T., Kieu, D. M., Li, Q., Nguyen, D. T. T., Tong, Q. C., Ledoux-Rak, I., and Lai, N. D., "Micro and nanostructuration of polymer materials and applications", SPIE Optics and Photonics, San Diego (August 2014), Invited talk.

Figure 1 . 1 :

 11 Figure 1.1: (a) Illustration of the method used to introduce a single metallic nanoparticle into a photonic crystal cavity. (b) AFM image of a photonic crystal cavity containing a gold nanoparticle on the top surface [26].

Figure 1 . 2 :

 12 Figure 1.2: Photonic crystal cavity enhanced nonlinear optical effects. (a) SEM image of a modified photonic crystal cavity (L3 type): the yellow marks indicate the enlarged holes around the cavity. (b) Far-field intensity profile calculated for the cavity shown in (a) by 3D FDTD simulation. (c) Illustration of the secondand third-harmonic generations emissions from the photonic crystal cavity [27].
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 13 Figure 1.3: Magnetic structures enhanced magneto-optical response. (a) Illustration of a 2D magnetic structure and resulting optical response. (b) SEM image of an ordered rectangular array of cylindrical Ni submicro-dots. Scale bar, 200 nm. (c) Theoretical calculation of angle-and wavelength-resolved optical transmission of a sample with p x = p y = 400 nm and with dots diameter 120 nm [28].

Figure 1 . 4 :

 14 Figure 1.4: Illustration of coupling of a single active nanoparticle into a twodimensional photonic structure. Different kinds of single nanoparticles (quantum emitter, metallic, magnetic, and nonlinear optics) could be coupled for different applications.

  ration of various kinds of NP into polymer-based PS and the property enhancement of such structures as well as of the NPs. First, we optimize LOPA-based DLW to become a robust, ideal technique for structuration and characterization of multidimensional and multi-functional microstructures. Then, applying this technique, we focus on three different kinds of NP, namely, magnetic NP (MNP) Fe 3 O 4 , gold NP, and KTP NP. Each of them possesses different properties which can be exploited and enhanced by its coupling with polymer-based PS.

Chapter 1

 1 General Introduction most homogeneous solution. We then employ the LOPA-based DLW to fabricate freefloating magnetic structures and demonstrate their strong response to an applied magnetic field. Different models of magnetic microdevices and micromachines are proposed and realized.

[ 57 -

 57 photoresist, a light-sensitive material, which changes its chemical property when exposed to light. Based on the reactions of photoresists to light, they are classified into two types: positive photoresist and negative photoresist. With positive photoresists, the areas exposed to the light absorb one or more photons and become more soluble in the photoresist developer. These exposed areas are then washed away with the photoresist developer solvent, leaving the unexposed material. With negative resists,

Figure 2 . 1 :

 21 Figure 2.1: (a) Illustration of the absorption spectrum of a photoresist. The color rings illustrate three ranges of wavelength corresponding to (b) three absorption mechanisms: standard one-photon absorption (OPA), low one-photon absorption (LOPA), and two-photon absorption (TPA).

The schematic representation of light focusing in an absorption medium is shown in Figure 2 . 2 .

 22 D is the interface between the transparent material, such as a glass substrate or air, and the absorbing material. To simplify the problem, it is assumed that the refractive index mismatch problem arising at any interface is negligible. d represents the distance between the D interface and the focal plane. The electromagnetic field near the focal plane in Cartesian coordinates (x,y,z) is represented by: E = -ikC 2π Ω T(s)A(s)e [ik(sxx+syy+szz)] ds x ds y , (2.1)

Figure 2 . 2 :

 22 Figure 2.2: Schematic representation of a tightly focused light beam inside an absorbing medium. σ is the absorption coefficient of the medium, O is the focal point, D is the interface between the transparent and the absorbing media, r is the distance from a random point on the D plane to an observation point located in the focusing region, d is the distance between the D plane and the focal plane of the objective lens.

  ray, and T(s) = P(s)B(s) is a transmission function where P(s) is the polarization distribution and B(s) is the amplitude distribution at the exit pupil. A(s) represents the absorption effect of the material, which is expressed as A(s) = exp(-σr), where σ is the absorption coefficient and r indicates the optical path of each diffracted light ray in the absorbing medium, which is defined as the distance from an arbitrary point located in the D interface to the corresponding observation point, as shown in Figure2.2. For numerical calculations, r is determined in Cartesian coordinates by:

Figure 2 . 3 :

 23 Figure 2.3: (a) Numerical calculations of light propagation inside SU8, by using different wavelengths, (a 1 ) 308 nm, (a 2 ) 532 nm, and (a 3 ) 800 nm, respectively. (a 4 ) Intensity distributions along z-axis of the light beams shown in (a 1-3 ). In this calculation, NA = 0.6, refractive index n = 1.58, and d = 25 µm. (b) Propagation of light (λ = 532 nm) inside SU8, with (b1) NA = 0.3, (b2) NA = 0.6, and (b3) NA = 1.3, respectively, d = 30 µm. (b4) Intensity distributions along z-axis of the light beams shown in (b 1-3 ).
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 24 Figure 2.4: Red curve: normalization of intensity (I f /I 0 ) at the focusing spot as a function of the propagation length. I f and I 0 are the intensities obtained with and without absorption medium, respectively. Dot curves: zoom on intensity profiles of the focusing spot along the optical axis, calculated at different propagation length. The results are simulated with: σ = 723 m -1 ; λ = 532 nm; NA = 1.3 (n = 1.58).

Figure 2 . 5

 25 shows a 3D woodpile and a chiral structure created using LOPA DLW. The woodpile structure consists of 20 stacked layers, each layers consists of parallel rods with period a = 1.5 µm. The spiral structure was well created and is as good as those obtained by TPA DLW. The structures features are well separated, layer by layer, in horizontal and in vertical directions. The feature sizes are about 300 nm (horizontal) and 650 nm (vertical). The smallest feature size can reach 150 nm corresponding to the smallest lateral cross-section of rod. The best quality of the fabricated structure obtained when the line width of rods is about of the voxel standard size (lateral and axial cross-section size is about 220 nm and 680 nm, respectively. The corresponding aspect ratio (axial/lateral) is about 3.

Figure 2 . 5 :

 25 Figure 2.5: (a-b) SEM images of a woodpile structure fabricated with the following parameters: distance between rods = 1.5 µm; distance between layers = 0.7 µm; number of layers = 20; laser power P = 4 mW and scanning speed v = 1.5 µm/s. (c-d) SEM images of a chiral structure. Fabrication parameters: lattice constant a = 2 µm; distance between layers = 0.75 µm; number of layers = 28; laser power P = 2.8 mW and scanning speed v = 1.34 µm/s.

Figure 2 . 6 :

 26 Figure 2.6: (a) Theoretical calculation of light intensity distribution at the focal region of a high NA OL for xz-plane. (b) Corresponding heat distribution inside excited material for xz-plane. (c) Cross section of heat profile and light intensity distribution at the focal region for x-axis. The simulations were realized with following parameters: ρ = 1200 kg.m -3 , C p = 1200 J.kg -1 .K -1 , k = 0.3 W.m -1 .K -1 , R c = 0, µ abs = 723 m -1 , S ≈ 10 14 W.m -3 corresponding to a laser power of 4 mW, and the initial temperature of material is 20°C.
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 27 Figure 2.7: (a) Comparison of temperature distributions obtained in two possible cases: i) thermal conductivity is 0.3 for whole film (red), and ii) thermal conductivity is 0.25 at focusing center with a diameter of 200 nm and 0.3 on the remaining part (green). The simulations were realized for only x-axis with following parameters: (ρ = 1200 kg.m -3 , C p = 1200 J.kg -1 .K -1 , µ abs = 723 m -1 , the laser power of 4 mW. (b) Comparison of temperature distributions in two cases: i) absorption coefficient is constant (µ abs = 723 m -1 ) for whole region (red), and ii) absorption coefficient at focusing center with a diameter of 100 nm is µ abs = 1000 m -1 and that of the remaining part is µ abs = 723 m -1 (blue).
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 28 Figure 2.8: (a) Simulation result of local peak temperature at different values of focusing depth with different laser powers. (b) The evolution of optically induced temperature as a function of exposure time at the laser power of 5 mW.
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 29 Figure 2.9: Intensity distribution (green curve, corresponds to the left axis) and temperature distributions (red curves, correspond to the right axis) of multiple exposures. The red dotted line (corresponds to the right axis) represents the global temperature by the hot plate; The blue dotted line represents the iso-intensity.

Figure 2 .

 2 [START_REF] Chappert | The emergence of spin electronics in data storage[END_REF], which is the wavelength of a very popular and low cost solid state frequency-doubled neodymium laser. By using a high NA oil-immersion OL of NA = 1.3 to focus a laser beam into the photoresist, the second condition is then satisfied.
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 210 Figure 2.10: Absorption spectrum of SU8 photoresist. The color bars indicate three cases: OPA (purple bar), LOPA (green bar), and TPA (red bar). To demonstrate LOPA DLW, a laser operating at 532 nm is used.

Chapter 2

 2 Low one-photon absorption direct laser writing with optically induced local thermal effectis used. In order to adjust the power of the laser beam to the sample, we used a half-wave plate (λ/2) and a polarizer (PBS). By rotating the half-wave plate, the power of the laser beam can be precisely modified. A powermeter (not shown in the figure) is used to measure the power of the laser beam. The laser beam is directed and collimated by a set of lenses and mirrors. In order to realize mapping or fabrication, samples are mounted on a 3D piezoelectric actuator stage (PZT), which is controlled by a LabVIEW program. A quarter-wave plate (λ/4) placed in front of the OL allows one to transform the beam of linear polarization to circular polarization before it enters the OL. The laser beam is strongly focused to the sample via an OL with high NA(1.3). The time of exposure of the sample to the laser beam is determined using an electronic shutter, which is also controlled by a LabVIEW program. The fluorescence signal emitted by the samples is collected by the same OL, filtered by a 580 nm long-pass filter (to cut off the excitation wavelength of 532 nm), and detected by an avalanche photodiode (APD). The inset of Figure2.11 shows the simulation result of the light intensity distribution at the focusing region of the OL. The maximal intensity was normalized and three iso-intensities are

Figure 2 . 11 :

 211 Figure 2.11: Experimental setup of the LOPA-based DLW technique. PZT: piezoelectric translator, OL: oil immersion microscope objective, λ/4: quarterwave plate, λ/2: half-wave plate, BS: beam splitter, PBS: polarizing beam splitter, M: mirror, S: electronic shutter, L 1-4 : lenses, PH: pinhole, F: 580 nm long-pass filter, APD: avalanche photodiode. Inset: Simulation result of intensity distribution at the focus region of a high NA OL. Three surfaces correspond to three isointensities, 0.4; 0.7; and 0.9, respectively. The optical axis of the OL is z-axis.

A

  filter is used to selectively transmit the fluorescent wavelengths while blocking the original excitation wavelength. The fluorescent beam is focused into a small spot where a pinhole with a diameter of 100 µm is placed so that only the fluorescence from the focusing point of the OL can pass through the pinhole and all out-of-focus light are blocked. After passing the pinhole, fluorescence is detected by an APD (SPCM-AQRH-13 Perkin Elmer). Optical-electrical signal transformation is performed by a PCI card (6014 M-series, NI). The fluorescence images are then produced by computer software (Labview, Igor).
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 212 Figure 2.12: Sample preparation and fabrication processes (with standard and local PEB.)

Figure 2 .

 2 photoresist, since the crosslinking reaction takes place mostly during PEB[START_REF] Keller | Processing of thin SU-8 films[END_REF][START_REF] Liu | Process research of high aspect ratio microstructure using SU-8 resist[END_REF].
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 213 Figure 2.13: SEM images of structures fabricated by using LOPA DLW with different exposure doses (the excitation power and writing velocity are varied).Two sets of structures are fabricated with the same exposure parameters: one is directly developed after exposure (local PEB), and the other is developed after a standard PEB process using a hot plate.
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 214 Figure 2.14: Comparison between the sizes of pillars fabricated with local PEB and standard PEB. (a) Pillar size as a function of writing velocity with the laser power from 5 to 8 mW. (b) Two structures fabricated with the laser power of 8 mW and writing velocity of 1 µm/s, one with standard PEB, and the other using the local PEB.
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 215 Figure 2.15: Structures fabricated with standard PEB. Top: SEM images of fabricated structures. Bottom: sizes of pillars indicated by the dashed line on SEM images plotted as a function of position: the pillars are larger at center of pattern. All structures are fabricated with a period of 500 nm.

Figure 2 . 16 :

 216 Figure 2.16: Structures fabricated with local PEB. Top: SEM images of fabricated structures. Bottom: sizes of pillars indicated by the dashed line on SEM images plotted as a function of position: all the pillars are very uniform. All structures are fabricated with a period of 500 nm.

Figure 2 .

 2 Figure2.[START_REF] Gao | In vivo cancer targeting and imaging with semiconductor quantum dots[END_REF] shows the SEM images of structures obtained using local PEB. In this case, in order to induce sufficiently high temperature, the laser power (5 mW) was higher than that (3 mW) used with traditional PEB step. In contrast to the structures fabricated using traditional PEB, which shows accumulation effect (Figure2.15 on the top), the structures obtained with local PEB show nearly perfect uniformity (Figure2.16 on the top). Moreover, as compared to the dose compensation method,

  (a) and (b) show SEM images of a 2D square photonic crystal fabricated using LOPA DLW with local PEB. The structure was fabricated at a laser power of 6 mW, with the velocity of 2 µm/s, equivalent to nearly 1s of exposure. It can be clearly seen from the SEM images that the structure was well fabricated with the period (distance between two pillars) of 400 nm. All pillars have a uniform shape and size: 350 nm-diameter and 500 nm-height. Figures 2.17

  (c-f)

Figure 2 . 17 :

 217 Figure 2.17: 2D and 3D structures fabricated by LOPA-based DLW with local PEB. (a-b) SEM images of a structure fabricated at the laser power of 6 mW, writing speed = 2 µm/s, period = 400 nm. (c-d) SEM images of a woodpile structure fabricated with the following parameters: distance between rods = 400 nm; distance between layers = 0.6 µm; number of layers = 18; laser power P = 7 mW and scanning speed v = 2 µm/s. (e-f) SEM images of a spiral structure. Fabrication parameters: diameter of a spiral D = 800 nm; spiral pitch C = 2 µm; lattice constant a = 600 nm; laser power P = 8 mW and scanning speed v = 2 µm/s.

   show the shrinkage effect observed in 3D woodpile structures fabricated at different doses (P = 9 mW, writing speed v = 4 µm/s, 3 µm/s, 2 µm/s, and 1 µm/s, from left to right, respectively).
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 218 Figure 2.18: 3D woodpile structures (number of layers = 16, rod spacing = 1.5 µm and layer spacing = 0.65 µm) fabricated without (a-d) and with "legs" (e-h), at laser power of 9 mW and different writing speeds: v = 4 µm/s, 3 µm/s, 2 µm/s, and 1 µm/s, from left to right. Scale bars: 5 µm.

Figure 2 .

 2 Figure 2.19: (a) SEM image of a woodpile structure decorated with Au NPs. (b) Raman spectra from woodpile structures with different numbers of layer decorated with Au NPs.

Figure 2 .

 2 19(a) shows the SEM image of a woodpile structure decorated with Au NPs. All layers are uniformly covered by Au NPs. Raman spectrum measurement (Figure 2.19(b)) shows higher peak intensities from structures with larger numbers of layer, which indicates the enhancement from the localized surface plasmon excited on the Au NPs with the incident light. Therefore the enhancement observed in the Raman spectra first comes from the Au nanoparticles decorated on the woodpile structures. Due to the 3D nature of the structures, the number of Au nanoparticles illuminated by the incident light

  photons and phonons. In optomechanical devices, transfer of optical momentum into mechanical motion occurs through the pressure exerted by the photons on the oscillating cavity: the photon pressure induces mechanical motion of the device which is detected optically[START_REF] Carmon | Temporal Behavior of Radiation-Pressure-Induced Vibrations of an Optical Microcavity Phonon Mode[END_REF][START_REF] Kippenberg | Analysis of Radiation-Pressure Induced Mechanical Oscillation of an Optical Microcavity[END_REF]. Materials used to fabricate optomechanical devices are mostly semiconductors, for example InP, GaAs, which are expensive and limited to 2D fabrication. Polymers are reasonable replacement due to the comparable Young's modulus, much lower mass density, and 3D fabrication.

Figure 2 . 20 :

 220 Figure 2.20: (a) Design of a 3D membrane for optomechanical oscillation. (b) Optomechanical response of the substrate and the membrane when excited by a laser beam.

Chapter 2

 2 Low one-photon absorption direct laser writing with optically induced local thermal effect2.5.3 DFB laser with controllable emitting direction using perovskite materialA distributed feedback laser (DFB) is a type of laser diode, quantum cascade laser or optical fiber laser where the active region of the device is periodically structured as a diffraction grating. The structure builds a one-dimensional interference grating (Bragg scattering) and the grating provides optical feedback for the laser. DFB laser diodes do not use two discrete mirrors to form the optical cavity (as they are used in conventional laser designs). The grating acts as the wavelength selective element for at least one of the mirrors and provides the feedback, reflecting light back into the cavity to form the resonator. The grating is constructed so as to reflect only a narrow band of wavelengths, and thus produce a single longitudinal lasing mode.

Figure 2 . 21 :

 221 Figure 2.21: Design of a DFB laser with controllable emitting direction.

  Figure 3.1(a) shows a typical transmission electron microscopy image of Fe 3 O 4 MNPs. The average size of MNPs is about 11 nm (Figure 3.1(c)), but they tend to aggregate with an average size of 150 nm or larger, due to their interpartical dipolar interactions. The absorption spectrum of Fe 3 O 4 in ethanol solution, recorded by UV-Vis spectrophotometer, reveals a steady decrease from 300 nm to 600 nm as shown in Figure 3.1(b). The absorption at 532 nm-wavelength is quite large, which may have an influence on the fabrication of structures by LOPA-based DLW technique, as it will be discussed in the next chapter. It is also noted in Figure 3.1(d) that there is no hysteresis (H C ≈ 0) in the M(H) loop taken at 300 K, indicating the room-temperature superparamagnetic characteristic of the Fe 3 O 4 NPs. The MNPs are then ready to mix with SU8

Figure 3 . 1 :

 31 Figure 3.1: (a) TEM image of magnetite nanoparticles (Fe 3 O 4 ). (b) Absorption spectrum of Fe 3 O 4 nanoparticles in ethanol solution, measured by an UV-vis spectrometer. (c) Statistical results of Fe 3 O 4 size distribution. (d) Magnetic hysteresis loop M(H) of Fe 3 O 4 NPs taken at 300 K.

Figure 3 . 2 :

 32 Figure 3.2: The dispersion of Fe 3 O 4 MNPs in SU8 photoresist with different viscosities, namely SU8 2007, SU8 2005, SU8 2002 and SU8 2000.5. The MNPs/SU8 concentration is 2 wt%. Photos were taken (a) right after mixing and (b) after 5 hours.

Figure 3 . 3 :

 33 Figure 3.3: The dispersion of Fe 3 O 4 MNPs in SU8 2005 photoresist at different MNP concentrations, namely 2, 4, 5, 6, 7, 8, and 10 wt%. Photos were taken right after mixing (a) and 5 hours after mixing (b).

Figure 3 . 4 :

 34 Figure 3.4: The dispersion of MNPs at microscale, observed by optical microscopy. The MNPs/SU8 2005 concentration is 2 wt%. Photos were taken after 1 day of mixing (a) and 20 days of mixing (b), without external magnetic field.

ure 3 .

 3 photoresist, we have further filtered the nanocomposite to obtain a perfect uniform and homogeneous solution, which is crucial for nano-patterning. In fact, just after mixing MNPs with SU8 2005, we have used a filter (450 nm -diameter) to filter the mixtures, but it was very difficult or impossible due to the large size of agglomerations. Twenty days later, we have successfully filtered the mixture to eliminate big particles, if they still exist, leaving the smallest ones in suspension, which are then used for fabrication of nanostructures. In next sections, we will present only the results obtained by nanocomposites, prepared 20 days prior to the fabrication moment.

Figure 3 . 5 :

 35 Figure 3.5: (a) The chain-like agglomeration of MNPs in nanocomposite with a concentration of 5 wt% under an external magnetic field of 20 mT. (b) Absorption spectrum of the magnetic nanocomposite and pure SU8 2005.
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 36 Figure 3.6: Dependence of the size of magneto-photonic pillars on exposure doses (laser power and scanning velocity). (a) the SEM image of a pillar array with different diameters realized by different scanning velocities (the laser power = 9 mW). SEM images on the right show side and top views of a single pillar. (b) Plot of pillar diameters as a function of scanning speed for three different exposure powers.

Figure 3 .

 3 7(c) shows a SEM image of a 3D woodpile structure, which is made of 10 alternative layers separated from each other by 750 nm. The distance between two lines in x-and y-directions is 2 µm. It is interesting to note that this woodpile structure exhibits no shrinkage effect, which might be due to the presence of MNPs. It opens a possibility in fabrication of 3D structures with an important height for further applications.

Figure 3 . 7 :

 37 Figure 3.7: (a) SEM image of letter LPQM, fabricated at a laser power P = 15 mW, writing speed v = 3 µm/s. (b) SEM image of a 2D pillar array, fabricated at P = 12 mW, v = 2 µm/s. (c) SEM image of a 3D woodpile PC. Fabrication parameters: rod spacing = 2 µm; distance between layers = 1 µm; number of layers = 10; laser power P = 12 mW and scanning speed v = 2 µm/s. Scale bars: 2 µm.

Figure 3 . 8 :

 38 Figure 3.8: Influence of the dose accumulation effect on pillars sizes. SEM images of periodic pillars arrays realized with a period of 1.5 µm (a) and with a period of 0.6 µm (b). (c) Pillar diameters as a function of the distance between pillars (the period of the array). The laser power and the writing speed were fixed at 6 mW and 2 µm/s, respectively, for all pillars.

Figure 3 . 9 :

 39 Figure 3.9: Illustration of the fabrication and development processes of the micro-swimmers.

Figure 3 . 10 :

 310 Figure 3.10: (a)SEM image and zoomed image of the micro-swimmers fabricated at 9mW. (b) Screenshots showing the movement of micro-swimmers towards the magnetic tip.

Figure 3 .

 3 11(a) shows a designed model of a microfan which consists of two parts: the central pillar part with two large ends and two blades. The central pillar prevents the microfan from moving away during the development, and allows the fan to freely rotate around it like a turbine. External magnetic field can be applied to manipulate the rotation of the fan, making it a potential candidate to be incorporated into a microfluidic system as an active part. Figure 3.11(b) shows SEM images of the fabricated microfans, which are about 9 µm long and 5 µm high. Shown in Figure 3.11(c) is a model of a micro-spring, one end of the spring is fixed to a cubic anchor attached to the substrate, and the other end is sticked to a freely moving part.

Figure 3 .

 3 11(d) shows SEM images of the microsprings fabricated using LOPA DLW. These springs were created with the beads attached to the substrate in order to keep their true form for SEM imaging, in practice, these beads should be free to move.

Figure 3 . 11 :

 311 Figure 3.11: (a) Design of a microfan. (b) SEM image of an array of microfan and a zoomed image of a microfan (side view). The microfans were fabricated at the power of 8 mW. (c) Design of a microspring. (d) SEM image of an array of micro oscillator and a zoomed image of a micro oscillator (side view). The micro oscillators were fabricated at the power of 8 mW.
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 312 Figure 3.12: (a) Illustration of the remote control of a microspring. (b) Fluorescence image of a microspring at its rest state obtained by scanning with the 532 nm laser.

Figure 3 . 13 :

 313 Figure 3.13: Schematic of 2D and 3D structures with desired magnetic orientation.

  this work, we have successfully demonstrated the fabrication of magneto-photonic submicrostructures on demand by use of LOPA-based DLW technique. By incorporating superparamagnetic magnetite nanoparticles (Fe 3 O 4 ) into SU8 polymer matrix with various SU8 viscosities, we have found the most appropriate value of viscosity to host MNPs in order to ensure an uniform distribution of nanoparticles at a concentration of about 2 wt% without sedimentation. The sample preparation time also plays an important role allowing the remarkable improvement in MNPs dispersion resulting in a high quality magnetic nanocomposite. The homogeneous dispersion of MNPs within the polymer matrix enables us to fabricate desired magnetic structures at nanoscale. The LOPA-based DLW technique has been successfully employed to realize any arbitrary 2D and 3D submicrostructures. Furthermore, we also demonstrated a possibility to fabricate magneto-photonic devices by elaborating free-moving magnetic microswimmers and by the examination of their interaction with an external magnetic field. The high magnetic responsive property of hybrid structures enabled us to make unlimited movement. The LOPA-based DLW technique was also successfully employed to realize desired 3D magneto-photonic crystals and microdevices with complex 3D components. Therefore, the combination of LOPA-based DLW technique with nanocomposite and with the aid of an external magnetic field will allow us to obtain any desired magneto-photonic devices. These Noble metal NPs have attracted enormous attention due to the properties related to localized surface plasmon resonances (LSPRs)

Figure 4 .

 4 1(a) shows the calculated absorption spectra of this Au NP, where we can clearly observe an increase of absorption coefficient and a red shift of the LSPR peaks as a function of the refractive indices.It has also been known that the number, location, and intensity of LSPR peaks of metallic NPs depend strongly on the shape and size of the NPs. Metallic nanorods are one kind of nonspherical, anisotropic NPs with polarization-dependent response to the incident light. When a nanorod is excited along the short axis, a plasmon band at wavelength similar to that of Au nanospheres, commonly referred to as the transverse band, is induced. If it is excited along the long axis, a much stronger plasmon band in the longer wavelength region, referred to as the longitudinal band, is induced. When Au nanorods are dispersed in a solvent, we can observe a steady-state extinction spectrum containing both bands of longitudinal and transverse plasmons due to the random orientation caused by the Brownian motion of the particles. While the transverse band is insensitive to the size of the nanorods, the longitudinal band is redshifted significantly from the visible to near infrared region with increasing aspect ratio (length/width).

  Figure 4.1(b) shows the calculated absorption spectra

Figure 4 . 1 :

 41 Figure 4.1: (a) Numerical simulation of absorption spectra of Au NPs (diameter = 50 nm) in different media (air, water, glass). Inset: Illustration of a single Au NP in a medium with refractive index n. (b) Calculated absorption spectra of Au nanorods in water (n = 1.33) with different aspect ratios, R. The diameter of the Au nanorod is fix at a = 15 nm. Inset: Design of Au nanorod.

Figures 4 .

 4 Figures 4.2(b, d) show the square modulus of the electric field within the microsphere and micropillar when they are illuminated by a plane wave at 532 nm. It can be clearly observed that, for the microsphere, the maxima of the field mostly locate at the two ends of the sphere in the direction of the incident light, whereas in the center, the field intensity is much lower. In contrast, for the micropillar, the field is amplified and localized along the height of the pillar. If a source, which generates a

Figure 4 . 2 :

 42 Figure 4.2: (a), (c) Design of polymer-based photonic cavities. (b), (d) Simulation result of electric field intensities inside a SU8 microsphere (diameter = 1.12 µm) and in a SU8 micropillar (height = 1.2 µm and diameter = 0.3 µm), respectively. The input light is assumed to be a plane wave and the calculations were realized for the excitation wavelength of 532 nm. (e) Comparison of light intensities distributions along z-axis (data extracted from the yellow dashed lines in (b) and (d)). Inset of (e): zoom in of the intensity distribution at the center of the microsphere and the micropillar (z = 0).

Figure 4 . 3 :

 43 Figure 4.3: Theoretical calculation of plasmonic-photonic coupling. (a) Simulation models: a single Au NP (diameter = 50 nm) located in a SU8 film (thickness = 1 µm), a SU8 microsphere (diameter = 1.12 µm) and a SU8 micropillar (height = 1.2 µm and diameter = 0.3 µm). The excitation source is a continuous laser beam (wavelength = 532 nm) placed inside the cover glass. (b) Numerical simulation of absorption spectra showing a coupling between localized plasmonic effect of a single Au NP and a photonic structure.

Figure 4 .

 4 3(a) 

Figure 4 .

 4 3(b) shows the calculated absorption spectra of the Au NP embedded in between the structures in three cases.

Figure 4 . 4 :

 44 Figure 4.4: (a) Electric field distribution around a single Au NP (diameter = 50 nm) that is located in air, in a SU8 film (thickness = 1 µm), in a SU8 microsphere (diameter = 1.12 µm) and in a SU8 micropillar (height = 1.2 µm and diameter = 0.3 µm), respectively. (b) Comparison of light intensity distribution in four cases (data extracted from the yellow dashed lines in (a)), showing a strong light enhancement near the Au NP due to plasmonic/photonic coupling effect.

Figure 4 .

 4 Figure 4.5 shows the radiation patterns, i.e. the electric field intensity distribution in the (a) xz-and (b) yz-planes. It can be clearly seen that in the case of SU8 sphere, a significant portion of the emitted light is located in the vicinity of θ c arcsin(1/n glass ) = 41.2• , which belongs to the collection cone of the microscope objective, and therefore could be detected. This portion is even larger in the case of

Figure 4 . 5 :

 45 Figure 4.5: Simulation results of radiation patterns of a single emitter located in different structures: (a) emission diagram in the (xz)-plane and (b) emission diagram in the (yz)-plane. The emission dipole was assumed to be in x-direction.

Figure 4 .

 4 Figure 4.6(a). The plasmon resonance peak appears at 539 nm. In our investigation, a green laser of 532 nm is ideal to excite the localized plasmon resonance of Au NP, promising a large of interesting phenomena of Au NP/microsphere structure.

Figure 4 .

 4 Figure 4.6(b) shows the fluorescence of Au NPs in water under an excitation light at 532 nm. By using a 580 nm long-pass filter, all the photons with wavelength larger than 580 nm are supposed to be collected by the OL of the DLW setup.

Figure 4 . 6 :

 46 Figure 4.6: (a) Absorbance spectrum of 50 nm gold nanopartice in water. The plasmon resonance peak achieved at wavelength of 539 nm. (b) fluorescence spectrum of Au NPs, excited by a CW laser at 532 nm

Figure 4 . 7 :•

 47 Figure 4.7:

2 .

 2 The spin coating process includes three short steps as shown in Figure4.7:• Spin coating of layer 1 of SU8 • Spin coating of Au NPs • Spin coating of layer 2 of SU8For coating materials, we used SU8 2000.5, and commercial Au NPs presented above. The Au NPs solution was diluted by mixing with distilled water, with a water/Au solution ratio of 3:1. Before spin coating, the diluted Au NPs solution must be ultra sonicated for 15 minutes so that the NPs are uniformly distributed in the solution. The sample consisting in a thin monolayer of Au NPs sandwiched between two SU8 layers was prepared by spin-coating. First, a layer of SU8 2000.5 was spin-coated on a cleaned cover glass. Second, 50 µL of a diluted and perfectly dispersed Au NPs solution was spin-coated on the surface of the first layer. Then, the second layer of SU8 2000,5 was spin-coated on top of the Au NPs layer. Note that, after each step, the sample was soft-baked on a hot plate at 65°C (3 mins) and 95°C (5 mins) to remove the residual solvents. A total film thickness of around 1.0 µm and a smooth surface profile were subsequently confirmed by a profilometer.

Figure 4 . 7 :

 47 Figure 4.7: The process flow of the fabrication of photonic structures containing NPs by LOPA DLW.

Figure 4 . 8 :

 48 Figure 4.8: (a) Mapping in (xy)-plane for a large area. The yellow crosses indicate the position of single Au NPs. The Au NPs, which are selected to fabricate structures, were scanned again individually to determine precisely their positions. Inset shows illustration of a sample area in which a gold NP is sandwiched in between SU8 films. Fluorescence scanning is achieved in the (xy)-and (xz)-planes, as indicated by the red border rectangles. (b) and (c) Fluorescence images obtained by scanning along the (xz)-and (xy)-planes, respectively. (d) Extract of data corresponds to the dotted line shown in (c) showing the fluorescence intensity as a function of the NP position and of the precision of its position determination.

  photonic bandgap (if any) of the micropillars hexagonal structure remote from the emission band of the Au NP embedded inside the structure. The micropillar pattern was made here only to ensure the accurate localization of NPs by identifying the pillar containing the single Au NP. After the exposure step, the sample was postbaked on a hot plate at 65 • C (3 mins) and 95 • C (5 mins) to finalize the cross-linking process, followed by a development step. We note that the PEB step also affects the quality of the fabricated structures and will be discussed in the next part. The patterned sample was then placed again on the PZT stage, at the same position as in the fabrication step, in order to perform optical characterization and comparison.

Figure 4 . 9 :

 49 Figure 4.9: (a) Fluorescence image of Au NPs before fabrication. (b) Fluorescence image of corresponding fabricated structures. (c) SEM image of fabricated structures, each contains a Au NP at the center. (d) and (e) Zoom in images of a fabricated structure containing a single Au NP.

Figure 4 .

 4 Figure 4.9(b) shows the fluorescence image of three fabricated patterns corresponding to three Au NPs in Figure 4.9(a). The morphology and surface topography of each structure was subsequently examined by optical microscopy and scanning

Figure 4 .

 4 9(c) shows the SEM image of those three fabricated patterns, each of which contains a single Au NP at its center. We expected to obtain a micropillar containing a single Au NP. From the zoom images of a structure (Figure4.9(d) and (e)), surprisingly, it can be seen that a microsphere was formed at the position of the NP instead of a micropillar. In our samples, all micropillars patterns have the same parameters (center-to-center distance of 1.50 µm, diameter of each pillar of about 0.32 µm and the height of a pillar = 1.00 µm), the microspheres at the center display different diameters varying from 0.76 to 1.40 µm. Figures 4.9

  (d) and (e) show SEM images of a hexagonal structure, in which a quasi-sphere with a diameter of 1.12 µm and containing a single Au NP was obtained at the structure center.
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 410 Figure 4.10: Sketch of exposure process and thermodynamic model used for explanation of thermal accumulation effect, which induce the polymerization within a spherical shape volume.

Figure 4 . 11 :

 411 Figure 4.11: Comparison of structures fabricated with standard PEB on a hot plate (a) and local PEB (b). Each structure contains a single Au NP at the central pillar.

Figures 4. 11

 11 Figures 4.11(a) and (b) show SEM images of two sets of patterns fabricated with

  Figures 4.11(a) and (b) show SEM images of two sets of patterns fabricated with standard and local PEB, respectively. It can be clearly observed that for the sample realized with standard PEB (fabrication power = 4 mW, scanning speed = 2 µm/s),

Figure 4 .

 4 Figure 4.12(a) shows the fluorescence images of the fabricated structures, using the same excitation power as in the mapping step. It is obvious that the emission spot at the structure center is very bright as compared to the weak emission of the surrounding micropillars. Note that SU8 micropillars also emit fluorescence, but with a much lower rate.Figure 4.12(b) shows a zoom on the fluorescence image of

Figure 4 .

 4 12(b) shows a zoom on the fluorescence image of the microsphere only. This clearly confirms the existence of a single Au NP inside the microsphere. Furthermore, by comparing the fluorescence signal obtained before fabrication (Au NP embedded in SU8 films) and after fabrication (Au NP embedded

Figure 4 . 12 :

 412 Figure 4.12: (a) Fluorescence images of fabricated structures obtained in (xy)-planes. (b) Fluorescence image of the microsphere containing a single Au NP. The single Au NP is locked at the center offers the very high intensity counts with respect to those of nearby SU-8 host medium surrounded by air. (c) Comparison of fluorescence signals in two cases, Au NP in microsphere (red curve) and in unpatterned SU-8 photoresist film (green curve).

  investigated further the influence of the NP size on the NP/PS coupling by realizing the fabrication and measuring the fluorescence enhancement of Au NPs of different sizes: 10, 30, 50, 80, and 100 nm. All fabrication parameters were kept the same for each NP size. Figures 4.13

  (a-e) shows the comparison of the fluorescence signals collected before (green curves) and after (red curves) fabrication. In other words, it is a comparison of fluorescence signal emitted by the same single Au NP when it is located in an uniform medium and when it is coupled to a microcavity.

Figure 4 .

 4 Figure 4.13(f) shows the average photons number emitted by Au NPs of different sizes in SU8 film (green bars) and SU8 microsphere (red bars) as well as the average gain of fluorescence (black marks). The photon collection enhancements recorded

Figure 4 . 13 :

 413 Figure 4.13: Comparison of fluorescence signals of Au NP in a microsphere (red curves) and in an unpatterned SU8 photoresist film (green curve). Au NP sizes are: (a) 10 nm; (b) 30 nm; (c) 50 nm; (d) 80 nm; and (e) 100 nm. G indicates the average fluorescence enhancement factor. (f) Comparison of average gain of fluorescence of different sizes of Au NPs in a microsphere.

  coupling of a single Au NP into a photonic microstructure using LOPA-based DLW technique. Simulations based on FDTD method have proved the mechanism of the coupling of the excitation wavelength into cavities, the plasmonics/photonics coupling, and the coupling of the emitted light out of cavities, which predict the enhancement of the fluorescence signal of Au NPs. The coupled NP/PS was realized by a LOPA DLW technique, and with a double-step process: ultralow excitation power for determination of NP position, and low excitation power for the fabrication of desired microstructures. We encountered an unexpected effect due to the heat induced by the SPR of the Au NPs during the fabrication: instead of a micropillar containing a NP, we obtained a microsphere. However, the coupling of NP to the microsphere allowed a great enhancement of the fluorescence signal as compared to the case without coupling, which is in good agreement with the theoretical prediction. Au NPs with different sizes have been investigated and the highest gain in fluorescence that we obtained, corresponding to a 10-nm gold NP, reached up to36.6 times. This LOPA-based DLW with a double-step process is very simple but powerful as compared with other complicated and expensive techniques. It is also very promising to embed other NPs into desired polymer-based PSs, such as diamond NPs containing a single emitter, thus allowing the manipulation of single photon emission, or non-linear NPs to improve second harmonic generation signal.

  laser. A flip-flop mirror allows us to switch easily from one laser to the other. The experimental setup is shown in Figure5.1, which is basically the same as the LOPA setup. We use a half-wave plate and a polarizer to adjust the power of the laser. A second half-wave plate (not shown in the Figure) can be placed after the polarizer to control the polarization of the excitation beam. The beam is collimated and directed to enter the same microscope. To collect SHG signal at 532 nm, an infrared filter is used to cut off the excitation light at 1064 nm. The signal is then detected by either the APD, which gives a SHG image or a spectrometer which gives a SHG spectrum of the KTP NPs. This home-built setup is very flexible for signal detection as well as structure fabrication at LOPA regime.

Figure 5 . 1 :

 51 Figure 5.1: Experimental setup of the integrated setup for SHG measurement. PZT: piezoelectric translator, OL: oil immersion microscope objective, λ/4: quarter-wave plate, λ/2: half-wave plate, BS: beam splitter, PBS: polarizer beam splitter, M: mirror, S: electronic shutter, L 1,2 : lenses, F: infrared filter, APD: avalanche photodiode.

Figure 5 . 2 :

 52 Figure 5.2: Scanning image in second harmonic microscopy for a sample of KTP nanoparticles. (a) image obtained with a horizontal polarization, (b) with a vertical polarization. The nanoparticles are revealed differently in the two images.

Figure 5 . 3 :

 53 Figure 5.3: (a) SHG image of a KTP nanocrystal of size between 30 and 100 nm, obtained by scanning with the 1064 nm laser. (b) The profile in the x-direction with the FWHM of 500 nm.

0. 3

 3 mW. A background in the image during scanning may be due to scattering of the excitation laser on the surface of the sample or on other optical elements, due to an emission of the various optical elements in the path of the beams, due to the light insufficiently reduced by the filters, or even by the shots of avalanche photodiodes. For the infrared wavelength used, 1064 nm, the mid-height width of the focal spot of the infrared laser is d = 480 nm according to equation d = 0.61× λ N A . This is evident in Figure 5.3, which shows a SHG image of an individual KTP nanocrystal. The profile graph in the x-direction (Figure 5.3(b)) shows clearly the FWHM of approximately 500 nm.

Figure 5 . 4 :

 54 Figure 5.4: Spectral analysis carried out on a single nanocrystal of KTP showing an emission peak at 532 nm. The peak at 1064 nm corresponding to the excitation wavelength is cut off by using an infrared filter.

Figure 5 .

 5 [START_REF] Charra | North Atlantic Treaty Organization[END_REF] shows the spectral analysis of the signal emitted by a KTP nanocrystal, with an infrared filter placed in the setup to cut off the wavelength of the excitation light. The signal collected is directed to a spectrometer by a tiltable mirror placed just in front of the photodiodes. A comparison between the spectrum obtained for a nanocrystal of KTP and the spectrum measured at a neighboring position on the same sample shown clearly the appearance of a single peak centered on 532 nm, corresponding to half of the wavelength of the excitation laser (1064 nm).

Figure 5 . 5 :

 55 Figure 5.5: Time evolution of the SHG signal of a KTP NP under an excitation power of 0.3 mW. The signal is perfectly stable for a duration of one hour.

Figure 5 .

 5 Figure 5.5 shows the temporal tracking of the second harmonic signal of a KTP nanocrystal excited at an average power of 0.3 mW. This experiment, like all the experiments we have carried out, has been carried out under ambient conditions. The graph shows a perfect stability of the signal for a duration of one hour, the small variation of the signal being due to the mechanical instability of the assembly. By using the structure of the sample to locate a given position on its surface, this perfect photostability allows us to find the same nanocrystal, from one time to another, and to perform different types of measurements, experiments that can be separated by several months.
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 5653531 Figure 5.6: Fabrication process of polymeric structures containing single KTP NPs.

Figure 5 . 7 :

 57 Figure 5.7: (a) Fluorescence image of the structure (obtained by scanning with 532 nm laser). (b) SHG image of the KTP NP before and after fabrication (obtained by scanning with 1064 nm laser). SEM images top view (c) and side view (d) of a structure containing a single KTP NP at the central pillar, all pillars were fabricated with the same excitation dose. Scale bar: 1 µm.

  7(b)-Before. This image is obtained with an average laser power of 0.3 mW. As shown in Figure5.3(b), the sharp peak reveals a high precision for the position determination. After the position of a single KTP NP is determined, the fabrication of structures containing this NP will be realized. For this fabrication step, the 1064 nm laser is shut down and the 532 nm laser is turned on. The excitation power used for fabrication is set around 8 mW (for local PEB process). First, we fabricated a CPC structure with a NP located at the central pillar. The fabrication of each pillar was realized by scanning the focusing spot along the vertical direction (zaxis) and through the total SU8 film thickness (total moving distance of 2 µm). All pillars, including the one containing the NP, were fabricated with the same exposure dose (P = 8 mW, v = 2 µm/s). After fabrication, the sample is developed and put back to the setup to characterize the SHG signal.

Figure 5 .

 5 7(a) shows a fluorescence image obtained by scanning the 532 nm laser (P = 50 µW).

Figure 5 .

 5 7(b) shows SH images obtained by scanning the 1064 laser at the position of the central pillar before and after fabrication. These SHG images confirm that the KTP NP is well embedded inside the central pillar. Unlike what has been observed with Au NPs in Chapter 4, there is no explosion with the pillar containing the KTP NP, which is evident in the SEM images shown in Figures 5.7(c) and (d). The SEM images (top view and side view) show that all pillars have the same size and height. We note that SU8 photoresist does not emit any fluorescent signal, or it is very weak, therefore, in the image scanned with laser 1064 nm after fabrication (Figure 5.7(b)), we observe only the SHG signal of KTP NP. The non-explosion effect is quite understandable

  fabricated a set of structures containing KTP NPs at different exposure doses as shown in Figure 5.8. The doses vary from P = 6 mW, v = 4 µm/s; v = 3 µm/s; v = 2 µm/s; v = 1 µm/s, to P = 9 mW, v = 4 µm/s; v = 3 µm/s; v = 2 µm/s; v = 1 µm/s. The diameter of the pillars containing the NPs increases with the step around 50 nm. We note that, the size of the central pillars can be controlled with

Figure 5 . 8 :

 58 Figure 5.8: SEM images of structures containing single KTP NPs at the central pillars. Each central pillar was fabricated at different exposure dose. Top row, from left to right, respectively: P = 6 mW, v = 4 µm/s; v = 3 µm/s; v = 2 µm/s; v = 1 µm/s. Bottom row, from left to right, respectively: P = 9 mW, v = 4 µm/s; v = 3 µm/s; v = 2 µm/s; v = 1 µm/s.

  (c) and (d) show the top and side views of a square structure fabricated by an excitation power of 9 mW and a writing speed of 3 µm/s. This structure was created by scanning the focusing spot through the SU8 layer to form a point matrix arranged in square shape. The distance between two adjacent pillars was set at 150 nm, which resulted in continuous lines. Figure 5.9(a) show the fluorescence image of the square shape obtained by scanning the structure by the 532 nm laser (P = 50 µW), and Figure 5.9(b) presents the SHG image realized by scanning the 1064 nm laser, which shows only the SHG signal emitted from the KTP NP. Both images are taken after fabrication, proving that the fabricated structure contains a single KTP NP. Similarly, Figure 5.10 shows SEM, fluorescent, and SHG images of a triangular structure. This structure was created by the same way as the square structure, and the fluorescent and SHG images also show that it contains a single KTP NP at the center.

Figure 5 . 9 :

 59 Figure 5.9: (a) Fluorescence image of a square structure containing a KTP NP (obtained by scanning with 532 nm laser). (b) SHG image of the square shape showing that it contains a KTP NP (obtained by scanning with 1064 nm laser). SEM images top view (c) and side view (d) of the structure. Scale bar: 1 µm.

Figure 5 . 10 :

 510 Figure 5.10: (a) SEM image of a triangular structure containing a KTP NP. (b)Fluorescence image of the structure (obtained by scanning with 532 nm laser). (c) SHG image of the triangular shape showing that it contains a KTP NP (obtained by scanning with 1064 nm laser). Scale bar: 1 µm.

Figure 5 .

 5 11(a) shows the SEM image of a 3D hexagonal air-hole membrane containing a KTP NP at the center. The membrane was fabricated at a laser power of 10 mW and a writing speed of 3 µm/s. It is supported with six

Figure 5 . 11 :

 511 Figure 5.11: (a) SEM image of a 3D hexagonal membrane containing a KTP NP at the center; Inset: side view. (b) Fluorescence image of the structure (obtained by scanning with 532 nm laser). (c) SHG image of the structure center showing that it contains a KTP NP (obtained by scanning with 1064 nm laser).

  legs in order not to be in contact with the glass substrate (see Inset). The presence of the NP in the structure was also confirmed by the SHG image obtained at the central part of the structure (seeFigures 5.11(b) and (c)). It is more challenging to fabricate such 3D structures containing NPs compared to the case of 2D and 1D structures since it is more difficult to determine the position of the NPs in the case of 3D. However, 3D structures offer more interesting applications for the coupling with NPs, such as resonance cavity, photonic crystals, etc., therefore, hybrid 3D structures should be the target in the future. The first success to embed a KTP NP into a 3D structure can open a way to further investigations and more fascinating applications.

Figure 5 . 12 :

 512 Figure 5.12: (a, b) Fluorescence images of a set of miro triangular structures (obtained by scanning with 532 nm laser). (c, d) SHG images of the structures showing that KTP NPs are embedded at different positions (obtained by scanning with 1064 nm laser). (e, f) SEM images of a the structures. Scale bars: 10 µm and 2 µm, respectively.

Figure 5 .

 5 12 show fluorescence image, SHG image, SEM image and their corresponding zoomed images of a set of triangular structures, each of which contains a single KTP NP at a different position: top corner, bottom left, bottom right corner, or at the center.Figure 5.13 show a series of microdisk structures containing KTP NPs at positions from center to edge. Measurements show that the position can be controlled with the step down to 100 nm. Being able to control effectively the size and shape of structures as well as the position of NPs in structures makes LOPA DLW a powerful yet simple technique to embed any kind of NPs into PS.

Figure 5 . 13 :

 513 Figure 5.13: Top row: Fluorescence images of a set of microdisk structures (obtained by scanning with 532 nm laser). Bottom row: SHG images of the structures showing that KTP NPs are embedded at different positions, from center to edge (obtained by scanning with 1064 nm laser). Scale bars: 1 µm.

Figure 5 .

 5 14(a) shows the SHG images of a single KTP NP obtained with laser 1064 nm at 0.3 mW before and after fabrication, and a fluorescence image of the fabricated structures.

Figure 5 . 14 :

 514 Figure 5.14: (a) SHG images before and after fabrication of a KTP NP (obtained by scanning with 1064 nm laser), and a fluorescence image of the fabricated structure (obtained by scanning with 532 nm laser). (b) SHG signal intensity of the KTP NP obtained before and after fabrication; Inset: zoomed graph of the signal before fabrication.

Figure 5 .

 5 14(b) shows the SHG signals intensity obtained with the spectrometer before (red curve) and after fabrication (green curve). For a pillar with a diameter of 800 nm and a height of 1.3 µm, we achieved an enhancement of SHG intensity of a KTP NP up to 90 times, as compared to that obtained with the same NP inside a SU8 film (thickness of 1.3 µm). We also fabricated many structures with the same parameters containing different KTP NPs to see if the structure size is the only factor that affects the SHG enhancement. The result is shown in Figure5.15, which indicates a variety of enhancement values. This refers to another reason which can contribute to the enhancement of the SHG intensity besides the pillar cavity.

Figure 5 . 15 :

 515 Figure 5.15: Comparison of SHG signals of different KTP NPs embedded in pillars with identical parameters before (red curves) and after fabrication (green curves).

Figure 5 . 16 :

 516 Figure 5.16: Simulation model of the coupling of the fundamental light into a pillar cavity. The sources emits a single wavelength at 1064 nm, n glass = 1.5, n SU 8 = 1.58.

Figure 5 . 17 :

 517 Figure 5.17: (a) Calculated field intensity (square modulus of the electric field) at the wavelength of 1064 nm inside a pillar with a diameter of 800 nm and a height of 1.3 µm. (b) Calculated field intensity at the wavelength of 1064 nm inside a SU8 film with thickness of 1.3 µm.

Figure 5 .

 5 Figure 5.17(a) shows the square modulus of the electric field inside a micropillar with a diameter of 800 nm and a height of 1.3 µm when they are illuminated by a plane wave at 1064 nm. Similarly, the field intensity inside a thin film with a thickness of 1.3 µm illuminated by the 1064 nm incident light is illustrated in Figure5.17(b). It can be clearly observed that, the field is amplified and localized along the height of the pillar. Comparing the field at the center of both structures where the KTP NP locates before and after fabrication, we can see that the field intensity in the pillar is amplified by 7 to 13 times with respect to that inside the thin film. A KTP NP locating at a maximum of the field inside the pillar will experience the fundamental field which is increased by 7 to 13 times, resulting in the enhancement of its SH radiation by 50 to 170 times. Besides, a small change of position of the NP can lead to a significant change in the enhancement of the SHG signal, which explains why the manipulation of the NP position in the structures is of great importance.

Figure 5 . 18 :

 518 Figure 5.18: (a) Radiation patterns of a dipole located in different structures. Left: emission diagram in (xz) and (yz)-plane of a film structure. Right: emission diagram in (yz) and (yz)-plane of a pillar structure. The emission dipole was assumed to be in x-direction. (b) Calculation of the SH signal collection efficiency as a function of the half angle of the objective lens in two cases: KTP NP in a pillar and KTP NP in a thin film.

Figure 5 . 19 :

 519 Figure 5.19: Collection efficiency calculated at the half angle of 58.8°as a function of diameter and thickness of pillars.

Figure 5 . 20 :

 520 Figure 5.20: (a) Simulation model of the coupling of the SH signals out of a pillar cavity. The dipole source emits a single wavelength at 532 nm, n glass = 1.5, n SU 8 = 1.58. (b) Radiation patterns of a dipole with different orientation located in a micropillar.

Figure 5 .

 5 Figure 5.18(b) shows the simulation result. It can be seen that, almost 55% of the photons emitted by the dipole embedded inside the pillar can be collected at the half angle of 58.8°, which corresponds to an objective lens NA of 1.3. Meanwhile, only 11% photons is collected at the same angle in the case of film. It can be concluded that, the cavity does not only enhance the fundamental light, which results in the enhancement of the SH signal emitted by the dipole, but also directs the SH signal into the collection angle of the microscope, hence enhancing the collection efficiency.

Figure 5 . 21 :

 521 Figure 5.21: Collection efficiency calculated at the half angle of 58.8°as a function of the dipole orientation.

  photonic devices. These results open many promising applications, such as the development of microrobotic tools for transport in biological systems. Third, we investigated another kind of NP, gold NPs, and used them to study the coupling to PS, not as random NPs like in the previous part, but as single NPs that can be individually localized via their fluorescence. We have demonstrated theoretically and experimentally the precise coupling of a single Au NP into a photonic microstructure using LOPA-based DLW technique. Simulations based on FDTD method have proved the mechanism of the coupling of the excitation wavelength into cavities, the plasmonics/photonics coupling, and the coupling of the emitted light out of cavities, which predict the enhancement of the fluorescence signal of Au NPs. The coupled NP/PS was realized by a LOPA DLW technique, and with a

Fourth,

  in order to avoid the explosion effect during the exposure under laser excitation, we chose to investigate KTP NPs since they possess a wide tranparency range including the used wavelengths. We have studied the coupling of individual KTP NPs and different kinds of structure. First, we investigated optically by second harmonic microscopy individual nanocrystals of KTP with size ranging from 30 nm to 100 nm synthezized by our colleagues. These KTP NPs, under a pulsed laser excitation and without two-photon resonance, efficiently emit a second harmonic signal. The use of KTP, with its high nonlinear coefficients and its transparency for both the wavelength of the excitation laser and the second harmonic signal, leads to a high signal-to-background ratio as well as to a perfect photostability for a very long time of the generated signal. We then employed LOPA DLW to realize the fabrication of PS containing individual KTP NPs. KTP NPs are found not to cause explosion during fabrication, contrary to Au NPs, hence they are ideal candidates to be manipulated and coupled to various kinds of PS. We have successfully embedded individual KTP NPs into different kinds of structure, especially 3D structures. The size and shape of the structures, as well as the position of the NPs inside the structures, can be controlled with high spatial resolution. We found an enhancement up to 90 times of the SHG signal of a KTP NP embedded in a pillar. The enhancement was different for different NPs, since it is not only due to the resonance of the fundamental light in the cavity, but also due to the orientation of the KTP nanocrystals, which affects the collection efficiency of the OL. A simulation model using FDTD method has been studied which confirms the experimental results.

n X = 1 .

 1 7400 n Y = 1.7469 n X = 1.8304 at 1064 nm n X = 1.7787 n Y = 1.7924 n X = 1.8873 at 532 nm (X, Y, Z ) and its mesh vectors (a, b, c). We can therefore note (XYZ ) as the reference linked to the crystal, and we denote (xyz) the reference of the laboratory(Figure C.1)

d 11 d 12 d 13 d 14 d 15 d 16 d 21 d 22 d 23 d 24 d 25 d 26 d 31 d 32 d 33 d 34 d 35 d 36 with d 15 = 1 . 9 ;

 1626361519 the expression of P then becomes P I = L χ IL .E 2 L , (C.2) taking as notation I = 1, 2, 3 replacing X, Y, Z; L = 1, 2, 3, 4, 5, 6 replacing XX, YY, ZZ, YZ = ZY, XZ = ZX, XY = YX, respectively. The susceptibility of order 2 d d 24 = 3.6; d 31 = 2.5; d 32 = 4.4; d 33 = 16.9; and all the other coefficients are null. These coefficients of d can be expressed in the reference (XYZ ): d XXZ = d XZX = 1.9; d Y ZY = d Y Y Z = 3.6; d ZXX = 2.5; d ZY Y = 4.4; d ZZZ = 16.9; and all the other coefficients are null.

Figure 1 :

 1 Figure 1: Structures 2D et 3D fabriquées par DLW à base de LOPA avec PEB local. (a-b) Images MEB d'une structure fabriquée à la puissance laser de 6 mW, vitesse d'écriture = 2 µm/s, période = 400 nm. (c-d) Images au MEB d'une structure en tas de bois fabriquée avec les paramètres suivants: distance entre les barres = 400 nm; distance entre couches = 0,6 µm; nombre de couches = 18; puissance laser P = 7 mW et vitesse de balayage v = 2 µm/s. (e) Coupe transversale du profil de chaleur et de la distribution d'intensité lumineuse dans la région focale pour x -axis.

Figure 2 :

 2 Figure 2: (a) Illustration des processus de fabrication et de développement des micronageurs. (b) Image MEB et image agrandie des micro-nageurs fabriqués à 9 mW. (c) Captures d'écran montrant le mouvement des micro-nageurs vers la pointe magnétique.

Figure 3 :

 3 Figure 3: (a) Image de fluorescence des NPs d'or avant la fabrication. (b) Des images MEB de structures fabriquées, chacune contenant un NP Au au centre et des images agrandies d'une structure fabriquée contenant une seule NP d'or. (c) Image de fluorescence de structures fabriquées obtenues en (xy)-plan et image agrandie de la microsphère contenant une seule NP d'or. La seule NP d'or verrouillé au centre offre des comptages d'intensité très élevée par rapport à ceux du milieu hôte SU8 voisin entouré d'air. (d) Comparaison des signaux de fluorescence dans deux cas, Au NP dans la microsphère (courbe rouge) et dans un film de photorésist SU-8 sans motif (courbe verte).

Figure 4 :

 4 Figure 4: (a) Image de fluorescence d'un ensemble de structures micro triangulaires (obtenues par balayage avec un laser à 532 nm). (b) Image GSH des structures montrant que les NPs de KTP sont incorporés dans différentes positions (obtenue par balayage avec un laser à 1064 nm). (c) Image MEB des structures. Barres d'échelle: 10 µm and 2 µm. (d) Image MEB d'une membrane hexagonale 3D contenant une NP KTP au centre; Encart: vue de côté. Barre d'échelle: 1 µm. (e) Image de fluorescence de la structure (obtenue par balayage avec un laser à 532 nm). (f) Image GSH du centre de la structure montrant qu'il contient une NP KTP (obtenue par balayage avec un laser à 1064 nm).

Figure 5 :

 5 Figure 5: (a) Les modèles de rayonnement d'un dipôle situé dans différentes structures. À gauche: diagramme d'émission en (xz) et (yz)-plan d'une structure de film. À droite: diagramme d'émission en (yz) et (yz)-plan d'une structure de pilier.(b) Calcul de l'efficacité de la collecte du signal SH en fonction du demi-angle de la lentille d'objectif dans deux cas: KTP NP dans un pilier et KTP NP dans un film mince. (c) Couplage de la lumière fondamentale dans une cavité de pilier: intensité de champ calculée (module carré du champ électrique) à la longueur d'onde de 1064 nm à l'intérieur d'un pilier d'un diamètre de 800 nm et d'une hauteur de 1,3 µm) et à l'intérieur d'un film SU8 d'une épaisseur de 1,3 µm (gauche). (d) Comparaison des signaux SHG de différents NP KTP intégrés dans des piliers avec des paramètres identiques avant (courbes rouges) et après fabrication (courbes vertes).

  

  

  

Table 2 .

 2 

		(rpm)	(rpm/s)	(s)	65°C	95°C	(µm)
	SU8 2000.5 2000	300	30	1	2	0.5
	SU8 2002	2000	300	30	1	2	2
	SU8 2005	2000	300	30	2	4	5
	SU8 2025	2000	300	30	3	6	25

1: Sample preparation of SU8 2000 series

Type

Speed Acceleration Time Soft bake (min.) Thickness

  3 .6H 2 O and 1.52 g of FeCl 2 .4H 2 O are dissolved in 80 ml of distilled water with stirring. Then a solution of 6 ml of 35% NH 4 OH was added at a rate of 1 drop per second during a constant stirring. Black precipitates of Fe 3 O 4

Table 4 . 1 :

 41 Sample preparation parameters

		Speed (rpm) Acceleration (rpm/s) Time (s)
	SU8 (1)	1500	200	30
	Au NPs	1000	200	30
	SU8 (2)	1500	200	30

Chapter 3 Realization of magneto-photonic microstructures and microdevices and depicted, for example, in Figure 3.8(a,b). The size of pillars increased when the distance between pillars decreased as shown in Figure 3.8(c). We found that the good structures were obtained with a periodicity larger than 0.5 µm. Actually, the fabrication relies on an OPA mechanism, and there exists a dose accumulation effect in the case of a small periodicity. The degree of polymerization within the laser spot as well as in the out-of-focus region are completely defined by the number of photons absorbed linearly during exposure, which leads to unwanted structures when pillars are set very close to each other. The mechanism of this accumulation effect was explained in Chapter 2. This result is again similar to that observed with pure SU8 photoresist. In addition, the optically induced thermal effect became more pronounced with the presence of MNPs, which exhibit a thermosensitive property. This thermal effect accelerated the polymerization effect and locally heated up the exposed area, and the PEB process was therefore neglected. Thanks to the local PEB, the minimum distance (0.5 µm) between pillars resulted in a structure of similar quality as that realized with pure SU8 photoresist, by using the same optical setup.

The small size and short distance should be good enough for different applications based on magneto-photonic structures. All these experimental results confirm that any magneto-photonic submicrometer structure or device can be realized by using the LOPA-based DLW on this magnetic/polymeric nanocomposite. We will demonstrate in the next section that those nanostructures contain MNPs, and they can be manipulated by an external magnetic field as desired.

Fabrication on demand of free-floating submicrostructures by LOPA-based DLW

The performance of devices interacting with environments such as biological system requires a proper selection of materials in term of chemical stability, biocompatibility, etc. For that reason, magnetic nanocomposite with special properties brings out a possibility of manufacturing free-moving magnetic devices. Consequently, magnetic microstructures for remote actuation have attracted a great attention recently. They are potential candidates for interfacing biological environments [START_REF] Markides | Biocompatibility and Toxicity of Magnetic Nanoparticles in Regenerative Medicine[END_REF]. With the aid

Chapter 3 Realization of magneto-photonic microstructures and microdevices

results open many promising applications, such as the development of microrobotic tools for transport in biological systems.

Chapter 4 Coupling of a single gold nanoparticle into photonic structures acids (Lewis acid). The Au NP at that time plays the role as a "hot spot": in the vicinity of the Au NP, the temperature is noticeably increased, then accelerate the generation rate of acids. Since heat is diffused according to a spherical symmetry, the polymerization rate of SU8 is much higher in a sphere centered on Au NP. As long as the temperature is high enough (> 75 • C), the SU8 polymer chains are continuously formed [START_REF] Mack | Conventional Resists: Exposure and Bake Chemistry[END_REF]. As a result, a spherical structure of a polymerized photoresist was obtained during the fabrication process. The amount of heat generated by the plasmonic NP can be controlled by the particle size and shape, as well as illumination strength, wavelength and irradiation duration. Hence the interplay of the Au NP with the excitation light allows the spatial and temporal heat management leading to controllable fabrication processes. With this given experimental setup, there are two possible ways for controlling the sphere size: either by excitation intensity or by exposure time. It is worth mentioning that the formation could be out of control if light intensity is too high, because the temperature at the Au NP position can exceed its deformation point (such as melting point, fragmentation threshold) [START_REF] Hashimoto | Studies on the interaction of pulsed lasers with plasmonic gold nanoparticles toward light manipulation, heat management, and nanofabrication[END_REF].

In such a case, heat storage may result in a micro-explosion. In this work, fabrication parameters were the same for all structures and weaker than those of damage threshold, but the microsphere diameter varied from 0.76 to 1.40 µm due to the variation of the Au NPs size. It is important to mention that the microsphere is not the PS that we intended to fabricate. However, as it was theoretically predicted in precious sections and will be experimentally shown later, such photonic microsphere could be a valuable PS for the enhancement of NP optical properties. In general, when working with NPs without thermal effects, such as diamond NP, nonlinear NP, etc., this very simple LOPA-based two-step technique should allow one to fabricate structures as desired, including microspheres.

Effect of PEB on the quality of structures

Since the formation of structure containing single Au NP is due to the thermal effect, the fabricated structure was not always spherical. Besides, in the standard fabrication process, the exposure step is followed by a post-exposure bake (PEB) step, in which the sample is put on a hot plate for 1 minute at 65 • C and then 3 minutes at 95 • C, in order to finalize the crosslinking process of SU8. We found experimentally that a micro-explosion occured frequently at the position of the Chapter 5 Controlled coupling of KTP nanoparticles into photonic structures be detected optically and which would distort the estimation of size of the assembly.

To eliminate the larger particles, we typically centrifuge for 5 to 15 minutes at 11000 rpm. During this centrifugation, particles larger than typically 150 nm, and therefore the heaviest, will migrate towards the bottom of the pellet, leaving the smallest nanoparticles in the colloidal solution. To remove the smallest particles, the reverse procedure is used: the solution is centrifuged for 60 minutes at 11000 rpm so that only particles smaller than 30 nm remain in the solution. We remove the supernatant from this solution and only the particles with a size between 30 and 150 nm remain in the bottom of the centrifugation pellet. We disperse these particles again in the 0.1% PVP/PrOH mixture, the mixture then being placed in an ultrasonic bath to obtain the final colloidal solution.

To characterize a single KTP NP, we first diluted the solution by adding ethanol with the solution/ethanol ratio of 1:5. The diluted solution was then put into an ultrasonication bath for 30 minutes to well disperse the KTP NPs. The solution obtained after ultrasonication was spin-coated on a clean glass substrate (detailed procedure in Chapter 2), which was then put into our setup for characterization.

Emission signal of a single KTP NP

We use the linear and nonlinear optical properties of KTP given in the reference [START_REF] Sutherland | Handbook of Nonlinear Optics[END_REF]. At the wavelength of 1064 nm, both one-photon and two-photon absorptions of KTP are negligible [START_REF] Hansson | Transmission measurements in KTP and isomorphic compounds[END_REF]. The size of the particles, between 30 nm and 100 nm, is sufficiently small as compared to the excitation wavelength to neglect, at least as a first approximation, the effects due to chromatic dispersion, such as, for example, the effect of the phase tuning, or those due to a possible anisotropic shape of the NP.

For these KTP NPs, we can use the dipolar approximation, as detailed in Appendix C. The emission of a KTP NP will be approximated by dipole associated with the nonlinear second order response induced by the excitation field E, whose expression is given by:

Appendices Appendix A

The PSF of high NA OLs

The point spread function (PSF) properties were calculated for an air OL, (NA=0.9)

and an oil OL (NA=1. Matlab example for simulation of heat intensity distribution inside an absorbing medium. -5.0000000000000004 e -06 5 . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 e -06 5 . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 e -06 -5.0000000000000004 e -06] , ' R1 ') ; pdeellip (0 ,0 ,1 e -08 ,1 e -08 ,... 0 , ' E1 ') ; set ( findobj ( get ( pde_fig , ' Children ') , ' Tag ' , ' PDEEval ') , ' String ' , ' R1 + E1 ') % Boundary conditions : pdetool ( ' changemode ' , The crystal of KTP (KTiOPO4) is a nonlinear crystal of point group mm2, with the following mesh parameters [START_REF] Tang | Fundamentals of Optical Parametric Processes and Oscillations[END_REF]:

It is at the same time a piezoelectric crystal and dielectrically biaxed. For this particular crystal, the 3 dielectric axes (x, y, z) merge with its 3 piezoelectric axes a = 12.814A°b = 6.404A°c = 10.616A°1