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List of Tables

Introduction

I. Motivation and Objectives

Water is life, sustaining ecosystems and regulating our climate. But it's a finite resource, and less than 1% of the world's fresh water is accessible for direct human use [1]. However, water is one of the most valuable resources, which is not only vital to all forms of life but also is an unavoidable precious resource in a wide range of industrial processes. Water scarcity and water quality are one of the major issues facing the human being, in the context of global warming, industrial era and related increasing pollution.

It is a leading cause of premature death, where waterborne diseases continue to kill over two million lives per year [2]. This led the World Health Organization (WHO) to set the water quality at the top of its priority action list [3]. Moreover, at least 11% of the European population and 17% of European Union territory to date have experienced water scarcity-related problems [4].

In addition to that, recent reports [5]- [8] highlighted new significant pollution in addition to the chemical and biological ones which is due to plastic micro-particles contamination of drinking water, including bottled mineral water. Interestingly, almost 80% of all micro-plastic particles found had a particle size between 5 and 20 µm, the smallest particle's dimensions being 1 µm [5]- [8] where this dimension range can perfectly fit with the Micro-Opto-Fluidic devices. All the above-mentioned warning signals about water contamination are contrasting a lot with the lack of low-cost instrumentation, which might allow efficient tools for water purification and monitoring of water quality and their accessibility at a global scale. This trend raises the need for novel approaches for both water purification and for water quality control as well.

Based on all of these, our goal in the thesis is to take advantage of the emerging microand nanotechnologies to contribute to the both aspects.

In the first part of the thesis, we made a fundamental study on Zinc-Oxide (ZnO) nanowires (NWs), which is known as a photocatalytic material suitable for water purification as it is abundant in nature, inexpensive and nontoxic. The use of this material at large scale requires appropriate approaches for manufacturing and also for characterization. Thus, we conducted the study over different directions: 
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In the second part of the thesis, we propose a prospective study on the use of Micro-Opto-Fluidic devices for the measurement and analysis of micro-plastics in water which had been recently identified as one of the most dangerous polluting materials not only in sea water but also in industrial drinking water.

II. Main Contributions

The main contributions of this work can be summarized in the following:

( with different surface densities without a priori knowledge of them or even using calibration runs as reported previously in similar attempts found in literature.

( 

III. Thesis Outline

This thesis is organized in main four chapters as described hereafter; these are complemented by an introduction, a conclusion and perspective section, as well as appendixes.

The introduction presents the motivation and objectives of this work, our major contributions and the overall organization of the thesis. Then, aggregating our achievements on both optical and microfluidics aspects of our work, also led to the first ever reported demonstration of online monitoring of NWs growth within a microfluidic reactor.

Chapter 4: proposes a prospective study on the use of Micro-Opto-Fluidic devices for the measurement and analysis of micro-plastics in water. We introduce our motivation to conduct our work, the proposed methodology to achieve our objectives and then the implementation of a plan, which consists of designing multi-functional micro-opto-fluidic devices that enable both sorting and optical analysis on-chip. The chips were eventually fabricated for further studies to be continued after this thesis work.

The conclusion of this thesis is summarized while introducing several recommendations and suggestions for the future work.

CHAPTER 1 1 Chapter 1: A Single Optical Spectrum for Characterization of

Nanowire Arrays

Introduction

Performance of a functional nanomaterial is directly related to its morphology and intrinsic material properties; hence there is a need for efficient characterization methods, ideally at low-cost and in real-time for monitoring the growth kinetics. This statement holds true for nanowire arrays, which are attracting increased interest [9]- [START_REF] Antoine | A local optical probe for measuring motion and stress in a nanoelectromechanical system[END_REF]. Among these, ZnO-NWs studied in this work, are considered as a very promising material having an impact on a wide spectrum of applications such as optoelectronic light sources [START_REF] Sun | A ZnO Nanorod Inorganic/Organic Heterostructure Light-Emitting Diode Emitting at 342 nm[END_REF], [START_REF] Huang | Room-Temperature Ultraviolet Nanowire Nanolasers[END_REF], biophotonic sensors [START_REF] Yue | ZnO Nanowire Arrays on 3D Hierarchical Graphene Foam: Biomarker Detection of Parkinson's Disease[END_REF], chemical sensors [START_REF] Comini | Single crystal ZnO nanowires as optical and conductometric chemical sensor[END_REF], nanogenerator of electricity [START_REF] Lu | p-Type ZnO nanowires: From synthesis to nanoenergy[END_REF], photovoltaic solar cells [START_REF] Baxter | Nanowire-based dye-sensitized solar cells[END_REF] as well as photocatalysis in water and air purification [START_REF] Azzouz | Zinc oxide nano-enabled microfluidic reactor for water purification and its applicability to volatile organic compounds[END_REF], [START_REF] Habba | Enhanced photocatalytic activity of ZnO nanostructure for water purification[END_REF]. ZnO-NWs synthesized using hydrothermal method is taken as a case study, where their characteristics strongly depend on the growth parameters used for their synthesis, which directly affect their geometrical dimensions and density -that is the Nanowire/Air filling ratio. Such parameters include growth time, pH level and temperature of the growth solution [START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF] for a fixed growth solution concentration.

The various applications besides such strong dependence on synthesis conditions play a role in looking for a fast but robust technique for in-situ characterization, with a special interest in the integration of the nanomaterial within a microfluidic device [START_REF] Azzouz | Zinc oxide nano-enabled microfluidic reactor for water purification and its applicability to volatile organic compounds[END_REF].

Standard characterization techniques have been used over years in investigation

of the different properties (morphology, microstructure, crystallinity…) of various kinds of nanowires such as SEM, High-Resolution Transmission Electron Microscopy (HRTEM), and XRD. Those methods are very accurate and provide excellent information about the synthesized nanostructures. However, they are expensive, time consuming and have to be carried out in special operating conditions. On one hand, various efforts were conducted towards in-situ characterization even using those standard techniques [START_REF] Kirkham | Tracking the catalyzed growth process of nanowires by in situ x-ray diffraction[END_REF]- [START_REF] Zhang | In situ fabrication and investigation of nanostructures and nanodevices with a microscope[END_REF]. On the other hand, fast, accurate and non-invasive optical measurement techniques were proposed in the last decade. For instance, scatterometry was used in characterization of periodic nanostructures [START_REF] Madsen | Scatterometry-fast and robust measurements of nano-textured surfaces[END_REF]. SE is a well-established technique for thin layers analysis and was recently used for silicon NWs characterization [START_REF] Fodor | Spectroscopic ellipsometry of columnar porous Si thin films and Si nanowires[END_REF], [START_REF] Mrazkova | In-situ Mueller matrix ellipsometry of silicon nanowires grown by plasma-enhanced vapor-liquid-solid method for radial junction solar cells[END_REF]. Although SE is sensitive and less expensive compared to standard techniques, however it requires complex fitting models to deal with the light-NWs interactions with different polarizations in order to extract the results; besides, it is still not very affordable.

Last, Laser Reflection Interferometry (LRI) is another widely used optical method for in-situ characterization of thin films and it has been recently extended to nanomaterials characterization as well [START_REF] Clement | In situ studies of semiconductor nanowire growth using optical reflectometry[END_REF]- [START_REF] Corfdir | Monitoring the formation of GaN nanowires in molecular beam epitaxy by polarization-resolved optical reflectometry[END_REF]. LRI uses a single laser source combined with an optical detector for acquiring a time-dependent interference pattern. It was applied for monitoring semiconductor nanowires length during their growth using consecutive minima and maxima in the interference amplitude. This method is easy and low-cost but doesn't provide real-time NWs length measurement in the time intervals between consecutive minima and maxima. In a similar manner to LRI, Heurlin et al.

[37] used a fixed wavelength sliced from the whole measured spectrum to determine the NWs length. Beside similar limitations of LRI, one of the main disadvantages here is that it requires calibration runs to get the effective refractive index after extraction of the NWs length using SEM as the NWs are well-organized and the density is known a priori. One solution to overcome this problem was to perform full three-dimensional optical modeling to fit with the experimentally measured optical reflectance spectra, as reported by Anttu et al. [START_REF] Anttu | Optical far-field method with subwavelength accuracy for the determination of nanostructure dimensions in large-area samples[END_REF] in the expense of time-consuming simulations. Another method, based on envelope fitting of the measured spectral response, is proposed by Xu et al. [START_REF] Xu | Growth dynamics of ZnO nanowire on a fiber-tip air bubble[END_REF] for monitoring of the growth dynamics of ZnO nanowires on a fiber-tip air bubble. Their conclusion was that the experiment was mainly driven by the growth of a ZnO thin film below the NWs and not to the NWs. Spectral domain reflectometry is a well-established technique in thin film characterization to extract its thickness and refractive index [START_REF] Kim | Improvement of spectral resolution in spectroscopic imaging reflectometer using rotating-type filter and tunable aperture[END_REF]- [START_REF] Ghim | Fast, precise, tomographic measurements of thin films[END_REF]. It has also been used to characterize light absorption enhancement due to the use of nanowires compared to thin films [START_REF] Tsakalakos | Strong broadband optical absorption in silicon nanowire films[END_REF]- [START_REF] Thiyagu | Fabrication of large area high density, ultra-low reflection silicon nanowire arrays for efficient solar cell applications[END_REF]. However, it has not been used for the characterization of nanowire length and nanowire fractional volume density -that is the nanowire/Air filling ratio as considered in this work.

In this chapter, we propose for the first time a simple, fast and effective characterization of nanowires forest growth, not limited to periodic arrays, as it is shown to efficiently address situations where nanowires grow in a random, vertical forest fash-ion. The proposed method is applied to ZnO-NWs whose density and geometrical dimensions are very sensitive to the synthesis conditions. We show how spectral domain attenuated reflectometry (SDAR) can provide simultaneous information on nanowire length, nanowire density -through ZnO/Air filling ratio, material amount and crystalline quality -through bandgap. The method is based on the measurement of the spectral reflection of the ZnO-NWs in the Ultraviolet (UV), Visible (vis) and Near-Infra-Red (NIR) ranges. The ZnO-NWs effective refractive index (neff), and subsequently the density, and the length (deff) are obtained making use of the interference pattern contrast and the spectral periodicity in the reflection response. The robustness of the method is assessed through comparison with SEM micrographs as well as best fit with simple theoretical modeling based on effective medium multilayer approach. In addition, the amount and quality of the ZnO-NWs are assessed by the material absorbance measured simultaneously as the diffuse reflectance is collected as well as the specular reflection.

Background on Optical Characterization of Thin Films and Nanomaterials

Thin films characterization is well-studied in literature and the adaptation of those methods to nanomaterial characterization is recently under development. The basics of most of these techniques such as light-material interaction (reflection, refraction and interference), refractive index, effective medium approximation and transfer matrix method (TMM) will be described in this section. In addition, a brief of the basic theories behind the state-of-the-art characterization methods will be presented in the second part of this section.

Light-Material Interaction Background 1.2.1.1 Light Reflection and Refraction Basics

Light is like any kind of energy which obey conservation laws when it propagates from one medium to another, as shown in and diffuse reflection directions. [START_REF] Filmetrics | Taking the mystery out of thin film measurements[END_REF] Diffuse reflection is the reflection of light from a surface such that a ray incident on the surface is scattered at many angles rather than at just one angle equal the angle of incidence as in the case of specular reflection. Depending on the material and surface roughness, reflection may be mostly specular, mostly diffuse, or anywhere in between.

Diffuse reflection gives insights about the material composite as most of the reflected light is contributed by scattering centers beneath the material surface where the light interacts with it. An ideal diffuse reflecting surface is said to exhibit Lambertian reflection, meaning that there is equal luminance when viewed from all directions lying in the half-space adjacent to the surface. On the other hand, the specular reflection follows the law of reflection and Snell-Descartes' law to determine the relation between the angle of incidence (θi), angle of reflection (θr) and the angle of refraction/transmittance (θt) [START_REF] Saleh | Fundamentals of Photonics[END_REF]:

𝜃 𝑖 = 𝜃 𝑟 (1.1) 𝑛 𝑖 sin(𝜃 𝑖 ) = 𝑛 𝑡 sin (𝜃 𝑡 ) (1.2)
where ni is the refractive index of the medium contains the incident light and nt is the refractive index of the medium below the interface where the light will be transmitted through. The amount of reflected and transmitted light is dependent on the refractive indices difference, light polarization and the angle of incidence as shown from Fresnel equations [START_REF] Saleh | Fundamentals of Photonics[END_REF]: where rs and ts are the reflection and transmission coefficients for s-polarization and rp and tp are for light with p-polarization.

𝑟 𝑠 =
In the case of a thin film above another material as shown in Fig. 1.2 (a), the light is reflected multiple times from the top and bottom interfaces and the amount of reflected light is the sum of those reflected beams. Because of the wave nature of the light, the reflections from the two interfaces may conduct a constructive or destructive interference based on the phase relation between them. The phase relationship is determined by the difference in the optical lengths which is dependent on the thin film thickness and refractive index. Those multiple beam interference can be seen as a Fabry-Perot Interferometer (FPI) response described by equation (1.7). For the sake of easy illustration, equation (1.8) is describing the interference of only two beams where the light incidence is perpendicular and the material surrounding the thin film is the same:

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 = 1 - 1 1 + 4𝑟 2 (1 -𝑟 2 ) 2 𝑠𝑖𝑛 2 ( 2𝜋 𝜆 𝑛𝑑) (1.7) 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 = 𝐴 + 𝐵 cos ( 4𝜋 𝜆 𝑛𝑑) (1.8)
where A and B are constants dependent on refractive indices. 

Transfer Matrix Method (TMM)

The TMM is a method used in optics to analyze the propagation of electromagnetic waves through a stratified medium [START_REF] Macleod | Thin Film Optical Filters 4th edn, Ch[END_REF]. The reflection of light from a single interface between two media is described by the Fresnel equations as shown in the previous section from equation (1.3) to (1.6). However, when there are multiple interfaces, the reflections themselves are also partially transmitted and then partially reflected. The overall reflection of a layer structure is the sum of an infinite number of reflections.

The TMM is based on simple continuity conditions for the electric and magnetic fields across boundaries from one medium to the next according to Maxwell's equations. If the field is known at the beginning of a layer, the field at the end of the layer can be derived from a simple matrix operation using this equation [START_REF] Macleod | Thin Film Optical Filters 4th edn, Ch[END_REF], [START_REF] Maurine | A contribution to photonic MEMS : study of optical resonators and interferometers based on all-silicon Bragg reflectors[END_REF]:

[ 𝐸 𝑎 𝐻 𝑎 ] = 𝑀 [ 𝐸 𝑏 𝐻 𝑏 ] = [ 𝑐𝑜𝑠𝛿 𝑖 𝑠𝑖𝑛𝛿 𝜂 ⁄ 𝑖 𝜂 𝑠𝑖𝑛𝛿 𝑐𝑜𝑠𝛿 ] [ 𝐸 𝑏 𝐻 𝑏 ] (1.9) 𝛿 = 2𝜋𝑛𝑑 𝜆 𝑐𝑜𝑠𝜃 (1.10)
where Ea and Eb is the electric field at the beginning and the end of the layer respectively, Ha and Hb is the magnetic field at the beginning and the end of the layer respectively, η is the medium admittance (𝜂 = 𝐻 𝐸 ⁄ ) and δ is the phase shift described by equation (1.10). A stack of layers can then be represented as a matrix system, which is the product of the individual layer matrices: where Em and Hm are the electric and magnetic fields components in the substrate plane.

[ 𝐸 𝑎 𝐻 𝑎 ] =
The final step of the method involves converting the system matrix back into reflection and transmission coefficients. This method is well described in literature and more details can be found in references [START_REF] Macleod | Thin Film Optical Filters 4th edn, Ch[END_REF] and [START_REF] Maurine | A contribution to photonic MEMS : study of optical resonators and interferometers based on all-silicon Bragg reflectors[END_REF].

Effective Medium Approximation (EMA)

As seen from the previous sections, material optical constants (refractive index (n) and extinction coefficients (k)) play an important role in the light-material interaction. Homogenous solid thin film is described with specific values of n and k versus wavelength based on its material intrinsic nature. In case of nonhomogeneous materials, one tries to find out a composite or effective medium dielectric function for the whole medium based on the dielectric functions of two or more other materials composing it [START_REF] Fujiwara | Spectroscopic ellipsometry: principles and applications[END_REF], [START_REF] Tompkins | Handbook of ellipsometry[END_REF]. The use of effective medium approximation (EMA) theories is justified only when the scale of the inhomogeneities is much smaller than the wavelength of the used light (< λ/10) [START_REF] Martin | Handbook of deposition technologies for films and coatings: science, applications and technology[END_REF]. The common EMA theories are based on the Clausius-Mossotti relation which can be jointly expressed [START_REF] Fujiwara | Spectroscopic ellipsometry: principles and applications[END_REF], [START_REF] Tompkins | Handbook of ellipsometry[END_REF]:

𝜀 𝑒𝑓𝑓 -𝜀 ℎ 𝜀 𝑒𝑓𝑓 + 2𝜀 ℎ = 𝑓 𝑎 𝜀 𝑎 -𝜀 ℎ 𝜀 𝑎 + 2𝜀 ℎ + (1 -𝑓 𝑎 ) 𝜀 𝑏 -𝜀 ℎ 𝜀 𝑏 + 2𝜀 ℎ (1.12)
where εh is the host dielectric function, εa and εb is the dielectric functions of the different materials composing the nonhomogeneous medium, which will have the effective dielectric function εeff and fa and (1-fa) are filling ratios which represent the probabilities of finding εa and εb.

The only difference between the three most common EMA models is the choice of the host material. First, Lorentz-Lorentz approximation choose the host material as air (εh = 1). This is the earliest EMA theory, it assumes that the individual constituents are mixed on the atomic scale and is therefore of limited usefulness in describing real materials, which tend to be mixed on a much larger scale. Second, Maxwell-Garnett approximation where the host material is the material that has the largest constituent fraction (εh = εa). This is the most realistic EMA theory when the fraction of inclusions is significantly less than the fraction of host material. Third, Bruggeman approximation, where the host material is just the EMA dielectric function (εh = εeff). The Bruggeman EMA makes no assumption concerning the material that has the highest constituent fraction and is therefore self-consistent. It is most useful when no constituent forms a clear majority of the material. The scale of the Bruggeman EMA is used for a heterogeneous medium with components of small size, randomly distributed, while the Maxwell-Garnett model is more appropriate when one of the components surrounds the others, and acts as a host material [START_REF] Martin | Handbook of deposition technologies for films and coatings: science, applications and technology[END_REF].

Optical Characterization Methods State-of-the-art

Different methods had been developed in literature to characterize thins films [START_REF] Fujiwara | Spectroscopic ellipsometry: principles and applications[END_REF]- [START_REF] Rancourt | Optical thin films: user handbook[END_REF]. Two of the most successful techniques and had been used widely in the thin film industry are the spectral domain reflectometry and spectroscopic ellipsometry [START_REF] Filmetrics | Taking the mystery out of thin film measurements[END_REF], [START_REF] Semilab | Thin Film characterization[END_REF]- [START_REF] Sentech | Spectroscopic ellipsometer, laser ellipsometer and reflectometer[END_REF]. Spectral domain reflectometry is based on the simple theory of Fabry-Perot interferometry previously discussed in section 1.2.1.1 while the spectroscopic ellipsometry will be discussed in detail in the next chapter for convenience. Furthermore, LRI is another widely used optical method for in-situ characterization of thin films based on using a single laser source combined with an optical detector for acquiring a time-dependent interference pattern as shown in Fig. 1.3.

Recently, it had been extended to nanomaterials characterization as well [START_REF] Clement | In situ studies of semiconductor nanowire growth using optical reflectometry[END_REF]- [START_REF] Corfdir | Monitoring the formation of GaN nanowires in molecular beam epitaxy by polarization-resolved optical reflectometry[END_REF] by considering the nanomaterial as a nonhomogeneous thin film which has an effective refractive index. For instance, it was applied for monitoring silicon nanowires length during their growth using consecutive minima and maxima in the interference amplitude [START_REF] Clement | In situ studies of semiconductor nanowire growth using optical reflectometry[END_REF]. This method is easy and low-cost but doesn't provide real time NWs length measurement in the time intervals between consecutive minima and maxima highlighted as A, B and C in Fig. 1.3. The minima and maxima extracted from the reflectance transients were converted into nanowire length at those time points by using the relation:

𝐿 = 𝑚𝜆 4𝑛 𝑒𝑓𝑓 (1.13)
where λ is the laser wavelength, m is the cumulative extreme point, for example m= 1 for the first minima and m = 4 for the second maxima, and neff was extracted from calibration runs to get the effective refractive index after extraction of the NWs length using SEM and assuming fixed growth rate in the different fabrication runs. Furthermore, the NW length of indium phosphide nanowires (InP-NWs) was measured by Heurlin et al. [START_REF] Heurlin | In Situ Characterization of Nanowire Dimensions and Growth Dynamics by Optical Reflectance[END_REF] in a similar way to LRI by using only the results at a fixed wavelength sliced from the whole spectrum and the NW diameter was measured from the shift in the resonance wavelength of specific modes recorded in the measured spectra as shown in Fig. 1.4. in an array with a pitch of 1 μm. [START_REF] Heurlin | In Situ Characterization of Nanowire Dimensions and Growth Dynamics by Optical Reflectance[END_REF] Sliced spectra at certain wavelength versus time have been used to calculate the NWs length using similar procedure as in LRI, as shown in the sliced spectra at wavelength 450 nm and 480 nm in Fig. 1.5 (a) and the calculated NW length using equation priori from the calibration runs. [START_REF] Heurlin | Growth of Semiconductor Nanowires for Solar Cell Applications[END_REF] At the same time, a different approach had been used by Anttu et al. [START_REF] Anttu | Optical far-field method with subwavelength accuracy for the determination of nanostructure dimensions in large-area samples[END_REF] from the same research group. A full three-dimensional optical modeling was conducted to fit with experimentally measured optical reflectance spectra in order to determine the lateral and vertical geometrical dimensions as shown in Fig. 1.6. In this case, high computational power is required, and the measured InP-NWs was in the format of periodic arrays; it is worth mentioning that this method provides subwavelength accuracy in measuring the NWs length and diameter. Another method based on envelope fitting of the measured spectral response using Superluminescent Light Emitting Diodes (SLED) with optical spectrum analyzer (OSA) is proposed by Xu et al. [START_REF] Xu | Growth dynamics of ZnO nanowire on a fiber-tip air bubble[END_REF] for growth dynamics of ZnO nanowires on a fibertip air bubble. The measured spectral response envelop was considered as a FPI response resulting from the growth of the ZnO-NWs on the tip of the fiber, however the analysis conclusion was stating that it was correlated to the grown ZnO thin film below the NWs and not to the NWs growth. The measured response and the envelope fitting along with the fiber bubble tip microscope image are shown in Fig. 1.7. 1.3 Materials and Methods

Proposed Experimental Optical Setup

The proposed simple and time-saving method characterizes the ZnO-NWs based on the absorption and reflection spectral response in UV-vis-NIR spectral ranges.

The specular and diffuse reflections are measured simultaneously to extract the NWs characteristics information from the specular part and identify the ZnO amount and bandgap absorption from the diffuse part. This was obtained using multimode fiber Yjunction, where the first leg is connected to the wideband source, the second leg connected to the UV-vis-NIR spectrometer and the common end is illuminating the sample 

Simulation Software

The measured spectra were fitted by considering the NWs as thin films with effective refractive index correlated to the density ratio of the ZnO to air. The fitting was performed by optical spectrum simulation using transfer matrix method [START_REF] Macleod | Thin Film Optical Filters 4th edn, Ch[END_REF] applied to multilayer stack and trying to reach the best fitting by minimizing the mean squared difference between measured and simulated spectra (SCOUT, Wolfgang Theiss). The SCOUT software interface is shown in Fig. 1.9. The number of layers, material of each layer and the simulation type as reflection or transmission can be chosen during building the model from the internal settings of the software. The material can be chosen as normal material with typical refractive index versus wavelength such as Silicon, ZnO, etc… or it can be chosen as effective medium approximation model such as Bruggeman model, Maxwell-Garnett model, etc. Also, the fitting parameters which in our case is the thickness and the volume fraction of each layer should be selected and give them the proper range before running the simulation. Then, the best fitting is achieved by reaching the lowest error. 

Conventional Characterization Methods

In order to confirm the obtained results using our optical method, ZnO-NWs were characterized using reference classical methods such as SEM and XRD. The size and morphology of the ZnO-NWs were characterized using a scanning electron microscope (SEM, NEON 40 ZEISS) operating at 3 kV accelerating voltage.

For crystalline structural analysis, XRD experiments were performed with a diffractometer using CuKα radiation with λ = 0.15418 nm and in θ-2θ Bragg-Brentano configuration (D8 Advance, Bruker). An X-ray diffraction pattern is a plot of the intensity of X-rays scattered at different angles from the sample under test as shown schematically in Fig. 1.11 (a) where the detector moves in a circle around the sample and the detector position is recorded as the angle 2 theta (2θ). The detector records the number of X-rays observed at each angle 2θ, for instance, a typical ZnO XRD spectrum is shown in XRD spectrum for ZnO material. [START_REF] Azam | Low-temperature growth of well-aligned zinc oxide nanorod arrays on silicon substrate and their photocatalytic application[END_REF] In order to extract which crystal planes are in your sample, the dhkl should be calculated from the peak positions (2θ) using Bragg's law [START_REF] Pecharsky | Fundamentals of powder diffraction and structural characterization of materials[END_REF]:

𝜆 = 2 𝑑 ℎ𝑘𝑙 sin (𝜃) (1.14)
where λ is the x-ray fixed wavelength. As dhkl is a geometric function of the size and shape of the unit cell, it can be calculated using different equations based on the structure [START_REF] Pecharsky | Fundamentals of powder diffraction and structural characterization of materials[END_REF]. For instance, ZnO have a hexagonal Wurtzite (Wz) structure with lattice constants a = 0.325 nm and c = 0.52 nm. So, the dhkl value can be calculated using: 

1 𝑑 2 ℎ𝑘𝑙 = 4 3𝑎 2 (ℎ 2 + 𝑘 2 + ℎ𝑘) + 𝑙 2 𝑐 2 (1.15)

The Proposed Concept of SDAR Results and Discussion

Spectral Domain Attenuated Reflectometry (SDAR)

The variety of configurations highlights the need for fast characterization technique, which is not dependent on prior knowledge of any of the NWs characteristics as its nanowire density or length. Those different samples were characterized using the proposed technique only, which is based on SDAR. The incident light illumination is normal to the sample where the NWs array is considered as quasi-thin-film with certain Effective refractive index and deff can be extracted from the interference fringes contrast (peak-to-peak) and Free Spectral Range (FSR) expressed using the following equations of ideal FPI response of slab material in air used here for the sake of easy illustration:

𝑅 𝑚𝑎𝑥 = 4𝑅 1 + 𝑅 2 = 4 | 𝑛 𝑒𝑓𝑓 -1 𝑛 𝑒𝑓𝑓 + 1 | 2 1 + | 𝑛 𝑒𝑓𝑓 -1 𝑛 𝑒𝑓𝑓 + 1 | 4 (1.16) 𝐹𝑆𝑅 = 𝜆 2 2𝑛 𝑒𝑓𝑓 𝑑 𝑒𝑓𝑓 (1.17)
where Rmax is the maximum reflection value at resonance wavelength representing the interference fringes contrast as the minimum reflection equals to zero in ideal FPI, R is the interface reflectance which derived from the reflection coefficients expressed using Fresnel Equations [START_REF] Saleh | Fundamentals of Photonics[END_REF], which is in our case dependent only on the materials refractive indices due to normal incidence of light, and λ is the wavelength. Equation (1.16) shows the contrast dependence on neff and equation (1.17) shows the FSR dependence of neff and deff, however it is more influenced by deff. Note that all the spectra measurements are presented in absorbance rather than reflectance which is calculated -in logarithmic scale-, from the reflection based on the following equation (*):

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = -𝑙𝑜𝑔 (𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛) (1.18)
However, it is worth mentioning that ZnO is known to be transparent in the visible range with no absorbance except in the UV range; the measured peaks in the visible range are not due to absorption; they are actually due to multiple reflection interference within the layer of ZnO NWs. Hence the need for clarification in the footnote. It will be therefore more suitable to discuss the ZnO material amount as well as its crystalline quality based on the absorbance level.

On the other hand, some NWs configurations can be modeled with multilayer structure as shown later to match the measured response. This observation is illustrated schematically for two-layer model with support of SEM image as shown in Fig. 1.14.

(*) It is worth mentioning that the conventional meaning of the term "Absorbance" designated by A refers to the quantity A = 1 -R -T (where R is the Reflectance and T the Transmittance). In our work, we intentionally misuse this term "Absorbance", to refer to another quantity, which is A = -Log (R). This kind of misuse was adopted in some communities where only Reflectance measurements are accessible [see for instance ref. [START_REF] Griffiths | Fourier Transform Infrared Spectrometry[END_REF] and [START_REF] Abookasis | Diffuse near-infrared reflectance spectroscopy during heatstroke in a mouse model: pilot study[END_REF]] The increasing number of resonance peaks (decrease of FSR) from S1 to S4 is corresponding to an increase in the optical length (neff deff), which corresponds to the increase in the length of the NWs. However, S3 have more peaks compared to S4 because of the higher density of nanowires in S3. The exact values of length and density of each sample is extracted using simple models based on considering the NWs as multilayer thin films with neff calculated using Bruggeman model explained in detail in the following paragraphs. Summary of extracted NWs length using the SDAR method compared to measured values using SEM is presented in Table 1.1 showing the robustness and accuracy of the proposed technique. The SDAR results in Table 1.1 is the NWs length extracted from the best fitted curves shown in Fig. 1.16, considering the nanowires modeled either by a single equivalent layer (1-layer) or by a stack of 2 or 3 layers. According to this complete set of data, one can observe that deviation between the reference SEM data and the data extracted from the proposed SDAR method is no more than 9.8% in the worst case (sample S4 when considering the 1-layer model). One can also observe that the deviation can fall down to 0.3 % (sample S3 when considering the 3-layer model). ) 2 ̅̅̅̅̅̅̅̅̅̅̅̅̅ ), where 𝐹 𝜆 𝑖 is the fitting value at wavelength λi and 𝑀 𝜆 𝑖 is the measured value at the same wavelength, hence the best fitting obtained by minimizing this value. Bruggeman model of effective medium approximation used to describe the NWs array as a thin layer with effective refractive index composed of ZnO and air [START_REF] Bruggeman | Berechnung verschiedener physikalischer Konstanten von heterogenen Substanzen. I. Dielektrizitätskonstanten und Leitfähigkeiten der Mischkörper aus isotropen Substanzen[END_REF]. Bruggeman model has been used rather than other models such as Maxwell-Garnett model as it is more generic and valid for any value of filling ratios even more than 30% which is the limit of validity of Maxwell-Garnett model. Complex refractive index as a function of wavelength is used in the simulation for ZnO and silicon as a substrate, while air refractive index equals to 1. To get neff, Bruggeman equation is used:

𝑓 𝜀 𝑍𝑛𝑂 -𝜀 𝑒𝑓𝑓 𝜀 𝑍𝑛𝑂 + 2𝜀 𝑒𝑓𝑓 + (1 -𝑓) 1 -𝜀 𝑒𝑓𝑓 1 + 2𝜀 𝑒𝑓𝑓 = 0 (1.19)
where 𝜀 𝑍𝑛𝑂 = 𝑛 𝑍𝑛𝑂 This can be done in autonomous way by starting with the 1-layer model and then, moving to the 2-layer model only in case of very high MSE in the fitting, then moving to 3layer model if the MSE is still too high and so on until reaching acceptable MSE in the fitting. Note that even when considering only a 1-layer model, which leads to MSE up to 26.3 % for the curves fitting, the corresponding errors on the nanowire length are always less than 10% (as can be seen from the data in Table 1.1). Increasing the number of layers will eventually decrease the errors but after certain number of layers, based on the NWs length, the decrease in error will be small enough and there will be no gain of increasing the number of layers as shown in case of S1. 

Crystalline Quality Characterization

Another capability of the proposed method is the ability to make evaluation of ZnO-NWs crystallinity through the absorbance, which is actually measured simultaneously thanks to the measured diffuse reflectance signal. ZnO has wide bandgap absorption dependent on crystallinity, in which better crystalline structure translates into lower bandgap energy [START_REF] Zandi | Microstructure and optical properties of ZnO nanoparticles prepared by a simple method[END_REF]. In order to easily highlight this dependence, measurements were performed on different ZnO-NWs samples with same synthesis conditions except different growth times of 1h, 2h and 4h. The measured absorbance is shown in Fig. 1.17 

Characterization using Integrating Sphere

The purpose of this section is to differentiate between the diffuse and specular reflection effect on the measured spectrum to confirm the previous results and discussions. The used setup is shown in Fig. 1.19 with similar setup to the SDAR but with an integrating sphere instead of the Y-cable multimode fiber. The integrating sphere coating is PTFE material which has high reflectivity (>95%) in the wavelength range 250-2500 nm (ISP-50-8-R-GT, Ocean Optics). The sphere diameter is 50 mm and the sample spot port is 8 mm. In order to measure the diffuse reflection only, a gloss trap with black absorber should be used while a PTFE gloss trap is used for a combined reflection measurement. 

Summary

A method characterizing the ZnO-NWs was presented based on exploitation of absorption and reflection (both specular and diffuse) spectral response in UV-vis-NIR spectral ranges. The NWs array was considered as multilayer thin films with effective refractive index corresponding to the ZnO to air ratio. NWs length and density were extracted from the interference fringes in the spectral domain by considering the reflected light from the sample as FPI response, where information is obtained from the contrast and the FSR. The multilayer models presented showed good agreement with the measurements performed using SEM as a classical method. Different NWs lengths ranging from 450 nm up to 860 nm were characterized showing that a 1-layer model is enough for small length NWs with an error of 1.2% and provides less than 27% error in case of medium length NWs. A two-layer model is sufficient in most of the cases with less than 4% error in the fitting; however for long NWs length a 3-layer model should be used to achieve the lowest error of 0.1%. Also, NWs with different densities (f = 30% to 60%) were characterized showing the ability to extract the neff -NWs density without a priori knowledge of them or using calibration runs as reported previously in literature. In addition, the proposed method provides qualitative information about the crystallinity of the ZnO-NWs using the absorbance cut off wavelength thanks to the diffuse reflectance signal measured simultaneously with the specular reflectance. The increase in the value of the bandgap cutoff wavelength corresponds to the increase of crystallinity quality of the ZnO-NWs as confirmed using XRD taken as a reference method. The proposed optical method for fast characterization of nanomaterials growth opens the door for simple, cheap and time-saving characterization method suitable for real-time monitoring of the growth dynamics of ZnO NWs, suitable for characterization of larger surface areas, also with potential extension to various other kinds of NWs.

Even though the corresponding manufacturing process may be very different, it is likely that the proposed method can be easily implemented in any kind of growth reactor.

CHAPTER 2 2 Chapter 2: Crosswise Structural Gradients Characterization of Zinc-

Oxide Nanowire Arrays

Introduction

As already introduced in the previous chapter, ZnO-NWs are attracting increased interest due to their numerous excellent intrinsic properties. As multifunctional materials, ZnO-NWs have been utilized in versatile applications [START_REF] Capochichi-Gnambodoe | A comparative study of the gas sensing properties of hierarchical ZnO nanostructures[END_REF]- [START_REF] Zhang | Biomedical applications of zinc oxide nanomaterials[END_REF]. However, their deployment at larger scale still requires some efforts in increasing the technology readiness level (TRL). This requires demonstration of scaling up the production of such ZnO-NWs over large surface areas. In the same time there is a need for fast quality control, through appropriate characterization methods, which might enable fast assessment of process homogeneities, stability and repeatability as well as better understanding of the corresponding root mechanisms. In this thesis chapter we aim contributing to this effort, specifically on characterization, while additional efforts are conducted in our laboratory (out of the scope of this thesis) looking for development processes suitable for large areas [START_REF] Leprince-Wang | ZnO nonowires intended for photocatalysis for water and/or air depollution[END_REF].

Many synthesis approaches have been used to achieve high quality ZnO-NWs including physical vapor deposition (PVD) [START_REF] Wang | Synthesis of well-aligned ZnO nanowires by simple physical vapor deposition on c-oriented ZnO thin films without catalysts or additives[END_REF], [START_REF] Jimenez-Cadena | Synthesis of different ZnO nanostructures by modified PVD process and potential use for dye-sensitized solar cells[END_REF], chemical vapor deposition (CVD) [START_REF] Huang | Room-Temperature Ultraviolet Nanowire Nanolasers[END_REF], [START_REF] Wu | Low-temperature growth of well-aligned ZnO nanorods by chemical vapor deposition[END_REF], electrochemical deposition (ED) [START_REF] Liu | Epitaxial electrodeposition of zinc oxide nanopillars on single-crystal gold[END_REF], [START_REF] Leprince-Wang | Structure study of electrodeposited ZnO nanowires[END_REF] and hydrothermal approach [START_REF] Vayssieres | Growth of arrayed nanorods and nanowires of ZnO from aqueous solutions[END_REF], [START_REF] Greene | Low-Temperature Wafer-Scale Production of ZnO Nanowire Arrays[END_REF]. However, most of these techniques often involve complex procedures with sophisticated and expensive equipment; among these, hydrothermal growth is one of the easiest and lowest cost, allowing the synthesis of high quality ZnO-NWs over large areas. As all chemical reactions, the ZnO NW growth is ruled by the chemistry laws. Thus, many factors of the growth process are known to affect the NW morphology. These factors include the growth temperature, the growth time, the growth solution concertation [START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF], [START_REF] Xu | Optimizing and improving the growth quality of ZnO nanowire arrays guided by statistical design of experiments[END_REF]- [START_REF] Shaban | Influence of growth time on the morphology of ZnO nanostructures prepared by low-temperature chemical bath deposition[END_REF] and the pH value of the growth solution [START_REF] Vernardou | pH effect on the morphology of ZnO nanostructures grown with aqueous chemical growth[END_REF]- [START_REF] Ghoderao | Influence of pH on hydrothermally derived ZnO nanostructures[END_REF]. In addition, the substrate pre-treatment conditions such as the concentration of the ZnO colloid used for producing the seedlayer, spin coating times, and seedlayer annealing treatment have their influence on the NW's morphology and microstructure [START_REF] Guo | Hydrothermal growth of well-aligned ZnO nanorod arrays: Dependence of morphology and alignment ordering upon preparing conditions[END_REF]- [START_REF] Wang | Seed-layer controlled synthesis of well-aligned ZnO nanowire arrays via a low temperature aqueous solution method[END_REF]. Moreover, mechanical stirring of the growth solution was reported as an important factor that can double the growth rate and enhance further the crystallinity of ZnO nanorods [START_REF] Wang | Effects of preparation conditions on the growth of ZnO nanorod arrays using aqueous solution method[END_REF].

In all applications, device performance is directly related to the actual properties of the ZnO-NWs. Certainly, the microstructural properties can be investigated in very accurate manner using SEM, XRD and HRTEM for the purpose of characterization and optimization of the growth process. However, those techniques are expensive, time consuming and they require working under special operating conditions. On the other hand, optical techniques provide the multiple advantages of being fast, accurate and non-invasive characterization methods giving access to some specific characteristics of nanostructures. Most of these techniques were discussed in detail in the previous chapter. However, the main drawback in those methods was the requirement for calibration runs to get the effective refractive index after extraction of the NW length using SEM.

It is worth mentioning that those methods can be applied only on the well-ordered NW array with the further requirement of a priori knowledge of the nanowires density. To overcome these important limitations, rigorous modeling was required to match the measured responses from optical reflectance and SE, but at the expense of high computational power [START_REF] Anttu | Optical far-field method with subwavelength accuracy for the determination of nanostructure dimensions in large-area samples[END_REF], [START_REF] Patchett | Effective index approximation for ordered silicon nanowire arrays[END_REF]- [START_REF] Khorasaninejad | Polarization resolved reflection from ordered vertical silicon nanowire arrays[END_REF]. Despite of this, SE remains a well-established technique for thin film analysis; it was recently used for Silicon nanowires (Si-NWs) characterization with graded anisotropy fitting model [START_REF] Fodor | Spectroscopic ellipsometry of columnar porous Si thin films and Si nanowires[END_REF].

In this chapter, we investigate non-homogeneities of nanowire length and density over ZnO-NWs samples, synthesized by hydrothermal method. To this end, we use both SE and the so-called SDAR [START_REF] Erfan | Nanowire Length, Density, and Crystalline Quality Retrieved from a Single Optical Spectrum[END_REF], recently reported by our group and presented in the previous chapter, as two fast optical methods allowing scanning over the sample and acquisition of characteristics at different locations. As schematically illustrated in 

Materials and Methods

In this section, all the used materials and methods used in the experiments will be discussed in detail. First, the used ZnO-NWs synthesis technique and different parameters affecting it are described. Then, all the used characterization techniques either optically or conventionally are explained with more details on the SE as it is just briefly explained in the previous chapter.

ZnO-NWs Synthesis

The ZnO-NWs samples have been synthesized over silicon substrates by using a two-step hydrothermal method previously reported in detail in our prior work [START_REF] Habba | Enhanced photocatalytic activity of ZnO nanostructure for water purification[END_REF] and summarized in Fig. 2.2. In order to make sure of the cleanness of the substrate, it is cleaned in ultrasound bath for 20 min and followed by a plasma cleaner for 10 min with medium power. The buffer solution was composed of a mixture of 2 g of polyvinyl alcohol (PVA) and 0.25 g of zinc acetate (Zn(CH₃CO₂)₂) in 25 mL of DI water (18 MΩ cm resistivity) obtained from a Millipore system (Milli-Q Gradient). In order to form the ZnO seeds, the buffer solution has been spin-coated on the substrate at 3000 rpm with acceleration 3000 rpm/sec and for one minute, then followed by an annealing for 3 hours at 500°C to remove the PVA by calcination, leaving a seedlayer of ZnO nano-crystallite clusters over the silicon surface. For the ZnO NW growth, the second step was done by immersing the silicon substrate covered by the seedlayer in the growth solution and let the growth take place in a conventional laboratory oven at 95°C. The growth solution was prepared by mixing aqueous solutions of 25 mM of the zinc nitrate (Zn(NO3)2) and 12.5 mM of the hexamethylenetetramine (HMTA). The growth time was varied for different samples from 30 minutes to 4 hours. The sample was immersed in the solution with an inclined holder 60° to the horizontal. After the growth process, the substrate covered by ZnO-NWs was withdrawn from the solution, rinsed with DI water, and annealed at 350°C for 30 minutes in order to remove the zinc hydroxide residues contaminated by the growth solution. The post-annealing can also improve the ZnO crystallinity [START_REF] Laurent | Thermal annealing effect on optical properties of electrodeposited ZnO thin films[END_REF].

In the growth solution, the HMTA and Zn (NO3) 

4NH3 + 4H2O ➔ 4NH4 + + 4OH - (2.2)
Zn(NO3)2 ➔ Zn 2+ + 2NO3 - (2.
3)

Zn 2+ + 2OH -➔ Zn(OH)2 (2.4) Zn(OH)2 ➔ ZnO + H2O (2.5)
As all chemical reactions, the ZnO NW growth is ruled by the chemistry laws.

Therefore, it is well known in literature that many factors of the growth process are affecting the NW morphology. For example, but not limited, the effect of the growth time is previously shown in 

Optical Characterization Methods

The ZnO-NWs gradient and inhomogeneity were assessed using two fast noninvasive optical techniques: Spectroscopic Ellipsometry and SDAR. A brief description of the both methods are presented in this section.

Spectroscopic Ellipsometry (SE)

The SE spectrum was acquired using a spectroscopic ellipsometer comprising integrated broadband light source, a polarizer, an analyzer and a spectrometer fixed at 70° angle of incidence (SpecEl-2000-VIS, Mikropack). Schematic of the measurement device is shown in Fig. 2.4. The wavelength range is from 450-900 nm with 2 nm spectral resolution.

Fig. 2.4: Schematic illustration of spectroscopic ellipsometry equipment. [102]

ZnO-NWs samples with different growth times were tested using SE looking forward fast characterization method. SE is adapted here for NW array characterization by considering them as a quasi-thin-film with certain effective refractive index (neff)

and length (deff), hence those characteristics can be deduced from the measured SE spectrum. Ellipsometry measurements are normally done by measuring the light reflection with different polarizations and described by two parameters Ψ and Δ using the following equation:

𝑟 𝑝 𝑟 𝑠 = tan (Ψ)𝑒 𝑖Δ (2.6)
where rp and rs are the complex Fresnel reflection coefficients of the sample for p-and s-polarized input light, respectively, tan(Ψ) is the amplitude ratio and Δ is the phase difference.

SE is a well-established technique for thin film analysis which is considered as a reference method [START_REF] Tompkins | Handbook of ellipsometry[END_REF]- [START_REF] Rancourt | Optical thin films: user handbook[END_REF]. Recently, Fodor et al. [START_REF] Fodor | Spectroscopic ellipsometry of columnar porous Si thin films and Si nanowires[END_REF] has been adapted the SE for porous Si thin films (PSi) and Si-NWs characterization with different complex fitting models based on EMA such as graded EMA, anisotropic EMA and graded anisotropy 44 EMA as shown in Fig. 2.5. In our work, the measured SE spectra were fitted by simple model of considering the ZnO-NWs as equivalent to multilayer thin films with effective refractive index based on the density ratio of the ZnO to air. The fitting was performed by optical simulator, which simulates the spectrum using TMM [START_REF] Macleod | Thin Film Optical Filters 4th edn, Ch[END_REF] and seeking the best fitting by minimizing the mean squared difference between measured and simulated spectra (SCOUT, Wolfgang Theiss). 

Conventional Characterization Method taken as Reference

In order to confirm the observed gradient results obtained using the proposed optical methods, the samples were also characterized using SEM, taken as a reference classical accurate method. The size and morphology of the ZnO-NWs were characterized using a scanning electron microscope (SEM, NEON 40 ZEISS) operating at 3 kV accelerating voltage. The morphology is obtained using top-view SEM images, then after cleaving each sample at the center, one can retrieve the actual length of the NWs from side-view SEM images across the whole sample from bottom edge to the top.

Experimental Results and Discussion

In this section, the size and density gradients and inhomogeneity of the NWs on the same sample are unveiled showing the effect of the sample positioning during the growth process. The measurements are carried out using different characterization methods on 4 samples with different growth times from 0.5 h to 4 h. First, SE revealed the systematic change in the NWs characteristics and succeeded to study it quantitatively for the small size NWs. Then, SDAR was used to quantify it for the larger size NWs and finally those results are confirmed with SEM considered as a reference technique.

Spectroscopic Ellipsometry Characterization

During our measurements on each sample, our attention was attracted by the fact that when scanning over the sample surface, the acquired spectra were found to vary in a systematic manner from one position to another. For further investigation, the SE spectra were acquired at different specific locations starting from the sample bottom edge moving upward to the top edge as shown in Fig. In order to understand the systematic change in the NWs characteristics, the equivalent layer parameters (neff and deff) were extracted from the measured spectra, which is actually not a straightforward operation that can be done analytically using equations. For this purpose, we introduced a simple model using TMM and considering the ZnO-NWs as thin stratified layers using Bruggeman model of the effective medium approximation. In this model, an effective refractive index is used to represent the fractional volume ratio of ZnO and air, which is representative to the density of nanowires.

A complete description of the complex refractive index as a function of wavelength is used in the simulation for both the ZnO and the silicon substrate, while the air refractive index equals to 1. To get the neff, Bruggeman equation is used:

𝑓 𝜀 𝑍𝑛𝑂 -𝜀 𝑒𝑓𝑓 𝜀 𝑍𝑛𝑂 + 2𝜀 𝑒𝑓𝑓 + (1 -𝑓) 1 -𝜀 𝑒𝑓𝑓 1 + 2𝜀 𝑒𝑓𝑓 = 0 (2.7)
where εZnO is the ZnO dielectric function, f is the filling ratio (ZnO/Air density) and This was successfully demonstrating the gradient for the 0.5 h and 1 h samples, however fitting for longer growth time samples could not be achieved with an acceptable number of layers. This can be due to different reasons: longer NWs require more layers (in agreement with the graded index proposed in reference [START_REF] Fodor | Spectroscopic ellipsometry of columnar porous Si thin films and Si nanowires[END_REF] see Fig. 2.5) to achieve good fitting that is supported by Fig. 2.8, where the fitting root mean square error (RMSE) was increasing as the NW length increases in both models. Second, it can be due to the cross-polarization effects that are completely ignored in this simple model, which is due to the inclined illumination angle and the polarized light used in the experiment. Last, this could be due to large gradient in those samples (as will be discussed later), which make it hard to achieve average fitting as the measurement light spot size is large.

𝑛

SDAR Characterization

In order to demonstrate the NW gradient for larger growth time samples (with longer NW length), -which could not be retrieved using the above-mentioned simple multilayer model to extract the data from ellipsometry spectra-, we used SDAR as a second option for fast optical characterization method for demonstrating the gradient in this kind of situations. In this case, the light is randomly polarized and illuminating the sample in normal incidence that requires less complex fitting model to deal with the light-NWs interaction with no need to take into consideration the different polarizations. The ZnO-NWs are also considered as the equivalent of thin effective stratified layers. The reflected light from the sample is seen as the reflection response from multiple beam interference, where interference pattern across the wavelength range is found as shown in Fig. 2.9 for 2 h and 4 h samples. The deff and neff are obtained making use of the interference FSR and pattern contrast in the reflection response [START_REF] Erfan | Nanowire Length, Density, and Crystalline Quality Retrieved from a Single Optical Spectrum[END_REF]. It is observed from the measured spectra in Fig. 2.9 that the 4 h sample has longer NWs compared to the 2 h sample since it exhibits a smaller FSR. Also, similar FSR observation can be noted when comparing the acquired spectra in the different positions shown in Fig. 2.9 (a) for the 2 h sample and Fig. 2.9 (b) for 4 h sample, revealing the effects of similar gradient as those found previously and observed using ellipsometry for the 0.5 h and 1 h samples. The actual length extraction from those measurements was done with a 2-and 3-layer model using similar procedure to our work [START_REF] Erfan | Nanowire Length, Density, and Crystalline Quality Retrieved from a Single Optical Spectrum[END_REF] described in the previous chapter, here with excellent fitting RMSE of less than 0.044. A summary of the extracted NW length of all samples is presented in 

Scanning Electron Microscopy Characterization

In order to confirm the robustness of the achieved results based on the two proposed fast optical characterization methods, a comprehensive study using SEM as a reference characterization method was performed for all the four samples both in topview and cross-sectional view. Top-view SEMs were captured at three different positions (see Fig. As a qualitative indicator on the NWs gradient, the number of NWs per µm 2 is counted and summarized in Table 2.

The monotonous variations observed in this table

on all samples, reveals the existence of another type of gradient from the bottom edge to the top, that is a gradient of NW density. However, it is important to recall here that during the spin-coating phase, which is the first step of the hydrothermal growth, the ZnO nano-seeds are homogeneously distributed over the entire substrate surface [START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF],

[80], [START_REF] Wang | Seed-layer controlled synthesis of well-aligned ZnO nanowire arrays via a low temperature aqueous solution method[END_REF]. Nevertheless, our observations suggest that the gradient phenomenon is introduced only during the second step of the growth and it is ascribed to the inclination of the sample. From Table 2.2, one can observe the drop in the density between 0.5 h and 1 h for all regions, which can be explained by the fact that, the lateral growth of the NW is favored during the first hour and leads to coalescence phenomena [START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF], [START_REF] Xu | Optimizing and improving the growth quality of ZnO nanowire arrays guided by statistical design of experiments[END_REF].

Thereafter, the density variation is lower because the longitudinal growth is favored, which leads to have a higher gradient in the NWs length as can be observed from Table 2.1. Another hypothesis for the fact that NWs density decreases at the higher growth time samples could be due to ZnO-NWs dissolution due to the pH value changing with the growth time. However, this could not apply in our case as the pH change is very small which proved by some previous measurements in our research group during the PhD thesis of Chevalier-César [START_REF] Chevalier-Cesar | Élaboration et caractérisation de capteurs de gaz à base de nanofils de ZnO[END_REF], so the dissolution hypothesis is not really suitable for our growth method. For further quantitative and comparative analysis of the NWs length, -which is corresponding to the thickness of the thin films extracted from the optical methods, the samples were cleaved at the middle using diamond pin as shown in Fig. 2 The measured NW length across the 4 samples is shown in Fig. 2.13 confirming the gradient across all samples along with the results obtained from the optical methods.

As one can see from this figure, there is a good agreement between the NWs length obtained using the proposed optical methods (based on the corresponding equivalent thin film models) and the NWs length obtained using SEM as a reference technique.

From this set of data, one can notice that the gradient is small in the 0.5 h and 1 h samples, while a larger gradient is observed for longer growth NWs samples, that is 2 h and 4 h. In addition to the gradient observed on NW height, similar gradient is also observed in the NW diameter as shown in Fig. 2.14. This is suggesting that the gradient is most likely due to the inclination of the sample during the growth. Indeed, it seems that the growth solution in the top region has a lower concentration compared to the concentration near the bottom side of the reaction container. Such difference also appears to increase with time. This scenario suggests that even for well-mixed solution before starting the growth process, the growth solution concentration near the bottom increases with time probably due to a sedimentation effects, which can take place since the NW growth takes rather long times, in the order of hours.

As a result, one suggests a horizontal position for sample holder in order to avoid the gradient on length and diameter of ZnO-NWs and improve the nanowire morphology quality. 

Summary

In this work, we report on the gradient and inhomogeneity in ZnO-NWs samples synthesized using hydrothermal method. Revealing such effects and their further analysis was possible thanks to the use of two simple, low-cost, non-invasive and timesaving optical methods, which were proven to be very effective to conduct this study.

Simple model was proposed by considering the ZnO-NWs as thin stratified layers using effective medium approximation, where the complex effective refractive index neff is affected by the filling ratio f of ZnO nanowires in air. For 0.5 h and 1 h samples, 1-layer and 3-layers models were used for best fit of the SE spectra with fitting RMSE less than 0.240 and 0.161, respectively. Small gradient in the NWs length was observed in both samples with measurements done in the bottom edge moving upwards to the top side of the sample. For longer growth time samples (2 h and 4 h) we were also able to assess the gradient using SDAR technique with less complex models compared to the required models in case of SE with excellent fitting and RMSE less than 0.044. Finally, the gradient was confirmed using SEM as a reference technique showing good agreement with the fast-optical methods. Small gradient was measured for 0. systems due to their high surface-to-volume ratio and unique surface properties [START_REF] Azzouz | Zinc oxide nano-enabled microfluidic reactor for water purification and its applicability to volatile organic compounds[END_REF], [START_REF] Habba | Enhanced photocatalytic activity of ZnO nanostructure for water purification[END_REF], [START_REF] Cui | Nanowire nanosensors for highly sensitive and selective detection of biological and chemical species[END_REF]- [START_REF] Pearton | ZnO and related materials for sensors and light-emitting diodes[END_REF]. Among them, ZnO-NWs have interesting intrinsic properties making them a good candidate in different applications in the last few years. For all the applications, obtaining well-controlled, high aspect ratio and good quality nanowire arrays is essential. Several approaches have been utilized to synthesize the ZnO-NWs in high-quality such as the previously mentioned techniques in chapter 1 & 2. However, many of these techniques are complex and requires expensive equipment; on the other hand, solution-phase synthesis is an easy and cheap way to produce large areas of high quality ZnO-NWs. Different solution-phase synthesis techniques had been used in literature such as electrochemical deposition [START_REF] Liu | Epitaxial electrodeposition of zinc oxide nanopillars on single-crystal gold[END_REF], [START_REF] Leprince-Wang | Structure study of electrodeposited ZnO nanowires[END_REF], hydrothermal approach [START_REF] Vayssieres | Growth of arrayed nanorods and nanowires of ZnO from aqueous solutions[END_REF], [START_REF] Greene | Low-Temperature Wafer-Scale Production of ZnO Nanowire Arrays[END_REF] and sol-gel [START_REF] Bae | Sol-gel synthesis of sub-50 nm ZnO nanowires on pulse laser deposited ZnO thin films[END_REF], [START_REF] Kenanakis | Light-induced photocatalytic degradation of stearic acid by c-axis oriented ZnO nanowires[END_REF] where hydrothermal growth is one of the easiest and lowest cost methods, allowing the synthesis of high quality ZnO-NWs over large areas.

The integration of functional nanostructures within microfluidic devices can synergize the advantages of both unique properties of nanomaterials and diverse functionalities of microfluidics. Several efforts were devoted in literature to integrate the NWs in the microfluidics systems either with ex-situ or in-situ fabrication of the nanostructures. On one hand, some groups reported the integration of ex-situ fabricated nanostructures in microchannels where the pre-synthesized nanostructures as carbon 58 nanotubes (CNT) and InP-NWs were assembled by different guiding forces [START_REF] Kang | High-performance electronics using dense, perfectly aligned arrays of single-walled carbon nanotubes[END_REF]- [START_REF] Mårtensson | Fabrication of individually seeded nanowire arrays by vapour-liquid-solid growth[END_REF]. However, the demonstrated efforts faced different problems such as the accurate positioning of the nanostructures, which was a very challenging process with limited reproducibility, controllability, and yield. Moreover, the adhesion to the surface is very weak which affects the mechanical and electrical robustness. Another method is based on the assembly of the substrate surface, already decorated with the ZnO-NWs array synthesized using conventional hydrothermal method, to a Polydimethylsiloxane (PDMS) cover or glass cover to obtain the microfluidic chamber [START_REF] Azzouz | Zinc oxide nano-enabled microfluidic reactor for water purification and its applicability to volatile organic compounds[END_REF], [START_REF] Habba | Étude des nanostructures de ZnO pour leur application dans l'environnement: détection de gaz et dépollution de l'eau[END_REF], [START_REF] Han | A microfluidic device with integrated ZnO nanowires for photodegradation studies of methylene blue under different conditions[END_REF]. In those works, the authors show water purification efficiency improvement achieved due to the use of microfluidic environment. On the other hand, various efforts were devoted taking advantage of the microfluidic environment to grow the ZnO-NWs in-situ within microchannels whose width did not exceed 500 µm [START_REF] Kim | Direct synthesis and integration of functional nanostructures in microfluidic devices[END_REF]- [START_REF] Guo | Enhanced fluorescence detection of proteins using ZnO nanowires integrated inside microfluidic chips[END_REF]. A combination between in-situ and conventional hydrothermal growth was proposed by Kim et al. [START_REF] Kim | Nanowire-integrated microfluidic devices for facile and reagent-free mechanical cell lysis[END_REF] and Mehare et al. [START_REF] Mehare | Microfluidic spatial growth of vertically aligned ZnO nanostructures by soft lithography for antireflective patterning[END_REF]. Recently, Luo et al. [START_REF] Luo | Tunable Growth of ZnO Nanostructures on the Inner Wall of Capillary Tubes[END_REF] succeeded obtaining ZnO nanostructures not NWs locally within capillary tubes.

As all chemical reactions, the ZnO NW growth by hydrothermal method is ruled by chemistry laws. Thus, many factors of the growth process had been tested in the aforementioned approaches to know their effect on the NW morphology. For instance, Kim et al. [START_REF] Kim | Direct synthesis and integration of functional nanostructures in microfluidic devices[END_REF] controlled the synthesized NWs by changing the seed preparation, synthesis time, and heating locations within microchannel of 10-20 µm height and 100-150 µm width. Furthermore, Guo et al. [START_REF] Guo | Enhanced fluorescence detection of proteins using ZnO nanowires integrated inside microfluidic chips[END_REF] tested the impact of changing the content of polyethyleneimine (PEI) on the lateral and axial growth of the NWs in microchannel with 50 µm height and 500 µm width. However, they used PEI to inhibit the lateral growth of the ZnO and obtain uniform ZnO-NWs, but the effect of PEI was not as significant as grown in bulk solution. It is worth to mention that the ZnO-NWs synthesized in the microfluidic channels showed much faster in both lateral and axial growth compared to the conventional bulk system. It should be pointed out that usually the characterization is done using SEM after finishing the NWs growth and destroying the microfluidic device. On the contrary, real-time monitoring of the NWs growth in-situ would give more insights about the grown NWs characteristics within the microfluidic chamber. It would also give the chance to use the microfluidic device in its intended application with no need to destroy it for the purpose of the characterization of the embedded NWs. We believe that SDAR, the method that we recently proposed [START_REF] Erfan | Optical Analysis Method for Quality Control of Microfluidic Devices Based on Zinc-Oxide Nanowire Arrays[END_REF] 59 and that was described in detail in chapter 1, would perfectly fit the requirements of such online monitoring [START_REF] Erfan | Optical Analysis Method for Quality Control of Microfluidic Devices Based on Zinc-Oxide Nanowire Arrays[END_REF].

In this chapter, we report fast and efficient in-situ growth and real-time monitoring of ZnO-NWs grown over rather wide microfluidic chambers taking all the advantages of microfluidic environment. The growth is carried-out in dynamic mode involving continuous flow of the growth solution inside the microchamber. Good quality and well-oriented ZnO-NWs are grown uniformly on the whole chamber thanks to the designed flow distribution tree based on a biomimetic approach. ZnO-NW arrays are achieved in a few minutes only, compared to a few hours in case of conventional hydrothermal method under static mode at macroscopic scale. The impact of different growth parameters has been tested such as flow rate, reaction time and height of the microfluidic device, in order to achieve the best conditions for the in-situ growth. For the first time to the best of our knowledge, we also present online monitoring of the NWs growth within a microfluidic chamber using our new characterization method SDAR, which is now proven as an easy, cheap and non-invasive real-time characterization method, after confirmation of our results using SEM, taken as a reference characterization tool.

Microfluidic in-situ

Growth of ZnO-NWs

Basics of Microfluidics

Microfluidics deal with the fluid flow in microscale and the implementation of microchannel networks. Microfluidics is at the crossroad in-between biology, physics, chemistry and engineering. Nowadays, microfluidics can be seen as a toolbox for scientific research [START_REF] Gervais | Microfluidic Chips for Pointof-Care Immunodiagnostics[END_REF] but also for industrial engineering [START_REF] Chin | Commercialization of microfluidic point-of-care diagnostic devices[END_REF]. The microfluidics world can be divided into four categories based on the physical principle behind it as shown in Fig. 3.1. First, continuous flow devices as in case of classical Lab On Chip (LOC) [START_REF] Weigl | Lab-on-a-chip for drug development[END_REF]. In fact, the fluidic flow at microscale is mainly related to pressure and viscosity.

Navier-Stokes equation governs the mass transport and the related diffusion is well described by Fick's Law. Second, centrifugal flow devices as in case of Lab On Disc (LOD) devices are based on spinning effect [START_REF] Ducrée | TH centrifugal microfluidic Bio-Disk platform[END_REF] where, the inertial forces are exploited to move liquid within microchannel embedded inside the disc. Third, digital flow devices involves at least two-phase flow for droplet generation where the capillary 60 phenomenon dominates and enables stable droplet generation [START_REF] Teh | Droplet microfluidics[END_REF]. Finally, capillary flow devices include paper-based microfluidics [START_REF] Martinez | Diagnostics for the Developing World: Microfluidic Paper-Based Analytical Devices[END_REF], where the surface tension drives the fluid inside the paper and thus drives the mass transport towards analysis zone. The basics of the continuous flow microfluidic devices which will be used in our work are discussed in detail in the appendix for more convenience. Several approaches have been utilized in literature in order to integrate the ZnO-NWs in microfluidic devices. First, some groups started with the integration of the NWs after finishing the synthesis using conventional hydrothermal method (discussed in detail in section 2.2.1) by covering the substrate (which already includes the ZnO-NWs) with a PDMS chamber [START_REF] Habba | Étude des nanostructures de ZnO pour leur application dans l'environnement: détection de gaz et dépollution de l'eau[END_REF], [START_REF] Han | A microfluidic device with integrated ZnO nanowires for photodegradation studies of methylene blue under different conditions[END_REF]. The target of those works was to study the efficiency improvement of the water purification due to use of microfluidic environment. They

show better purification efficiency compared to macroscale purification using ZnO-NWs. The steps of the chamber assembly and the final fabricated one is shown in Fig. A different approach was based on a combination between conventional and insitu hydrothermal growth [START_REF] Kim | Nanowire-integrated microfluidic devices for facile and reagent-free mechanical cell lysis[END_REF], [START_REF] Mehare | Microfluidic spatial growth of vertically aligned ZnO nanostructures by soft lithography for antireflective patterning[END_REF]. Mehare et al. [START_REF] Mehare | Microfluidic spatial growth of vertically aligned ZnO nanostructures by soft lithography for antireflective patterning[END_REF] cut a ZnO wafer in small chips and attach to it to the PDMS microchannels and put them inside the bulk hydrothermal growth container as shown in Fig. 3.4 to grow patterned ZnO-NWs. Likewise, Kim et al. [START_REF] Kim | Nanowire-integrated microfluidic devices for facile and reagent-free mechanical cell lysis[END_REF] coated the PDMS block of the chamber with a few drops of ZnO nanoparticle seed solution [zinc acetate dehydrate (Zn(CH3COO)2.2H2O) and sodium hydroxide (NaOH) in methanol] and then put it in the bulk growth solution container.

3.3.

It is worth to note that in the aforementioned methods, the growth time is usually in order of few hours, probably because there is no flow and therefore, no efficient refreshment of the growth solution as described before. Last, the real in-situ growth in dynamic mode was done by Kim et al. [START_REF] Kim | Direct synthesis and integration of functional nanostructures in microfluidic devices[END_REF],

Ladanov et al. [START_REF] Ladanov | Microfluidic hydrothermal growth of ZnO nanowires over high aspect ratio microstructures[END_REF] and Guo et al. [START_REF] Guo | Enhanced fluorescence detection of proteins using ZnO nanowires integrated inside microfluidic chips[END_REF] in narrow microchannels with small channel widths up to 500 µm as shown for example in Fig. 3.5. The seedlayer spread over the substrate then assembled to the PDMS part which includes the microchannels. Then, the growth solution flow from the input to the output enabling the NWs to grow faster. 3.8. Their conclusion was that the ZnO-NWs grown much faster in the microfluidic channel in both lateral and axial directions compared to the conventional bulk system, however, the effect of PEI was not as significant as grown in bulk solution. 

Proposed in-situ Growth and Monitoring Setup

For applications such as efficient water purification using ZnO-NWs as a photocatalytic nanomaterial layer, wide microfluidic chambers are required as they contain rather large surface area of ZnO-NWs. Previous works proposed in literature for in-situ growth in dynamic mode relate only on the growth within microchannels. In this section, we will present our proposal for in-situ growth of the ZnO-NWs within wide microchambers. Furthermore, we will demonstrate real-time monitoring of such in-situ growth of ZnO-NWs in dynamic mode, which is the first demonstration of this kind, for the first time to the best of our knowledge. Such demonstration was made possible according to the implementation of our fast characterization technique SDAR, introduced in chapter 1.

Hydrothermal method is proposed to synthesize the ZnO-NWs on Si substrate within a microfluidic chip in dynamic mode instead of static mode as previously discussed in chapter 1 and 2. This allows us gaining all the advantages of microfluidic environment. Before the growth, Si substrate was washed with surfactant solution, DI water by ultrasonic bath, and plasma cleaner. After the cleaning process, a buffer solution composed by mixing 1 g of Zinc acetate dihydrate (Zn(CH3COO)2•2H2O ) and 10 g of PVA in a 100 mL of DI water, was spin-coated on a bare Si chip. The volume of the spin coated seedlayer is 200 µl/cm 2 based on the surface area of the sample. The speed of the spin coating is 3000 rpm with acceleration of 3000 rpm/min and for 1 min.

Then, the seeded substrate is followed a calcination step performed at 500°C for 3 hours in order to remove the PVA and form ZnO seeds, which will act as nucleation centers to promote a homogeneous growth of ZnO-NWs in the next step.

The second step of the hydrothermal synthesis method consists the ZnO nanowire growth by using the experimental setup illustrated schematically in Fig. 3.9 (a)

and shown physically as image in Fig. 
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Along with the in-situ growth, online monitoring is performed using SDAR technique non-invasively and without any interruption during the growth. The Y-cable multimode fiber tip is positioned just above the PDMS to illuminate the sample perpendicularly and collecting the reflected light and delivering it to the UV-vis-NIR spectrometer as shown as part of the growth setup presented schematically and physically in Fig. 3.9.

Two approaches to fabricate the microfluidic chamber had been tested to achieve ZnO-NWs in-situ in wide chambers. One of them was based on using gene frame [START_REF]Gene Frame Data sheet[END_REF] to form the microfluidic chamber and the other was based on molding the PDMS using soft lithography [START_REF] Elveflow | Introduction about PDMS soft-lithography and polymer molding for microfluidics[END_REF]. Illustrative top and side-view schematics of the two chambers are shown in Fig. 3.10. In order to close the microfluidic chip from the top in the first approach, a gene frame was used on the side edges of the chip to attach the silicon chip to a flat PDMS layer which had two holes for inlet/outlet tubing as shown in Fig. 3.10 (a). The problem of this approach was the non-uniform flow of the growth solution in the wide chamber causing non-uniform growth of the NWs. To overcome this issue, well-designed flow distribution network had been designed for the purpose of achieving a much better uniformity of the flow within the microfluidic chamber, as shown illustratively in Fig. 3.10 (b). In this latter case, the chamber had been fabricated by soft lithography in order to be able to draw the required microchannels design patterns in the PDMS as will be described in detail in the following sections. 

Single Inlet Microchamber

Microchamber Fabrication

As an initial trial to synthesize ZnO-NWs in-situ wide microchamber, doublesided sticky gene frame had been used to form the microfluidic space to flow the growth solution. Gene frame height is 250 µm with different widths and lengths. Two chamber sizes had been tested where one of them has internal chamber dimension 10 mm x 10 mm and the other is 15 mm x 16 mm as shown in Fig. 3.11. The sticky gene frame used just on the substrate edges to form the microfluidic space and caped from the top by a 4-6 mm thick flat PDMS layer. This PDMS layer punched using biopsy puncher with 1.25 mm outer diameter (OD) to have the inlet and outlet holes. Chemically inert Teflon tubes with 1.58 mm OD and 0.79 mm inner diameter (ID) were used to carry the growth solution liquids and were connected directly to the PDMS with good sticking and good hermeticity as the tube OD is larger than the hole diameter in the PDMS. To make sure that there is no leakage from the chamber, the gene frame edges was covered with additional small amount of uncured PDMS and then cured in the oven. The PDMS preparation steps will be described in detail later for convenience. Finally, it is important to recall that the chamber assembly was done on the substrate already coated with the seedlayer. The main problem in this chamber is the non-uniformity of the fluid flow as the chamber is very wide and supplied only with a single inlet. This causes non-uniform growth of the NWs as can be seen in Fig. 3.12. 

Characterization Results

Two chamber sizes have been tested with 10 x 10 mm Additional problems observed in the grown NWs in the small chamber which was the nonhomogeneous growth of the NWs where we can find small and large NWs simultaneously in the same positions as shown Fig. 3.16 in for 16-min growth sample.

Besides, there was a clustering of NWs in different positions as shown in Fig. 3.17.

These could be associated to the fact that in the small chamber and with similar flow rate already used with the large chamber, the fluid velocity is faster, and the pressure drop is higher along the chamber which cause those defects on the NWs growth. However, the NWs exhibit larger diameter size in the small chamber compared to the large one for the same synthesis conditions as shown in Fig. 3.18. The measured NWs diameter is 53 ± 7 nm and 75 ± 12 nm for the large and small chambers, respectively where the flow rate was fixed to 2 mL/min and the growth time was 8 minutes.

This difference in size should be attributed to the fact of higher refresh rate of the growth solution in the small chamber. From all these observations, one can see that there is obviously a tradeoff between the flow rate, chamber size and the growth time, which motivate us studying the effects of those parameters more in detail, after solving the issue of flow non-uniformity, which is the main focus of the next section. 

Uniform Flow Distribution-Tree Microchamber

State-of-the-art

In microfluidic channels, the fluid flow is mostly laminar with parabolic velocity profile. This holds true when a small inlet supply the fluid to a wide chamber where the fluid velocity is generally maximum in the middle of the microchamber and minimal at its edge as shown from Fig. 3.19. [136] 77 Looking for better methodology which might lead to even better optimization, a different approach was inspired from the relationship governing the optimum ratio between the diameters of the parent and daughter branches in vascular systems. It was first discovered by Murray using the principle of minimum work [START_REF] Murray | The physiological principle of minimum work: I. The vascular system and the cost of blood volume[END_REF]. This relationship is now known as Murray's law and states that the cube of the diameter of the parent vessel must equal the sum of the cubes of the daughter vessels (d0 3 = d1 3 + d2 3 ). This biomimetic design has its roots on considerations of minimum energy loss, which gives the lowest possible pressure drop on such networks, constant shear stress on all the branches and uniform flow distribution as shown in Fig. 

Microchamber Design and Simulation

Schematic of the biomimetic flow distribution network inspired from the vascular system is shown in Fig. 3.24. The diameter of each sub-branch can be calculated using Murray's law [START_REF] Emerson | Biomimetic design of microfluidic manifolds based on a generalised Murray's law[END_REF]:

𝐷 0 3 = 2 𝑛 𝐷 𝑛 3 (3.1)
where n is the channel generation level, D0 is the diameter of mother branch and Dn is the diameter of the n th generation of the channel.

Fig. 3.23: Schematic diagram of a bifurcating vascular network. [137]

The direct application of Murray's law in microfluidics is not possible as usually the channels cross-section is noncircular with the available fabrication techniques.

However, it is possible to extend this law to other geometries since there will be a direct analogy with the hydraulic diameter of the respective cross-sections. The generalization of Murray's law to rectangular and trapezoidal channels is discussed in detail by Emerson et al. [START_REF] Emerson | Biomimetic design of microfluidic manifolds based on a generalised Murray's law[END_REF]. For constant-depth rectangular channels, the biomimetic design can be obtained by solving the following relationships [START_REF] Emerson | Biomimetic design of microfluidic manifolds based on a generalised Murray's law[END_REF]: It is worth to mention that the channel length has no effect on the biomimetic design criteria; however, it is just a matter of total hydraulic resistance calculation.

Three approaches have been used in literature; Option 1 is to choose the length of each sub-channel to have equal total resistance in each branching level [START_REF] Emerson | Biomimetic design of microfluidic manifolds based on a generalised Murray's law[END_REF], [START_REF] Zografos | A design rule for constant depth microfluidic networks for power-law fluids[END_REF]. Option 2 is to have a channel length which is proportional to the channel width [START_REF] Liao | Biomimetic microchannels of planar reactors for optimized photocatalytic efficiency of water purification[END_REF]. Option 3 is to have proportional channel length to the hydraulic diameter of the channel [START_REF] Emerson | Biomimetic design of microfluidic manifolds based on a generalised Murray's law[END_REF]. 

mm chamber with 4-level biomimetic flow-distribution design comparing different channel lengths approaches; (c)&(d) Option 1 with equal resistance at all levels, (e)&(f) Option 2 with channel length proportional to width (L=2.5W) and (g)&(h) Option 3 with proportional channel length to hydraulic diameter (L=10DH).

We utilized COMSOL Multiphysics to simulate the fluid flow in wide microchambers 

Fabrication Mask Implementation

A full wafer mask was dedicated to place 6 different chamber designs. The chip dimensions are fixed to 24 mm x 23 mm size leading to a total of 16 chips per wafer when using 4-inch wafer. Wafer floor plan is shown in Fig. 3.26 and snapshots of the 6 designs layouts are shown in Fig. 3.27. Some general considerations have been taken into account in all the proposed designs as follows. The input hole diameter is 1.25 mm which is the same as the OD of the PDMS punching tool. The width of the mother channel in all designs is fixed to 800 µm which equals to the ID of the Teflon connecting tube. The distance between the sub-channel outlets of the final branching level should not be larger than 1/10 th of the chamber length (Dead Zone/L ratio) to ensure that the ''memory'' of shape of the outlets will not penetrate into more than typically 10% of the chamber [136]. The biomimetic-branching network with channel length proportional to the hydraulic diameter (option 3 described in section 3.4.2) has been chosen in all the designs as option 1

provides very long sub-channels and option 2 provides microchannels, which are too short for enabling a fully developed laminar flow after each division. Last, leaving at least 2.5 mm thickness from the edges as a blank space without any channels is intended as PDMS-substrate bonding area to avoid any leakage. The main parameters of the proposed six designs are summarized in Table 3.2. 

Microchamber Fabrication

Soft lithography has been used to fabricate the proposed microchambers. The chamber consists of two parts; silicon substrate which is covered with the ZnO seedlayer and PDMS part, which contains the microchannels. Then, both parts are assembled together using oxygen (O2) plasma.

Part I: Substrate Preparation

The silicon substrate is covered with a thin seedlayer of ZnO by spin coating as previously discussed in section 3.2.3. The main difference here is that we need to not cover the whole surface of silicon with seedlayer so that to enable its further bonding to PDMS. First approach was to start covering the whole substrate as usual with the seedlayer using spin coating and perform the annealing step for 3h at 500ºC. Then, we remove the seedlayer from the unwanted areas using Hydrochloric (HCl) acid with cotton sticks. For instance, photography image of the substrate just after annealing, prepared for D1 sample is shown in Fig. 3.28, showing clearly the two areas that only include the seedlayer. Second approach was to use Teflon tape on the side edges of the silicon substrate before doing the spin coating. This method was better to avoid using HCl acid as in some cases it is adsorbed by the seedlayer edges and spread by capillarity everywhere, hence preventing the growth of the ZnO-NWs as it can't grow in acidic medium.

The covered substrate with Teflon tape along with the seedlayer solution before the 

Part II: Microstructured PDMS Fabrication and Chamber Assembly

The Microstructured PDMS fabrication steps along with the chamber assembly can be summarized in the following steps and shown schematically in Fig. 3.30:

Step 1: Mold fabrication using SU-8 photoresist containing the "negative" micro-patterns corresponding to the desired microchannels.

Step 2: A mixture of PDMS (liquid) and crosslinking agent (to cure the PDMS) is poured into the mold and heated at high temperature ~ 75ºC.

Step 3: Once the PDMS is hardened, it can be taken off the mold and obtain a "positive" replica of the microchannels on the PDMS piece.

Step 4: To allow the injection of fluids, the inputs and outputs of the microfluidic device are punched with a PDMS puncher with the size of the future connection tubes.

Step 5: Finally, the face of both the PDMS block with microchannels and the silicon substrate are treated with plasma.

Step 6: After plasma treatment, bringing both surfaces in contact with small pressure allows bonding of PDMS with the substrate, so as to close the microfluidic chip. To form the microchamber, we cut the PDMS using a sharp blade with the aid of the cross marks on the die edges to accurately determine the chip dimensions. Then, we make the required holes using the Biopsy punch of 1.25 mm OD. Last step is to stick the PDMS parts to the silicon substrates by oxygen plasma bonding. We put both the PDMS and the substrate in the plasma chamber and evacuate the chamber until reach ~ 300 mtorr. Then we inject O2 to reach around 500-800 mtorr then we evacuate it again and do this step 3 times so as to make sure that most of the gas in the chamber is oxygen. Then plasma is ignited for 2 min to functionalize the surfaces of the substrate and the PDMS with hydroxyl groups so as to promote the formation of Si-Si bonds after this step (after bringing the two surfaces into contact) leading to a strong bonding. Samples of the final assembled microchambers can be shown in Fig. 3.33. 

Microfluidics in-situ Growth of ZnO-NWs: Experimental Results and Discussion

The growth setup shown previously in Fig. 3.9 and described in detail in section 3.2.3 has been utilized in the growth of the ZnO-NWs in-situ within the new fabricated microfluidics chambers with biomimetic flow distribution tree. It is worth to mention that one of the most important sections of the growth setup is the growth solution heating part because heating it above 80ºC is important to be able to grow the ZnO-NWs with good quality [START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF]. This section in our setup is composed of two parts, where the growth solution is heated up inside the Teflon tube using hot water bath and the temperature of the growth reaction is maintained ~ 95ºC in the microchamber using a hot plate. In order to make sure that the growth solution reaches the target temperature within the tube, the solution should spend enough time in the water hot bath which can be at least 30 second taking advantage of fast heat transfer phenomenon at microscale. This condition could be achieved by the proper choice of the tube length in-between the syringe pump and the microchamber inlet which depends on the flow rate and the tube ID. The minimum tube length (LMin) can be calculated using:

𝐿 𝑀𝑖𝑛 = 𝑄 × 𝑡 𝑀𝑖𝑛 𝜋 (𝐼𝐷/2) 2 (3.4)
where Q is the volumetric flow rate, tMin is the minimum required time to reach the target temperature and ID is the tube inner diameter. In the following subsections, the achieved ZnO-NWs grown in-situ within the wide microchamber are presented along with the effects on their properties of different growth parameters.

Uniform Growth of ZnO-NWs and HCl Effect

At the beginning, the initial trials were performed using D1 and D2 chips where the seedlayer locations were defined on the substrate using HCl. Different growth parameters were tested such as flow rate, growth time and microchamber surface area and depth; however, there were no successful growth of any ZnO-NWs. The measured UVvis-NIR spectrum is shown in Fig. 3.34 (a), where a very small bandgap absorption can be seen below 375 nm which is attributed to the ZnO seedlayer. This is confirmed using SEM images with very large magnification showing only the ZnO seeds in Fig. 3.34 For sake of easier implementation, D2 chips with very wide reaction chamber (10 x 10 mm 2 ) has been used in the growth instead of D1 chips as covering the substrate with Teflon tape to form two microchambers is hard. Uniform ZnO-NWs was achieved over the whole microchamber surface as shown in Fig. 3.35 where the flow rate was 1 mL/min, 30-min of growth time and the channel depth was 100 µm. Thanks to the flow distribution tree, the uniform growth of ZnO-NWs is achieved over 10 mm wide microchamber, which is rather large compared to previously reported in-situ growth in microchannels limited to widths below 500 µm [START_REF] Kim | Direct synthesis and integration of functional nanostructures in microfluidic devices[END_REF]- [START_REF] Guo | Enhanced fluorescence detection of proteins using ZnO nanowires integrated inside microfluidic chips[END_REF]. The flow distribution tree is described in detail in section 3.4.2 and its traces can be obviously shown on the substrate in Fig. 3.36. The images were taken after detaching the PDMS from the substrate in order to be able to perform the SEM measurements. 

Growth Time Effect

One of the controlling parameters of the NWs characteristics is the growth time.

Increasing the growth time is expecting to increase the NWs size following similar trend 95 (although it is faster) as for the macroscale conventional growth [START_REF] Habba | Enhanced photocatalytic activity of ZnO nanostructure for water purification[END_REF], [START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF]. The effect of the growth time is tested on similar chips with D2 design has 100 µm depth and the 

Flow Rate Effect

Another important parameter could affect the NWs characteristics is the flow rate, which affects refreshment of the growth solution. The effect of the flow rate is examined on the same chips of D2 design which has 100 µm depth and the growth time was fixed to 30-min. Top-and cross-sectional side-view SEM images of the grown ZnO-NWs with flow rates 0.5, 1 and 2 mL/min are shown in Fig. 3.40 (a), (b) and (c), respectively. No NWs was grown with smaller flow rates (such as 0.25 mL/min) as it needs more growth time in order to have significance growth of the NWs in such low flow rate. On the contrary, increasing the flow rate higher than 2 mL/min was not preferable as this will increase the pressure significantly on the microfluidic chamber, which could lead to PDMS-substrate detaching. Also, it will increase the fluid surface velocity as well, which is not suitable to grow the NWs with good quality. 

Microchamber Depth Effect

The depth of the microchambers in all the previous results was fixed to 100 µm.

In this section, D2 design with 60 µm depth has been used while changing the flow rate.

The pressure was very high while using 1 mL/min flow rate which caused PDMS-substrate detaching. Reducing the flow rate to 0.5 mL/min solved this problem however, in this case only microstructures rather than NWs were grown on the substrate, as shown in Fig. 3 

Online Monitoring Results

Real-time monitoring of the in-situ growth of the NWs within microfluidics chambers was achievable thanks to the integration of our SDAR technique together with the in-situ growth setup. The whole growth and monitoring setup was discussed in detail in section 3.2.3 and a real photography image of the optical setup is shown in Fig. 3.43 showing the Y-fiber cable above the microchamber, light source and the spectrometer coupled to the heated micro-chamber so as to enable the desired real-time monitoring. All the monitoring process was performed on D2 chips with 100 µm depth and the flow rate was fixed to 1 mL/min.

Fig. 3.43: Photography image of the real-time optical monitoring setup.

The monitoring is performed by acquiring a spectrum each 1-min for 45 minutes without any interruption to the growth solution flow. The evolution of the ZnO bandgap absorption during the growth is shown in Fig. 3.44 showing that band gap absorption starts to increase significantly just after a few minutes due to the fast growth in the confined environment of the microchamber. The increase in the absorbance level corresponds to the increase of the ZnO amount which is attributed to the growth of the ZnO-NWs. Sharper bandgap cutoff and the increase of the cutoff wavelength corresponds to more crystalline structure being produced with time, as discussed previously in detail in section 1.4.3. However, no interference pattern was acquired above the cutoff wavelength which prevents the ability to retrieve the NWs length from it. This could be attributed to the flow of the solution liquid and may be the chemical byproducts as 100 well, which could lead to scattering of the specular reflected light responsible for having those ripples in the spectra.

Fig. 3.44: Measured UV-vis spectrum every 1-min for 45 minutes showing the ZnO-NWs bandgap absorption evolution.

Therefore, another approach has been used for online monitoring of the NWs length. Two syringes have been used where one of them contains the growth solution and the other filled with air. After 5 minutes of growth solution flow in the chamber, the input tube is connected to the air syringe and flow the air for 1 minute to make sure of air existence within the chamber during spectrum acquisition. Thus, the online monitoring of the NW length growth is achieved. The series of spectra acquired each 6 minutes (5+1 min) are shown in Fig. 3.45 (a) demonstrating the evolution of the interference peaks, which represents the increase in the NWs length. The NW length is extracted from the interference pattern following similar procedure discussed on our proposed SDAR method described in chapter 1. The process of retrieving the NW thickness makes use of the interference pattern contrast and the spectral periodicity in the reflection response, which involve an automated best fit of the measured spectra with simple theoretical modeling based on the effective medium approach. A summary of the retrieved lengths with time is presented in Table 3.4 and the final NWs length is confirmed using SEM image acquired after finishing the growth, which are also presented in Fig. 3.45 (b), showing very good agreement with the monitored length. It is worth to mention that the interference pattern was very small at the beginning of the 101 growth due to the small length and density of the NWs which make it not possible to extract the NWs exact length in this particular state. However in this experiment we exhibit little bit longer NWs in comparison to the previous experiment of in-situ growth testing the effect of the growth time presented in section 3.5.2. It is worth to mention that on the contrary, there were no need to break the microchambers at different growth times to get the NW length, since SDAR is a non-destructive method as it is contactless and remote thanks to the light.

Summary

In this work, taking advantages of a microfluidic environment, we reported kinetics study and online monitoring of in-situ growth of ZnO-NWs within a microfluidic chamber showing the impact of different growth parameters on the NWs characteristics.

The growth is carried-out in dynamic mode involving continuous flow of the growth solution inside the microchamber. The microfluidic chamber consists of a silicon base containing the ZnO seedlayer, which is bonded to a PDMS piece containing the microchamber and microchannels, obtained by mold replication of a SU-8 template using soft lithography. The growth setup includes syringe pump to control the flow rate, chemical inert Teflon tubes as a fluidic connection and the temperature of the reaction is maintained at 95ºC using hot water and hot plate. Good quality and well-oriented ZnO-NWs are grown uniformly on the whole chamber thanks to the uniform flow distribution resulting from the designed biomimetic tree architecture feeding the microreactor chamber uniformly with the growth solution. The ZnO-NWs were grown successfully in a microchamber of 10 mm width, which is rather large in comparison to only 500 µm, which is the maximum width microchannel considered so far in literature.

Microfluidic growth provides 4-times faster growth compared to macroscopic growth due to the confined environment of the chemical reaction and the continuous renewal of the growth solution. ZnO-NW arrays are achieved in tens of minutes rather than hours in case of conventional hydrothermal method under static mode. It also appears that varying the flow rate has more influence on the NWs diameter rather than the NWs length. For microchambers with small thickness down to 60 µm and in order to achieve good NWs, the flow rate should be reduced significantly in order to keep the surface velocity and the pressure within acceptable ranges. For the first time to the best of our knowledge, we present online monitoring of NWs growth within a microfluidic chamber. These results were achieved thanks to the implementation within the microfluidic reactor, of our new optical characterization method SDAR, which allows non-invasive, Recent reports highlighted new significant water pollution in addition to the chemical and biological ones which is due to plastic micro-particles contamination of drinking water, including bottled mineral water [5]- [8], [START_REF] Koelmans | Microplastics in freshwaters and drinking water: critical review and assessment of data quality[END_REF], [START_REF] Mason | Synthetic polymer contamination in bottled water[END_REF].

Micro-plastics are solid polymer particles which are water-insoluble and their size is smaller than 5 mm and with no lower size boundary [START_REF] Bergmann | Marine anthropogenic litter[END_REF], but particles below 1 µm are usually named nano-plastics rather than micro-plastics [START_REF] Koelmans | Nanoplastics in the aquatic environment[END_REF]. Micro-plastics are often detected in the environment in air [START_REF] Gasperi | Microplastics in air: are we breathing it in?[END_REF], food [START_REF] Efsa | European food safety authority -panel on contaminants in the food chain -statement on the presence of microplastics and nanoplastics in food, with particular focus on seafood[END_REF], marine life [START_REF] Lusher | Microplastics in Fisheries and Aquaculture: Status of Knowledge on Their Occurrence and Implications for Aquatic Organisms and Food Safety[END_REF] and recently in drinking water [START_REF] Koelmans | Microplastics in freshwaters and drinking water: critical review and assessment of data quality[END_REF], [START_REF] Mason | Synthetic polymer contamination in bottled water[END_REF]. Although micro-plastic human exposure via ingestion or inhalation could occur, the risks they pose are debated and still under investigations.

It is expected that smaller particles could be more absorbable by the digestive system than larger ones [150]. Limited data from animal studies suggest that micro-plastics may accumulate and cause particle toxicity by inducing an immune response [8], [START_REF] Deng | Tissue accumulation of microplastics in mice and biomarker responses suggest widespread health risks of exposure[END_REF].

Chemical toxicity could occur as well if the plastic has chemical additives [START_REF] Diepens | Accumulation of plastic debris and associated contaminants in aquatic food webs[END_REF]. Such effects are likely to be dose-dependent, however knowledge of exposure levels is currently lacking. Recently, the implications of micro-plastics on human health have been reviewed [START_REF] Wright | Plastic and human health: a micro issue?[END_REF]. Furthermore, micro-plastics in the environment are difficult to monitor and standardized methods of sampling, extraction and identification do not exist to date [START_REF] Mintenig | Closing the gap between small and smaller: towards a framework to analyse nano-and microplastics in aqueous environmental samples[END_REF].

Several efforts were devoted to study the micro-plastics in water trying to reach a simple, cost-effective and standardized protocols that are capable of efficient and accurate enumerating micro-plastics in a wide variety of environmental matrices. Most common employed methods were dependent on bulk water sampling which is followed by particles density separation, filtration and visual identification [START_REF] Hidalgo-Ruz | Microplastics in the marine environment: A review of the methods used for identification and quantification[END_REF]. Given the timeconsuming nature of these methods of sample processing, as well as the potential of visual misidentification of the different particle sizes, more accurate identification 104 could be performed by the analysis of the filtered particles using Fourier-transform infrared (FTIR) or Raman spectroscopy [5], [START_REF] Koelmans | Microplastics in freshwaters and drinking water: critical review and assessment of data quality[END_REF], [START_REF] Mason | Synthetic polymer contamination in bottled water[END_REF]. This approach is known as micro-spectroscopy where a spectrometer is integrated within a microscope scanning over the micro-particles one by one. One of the limitations of the FTIR spectroscopy is its inability to detect particles smaller than 20 μm, however; Raman spectroscopy can detect even smaller particle sizes [5]. These methods are very accurate and provide the plastic material type of the micro-particle but on the expense of very slow speed and high cost analysis as it takes long time to scan all the micro-particles in the whole filter surface area. Simpler method based on the micro-particle plastic nature is developed based on the use of Nile Red (NR) as an accurate stain for the rapid detection and quantification of micro-plastics given its selective adsorption and fluorescent properties facilitating visualization and counting under the microscope [START_REF] Koelmans | Microplastics in freshwaters and drinking water: critical review and assessment of data quality[END_REF], [START_REF] Mason | Synthetic polymer contamination in bottled water[END_REF], [START_REF] Maes | A rapidscreening approach to detect and quantify microplastics based on fluorescent tagging with Nile Red[END_REF]. The NR adsorbs to the surface of the micro-plastic particles whatever its type and renders them fluorescent when irradiated with blue light. The NR concentration and incubation time has been tested by Maes et al. [START_REF] Maes | A rapidscreening approach to detect and quantify microplastics based on fluorescent tagging with Nile Red[END_REF] and they concluded that 10 μg mL -1 of NR for 30 minutes at least was enough for efficient staining. After the tagging process by NR in water, the micro-particles are filtered using polycarbonate filter with a certain pore size, where the target micro-plastic size is large than its pore size. Then, the filter is analyzed under a microscope for particle counting, which could be done either manually or automatically. Maes et al. [START_REF] Maes | A rapidscreening approach to detect and quantify microplastics based on fluorescent tagging with Nile Red[END_REF] and Erni-Cassola et al. [START_REF] Erni-Cassola | Lost, but found with Nile Red: a novel method to detect ad quantify small microplastics (20µm-1mm) in environmental samples[END_REF] used FTIR spectroscopy to verify the polymeric content of the filtered fluorescing particles, and both concluded that NR can be used for the rapid detection of micro-plastics without the need for additional spectroscopic analysis. This will reduce the required time of sample analysis as the adsorption of NR alone is sufficient to identify a particle as polymeric in nature, but it will not allow identification of the exact type of the plastic. It is worth to note that for all the aforementioned methods, the filtration is based on macroscale polycarbonate or glass fiber filters.

From all the above, the warning signals about water micro-plastics contamination are contrasting a lot with the lack of low-cost, fast, real-time and accurate instrumentation. This might trigger the emergence of efficient tools for water purification and monitoring of water quality and their accessibility at a global scale. Interestingly, almost 80% of all micro-plastic particles found have a particle size between 5 and 20 µm, the 105 smallest particle's dimensions being in the scale of 1 µm [5], [START_REF] Bergmann | Marine anthropogenic litter[END_REF], [START_REF] Koelmans | Nanoplastics in the aquatic environment[END_REF]. This dimension range can perfectly fit with the dimensions involved in Micro-Opto-Fluidic (MOF) devices. In this work, we are proposing a prospective study on the use of MOF devices for the measurement and analysis of micro-plastics in water. The proposed approach is based on two-step process which is intended to be performed simultaneously on the same microfluidic chip. The first step involves particles sorting and filtering based on size; such sorting is performed on-chip where different designs have been implemented

based on the so-called Pinched Flow Fractionation (PFF) or Deterministic Later Displacement (DLD) techniques. Then, the second step involves particle identification using either optical spectroscopy or image processing, that could be performed also onchip on the collected sorted particles on allocated reservoirs. Different architectures have been designed, their mask layouts were drawn and then the corresponding chips were fabricated and are ready for characterization.

Background on Particles Separation

Particle Sorting Techniques State-of-the-art

Several efforts were devoted already in literature for biological cell separation and sorting as they are essential steps in biomedical applications. Many standard techniques have been developed where these techniques are often labor-intensive or require additional "labels" or "tags" to identify cells. For automation and cost reduction, there has been interest in "label-free" methods, which avoid the use of biochemical labels and take advantage of similar scales of microscale technologies and intrinsic properties of cells. Many review papers highlighted the different microfluidic techniques used for label-free discrimination and fractionation of cell populations [START_REF] Gossett | Label-free cell separation and sorting in microfluidic systems[END_REF]- [START_REF] Shields | Microfluidic cell sorting: a review of the advances in the separation of cells from debulking to rare cell isolation[END_REF]. In our work we will take advantage of the work already done in literature of cell sorting and separation and apply them toward addressing the new raising issue of micro-plastics detection in water.

One of the most powerful conventional sorting techniques is flow cytometry. A flow cytometer is a fluidic system with a sheath flow delivers a single stream of sample cells to an interrogation point, where they can be for instance illuminated by a laser beam leading to scattered light, which is characteristic to the cells and their components [START_REF] Shapiro | Practical flow cytometry[END_REF]. Alternatively, images are taken for each flowing cell, followed by fast image 106 processing for cell identification. Cells are often labeled with fluorescent markers so that light is first absorbed and then emitted in a band of wavelengths. Tens of thousands of cells and even more can be quickly examined this way, and the data gathered are processed by a computer, however; flow cytometry is very expensive equipment.

Label-free techniques operate by manipulating physical biomarkers to sort cells, where the separation force is dependent on differences in an intrinsic physical property of the cells to be separated. Cells entrained in flow in microfluidic channel are usually expected to follow the fluidic streamlines unless deflected by an external force or restricted by an obstacle. There are two main categorizes of sorting techniques; active and passive. Active ones are known as field-flow fractionation (FFF) [START_REF] Gossett | Label-free cell separation and sorting in microfluidic systems[END_REF]- [START_REF] Shields | Microfluidic cell sorting: a review of the advances in the separation of cells from debulking to rare cell isolation[END_REF]. It is a body of techniques where a field such as electrical [START_REF] Gossett | Label-free cell separation and sorting in microfluidic systems[END_REF], gravitational [START_REF] Huh | Gravity-driven microfluidic particle sorting device with hydrodynamic separation amplification[END_REF], magnetic [START_REF] Furlani | Magnetophoretic separation of blood cells at the microscale[END_REF], acoustic [START_REF] Petersson | Free flow acoustophoresis: microfluidic-based mode of particle and cell separation[END_REF], etc. acts on micro-particles in a direction perpendicular to the primary channel flow as shown in Fig. 4.1. In a microfluidic device, with its characteristic parabolic velocity profile, particles that feel the greatest force are driven closest to the wall where flow velocity is lowest and particles feeling a weaker perpendicular force remain in faster lamellae of flow. Hydrodynamic filtration presumes that at a low Reynolds number, the center of a particle will follow fluid streamlines. The microfluidic device consists of a straight channel with a number of perpendicular branched channels as shown in Fig. 4.4. By withdrawing a small amount of liquid repeatedly from the mainstream through the side channels, particles are concentrated and aligned onto the sidewalls. Then, the concentrated and aligned particles can be collected according to their size through other side channels (selection channels) in the downstream of the microchannel. Therefore, continuous introduction of a particle suspension into the microchannel enables both particle concentration and classification at the same time. This method is similar to crossflow filtration in the sense that the particles that do not go through side channels are concentrated. However, accurately fabricated microfluidic devices with a specific microchannel geometry have the potential to control distribution of flow rates and particle behavior inside microchannels, enabling hydrodynamic concentration and classification at the same time.

The PFF technique is another technique based on a similar operating principle.

The fluid flow, alone, is used to dictate size-based sorting by controlling the flow rate of more inlets, channel geometry, and configuration of outlets for partitioning the flow.

More details on PFF and as well the DLD are described in the following sections as 109 both of them are the two techniques that we will use in our study of the micro-plastics detection in water. Both were chosen due to their strong design parameters controllability on the required sorting and separation targets among the passive techniques with no clogging. 

Pinched Flow Fractionation (PFF)

The principle of PFF was firstly introduced by Yamada et al. [START_REF] Yamada | Pinched Flow Fractionation: Continuous Size Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel[END_REF] then several efforts were done based on it [START_REF] Shardt | Lattice Boltzmann simulations of pinched flow fractionation[END_REF], [START_REF] Vig | Separation enhancement in pinched flow fractionation[END_REF]. The main concept is shown in Fig. 4.5. Liquids with and without particles are introduced into the microchannels continuously from two inlets feeding the design, which consists of two consecutive segments; pinched and broadened ones. By controlling the flow rates, the liquid flow containing particles is focused on one sidewall in the pinched segment. This operation leads to the alignment of particles to the sidewall regardless of their sizes as shown in section (a) in Fig. 4.5.

This alignment effect is typically enhanced by the sheath fluid, which pushes cells against the wall such that the center of the larger cells is farther from the wall surface 110 than the center of smaller cells. Thus, the cells of different sizes will have slightly different flow trajectory upon broadening of the channel. At the boundary between the pinched and the broadened segments, a force toward the sidewall is exerted mainly on the smaller particles by the spreading flow profile. On the contrary, a force toward the center of the microchannel is exerted mainly on the larger particles as shown in section (b) in Fig. 4.5. Consequently, the slight difference of the particle positions in the pinched segment is significantly amplified in the broadened segment, so the particles are separated perpendicularly to the flow direction according to their sizes. where y is the particle position in the broadened segment measured from its bottom edge and Dp is the particle diameter. Shardt et al. [START_REF] Shardt | Lattice Boltzmann simulations of pinched flow fractionation[END_REF] has verified this equation by simulations and it was validated experimentally by Yamada et al. [START_REF] Yamada | Pinched Flow Fractionation: Continuous Size Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel[END_REF] and Vig et al. [START_REF] Vig | Separation enhancement in pinched flow fractionation[END_REF] with particle size in the range of 1 -30 µm. The narrower pinched segment is desirable for effective separation as can be seen from There are important preconditions that should be taken into account in the PFF design and experiment. First, the ratio of flow rates from two inlets would be the crucial 112 precondition, since this ratio determines the width of the particle-containing liquid in the pinched segment, which relates to the alignment of particles to the sidewall. The width of the particle-containing solution in the pinched segment should be smaller than the diameter of the smallest particles for effective separation as can be seen from Fig. 4.7 [START_REF] Yamada | Pinched Flow Fractionation: Continuous Size Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel[END_REF], [START_REF] Shardt | Lattice Boltzmann simulations of pinched flow fractionation[END_REF]. Typical ratio between the flow rates is 1 to 6 with the clean solution has the higher flow rate [START_REF] Yamada | Pinched Flow Fractionation: Continuous Size Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel[END_REF]. 

Deterministic Lateral Displacement (DLD)

DLD was first reported by Huang et al. [START_REF] Huang | Continuous particle separation through deterministic lateral displacement[END_REF] to separate particles based on size in continuous flow with a resolution down to 10 nm. Since this time, this technique has been applied to diverse purposes [START_REF] Gossett | Label-free cell separation and sorting in microfluidic systems[END_REF], [START_REF] Shields | Microfluidic cell sorting: a review of the advances in the separation of cells from debulking to rare cell isolation[END_REF], [START_REF] Inglis | Critical particle size for fractionation by deterministic lateral displacement[END_REF], [START_REF] Inglis | Efficient microfluidic particle separation arrays[END_REF] and has been reviewed in detail in reference [START_REF] Mcgrath | Deterministic lateral displacement for particle separation: a review[END_REF]. DLD is a size-based cell sorting technique that consists of an given by equation [START_REF] Mcgrath | Deterministic lateral displacement for particle separation: a review[END_REF]: nel. [START_REF] Shields | Microfluidic cell sorting: a review of the advances in the separation of cells from debulking to rare cell isolation[END_REF] The separation mechanism of DLD, shown in Fig. 4.11, works in the way that if the center of a particle is positioned out of the width of the first streamline, it then becomes displaced into the second streamline when interacting with a post. This action continues each time when a particle passes a post, with the particle said to be larger than Dc. Meanwhile, particles that are smaller than Dc remain centered within the first streamline and follow the defined route of this streamline through the device. The particles that are smaller or larger than Dc will then be separated from one another along the length of a device. Particles that are larger than Dc (green) are continually displaced into the next streamline at each successive pillar, thus facilitating particle separation. As two particles traverse the length of the device, the distance between them becomes larger. [START_REF] Mcgrath | Deterministic lateral displacement for particle separation: a review[END_REF] Thus, the DLD is a technique based on a specific arrangement of posts within the channel to precisely control the trajectory and facilitate the separation of the particles. The main parameters of any DLD design are shown in Fig. 4.12 and described in the following sentences. Each succeeding row within a construction is shifted laterally with ΔX at a set distance from the predecessor as shown in Fig. 4.12 and the angle θ is the shifting angle given by [START_REF] Mcgrath | Deterministic lateral displacement for particle separation: a review[END_REF]:

𝐷 𝑐 = 1.4 𝐺 𝜀 0.
𝜀 = tan(𝜃) = ∆𝑋 𝑋 = 1 𝑁 (4.3)
where X is the micropost center to center distance (X = G + Post Diameter (PD)) and N is the number of vertical gaps (Gy) in one period. The period is a certain number of rows where the microposts positions of the last row will be the same as in the first row, thus, the number of microposts rows per period is n given by n = N + 1. [174]

Microfluidic Chips Design and Fabrication

Proposed Approach for Micro-plastics Detection

Based on the latest studies done in micro-plastics in drinking water, nearly 95% are particles between 6.5-100 µm in size [START_REF] Koelmans | Microplastics in freshwaters and drinking water: critical review and assessment of data quality[END_REF], [START_REF] Mason | Synthetic polymer contamination in bottled water[END_REF]. Interestingly, almost 80% of all micro-plastic particles found had a particle size between 5 and 20 µm, the smallest particle's dimensions considered being 1 µm [5] where this dimension range can perfectly fit with dimensions involved the MOF devices. Various micro-plastic materials have been identified in drinking water however the most common materials are polyethylene (PE) ≈ polypropylene (PP) > polystyrene (PS) > polyvinyl chloride (PVC) > polyethylene terephthalate (PET) [START_REF] Koelmans | Microplastics in freshwaters and drinking water: critical review and assessment of data quality[END_REF]. Thus, it will be advantageous to identify the specific nature of the material in addition to particle counting and sorting. Indeed, we recall that state-of-the-art identification of the particle nature, whether it is plastic or not, require NR staining. Here our goal is not only to avoid using staining to recognize plastic micro-particles but also to retrieve additional information about which type of plastic it is made of.
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Our proposed approach is based on two-step process which is intended to be performed simultaneously on the same microfluidic chip:

• The first step involves particles sorting and filtering based on size. We will take advantage of the work already done in literature of cell sorting and separation and apply them toward addressing the new raising flag of micro-plastics in drinking water. Such sorting is performed on-chip where different designs will be implemented based on PFF or DLD techniques.

• Then, the second step involves particle identification using either optical spectroscopy or image processing, that could be performed also on-chip on the collected sorted particles on allocated reservoirs. For instance, one proposed design based on DLD is shown in Fig. 4.13 for illustration. rate, tubes to carry the liquid to and from the microfluidic chip and a custom manifold to provide hermetic sealing in-between the tube connector and the microfluid chip to avoid any leakage. Second is the optical part which can be a microscope to acquire images then perform image processing to count the number of particles for concentration calculations, identify the nature of the particle through its "signature", implementation of artificial intelligence/deep learning methods and determine the plastic material from the micro-particle shapes. Instead of using microscope, optical spectroscopy could be used where the FTIR and Raman have already proved their capability to identify the microplastic materials [5], [START_REF] Koelmans | Microplastics in freshwaters and drinking water: critical review and assessment of data quality[END_REF], [START_REF] Mason | Synthetic polymer contamination in bottled water[END_REF]. The novelty presented here is mainly the ability to perform real-time identification, while the fluid is flowing. The previous work reported in literature was based on measurements done on the surface of a macroscale filter. One challenge expected here is the strong water absorption in the IR that may affect the accuracy of classifying the micro-plastic [START_REF] Maes | A rapidscreening approach to detect and quantify microplastics based on fluorescent tagging with Nile Red[END_REF] . An alternative solution is either to evaporate the water or to use attenuated total reflectance FTIR (ATR-FTIR).

Better option to perform the online monitoring is to use Raman spectroscopy since the water molecule is Raman inactive but we may expect some challenges in detection of a small signal level as the measurements are done on micro-particles [5]. 

PFF Designs

In order to target the different size of micro-plastics, various designs have been implemented. The common parameters in all of them that the angle Φ is fixed to 180º, the pinched segment length (LP) is 2 or 4 times the WP to make sure that the flow is developed and the broadened segment length (LB) is 2500 µm (3750 µm in Design 1 only) to make sure that all the particles are well separated and the flow is developed.

Each design was targeting specific micro-plastics size range with certain separation steps. Also, designs with different WP having the same amplification ratio are tested for the same size separation range. Summary of the design parameters of all the designs is presented in Table 4.1. All the PFF designs are complemented with pillar-type filters after the broadened segments to collect the separated particles in different reservoirs for micro-plastics identification step afterwards. Based on the target particles size range, the pillar size and gap were chosen, and summary of these values are presented in last rows in Table 4.1. Snapshot of the filter design is shown in Fig. 4.16. The filter positions in each channel are separated like zigzag to make sure that the particle reservoirs are separated in-position as well. Thus, accommodate with the planned optical measurements from 122 the top after particles sorting and make sure that there is no mixing (cross-talk) in the measured optical signal. The most important criteria needed to be satisfied is that the value of G should be larger than twice the value of Dc and ε should be in-between 0.02 and 0.1, which corresponds to shifting angle in-between (1º < θ < 6º) [START_REF] Mcgrath | Deterministic lateral displacement for particle separation: a review[END_REF]. From the calculated value of ε and using equation (4.3), then N can be calculated. The PD is usually assumed larger than G and smaller than 3G [START_REF] Mcgrath | Deterministic lateral displacement for particle separation: a review[END_REF] and therefore the X is calculated. After that and based on the total required large particle shifting, the period is repeated multiple times to achieve sufficient lateral separation between the particles. Summary of the calculated parameters of the different designs are presented in Table 4.2. The final chip layout snapshot is shown in Fig. 4.17. For more detailed design steps, it is well summarized in reference [START_REF] Mcgrath | Deterministic lateral displacement for particle separation: a review[END_REF].

123 A new architecture is proposed based on feeding the DLD section with just one inlet, which contains the particles without the other clean water. This was done uni-125 formly by distributing the input liquid using biomimetic flow distribution tree previously discussed in detail in chapter 3. The main advantage here is that there is no more need for additional ultra clean water which is already hard to get. In this case, one of the output reservoirs will be filled with just the small particles as all large particles are displaced thanks to the micropost array. The second reservoir will contain the displaced large particles beside the small particles which flow in zigzag mode from the inlet to the outlet. In order to collect only the large particles in the second reservoir, the gap of the pillar-type filter is chosen equal to the Dc to make sure that all the small particles will pass through that filter and only the large particles are collected. 

Microchips Fabrication

The fabrication of the proposed microfluidics chips is done on silicon wafer.

The design layout patterns are drawn on glass lithography mask and then transferred by photolithography to the photoresist covering the silicon wafer which is already covered with an oxide layer. Afterwards, the hardened photoresist works as a mask for etching 127 this oxide layer in certain positions where the latter will work as a hard mask in the silicon etching process to produce our fluidic micro-channel.

The process used in the deep etching of our structure is DRIE Bosch process [START_REF] Madou | Fundamentals of Microfabrication and Nanotechnology[END_REF]. It is a cyclic process composed of repetitive two short cycles, and during the process switching between these cycles occurs till reaching the required depth. The first cycle is the etching cycle, in which the substrate is etched using sulfur hexafluoride (SF6) in a nearly isotropic manner as shown in Fig This can be achieved by different smoothing processes, including smoothing by KOH etching, TMAH etching, and thermal oxidation followed by an oxide removal. 

Summary

We propose a prospective study on the use of MOF devices for the measurement and analysis of micro-plastics in water. The latter have been recently identified as one of the pollutants that have great impact on the environment, not only in seawater but also in industrial drinking water. The proposed approach is based on conducting the onchip analysis of the water polluted with micro-plastics in a two-step process, both performed within the same microfluidic chip. The first step consists of sorting and filtering the particles according to their size taking advantage the previous efforts done in literature in cells sorting and separation. The expected result of such step is to obtain several micro-particle populations that differ essentially in size which are collected in different reservoirs, in order to be able to carry out the second step. The second step is to perform the analysis to identify the nature of the sorted micro-plastics. For this purpose, in addition to the information of the shape and the color of each micro-particle (accessible by simple microscopic image -followed if necessary, by image processing), we chose to focus our efforts on the determination of the chemical nature of micro-plastics.

Hence, we aim to use optical spectroscopy methods, which will not only allow carrying out such identification of the material by its characteristic spectral signature, but also the ability to carry such analysis within the chip. To this end, optical methods have already proved their capability to perform such analysis non-invasively and relatively with simple implementation. For the first step, the so-called PFF and DLD methods were used intending to perform sorting of micro-plastic particles, while for the second step, either spectroscopy or image processing -and even both together, can be used as identification methods.

Different microfluidic architectures based on the combination of the aforementioned techniques were designed and fabricated. The fabrication of such microfluidic devices this time has required the use of micromachining techniques more advanced compared to those described in the previous chapter. We have indeed used DRIE which makes it possible to produce patterns on silicon, of the order of a micrometer on lateral dimensions and with a depth of up to a hundred micro.

Conclusion and Future Work

I. Conclusions

The goal of this thesis was to take advantage of the emerging micro-and nanotechnologies to contribute to both aspects of water purification and water quality control, known that water scarcity and water quality are becoming a major concern globally.

In the first part of the thesis, we made a fundamental study on ZnO-NWs, which is known as a promising photocatalytic material suitable for water and air purification.

The use of this material at large scale requires appropriate approaches for manufacturing and also for characterization. We proposed for the first time, SDAR as a simple, fast and non-invasive optical method for nanomaterial growth characterization and showed a good agreement with the measurements performed using SEM taken as a reference method for morphological characterization. The deviation on the NW length between the SEM observation and the SDAR method is no more than 9.8% in the worst case when considering the 1-layer model and can fall down to 0.3 % when considering the 3-layer model. Also, NWs with different densities (f = 30% to 60%) were characterized showing the ability to extract the neff -NW density without a priori knowledge of them or using calibration runs as reported previously in literature. Besides, the crystalline quality of the ZnO-NWs could be qualitatively checked using the absorbance cutoff wavelength, which is directly related to the semiconductor bandgap. This information is retrieved from the diffuse reflectance signal measured simultaneously with the specular reflectance. The red shift of the bandgap cutoff wavelength corresponds to 132 the increase of crystallinity quality of the ZnO-NWs as confirmed using XRD taken as a reference method.

Next, we used SDAR along with the SE method, while scanning over coated surfaces, to unveil non-uniformities and gradients of morphological properties on the ZnO-NWs grown by conventional hydrothermal method. Here again, a simple model was proposed by considering the ZnO-NWs as thin stratified layers using effective medium approximation. For 0.5 h and 1 h samples, 1-layer and 3-layers models were used for best fit of the SE spectra with fitting RMSE less than 0.240 and 0.161, respectively.

However, for longer NWs length achieved by 2 h and 4 h of growth, SE was ineffective, but we were also able to assess the gradient using SDAR technique with even less complex models compared to the required models in case of SE, and with excellent fitting and RMSE less than 0.044. The results gathered in this part of the study also suggest that the sample-holder orientation according to the growth solution surface during the growth has an influence on the NW growth besides the other parameters already known to affect the growth mechanisms.

We also demonstrated how the integration of functional nanostructures within microfluidic devices can synergize the advantages of both unique properties of nanomaterials and diverse functionalities of microfluidics considered here as a scientific platform. For this purpose, we have explored the added values of using microfluidic methods. On one hand, microscale chambers were proven to allow faster in-situ growth and in the same time, to study the kinetics of such growth within a confined environment, where we had the option of controlling the continuous refreshment of the growth solution through regulation of flowrate, leading to implementation of the so-called dynamic method of nanowires growth. On the other hand, further light coupling to the microfluidic chamber enabled real-time optical monitoring of the in-situ NW growth.

At the end, we were able to successfully demonstrate the in-situ growth of the ZnO-NWs within dedicated microfluidic chamber whose lateral dimensions have been intentionally varied up to 10 mm, which is rather large in comparison to only 500 μm, which is the maximum lateral dimension leading to successful in-situ growth of nanowires, according to the literature. Our achievement of successful homogeneous growth over a 10 mm-wide chamber is indeed nontrivial. It was made possible thanks to a specifically designed flow distribution circuit involving a biomimetic tree architecture, inspired by blood vessels, allowing uniform distribution of the growth solution all over 133 the rather wide surface of the chamber. Microfluidic growth has been proven to provide 4-times faster NW growth compared to macroscopic growth due to the combined effects of confined environment and the continuous renewal of the growth solution during the growth. It also appeared from our results that varying the flow rate has more influence on the NW diameter rather than the NW length.

Then, to the best of our knowledge, we presented for the first time, an online monitoring of the NW growth within a microfluidic chamber thanks to the use of SDAR as non-invasive real-time characterization method, which has been coupled to the microfluidic reactor for this purpose. The quantitative results were also confirmed by SEM observations made a posteriori.

Finally, in the second part of the thesis, we proposed a prospective study on the use of Micro-Opto-Fluidic devices for the measurement and analysis of micro-plastics in water which had been recently identified as one of the most concerning polluting materials in water, including bottled drinking water. The proposed approach is based on a two-step process which can take place on the same microfluidic device in a sequential manner. The first step consists of particle sorting and filtering based on the size separation. It is then followed by an identification step using either optical spectroscopy or image processing. The so-called PFF and DLD have been used as sorting techniques, while FTIR or Raman spectroscopy can be considered as identification methods, which could be interfaced with the microfluidic devices. Different architectures based on the combination between the aforementioned techniques have been designed, their mask layout was drawn and then fabricated using DRIE.

II. Future Work

Additional improvements could be introduced to the proposed SDAR technique such as doing more advanced simulations rather than just considering the light as plane wave approximation. The light propagation from the fiber tip could be considered as a Gaussian beam as a first order approach or even with more complex propagation approaches described in literature [START_REF] Saleh | Fundamentals of Photonics[END_REF], [START_REF] Fathy | Quasi-homogeneous partial coherent source modeling of multimode optical fiber output using the elementary source method[END_REF]. The NW array itself as well couldn't be considered as thin films and treated geometrically with more rigorous approaches such as rigorous coupled-wave analysis (RCWA) [START_REF] Moharam | Rigorous coupled-wave analysis of planar-grating diffraction[END_REF], [START_REF] Moharam | Formulation for stable and efficient implementation of the rigorous coupled-wave analysis of binary gratings[END_REF] or a phenomenological model recently reported [START_REF] Zhou | Phenomenological modelling of light transmission through nanowires arrays[END_REF]. However, these improvements could enhance the performance, 134 but it will be on the expense of more simulation power which might introduce some complexity in the SDAR procedure.

Our achievement on the in-situ growth and monitoring of the ZnO-NWs, opens the door for performing faster chemical reactions such as NW growth or even water photocatalytic purification within microfluidic chamber and do the corresponding realtime monitoring simultaneously. More growth parameters such as the growth solution concertation, growth temperature, etc. could be considered to study their effect on the ZnO-NWs characteristics in a systematic dedicated study. Furthermore, the use of those micro-chambers decorated with the in-situ grown NWs could be used in water photocatalytic purification aiming to study different aspects on the purification efficiency.

Last, the characterization of the different MOF devices already designed and fabricated should be performed to validate the proposed concepts. Based on the results, further developments could be done to the devices aiming to reach an easy and effective method for characterizing the micro-plastics in water and hence, start conducting scientific studies on water contamination by micro-plastics, based on representative samples and the use of the MOF platform as a new scientific instrument.

Long Résume de la Thèse

La rareté de l'eau et la qualité de l'eau constituent un problème majeur auquel est confronté l'humanité. Le contexte du réchauffement climatique, de l'ère industrielle, de l'agriculture intensive et de l'urbanisation galopante se traduit par une pollution croissante sous différentes formes. La pollution de l'eau constitue l'une des principales causes de décès prématurés. Cette tendance soulève la nécessité de nouvelles approches pour la purification de l'eau et pour le contrôle de la qualité de l'eau. Cette thèse vise à contribuer aux deux aspects en tirant parti des micro-et nanotechnologies. Un petit gradient de la longueur des nanofils a été mesuré pour les échantillons de 0,5 h et de 1 h, tandis qu'un gradient plus important est observé sur les échantillons de nanofils dont les temps de croissance étaient les plus long (2h et 4h). Sur la base de ces observations, nous avons déduit qu'outre les paramètres déjà connus de par la littérature qui ont une infuence sur la croissance des nanofils, il s'avère de par les conclusions de notre étude que la position de l'échantillon dans le réacteur de croissance a également une influence importante. Cet effet pouvant être attribué à des gradients de concentrations dans notre cas (voire des gradients de température dans d'autres cas). 

IV-Dispositifs micro-opto-fluidiques pour la détection des microplastiques dans l'eau

Dans la deuxième partie de la thèse, nous proposons une étude prospective de l'utilisation de dispositifs micro-opto-fluidiques pour la mesure et l'analyse des microplastiques dans l'eau, qui ont été récemment identifiés comme l'un des matériaux polluants les plus impactant sur l'environnement, non seulement dans l'eau de mer mais aussi dans l'eau potable industrielle.

L'approche proposée consiste à mener l'analyse au sein d'une plasteforme microfluidique, à partir d'un échantillon d'eau représetatif de la pollution par des micro-particules plastiques (les micro-plastiques). Notre méthodologie est basée sur un processus en deux étapes, toutes deux effectuées au sein de la même puce microfluidique :

• La première étape consiste à trier et filtrer les particules en fonction de leur taille, dont le résultat escompté vise à obtenir plusieurs populations de microparticules qui différent essentiellement par leur taille, premier paramètre visé.

Le tri consiste à amener lesdites sous-populations vers des micro-réservoirs séparés, afin de pouvoir procéder à la seconde étape.

• La seconde étape consiste à pousser l'analyse en vue de l'identification de la nature des micro-plastiques ainsi triés. A cet effet, outre l'information sur la 

1. 1 9 ixFig. 1

 191 Fig. 1.1: (a) Illustrative schematic for light interaction at single layer interface
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 13161718 Fig. 1.1: (a) Illustrative schematic for light interaction at single layer interface showing the reflected, transmitted and absorbed parts. (b)Illustrative schematic of the specular and diffuse reflection directions.[START_REF] Filmetrics | Taking the mystery out of thin film measurements[END_REF] 
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 19 Fig. 1.9: SCOUT multilayer simulator software program interface.
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 11011 Fig. 1.10: Typical cross-sectional view and top-view SEM images of ZnO-NWs of different NWs densities and different height due to different growth time. The ZnO-NW arrays can be seen as a thin film layer of
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 1 Fig. 1.13: (a) One-layer model for the NWs seen as quasi-thin film with uniform effective refractive index. (b) Typical SDAR reflectometry measurement for the three considered configurations in Fig. 1.12.(Curves are shifted above each other for better illustration)
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 1 Fig. 1.15: (a) Measured absorption spectra for four different ZnO-NWs samples with different growth configurations leading to different NW lengths and density. (Curves are shifted above each other for better illustration) (b) Side-view SEM images of the 4 ZnO-NWs samples.
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 1 Fig. 1.16: SDAR -Reflectometry measurement fitting with (a) 1-layer model with errors up to 26.3% (a) 2-layer model with errors up to 3.6 % and (c) 3-layer model with errors down to 0.1%. In each case, the values of layer thickness and filling ratio f are provided in the insets.
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 1 Fig. 1.17: (a) Measured absorption showing the different absorption levels (α) and the bandgap absorption cut off for different ZnO-NWs grown with different times of 1h, 2h and 4h. (b) corresponding plots of (αhν) 2 versus hν plots showing the difference in bandgap energy as a first indicator of crystallinity.
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 1 Fig. 1.18: (a) XRD measurement for the 3 samples showing the silicon large peak in comparison to ZnO small peak. (b) Zoom on the ZnO XRD peak

Fig. 1 . 19 :

 119 Fig. 1.19: Schematic of the measurement setup using integrating sphere.
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 120 Fig. 1.20: Measured spectra using integrating sphere showing the effect of the specular reflection on the reflected spectrum.
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 21 Fig. 2.1: (a) Schematic illustration for the ZnO-NWs sample showing the different positions of the measurements presenting the gradient with optical spectra and SEM images. (b) Schematic illustration for the ZnO-NWs sample holder in the growth container showing the different positions of the measurements across the sample from top to bottom.
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 22 Fig. 2.2: Schematic illustration of the ZnO-NWs synthesis steps by hydrothermal growth.
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 23 Fig. 2.3: (a) SEM images of ZnO nanowires grown at (i) 60°C (top view), (ii) 70
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 2526 Fig. 2.5: Cross-sectional SEM images (left) of sample PSi-800 and the three EMA-based model structures.[START_REF] Fodor | Spectroscopic ellipsometry of columnar porous Si thin films and Si nanowires[END_REF] 

Fig. 2 . 7 :Fig. 2 . 8 :

 2728 Fig. 2.7: Ellipsometry measurements at different positions (bottom: blue, center: red & top: green) for different NWs samples with different
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 29 Fig. 2.9: Reflectometry measurements at different positions in (a) 2 h (b) 4 h growth time samples showing the gradient in the ZnO-NWs length across the same sample from bottom to top. (Curves are shifted above each other for better illustration)

Fig. 2 .Fig. 2 . 12 :Fig. 2 .

 22122 Fig. 2.11: Top-view SEMs showing the inhomogeneity and gradient of the ZnO-NWs at different positions for NWs samples with 2 h and 4 h growth times.
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 2316133623463356336643653839310311 Fig. 2.14: Measured NWs Diameter from SEM images across each of the 3 samples showing similar trend in the diameter as well as the NW length.
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 312 Fig. 3.12: Photography of the microfluidic growth chambers after finishing the ZnO-NWs growth showing the non-uniformity of the growth.
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 3 Fig. 3.13: SEM images of the grown ZnO-NWs in the large chamber in different positions with flow rate 2 mL/min and for 16-min (a) & (b) and 8-min (c) & (d) growth times.
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 3 Fig. 3.14: (a) Measured UV-Vis spectrum showing the ZnO-NWs absorption and the bandgap absorption cut off for 16-min sample. (b)

Fig. 3 .

 3 Fig. 3.15: SEM images showing the NWs non-uniformity in the 16-min large chamber in (a) & (b) and in the 8-min large chamber in (c) & (d).
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 3337631976320763217731397932380324813 Fig. 3.16: SEM images at different positions (a) & (b) of the grown ZnO-NWs in the small chamber with flow rate 2 mL/min and growth time of 16min.
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 326 Fig. 3.26: Wafer mask floor plan shows the placing of the 6 designs.
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 327 Fig. 3.27: Snapshots of the 6 designs layouts D1 to D6.
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 328 Fig. 3.28: Photography image of the silicon substrate with well-defined seedlayer areas suitable for D1 design.
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 329 Fig. 3.29: Photography image of the silicon substrate (a) with Teflon tape on the spin coater, (b) after removing the Teflon tube after the spin coating.
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 3303313 Fig.3.30: Illustrative schematics of the soft lithography steps.[START_REF] Elveflow | Microfluidics and microfluidic devices: a review[END_REF] 
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 333 Fig. 3.33: Photography image of the assembled chambers D1 and D2 in comparison to coin.
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 33 Fig. 3.34: (a) Measured UV-vis-NIR Spectrum. Top-view SEM image of the ZnO seeds in (b) 5 x 5 mm 2 chamber with 100 µL/min flow rate and 25min growth time, (c) 10 x 10 mm 2 chamber with 1000 µL/min flow rate and 20-min growth time.
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 3 Fig. 3.36: SEM images of the flow distribution tree traces on the substrate in different positions (a) and (b).
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 33339 Fig. 3.37: (a) Measured UV-vis-NIR spectrum of the obtained ZnO-NWs. (b) Cross-sectional side-view SEM image of the achieved ZnO-NWs.
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 33413343 Fig. 3.40: Top-and cross-sectional side-view SEM images showing the effect of the flow rate on the NWs growth where the growth time was fixed to 30-min. The flow rates are: (a) 0.5 mL/min, (b) 1 mL/min and (c) 2 mL/min.
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 344 Fig. 3.44: Measured UV-vis spectrum every 1-min for 45 minutes showing the ZnO-NWs bandgap absorption evolution.
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 310141106421074310844109454616811147 Fig. 3.45: (a) Online monitoring of the ZnO-NWs growth using UV-vis-NIR spectroscopy where the NWs length is retrieved making use of the interference pattern in vis-NIR range. (Curves are shifted above each
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 48113491144 Fig. 4.8: Effect of total flow rate on separation performance. The effluent positions of small particles (15 µm in diameter) were 865.3 ± 23.8, 858.9 ± 22.3, and 852.8 ± 15.8 µm, and those of large particles (30µm in diameter) were 658.0 ± 15.4, 661.5 ± 14.2, and 652.9 ± 19.9 µm, for (a), (b), and (c), respectively.[START_REF] Yamada | Pinched Flow Fractionation: Continuous Size Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel[END_REF] 113
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 4412 Fig. 4.11: (a) The orientation of flow lamina induced as a consequence of lateral row shifting in a device. (b) Position of fluid streamlines (P1,
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 414415 Fig. 4.14: The proposed fluidic-optical setup for micro-plastics detection in water.
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 416 Fig. 4.16: Snapshot of the filter design showing the fluid flow direction.

Fig. 4 . 18 :

 418 Fig. 4.18: Snapshots of the A1 design layout showing the (a) inlet zoomed part and (b) outlet zoomed section.
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 419 Fig. 4.19: Snapshots of the A3 design layout showing the (a) inlet zoomed part and (b) outlet zoomed section.
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 4204176127422128423 Fig. 4.20: Snapshots of the A4 design layout showing the (a) output of first stage and (b) output of the second stage.

  consists of having a fast but efficient characterization method of the ZnO-NWs instead of the conventional methods which are expensive, time consuming and need to operate under special conditions. On the other hand, an opportunity relies on the fact that optical characterization methods are fast, accurate and non-invasive. They already proved their strength in thin film materials analysis. In this work, we are studying the capability of adapting optical techniques in the analysis of nanomaterials in general, but specially targeting a solution for characterization of our ZnO-NWs.ii-A second challenge is the scalability of ZnO-NW growth over large surface areas, which is a key factor towards its industrial success. Here, the uniformity of the nanomaterials properties is a key performance indicator, which requires appropriate characterization tools. That is why we aimed at studying effectively the structural non-homogeneities within ZnO-NWs arrays grown by conventional hydrothermal method. Hydrothermal growth is indeed one of the easiest and lowest cost synthesis methods, allowing the synthesis of high quality ZnO-NWs over large areas. As all chemical reactions, the ZnO NW growth is ruled by the chemistry laws, thus, many factors of the growth process are known to affect the NW morphology.iii-Exploring the added value of the integration of functional nanostructures as ZnO-NWs within microfluidic devices which can synergize the advantages of both unique properties of nanomaterials and diverse functionalities of microfluidics. On one hand, microscale chambers seem to be ideal micro-scale environments, from which one can take advantage to allow faster in-situ growth and in the same time, to study the kinetics of such growth within a confined environment. On the other hand, combining the targeted optical techniques with those microfluidic devices would give us a chance to develop unique scientific platform enabling real-time monitoring of the in-situ growth of such NWs, thanks to Micro-Opto-Fluidic concepts that we would like to address.
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 34 Unveiling non-uniformities, which are quantified by lateral gradients of morphological properties on the ZnO-NWs grown by conventional hydrothermal method.SDAR and spectroscopic ellipsometry (SE) scan over the surface coated by ZnO-NWs. Both the nanowire thickness and their surface density are retrieved from the raw measured optical spectra using a simple model. The model is based on considering the ZnO-NWs as thin stratified layers using effective medium approximation to fit the measured spectra. The results also suggest that the sample orientation during the growth has a significant influence on the NW growth characteristics. Sample orientation then appears as an important parameter besides the other parameters already known to affect the growth mechanisms in literature. Reporting on in-situ kinetics study and online monitoring of in-situ growth of ZnO-NWs within a carefully-designed microfluidic chamber, eventually showing the impact of different growth parameters on the NWs characteristics. The ZnO-NWs were grown successfully in a 10 mm-wide micro-chamber, which was intentionally chosen quite large (while still taking advantage of sub-millimeter height) in comparison to a maximum width of 500 μm only as reported in literature. Our achievement of uniform growth over such wide area was made possible thanks to a specifically designed flow distribution tree based on the biomimetic approach inspired by blood vessels. As a result, microfluidic growth provided 4-times faster growth compared to macroscopic growth due to the confined environment of the chemical reaction combined with the continuous renewal of the growth solution. It also appears from our study that varying the flow rate has more influence on the NWs diameter rather than the NWs length. Finally, to the best of our knowledge, we present for the first time a successful demonstration of online monitoring of the NWs growth within a microfluidic chamber. This achievement was made possible after coupling light onto the microfluidic chamber and implementing our newly developed SDAR optical characterization method. The results have shown non-invasive real-time characterization of ZnO-NWs properties, where the results were also confirmed by scanning electron microscopy (SEM) with excellent agreement. Proposing a prospective study on the use of Micro-Opto-Fluidic devices for the measurement and analysis of micro-plastics in water. The proposed approach is based on two-step process which is intended to be performed simultaneously on the same microfluidic chip. The first step involves particles sorting and filtering based on size; Such sorting is performed on-chip where different designs have been implemented based Pinched Flow Fractionation (PFF) or Deterministic Lateral Displacement (DLD) techniques. Then, the second step involves particle identification using either optical spectroscopy or image processing, that could be performed also on-chip on the collected sorted particles on allocated reservoirs. Different architectures have been designed, their mask layout was drawn and then the corresponding chips fabricated and ready for characterization.
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 163 proposes SDAR for fast characterization of nanomaterials growth. The method is demonstrated here on ZnO-NWs which are grown vertically in random forest fashion showing that our method is not limited to well-ordered NWs. We show how SDAR can provide, based on a single measured spectrum, simultaneous information on nanowire length, and nanowire densitythrough Nanowire/Air filling ratio, as well as ZnO crystalline qualitythrough bandgap. The robustness of the proposed method is assessed first through comparison with information obtained from SEM and X-ray Diffraction (XRD) taken as reference. Besides excellent agreement with the reference methods, the results based on the use of our method also suggest the existence of either two or three layers with different effective refractive index, hence providing insight on possible growth mechanisms.Chapter 2: aims at studying effectively the structural non-homogeneities within Zinc-Oxide nanowires arrays (ZnO-NWAs), assessment on the lateral gradient of nanowire's characteristics is presented, which include their height and their density. To this end, SE and the rather recent technique of SDAR are used as two fast, simple and non-invasive characterization methods with further capabilities of scanning over the sample surface. Simple models are proposed by considering the ZnO-NWAs as the equivalent of thin stratified layers based on effective medium approach. The methodology not only reveals the presence of NWs length and density gradients, but it also enables a quantitative analysis for all the samples grown using hydrothermal method with different growth times ranging from 0.5 h up to 4 h. Those gradients are confirmed using SEM observations taken as a reference. The results also suggest that the sample orientation according to the growth solution surface during the growth influences the NW growth besides the other parameters already known to affect the growth mechanisms. presents the integration of the ZnO-NWs as a functional nanomaterial within a microfluidic device which can synergize the advantages of both unique properties of nanomaterials and diverse functionalities of microfluidics. We report kinetics study and online monitoring of in-situ growth of ZnO-NWs within a microfluidic chamber showing the impact of different growth parameters on the NWs characteristics. The growth is carried-out in dynamic mode involving continuous flow of the growth solution inside the microchamber. Good quality and well-oriented ZnO-NWs are grown uniformly on the whole microchamber thanks to the designed and fabricated flow distribution tree based on the biomimetic approach. ZnO-NWAs are achieved in few minutes compared to few hours in case of conventional hydrothermal method under static mode. The impact of different growth parameters has been tested such as flow rate, reaction time and microfluidic device height in order to achieve the best conditions for the in-situ growth.
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 1 1 (a). The incident light is either reflected, transmitted or absorbed in the new medium. The focus in this section is on the reflected part of the light, which can be either a specular or diffuse reflection as shown in Fig. 1.1 (b).
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 11 Fig. 1.1: (a) Illustrative schematic for light interaction at single layer interface showing the reflected, transmitted and absorbed parts. (b) Illustrative schematic of the specular
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 112 Fig. 1.2: (a) Propagation of light in a thin film showing multiple reflections. (b) Illustrative figures showing the effect of the thin film thickness and refractive index on the reflection versus wavelength.[START_REF] Filmetrics | Taking the mystery out of thin film measurements[END_REF] 
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 13 Fig. 1.3: Time variation of the reflected light intensity during growth of Si nanowires.[START_REF] Clement | In situ studies of semiconductor nanowire growth using optical reflectometry[END_REF] 
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 14 Fig. 1.4: Reflectance of a nanowire array measured during growth with selective area
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 1 13) shown in Fig.1.5 (b). Similar limitations to LRI, one of the main disadvantages here is that it requires calibration runs to get the effective refractive index after extraction of the NWs length using SEM as the NWs are well-organized and the density is known a priori.
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 15 Fig. 1.5: (a) Reflectance vs. time for λ = 450 nm and λ = 480 nm sliced from Fig. 1.4. Growth starts at t = 0 s. (b) Minima and maxima from (a) converted into nanowire length as a function of the growth time by using equation (1.13) and the neff known a
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 16 Fig. 1.6: Measured SEM, illustrative schematic of the NWs and the reflectance of the periodic InP-NW array with period p = 400 nm, NW diameter d ≈ 125 nm.[START_REF] Anttu | Optical far-field method with subwavelength accuracy for the determination of nanostructure dimensions in large-area samples[END_REF] 
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 17 Fig.1.7: Reflection spectrum and optical microscope images of the fiber-tip FPI.[START_REF] Xu | Growth dynamics of ZnO nanowire on a fiber-tip air bubble[END_REF] 

  perpendicularly and collecting the reflected light as shown in Fig. 1.8. The fiber is UVvis high OH with 200 µm core diameter and operating wavelength range of 200-1200 nm (Premium-grade Bifurcated Fibers, Ocean Optics). The light source has continuous output in the range of 200-2500 nm using a combination of deep-UV Deuterium and Tungsten Halogen lamps (DH-mini, Ocean Optics). The UV-vis-NIR spectrometer is grating-based with detector array covering the wavelength range of 200-1100 nm with 1.1 nm spectral resolution (MAYA 2000 Pro, Ocean Optics). Rapid measurements were performed with 100 ms integration time and averaging of 10 spectra. The light spot size on the sample is circular with 1 mm diameter.
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 18 Fig. 1.8: Proposed optical measurement setup (a) schematically & (b) Physically.
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 19133110 Fig. 1.9: SCOUT multilayer simulator software program interface.
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 11 Fig. 1.11: (a) Schematic illustration of the XRD measurement concept. [61] (b) Typical

Fig. 1 .

 1 Fig. 1.12: (a) Schematic of three typical configurations of ZnO-NWs cross over a flat silicon substrate, illustrating the variety of configurations where NW density and length may be different, depending on the growth process. (b) Top-view SEM images of the corresponding three ZnO-NWs configurations.

  neff and deff as shown in Fig. 1.13 (a). The reflected light from this quasi-thin layer can be seen as reflection response from Fabry-Perot interferometer with interference pattern across the wavelength range due to constructive and destructive interference between light reflected from the top interface and multiple light reflected from the bottom interface as shown in Fig. 1.13 (a) and (b).

Fig. 1 .

 1 Fig. 1.13: (a) One-layer model for the NWs seen as quasi-thin film with uniform effective refractive index. (b) Typical SDAR reflectometry measurement for the three considered configurations in Fig. 1.12. (Curves are shifted above each other for better illustration)
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 1 Fig. 1.14: Two-layer model can be used for better representation of some NWs configurations as shown in the SEM picture.

2 and

 2 𝜀 𝑒𝑓𝑓 = 𝑛 𝑒𝑓𝑓 2 are the dielectric functions of ZnO and nanowire array, respectively. f is the ZnO/Air filling ratio, which is related to the ZnO/Air volume density -but not exactly equal to this density as f is more precisely defined in equation(1.19). Fitting is performed in the wavelength range of 500-1100 nm to not violate the validity of the assumption of representing the NWs as thin film because the smallest 29 NWs dimension is in the order of few tens of nanometers. The simplest model is the 1layer model, which can be enough in case of small NWs length as shown in Fig.1.16 (a). However, this model doesn't provide very accurate fitting with sub 27% error (MSE) but it may be still sufficient in case of length comparison measurement during growth as it catches the increasing length trend through the samples from S1 to S4. The 2-layer model gives more accurate results and provides nearly 7 times error reduction of the fitting as shown in Fig. 1.16 (b).In most of the cases, this 2-layer model is sufficient and gives sub 4% error in the fitting accuracy. For short NWs there is no need to use more layers as shown for S1 in Fig.1.16 (c), where the best fitting achieved with 0% ZnO/Air ratio in the 3 rd layer.For medium length NWs, adding 3 rd layer to the fitting model doesn't add significance improvement as shown for S2 and S3. However, it significantly reduces the error for longer NWs to reach MSE = 0.1% as shown for S4 in Fig.1.16 (c). Beside the length extraction, the models provide insight about the ZnO-NWs density through the neff values and profiles. As expected from the large contrast in the interference fringes in S2 and S3, both have higher average filling ratio of ZnO/Air f = 55.3% and 60%, respectively compared to f = 31.4% and 34% for S1 and S4. The models suggest also the existence of multilayers with different densities could be due to the crossing and merging between the different NWs during their growth as there is no control on them during the hydrothermal growth process. At the end, SDAR shown its efficiency to extract the NWs characteristics without a priori knowledge of the nanowire length and density.

Fig. 1 .

 1 Fig. 1.16: SDAR -Reflectometry measurement fitting with (a) 1-layer model with errors up to 26.3% (a) 2-layer model with errors up to 3.6 % and (c) 3-layer model with errors down to 0.1%. In each case, the values of layer thickness and filling ratio f are provided in the insets.

Fig. 1 .Fig. 1 .

 11 Fig. 1.17: (a) Measured absorption showing the different absorption levels (α) and the bandgap absorption cut off for different ZnO-NWs grown with different times of 1h, 2h and 4h. (b) corresponding plots of (αhν) 2 versus hν plots showing the difference in bandgap energy as a first indicator of crystallinity.

Fig. 1 . 19 :

 119 Fig. 1.19: Schematic of the measurement setup using integrating sphere.

Fig. 1 . 20 :

 120 Fig. 1.20: Measured spectra using integrating sphere showing the effect of the specular reflection on the reflected spectrum.

Fig. 2 .

 2 Fig.2.1 (a), a noticeable gradient in the ZnO NW length on different positions on the same sample was revealed. Such behavior was observed for all samples grown with different growth times ranging from 0.5 h up to 4 h. First, the samples were characterized using SE, leading to a significant shift in the measured SE spectra, while moving from the sample bottom edge towards the sample top as shown in Fig.2.1 (b). In order to elaborate more in our analysis, ZnO-NWs were considered as equivalent to a thinfilm, according to the effective medium approximation. A simple multilayer model was then built to fit the measured SE spectra illustrating the nanowire array growth. Second, SDAR was used to reveal similar gradient in case of longer NW lengths, with even

Fig. 2 . 2 :

 22 Fig. 2.2: Schematic illustration of the ZnO-NWs synthesis steps by hydrothermal growth.

Fig. 1 .

 1 Fig. 2.3: (a) SEM images of ZnO nanowires grown at (i) 60°C (top view), (ii) 70 °C, (iii) 80°C, and (iv) 90°C, respectively. Scale bar: 300 nm (b) SEM images of ZnO nan-owires synthesized at pH of 6.4 (i), 6.6 (ii), 6.8 (iii), 7.0 (iv), 7.2 (v), and 7.4 (vi), respectively. Scale bar: 500 nm.[START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF] 

Fig. 2 . 5 : 45 Fig. 2 . 6 :

 254526 Fig. 2.5: Cross-sectional SEM images (left) of sample PSi-800 and the three EMAbased model structures.[START_REF] Fodor | Spectroscopic ellipsometry of columnar porous Si thin films and Si nanowires[END_REF] 

2 . 1 .Fig. 2 . 7 :

 2127 Fig. 2.7: Ellipsometry measurements at different positions (bottom: blue, center: red & top: green) for different NWs samples with different growth times showing consistent shift behavior. (Curves are shifted above each other for better illustration)

Fig. 2 . 8 :

 28 Fig. 2.8: The gradient in the ZnO NW length on the same sample retrieved from best fits using (a) Ellipsometry 1-layer fitting model of 0.5 h sample. (b) Ellipsometry 3layer fitting model of 1 h sample. (tan(Ψ): Red and Cos(Δ): Blue).

Fig. 2 .Fig. 2 .

 22 Fig. 2.10: Top-view SEMs showing the inhomogeneity and gradient of the ZnO-NWs at different positions for NWs samples with 0.5 h and 1 h growth times.

Fig. 2 . 12 :

 212 Fig. 2.12: Series of side-view SEM images for 2 h sample illustrating the gradient in the NWs size across the sample from bottom {i} to Top {ix}.

Fig. 2 .

 2 Fig. 2.13: Measured NWs Length from SEM images across each of the 4 samples confirming the same trends observed using the optical methods. For comparison, the data shown as stars relate to extracted NWs lengths from the optical methods showing good agreement with the SEM results.
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57 CHAPTER 3 3 3 :

 5733 5 h and 1 h samples, while larger gradient is observed for longer growth NWs samples. Based on these observations, we deduced that not only the parameters considered in literature are affecting the NW growth, but also the sample position on the growth solution has an important influence as well. Last it should be pointed-out that both optical methods have an additional advantage as they also give a clear indication on the NW densitythrough effective refraction index-which is not easy to assess by simple observation of SEM images, the latter being accurate-enough only for assessment of NW lengths from crosssectional images. The proposed characterization methodology based on optical techniques and related fitting for data extraction is also expected to serve as the basis for further developments of growth processes targeting uniform properties of the NWs. Chapter Zinc-Oxide Nanowires in-situ Growth and devices show increased interest over conventionally sized system due to several advantages such as reduction of sample volume consumption, faster reaction in microscale, cost reduction due to batch processing, and allowing parallel experiments simultaneously[START_REF] Leiber | Nanoscale science and technology: building a big future from small things[END_REF]. These advantages drive the usage of microfluidics in different applications such as biology, chemistry and multidisciplinary applications[START_REF] Elveflow | A General Overview Of Microfluidics[END_REF]-[START_REF] Wang | Optofluidic Technology for Water Quality Monitoring[END_REF]. In the same time, nanostructures have unique physical and chemical properties driving the interest to be integrated as a part of the microfluidic

Fig. 3 . 1 :Fig. 3 .

 313 Fig.3.1: Microfluidic devices categories based on its physical phenomena.[START_REF] Francais | Lab on Chip: Microfluidics Basics[END_REF] 

Fig. 3 .

 3 Fig. 3.3: (a) Different stages of manufacturing a microfluidic photocatalytic reactor with the integration of ZnO-NWs, (b) Photo and (c) Diagram of a microfluidic cell withZnO-NWs.[START_REF] Habba | Étude des nanostructures de ZnO pour leur application dans l'environnement: détection de gaz et dépollution de l'eau[END_REF] 

Fig. 3 . 4 :

 34 Fig. 3.4: Schematic representation of device assembly and subsequent microfluidicgrowth of ZnO nanostructures inside microchannels.[START_REF] Mehare | Microfluidic spatial growth of vertically aligned ZnO nanostructures by soft lithography for antireflective patterning[END_REF] 

Fig. 3 . 5 :

 35 Fig. 3.5: Schematic of synthesis of ZnO nanowires in microfluidic channels. Scale bar: 200 μm.[START_REF] Guo | Enhanced fluorescence detection of proteins using ZnO nanowires integrated inside microfluidic chips[END_REF] 

Fig. 3 . 6 :Fig. 3 .

 363 Fig. 3.6: SEM images of globally synthesized ZnO nanowires with various seeding methods: (a) top and cross-sectional view of ZnO nanowires in microfluidic channels, (b) nanowires grown from texture seed and (c) nanowires grown from e-beam seed.[START_REF] Kim | Direct synthesis and integration of functional nanostructures in microfluidic devices[END_REF] 

Fig. 3 . 8 :

 38 Fig. 3.8: SEM images of ZnO nanowires grown in microfluidic channels at 90 °C in the solution without PEI for 0.5 h (a), 1 h (d) and 3 h (g), with 2.5 mM PEI for 0.5 h (b), 1 h (e) and 3 h (h) and with 5 mM for 0.5 h (c), 1 h (f) and 3 h (i). The insets are corresponding cross-sectional view of each growth condition (Scale bar = 2 μm). (j) Diameter variation of ZnO nanowires as a function of growth time for various concentration of PEI. (k) Length variation of ZnO nanowires as a function of growth time for variousconcentration of PEI.[START_REF] Guo | Enhanced fluorescence detection of proteins using ZnO nanowires integrated inside microfluidic chips[END_REF] 

Fig. 3 . 9 :

 39 Fig. 3.9: ZnO-NWs in-situ growth and monitoring setup (a) schematic, (b) physically.

Fig. 3 . 10 :

 310 Fig. 3.10: Illustrative schematics of the two proposed chambers: (a) Chamber with single inlet and outlet using gene frame. (b) Chamber with flow distribution tree molded with soft lithography.
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Fig. 3 . 11 :

 311 Fig. 3.11: Photography of the microfluidic growth chambers in size comparison with a coin.

Fig. 3 . 12 :

 312 Fig. 3.12: Photography of the microfluidic growth chambers after finishing the ZnO-NWs growth showing the non-uniformity of the growth.

Fig. 3 .Fig. 3 .Fig. 3 .Fig. 3 .

 3333 Fig. 3.13: SEM images of the grown ZnO-NWs in the large chamber in different positions with flow rate 2 mL/min and for 16-min (a) & (b) and 8-min (c) & (d) growth times.

Fig. 3 .Fig. 3 .

 33 Fig. 3.16: SEM images at different positions (a) & (b) of the grown ZnO-NWs in the small chamber with flow rate 2 mL/min and growth time of 16-min.

Fig. 3 . 18 :

 318 Fig. 3.18: SEM images of the grown NWs in (a) 15 x 16 mm 2 chamber & (b) 10 x 10 mm 2 chamber with flow rate 2 mL/min and growth time of 8-min.

Fig. 3 . 19 :

 319 Fig. 3.19: Representation of the fluid velocity where the red arrows represent the velocity of the fluid along the chamber; the length of the arrows is proportional to the velocity value. [136]

Fig. 3 . 21 :

 321 Fig. 3.21: Graphical rendering of COMSOL simulations for different chip designs: (a) flattened rhombus-shaped, (b) and (c) Different Diamond shapes, (d) Diamond shape optimized for homogenous hydrodynamic resistance, and (e) Final design. Each geometry was characterized by the calculation of: the mean velocity (scale of left figures,from blue: 0 mm/s to red: 3 mm/s, white: out of range), the flow direction (middle, direction of the velocity vector is represented by a small red arrow) and the mean velocity value along the width of the analysis area (right).[136] 

Fig. 3 .

 3 Fig. 3.22: (a) Flow velocity distributions for the non-biomimetic reactor (left) and the biomimetic reactor (right); The unit for the flow velocity is mm/s. (b) Pressure distributions for both the non-biomimetic reactor (left) and the biomimetic reactor (right);The unit for the pressure is Pa. Comparisons of the flow velocity (c) and the pressure distribution (d) along the X-axis inside the reaction chambers of both reactors.[START_REF] Liao | Biomimetic microchannels of planar reactors for optimized photocatalytic efficiency of water purification[END_REF] 

81 MATLAB

 81 code written to solve the equations and calculate the width of each subchannel is presented in the appendix. The right-hand side of equation (3.2) is well defined by the chosen value of the width of the mother channel and the n th level of the sub-channel for which we would like to calculate the width. The easiest way is to solve the equation graphically as shown in Fig.3.[START_REF] Chevalier-César | Growth mechanism studies of ZnO nanowire arrays via hydrothermal method[END_REF]. By drawing all the value of the left-hand side at all values of αn and equalizing the right and left sides of the equation, the value of αn is determined and correspondingly the value of the width of the sub-channel in level n. The same procedure is repeated to get the width of each level n of the subchannels. It should be recalled that those equations are valid only for constant depth bifurcating network.

Fig. 3 . 24 :

 324 Fig. 3.24: Graphical solution of equation (3.2) to calculate the value of αn to get the width of each sub-channel.

Fig. 3 .

 3 Fig. 3.25: COMSOL simulations for 5 mm x 5 mm chamber with single inlet. (a)&(b) Flow velocity distributions in (a) and the velocity profiles at different positions along the chamber as shown in the figure legend in (b). COMSOL simulations flow velocity

with 5 mm x 5 1 . 3 . 1 :

 5131 mm dimensions as shown in Fig. 3.25. Large non-uniformity in the flow can be seen in case of using only single inlet to supply the fluid to the wide chamber as shown in Fig. 3.25 (a) and (b). Better uniformity is achieved using the biomimetic flow distribution tree as shown from Fig. 3.25 (c) to (h). The three approaches of choosing the channel lengths were tested showing similar fluid flow velocity profiles as shown in Fig. 3.25 (c) to (h). All the dimensions of all the simulated designs are summarized in Table3.Table Summary of the simulated flow distribution tree dimensions. The channeldepth is 50 µm, the chamber size is 5 mm x 5 mm and with 4-level branching network.

Fig. 3 . 26 :

 326 Fig. 3.26: Wafer mask floor plan shows the placing of the 6 designs.

Fig. 3 . 27 :

 327 Fig. 3.27: Snapshots of the 6 designs layouts D1 to D6.

Fig. 3 . 28 :

 328 Fig. 3.28: Photography image of the silicon substrate with well-defined seedlayer areas suitable for D1 design.

87 spin

 87 Fig. 3.29: Photography image of the silicon substrate (a) with Teflon tape on the spin coater, (b) after removing the Teflon tube after the spin coating.

Fig. 3 . 30 :Fig. 3 . 31 :Fig. 3 .

 3303313 Fig.3.30: Illustrative schematics of the soft lithography steps.[START_REF] Elveflow | Microfluidics and microfluidic devices: a review[END_REF] 

Fig. 3 . 33 :

 333 Fig. 3.33: Photography image of the assembled chambers D1 and D2 in comparison to coin.

Fig. 3 .

 3 Fig. 3.34: (a) Measured UV-vis-NIR Spectrum. Top-view SEM image of the ZnO seeds in (b) 5 x 5 mm 2 chamber with 100 µL/min flow rate and 25-min growth time, (c) 10 x

Fig. 3 .Fig. 3 .Fig. 3 .

 333 Fig. 3.35: SEM image of the grown ZnO-NWs uniformly in the wide microchamber and the corresponding zoomed images to show the quality of the obtained NWs.

Fig. 3 .

 3 Fig. 3.38: Top-and cross-sectional side-view SEM images showing the effect of the growth time on the NWs growth where the flow rate was fixed to 1 mL/min. The growth times are: (a) 15-min, (b) 30-min and (c) 45-min.

Fig. 3 . 39 :

 339 Fig. 3.39: Comparison between the ZnO-NWs length (and growth rategiven by the slopes) achieved in microfluidics and conventional in macroscopic scale.

Fig. 3 .

 3 Fig. 3.40: Top-and cross-sectional side-view SEM images showing the effect of the flow rate on the NWs growth where the growth time was fixed to 30-min. The flow rates are: (a) 0.5 mL/min, (b) 1 mL/min and (c) 2 mL/min.

Fig. 3 . 41 :

 341 Fig. 3.41: Summary of the ZnO-NWs length and diameter versus flow rate.

  .42 (a). With further reduction of the flow rate, the growth of the NWs could be achievable as shown in Fig. 3.42 (b) for 0.25 mL/min with some residual microstructures on the top of the NWs. Much cleaner NWs without microstructures was achieved using 0.125 mL/min flow rate as shown in the top-view SEM in Fig. 3.42 (c) and the cross-sectional side-view in Fig. 3.42 (d). The best achieved ZnO-NWs grown in 60 µm depth chamber was by using 0.125 mL/min flow rate for 30-min growth where the measured length is 284 ± 22 nm and diameter is 32 ± 6 nm. In conclusion, to achieve good NWs with smaller microchannels thickness, the flow rate should be reduced significantly in order to keep the surface velocity and the pressure within acceptable val-Fig. 3.42: Top-view SEM images the ZnO-NWs grown with different flow rates: (a) 0.5 mL/min, (b) 0.25 mL/min and (c) 0.125 mL/min. (d) Side-view of the best achieved ZnO-NWs grown with 0.125 mL/min.

Fig. 3 .

 3 Fig. 3.45: (a) Online monitoring of the ZnO-NWs growth using UV-vis-NIR spectroscopy where the NWs length is retrieved making use of the interference pattern in vis-NIR range. (Curves are shifted above each other for better illustration) (b) Side-view SEM image of the monitored ZnO-NWs taken after finishing the growth.

  remote and real-time characterization, where the results were confirmed by SEM with excellent agreement. These achievements open the door for producing and studying even faster chemical reactions such as NWs growth or even water photocatalytic purification within microfluidic chambers while doing the corresponding real time moni-

Fig. 4 . 1 :

 41 Fig. 4.1: Field-flow fractionation channel cross-section. The separation field acts on fluid including mixed particles in a direction perpendicular to the primary channel flowcausing the particles separation into different categories.[START_REF] Minnella | Microfluidic cell separation and sorting: a short review[END_REF] 

Fig. 4 . 2 : 163 ]

 42163 Fig. 4.2: Mass-dependent particle separation driven by the gravitational force andbased on hydrodynamic amplification of sedimentation-driven particle separation.[START_REF] Huh | Gravity-driven microfluidic particle sorting device with hydrodynamic separation amplification[END_REF] 

Fig. 4 . 3 :

 43 Fig. 4.3: Microscale filter designs. (a) Weir-type filters size-exclude cellular components while allowing flow of smaller cells and molecules to pass through a planar slit. (b) Pillar-type filters are arrays of pillars which exclude cells larger than the spacing of the pillars. (c) Cross-flow filters are arranged perpendicular to primary channel flow to avoid problems associated with obstructed flow.[START_REF] Gossett | Label-free cell separation and sorting in microfluidic systems[END_REF] 

Fig. 4 . 4 :

 44 Fig. 4.4: Principle of hydrodynamic filtration. (a)-(c) Schematic diagrams showing particle behavior at a branch point; (a) the relative flow rates distributed into side channels are low, (b) medium, and (c) high. Broken lines show the virtual boundaries of the flows distributed into side and main channels. (d) Schematic diagram showing particle concentration and classification in a microchannel having multiple branchpoints and side channels.[START_REF] Yamada | Hydrodynamic filtration for on-chip particle concentration and classification utilizing microfluidics[END_REF] 

Fig. 4 . 5 :

 45 Fig. 4.5: Principle of PFF. (a) In the pinched segment, particles are aligned to one sidewall regardless of their sizes by controlling the flow rates from two inlets; (b) particles are separated according to their sizes by the spreading flow profile at the boundary of the pinched and the broadened segments. The liquid containing particles is darkcolored.[START_REF] Yamada | Pinched Flow Fractionation: Continuous Size Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel[END_REF] 

Fig. 4 . 6 ,Fig. 4 . 6 :

 4646 Fig. 4.6: Effect of the pinched segment width WP on separation performance.[START_REF] Yamada | Pinched Flow Fractionation: Continuous Size Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel[END_REF] 

Fig. 4 . 7 :Fig. 4 . 8 :

 4748 Fig. 4.7: Relation between the width of the particle-containing solution in the pinched segment and the particle position after separation in the broadened segment. (a) and (b) are the schematic diagrams of particle alignment in the pinched segment when the widths of the particle-containing solution were 6.7 and 40.3 µm, respectively. Particlecontaining solution is dark-colored.[START_REF] Yamada | Pinched Flow Fractionation: Continuous Size Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel[END_REF] 

Fig. 4 . 9 :

 49 Fig. 4.9: Separation performance when a microchannel with 60° boundary angle was used. The distance of two peaks became smaller compared to Fig. 4.6 (a). The effluent positions of particles were 891.6 ± 22.3 and 736.3 ± 16.6 µm, for small (15 µm in diameter) and large (30 µm in diameter) particles, respectively.[START_REF] Yamada | Pinched Flow Fractionation: Continuous Size Separation of Particles Utilizing a Laminar Flow Profile in a Pinched Microchannel[END_REF] 

  ordered array of obstacles (micropost array). The laminar flow together with interactions with the array, force the particles or cells into specific trajectories through the device. Particles with diameter below a critical diameter value (Dc) follow the streamlines through the array gaps with no net displacement from the original streamline as shown in Fig.4.10 (Zigzag mode). On the contrary, particles with a diameter larger than the Dc are displaced laterally to cross sequential streamlines with each row traveling at an angle predetermined by the post offset distance as shown in Fig.4.10 (Displacement mode). The critical particle diameter for fractionation depends on the gap between posts (G) and the offset of the posts (shift fraction (ε) which is related to the migration angle and is defined by equation (4.3) which will be discussed later in detail)

48
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Fig. 4 .

 4 Fig. 4.10: (a) Illustration showing the separation method. The periodic flow patterns,or streamlines, are highlighted in blue, green, and yellow; a small particle, green, is able to follow the fluid flow, while the large particle, red, is excluded from the leftmost streamline in each gap. This causes the large particle to move at an angle to the flow fluid and makes separation possible.[START_REF] Inglis | Efficient microfluidic particle separation arrays[END_REF] (b) Cell sorting by DLD. Large cells (depicted in blue) migrate away from the small cells (depicted in red) in the initial streamline due to the engineered size and spacing of the microposts in the microfluidic chan-

Fig. 4 .

 4 Fig. 4.11: (a) The orientation of flow lamina induced as a consequence of lateral row shifting in a device. (b) Position of fluid streamlines (P1, P2, P3…) between two pillars. (c) The normal motion of particles in a DLD; particles smaller than Dc (red) remain within the first streamline influenced by drag force (FDrag) and continue through the device in a zigzagged mode according to the path highlighted by the example lamina.

Fig. 4 .

 4 Fig. 4.12: Important parameters in the design of a DLD. This is called "Rhombic array", where rows are perpendicular to fluid flow. The displacement angle θ develops due to row shifting and particles larger than Dc are displaced according to this angle.

Fig. 4 .

 4 Fig. 4.13: A proposed design for sorting micro-plastic particles of different sizes based on DLD.
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Fig. 4 .

 4 Fig. 4.14: The proposed fluidic-optical setup for micro-plastics detection in water.

  The main chip size was[START_REF] Lu | p-Type ZnO nanowires: From synthesis to nanoenergy[END_REF] mm x 20 mm to fit with the other chips in the center of the wafer mask. This chip includes 4 designs from D1 to D4 where a snapshot of the layout is shown in Fig. 4.15 (a). The rest of the designs (D5 to D7) where placed in the side edge of the wafer mask with chip size 7.5 mm x 20 mm and a snapshot of the layout is shown in Fig. 4.15 (b).

Fig. 4 .

 4 Fig. 4.15: Snapshot of the PFF dies. (a) Version 1 which include D1 to D4. (a) Version 2 which include D5 to D7.

Fig. 4 .

 4 Fig. 4.16: Snapshot of the filter design showing the fluid flow direction.

Fig. 4 . 124 First, architecture 1 (Fig. 4 . 18 :

 41241418 Fig.4.17: Snapshot of the DLD chip layout including the 4 architectures from A1 to A4. Note that due to their small size, the pillars do not appear here inside the chambers.

Fig. 4 . 19 :Fig. 4 . 20 :

 419420 Fig. 4.19: Snapshots of the A3 design layout showing the (a) inlet zoomed part and (b) outlet zoomed section.

  . 4.21 (a). The second cycle is the passivation cycle, in which the sidewalls are protected from further etching in the next etching cycle using octafluorocyclobutane (C4F8) as shown in Fig. 4.21 (b). The C4F8 film is removed from the horizontal surfaces during the first part of the next etching step thanks to the SF5 + ions bombardment as shown in Fig. 4.21 (c). The etching progresses into the vertical direction with almost vertical walls as shown in Fig. 4.21 (d)and (e). However isotropic etching nature of SF6 leads to scalloping at side walls having rough surfaces. Such scallops can be optionally removed to enhance the surface quality.

Fig. 4 .

 4 Fig. 4.21: DRIE silicon etching using the Bosch process: (a) isotropic etch step, (b) passivation deposition, (c) removal of passivation layer, (d) etch step, and (e) resulting trench after repetition of steps (b)-(c)-(d).[START_REF] Kiihamaki | Fabrication of SOI Micromechanical Devices[END_REF] 

Fig. 4 . 22 :

 422 Fig. 4.22: Photography image of the whole fabricated wafer showing the PFF and DLD chips.
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  monitoring. SDAR has been demonstrated here on ZnO-NWs which are known to grow vertically in random forest fashion showing that our method is not limited to well-ordered NWs as the other methods proposed in literature. The NWs array was considered as multilayer thin films with corresponding thickness and effective refractive index corresponding to the ZnO to air ratio, which are used respectively, to extract both the average nanowire length and the local surface density of nanowires. The process for fast extraction of the NWs thickness and filling ratio values makes use of the interference pattern contrast and the spectral periodicity in the reflection spectral response attributed to the specular reflection portion of the reflected light. The presented multilayer models

Figure 1 :

 1 Figure 1: (a) Les nanofils considérés comme une couches mince ou un ensemble multicouches (ici 2 couches dans l'exemple de l'illustration) avec un indice de réfraction effectif uniforme où le modèle peut être utilisé comme une bonne représentation de

Figure 2 .Figure 2 :Figure 3 :

 223 Figure 2: (a) Absorption mesurée montrant les différents niveaux d'absorption (α) coupure du spectre d'absorption en limite de bande interdite pour différents types de nanofils de ZnO élaborés avec des temps de croissance différents, de 1h, 2h et 4h. (b) Mesure par XRD pour les 3 échantillons, confirmant à travers les intensités des pics, qu'une meilleure cristallinité est obtenue pour les nanofils dont la longueur d'onde de coupure est la plus élevée, dans ce cas, les échantillons à partir de 2h temps de croissance.

Figure 4 .

 4 Figure 4.

Figure 4 :

 4 Figure 4: Longueurs des nanofils mesurées des à partir d'images SEM sur chacun des 4 échantillons confirmant les mêmes tendances observées à l'aide des méthodes optiques. À titre de comparaison, les données présentées sous forme d'étoiles se rapportent à des longueurs de nanofils extraites au moyen des méthodes optiques SE ou SDAR, montrant un bon accord avec les résultats obtenus par SEM.

Figure 5 :Figure 6 :Figure 7 :

 567 Figure 5: Dispositif expérimental de croissance in-situ de nanofils par méthode dynamique dans un réacteur microfluidique avec suivi de la croissance par l'intégration de la méthode de caractérisation optique SDAR.

  forme et la couleur de chaque micro-particule (accessible par simple imagerie microscopiquesuivie le cas échéant par u traitement d'image), nous avons choisi de focaliser nos efforts sur la détermination de la nature chimique des microplastiques. A cet effet, nous visons le recours à des méthodes de spectroscopie optique, qui permettent non seulement d'effectuer une telle identification du matériau par sa signature spectrale caractéristique, mais aussi de pouvoir effectuer une telle analyse au sein de la puce. A cet effet, les méthodes optiques ont déjà prouvé leur potentiel pour des meures sans contact et relativement simples à mettre en oeuvre. Pour la première étape, les méthodes dites de 'fractionnement du débit pincé' (PFF) et du 'déplacement latéral déterministe' (DLD) ont été utilisées pour effectuer le tri. Pour la seconde étape, la spectroscopie ou le traitement d'image peuvent être utilisés comme méthodes d'identification. Différentes architectures microfluidiques, basées sur la combinaison des techniques susmentionnées ont été conçues et réalisées. La réalisation des dispositifs microfluidiques a nécessité cette fois de recourir à des techniques de micro-usinage plus avancées que celles décrites dans le chapitre précédent. Nous avons en effet utilisé la gravure ionique réactive profonde (Deep Reactive Ion Etching -DRIE) qui permet de réaliser des motifs usinés sur silicium, de l'ordre du micromètre de dimensions latérales et avec une profondeur pouvant atteindre la centaine de microns. Par exemple, la disposition de la puce microfluidique réalisée sur la base du concept DLD est présentée dans la Figure 8, qui montre quatre architectures différentes avec des images SEM montrant les détails de certaines parties de la puce fabriquée. Enfin, la caractérisation des différents dispositifs micro-opto-fluidiques ainsi conçus et réalisés ne représente pas seulement une perspective à cette thèse, puisuq'une nouvelle thèse a été démarée pour poursuivre ce travail et le développer davantage. 162

Figure 8 :

 8 Figure 8: Illustration d'architectures de puces microfluidiques conçues pour réaliser de façon passive, le tri de micro-particules plastiques. Dans cet exemple, le tri est basé sur la technique de séparation DLD. Les images SEM montrent des détails de motifs micrométriques au sein de la puce fabriquée par DRIE.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 1: Length of ZnO-NWs determined with the SDAR Method compared with values obtained from SEM images.

Table 2 .

 2 1: Summary of the NW length of all samples extracted using the optical methods showing the gradient from top to bottom.

Table 2 .

 2 2: Summary of the NWs density of all samples extracted from the top-view SEM images showing the gradient from top to bottom.

Table 3 .

 3 1: Summary of the simulated flow distribution tree dimensions. The channel depth is 50 µm, the chamber size is 5 mm x 5 mm and with 4-level branching network.

Table 3 .

 3 

2: Summary of the parameters of the proposed designs.

Table 3 .

 3 

3: Summary of the measured ZnO-NWs length and diameter achieved at different growth times. The flow rate was fixed to 1 mL/min.

Table 3 .

 3 

4: Retrieved NWs length from the UV-vis-NIR using SDAR technique at different time points during the growth along with the final measured length using SEM after finishing the growth.

Table 4 .

 4 

1: Summary of the parameters of the proposed designs from D1 to D7.

Table 4 . 2 :

 42 Summary of the parameters of the proposed designs.
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  1) Proposing for the first time spectral domain attenuated reflectometry (SDAR) as a new technique for fast characterization of nanomaterials growth. SDAR technique is a simple, cheap and non-invasive characterization method which is demonstrated

here on the ZnO-NWs. ZnO-NWs are known to grow vertically in random forest fashion showing that SDAR is not limited to well-ordered NWs as the other methods proposed in literature. We show how SDAR can provide, based on a single measured spectrum, simultaneous information on nanowire length, and nanowire densitythrough Nanowire/Air filling ratio, as well as ZnO crystalline qualitythrough bandgap. Additional advantage in SDAR is the ability to characterize NWs

  𝑛 𝑖 cos(𝜃 𝑖 ) -𝑛 𝑡 cos(𝜃 𝑡 ) 𝑛 𝑖 cos(𝜃 𝑖 ) + 𝑛 𝑡 cos(𝜃 𝑡 )

			(1.3)
	𝑡 𝑠 =	𝑛 𝑖 cos(𝜃 𝑖 ) + 𝑛 𝑡 cos(𝜃 𝑡 ) 2𝑛 𝑖 cos(𝜃 𝑖 )	(1.4)
	𝑟 𝑝 =	𝑛 𝑖 cos(𝜃 𝑡 ) + 𝑛 𝑡 cos(𝜃 𝑖 ) 𝑛 𝑖 cos(𝜃 𝑡 ) -𝑛 𝑡 cos(𝜃 𝑖 )	(1.5)
	𝑡 𝑝 =	𝑛 𝑖 cos(𝜃 𝑡 ) + 𝑛 𝑡 cos(𝜃 𝑖 ) 2𝑛 𝑖 cos(𝜃 𝑖 )	(1.6)

Table 1 . 1 :

 11 Length of ZnO-NWs determined with the SDAR Method compared with values obtained from SEM images.

	SEM	SDAR	SDAR	SDAR
	(reference length)	(1-layer model)	(2-layer model)	(3-layer model)
	S1 525 ± 30 nm	484 nm	477 nm	477 nm
	S2 669 ± 31 nm	712 nm	649 nm	649 nm
	S3 753 ± 46 nm	831 nm	718 nm	751 nm
	S4 885 ± 27 nm	972 nm	967 nm	859 nm

Extraction of NWs length and density is based on fitting the measured response with simulated response of single or multilayer films. The fitting quality is measured by calculating the mean square error (𝑀𝑆𝐸 = ( 𝐹 𝜆 𝑖 -𝑀 𝜆 𝑖 𝑀 𝜆 𝑖

Table 2
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.1, in which one can see graded non-homogeneities from top to bottom, ranging from 12% up to 43%, which are Fig. 2.9: Reflectometry measurements at different positions in (a) 2 h (b) 4 h growth time samples showing the gradient in the ZnO-NWs length across the same sample from bottom to top. (Curves are shifted above each other for better illustration)

Table 2.1: Summary of the NW length of all samples extracted using the optical methods showing the gradient from top to bottom.

Table 2 . 2 :

 22 Summary of the NWs density of all samples extracted from the top-view SEMimages showing the gradient from top to bottom.

				Growth time	
			0.5 h	1 h	2 h	4 h
		Top	68	47	38	34
	NW density (NW/µm 2 )	Center	64	45	26	31
		Bottom	61	42	19	28

Table 3 . 2 :

 32 Summary of the parameters of the proposed designs.

		D1	D2	D3	D4	D5	D6
	Chamber Size						
		5 x 5	10 x 10 10 x 10	5 x 5	5 x 5	5 x 5
	(mm x mm)						
	Optimized channel depth (µm)	50	50	50	50	75	25
	Branching levels	4	4	5	3	4	4
	(Dead Zone/L)						
		1/20	1/20	1/40	1/10	1/20	1/20
	ratio						
	Total Length (mm)	14.7	19.7	20.6	13.7	17.7	11.4

Table 3 . 3

 33 confined microfluidic environment, which accelerates the chemical reaction along with the continuous chemical refreshment. Comparison between the achieved ZnO-NWs length in-situ microfluidic environment and in macroscale is presented graphically in Fig.3.39. Same NWs length can be achieved 4-times faster in this specific microfluidics environment.

	Growth Time	15-min	30-min	45-min
	NWs Length	203 ± 24 nm 433 ± 43 nm 614 ± 40 nm
	NWs Diameter	27 ± 7 nm	36 ± 6 nm	40 ± 6 nm
	Quite long NWs could be achieved in-situ in less than 1 hour of growth which
	is not achievable in macroscale conventional hydrothermal growth. This was achieved

: Summary of the measured ZnO-NWs length and diameter achieved at different growth times. The flow rate was fixed to 1 mL/min.

Table 4 . 1 :

 41 Summary of the parameters of the proposed designs from D1 to D7.

		D1	D2	D3	D4	D5	D6	D7
	Particle							
	Separation Size	10➔100 0➔10 0➔10 0➔10 0➔20 0➔20 0➔40
	(μm)							
	Separation Step (μm)	10	2	2	2	4	4	8
	W P (μm)	200	60	30	15	120	60	120
	W B (μm)	14000	6000	3000	1500	6000	3000	3000
	L P (μm)	400	120	60	30	480	240	240
	L B (μm)	3750	2500	2500	2500	2500	2500	2500
	Φ	180º	180º	180º	180º	180º	180º	180º
	Separation							
	Channel Width	300	90	90	90	90	90	90
	(μm)							
	Separation							
	Channel Wall	50	10	10	10	10	10	10
	(μm)							
	Filter Spacing (μm)	8	3	3	3	3	3	3
	Filter Post Diameter (μm)	30	14	14	14	14	14	14

Table 4 . 2 :

 42 Summary of the parameters of the proposed designs.

		D1	D2	D3	Note
	D c (μm)	3.5	7	45	
	ε	0.04	0.04	0.11	
	θ	2.29	2.29	6.34	
	N	25	25	9	
	G (μm)	12	24	100	
	PD (μm)	15	30	125	
	X (μm)	27	54	225	
	ΔX (μm)	1.08	2.16	25	
	N-cycles	21	11	6	Number of repeated periods
	Tot-Sh (μm)	567	594	1312	Total particle shift
	L (μm)	14148 14796 11925	Center of 1	st	row to last
	Tot-L (μm)	17970 18445 17960	Total device length
	Tot-W (μm)	1495	1533	4799	Total device width

  Outre cette première partie de l'étude relative à la longueur, des nanofils de différentes densités surfaciques (f = 30% à 60%) ont été également caractérisés, montrant la capacité d'extraire le neff -et donc la densité de nanofils, sans aucune connaissance a priori, notamment sans avoir besoin d'effectuer un étalonnage préalable, contrairement aux autres rares techniques qu'on peut trouver dans la littérature.En outre, la méthode proposée fournit des informations quantitatives sur la cristallinité des nanofils, information obtenue grâce à la longueur d'onde de coupure de l'absorption du matériau, qui est représentative du gap de la bande d'interdite du matériau. Cette longueur d'onde de coupure est déduite aisément du spetre de reflection diffuse mesuré en même temps que la réflectance spéculaire. L'augmentation de la valeur de la longueur d'onde de coupure correspond à une meilleure qualité cristalline des nanofils de ZnO. Nos résultats ainsi obtenus que la qualité cristalline ont été confirmés en utilisant la diffraction à rayons X (XRD), prise comme méthode de référence, comme indiqué sur la

	ment 1,2%. Pour des nanofils plus longs, ce modèle à 1 couche n'est pas suffisant car
	il se traduit par une erreur de 27%. Un modèle à deux couches donne une bien meilleure
	estimation et s'avère suffisant dans la plupart des cas, avec moins de 4% d'erreur sur la
	longueur des nanofils; cependant, pour les nanofils les plus longs, un modèle à 3
	couches peut s'avérer utile si l'on souhaite une erreur moindre. Nous avons en effet
	l'erreur la plus basse, de 0,1% avec un tel moèle à 3 couches.

certaines configurations des nanofils. On s'appuie ici sur l'image SEM qui nous conforte dans la pertinance d'un modèle à deux couches dans ce cas précis. (b) Mesure typique de réflectométrie SDAR pour les trois configurations considérées C1, C2 et C3, illustrées graphiquement, correspondant à des nanofils de différentes hauteurs et différentes densités surfaciques.

Les modèles multicouches présentés ont montré un bon accord avec les mesures effectuées à l'aide de la microscopie électronique à balayage (MEB ou SEM) prise comme méthode de référence. Pour la mise en oeuvre de l'approche proposée, nous avons recourru au formalisme des matrices de transfert (TMM) et considérons les nanofils comme des couches minces stratifiées. Pour chacune de ces couches, l'indice de réfaction effectif a été décrit selon le modèle de Bruggeman. Des nanofils de différentes longueurs, allant de 450 nm jusqu'à 860 nm ont été caractérisés, montrant qu'un modèle à 1 couche est suffisant pour les nanofils de petite longueur, avec une erreur de seule-

Table 1 :

 1 Longueurs des nanofils de ZnO tout au long du processus de croissance in situ, obtenues au moyen de la technique de SDAR. La longueur finale est ensuite comparée à celle obtenue postérieurement par microscopie SEM.

	Temps (min)	0 6	12	18	24	30	Valeur obtenue par SEM (Après la croissance)
	Longueur des nanofils						
	lors de la croissance	-	-302 380 425 452	472 ± 30
	(nm)						
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APPENDIX A

Cross-sectional view SEM images

The side view SEM image of 0.5 h, 1 h and 4 h samples are presented in the following figures respectively. 

Fig. B.1: Flow behavior in relation with the Reynolds number. [133]

To characterize the fluidic behavior in channels, such as laminar or turbulent flow, the Reynolds number is conventionally defined as the ratio of inertial forces to viscous forces as given by [START_REF] Oh | Design of pressure-driven microfluidic networks using electric circuit analogy[END_REF]:

where ρ is the fluid density, η is the viscosity, V is characteristic velocity, U is the areaaveraged velocity, D is channel characteristic length and DH is the hydraulic diameter of the channel. The hydraulic diameter is a computed value that depends on the channel's cross-sectional geometry. In general, for non-circular channels, the channel radius R can be replaced by the hydraulic radius (rH) or diameter DH = 2rH where the hydraulic radius of the channel is a geometric constant and defined as rH = 2A/P, where A is the cross-sectional area of the channel and P is the wetted perimeter. If the channel crosssection is circular, the hydraulic radius is equal to the channel radius: rH = R. It is well known that laminar flow occurs at low Reynolds numbers (Re < 2300 for the straight and smooth channel), where viscous forces are dominant.

In fluid mechanics, the Hagen-Poiseuille equation is a physical law that explains the hydraulic behavior of pressure-driven flow through a circular channel [START_REF] Munson | Fundamentals of Fluid Mechanics 6th edn[END_REF].

Analogously, Ohm's law in electric circuit analysis describes the voltage drop and the Appendix 142 electric current in a resistive conductor [START_REF] Hayt | Engineering Circuit Analysis 8th edn[END_REF]. There is a well-known hydraulic-electric circuit analogy which is useful for easier manipulation of microfluidics circuit. This analogy can be found in many textbooks [START_REF] Meng | Biomedical Microsystems[END_REF]- [START_REF] Zimmerman | Microfluidics: History, Theory and Applications[END_REF] and summarized in this useful review by Oh et al. [START_REF] Oh | Design of pressure-driven microfluidic networks using electric circuit analogy[END_REF]. The key assumption of the analogy is that the flow is laminar, 

Abstract

Water scarcity and water quality are among the major issues facing the human being. In the context of global warming, industrial era, intensive agriculture and booming urbanization, one face an increase of pollution in various forms. Water pollution is a leading cause of premature death. This trend raises the need for novel approaches for water purification and for water quality control. This thesis aims contributing to both aspects taking advantage of Micro-and Nanotechnologies. In the first part of the thesis, we made a fundamental study on Zinc-Oxide nanowires (ZnO-NWs), which is known as a photocatalysis material suitable for water purification. The use of this material at large scale requires appropriate approaches for manufacturing and also for characterization. We propose for the first time, spectral domain attenuated reflectometry (SDAR) as fast, cheap and noninvasive optical method of nanomaterial growth characterization. The method is demonstrated here for ZnO-NWs which are grown vertically in random forest fashion showing that it is not limited to well-ordered NWs. We show how SDAR can provide, on the basis of a single measured spectrum, simultaneous information on nanowire length, nanowire density, and crystalline quality. We used SDAR along with spectroscopic ellipsometry, while scanning over coated surfaces, to unveil the non-uniformities and gradients of morphological properties, that may affect large scale development of devices based on such NWs. Afterwards, we explored the added value of using microfluidic methods. On one hand, micro-scale chambers were proven to allow faster in situ growth and in the same time, to study the kinetics of such growth within a confined environment. On the other hand, such approach enabled real-time optical monitoring of the in-situ growth of such NWs. Finally, in the second part of the thesis, we propose a prospective study on the use of Micro-Opto-Fluidic devices for the measurement and analysis of micro-plastics in water which had been recently identified as one of the most dangerous polluting materials not only in sea water but also in industrial drinking water.

Résumé

La rareté de l'eau et la qualité de l'eau constituent un problème majeur auquel est confronté l'humanité. Le contexte du réchauffement climatique, de l'ère industrielle, de l'agriculture intensive et de l'urbanisation galopante se traduit par une pollution croissante sous différentes formes. La pollution de l'eau constitue l'une des principales causes de décès prématurés. Cette tendance soulève la nécessité de nouvelles approches pour la purification de l'eau et pour le contrôle de la qualité de l'eau. Cette thèse vise à contribuer aux deux aspects en tirant parti des micro-et nanotechnologies. Dans la première partie de la thèse, nous avons fait une étude fondamentale sur les nanofils d'oxyde de zinc (ZnO-NWs), matériau connu comme excellent photo-catalyseur pour la purification de l'eau. L'utilisation de ce matériau à grande échelle nécessite des approches appropriées aussi bien pour la fabrication que pour la caractérisation. Nous proposons pour la première fois, la réflectométrie atténuée en domaine spectral (SDAR) comme méthode optique rapide, bas coût et non-invasive pour la caractérisation et le contrôle de la croissance des nanomatériaux. La méthode est démontrée ici pour des nanofils de ZnO verticaux aléatoires montrant que cette méthode n'est pas limitée aux nanofils bien ordonnés. Nous montrons comment SDAR peut fournir, sur la base d'un seul spectre optique, des informations simultanées sur la longueur, la densité des nanofils et leur qualité cristalline. Nous avons utilisé SDAR avec l'ellipsométrie spectroscopique, en balayant la surface du matériau, pour dévoiler la non-uniformité morphologique, qui peut affecter le développement à grande échelle des dispositifs à base de nanofils. Par la suite, nous avons exploré la valeur ajoutée de la microfluidique. D'une part, il a été prouvé que des réacteurs micro-fluidiques permettent une croissance in situ et de surcroit, plus rapide des nanofils. Par ailleurs, ils constituent une excellente plateforme pour l'étude de la cinétique de croissance dans un environnement confiné. A cet effet, nous avons mis au point une technique optique de suivi en temps réel de la croissance in situ de ces nanofils. Enfin, dans la deuxième partie de la thèse, nous proposons une étude prospective sur l'utilisation de dispositifs micro-opto-fluidiques pour l'analyse des micro-plastiques dans l'eau, identifiés récemment parmi les matériaux polluants les plus impactant sur l'environnement, que l'on trouve non seulement dans l'eau de mer mais aussi dans l'eau en bouteille.