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Finally, I thank warmly my family; my parents, my sister and my brother, for being here in every step of my life and Pierre, who is by my side every day, for everything. v R ÉSUM É DE LA TH ÈSE EN FRANC ¸AIS Cette thèse décrit le design, la simulation et la fabrication d'une matrice 4x4 de micromiroirs actionnée verticalement et munie d'un capteur de position. Le microscanneur vertical a pour vocation d'être intégré au sein d'un micro-interféromètre de Mirau de type matriciel, réalisé à base de composants micro-optiques fabriqués grâce à des méthodes collectives. Le mouvement du microscanneur génère un signal de référence utilisé pour l'implémentation de l'interférométrie à modulation de phase dans un système de tomographie par cohérence optique (OCT).

La thèse s'inscrit dans le cadre du projet européen FP7 nommé VIAMOS. Sept partenaires européen ont travaillé en collaboration pendant trois ans et mis en commun leurs expertises respectives afin de réaliser un système OCT basé sur un interféromètre de Mirau de type matriciel et intégré verticalement.

De nouveaux systèmes d'imagerie adaptés pour la détection précoce des cancers de la peau sont nécessaires pour répondre aux besoins spécifiques imposés par cette application. En particulier, la profondeur d'imagerie et la résolution sont deux caractéristiques fondamentales. En effet, le diagnostic du cancer de la peau nécessite une profondeur de pénétration d'au moins 500 µm afin de visualiser les tissus jusqu'à la jonction dermo-épidermique. De plus, une résolution autour de 6 µm est nécessaire pour visualiser les cellules de la peau. La technique OCT a l'avantage de répondre à ces deux critères contrairement à d'autres systèmes d'imagerie qui en privilégient un au détriment de l'autre. Enfin, les systèmes OCT existent mais sont très couteux et encombrants ce qui limite leurs accès pour de nombreux h ôpitaux. Ainsi, la miniaturisation du système est une solution à ces deux problèmes et est la base de la problématique de cette thèse. À partir des spécifications données ci-dessus, le design du système OCT basé sur le micro-interféromètre de Mirau est présenté. Le système est un OCT plein champ à source à balayage en longueur d'onde. Cette méthode est basée sur l'acquisition de l'interférogramme spectral (intensité du signal interférométrique en fonction des longueurs d'ondes balayées) auquel on applique ensuite une transformée de Fourier afin de retrouver l'interférogramme spatial (intensité du signal en fonction de la profondeur dans le tissu analysé). De plus, en plein champ, un champ de vue est imagé La dernière partie de cette thèse montre l'intégration du microscanneur vertical avec un doublé de microlentilles et une lame séparatrice grâce à des soudures anodiques réalisées xii à l'échelle du wafer. Une fois tous les wafers assemblés, d'une épaisseur d'environ 5 mm, il est nécessaire de découper l'ensemble pour obtenir les micro-interféromètres de Mirau individuels. Cependant, les structures à découper ne sont pas complètement hermétiques à cause de tranchées d'isolation nécessaires pour isoler électriquement les actionneurs et les capteurs entre eux. Ainsi, la méthode de découpe à la scie, qui est classiquement utilisée, n'est pas adaptée puisqu'elle nécessite l'utilisation d'un liquide de refroidissement qui pénètre alors dans la cavité du micro-interféromètre de Mirau.

Ainsi, la méthode de découpe par laser a été utilisé. Suite à cette découpe, les contacts électriques sont très endommagés car salis par la poussière générée par la découpe. Un nettoyage humide est donc nécessaire. Or, pour les mêmes raisons que celles évoquées ci-avant, l'utilisation de liquide n'est pas possible. Pour y remédier, les tranchées sont alors manuellement remplies unes à unes avec de la colle. Cette méthode est concluante mais reste longue et peu pratique. Ces procédures ont été réalisées par un des partenaires du projet, l'Institut Fraunhofer (ENAS) à Chemnitz. Figure 6 

GENERAL INTRODUCTION

Skin cancer is the most commonly diagnosed type of cancer. Its early diagnosis is critical as it guarantees a more effective treatment. However, the diagnostic tools are limited and the visual examination of the skin followed by a traditional biopsy is still today the reference technique. Nevertheless, biopsy suffers from several drawbacks, such as a long diagnosis time and invasiveness, which is not only affecting the patient but also prevents the follow-up of the diseases. Consequently, non-invasive imaging methods have been developed, including ultrasounds, tomography techniques or confocal imaging. However, the imaging performances of these techniques are limited either by not sufficient resolutions to resolve the morphology of individual cells or by small penetration depths.

Optical Coherence Tomography (OCT) is a recent non-invasive imaging technique based on low coherence interferometry. The resolution can reach 3 µm and the skin penetration depth may reach 1 mm which is enough to image until the dermo-epidermal junction where most developed cutaneous lesions take place. Existing OCT systems allow a fast and non-invasive 3-D reconstruction of tissue morphology. In particular, Fourier domain OCT (FD-OCT) has been recently studied to provide faster and more sensitive imaging. Moreover, the implementation of the phase shifting interferometry (PSI) technique with "active" micro-interferometer allows to further improve the sensitivity and to remove some drawbacks of the FD-OCT technique, such as the presence of artefacts in tomography images. Nevertheless, the commercial systems are bulky, expensive, and hence not sufficiently employed by physicians and dermatologists. The ability to reduce the size of OCT systems, providing a hand-held, low cost and fast OCT devices, is a technological challenge. The miniaturisation of such device is the main motivation for this thesis work.

During my thesis, I have been working in the framework of a European project, called VIAMOS (Vertically Integrated Array-type Mirau-based Oct System), which aims at developing a full-field array-type miniaturised swept-source OCT system. To meet this objective, seven European partners have been working in collaboration during three years to bring together their expertise in different fields (MOEMS, micro-assembly techniques CONTENTS optical design, camera fabrication, industrial production,...). The targeted system is a swept-source OCT system which is a type of FD-OCT. It is designed as a full-field arraytype optical system in order to spatially multiplex the acquisition, to obtain a fast system while imaging a large field-of-view. The latter is important for the targeted application which implies skin lesions as large as few mm 2 . In this thesis, the miniaturisation of the micro-interferometer and in particular the reference micromirror scanner, used for the implementation of PSI, will be developed.

The vertical microscanner, used as a phase-shifter, is a micro-opto-electromechanical system (MOEMS) which involves an actuation and a position sensing system to move an array of reference micromirrors. PSI techniques are particularly efficient to remove disturbing interferometric terms specific to Fourier Domain OCT, such as the mirror term, the DC term and the auto-correlation term. Then, this technique leads to an increase of the signal dynamic. The microscanner is a part of a Mirau micro-interferometer which is integrated vertically, at wafer-level, with microfabricated glass lenses, a spacer and a planar beam splitter. The objectives of this thesis is to design, simulate and fabricate a MOEMS device adapted to the vertical architecture of the Mirau microinterferometer, taking into account the optical design but also the assembly processes used for the integration of Mirau microinterferometer. In particular, the design of the vertical microscanner must take into account the optical specifications and the technological limitations. Based on these considerations, two microscanner designs are considered. Their main difference is the way the array of micromirrors is held to let an optical aperture around them. This last point is specific to the Mirau configuration and is critical in this thesis. Finally, electrostatic vertical comb finger are used for both the actuation and the sensing function.

This manuscript is structured in five chapters.

Chapter 1 introduces the framework of this thesis, presenting the motivations to develop such a system as well as introducing the optical coherence tomography techniques and examples of miniaturized systems in the literature. Firstly, the current status of skin cancer and the lack of adapted imaging systems are exposed to show the need for the development of a miniature OCT system to lower its cost and encourage its spreading for the dermatological applications. Then, the theory of the different versions of the OCT technique (time domain and fourier domain OCT) is presented. Finally, examples of miniaturized systems are described and a new solution of miniaturisation for micro-interferometers is shown.

Chapter 2 aims to present the basic principles and the state of the art of vertical microscanners. Piezoelectric, thermal, magnetic and electrostatic actuation principles are detailed and examples from the literature are given to illustrate the theory. According to this analysis, electrostatic actuation is chosen for both the actuation and the sensing technologies. Then, this actuation principle is considered in details and the different possible designs are analysed in terms of limitations and technological realization.

Then, Chapter 3 focusses on the design and the simulations of the vertical microscanner.

Two designs are presented, one based on the integration of glass support to held the micromirrors and another based on silicon suspensions for the same purpose. The two designs are simulated in terms of mechanical behaviour and the electrostatic actuation capability is also investigated. Finally, an optical simulation is performed to study the impact of the suspensions around the micromirrors on the optical quality of the system.

In the fourth chapter, the fabrication of the two designs presented in Ch. Finally, the vertical microscanner chips are characterized in terms of optical quality of the micromirrors, the dynamic and static actuation and the position sensing (Chapter 5). The integration of the vertical microscanner within the micro-interferometer is also discussed and a second characterization run is realized. 

SYSTEM

This chapter describes the framework and the needs that justified this work. The targeted application of the developed device, a high resolution imaging system, is the diagnostic of skin pathologies, in particular, skin cancer. The system design has been strictly constrained by this application. Therefore, the multi-disciplinary interactions between dermatologists and researchers have been the key for the development of a device that meets the specific requirements of skin imaging. To better understand the motivations, the needs of dermatologists in skin imaging are described below. In particular, the potential of OCT systems is shown and compared to other existing imaging technologies.

Moreover, the challenges faced for the miniaturization of OCT systems are presented.

This description also contributes to define strategies and solutions for the fabrication of a miniature and low cost system using micromachining technologies. There are two main types of skin cancers: non-melanoma (NMSC) and melanoma (MSC) skin cancers.

NMSC are characterized by a slow superficial evolution in the epidermis. They can be classified in two main types: basal cell carcinoma (BCC), concerning cells at the bottom of the epidermis, and squamous cell carcinoma (SCC) concerning cells at the top of the epidermis. Both forms are highly treatable and survival rates are relatively high. However, because it often occurs in areas easily exposed to the sunlight, i.e.

around the neck and the face, it can be disfiguring. Moreover, dermatologists usually prefer to remove a large area around the tumor, whose borders are difficult to localize without appropriate imaging tools. Still, an efficient treatment is possible when an early diagnosis is performed. The risk of developing NMSC increases at lower latitude and with age, and is predominantly linked to a cumulative proportion of sun exposure and to the skin phototype. Basal cell carcinoma represents 70% of the skin cancer. It expands superficially (depth < 500 µm) and rarely metastasises unlike SCC. Consequently, it is usually not life-threatening whereas SCC can lead to death. The ability to diagnose NMSC during its early stages is essential to limit the affected area and then avoid large scares.

Melanoma skin cancers (MSC) are characterized by a transformation of the melanocytes, the cells that are responsible for the skin pigment, and can spread to other organs of the human body. Malignant melanoma is the most serious type of cancer (responsible for 75% of death related to skin cancer) but it is also the less common. MSC is characterized by a prolonged horizontal growth phase, during which the tumor grows within the epidermis but does not spread to the underlying dermis. During the second phase, the tumor expands vertically reaching the dermis and eventually can metastasise. Therefore, it is critical to detect MSC before the vertical growth phase. Although a majority of cutaneous melanomas can be recognized with naked eyes, some lesions that were previously regarded as benign might, thanks to a more careful inspection, be reconsidered as melanomas. Physicians specialized in the evaluation of pigmented lesions have a sensitivity for diagnosing of approximately 80 % and a diagnosis accuracy of 65% [1]. In addition, when it is based on ABCDE criteria 1 , lesions that physicians choose to survey are often the visually worse-looking (at skin surface). However, the surface of the lesion is only the top of an iceberg whose bottom is hidden under the skin surface. A screening technique, resolved in depth, would allow a follow-up of a larger number of lesions, including better-looking ones that nevertheless might prove to be more dangerous when depth imaging is performed. 1 ABCDE criteria stands for Asymmetry, Border, Colour, Diameter, Evolving which are the main characteristics that enable the differentiation between benign and malignant cutaneous lesions.

1.1.1.2/ FACTS AND FIGURES

According to the World Health Organisation (WHO), one in every three cancers diagnosed is a skin cancer which makes it the most common of all cancers. Between 2 and 3 million non-melanoma and 132,000 melanoma skin cancers occur each year.

A project, named Globocan, supported by the International Agency for Research on Cancer, estimates the "incidence of, mortality and prevalence from major types of cancer, at national level, for 184 countries of the world" [globocan web site]. The figures of incidence and mortality due to melanoma in the world shows that the more concerned countries are mainly developed countries but this must be linked to the reliability of the data provided by the countries (Fig. 1.1 and Fig. 1.2) [2]. It can also be noticed that there are many differences between countries depending on latitude and thus sun exposure and the phototype of patients. According to the Skin cancer foundation, 86 % of melanomas can be attributed to exposure to ultraviolet radiation from the sun.

Screening techniques have lead to an increase in the incidence of melanoma that are detected earlier. If NMSC is less dangerous, its high incidence is becoming a burden for the society as explained in [3]. Moreover, a french study reported that, in France in 2011, 10.7% of people, who have been treated for cancers, had a skin cancer [4]. Finally, in terms of number of hospital stay, NMSC is the secondary cause compared to other cancer. These figures show that skin cancer is a national and international health matter.

If the first challenge in the treatment of skin cancer is its early diagnostic, surprisingly the tools developed to help dermatologists in this matter are sparse and still very expensive. This leads to a situation where most dermatologists only have at their disposal dermoscopes and visual inspection to decide if the lesion is worth a histological examination. Histological examination is based on the examination, under microscope, of a suspected tissue that have been removed from the patient. This process is still, today, the gold standard. The dermoscope is widely used but its resolution and imaging depth are limited. Then in case of suspicion, a surgical biopsy is performed. In France, in 2010 , 65,200 patients have been treated for carcinoma but 539,000 biopsy have been performed because of skin cancer suspicion. Then, the percentage of biopsy, that gave positive results with respect to skin cancer, can be approximated to 12%. These figures show the strong need for suitable imaging techniques with the potential to help the diagnosis and reduce the number of unnecessary biopsy. New imaging techniques should be able to provide images close to histopathological views derived from the skin biopsies. Indeed, dermatologist are trained to analyse and interpret this specific type of images to make their diagnosis. These views are characterized by a vertical cross-section, deep enough to see the dermal-epidermal junction (500 µm-1 mm deep), and a high resolution, that is limited by the optics (less than 1 µm), which makes possible the visualisation of cells.

Moreover, the area of exploration is usually around 5 to 8 mm enabling the visualisation of the border of the lesion and limit the surgery to the actual malignant tissues. Current diagnostic methods are based on the identification of some morphological characteristics of the pigmented skin lesions including the overall architecture of the epidermis and the density of atypical cells like mitosis (Fig. 1.3). Also the structural parameters of lesions, such as the epidermal thickness and the depth of dilated blood vessels, can be seen and used to distinguish cancerous skin from normal skin. For non-melanoma diagnosis, the loss of collagen structure and integrity is also characteristic and can be optically detected using its birefringence character. Obviously, the main drawback of the histopathology method is the necessity of a surgery to remove the lesions which consequences are potential bad scares and the impossibility to follow-up the lesions. The examination of skin lesions is usually performed using a dermoscope, also known as dermatoscope and epiluminescent microscope. This instrument magnifies the inspected area in order to help the inspection of a skin lesion. It also allows the visualization of the subsurface of the skin that is not visible with naked eyes. Usually, a liquid is dispensed between the instrument and the skin in order to avoid surface reflections. The optical design of a dermoscope is presented in Fig. 1.4 [5]. The main drawback of this instrument is that all the contributions from the different structures present in the skin are superimposed in a 2D image [START_REF] Wang | Determination of Melanoma Lateral and Depth Margins: Potential for Treatment Planning and Five-Year Survival Rate[END_REF]. In this condition, the identification of the different structures is difficult. To overcome this issue, polarization multi-spectral dermatoscope have been developed [START_REF] Kapsokalyvas | Spectral morphological analysis of skin lesions with a polarization multispectral dermoscope[END_REF]. The use of different wavelengths leads to different images specific to different components (melanin, hemoglobin,..). The polarized light enables to preferentially detect light coming from below the surface. ). The main drawback is its limit in resolution that remains lower than the cell resolution. Finally, the visualization of some tissues that are "echo-poor", like with BCC, is an issue [START_REF] Schmitz | Optical coherence tomography: its role in daily dermatological practice[END_REF]. µm of lateral and axial resolutions, respectively, are reached with a confocal configuration. This leads to a cellular examination [START_REF] Schmitz | Optical coherence tomography: its role in daily dermatological practice[END_REF]. Nevertheless, the maximum penetration depth, limited by the optical penetration and the signal-to-noise ratio, is typically around 200 µm. This depth corresponds to the epidermis and sometimes the upper layer of the dermis, but is usually not sufficient. The latter is the main limit of this imaging technique together with a relatively high cost compared to standard microscopy and dermoscopy. imum penetration depth is limited to few millimetres and the axial and lateral resolution can reach 3-5 µm (cell resolution). Moreover, the cross-sectional views obtained with this technique correspond with the ones obtained from histological analysis, which is comfortable for doctors. These characteristics makes it a great candidate for tissue imaging. 

1.2/ OPTICAL COHERENCE TOMOGRAPHY TECHNIQUES

OCT can reconstruct a depth-profile of a sample media from which 3D images can be created by scanning the light beam axially and laterally across the sample surface. Starting from the white-light interferometry for in-vivo imaging of the human eye, OCT was investigated by a wide number of groups worldwide. First in-vivo OCT images -displaying retinal structures -were published by Fujimoto group in 1991 [START_REF] Huang | Optical coherence tomography[END_REF]. In this first publication, the OCT scanner is defined as "an extension of previous low-coherence reflectometer systems.(...) The heart of the system is the fibre optic Michelson interferometer, which is illuminated by low-coherence light (830 nm wavelength) from a superluminescent diode (SLD).

The tissue is placed in one interferometer arm, and sample reflections are combined with the re- Low-coherence interferences refer to interferences obtained with a low-coherence light source, typically a SLD, which emits a broadband spectrum:

flection
E i = s(k, w)e i(kz-wt) (1.1)
with s(k, w) the electric field amplitude of the source depending on the wavenumber k and the angular frequency w. The sample is supposed to be a superposition of different layers of electric field reflectivity r S n . When low-coherence light is used, the interferences are only observed when the optical path difference between the reference arm and the sample arm, noted ζ, is inferior to the coherence length of the light source, noted l c .

The autocorrelation function of the source, described as the temporal coherence function, represents the degree of correlation of the light :

Γ(ζ) = �E * i (z)E i (z + ζ)� (1.2)
where E is the electric field emitted by the source. This is usually normalized as:

γ(ζ) = Γ(ζ) Γ(0) = �E * i (z)E i (z + ζ)� �E * i (z)E i (z)� (1.3)
The normalized temporal coherence function is used to define the coherence length l c , which corresponds to the distance within which the source is said to be coherent. Moreover, the Wiener-Khinchin theorem states that the power spectral density of the source is equal to the Fourier transform of the auto-correlation function :

S(k) = � ∞ -∞ Γ(ζ)e (-jkζ) dζ (1.4)
Assuming that the light source has a Gaussian shape, the power spectral density can be written as :

S(k) = e -[ (k-k 0 ) ∆k ] 2 (1.5)
The coherence length is defined by the full width at half maximum (FWHM) of the autocorrelation function. The autocorrelation is calculated as:

Γ(ζ) = F -1 (S(k)) = ∆k 2 √ π e -( ∆k 2 ζ) 2 (see Annexe A.1) (1.6)
where F -1 is the inverse Fourier transform and ∆k is the half width of the gaussian at e -1 . Therefore, the coherence length is equal to: In practice, the interference intensity, resulting from the interferometer, is recorded. The total instantaneous field E formed by the superposition of the two fields, i.e. the field coming from the reference arm E r and the field coming from the sample arm E s , can be described as follows:

l c = 2 � ln(2) 2 ∆k (see Annexe A.2) = 4 � ln(2) ∆k = 4ln ( 
E(k) = E r (k) + E s (k) (1.8)
The interference intensity is then:

I(k, w) = �|E(k)| 2 � = �| s(k, w) � (2) r R e i(2kz r -wt) + s(k, w) � (2) N ∑ n=1 r S n e i(2kz Sn -wt) | 2 � (1.9)
Using the Euler's relation e iθ = cos(θ) + isin(θ), and taking into account that the light angular frequency w is too high to be sensed by a photodetector, the real interferometric intensity signal is retrieved : By scanning the mirror longitudinally and laterally, a 2D cross-section can be recovered.

I(k) = S(k) 2 (R r + R S 1 + R S 2 + ... + R S n ) + S(k) N ∑ n=1 � R R R S n cos(2k(z R -z S n )) + S(k) 2 N ∑ n�m=1 � R S n R S m cos(2k(z S n -z S m )) (1 
However, the acquisition speed is limited by the mirror scanning time.

The intensity measured by the detector is calculated by integrating Eq. 1.10 over k. It results in :

I(ζ) = S 0 2 (R r + R S1 + R S2 + ... + R Sn ) + S 0 N ∑ n=1 � R R R Sn e -ζ 2 δk 2 cos(2k 0 ζ) (1.11)
The auto-correlation term equals zero because z Snz Sm > l c , then, temporally, the beams reflected by the different layers do not interfere. The key difference is that for FD-OCT systems the reference arm length is fixed, i.e. the reference mirror does not move. Instead of obtaining the depth information of the sample by scanning the reference arm length, the output light of the interferometer is processed by a spectrometer, i.e. a diffraction grating combined with a line camera (Fig. 1.11 (a)).

This type of FD-OCT is called spectral domain OCT (SD-OCT). The numerical Fourier transform (FT) of this spectrum contains the axial A-scan over a scan range which is proportional to the coherence length of the source. The signal, as a function of z, is retrieved by doing the Fourier transform of I(k) and it can be shown that:

I(z) = 1 4 [Γ(z)(R r + R S1 + R S2 + ... + R Sn )] + 1 2 [Γ(z) ⊗ N ∑ n=1 � R R R Sn (δ(z ± 2(z R -z S n )))] + 1 4 [Γ(z) ⊗ N ∑ n=1 � R Sn R Sm (δ(z ± 2(z Sn -z Sm )))] (1.12)
where Γ is the auto-correlation function, δ is the Dirac function and ⊗ is the convolution operator. (z Rz S n ) and (z Snz Sm ) are optical path differences depending on n index , the refractive index of the medium in the reference arm (usually air) and in the sample. In each term, there is a mirror term coming for the Fourier transform, resulting from the ± sign. These are artefacts specific to the Fourier transform.

The typical signal obtained in frequency domain OCT (FD-OCT) is presented in Fig. 1.11 (b).

Compared to TD-OCT, the SD-OCT configuration improves imaging speed, while the Fourier transform operation, associated to the acquisition of the signal, improves the signal to noise ratio (SNR) which is inversely proportional to the number of detector pixels.

However, the dynamic range is reduced with respect to TD-OCT because of the lower dynamic range of the spectrometer with respect to single photosensitive diodes. Indeed, the line cameras usually have a reduced dynamic range compared to single photodiodes to make the transfer of data faster.

A variant of OCT, called swept-source OCT (SS-OCT), tries to combine some of the advantages of standard TD and SD-OCT. Here, the spectral components are not encoded by their spatial separation but the wavelength scanning is obtained via a frequencyscanned light source or by using a wavelength-tunable Fabry-Perot cavity. The goal is to sweep rapidly through a range of wavelengths, allowing the spectral interferogram to be recorded sequentially. Here, the advantage lies in the proven higher SNR detection of SS-OCT compared to TD-OCT, together with the advantage of using a point detector providing a higher dynamic range compared to FD-OCT. Moreover, a line camera, which has a limiting frame rate, is no more necessary. Indeed, in this configuration, the time to record the spectral interferogram is mostly linked to the sweeping speed of the source since the detector can be a photodiode. Then SS-OCT is usually faster than other OCT.

Finally, tremendous developments have recently been achieved in swept laser sources providing fast light source. Table 1.1 summarizes what component of the OCT systems typically limits their speed and their corresponding A-scan rates. [START_REF] Dubois | High-resolution full-field optical coherence tomography with a Linnik microscope[END_REF] and leading to a 3D image. The sample is full-field illuminated and imaged with a CCD 2 camera, so that 2D "en face" images are recorded without requiring a lateral scan anymore. In such a case, Nyquist criteria must be respected, i.e. the lateral resolution in the object plane, must be imaged with at least two pixels in the image space. Then, the magnification of the optical system, in the imaging arm, must be chosen accordingly. In miniaturised systems, the optical design is constrained by the small size and then by relatively short focal lengths. A trade-off between pixel size, resolution and magnification must be found.

1.2.1.5/ RESOLUTION AND SENSITIVITY IN FREQUENCY DOMAIN OPTICAL COHER-ENCE TOMOGRAPHY

Resolution OCT systems are characterized by their resolution capabilities, their imaging depth and their acquisition speed.

On the first hand, the smaller axial distance between two layers that can be resolved, i.e.

the axial resolution, depends on the coherence length. It is equal to l c and the physical distance noted δz is l c /2 :

δz = l c 2 = 2ln(2) π λ 2 0 ∆λ (1.13)
where λ 0 is the central wavelength and ∆λ is the FWHM of the power spectral density.

However, the geometrical optics can also be taken into account in the axial resolution of the system and a more general expression is obtained [START_REF] Dubois | Full-Field Optical Coherence Microscopy[END_REF]:

δz = [ N A 2 nλ + 2 l c ] -1 (1.14)
This expression is particularly used for the case of full-field OCT, in which en-face (x-y plane) images are targeted and for which higher numerical aperture objectives can be used. However, in practice, low numerical aperture objectives are used. In this case, the axial resolution only depends on the coherence length (Eq. 1.13) and the contribution from the optics can be neglected. 2 

Charge-Coupled Device

The lateral resolution is defined based on the Rayleigh criteria 3 :

δx = 1.22λ f D (1.15)
where f and D are the focal length and the diameter lens of the objective lens and the factor "1.22" corresponds of the first zero of the Bessel function which describes the Airy spot.

The axial field of view, linked to the coherence length of the swept-source, corresponds to the FWHM of the coherence function of the tuned light source. The same calculation, as shown in 1.7, is done and the axial field of view is obtained

FOV axial-coherent = l c = 4ln(2) π λ 2 0 δλ (1.16)
where δλ is the source linewidth.

However, the axial field of view can also be limited by the geometrical optics. In optical microscopy, in the paraxial approximation, the axial field of view is defined as [START_REF] Sheppard | Depth of field in optical microscopy[END_REF]:

FOV axial-geometric = 1.77 λ N A 2 (1.17)
Figure 1.12 represents the light beam shape and the corresponding axial field of view.

Sensitivity In OCT systems, the sensitivity is defined as the minimal sample arm reflectivity for which the signal to noise ratio equals 1. The typical noises to be taken into account when dealing with optical detection are the shot noise, the excess noise and the receiver noise. The shot noise is linked to the particle nature of light. The detector counts a number of photons that follows a Poisson distribution. This fluctuation generates the shot noise. The excess noise is the noise linked to the amplification of the signal. Finally, the receiver noise is the sum of the dark noise of the detector and the read noise. The read noise consists of thermal noise called Johnson noise and the electronic noise (mainly coming from the Analog to Digital Converter). The sensitivity will not be calculated here, however [START_REF] Leitgeb | Performance of fourier domain vs. time domain optical coherence tomography[END_REF] gives a full explanation of the noise sources and compare the performances of FD and TD-OCT. It is shown that FD-OCT benefit from a much higher sensitivity, even when it comes to low power levels and high speed detection. Moreover, Choma et al.

showed that the benefit in terms of sensitivity of SS-OCT and FD-OCT over TD-OCT is typically of 20-30 dB [START_REF] Choma | Sensitivity advantage of swept source and Fourier domain optical coherence tomography[END_REF]. The sensitivity of the system can be enhanced if the parasitic terms, i.e. the mirror term (complex conjugate term) and the DC term are suppressed. Indeed, the spatial interferogram retrieved in FD-OCT is symmetrical with respect to the zero path difference position. Then, there is an ambiguity between the real sample location signal and its complex conjugate. To avoid this problem, the zero-path difference location is usually chosen to be out of the sample so that the signals coming from the sample layers have always a positive path difference. This solution leads to an imaging depth divided by two compared to the maximum imaging depth. Moreover, the finite sampling generates a sensitivity decrease with depth and the depth corresponding to a decrease of 6 dB can be calculated and equals the coherence length. Therefore, the sensitivity of an OCT system is better if the sample is placed close to the zero-path difference location, i.e. the DC term.

To remove the parasitic terms (DC, auto-correlation and mirror terms), phase-shifting interferometry techniques can be used. A comparison of different phase shifting technique is presented in [START_REF] Kim | Comparison of phase-shifting techniques for in vivo full-range, high-speed Fourier-domain optical coherence tomography[END_REF].

Phase-shifting To remove the complex-conjugate term, the auto-correlation term and the DC term, a 4 stepped phase-shifting algorithm can be used. The idea is to create an additional known phase difference 2φ between the reference arm and the sample arm.

If the phase difference is chosen properly then the terms cancel. To eliminate the DC term and the autocorrelation term, two spectral interferograms with a phase difference of π radians are subtracted. Finally, two spectral interferograms with a phase difference different from π radians are subtracted to remove the complex conjugate. The use of the four phase-shifted interferogram leads to the following result:

I D (k, 2φ = 0) -I D (k, 2φ = π) + j[I D (k, 2φ = π/2) -I D (k, 2φ = 3π/2)] = [S(k) N ∑ n=1 � R R R S n (cos(2k(z R -z S n )) -jsin[2k(z R -z S n )])] (1.18)
And in the spatial domain, one obtains:

i D (k, 2φ = 0) -i D (k, 2φ = π) + j[i D (k, 2φ = π/2) -i D (k, 2φ = 3π/2)] = N ∑ n=1 � R R R S n [γ(2(z R -z S n )) + γ(-2(z R -z S n )) + γ(2(z R -z S n )) -γ(-2(z R -z S n ))] = N ∑ n=1 � R R R S n γ(2(z R -z S n )) (1.19)
The phase difference can be implemented by moving the reference mirror that is usually not moving in FD-OCT. The 4 stepped phase-shifting algorithm is a standard for the elimination of the artefact terms. However, it requires a precise control over the light phase.

When an actuated micromirror is used, it means that the displacement of the micromirror must be precisely controlled. Moreover, when actuated dynamically, micromirrors are usually driven by a sinusoidal signal. In this case, the use of the 4 stepped algorithm limits the use of the actuator movement to its linear part to obtain images with a constant phase shift of π/2 evenly spaced in time.

Another solution has been proposed by Sasaki et al. referred to as sinusoidal phasemodulating interferometry [START_REF] Sasaki | Analysis of measurement accuracy in sinusoidal phase modulating interferometry[END_REF][START_REF] Bu | Full-range parallel Fourier-domain optical coherence tomography using sinusoidal phase-modulating interferometry[END_REF]. The algorithm is based on the sinusoidal displacement of the reference mirror, taken into account in the interference term by adding the term Acos(w a t + θ) to the phase difference k(z Rz S n ) and k(z S nz S m ) in Eq. 1.10. This gives:

I(k) = S(k) 2 (R r + R S 1 + R S 2 + ... + R S n ) + S(k) N ∑ n=1 � R R R S n cos(φ R-n + Acos(w a t + θ)) + S(k) 2 N ∑ n�m=1 � R S n R S m cos(φ n-m + Acos(w a t + θ)) (1.20)
where φ R-n and φ n-m are the phase differences of the correlation and the autocorrelation terms, respectively, w a is the actuation frequency, and A and θ are the amplitude and the initial phase of the sinusoidal vibration, respectively. By applying a Fourier transform with respect to the time t noted F(I(k, w)), it is possible to isolate some specific values for w = w c and w = 2w c . Then, a Fourier transform is finally applied to reconstruct the spatial interferogram which is free of mirror terms (see Annexe A.4).

Î(z) = ∑ n � R R R S n Γ (z -(z R -z n )) (1.21)
where Γ is the auto-correlation function.

The formalism is presented in [START_REF] Bu | Full-range parallel Fourier-domain optical coherence tomography using sinusoidal phase-modulating interferometry[END_REF]. to maintain high resolution of the system while increasing the axial field of view. Indeed, each laser is used to image at different depths of penetration maintaining a good resolution for each of the four acquisitions. AGFA Healthcare device is a TD-OCT where the coherence gate and the focal plane are maintained at the same depth [START_REF] Maier | High-Definition Optical Coherence Tomography for the in vivo Detection of Demodex Mites[END_REF]. This provides a higher lateral resolution thanks to a high numerical aperture optic while scanning in depth with the reference mirror. There are two main differences between these two systems: the resolution and the image size. From dermatologists' point of view, it is important to have a large field of view in order to visualize the borders of a lesion. An adapted field of view, in the case of imaging skin lesions, is around 8x8 mm 2 . Moreover, the ability to have a high resolution image on a specific location is also interesting. The imaging in depth of the skin requires that the light penetrates in the skin. Therefore, the choice of the light source wavelength is critical to limit absorption and scattering. On the one hand, absorption is minimised for wavelengths between 700 and 1,300 nm . On the other hand, in this window, scattering decreases for higher wavelengths. As a result, 1,300 nm is an appropriate wavelength to obtain higher penetration depth. However, wavelengths around 800 nm lead to better image contrast [START_REF] Gambichler | Optical coherence tomography in dermatology: Technical and clinical aspects[END_REF]. In 2006, a study on the optical properties of normal and cancerous human skin showed the difference in absorption and/or scattering between healthy and cancerous skin [START_REF] Salomatina | Optical properties of normal and cancerous human skin in the visible and near-infrared spectral range[END_REF]. Wavelengths ranging from 370 to 1,600 nm were studied. It results that there is a significant decrease in the scattering of normal and cancerous tissues from 1050 to 1400 nm.

Invasive histopathological evaluation is the gold standard for interpreting and monitoring of morphological progress in skin pathologies. Real-time OCT imaging performs tomographic skin tissue imaging which is highly sensitive to the local variations of optical properties. Thus, the multilayer structure of skin depicts different optical properties according to differences in refractive index, relative thickness, and variation in organic/inorganic components (keratin, water, fat, etc ...). Furthermore, due to high resolution and efficiency to reflect the compositional aspects of the tissue in terms of optical properties, these tomographic images can be correlated with the histopathological images. Figure 1.13 shows a typical OCT image of normal skin and Fig. 1.14 shows the correlation of OCT and histopathological images for normal skin and skin cancer.

Figure 1.13: OCT image (B-scan) of normal human skin : a) "cap" symbol: entrance echo, "less than" symbol : epidermis border, "greater than" symbol: collagen bundles, b) Ascan with two intensity peaks corresponding to junctions. [START_REF] Gambichler | Optical coherence tomography in dermatology: Technical and clinical aspects[END_REF]. In [32], the specific features of SCC, BCC and melanocytic lesions are described. For BCC, the tumor aggregates and the epidermis appears similarly on OCT images. More-over, large blood vessels are present in upper part of the dermis, above the tumor. SCC are characterized by a signal reflection at the surface of the tumor and a shadow below due to its strong keratinization. Finally, in the case of benign melanoma, large nests of nevus cells are observed and, in general, for melanoma strong scattering areas are typical. Moreover, in [START_REF] Gambichler | Optical coherence tomography in dermatology: Technical and clinical aspects[END_REF], large vertical, icicle-shaped structures are shown to be the most striking feature in OCT image to differentiate benign from malignant melanoma. These studies agree on the potential of OCT for a differential diagnosis between SCC and BCC and studies are progressing for the differentiation of malignant and benign tumors with OCT images. However, systematic studies on the correlation of OCT and histopathological images are still lacking and the interpretation of OCT images is difficult. This can be explained by the difference of the two techniques and in particular the conditions of observation which is in-vivo for the OCT techniques and ex-vivo for the histopathology technique. This implies that the skin shape changes after it has been removed, but the substances used for the colouring of the image also modify the aspect of the skin for a better visualization. Finally, histopathological examination is a direct observation of the structure whereas the refractive index of the skin must be taken into account in the OCT measurements. These different aspects are responsible for a significant distortion between the two types of images.

1.3/ MINIATURIZATION OF OPTICAL COHERENCE TOMOGRAPHY

SYSTEMS

The miniaturization of the OCT makes possible a reduction of its size but also of its cost thanks to batch fabrication. The miniaturization of the system gives the possibility to access any body zones with a maximum of flexibility and leads to multi-functional devices.

It also makes possible the fabrication of endoscopic heads for the inspection of tissues inside the body. This section reviews the state of the art of miniaturized OCT systems and more specifically the miniaturization of the interferometer which is the core of the OCT. OCT systems are complex systems composed of many optical components such as a source, an interferometer with a reference mirror that can be actuated, sometimes a lateral scanning mirror, some imaging lenses and an optical detector. The challenge is to miniaturize all these parts and assemble them. The less assembly is required, the higher is the degree of integration of the different optical/mechanical part. A first degree of miniaturization has been possible thanks to the development of optical fibers. The latter have been widely used for imaging devices and are more particularly interesting for endoscopic systems. The main advantage of optical fibers is that the bulky parts of the optical system can be separated from the endoscopic imaging head.

Typically, OCT systems in which the interferometer is deported from the measurement head have been developed. In these systems, the interferometer is realized by coupling of two fibers. In Fig. 1.15, an original architecture of OCT imaging system is presented based on fiber-bundle by Xie et al. [START_REF] Xie | Fiber-optic-bundlebased optical coherence tomography[END_REF]. The system can achieve a lateral resolution of 12

µm and an axial resolution of 10 µm using a superluminescent diode source. The interest of this system is to eliminate any moving parts within the probe. Instead, the scanning head is located at the entrance of the fiber-bundle which leads to a less bulky probe in contact with the sample. Indeed, only imaging lenses are necessary at the output of the fiber-bundle since the latter maintains the spatial scanning between the entrance and the output of the fiber. Moreover, the interferometer is also based on fibers. The flexibility of design linked to the use of fibers explains that the major part of the OCT systems presented in the literature are fiber-based. MEMS devices are small, (2) MEMS scanners can operate at high speed for real-time imaging, (3) the cost of MEMS devices can be low due to the mass production capability and (4) their power consumption is generally low. Various solutions for the implementation of a lens and of a scanning mechanism in OCT systems have been studied in the literature [START_REF] Lee | Fiber-based optical coherence tomography for biomedical imaging, sensing, and precision measurements[END_REF]. In particular MEMS fabrication techniques have been widely used for the realization of scanning mechanisms based on actuated micromirrors. The main reason is that OCT systems used, in the past, galvanometer mirrors to scan the light beam across the sample but this technology is limited to 1D scanning and was quite bulky. Reversely, MEMS micromirrors provide 2D scanning within a small footprint area. Several actuation principles have been experimented such as electrothermal, electromagnetic and piezoelectric [START_REF] Sun | MEMS-Based Endoscopic Optical Coherence Tomography[END_REF]. A comparison of these technologies is made in Chapter 2. To name but one, Pan et al. reported an electrothermal MEMS OCT scanning head with the interferometer part created by use of two coupled fibers (Fig. 1.16, [START_REF] Pan | Endoscopic optical coherence tomography based on a microelectromechanical mirror[END_REF]). The image area scanned is 2.9 mm x 2.8 mm. For skin imaging, this image size limits the visualization of an entire lesion that is essential for an effective surgery. Not only the scanning mirrors have benefited from the microfabrication techniques but other parts of OCT systems have also been investigated in terms of miniaturisation. One of these components is the interferometer. Already in 1997, an original approach was demonstrated by C. Gorecki where a waveguided Mach-Zehnder interferometer is integrated on a silicon substrate [START_REF] Gorecki | Siliconbased integrated interferometer with phase modulation driven by surface acoustic waves[END_REF]. The reference arm integrates a thin film transducer for active sinusoidal phase modulation giving a sensing function to the device. Another example is the realisation of a Fizeau interferometer based on an ultra thin photodiode by the Tohoku University [START_REF] Sasaki | Standing wave detection and interferometer application using a photodiode thinner than optical wavelength[END_REF]. In 2001, an integrated optical sensor chip in glass has been presented, including eight waveguided interferometers realized on a glass substrate [START_REF] Culemann | Integrated optical sensor in glass for optical coherence tomography (OCT)[END_REF] for OCT applications. Finally, a very advanced system using micro-optical components is proposed by Aljasem et al. [START_REF] Aljasem | Scanning and tunable micro-optics for endoscopic optical coherence tomography[END_REF]. A membrane-based microfluidic tunable microlens is used for the tuning of the beam focus allowing to achieve high resolution over a wider range of depth scan and an electrostatic 2D scanning micromirror is used for the lateral scan. The measurement head, hosting these microcomponents as well as a microfluidic channel, has a diameter of 4 mm and is then compatible with endoscopes (Fig. 1.20).

Figure 1.20: Completed measurement head, including the tunable lens arrangement and the scanning micromirror: (a) schematic design and (b) photograph. The relative positions of the GRIN collimator, the tunable lens, the scanning micromirror as well as the optical fiber input and pressure hoses are seen. The outer diameter of the measurement head is 4 mm [START_REF] Aljasem | Scanning and tunable micro-optics for endoscopic optical coherence tomography[END_REF].

Another strategy to achieve a high resolution over a wider range of depth scan is to use Bessel beams. Based on this idea, the same group proposed a system based on three axicons to focus the light in the tissue [START_REF] Weber | Highly compact imaging using Bessel beams generated by ultraminiaturized multi-micro-axicon systems[END_REF]. The miniaturized axicons are integrated in a silicon bench which enables the fabrication of a very small device (7 mm x 1.5 mm x 1.5 mm).

The presented works testify for the great interest in the size reduction of OCT systems and demonstrate the possibility of integrating interferometers, scanning heads but also spectrometers. However, the integration of all these components together on one chip, or in one integrated system is still a challenge. For this purpose, different approaches have been investigated and are presented in the following.

1.3.1.3/ INTEGRATION STRATEGIES OF MICROFABRICATED COMPONENTS

The miniaturisation of various components of optical systems have been reported above.

Once fabricated, these microcomponents must be integrated together, aligned and fixed.

The handling of microstructures is not easy and different strategies to manage their assembly have been considered. A first strategy is to assemble the microcomponents on a microbench. In the literature, several demonstrations have been reported to position the microcomponents in a specific way [START_REF] Muller | Surface-micromachined microoptical elements and systems[END_REF]. The basic principle is to use integrated MEMS micropositioners to move the microcomponents out of the plane in which they are fabricated and align them [START_REF] Wu | Micromachined free-space integrated micro-optics[END_REF][START_REF] Wu | Micromachining for optical and optoelectronic systems[END_REF][START_REF] Syms | Improving yield, accuracy and complexity in surface tension self-assembled MOEMS[END_REF]. Another type of silicon optical bench is proposed based on etched alignment grooves [START_REF] Weber | A tunable optofluidic silicon optical bench[END_REF]. This design is modular and highly flexible as different optical microcomponents can be adapted. Finally, another solution, reported in 2010, is to use a microgripper to manipulate the microcomponents and place them on a microbench [START_REF] Bargiel | Towards micro-assembly of hybrid MOEMS components on a reconfigurable silicon freespace micro-optical bench[END_REF]. This solution includes a higher degree of freedom with the possibility to choose/adjust the horizontal distances between the optical microcomponents. Fresnel microlens with diameter 280 µm [START_REF] Wu | Micromachined free-space integrated micro-optics[END_REF][START_REF] Wu | Micromachining for optical and optoelectronic systems[END_REF] and SEM pictures of two holders assembled onto the rail of the baseplate: (b) modular optical bench [START_REF] Weber | A tunable optofluidic silicon optical bench[END_REF], (c) two holder carrying a ball microlens of 258 µm diameter and a micromirror [START_REF] Bargiel | Towards micro-assembly of hybrid MOEMS components on a reconfigurable silicon freespace micro-optical bench[END_REF].

A second strategy is to perform the assembly of microcomponents at wafer level. For this purpose, 3D vertical integration, which is already a major trend in packaging of semiconductor devices, has been developed. In the field of microsensors, it is often used to hybrid an electronic driving/detection circuit with a MEMS sensor. Likewise 3D integration is commonly used in micro-electronics to stack memories [START_REF]3D Plus company website[END_REF], processors or mixed signal systems [START_REF]Georgia Tech 3D Integration research team website[END_REF] or optoelectronic components [START_REF] Di Cioccio | Direct bonding for wafer level 3D integration[END_REF]. The purpose is to add functionalities and to overcome the limitation of device size reduction while maintaining high performance and low cost. Figure 1.22 illustrates the 3D integration by direct bonding of numerous wafers (up to 6) which was investigated for the fabrication of microturbines [START_REF] Mehra | Six-wafer combustion system for a silicon micro gas turbine engine[END_REF][START_REF] Miki | Multi-stack silicon-direct wafer bonding for 3D MEMS manufacturing[END_REF]. Multi-wafer 3D vertical integration of micro-optical components has different constraints.

The main issue is to bond several wafers while controlling the alignment and the geometrical variations between the different microcomponents. Only few investigations were made on vertically integrated optical systems as proposed in this manuscript. One of the first example of a vertical stack of microcomponents reported in the literature aims at the realisation of a confocal microscope [58]. The system integrates a fused silica lens plate with scanning micromirrors realized on a silicon substrate. Two microlens scanner for microconfocal imaging have been successfully stacked to enable 2D raster scanner.

Each scanner scans a lateral direction and integrates a polymer microlens. The concept includes the integration of a third out-of-plane scanner for 3D imaging [START_REF] Kwon | Stacked two dimensional micro-lens scanner for micro confocal imaging array[END_REF]60,[START_REF] Kwon | Micromachined transmissive scanning confocal microscope[END_REF]. Finally, a third concept, based on one 2D scanner and one out-of-plane scanner, has also been published [START_REF] Baranski | Micro-optical design of a three-dimensional microlens scanner for vertically integrated micro-opto-electro-mechanical systems[END_REF]. The interest of vertical assembly is that it is compatible with batchfabrication enabling lower cost and packaging solutions but also the use of alignment machines that guarantees a high alignment precision. In particular, packaging is a critical issue for the protection of the device and is usually complex due to the small size of the microsystem at stake. These three concepts are shown in Fig. 1.23. [64]. It consists in 5x5 passive interferometers combining free-space micro-optical technologies and silicon micro-machining. The array of interferometers is not dense in order to enable the inspection of large wafers.

The technology of the microlenses fabrication is based on a classic polymer UV-molding.

A mirror is deposited at the backside of the lens by evaporation with an anti-reflective coating at its backside. Diffractive optical elements are also molded on the backside of the lens to compensate optical aberrations. Finally, the beam splitter is created by deposition of thin dielectric layers. Final assembly is realized with UV-curable adhesive without necessary alignment between the lens wafer and the beam splitter wafer. The concept and first technological results of the Mirau micro-interferometer, integrated into the OCT probe, have been already published in [START_REF] Struk | Swept Source Optical Coherence Tomography Endomicroscope Based on Vertically Integrated Mirau Micro Interferometer: Concept and Technology[END_REF].

For OCT systems, the benefit of the frequency domain working principle has been shown

previously. Moreover, in this domain, the addition of an active reference micromirror has been proven to be useful for a better dynamic and the discrimination between artefacts and signal of interest. The paper presented above and its related design does not enable to integrate such functionality as the micromirror is deposited on the backside of the microlens. The first part of this thesis has reported the need for an integrated OCT system in dermatology that should meet the specifications given in the column 3 of Tab. 1.2. Moreover, the price of the targeted system must be lower than the existing ones. We believe that the high price of the commercial system is the reason that stops its development in the market of skin imaging. To lower the cost, two strategies are employed. Firstly, the miniaturisation of the system, based on collective fabrication techniques, leads to a decrease of the price. Secondly, the light source used in VIAMOS is chosen to be relatively slow compared to the state of the art in order to minimize its cost. To compensate the slowness of the light source, the idea is to spatially parallelize the acquisition using the full-field technique. In addition, to further increase the A-scan speed and to image a large field of view of 8x8 mm 2 , a 4x4 array-type micro-interferometer is designed. Indeed, such a field of view cannot be imaged with a full-field acquisition based on microcomponents without an array configuration. The 4x4 array-type micro-interferometer also enables to image a reduced field of view in each channel of the interferometer and then leads to a higher resolution in each channel. The general concept of our vertically integrated Mirau microinterferometer is shown in Fig. 1.28. The Mirau micro-interferometer is composed of a dense matrix of Mirau micro-interferometers, each one composed of a lens, an actuated micromirror and a beamsplitter. The matrix structure is based on the vertical assembly at wafer level of three optically functionalized wafers with the objective lenses, the MEMS vertical microscanners, the beam splitter and the vertical spacers.

The MEMS vertical microscanner is used for the implementation of a phase-shifting algorithm based on the acquisition of 4 images as presented in Sec. 1.2.1.5. It is the core function of the interferometer and is the subject of this thesis. Its design, fabrication and characterisation will be described in the next chapters. In this chapter, the status of skin cancer has been described in details. The increase of the number of skin cancers in the world and its consequences such as scares, disfigurement, and potentially deaths, become a global issue that is expected to accentuate in the near future. The first challenge in treating skin cancers is their early diagnosis. Screening techniques, such as self-evaluation based on ABCDE criteria, has shown a limited efficiency since no information resolved in depth can be retrieved. Obviously, the possibility to image skin lesions is a key parameter and enables both early diagnosis, follow-up and monitoring during surgical interventions to perform efficient biopsies. However, nowadays, dermatologists are still lacking of high-resolution imaging systems that allows sufficient depth penetration to obtain a resolved 3D image. Among the possible imaging techniques, OCT systems are a good compromise having both a resolution and a penetration depth suitable for skin imaging. Moreover, the development of a new type of OCT, i.e. frequency domain OCT (FD-OCT), along with the implementation of sweeping optical sources, leads to more sensitive and faster systems. With these features, the OCT system is an ideal candidate for imaging biological tissues. Finally, phase-shifting techniques can be implemented to overcome the presence of artefacts terms linked to the implementation of the FD-OCT technique. However, if OCT systems have revolutionized the ophthalmology, and are more and more used in cardiology, they struggle to become a routine in dermatology where studies show its great potential for the diagnosis of skin diseases and more particularly cancers. One of the reason is that existing systems are very expensive and bulky. Then, the examination of biopsies, i.e. the histopathology, is still the gold standard despite several drawbacks such as invasiveness, delays and deformation of the removed tissue.

Miniaturisation, combined with a high degree of integration, is a solution to these draw-backs. Developed technologies based on fibers, MEMS and MOEMS already show great promises. However, the specifications required for biomedical imaging of skin detailed in the first chapter are not met yet. In particular, the investigated area is often limited by the MEMS scanning head. If huge progresses have been done in the miniaturization of individual parts of OCT systems, higher degree of integration is still a challenge. Indeed, multi-disciplinary constraints must be taken into account in order to develop successfully miniaturized systems that are completely integrated. In particular, both the optical design and the technological limitations have to be taken into account. Here, we propose a design based on the integration of a Mirau interferometer that is chosen for its compatibility with microfabrication processes. More precisely, the Mirau configuration can be vertically integrated and benefit from optical characteristics suited for our application.

The Mirau interferometer is composed of a 4x4 matrix of Mirau micro-interferometers consisting in a matrix of lenses, a matrix of actuated reference micromirrors and a beam splitter. The matrices are both fabricated and vertically assembled at wafer level. This thesis focuses on the design, the fabrication and the characterisation of the array of vertically actuated micromirrors with embedded position sensing function. The goal is to integrate it in a Mirau micro-interferometer, for phase-shifting purposes. Before keeping on with the description of our system, the state of the art of vertical microscanners and position microsensors is discussed in the next chapter.

BASIC PRINCIPLES AND STATE OF THE ART OF VERTICAL MICROSCANNER

In order to introduce the technologies of vertical microscanners, this chapter proposes a brief overview of the micro-actuators according to their different actuation principles.

Different mechanisms of MEMS actuation are discussed, illustrating each technology by an example of scanner application. A particular attention is paid to scanners based on the technology of electrostatic vertical comb drive, an architecture that is chosen to achieve the phase modulation of the array-type Mirau micro-interferometer in VIAMOS project.

The discussion of the basic fabrication techniques and their limitations is used as a basis to define an adapted electro-mechanical design for the vertical microscanner that is presented in Ch. 3. Finally, the solutions to integrate an embedded displacement sensor are proposed.

2.1/ MEMS ACTUATORS TECHNOLOGIES

There are four main actuation mechanisms employed for generating the scanning function with MEMS mirrors and actuators: piezoelectric, thermal, magnetic and electrostatic.

2.1.1/ PIEZOELECTRIC ACTUATORS

2.1.1.1/ PRINCIPLE

Piezoelectric actuation is based on the deformation of piezoelectric materials. Piezoelectric materials creates an electric field when they are mechanically deformed and reversely, they deform in response to an applied electric field (Fig. 2.1). Piezoelectric materials are crystals and can be natural or man-made. The most commonly used materials in microfabrication processes are Quartz (SiO 2 , natural) and Lead Zirconate Titanate (PZT, man-made). The piezoelectric character of a material is linked to its crystal lattice. The deformation of the crystal lattice changes the polarization, i.e. modifies the electric dipole moment of a unit cell of the crystal. Usually in a crystal, all the domains have a different polarization so that the overall polarization is 0. When a stress is applied, the polarisation of all the domains changes resulting in an overall polarisation equal to 0. In order to see a piezoelectric effect, the polarisation of all the domains needs to be aligned in a one direction. For this purpose, the material is heated up to a temperature higher than the Curie temperature1 and an external electric field is applied. The dipoles of all the domains will align, reaching a maximum polarization. When the sample is cooled down and the external field is removed, a remanent polarisation remains. After this process, which is called poling, the material exhibits a piezoelectric character.

Piezoelectric materials are used to fabricate micro-actuators and microsensors using the direct piezoelectric effect and the reverse one. The relation between the electric displacement D and the mechanical strain S is described by two coupled matrix equations:

D = � T E + dT S = s E T + d t E (2.1)
where T is the mechanical stress, E the electric field , � T the permittivity at constant me-chanical stress, s E the mechanical compliance at constant electric field and d and d t are respectively the piezoelectric constant and its transposed tensor. The characteristic coefficients, � T and d of piezoelectric materials are grouped into tables and the symmetry of the corresponding tensors depends on their crystal lattice [START_REF] Dieulesaint | Ondes élastiques dans les solides, tome 1 : Propagation libre et guidée[END_REF]. These two constitutive equations are fundamental to describe piezoelectric material and derive piezoelectric actuator design. However, piezoelectric actuators have a main drawback, the electric fieldmechanical stress relationship presents hysteresis. The hysteresis effect describes the fact that the response of a system depends on its history. For actuation, this is a problem because it implies that two different displacement value can be obtained for one applied voltage. This effect have been studied and modelled in order to facilitate the use of piezoelectric actuators [START_REF] Ge | Modeling hysteresis in piezoceramic actuators[END_REF].

2.1.1.2/ EXAMPLES

PZT is the most used piezoelectric material for its great sensitivity, its high operating temperature and its relative easiness to be fabricated. There are three main techniques of microfabrication of PZT films [START_REF] Jang | Fabrication and Characterization of PZT Thick Films for Sensing and Actuation[END_REF] : thick film printing [START_REF] De Cicco | Thick-film Piezoelectric Actuators for Micropositioning[END_REF], sputtering [START_REF] Filhol | Resonant micro-mirror excited by a thin-film piezoelectric actuator for fast optical beam scanning[END_REF] and sol-gel processing [START_REF] Schroth | Application of sol-gel deposited thin PZT film for actuation of 1D and 2D scanners[END_REF][START_REF] Smits | Microelectromechanical flexure PZT actuated optical scanner: static and resonance behavior[END_REF]. Another technique is to bond bulk PZT and thinned it by lapping and polishing technique to obtain a thin layer [START_REF] Aktakka | A 3-DOF piezoelectric micro vibratory stage based on bulk-PZT/silicon crab-leg suspensions[END_REF]. To apply or sense an electric field, two metal electrodes are usually deposited under and above the PZT film.

The main advantages of piezoelectricity are significant deformations, that can be achieved with a relatively low voltage (typically tens of V), and high actuation frequency in the range of kHz.

A piezoelectric scanning micromirror for endoscopic OCT was presented by Gilchrist et al. and Naono et al., respectively in 2009 and 2014 [START_REF] Gilchrist | Piezoelectric scanning mirrors for endoscopic optical coherence tomography[END_REF][START_REF] Naono | A large-scan-angle piezoelectric MEMS optical scanner actuated by a Nb-doped PZT thin film[END_REF]. In the first article PZT is spin coated from metal organic precursors, whereas, in the second one, 13% Nd doped PZT (PNZT) is deposited by RF magnetron sputtering. Moreover, in [START_REF] Naono | A large-scan-angle piezoelectric MEMS optical scanner actuated by a Nb-doped PZT thin film[END_REF], PNZT sensors were also fabricated and it is shown that doping PZT enables to double the scanning angle (Fig.

2.2)

. These large angles allowed to achieve 4.6 mm x 3 mm images with a SS-OCT. However, the resolution is limited to 16.7 µm for larger angles and the scanning frequency is 90.3 Hz. The easiness of fabrication makes piezoelectric actuation very attractive for MEMS. The main issue with piezoelectric actuation is the hysteresis behaviour and that it is usually incompatible with CMOS process which complicates its implementation.

2.1.2/ THERMAL ACTUATORS

2.1.2.1/ PRINCIPLE

Thermal actuation is based on the mechanical deformation of a material in response to a change in temperature. The change in temperature is usually obtained by applying an electric potential, corresponding to electro-thermal actuation, and in few cases by optical heating with lasers. The electrothermal analysis is based on the study of the dissipation of the heat in the beams [START_REF] Fedder | Thermal assembly of polysilicon microstructures[END_REF][START_REF] Lin | Electrothermal responses of lineshape microstructures[END_REF], which allows to retrieve the mechanical deformation as a function of the applied current [START_REF] Huang | Analysis and design of polysilicon thermal flexure actuator[END_REF]. The material properties to take into account are the thermal conductivity and the thermal expansion. The linear expansion can be written as:

∆L = Lα∆T (2.2) (2.3)
where α is the linear expansion coefficient, ∆L and ∆T are respectively the variation of length and temperature.

When a single material is used, specific designs based on a large arm and a thin arm lead respectively to a cold arm and a hot arm resulting from the higher current density obtained in the thin arm. When two materials are used, referred to as bimorph actuators, the mechanical deformation is due to a difference of the thermal expansion coefficients of the two stacked materials leading to the creation of stress. The range of materials used for thermal actuators is wide, including bimetallic actuators using nickel, copper, aluminium, titanium [START_REF] Zou | A novel thermally-actuated silicon micropump[END_REF][START_REF] Riethmuller | Thermally excited silicon microactuators[END_REF] but also polysilicon/silicon dioxyde bimorph structures [START_REF] Jain | A thermal bimorph micromirror with large bi-directional and vertical actuation[END_REF].

Finally, single material actuators are usually based on polysilicon and use specific designs to create stress [START_REF] Comtois | Surface micromachined polysilicon thermal actuator arrays and applications[END_REF][START_REF] Huang | Analysis and design of polysilicon thermal flexure actuator[END_REF]. Different designs of thermal micro-actuators based on bimorph [START_REF] Liu | Miniature endoscopic optical coherence tomography probe employing a two-axis microelectromechanical scanning mirror with through-silicon vias[END_REF], bent-beam(s) [START_REF] Wittwer | Simulation, measurement, and asymmetric buckling of thermal microactuators[END_REF] and flexure [START_REF] Atre | Analysis of out-of-plane thermal microactuators[END_REF] designs have been implemented [START_REF] Phinney | Thermal Microactuators[END_REF] (Fig. 2.

3).

Both in-plane and out-of-plane actuation have been demonstrated [START_REF] Noworolski | Process for in-plane and out-of-plane single-crystal-silicon thermal microactuators[END_REF]. In general, electro-thermal actuators consume more power than the other actuators and are responsible for an elevation of temperature. This elevation of the temperature is a major constraint for the packaging of the device and in particular when biological imaging is targeted. Finally, another drawback of the electro-thermal actuation is its limitation to low frequencies.

2.1.3/ MAGNETIC ACTUATORS

2.1.3.1/ PRINCIPLE

The magnetic actuators employ two actuation principles. The first principle is based on the fact that under an external applied magnetic field, a magnetic sample experienced a force F described as follows:

-→

F mag = V mag | -→ M * -→ H | (2.4)
where V mag is the volume of the magnetic sample, M is the magnetization of the magnetic sample and H is the external applied magnetic field.

Magnetic materials used are permalloys (NiFe) [START_REF] Liu | Out-of-plane magnetic actuators with electroplated permalloy for fluid dynamics control[END_REF][START_REF] Tseng | An electromagnetically actuated micromirror with precise angle control for harsh environment optical switching applications[END_REF] or nickel (Ni) [START_REF] Judy | Magnetically actuated, addressable microstructures[END_REF] which are easily electroplated on the moving parts, while the electromagnetic field is external to the device. The external electromagnetic field is typically generated with coils or permanent magnets. Another possibility is to use a coil structure on the moving part which generates the electromagnetic force while an external permanent magnet is manually attached to the device [START_REF] Su | Vertical micromirrors integrated with electromagnetic microactuators for two-dimensional optical matrix switches[END_REF]. The main drawback of this kind of magnetic actuators is the need of off-chip bulky coils to provide for the external magnetic field. When the coil is integrated, it leads to either large structures, or the use of large current [START_REF] Judy | Magnetically actuated, addressable microstructures[END_REF]. Finally as piezoelectric actuators, magnetic actuators suffer from the hysteresis effect.

The second actuation principle is based on the Lorentz force law:

-→ F Lorentz = l -→ I * -→ B (2.5)
where F is the Lorentz force experienced by a conductor across which a current I flows and under an applied magnetic field B. Using this principle, no magnetic materials must be integrated onto the actuator, and the actuator has no hysteresis effect.

2.1.3.2/ EXAMPLES

Two magnetic actuators, which use the principles mentioned above, are presented below.

In [START_REF] Liu | Out-of-plane magnetic actuators with electroplated permalloy for fluid dynamics control[END_REF], permalloy is deposited on the released polysilicon membrane. An external electromagnet provides for the external magnetic field. Very large deflections up to 2 mm have been demonstrated. However, a relatively high biasing magnetic field of 6.10 7 A/m is necessary. In [START_REF] Lv | A novel MEMS actuator with large lateral stroke driven by Lorentz force[END_REF], the Lorentz force is used and displacements up to 47 µm are measured for relatively low driving voltage (2.4 V). The actuator presented in this article is laterally moving, however it can be easily adapted to vertical actuation by changing the 

E c = 1 2 CV 2 (2.6)
where V is the applied voltage between the two plates.

From this, we can derive the electrostatic force F:

-→ F = dE c dx = 1 2 dC dx V 2 (2.7)
In the case of the parallel plate capacitance, neglecting the fringing fields, it gives:

C = �A d (2.8)
where A is the area of the plate (A = LW), � is the electrical permittivity of the material between the plates, and d the distance between the plates, and

dC dx = - �A x 2 = - C x (2.9)
where x is the distance between the plates.

Finally, one obtains: The only constraint is that the material used for the capacitance surface must be conductive. Then, highly doped silicon is usually used but comb drive based on other materials like GaN [START_REF] Wang | Comb-drive GaN micromirror on a GaN-on-silicon platform[END_REF], CMOS based (SiO 2 and metal layer) [START_REF] Xie | Vertical comb-finger capacitive actuation and sensing for CMOS-MEMS[END_REF] or even metallized polymer [START_REF] Zhao | Fabrication of high-aspect-ratio polymer-based electrostatic comb drives using the hot embossing technique[END_REF] have also been demonstrated. This unique constraint, in terms of material, makes this principle easy to implement, which is why it is widely used in MEMS systems.

-→ F = 1 2 × - �A x 2 V 2 = - 1 2 CV 2 x (2.10) Fixed Movable V 1 V 2 L finger

2.1.4.2/ EXAMPLES

As the purpose of this thesis is the development of vertical microscanner, the focus is made on vertical actuation.

Parallel plate actuators are often implemented according to a technology, called Poly-MUMPS, based on the creation of a free standing polysilicon membrane, creating a first electrode, which is facing the silicon substrate on which the second electrode has been deposited. The gap between the two electrodes is created by etching a sacrificial layer, which thickness determines the gap distance. Therefore, this thickness limits the range of actuation which is further limited by the pull-in effect (defined in Sec. 2.2.1.2). Consequently, researchers have worked on different strategies to increase this critical gap, either with a thicker sacrificial layer or a double polyMUMPS process [START_REF] Cornelissen | -element continuous face-sheet MEMS deformable mirror for high-contrast imaging[END_REF] or by levering beams [START_REF] Hu | A MEMS micromirror driven by electrostatic force[END_REF][START_REF] Ren | An out-of-plane electrostatic actuator based on the lever principle[END_REF][START_REF] Qiao | A two-beam method for extending the working range of electrostatic parallel-plate micro-actuators[END_REF]. The polyMUMPS process is presented below according to [START_REF] Hu | A MEMS micromirror driven by electrostatic force[END_REF] in Fig. 2.7. In [START_REF] Hu | A MEMS micromirror driven by electrostatic force[END_REF], the gap between the two parallel plates is increased using an unbalanced electrostatic force experienced by the supported beams that moves upward the structure (Fig. Finally, a well-know problem with surface micromachined poly-Si-based technology is a residual stress leading to initial deformation of released structures. This is an important issue for larger array of micromirrors like in our case. Moreover, the actuated micromirrors that are designed based on parallel plate actuation are usually working in reflection.

2.8)

For devices, working in "transmission", i.e. the micromirror plane must also be optically transparent around the micromirror, transparent electrodes must be used, like ITO, or specific complicated design must implemented, for example with the assembly of two structured wafers [START_REF] Bargiel | Electrostatically driven optical Z-axis scanner with thermally bonded glass microlens[END_REF].

Comb drive structures have been widely developed, first, for lateral optical scanning purposes, and then, for out-of-plane actuation. This geometry is easy to be implemented because it is based on an in-plane fabrication whereas parallel plate requires vertical fabrication of movable and fixed parts leading to "3D" MEMS. Though, when it deals with out-of-plane actuation, comb drives also require vertical elements in order to create an out-of-plane electrostatic field.

Table 2.1 summarizes the typical characteristics of each actuation principle. Each principle has its own advantages and drawbacks. For our targeted application, we do not need large actuation displacement. Moreover, our vertical microscanner is meant to be integrated within a Mirau micro-interferometer which implies a high level of integration combining different technologies. Then, the vertical microscanner must be compatible with bonding technologies such as anodic bonding and be resistant to high temperature.

Here, we give a priority to the degree of difficulty of the fabrication and the simplicity of the material used. According to these two parameters, electrostatic actuation is the most suited. Moreover, electrostatic comb drive technology has a lot of advantages with respect to the three other main technologies: standard microfabrication materials as silicon can be used, the out-of-plane actuation can be easily coupled with "transmissive" micromirrors when comb fingers are placed around the structure, and the energy is provided by an electrical potential that is, for small displacement such as the one targeted for phase shifting applications, relatively small and compatible with medical imaging. For these reasons, electrostatic comb drive technology is chosen for the design of our vertical microscanner and is described in details in the next section. For vertical comb drive, the electrostatic force can be derived from 2.7:

-→ F = dE c dz = 1 2 N dC dz V 2 (2.11)
where N is the number of comb fingers that creates N capacitances in parallel, and dC dz is the variation of the capacitance of one movable finger facing two fixed fingers (Fig. 2.9). 

2.2.1.1/ CALCULATION OF THE CAPACITANCE

Depending on the design, the variation of the capacitance is based either on the variation of the parallel plate capacitance and the fringing field capacitance (Fig. 2.9, (b)) or only on the variation of the fringing field (Fig. 2.9, (c)). The configuration presented in Fig. 2.9 (a) is a specific case where a bottom substrate is necessary. In this case, the electrostatic force is called the levitation force [START_REF] Tang | Electrostatic comb drive levitation and control method[END_REF] and is given by:

F = γ z V 2 (z 0 -z) z 0 (2.12)
where γ z is the vertical drive capacity, V is the potential applied between the comb fingers, and z 0 is the equilibrium vertical position.

For the configuration corresponding to Fig. 2.9 (b) and (c), the parallel plate capacitance is classically defined as in 2.8. The fringing capacitance is much more complicated to derive because the electrostatic field is not linear in this region. Conformal mapping based on the Schwartz-Christoffel transformation can be used to calculate the total electric field around a zero-thickness parallel plate capacitance taking into account the fringing field [START_REF] Palmer | The Capacitance of a parallel-plate capacitor by the Schwartz-Cristoffel transformation[END_REF]. The aim of this transformation is to transform the plane where the electric field cannot be calculated into a plane where the electric field lines are uniformly spaced and straight and where the electric field is then easier to calculate. In 2000, this technique was used to derive an electrostatic model for vertical asymmetric comb drive [START_REF] Yeh | Electrostatic model for an asymmetric combdrive[END_REF]. Recently in 2014, E. Gallagher and W. Moussa compared this analytical model for zero-thickness plates with FEM analysis of non-zero thickness plate [START_REF] Gallagher | A Study of the Effect of the Fringe Fields on the Electrostatic Force in Vertical Comb Drives[END_REF]. They have shown that the maximum error equals 2.8%.

Figure 2.11 represents the comb drive configuration considered in [START_REF] Gallagher | A Study of the Effect of the Fringe Fields on the Electrostatic Force in Vertical Comb Drives[END_REF] and used to derive the electrostatic force: [START_REF] Gallagher | A Study of the Effect of the Fringe Fields on the Electrostatic Force in Vertical Comb Drives[END_REF].

F = f 1 (g, t s , t t , z) × �NL d × V 2 = π 2 � a b-d a-d -b a-c b-c � 4(a -b) {F (δ(u = 0), q) + F (κ(u = 0), q)} 2 × �NL d × V 2 (2.13)
where

q = � (b -c)(a -d) (a -c)(b -d) , δ= sin -1 � (b -d)(u -c) (b -c)(u -d) , κ = sin -1 � (a -c)(b -u) (b -c)(a -u) (2.14)
and F is the incomplete elliptic function of the first kind.

Finally a, b, c and d are defined as follows:

a = e πa � /g = e π(b � +h)/g b = e πb � /g c = e πc � /g = e πt/g d = e πd � /g = 1 b � = -z - t + h 2 (2.15)

2.2.1.2/ CALCULATION OF THE MAXIMUM VOLTAGE

Lateral instability The potential V, applied between the facing comb finger is limited due to lateral pull-in. Over a critical voltage, referred to as V crit , the first derivative of the electrostatic force with respect to the lateral direction becomes higher than the restoring spring constant of the springs, referred to as k x . Therefore over this critical voltage, the facing comb fingers are attracted between each other and the restoring force of the spring is not sufficient to prevent the comb finger to enter in contact. This principle is detailed in [START_REF] Legtenberg | Comb-drive actuators for large displacements[END_REF]. Neglecting the fringing capacitance, the electrostatic force in the lateral direction

x is:

F el = N �hL overlap 2 V 2 � 1 (d -x) 2 - 1 (d + x) 2 � (2.16)
The actuator is stable when:

k x > � ∂F el ∂x � x→0 (2.17)
This leads to:

V crit-x = � k x d 3 2N�hL overlap (2.18)
In 2004, W. Huang et al. developed another formalism which is equivalent to the one presented before. However, they also took into account the rotational stiffness of the spring, referred to as k θ , which leads to rotational pull-in if k x > k θ . In this case, by solving the equation (Fig. 2.12):

� L overlap 0 ydF elx = k θ θ (2.19)
where

dF elx = �hdy 2 V 2 � 1 (d -x -yθ) 2 - 1 (d + x + yθ) 2 � (2.20)
One can obtain:

V crit-θ = � 3k θ d 3 2N�hL 3 overlap (2.21)
In the case where the rotational stiffness and the lateral stiffness are of the same order, one obtains, after applying the Taylor expansion for a small number of θ and calculating

lim θ→0 (x/θ) = x � (θ) | θ=0 ,: V crit-θ-x = � k x d 3 2N�h r L overlap + rL overlap (2.22)
where

r = 2     - 1 -3 � k θ /(k x L 2 overlap ) � 3 + � � � � �   1 -3 � k θ /(k x L 2 overlap ) � 3   2 + � k θ /(k x L 2 overlap ) �     (2.23)
The critical pull-in voltage is usually around 150-200 V, for typical values of vertical electrostatic comb drive parameters, which is well above the specification of voltage for our medical application (maximum 50 V).

Electrical breakdown of the medium The electrical breakdown voltage is defined as the voltage applied between two electrodes that enables a current to flow between the two electrodes. The electrical breakdown of a gas occurs when a free electron in a gas is accelerated by an electric field with enough energy so that it ionizes a neutral atom after collisions of the two particles. Moreover, this phenomena is associated with an "avalanche" phenomena which results in Townsend breakdown. The ionization of the atom will create another free electron that is also able to create another ionization and so on. The result of this "avalanche" phenomena is the occurrence of a spark in the ionized gas. In 1889, F. Paschen shows empirically that the voltage breakdown is a function of the gas pressure and the gap between the two facing electrodes. The Paschen curves describe the phenomena for different gases. The breakdown voltage has been studied experimentally for different gas and gap spacing. It has been shown that for metallic planar electrodes with micro-scale gap the Paschen law is no more applicable [START_REF] Dhariwal | Electric field breakdown at micrometre separations in air and nitrogen at atmospheric pressure[END_REF]. This can be explained by the fact that for these values of gap spacing, the Townsend breakdown is no more dominant but field emission occurs from the cathode surface so that the cathode is locally vaporized which results in electrical breakdown [START_REF] Slade | Electrical breakdown in atmospheric air between closely spaced (0.2 µm-40 µm) electrical contacts[END_REF][START_REF] Chen | Electrical breakdown phenomena for devices with micron separations[END_REF]. However, for silicon electrodes such as comb drive structures, the Paschen law is still valid. For typical comb drive actuators, the voltage breakdown is between 300 and 350 V, which is higher than the maximum voltage that can be used for medical applications. wafers and then bond them [START_REF] Lee | Bonding of Silicon Scanning Mirror Having Vertical Comb Fingers[END_REF][START_REF] Lee | Design and fabrication of scanning mirror for laser display[END_REF]. The assembly of comb drive, fabricated separately in the device layer of two SOI wafers or with two PDMS structures has also been demonstrated [START_REF] Lee | SOI-based fabrication processes of the scanning mirror having vertical comb fingers[END_REF][START_REF] Iwase | Hidden vertical comb-drive actuator on PDMS fabricated by parts-transfer[END_REF]. This technique presents the disadvantage to be very sensitive to the alignment precision between the two sets of combs. Asymmetric vertical comb drives have been also developed based on the assembly of two silicon wafers in which vertical comb drives are etched, respectively before and after the bonding of the two silicon wafers [START_REF] Conant | A flat high-frequency scanning micromirror[END_REF][START_REF] Krishnamoorthy | Self-aligned vertical electrostatic combdrives for micromirror actuation[END_REF] (Fig. have been the first to propose this method in 2004 [START_REF] Tsuchiya | A z-axis differential capacitive SOI accelerometer with vertical comb electrodes[END_REF] (Fig. 2.17). A first mask is used to create comb fingers in the device layer. A second mask is used to protect one set of comb fingers while the other is etched down to half the thickness of the device layer. In [START_REF] Tsuchiya | A z-axis differential capacitive SOI accelerometer with vertical comb electrodes[END_REF], this configuration is used for the implementation of an accelerometer, i.e. a sensor (described in the next section), but the potential of this design for electrostatic actuation is also highlighted. This strategy of fabrication have been implemented for different applications such as positioning application, and phase shifting device [START_REF] Zickar | Low cross talk design and simple fabrication process of electrostatic vertical comb-drive actuators for positioning application[END_REF][START_REF] Wang | Silicon-on-insulator out-of-plane electrostatic actuator with in situ capacitive position sensing[END_REF][START_REF] Oda | Vertical comb-drive MEMS mirror with sensing function for phaseshift device[END_REF]. The success of this method is due to a great advantage of simplification compared to the other methods presented above. The alignment is simplified, there is no need of deposition of another material layer nor the need of assembly of two wafers. The differential capacitance of these two complementary asymmetric designs is a linear function of the vertical displacement of the moving fingers and is not sensitive to in-plane displacements. In 2012, two papers presented such a design for phase shifting devices [START_REF] Wang | Silicon-on-insulator out-of-plane electrostatic actuator with in situ capacitive position sensing[END_REF][START_REF] Oda | Vertical comb-drive MEMS mirror with sensing function for phaseshift device[END_REF]. The two configurations of comb fingers are presented in Fig. 2.22, (a). If the fringe effect is neglected, the variation of the capacitance C 1 of Fig. 2.22, (a) can be written as:

2.2.3/ EXAMPLE

∆C 1 = -2� h d ∆l (2.24)
and the variation of the capacitance C 2 of Fig. 2.22 (a),

∆C 2 = 2� h d ∆l -2� l d ∆h (2.25)
Finally, one obtains:

∆C = ∆C 1 -∆C 2 = 2� l d ∆h (2.26)
Another solution is also to create parallel plate sensing using the back-side of the actuated micromirror as a first electrode and the substrate as a second electrode. This solution is suited when reflective micromirrors are designed or a transparent ITO electrode must be integrated which complicates the technology. This reflective micromirror approach has been proposed in 2003 by A. Lee et al. in [START_REF] Lee | Vertical-actuated electrostatic comb drive with in situ capacitive position correction for application in phase shifting diffraction interferometry[END_REF] (2.23). 

DESIGN AND SIMULATION OF VERTICAL MICROSCANNER

The vertical microscanner developed in this thesis is a building block of a monolithically integrated array-type Mirau micro-interferometer. For the targeted application, i.e. skin visualisation for early diagnosis of skin pathologies, the Mirau micro-interferometer is integrated in a swept-source OCT system. The design of the vertical microscanner must be adapted to this purpose, i.e. meet the OCT specifications. Thus, the concept of the Mirau micro-interferometer, as part of the OCT system, is firstly presented in terms of optical design and technological implementation. Secondly, two designs of the vertical microscanner, based on two different strategies of fabrication, are proposed. Electromechanical simulations have been also conducted to optimise the vertical microscanner design in order to find the suitable parameter values.

3.1/ OPTICAL DESIGN OF THE SS-OCT SYSTEM

3.1.1/ GENERAL INTRODUCTION

According to the requirements linked to the visualisation of skin cancers at an early stage, three parameters are first considered: the image area, the axial and lateral resolutions. As mentioned earlier, in order to visualize the borders of the common lesions, an area of 8x8 mm 2 is targeted together with a resolution of 5-7 µm in both directions. The field of view of an interferometer is directly linked to the size of the reference mirror. Imaging of such a large field of view (8x8 mm 2 ) would require the use of a large mirror and thus a large diameter lens. Indeed, the diameter of the Mirau lens must be much larger than the reference mirror, as the latter creates a central obscuration of the light beam.

Moreover, the lateral resolution of an optical system is proportional to its lens diameter and its focal length. If a high resolution is targeted and a large diameter lens is used, it means that a long focal length is necessary. Obviously, a large diameter lens with a long focal length leading to a large device is not compatible with the objective of a miniaturised system. Moreover, large diameter lenses cannot be fabricated with microfabrication process that usually limits the lens diameter to few millimetres. Finally, from an optical point of view, it is difficult to maintain a high resolution over a large field of view. Indeed, the spatial sampling of the field of view must be high enough to keep the resolution. However, a high spatial sampling is possible with a high magnification between the sample and the detector and with a very large detector [START_REF] Wyant | Large Field of View , High Spatial Resolution , Surface Measurements[END_REF]. Here, the array of micro-interferometers offers a good compromise using low magnification to benefit from relatively long working distance and wide field of view while high resolution is obtained.

Each micro-interferometer is composed of microcomponents and can image a small part of the targeted field of view. Then, a full image can be reconstructed through lateral and axial scanning along with a stitching of the different zones of interest. This solution has been chosen and a 4x4 array-type Mirau micro-interferometer has been designed.

3.1.2/ DESCRIPTION OF THE SYSTEM

The optical design of the SS-OCT is presented in Fig. 3.1. The different functional blocks of the system are described below.

3.1.2.1/ ILLUMINATION

The light is generated by a swept-source and is brought to the microsystem through an optical fiber creating a spatially incoherent source. The swept-source consists of a superluminescent diode (SLD), commercially available [138], which is filtered by a MEMS Fabry-Perot interferometer (FPI) developed by VTT Technical research center of Finland in the frame of the project [START_REF] Antila | MEMS and piezo actuator-based Fabry-Perot interferometer technologies and applications at VTT[END_REF]. For the optical design, the SLD chip (size 4 µm x 4 µm) can be assumed as a point source. This point source is collimated by an aspheric lens.

The collimated light is then filtered by the FPI and finally coupled to a multi-mode (MM) fiber thanks to the same collimation lens. An appropriate collimation lens is a Thorlabs lens (C150TME-B). The MM fiber has a core diameter of 1.2 mm. The light coming out from the fiber is recovered by a condenser lens triplet whose goal is to collimate the light over the matrix aperture.

3.1.2.2/ MICRO-INTERFEROMETER

The collimated light is then split by a beam splitter cube so that half of the light is directed onto the micro-interferometer. The light travels through the Mirau micro-interferometer. 

3.1.2.3/ IMAGING

The light coming back from the micro-interferometer, and carrying the interference signal, goes through to the beam splitter cube where one part of the light goes to the camera.

The light is focused on the camera by a tube lens. The Mirau lens and the tube lens creates a 4-f optical system, which focus the light on the camera. The camera is a high speed camera (framerate=4 kpfs), developed by the CSEM. It is based on a 1024x1024 matrix of 12 µm pixels.

3.1.3/ OPTICAL DESIGN

The targeted parameters are an axial and lateral resolution around 5-7 µm and a final field of view of 8x8 mm 2 . In FD-OCT, the lateral and axial resolution are not directly coupled allowing to equalize them.

On the first hand, the axial resolution is limited by the light source bandwidth and central wavelength as shown in Eq. 1.13. We choose a bandwidth ∆λ of 50 nm and a central wavelength λ 0 of 850 nm. These two parameters are a good compromise because the bandwidth should not be too large to limit the effect of dispersion and the central wavelength set to 850 nm gives a good contrast when imaging skin. The calculated axial resolution δz is equal to 6.38 µm which is within the specifications:

δz = 2ln(2) π λ 2 0 ∆λ = 6.38 µm (3.1) 
On the other hand, the lateral resolution is calculated based on the Rayleigh criteria according to Eq. 1.15 which results in 5.2 µm if a numerical aperture of 0.1 is considered:

δx, y = 0.61 λ 0 N A = 5.2 µm (3.2)
The axial resolution and the lateral resolution are close providing a isotropic imaging system. In the following, the axial and the lateral resolution are supposed to be the same and equal to 6 µm. The Nyquist criteria states that the imaging sample rate, i.e. the pixel size, should be one half of the size of the smallest imaged object, i.e. the lateral resolution.

Then the imaging magnification should be equal to:

M imaging = 2∆x δx, y = 2 × 12 6.38 = 3.7 (3.3)
where ∆x is the pixel size equal to 12 µm.

Finally, to image a field of view of 8x8 mm 2 , different arrays of micro-interferomters are possible: 2x2 lenses (diameter 4 mm), 3x3 lenses (diameter 2.7 mm), 4x4 lenses (diameter 2 mm), and so on. A good compromise corresponds to lenses providing a good trade-off between field of view, focal length and lateral resolution. Technological considerations must also be taken into account because it limits the lens parameters, and in particular the diameter [140]. Based on these considerations, a diameter lens of 1.9 mm has been chosen to form a 4x4 matrix. A larger diameter would be difficult to fabricate by microfabrication techniques and a smaller diameter would induce a small field of view. An array of microlenses is superposed to an array of micromirrors to create the Mirau microinterferometers. A volume stop is placed in front of the camera to avoid the cross talk between the channels. This volume stop limits the aperture on the camera to 1.5x1.5 mm 2 per channel. According to the imaging magnification, the reference micromirror size, L Mirror , is calculated equal to 400 µm which results in a field of view of 1480x1480 µm 2 in the image plane. The micromirror creates a central obscuration which leads in a transmission of the mirror plane of 94% which is higher than typical values studied in the literature (70%-80%) [START_REF] Harvey | Diffraction effects of telescope secondary mirror spiders on various image-quality criteria[END_REF][START_REF] Richter | Spider diffraction: a comparison of curved and straight legs[END_REF]. The distance between the microlenses and the micromirrors is not critical in itself, as long as its impact on the obscuration ratio is not significant.

In order to avoid the use of an additional spacer, the distance between the microlens and the micromirror is set to the thickness of the micromirror wafer, which is typically around 500 µm. Finally, the effective diameter of the lens is limited by an aperture stop of diameter equal to 1.5 mm to minimize the effect of spherical aberrations present at the lenses borders. Then, assuming a paraxial approximation, the Mirau lenses effective diameter is 1.5 mm and it corresponds to a focal length of 7.5 mm (NA=0.1).

f Mirau = D Mirau 2 × N A = L aperture 2 × N A = 1.5mm 2 × 0.1 = 7.5 mm (3.4)
In the Mirau micro-interferometer, the distance between the micromirror and the beam splitter is optically critical as it ensures that the micromirror is in the "focal plane" of the microlens. Indeed, it has been shown previously that the optical path difference between the sample arm and the reference arm should be small to benefit from a higher sensitivity [START_REF] Kim | Comparison of phase-shifting techniques for in vivo full-range, high-speed Fourier-domain optical coherence tomography[END_REF]. Taking into account that the distance between the lenses and the micromirrors is equal to 0.5 mm, it results that the distance between the Mirau micromirrors and the beam splitter is set to 3.5 in order to have the micromirrors in the focal plane of the Mirau lenses (7.5 mm = 2 x 3.5 mm + 0.5 mm).

The total optical path length defines the vertical size of the final optical system. It is the sum of the focal length of the Mirau lens and the tube lens, which are calculated as follows:

f tube = M imaging × f Mirau = 3.7 × 8 = 27.75 mm (3.5) f Mirau + f tube = 35.25 mm (3.6)
Note that the Mirau lens has been modified into a doublet of lenses in order to improve the quality of the focussing beam. Indeed, the optical system is less sensitive to spherical aberrations when using two successive lenses. This can be explained by the diminution of the required refractive power when using two lenses compared to one lens.

Finally, the condenser focal length is chosen equal to 16 mm to obtain a magnification of 0.47. This results in a lateral field of view in the skin of 560 µm (MM fiber core diameter is equal to 1.2 mm), which is larger than the field of view that we want to image on the camera (400 µm).

M illumination = f Mirau f Condenser = 0.47 (3.7)
The aim is to image a 3D volume with an imaging depth of 600 µm according to the targeted application of detection of early skin cancers. The imaging depth depends on the axial field of view of the system as explained in 1.2.1.5. It is calculated as follows:

FOV axial-coherent = 4ln(2) π λ 2 0 δλ = 638 µm (3.8)
where δλ is the linewidth of the light source.

However, the axial field of view is also limited by the geometrical optics as:

FOV axial-geometric = 1.77 λ N A 2 = 150 µm (3.9)
Here, the axial field of view is then limited by the optics and is equal to 150 µm.

The parameters of the optical design are summarized in Table 3.1. 

3.1.4/ STITCHING

To be able to record B-Scans, or potentially a 3D image, the array is laterally moved so that each micro-interferometer can image a total area covering the gap between two neighbouring micro-interferometers. This gap corresponds to the pitch of the array which is 2 mm. Then, each micro-interferometer must image a total 2D area of 2x2 mm 2 thanks to scanning and stitching. Hence, due to the matrix arrangement, lateral movements of 2 mm range lead to image continuously 8x8 mm 2 . Moreover, the total targeted depth of field is 600 µm to be able to reach and recover the dermo-epidermal junction. Z-stitching is necessary to image such a depth. An overlap between each image, acquired after the lateral and the vertical movements of the whole interferometer, is necessary to stitch correctly the image. The overlap region is set to 20% of the field of view according to the results presented in [START_REF] Wyant | Large Field of View , High Spatial Resolution , Surface Measurements[END_REF]. In this case, the number of stitched images is calculated as follows:

2mm = N stitching L Mirror -(N stitching -1) × 0.2 × L Mirror N stitching = 2mm -0.2 × L Mirror L Mirror -0.2 × L Mirror = 6 (3.10)
Finally, the camera is fixed and a dynamic region of interest is used to record the interferogram. Then, the total number of pixel, taking into account the lateral stitching process and the 20 % overlap regions, must be smaller than 1024:

N pixel ∆x = (N channel -1)xPitch + L stitching = 3 × 2mm + N ROI ∆x + (N stitching -1) × (1 -Overlap) × L Mirror = 3 × 2mm + M × L Mirror + (N stitching -1) × 0.8 × L Mirror N pixel ∆x = 9.08 mm N pixel = 757pixels (3.11)
where L stitching is shown in Fig. 3.1.

Note that the number of pixels necessary to image the field of view of one microinterferometer, i.e. corresponding to an image of 400x400 µm and referred to as N ROI , is equal to 123x123 pixels.

To image a depth of 600 µm, vertical stitching is also required since the axial field of view is equal to 150 µm. Therefore, the Mirau interferometer is vertically moved 5 times by an external mechanical actuation, with overlapping regions to obtain the targeted depth of image. The external mechanical macro-actuator will not be described in this thesis. The sequence of image acquisitions is the following: one acquisition is done in all channels, and then the micro-interferometer is moved in the x direction and a second acquisition is performed. This is repeated six times and then the interferometer is moved once in the y direction and again the micro-interferometer is laterally moved 6 times in the x direction.

There is a total of 6 stitching in the y direction. Then, the interferometer is moved in the z direction and the sequence is repeated. All the acquisitions are used to reconstruct the 3D volume (Fig. 3.3). The image processing is coded in the visual programming language, also called graphical language, LabVIEW (National Instruments) [START_REF] Perrin | Full field swept source optical coherence tomography micro-system -Application to dermatology[END_REF]. The system can provide different types of images. Firstly, 4 B-scans can be visualized, based on x and z scanning and stitching, in order to give a first rapid information on the lesion. Then, a 3D image can be reconstructed, based on x,y and z scanning and stitching, to give a complete view. Note that dermatologists are used to interpret histopathological images that correspond to B scans. Moreover, in practice, a 3D image is much more difficult to visualize.

3.1.5/ PHASE MODULATION

Sinusoidal phase modulation, based on the theory presented in Sec. 1.2.1.5, is used to get rid of the parasitic terms obtained in FD-OCT techniques and increase the signal dynamic of the system [START_REF] Sasaki | Analysis of measurement accuracy in sinusoidal phase modulating interferometry[END_REF][START_REF] Bu | Full-range parallel Fourier-domain optical coherence tomography using sinusoidal phase-modulating interferometry[END_REF]. The algorithm depends on the frequency, the initial phase and the amplitude of the sinusoidal phase modulation. To reconstruct properly the modulation, 8 acquisitions per period of the modulation must be recorded. Our high speed camera has a maximum frame rate of 4 kfps, which is why the modulation frequency is set to 500 Hz (4,000 Hz/8). Moreover, the modulation amplitude is set to 2x 2.63λ 0 4π , which is the optimum value for the implementation of this algorithm as defined in [START_REF] Sasaki | Analysis of measurement accuracy in sinusoidal phase modulating interferometry[END_REF]. Ac-cording to our parameters, the modulation displacement should then be equal to 352 nm.

The initial phase depends on the electric signal phase which drives the actuator. Here, a swept-source OCT system is designed and the phase modulation algorithm must be implemented for each wavelength. Fig. 3.4 shows the time line of an acquisition. In order to compare our system with commercial ones (Tab. 1.2) and with the literature (Tab. 1.1), it is interesting to calculate the A-scan rate of our system. Without z scanning, the A-scan rate is calculated as:

Rate A-scan = Rate Source N period-modulation N 2 ROI N 2 channel = 10 8 x123x123x4x4 = 302.6kHz (3.12)
If phase modulation is not performed, then the speed is multiply by 8. Despite a slow source, the acquisition speed is at the state of the art and our system is adapted for tissue imaging.

3.2/ DESIGN OF THE VERTICAL MICROSCANNER

As explained previously, the success of the realization of MOEMS systems relies on the capacity to combine a well designed optical system with an adequate technology of mi-crofabrication. Based on the considerations presented in Chapters 1 and 2, a Mirau microinterferometer has been designed for SS-OCT with an array of actuated micromirrors that enables the use of phase shifting techniques. The actuation parameters defined by the optical designs are a sinusoidal actuation which frequency equals to 500 Hz and a minimal displacement amplitude of 352 nm to be reached with a maximum voltage of 50 V required by the medical application. The construction of the microscanner has to fulfil several requirements related to the vertical integration within the Mirau micro-interferometer. Firstly, the microscanner wafer must be positioned up-side down in the wafer stack to ensure that the reference mirror faces the beam splitter (Fig. 3.5). Then, the distance between the Mirau lens wafer and the microscanner wafer is equal to the microscanner wafer (540 µm) and these two wafers are directly bonded together. Moreover, the microscanner wafer must be compatible with the overall integration strategy based on anodic bonding (materials, process temperature, surface quality). Finally, electrical interconnections have to be provided to drive the actuators and sensors by external electronics. For this purpose, holes in the spacer are placed in such a way to enable side access to the contact pads, located on the border of each chip, during wire bonding [START_REF] Wang | Multi-wafer bonding technology for the integration of a micromachined Mirau interferometer[END_REF]. The specificity of this microscanner design is that it works in transmission, i.e. the area around the micromirror must be transparent, whereas microscanners presented in the literature usually work in reflection. Moreover, the implementation of PSI method implies that the micromirrors cannot be simply deposited on the backside of the lenses [64], which are static, but must be integrated onto an actuated platform. In this thesis, two solutions are proposed, either the micromirrors are deposited on a transparent support [START_REF] Lullin | Monolithic integration of a glass membrane on silicon microactuator for micro-interferometry[END_REF] or they are held by suspensions. The two designs are presented below. The array of micromirrors is embedded in a single actuated platform because all the micromirrors must be actuated synchronously. Therefore, there is no need to individually control the displacement of the micromirrors which would require an array of individually actuated platforms. Such an array of platform with individual actuators would also be restrictive with respect to the density of the array. The platform must be as light and stiff as possible. Hence, the platform is structured with holes in order to decrease its mass. Indeed, the resonant frequency of the actuated platform with micromirrors is related to the mass and the suspensions stiffness according to the following equation:

f resonant = 1 2π × � k m .
If m, the mass, is reduced, then k is reduced and the vertical actuation force equal to F z = k z × z is minimized and so the actuation energy. Moreover, the platform must be stiff enough to avoid deformations in static but also in dynamic.

Indeed, if the distance between the mirrors and the beam splitter varies from one mirror to another, i.e. the optical path length in the reference arm of the interferometer changes, then the area imaged by the system varies in depth from one mirror to another. This is not a problem if the vertical offset between adjacent channels is below the axial resolution of the system (6.4 µm). If it is higher than this value, then the image treatment to recover the 3D image becomes more complicated. The actuated platform is designed as a square which dimensions respect the optical design of the array of micromirror. In particular, the side length of the platform, noted L plat f orm , is 8.1 mm (Eq. 3.13). The platform is structured with disk holes corresponding to the light beam diameter in the mirror plane, i.e D hole = 1840 µm. This value is smaller than the lens diameter because the light beam is focussed and then its diameter decreases along its propagation.

L plat f orm = 3Pitch + D hole + 2L Border = 3 × 2.0 + 1.84 + 2 × 0.130 = 6 + 1.84 + 0.26 = 8.1 mm (3.13)
where L Border is the distance between the holes and the border of the platform.

To limit its mass, the square silicon platform is structured, in between the disk holes, with a honeycomb matrix. This pattern is chosen for its good trade-off between mass and stiffness. The parameters of this structure are to be defined by the simulations.

3.2.3.1/ FIRST DESIGN : GLASS SUPPORT FOR THE MICROMIRROR INTEGRATED ON SIL-ICON ACTUATED PLATFORM

The first design deals with the integration of a transparent support for the micromirror on the silicon platform. This support must be optically transparent, mechanically supporting the micromirror, resistant to high temperature due to the use of anodic bonding during the vertical assembly and compatible with silicon that will be used for the micro-actuator. These criteria are well satisfied by the Borofloat glass. Borofloat glass is a borosilicate glass (presence of sodium ions necessary for anodic bonding) and has the advantage of having a good thermal compatibility with silicon which is critical to limit the residual stress after key technological steps such as anodic bonding for which high temperature is used (350 • C). Indeed, borofloat glass and silicon have close thermal ex-pansion coefficient around this temperature. Moreover, glass benefits from a long-term stability of its mechanical and optical properties which is necessary for MOEMS devices.

Fir these reasons, a glass support is aimed at being embedded in the actuated platform to support the glass micromirrors.

The glass supports are structured as disks, covering each channel, to limit the mass of the actuated platform (15% decrease). The diameter of the glass disk bonded to the silicon is set to 2.1 mm. This ensures a bonding ring whose width is equal to 130 µm. This thickness takes into account the potential underetching due to the structuration of the glass. The glass support thickness is set to 25 µm. This thickness is thin enough to avoid a perturbation of the optical signal and to be light enough while being feasible from a technological point of view. Finally, the underetching can be as large as 25 µm if an isotropic etching technique is used.

The micromirrors (400 µm x 400 µm) are centered on the glass disks. 

3.2.4/ THE SPRINGS

The springs are positioned around the silicon platform so that the stiffness in the x and y directions are the same. The springs are designed to be stiff in the in-plane directions in order to avoid in-plane parasitic movements but soft in the out-of-plane direction. For a simple fixed-guided end beam1 , the stiffness are given by:

k z = E wh 3 L 3 (3.14) k y = E hw 3 L 3 (3.15) k x = E hw L (3.16)
where E is the Young modulus of the material and w, h, l are the dimensions of the beam as described in Fig. 3.9. From Eq. 3.14, it can be concluded that when the length increases, the stiffness in the z direction decreases to the power of three. In our case, the actuation frequency is relatively small (500 Hz), then low stiffness beams, i.e. long beams, are necessary according to the

formula f = 1 2π � k m .
Moreover, for miniaturization purposes, serpentine springs are typically used to limit the area used by the springs, called the footprint. Hence, two designs, shown in Fig. 3.10, will be considered in the simulations presented later. In order to use the phase shifting algorithm, it is necessary to move the platform but also to know the displacement amplitude of the micromirrors. Therefore, a capacitive sensor is also integrated to the structure. It has two interests. Firstly, it enables to control the position of the platform in case the platform is not parallel to the lens matrix and its planarity must be adjusted by vertically moving the platform. Secondly, for the phaseshifting control, it is important to know the amplitude of vibration of the platform. The design of the sensing part is shown in more details in Fig. 3.12. All the movable fingers are surrounded by fixed comb fingers. There are two configurations: one for which the movable comb finger is smaller than the fixed ones (Configuration 1) and one for which the movable comb fingers are higher than the fixed ones (Configuration 2). The sensing is realized by measuring the differential capacitance (∆C = C 1 -C 2 ) as the platform is vertically moving. With this differential configuration of sensing, the sensing part is more sensitive than with only one configuration. Indeed, in Fig. 3.12 (b), it is shown that when the platform moves upward, the parallel plate capacitance of C2 changes whereas only fringing capacitance impacts on C1. When the platform moves downward, it is the opposite. Then, with the two configurations, the parallel plate capacitance depends on the platform movements in the two directions and the sensor is sensitive over a wider range of movements. Finally, the micro-actuators and the microsensors must be electrically isolated to use them individually. The electric isolation is realized by creating trenches in the device layer of the SOI wafer. The structure of SOI wafers, with a buried isolating layer, is adapted to realize this kind of isolation.

One goal in miniaturized device design is to limit the footprint area of the systems. Here, we take advantage of the already large silicon platform to position the electrostatic vertical comb fingers on the border of the silicon platform for the actuation and the sensing function. Moreover, the comb fingers are placed symmetrically around the platform in order to symmetrically actuate and sense the platform displacements (Fig. 3.13). 

3.3/ SIMULATIONS OF THE VERTICAL MICROSCANNER

In this section, the simulations relative to the design presented before are detailed. For each simulation, the model, including the materials and the boundary conditions used, is detailed. The vertical microscanner presented in this thesis is based on silicon electrostatic comb drive actuation and sensing. This technology has been chosen for its good compatibility with MEMS as silicon is also a basic material for mechanical systems. More details about silicon wafer fabrication and properties are given in Annexe B.

When designing a vertical microscanner, the vertical dimensions are critical. In particular, the spring vertical stiffness has an impact on the resonant frequency corresponding to the piston mode. Moreover, for a simple beam Eq. 3.14 shows that k z highly depends on the length and on the thickness of the beam. On the one hand, the length is an in-plane dimension that is mainly controlled by photolithography process during the fabrication.

This process is very precise and resolution down to ± 1 µm can be obtained. On the other hand, the vertical dimensions, such as the spring and the platform thicknesses, are difficult to control with microfabrication techniques. One solution, widely employed, is to use a silicon on insulator wafer (SOI). This type of wafer is a stack composed of one thick silicon handle layer (300-500 µm), an insulating layer usually a silicon dioxide layer, called buried oxide layer (BOX) (1-5 µm), and on top a thinner silicon device layer (10-50 µm). The advantage of SOI wafers is that layers thicknesses are really well controlled during the fabrication process which enables the fabrication of devices close to the designed ones. In our case, SOI is also very useful to isolate the micro-actuators and the microsensors between each other. Indeed, if trenches are created in the device layer then the different parts are only connected mechanically by the handle layer and the BOX but are isolated electrically.

For the microfabrication, (100) SOI wafer were purchased to fabricate the vertical microscanner since they are the more common and are compatible with our design. Then, when considered as an isotropic material, the silicon Young's modulus is chosen equal to E x,y = 170 GPa [START_REF] Hopcroft | What is the Young ' s Modulus of Silicon ?[END_REF]. Moreover, the value of the Poisson's ratio, which reflects the capacity of the material to experience shear deformation, is chosen to be equal to 0.64.

According to simulations results, these values give results close to the anisotropic model results. Moreover, the SOI wafer parameters chosen are 500 µm for the handle layer, 1.5

µm for the BOX and 40 µm for the device layer. These parameters are standard so that the wafers can be easily purchased. The SOI wafer have been ordered to the company Ultrasil with the specifications given in Tab. A second static simulation is used to investigate the deformation of the structured silicon platform linked to its own weight. Fig. 3.17 shows the obtained vertical deformation of the platform accross the platform. The vertical offset between a micromirror near the border and a micromirror in the center of the platform is equal to 54 nm. This value is much smaller than the axial resolution of the system, then this vertical deformation can be neglected. A similar analysis is used to simulate the static deformation of the second platform design with suspended micromirrors. However, direct modelling of such complicated structure, containing the honeycomb structuration with small dimensions with respect to the platform, is problematic due to a very heavy mesh. Therefore, a simpler model, with nine 700 µm x 700 µm square holes replacing the hexagonal array, is used. The square dimensions result in the same surface than the hexagonal array so that the mass remains unchanged.

z 1 z 2 z 1 -z 2 =54 nm
This model is implemented with the suspended micromirror design. An analysis of the static vertical deformation of the platform under its own weight is performed with Comsol. Another model without any structuration of the platform is also used to compare the two limit cases in term of structuration. For the suspended micromirror design, the maximum vertical deformation equals 140 nm which is much smaller than the axial resolution of the system that is 6 µm (Fig. 3.18). Then, this static deformation has no impact on the imaging system. Moreover, optical simulations, made with Zemax, were done taking into account a tilt tolerance between the optical surface of 0.05 degree [START_REF] Krauter | Optical design of a vertically integrated array-type Mirau-based OCT system[END_REF]. The angle, created by the vertical displacement simulated here, corresponds to a maximum micromirror angle of 0.002 degree, which is below the optical tolerance specification. Finally, the results

show that the difference of vertical deformation between the two models is negligible.

Then the model with square holes replacing the hexagonal array will be used in the following simulations. Figure 3.18: Impact of structuration of the suspended platform on its vertical static deformation (diagonal direction). Two simulations are performed to analyse two limit cases in terms of structuration: one without any structuration of the platform and one with nine 700 µm x 700 µm square holes centered between the optical apertures. These two simulations represent two limit cases in term of structuration.

The parameters of the hexagonal array are chosen arbitrarily knowing that the worst case scenario studied before gives an acceptable static deformation. The parameters are chosen to be d hexa = 30 µm and l hexa = 30 µm. The mass of the platform for the integrated glass design is 4.96.10 -6 kg (i.e. 5 mg) and the one of the suspended micromirror design is 2.46.10 -6 kg (i.e. 2.5 mg).

Note that the vertical displacement of the platform due to gravity is a function of its weight and the spring stiffness. In fact as z = F k z = mg k z , the vertical displacement is a function of the ratio k z m which is defined by the targeted resonance frequency according to the relation f = 1 2π � k z m . Thus, the vertical displacement corresponding to a resonant frequency of 500 Hz is 1 µm. This vertical displacement must be taken into account in the simulation of the micro-actuator as an initial vertical offset between the comb fingers.

3.3.1.3/ THE SPRINGS

Von Mises stress In order to avoid in-plane parasitic movement of the actuated platform, spring suspensions have been designed to be stiff along the in-plane directions.

Folded springs are suited for this kind of requirements. Moreover, they benefit from a small footprint (Fig. 3.10). However, folded springs have the disadvantage to undergo more internal stress than straight beams. In order to check if a design can survive a specific load, the Von Mises yield criterion is usually used. Under a specific load, a ductile material experiences some deformation leading to normal and shear stresses. Von Mises stress, also called equivalent tensile stress, is a figure that takes into account both types of stresses and that can be compared to the yield strength of the material. The yield strength defines the maximal stress that a material can experience before starting to deform plastically. If the Von Mises stress is higher than the yield strength, then the material will start yielding. Von Mises stress is defined as follows:

σ 2 v = 1 2 � (σ 11 -σ 22 ) 2 + (σ 22 -σ 33 ) 2 + (σ 33 -σ 11 ) 2 + 6 � σ 2 23 + σ 2 31 + σ 2 12 � 2 � (3.17)
with σ v the Von Mises stress, and σ ij the stress in the ij direction where i and j stand for

x,y and z.

The Von Mises stress can be simulated with FEM simulations using Comsol software. A simulation has been performed to evaluate the stress for the two spring designs. Four springs are attached around a 3x3 mm 2 square platform. The material is defined as isotropic silicon. The free-end of each spring has a fixed boundary condition. A vertical force is applied on the platform leading to a vertical displacement of the platform and a vertical deformation of the springs. The mesh is refined in the area of interest, i.e. where the maximal stress occurs. This corresponds to the edge of the folded spring and to both ends of the springs. Fig. 3.19 shows the Von Mises stress in the structure, corresponding to a vertical displacement of 40 µm, which is much higher than the targeted displacement for our device (around 500 nm). It results that the maximal Von Mises stress obtained for the two spring designs is equal and much smaller than the yield strength of silicon.

However, for the spring design 2, there is an additional area where stress is high, due to one more fold in the spring. Stiffness-Theory The vertical stiffness is set by the targeted resonant frequency (500 Hz ± 50 Hz, given by the specification of the system) and the mass of the platform according to the formula f = 1 2π � k m . Note that, taking into account the error on the device layer thickness (40 µm ± 0.5 µm), the resonant frequency error is ± 10 Hz. Then, with the masses estimated before, the targeted vertical stiffness for the design 1 is 12.3 N/m and for the design 2 is 6.1 N/m. The springs are placed around the platform so that the inplane total stiffness is the same in x and y directions. Both analytical theory and Finite Element analysis are presented. Stiffness values can be derived using the energy method.

This method is well detailed in [START_REF] Fedder | Simulation of Microelectromechanical Systems[END_REF] and is based on Castigliano's second theorem. To use this method, the serpentine spring is decomposed in 4 straight beams that are analysed in term of moment and torsion (Fig. 3.20). The spring design 1 is used to illustrate the methodology. The total strain energy of the linearly elastic structure is calculated as follows:

(a) W L 1 L 2 L 4 L 3 x y z F z T 0 M 0 T 1 M 1(l 1 ) T 2 M 3 (0) T 4 M 4 (0) (b) M 2 (0) T 2 F z F z F z M 2 (l 2 ) T 3 M 3 (l 3 ) T 3 T 4 M 4 (l 4 )
U = 1 2 � n ∑ i=1 � l i 0 M 2 i EI i d� + n ∑ i=1 � l i 0 T 2 i GJ i d� � (3.18)
where l i is the length of beam i , M i is the Moment of beam i , T i is the Torsion of beam i , I i is the Moment of Inertia of beam i , J i is the Torsion constant of beam i and G and E are respectively the shear modulus and the Young modulus of the material.

For a rectangle cross-section, I = wt 3 12 and J = 1 3 w 3 t(1 -192w

π 5 t ∞ ∑ i=1,i odd 1 i 5 tanh( iπt 2w 
)) [START_REF] Fedder | Simulation of Microelectromechanical Systems[END_REF].

The moment and the torsion of each beam, created by M 0 , T 0 and F z are defined as follows:

M 1 = M 0 -F z � M 2 = T 1 + F z � = T 0 + Fz� M 3 = T 2 -F z � = M 0 -F z (l 1 + �) M 4 = T 3 -F z � = F z * (l 2 -�) + T 0 (3.19) T 1 = T 0 T 2 = M 1 (l 1 ) = M 0 -F z l 1 T 3 = M 2 (l 2 ) = T 0 + F z l 2 T 4 = M 3 (l 3 ) = M 0 + F z (l 1 + l 3 ) (3.20)
With the conditions:

∂U ∂M 0 = 0, ∂U ∂T 0 = 0 and ∂U ∂F z = δz (3.21)
and l 1 = l 3 = a, l 2 = b and l 4 = c, one obtains:

k z = F z δz = 12EGI J(2EIa + GJ(b + c))(EI(b + c) + 2GJa) SU M (3.22) SU M = 12E 3 I 3 a 2 b(2ac + b 2 + bc) + 4E 2 GI 2 Ja (4a 3 b + 16a 3 c + 6a 2 b 2 + 3ab 2 c + 3abc 2 + 2b 4 + 5b 3 c -bc 3 + 2c 4 ) + EG 2 I J 2 (32a 5 + 8a 3 b 2 + 40a 3 bc + 32a 3 c 2 + 16a 2 b 3 + 24a 2 b 2 c -24a 2 bc 2 + 16a 2 c 3 + b 5 + 5b 4 c -2b 3 c 2 -2b 2 c 3 + 5bc 4 + c 5 ) + 2G 3 J 3 a (8a 3 b + 8a 3 c + b 4 + 4b 3 c -6b 2 c 2 + 4bc 3 + c 4 )) (3.23) 
A code in Python has been written to facilitate the calculation. Note that the choice of a, b and c, i.e. the way how the folded spring is cut into 4 beams matters. There is no specific indications in the literature on how to choose these dimensions. One way is to consider the neutral fiber of the folded spring. However, it does not correspond well to the fact that the energy of each small beams is calculated. There are two other ways to cut the folded spring, while having l 1 = l 3 = a, as shown in the Fig. 3.21.

However, it can be found that solution 2 presented in Fig. An important precision is that, for the suspended micromirrors design, the spring-mass systems created by the 16 micromirrors-suspensions systems have a very high resonant frequency. Indeed, the stiffness of the three suspensions is high and the mass of the micromirrors is relatively small. Then, when the platform is actuated at 500 Hz, these 16

spring-mass systems are not excited. Actuating and sensing are the core functions of the device. In order to use a phase shifting algorithm, it is necessary to know the displacement amplitude of the micromirrors.

Therefore, a capacitive sensor is also integrated to the structure. Both vertical actuators and sensors are based on the electrostatic field created by vertical comb fingers (Fig. 3.23).

This technology has been widely used due to its relative easiness of implementation in silicon-based MEMS [START_REF] Tsuchiya | A z-axis differential capacitive SOI accelerometer with vertical comb electrodes[END_REF][START_REF] Wang | Silicon-on-insulator out-of-plane electrostatic actuator with in situ capacitive position sensing[END_REF][START_REF] Oda | Vertical comb-drive MEMS mirror with sensing function for phaseshift device[END_REF]. Indeed, the combination of SOI substrates and Deep

Reactive Ion Etching (DRIE) allows fabrication of both the micromechanical structures as well as the electrostatic actuators and sensors. The comb fingers are also formed in the device layer. Then, the height of the higher fingers is set to 40 µm and to 20 µm for the smaller ones. The gap between the finger is set to 5 µm. These are typical values found in the literature that are in agreement with the feasibility of microfabrication processes.

3.3.2.1/ ACTUATION

The vertical electrostatic force is created by a change of capacitance in the vertical direction. This is possible when a vertical asymmetry exists in the design of the comb fingers (Fig. 3.23, (b)). If parallel plate capacitances are used to create lateral electrostatic actuator, the fringing capacitances are here responsible for the actuation. The electrostatic force, between two opposite fingers, is proportional to the derivative of the capacitance between these fingers according to the following relationship:

F el = 1 2 ∂C ∂z V 2 (3.24)
where C is the capacitance and V is the potential between the two fingers.

3.3.2.2/ SENSING

The sensing function is created by differential capacitance sensing. It has been shown

that the design of two specific types of comb fingers provide a linear detection (Fig. 

3.3.2.3/ ANALYTICAL CALCULATIONS

From the state of the art presented in Sec. 2.2.1.1, it is possible to calculate the fringing capacitance with [START_REF] Gallagher | A Study of the Effect of the Fringe Fields on the Electrostatic Force in Vertical Comb Drives[END_REF]:

1 2 ∂C ∂z V 2 = Fel = f 1 (g, t s , t t , z) × �NL d × V 2 ∂C ∂z = 2 Fel V 2 = f 1 (g, t s , t t , z) × �NL d (3.25)
with all the parameters as defined in Sec. 2.2.1.1. A code in Python has been developed

to make these calculations.

It results that the derivative of the capacitance at z=0 µm is equal to 0.34 fF/µm, with z as shown in Fig. 3.23. However, it must be pointed out that when the microscanner is turned upside down, there is a vertical shift of the actuated platform due to its own weight equal to approximately 1 µm. Around z=1 µm, the derivative of the capacitance is lower and equal to 0.23 fF/µm. From this simulation, it is possible to derive the total electric energy by integrating the energy density over the surface considered in the model. Finally, the capacitance is calculated according to the formula:

E = 1 2 CV 2 (3.26)
where E is the total energy, C is the capacitance and V is the potential between the two fingers. The 3D capacitance is then calculated by neglecting the effect at the end of the comb fingers which results in multiplying the 2D capacitance by the overlapping length of the comb fingers (L overlap ). The length of the finger is chosen to be 200 µm with an overlapping length of 190 µm. Fig. 3.25 shows the total electric energy and the capacitance as a function of the vertical position of the central comb finger. By linear fitting, it is found that at z = 0 µm, the derivative of the capacitance is equal to 0.3 fF/µm. At 1 µm (vertical offset when the microscanner is turned upside down), the derivative of the capacitance is equal to 0.27 fF/µm. On the contrary, if the microscanner is turned upside up, the derivative of the capacitance is equal to 0.33 fF/µm. This initial derivative of the capacitance is especially important for the actuation as the initial actuation force is proportional to this value. However, since the microscanner is designed to be used at resonance, the final amplitude of the vibration is also linked to the quality factor of the system.

0.0 0.5 1.0 1.5 2.0 2. 5 For the sensing function, the second configuration of comb fingers that enables the use of differential sensing is also modelled and its capacitance change must be simulated.

A 3D model with a fine mesh is used to obtain finer results for both configurations.

For this purpose, the Thermo-Electro-Mechanical module of Comsol was used. A MacroModelExtraction/Capacitance vs. displacement analysis and a Static/Electro Thermo Relaxation analysis are chosen to process the capacitance change and the static displacement of the platform as a function of an applied voltage between fixed and moving parts. This results is really close to the one obtained in 2D and validates the first calculations.

The small difference can be easily explained from the fact that the 2D model neglects the effect at the end of the comb fingers to calculate the 3D capacitance and that the mesh is not the same in the two simulations. Note that the mesh is really important in these kind of simulations where small changes are calculated. The mesh is presented in Fig. 3.26.

The mesh size is especially fine on the bottom and the top of the comb fingers that are the most important for the calculation of the fringing capacitance. The same simulation has been performed for a gap equal to 4 µm and a sensitivity of 0.81 f F/µm, corresponding to a total sensitivity of 27 f F/µm for one differential sensor, has been obtained. It is worth to note that the differential capacitance in the range of some fF has to be measured to sense the displacement amplitude whose value is used for the implementation of the PSI.

On the other hand, the static displacement of the platform as a function of the applied voltage was simulated, based on a capacitance change simulation. Figure 3.28 shows the static vertical displacement obtained for a number of movable comb fingers, i.e. the number of couples of comb fingers, equal to 400. This number of comb fingers leads to a static displacement of the platform whose amplitude is high enough for our application.

Indeed, the vertical microscanner is designed to work at resonance which implies that the quality factor will lead to higher displacements. However, if the quality factor of the microscanner were not high or it would be necessary to work in static, it is also possible.

The results of the capacitive simulation are coherent with the literature results (Sensitivity=0.66 f F/µm and 0.68 f F/µm respectively in [START_REF] Wang | Silicon-on-insulator out-of-plane electrostatic actuator with in situ capacitive position sensing[END_REF] and in [START_REF] Oda | Vertical comb-drive MEMS mirror with sensing function for phaseshift device[END_REF] for similar parameters and technology). The difference between the two platform designs is not only mechanical but also optical.

The suspensions used to held the micromirrors are a source of obscuration and diffraction (Fig. 3.29). The relation between the design of the suspensions, referred to as spider legs, and the optical quality of the system is investigated. These results are presented in [START_REF] Lullin | Impact of mirror spider legs on imaging quality in microinterferometry[END_REF]. In astronomical instruments, the diffraction due to the secondary mirror spider legs is well known. In the past, scientists have studied the impact of the central obscuration due to the mirror and the thickness of the spider legs [START_REF] Richter | Spider diffraction: a comparison of curved and straight legs[END_REF][START_REF] Harvey | Diffraction effects of telescope secondary mirror spiders on various image-quality criteria[END_REF]. It has been shown that curved spiders enable the reduction of the diffraction spikes. The authors explained that the full width at half maximum (FWHM) of the point spread function (PSF), which is a commonly used image quality criteria, is only slightly increased by the presence of spider legs. Finally, the impact of the curvature of the spider legs has been only highlighted by strongly saturated experimental images (Fig. 3.30). Richter [START_REF] Richter | Spider diffraction: a comparison of curved and straight legs[END_REF] showed that curved spiders do not generate diffraction spikes but increase the background brightness by about half a magnitude when compared to straight spiders.
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Here, we study how the radius of curvature (RoC) of the suspensions, combined with their number and their thickness, affects the lateral resolution of the system, using where OTF = mathcalF -1 (PSF) (3.30) and F -1 is the inverse Fourier Transform

The PSF describes the impulse response of the optical system to a point source. The MTF represents the contrast transfer of an optical system as a function of the imaged object frequencies.

Although the mirror is not in the lens plane, it has been demonstrated that in the paraxial approximation, when a mask is placed after the lens, the Fourier transform can be used to calculate the intensity in the focal plane [START_REF] Goodman | Introduction to Fourier Optics[END_REF]. Here, the resolution of the system is defined by the Rayleigh criterion that states that the resolution corresponds to the distance for which the maximum of an Airy disk coincides with the first minimum of the other Airy. Following this definition, we can calculate that the resolution is equal to the critical size for which the contrast in an image is equal to 26.4 % [START_REF] Stelzer | Contrast , resolution , pixelation , dynamic range and signal-tonoise ratio : fundamental limits to resolution in fluorescence light microscopy[END_REF]. Then, MTF is analyzed in terms of the Rayleigh frequency ( f R ), which is particularly interesting in our case since we need to image small features.

The pupil function describes the mirror plane, including the mirror, the spider legs and the pupil aperture (Fig. 3.31). Here we study the impact of the thickness parameter �, the RoC parameter β and its corresponding angle of curvature α and the number of spider N defined as follows:

T spider = � × D pupil , RoC = β × D pupil /2.
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Mirror β=50%, ε=2.5% β=260%, ε=2.5% β=50%, ε=12.5% β=260%, ε=12.5% In [START_REF] Richter | Spider diffraction: a comparison of curved and straight legs[END_REF][START_REF] Harvey | Diffraction effects of telescope secondary mirror spiders on various image-quality criteria[END_REF], the benefit of curved spiders has been shown with long exposure photographs that enable to see diffraction spikes being invisible with short exposure times.

Figure 3.32 shows the PSF of pupil functions plotted with different scales. We can see diffraction spikes, as in [START_REF] Richter | Spider diffraction: a comparison of curved and straight legs[END_REF][START_REF] Harvey | Diffraction effects of telescope secondary mirror spiders on various image-quality criteria[END_REF], in the binary plot only if intensities below 0.01 % of the peak intensity value are put to 0 and the ones above are put to 1 (Fig. 3.32,(b)). However, diffraction spikes cannot be seen when the threshold is increased to 1 % or in the greyscale plot (Fig. 3.32, (c),(d)). In fact, the intensity of the diffracted light is small compared to the main intensity peak. Therefore, its dependence on the geometry of the spider cannot be seen, unless the main peak is strongly saturated. Then, criteria based on the PSF are difficult to analyze in order to show a dependence to the spiders geometry. Instead, the spider legs create an asymmetry in the MTF function which varies depending on the parameters. As shown in Fig. 3.33, where limit cases in terms of RoC and number of spider are plotted, f R is not constant in the 2D plane. It implies that the resolution will not be the same in all the directions of the plane. The mean and the relative standard deviation values of the f R , f R mean and f R rstd respectively, are studied as a function of the three parameters. The aim is to maximize f R mean and minimize f R rstd. The lower f R rstd is, the better the symmetry of the MTF is. The f R mean decreases with the increase of the three parameters and is mainly affected by the thickness of the spider legs and the number of spiders, i.e. the covered area. In the case free of spider legs, f R = 0.63 (normalized to the cut-off frequency). The cut-off frequency is chosen to be the frequency for which the contrast is equal to zero. 

3.3.3.2/ STUDY OF THE IMPACT OF SPIDER LEGS ON THE MTF

In Fig. 3.34, the thickness is set to � = 7.5 % and we can see that f R rstd highly depends on the number of spiders. Note that for N = 0, f R rstd = 0 (up to the numerical error), i.e. the MTF is axially symmetric. In the case of 4 spiders, f R rstd is multiplied by 5 compared to the one in the 3 spiders case. Moreover, if f R mean and f R rstd do not vary significantly as a function of β, it is shown that N = 3 is the only case for which curved spiders provide a higher and more isotropic resolution than straight legs (down to f R rstd = 5.6 × 10 -3 ).

Indeed, for N = 3 and � = 7.5 %, an optimum RoC exists around β = 75 %. Furthermore, N = 3 is the best configuration in terms of the resolution symmetry and value, for any RoC. 3.35, where β is set to 75 %, shows that for thickness parameters below 3 % the number of spider has a small impact. N = 3 is again a specific case, for which f R rstd is the lowest and constant for thickness up to � = 7.5 %. Moreover, for 5 spiders and large widths, the symmetry of the MTF is good but f R mean is in this case highly decreased. In general, small thickness should be preferred. Finally, Fig. 3.36 shows that the optimum RoC depends on the thickness parameter. When � tends to zero, the optimal RoC tends to a β parameter corresponding to an angle of curvature of 120 • . In [START_REF] Richter | Spider diffraction: a comparison of curved and straight legs[END_REF], the concept of searchlight is introduced to understand the diffraction created by the curved spiders.

Following this concept, it is found that three evenly spaced curved spiders with an angle of 60 • cover one circle, and cover two circles when the angle is equal to 120 • . Here, the simulation shows that in terms of resolution, defined with the f R , an angle of 120 • is preferred. For N = 3, leg thickness should not exceed 7.5 % of the aperture diameter. 

3.3.3.3/ EXPERIMENTAL PART

In order to confirm the numerical results, an experimental setup has been developed [START_REF] Baranski | A simple method for quality evaluation of micro-optical components based on 3D IPSF measurement[END_REF]. The characterization optical setup allows measuring the PSF, generated by the Mirau lens, from which the MTF is then derived. A probing beam (λ = 633nm) is focused by the Mirau lens. Then, the focal plane, i.e. the PSF, is collected by the magnifying system, which consists of a microscope objective (x50, NA = 0.45) and a tube lens to project the image onto a camera. The Mirau lens is matching with the object focal plane of the microscope objective. Three optical configurations of the Mirau lens have been investigated. In the first configuration, the lens is free of mirror and arms, i.e. the lens itself is characterized. The second and the third configurations involve a mirror held by three straight and three curved spider legs, respectively. The thickness of the spiders is 100µm (� = 5 %). Both the symmetry of the frequencies and the resolution losses, i.e. f R rstd and f R mean, are derived. Figure 3.37 shows the contour plots at four contrast values of the measured (Fig. 3.37 (a), (c), (e)) and simulated (Fig. 3.37 (b), (d), (f)) MTFs for the three configurations. The two dimensional MTFs are displayed as function of the spatial frequencies f x and f y .

As expected, without mirror and spiders, both experimental (Fig. 3.37 (a)) and theoretical (Fig. 3.37 (b)) MTFs present a rotational symmetry for each contrast value, i.e. the resolving power of the lens is similar in all radial directions. In the second configuration (Fig. 3.37 (c) and (d)), the mirror held by three straight arms is placed against the lens.

Compared to the first configuration, the rotational symmetry of both MTFs is degraded. This is due to the diffraction effects of the spider legs and the mirror. At a contrast value of 26.4 %, six lobes appear corresponding to the arms. Furthermore, the amplitude of two lobes is accentuated because of the combination of diffraction patterns from the mirror and from the spider legs. These frequency variations lead to an increased f R rstd (Table 3.6). In other words, the lateral resolution of the Mirau lens is slightly deteriorated and depends on the lateral direction. Then, for the third configuration, the three straight spiders have been replaced by three curved spiders corresponding to β = 100% (Fig. 3.37 (e) and (f)). The two lobes are still perceptible due to the mirror diffraction pattern.

However, comparing to the second configuration, f R rstd is 20 % lower (Table 3.6). This experimental factor well matches the simulation one. Due to the thickness of the spiders (100µm, � = 5 %), the impact of the diffraction effect is not negligible. Keeping the curved shape and reducing the spider thickness to 50µm (� = 2.5 %) would allow a f R rstd similar to the configuration without mirror and spiders, i.e. 1.2x10 -3 cycles/µm. that the diffraction effects have a low influence onto the quality of the point spread function. However, they are not negligible in terms of spatial frequency variations. In particular, it has been shown that curved spiders are beneficial only in the case of three spider legs and that the optimum RoC is around to 80 %. For this value of RoC, the resolution is constant for any spider legs thickness up to � = 7.5 %. As a conclusion, the Design 2 is a competitive alternative to the Design 1 in term of optical quality. In the following, the parameters of the spider legs are set to 100 % and � = 2.7 % which corresponds to a thickness for which the effect of the spider legs on the optical quality is negligible.

3.4/ CONCLUSIONS

To conclude, two different designs have been discussed for the mechanical silicon platform that carries the array of micromirrors. One design is based on the integration of glass disks on the silicon platform to carry the micromirrors while keeping a clear aperture around the micromirrors. This design represents a technological challenge and therefore a second simplified design is proposed. The second design includes silicon suspensions to support the micromirrors. This design is not optimal in term of optical quality as the aperture around the micromirrors is not completely clear. However, the impact of the silicon suspensions on the optical quality has been studied and results show that the impact is negligible, especially for specific curved silicon suspensions. The silicon platform is suspended with folded-spring silicon suspensions. Two different spring designs have been studied and no major differences appear between the two. Finally, the comb drive 

4.1/ METHODOLOGY FOR THE RISK ANALYSIS OF A PROCESS FLOW

A microfabrication flow chart aims to describe each step of the technological process of a device. Each step consists in an action on/with a specific material, with a specific equipment and with specific parameters. To design a microfabrication flow chart, different points must be taken into account. First, the knowledge of the capability of the microfabrication techniques is the basis to choose adapted technologies and has been presented before. However, another important point is the compatibility of the technological steps between each other. The compatibility between two steps usually depends on a compati-bility process/material or equipment/material. For example, a wafer with a metal mask can be forbidden in some etching equipment to avoid contamination of the equipment.

Secondly, the knowledge of the microfabrication techniques available in the cleanroom limits the possible choices. Indeed, cleanroom equipments are usually expensive and all the cleanrooms are not equipped identically. It is possible to realize different steps of the microfabrication in different cleanrooms; however, it is usually time-consuming, sometimes expensive and overall the transport is risky for the device. These aspects of microfabrication are practical but must be taken into account when elaborating a flow chart for a successful microfabrication. It is proposed to include these major points by evaluating the risks linked to each step and to help the identification of critical steps in a flow chart.

Each step of the flow chart is analysed in terms of risk linked to the process and to the equipment. Each risk is represented by a risk factor that is equal to the probability factor multiplied by the impact factor. The probability and the impact factors are defined as given in the Tab. 4.1. The scale is the same for the probability and the impact factor.

The risk factor is classically defined as shown in Fig. 4.1. This method supposes a good knowledge of both fabrication process and cleanroom equipments. Note that a microfabrication step has a minimum risk factor of 1 due to the manipulation of the wafer. showing the risk factor depending on the probability and the impact factor. The red blocks show high risks that can lead to the failure of the process and for which appropriate actions must be adopted to reduce the risk. The orange blocks represent a lower risk though it must be taken into account for a better success of the process. Finally, the green blocks represent a low risk. In our case, this solution is difficult to implement as it involves two wafers, one in glass and one in silicon. Here, we need to take into account that the vertical microscanner is meant to be integrated with a glass lens wafer and a beam splitter (in total 7 wafers to be stacked). The integration of wafers is more and more complicated when the number of wafer is increasing. Then, another integration strategy must be chosen. The integration of glass is challenging for two main reasons that are identified here. First, the glass integrated design is schematically represented in Fig. In the first case (Fig. 4.4 (a)), the SOI device layer is structured to remove silicon from below the glass support and then the glass support is bonded to the silicon (step 2) and etched to form the glass disks (step 3). After this step, the comb fingers are created in the device layer (step 4). This realization requires two steps: a photolithography step to create a masking layer and an etching step to etch silicon where it is not protected by the mask. The problem is that the photolithography step cannot be realized with a standard process because the wafer surface is not flat. The non-flatness has two consequences, spin coating of photoresist cannot be performed and the hard mask cannot be in contact with the surface to be exposed by UV light. A solution is to use a non-standard photolithography process associating spray coating of photoresist and projection photolithography.

The two associated processes are non-standard and require non standard equipments. A spray coater is available in MIMENTO cleanroom but this process is based on spraying small droplets of photoresist on the wafer which has the disadvantage to create a nonhomogeneous thickness that can have variation of ± 0.5 µm. In our case, the gap between the comb drive is equal to 5 µm, therefore, the quality of the photolithography must ensures an alignment error inferior to 1 µm. The variation of the photoresist thickness can provoke a bad transfer of the pattern into the photoresist and lead to a bad quality of photolithography. Moreover, a specific alignment machine equipped for projection photolithography is needed. This type of machine is based on an optical system that is placed between the hard mask and the wafer that enables to focus light on the wafer surface. This machine is very specific and few cleanrooms are in possession of such an equipment. In MIMENTO cleanroom, a start-up called Freque|n|sys has an industrial projection aligner. However, the machine is adapted for industrial production and not research which makes the process very delicate. To conclude, the association of these two non-standard process requires some research and development that will be shown further.
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In the second strategy (Fig. 4.4 (c)), the comb drive (step 2) is realized on the bare SOI wafer which makes the photolithography and the etching steps of the comb drive easier than in the first strategy. Then, the glass is bonded to the silicon (step 3) and etched to form the glass disks support (step 4). The etching of the glass, which thickness is around 25 µm, can be realized by wet etching. Indeed, dry etching of such a thickness would be too long and is not practically realisable. Wet etching of glass is based on concentrated hydrofluoric acid (HF, 49%). This solution attacks SiO 2 that is the main compound of glass. The drawback is that it will also attack the BOX that is by definition SiO 2 and that is unprotected because of the structuration of the device layer. If the BOX is removed, then the bottom of the device layer is no more protected for the last step of the process that consists in etching the silicon handle layer to release the microscanner. The result is that the comb fingers will be destroyed (Fig 4 .4 (d)). A solution is to protect the BOX from the etching solution by deposition a protecting masking layer. This layer must resist to the bonding, be resistant to HF and deposited at the bottom of the thin trenches that constitutes the gap between two comb fingers (width=5 µm, depth= 40 µm). The proposed solution is to deposit a layer of chromium and gold. Chromium is an adhesion layer and gold is a resistant masking layer for HF etching. The idea is also to use these metal layers to do the bonding of glass and silicon by thermocompression. This second solution is also non standard and is tested in the following.

The basic principle of the two integration strategies has been exposed previously. Now, a detailed flow chart for both strategies is presented and a risk analysis is done. The strategy 1 is called the "projection photolithography" strategy and the strategy 2 is mentioned as the "thermocompression" strategy. Anodic bonding is realized in the EVG bonder. Lapping and polishing of the wafer is realized by an expert engineer to obtain 25 µm thick glass layer. Cleaning in piranha must be performed after the polishing. Next step (d) aims to create a mask for the glass etching. To etch selectively the glass, a metal masking layer made of chromium and gold is deposited on the glass and a photolithography is realized to remove the chromium and the gold from the areas where the glass has to be etched. Different masks including double layer of chromium and gold and photoresist will be tested. Note that this photolithography is a double side photolithography, where the mask of the glass must be aligned with the back side alignment marks. Indeed, the marks at the front side surface of the silicon wafer cannot be used due to the presence of the glass. Then, the glass disks are etched by wet etching in HF (step e). At this stage, the chromium/gold/photoresist mask is removed and the micromirrors and the contact pads are realized by sputtering of chromium and gold, followed by a photolithography done with a spray coated pho- A risk analysis of this flow chart is conducted for each steps of the process. Table 4.2 shows a description of the risks associated with each step of the flow chart. Risks linked to the process, to the compatibility of the process within the flow chart and to the equipment used are discussed. The probability and the impact factor corresponding to each risk is established and the risk factor is calculated. The sum of each risk factor illustrates the global risk factor of the flow chart. For this first flow chart, the total risk factor equals 173 and the risk analysis shows some critical steps that require testing and development to lower the risk. In particular, steps 19 and 22, which are linked to the projection photolithography process and steps 30 and 31, which are linked to the back side release of the microscanner, are highly risky and the success of the fabrication depends on the management of these processes. The risk linked to the projection photolithography steps is mainly linked to the capacity of the machine that cannot be adapted to non classical procedure. The release step is always critical in MEMS/MOEMS system as it consists in making free a very fragile platform. Moreover, after this step, wet processes are forbidden as it can provoke stiction between fixed and moving parts. The lapping and polishing steps are also critical as it must ensure a good planarity of the glass support as well as a good optical quality without breaking the glass that is suspended over the silicon cavities created in step (b). Finally as the micromirrors are deposited in the middle of the flow chart, it is critical to keep their optical quality until the end of the fabrication. Table 4.2: Risk analysis of the "projection photolithography" flow chart. The risk factor is illustrated by a blue bar which length is proportional to the risk factor. The total risk factor is equal to 175. BS and FS stands respectively for back and front side. 

Step

Total risk factor

The second strategy of glass integration is based on thermocompression which metal layers serve also for the protection of the BOX against the HF solution used for the wet etching of glass (Fig. and keeping a good optical quality. The contact pads will be formed on the silicon surface, which is not in contact with the shadow mask; however, the definition of the border of the contact pads is not important compared to the one of the micromirrors which have an impact on the optical quality of the final system.

The risk analysis is also realized for this flow chart and presented in Tab. 4.3. The table

shows that there is less step of fabrication, which is an advantage because it decreases the risk. Moreover, there is less critical steps since the projection photolithography steps Table 4.3: Risk analysis of the "thermocompression" flow chart. The risk factor is illustrated by a blue bar which length is proportional to the risk factor. The total risk factor is equal to 119. BS and FS stands respectively for back and front side. 

Step

Total risk factor

Two solutions to integrate the glass support on the silicon microscanner have been given and studied. Each flow chart has been described in details and each step has been analysed in terms of risk. The critical points of each technology have been discussed in terms of equipment and process. In the next section, the fabrication of the microscanner following the two presented strategies is exposed after introducing some considerations on the fabrication of the hard masks.

4.2.2/ FABRICATION RESULTS

Microfabrication is based on photolithography steps that enables the selective deposition and the etching of material layers according to a specific pattern. The pattern is transferred to the wafer through a hard mask that hides specific region of the wafer during the exposure of the photoresist to UV light. The mask pattern is defined by the design of the structure to be fabricated. The hard mask is realized with a high resolution aligner that exposes point by point the photoresist according to a path that depends on the mask file. The mask file is a drawing of the design that can be realized with different softwares.

In this thesis, the masks have been drawn with KLayout, which is a free software. With this software, the masks can be easily coded using Ruby language which is an advantage when complicated mask are designed and which parameters can change over the progress of the research. Here, the masks have been coded putting the design parameters as variables of implemented functions. In practice, if the number of comb fingers, the gap between two comb fingers d or the diameter of the optical aperture D holes are changed, the mask can be automatically regenerated. Finally, the drawing of a mask must take into account the type of process that is realized to first draw alignment marks according to the targeted alignment precision and secondly to adjust the pattern size with the potential underetching of the processes. The alignment marks used in this thesis are shown in Fig. 4.7. The alignment marks, placed both on the wafer and on the hard mask, must be able to align the two entities in the two directions and be large enough to be found easily with the optics of the alignment equipment. The alignment marks are placed symmetrically with respect to the y axis of the wafer, near the right and the left border. The bigger the distance between the alignment marks, the better the alignment. Indeed, when the alignment marks are far away from each others, the angle error, usually referred to as "theta error", is minimized. However, the alignment marks cannot be placed everywhere on the wafer because of some exclusion zones. For the fabrication of the hard mask, it is convenient to add four little marks around the wafer pattern to help finding the center of the wafer and center the pattern on the hard mask. A small non symmetrical marks is also added to see easily if the pattern is mirrored or not. Indeed, in practice, the wafer pattern is drawn as the researcher wants to see it on the wafer which is the mirrored pattern with respect to the one on the hard mask in contact with the wafer. Then, the mask pattern must always be mirrored compared to what is expected on the wafer surface. The fabrication based on the first flow chart is now described. In the first integration strategy, the glass disks supporting the micromirrors are first fabricated on SOI with etched cavities, whereas actuator structures are performed later by use of spray coating and projection photolithography. An advantage of this strategy is that the glass layer can be processed in concentrated HF without damaging the BOX for any thickness and shape of the glass. However, 3 main steps have been revealed by the risk analysis as very dangerous: the creation of the 25 µm thick glass, the projection lithography and the release of the structure. Therefore, a particular attention is paid to these steps. First tests have shown that the glass, which is suspended over the silicon cavities and lapped and polished, breaks easily when the thickness is below 25 µm (Fig. 4.10). Consequently, for the future run, the thickness of the glass support will be adapted to 30 µm.

This change has no significant influence on the optical design. Before the glass is wet etched in HF 49% during 6 minutes, it is protected with a sputtered Cr/Au/Cr/Au/photoresist (10nm/2x200nm/ 10nm/2x200nm/5 µm) mask. This mask has been optimized in terms of chemical resistance and to minimize risk of pinholes generation. The double layer of Cr/Au combined with thick photoresist (20 µm) is proposed in [START_REF] Bu | A new masking technology for deep glass etching and its microfluidic application[END_REF]. Here the thickness of the resist is reduced compared to [START_REF] Bu | A new masking technology for deep glass etching and its microfluidic application[END_REF] because the etching depth is smaller than in the article. For that purpose, the photoresist (S1813, 3.0-µm thick) is spray-coated on the silicon surface (SUSS MicroTec AltaSpray 8) and projection photolithography (SVG Micralign 740) is used to transfer the actuator pattern into the photoresist. This thickness of photoresist is optimal to limit the fluctuation of the thickness of the resist and to transfer correctly the pattern with the projection photolithography. Because the alignment marks are not well visible through spray-coated photoresist, special alignment procedure has been developed to align the second mask with the first mask in chromium. Instead of using the alignment marks, the comb fingers present on the wafer are aligned with the comb fingers on the hard masks directly. As comb fingers are around the platform, two perpendicular sets of comb fingers are successively used to align the x and y directions. The developing procedure has also been adjusted compared to the standard procedure used by the start-up Freque|n|sys. For the first photolithography, the post exposure bake is removed because tests have shown that it generates small photoresist residues after the development. For the second photolithography, the development is realized manually because automatic development is not able to remove the exposed photoresist efficiently. Indeed, the pattern used for this second step is transparent for the most part which means that most of the resist mus be removed. Therefore, an energetic agitation is required during the development. The DRIE step is performed with the Alcatel machine because of the presence of the metal mask that is forbidden in the SPTS machine. Figure 4.12 shows the microscope images of the mask patterns. The measured alignment error of ± 700 nm was obtained. Figure 4.13 shows an image of the actuator at the level of the chip. Broken BOX complicates also its etching in order to completely release the suspended platform. For example, application of RIE method (BOX surface on top) leads to BOX falling down into the cavity and non-uniform exposing of glass membrane to the etching plasma. Figure 4.16 shows SEM images of the structure at the end of the process. It appears that some parts of the BOX are stuck to the glass membrane after etching of the BOX. However, the alignment precision is well conserved even after the release of the structure. Note that the facing set of comb fingers have not the same width (7.9 and 11.9

µm) and that the width corresponding to this pattern must be adjusted during the hard mask design. To conclude, two out of the three risky steps have been overcome. For the last step, i.e.

the release step, a new solution must be implemented. A first solution consists in etching the BOX at the bottom of the cavities right after etching the silicon cavities to avoid that it falls down at the end of the process. This step can be realized easily after the etching of the cavities in the same DRIE machine used to etch the silicon by changing the gas composition of the plasma to etch silicon dioxide. However, the glass support is then completely exposed to the RIE plasma used for etching the BOX which will also etch the glass. Then, the back side of the glass must be protected before the glass wafer is bonded to the silicon. The protection layer must resist to the temperature used for the anodic bonding, to the etching plasma but must be removed by dry etching afterwards to let the glass membrane transparent. Wet etching is not possible because, at this step, the structure is already released and it would provoke stiction. A solution is to use parylene to protect the glass. Parylene tolerates wide range of temperature and can be removed by oxygen plasma. Moreover, Higo et al. showed the potential of a parylene/Al/parylene sandwich protection mask for HF vapour release for MEMS [START_REF] Higo | A novel Parylene/Al/Parylene sandwich protection mask for HF Vapor release for micro electro mechanical systems[END_REF]. This solution is still to be tested. Another issue that was not taken into account in the risk analysis is that the BOX breaks and let the silicon etching plasma reach the front side during the back side release. A solution is to deposit a thin layer of silicon dioxide by PECVD on the front side of the wafer to protect the comb fingers during the back side etching. Adding this layer requires that the micromirrors are deposited at the end of the flow chart as proposed in the flow chart 2. This solution still needs further tests of development.

The second flow chart is based on the combination of thermocompression and glass etching. The aim is to protect the BOX from the HF solution during glass structuration with the Cr/Au layer deposited for the thermocompression of silicon to glass. This technology enables the photolithography to be performed as a first step on the flat surface of SOI device layer, resulting in high quality mask for subsequent DRIE. Consequently, the structures of comb drive actuator can be etched with high precision and high quality of wall surface. The chromium mask is first realized based on a lift-off process that is more precise and qualitative than an etching step. The lift-off relies on realizing a photolithography with a negative photoresist, which means that the photoresist is removed where the chromium must stay. Then, the chromium is deposited and finally the wafer is cleaned in acetone which removes the photoresist and the chromium that has been deposited on. In order to have a clean lift-off the side walls of the resist should have a negative angle as shown in Fig. 4.17 and that is why negative photoresist is used (a-b).

However, here another solution is used. A first resist is deposited, called LOR 7B, and then the photoresist is deposited on top of it. When this double layer is developed, the LOR 7B is underetched which creates perfect sidewall profiles for a lift-off (c). The design of the two DRIE masks is not well adapted in case of a higher misalignment. The main problem of this technology is that the conformality of the Cr/Au layer deposited for the thermocompression on SOI wafer is not good enough and do not protect efficiently the BOX. Hence, when the glass is structured in HF, it has been observed that the BOX is also etched releasing partially the structure (Fig. 4.22). It is expected that, during the backside release, the etching plasma will easily penetrate the front side of the wafer and damage the front side structure (as presented before for the first flow chart).

The idea of protecting the front side with a thin oxide can be also applied but then this technology has only the advantage of a low temperature process when anodic bonding cannot be used (high temperature can be a problem for other devices). To conclude, the two strategies proposed in this thesis have been tested and proven to be efficient to integrate glass disks. The optical quality of the glass disks will be characterized in the next chapter. The main critical steps revealed by the risk analysis have been optimized and overcome. Overall, a new combination of spray coating and projection photolithography have been completely developed. With the two strategies, the limiting steps are the releasing steps due to deterioration of the BOX. A solution based on the deposition of silicon dioxide on the front side is proposed. However, for the second flow chart, if the thermocompression is a good alternative to anodic bonding, the Cr/Au layer tested here is not efficient to protect the BOX. A more conformal deposition, with higher thickness could be tested using the atomic layer deposition technique. Above all, for both strategies, the main issue is the protection of the back side of the glass support during the etching of the BOX. A solution is the deposition of a protective layer before the bonding but this solution has not been tested yet. This flow chart is much shorter which reduces the total risk factor [START_REF] Gorecki | Siliconbased integrated interferometer with phase modulation driven by surface acoustic waves[END_REF]. Moreover, the risk analysis shows that there are less critical steps and that they have a low risk factor (Tab. 4.4). Indeed, the maximum risk factor is 8 which is much lower compared to the integration strategies flow charts which maximum risk factor is 25. Then, with this flow chart, there is no step that might jeopardize the success of the fabrication.

Table 4.4: Risk analysis of the "spider" flow chart. The risk factor is illustrated by a blue bar which length is proportional to the risk factor. The total risk factor is equal to 37. BS and FS stands respectively for back and front side.

Step Simultaneously, other micromechanical structures, i.e. the springs, the platform and the mirrors, are also realized. After stripping the resist mask, one set of comb fingers is still protected by SiO 2 mask, whereas the other is exposed to the etching plasma during the second DRIE process. In consequence, the thickness of unprotected fingers is reduced by half ( 1 2 t dl = 20 µm), which creates a vertical asymmetry between the facing comb fingers. This second DRIE process has been optimized to prevent the notching effect due to the BOX. The actual gap between finger was measured to be 4 µm, instead of the targeted 5 µm, because of an overestimated under-etching (250 nm instead of the estimated 500 nm) during masks creation and silicon etching. Finally, an important drawback of this step is linked to its "maskless" character. Realization of classic Bosch process leads in this case to the creation of thin silicon "walls" at the edges of the processed fingers (Fig.

4.24)

. This phenomena has already been observed in [START_REF] Tsuchiya | A z-axis differential capacitive SOI accelerometer with vertical comb electrodes[END_REF] where a passivation layer was deposited before RIE etching step. One of the possible explanation is that during this second DRIE step, the teflon-like polymer that is deposited on the finger side-walls, has finally no more silicon support and become a mask during the following etching cycle by falling down on the structure. Another explanation would be a micromasking effect, related to high selectivity of silicon etching in SPTS system towards polymer (S = 150)

and oxide (S = 250) masks as well as the deformation of local electric field due to sharp edges of fingers. In [START_REF] Tsuchiya | A z-axis differential capacitive SOI accelerometer with vertical comb electrodes[END_REF], solutions were suggested but not tested. Here, the proposed solution relies on increased time of SF 6 etching cycle of Bosch procedure in order to systematically under-etch the remaining thin silicon wall.

The second stage of the scanner fabrication deals with the release of the structure. This part is always very sensitive when it comes to active structure. Here, the back side of the device, i.e. the handle layer (t hl = 500 µm), must be completely etched to allow light transmission through the platform, around the micromirrors. This etching step is realized through a 15 µm thick AZ9260 resist mask deposited on the SiO 2 layer. Note that Finally, the release of the platform is done by etching of the silicon dioxide layers in vapour HF (Fig. 4.23, step (f)). In order to ensure the best possible quality of micromirror surface as well as contact pads, the deposition of the metal layer is performed as a last step. For the fabrication of micromirrors, the sputtering of Cr/Au layer (10 nm/150 nm) is realized through a physical mask, aligned thanks to bonding tools (Fig. 4.26). For this purpose, both the microscanner and physical wafers are aligned directly in a EVG bonding tool using EVG620 mask alignment system, and then brought into contact in EVG501 wafer bonder. The alignment is maintained in the sputtering machine thanks to an adhesive teflon tape. The physical mask has been designed in order to minimize the tolerance sensitivity. Note that in the final fabricated wafers, the adhesion layer in chromium has been replaced by titanium which has two advantages; it diffuses less in gold when high temperatures are reached which is important to resist to anodic bonding, and chromium based material will soon be forbidden in industry. Two strategies of fabrication were implemented: the first to enable the separation of individual chips from the wafer and thus facilitate the characterization (Fig. 4.27) and the second for the future wafer-level integration within the Mirau micro-interferometer (Fig. 4.28). With the first design, individual chips were separated using UV tape to maintain them while manually cutting small silicon bridges and sucking up the dust using vacuum system (Fig. 4.27). Finally, short exposure of tape to UV light allows gentle releasing the chips. One wafer with this "chip" design was fabricated without optimization and a yield of 71% was obtained. For the second design, three wafers were fabricated to test the vertical integration of the microscanner with the glass microlenses wafer and the beam splitter. The yield of fabrication of these wafers was 100% (Fig. 4.28 (a)). 

4.4/ PERSPECTIVES

The success of the silicon based strategy gives an insight on adapting the flow chart for the glass integration strategy. Indeed, the use of thermal oxidation of the wafer to protect the front side is an effective solution to protect the front side before the back side etching. The thermal oxidation cannot be realized if the glass support is already on the wafer because the temperature used for oxidation would lead to the destruction of the glass. Then, the glass must be integrated after the oxidation. In this case, the complete etching of glass would also etch the thermal oxide. A new solution is proposed and the corresponding flow chart is shown in Fig. 4.29. The idea is to etch the glass after the back side etching which is possible without releasing the structure as the glass can be used as a mechanical support layer. The first steps are identical to the "spider strategy' and consists in the fabrication of the comb structures and the mechanical parts in the device layer followed by the oxidation of the wafer(step (a-e)). Then, the glass is protected by deposition of parylene combined with photolithography and dry etching in the areas facing the silicon cavities (step (f)). This layer will serve as a mask during the last HF vapour releasing step (step (n)). In step (g), the glass wafer is anodically bonded to the SOI wafer. In a next step, lapping and polishing are performed to obtain the 25 µm thick layer of glass. At this stage, it is easy to realize the back side DRIE, with a resist mask realized by photolithography, because the front side of the wafer is flat (step (j)). Then, the use of a support wafer and oil, that can potentially contaminates the wafer, is not needed. Finally, the glass surface is protected with the mask developed for HF etching of glass (Cr/Au/Cr/Au/SPR) and etched in 49% HF in order that a thin layer is remaining to prevent the release of the structure (step (l)). As a last step, the double metal layer mask is removed and replaced by a layer of parylene to protect the glass from the HF vapour etching that follows and which removes both the remaining thin layer of glass, the BOX and the thermal oxide (step (n)). The protective layers in parylene, on the front side and the back side of the glass disks, are removed by oxygen and argon plasma. The very last step consists in depositing the micromirrors and the contact pads through the shadow mask (step (o)). This flow chart has been analysed in terms of risks and a total risk factor of 80 has been obtained. This total risk factor is much lower than the two other flow chart concerning the integration of the glass support. Therefore, this new solution is very promising. gives a new suitable solution for high topology surface glass integration. The alignment precision obtained is submicrometric. The second strategy based on a Cr/Au layer used for both thermocompression and protection of the BOX during HF etching of the glass has not been successful and would need further optimisation to be used. However, for these two technologies, the releasing step is critical and must be optimized to limit the deterioration of the optical quality of the glass support. Finally a third flow chart, targeting the fabrication of a silicon based design microscanner for which the micromirrors are suspended, has been successively tested and is a good compromise for optically transmissive structure. The critical steps, such as the protection of the device layer during the back side release etching and the deposition of the micromirror, have been overcome and solutions are given to reduce the risks. For example, to protect the front side during the back side release etching, the device layer is firstly thermally oxidized and the quality of micromirrors is insured by depositing the metal layers through a shadow mask as a last step of the process. It is also important to highlight the fact that the process developed is highly stable and reproducible. Finally, a new strategy of fabrication for the integration of the glass disks, using the advantages of the silicon based strategy flow chart, is proposed as a perspective. The risk analysis of this last flow chart is much lower (80) than the two first flow chart proposed (176 and 125). In the next chapter, the fabricated devices are characterized.

Glass

CHARACTERISATION OF VERTICAL MICROSCANNER AND ITS INTEGRATION IN THE MIRAU MICRO-INTERFEROMETER

To characterize a microcomponent with characterisation instruments which are adapted for the macroworld, it is necessary to create an interface to connect them. First, an interface between the microdevice and the macro-instruments used for the characterisation must be implemented to either power the device or simply be able to handle it in an "unclean" environment without damaging it. Hence, the interface starts with the realisation of an adequate packaging (printed circuit board (PCB) design, protective packaging,...).

In this chapter, the packaging of the microsystem, at the chip level, is discussed and then the characterisation of the device in terms of optical quality, actuation and sensing is described. The principle of each measurement and of the instruments of characterisation are explained prior to the results presentation. The characterisation results are analysed and compared to the design, the simulation and the fabrication expectations. Then, the integration of the vertical microscanner into the Mirau interferometer is discussed and, finally, the vertical microscanner is characterized again to evaluate the performances deterioration consecutive to the assembly.

5.1/ PACKAGING OF THE VERTICAL MICROSCANNER

5.1.1/ DESIGN OF PRINTED CIRCUIT BOARDS

Our microscanner includes an electro-mechanical actuation system. Then, electrical power must be applied to drive the actuators whereas the sensing must be connected to a capacitive read-out circuit. Each fabricated chip is wired to a first PCB, referred to as the MOEMS PCB. The latter is connected through board-to-board vertical pin through-hole technology (THT) connectors to another PCB, referred to as Mother PCB, which integrates the bulky SMA (SubMiniature Version A) connectors. A coaxial cable (SMA to BNC, Bayonet Neill-Concelman) is used to connect the Mother PCB to an external controller. The advantage of using two PCBs is to keep the Mother PCB fixed in the setup while the MOEMS PCBs are exchangeable so that different chips can be easily characterized (Fig.

5.1).

MOEMSgZ-scanner The chips are first fixed with glue on the MOEMS PCB to enable the wire bonding between the chip and the PCB. The contact pads, present on the chips, are designed as squares whose dimensions are 750 µm x 750 µm (Fig. 5.1 (a)). Wire bonding is realized with thin gold wires (25 µm in diameter) that are wedge bonded on the contact pads of the device and ball bonded on the contact pads of the PCB. Wedge bonding is mainly based on ultrasonic power and force, whereas ball bonding is based on the creation of a small gold ball by heating the end of the wire with a high voltage. The end of the wire is lowered to the surface and the combination of heat, pressure and ultrasonic energy enables the bonding. The parameters used for the ball bonding are given in Tab. 5.1. 

5.1.2/ DESIGN OF A PROTECTING CAP WITH TRANSPARENT WINDOW

The electrostatic actuator is based on comb fingers that are separated by a small gap (5 µm). Moreover, the vertical microscanner includes an array of micromirrors. Then, the microsystem is very sensitive to any contamination, including dusts that can deteriorate the surface quality of the micromirror but also block the actuator. Therefore, an aluminium protecting cap has been designed and fabricated. The cap is simply screwed onto the PCB and a transparent windows is glued on top of the cap to allow optical measurements (Fig. 5.2). 

R a = 1 n n ∑ i=1 | y i | (5.1)
where y i are the vertical deviations of the surface profile from the mean height.

The vertical deviations taken into account are the ones whose period is smaller than the defined cut-off wavelength.

White light interferometry is used to measure the surface profile and retrieve the vertical deviations. White light interferometry is a type of low coherence interferometry using a white light source. As explained in Sec. 1.2.1.1, the reference mirror moves in time domain and constructive interferences are detected when the optical path difference between the two arms of the interferometer is smaller than the coherence length. Thus, it is possible to reconstruct the topography of the surface.

In this thesis, the MEMS Analyzer (MSA-500), from Polytec, is used. This commercial equipment includes several modules, one of which is a white light profilometer. This system uses a Mirau objective to create the interference pattern. The reference mirror is fixed and the objective is moved thanks to a piezoelectric stage to change the optical path length of the measurement arm. The movement of the piezoelectric stage has a minimum step height of 85 nm.

5.2.2/ MEASUREMENT RESULTS

The "projection photolithography" strategy has enabled the integration of a glass support for the micromirrors onto the silicon platform. Both the glass support and the micromirrors fulfil optical functions, i.e. light transmission and beam reflection, respectively. Therefore, the surface quality of the glass disks is studied to evaluate its planarity and its roughness. The topography measurements of glass disks, using the white light interferometry module of the MEMS Analyzer (MSA-500, Polytec), are done before and after the release of the actuated platform (Fig. 5.3 (d)). The results show that, before the release, the backside surface of the membrane is slightly convex with an amplitude of 13.4

µm. After the membrane release, front and back sides of the glass disks are asymmetrically convex with amplitude of 7.5 µm and 4.1 µm, respectively (Fig. 5.3). These results might indicate a small underpressure inside the cavity below the glass disk after anodic bonding. This leads to the membrane deformation, which increases during mechanical thinning of glass. Although this deviation is small compared to the membrane diameter (0.4%), it must be taken into account in the optical design. Indeed, the glass disks plays the role of an additional lens and are responsible for a defocus. The defocus in the object arm can be easily adjusted by stitching vertically the Mirau interferometer. However, it must be compensated in the reference arm by adjusting the thickness of the spacer placed between the micromirrors and the beamsplitter. Future tests must be performed to try to understand and minimize the effect of the pressure in the cavity on the deformation of the glass support. In particular, the parameters of pressure during the anodic bonding must be tuned. Measurement of glass surface with mechanical profilometer shows that the glass roughness does not increase during the process (Ra<10 nm before and after processing of the glass). 

f D = 2 × v λ (5.2)
where f D is the Doppler frequency shift, v is the moving surface velocity and λ is the wavelength of the light.

As a result, if the frequency shift can be measured, the velocity of the moving surface can be retrieved. This type of measurement is typically useful for out-of-plane displacement.

To sense the Doppler shift, a laser interferometer is used. The typical setup used for LDV includes an acousto-optic modulator, usually a Bragg cell, in one of the arms of the interferometer (Fig. 5.5). The acousto-optic modulator shifts the light frequency [START_REF] Gambichler | Optical coherence tomography in dermatology: Technical and clinical aspects[END_REF][START_REF] Salomatina | Optical properties of normal and cancerous human skin in the visible and near-infrared spectral range[END_REF](32)[START_REF] Xie | Fiber-optic-bundlebased optical coherence tomography[END_REF][START_REF] Lee | Fiber-based optical coherence tomography for biomedical imaging, sensing, and precision measurements[END_REF][START_REF] Sun | MEMS-Based Endoscopic Optical Coherence Tomography[END_REF][START_REF] Pan | Endoscopic optical coherence tomography based on a microelectromechanical mirror[END_REF][START_REF] Gorecki | Siliconbased integrated interferometer with phase modulation driven by surface acoustic waves[END_REF][START_REF] Sasaki | Standing wave detection and interferometer application using a photodiode thinner than optical wavelength[END_REF][START_REF] Culemann | Integrated optical sensor in glass for optical coherence tomography (OCT)[END_REF][START_REF] Yurtsever | Towards integrated optical coherence tomography system on silicon on insulator[END_REF]. Then, the signal detected, which is the interference between the light coming from the reference and the object arm, is modulated by the Bragg cell frequency and the Doppler frequency. The light frequency, typically superior to 10 14 , is higher than the response of the photodetector. Then, the carrier frequency of the detected signal is the Brag cell frequency and the modulation frequency of the Doppler frequency. Finally, the signal is demodulated and the velocity of the moving surface is derived. 5.2: Design parameter of the asymmetric springs.

5.3.2/ DYNAMIC MEASUREMENT

Dynamic measurements consist in analysing the spectral response of the system. The excitation signal used is a sinusoidal chirp, with equivalent energy for each swept frequency, applied to all actuators. The resonant frequency and the quality factor can also be calculated based on the free oscillation response of the system. In this case, the system is simply excited by a voltage step. The first resonant frequency, which corresponds to a piston mode, is measured at 543 Hz based on the spectral response. Using the free oscillation method, a resonant frequency of 554 Hz is measured. However, this measure is less precise because the time between two measurements is set to 1.10 -4 s. The quality factor of the system is 50 based on calculations with the spectral response (-3 dB) and the free-oscillations characterisation (exponential decrease, damping=0.01) (Fig. 5.8 and 5.9, respectively). For such a large platform, this quality factor is relatively high compared with the 3x3 array of individually driven micromirrors presented in [START_REF] Chiou | Novel electrostatic MOEMS phase shifter array using CMOS-MEMS process[END_REF], for which the quality factor of each micromirror is 41. The measured resonant frequency corresponds to a vertical spring stiffness of 7.2 N/m, which is coherent with the simulations, if we take into account mass = 2.46.10 -6 kg. Finally in Fig. 5.8, the peak corresponding to the second and third modes cannot be seen because it is too small when symmetric actuation is provided by driving of the four actuators. Then, the torsional modes will not interfere when piston mode vertical actuation at the resonant frequency is performed. For the phase shifting, it is important to know the displacement amplitude of all the micromirrors. The dynamic displacement of the platform at resonant frequency was investigated at different points of the platform, i.e. at the center position of the four micromirrors (see Fig. 5.6,(b)) forming a quarter of the platform (Fig. 5.10). The actuation voltage is set to V d = 1 + 1 × sin(w 0 t) V for all the actuators. Note that the electrostatic force is proportional to the square of the voltage. Then, with the applied voltage V d , the obtained force is a sum of a DC force, a force proportional to sin(w 0 t) and a force proportional to sin(2w 0 t + π 2 ). Here, the quality factor Q of the first mode (w 0 ) is much higher than the one of the harmonic (2w 0 ) so that the signal in sin(2w 0 t + π

2 ) is negligible and the electrostatic force is synchronous with the driving voltage. However, by definition, the displacement of the platform and the actuation force have a phase difference of π 2 at the resonance. The measured displacement, much larger than the targeted one, shows the great potential of this microscanner for medical imaging applications. Indeed, actuation performed with small voltages is particularly important since the device is in contact with the patient. The displacement of the micromirror in the middle of the platform is 70 nm higher than the one next to the spring because of the vertical mechanical deformation of the suspended platform. Sasaki et al. studied the impact of the error of the displacement amplitude on the sinusoidal modulation in interferometric applications [START_REF] Sasaki | Analysis of measurement accuracy in sinusoidal phase modulating interferometry[END_REF]. This displacement of 70 nm is within the tolerances presented in the article. 

5.3.3/ STATIC MEASUREMENT

Quasi-static measurements were done by applying simultaneously a square signal to the 4 actuators at very low frequency (10 Hz) so that Doppler vibrometry could be used. The static displacement is retrieved as a function of the peak-to-peak amplitude of the excitation square signal, between 0 V and the actuation voltage (0 -40 V). Due to a limitation of the internal excitation signal of the MSA-500, an external amplifier is connected between the signal excitation output and the MOEMS (Fig. 5.6 (a)). The static displacement is plotted as a function of the applied voltage for voltages between 0 and 40 V in Fig. 5.11. The amplitude of vertical displacement is measured between 0 and approximately 2.8 µm, slightly depending on the gap fingers. Though, the measured static displacement curve is closer to the simulated curve obtained for 4 µm gap between moving fingers. This result is consistent with the SEM measurements of the fabricated structures that show a finger gap close to 4 µm. The sensing function is based on a change in capacitance between the comb fingers when the platform is moving. Moreover, a differential capacitance design is implemented in our vertical microscanner. The change in capacitance to measure is very small (few fF) so that the design of an adequate read-out circuit is not trivial. Different solutions are possible. In [START_REF] Wang | Silicon-on-insulator out-of-plane electrostatic actuator with in situ capacitive position sensing[END_REF][START_REF] Oda | Vertical comb-drive MEMS mirror with sensing function for phaseshift device[END_REF], two different commercially available capacitive read-out circuits are used. In this thesis, we have chosen to work with an impedance analyzer. The impedance analyzer used is the Agilent HP 4194A, whose measurement method is the auto balancing bridge. The capacitance range of this equipment is from 10 fF to 0.1F with a maximum resolution of 0.1 fF. However, capacitance measurement is always very sensitive to parasitic capacitance due to the testing circuit and the environment, then special care is taken in the elaboration of the measurement setup. Figure 5.12 shows the setup realized for the measurement of the capacitance. The device under test is directly connected to the "low" and "high" inputs of the impedance analyzer. The equipment enables to choose different parameters such as the integration time of the measure, the number of measurement for averaging, the frequency range (100 Hz -40 MHz) and the oscillation level of the impedance analyzer. Moreover, the continuous polarization of the micro-actuators is obtained by an association of batteries in series (5 × 9V) to limit noise effects during the measurements. The polarization is increased manually step by step between 9 and 45 V. 

5.4.2/ MEASUREMENT RESULTS

The impedance analyser is used to measure successively the capacitance of the different sensors as a function of the applied voltage. A high nominal capacitance was measured around 50 pF with a precision of ±5 fF. This can be explained by parasitic capacitances.

However, here, the variations of the capacitances are interesting to retrieve the vertical displacement. Therefore this nominal capacitance, i.e. the capacitance measured at

V actuation = 0 V, which is stable during the measurement time, has been subtracted from the measured values. The measures were taken at f = 1.1 MHz, and eight measures were used to obtain each average value. The oscillation level of the impedance analyser was set to 0.5 V. The capacitances were measured as a function of the applied voltage and then retrieved as a function of the vertical displacement using the results presented in Fig. 5.11. The differential capacitance of each sensor, i.e. the capacitance of Configuration 1 minus the capacitance of Configuration 2, is plotted as a function of the vertical displacement in Fig. 5.13. The sensitivities for each sensors correspond to the simulated sensitivity for a gap of 4 µm, i.e. 27 f F/µm. One of the four sensors has a higher sensitivity of 36 f F/µm. One explanation is that the platform is slightly tilted toward the side corresponding to this sensor creating an offset. Also a local structural defect can explain such a small increase of the sensitivity.

The results of the characterisation of the vertical microscanner are summarized in Tab. [START_REF] Lullin | An electrostatic vertical microscanner for phase modulating array-type Mirau microinterferometry[END_REF]. The array-type Mirau micro-interferometer is composed of a matrix of lenses doublets, the vertical microscanner, a planar beam splitter and spacers, as shown in Fig. 5.14. The fabrication of these components at wafer level enables their collective vertical integration.

and have been published in

Moreover, the choice of the technological techniques involved in the fabrication of the microcomponents as well as in the integration processes must be discussed in parallel to take into account the limitations of all the steps. This section aims to introduce the technology used to fabricate these components, using microfabrication techniques, as well as the integration steps. First, the choice of the bonding technology must guarantee optimal optical properties after the bonding. More specifically, the surface quality of the optical microcomponents (beam splitter, micromirrors and microlenses) and the alignment precision are key parameters for the optical system. Here, most of the interfaces are composed of silicon and glass which makes possible the fabrication of optical components but which is also compatible with anodic bonding. The latter technology has another advantage which is that it does not require an intermediate layer. Typically, anodic bonding is realized by heating the substrates between 300 • C and 500 • C and applying a voltage between 400 V and 1500 V for a time up to 90 min. Note that, to make the glass compatible with silicon, its thermal expansion coefficient must be close to the one of the silicon, so that they can be bonded together by anodic bonding. In this optic, glasses highly concentrated in alkali ions (borosilicate glasses) are used. For example, Borofloat glass has a thermal expansion coefficient close to silicon which leads to a reduction of the stress after bonding. The microfabrication technologies, used to fabricate the microcomponents to be integrated,
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must be compatible with these conditions. The miniaturization of lenses has been developed since decades leading to well mastered techniques for wafer-level integration. Lenses techniques can be separated in two categories: contactless fabrication or fabrication thanks to a mold that is pre-fabricated.

Contactless fabrication techniques are usually based on the reflow of a pillar, whereas the second technique is based on the prefabrication of a mold that is used to create a microlens. Based on these methods, polymer microlenses have been widely developed.

Polymer reflow and its numerous evolutions are now widely used due to its relative easiness to be fabricated [START_REF] Daly | The manufacture of microlenses by melting photoresist[END_REF][START_REF] Popovic | Technique for monolithic fabrication of microlens arrays[END_REF][START_REF] Schilling | Surface profiles of reflow microlenses under the influence of surface tension and gravity[END_REF]. The drawback of polymer lenses is that they cannot tolerate harsh environment such as high temperature and are more eager to be degraded with time, whereas glass microlenses are more stable. In our case, these considerations are really important since the microlenses are meant to be integrated by anodic bonding.

Therefore, a focus is done on microlenses, made of borosilicate glass, that have a great potential for MOEMS, i.e. the monolithic integration of both optical and mechanical part on a same substrate. A "molding" technique based on the reflow of glass in silicon molds have been developed by Albero et al. [160]. This technique is of great interest because it can achieve higher numerical aperture with large diameter than contactless reflow techniques; however, the surface quality highly depends on the surface quality of the molds.

The advantage of the contactless method is the good surface quality of the obtained microlenses but this method limits the achievable numerical aperture and diameter. In Fig. the monolithic integration of glass microlenses on a silicon scanner using two successive thermal reflows, first to structure the glass as pillars and then to form the microlens [START_REF] Yoo | Monolithically integrated glass microlens scanner using a thermal reflow process[END_REF].

Here, the fabrication technology of the dense array of mm-size lenses is based on the reflow of glass in a cavity in which the pressure is lower than the atmospheric pressure [140]. The pressure difference creates a vertical force which, combined with the reflow of the glass, leads to the creation of a lens once the concave side is polished. When used for a dense matrix of lenses, a specific design is used to enable an homogeneous deformation of the glass across the dense matrix. Moreover, the silicon wafer, used during the fabrication of the microlenses, is kept partially to serve as a spacer and an aperture stop in the final device. The beam splitter can be realized with successive depositions of thin dielectric layers on a glass substrate. Thus, different types of beam splitters can be microfabricated such as polarizing beam splitter [START_REF] Gupta | Micromachined polarization beam splitters for the visible spectrum[END_REF][START_REF] Tyan | fabrication, and characterization of formbirefringent multilayer polarizing beam splitter[END_REF] but also more advanced beam splitters based on the
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deposition of dielectric layer on already micromachined 45 • beam splitters [START_REF] Baranski | Wafer-Level Fabrication of Microcube-Typed Beam-Splitters by Saw-Dicing of Glass Substrate[END_REF]. For example, the Mirau beam splitter can be made of mono-or multi-layers of silicon oxynitride (SiOxNy) deposited by PECVD a glass substrate [64]. The multi-layer structure is a stack of alternate high and low-index thin films, all one-quarter-wavelength thick (often referred as Bragg reflectors). By doing so, reflected beams encounter a phase shift at the different boundaries (only from high to low-index layers) as well as during propagation so that they can interfere constructively or destructively. Since the absorption in such layers is negligible, we consider that no energy is lost. Depending on the beam-splitting ratio required, the number of layers, as well as their refractive indices, have to be adjusted. Here, the beam splitter has been realized by sputtering a TiO 2 layer, which is sufficient to reach 70/30 splitting ratio under normal incidence. Moreover, using only one layer ensures a higher tolerance with respect to wavelengths and angle of incidence.

Finally, the spacers, which are 3 mm thick, are made of glass because it can be structured by ultrasonic drilling and it is also compatible with anodic bonding.

In conclusion, all the components of the micro-interferometer can be microfabricated and hence they can be adapted in the wafer-level integration strategy. The bonding temperature is kept lower than 400 • C to be compatible with the metallic and dielectric layers of the micromirrors and beam splitter. Note that the spacer must integrate openings to access the contact pads of the vertical microscanner from the bottom of the stack. Finally, the last interface, between the beam splitter and the spacer, is a glassglass interface that is anodically bonded by depositing an aluminium layer on the spacer surface. For the Mirau micro-interferometer, the most fragile and sensitive component is the vertical microscanner. To further decrease influences of temperature and bonding process on the microscanner, the beam splitter and the spacer are first bonded at 500 V.

The stack obtained is bonded to the microscanner in a second step at 600 V and 320 • C.

Finally, the doublet of microlenses is integrated to the stack. This sequence of bonding has been tested several times. The first tests with blank wafers have shown good results.

However, for one of the final demonstrator with functional wafers, the last step of bonding has required a voltage up to 1000 V to realize the anodic bonding. The result is shown in Fig. 5.17 A first conclusion is that the electric field, generated by the potential difference applied between the bonding interface, does not lead to a displacement of the microscanner high enough to break the silicon springs. A second conclusion is that the quality of the micromirror is sometimes deteriorated. This phenomena has been observed inconsistently so that it is hard to explain what is the source of the degradation. Our hypothesis is that both the temperature but also the "age" of the layer have an impact. The temperature can cause a migration of titanium or chromium ion in the gold leading to a degradation of the mirror quality. Moreover, it seems that some gold layers deteriorates with time. Further tests must be conducted to understand this phenomena and stabilize the gold layer.

5.5.3/ COMPATIBILITY BETWEEN THE MICROSCANNER AND THE DICING TECH-

NIQUES

Once the optically functionalized wafers are integrated, the vertical stack must be diced into chips. There are several dicing techniques that are used for wafer dicing. The most common technique is saw dicing. Conventionally, MEMS are first diced and then released to protect them from the sawing process. This is called die level packaging. Alternatively, wafer level packaging consists in, first, releasing the MEMS, then, realizing wafer bonding to protect the released MEMS, and finally, performing dicing. In this sense, our MOEMS microscanner has been packaged at wafer level and is encapsulated inside the stack. However, saw dicing is not possible in our case because the encapsulation is not fully hermetic while this method uses cooling water. Indeed, the isolation trenches, realized to isolate the micro-actuators and the microsensors between each others, creates a path for the dicing cooling solution to penetrate inside the Mirau stack. To overcome this issue, fabrication can be changed to ensure embedded insulation trenches, keeping the top surface flat. For example, the trenches can be filled partly or completely with silicon dioxide or polymer. Though, these solutions are not trivial and further discussion is necessary to integrate such a process in the flow charts. However, two other solutions are possible to deal with these trenches. The first possibility is to seal the isolation trenches and the second one is to use a dry dicing technique. To fill in the trenches, a polymer such as a photoresist can be dispensed at the interface glass-silicon.

However, the dispensing is critical because the polymer must not cover the contact pads that are close to the dispensing site (Fig. 5.18). Figure 5.19 shows several tests of glue dispensing using different wires. The images show that the result is satisfactory, but it is manual and thus time consuming and not compatible with industrial production. Finally, the first solution consisting in filling the trenches with polymer is adopted to enable wet cleaning of the gold pads. The polymer is hardened by thermal treatment at 150

• C during 30 minutes. In the future, the dispensing of polymer could be used before saw dicing to facilitate the dicing that is time consuming (70 min/chip) and expensive when laser cutting is used. Finally, the chips are cleaned and prepared for flip-chip bonding.

Flip chip bonding is realized between the Mirau contact pads and a PCB with gold stud bumps. A specialized tool is used to handle the Mirau micro-interferometer and maintain the PCB. However, the gold stud bumps on the PCB have not all the same height (variation up to 30 µm) which does not allow a good connection. Therefore, silver-filled epoxy The influence of the packaging steps on the micromirror quality have been monitored

along the different processes. Figure 5.22 shows a microscope image of four micromirrors after anodic bonding, after laser cutting and after flip-chip bonding. A significant degradation of the micromirror quality with the apparition of black dots is observed. As explained before, this degradation is not consistent for all the micromirrors and further tests must be conducted to clearly understand the phenomena. Though, the degradation appears clearly on Fig. 5.23 which shows topography of the surface before and after the assembly processes. Moreover, in terms of vertical deformation, the micromirrors sensitive to the device layer thickness. The tolerance on the device layer can be responsible for a variation of ± 10 Hz. Moreover, the packaging process might have an impact on the stress induced in the microstructure, resulting in a change of the resonant frequency.

The second peak is much higher than the one measured before integration on other chips.

However, the dynamic analysis of the microsystem is not perturbed by this second peak at 724 Hz. Indeed, using the same method presented above, the dynamic displacement under sinusoidal excitation is characterized. An amplitude of 350 nm is reached for a electric signal equal to V = 2.5 + 1.5sin(w 0 t). Fig. 5.25 shows the recorded displacement of the structure. This voltage will be used for the actuation of the microscanner used as a phase-shifter in the OCT system developed. In order to avoid that the dicing solution penetrates inside the Mirau cavities, a dry dicing technique has been privileged. Laser cutting has been used to dice the thick vertical stack in two steps. However, the dust created during the process contaminates the contact pads and wet cleaning has been necessary. Then, a system of polymer dispensing to fill-in the trenches, which are responsible for the entry of liquids into the cavities, has been developed. In the future, the dispensing of polymer could be used before saw dicing to facilitate the wafer dicing that is time consuming and expensive when laser cutting is used. Moreover, the micromirrors quality seems to degrade along the processes without being able to understand the phenomena that is not consistent. Then, further tests must be conducted to overcome this situation. Finally, the vertical microscanner has been characterized in terms of actuation to check if the assembly processes have an impact on its behaviour. The results show that the vertical microscanner works correctly.

CONCLUSION AND PERSPECTIVES

New biomedical imaging tools are necessary for skin imaging application. This field is lacking of non invasive imaging tools, providing in vivo images, for the diagnosis and the follow-up of skin pathologies and, in particular, skin cancers. Among the existing technologies, optical coherence tomography (OCT) provides high resolution as well as appropriate skin depth penetration. Moreover, the frame rate and the sensitivity of OCT systems have been increased with the development of new techniques called Fourier domain OCT (FD-OCT) combined with phase-shifting interferometry techniques. However, the existing commercial systems have two main drawbacks: they are bulky and expensive. As a result, these systems are only affordable for the hospitals and thus, not sufficiently used by physicians or dermatologists as an early diagnosis tool. We believe that these reasons are responsible for the limited development of such systems in dermatology, for which biopsies and histopathological studies continues to be the gold standard despite a very high number of useless acts. Consequently, our first motivation was to develop a miniaturized system in order to reduce both the cost and the size of the existing systems.

In this thesis, the development of a vertical microscanner, adapted for the implementa- The first explored strategy is based on the integration of the glass support followed by a combination of spray coating and projection photolithography to pattern the high topol-ogy surface created by the glass support. The second strategy is to first pattern and structure the silicon to create the mechanical parts and then integrate the glass support by Au/Au thermocompression. The gold layer is then used to both connect the silicon and the glass but also to protect the buried oxide (BOX) layer during the structuration of the glass realized with liquid HF. The viability of the first strategy have been successively demonstrated until the releasing step which causes a problem. Indeed, the HF vapor release attacks the glass support whose quality is then degraded. Therefore, a solution to protect the glass has been proposed but not yet tested. The second strategy has not been conclusive because the gold layer deposited did not protect efficiently the BOX as expected.

Finally, the third strategy aims at the fabrication of the vertical microscanner with suspended micromirrors. This technology is entirely based on silicon, except for the metallic micromirrors. Therefore, the silicon is first structured to create the designed structure and, once released, the micromirrors are deposited by sputtering through a shadow mask.

The shadow mask is a structured silicon wafer, to create the openings corresponding to the micromirrors shape, and aligned to the SOI wafer. Two strategies of fabrication were After the vertical integration, the vertical microscanner is characterized a second time to evaluate the impact of the bonding steps. The electro-mechanical behaviour of the microscanner is still similar but the optical quality of the micromirrors is degraded. The degradation phenomenon is not consistent and varies from one chip to another too much to make conclusions about the causes of this degradation.

This thesis has presented insteresting technologies for the development of a vertical microscanner, with an embedded sensing position, for phase modulation interferometry.

Based on these results, some perspectives, such as an optimized flow chart whose total risk is decreased, still needs to be tested. Moreover, the protection of the glass microcomponents until the total release of the structure is an issue, for which new solutions have been proposed and should be tested. Further work also involves the development of an integrated read-out circuit to be able to use the sensing function synchronously with the actuation and to have the microscanner position in real-time. Finally, a systematic study of the surface quality of the micromirrors is necessary to understand its degradation during the bonding processes.

The technologies, developed in this thesis, have a great potential for the high level integrated optical microsystems and encourage new perspectives. First, the integration strategy of the glass disks onto the vertical microscanner can be easily applied for other types of glass microcomponents such as glass lenses or diffractive gratings. Indeed, the integration strategy demonstrated here, as well as the strategy presented in perspective, are well suited for this kind of applications. The integration of a glass microlens on a microscanner is particularly useful to laterally or axially scan a sample e.g. for a confocal microscope. Moreover, the lateral scan can be easily adapted from the technology presented in this thesis, by creating lateral comb drives.

Finally, the European project VIAMOS has enabled the development of different technologies for OCT microsystems, which are now well mature. The Mirau microinterferometer is being tested in terms of interferometric functionality and phasemodulation and the results will be presented in [START_REF] Perrin | Full field swept source optical coherence tomography micro-system -Application to dermatology[END_REF]. The complete OCT system is being assembled and will be tested at the university hospital of Besanco ¸n (CHRU) where clinical tests will be performed. The Fourier transform of a Gaussian defined as f (t) = e -Ct 2 is calculated as follows: 

F(w) = F -1 f (t) = � ∞ -∞ f ( 

A.2/ FULL WIDTH AT HALF MAXIMUM OF A GAUSSIAN

The full width at half maximum of a Gaussian defined as f (t) = e -Ct 2 is calculated as follows: Purified TCS is finally reduced with H 2 to obtain electronic grade silicon. The chemical vapor deposition occurs in a cold room containing an heated Si rod which acts as crystalline seed. The result is an extremely pure polycrystalline silicon ingot that is transformed into a monocrystalline silicon ingot using the Czochralski (CZ) or the float-zone (FZ) process.

HSiCl 3 (gas) + H 2 (gas) → 3HCl (gas) + Si (solid) at 325 Since k is, in general less than 1, the dopant becomes increasingly more concentrated in the melt. This leads to a dopant concentration changes along the crystal ingot. The float-zone process is used when highly pure silicon is necessary, i.e. when oxygen ions present in the silicon crystal lattice after the CZ process is not tolerable. It represents only 2% of the wafer production market. It consists in fusing a monocrystalline seed to the polycrystalline silicon ingot and then a RF heating coil is used to heat locally the bar at the interface mono/polycristalline silicon. The heated zone is called the "float-zone".

In the float-zone, the atoms align to the seed.

Once the monocrystalline silicon ingot is fabricated, it is usually diced into wafers with a diamond wire or saw.

B.3/ CRYSTALLOGRAPHY

In a crystal, the atoms are arranged on a regular grid called lattice. There wafer is used, the X and Y directions, corresponding respectively to the [START_REF] Yeh | Electrostatic model for an asymmetric combdrive[END_REF] and the [START_REF] Yeh | Electrostatic model for an asymmetric combdrive[END_REF], have equivalent elastic properties [START_REF] Hopcroft | What is the Young ' s Modulus of Silicon ?[END_REF]. However, all directions are not equivalent, i.e. silicon is an anisotropic material. 1 A Bravais lattice is an infinite array of discrete points generated by a set of discrete translation operations X [START_REF] Yeh | Electrostatic model for an asymmetric combdrive[END_REF] Y [START_REF] Yeh | Electrostatic model for an asymmetric combdrive[END_REF] [010]

[100]

Z [START_REF] Wang | Comb-drive GaN micromirror on a GaN-on-silicon platform[END_REF] Wafer flat 45°F igure B.2: Wafer (100) description with XYZ direction with respect to the wafer flat.

The Hooke's law describes the relationship between stress (σ) and strain (�):

σ = C� (B. 5 
)
where C is the stiffness tensor and which can be also written as:

σ ij = C ijkl �kl (B.6)
For an isotropic material, C can be replaced by a single value, noted E and called the Young's modulus. For an anisotropic material, axes of symmetry enables the simplification of the stiffness tensor. In the case of the crystallographic lattice of silicon, it reduces to the following tensor: film deposition and oxidation. Combining these capabilities with highly specialized micromachining processes, mechanical parts where fabricated leading to devices such as microgrippers, microtweezers [START_REF] Kim | Silicon-processe overhanging microgripper[END_REF][START_REF] Kim | Polysilicon microgripper[END_REF], electrostatic micromotors [START_REF] Fan | IC-processed electrostatic micro-motors[END_REF]. Multi-functional systems with microfluidic, biologically functionalized or optical parts were also investigated. For the micro-electronics, silicon was the most used substrate due to its interesting electronic properties such as the easy generation of insulation layers in silicon dioxide and the control of electronic properties by doping. Materials, such as insulators and metals, were under investigation to create multi layer connections. Then, processes to depose (or grow) structured layers such as silicon dioxide and metals, for example aluminium, have been developed. Later, processes to structure the silicon substrate were developed to create mechanical parts taking benefits from the interesting mechanical properties of To limit the contamination in the cleanroom, a specific procedure to enter the cleanroom is required. A first "grey" room is used for the employees to wear adapted clothing before entering the cleanroom. The basic clothing consists in a coverall suit, shoe cover and boots, a cap, a hood and gloves. In high quality rooms, facial mask is usually mandatory and gloves are usually compelled in chemical rooms. This equipment contributes to the protection of the device from the potential contaminations from the users as well as it protects the user from eventual health risks.

C =                    

D.0.2/ PHOTOLITHOGRAPHY

In general, it is complicated to grow, deposit or etch material layers only in the areas where they are desired (selective deposition/etching). As a result, material layers are usually deposited across the entire surface and then removed from the area where they are not needed. The photolithography technique aims to transfer a desired pattern from a hard mask into a photoresist polymer layer on the wafer surface. A plasma is a state of matter as solid, liquid and gas. In this state, electrons wander around the nuclei of the atoms. A plasma consists of electrons, ionized molecules, neutral molecules, neutral and ionized fragments of broken-up molecules, excited molecules and free radicals. Free radicals are electrically neutral species that have incomplete bonding and are extremely reactive. The notion of plasma is introduced here because when energy is provided to the plasma, it can be used to remove material from a target which can be directly the processed wafer (etching) or, which etched material can be deposited on the processed wafer (deposition by sputtering). Hence, plasmas are really important in microfabrication. There are two ways to generate a plasma: by applying a DC voltage or a RF voltage between two electrodes between which a gas is introduced (Fig. D.2). When a DC voltage is applied between the anode and the cathode, free electrons are accelerated and elastically collides with atoms generating an ion and an additional electron. This cascading process creates a sustained reaction. In the same time, the excited gas atoms returning to ground state emit visible photons that can be seen as a glow in the chamber.

When a RF voltage is applied to a pair of electrodes (typically 13.56 MHz), it accelerates electrons that collides with neutral gas molecules, forming ions and more electrons as with a DC voltage. The difference is that only the electrons are travelling between the two electrodes with an oscillitory path following the high frequency field whereas ions are too massive to respond to this field. In particular to sputter dielectric films, RF power enables to avoid the accumulation of electric load on the target. For RF generated plasma, the target electrode is smaller. Indeed, if both electrodes are symmetrical, the electric field is completely symmetrical and an identical sputtering rate occurs at both electrodes which prevent the film from growing. When the electrode areas are not equal, the field must be higher at the smaller electrode to maintain an overall current continuity. Therefore, making the target electrode smaller, the sputtering preferentially occurs on the target (Fig. D.2 (c)). In practice, for sputtering, the wafer is usually connected electrically to the chamber walls. Silicon is the most used material in microfabrication and specific techniques have been developed for this material. Wet etching can be either isotropic or anisotropic. These processes are generally sensitive to the temperature and composition of the etchants (concentration, additives) and quality of the silicon crystal (defects, impurities). Isotropic etchants such as HNA 2 give rounded profiles whereas anisotropic etchants such as KOH (potassium hydroxyde), TMAH (tretamethyl ammonium hydroxyde) and EDP 3 etch preferably �100� planes compared to the �111� planes. 2 HNA is a mixture of nitric and hydrofluoric acids diluted in water or acetic acid. The diluent and the ratio of the etching acids have an impact on the etch rate [START_REF] Robbins | Chemical Etching of Silicon[END_REF]. 3 EDP is a mixture of ethylene diamine, pyrocatechol and water.

As a dry etching technique, reactive ion etching is classically used for the etching of silicon. Moreover, a time multiplexed deep etching technique, called DRIE for deep reactive ion etching, has been developed. The aim is to improve the anisotropy of the etching to obtain vertical walls by depositing a protective polymer. Side walls angles around 90 • ± 2 • and etching depth up to 1.5 mm are obtained [START_REF] Hasegawa | Microfabrication of cesium vapor cells with buffer gas for MEMS atomic clocks[END_REF]. There are two DRIE machines at MIMENTO technological center: a quite recent SPTS Pegasus Rapier and an older Alcatel A601E. In the SPTS machine, metal masks are forbidden in its chamber to prevent the contamination of the ceramic walls. The Alcatel machine has an aluminium chamber which can be easily cleaned by plasma and then metal masking layers are allowed. Another difference is the system of clamping, which is mechanical in the Alcatel and electrostatic in the SPTS. On the one hand, electrostatic clamping is more difficult for wafer which back side is highly structured. On the other hand, the mechanical clamping may lead to the wafer breakage for sensitive wafers due to deep structuration, small thickness or thermal stress. The properties of each DRIE machine are summarized in Tab. D.5. The cleanroom is also equipped with a RIE machine (Plassys) that can etch a wide range of materials (silicon, silicon nitride, silicon dioxide, titanium, nickel,...) but which can be also used to clean a wafer from organic residues. For this latter purpose, another machine is dedicated to oxygen plasma and wafer cleaning in general (Nanoplas DSB6000). In term of characterization, a recent optical microscope DM8000 from Leica, a mechanical profilometer Alpha-step from Tencor, a scanning electron microscope and an ellipsometer
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 1 Figure 1: Designs du microscanneur vertical: (a) design basé sur du verre, (b) design basé sur des suspensions en silicium.
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 2 Figure 2: Schéma des peignes interdigités verticaux ainsi que ses paramètres.
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 34 Figure 3: Microscanneur vertical fabriquée: (a) design basé sur du verre, (b) design basé sur des suspensions en silicium.
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 5 Figure 5: Mesure de la capacité différentielle du capteur en fonction du déplacement vertical statique de la plateforme.

  est une image d'un interféromètre de Mirau obtenu et connecté à un circuit imprimé (PCB) par la technique de flip-chip. Le circuit imprimé permet alors de connecter le microscanneur à une source en tension.
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 6 Figure 6: Micro-interféromètre de Mirau.

  3 is detailed. The elaboration of the flow charts is underlined by analysing the risk factor corresponding to each flow chart. The fabrication results are then presented for three different technologies. The results show the successful realisation of the suspension based design whereas further tests concerning the releasing step are necessary for the glass support design.
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  Skin cancer is defined by the Skin Cancer Foundation as "uncontrolled growth of abnormal skin cells. It occurs when unrepaired DNA damage to skin cells (most often caused by ultraviolet radiation from sunshine or tanning beds) triggers mutations, or genetic defects, that lead the skin cells to multiply rapidly and form malignant tumors."
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 11 Figure 1.1: Incidence of melanoma skin cancer in the world in 2012 (source: Globocan 2012).

  Standardized Ration per 100,000)

Figure 1 . 2 :

 12 Figure 1.2: Mortality due to melanoma skin cancer in the world in 2012 (source: Globocan 2012).
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 13 Figure 1.3: Histological images : (a) normal skin, (b) abnormal skin. Source: CHRU Besanc ¸on.
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 14 Figure 1.4: Dermoscopy : (a) schematic of the general principle, (b) comparaison of an image with a dermoscope and with naked eyes (inset) [6].
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 15 Figure 1.5: HFUS images : (a) normal skin, (b) abnormal skin. Scales are in mm [9].
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 1617 Figure 1.6: Schematic of the general principle of confocal microscopy [10].
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 118 Fig.1.8 summarizes the abilities of the techniques detailed above in terms of resolution and penetration depth. The OCT appears as a compromise between HFUS and confocalmicroscopy, providing high resolution imaging without limiting too much the penetration depth so that important features of the skin can be investigated. Ultrasounds and confocal microscopy are less adapted to morphological tissue imaging: the first provides a poor resolution and the second one does not enable millimetre penetration depth. For these reasons, OCT has been successfully introduced as an imaging system for various medical applications (ophthalmology, cardiology,...).
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 19 Figure 1.9: Schematic of the Michelson interferometer architecture. BS: Beam splitter of ratio 0.5.

  the FWHM of the power spectral density (see Annexe A.3). This assumption is true if the bandwidth of the source is reasonably small. When ζ < l c , the signals are strongly correlated whereas when ζ > l c , the signals are weakly correlated. The two waves interfere if their spatial delay ζ, i.e. the optical path length difference, is smaller than the coherence length.

Figure 1 .

 1 Figure 1.10 shows a scheme of the basic time domain OCT (TD-OCT) architecture. It is based on a Michelson interferometer composed of a reference arm and its reference mirror and of a sample arm in which light is focused into the sample. The interference signal between the reflected reference wave and the backscattered sample wave is then recorded. The mirror is axially scanned and an intensity peak is only detected when the light from the reference and sample arms have travelled the same optical path difference and when the optical path lengths differ by less than the coherence length of the light source. The interference pattern is recorded as a function of time, i.e. for each position of the reference mirror (z r ). By this method, it is possible to reconstruct the tomography of biological tissues. The axial resolution corresponds to the coherent length and the lateral resolution depends on the objective used to illuminate the sample, i.e. the focal spot diameter.
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 11 Figure 1.10: TD-OCT: (a) schematic of the general principle, (b) temporal interferogram.
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 111 Figure 1.11: SD-OCT: (a) schematic of the general principle, (b) spectral interferogram.
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 112 Figure 1.12: Axial field of view axial based on the coherence of the wavelength tunable light source and on the optics.
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 114 Figure 1.14: Correlation of histological (A) and OCT images (B). (a) basal cell carcinoma with oval tumour nodules, (b) melanocytic naevus with dense naevus cell clusters.[30].
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 115 Figure1.15: Fiber-based OCT system with a fiber-optic imaging bundle used to maintain the spatial scanning between the entrance and the exit of the fiber[START_REF] Xie | Fiber-optic-bundlebased optical coherence tomography[END_REF].
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 116 Figure 1.16: Fiber based OCT system with a MEMS scanning based on electrothermal actuation [36].
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 1 Figure 1.17 illustrates the concept. The light goes out the optical fiber, is reflected onto the MEMS scanning mirror and onto another fixed mirror that target the light beam into the eye. Visible light is used to illuminate the iris and an image of the eye is recorded on a camera. A led is also used to see the target point of the SS-OCT with visible light.
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 117 Figure 1.17: Handheld OCT instrument internal optical layout and unfolded optical components showing the (A) OCT 1060 nm optical path, (b) iris camera visible optical path, and (C) fixation target visible optical path [14].

  Finally, Yurtsever et al. proposed, in 2008, a Michelson interferometer based on SOI [40, 41] and, in 2014, another photonic integrated interferometer based on Mach-Zehnder configuration [42]. In the latter, the waveguide technology is based on a technology developed by LioniX BV called Triplex, that is based on a high indexcontrast waveguide structure including a core in SiO 2 that is surrounded by Si 3 N 4 (Fig. 1.18).
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 118 Figure 1.18: Photonic integrated interferometer based on silicon technology: a) schematic of principle, b) photograph of the prototype.[START_REF] Yurtsever | Photonic integrated Mach-Zehnder interferometer with an on-chip reference arm for optical coherence tomography[END_REF] 
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 119 Figure 1.19: Schematic of principle of an integrated spectrometer realized with an array of waveguides based on oxynitride technology [44].
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 121 Figure 1.21: Silicon optical microbench: (a) MEMS micropositionners for out-of-plane Fresnel microlens with diameter 280 µm [48, 49] and SEM pictures of two holders assembled onto the rail of the baseplate: (b) modular optical bench [51], (c) two holder carrying a ball microlens of 258 µm diameter and a micromirror [52].
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 122 Figure 1.22: An example of the six combustion wafers prior to bonding along with a 3D schematic of the stack[START_REF] Mehra | Six-wafer combustion system for a silicon micro gas turbine engine[END_REF] 
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 123 Figure 1.23: Vertically integrated confocal microscope: (a) Fused silica lens with scanning micromirrors [58], (b) three 1D scanners with polymer based microlenses[60], (c) one 2D lateral scanner (XY) assembled with one 1 scanner (Z)[START_REF] Baranski | Micro-optical design of a three-dimensional microlens scanner for vertically integrated micro-opto-electro-mechanical systems[END_REF].
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 125 Figure 1.25: Array-type passive Mirau interferometer [64]. Only one channel is drawn out of 25 per wafer.
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 126 Figure 1.26: Individual active Mirau interferometer[START_REF] Xu | Design of a long range bidirectional MEMS scanner for a tunable 3D integrated Mirau interferometer[END_REF] 
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 127 Figure 1.27: Building blocks of the SS-OCT developed in VIAMOS.
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 1 Figure 1.28: Array-type active vertically integrated Mirau micro-interferometer
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 21 Figure 2.1: Schematic representing the piezoeletric effect: (a)(b) Reverse effect, (c)(d) Direct effect[START_REF] Dineva | Dynamic Fracture of Piezoelectric Materials -Chapter 2: Piezoelectric Materials[END_REF] 
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 22 Figure 2.2: PNZT piezoelectric actuator for the implementation of scanning micromirror in an endoscopic OCT [78].
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 23 Figure 2.3: Typical designs for thermal actuators: (a) bimorph, (b) bent-beam, (c) flexure [91].
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 24 Figure 2.4: Thermal micro-actuator with two embedded mechanical frames for large displacements [86].
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 25 Figure 2.5: (a) Actuation based on magnetic force [95]: permalloy based technology, (b) actuation based on Lorentz force: silicon based technology[START_REF] Lv | A novel MEMS actuator with large lateral stroke driven by Lorentz force[END_REF] 
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 26 Figure 2.6: Electrostatic actuator design: (a) Parallel plate, (b) Comb fingers
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 27 Figure 2.7: Fabrication flow chart based on polyMUMPS process [104].
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 28 Figure 2.8: Parallel plate vertical actuator based on polyMUMPS process [104].
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 2 Figure 2.9 shows three types of vertical comb fingers configurations. All the design are based on a vertical asymmetry of the structure, which creates a vertical asymmetry of the electric field that leads to a vertical electrostatic force.
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 29 Figure 2.9: Types of vertical comb finger configurations.
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 210 Figure 2.10: Annotations used in the following detailed calculations.
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 211 Figure 2.11: Configuration of comb finger and description of parameter used in the following equations [111].
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 212 Figure 2.12: Schematic of the comb finger design taking into account rotational and lateral stiffness.

2. 2

 2 .2/ FABRICATION TECHNIQUES In 2012, E. Gallagher et al. have published a detailed review of the methods of fabrication of vertical comb drives[START_REF] Gallagher | A review of fabrication processes for vertical comb drives[END_REF]. Here, the different strategies of fabrication of silicon comb drive will be separated depending on the mechanism used to create the vertical offset between the comb fingers. Indeed, in term of microfabrication, this point is critical. Three main strategies are detailed here: creation of the two sets of comb fingers in two different layers (2.13,(a-b-c)), etching of both the top of one set of fingers and the bottom of the other set of fingers (2.13,(d)) and etching of the top of one set of fingers (2.13,(e)).
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 213 Figure 2.13: Three main strategies of vertical comb finger fabrication: (a-c)) Strategy 1 based on the structuration of two different layers, (d) Strategy 2 based on the structuration of one layer from the top and the bottom, (e) Strategy 3 based on the structuration of one layer from the top.
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 2 Figure 2.13 (a-b): One solution is to assemble two wafers in which one set of comb drive is etched. A first possibility is to create the comb fingers in two different silicon

  2.14).
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 214 Figure 2.14: Fabrication of asymmetric comb drive by assembly of two wafers creating top and bottom electrodes [121].
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 2 Figure 2.14 (c): Finally, another possibility is to use a SOI wafer to create classic comb fingers in the device layer over the handle layer to use the levitation force [128].
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 215 Figure 2.15: Strategy 1 of fabrication of vertical comb drives based on the assembly of two wafers [123].
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 216 Figure 2.16: Strategy 2 of fabrication of vertical comb drives based on the etching of top and bottom of the set of facing comb fingers [129, 130].
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 217 Figure 2.17: Strategy 3 of fabrication of vertical comb drives based on the etching of top one set of facing comb fingers [131].
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 218 Figure 2.18: CMOS based technology: (a) main steps of fabrication of vertical comb drive micro-actuator based on a CMOS wafer, (b) schematic of the vertical comb fingers and the associated capacitances [101].

  OF APPLICATIONS There are few examples of MEMS optical phase-shifter in the literature. In 2006, H. Choo and al. deposited a patent which demonstrates MEMS-based, phase shifting interferometer at 23 Hz [135] (Fig. 2.19). The fabrication process is based on Strategy 3.
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 219 Figure 2.19: Vertical comb drive actuator developed based on SOI for phase shifting interferometry.
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 220 Figure 2.20: Vertical comb drive actuator based on SOI developed for phase shifting interferometry with embedded sensing function.
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 221 Figure 2.21: Vertical comb drive actuator based on CMOS technology developed for phase shifting interferometry [136].
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 222 Figure 2.22: Differential capacitance sensing: (a) Design of the two differential comb fingers configuration, (b) Simulation of the capacitance, the differential capacitance and the electrostatic force associated with C 1 variation.

Figure 2 . 23 :

 223 Figure 2.23: Vertical actuation with comb fingers and sensing with parallel plates.

Figure 3 . 1 :

 31 Figure 3.1: SS-OCT design:The light path and the stitching principle are illustrated in only one channel for clarity. In reality, the beam splitter cube (BS cube) is as large as the lens matrix to redirect the light coming from the source in all the channel and all the channels are moved at the same time. The full-field is illustrated by showing three light rays (black, blue and red) whose direction is shown for the red ray. SLD: Super-Luminescent Diode, FPI: Fabry-Perot Interferometer

Figure 3 .Figure 3 . 2 :

 332 Figure 3.2: 3D visualisation of the array of micro-interferometer and its corresponding field of view. The field of view of each micro-interferometer is shown as well as the total volume imaged after x, y, z stitching.

Figure 3 . 3 :

 33 Figure 3.3: Flow chart of the sequence of image acquisition for all the channels. The image processing is coded in LabVIEW.

Figure 3 . 4 :

 34 Figure 3.4: Time line acquisition for the camera, the actuated micromirror and the light source.

3. 2 . 1 /Figure 3 . 5 :

 2135 Figure 3.5: Cross-section view of the vertically integrated Mirau interferometer composed of 4x4 Mirau micro-interferometer and its main dimensions (not to scale). Light path is shown for one channel with the two border rays.

3. 2 Figure 3 . 6 :

 236 Figure 3.6: Global design of the vertical microscanner. Act.: actuation, Sens.: sensing.

Figure 3 . 7 :

 37 Figure 3.7: Design 1: Integration of a glass membrane, (a) Top view of the silicon platform and (b) Hexagonal honeycomb matrix parameters

3. 2 . 3 . 2 /Figure 3 . 8 :

 23238 Figure 3.8: 3D view of the platform with suspended micromirrors.

Figure 3 . 9 :

 39 Figure 3.9: Simple beam: (a) 3D view, (b) fixed-guided end beam condition.

Figure 3 . 10 :

 310 Figure 3.10: Two studied designs: (a) spring 1, (b) spring 2.

3. 2 . 5 /Figure 3 . 11 :

 25311 Figure 3.11: Design parameters of the comb fingers shown in 3D.

Figure 3 . 12 :

 312 Figure 3.12: Comb finger configuration for the sensing parts: (a) fixed and moving parts facing each other taking into account the two configuration of sensors (configuration C1 and configuration C2, (b) illustration of the movement of the platform and its consequences on the movable fingers for C1 and C2.

Figure 3 . 13 :Figure 3 . 14 :Figure 3 . 15 :

 313314315 Figure 3.13: Position of the differential microsensors (S 1 and S 2 ) and the micro-actuators (Act.) around the platform.
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 31 MECHANICAL STUDY OF THE VERTICAL MICROSCANNER 3.3.1.1/ SILICON: MEMS BASIC MATERIAL

3 . 2 .Table 3 . 2 :

 3232 The cost of 25 wafers is in the order of $200. Parameters of the SOI wafer used, in this thesis, for the fabrication of the vertical microscanner. TTV stands for total thickness variation. 1.2/ THE PLATFORM The function of the platform is to provide a rigid actuated support for the micromirrors.A honeycomb structure is chosen for its good trade-off between mass and stiffness, preventing the possible vertical deformation of the platform. Parameter d hexa and l hexa play a role on the mass and the stiffness (Fig.3.7). The larger the width d hexa and the shorter the length l hexa , the stiffer and the heavier the platform. The worst case in term of stiffness, i.e. when d hexa is small and l hexa is large, is studied. Then in the following simulations, d= 20 µm and l = 80 µm. First, the integrated glass membrane design is modelled. A finite element model (FEM) analysis software, called Intellisuite, is used. The model, used to simulate the deformation of the structured silicon platform, is as close as possible to the real structure. The end of each spring is defined as fixed and the rest of the model is free. The material is isotropic silicon except for the glass that is defined as borofloat glass.Since the actuated platform is formed in the device layer of a SOI wafer, the thickness of the platform corresponds to the device layer thickness, i.e. 40 µm. In term of fabrication, different solutions are possible: either the BOX is removed completely or the BOX is let under the actuated platform. In the latter case, a deformation of the platform can be expected due to the different mechanical properties of the BOX layer and of the silicon layer. The BOX is commonly fabricated by high quality thermal oxidation which requires high temperature. However, silicon and silicon dioxide have different thermal expansion coefficients, which generates a stress gradient and then a deformation. The vertical deformation linked to the stress gradient is investigated thanks to a static analysis. In this simulation the gravity is not taken into account. Two simulations have been done. The first one takes into account the glass disks while the second one does not. The results show that the static vertical deformation due to the BOX generates too much deformation for the suspended system (Fig.3.16). Indeed, 27 µm of vertical displacement is much larger than the axial resolution of the optical system (equal to few µms). Then the BOX needs to be removed during the fabrication processes.

Figure 3 . 16 :

 316 Figure 3.16: Vertical deformation of the actuated platform due to the BOX: (a) with glass disk, (b) without glass disks.

Figure 3 . 17 :

 317 Figure 3.17: Integrated glass platform design: vertical deformation of the membrane under its own weight. The maximal deformation between two micromirrors is 54 nm.

Figure 3 . 19 :

 319 Figure 3.19: Von Mises stress in the folded springs simulated with Comsol.

Figure 3 . 20 :

 320 Figure 3.20: Spring: (a) spring design 1, (b) dividing into 4 straight beam for the energy method stiffness calculations.

2 Figure 3 . 21 :Figure 3 . 22 :

 2321322 Figure 3.21: Dividing the folded spring into straight beams: (a) solution 1, (b) solution 2.

Figure 3 . 23 :

 323 Figure 3.23: Asymmetrical comb finger design : (a) Dimensions of one pair of fingers, (b) Configuration 1, (c) Configuration 2. z MF is the vertical position of the moving finger and is simply noted z in the following.

3. 23 )

 23 [START_REF] Tsuchiya | A z-axis differential capacitive SOI accelerometer with vertical comb electrodes[END_REF]. When the movable finger moves up, the capacitance mainly changes for the Configuration 2 (Fig.3.23, (c)) whereas if the movable finger moves down then the capacitance mainly changes for the Configuration 1 (Fig.3.23, (b)). This method is used to design the four differential sensors, each composed of one set of fingers with the Configuration 1 and another with Configuration 2, that are placed around the movable platform as shown in Fig.3.13.
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 324324 Figure 3.24: Electrostatic simulation results-equipotential lines: (a) z=0 µm and (b) z=5 µm. The comb fingers shown with a black contour correspond to the comb fingers at their last position in the parametric study, i.e. z=10 µm.

Figure 3 . 25 :

 325 Figure 3.25: Calculated total electric energy for a couple of comb finger in 2D with Comsol and calculation of the capacitance as a function of the vertical position of the central comb finger. The fitting of the capacitance curve gives a fitting equation equal to f (z) = -0.267z 2 + 0.3032z + 20.31

Figure 3 .

 3 [START_REF] Maier | High-Definition Optical Coherence Tomography for the in vivo Detection of Demodex Mites[END_REF] shows the capacitance change for each of comb finger configurations with one single movable finger versus the platform displacement as well as their differential capacitance. The fitting of the capacitance in the Configuration 1 (same than with the 2D model) gives a fitting curve equation equal to : 0.0241x 2 + 0.2809x + 21.71.

Figure 3 . 26 :

 326 Figure 3.26: Refined mesh of the comb finger model with Intellisuite: (a) 3D view of the top, (b) 3D view of the bottom. The mesh is mainly refined at the bottom and top of the comb fingers.

Figure 3 . 27 :Figure 3 . 28 :

 327328 Figure 3.27: Capacitance versus displacement of Configuration 1 and Configuration 2 and differential capacitance for one movable finger facing two fixed fingers. Linear fitting of the differential capacitance gives a sensitivity of 0.64 f F/µm.

12 Figure 3 . 29 :

 12329 Figure 3.29: Mirau interferometer schematic (only one ray is represented).

Figure 3 .

 3 Figure 3.30: (a) Brightness analysis with far-field diffraction envelopes and (b) diffraction photographs for different spider configurations [142].

Figure 3 . 31 :

 331 Figure 3.31: Schematic of the pupil including the reference mirror suspended by 3 spider legs and their parameter relationship.

Figure 3 . 32 :

 332 Figure 3.32: Comparison between almost straight spiders (1) and highly curved spider (2). (a) Pupil function, (b) PSF as a binary image (Threshold = 0.01 % of the normalized PSF), (c) x4 Zoom on the PSF as a binary image (Threshold = 0.1 % of Max(PSF)), (d) x4 Zoom on the PSF as a greyscale image.

ContrastFigure 3 . 33 :

 333 Figure 3.33: Pupil function and its corresponding MTF for � = 7.5 %, (a) and (e) N = 0, (b) and (f) β = 0.5 and N = 1, (c) and (g) β = 0.5 and N = 6, (d) and (h) β = 2.6 and N = 6). MTF contour lines correspond to 0.264 contrast.

Figure 3 . 34 :

 334 Figure 3.34: Study of the variation of the Rayleigh frequency as a function of N and β (� = 7.5 %). The frequencies are normalized to the cut-off frequency.

Figure

  Figure 3.35, where β is set to 75 %, shows that for thickness parameters below 3 % the

Figure 3 . 35 :

 335 Figure 3.35: Study of the variation of the Rayleigh frequency as a function of N and � (β = 75 %). The frequencies are normalized to the cut-off frequency.

Figure 3 . 36 :

 336 Figure 3.36: Relative standard deviation values of the Rayleigh Frequency when varying the parameters β and � for N = 3. The frequencies are normalized to the cut-off frequency.

Figure 3 . 37 :

 337 Figure 3.37: Contour profiles of the MTF at four contrast value: 0.2, 0.264 (Rayleigh criterion), 0.5 and 0.8. The experimental results (on the right column) and the simulation results (on the left column) are plotted corresponding to pupils on insets.

  actuator and position sensor have been studied. Simulations show that the design chosen in Ch. 2 is suitable and meet the specifications of displacement for the phase-shifting application. The next chapter focuses on the microfabrication of the vertical microscanners introducing the specificities of microfabrication and discussing the results of the microfabrication.FABRICATION OF VERTICAL MICROSCANNERThe microfabrication of a designed device, i.e. practical processing of the wafers, is preceded by several important preparation steps. The first step is the writing of the flow chart, which requires choosing the best technological process for each step of the flow chart. The best technological process is the most suited process taking into account previous and following steps, the available equipments and technologies. These choices are critical for the success of the fabrication. The main microfabrication technologies and equipment used in this thesis are described in Annexe D. The second step is the design and drawing of the hard masks used for the photolithography steps. Finally, the implementation of the process can start in a third step. Then, simple technological tests, to experimentally confirm the feasibility of particular "non-standard" processes, are realized and finally the full flow chart is tested. This chapter proposes a methodology to analyse risks linked to the choice of a technological flow chart. Finally, three technological fabrication flow charts, for the two platform designs described in Ch. 3, are presented.

Figure 4 . 1 :

 41 Figure 4.1: Tableshowingthe risk factor depending on the probability and the impact factor. The red blocks show high risks that can lead to the failure of the process and for which appropriate actions must be adopted to reduce the risk. The orange blocks represent a lower risk though it must be taken into account for a better success of the process. Finally, the green blocks represent a low risk.
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 2 FIRST FABRICATION DESIGN: GLASS BASED TECHNOLOGY 4.2.1/ FLOW CHART CONSTRUCTION AND ANALYSIS OF RISK In the literature, there are very few example of monolithic integration of a glass optical component on an actuated structure. To my knowledge, only Yoo et al. have proposed asolution for this type of integration[START_REF] Yoo | Monolithically integrated glass microlens scanner using a thermal reflow process[END_REF]. The fabrication, shown in Fig.4.2, involves the monolithic fabrication of a glass microlens on a silicon lateral comb drive scanner. The glass is first fabricated using thermal reflow in a silicon cavity. Then, a structured glass wafer is bonded to the silicon and serves as a mechanical support to polish the other surface of the silicon wafer in order to obtain a thin layer of silicon in which the comb drive is finally realized and also to liberate the back side of the microlens that was in contact with the silicon.

Figure 4 . 2 :

 42 Figure 4.2: Monolithic integration of a glass microlens on a silicon lateral scanner proposed by Yoo et al. in [153].

4 . 3 .Figure 4 . 3 :

 4343 Figure 4.3: Schematic representation of the structure to realize: (a) bare SOI wafer, (b) integration of the glass support.

Figure 4 .

 4 Figure 4.4 suggests two solutions to integrate the glass support showing the main steps of the flow chart. Basically, the glass can be integrated before the structuration of the device layer (Fig. 4.4 (a)) or after the structuration of the device layer (Fig. 4.4 (c)). In the two cases, a problem is identified and illustrated in Fig. 4.4 (b) and (d).

Figure 4 . 4 :

 44 Figure 4.4: Problem linked to the integration of a glass membrane on a SOI wafer: (a) strategy of integration 1, (b) problem linked to strategy 1, (c) strategy of integration 2, (d) problem linked to the strategy of integration 2

Figure 4 .

 4 Figure 4.5 shows the main steps of the projection photolithography strategy.Step (a) consists in first cleaning the wafer in piranha and then creating alignment marks on the back side of the wafer. These alignment marks will serve at the end of the process to align the mask used for the back side release. Thus chromium is sputtered (100 nm) on the back side, a photolithography is realized followed by a wet etching of the chromium. Finally, silicon is etched where the chromium has been removed to create alignment marks.The silicon etching is realized by RIE. Step (b) aims to create silicon cavities in the device layer that will correspond to the optical aperture below the glass disks. A double side photolithography is used to align the marks from the back side with the photoresist mask created on the front side. The silicon cavities are etched down to the BOX by DRIE (SPTS). During step (c), the wafer is cleaned to remove the photoresist and to prepare the SOI wafer for anodic bonding. Both SOI wafer and glass wafer are cleaned in piranha and prepared in CL200 cleaner. The glass wafer is borofloat from Schott (Borofloat 33).

  photoresist mask is removed in acetone and the second DRIE is performed to etch one in every two combs down to half the device layer thickness (step h). Note that the DRIE cannot be performed in the SPTS equipment because of the presence of the metal mask, thus the Alcatel machine is used. The wafer is cleaned from the aluminium mask by wet etching (step i). The final steps consists in releasing the scanner by etching the back side.Spray coating photolithography is realized on the back side to created the releasing aperture (step j). The front side of the wafer is protected by gluing a support wafer with oil.Then, DRIE is performed to etch silicon down to the BOX (step k). The wafer support is removed in acetone and oil residues are removed by oxygen plasma. Finally, RIE of the BOX is achieved.

Figure 4 . 5 :

 45 Figure 4.5: Flow chart 1: projection photolithography based technology, (a) sputtering of Cr, photolithography, etching of Cr and Si on back side for the creation of alignment marks, (b) photolithography and DRIE of silicon cavities, (c) cleaning and anodic bonding of SOI and glass wafer, (d) deposition of Cr/Au/Cr/Au/SPR 220 mask on glass, (e) HF etching of glass, (f) deposition of Cr/Au micromirrors and contact pads, (g) two step photolithography in Cr and photoresist and first steps DRIE, (h) stripping of photoresist mask and second step DRIE, (i) etching of Cr and cleaning of the SOI wafer, (j) Photolithography on the back side, (k) DRIE of handle layer, (l) RIE of the BOX.

  4.6).Step (a) is the same than in the first flow chart and consists in creating alignment marks on the back side. Then, the comb drive are created in the device layer in the same two steps photolithography/DRIE process than presented before (step b-c). In step (d), a chromium and a gold layer are deposited by sputtering on both glass and structured silicon wafer after cleaning of the wafers. A photolithography (S1813) followed by a wet etching of chromium and gold is processed on the glass wafer to remove the metals from the optical aperture created by the glass disks.Step (e) illustrates the bonding by thermocompression of the two wafers, the lapping and polishing of the glass wafer down to 25 µm and the selective deposition of the masking layer for HF etching (Cr/Au/Cr/Au/SPR 3.0). Then, step (f) shows the wet etching in HF by the same means than in the first flow chart. In step (g), the metal layers used for the bonding are removed by wet etching and the wafer is cleaned. Note that the micromirrors and the contact pads cannot be deposited at this step by deposition of metal layers and photolithography because the spray coated photoresist would penetrate between the comb finger gap and would be too difficult to remove. Back side release is performed following the same step than in the first flow chart: first DRIE of the handle layer is conducted while the front side is protected by a support wafer (step h) and then RIE of the BOX is done (step i). Finally, the micromirrors and the contact pads are deposited on the released device by use of a shadow mask wafer and sputtering. This solution is very interesting because it enables the deposition of the micromirrors as a last step, avoiding any possible contamination

  have been removed and the deposition of the micromirrors in the last steps decreases the risk of the degradation of their optical quality. Note that this strategy of deposition of the micromirrors can be adapted to the first flow chart. Though, in the second flow chart, there is a risk of attack of the BOX during the wet etching of the glass if the metal layers do not protect correctly the BOX. It can happen if the deposition is not conformal or has been deteriorated during the thermocompression. The total risk factor is equal to

Figure 4 . 6 :

 46 Figure 4.6: Flow chart 2: thermocompression based technology, (a) sputtering of Cr, photolithography, etching of Cr and Si on back side for the creation of alignment marks, (b) two step photolithography in Cr and photoresist and first steps DRIE, (c) stripping of photoresist mask and second step DRIE, (d) etching of Cr on SOI wafer and sputtering of Cr/Au on SOI and glass, (e) thermocompression and deposition of Cr/Au/Cr/Au/SPR 220 mask on glass, (f) HF etching of glass,(g) etching of Cr/Au and cleaning of the wafer, (h) photolithography on the back side and DRIE of handle layer, (i) RIE of the BOX, (j) sputtering of Cr/Au micromirrors and contact pads through shadow mask.

Figure 4 . 7 :

 47 Figure 4.7: Alignment marks with a zoom on the central marks. The alignment marks are placed at the left and right border of the wafer in the zones shown in Fig. 4.8.

Figure 4 .

 4 [START_REF] Schmitz | Optical coherence tomography: its role in daily dermatological practice[END_REF] gives an overlook of different forbidden zones. First the border of the wafer is usually not patterned because processes are less qualitative on the edge of the wafer (red ring). Moreover, the objectives of the alignment equipment cannot image the whole wafer area but are usually constraint to a certain area (blue zones) in which the alignment marks must be placed. Finally, another type of alignment marks is used to make a first alignment between a bare wafer and a hard mask. Transparent rectangles are placed at the bottom of the wafer to align the wafer flat, adjust the angle and the y position of the wafer with respect to the mask and others rectangles are placed on the left and right of the wafer to adjust the x position of the wafer (grey rectangles).

  The wafer center corresponds to the center of the square created by the

Figure 4 . 8 :

 48 Figure 4.8: Typical zones on a wafer and alignment marks.

First the 1 . 8

 18 mm diameter cavities are etched into the device layer of SOI wafer by use of SPR 220 photoresist and DRIE. The glass and the SOI wafer are anodically bonded at 350 • C and the maximum applied voltage is 900 V. Then, the glass is lapped and polished to obtain a thickness of 25 µm.

Figure 4 .Figure 4 . 9 :

 449 Figure 4.9: Results of the three first steps of fabrication: (a) glass bonded to SOI with etched cavities and lapped and polished down to 25 µm (optical fringes are visible), (b) HF etching of the glass to create glass supports, (c) deposition of Cr/Au micromirrors and contact pads on the glass and the SOI surface respectively.

Figure 4 .

 4 [START_REF] Huang | Optical coherence tomography[END_REF] shows clearly that the presence of the photoresist SPR 220 3.0 on the same Cr/Au/Cr/Au mask prevents the HF from penetrating through the pinholes in the gold mask. The thickness of structured glass layer was measured in the range of 25-27 µm, leading to a wafer-level thickness uniformity of 3.8%. The mirrors are then deposited by sputerring Cr/Au (10-180 nm).

Figure 4 . 10 :

 410 Figure 4.10: Broken glass support after lapping and polishing.

Figure 4 . 11 :

 411 Figure 4.11: Test of masking layer for HF etching of glass: (a-c) Cr/Au/Cr/Au , (b-d) Cr/Au/Cr/Au/SPR 220, (a-b) mask layer surface after 6 min etching, (c-d) glass surface after removal of the mask.

Figure 4 . 12 :

 412 Figure 4.12: Two successive projection photolithographies results: (a) image of one chip, (b) zoom on the comb fingers, (c) zoom on the comb fingers to see alignment precision. The alignment error is around ± 700 nm.

Figure 4 . 13 :

 413 Figure 4.13: Image of the microscanner chip before the back side release.

Figure 4 . 14 :

 414 Figure 4.14: Result of the DRIE of the handle layer: (a) image of the wafer front side, (b) image of the wafer back side, (c) zoom on on chip.

Figure 4 . 15 :

 415 Figure 4.15: SEM images of the structure after DRIE of the handle layer: (a) front side view of one chip, (b) result of the etching of the comb drive from the back side, (c-d) zoom on one finger etched from the back side with top view and 3D view.

Figure 4 . 16 :

 416 Figure 4.16: SEM images of the back side of the structure at the end of the fabrication: (a) broken parts of BOX stuck onto the glass membrane, (b) zoom on the broken BOX stuck on the glass membrane, (c) alignment data after release.

Figure 4 . 17 :

 417 Figure 4.17: Lift-off process: (a) use of positive photoresist, (b) use of negative photoresist, (c) use of LOR 7B and positive photoresist.

Figure 4 .

 4 Figure 4.18 shows images of the comb finger structure. The alignment precision of the two masks is presented in Fig.4.18 (a). The alignment precision is much higher than with projection photolithography (± 60 nm). In (c) the focus is made on the surface of the wafer, but it can be seen that one in every two fingers is etched. It is possible to measure

Figure 4 . 18 :

 418 Figure 4.18: Fabrication of the comb fingers: (a) alignment of the two masks, (b) first DRIE step, (c) second DRIE step.

Figure 4 .

 4 Figure 4.19 illustrates the result of the two steps DRIE process in the case of a misalignment between the two masks (a). It is relatively easy to avoid this issue by simply re-moving the first mask where it is not needed thanks to the presence of the second mask (b). Moreover, as expected and mentioned above, it can be observed that the quality of etching of the comb fingers is much better than with the first flow chart.

Figure 4 . 19 :

 419 Figure 4.19: Design of the mask and misalignment: (a) impact of misalignment of the two masks on the two steps DRIE, (b) impact of misalignment of the two masks on the two steps process with modified masks designs.

  on Glass Misalignement between SOI and glass wafer Cr/Au layer deposited on SOI wafer and removed from cavities

Figure 4 .

 4 Figure 4.20: Thermocompression: (a) structured Cr/Au layer on SOI wafer, (b) image of the thermocompressed wafers seen from the glass wafer side.

Figure 4 . 21 :

 421 Figure 4.21: Acoustic measure of the bonding quality. Red areas correspond to bonded areas whereas blue zones correspond to unbonded zones.

Figure 4 . 22 :

 422 Figure 4.22: Images of the structure after Cr/Au layer etching. The BOX has been attacked by HF and underetched below the silicon.
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 3 photoresist as the second (step a-c). Silicon dioxide was not a possibility when glass was used because it is grown thermally at a temperature above the melting temperature of glass. In the absence of metal mask, the SPTS DRIE can be used to reduce the risks due to the Alcatel machine. In the same DRIE steps, the suspensions of the micromirrors are formed in the device layer (step d-e). The wafer is then oxidized (step f) to protect the front side during the back side etching. The structure is released by the back side by DRIE of the handle layer and HF vapour etching of the BOX (step g). Finally the micromirrors and the contact pads are deposited through a shadow mask by sputtering (step h).

  PhotoresistCr/ Au

Figure 4 . 23 :

 423 Figure 4.23: Flow chart of the fabrication process: (a) oxydation of SOI wafer (800 nm), (b) photolithography and ICP DRIE for structuration of SiO 2 layer (Mask 1), c) photolithography of S1828 photoresist layer (Mask 2), d) first DRIE, e) removal of Mask 2 and Second DRIE, f) oxidation of the wafer (200 nm) to protect front side during back side release followed by back side DRIE with thick photoresist mask, g) vapour HF etching of SiO 2 layers and BOX, h) deposition of Cr/Au (10 nm/150 nm) by sputtering though physical mask.

  PhotolithoIXHMaskIX

Figure 4 . 24 :

 424 Figure 4.24: SEM image of fabricated comb fingers. A) SEM images : (a) Creation of silicon "wall" during second DRIE where there is no masking layer (Fig. 4.23 step e)) (b) Improved DRIE process to limit silicon "wall" creation. B) Schematic of the formation of silicon walls during DRIE process : (a) Deposition of teflon everywhere and isotropic etching of the teflon on horizontal surfaces, (b) Silicon etching , with formation of free teflon walls, (c) Falling of teflon walls on the silicon, d) Deposition of teflon, (e) Isotropic etching of teflon on horizontal surfaces, some teflon is left, (f) Silicon etching with teflon residue on horizontal surfaces creating silicon walls, (g) Cleaning of the wafer.

FingersFigure 4 . 25 :

 425 Figure 4.25: SEM image after back side DRIE. A : SEM images (a) Comb fingers that are partially etched from the back side, (b) Zoom on one finger. B : Schematic of the etching of comb fingers by the back side through BOX cracks : (a) Comb fingers SOI wafer, (b) Back side DRIE etching down to the BOX, (c) Creation of cracks in the BOX, (d) Penetration of etching plasma through the BOX from the back side to the front side of the wafer resulting in comb fingers destruction.

Figure 4 . 26 :

 426 Figure 4.26: Deposition of Cr/Au layer on micromirrors and pads using shadow mask wafer: (a) image of the shadow wafer aligned with the SOI wafer showing the mirror silicon support, (b) a global view of the aligned wafers (top : shadow mask, bottom : SOI wafer) ready for the mirror sputtering.

Figure 4 . 27 :

 427 Figure 4.27: Design 1: Individual chips separated from the wafer for characterization.

Figure 4 . 28 :

 428 Figure 4.28: Design 2: Released microscanner that are kept at wafer level for future vertical wafer-level integration: (a) Photograph of the wafer, (b) Zoom on one structure.

Figure 4 . 29 :

 429 Figure 4.29: Flow chart of a new technology in perspectives: (a) oxidation of SOI wafer (800 nm), (b) photolithography and ICP DRIE for structuration of SiO 2 layer (Mask 1), c) photolithography of S1828 photoresist layer (Mask 2), d) first DRIE, e) removal of Mask 2 and Second DRIE, f) oxidation of the wafer (200 nm) to protect front side during back side release followed by back side DRIE with thick photoresist mask, (g) sputtering of aluminium on the glass wafer, (g) anodic bonding, (h) lapping an polishing, (i) back side photolithography, (j) DRIE of the handle layer, (k) sputtering of Cr/Au/Cr/Au/SPR 220 mask on glass, (l) 49% HF wet etching of glass, (m) removal of Cr/Au/Cr/Au/SPR 220 mask and deposition of photoresist on the glass, (n) vapour HF etching of the silicon oxides, (o) removal of the protecting layers and sputtering of Cr/Au (10 nm/150 nm) by sputtering though physical mask.
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 5 CONCLUSIONIn this chapter, standard microfabrication processes as well as the cleanroom environment have been introduced to better understand the possibilities of microfabrication. A method to analyse the risk linked to the succession of different technological steps is proposed and applied to our proposed technologies. Consequently, three different technological flow charts have been presented. Associated with each technological flow chart, a risk analysis has been performed to identify the critical steps of the flow chart. Two out of the three flow chart aims to integrate a glass disk to support micromirrors onto the silicon actuated platform. The first strategy, based on the combination of spray coating and projection photolithography, has been successfully implemented up to the releasing step and

Figure 5 . 1 :

 51 Figure 5.1: Images of the connected microscanner chips: (a) MOEMS PCB, (b) MOEMS PCB connected onto the Mother PCB.

Table 5 . 1 :

 51 Parameter used for the wire bonding of the chip to the PCB. macro soldering is realized to connect the vertical pin connector on the MOEMS PCB. In parallel, the Mother PCB is fabricated to allow the driving of the actuator. The four actuation signals are separated but jumpers can be positioned to apply the same signal to all the actuators (Fig.5.1 (b)).

Figure 5 . 2 :

 52 Figure 5.2: Protecting cap in aluminium with a transparent window on the top to allow optical characterisation.

Figure 5 . 3 :Figure 5 . 4 :

 5354 Figure 5.3: Characterisation of the glass disks surface: 2D graph of the surface topography of the glass disk front side (a) before and (b) after release, (c) topography profile along the A-A' line of the front and back side of the glass disks before and after the release and (d) shematic of the chip before and after release.
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 5556 Figure 5.5: Laser interferometer for laser Doppler vibrometry. BS: Beam splitter, f 0 , f b , f d are the the frequency of the laser, the shift of the Bragg cell and the Doppler shift, respectively.

Figure 5 . 8 :Figure 5 . 9 :

 5859 Figure 5.8: Spectral response analysis of the device: (a) displacement, (b) phase.

ZoomFigure 5 . 10 :

 510 Figure 5.10: Vertical displacement of the micromirror under dynamic driving voltage: (a) Mirror 1, (b) Mirror 2, (c) Mirror 3, (d) Mirror 4.

Figure 5 . 11 :

 511 Figure 5.11: Static displacement as a function of applied voltage, measured by Laser Doppler vibrometry.

Figure 5 . 12 :

 512 Figure 5.12: Setup for the characterisation of the capacitance sensing.

Figure 5 . 13 :

 513 Figure 5.13: Measured differential capacitance for each sensor of a chip and their corresponding sensitivity: (a) Sensor 1, (b) Sensor 2, (c) Sensor 3, (d) Sensor 4.

Figure 5 . 14 :

 514 Figure 5.14: Simplified cross-section view of the Mirau micro-interferomter stack.

5. 15 ,

 15 three different techniques for the fabrication of microlenses are presented. Firstly, in 2003, Merz. et al. published a technique based on the reflow of glass in silicon cavities. This technology is interesting because the lenses obtained are monolithically integrated onto the silicon wafer. This technique has been also used for the realisation of a Mirau interferometer for MEMS metrology [161]. In 2008, two groups, Yang Chen et al. and Sung-Kil Lee et al., published another solution to fabricate glass reflowed microlens [162, 163]. Both strategies of fabrication are based on the construction of glass pillars, followed by a reflow at high temperature. In those articles, the structuration of glass is done by compression molding or wet etching. Moreover, Sung-Kil Lee et al. proposed a solution already compatible with the monolithic integration on silicon. The reflow based technique also enables the fabrication of ball micro-lenses as it has been shown by Dong-Whan Lee et al.. These works have recently conducted to a publication demonstrating

Figure 5 . 15 :

 515 Figure 5.15: Three different process of fabrication of glass micro-lens: (a)[162], (b)[START_REF] Merz | A novel micromachining technology for structuring borosilicate glass substrates[END_REF], (c)[START_REF] Lee | A glass reflowed microlens array on a Si substrate with rectangular through-holes[END_REF] 

5. 5 . 2 /Figure 5 . 16 :

 52516 Figure 5.16: 3D schematic representation of the micro-optical components involved in the vertical integration of the Mirau interferometer.

  .

Figure 5 . 17 :

 517 Figure 5.17: Fabricated Mirau stack at wafer level: (a) top side with the array of lenses, (b) bottom side with the array of micromirrors visible through the beam splitter and the openings of the spacer.

Figure 5 . 18 :

 518 Figure 5.18: 3D view of the vertical microscanner isolation trench with the glass spacer bonded to it and the opening windows to access the contact pads.

Figure 5 . 19 :

 519 Figure 5.19: Test for glue dispensing to fill the trenches: (a) Image of the Mirau stack to show the entrance of water in the Mirau chamber, (b) Stiction of the comb fingers due to water in the Mirau chamber and (c) results of the glue dispensing using a wire (200 µm), three different optical fibers and a syringe (400 µm).

Figure 5 . 20 :

 520 Figure 5.20: Gold contact pad (a) after laser cutting and (b) after cotton swab (some are scratched away).

(

  EPO-TEK H20E), which is specifically designed for chip bonding, is used. Moreover, to insure a good mounting of the Mirau micro-interferometer on the PCB , low-stress die attach adhesive (DELOMONOPOX) is applied at the corners of the chip and cured at 100 • C during 30 minutes. Figure 5.21 shows photographies of the Mirau micro-interferometer mounted on the PCB.

Figure 5 . 21 :

 521 Figure 5.21: Photography of the Mirau micro-interferometer vertical integrated and mounted on PCB: top view (a) general view and (c) zoom, and bottom view (b) general , (c), (d) .

Figure 5 . 24 :Figure 5 . 25 :

 524525 Figure 5.24: Spectral response analysis of the device after its integration into the Mirau micro-interferometer: (a) displacement, (b) phase.

5. 6 /

 6 CONCLUSIONThe vertical microscanner has been first characterized in term of optical quality of the micromirrors and the glass support, the actuation and the sensing. A adaptive and protective packaging has been fabricated to enable the characterisation measurements at the chip level. White light interferometry measurement have shown that the glass support is deformed after releasing of the microscanner. The glass surface deformation changes the focus length of the Mirau micro-interferometer and must be integrated in the optical design. The roughness of the optical quality (glass support and micromirrors) has also been investigated and is lower than 10 nm which is suited for imaging purposes. Then, the actuation function has been studied in dynamic and in static thanks to laser Doppler vibrometry. The resonant frequency measured is coherent with the expected one as well as the displacement range as a function of the actuation voltage. Finally, the sensing function has been characterized by measuring the change of differential capacitance of the sensor with an impedance analyzer. The results are coherent with the simulated ones. In a second part, the vertical microscanner has been successively integrated into the Mirau micro-interferometer. The vertical integration has been developed based on a sequence of anodic bonding processes. The sequence order and parameters have been adapted to optimize the integration and prevent damages of the optical microcomponents. Moreover, a method to dice the Mirau interferometer, integrated at wafer level, has been developed.

Figure 5 . 26 :

 526 Figure 5.26: Vertical microscanner designs: (a) glass support design, (b) silicon suspensions design.

  implemented: the first to enable the separation of individual chips from the wafer and thus facilitate the characterization and the second for the future wafer-level integration within the Mirau micro-interferometer. This technology has been successively implemented and is stabilized since several runs have been processed with 100% yield. The fabricated vertical microscanners are shown in Fig. 5.27.

Figure 5 . 27 :

 527 Figure 5.27: Fabricated vertical microscanner: (a) glass support design, (b) silicon suspensions design.

Figure 5 . 28 :

 528 Figure 5.28: Mirau microinterferometer.
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  uses the hyperpure polycrystalline silicon that is melted at high temperature (1500 • C) and a monocrystalline silicon seed. The seed is immersed in the melted silicon and vertically removed while rotating (Fig. B.1 (a)). This process results in a monocrystalline silicon ingot. For many applications, doped silicon is needed. The doping elements are added to the melted silicon to pull doped crystals. The dopants are added in the form of doped polysilicon for concentration control. The concentration of the dopant in crystal is not the same as in the melt. It is defined by the segregation coefficient k as: k = C s C L (B.4) with C s the concentration of dopant in solid and C L the concentration of dopant in the liquid.

  Figure B.1: (a) Czochralski fabrication process of silicon ingot, (b) diamond lattice of silicon.

  exist 14 unique lattices, called the Bravais lattice 1 . The crystalline structure of silicon belongs to the family of cubic crystals and is called diamond (Fig. B.1 (b)). To identify the orientation of the lattice, Miller indices are used. Each plane (hkl) is defined by its normal vector [hkl]. The hkl values are the reciprocals of the coordinates of the intersection of the (hkl) plane with the XYZ axis. If one of the value is negative, it is noted by adding a bar upon the index, like h for example. The different notations using Miller indices are given in Tab. B.2. Table B.2: Miller indices notations Notation Description [hkl] The direction vector given by hkl � hkl � The family of direction vectors equivalent to [hkl] (hkl) The crystal plane normal to vector [hkl] hkl The family of planes equivalent to the plane (hkl) Moreover, by convention, the directions [100], [010] and [001] corresponds to the cartesian XYZ direction, unless specified otherwise. The most commonly used wafer orientation is (100), which means that the top surface of the wafer is the (100) plane. Moreover, the orientation of the crystallographic direction in the plane of the wafer is given by a flat (one side of the wafer is cut) which is done during the wafer fabrication at the silicon ingot level. For typical wafers used in research, the primary flat is aligned with the [110] direction (Fig. B.2). The properties of silicon depends on its crystallographic orientation, therefore it is extremely important to take it into account for the design. When a (100)
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Figure D. 1

 1 shows the different steps of the photolithography process. First, the photoresist is deposited on the wafer with different possible techniques. The standard way to deposit photoresist is spin coating. The photoresist is poured on the wafer and the wafer is spun during a specific time, with a specific acceleration and speed. These three parameters influences the quality and the thickness of the obtained photoresist layer. When the wafer surface is not flat, spinning of the resist is difficult and spray coating is an alternative to deposit uniformly the resist on the structured surface. After the photoresist coating, the photoresist is usu-D.0.3/ PLASMA

  Figure D.3 shows the etching profile for (100) wafer in the case of isotropic and anisotropic etching.

Figure D. 3 :

 3 Figure D.3: Silicon etching profile for (100) wafer, which are the most common wafers and the ones used for this work: (a) Isotropic etching, (b) anisotropic etching.

Figure D. 4

 4 illustrates the different steps used for the DRIE process. Firstly, the polymer passivation layer is deposited everywhere. Flurocarbon gases such as C 4 F 8 are used to create a teflon-like polymer (polymerized CF 2 ). A first etching step removes the polymer from the horizontal surfaces. A second isotropic etching step attacks and removes the silicon. The etching gas is typically a mixture of SF 6 and argon.

Figure D. 4 :

 4 Figure D.4: DRIE etching steps: (a) silicon wafer with a masking layer, (b) deposition of teflon-like polymer, (c) etching of polymer on horizontal surfaces, (d) SF 6 silicon etching. The process loops from step (b) to step (d) until the targeted depth is reached.
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  .0.6/ CHARACTERIZATION METHODS After each step of a fabrication process, the result must be characterized. Optical microscopes are used for optical observation of the surface quality of deposited or etched surfaces. It can also provide in plane as well as out-of plane measurements. The precision of the measurements highly depends on the objective used. To measure out-of-plane distances, a mechanical profilometer is used. The wafer is placed under a mechanical tip that goes down in contact with the wafer surface and scan the surface following a predefined line. The precision of the measurement highly depends on the tip diameter and on the chosen parameters (speed, frequency,...). This method requires that the layer, which thickness is to be measured, is structured. If it is not the case, then ellipsometry can be used to characterize dielectric films. Light is focused on the wafer, reflected by the wafer and detected. The change of polarization between emitted and reflected light is compared to a model. In particular, the change of polarization depends on the thickness and the refractive index of the dielectric. Finally, when higher resolution images are necessary scanning electron microscope (SEM) is used. SEM is based on the detection of electrons coming from the sample that is being hit by a beam of emitted electrons. The detected electrons are classically secondary electrons and back-scattered electrons. Secondary electrons results from the inelastic scattering interactions between electrons of the sample and the beam electrons. Back-scattering electrons are electrons from the emitted beam that are reflected back by the sample to the detector. The detected electrons carry an information on the topography of the surface hit by the electron beam. The resolution of a SEM is in the nanometer order.

  

  

Table 1 .

 1 1: Comparison of typical limiting frequencies in the different type of OCT systems and their corresponding A-scan rates.

	OCT system type	Limiting components	Typical A-scan rate
	TD-OCT	Vertically scanning mirror frequency	Few kHz
	SD-OCT	Line camera frequency	46 kHz [13]
	SS-OCT	Swept-source frequency	350 kHz [14]
	FF SS-OCT	Swept-source frequency x Number of pixels	1.5 MHz [15]

Table 2 .

 2 1: Comparison of the actuation principles

	Actuation principle	Voltage range	Disp. range	Speed	Techno. difficulty	Comments
	Electrostatic	10 V -few 100 V ∼ 30 µm	Fast	+	Small dis-placement
	Electrothermal	1 V -10 V	∼ 500 µm Medium	++	Slow sponse	re-
						time
	Electromagnetic	<1 V	∼ 1 mm	Fast	+++	Hysteresis effect
						Need of a
						coil
	Piezoelectric	10 V -few 100 V ∼ 100 µm	Fast	+++	Hysteresis effect

2.2/ ELECTROSTATIC VERTICAL COMB DRIVE SCANNERS

2.2.1/ PRINCIPLES

Table 3 .

 3 1: Parameters of the optical design of the SS-OCT system and their value.

	System parts	Parameters	Values
	Illumination	SLD Central wavelength/Bandwidth	850 nm / 50 nm
		MM Fiber core diameter	1.2 mm
		Condenser focal length ( f Condenser )	16 mm
		Magnification	0.47
	Beam splitter cube	Ratio / size	50-50 / 10 mm
	Micro-interferometer Matrix	
		Array	4x4
		Pitch	2 mm
		Lens fill factor	1.9/2
		Mirau lens	
		Focal length ( f Mirau )	7.5 mm
		Diameter (D Mirau )	1.9 mm
		Mirau mirror	
		Mirror size	400 µm x 400 µm
		d lens-mirror	500 µm
		d mirror-BS	3.5 mm
		Mirau beam splitter ratio	70/30 (T/R in %)
	Imaging	Tube lens	
		Focal length ( f tube )	27.75 mm
		Diameter (D tube )	1.9 mm
		Camera	
		Number of pixels (N pixel )	1 Mpixels (1024x1024)
		Pixel size (L pixel )	12 µm x 12 µm
		Diameter of the aperture stop (L aperture )	1.5 mm
		Magnification	3.7
	Aperture stops	Diameter size	1.5 mm

Table 3 .

 3 3: Platform with suspended micromirrors: Parameters of the spring design 1 and 2. The simulated values correspond to the isotropic (anisotropic) values. Bending moment of inertia 1.44.10 -19 m 4 1.47.10 -19 m 4

	Symbol Description	Spring design 1	Spring design 2
	w	Beam width	27 µm	27.5 µm
	t	Beam thickness	40 µm	40 µm
	l 1 = a Beam 1 length	90 µm	115 µm
	l 2 = b Beam 2 length	2590 µm	2550 µm
	l 3 = a Beam 3 length	90 µm	90 µm
	l 4 = c Beam 4 length	2800 µm	2550 µm
	l 5 = b Beam 5 length	-	90 µm
	I z			
	I x y	Bending moment of inertia 6.561.10 -20 m 4	6.56.10 -20 m 4
	J	Torsion constant	1.53.10 -19 m 4	1.60.10 -19 m 4
	k x	Lateral stiffness in x		
		Calculated	3.1 N/m	3.6 N/m
		Simulated	3.2 N/m	3.7 N/m
			(3.2 N/m)	(3.7 N/m)
	k y	Lateral stiffness in y		
		Calculated	525.5 N/m	388.6 N/m
		Simulated	550.1 N/m	376.8 N/m
			(545.2 N/m)	(371.8 N/m)
	k z	Out-of-plane stiffness		
		Calculated	6.1 N/m	6.1 N/m
		Simulated	6.2 N/m	6.5 N/m
			(6.2 N/m)	(6.4 N/m)

Table 3 .

 3 4: Platform with integrated glass : Parameters of the spring design 1 and 2. The simulated values correspond to the isotropic (anisotropic) values.

	Symbol Description	Spring design 1	Spring design 2
	w	Beam width	50 µm	50 µm
	t	Beam thickness	40 µm	40 µm
	l 1 = a Beam 1 length	90 µm	100 µm
	l 2 = b Beam 2 length	2590 µm	2635 µm
	l 3 = a Beam 3 length	90 µm	100 µm
	l 4 = c Beam 4 length	2800 µm	2635 µm
	l 5 = b Beam 5 length	-	100 µm
	I z	Bending moment of inertia 4.17.10 -19 m 4	2.7.10 -19 m 4
	I x y	Bending moment of inertia 6.561.10 -20 m 4	4.2.10 -20 m 4
	J	Torsion constant	2.18.10 -19 m 4	5.6.10 -19 m 4
	k x	Lateral stiffness in x		
		Calculated	20.2 N/m	21.1 N/m
		Simulated	20.1 N/m	21.1 N/m
			(19.8 N/m)	(20.8 N/m)
	k y	Lateral stiffness in y		
		Calculated	2.4.10 3 N/m	2.2.10 3 N/m
		Simulated	2.3.10 3 N/m	2.0.10 3 N/m
			(2.5.10 3 N/m)	(1.9.10 3 N/m)
	k z	Out-of-plane stiffness		
		Calculated	12.3 N/m	12.3 N/m
		Simulated	12.3 N/m	12.9 N/m
			(12.1 N/m)	(12.7 N/m)

Table 3 .

 3 5: Design parameter of the vertical microscanner.

	Symbol	Description	Value
	SOI wafer		
	Orientation		(100)
	t device-layer	Device layer thickness	40 µm
	t handle-layer	Handle layer thickness	500 µm
	t BOX	BOX layer thickness	1.5 µm
	Platform		
	L plat f orm	Platform side length	8000 µm
	D glass	Glass disks diameter	2100 µm
	t glass	Glass disks thickness	25 µm
	D holes	Holes diameter (optical aperture)	1840 µm
	L mirror	Micromirror side length	2100 µm
	d hexa	Distance between two hexagons	30 µm
	l hexa	Hexagon side length	30 µm
	Comb drive		
	L f inger	Finger length	200 µm
	L overlap	Finger overlap	190 µm
	d	Gap	5 µm
	t	Finger thickness	40 µm
	w	Finger width	10 µm
	N actuator	Total movable finger number	400
	N sensor	Total movable finger number per sensor type	136

Table 3 . 6 :

 36 Values of the Rayleigh frequencies mean (in cycles/µm) and standard deviation (in cycles/µm) in the three configurations of Fig.3.37.

		Conf. 1	Conf. 2	Conf. 3
	f r mean	0.225	0.205	0.203
	f r rstd 5.3x10 -3 1.8x10 -2 1.6x10 -2
	3.3.3.4/ CONCLUSIONS			
	Diffraction effects, in a Mirau micro-interferometer, due to the mirror and the spider legs
	are studied. Results of both simulations and experimental measurements demonstrate

Table 4 . 1 :

 41 Definition of the probability and the impact factor.

	Factor	Impact	Probability	Description of the risk
	1	Very low	Unlikely to occur	Negligible impact
	2	Low	May occur occasionally	Minor impact on time, cost or quality
	3	Medium Is as likely as not to occur Notable impact on time, cost or quality
	4	High	Is likely to occur	Substantial impact on time, cost or quality
	5	Very high Is almost certain to occur Threatens the success of the project

Table 5 . 3 :

 53 Parameter of the vertical microscanner after characterisation.

	Components	Parameters	Values
	Micromirror	Roughness	3 nm
		Reflectivity	97 %
		Radius of curvature	700 mm
	Glass support	Roughness	< 10 nm
		Vertical deformation (Top/Bottom) 7.5 µm/4.1 µm
	Microscanner	Resonant frequency	543 Hz
		Quality factor	50
		Sensing sensitivity	∼ 27 fF/µm

Table B .

 B 1: Main properties of silicon. [168, 146, 169] Si (3.1 %) † In industry, silicon is doped to increase its electrical resistivity B.2/ FABRICATION Starting material for silicon is relatively pure quartz based sand (silica). Sand is reduced in an arc furnace with coal, forming metallurgical grade silicon (MGS) with some impurities (metals). SiO 2 + 2C → Si (solid) + 2CO (gas) at 2000 • C for ∼ 8 days (B.1) MGS is purified into trichlorosilane (TCS) by reaction with HCl. Si (solid) + 3HCl (gas) → HSiCl 3 (gas) + H 2 (gas) at 325 • C (B.2)

	Properties	Value	Unit
	Name, Symbol	Silicon, Si	
	Atomic number	14	
	Element category	Metalloid	
	Melting point	1414	• C
	Density	2.33	g/cm 3
	Crystal structure	Diamond cubic	
	Thermal expansion	2.6	µm/(m.K) at 25 • C
	Electrical resistivity	2.3.10 3 †	ohm.m at 25 • C
	Young's Modulus	130-188 (depends on the direction)	GPa
	Poisson's ratio	0.064-0.28	
	Yield strength	7	GPa
	Most stable isotopes		
	(proportion of earth)		

28 

Si (92.23 %)

29 

Si (4.67 %)

30 

Table D .

 D 1: Particle count levels for the ISO 14644-1 classification with the first column showing the corresponding FD-STD 209-E old classification.

	Class		Number of particles per cubic meter by micrometer size
	FD-STD ISO	0.1	0.2	0.3	0.5	1	5
		1	10	2				
		2	100	24	10	4		
	1	3	1,000	237	102	35	8	
	10	4	10,000	2,370	1,020	352	83	
	100	5	100,000	23,700	10,200	3,520	832	29
	1000	6	1,000,000 237,000 102,000	35,200	8,320	293
	10,000	7				352,000	83,200	2,930
	100,000	8				3,520,000	832,000	29,300
		9				35,200,000 8,320,000 293,000

Table D .

 D 4: Comparison of dry etching techniques depending on the excitation energy of the gas. The different etching techniques are also described in term of types of etching reaction (chemical or physical), their isotropy and their selectivity.

	Etching techniques	Excitation en-	Pressure		Description
		ergy				
	vapour etching	-	High		Chemical,
					isotropic,	very
					selective
	Plasma etching	10's to 100's of Watts	�100 Torr		Chemical, isotropic,	se-
					lective	
	Reactive ion etching	100's of Watts	Low mTorr)	(10-100	Physical chemical	and etch-
					ing,	adjustable
					(an)isotropy,
					quite selective
	Sputter etching (Ion Mill) 100's to 1000's of	10 mTorr		Physical,	di-
		Watts			rectional,	low
					selectivity

Table D .

 D 5: Comparison of the DRIE equipment available at MIMENTO facilities.

	Equipment	Alcatel	SPTS
	Etched material	SiO 2 and Si	SiO 2 and Si
	Clamping mechanism	Mechanical	Electrostatic
	Detection of the end of etching No	Yes
	Notching limitation	Low frequency mode	Pulsed mode
	Metal masks	Allowed	Forbidden
	Availability	Partially available	Available

Rayleigh criteria : Two infinitely small points in the object plane can be resolved in the image plane if the maximum of the Airy disk of one point coincides with the minimum of the Airy disk of the other point.

The website of the European project VIAMOS is http://viamos.eu/.

The Curie temperature is the temperature above which the natural polarization of a material can be changed

A fixed-guided end beam is a beam whose one end is fixed and the other end can only move in the plane orthogonal to its length.

Unless mentioned otherwise, I have realized all the steps of the microfabrication presented in this thesis.

The isotropy of a process defines if it occurs identically, uniformly in all the directions. It is said anisotropic if a direction is preferred from the others.
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have not changed compared to the measurements realized before the vertical assembly.

The measurements are realized with the white light profilometry of the MEMS Analyzer.

Note that, to visualize the mirror surface, white light interferometry is realized through the Mirau beam splitter. In order to compensate the beam splitter thickness, present in the sample arm of the interferometer, a glass plate of the same thickness is introduced in the reference arm of the Mirau objective of the MEMS Analyzer (Polytec). 

5.5.4/ MICRO-SCANNER AS PHASE-SHIFTER IN THE OCT SYSTEM

Once vertically integrated at wafer level, diced and mounted on a PCB, the vertical microscanner is characterized a second time. Note that the microscanners, designed for the integration at wafer level, are not the same than the one designed for the characterisation at the chip level. Then, it is difficult to directly compare the results of the characterisation. First, the spectral response of the vertical microsacnner is analysed (Fig. 5.24).

The first resonance frequency is measured at 485 Hz. Theoretically, the microscanner characterized here has a first resonant frequency of 513 Hz. The difference between the characterisation value and the simulation one is not negligible, though it is in the tolerances of our system. The difference is not trivial to explain but some hypothesis can be made. First, the frequency depends on the mass and the spring stiffness that are highly 

A.3/ RELATION BETWEEN ∆k AND ∆λ

The power spectral density of the source is written as a function of ∆k:

In this case, ∆k is the half width of the power spectral density at e -1 . It is related to ∆λ, the FWHM of the power spectral density in λ as follows:

A.4/ SINUSOIDAL PHASE-MODULATING ALGORITHM

This annexe aims to describe in details the calculations involved in the sinusoidal phasemodulating algorithm [START_REF] Bu | Full-range parallel Fourier-domain optical coherence tomography using sinusoidal phase-modulating interferometry[END_REF].

The spectral interferogram can be written as:

Here the auto-correlation term has been removed for simplification. Applying the Fourier transform with respect to the time t, we obtain:

First, let's calculate the following term:

Using the real part of the Jacobi Anger's expansion:

We obtain:

Finally, we need to calculate:

= F [cos(2qw a t)cos(2qθ) + sin(2qw a t)sin(2qθ)]

where δ is the delta function and J q the qth order Bessel function.

By integrating B in A and A in Eq. A.6, we obtain:

Using the same method with the imaginary part of the Jacobi Anger's expansion:

(-1) q J 2n-1 (u)cos((2n -1)φ) (A.12)

We finally obtains:

It can be observed that:

We define B(k) as:

and

The complex spectral interferogram is reconstructed as:

By applying the inverse Fourier transform, one obtains:

where Γ is the auto-correlation function.

This method results in a spatial interferogram free of parasitic terms.

B SILICON MATERIAL B.1/ SILICON PROPERTIES

In microfabrication, silicon is purchased as wafers which are thin disks of monocrystal silicon. Depending on the fabrication process, silicon wafers have different properties such as the thickness, the diameter, the doping concentration impacting on the electric resistivity but also the crystallographic orientation, which affects the mechanical properties. These aspects are crucial for the design and should be taken into account. Here, a brief introduction to silicon and its properties is given.

The silicon is a chemical element, more precisely a metalloid, which symbol is Si and atomic number is 14. It is the eighth most common element in the universe by mass and is the second most abundant element of the Earth's crust after oxygen (27.7 % of the Earth's crust). However, it is rarely found as a pure element in nature. It is usually found as silicate minerals, containing mainly silicon and oxygen, and less often as silicon dioxide, also called silica, which is a major component in sand. 

C SPRING CALCULATION CODE

The stiffness of the spring has been calculated using a code in Python. The code is the following one:

from sympy import * from sympy import sympify import numpy as np ally bake during a step called the soft bake that drive off the excess of solvent. Next, the wafer is aligned and put in contact with the hard mask and finally exposed to UV light. There are different types of contact between the wafer and the hard mask (vacuum contact, hard contact,...). Depending on the type of contact chosen, the resolution and the quality of the photolithography may vary. Only the area corresponding to the transparent area of the hard mask are exposed. In the case of positive photoresist, light induces a break in the polymer chain. On the contrary, for negative photoresist, light induces cross-linking in the polymer. The wafer is then immersed in a developing solution which removes the exposed photoresist for positive photoresists and the unexposed photoresist for the negative photoresists. Finally, the wafer is cleaned and dried. Some photoresist requires a post exposure bake (before the development) to stabilize the photo-generated chemicals or to suppress standing wave effect and also a hard bake (at the very end) to harden the photoresist and improve the adhesion to the substrate. The resolution of the masks but also the alignment machine as well as the type of photoresist have an impact on the resolution of the pattern. Moreover, the quality of the photolithography is usually worst on the edge of the wafer. This is mainly linked to the inhomogeneity of resist thickness on the edge. The type of photolithography described here corresponds to "mask contact" photolithography. This type of photolithography is a standard process, which has some limitations for more demanding structures. For example, the resolution is typically limited to 1 µm, the planarity of the wafer surface and the photoresist layer is critical, and the defect/contamination density due to the physical contact between the hard mask, and finally, the wafer is unacceptable for very small structures. To overcome these limitations, other photolithography techniques, such as projection photolithography and direct writing, but also other sources such as lasers, deep ultra-violet or electron-beam (e-beam), have been developed. Physical vapour deposition techniques (PVD) regroup the thermal and the e-beam evaporation and the sputtering. These techniques are mostly used for metal layers and alloys.

r a t i o n o f parameter #Mo i s t h e i n i t a i l momentum #To i s t h e i n i t a i l t o r s i o n #a i s t h e l e n g t h o f t h e f i r s t s m a l l beam #b i s th e l e n g t h o f t h e f i r s t long beam # c i s t h e l e g t h o f t h e

For the thermal evaporation, the source material is hosted in a crucible that is heated with a current. The choice of the crucible material is important to avoid any contamination of the source material. For the e-beam evaporation, a filament is heated up to the electrons emission. The electrons are accelerated and deviated to hit the material in the crucible.

There is no contamination from the crucible because it is kept cold. Possible contaminant from the heated filament are deviated by a magnetic field. With both techniques, once the material is heated enough, the material evaporates and is deposited everywhere in the chamber. Materials with a high melting point cannot be deposited easily by thermal evaporation that is why e-beam evaporation is now the most common. Sputtering is another technique based on ion bombardment to sputter a source material, called the target, and dislodge atoms of the target which are then deposited on the wafer. The ions used for the bombardment are usually argon ions (Ar + ). With this technique, the range of material that can be deposited is unlimited. Moreover, sputtering is usually performed at higher pressure than evaporation. To obtain argon ion bombardment, a plasma is generated.

In terms of deposition methods, evaporation and sputtering of a large range of metals are possible with respectively the Alliance EVA 450 and the Plassys MP500 available at MI-MENTO technological center. However, during the period of this work, the evaporation machine was unavailable. The sputtering machine allows the deposition of gold, titanium, chromium, copper and aluminium, which are metal layers widely used in MEMS for the creation of pads, mirrors but also bonding layers. A PECVD machine from Sentech (SI 500 D) is also available in the cleanroom, though it was operational at the end of this work. This machine is able to deposit silicon dioxide and nitride. Finally silicon dioxide can be thermally grown in a dedicated furnace.

D.0.5/ ETCHING TECHNIQUES

Etching techniques are used to remove a material layer from unwanted areas, the other areas being protected by a masking layer. As the deposition techniques, etching techniques are usually associated with a previous photolithography step, to etch the material only where it is not desired and thus create a specific pattern. The most commonly used etching methods can be grouped in two main types of etching: dry etching using ion bombardment to remove material from the wafer, i.e. a plasma, and wet etching using chemical solution that selectively etch the material. Classical masking layers are photoresist, silicon dioxide, silicon nitride and metals. The masking material is chosen in terms of its compatibility with the plasma or the etching solution, i.e. the etch selectivity. The etch selectivity is defined as the ratio between the etching speed of the material to be etched and the etching speed of the masking material. Dry etching is based on a gas-solid reaction, in which the etching material is gaseous and the etched material is solid. The higher the energy of the gas, the higher the physical etching and the higher the isotropy 1 of the etching. To give energy to the gas, a plasma is generated. The wafer is bombarded with ions which removes the material. Depending on the etched material, the gases used for the plasma and the masking layers are not the same. 

Abstract:

This thesis describes the design, simulation and fabrication of a vertically actuated 4x4 array of micromirrors with embedded position sensing function. The vertical microscanner is meant to be integrated within an array-type Mirau microinterferometer realized with optical microcomponents fabricated using collective techniques. The microscanner, developed in this thesis, provides a reference signal that is used for the implementation of phase modulation interferometery in an optical coherence tomography (OCT) system. This thesis first introduces the need for adapted imaging systems for the early diagnosis of skin cancer and establishes the optical specifications required by this specific application. Based on these specifications, the design of the OCT system based on the Mirau microinterferometer is presented. In parallel, the state of the art of the microactuation technologies is discussed and comb drive electrostatic actuation is chosen, for its compatibility with the design of the Mirau microinterferometer, to actuate and sense the position of the array of micromirrors. Then, the core of the thesis deals with the development of the vertical microscanner, i.e. its design and simulations, its fabrication and its characterization.