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La science moderne, proc édant d'une limitation arbitraire de la connaissance à un certain ordre particulier, et qui est le plus inf érieur de tous, celui de la r éalit é mat érielle ou sensible, a perdu, du fait de cette limitation et des cons équences qu'elle entraîne imm édiatement, toute valeur intellectuelle, du moins si l'on donne à l'intellectualit é la pl énitude de son vrai sens, si l'on se refuse à partager l'erreur "rationaliste", c'està-dire à assimiler l'intelligence pure à la raison, ou, ce qui revient au même, à nier l'intuition intellectuelle. Ce qui est au fond de cette erreur, comme d'une grande partie des autres erreurs modernes, ce qui est à la racine même de toute la d éviation de la science telle que nous venons de l'expliquer, c'est ce qu'on peut appeler l'"individualisme", qui ne fait qu'un avec l'esprit antitraditionnel lui-même, et dont les manifestations multiples, dans tous les domaines, constituent un des facteurs les plus importants du d ésordre de notre époque. Enferm ée irr ém édiablement dans le domaine relatif et born é o ù elle a voulu se proclamer ind épendante, ayant ainsi coup é elle-même toute communication avec la v érit é transcendante et avec la connaissance suprême, ce n'est plus qu'une science vaine et illusoire, qui, à vrai dire, ne vient de rien et ne conduit à rien.
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Introduction

C

ancers are the second most common cause of death in the world today. If effective treatments are available against well-known cancers until advanced stages, late diagnoses of less commonly-known cancers, such as gastrointestinal (GI) malignancies, can be fatal. Early diagnoses of the GI tract are crucial to fight more efficiently against these killers. More than 80% of diagnosed stomach or esophagus carcinomas are in advanced stages and require heavy diagnostics and painful treatments such as biospy and chemotherapy. One of today's challenges is to provide new methods tackling the drawbacks of biopsy's invasive, delayed and risky diagnosis to allow the patients to have access to safe, non-invasive, fast, and -the most important -preventive diagnoses. The earlier the diagnosis, the more efficient and "soft" the treatments.

Today's most common non-invasive detection modalities can be divided into two types: nonoptical methods such as magnetic resonance imaging (MRI), ultrasounds (USs), computed tomography (CT) and optical techniques such as confocal microscopy (CM), photoacoustic microscopy, nonlinear microscopy and optical coherence tomography (OCT). Non-optical techniques are often limited by their low spatial resolution inadequate to resolve abnormal changes in tissue whereas the main flaw of optical techniques is their shallow penetration depth.

Several techniques, offering similar properties, are in competition as of today. Furthermore, imaging systems are more and more demanded to do "multi-modal", gathering several techniques to widen the quantity of information observable in one apparatus. The purpose of this work is to figure out a compromise in terms of performances, size and cost.

Miniaturization turned out being a promising tradeoff in the process of cost reduction and performance improvement, allowing to implement safe and non-invasive endoscopic imaging for sufficient penetration depths and high resolutions. Downscaling the endoscopic systems is not only a demonstration of how small we can fabricate systems today, but a true mean of reaching remote inner-body areas; reducing the costs of fabrication, assembly and components by batch microfabrication; increasing the flexibility of use and allowing disposability of the devices to replace the expensive sterilization procedures; and increasing the quality and speed of the imaging by embedding micro-optical and micro electro-mechanical system (MEMS) components.

INTRODUCTION

This project was the occasion of combining microtechnologies and endoscopic imaging to build a micro-system meeting the specifications stemmed from the medical needs and adapted to the environment and the other components of the final demonstrator. I had the opportunity to work at the University of Florida and at the University of Franche-Comté for nineteen months and a half each, to adapt existing technologies and knowledge in the implementation of novel mechanisms of actuation and sensing.

Although a few constraints were imposed such as the mono-modality of the imaging and a few pre-conception dimensions linked to the size of the Mirau micro-interferometer and the robot arm, the rest of the parameters remained to be defined such as the specifications required, the type of imaging, the architecture of the endoscopic probe, the type of actuation and the layout of the micro-scanner. This thesis is structured as follows:

-Chapter 1 gives a brief introduction on GI malignancies and EGC. It sets the specifications linked to the depth and size of GI cancers and the limit between early and advanced stages.

Based on these figures, OCT imaging is selected among the main commonly-used and emerging types of optical and non-optical techniques. In many current OCT systems, swept-source OCT (SS-OCT) often stands out in terms of resolution and speed which makes it the more competitive OCT-based imaging method compared to other modalities. The basic principles of low coherence interferometry, time-domain OCT (TD-OCT) and finally SS-OCT are presented.

-Chapter 2 proposes a classification of the endoscopic OCT probes, a selection based on the pros and cons of each architecture and provides a state of the art of distal side-imaging endoscopic OCT probe architecture selected. In the objective of miniaturization of the probe intended to be developed in this work, a short review on the evolution of embedding micro opto-electro-mechanical system (MOEMS) components for endoscopic OCT probes is provided in order to evaluate the impact of the degree of integration of the MOEMS block. Then, the different components developed prior to this work in the DEMO4 project are briefly introduced as well as the parameters constraining the design of the core element: the micro-scanner. At last, an optical architectural model, recalling the features necessary to meet the biomedical imaging requirements is proposed. From this model, a list of fundamental specifications is established and will be used to complete the design of the MOEMS scanner.

-Chapter 3 covers the basic principles of the four most common types of actuation, and compares them, to finally summarize in a state of the art the selected electrothermal actuationbased MEMS tilt micro-scanners.

-In Chapter 4, the optical architecture is recalled and the principle of an electrothermal bimorph is presented. The electrothermal and thermomechanical models of a single bimorph are detailed. A novel structure is inspired from these models to build an electrothermal actuator. A set of materials are considered for the constitution of the different elements of the proposed structure. Three main designs are proposed, including an original architecture with torsion bars, a dual-reflective mirror plate, a complex meshed-shape actuators and other (anticipated) improvements arising from the characterization of the first type of micro-scanner such as an embedded torsion-based strain gauge sensor.

-Chapter 5 describes the process of fabrication of the whole micro-scanner detailing each step of micro-fabrication of the base device as well of the complementary fabrication steps investigated for the development of the improvement stages. The design of the packaging support, intended to be employed for further characterizations, is also included in this chapter.

-Finally, Chapter 6 brings conclusions based on the characterization of the micro-scanner which could be tested within the remaining time. The experimental setup is described.

The static and dynamic behavior as well as the frequency response of the micro-scanner are characterized, with and without torsion bar, for different widths of the torsion bar and other configurations. At last, the capability of carrying out OCT imaging is evaluated by performing Lissajous scans.

INTRODUCTION

Chapter 1

Stomach and esophagus cancer detection techniques

C

ancer is the second most common cause of death in the world today, exceeded only by heart diseases, with 8.2 million deaths (all forms of cancer combined) in 2012 and accounts for nearly 1 of every 4 deaths, according to the World Health Organization (WHO). In France, in 2015, 385,000 new cases of cancers (5.8% of the population) were diagnosed versus 5.2% in the United States of America (USA) [1,2]. The incidence rate1 trend is downhill or stagnant since 2005 in France with an age-adjusted rate2 of 362.4 per 100,000 for men and 272.6 per 100,000 for women [3]. Mortality rate decreased of 1.5% per year between 1980 and 2012 for men and by 1% for women. Hence, given the French population demographic evolutions between 2011 and 2015, these figures denote an increase of the number of new cases for both sexes and a stabilization of the number of deaths per cancer. The direct medical cost for cancers in 2014 reaches 8.671 billion e in France according to the National Institute of Cancers (INC) and is estimated at $87.8 billion in the USA by the Agency for Healthcare Research and Quality. Between 2007 and 2014, in the hexagon 3 , research on cancer detection and treatment represent up to 707 million e. There exist more than a hundred types of cancers, and the most "common" cancers are also the ones that are the best known and cured. However, if well-known cancers are subject to an efficient treatment process, for others, the bulk of the work is yet to come. For instance, the 5-year, 10-year, and 15-year relative survival rates for invasive breast cancers has improved in the past 3 decades and reached up 89%, 83% and 78% respectively [4] whereas, on the other hand, in 1998 "the overall contribution of a curative and adjuvant cytotoxic chemotherapy to 5-year survival in adults was estimated to be 2.1% in the USA" [5]. Gastric adenocarninomas are the most common cancers occuring in the stomach in countries like Japan, China, South America and Eastern Europe (see Fig. 1.1). Ranking fourth and thirteen among all types of cancers in the world, the particularly high rate of mortality -with 39% and 93% of respective death rate4 -of stomach and esophagus cancers and the considerable attention received because of the prevalence of esophageal and stomach carcinomas in gastrointes- tinal endoscopy motivated our work, especially knowing that research does not need to reach a very advanced maturity in treatment techniques to start saving lives as long as this kind of cancers can be efficiently treated if diagnosed in their early stage.

Stomach and esophagus cancers 1.Definition

After food and fluid enter the mouth, the pharynx (throat) opens upon swallowing to allow entry into the esophagus. The esophagus is normally closed at either end by sphincters acting as valves. The upper sphincter is located below the pharynx, and the lower one is located at the entrance of the stomach called the gastroesophageal (GE) junction. The GE sphincter plays a crucial role in preventing the acidic content of the stomach from refluxing into the esophagus. The esophagus is a 23 to 37 cm long muscular tubular organ that connects the pharynx to the stomach. It has a diameter of 2 to 4 cm and is connected to the stomach through the GE junction whose diameter is about 5 m m [6]. The stomach is a pocket-like organ that receives and stocks the food swallowed after being carried through the esophagus and the GE junction. It is about 30.5 cm long and 15.2 cm wide and has a capacity of about 940 m L. It is composed of 5 parts represented in Fig. 1.2: the cardia, the closest to the esophagus; the fundus, the upper part, beside the cardia; the corpus, the main part; the antrum, the lower part, where the food is consolidated with gastric acid; and the pylorus, acting as a valve transfering the content of the stomach to the small intestine. The stomach is also characterized by 5 layers illustrated in Fig. 1.2: the mucosa, which is the innermost layer where acid and enzymes are fabricated; it's supported by the submucosa. Then, comes the muscularis propria, always in motion to mix the content of the stomach. Finally, the stomach is wrapped by two outer layers that are the subserosa and the serosa, the outermost one. The surface of the mucosa is honeycombed with over 35,000 gastric glands and is folded into multiple ridges that disappear when the stomach is distended with food. The esophagus, the stomach and the intestines belong to the GI tract whose role is to take the food, digests it to extract and absorb energy and nutrients, and expel the remaining waste. The GI tracts divides into two subgroups: the upper GI tract that consists of the mouth, the pharynx, the esophagus, the stomach and the duodenum and the lower GI tract including the small intestine and all of the large intestine. We limited our research to the upper GI tract and more specifically to the cancers that develop in the lower esophagus and the stomach for their "reachability".

Cancer is defined by the American Cancer Society as "a disease characterized by the uncontrolled growth and spread of abnormal cells". The definition of gastric cancers is given by the WHO as: "malignant epithelial tumors of the gastric mucosa with glandular differentiation". The exact cause of GI cancers remains unknown today. However, most are believed to result from an exposure to carcinogen agents, and especially nitrates present in meats that are dried, smoked, salted or pickled 5 . They cause errors in the genetic code that controls growth and repair of cells. They can also spread to lymph vessels and nearby lymph nodes that help fight infections. They can be the hearth of metastases and play a significant role in cancer prognosing and staging. The risk of GI cancers can be increased depending on the individual's medical condition (gastritis, deficiency of vitamin B12, chronic gastric ulcer, family history of gastric cancer, blood group A, genetic abnormalities, ...). People who use tobacco, alcohol, or who work in certain industries (coal mining, metal and rubber industries) are also subject to a higher risk. Stomach cancers can be classified according to different methods. However, the two most common classification methods are the Lauren and the WHO methods [START_REF] Brambilla | The new World Health Organization classification of lung tumours[END_REF]. Gastric cancers divide into two pathological variants in the Lauren classification: the intestinal type and the diffuse type. The intestinal-type cancer is the consequence of an inflammation that progresses from atrophic gastritis to metaplasia and dysplasia. It is highly associated with the Helicobacter pylori (H. pylori) infection and is the most common type among ederly men; unlike the diffuse-type which is more prevalent among women and individuals under the age of 50. "The diffuse-type exhibits deep infiltration into the stomach wall with little gland formation" [START_REF] Brambilla | The new World Health Organization classification of lung tumours[END_REF][START_REF] Dicken | Gastric Adenocarcinoma Review and Considerations for Future Directions[END_REF]. There exist many different types of cancers occuring in the upper GI tract:

-Adenocarcinomas (from the Greek; αδην, αδ νoς: "gland, glandular" and καρκινoς: "crab, cancer") (intestinal and diffuse) are the most common malignancies of the stomach. Malignancies arising from the gastric epithelium represent between 90% to 95% of the GI tract and start in the glandular tissues lining the lower part of the esophagus, next to the GE junction and in the stomach. They are usually referred to as "gastric cancers" or just "stomach cancers". Adenomas tend to occur in the cardia (31%), followed by the antrum (26%) and the body (14%) and often have prolonged precancerous stages and an expanding growth pattern [START_REF] Kitajima | Gastric Cancer: Introduction[END_REF]. 12.5% of tumors are located in the upper third of the stomach, 30.4% in the middle third and 57.1% in the lower third [START_REF] Park | Prognostic Factors for A dvanced G astric C ancer : Stage-stratified A nalysis of Patients w ho U nderw ent C urative Resection[END_REF].

-Lymphomas account for 4% of GI cancers. They are due to a defficiency of the immune system tissue and can be found in the wall of the stomach. They develop from lymphocytes, a type of blood cell involved in the adaptative immune system.

-Gastrointestinal stromal tumors are uncommon tumors starting in special cells of the autonomic system nervous system located in the wall of the GI tract. More than half of them start in the stomach in very early forms of cells called interstitial cells of Cajal. Some of these tumors appear to be benign.

-Neuroendocrine tumors (NET) start in the GI neuroendocrine cells. Carcinoid cancers are an example of NET as well as squamous cell carcinomas and small cell carcinomas. They represent less than 3% of stomach cancers.

-Soft tissue sarcomas (from the Greek; σαρξ: "flesh") such as leiomyosarcomas, angiosarcomas or malignant peripheral nerve sheath tumors (MPNST). They involve the connective tissues (muscles, fat, blood cells...) but remain very rare types of cancers.

-"Metastatic cancers from breast cancer, melanoma, and other primary sites of cancers can also be seen in the stomach" [START_REF]Understanding stomach cancer -The basics[END_REF].

The highest risk factor identified in the development of gastric cancers is the infection of the H.

pylori shown in Fig. 1.3. H. pylori are bacterias that measure about 2 to 4 µm in length and 0.5 to 1 µm in width. Studies have shown that H. pylori was at the root of gastritis development that progresses into gastric cancer [START_REF] Kitajima | Gastric Cancer: Introduction[END_REF] and Chronic atrophic gastritis associated with H. pylori infection is one of the most important risk factors for distal gastric cancers6 [START_REF] Bowles | ABC of the upper gastrointestinal tract: Cancer of the stomach and pancreas[END_REF]. Individuals infected with H. pylori have about 8% more chances to contract a gastric cancer over a 30-year period [START_REF] Kitajima | Gastric Cancer: Introduction[END_REF]. As for most of other cancers, adenocarcinomas can spread to surrounding organs and blood vessels by direct invasion. Up to 80% may progress to invasion. Dysplastic proliferation creates a macroscopic protruding lesion described as tubular adenoma. They are diagnosed when the tumor penetrates the muscularis propria [START_REF] Dicken | Gastric Adenocarcinoma Review and Considerations for Future Directions[END_REF]. The maximum size of tumors of diagnosed patients with a survival rate greater than 5 years reaches an average of 4.68 cm ± 2.33 cm whereas small EGC tumor size does not exceed 2 cm [START_REF] Kitajima | Gastric Cancer: Introduction[END_REF][START_REF] Won | Tumor Size as a Prognostic Factor in Gastric Cancer Patient[END_REF]. The symptoms often remain unspecific to GI symptoms such as heartburn in early stages, and anorexia, weight loss, abdominal pain, nausea or bleedings in advanced stages. Thus, the lack of decisive symptoms entails delayed diagnoses. Indeed, 80% to 90% of patients diagnosed with a GI adenocarcinoma already have a locally advanced disease. Most glandular tumors in a precancerous phase grow in expansion rather than in infiltration patterns. GI cancer prognostic variables are based on the stage, the category, degree of differentiation of tumor cells, size, location, invasion, age and gender. Figure 1.4 illustrates the evolution of GI cancers according to the "TNM" classifications given in Table 1.1 and described in Section 1.1.2.

Figures & early detection

Stomach cancers (also called gastric cancers) are more common in elder adults and twice as common in men as in women and esophagus cancers are 3 to 4 times more common in men as in women [2]. However, an early diagnosis increases significantly the chances of surviving. Cancers that are diagnosed before penetration of the full thickness of the wall or metastasised are referred to as EGCs. Unfortunately, they represent less than 5% of gastric carcinomas in the western world. This is mainly due to the absence of specific symptoms in early stages so that asymptomatic individuals with an EGC would not find a reason to undergo a prevention check. The most significant prognostic factor is the depth of the tumor invasion at the time of the diagnosis. The TNM classification, shown in Table 1.1 reflects the depth of the tumor infiltration (T), the node involvement (N) and the presence of distant metastases (M) to lymph nodes outside specified regional nodes or to other organs [START_REF] Kitajima | Gastric Cancer: Introduction[END_REF]. The primary tumor (T) is classified as T0 (no evidence of primary tumor), Tis (carcinoma in situ), T1 (invades lamina propria/submucosa), T2 (invades muscularis propria/subserosa), T3 (penetrates serosa) and T4 (invades adjacent structures). The lymph node status (N) ranges as N0 (no regional lymph nodes involved), N1 (metastasis in 1 to 6 lymph nodes), N2 (metastasis in 7 to 15 nodes) and N3 (metastasis in more than 15 nodes). The distant metastasis criterion (M) depends on whether the metastasis is distant (M1) or not (M0). Advanced TNM stages are associated with poor prognoses and low survival rates. The survival rate based on T and N criteria in the large-sized tumor (LST) and small-sized tumor (SST) was presented in a study on patients with gastric cancer in the lower third of the stomach by Wang et al. [START_REF] Wang | Tumor size as a prognostic factor in patients with advanced gastric cancer in the lower third of the stomach[END_REF] in Table 1.2. Figure 1.5 shows a photomicrograph of a T2-staged adenocarcinoma detected on a 44-year-old patient. Most cases in the western world are diagnosed at late stages when the treatments are largely ineffective. Hence, the identification of EGC is crucial because of the high efficiency of early stage endoscopic therapy and leads to excellent prognoses. "The 5-year overallsurvival rate in patients with EGCs is between 85% and 100%" [START_REF] María | Gastric cancer: Overview[END_REF][START_REF] Michael | Imaging in local staging of gastric cancer: A systematic review[END_REF]. It is the goal of mass screening and surveillance (every 1 to 2 years) of the asymptotic population to expose EGCs and decrease the cost-effective ratio, especially in some parts of the eastern world where as many as 50% to 80% of detected malignancies are EGCs [START_REF] Pasechnikov | Gastric cancer: Prevention, screening and early diagnosis[END_REF].

Most GI cancers occur on the epithelial layer of the concerned organs [START_REF] Backman | Detection of preinvasive cancer cells[END_REF]. The thickness of each layer depends on each individual at the time of measurement and was estimated by OCT and histology by Bouma et al. [START_REF] Bouma | Highresolution imaging of the human esophagus and stomach in vivo using optical coherence tomography[END_REF] who showed that the maximum total thickness between the innermost layer (squamous epithelial mucosa) and the outer wall of the esophagus (muscularis propria) is about 1050 µm [START_REF] Bouma | Highresolution imaging of the human esophagus and stomach in vivo using optical coherence tomography[END_REF] for normal specimens and between 2 and 4 mm for the stomach depending on the degree of distention [START_REF] Botet | Preoperative staging of gastric cancer: comparison of endoscopic US and dynamic CT[END_REF] whereas the epithelial thickness is around 290 µm [START_REF] Bouma | Highresolution imaging of the human esophagus and stomach in vivo using optical coherence tomography[END_REF]. Table 1.1: TNM classification of gastric cancers. [START_REF] Dicken | Gastric Adenocarcinoma Review and Considerations for Future Directions[END_REF] Stage T
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Despite early lesions in preinvasive stages are almost undetectable [START_REF] Backman | Detection of preinvasive cancer cells[END_REF], H. pylori are also often too small to be detected in vivo with optical imaging methods [START_REF] Diesing | Rapid interaction of helicobacter pylori with microvilli of the polar human gastric epithelial cell line NCI-N87[END_REF] whose resolution is limited by the wavelength used. Indeed, cancerous epithelial cell nuclei size (typically 5-10 µm in diameter for non-dysplastic cells and can be as large as 20 µm for dysplastic cells7 ) determines the resolution lower limit [START_REF] Backman | Detection of preinvasive cancer cells[END_REF].

Intravital imaging approaches in cancer research

As ancient as our knowledge can reach, cancer was first described in ancient Egypt 3,600 years ago, as an incurable disease. Then, in ancient Greece, Hippocrates (460 BC -370 BC) discovered different types of cancer and referred to them as καρκινoς ("crab") and drew representations of the outer body tumors. Prognostics for treatment were then given according to the patient's humor. In the 18th century, the survival rate of breast cancers was lower than 4% due to the poor hygiene, the lack of detection equipment and the little knowledge modern medicine had about cancers. Today's challenges of cancer detection are multiple: researchers must simplify the diagnostic processes and revolutionize the equipment that are complex, invasive, analysis-delayed, and very expensive. Indeed, for patients who potentially develop an upper GI tumor, at least 5 biopsies are required to emit a prognosis [START_REF] María | Gastric cancer: Overview[END_REF] that still lacks reliability due to the limited quantity and randomness of the samples collected. Furthermore, biopsy is always accompanied with ex vivo analyses and can lead to traumas for the patient [START_REF] Jung | In vivo three-dimensional spectral domain endoscopic optical coherence tomography using a microelectromechanical system mirror[END_REF] or increase the risk of exposition to diseases. Beside biopsy, alternative non-invasive bio-imaging techniques also exist such as MRI, CT, positron emission tomography (PET) and US, enabling faster or quasi real-time diagnosis for some of them; generally, imaging methods with low resolution are inadapted to detect preinvasive GI lesions [START_REF] Vakoc | Cancer imaging by optical coherence tomography: preclinical progress and clinical potential[END_REF] or microstructural abnormalities of neoplastic changes as shown in Fig. 1.6 as the typical nucleus size of malignancies of EGC is about 10 µm or smaller.

Most imaging methods are combined with others to allow better staging concordance. For example, the evaluation of stages with both endoscopic US and dynamic CT showed a concordance of 73% compared to 45% for dynamic CT alone [START_REF] Botet | Preoperative staging of gastric cancer: comparison of endoscopic US and dynamic CT[END_REF]. Expectations in biomedical imaging tend to evolve towards "all-in-one" (also called multi-modal) apparatus combining multiple imaging techniques with different and complementary features to increase the capabilities and accuracy of imaging and staging. Multidisciplinary imaging methods already exist and allow to collect more information [START_REF] Botet | Preoperative staging of gastric cancer: comparison of endoscopic US and dynamic CT[END_REF][START_REF] Delso | PET/MRI system design[END_REF][START_REF] Lei | Comparison of MRI and endoscope ultrasound detection in preoperative T/N staging of gastric cancer[END_REF]. A few intravital gastric cancer imaging approaches are presented and compared hereafter and summed up in Table 1.3.

Non-optical imaging methods

The most common techniques used today in hospitals and health facilities are mainly non-optical, due to their polyvalence. However, they tend to be caught up by optical imaging techniques. Hereafter will be presented the main non-optical modalities used for in vivo visualization.

Magnetic resonance imaging

Magnetic resonance imaging is an imaging techniques based on nuclear magnetic resonance that was discovered in the 1930s in Harvard and adapted to medical diagnosis by R. Damadian in 1970. A more recent concept of high-frequency MRI was patented in 1988 by Roschmann [START_REF] Peter | High-frequency coil system for a magnetic resonance imaging apparatus[END_REF]. MRIs exploit magnetic properties of hydrogen atom's nuclei present in the water and fat molecules of the body. Atoms exposed to magnetic radio waves are excited and subsequently oscillate and re-emit a radio frequency (RF) signal (typically 40 to 340 MHz [START_REF] Baertlein | Theoretical model for an MRI radio frequency resonator[END_REF]) detected by coils. High-resolution MRIs can reach up to 10 µm of resolution (however, MRIs resolution is typically in the range of 1.2. INTRAVITAL IMAGING APPROACHES IN CANCER RESEARCH 13 10 to 100 µm), are not limited in penetration depth [START_REF] Vakoc | Cancer imaging by optical coherence tomography: preclinical progress and clinical potential[END_REF] but require long acquisition time of about 6.5 min per scan [START_REF] Joo | High-resolution MR imaging for nodal staging in rectal cancer: Are there any criteria in addition to the size[END_REF]. MRI has a wide range of applications in medical diagnosis and can be combined to other imaging techniques such as PET/MRI that replaces PET/CT systems because of their limited contrast in soft tissue and high levels of radiation [START_REF] Delso | PET/MRI system design[END_REF]. For gastric carcinoma TNM staging, MRI demonstrated accuracies of 73.3% and 55% for T and N staging respectively, but its unpopularity stems from a number of limitations such as motion artifacts, low contrast, low spatial resolution and high cost [START_REF] Myung Sohn | Comparing MR imaging and CT in the staging of gastric carcinoma[END_REF][START_REF] Choi | State-of-the-art preoperative staging of gastric cancer by MDCT and magnetic resonance imaging[END_REF].

Computed tomography

The term "CT" usually refers to X-ray CT, the most common imaging method. Other types of CT exist such as PET capable of detecting molecular biology details. Although CT and PET have been used in gastric cancer detecting and staging, they were rapidly replaced by other imaging techniques because of their low resolution and delayed-time diagnosis [START_REF] Myung Sohn | Comparing MR imaging and CT in the staging of gastric carcinoma[END_REF]. They exhibits comparable result as for MRI in staging accuracy. Gastric carcinoma images collected by CT are confronted to MRI pictures in Fig. 1.6. 1.2.1.3 Ultrasounds US imaging is an exoscopic method that uses sound waves emitted from a transducer through gel directly applied on the skin over the area of interest of the inner body. The transducer collects the back-bounced sound waves that hit the boundaries in the body. The phase difference is then analysed by computer using the speed of sound in tissue (1540 m s -1 ) and the intensity of the echoes are used to form an image. It is a real-time, radiation-free system. "US imaging" often refers to low-frequency ultrasound (LFUS) whose frequency is lower than 20 MHz. US's spatial resolution depends on the emission frequency. Typical spatial resolutions are around 0.5 m m at 5 MHz, whereas axial and lateral resolutions can reach up to 80 µm and 200 µm at 20 MHz, respectively.

Low-frequency US is particularly appreciated for its decent penetration depth that can reach up to a few cm although it remains inadequate for GI tract observation. Beside low-frequency ultrasound, high-frequency ultrasound (HFUS), whose excitation wave frequency ranges from 20 to 100 MHz reaches higher axial and lateral resolutions of 11 µm and 30 µm respectively [START_REF] Schmitz | Optical coherence tomography: its role in daily dermatological practice[END_REF] and achieves penetration depths of 10 m m. Although HFUS can image structures up to 8 m m thick, it is still quite limited by its resolution and thus somewhat not the most adapted imaging method for EGC detection. Endoscopic ultrasound (EUS) is the endoscopic version of US as described above. A transducer is mounted on the distal end of an endoscopic probe and provides detailed views of layers invaded by a tumor. It is a very efficient tool in probing the depth and the location of a tumor and observe affected lymph nodes. Besides, it is often used as a complementary technique to CT/PET [START_REF] Zuccaro | The use of endoscopic ultrasound in esophageal disease, mar[END_REF]. EUS has to be performed after filling up half of the gastric cavity with water to improve the US wave propagation. Resolution varies with depth so that elements imaged within 1 to 2 cm would be highly resolved (similar values to conventional US imaging) whereas tissue within 5 to 6 cm will have a poor resolution. 

Optical imaging methods

As early detection leads to "lighter" therapy and higher chances of surviving, prognosis needs to be based on preinvasive "symptoms", invisible for most non-optical imaging modalities as they occur at the molecular/cellular level such as H. pylori for instance. As a "second eye", optical imaging methods have been developed to overcome non-optical imaging shortcomings: low resolution, high cost, delayed diagnosis and potentially harmful radiations. Optical imaging methods exploit the properties of light absorption, transmission, reflection, scattering, or fluorescence in human tissue (mucosa is concerned in cases of early detection) to penetrate in depth and re-emit a light signal from continuous consecutive spatial variations constituting the tissue. As the penetration depth is limited by the absorption of light in human tissue, optical imaging methods are not as competitive as MRI, CT or US on the depth of penetration. However, they are highly appreciated for their high resolutions which is more appropriate to observe malignancies in early stages. Indeed, optical imaging makes possible biological observation at the molecular/cellular level in vivo but also ex vivo for instance in dermatology [START_REF] Schmitz | Optical coherence tomography: its role in daily dermatological practice[END_REF]. As light and sound behaviors inside human tissue differ one from another depending on boundary and diopter type, optical and non-optical modalities can be used to collect different information. Finally, rather than being in competition, optical imaging modalities such as OCT and CM and non-optical modalities such as EUS are complementary [START_REF] Zuccaro | The use of endoscopic ultrasound in esophageal disease, mar[END_REF].

The most widely used optical intravital imaging techniques are CM, photoacoustic, fluorescence, non-linear optic microscopy, diffuse optical tomography (DOT) and OCT.

Confocal microscopy

CM consists of blocking the out-of-focus light from reaching the photodetector using a pinhole as a spatial filter to combine enhanced contrast, ultra-high lateral and axial resolution up to 400 nm and 3 µm respectively [START_REF] David M Shotton | Confocal scanning optical microscopy and its applications for biological specimens[END_REF][START_REF] Pawley | Handbook of biological confocal microscopy[END_REF][START_REF] Nwaneshiudu | Introduction to Confocal Microscopy[END_REF] and depth selectivity. 2D images can be obtained by confocal laser scanning microscopy [START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF], scanning laterally along 2 axes in the focal plane and 3D images can be reconstructed by an axial scan of the objective lens. Either the laser beam, either the stage holding the sample can be scanned depending on the environment (in vivo or ex vivo) and precision required. Unfortunately, the penetration depth, typically around 200 µm [START_REF] Schmitz | Optical coherence tomography: its role in daily dermatological practice[END_REF] is limited by the signal-to-noise ratio (SNR) due to the optical scattering rate degrading with depth. However, this depth is sufficient to detect preinvasive lesions and EGC that take roots in the surface of the mucosal layer.

Photoacoustic microscopy

This method is based on the photoacoustic effect which consists in the production of acoustic waves from light absorption of the sample. In this technique, the sample is irradiated with short laser pulses and produces a thermoeleastic expansion detected by the acoustic waves propagating until an ultrasonic transducer. This acoustic wave contains information of the properties of the sample so that an image can be reconstituted from its analysis. Since acoustic waves are less scattered by tissue than light waves, this technique can achieve large penetration depths up to a few cm [START_REF] Wang | Tutorial on photoacoustic microscopy and computed tomography[END_REF] with a spatial resolution ranging from micrometers to millimeters [START_REF] Yao | Photoacoustic Microscopy[END_REF].

Fluorescence

Fluorescence consists of illuminating a sample containing fluorophores with a light of a given wavelength and collecting the emitted light of higher wavelength after absorption of the incident light by the fluorophores. Using this method, it is possible to see only the molecules producing fluorescence [START_REF] Lichtman | Fluorescence microscopy[END_REF]. The energy of the incident photons is absorbed by fluorophores and causes the electrons initialy at the ground state to move to a higher energy state. Then, the excited electrons lose energy and return to the ground state, emitting photons with less energy and therefore with a longer wavelength. Spatial resolution of fluorescence microscopy typically ranges about a few microns, however, its penetration depth is limited to 1 m m.

Non-linear optical microscopy

The term of nonlinear optical microscopy (NLOM) refers to several imaging techniques which produce contrast from the interaction between molecules and ultrafast light pulses [START_REF] Peter | High-throughput nonlinear optical microscopy[END_REF]. These techniques have several applications in tissue imaging and in vivo diagnostics [START_REF] Streets | Imaging without fluorescence: nonlinear optical microscopy for quantitative cellular imaging[END_REF]. Among these techniques are: multiphoton fluorescence, second harmonic generation, third harmonic generation, coherent anti-Stokes Raman scattering, stimulated Raman scattering and photothermal microscopy [START_REF] Yue | Multimodal nonlinear optical microscopy[END_REF]. One of the advantages of the non-linear optical microscopy techniques is that commonly they use infrared light lowering significantly the scattering and absorption. Although NLOM achieves high spatial selectivities up to several µm, the imaging depth is limited to 1 m m [START_REF] Peter | High-throughput nonlinear optical microscopy[END_REF].

Optical coherence tomography

OCT was first demonstrated in 1991 by Huang et al. [START_REF] Huang | Optical Coherence Tomography HHS Public Access[END_REF] and grew rapidly as a bioimaging modality. It was first used for ophtalmology [START_REF] Potsaid | Ultrahigh speed 1050nm swept source/Fourier domain OCT retinal and anterior segment imaging at 100,000 to 400,000 axial scans per second[END_REF][START_REF] Nam | Development of real-time dual-display handheld and bench-top hybrid-mode SD-OCTs[END_REF][START_REF] Jung | Handheld optical coherence tomography scanner for primary care diagnostics[END_REF] and then extended to dermatology [START_REF] Gambichler | Applications of optical coherence tomography in dermatology[END_REF], cardiology [START_REF] Vignali | Research and Clinical Applications of Optical Coherence Tomography in Invasive Cardiology: A Review[END_REF], dentistry [START_REF] Feldchtein | In vivo OCT imaging of hard and soft tissue of the oral cavity[END_REF][START_REF] Weber | Endoscopic optical probes for linear and rotational scanning[END_REF] and GI wall observation [START_REF] Huang | Optical Coherence Tomography HHS Public Access[END_REF][START_REF] Zuccaro | Optical coherence tomography of the esophagus and proximal stomach in health and disease[END_REF]. OCT provides real-time, in vivo, 3D and crosssection imaging maps of optical backscattering from the tissue as a function of depth. OCT differs from US in that it uses light instead of sound and hence the time delays cannot be measured directly as for US. Unlike CM, OCT uses interferences between the backscattered light (from the sample) and the reference path light to "measure the magnitude and echo time delay with a very high sensitivity" [START_REF] James | Introduction to Optical Coherence Tomography[END_REF]. Using near-infrared (IR) light decreases significantly the scattering effect in tissue, and enables to achieve penetration depths ranging from 1 to 3 m m. Current OCT systems achieve axial resolutions up to a hundred times higher than standard US imaging: 1 to 15 µm.

With a better resolution than HFUS, a higher penetration depth and a lower cost than CM, OCT is a competitive tradeoff and a great candidate for bioimaging.

Synthesis

Among the classical imaging techniques listed above, it is of a certain importance to keep in mind that each modality possesses its own specific features and can only be compared to others on a criterion which is the area of application. In the case of this present work, and based on Table 1.3, it appears that one modality's resolution is roughly proportional to the inverse of its penetration depth as outlined in Fig. 1.8. Besides comparing the two most significant criteria of the formerly listed optical techniques, Fig. 1.8 compares each of them with the depth of penetration required and the size of the lesion/malignancy corresponding to different stages of gastric cancers within the same figure. From that comparison, OCT appears to match better than others the need for stomach and esophagus EGC detection to consequently provide the most efficient alternative treatment for healing. LP : distance from epithelium surface to lamina propria; MP : distance from epithelium surface to muscularis propria [START_REF] Bouma | Highresolution imaging of the human esophagus and stomach in vivo using optical coherence tomography[END_REF]; HP : maximum size of H. pylori; EGC : Half-space limit of resolution required for the detection of early gastric cancers limited at stage II of the TNM classification; AGC : Half-space limit for detection of advanced gastric cancer as defined by Im et al. [START_REF] Won | Tumor Size as a Prognostic Factor in Gastric Cancer Patient[END_REF]. Note that the size of cells nuclei is compared with the resolution attainable [START_REF] Backman | Detection of preinvasive cancer cells[END_REF]. 

Low Coherence Interferometry

The core of a low-coherence interferometry for bioimaging is a fiber-optic Michelson interferometer illuminated by a low-coherence light source of low absorption in biological tissue (wavelength usually centered around 830 nm or 1310 nm), as shown in Fig. 1.9. A beam splitter divides the light beam into the two arms of the interferometer. The light in the reference path, E R (reflected from the reference mirror) and the light in the sample path, E S (backscattered from the sample) are redirected by the beam splitter and superimposed onto the detector where they interfere. When the optical path difference (OPD) between the reference and the sample path is zero, interferences are constructive and the detector reads a maximum of intensity whereas a non zero optical path will result in destructive interferences and dark fringes. The electric field of a low-coherence light source is expressed9 as [START_REF] James | Introduction to Optical Coherence Tomography[END_REF]: The wavelength λ and the frequency ν are coupled by the index of refraction n(λ). Interferences with low-coherence length light are only observed when the OPD remains within the coherence length, i.e. OPD < l c , which is the full width at half maximum (FWHM) of the inverse Fourier transform γ(z) (the auto-correlation function) of the power spectrum s(k):

E i = s(k, ω)e i(kz-ωt) , ( 1 
l c = 2ln(2) π λ 2 0 ∆λ = ∆z, (1.2) 
with ∆λ the FWHM of the power spectral density, λ 0 the central wavelength and ∆z the axial resolution which is given by the FWHM of the autocorrelation function in low-coherence interferometry for a Gaussian spectrum.

It is assumed that the incident optical power is splitted evenly into the reference arm (that reflects on the surface of the reference mirror at z R10 of the beam splitter) and the sample arm (whose backscattered electric field depends on the depth-dependent profile of the tissue that is assumed to be a series of N discrete reflectors at distances z n , n ∈ {1, . . . , N } from the beam splitter). The electric fields of the two paths are respectively:

E R = E i √ 2 r R e i2kz R E S = E i √ 2 r s (z S ) ⊗ e i2kz S = E i √ 2 N n=1 r Sn e i2kz Sn , (1.3) 
with r s (z S ) = N n=1 r Sn δ(z S -z Sn ) and δ the Dirac function.

The two back-reflected signals are mixed by the beam splitter and the optical powers are superimposed forming the total instantaneous electric field E:

E D = E R (k) + E S (k) (1.4)
The intensity recorded on the detector is given by:

I D (k, ω) = ρ D 2 |E k | 2 = ρ D 2 s(k, ω) √ 2 r R e i(2kz R -ωt) + s(k, ω) √ 2 N n=1
r Sn e i(2kz Sn -ωt)

2 (1.5)
where ρ D is the detector's responsivity. Then, assuming that the angular frequency is much higher than the response time of the detector and S(k) = |s(k, ω)| 2 , the real interferometric signal can be decomposed into 3 terms as shown in Eq. (1.6): a DC component, a cross-correlation term, usually prevailing by an order of 10 4 ∼ 10 5 times the DC term, and an auto-correlation term which is an artifact, except in common-path OCT system designs. When the intensity is encoded as a function of time, we talk about TD-OCT, while encoding with wavenumber is called FD-OCT [START_REF] James | Introduction to Optical Coherence Tomography[END_REF].

I D (k) = ρ D 4 S(k)(R R + N n=1 R Sn ) + ρ D 2 S(k) N n=1 R R R Sn cos 2k(z R -z Sn ) + ρ D 4   S(k) N n =m=1 R Sn R Sm cos 2k(z Sn -z Sm )   . (1.6) 

TD-OCT

In TD-OCT, the position of the reference mirror z R is scanned over time and the intensity received on the single-receiver is the integration over k of Eq. (1.6):

I T D D (z R ) = ρ D 4 S(k)(R R + N n=1 R Sn ) + ρ D 2   S 0 N n=1 R R R Sn e -(z R -z Sn ) 2 ∆k 2 cos 2k 0 (z R -z Sn OPD )   , (1.7) 
with S 0 = ∞ 0 S(k)dk, the integrated spectral power of the light source. The interference pattern is a function of z R and the discretized reflector's intensity profile is recorded in the "fringe bursts" term. A TD-OCT A-scan is represented in Fig. 1.11. The axial resolution is determined as equal to the coherence length and the carrier frequency of the A-scan reflectivity profile is a linear function of k 0 , the center wavenumber of the source, and is limited by the scanning speed of the reference mirror. The lateral resolution (also called transverse resolution) depends on the diameter of the focal spot and is given by Rayleigh criterion for a unitary refractive index:

∆x ≈ 1.27λ f d ≈ 0.64 λ 0 N A , (1.8) 
with d the spot size of the beam on the objective lens and f the focal length [START_REF] James | Introduction to Optical Coherence Tomography[END_REF]. Hence, the transverse resolution can be improved independently from the axial resolution by increasing the numerical aperture (NA), focusing the beam to a smaller spot size. 

FD-OCT

FD-OCT differs from TD-OCT of that the reference mirror formerly moving in TD-OCT is now fixed, therefore the reflectivity profile (see Fig. 1.12a) is recorded differently. The interference intensity can be captured either using a spectrometer (usually a diffraction grating and a line camera) to record either simultaneously on a detector (spectral-domain OCT (SD-OCT)), either sequentially on a single detector synchronized with the wavenumber of a swept linewidth of the laser source (SS-OCT). In both cases, the intensity detected is calculated by doing the Fourier transform of I D (k) in Eq. (1.9). The resulting profile of the intensity is shown in Fig. 1.12b as a function of the wavenumber.

I F D D (z) = ρ D 8 γ(z)(R R + N n=1 R Sn ) + ρ D 4 γ(z) ⊗ N n=1 R R R Sn δ(z ± 2(z R -z Sn )) + ρ D 8   γ(z) ⊗ N n =m=1 R Sn R Sm δ(z ± 2(z Sn -z Sm ))   (1.9)
Finally, compared to TD-OCT, FD-OCT allows faster imaging and an improved SNR. Although SD-OCT is limited by the spectrometer range. A typical A-scan can reach up to 51.5 kHz [START_REF] Nakamura | High-speed three-dimensional human retinal imaging by line-field spectral domain optical coherence tomography[END_REF].

SS-OCT

Unlike SD-OCT, in SS-OCT, the spectral intensity I D (k) is captured synchronously with the narrowbands swept in wavenumber. The SS-OCT SNR is even higher than for SD-OCT and the speed of acquisition will depend on the speed of the swept-source since the detector is no longer a limiting factor. Typical A-scan are performed at a few hundred kHz. Novais et al. [START_REF] Novais | Choroidal Neovascularization Analyzed on Ultrahigh-Speed Swept-Source Optical Coherence Tomography Angiography Compared to Spectral-Domain Optical Coherence Tomography Angiography[END_REF] and Jayaraman et al. [START_REF] Jayaraman | High-sweep-rate 1310nm MEMS-VCSEL with 150nm continuous tuning range[END_REF] reported sweep rates at 400 kHz and 500 kHz respectively. SS-OCT is highly faster than TD-OCT or even FD-OCT and thus more adapted to provide densely sampled 3D visualizations upon short durations for biomedical visualizations. Another advantage is the sensitivity improved by 20 to 30 dB [64]. Although the phenomenon of sensitivity roll-off of the SS-OCT is not as pronounced as in SD-OCT, it remains a non-neglectable parameter. Because of the finite size of the instantaneous spectral linewidth of the source, the backscattered intensity is decreased with the imaging depth. Nevertheless, recent swept sources allow a considerable fall-off of the sensitivity roll-off. However, in practice, the signal losses due to absorption and scattering in tissue prevail on the sensitivity roll-off [START_REF] Kumar Meleppat | Optical frequency domain imaging with a rapidly swept laser in the 815-870 nm range[END_REF].

Endoscopic OCT

Endoscopy started to develop in the early 20th century. It greatly facilitates the detection process and increases the imaging accuracy, compared to biopsy. Along with biopsy, upper endoscopy represent 90% of the techniques used in gastric cancer detection today [START_REF] Vakoc | Cancer imaging by optical coherence tomography: preclinical progress and clinical potential[END_REF]. Before being an in vivo tool, OCT was first used in ophtalmology to map the retinal volume [START_REF] Potsaid | Ultrahigh speed 1050nm swept source/Fourier domain OCT retinal and anterior segment imaging at 100,000 to 400,000 axial scans per second[END_REF][START_REF] Nam | Development of real-time dual-display handheld and bench-top hybrid-mode SD-OCTs[END_REF][START_REF] Jung | Handheld optical coherence tomography scanner for primary care diagnostics[END_REF]. Early stage malignancies are both small in size, and are either located on the surface, either shallow under the internal organ epithelium. A non-invasive monitoring of such biological entities hence requires a high-resolution without the need for more than a few hundred µm of penetration depth capability.

Although quite a few imaging techniques have been adapted for endoscopy imaging, endoscopic OCT (endOCT) combines the advantages of exoscopic OCT (exOCT) (high resolution and low cost) and of low NA which greatly simplifies the miniaturization and the integration into probes in order to reach internal parts of the body [START_REF] Vakoc | Cancer imaging by optical coherence tomography: preclinical progress and clinical potential[END_REF][START_REF] Tearney | Scanning single-mode fiber optic catheter-endoscope for optical coherence tomography: erratum[END_REF]. On top of that, endOCT offers "portability" and has a real potential in ex situ diagnosis. EndOCT is not limited to GI tract screening, but expands to cardiovascular [START_REF] Bezerra | Intracoronary Optical Coherence Tomography: A Comprehensive Review[END_REF] and pulmonary [START_REF] Bryden | In situ imaging of lung alveoli with an optical coherence tomography needle probe[END_REF] imaging as well. endOCT has already made its proofs in in vivo detection, in animals [START_REF] Jung | In vivo three-dimensional spectral domain endoscopic optical coherence tomography using a microelectromechanical system mirror[END_REF] and humans [START_REF] Zuccaro | Optical coherence tomography of the esophagus and proximal stomach in health and disease[END_REF][START_REF] Michael V Sivak | High-resolution endoscopic imaging of the GI tract using optical coherence tomography[END_REF] as shown in Fig. 1.13. In endOCT, light is brought by single-mode fiber (SMF) through a catheter, to the distal end of an endoscopic probe to illuminate the tissue under investigation. The light delivered is subject to back-reflection and backscattering and is collected on the same path, and then mixed up with the reference path (located either inside the probe or relocated outside of the catheter). Depending on the configuration, the tissue can be illuminated en face or perpendicularly to the probe [START_REF] Tearney | Scanning single-mode fiber optic catheter-endoscope for optical coherence tomography: erratum[END_REF][START_REF] Tearney | Scanning single-mode fiber optic catheter-endoscope for optical coherence tomography[END_REF][START_REF] Bouma | Power-efficient nonreciprocal interferometer and catheter for optical coherence tomography[END_REF][START_REF] Victor | High speed, wide velocity dynamic range Doppler optical coherence tomography (Part III): in vivo endoscopic imaging of blood flow in the rat and human gastrointestinal tracts[END_REF][START_REF] Boppart | Forwardimaging instruments for optical coherence tomography[END_REF][START_REF] Wu | Paired-angle-rotation scanning optical coherence tomography forward-imaging probe[END_REF].

In order to realize cross-sectional or 3D images, a rotating or scanning element is integrated at the distal end of the catheter.

The miniaturization, the integration capability, and consequently the cost of the apparatus, are as many challenges for endOCT probes today, to make them mass "plug'n'play" portable instruments. Today, the main limitations of endOCT probes are their size (probes with smaller diameters will enable more flexibility, penetrate deeper and even reach areas difficult of access as veins for instance), their cost, the complex packaging processes (delaying the arrival on the biomedical imaging market) and the speed of scan (that needs to be high in order to allow realtime diagnoses, and to prevent artifacts generated by non-idle objects [START_REF] Wojtkowski | High-speed optical coherence tomography: basics and applications[END_REF][START_REF] Nakada | Optical coherence tomography by all-optical MEMS fiber endoscope[END_REF][START_REF] Klein | High-speed OCT light sources and systems[END_REF]). A state of the art of existing endoscopic OCT systems will be provided in the next chapter. 

Conclusion

Among all cancers, stomach and esophagus cancers are still among those who require to be better known and diagnosed earlier to provide softer and more efficient treatments before heavy operations such as painful series of biopsy and chemotherapy take over the last chances of survival of the patient. Because GI cancers grow very fast, they are too often diagnosed in advanced stages, when the chances of survivals are considerably low. The main causes which make stomach and esophagus carcinomas stealth until an abnormality triggers the concern of the patients, are the lack of attention and maturity in the detection techniques. More maturity, simplicity and safety would enventually encourage more patients to undergo more frequent and earlier surveillance prevention routines. From microstructural neoplastic changes and high-grade dysplasia to the dawn of invasion of the serosa and advanced stages, detection techniques need to be adapted to the size, the location and the nature of symptoms. Exoscopic imaging techniques have become unadapted to most detections of such a kind and were rapidly traded off for endoscopic techniques able to provide appropriate optical biopsies. Compared to non-optical and non-linear optical techniques, linear optical techniques match the best the depth and resolution requirements for adequate early stage GI malignancies observation in vivo. And in particular, SS-OCT has been widely adopted for this type of specific applications because of its high speed, high spatial resolution and sufficient penetration depth. Endoscopic SS-OCT allows real-time, non-invasive, high resolution, inexpensive and radiation-free voluminous bioimaging. It has been developing fast during the past two decades and is still brimming with very promising possibilities awaiting to save more lives. Consequently, endoscopy SS-OCT is the starting point of this work which will intend to produce a SS-OCT endoscopic probe for EGC detection.

Chapter summary

After presenting the stomach and esophagus cancers' features, we came to the conclusion that endoscopic SS-OCT is the most suitable imaging technique for these cancers in earlystage diagnosis. In the following, we will focus on exploring the different types of existing endoscopic probes allowing the implementation of SS-OCT. Then, the selection criteria will be introduced in order to conceive an endoscope design and an optical model will be established to define the specifications of the microsystem constituting the core of this work.

Chapter 2

Miniaturization of OCT systems T he former chapter reported the differences between the optical and non-optical imaging techniques, and their advantages and drawbacks. As a summary, optical imaging methods offer higher spatial resolution, higher sensitivity, and allow to focus onto targeted areas (such as esophagus sphincter, stomach mucosa, located epithelial lesions, etc.). Compared to non-optical modalities, optical techniques are mostly inexpensive (from both the instrumentation and operation point of view) and free from radioactivity. Among conventional optical bioimaging techniques, OCT appears to be particularly adapted to GI tract precancerous and EGC detection because of its high resolution and moderate imaging depth. In addition to most features shared by other optical imaging, OCT takes advantage of fiber-optic technologies for light delivery to catheters. Despite the lack of space and working distance reduction in integrated endoscopes, its low NA is rather an asset providing large working distances which makes OCT an imaging modality compatible with endoscopic integration. In this framework, a significant effort in order to downscale OCT systems has been provided for the last two decades. One of the first reasons was to comply with the endoscope size. Hence, most of the work was first concentrated on miniaturizing the scanning probe [START_REF] Liu | Miniature endoscopic optical coherence tomography probe employing a two-axis microelectromechanical scanning mirror with through-silicon vias[END_REF][START_REF] Henry | Flexible miniature compound lens design for high-resolution optical coherence tomography balloon imaging catheter[END_REF]. Nevertheless, only the sample arm was consequently reduced whereas most of the OCT system (source, interferometer) was still located outside of the endoscope body. This asymmetry unfortunately leads to unstability due to the discrepancy in the signal bearing the phase information. For this purpose, common path interferometers, for which both arms undergo the same environment are much more robust. However, long interferometer arms may still introduce uncompensated path length differences degraging the signal quality due to mechanical and thermal disturbances along the flexible fiber.

The miniaturization of OCT systems is also motivated by its multipurpose aspect that is to reach smaller and smaller zones of the body, thus making it a polyvalent technology. Miniaturizing every single component of the system is a challenge, but the smaller the size of the component is, the more tedious the assembly will be. Batch microfabrication allows to build monolithic systems at very low cost, and to simplify greatly the assembly of micro components since various alignments can be done at the wafer level. However, let us keep in mind that the degree of integration, defined by the simplicity of the assembly of the mechanical and optical parts is the central criterion that will determine the fabrication efficiency of the system and its competitivity for industrial production [START_REF] Struk | Swept source optical coherence tomography endomicroscope based on vertically integrated mirau micro interferometer: Concept and technology[END_REF][START_REF] Alexandre | Endoscope-tip interferometer for ultrahigh resolution frequency domain optical coherence tomography in mouse colon[END_REF].

The illumination block will be selected depending on the type of OCT wanted. The light source, the interferometer and the lenses will determine the resolution, the penetration depth, the focal length of the optical system and the scanning and sensing element will define the scan speed, precision and the quality of the image. This chapter reviews the miniaturization of OCT systems in general, the different existing types of probes, and the main components constituting these systems such as the interferometer, the lenses, the scanning elements, and the sensing systems.

Endoscopic probe classification criteria

Endoscopic optical imaging was first introduced in 1963 with fiber-based endoscopes [START_REF] Wallace | Fiber Optic Endoscopy[END_REF]. Optical fibers enable to carry optical signals with flexible systems, allowing to deport some parts of the system while being able to reach specific parts of the inner body. Hence, the numerous components no longer necessarily have to be part of one unique monolithic block as in handheld OCT systems [START_REF] Lu | Handheld ultrahigh speed swept source optical coherence tomography instrument using a MEMS scanning mirror[END_REF]. The illumination and detection blocks, the interferometer and the scanner can be independently integrated one from another.

For example, endOCT probes can be classified according to their scanning range, resolution, imaging speed, flexibility and field of view (FOV). These features can be achieved through various configurations such as: the scan direction (side or forward viewing), the scan actuator's location (distal or proximal), the scan type (1-axis rotation with or without pullback, 2-axis rotation), the scan path (circumferential, reduced circumferential FOV, raster, Lissajous, ...), the scanning mechanism (motor, micromotor, galvanometer, MEMS micro-scanner), the packaging type (standard, balloon, tethered, silicon optical bench (SiOB)), the component integration level (handcrafted, semi-integrated, full embedding), . . . Although the scan direction is the most significant criterion to pick up according to the organ and the type of cancer taken into account, the type of scan and the actuator's location will also play an influent role in the determination of the design of the probe and of the whole OCT system. The different types of scan mechanisms will be presented in this subsection while the component integration level will be developed in Section 2.4.

Scan direction

Forward-imaging

One approach of endOCT imaging is the forward-viewing configuration where the light is emitted and recollected from the front of the distal end of the catheter. They are adapted to en face structure observation and catheter placement and guidance, so that they could be used without the complete endoscopic apparatus used when endoscopy is performed clinically. Representations of this clinical catheter are given in Fig. 2.1. Ourak et al. [START_REF] Ourak | Partitioned camera-OCT based 6 DOF visual servoing for automatic repetitive optical biopsies[END_REF] demonstrated that it was possible to exploit an OCT image without conventional camera apparatus, to guide the catheter using the en face OCT probe image feedback only. This way, forward-imaging probes could be used alone as both a positioning and scanning system. A very simplified sketch of a forward-imaging probe is shown in Fig. 2.2a.

Side-imaging

In side-imaging configuration, the beam is focused onto an axis perpendicular to the probe and recollected through the same path as shown in Fig. 2.2b. Side-imaging endOCT probes scan a sample at an angle of about 90°either over the whole circumference either over a reduced area. They are the most common probe types found in the literature [START_REF] Yaqoob | Methods and application areas of endoscopic optical coherence tomography[END_REF] and can provide structural views of tubular or hollow organs (called luminal organs) and are hence particularly adapted to esophagus imaging. 

Actuation location

Side-imaging probes can be subdivided into two types: proximal and distal scanning. Their principle is presented hereafter.

Proximal scanning

Proximal scanning refers to a mechanism of actuation located outside of the body of the probe and transfered into the distal catheter. This method is the most common in endOCT imaging. It was first developed by Tearney et al. [START_REF] Tearney | Scanning single-mode fiber optic catheter-endoscope for optical coherence tomography[END_REF] in 1996 and is represented in Fig. 2.3. For proximal sideimaging, a prism used in total internal reflection with its face oriented at 45°is connected at the tip of the optical path deflecting the light beam perpendicularly to the length of the catheter. Then, a motor with or without a gear is used to rotate the optic fiber with the prism at the distal end. The rotation is conveyed via a torque coil located at the proximal end of the catheter. An optical rotary joint is used to continuously (or discontinuously in the case of reduced circumferential scan) rotate the catheter free end in one direction using motors or gears galvanometers. A translational slow scan (C-scan) is realized pulling back the whole probe or the catheter's shaft inside the transparent sheath. This operation can be realized using a galvanometer and provide an additional scan axis. Finally, a 3D OCT image can be obtained using this method. 

Distal scanning

In distal scan, the actuation mechanism is located at the very tip of the probe, within the body. Unlike proximal actuation, the junction-driveshaft can be replaced by micromotor of a MEMS scanner [START_REF] Alexandre | Endoscope-tip interferometer for ultrahigh resolution frequency domain optical coherence tomography in mouse colon[END_REF][START_REF] Peter H Tran | In vivo endoscopic optical coherence tomography by use of a rotational microelectromechanical system probe[END_REF][START_REF] P R Herz | Micromotor endoscope catheter for in vivo, ultrahigh-resolution optical coherence tomography[END_REF][START_REF] Su | In vivo three-dimensional microelectromechanical endoscopic swept source optical coherence tomography[END_REF][START_REF] Chang | Stationaryfiber rotary probe with unobstructed 360 view for optical coherence tomography[END_REF][START_REF] Chen | Tiny endoscopic optical coherence tomography probe driven by a miniaturized hollow ultrasonic motor[END_REF].

Scan type

Before introducing the different existing scans in details, it should be made clear that they can be classified according to three types of scan :

1D rotational

In distal actuation side-viewing probes exclusively, 1D rotation scan is the basic and simplest type of scan possible. It is realized by a rotation component with or without interruption in its course. When the rotation is uninterrupted, the scan is also referred to as circumferential. This type of scan only allows a 2D OCT image performed by a rotational B-scan. An example of the result of a 1D rotational scan is shown in Figs. 2.4a to 2.4c.

1D rotational with pullback

As an extension of 1D rotational scan, an additional "pullback" has been introduced in the scan motion of the catheters to provide a 3D image. A pullback is unidimensional translational displacement of the beam along the length of the catheter usually realized by pulling back the head of the catheter in the lumen. Hence, a pullback is a C-scan performed by retracting the probe and allowing to reconstitute 3D images (see Fig. 2.4d) from consecutive 2D cross sections (such as in Fig. 2.4c).

2D rotational

Anyhow, as mentionned earlier, and regardless to the sanning mechanism, 1D rotational scan does require a pullback to provide a 3D OCT image. And a pullback goes along with proximal actuation, [START_REF] Li | Imaging needle for optical coherence tomography[END_REF]. (c) 1D rotational full circumferential B-scan in lumen from [START_REF] Lorenser | Ultrathin side-viewing needle probe for optical coherence tomography[END_REF], and (d) its corresponding 3D OCT image by translational pullback from [START_REF] Lorenser | Ultrathin side-viewing needle probe for optical coherence tomography[END_REF]. (e) Cross-sectional stack of a 2D rotational B-scans and C-scan by using a 2-axis MEMS micro-scanner raster scan of a hamster cheek pouch acquired in vitro by [START_REF] Aguirre | Two-axis MEMS scanning catheter for ultrahigh resolution threedimensional and en face imaging[END_REF] and (f ) its corresponding 3D rendering from the same hamster cheek pouch [START_REF] Aguirre | Two-axis MEMS scanning catheter for ultrahigh resolution threedimensional and en face imaging[END_REF]. (g) 1D rotational reduced circumferential B-scan of a human esophagus performed by raster scan using proximal prism from [START_REF] Victor | High speed, wide velocity dynamic range Doppler optical coherence tomography (Part III): in vivo endoscopic imaging of blood flow in the rat and human gastrointestinal tracts[END_REF]. (h) 1D rotational full circumferential B-scan with distal actuation, hindered by the shade of the electrical cable connecting the distal micromotor from [START_REF] Aguirre | Two-axis MEMS scanning catheter for ultrahigh resolution threedimensional and en face imaging[END_REF]. (i) Full circumferential scan performed in a pig esophagus with a single-balloon imaging catheter from [START_REF] Henry | Flexible miniature compound lens design for high-resolution optical coherence tomography balloon imaging catheter[END_REF]. ep=epithelium; lp=lamina propria; mm=muscularis mucosa; sm=submucosa; mp=muscularis propria.

and thus carry all the drawbacks of proximal scanning such as the distortion of the fiber that may affect the image, the non-uniform rotation, etc. As an alternative, 2D rotational scans replace the pullback motion by a second rotation. 2D rotational motions are exclusively carried out using distal MEMS micro-scanners and can easily provide 3D images using one unique device to perform and combine B-scans and C-scans. Although the scanning range of 2D rotational scans is reduced compared to 1D rotational circumferential scans, it has the ability to cover areas of several m 2 m [99], sufficient for applications such as preinvasive malignancy detection. Another asset of 2D rotational scans, is that they commonly achieve high speeds, up to a few tens of kHz [START_REF] Gu-Stoppel | PZT-Actuated and -Sensed Resonant Micromirrors with Large Scan Angles Applying Mechanical Leverage Amplification for Biaxial Scanning[END_REF][START_REF] Pengwang | Scanning micromirror platform based on MEMS technology for medical application[END_REF].

OCT images collected by 2D rotational scans are shown in Figs. 2.4e and 2.4f.

Scan pattern

Interpreting the data carried by the light backscattered by the tissue depends obviously on the scanning method and thus on the scan pattern. As long as the scan beam position can be dynamically tracked and can sufficiently cover an area of interest, any scan pattern could be utilized to retrieve an OCT image. However, chaotic scans usually denote uncontrolled motions or strong couplings of the scanning actuators. More common scan patterns are prefered such as raster, Lissajous, spiral or circumferential with pullback and will be briefly presented in the following subsection.

Raster scan

One of the most common and easiest scan to implement is the raster scan. Raster scan allows to sweep a light beam using actuators of different types [START_REF] Bouma | Power-efficient nonreciprocal interferometer and catheter for optical coherence tomography[END_REF][START_REF] Victor | High speed, wide velocity dynamic range Doppler optical coherence tomography (Part III): in vivo endoscopic imaging of blood flow in the rat and human gastrointestinal tracts[END_REF][START_REF] Tsai | Piezoelectric transducer based miniature catheter for ultrahigh speed endoscopic optical coherence tomography[END_REF] to deflect light onto two orthogonal axes. Raster scan is a basic scanning method that was used in cathode ray tubes at first in 1880 and is inherent to Paul Nipkow's disc scanning of 1884. The word "raster" comes from the latin rastrum, radere: "to rake". Raster scan rakes along a fast-axis in a sawtooth pattern and along an orthogonal slow-axis in a stair function as shown in Fig. 2.5. Different setups can achieve such raster scans: on the one hand, in side-viewing probes using a distal micromotors (or 1D rotational micro-scanners) and a proximal translational motion (in pullback) to generate 3D images, the pullback actuator is usually used for the slow-axis scan and the prism or the 1D micro-scanner as the spinning fast-axis scan. On the other hand, MEMS scanner-based side-viewing probes and all types of even forward-viewing probes can easily achieve raster scans [START_REF] Boppart | Forwardimaging instruments for optical coherence tomography[END_REF][START_REF] Pan | Endoscopic optical coherence tomography based on a microelectromechanical mirror[END_REF][START_REF] Gilchrist | Piezoelectric scanning mirrors for endoscopic optical coherence tomography[END_REF][START_REF] Hyeon | Compact OCT endomicroscopic catheter using flip-chip bonded Lissajous scanned electrothermal MEMS fiber scanner[END_REF][START_REF] Duan | An endoscopic forward-viewing OCT imaging probe based on a two-axis scanning mems mirror[END_REF]. 

Lissajous scan

Superimposing two single-tone harmonic waveforms over two orthogonal axes is called a Lissajous scan (see Fig. 2.6). Sampling a Lissajous scan is much more complicated than a raster scan as long as both axes are non-uniform and non-linear. Fortunately, as an a priori pattern is known, the result can be compared to the expected scanned path to reconstruct the 2D image. Furthermore, the advantage of the Lissajous scan over the Raster scan is that it can be performed within a much shorter time because it is working at resonance frequencies on both axes. 

Spiral scan

Spiral scanning is a possible alternative to Raster or resonant Lissajous scan. Yet it is mostly used in forward-viewing configuration. It consists of applying two sine waves in quadrature of phases whose amplitudes are time-dependent as shown in Fig. 2.7; the tip of the fiber scanner is actuated in a precise spiral pattern actuated distally and "particularly adequate for high magnification, small field imaging, such as CM and multi-photon microscopy" [START_REF] Tsai | Endoscopic optical coherence tomography for clinical gastroenterology[END_REF]. 

Galvanometers and micromotors

Commonly used opto-mechanical devices such as mirrors mounted onto galvanometers [START_REF] Leo | Unified Optical Scanning Technology[END_REF] were used for OCT [START_REF] S R Chinn | Optical coherence tomography using a frequencytunable optical source[END_REF]. Similarly, prisms at 45°with a reflective face mounted onto motors or micromotors are also used as proximal scanning systems [START_REF] Tearney | Scanning single-mode fiber optic catheter-endoscope for optical coherence tomography[END_REF][START_REF] Li | Imaging needle for optical coherence tomography[END_REF]. Galvanometers were also exploited to perform translational movements [START_REF] Bouma | Power-efficient nonreciprocal interferometer and catheter for optical coherence tomography[END_REF] (see Sections 2.1.1.1 and 2.1.1.2). Based on motors, rotating polygon mirrors allow resonance-free fast scanning but were seldom used in endOCT systems. The use of motors limitates the scan to a 2D image and provides circumferential images as shown in Fig. 2.4h. The main cons of micromotors used in the distal-scanning configuration for side-viewing is that the circumferential view is often hindered by the shade of the electrical cable connected to the distal opposite end of the probe to the generator block as shown in Fig. 2.4h.

MEMS scanners

Galvanometers were recently replaced by MEMS mirrors which are much faster and more compact [START_REF] Miyajima | MEMS optical scanners for microscopes[END_REF] as shown in Fig. 2.8. They allow 2D scans, unlike galvanometers and micromotors rotating over 1 dimension only. MEMS scanners directly provide 2D rotational scans without the need for an additional translational motion. -Spinning disks (or Nipkow disks) initially used in CM also find their applications in OCT, but are relatively bulky and unadapted for miniaturization [START_REF] Everett | Patterned spinning disk based optical phase shifter for spectral domain optical coherence tomography[END_REF].

-Acousto-optic deflectors [START_REF] Pawley | Handbook of biological confocal microscopy[END_REF] are the only fully-rigid beam scanners. They are virtual gratings made from acoustic waves propagating in specific materials, to tune diffracting orders [START_REF] Leo | Unified Optical Scanning Technology[END_REF]. They enable ultra fast optical scans and can be combined to perform 3D images at up to 30 kHz [START_REF] Gaddum | Fast three-dimensional laser scanning scheme using acousto-optic deflectors[END_REF]. Though, they still present a few shortcomings making them inadequate and were never implemented in endOCT [START_REF] Kirkby | A compact acousto-optic lens for 2D and 3D femtosecond based 2-photon microscopy[END_REF].

-Other advanced systems include adaptive lenses on the optical path to generate displacements of the focal plane [START_REF] Aljasem | Fiber optic tunable probe for endoscopic optical coherence tomography[END_REF][START_REF] Aljasem | Scanning and tunable micro-optics for endoscopic optical coherence tomography[END_REF][START_REF] Shao | MOEMS 3-D scan mirror for single-point control of beam deflection and focus[END_REF].

Encapsulation type

Among the other concerns that we can have about probes configurations, the encapsulation type is of secondary importance, because it is not directly related to the order of the criteria which have to be determined in the final design of our endoscope. Three types of encapsulation deserve to be presented here: the single-balloon, the double-balloon and the tethered catheters. Stability of the endoscopic probes in the vicinity of inner organs is highly likely to be affected by the disturbances that occur in the body such as the movement of tissue, heart beat, and breathing induced motion. Subsequently, all of these configurations consist of stabilizing the catheter and modify the area of observation. They are exclusively used in side-view configurations.

-Single balloon probes are called so because the optical needle is enclosed at the center of a spacious inflatable pill-shaped capsule of about 1 cm of radius which looks like a balloon. Single-balloons were first adopted in order to reduce this instability in luminal organs as the esophagus [START_REF] Suter | Comprehensive microscopy of the esophagus in human patients with optical frequency domain imaging[END_REF]. A sketch of a single-balloon probe is given in Fig. 2.9 and an OCT image collected from a scan performed in this configuration is shown in Fig. 2.4i. As the outermost wall of the catheter is formed by the surface of the inflated balloon after insertion in the gastroscope and the lumen, the working distance from the optics is increased. A typical working distance (from the optics) is around 9 to 12 m m. Consequently, the NA is reduced so that the focal length matches the radius of the balloon. Lateral resolution is thus a bit decreased to a typical values ranging between 20 µm and 30 µm [START_REF] Henry | Flexible miniature compound lens design for high-resolution optical coherence tomography balloon imaging catheter[END_REF][START_REF] Xi | Highresolution OCT balloon imaging catheter with astigmatism correction[END_REF]. Unlike in thin proximal probes using pullbacks where the catheter is brought very close to the tissue surface, which drastically narrows down the FOV, balloon-based catheters visualize a relatively large area of interest in the GI tract. -Double balloons is an alternative to single-balloon probes in order to tackle the lack of stability of the catheter in lumen where the deformation of the tissue affects directly the quality of the OCT image [START_REF] Kang | Endoscopically guided spectral-domain OCT with double-balloon catheters[END_REF]. As for single balloons, 3D OCT images are obtained by pullback of the inner needle inside the probe's sheath [START_REF] Michalina | Endoscopic optical coherence tomography: technologies and clinical applications[END_REF]. A schematic example of doubleballoon endoscopic probe from Kang et al. [START_REF] Kang | Endoscopically guided spectral-domain OCT with double-balloon catheters[END_REF] is shown in Fig. 2.10. -Balloon-based systems require a sedation of the patient and specific settings to be used in vivo.

Hence, tethered capsules were invented to tackle this issue. Tethered probes can be inserted into luminal organs by conscious patients without the need for a special predisposition [START_REF] Liang | Ultrahigh speed en face OCT capsule for endoscopic imaging[END_REF][START_REF] Michalina | Tethered capsule endomicroscopy enables less invasive imaging of gastrointestinal tract microstructure[END_REF]. Tethered probes could be converted into en face imaging probes providing 3D images as reported by Liang et al. [START_REF] Liang | Ultrahigh speed en face OCT capsule for endoscopic imaging[END_REF].

Comparison and selection of the main features 2.2.1 Forward and side view

From the definition of the scan direction criterion, we can as of now eliminate from the possibilities the forward-viewing configuration without investigating the pros and cons more in details. Indeed, even if forward-viewing could be a plausible method for stomach imaging, it is absolutely inapropriate for the luminal shape of the esophagus. Finally, the side-imaging modality will be taken on as the starting point to determine the outcome of the next criterion.

Proximal and distal scanning

The main advantages of proximal scanning are the simplicity of the optical design (some designs have gotten rid of gradient-index (GRIN) lenses which are hard to fabricate at small scale [START_REF] Victor | Interstitial Doppler optical coherence tomography[END_REF]), the miniaturization capability, the reduction of spherical abberations and the absence of distorsions resulting from the beam scanning. Li et al. [START_REF] Li | Imaging needle for optical coherence tomography[END_REF], Lorenser et al. [START_REF] Lorenser | Ultrathin side-viewing needle probe for optical coherence tomography[END_REF] and Yang et al. [START_REF] Victor | Interstitial Doppler optical coherence tomography[END_REF] have reported proximal catheter diameters of 900 µm, 310 µm and 410 µm for lateral resolutions around 30 µm. Although, these sizes are revolutionnary, the corresponding working distances of these probes are significantly reduced (because of the subsequent increase of the NA), ranging from 80 µm for the more shallow to ∼ 350 µm for the deepest. On the downside, the bending of the flexible catheter can cause non-uniform rotations and the transmission of the torque through the coupling shaft can be a source of unstability caused by vibrations for optical distal components thus limiting the image quality [START_REF] Li | Imaging needle for optical coherence tomography[END_REF]. Furthermore, the distorsion of the fiber affecting the polarization is also a non-negligible factor that motivated the evolution of scanning types towards distal-end scanning. Although, the rotation speeds can reach up to 10,000 rpm (revolutions per minute), which corresponds to 167 B -scan/s of 150 fps depending on the light source [START_REF] Tsai | Endoscopic optical coherence tomography for clinical gastroenterology[END_REF] it is firstly limited to a few thousand rpm by the vibration of the torque driveshaft at high speed. The parameters of a few representive proximal probes are listed in Table 2.1. A few distal probes are listed in the same table in order to compare the different features. In comparison, one of the assets of distal-scanning is the possibility to control parameters such as the size of the probe (outer diameter), the length of the rigid part of the catheter, the working distance and the lateral resolution. Another advantage is the possibility of deleting binding artefacts stemming from the proximal translational and rotational actuations and replacing them either by micromotors either by embedded MEMS devices [START_REF] Li | Imaging needle for optical coherence tomography[END_REF]. The scanning high speed of micromotors (∼ 240,000 rpm [START_REF] Michalina | Endoscopic optical coherence tomography: technologies and clinical applications[END_REF]) and the general low stress induced by the bending of the probe makes it an OCT image distortion-free tradeoff. For instance, Wang et al. [START_REF] Wang | Heartbeat OCT: in vivo intravascular megahertz-optical coherence tomography[END_REF] recently reported a distal-scanning probe performing in vivo OCT images at a rate of 4,000 fps using a MHz swept source. Finally, distal-scanning is more prone to perform phase-sensitive and polarization-sensitive OCT because of its increased interference signal stability that can be improved even more making use of commonpath endoscopes where the reference and the sample arms are subject to the same distortions (if they are in the fiber) [START_REF] Sharma | Common-path optical coherence tomography with sideviewing bare fiber probe for endoscopic optical coherence tomography[END_REF] or no distortions if they are monolithically integrated into the catheter [START_REF] Alexandre | Endoscope-tip interferometer for ultrahigh resolution frequency domain optical coherence tomography in mouse colon[END_REF].

The pros and cons of proximal and distal imaging are summarized in Table 2.2. In conclusion, although proximal probes are smaller and allow more flexibility because of their shorter rigid length, similar area sizes with distal-imaging types can be obtained because the working distance of proximal probes is significantly reduced. Stomach and esophagus EGC detections does not require extremely thin catheters so that probes of a few m m in diameter are still suitable. At last, distal actuation allows to increase the speed of scan, is much more insensitive to stress and environment and can reach very low costs when MEMS micro-scanners are used instead of micromotors. 

Scan type

As mentionned earlier, a condition to adopt the distal configuration is the use of a MEMS microscanner located in the distal end of the catheter. Microscanners can be 1D or 2D in nature depending on their design. However, as 3D images are required in OCT modalities, a 1D microscanner would have to be coupled with a pullback system to achieve such an image. Recently, Sampson developed small side-viewing proximal catheters able to acquire 2D and 3D images using pullbacks [START_REF] Bryden | In situ imaging of lung alveoli with an optical coherence tomography needle probe[END_REF][START_REF] Lorenser | Ultrathin side-viewing needle probe for optical coherence tomography[END_REF][START_REF] Mclaughlin | Imaging of breast cancer with optical coherence tomography needle probes: Feasibility and initial results[END_REF][START_REF] Bryden | Optofluidic needle probe integrating targeted delivery of fluid with optical coherence tomography imaging[END_REF]. In these designs, a copper mirror mounted at the distal end of a needle rotating at 2 rpm, translates at a speed of 14 µm/s using a stepper motor, rotating always in the same direction to avoid dragging the tissue and to reduce blurring artefacts. Weber et al. [START_REF] Weber | Endoscopic optical probes for linear and rotational scanning[END_REF] fabricated and compared a linear and a rotational side-looking probe as shown in Fig. 2.11. In the first design, the scanning mechanism is a brushless DC micromotor with a prism at 45°glued on top of it and provides a 360°1D rotational image. The second design uses a 1D magnetic MEMS micro-scanner mounted at 45°to image a slice of the tissue linearly. Weber et al. concluded that the rotational speed (in the first design) limited the acquisition time to 25 rps (leading to a scan time of 1 to 5 min) in TD-OCT whereas in the second design, one image (with equivalent region of interest (ROI)) could be acquired in 500 m s, hence 120 times faster than in rotational at least.

Finally, the pullback mechanism is the limiting factor in terms of speed and thus acquisition time. One solution is the use of 2D rotational MEMS scanners.

Scan patterns

A recap array is given for comparison in Table 2.3. Raster scan is preferred for image reconstruction simplicity because it is based on constant speed and defines naturally a 2D cartesian grid. Nevertheless, a proper raster scan is not always the most appropriate especially because every mechanical system's dynamics is not necessarily compatible with the sharp reset pattern of sawtooth signals. Unless a Nipkow disk is used to perform a raster scan, which limits drastically the applications as discussed earlier, alternatives are possible with resonant-mode scans such as Lissajous and spiral scans. Most Lissajous scans are performed upon resonance frequencies that optimizes the performance of the MEMS scanners. This method has been widely used as the actuation is very trivial in terms of driving signal. In addition, as the resonance frequencies are the natural frequencies of the system designed as such, most of the time, no feedback close-loop control is necessary, since movements highly repeatable [START_REF] Tuma | High-speed multiresolution scanning probe microscopy based on Lissajous scan trajectories[END_REF]. However, the scanning density of the spiral and Lissajous patterns are also non-uniform. Another issue for these scanning methods is that the fiber tip is driven with frequencies close to the resonance. Any environmental perturbation or impact that contains the frequency components close to the resonance frequency of the fiber while imaging could couple into the motion of the fiber tip and disrupt the scanning pattern and pixel mapping. This is a common problem for raster, spiral, and Lissajous methods because they all drive the fiber at frequencies close to resonance. According to Tsai et al., Lissajous and spiral scans "require very precise mapping of the pixels during the scan." Initially, spiral methods were developed for forward-viewing probe and are not recommended for side-viewing because of the speed discrepancies between the center and the rim of the scan. Finally, although Lissajous scans are much more convenient methods than raster scans because they simplify the design and reduce the size of probes, they will be preferred for the operational OCT imaging scan.

Encapsulation

Balloon imaging is particularly adequate for circumferential imaging in long swaths of large luminal organs such as the human esophagus. However, balloon-based catheters have a few drawbacks: First, single balloons exert a pressure against the walls of the organs that may cause deformation or flattening of the tissue, misrepresenting the factual layer arrangement (epithelium, mucosa, lamina propria, muscularis propria, . . . ). Second, even if double-balloon configuration is an alternative, it still may not be adapted for narrow luminal junctions as the esophagus sphincter as long as the distal balloon could not be stabilized in the stomach. More generally, balloon-based endOCT probes may encounter difficulties to center the image inside the balloon and thus have a reduced imaging range even upon stabilization. Furthermore, the long working distance combined with the transparent plastic tube acting as a "negative cylindrical lens" [START_REF] Alexandre R Tumlinson | Miniature endoscope for simultaneous optical coherence tomography and laser-induced fluorescence measurement[END_REF] cause the beam to diverge with the curved interface and generates abberations at the focal plane and astigmatism much more severe than for non-balloon-based designs. This can be overcome, but requires adding corrective optics in the design [START_REF] Xi | Highresolution OCT balloon imaging catheter with astigmatism correction[END_REF]. Finally, neither balloon, nor tethered probes can be used in the stomach. Our design will be non-balloon-based.

State of the art of distal side-imaging endoscopic OCT probes

After comparing the different configurations of each criteria, one design has finally stood out as the most appropriate to perform OCT with an endoscopic probe in the stomach and the esophagus in order to detect EGC. Figure 2.12 summarizes the choices made for each criterion of the classification proposed earlier.

This section will consist of a state of the art of the side-viewing probes using distal 2D rotational MEMS scanners in order to provide an overview of the framework of the endOCT probe intended to be fabricated in this work.

The first side-imaging endOCT probe utilizing a MEMS micro-scanner was reported in 2007 by Aguirre et al. [START_REF] Aguirre | Two-axis MEMS scanning catheter for ultrahigh resolution threedimensional and en face imaging[END_REF] using an electrostatically actuated 2-axis MEMS fabricated by Piyawattanametha et al. [START_REF] Wibool Piyawattanametha | Surface-and Bulk-Micromachined Two-Dimensional Scanner Driven by Angular Vertical Comb Actuators[END_REF] and shown in Fig. In the last decade, probe designs have focused on the integration issues mainly due to alignment problems, assembly tediousness, wiring and packaging difficulties. Towards more integration, Xu et al. Samuelson et al. [START_REF] Samuelson | A 2.8-mm imaging probe based on a high-fill-factor MEMS mirror and wire-bonding-free packaging for endoscopic optical coherence tomography[END_REF] proposed a through-silicon vias (TSV) solution for an even more com-pact packaging. In order to improve the performances of the endOCT, diverse MEMS microscanner actuation techniques have been implemented such as electromagnetic actuation [START_REF] Aljasem | Scanning and tunable micro-optics for endoscopic optical coherence tomography[END_REF][START_REF] Hean | Twoaxis magnetically-driven MEMS scanning catheter for endoscopic high-speed optical coherence tomography[END_REF], piezoelectric [START_REF] Gilchrist | Piezoelectric scanning mirrors for endoscopic optical coherence tomography[END_REF][START_REF] Naono | A large-scanangle piezoelectric MEMS optical scanner actuated by a Nb-doped PZT thin fil[END_REF] and electrothermal [START_REF] Liu | Miniature endoscopic optical coherence tomography probe employing a two-axis microelectromechanical scanning mirror with through-silicon vias[END_REF][START_REF] Duan | Optical coherence tomography endoscopic probe based on a tilted MEMS mirror[END_REF][START_REF] Sun | 3D in vivo optical coherence tomography based on a low-voltage, large-scan-range 2D MEMS mirror[END_REF][START_REF] Wang | Common-path optical coherence tomography using a microelectromechanical-system-based endoscopic probe[END_REF][START_REF] Jain | A two-axis electrothermal micromirror for endoscopic optical coherence tomography[END_REF]. The principle of actuation and a state-of-the-art of the different actuation types will be given in Chapter 3.

The latest novelties in terms of 2D MEMS micromirror-based side-viewing probes were reported last year by Duan, Tanguy, Pozzi, and Xie [START_REF] Duan | Optical coherence tomography endoscopic probe based on a tilted MEMS mirror[END_REF] from the University of Florida. We reported an upgrade of the endOCT probe developed by Samuelson et al. [START_REF] Samuelson | A 2.8-mm imaging probe based on a high-fill-factor MEMS mirror and wire-bonding-free packaging for endoscopic optical coherence tomography[END_REF] 

Component embedding level of MEMS-based endoscopic OCT systems 2.4.1 Review of component embedding evolution

With the emergence of complementary metal oxide semi-conductor (CMOS) micromachining and the capability of producing components at the micro scale in general, the potential of miniaturization of endOCT systems has significantly soared not only for micro-optical components but also for MEMS components. As soon as miniaturization is at stake in any field of area, MEMS have a part to play. The concept of MEMS was first introduced in the '60s and was called "Micromachines" in Japan before being actually named in 1986 by Jacobsen [START_REF] Jacobsen | A proposal for the development of Micro Electromechanical Systems[END_REF] under the acronym known as such today and officially adopted in 1989. MEMS truly started to develop when conventional semiconductor device fabrication techniques -used for electronics so far -began to be adapted to micro systems, hence called "micromachining". MEMS can be composed of a large range of materials such as semiconductors (silicon), metals, dielectrics, photoresists and polymers, by means of various processes, depositing, stacking up, etching them of modifying their structures in a compatible way. A few processes and materials will be introduced in Chapter 5.

Miniaturizing a system is not only making the endoscopes smaller by getting rid of most relocalizable components; but, the challenge relies in making each constituting parts smaller towards full integration [START_REF] Ha Lee | Fiber-based optical coherence tomography for biomedical imaging, sensing, and precision measurements[END_REF]. The main motivations of considering MEMS components for integration into endOCT probes are stemmed from their micro scale and their competitiveness in terms of performance compared to macro scale opto-mechanical components that enable them to achieve real-time imaging. Galvanometers are more adapted to exOCT systems because they are bulky [START_REF] Lu | Handheld ultrahigh speed swept source optical coherence tomography instrument using a MEMS scanning mirror[END_REF]; however, because of wafer-level mass production capability, the cost and size of MEMS components is significantly mitigated and they become more interesting than micromotors or galvanometers. Finally, MEMS power consumption is generally lower than macro devices. A few different actuation types have been developed according to the characteristics expected for the application sought and will be presented in Chapter 3.

Micro optical components can also be fabricated by surface micromachining technology. In typical fiber-based endoscopes, optical components are used to adjust parameters such as the magnification, the NA, the focal length, the abberations, the lateral resolution, etc. For instance, because of their compact size and cylindrical shape, GRIN lenses, are usually used as the front-end imaging lenses and focusing elements. They are glued to the optical fiber at a given distance to define the magnification of the system [START_REF] Michalina | Endoscopic optical coherence tomography: technologies and clinical applications[END_REF][START_REF] Yaqoob | Methods and application areas of endoscopic optical coherence tomography[END_REF].

Consequently, MEMS micro-scanners have become the core of endoscopic probes along with micro opto-mechanical systems (MOMSs) and a new challenge emerged: assembly and packaging of these components. Assembly refers to the gathering, the alignment and the fixing of the components of the final system together in a relatively "manual" way whereas packaging assumes a more automated or integrated meaning. According to Wu: "Micromachining technology (...) offers unprecedented capabilities in extending the functionality of optical devices and the miniaturization of optical systems. Movable structures, microactuators, and micro-optical elements can be monolithically integrated on the same substrate using batch processing technologies". In replacement of the "classic" method of assembly utilizing microtools to align the microcomponents on a microbench (see Section 2.4.2), batch fabrication at the wafer level -as described by Wu -has developed fast with new improving technologies available in surface micromachining. The purpose of the two following subsections is to compare the pros and cons of these two methods of packaging.

Optical microbench assembly

In 1995, the same author developed MEMS allowing an accurate positioning and "micro optical prealignment" of the optical components [START_REF] Wu | Micromachining for optical and optoelectronic systems[END_REF][START_REF] Wu | Micromachined free-space integrated micro-optics[END_REF], this technology of "free-space micro-optical bench" has allowed to build all kinds of micro optical systems such as Michelson interferometers, optical switches, modulators, micromechanical scanners, XYZ micropositioners... One of them is shown in Fig. 2.17a.

Later, his researchs inspired others as Muller [START_REF] Muller | Surface-micromachined microoptical elements and systems[END_REF] who developed micro-optical component able to fold out-of-plane to be utilized in micro optical benches enabling accurate auto alignment and assembly-free integration. Muller reported resonant scanners exhibited in Fig. 2.17c for ap-plications such as bar-code reader, micro-raster scanning display and scanning diffraction grating spectrometer. Twelve years after Muller, this type of components kept on being developed by Bargiel et al. [START_REF] Bargiel | Towards micro-assembly of hybrid MOEMS components on a reconfigurable silicon free-space micro-optical bench[END_REF] who fabricated microgrippers in order to handle micro-optical components onto a microbench (see Fig. 2.17e) with the possibility of adjusting precisely the distances of the different components on the x-and y-axis.

The same year, Nakada et al. [START_REF] Nakada | Optical coherence tomography by all-optical MEMS fiber endoscope[END_REF] reported the first all-optics fiber endOCT probe. It uses an electrostatic MEMS scanner as a spatial light modulator, a focusing lens and a GRIN lens onto an optical bench packaged into a probe of outer diameter of 6 m m. This design was improved a posteriori by Weber et al. [149] [54] who proposed an accurate alignment based on auto aligning grooves allowing high modularity in the diversity of micro-optical components including axicons to generate bessel beams to achieve smaller focal spot sizes while maintaining a large depth of focus [START_REF] Weber | Highly compact imaging using Bessel beams generated by ultraminiaturized multi-micro-axicon systems[END_REF] and is presented in Fig. 2.17b.

Park et al. [START_REF] Park | Forward imaging OCT endoscopic catheter based on MEMS lens scanning[END_REF] also brought their contribution with a resonant electrostatic MEMS-based SiOB lens-scanning forward-imaging probe shown in Fig. 2.17d. The lenses are scanning orthogonally in a plane parallel to the en face cap of the catheter [START_REF] Park | Micromachined lens microstages for twodimensional forward optical scanning[END_REF].

Towards more integration, Aljasem et al. [START_REF] Aljasem | Scanning and tunable micro-optics for endoscopic optical coherence tomography[END_REF] proposed a very advanced system enabling dynamic variations of the focal point and a 2-axis scan of the laser beam. It demonstrated a lateral resolution of ∼ 13 µm but still exhibits a few shortcomings that make it not mature enough for use in endoscopy and the assembly is still based on a conventional manual process.

Wafer-level batch microfabrication

Wafer-level batch fabrication is performed in a 3D vertical piling up integration as shown in Fig. 2.18. Although, this method has already been a revolution concerning micro-systems integration, it still remains a challenge for most novel processes. Wafer-level batch microfabrication consists of four main steps as sketched in Fig. 2.18. First, (1) wafer processing consists of a series of stages performed on one or several wafers2 where various processes are used to create patterns and structures that will form the core of the device. Further details will be given in Chapter 5. Second, (2) wafer interconnection, or more commonly called wafer bonding, is the process of aligning together several wafers with different processes on them and connecting them permanently in a specific order and in a compatible way. Then, (3) wafer dicing, is the result of separating and extracting individual devices contained in the wafer stack and taking them apart (from the wafer level to the chip level). Finally, (4) wafer packaging is required to interface the micro systems with their environment. It consists of connecting electrically, confining into a vaccum cell, isolating from a hostile environment, sealing or encapsulating for protection and sterilization for instance. Most of the time, a fabrication step is interlaced with one or more other steps. Therefore, each step has to be designed and fabricated with full knowledge of the others. In the end, the yield of exploitable final devices will be higher or lower -depending on the quality of the design and fabrication of every single step -and a high degree of integration is always appreciated as -if the yield is high enoughit will reduce the cost and the labor. To illustrate the wafer-level batch fabrication, an example is provided in Fig. of a doublet of microlens matrices, a piston electrostatic microscanner, a beam splitter plate and several spacers piled up at the wafer level for use in exOCT detection [START_REF] Lullin | An electrostatic vertical microscanner for phase modulating array-type Mirau microinterferometry[END_REF].

Overview of DEMO4 endoscopic probe & optical specifications

In cooperation with other members of the French national LabEx-Action-financed "DEMO4" project, an endoscopic system is under development and will be the object of demonstration of the current work. The initial idea is based on the work accomplished in the field of endOCT probes bringing together all the aspects brought up earlier in order to improve it. This apparatus would be configured in a side-view probe to cover both stomach and esophagus regions, with a 2-axis MEMS scanner including a monolithic compact interferometer in the tip and enabling a wafer-level batch fabrication suitable for further industrial production at low costs. As described in [START_REF] Struk | Swept source optical coherence tomography endomicroscope based on vertically integrated mirau micro interferometer: Concept and technology[END_REF], the system developed in this work "consists of a pigtailed illumination and detection blocks, connected via a GRIN lens collimator to a MOEMS measurement probe". The measurement probe is composed of a GRIN lens, a Mirau micro-interferometer and a MEMS scanner. The Mirau micro-interferometer3 is described in Section 2.5.3 and the MEMS scanner is selected among the main types of actuation in Chapter 3 according to the specifications established in the present section. The integrated probe is introduced into the esophagus via a robotic arm4 used to reach the proper in vivo area under investigation in the stomach or the esophagus and is briefly described in Section 2.5.1.

Continuum robotic arm

To reach remote internal areas of the body such as the stomach, and bring probes and observation systems as close as possible to the region under investigation precisely, continuum robots have been widely employed in the medical field [START_REF] Webster | Design and Kinematic Modeling of Constant Curvature Continuum Robots: A Review[END_REF]. Continumm robots are the backbones of body guided systems in terms of positioning. They are used for laparoscopes, catheters, colonoscopes, and endoscopes in general for detection as well as for treatment.

Chikhaoui et al. developed a flexible continuum robotic arm for the endoscopic guidance and positioning of the MOEMS probe into the esophagus and the stomach. It is composed of three concentric flexible tubular telescopic sections whose curvatures are controlled based on electroactive polymers (EAP). EAP exhibits quite a few assets making it the most adequate type of actuation for our application: it is light and allows large displacements at very low voltages (< 1 V) without heat dissipation. Finally, EAP is biocompatible, provides accurate and fast curvature control and can be implemented on thin diameters (< 1 m m) [START_REF] Taha Chikhaoui | Towards Clinical Application of Continuum Active Micro-endoscope Robot based on EAP Actuation[END_REF][START_REF] Taha Chikhaoui | Kinematics and performance analysis of a novel concentric tube robotic structure with embedded soft microactuation[END_REF].

The robotic arm is hollow ans allows to pull out the electrical cables and optical fiber from the distal Mirau micro-interferometer and the micro-scanner to the external controller and the illumination and detection block so that the overall system is compatibly interconnected with the tip of the continuum robot and confined into the sheath of the arm. It is exclusively used for positioning and adjusting the distance between the probe (at the tip) and the sample to be scanned.

Illumination block

The illumination block includes the optical swept source. The wavelength of the source determines the axial resolution of the system and its penetration depth. The penetration depth is a measurement of how deep the light beam can penetrate into the tissue, providing sufficiently intense -typically over 70 dB [START_REF] Friedrich Fercher | optical coherence tomography -Principles and Applications[END_REF] -backreflection/backscattering to be detected by the photodiode over a noise threshold. It basically depends on the properties of absorbance and scattering of the medium: the GE mucosa in our case. Optical properties of light in the stomach tissue were studied by Bashkatov et al. [START_REF] Alexey | Optical properties of human stomach mucosa in the spectral range from 400 to 2000 nm: Prognosis for gastroenterology[END_REF]. The highest penetration depth in the stomach tissue is obtained around a wavelength of 850 nm. Unlike TD-OCT, where the axial resolution is defined by the coherence length of the source, in FD-OCT, the axial resolution is inversely proportional to the bandwidth of the spectrum of the sweep and is recalled here:

∆z = 2 ln 2 π λ 2 0 ∆λ (2.1)
where λ 0 is the central wavelength of the source and δλ the swept range. Although, swept sources in the range of MHz start to be used for a few applications [START_REF] Wang | Heartbeat OCT: in vivo intravascular megahertz-optical coherence tomography[END_REF], they still remain rare and out of the standards. Typically, commercialized swept sources reach A-scan rates around a few 100 kHz [START_REF] Potsaid | Ultrahigh speed 1050nm swept source/Fourier domain OCT retinal and anterior segment imaging at 100,000 to 400,000 axial scans per second[END_REF][START_REF] Klein | High-speed OCT light sources and systems[END_REF][START_REF] Lu | Handheld ultrahigh speed swept source optical coherence tomography instrument using a MEMS scanning mirror[END_REF]. The light swept source employed in our project is an ESS-840 from Exalos © of central wavelength λ 0 = 840 nm, swept range ∆λ = 60 nm and optical power P s = 8 m W with a sweep rate f 0 ≈ 110 kHz. The source has a coherence length l c = 4 m m. The estimated axial resolution equals 5.2 µm according to [START_REF] Struk | Swept source optical coherence tomography endomicroscope based on vertically integrated mirau micro interferometer: Concept and technology[END_REF]. The light of the swept source is injected into a SMF and collimated by a GRIN lens towards the Mirau micro-interferometer. An optical circulator working in the range of the central wavelength of the light source is employed to gather the reflected interferometer signals.

The Mirau micro-interferometer is described Section 2.5.3.

Mirau interferometer

Unlike USs, OCT uses light to measure the echo time delay generated by successive boundaries or diopters between media with varying optical properties. Unfortunately, the capabilities of electronic detection are well under the requirements needed to detect light delay with a resolution of a few tens of µm (corresponding to tens of femtoseconds). Therefore, interferometry is used as the measurement method.

Integration of interferometers in the literature

So far, in Section 2.4, we have presented several systems integrating MEMS and/or MOMS components more or less in a flexible way in order to achieve modularity in diverse optical systems that could be dedicated for endoscopic optical imaging. One combination of optical components that we have not talked about yet is the interferometer. Starting from 1997, with the Mach-Zehnder compact interferometer of Gorecki et al. [START_REF] Gorecki | Silicon-based integrated interferometer with phase modulation driven by surface acoustic waves[END_REF], interferometers were continously miniaturized. The miniaturization of the interferometers and their integration will be discussed in Section 2.5.3.2.

In 2006, Tumlinson et al. [START_REF] Alexandre | Endoscope-tip interferometer for ultrahigh resolution frequency domain optical coherence tomography in mouse colon[END_REF] developed a side-imaging circumferential imaging catheter (which can potentially provide 3D images by retracting the catheter as described earlier) containing a Michelson interferometer integrated in the tip. A 1 m m, 1 /3 pitch micro GRIN lens is integrated at the upstream of the interferometer as illustrated in Fig. 2.20. A 80/10 % beamsplitter receives the converging beam from the GRIN lens and the reference mirror has a radius of curvature matching the incident wavefront for a maximal efficiency in the backreflected coupled beam. The beamsplitter is oriented at an angle of 49°in order to avoid spurious backreflections from the exit diopter of the interferometer. The working distance reported is 300 µm with a lateral resolution of 10 µm and an axial resolution of 2.4 µm. Tumlinson et al. compared the integrated interferometer-based catheter with a common-path catheter: "An interferometer integrated into the distal tip of the endoscope overcomes some of the most troublesome aspects of ultrahigh axial resolution-OCT endoscopy. This geometry removes the need for a separate adjustable reference arm and therefore reduces system complexity and cost. Reference compensation is not required when a new endoscope is attached to the system, allowing "plug-and-play" utility that facilitates widespread clinical application, without the need for costly tolerances on the length of the endoscope fiber. The dynamically changing dispersion and polarization mismatch between sample and reference reflections introduced by fiber in the difference path of the interferometer is eliminated by design, allowing systems to achieve good, and potentially better and more stable, resolution and sensitivity without dispersion compensating prisms and polarization paddles. The beamsplitters demonstrated in both arrangements are spectrally flat over a much wider range than the fiber beamsplitters that are currently used in traditional Michelson interferometers. The spectral flatness of both configurations is currently limited by the chromatic error in the focusing lens and the extent to which the reference is reflected into the fiber's spectrally dependant numerical aperture. The cost of placing the beamsplitter in the endoscope tip is [the] inaccessibility after manufacture [START_REF] Sharma | All-fiber common-path optical coherence tomography: Sensitivity optimization and system analysis[END_REF]. Optimization of the reference reflection strength occurs as part of the design process rather than as part of an experimental procedure. This stability improves image quality and may enable phase measurement [START_REF] Michael | Spectral-domain phase microscopy[END_REF]." Such interferometers are based on a horizontal optical bench assembly and are not adapted for a vertical wafer-level batch integration : all the components would need to be assembled along an optical bench parallel to the optical axis of the probe. In this configuration, the integration is limited and inherent to a tedious assembly of the components leading to misalignments and other cumbersome complications [START_REF] Alexandre | Endoscope-tip interferometer for ultrahigh resolution frequency domain optical coherence tomography in mouse colon[END_REF][START_REF] Duan | Probe alignment and design issues of microelectromechanical system based optical coherence tomography endoscopic imaging[END_REF]. In the author's opinion, this configuration is somehow obsolete today as probes are required to be (1) cheaper, hence (2) monolithically or quasi fully integrated in order to reduce the tediousness of assembly that is often an obstacle to manufacturing, (3) nearly disposable, and finally, (4) more adapted to industrial production. In the following, we will present other configurations of interferometers among the most suitable for batch integration and OCT. From the comparison of the pros and cons of each configuration, we will present the one that was selected for our application in Section 2.5.3.

Comparison of interferometers

As we discussed in Section 2.4.1, the integration of the interferometer is part of the miniaturization process, and its configuration thereby matters. Three configurations of interferometers are adapted for OCT: Michelson, Linnik and Mirau. The configuration the most adapted to our application of endOCT system was selected based on the highest degree of "integrability" of the interferometers. Figure 2.21 shows a comparison of the three configurations of inteferometers.

In the Michelson configuration, represented in Fig. 2.21a, the lens is placed at the beam splitter's upstream and the reference mirror is located outside of the sample path and is thereby not very adapted for wafer-level optical axis piling up fabrication. Oliva et al. [START_REF] Oliva | TwymanGreen-type integrated laser interferometer array for parallel MEMS testing[END_REF] reported a vertically-integrated diffraction grating-based Michelson micro-interferometer. Unfortunately, the high degree of complexity of fabrication and the low efficiency of these devices sidelines them ex officio. The magnification of Michelson interferometers typically ranges from 1 x to 5 x leading to low NA (because of the BS location) and a wide field of view.

In the Linnik configuration, two lenses are directly placed in the sample and reference arms to achieve an equal optical path and minimize the abberations. Linnik interferometers provide very high magnifications (up to 200 x) [START_REF] Lullin | Design , simulation and fabrication of a vertical microscanner for phase modulation interferometry -Application to optical coherence tomography system for skin imaging[END_REF], lateral resolutions and large working distances (depending on the objectives used). On the downside, Linniks are sensitive to mechanical and temperature influences and misalignments and even bulkier than the Michelson configuration.

Mirau interferometers consist of two parallel glass-planes at the downstream of the objective lens. It provides intermediate magnifications, between 10 x and 50 x and is the most adapted for potential miniaturizations [START_REF] Niehues | Low coherent Linnik interferometer optimized for use in nano-measuring machines[END_REF].

Finally, for our application, the Mirau configuration appears to be the best trade-off between Linnik's high NA and magnification and Michelson's robustness, exhibiting in the meantime a high level of integrability [START_REF] Struk | Swept source optical coherence tomography endomicroscope based on vertically integrated mirau micro interferometer: Concept and technology[END_REF][START_REF] Xu | Design of a long range bidirectional MEMS scanner for a tunable 3D integrated Mirau interferometer[END_REF][START_REF] Albero | Micromachined array-type Mirau interferometer for MEMS metrology[END_REF][START_REF] Xu | Modeling and fabrication of tunable 3D integrated Mirau micro-interferometers To cite this version : Modélisation et fabrication de microinterféromètres Mirau accordables intégrés 3D Modeling and fabrication of tunable 3D integrated Mirau micro-interferom[END_REF]. diameter of the incident beam is d = 1 m m. The numerical aperture is a unitless parameters and is approximated in Eq. (2.2).

NA = n sin θ d ≈ n d 2f = 0.05 (2.2)
where θ d is the divergence angle of the gaussian beam and n the refractive index of the medium. The beam path is splitted by means of a beam splitter plate (BSP), on the one hand, into the sample arm towards the sample, and into the reference arm on the second hand, towards a fixed reference mirror made of Cr/Au on the flat side of the surface of the plano-convex lens. Hence, the BSP is located at nearly half the focal length so that the reference mirror is in the focal plane. The backscattered light from the sample interferes with the light from the reference arm and is reinjected into the SMF and detected by a single point detector from Thorlabs © PDA series.

Finally, an acquisition card takes charge of recording the data for further process.

The lateral resolution of the MOEMS probe optical system corresponds to the diameter of the spot size in the focal plane. It is given by [START_REF] Friedrich Fercher | optical coherence tomography -Principles and Applications[END_REF][START_REF] Boppart | Optical coherence tomography: Technology and applications for neuroimaging[END_REF]:

∆x = 2w 0 = 4λ 0 nπ f d = 2λ 0 π 1 NA = 10.7 µm (2.3)
where w 0 , represented in Fig. 2.23 is called the beam waist. For OCT, the waist should always be as small as possible in order to maximize the SNR [START_REF] Aljasem | Fiber optic tunable probe for endoscopic optical coherence tomography[END_REF]. Although a higher SNR yields a better image quality, shrinking the beam waist means diminishing the focal length and thereby the working distance of the probe. Unlike the axial resolution which only depends on the light source, the lateral resolution also depends on the numerical aperture and can be adjusted independently from the axial resolution. Ideally, axial and transverse resolutions are chosen close to each other so that the spatial resolution of the OCT image is isotropic.

The working distance is the clearance on the sample arm between the probe and the focal plane. It depends on the focal length and the packaging type. It is necessary to have a penetration depth greater than the working distance of the probe. In the configuration of Fig. 2.22, the working distance is half the focal distance because the BSP defines the distal end of the probe. Nevertheless, as seen in Section 2.1 endoscopic probes usually integrate a scanning system which needs an additional encapsulation by a bio compatible plastic material intended to be in direct contact with the tissue. In this case, the working distance is measured from the outermost surface of the capsule. An example of configuration is shown in Fig. 2.24 to facilitate the understanding of the dependency of the working distance with the thickness and position of the capsule.

Another specific issue to take into account is the gaussian property of the swept source inducing a depth-dependent transverse resolution. Indeed, the formula of Eq. (2.3) is only valid over the depth of field (DOF). Otherwise, discrepancies in the lateral resolution may deteriorate the quality of the image and lesions outside of the DOF will appear blurer in the OCT B-scan. The DOF of the focused gaussian beam is the length over which the beam remains nearly collimated according to the Rayleigh criterion and equals twice the Rayleigh distance z r = πw 2 0 λ 0 . It is given by [START_REF] Tomlins | Theory, developments and applications of optical coherence tomography[END_REF]:

DOF = π 2λ 0 ∆x 2 = 2 π λ 0 NA 2 = 213 µm (2.4)
and varies with the inverse of the square of the NA. A high DOF is always appreciated in OCT so that the A-scan can cover a sufficiently deep zone without the need to readjust the position of the probe to scan a wider area as soon as the spectral linewidth δλ = l c , of the source is thin (high) enough. However, as shown by Eq. (2.4), increasing the DOF also decreases the lateral resolution. Finally, finding the proper parameters for the system is a compromise between the resolution, the depth of field and the working distance. Table 2.4 recalls the dependency between the optical parameters. As seen earlier in Chapter 1, preinvasive GE lesions that may characterize EGC are located between the epithelium and the outermost wall of the muscularis propria (which is located about 1 m m for the esophagus and 2 to 4 m m for stomach). The typical nuclei size of GE early stage malignancies is about 10 µm and small EGC tumors do not exceed 2 cm in width. A resolution of about 10 µm is usually sufficient to detect malignancies by means of OCT [START_REF] Zuccaro | Optical coherence tomography of the esophagus and proximal stomach in health and disease[END_REF][START_REF] Tsai | Endoscopic optical coherence tomography for clinical gastroenterology[END_REF][START_REF] Kobayashi | High-resolution cross-sectional imaging of the gastrointestinal tract using optical coherence tomography : preliminary results[END_REF]. Finally, the lateral resolution is set at 10.7 µm and is lower than the axial resolution by a factor of 2. The NA and the DOF are calculated at 0.05 and 202 µm respectively although the SNR has not been reported in [START_REF] Struk | Swept source optical coherence tomography endomicroscope based on vertically integrated mirau micro interferometer: Concept and technology[END_REF]. Let us notice that the DOF can be increased using bessel beams, by integration of axicons for examples as reported by Weber et al. [START_REF] Weber | Highly compact imaging using Bessel beams generated by ultraminiaturized multi-micro-axicon systems[END_REF]. Otherwise, another method consists of degrading slightly the resolution (for a focal length of 15 µm, a DOF of ∼ 480 µm can be achieved for a resolution of 16 µm). Table 2.5 summarizes the main parameters of the optical system which will be used as specifications to build the scanner. 

Optical scanner

The system statu quo is a 1D endOCT system, which means that the information that can be collected is the interferometric signal generated by the backscattered light along one dimension: the A-scan that stands for "Axial scan" or sometimes "Amplitude scan" in the literature. OCT systems currently available on the market are demanded to enable at least 3D scans, i.e. to provide real time, 3D images [START_REF] Sun | MEMS-based endoscopic optical coherence tomography[END_REF]. To broaden the image to two more dimensions, an additional 2D scan is required in two directions orthogonal to the A-scan axis and orthogonal between each other. These two additional types of scan are mechanical in nature and realized by micromotors or microscanners as discussed in Section 2.1. The amplitude of the signal determines the brightness of the backreflected spot. Hence, the first out-of-optical-axis-plane scan inherited the suffix B as in "brightness": B-scan. The term of C-scan is sometimes also used to refer to the third perpendicular scan completing the volumic image [START_REF] Schmitz | Optical coherence tomography: its role in daily dermatological practice[END_REF]. The combination of B-scan and C-scan allows to sweep different types of scan patterns such as raster or Lissajous. The type of scan will define the speed of acquisition of the frames, the size of the area of the sample observed (usually a few hundred of µm to a few m m [START_REF] Pan | Endoscopic optical coherence tomography based on a microelectromechanical mirror[END_REF][START_REF] Desmond | Three-dimensional endomicroscopy using optical coherence tomography[END_REF]), the percentage of the covered area, depending on the nature of the scan generated by the B-scan and C-scan waveform. For instance, a raster scan is slower (because run in non-resonant mode) but makes post-processing easier in terms of image reconstruction because the B-scan sawtooth pattern is constant and thus defines ipso facto a 2D cartesian grid.

3D real-time imaging is actually limited by the laser sweep rate. Although most swept-source lasers provide a repetition rate that roughly achieves a hundred kHz [START_REF] Tuma | High-speed multiresolution scanning probe microscopy based on Lissajous scan trajectories[END_REF], electrothermal MEMS scanner's sweep rate are limited to a few kHz [START_REF] Pengwang | Scanning micromirror platform based on MEMS technology for medical application[END_REF]. The fastest mechanical scans are made possible under resonant Lissajous scanning mode, along the two complementary orthogonal axes swept at different frequencies. The size of the covered area and the cover rate depend on the scanning frequency of each axis. The resonance frequency can be chosen as the scanning frequency if the bandwidth allows it and if the cross-coupling is sufficiently negligible to form a Lissajous pattern. "Real time" is a concept that was never quite defined in science, however, the term "real time" is commonly used when the number of frames per second reaches the upper limit of differentiation of the human eye which is around 20 Hz. Nonetheless, real-time imaging was reported in the literature at rates close to a few frames per second [START_REF] Tuma | High-speed multiresolution scanning probe microscopy based on Lissajous scan trajectories[END_REF].

The spatial resolution is given by the spot size stemmed from the NA given by the Mirau microinterferometer (0.05) [START_REF] Struk | Swept source optical coherence tomography endomicroscope based on vertically integrated mirau micro interferometer: Concept and technology[END_REF]. A Lissajous scan is intended to be used in the system with a real-time frame rate of 5 fps for a ROI covered at least at 95 % with a minimum of 3 averagings. The area aimed to be observed, ranges at 1 m 2 m. To meet these requirements, the scanning frequency of the x-axis is expected around the upper limit of the electrothermal actuation capability ( 1 kHz) and the y-axis frequency will be determined using the system of equations Eq. (2.5) as described in [START_REF] Tuma | High-speed multiresolution scanning probe microscopy based on Lissajous scan trajectories[END_REF] and based on the x-axis frequency. It does not need to be as high as the frequency of the x-axis because it is mainly responsible for the trajectory and the covering percentage rather than for the speed defining the real-time limiting frequency of the scan.

     x(t) = x 0 + A x 2 sin(2πf x t) y(t) = y 0 + A y 2 sin(2πf y t) (2.5)
for a time t ∈ [0, ], with the total duration for the trajectory to return to its initial position defined by the couple of coordinates (x 0 , y 0 ). A x and A y in µm determine the scan range, whereas f x and f y , the axis frequencies define the duration , the shape and hence the cover rate. However, the parameters A x and A y also depend on the amplitude of the response frequency of the system. The duration of one Lissajous cycle can be calculated by [START_REF] Tuma | High-speed multiresolution scanning probe microscopy based on Lissajous scan trajectories[END_REF]:

= LCM ( x , y ) = LCM (f x , f y ) f x f y ∈ Q (2.6)
for integer frequencies, with LCM the least common multiple function and x and y the spatial period of the driving signals. Thus, for integer frequencies, we always have = 1/k with k ∈ N * . To increase the cover rate, one can choose non-integer frequencies, that may lead to infinite durations, i.e. ∈ R. Another method for the calculation of frequencies and durations is given by Eqs. (2.7) and (2.8) [START_REF] Cai | Surface modifications with Lissajous trajectories using atomic force microscopy[END_REF]:

f x f y = 2N 2N -1 (2.7)
with N ∈ N * used for the ratio control. And then Cai et al. demonstrated that the pattern could be chosen by tuning the value of N . In addition, if N is chosen large enough, the Lissajous pattern can cover most of the scanned area. The duration can also be calculated as:

= 1 |f x -f y | = 2N f x (2.8) with f x > f y .
Considering that the horizontal and vertical width of scans are equal (A x = A y = A), the ratio N can be related to the target resolution of the Lissajous scan trajectory h defined by the distance between two nearest points around the origin [START_REF] Cai | Surface modifications with Lissajous trajectories using atomic force microscopy[END_REF][START_REF] Bazaei | High-speed Lissajous-scan atomic force microscopy: Scan pattern planning and control design issues[END_REF] as in Eq. (2.9):

N ≈ πA √ 2h (2.9)
Assuming the A-scan rate is 100 kHz, mostly fixed by the swept source features, and that the length (for a line scan) of interest measures 500 µm, considering a single B-scan, the spot size has to stay "idle" during the acquisition time of the A-scan (for 10 µs, on the roundtrip). We define the term of "idle" by an "elementary" displacement of the focal spot ∆ smaller than the limit of the spatial resolution (∼ 10 µm) defined by the Rayleigh criterion to avoid the scan trajectory to be the limiting resolving factor. Hence, the B-scan is required to sweep the resolution length (elementary length) within a time equal or greater than the time needed by the A-scan for the roundtrip. In other terms, the following equation has to be satisfied:

∆ • 1 2f x x /A x > 1 f 0 (2.10)
For the parameters mentionned earlier, the time elapsed between two simultaneous spots spaced of ∆ = 10 µm equals the time of an A-scan. Thus, a frequency of more than 1 kHz would become the degrading factor of spatial resolution. In conclusion the frequency is a compromise between the speed of scan, the area scanned and the spatial resolution.

Similarly, for an area scanned by a B-scan and C-scan in a Lissajous pattern, Eq. (2.11) has to be satisfied.

∆ 2 • 2N f x /A 2 > 1 f 0 (2.11)
Using the same parameters again, Eq. (2.9) gives N = 111 yielding a total duration of scan of = 222 m s for a scanned area A 2 = 0.25 m 2 m and respective fast and slow-axis frequencies of f x = 1 kHz and f y = 996 Hz. In this example, the two frequencies are high and close to each other because N is an integer. Although it does not need to be an integer to provide a satisfactory cover rate enabling much lower C-scan frequencies. For instance, for an A-scan rate of 90 kHz and a Lissajous scan of frequencies f x = 1.286 kHz and f y = 205 Hz, the acquisition time of an area of 500 µm × 500 µm would take 1 s to be thouroughly completed. In this case, the cover rate is very high. However, the acquisition time (1 s) is too long to be considered as real time. Fortunately, after a duration of only 45 m s in the same conditions, the scan has covered 99% of an area of 770 µm × 270 µm corresponding to an imaging frequency of 22 Hz without averaging and yields a elementary scan time of 22 µs without degrading the resolution [START_REF] Tanguy | Design and Fabrication of a 2-Axis Electrothermal MEMS Micro-Scanner for Optical Coherence Tomography[END_REF].

The main features and target specifications obtained from the type of scan are finally summarized in Table 2.6. [START_REF] Duan | Planar and Integrated MEMS Micromirrors Based Endoscopic Optical Coherence Tomography[END_REF] reported an encapsulation tube with a wall thickness h caps = 150 µm that we also adopted for our calculation as a reference. The location of the micro-scanner depends on the size of the mirror w m , itself depending on the angle to be scanned θ opt p8 . The scan angle is a function of the area of interest A as described earlier and of the working distance. Parameters are interdependent and some assertions have to be made to estimate parameters to start off with. Simulations were run using Matlab © to define roughly the size of the mirror, the working distance and the position of the mirror plate d M . These parameters are summarized in Table 2.7. .

Conclusion

The direction of observation required in the esophagus in parallel with the increased stability of the endoscopic probe are the main reasons in favor of the side-viewing method, among the two methods reviewed. Distal actuation, coupled with 2D rotation MEMS scanners reveals many notable advantages such as larger working distances, increased scanning speeds, a higher robustness and insensitivity to the environment as well as lower costs. Distal MEMS scanner-based actuation is thus the favorite canditate in terms of miniaturization and integration. The evolution of the level of embedding of components in endoscopic probes for OCT was reviewed and two modern method of integration were compared. From this comparison, the wafer level vertical batch fabrication was taken on for the integration of the MOEMS probe fabricated in the project DEMO4 in Femto-ST. All of the elements contributing to the project were presented briefly or more in details depending on their interaction with the core of this work. The micro-scanner is not an isolated element that can be built separately from the others and merely "plugged and played". On the contrary, it is strongly dependent on the chain of the other components of the endoscopic system and has to take into account every single other "protagonist" to be properly designed at last. The continuum robotic arm, the Mirau micro-interferometer, and the work already accomplished by former authors of the project is an important milestone which was used to define the specifications that will help to pick up the type of actuation as well as the dimensions of the micro-scanner.

Chapter summary

The state of the art of endOCT probes classified on the criterion of the scanning mechanism allowed to highlight the advantage of the side-viewing configuration for our application of in vivo endoscopic detection of the GI tract. After concluding that a MEMS micro-scanner in distal actuation was the most adapted option, the evolution of the level of embedding of components in endoscopic probes for OCT was reviewed and two "recent" methods of integration were compared. Finally, because of the objective of miniaturization, we opted for a vertical integration-compatible MOEMS micro-scanner as the scanning mechanism. Different technologies will be investigated for the actuators of the micro-scanner in the light of the specifications of the optical architecture established in the last section. This will be done in a brief review of the basic principles of the main existing actuation types in Chapter 3 in order to settle the architecture of the micro-scanner for good.

Chapter 3

Review of tilt 2D MOEMS scanners and actuation principles W e saw in the former chapter that MEMS scanners are widely preferred for OCT endoscopic probe scanning actuation. In fact, MEMS scanners are generally appreciated for a much wider field of applications than bioimaging. As soon as miniaturization is at stake in any field of area, MEMS have a part to play. The MEMS scanner intended to be fabricated in this work belongs to a class of MEMS that merged with micro-optics. This type of micro-devices is called MOEMS. The term of MOEMS was introduced under that name in the '90s. Thus, optical switches, collimators, VCSEL, microbolometers, adjustable microlenses, bistable mirrors, dynamic micromirror displays, laser scanners are all gathered under the name of MOEMS. The aim of this chapter is to bind the real needs in terms of medical expectations for the specific application that is ours, to the technological novelties that need to be developed from the state of the art to meet these demands.

For endOCT of stomach and esophagus cancers, as a conclusion of Section 2.2, suitable MOEMS scanners should be 2D in nature, and more specifically consist of 2 rotations along 2 orthogonal axes to enable B-scan and C-scan. These types of micro-scanner are known in the literature as "tip-tilt".

Basic principle of the main actuation types

Petersen [START_REF] Petersen | Silicon Torsional Scanning Mirror[END_REF] proposed, about 40 years ago a silicon torsional scanning micro-scale mirror actuated electrostatically and Toshiyoshi and Fujita [START_REF] Toshiyoshi | Electrostatic micro torsion mirrors for an optical switch matrix[END_REF] reported the first 1D MEMS switches 20 years ago, using electrostatic force to flip micromirrors in a binary way around a torsion bar axis. However, there are different ways and mechanisms to actuate micro-scanner. Literature is brimming with plenty of solutions exploited for MEMS scanners... We will present the most common types of actuations: electrostatic, electromagnetic, piezoelectric and electrothermal and will introduce a short review of the cornerstones of corresponding MEMS scanners and their features.

Electrostatic actuation

Basic principle

Electrostatic actuation generates mechanical motions between two electrodes with opposite charges using the Coulomb force: "the intensity of the electrostatic force between two opposite charges is proportionnal to the product of the two charges and inversely proportionnal to the square of the distance between the two charges. The direction of the force is projected on the axis binding the two charges". For electrostatic MEMS devices in rotation around a torsion axis, the moving part rotates until the electrostatic torque equals the restoring torque:

T e = 1 2 ∂C ∂θ V 2 and T r = kθ, (3.1)
where V is the voltage applied between the two electrodes, θ the angle of rotation, k the spring stiffness of the moving mirror and C = ε 0 A g the capacitance of the actuator, with ε 0 the permittivity of free space, A the surface of overlap of the electrodes and g the gap between them [START_REF] Hah | Design of Electrostatic Actuators for MOEMS Applications[END_REF]. Two main types of geometries, parallel-plate and comb-drive actuation, are able to provide rotations and are both represented in Fig. 3.1. For parallel-plate actuation, the area of the overlap of the electrodes A that has to be taken into account is the one of the fixed electrode, and the value of the gap g varies with the angle of rotation of the moving electrode. Hence, in order to generate an angle large enough, there is a tradeoff to figure between the length of the gap and the actuation voltage. Fabrication of parallel-plate actuators require a sacrificial layer that determines the gap value. The voltage is limited by the pull-in effect but is usually high and can be hazardous for endoscopic applications [START_REF] Degani | Pull-in study of an electrostatic torsion microactuator[END_REF]. In comb-drive actuation, the gap between the fixed and the moving electrodes is constant, and smaller than for parallel-plate type (usually a few microns). The direction of the electrostatic force is perpendicular upward or downward to the array of the combs and thus more suitable for the generation of rotational scans. As a result, higher angles can be achieved for lower driving voltages. Comb-drive actuators are easier to fabricate because they are arranged in plane and require barely more than one step of dry etch.

Pros & cons of Electrostatic tilt MEMS scanners

Parallel-plate paradigm was the first ever to be implemented in MEMS scanners by Petersen [START_REF] Petersen | Silicon Torsional Scanning Mirror[END_REF]. Many more recent micromirrors were reported: electrostatically parallel-plate driven MEMS achieve angles between 0.5° [START_REF] Yan | Fabrication and electromechanical characterization of silicon on insulator based electrostatic micro-scanners[END_REF] and 11° [START_REF] Bai | Design, fabrication, and characteristics of a MEMS micromirror with sidewall electrodes[END_REF] (excluding IFA) for actuation voltages ranging from 2.7 V [START_REF] Yan | Fabrication and electromechanical characterization of silicon on insulator based electrostatic micro-scanners[END_REF] to 300 V [START_REF] Kallweit | Fabrication of bulk-Si micromirrors with an integrated tilt sensing mechanism[END_REF]. They reach high resonance frequencies from a few Hz up to a few tens of kHz [START_REF] Hsu Kao | Manufacture of micromirror arrays using a CMOS-MEMS technique[END_REF]. A few surface electrodes micromirrors were employed for OCT applications. They can perform 2D scans and are fabricated by multi-user MEMS process (MUMP) technologies. [START_REF] John | Micromachined 2-D scanner for 3-D optical coherence tomography[END_REF][START_REF] Zara | Electrostatic micromachine scanning mirror for optical coherence tomography[END_REF][START_REF] Zara | Optical scanner using a MEMS actuator[END_REF][START_REF] Zara | Scanning mirror for optical coherence tomography using an electrostatic MEMS actuator[END_REF] Vertical comb-drive actuators are the most common configuration for rotational micro scanners. Many vertical comb-drive scanners were demonstrated with remarkable features. Typical angles range between a few degrees (1.5°at 3.8 kHz for 35 V [START_REF] Wu | A molded surface-micromachining and bulk etching release (MOSBE) fabrication platform on (1 1 1) Si for MOEMS[END_REF]) to a few tens of degrees with total optical angles of 86°at a resonance of 30.8 kHz at 70 V [START_REF] Hofmann | High-Q MEMS resonators for laser beam scanning displays[END_REF]). The highest natural frequencies achieved by comb-drive electrostatic scanners was reported by Hofmann et al. [START_REF] Hofmann | High-Q MEMS resonators for laser beam scanning displays[END_REF] at 38 kHz. However, most platforms or mirror plates are two small to be adapted to OCT applications. Bigger plates are also limited by their scanning frequency. Finally, electrostatic devices demonstrated low scanning ranges for reasonable driving voltages or reasonable scanning ranges for high voltages and are thus not the most adequate option for the requirements of our system. As a result, they were also rarely used in OCT.

Electromagnetic actuation

Basic principle

Electromagnetic actuation is based on the generation of an magnetic field generated by an electrical current. Thus, there are two different types of electromagnetic scanning devices represented in Figs. 3.2a and 3.2b respectively: (a) devices whose moving structure is not composed of a magnetic material and that usually have electromagnetic coils integrated onto the moving parts. Their actuation is directly based on the expression of the Lorentz force:

d F L = Id ∧ B, (3.2) 
where is the vector length of the conducting coil wire, tangeant to the wire aligned with the direction of the conventional current I in a magnetic field B as implemented in the rotational 1D scanner of Miyajima et al. [START_REF] Miyajima | A mems electromagnetic optical scanner for a commercial confocal laser scanning microscope[END_REF]. These scanners are free from hysteresis effects. (b) Currentinduced magnetic fields can exert a force onto the moving part of the scanner if it contains a magnetic material (usually nickel or permalloy). This method exhibits hysteresis and requires an aditional step of integration of a permanent magnet or coil in the process [START_REF] Farm | An electromagnetically actuated micromirror with precise angle control for harsh environment optical switching applications[END_REF][START_REF] Dung | Vertical micromirrors integrated with electromagnetic microactuators for two-dimensional optical matrix switches[END_REF][START_REF] Liu | Out-of-plane magnetic actuators with electroplated permalloy for fluid dynamics control[END_REF][START_REF] Judy | Magnetically actuated, addressable microstructures[END_REF].

Pros & cons of Electromagnetic tilt MEMS scanners

Rotative electromagnetic micro scanners were widely used for optical switching [START_REF] Bernstein | Electromagnetically actuated mirror arrays for use in 3-D optical switching applications[END_REF], CM [START_REF] Miyajima | A mems electromagnetic optical scanner for a commercial confocal laser scanning microscope[END_REF] and OCT. Kim et al. [START_REF] Hean | Twoaxis magnetically-driven MEMS scanning catheter for endoscopic high-speed optical coherence tomography[END_REF] demonstrated an endOCT side-viewing probe based on a 1D electromagnetic scanner achieving optical angles of 40°at low voltages (3 V) and 350 Hz of resonance frequency in both axes. Other similar micro scanners were demonstrated [START_REF] Ahn | Silicon scanning mirror of two DOF with compensation current routing[END_REF][START_REF] Can-Jun | High-Speed and Large-Scale Electromagnetically Actuated Resonant MEMS Optical Scanner[END_REF][START_REF] Yang | A Novel Coilless Scanning Mirror Using Eddy Current Lorentz Force and Magnetostatic Force[END_REF]. Can-Jun et al. reported a bulky optical scanner achieving optical angles of ±6.8°at a resonance frequency of 2.95 kHz. Electromagnetic micro devices are mainly limited by their size, especially devices that must accomodate bulky magnets; and devices that afford miniaturized magnets requires higher currents, thus increasing the power consumption. Although commonly used electromagnetic micro-scanners demonstrate attractive features such as low power consumption, inexpensiveness, on the downside, they also suffer from low resonance frequencies, short bandwidths and relatively reduced scanning angle ranges compared to electrothermal micro scanners for instance.

Piezoelectric actuation

Basic principle

Piezoelectric actuation is based on the deformation of a structure made of a piezoelectric material induced by an electric field across the structure. Piezoelectric material commonly used are the Quartz (SiO 2 ), lead zirconate titanate (PZT) but also novel materials such as aluminum nitride (AlN) [START_REF] Wang | A MEMS piezoelectric in-plane resonant accelerometer with two-stage micro-leverage mechanism[END_REF][START_REF] Jin | Low voltage PZT actuated tilting micromirror with hinge structure[END_REF]. Piezoelectric actuators can be of two types: multimorph (usually bimorph) or unimorph illustrated in Figs. 3.3a and 3.3b respectively. In the case of bimorph piezoelectric structures, the two elements extend or retract differently when crossed by an electric field and generate a bending of the final structure [START_REF] Donoso | Optimization of piezoelectric bimorph actuators with active damping for static and dynamic loads[END_REF] whereas unimorphs employ passive elements [START_REF] Sitti | Development of PZT and PZN-PT based unimorph actuators for micromechanical flapping mechanisms[END_REF][START_REF] Zhu | A piezoelectric unimorph actuator based tip-tilt-piston micromirror with high fill factor and small tilt and lateral shift[END_REF]. Reversely, applying a deformation onto the piezoelectric element would induce a stress generating an electric field. This bidirectional property is very appreciated when simultaneous sensing of the structure is required leading to built-in sensor/actuator piezoelectric designs [START_REF] Dosch | Self-Sensing Piezoelectric Actuator for Collocated Control[END_REF][START_REF] Zhang | A novel optimal configuration of sensor and actuator using a non-linear integer programming genetic algorithm for active vibration control[END_REF]. The behavior of a piezoelectric material is given by the coupled system of matrices described by Eq. (3.3) in the IEEE Standard on Piezoelectricity [START_REF] Meitzler | [END_REF].

ε ij = S E ijkl σ kl + d kij E k D i = d ikl σ kl + σ ik E k (3.3)
where ε ij is the strain tensor, σ kl the stress tensor, s E ijkl the compliance tensor, d kij piezoelectric constants, E k the electric field, D i the electric displacement and σ ik the permittivity, with (i, j, k, l) ∈ {1, 2, 3} 4 (1,2,3 being the axes x,y,z).

Finally, the deflection of a piezoelectric unimorphic beam can be formulated as follows (in Eq. (3.4)) as the strain mismatch between two layers:

δ = CL 2 h p (h p + h s ) d 31 V, (3.4) 
with δ the delfection of the beam, C a constant, V the voltage applied, L, h p and h s the length of the beam, and the thickness of the piezoelectric layer and of the holding passive layer respectively. d 31 is a constant of piezoelectric charge.

Pros & cons of Piezoelectric tilt MEMS scanners

Piezoelectric technology is very attractive as it provides large displacements and bandwidths within small footprints for low voltages and low power consumption. Also because of his high sensitivity, piezoelectric actuation was widely implemented for endoscopic microscopy. However, it also exhibits a strong hysteresis phenomenon [START_REF] Ge | Modeling hysteresis in piezoceramic actuators[END_REF] and the fabrication process for thin-film PZT requires alignment of the polarization by application of an electric field. Otherwise axis-oriented piezoelectric materials can also be grown onto the substrate but exhibits displacements of much smaller amplitudes. Finally, the solutions etching the patterns are very polluant.

A few 1D piezoelectric micro-scanners were reported for OCT by Gilchrist et al. [START_REF] Gilchrist | Piezoelectric scanning mirrors for endoscopic optical coherence tomography[END_REF], Naono et al. [START_REF] Naono | A large-scanangle piezoelectric MEMS optical scanner actuated by a Nb-doped PZT thin fil[END_REF] and other 2D mirrors were reported with competitive features. A short comparison of four 2D piezoelectric MEMS micromirrors is given in Table 3.1. Similarly to piezoelectric actuation, electrothermal actuation results from a strain mismatch between mainly two different materials exhibiting different thermal expansions. There exist three types of thermal actuators known as bent-beam, plane-flexural and bimorph actuators, however, only the latter type will be presented as far as the bent-beam and plane-flexural actuators are not suitable for 2D MEMS scanners. Unlike piezoelectric materials, every material is subject to thermal expansion. Hence, there are no unimorphs in electrothermal actuation. Temperature change applied throughout the actuator induces a stress in each layer of a bimorph (or multimorph) and deforms the structure bending up or down as shown in Fig. 4.8 of Chapter 4 depending on the piling up order of the material coefficient of thermal expansions (CTEs) α as figures in Eq. (3.5):

θ = k(E 1 , E 2 , t 1 , t 2 )L b ∆α∆T ∝ V 2 (3.5)
where ∆α the difference of CTE, ∆T the temperature rise varying non-linearly with V 2 and θ is the tilt angle of the bimorph, k is a constant depending on the Young's modulus, the Poisson's ratio and the thicknesses of the layers t 1 and t 2 and L A the length of the bimorph.

The materials used in electrothermal actuators are chosen in a way so that they are compatible one another and that one has a low CTE whereas the other one has a high CTE to increase the strain and thus the displacement for a given temperature. Materials reported in the fabrication process are reported as Al, SiO 2 , polysilicon, Pt, Ti, Ni, Cu [START_REF] Riethmoller | Thermally Excited Silicon Microactuators[END_REF]. The temperature is generated by Joule heating using an embedded resistor/heater across the whole bimorph structure to uniformize the temperature distribution [START_REF] Shane | An electrothermomechanical lumped element model of an electrothermal bimorph actuator[END_REF].

Pros & cons of Electrothermal tilt MEMS scanners

Many different designs were demonstrated proposing a variety of shapes configuration, piling, motions, materials [START_REF] Liu | Miniature endoscopic optical coherence tomography probe employing a two-axis microelectromechanical scanning mirror with through-silicon vias[END_REF][START_REF] Samuelson | A 2.8-mm imaging probe based on a high-fill-factor MEMS mirror and wire-bonding-free packaging for endoscopic optical coherence tomography[END_REF][START_REF] Sun | 3D in vivo optical coherence tomography based on a low-voltage, large-scan-range 2D MEMS mirror[END_REF][START_REF] Jain | A two-axis electrothermal micromirror for endoscopic optical coherence tomography[END_REF][START_REF] Riethmoller | Thermally Excited Silicon Microactuators[END_REF][START_REF] Shane | An electrothermomechanical lumped element model of an electrothermal bimorph actuator[END_REF][START_REF] Wu | A large vertical displacement electrothermal bimorph microactuator with very small lateral shift[END_REF][START_REF] Liu | MEMS mirrors based on a curved concentric electrothermal actuator[END_REF][START_REF] Shane | Steady-state 1D electrothermal modeling of an electrothermal transducer[END_REF][START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF][START_REF] Pal | A curved multimorph based electrothermal micromirror with large scan range and low drive voltage[END_REF][START_REF] Shane | A 3-D Micromirror Utilizing inverted-Series-Connected Electrothermal Bimorph Actuators for Piston and Tilt Motion[END_REF][START_REF] Shane | A multi-degree-of-freedom micromirror utilizing inverted-series-connected bimorph actuators[END_REF][START_REF] Jia | An electrothermal tip-tilt-piston micromirror based on folded dual s-shaped bimorphs[END_REF][START_REF] Jain | A thermal bimorph micromirror with large bi-directional and vertical actuation[END_REF][START_REF] Authors | Investigation of dynamic thermal behaviors of an electrothermal micromirror Abstract[END_REF][START_REF] Zhang | A fast, large-stroke electrothermal MEMS mirror based on Cu/W bimorph[END_REF]. Very large piston motions were achieved by the large-vertical-displacement (LVD) and later lateral-shift-free (LSF) configuration first reported by Wu and Xie [START_REF] Wu | A large vertical displacement electrothermal bimorph microactuator with very small lateral shift[END_REF], Jain et al. [START_REF] Jain | A thermal bimorph micromirror with large bi-directional and vertical actuation[END_REF]. Later, Todd et al.(rip) developed tip-tilt-piston (TTP) invertedseries-connected (ISC) actuators to generate high angular displacements. ISC-based micro-scanners were widely adopted for OCT scanning [START_REF] Duan | Optical coherence tomography endoscopic probe based on a tilted MEMS mirror[END_REF][START_REF] Sun | 3D in vivo optical coherence tomography based on a low-voltage, large-scan-range 2D MEMS mirror[END_REF]. Electrothermal TTP devices show off up to 64° [START_REF] Jain | A two-axis electrothermal micromirror for endoscopic optical coherence tomography[END_REF] in rotation and exhibit low driving voltages between 0.6 V and 12 V for 60°at operating frequencies of 104 Hz and 170 Hz respectively [START_REF] Pal | A curved multimorph based electrothermal micromirror with large scan range and low drive voltage[END_REF][START_REF] Jain | A single-crystal silicon micromirror for large bi-directional 2D scanning applications[END_REF]. Although, electrothermal actuation is the actuation technique that requires the most photomasks and steps of fabrication, these steps remain relatively realizable in most semi-advanced microfabrication facilities. They achieve very large angles for low voltages within frequency ranges able to provide real time imaging through adapted beam scannings. Apart from high power consumption, their high driving current is not a critical concern for us as far as the safety of the patient under diagnosis depends on the value of the voltage applied on the micro-scanner. Table 3.2 summarizes the main features of the four actuation types presented in this chapter. A large angular actuation range is required to have the possibility to expand the scanned area. Resonance frequencies in the range of kHz are required and sufficient to perform real time 3D imaging. The maximum voltage is also a critical parameter and finally, as the device is supposed to be mounted onto a Mirau micro-interferometer within the same batch of fabrication (in a monolithic way), the easier the fabrication, the better to avoid any excessively time-consuming task during the bestowed period of the project of design, fabrication and integration. Based on all of these criteria, electrothermal actuation appears to be an opportune choice in our case. Additionally, a complete state of the art is available and electrothermal MEMS have been widely studied for a wide range of applications. Besides, a few of them will be presented in Section 3.2. 

State of the art of MEMS electrothermal tilt scanners

This section will give a non-exhaustive review of the electrothermal MEMS scanners and their structural evolution until today. It will show off their design and features. However, the electro-thermomechanical (ETM) principle of actuation will be presented in Chapter 4. The quasi-monopoly of the electrothermal MEMS scanners is detained by Pr. Xie Huikai from the University of Florida that started to develop the first micro-scanner based on electrothermal actuators in 2001 [START_REF] Garcia | Induced-strain multimorphs for microscale sensory actuation design[END_REF]. In the following, we will refer to these devices by the acronym micro-optical electro-thermo-mechanical scanner (MOTEMS). All the publications relating the work of Pr. Xie's students and collaborators concerning MOTEMS from the beginning until today, have been summarized in Section 3.3 and classified using a color coding according to the successive generations implemented and specified in Table 3.3. However, MOTEMS have been widely developed by other groups as a technology for various applications such as micro display, bioimaging or other medical applications. In 1992, 

Generation

Type and color coding In this second generation, shown in Fig. 3.6 , thermal isolation regions were considered between the bimorphs and the substrate and between the bimorph and the mirror plate to increase the temperature in the bimorph array (and hence the angular response) and the thermal response time of the device. When heating up the bimorphs, the mirror plate goes down in a rotational pitch motion. These actuators exhibit lateral shift and tip tilt as drawn in Fig. 3.14, i.e. their center of rotation is not fixed. Additionally, the angle of rotation is very large compared to the footprint and leads to complications concerning the packaging.

These designs inspired Jain et al. [START_REF] Jain | A two-axis electrothermal micromirror for endoscopic optical coherence tomography[END_REF][START_REF] Jain | An electrothermally-actuated, dual-mode micromirror for large bi-directional scanning[END_REF] who implemented micro-scanners actuated by two bimorph arrays. Generation A3 exposes a mirror plate actuated by two independent electrothermal arrays en face culminating into either controlled 2D angle either a piston motion with lateral shift (see Figs. 3.7 and 3.14). Mechanical rotation angle deflects by 26.5°at 3 V when generated by the outer bimorph array and by -16.5°at 5.5 V when the smaller inner array is actuated alone. The simultaneous actuation of the two arrays enables a piston motion (vertical displacement) [START_REF] Jain | An electrothermally-actuated, dual-mode micromirror for large bi-directional scanning[END_REF].

Generation A4 also employs a pair of independent arrays arranged perpendicularly so that a 2D tilt can be generated. The frame axis shows off 25°in rotation at 17 V (135 m W) and 40°at 15 V (95 m W) for the mirror plate. Higher angles are possible but would increase the stress induced and diminish the life time significantly [START_REF] Jain | A two-axis electrothermal micromirror for endoscopic optical coherence tomography[END_REF]. Generation A5 is a fusion of the two former generations reported in 2006 by Jain and Xie [START_REF] Jain | A single-crystal silicon micromirror for large bi-directional 2D scanning applications[END_REF] and demonstrates large deflections over two axes (±30 °opt at 12 V DC ) and a high vertical displacements (up to 500 µm at ∼15 V DC ). In this version, the leverages are even more pronounced than formerly so that this configuration cannot be utilized for a proper scanning for OCT as it also shows a strong thermal coupling between the frames. The consequent mass of the outermost frame limits the natural frequency of the overall device at 170 Hz. Single ETM bimorphs were also implemented in micro structures to generate 2-axis rotative movements. Schweizer et al. [START_REF] Schweizer | Thermally actuated optical microscanner with large angle and low consumption[END_REF][START_REF] Schweizer | Two-dimensional thermally actuated optical microprojector[END_REF] proposed ETM structures for microprojectors enabling large angles of 10 °opt at 3 m W for one design and a torsional mode resonance frequency at 1.345 kHz and a thermal cut-off frequency at 30 Hz and 30 °mech at 1.2 m W at a resonance frequency of 550 Hz. Pal and Xie [START_REF] Pal | Analysis and Simulation of Curved Bimorph Microactuators[END_REF] reported an elliptical micromirror ( generation C ) actuated by a curved ETM bimorph able to generate rotations at angles up to 22 °opt at 0.37 V DC (9 m W) in three modes of actuations, along the first axis at 3.9 kHz and 8.6 kHz and along the perpendicular axis at 17 kHz. However, the center of the mirror is subject to strong fluctuations although Q-factors are not mentionned in these designs [START_REF] Pal | Design and fabrication of 2D fast electrothermal micromirrors with large scan range and small center shift[END_REF]. To overcome the issues stemmed from the floating center of rotation, Todd et al. [START_REF] Shane | A 3-D Micromirror Utilizing inverted-Series-Connected Electrothermal Bimorph Actuators for Piston and Tilt Motion[END_REF] published an innovating structure composed of four ISC actuators in parallel regularly arranged around a mirror plate whose center is thus kept fixed around a rotation axis. The principle of actuation is presented in Fig. 3.14 and the first micromirror fabricated is shown in Fig. 3.10. The generations of ISC series were conceived to provide large-angle TTP micro-scanners and has undergone many evolutions to improve the performances to correspond to the numerous fields of applications covered by this type of actuation [START_REF] Duan | An endoscopic forward-viewing OCT imaging probe based on a two-axis scanning mems mirror[END_REF][START_REF] Wang | Common-path optical coherence tomography using a microelectromechanical-system-based endoscopic probe[END_REF][START_REF] Shane | A 3-D Micromirror Utilizing inverted-Series-Connected Electrothermal Bimorph Actuators for Piston and Tilt Motion[END_REF][START_REF] Shane | A multi-degree-of-freedom micromirror utilizing inverted-series-connected bimorph actuators[END_REF][START_REF] Jia | An electrothermal tip-tilt-piston micromirror based on folded dual s-shaped bimorphs[END_REF][START_REF] Jia | Dental optical coherence tomography employing miniaturized MEMS-based imaging probe[END_REF][START_REF] Liu | Confocal microendoscopic 3D imaging using MEMS scanners for both lateral and axial scans[END_REF][START_REF] Zhang | A robust, fast electrothermal micromirror with symmetric bimorph actuators made of copper/tungsten[END_REF][START_REF] Zhang | A Wide-angle Immersed MEMS Mirror and Its Application in Optical Coherence Tomography[END_REF][START_REF] Wang | Endoscopic swept-source optical coherence tomography based on a two-axis microelectromechanical system mirror[END_REF][START_REF] Wang | Correction of image distortions in endoscopic optical coherence tomography based on twoaxis scanning MEMS mirrors[END_REF][START_REF] Zhang | Modelbased angular scan error correction of an electrothermally-actuated mems mirror[END_REF]. The generation ISC evolved from simple ISC actuators to "hidden" ISC micro-scanners to increase the fill factor and eliminate the artefacts due to reflections onto the actuators [START_REF] Samuelson | A 2.8-mm imaging probe based on a high-fill-factor MEMS mirror and wire-bonding-free packaging for endoscopic optical coherence tomography[END_REF][START_REF] Duan | Probe alignment and design issues of microelectromechanical system based optical coherence tomography endoscopic imaging[END_REF][START_REF] Xie | Development HFF large-aperture micromirrors agile optical phased arrays[END_REF][START_REF] Wu | A 2.8-mm imaging probe based on a high-fill-factor MEMS mirror and wire-bonding-free packaging for endoscopic optical coherence tomography[END_REF][START_REF] Jia | High-fill-factor, tip-tilt-piston micromirror array with hidden bimorph actuators and surface mounting capability[END_REF][START_REF] Jia | Single-wafer solution and optical phased array application of micro-mirror arrays with high fill factor and large sub-apertures[END_REF][START_REF] Jia | High-fill-factor micromirror array with hidden bimorph actuators and TipTilt-Piston capability[END_REF][START_REF] Sun | Design and Characterization of MEMS Based Optical Coherence Tomography Endoscopic Probe[END_REF][START_REF] Duan | Swept-source common-path optical coherence tomography with a MEMS endoscopic imaging probe[END_REF]; to double ISC [START_REF] Jia | Multi-axis electrothermal scanning micromirror with low driving voltage[END_REF][START_REF] Samuelson | A large piston displacement MEMS mirror with electrothermal ladder actuator arrays for ultra-low tilt applications[END_REF][254] and triple ISC [START_REF] Xie | Miniature fourier transform spectrometers based on electrothermal MEMS mirrors with large piston scan range[END_REF][START_REF] Wang | A bi-directional large-stroke electrothermal MEMS mirror with minimal thermal and temporal drift[END_REF] in series to increase the vertical and angular displacement. Liu et al. reported a simple ISC MOTEMS reaching angles of ± 26 °opt at 4.5 V and a resonance frequency of 460 Hz.

Double and triple series/parallel-connected ISC actuators were implemented to provide higher displacements with an increased resonance frequency compared to single-ISC actuation at 1.1 kHz as reported by Samuelson and Xie [START_REF] Samuelson | A large piston displacement MEMS mirror with electrothermal ladder actuator arrays for ultra-low tilt applications[END_REF] and higher than 560 Hz Wang et al.'s triple ISC structure [START_REF] Jia | Multi-axis electrothermal scanning micromirror with low driving voltage[END_REF][START_REF] Samuelson | A large piston displacement MEMS mirror with electrothermal ladder actuator arrays for ultra-low tilt applications[END_REF][254][START_REF] Wang | A bi-directional large-stroke electrothermal MEMS mirror with minimal thermal and temporal drift[END_REF].

In parallel, a group of research from Singapore published similar 2D TTP MOTEMS using long cantilever beams and incorporated it into an endOCT system successfully [START_REF] Xu | Design and development of a 3D scanning MEMS OCT probe using a novel SiOB package assembly[END_REF][START_REF] Singh | A two axes scanning SOI MEMS micromirror for endoscopic bioimaging[END_REF][START_REF] Premachandran | Design, fabrication, and assembly of an optical biosensor probe package for OCT (optical coherence tomography) application[END_REF][START_REF] Mu | Procedia Engineering A 3mm Endoscopic Probe with Integrated MEMS Micromirror for Optical Coherence Tomography Bioimaging[END_REF][START_REF] Mu | A 3mm Endoscopic Probe with Integrated MEMS Micromirror for Optical Coherence Tomography Bioimaging[END_REF][START_REF] Mu | MEMS micromirror integrated endoscopic probe for optical coherence tomography bioimaging[END_REF]. A mirror plate of 400 µm in diameter is tilted along two axes by angles of 17 °mech at 1.6 V DC (23 m W and 90 °C). Nevertheless, the radius of curvature of the mirror surface is significantly low (about 5 m m) and may affect the depth of focus.

Their design inspired Izhar et al. [START_REF] Izhar | A multi-axis electrothermal micromirror for a miniaturized OCT system[END_REF] in 2011 who developed an alternative ETM micromirror designed for an OCT system. The mirror plate achieves up to 32 °mech at 12 m W of input power (70 °C) and demonstrates resonance frequencies over 1 kHz. A better roughness was reported around 100 nm ± 20 nm. And very recently, a similar design was adopted by Lara-Castro et al. [START_REF] Lara-Castro | Design and modeling of polysilicon electrothermal actuators for a MEMS mirror with low power consumption[END_REF] with reported very low power consumption, achieving tip vertical displacements of 10.3 µm at 2.5 V, corresponding to 6.3 m W and 115 °C.

LSF actuators were created to generate very large displacements, mainly vertically and were thus used for mirrors that required a flat and stable vertical course minimizing the tilt of the mirror plate (see Fig. 3.13) [START_REF] Sun | 3D in vivo optical coherence tomography based on a low-voltage, large-scan-range 2D MEMS mirror[END_REF][START_REF] Wu | A large vertical displacement electrothermal bimorph microactuator with very small lateral shift[END_REF][START_REF] Zhang | A fast, large-stroke electrothermal MEMS mirror based on Cu/W bimorph[END_REF]. Other designs included curved LSF actuators [START_REF] Liu | MEMS mirrors based on a curved concentric electrothermal actuator[END_REF] and electrothermal actuation coupled with electrostatic actuation for a forward-view fiber scanner [START_REF] Zhang | An electrothermal/electrostatic dual driven MEMS scanner with large in-plane and out-of-plane displacement[END_REF][START_REF] Zhang | [END_REF]. The formerly mentionned different types of actuation are all "planar" and require an additional step of integration when used within endoscopic probes for optical imaging. This additional step is the positioning of the scanner at 45°to deflect the laser beam perpendicularly away from the micro-scanner surface as depicted in Figs. [START_REF] Duan | Optical coherence tomography endoscopic probe based on a tilted MEMS mirror[END_REF][START_REF] Duan | A 45 deg-tilted 2-axis scanning micromirror integrated on a silicon optical bench for 3D endoscopic optical imaging[END_REF][START_REF] Duan | A self-aligned 45°-tilted two-axis scanning micromirror for side-view imaging[END_REF].

Among all the generations of actuation presented above, none has a fixed rotation axis. Furthermore, rotating micromirrors also exhibit piston motions as TTP micro-scanners have 3 degrees of freedoms (dofs) for instance. Both tilt and piston motions are rarely needed in a system together, so that one dof is worthless and thus ignored. Unfortunately, the unexploited motion cannot be altogether left out as if it did not exist, because it can take different values or positions without impacting the two others and is an input parameter that must be controlled if one does not want to blindly control the actuation system. Unfortunately, from an observability point of view, and depending on the sensing system, the piston and the tilt motion for example cannot be sensed simultaneously which makes the system only partially observable1 , unless in some very specific cases the target system also acts as a sensor [START_REF] Han | Miniature Fourier transform spectrometer with a dual closed-loop controlled electrothermal micromirror[END_REF]. A pure vertical piston motion without the least dofs for the tilt, in the author's opinion, is a pipe dream, yet the contrary would be worth considering. 

Conclusion

Among the four main actuation mechanisms presented in this chapter, electromagnetic and electrothermal actuation are in competition in terms of perfomance sought for an application such as ours. Features that motivated the selection of electrothermal actuation relies in the fact that electromagnetic actuation possessed a few undesired flaws. First, either hysteresis is present in the system response, either systems are bulky and become too cumbersome to be suitable for endoscopic integration whereas electrothermal micro-scanners do not exhibit hysteresis and can be greatly miniaturized. Although, electrothermal actuation is slower than electromagnetic actuation, it still reaches paces compatible with real time imaging [START_REF] Tanguy | Design and Fabrication of a 2-Axis Electrothermal MEMS Micro-Scanner for Optical Coherence Tomography[END_REF]. Second, electrothermal actuation is much more linear and can even be used sometimes in open-loop to provide repeatable scans and sufficient quality images [START_REF] Wibool Piyawattanametha | Surface-and Bulk-Micromachined Two-Dimensional Scanner Driven by Angular Vertical Comb Actuators[END_REF].

In a few research centers, and especially the BML group of the UF, electrothermal MEMS scanners have been developed for the two last decades to match the need of diverse applications by the design of various shapes of actuators. Four generations of actuators were distinguished denoting an evolution in the motion of actuation, the number of dofs and the general performances in speed and motion amplitude.

Because of the constraints linked to the type of scan required for the endoscopic GI OCT imaging, ISC-based actuators have revealed to be the most relevant shape. However, among all types of structures already existing in the former generations, none matches our needs in terms of dofs.

As a result, an "upgrade" in the design at the structure level needs to be taken into account to meet the new requirements.

Chapter summary

In this chapter, a comparison of the four main types of MEMS actuation was presented, and after selecting the electrothermal actuation for its advantages of size, dynamic performances and linearity, the basic principle of electrothermal actuators was introduced. An exhaustive list of the evolution of the electrothermal actuators developed in BML was provided in a state of the art to lay the foundations of a new type of actuators to be developed in the work which will be presented in the next chapter. Next chapter consists of presenting the model and the design of the whole structure of the micro-scanner conceived for integration with the Mirau micro-interferometer at the end.

Chapter 4

Description and design of the micro-scanner T he former chapters have contributed to determine the "unknowns" of the system intended to be built up in this work. Specifications were defined in order to design the core of the system and the central element of this work: the micro-scanner. An electrothermal MEMS scanner for full integration into an embedded OCT side-imaging Mirau micro-interferometer-based probe is proposed in this chapter. Although several designs have been realized in this work, only three of them, exhibiting the best performances are thouroughly presented. In a first time, the principle of electrothermal bimorph actuation is introduced. A second section describes the overall design and the model of the structure in its main features. The different types of actuators are studied as systems composed of two main subsystems that are the electro-thermal and the thermo-mechanical systems from static and dynamic approaches. A first batch of fabrication was carried out followed by a second one implementing subsequent modifications worth to be quoted as "improvements" in the design. Although these enhancements came up after the first series of characterization of the first batch of micro-scanner, they were still incorporated in the same section of the present chapter. Finally, all the choices in the design were made in a way so that the micro-scannercan meet the specifications defined in the former chapters. Additional aspects such as CMOS process compatibility as well as packaging and control simplification were also taken into account in the design.

Optical design

The optical design of the micro-scanner is briefly recalled here in its alignment with the Mirau micro-interferometer, although it was already overviewed in Chapter 2 to define the main specifications necessary to build the MEMS scanner. Ideally, the micro-scanner would be monolithically integrated onto the Mirau micro-interferometer block and electrically connected to an external signal generator. Figure 4.1 shows two cross-sectional views: parallel to the optical axis and from the distal end of the probe.

Although, the MOEMS probe is designed to provide OCT images whose sizes range within 1 m m at most, the need for imaging larger biological specimens at high resolution motivated the enlargement of the FOV by the implementation of mosaic techniques. "Mosaicing is the 69 alignment of multiple images into larger compositions which represent portions of a 3D scene" [START_REF] Capel | Image Mosaicing[END_REF]. Considering elementary images of 1 m m, a mosaic of a series of 16 adjacent images could thus reconstitute a total image area of about 4 m m with about 10 % of overlap between each elementary image. The common value of 10 to 15 % of overlap is generally used to avoid artefacts [START_REF] Pizarro | Toward large-area mosaicing for underwater scientific applications[END_REF]. The stitching is more likely to be performed by the robotic continuum arm (part of the whole apparatus) precisely moving the distal MOEMS probe's head along a tiled pattern. Larger angles provided by the micro-scanner itself can also allow mosaicing for different bias angular positions, but within more limited areas and may induce distortions and a significant intensity drop due to the large angle-related increased scattering of the tissue.
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All the dimensions rely on the mirror plate size and location within the MOEMS probe. The center and the size of the mirror plate are defined so that the laser beam remains confined within the reflective area of the mirror plate upon actuation between the highest and the lowest angle of scan. The working distance is related to the distance between the mirror plate and the BSP. Therefore, the thickness of the substrate the micro-scanners were fabricated on, was chosen in the range of 300 to 500 µm (t sub ). This value refers to the sum of the thicknesses of the silicon-oninsulator (SOI) wafer handle and device layers and will be introduced more in details in Chapter 5. The substrate thickness is represented in green in Fig. 4.1a. This figure shows the micromirror in the theoretical initial position at 45°in a cross-section view around an axis that will be referred to as "pitch axis" in the following, whereas Fig. 4.1b depicts the rotation around the "roll axis". The rotations of the micromirror around the "pitch" and "roll" axes drive the B and C-scans of the OCT image. In order to avoid anticipating the architecture of the micro-scanner, a realistic view of the probe -including the GRIN lens, the Mirau micro-interferometer and the MEMS scannerin its final version is shown in Fig. 6.19 of Chapter 6.

The thickness of the sheath encapsulating the endoscopic probe has only been taken into account for the estimation of the working distance, however, no design of capsule was brought up in this work. As both the Mirau micro-interferometerand the micromirror have an identical squared footprint of 4 m m side, the capsule may either possess a squared shaped, either be cylindrically circumscribed about the length of the whole probe. If a cylinder is used, then the diameter of the probe will be increased by a factor of √ 2 from the circumscription of the square base of the Mirau micro-interferometer. In both cases, the capsule would be ending by a cylindrical or spherical cap with a curvature adapted to the shape of the scan.

Finally, a cylindrical shape would bring more astigmatism and abberations than a cylindrical shape where the beam would always cross the diopters of the capsule perpendicularly. On the downside, remaining perpendicular with respect to the probe capsule may induce artefacts in the OCT image due to unwanted backreflections on the diopters. Indeed, in the literature, angles of approximately 47°or 43°are chosen in order to deviate the specular reflexion from the optical axis. When SMF and GRIN connexions are required, it is crucial to minimize the backreflexion, so that both components are polished with an angle of 8°and a few endoscopic systems adopt this design in the very tip of the optics constituting the catheters [START_REF] Victor | Interstitial Doppler optical coherence tomography[END_REF].

Electrothermal actuation principle

Electrothermal bimorph actuation has been widely studied and optimized during the past decade, in particular by Todd [START_REF] Shane Truman | Electrothermomechanical modeling of a 1-D electrothermal MEMS micromirror[END_REF] who was the first student from BML in Florida to establish a static (steadystate) model of the electrothermal bimorph cantilever beam. Others from the same group brought enhancement to the model especially on a dynamic aspect [START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF][START_REF] Pal | Dynamic Compact Thermal Model of an Electrothermal Micromirror Based on Transmission Line Theory[END_REF][START_REF] Authors | Investigation of dynamic thermal behaviors of an electrothermal micromirror Abstract[END_REF]. We will study in this section the core element of the electrothermal bimorph-based actuators: the bimorph/multimorph cantilever beam in their principle as well as the materials that can be used to fabricate them. An thermal bimorph cantilever beam is a beam composed of two layers of materials with different CTE stacked one over another. When the beam is subject to a change in temperature, the two layers expand or 2shrink differently. As the layers are welded together on their common boundary surface, the strain of both layers on that surface is equal and the one-dimensional displacement of each layer taken separately is converted into a bending motion. A representation is given Fig. 4.2. The angle, lateral shift and tip tilt of the beam depend and the materials CTE and on the temperature as described by Eq. (3.5). It can be assumed that the Young's modulus, the thicknesses, the length of the beam and the CTE are parameters that do not depend on the temperature and remain constant along the beam at all time. However, the temperature change ∆T has a non-uniform distribution along the bimorph beam that must be studied in the first place before deriving any other displacement variables.

Electrothermal bimorph actuation principle

Models of bimorph cantilever beams were established using the heat transport equation and lead to simple equations that can easily describe models able to relate the input, which is the electrical voltage applied across the system, and the output which is the temperature change throughout the beam. The temperature change is due to the heat dissipation of the resistance by Joule heating and thereby causes the beam to deflect. In former designs, this resitor used to be externally attached to the fixed end of the actuator (on the substrate) [START_REF] Shane | A multi-degree-of-freedom micromirror utilizing inverted-series-connected bimorph actuators[END_REF][START_REF] Jia | Multi-axis electrothermal scanning micromirror with low driving voltage[END_REF]. However, recent configurations tended to embed the heater into the bimorph structure leading to a better control of the thermal gradient, and a more uniform distribution of temperature all along the actuator [START_REF] Jia | An electrothermal tip-tilt-piston micromirror based on folded dual s-shaped bimorphs[END_REF]. Other critical parameters will also be extracted from this very model and reinserted into the thermomechanical model. A dynamic model inspired from the work of Pal and Xie will be presented and used to deduce preliminary parameters to design our basic bimorph cantilever. In a second phase, these parameters will be considered at the structure level and rectified by finite-element model (FEM) simulation if necessary.

Steady-state model

A complete analytical electrothermal model can be complicated if all the thermal non-linearities are taken into account. Steady-state models, in particular, are appreciated to keep an analytical form so that basic information can be simply deduced, and a range of adequate parameter values can be quickly established. Mathematical parameters that are going to be used for calculation from now on will also be listed in the mathematic nomenclature. As shown in Fig. 4.2, L b is the length of the bimorph, w b is the width of the section of the bimorph (when the two layers have the same width), t 1 and t 2 denote the thickness of each layer of the top and the bottom respectively. For multimorphs of N layers, t i will represent the thickness of the layer i for i ∈ [1 : N ] with t N the thickness of the bottommost layer. As the length of the transducer is much larger than its width and thickness, an assertion of one-dimensional propagation is made for the conduction. The temperature distribution T (x) only varies along the length of the bimorph over the x-axis. The temperature change is denoted as:

∆T (x) = T (x) -T 0 , (4.1) 
where T 0 is the temperature at the fixed end of the bimorph (when the bimorph element is studied independently to other elements) or the ambient temperature if the actuator is fixed onto the substrate in ambient air. Assuming, the thermal conductivity of the transducer's material κ remains constant with temperature, it can be approximated by the weighted average 1 of all the thermal conductivities of the materials constituting the composite structure. We consider a heater embedded into the bimorph made of a material of electrical resistivity ρ E . ρ E X will denote the electrical resistivity of the periodic element X of the table of Mendeleev. The electrical resistivity varies with temperature, and for an abscissa x, equals:

ρ E (x) = ρ E0 (1 + ξ∆T (x)), (4.2) 
with ρ E0 the electrical resistivity at the temperature of the substrate T 0 , and ξ the temperature coefficient of electrical resistance (TCR). R T L and R T R refer to the thermal resistances at the left and right end of the bimorph beam at x = 0 and x = L b respectively. In many models established, the radiation has been a neglected parameter [START_REF] Shane | An Analytical Electrothermal Model of a 1-D Electrothermal MEMS Micromirror[END_REF][START_REF] Wu | 124-degree Rotation Angle Electrothermal Micromirror With Integrated Platinum Heater[END_REF][START_REF] Pal | Distributed and lumped element models for a bimorph-actuated micromirror[END_REF][START_REF] Authors | Investigation of dynamic thermal behaviors of an electrothermal micromirror Abstract[END_REF][START_REF] X X Feng | LVD micromirror for rapid reference scanning in optical coherence tomography[END_REF]. Although some authors claim that radiation is responsible for less than 1 % of the total heat loss [START_REF] Hickey | Heat transfer analysis and optimization of two-beam microelectromechanical thermal actuators[END_REF], this determination depends on the estimated value of the convection coefficients, which differ significantly from one author to another as shown in Table 4.2. Indeed, the contribution of the radiation could be higher, and therefore not negligible for high temperatures of the bimorph. Temperature distributions were sometimes measured using thermal cameras detecting radiative IR waves [START_REF] Jain | A two-axis electrothermal micromirror for endoscopic optical coherence tomography[END_REF][START_REF] Pal | Analysis and fabrication of curved multimorph transducers that undergo bending and twisting[END_REF]. In our case, the bimorph actuators reach temperatures up to ∼ 400 °C [START_REF] Zhang | A robust, fast electrothermal micromirror with symmetric bimorph actuators made of copper/tungsten[END_REF]. The steady-state heat transport equation in 1D is given by Eq. ( 4.3) [START_REF] Shane | Steady-state 1D electrothermal modeling of an electrothermal transducer[END_REF][START_REF] Izhar | A multi-axis electrothermal micromirror for a miniaturized OCT system[END_REF] including the conduction throughout the transducer and the convection on the surface.

d 2 T (x) dx 2 - perimeter 2(w b + t b ) w b t b surf ace S h κ ∆T (x) = - P E (x) SκL b = - q e (x) κ (4.3) 
P E is the applied electric power and q e the power density generated by the electrical resistor and will be detailed lower. However, the radiation was neglected by the authors, we prefer to consider that the coefficient of radiation can be included in the coefficient of convection h. Indeed, although the term of radiation is proportional to (T 4 -T 4 0 ), it can be consolidated with h around a working point. Todd and Xie [START_REF] Shane | Steady-state 1D electrothermal modeling of an electrothermal transducer[END_REF] suggested three models to describe the electrothermal behavior of a bimorph cantilever actuator with different arbitrary thermal resistances in its ends. Comparing the three models led to the conclusion that assuming a simple model where the electrical resistance generates a uniform power density in the transducer, ignoring the convection coefficient (h=0) could be satisfactory enough to describe the steady-state electrothermal behavior of the bimorph and determine preliminary parameters for the transducer. Using these assertions, it was shown that "the average temperature change v.s. the applied power and v.s. the applied voltage relationships (. . . ) always agree with the more accurate model within factors of 12/π 2 and 2 √ 3/π respectively", and "the balancing factor (. . . ) can be used to calculate the relative position of maximum temperature and matches the thermal imaging data wihtin 3%" [START_REF] Shane | Steady-state 1D electrothermal modeling of an electrothermal transducer[END_REF]. Solving Eq. (4.3), and applying the same boundary conditions as in [START_REF] Shane | Steady-state 1D electrothermal modeling of an electrothermal transducer[END_REF] leads to the temperature distribution along the electrothermal transducer as shown in Eq. (4.4) [START_REF] Shane Truman | Electrothermomechanical modeling of a 1-D electrothermal MEMS micromirror[END_REF]:

∆T (x) = P E R ⇒ T A - x 2 2L 2 b + f x L b + f R T L , (4.4) 
where R ⇒ T A

2 is the thermal resistance of the beam due to conduction, and f is called the "balancing factor" and is a unitless variable such that f ∈ [0, 1].

R ⇒ T A = L b κS and f = R ⇒ T A /2 + R T R R T L + R ⇒ T A + R T R , (4.5) 
The boundary resistors have been purposely chosen arbitrary in order to match any value of resistance due to conduction and/or convection depending on the location of the transducer in the final structure of the micro-scanner. In the first generation of micro-scanners, the mirror plate was connected to a substrate via an array of electrothermal bimorph cantilever beams arranged in parallel generating bending [99, 213, 216, 217, 295, 307-309, 311, 313-319, 323]. Hence, the resistance seen on the left is connected to a substrate at the stable ambient temperature T 0 and the mirror plate on the other side in series with the thermal isolation bridge constitute the thermal resistor seen on the right of the transducer. The thermal insulation resistance between the bimorph transducer and the substrate (R T L ) increases the bimorph temperature upon actuation by "holding in" the temperature on the upstream of the cold end of the system and leads to a larger static displacement. The isolation bridge between the mirror plate and the bimorph (R T R ) limits the heat flow from the heating source to the suspended mirror plate and thus improves the transient response of the mirror to an applied power. In practice, we will arrange R T R > R T L . R ⇒ T A has a role on the position of maximum temperature along the bimorph transducer. When R ⇒ T A is large, the maximum temperature abscissa moves towards the center of the bimorph. The balancing factor defines the power flow towards each side of the transducer and subsequently the maximum temperature point [START_REF] Shane Truman | Electrothermomechanical modeling of a 1-D electrothermal MEMS micromirror[END_REF]. Figure 4.3 shows the normalized temperature distribution along a bimorph beam for a given applied power versus the length of the transducer for different balancing factors.

The position of the maximum temperature readily leads to:

x = f L b (4.6)
and the maximum temperature change is given by:

∆ T = ∆T (x) = P E (f 2 R ⇒ T A /2 + f R T L ), (4.7) 
from where is deduced the average temperature accross the transducer:

∆ T = 1 L b L 0 ∆T (x) dx = P E f - 1 3 R ⇒ T A 2 + f R T L RT (4.8)
As the total power is linear with the temperature change, we can define an equivalent average thermal resistance RT for the transducer's system as defined above in Eq. (4.8) and derive the expression of the total power versus the current I accross the transducer and the applied voltage V in Eqs. (4.11a) and (4.11b). It is also interesting to notice that the average temperature is a linear function of the power applied. A lumped-element model (LEM) is a good way of representing the thermal behavior of the transducer and has been widely adopted for models in the literature [START_REF] Jain | An electrothermally-actuated, dual-mode micromirror for large bi-directional scanning[END_REF][START_REF] Shane | An Analytical Electrothermal Model of a 1-D Electrothermal MEMS Micromirror[END_REF]. A LEM of the transducer with arbitrary thermal resistance on the left and right boundaries of the transducer with R T L < R T R is given in Fig. 4.4 and includes the maximum temperature and its location node, the average temperature and its node, and the virtual thermal resistances within the transducer.

The electrical domain is also represented and described simply in Eq. (4.9). The electrical resistance varies with the average temperature change in the transducer.

R E = ρ E0 S L b 0 (1 + ξ∆T (x)) dx = R E0 (1 + ξ∆ T ) (4.9)
The total electrical power can be derived from Eq. (4.9) and also varies with the average temperature of the bimorphs and is given by Eq. (4.10).

P E = V 2 R E (4.10)
The total power can be extracted from the inspection of the LEM and can be expressed with respect to current or voltage as in Eqs. (4.11a) and (4.11b).
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P E (I) = I 2 R E0 1 -I 2 R E0 ξ RT (4.11a) P E (V ) = 1 2ξ RT   4ξ RT R E0 V 2 + 1 -1   (4.11b) 
where

R E0 = ρ E0 L b
S is the initial total electrical resistance at temperature T 0 . The LEM and the total electrical power clearly show off the positive feedback of the electrothermal system on the applied power. The relationship between the average temperature change in the transducer and the applied power was rewritten in Eq. (4.12) and describes the steady-state electro-thermal behavior of the transducer system.

∆ T = 1 2ξ   4ξ RT R E0 V 2 + 1 -1   (4.12)
Finally, the LEM results were compared with FEM simulation and match within 10 % for all actuation ranges according to Todd and Xie [START_REF] Shane | Steady-state 1D electrothermal modeling of an electrothermal transducer[END_REF].

Dynamic thermal considerations

To establish a dynamic model, one has to introduce time-dependent thermal component. Unlike the electrical domain that provides two common components that have a time-dependent behavior (coils and capacitors), only capacitances have a corresponding physical component in the thermal domain. The fluid Mechanics, the physical meaning of a thermal inertance is a phenomenon that induces a change in the kinetic energy of a fluid. However, in the thermal domain, thermal inertance has no physical meaning. The electrothermal principle of the bimorph beam can be clustered around thermal resistors and capacitances exclusively [START_REF] Barnothy | Bosworth (thermal inductance).pdf[END_REF]. Table 4.1 summarizes the main equivalent between the different domain that can be merged in a LEM. A thermal heat capacity, also called capacitance is expressed in J K -1 and is equivalent to a capacitor in the Resistor (Ω) Thermal resistance (K W -1 ) Damper (kg s -1 ) Capacitance Capacitator (F) Heat capacity (J K -1 ) Spring (N m -1 ) Inertance Inductor (H) -(K J -1 ) Mass (kg) electrical domain and is a function of the specific heat capacity c p , the density ρ and the volume V of the body. For our single bimorph model, the bimorph beam is connected in its left end to a bulky substrate via an insulation bridge and in its right end to a thin mirror plate via another insulation bridge. Several combinations of thermal resistances due to conduction, convection and heat capacitances were studied for the model [START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF][START_REF] Wu | Electrothermal micromirror with dual-reflective surfaces for circumferential scanning endoscopic imaging[END_REF][START_REF] Pal | Dynamic Compact Thermal Model of an Electrothermal Micromirror Based on Transmission Line Theory[END_REF][START_REF] Pal | Pre-shaped open loop drive of electrothermal micromirror by continuous and pulse width modulated waveforms[END_REF][START_REF] Authors | Investigation of dynamic thermal behaviors of an electrothermal micromirror Abstract[END_REF][START_REF] Wu | Low-voltage, large-range MEMS optical scanners and their applications[END_REF].

Unlike the mirror plate, the substrate is a bulky component usually bonded onto a thermal and electrical ground. It has a very high thermal inertia and can be considered as a thermostat because its temperature will barely vary over short operation times. Consequently, it is assumed that the substrate maintains a thermal setpoint that can be assimilited to the ambient temperature. Hence, the thermal potential of the boundary between the substrate isolation bridge and the substrate itself is at the ambient air temperature T 0 [START_REF] Authors | Investigation of dynamic thermal behaviors of an electrothermal micromirror Abstract[END_REF][318] [START_REF] Pal | Dynamic Compact Thermal Model of an Electrothermal Micromirror Based on Transmission Line Theory[END_REF]. Another constant temperature different from T 0 can also be set instead as in [START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF]. However, Pal and Xie [START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF] also considers the substrate as a thermal adiabatic well stricto sensu 3 .

The isolation bridges are considered for conduction exclusively. Indeed, the surfaces of exchange with the air have a negligible size compared to the bimorph and the mirror plate. Based on the calculation method of Todd and Xie, the thermal resistances for each isolation bridge due to convection were 2 orders of magnitude larger than their corresponding resistance due to conduction and were then ignored for the dynamic model [START_REF] Shane Truman | Electrothermomechanical modeling of a 1-D electrothermal MEMS micromirror[END_REF]. The electrothermal LEMs were compared to FEM models several time with accuracy (less than 1.4 % of error for short bimorphs [START_REF] Pal | Distributed and lumped element models for a bimorph-actuated micromirror[END_REF]). It was always observed 2 cut-off frequencies due to the thermal behavior [START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF][START_REF] Pal | Dynamic Compact Thermal Model of an Electrothermal Micromirror Based on Transmission Line Theory[END_REF][START_REF] Pal | Pre-shaped open loop drive of electrothermal micromirror by continuous and pulse width modulated waveforms[END_REF][START_REF] Authors | Investigation of dynamic thermal behaviors of an electrothermal micromirror Abstract[END_REF]. Pal and Xie claim that the system can be accurately modeled by a linear transfer function consisting of 2 poles and 1 zero [START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF]. These two poles, which stand for energy storages are necessarily located on the mirror plate region for one of them, and on the bimorph for the second one [START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF][START_REF] Pal | Dynamic Compact Thermal Model of an Electrothermal Micromirror Based on Transmission Line Theory[END_REF]. As a result, the thermal capacitances are neglected on the isolation bridges as in Wu [START_REF] Wu | Low-voltage, large-range MEMS optical scanners and their applications[END_REF].

The mirror plate is a thin (compared to the substrate thickness) suspended plate that accumulates heat and whose dissipation is constrained by the convection with the ambient surrounding air. Depending on the coating and the shape of the mirror plate, the thermal inertia of this component will be a more or less significant parameter on the dynamic behavior of the system. In addition, as the oscillation magnitude of the mirror is amplified compared to the one of the bimorph (by the leverage effect), the convection coefficient of a component can vary significantly from the other one. On the second hand, as radiation was ignored altogether, -although the bimorph can reach very high temperatures -the convection coefficients measured empirically will include the value of the neglected term of radiation and will be biased compared to real convection values. This will induce one more source of error in the convection coefficients. Convection coefficients are significantly larger than typical values used for macrosystems [START_REF] Kreith | Principles of heat transfer[END_REF][START_REF] Wang | Investigation of heat transfer around microwire in air environment using 3 omega method[END_REF]. A few values, listed in Table 4.2, were reported for MOTEMS in the literature and are strongly dependent on the configuration and the dimension of the devices [START_REF] Brucker | Effective thermal conductivity of common geometric shapes[END_REF]. The mirror plate is lumped by a thermal resistance due to convection and a capacitance. The bimorph transducer is substituted for 2 thermal resistors on each side of the point of maximum temperature generated by the applied power. The resistance of the bimorph due to convection and the capacitance of the bimorph are also considered. A comprehensive schematic of the LEM is given in Fig. 4.5 from which the analytical equation of the system is calculated. The thermal resistance R A depicts the convection of the bimorph with the ambient air. It was represented in parallel with the heat flow generator and the heat capacitance for a concern of clarity in the figure and is still consistent with the electrical domain circuit rules [START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF].
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.5: LEM of the dynamic system for one ...

The capacitances C

A and C m refer to the heat capacity of the bimorph and the mirror plate respectively. They were roughly calculated according to each material constituting the two elements by Eq. (4.13) and are in the order of magnitude of 1 × 10 -9 J K -1 and 1 × 10 -7 J K -1 respectively.

C h = c p ρL b S = c p M (4.13)
with C h the heat capacity of a body, c p its specific heat capacity (at constant pressure), L b its length, L b S its volume and M its mass. Hence, the mirror that is much bulkier than the bimorph is the first element responsible for the narrowing of the thermal bandwidth and hampers the system speed. We notice that R ⇒ T IL and R A have a slight effect on the transfer function of the system as compared in the Bode diagram of the electrothermal system in Fig. 4.6, where the magnitude of the system is given by H 1 = 20 log( ∆ T P E ). Subsequently we suggested to keep on simplifying the system and set R ⇒ T IL = 0 and R A = +∞. The electrothermal system transfer function can be readily derived from the resolution of the LEM and has the form of Eq. (4.14) in the Laplace transform where s is the variable of Laplace.

H 1 (s) = ∆ T (s) P E (s) = K 1 (s + z 0 ) (s + p 1 )(s + p 2 ) (4.14)
This form for the transfer function was first modeled by Han et al. [START_REF] Han | Modeling and control of a large-stroke electrothermal MEMS mirror for fourier transform microspectrometers[END_REF], Pal and Xie [START_REF] Pal | Pre-shaped open loop drive of electrothermal micromirror by continuous and pulse width modulated waveforms[END_REF]. The two poles p 1 and p 2 correspond to the thermal capacitances of the electrothermal system and z 0 a zero. Time constants directly depend on the thermal properties and geometry of an element and can be roughly related to the diffusivity as shown in Eq. (4.15). For a simple element made of an homogeneous material subject to heat conduction exclusively [START_REF] Zhang | A fast, large-stroke electrothermal MEMS mirror based on Cu/W bimorph[END_REF]:

τ = L b κS × c p ρL b S = L b 2 c p ρ κ = L b 2 α p (4.15)
The diffusivity is the measure of the heat transfer rate of the material. A higher diffusivity will yield faster thermal responses. In reality, the thermal response is very dependent from the fabrication process and may lead to significant variations from the simulations. One example of parameter that illustrates this possible variation is the undercut: the quantity of matter etched underneath the SiO 2 isolation bridges by deep reactive-ion etch (DRIE) during the last step of fabrication at the chip-level. It was shown that the undercut affects the thermal response gain and poles [START_REF] Pal | Repeatability study of an electrothermally actuated micromirror[END_REF]. Another visualization of the electrothermal system is given in Fig. 4.7 from a block diagram approach, and was introduced by Pal and Xie [START_REF] Pal | Dynamic Compact Thermal Model of an Electrothermal Micromirror Based on Transmission Line Theory[END_REF]. It can be easily implemented in Matlab Simulink © and can be used for a dynamic extension of the model. H r (s) is a function converting the temperature of the bimorph into the temperature of the heater. However, we consider that the distribution of temperature into a cross section of the bimorph is uniform and that the heater crosses the whole bimorph which leads H r (s) = 1. H E (s) is a nonlinear system and is given by Eqs. (4.10) and (4.11b). Though, around a temperature working point, H E can be linearized at the first order and becomes linear in V 2 . Under dynamic operation, V is a sine voltage signal mainly used for Lissajous scan of frequency f x and offset V b : V = V b + V pp cos 2πf x t and V pp the amplitude of the signal peak to peak. H 1 (s) is given in Eq. (4.14). The whole electrothermal system referred to as H et (s) and depicted in Fig. 4.7 is thus a linear system as long as the power generated or the square of the voltage applied is taken as the input. It was shown that the gain K et of the system, can also be linearized around a working point and becomes a linear function of the biased voltage V b applied on the heater resistor [START_REF] Han | Modeling and control of a large-stroke electrothermal MEMS mirror for fourier transform microspectrometers[END_REF]. Finally, the electrothermal transfer function is given by Eq. (4.16) and is linear for a given bias voltage.

H E (s) V H 1 (s) P E ∆ T H r (s)
H et (s) = K et (V b ) (s + z 0 ) (s + p 1 )(s + p 2 ) (4.16)

Thermomechanical model

It was demonstrated by Todd [START_REF] Shane Truman | Electrothermomechanical modeling of a 1-D electrothermal MEMS micromirror[END_REF] that "the thermal parameter that affects the mechanical rotation angle is the average temperature change of the bimorph beams". Hence, the thermomechanical model of an electrothermal bimorph/multimorph is a model of input ∆ T and of output the deflection or the rotation angle of the cantilever beam.

Curvature in bimorph cantilever

There exist two types of stress present in the bimorph cantilever beams. In nature, the bimorph cantilever is subject to a type of stress called intrinsic stress because it is stemmed from the internal boundary constraints of the two-layer beam. It depends on the material properties, the process of "growth" and the environment temperature and other external conditions. After fabrication, two layers (at least) are piled up by processes of deposition that differ from their characteristics (temperature for example) and a stress is induced leaving the bimorph into a deformed curved shape of maximum stress. Freeing the bimorph from its intrinsic stress would release the layers from their constraint and inverse the original curvature creating a deflection of the cantilever beam.

Once the device is released from the fabrication support, the intrinsic stress is present in the layers for good; it can be compensated by an extrinsic stress only that can be created by a process of inversion of the conditions of deposition during the fabrication. In the electrothermal actuation principle, the extrinsic stress is based on the temperature change throughout the cantilever beam.

The origin of the intrinsic stress has never been the subject of a detailed study in the past; it is just known that it results from a few factors inherent to the structure itself such as the stoichiometry, the impurity incorporation, the grains... The study about the stress and the curvature of the bimorph will be based on the extrinsic stress exclusively. When a temperature change arises in the bimorph cantilever beam, the layer of higher CTE will expand more than the one of lower CTE introducing a gradient of strain about the thickness in each layer. The difference in the strains develop a stress mismatch between the upper and the lower stacks bonded together. Let us assume a bimorph cantilever beam composed of an upper and a lower layer of thickness t i , Young's modulus E i , Poisson's ratio ν i , CTE α i and of width, length and total thickness w b , L b and t b respectively, with i ∈ {1, 2} an index to denote the first upper or the second lower layer. A comprehensive schematic view of the deflected bimorph cantilever beam is given in Fig. 4.8. A few assertions are made to study the behavior of the cantilever beam: (1) every material involved in the beam deforms within the elastic domain: the yield strength point is never reached. Hence, the stress is proportional to the strain in each layer and the relation of Piola-Kirchhoff can be linearized at the first order. (2) The properties of the materials are invariant with temperature. (3) The gradient of displacement through the beam remains small enough compared to its thickness. (4) The materials are homogeneous and isotropic. The homogeneity of the material yields the radius of curvature to be uniform throughout the beam: the deformed shape is an arc of circle of radius of curvature ρ given by Eq. (4.17).

1 ρ = 1 ρ 0 + 1 ρ b (4.17)
where ρ 0 is the initial radius of curvature due to intrinsic stress and ρ b the radius of curvature due to extrinsic stress. with α i the CTE of layer i.

Letting: the curvature coefficient can be written as in [START_REF] Timoshenko | Analysis of Bi-Metal Thermostats[END_REF] and is recalled in Eq. (4.20).

m = t 1 t 2 and n = E 1 E 2 , y L b ς θ b θ b S 1 S 2 ρ b δ w b t 2 t 1 x z
χ = 6(1 + m) 2 t b 3(1 + m) 2 + (1 + mn) m 2 + 1 mn (4.20)
where E i is the reduced Young's modulus of layer i defined by the ratio E i 1-ν i . In the case the thicknesses and the Young's moduli are the same, the radius of curvature can be simplified as follows in Eq. (4.21).

1

ρ b = 3 2t b ∆ε (4.21)
Let us also notice that whenever a layer is much thicker than the other one, for example t 2 t 1 , i.e. m → +∞, then the formula of stoney is retrieved as expressed in Eq. (4.22) [START_REF] Ohring | Materials science of thin films[END_REF].

1 ρ b = 6 E 1 t 1 E 2 t 2 ∆ε (4.22)
At that point, it is important to see that the bimorph can be optimized to obtain the highest displacement that can be reached by its dimension. The sensitivity of the thermomechanical system is defined in Eq. (4.23) by the ratio of the output and the input of the system, which correspond to the displacement (angular displacement for instance) and the average temperature change respectively.

Ξ = θ b ∆ T = ∆αL b χ (4.23)
The sensitivity Ξ increases with the length, the CTE and the inverse of the thickness of the bimorph. For a given total thickness, Villarceau [START_REF] Villarceau | Recherches sur le mouvement et la compensation des chronomètres[END_REF], Peng et al. [START_REF] Peng | Optimization of thermally actuated bimorph cantilevers for maximum deflection[END_REF] have shown that the ratio of the thicknesses of each layer m can be optimized depending on the ratio of the Young's moduli n to obtain the highest sensitivity in Eq. (4.24).

m √ n = 1 (4.24)
The curvature coefficient becomes constant regardless to the materials and has a value of 3/2. In addition, it yields that the selection of the materials will be based on the high CTE difference because the value of the Young's moduli and thus the coefficient of curvature do not affect the curvature of the bimorph beam when the condition of Eq. (4.24) is met.

Curvature in a multimorph cantilever

In reality, the so called "bimorph" beam is not only composed of two layers. Indeed, the two main layers whose CTE play the main part in the bending must meet a few requirements such as the being compatible, be electrically conductive and sufficiently thermally resistive to generate enough heat to provide the expected temperature change in the beam. Unfortunately, some materials are not compatible and require intermediate layers to weld to each other. Besides, an additional material will have to be introduced as heater throughout the length of the beam to homogenize the temperature distribution. Thus, more than two layers can compose our cantilever. In fact, we'll talk of multimorph4 rather bimorph, however the term of bimorph will be abusively used in the following even to denote a multimorph. Timoshenko's bi-metal thermostat model can be extended to N layers (N ∈ N, N > 1). The radius of curvature is given by Eq. (4.25) [START_REF] Garcia | Induced-strain multimorphs for microscale sensory actuation design[END_REF].

1 ρ m = N i=1 D i (z e -z i ) N i=1 E i I i -C i (z e -z i ) (4.25)
with:

D i = E i S i        ε 1 -ε i - N j=2 (ε 1 -ε j )E j S j N j=1 E j S j        (4.26) C i = E i S i 2        t 1 + 2 i-1 j=2 t j + t i - N j=2 E j S j t 1 + 2 j-1 k=2 t k + t j N j=1 E j S j        (4.27
)

z e = N i=1 z i E i S i N i=1 E i S i (4.28) z i = t i 2 + N j=i+1 t j (4.29)
where z e is the position of the neutral axis of the multimorph beam on the vertical axis, i.e. where the strain is null. This position will be taken as the ordinate on the vertical axis of the base of the curved abscissa commonly assimilated to the unidirectional abscissa of the heat flow for the 1D thermal analysis. Indeed, the length of the multimorph L b is unchanged on the section of vertical ordinate z e . S i is the section area of the i as represented in Fig. 4.8. Equations (4.25) to (4.29) are true for any actuation principle, as they include the strain of each layer. In the thermal actuation, the strain is proportional to the average temperature change in the multimorph as in Eq. (4.30).

∆ε i = α i ∆ T (4.30)

Stiffness and natural frequency

Another factor that has to be taken into account for a dynamic aspect of the vibrating behavior of the bimorph beam is its stiffness directly linked to the natural frequency that will also be abusively called "resonance frequency" because of the lack of consideration of the damping ratio in the bimorph system. Equation (4.18) can also be seen in terms of moment where the moment caused by the temperature change is a linear function of the difference in the thermal strain in the layers and is defined by Eq. (4.31) as in [START_REF] Shane | An electrothermomechanical lumped element model of an electrothermal bimorph actuator[END_REF].

M T (ς) = - S N 2 1 t 1 E 1 + 1 t 2 E 2 -1 m b ∆α∆T (ς) (4.31)
where S N is the total area of the bimorph cross section, m b is the moment coefficient of the bimorph and is a positive function of the moduli and cross section of the bimorph beam. The moment due to the increase in temperature exerts a counter moment with respect to the initial moment due to residual stresses in the beam. In the theory of small displacement, the relation between the equivalent local force applied on the tip of the bimorph and the displacement can be derived from the well known equation of the beam of Bernoulli (Eq. (4.32)):

F z = k b δ z with k b = 3 EI L 3 b (4.32)
with EI the composite stiffness of the bimorph which can be extended to a multimorph using Eqs. (4.25) and (4.31) [START_REF] Timoshenko | Analysis of Bi-Metal Thermostats[END_REF]343] (see Eq. (4.33)).

EI = m b χ = E I b with E = E 1 t 1 + E 2 t 2 t 1 + t 2 m m = S N 2 N i=1 1 t i E i -1 (4.33)
with I b the second moment of area of the beam bending.

Finally, most parameters of the electrothermal and thermomechanical bimorph system can be evaluated in order to obtain the best trade-off between the displacement range and resonance frequency. Increasing the length of the bimorph beam would have for effect to raise the displacement range, reduce the stiffness and the resonance frequency. Whereas increasing the width and the thickness of the bimorph will also increase the mechanical frequency response but decrease the quality factor. Diminishing the mass of the mirror would extend the bandwidth of the thermal system but also raise the resonance frequency of the mechanical system.

Material selection

The sensitivity of the thermomechanical system given in Eq. (4.23) and defines the ratio of the output and the input of the system. We saw in Eq. (4.24) that an optimization of the thickness of the layers constituting the bimorph was given by the elastic moduli of the materials chosen. The moduli should not be too far apart in order to prevent disproportionned thicknesses of the layers. Furthermore, a high difference in the CTE will be preferred to maximize the sensitivity of the thermomechanical actuation. A broadly used materials list is given in Table 4.3 in order compare the electrical, thermal and mechanical properties of these materials.

Different pairs of materials have been investigated in the literature as the materials constituting the layers of the bimorph cantilever beam. Pal and Xie developed a micromirror based on a Al-W bimorph achieving a large difference of CTE of ∆α Al-W = 19.1 × 10 -6 K -1 and allowing a fast thermal response because of the high diffusivity of metal [START_REF] Pal | Design and fabrication of 2D fast electrothermal micromirrors with large scan range and small center shift[END_REF][START_REF] Srinivasan | Effect of heat transfer on materials selection for bimaterial electrothermal actuators[END_REF].

Zhang et al. proposed an alternative Cu-W design including tungsten as both the low-CTE material and the embedded heater material so that the bimorph is perfectly symmetric and works out without the need for balancing the length of the inverted and non-inverted bimorph in the ISC structure [START_REF] Zhang | A fast, large-stroke electrothermal MEMS mirror based on Cu/W bimorph[END_REF][START_REF] Zhang | A robust, fast electrothermal micromirror with symmetric bimorph actuators made of copper/tungsten[END_REF]. Although, the metals are insulated and protected by layers of SiO 2 SiN, these designs still strongly suffer from oxidation and would require some time to gain maturity [START_REF] Zhang | A robust, fast electrothermal micromirror with symmetric bimorph actuators made of copper/tungsten[END_REF]. On the other hand, they require additional fabrication steps -such as additional aluminum desposition for the mirror reflective layer -that complexify the process and extend the phase of development of characteristic processes. Finally, during fabrication, all processes that may expose the structures to O 2 are to be strictly proscribed in order to prevent oxidation at all steps.

Even if metal-polymer or metal-SiO 2 -based bimorphs are more prone to failure due to brittleness and have lower thermal responsivities due to low diffusivity in general; they are still the most broadly used couples of materials in electrothermal cantilever beams: out of 103 publications utilizing electrothermal bimorph beams for micro-scanner-based applications in BML group during 2004 and 2017, only 7 of them are based on a technology different from Al-SiO 2 (see Section 3.3). Indeed, the pair Al-SiO 2 offers a few assets making it competitive compared to bi-metal configuration. First, the difference in CTE is higher than Al-W and Cu-W, ∆α Cu-W = 12.4, whereas ∆α Al-SiO 2 = 23.2 yielding a higher steady-state sensitivity. Second, the processes went through much more technical development and optimization since they started to be developed in Nanoscale Research Facility (NRF). According to the author, the quality and the cost of fabrication of the microsystems is indubitably improved with the immutability of the environment of work. Finally, when Al is used in the process, it can be used as both the high-CTE layer material and the mirror plate reflective film due to its high reflectivity in the near-IR range.

In former designs including tungsten in the bimorph materials, no additional heater was required but the tungsten itself because of its sufficiently high electrical resistivity. Poly-Si has also been exploited as an outer and embedded heater [START_REF] Shane | A multi-degree-of-freedom micromirror utilizing inverted-series-connected bimorph actuators[END_REF][START_REF] Jain | A thermal bimorph micromirror with large bi-directional and vertical actuation[END_REF] because of its high electrical resistivity and decent thermal conductivity at 13.2 × 10 -6 Ω m and 29 W K -1 m -1 respectively [START_REF] Shane | A multi-degree-of-freedom micromirror utilizing inverted-series-connected bimorph actuators[END_REF]. The main shortcomings of Poly-Si are the hysteresis phenomenon and the self-annealing behavior limiting the scanning range [START_REF] Xie | A SCS CMOS micromirror for optical coherence tomographic imaging[END_REF]. As an alternative, platinum has been widely adopted becasue of its high electrical resistivity, thermal conductivity, mechanical resistance and TCR making it one of the most adapted choices of material as an embedded heater into an Al-SiO 2 -based bimorph beam. In this design, the couple Al-SiO 2 was selected for the bimorph, as well as the platinum as the resistive embedded heater. The piling order of the different components that are composed of these materials is represented in Fig. 4.17 of Section 4.3.3.2. 

Micro scanner: Description and design

Several devices were designed over two batches of fabrication. The first batch was completely developed and fabricated in the NRF at the University of Florida. Several improvements stemming from a first series of testing contributed to the development of a second batch in BML and partly fabricated in NRF and in MIcrofabrication for Mechanical Engineering, Nanoscience, Thermal science and Optics (MIMENTO) in France during the bestowed remaining time. In this section, the design of the micro-scanner of the first batch will be thouroughly described. The improvements and modifications that differ from the first design will be highlighted in this section as well.

As we saw in Section 3.2, most MOTEMS developed enable 3D scans in nature but also provide one or more dof left behind. Most MOTEMS used for angular scans also enable an unwanted piston motion that adds an uncontrollable parameter in the model's equation and gives the robotic system's input an infinity of solutions. The micro-scanner of the first batch is based on pure tilt motions mechanically uncoupled from each other, over two dependent and orthogonal axes. It consists of three main rigid bodies actuated one from another via electrothermal bimorph-based structures designed to provide each element with the performances needed to meet the requirements of the probe presented in Section 4.1. The effective surface of the device is the surface of the mirror plate covered with exposed Al/Cr on the top. It is the core of the whole system and the contraints linked to its position will determine the dimensions of all other rigid and deformable components. The second rigid element is the frame (that will also be referred to as "inner frame" in the following) that acts like a support for the mirror plate that will be actuated by electrothermal actuators located between the frame and the mirror plate. The frame itself is to be actuated within the reference frame of a fixed bulky substrate (or outer frame).

A sketch of the micro-scanner is drawn in Fig. 4.9. For a better understanding of the components constituting the micro-scanner, a color coding is used in order to distinguish the different actuators. The inner frame is actuated by an array of identical electrothermal bimorph actuators in parallel represented in red in Fig. 4.9. Right after release, the bimorph beams have an initial bending due to intrinsic stress as discussed in Section 4.2.2. Hence, the inner frame is initially tilted at an angular position of approximately 45°. The motion provided by the bimorph array on the inner frame is the motion of a draw bridge and is referred to as "pitch" in the nautical angle standard. Whereas, the mirror plate has a pure rotative motion within the inner frame controlled around a rotation axis materialized by a pair of torsion rods 5 . The actuators implemented to tilt the mirror plate out of the frame plane are ISC in nature and consist of two double ISC actuators in parallel located on each side of the mirror plate in opposite directions to generation a rotation motion that will be denoted as "roll" actuators because it corresponds to the third rotation with respect to yaw and pitch of the nautical angles. To enable the rotation, the same voltage signal has to be applied on both actuators in order to generate the same tilt. Applying different signals could cause opposite moments on the mirror plate, causing damage or breakage. Hence, the electrical "grounds" of the two inner actuators are connected to one common pad. 

Torsion beam

The motion of the mirror plate is constrained, in theory, to a pure rotation around the axis of roll r. Torsion beams were widely used for the design of MEMS scanners in the literature because they are an passive structural element that is easy to dimension, fabricate and implement and provides sufficiently pure rotative motions [START_REF] Aljasem | Scanning and tunable micro-optics for endoscopic optical coherence tomography[END_REF][START_REF] Petersen | Silicon Torsional Scanning Mirror[END_REF][START_REF] Toshiyoshi | Electrostatic micro torsion mirrors for an optical switch matrix[END_REF][START_REF] Degani | Pull-in study of an electrostatic torsion microactuator[END_REF][START_REF] Liang Pan | Miniature orthogonal optical scanning mirror excited by torsional piezoelectric fiber actuator[END_REF][START_REF] Urey | Torsional MEMS scanner design for high-resolution scanning display systems[END_REF]. In quite a few systems, torsion beams are made of silicon [START_REF] Petersen | Silicon Torsional Scanning Mirror[END_REF] because of the very high performances in shear of the material. However, the process of fabrication exposed in Chapter 5 and the micro-scanner dimensions prevented from fabricating silicon torsion beams. Indeed, the main materials used for fabrication of the micro-scanner are aluminum, platinum and silicon dioxide stacked up and etched to form layers in a series of 9 masks and 11 stages. For a reason of time and simplicity, we avoided to create additional steps to form the torsion beam. As a result, the torsion beam is composed of the same materials as the rest of the micro scanners in a sandwich piling described in Fig. 4.10. In theory, apart from pure torsion, a slender rod is also expected to develop other modes of motion such as in-plane (the plane of the inner frame) horizontal mode and out-of-plane vertical and rocking modes illustrated in Fig. 4.11. For the calculation of the different modes, a few assertions need to be introduced: Hypothesis 1 It is assumed that the mass of the rods is small enough compared to the mass of the mirror plate to be neglected. Indeed, the dimensions of the plate are much larger than the torsion bar.

Hypothesis 2

The gradient of displacement through the bar remains small enough compared to its thickness. Aluminum and silicon dioxide that compose the rod have a comparable Young's modulus which allows to make one more hypothesis:

Hypothesis 4
The bar is made of one isotropic, homogeneous, linear and elastic virtual material of equivalent Young's modulus E and poisson's ratio ν.

As a result of the hypotheses quoted above, only the linear behavior of the torsion beam will be investigated. The detailed calculation for the resolution of the stress and strain distribution of the torsion is recalled in Eq. (4.34).

C = θ m µI t L r (4.34)
The vibrating modes' stiffness and resonant frequency are given in Table 4.4 from [START_REF] Urey | Torsional MEMS scanner design for high-resolution scanning display systems[END_REF].

The second moment of area 7 of the torsion rod concerning the torsional mode is given by the Roark's formula [START_REF] Roark | Formulas for Stress and Strain[END_REF] and recalled in Eq. (4.35). J m refers to the moment of inertia of the mirror plate around the axis formed by the torsion bars and is mainly composed of silicon. The matrix of inertia J m is expressed in Eq. (4.36) for the torsion mode and the rocking mode.

I t = w r t 3 r K t with K t = 1 3 -0.21 t r w r 1 - t 4 r 12w 4 r (4.35) J m = 1 12 M m    L 2 m + w 2 m 0 0 0 L 2 m 0 0 0 w 2 m    ( x, y, z) with M m = ρ Si t m L m w m (4.36)
where ρ Si is the density of Silicon. L m , t m and w m are the length, the thickness and the width of the mirror plate respectively. The mass of the mirror is M m . A quick analysis of Table 4.4 yields that the torsional mode is the first mode in frequency. This is due to the low torsional spring constant of the rod. Let us also notice that the whole system introduces additional stiffnesses in the spring constant problem. These supplementary stiffnesses are caused by the electrothermal bimorph actuators that develop a spring force between the supporting inner frame (considered fixed so far) and the mirror plate. This will be taken into account after the bimorph actuator structure is presented in Section 4.3.3.2.

The goal of comparing the ratio of close modes with the torsional mode is to ensure a motion with separated modes from the mode of torsion and its harmonics in order to reject undesired movements and subsequently minimize the power dissipation. The modes following the torsion in order of importance are the piston mode, the rocking mode and the in-plane horizontal mode. Although the in-plane and piston modes do not have an impact on the direction of the reflected path of the beam, the piston mode may generate artifacts in the final OCT image. The frequency of the SS-OCT A-scan is about a hundred times higher than the piston mode frequency of the mirror plate (which is in the order of the kHz) reducing the possibility of introducing a modulation in the OCT scan to the B-scan exclusively. The vertical vibrating motion may also modify the location of the focal plane of the laser beam. For a further study of the effect of this secondary mode onto the scan path consistency and the OCT image, the quality factor or the damping ratio could be estimated. However, we can easily refute this assertion observing on the one hand that the thermal cut-off frequency drawn in Fig. 4.6a occurs in the range of a few hundreds of Hz and that on the second hand, the magnitude of the vertical motion will be expectedly attenuated compared with the first resonance peak of torsion. As a result, the piston mechanical resonance peak will undergo a significant attenuation by 20 dB/decade on top of the low quality factor developed by the specific mode. The rocking mode, ranking third in the order of the frequency magnitudes deflects the beam in the perpendicular direction of the torsion leading to undesired and uncontrolled motion that may even superimpose with the mode shape of the frame due to the bimorph array contribution. It needs to be discriminated from the harmonics of the pitch mode of the frame and whose stiffness is developed in Eq. (4.32).

Columns 4 and 5 of Table 4.4 give a method of determination for the "rejection" of the undesired modes. The harmonics of the bimorph array pitch mode also requires to be taken into account. Once the parameters constituting the bar are properly chosen so that the very following vibrating mode of piston will not be interfering with the torsion mode, the steady-state behavior of the torsion beam can also be guaranteed. Indeed, unlike a bimorph beam, the material stacking order of the torsion rod will cause the residual stresses to be auto-compensated at all time, so that neither an initial intrinsic stress profile, nor an extrinsic thermal stress will arise a bending deformation of the bar: the rotation shaft formed by the virtual axis of the torsion rods is reliably fixed. A high quality factor is highly preferred to maximize the ratio "displacement range over power consumption". The parameters chosen are listed in Table 4.5 and several designs of torsion bars are set for further tests and comparison. Other criteria will also have an impact on the dimensions of some structures such as the fabrication process for example. However, this will be discussed in the corresponding Chapter 5. The amplitude of the torsional mode is determined by the damping ratio

ζ = c 2 √
Jmkt depending on the environment, the viscous damping coefficient c and the natural frequency ω t of the concerned mode. The quality factor of the torsional mode Q t is directly related to the damping coefficient and a method of estimation was investigated by Buser and De Rooij [START_REF] Buser | Very high Q-factor resonators in monocrystalline silicon[END_REF] and Kadar et al. [START_REF] Kadar | Quality factor of torsional resonators in the low-pressure region[END_REF] from the work of Christian [START_REF] Christian | The theory of oscillating-vane vacuum gauges[END_REF] and can be calculated by Eq. (4.37).

Q t = √ k t J m c = √ 2π 8 ω t ρ Si t m P R 0 T M mol 1 2 (4.37)
where M mol is the molar mass of the gas surrounding the bar, P its pressure, T its temperature, and R 0 is the universal gas constant. The micro-scanner will be encapsulated in air at standard atmosphere. Temperature T should be set at T 0 , although, in reality, the boundary layer in the vicinity of the torsion rod has a higher temperature and depends on the heat generated by the actuators. Hence, for a short period of time and as an estimation, T will be set as T 0 in first approach, but the quality factor is proportional to the square root of the average temperature in the torsion bar. We can as of now predict a resonance frequency shift of the torsion mode as long as the temperature of the torsion bar will fluctuate with the bias voltage applied on the inner actuators between the mirror plate an the inner frame. For a rod at the ambient temperature of 293.15 K, the quality factor of the torsional mode is estimated at 2/3, corresponding to an underdamped system. The value of the Q-factor is very far from reality as long as we considered that the rotational movement was only due to the spring constant of the torsion rod whereas actually, the electrothermal actuators also play a significant part in the total stiffness and consequently in the quality factor as indicated in Eq. (4.37).

The maximum shear stress admissible τ Y , given by [349, page. 401] in Eq. (4.38) is approximately equal to half of the tensile yield strength and has to remain lower than the Von Mises shear stress in torsion τ e given by Eq. (4.39) [START_REF] Teimoori | Saint-Venant torsion analysis of bars with rectangular cross-section and effective coating layers[END_REF] so that: 

τ e < τ Y = 1 2 σ Y τ Y = 3C w r t 2
τ e = √ 3 2 σ xz 2 + σ yz 2 = √ 3 4 θ r µ L r w 2 r + t 2 r (4.39)
As a result, for a given angle of the mirror plate, the Von Mises stress induced in the torsion bar increases with the length and width of the cross section and decreases with the length of the rod.

Hence, assuming a maximum angle of +30 °mech , a given thickness of about 3.3 µm and a maximum width of 40 µm, the length of the rod has to satisfy L r 2.49/τ Y .

Silicon dioxide and aluminum have identical Young's modulus and the platinum heater's influence in the equivalent Young's modulus is minor. Though, the two main constituants of the torsion bar do not have comparable elastic limit and the "weaker" one may cause the beam to culminate into a breaking to the detriment of the other one. The contribution of the aluminum amid the layers of silicon dioxide brings ductility and yields a more resistant beam in motion and fatigue. The sturdiness of the aluminum "inlaid" torsion beam -tested from a former unpublished trial experiment-is illustrated in Fig. 4.12. After identical actuations on both structures, the aluminum-free beam rapidly breaks off. The two ends of the torsion beam have be filleted to reduce the high stress effect on the sharp angles between the bar and the support. The torsion beam, made of both thermal conductors and insulators (Al, Pt and SiO 2 ) is a thermal bridge between the mirror plate and the inner frame. Comparing the thermal behavior of the torsion beam with the one of the electrothermal actuators that deflect the mirror plate, it is obvious that the thermal resistance of the torsion beam due to conduction will be much smaller than the one of the actuators. Although, the torsion beam is more convective, the resistance due to convection of the mirror plate is much smaller, the impact of the torsion beam can be neglected and the mirror plate and the inner frame are considered to be connected by a purely conductive element in the thermal model of the whole micro-scanner. At some point, the thermal resistance due to conduction of the torsion beam can be incorporated to the one of the electrothermal actuators driving the mirror plate. 

Mirror coating and plate deformation

The mirror plate is used to deflect the focused incoming beam and to reinject the backrefleted beam from the tissue into the OCT system. Aluminum was used as the reflecting material for a reason of compatibility with the fabrication process. Furthermore, aluminum is a satisfactory reflector for near-IR light [START_REF] Duan | Optical coherence tomography endoscopic probe based on a tilted MEMS mirror[END_REF][START_REF] Mu | Procedia Engineering A 3mm Endoscopic Probe with Integrated MEMS Micromirror for Optical Coherence Tomography Bioimaging[END_REF]. A thickness of 1.1 µm was deposited on the upper side of the mirror plate (front side of the SOI wafer) as well as 2000 to 4000 ¦ A on the back side of the mirror. The process of metalization is described in Chapter 5. The mirror front side layer and the actuators' high CTE layer are deposited in one step. This justifies the thickness of the aluminum on the front side. But, in fact, such a thick layer of aluminum is not required to provide a satisfactory reflectivity. It was shown that over a given threshold, the thickness of a film of aluminum in the near-IR range very slightly affects its reflectivity [START_REF] Bennett | Infrared Reflectance of Evaporated Aluminum Films[END_REF]. The reflectivity of a similar mirror plate with the same thickness of aluminum in near-IR was measured by Wu [295] between 84 and 86 %. However, in order to increase the reflectivity and improve the surface quality of the mirror plates, a thin layer of Gold could be deposited during an independent step of fabrication. At all time, the mirror is considered as a rigid body without dynamic deformation. Indeed, the maximum difference between the mirror plate deflection curve and its upper average surface d as shown in Fig. 4.13 (commonly compared with the wavelength of the light beam reflected by the mirror) was estimated by Eq. (4.40) from [START_REF] Brosens | Dynamic mirror distortions in optical scanning[END_REF] in the order of magnitude of 1 nm around a frequency of 1 kHz and can thus be neglected. Indeed, the first natural frequency of the mirror plate oscillating about its center is in the range of the MHz according to [START_REF] Brosens | Dynamic mirror distortions in optical scanning[END_REF].

d = 6 M m (1 -ν 2 ) E w 4 m t 3 m L m θr ω 2 (in µm) (4.40)
In Eq. (4.40), E and ν are the Young's modulus and the Poisson's ratio of Si, θr is the angular amplitude of the mirror plate ( θr = θ max -θ min ), and ω is the circular frequency in rad/s. Finally, we conclude that the dynamic distortions of the mirror plate do not affect the optical scan. However, temperature might also affect the curvature or the distortion of the plate. The temperature change oscillating from room temperature to a few hundred °C at a frequency depending on the electrical actuation frequency may create enough stress into the layers constituting the mirror plate to reshape the light beam and affect the resolution. The radius of curvature is due to the initial intrinsic stress (mainly induced by the temperature deposition of the thin films on top of the Si mirror substrate) and the stress induced by the temperature change. However, no data is available on the initial stress and radius of curvature to estimate this distortion. Plate roughness, surface quality and deformation will be characterized in Section 6.1.1.

Electrothermal actuators

Bimorph array

The electrothermal bimorph array actuator will be referred to as pitch actuator for it controls the pitch motion of the micro-scanner. It is composed of 64 identical bimorph cantilevers in parallel. The 64 beams enclose a platinum heater that generates a temperature change by Joule heating relatively uniform about the span of the array [START_REF] Shane | Steady-state 1D electrothermal modeling of an electrothermal transducer[END_REF][START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF]. The Pt resistors of 2 adjacent bimorphs are connected in parallel forming 32 electrical resistors attached in series. Hence, the pitch actuator can be considered as one equivalent electrical resistor composed of 32 two-beam parallel electrical resistors in series as illustrated in Fig. 4.14 by [START_REF] Shane | Steady-state 1D electrothermal modeling of an electrothermal transducer[END_REF]. Hence, the electrical initial resistance of one bimorph must be multiplied by a factor of 32 to obtain the total electrical initial resistance of the array. The thermal resistance due to conduction becomes the resistance of one bimorph divided by the total number of bimorphs in parallel N p . This is also true for isolation bridges. The geometric parameters of the bimorph array are provided in Table 4.6 and a sketch of the different layers composing one bimorph cantilever from the pitch actuator is illustrated in Section 4.2.2. The fabrication process is the object of Chapter 5.

The electrical platinum path is connected to the two outer pads located on the 550 µm-thick silicon substrate. The platinum path is continuous all the way to the pads and is coated by a thick layer of aluminum to reinforce the bonding pads. The roll actuators' pads are also located on the silicon substrate between the pitch actuator's pads. Platinum cannot be used to connected the roll actuators' electrical resistor to the bonding pads as far as it would directly heat up the bimorphs of the array, directly causing a cross coupling in the actuation. Therefore, in order to keep the fabrication process free from additional steps, the aluminum constituting the high CTE layer of the pitch actuator bimorphs is used to transport the current through them and to the roll actuator's heater. The aluminum and the platinum on the bimorphs of the array are not electrically connected to each other to prevent shortcuts. The two metals are insulated by a thin layer of SiO 2 . First, the electrical resistivity of the aluminum is lower than the one of the platinum by a factor of 5 and second, the cross section of the aluminum layer in the birmoph is much higher than the platinum which makes the aluminum contribution to the bimorph temperature change by Joule heating negligible. The length of the bimorph cantilevers defines the initial tilt angle of the inner frame and consequently the maximum displacement of the pitch axis at the steady state. The thickness of the layers in the bimorph has been optimized using Eq. (4.24). The length has been calculated based on the model of bimorph beams described in Section 4.2.2 and according to the dynamic behevior expected due to the scanning requirements. The mass carried by the pitch actuator includes the mass of the inner frame plus the one of the mirror plate. Therefore, recalling the relation between the resonance frequency and the mass, it is natural to assign the slow scan with the pitch motion. The width and the gap between the beams depends on the fabrication release step and has to be consistent with the roll actuator so that all the actuators are released in the same time and the least stress is induced in the structure. However, the width of the beams has to be minimized: for thermal expansion occurs in an isotropical way, wide beams would bend along their width and could cause severe deformations. The nature of the endosopic probe was chosen as side-view. Thus, the micro-scanner has to deflect the light beam by an angle of ± 5°c entered around a mean angle of 45°. The mean angle plus half of the maximum angular course at the corresponding frequency of the scan defines the maximum initial angle of the mirror after fabrication. As we discussed about in Section 4.2.2, this parameter is due to intrinsic stress and can only be estimated based on the outcomes of former characterisations. The dimensions that were picked for the bimorph array of the first batch of micro-scanners are given in Table 4.6. Most piezoelectric and electrothermal micromirrors use a single cantilever beam to generate the actuation [START_REF] Izhar | A multi-axis electrothermal micromirror for a miniaturized OCT system[END_REF]. However, as shown in Fig. 4.8, a single cantilever develops 3 dofs: 2 in translation, vertical and horizontal and 1 rotation. These 3 displacements sometimes result in issues when only the horizontal displacement is needed for actuation. Indeed, the higher the vertical displacement, the higher the horizontal and angular displacements. Fabricating a real pivot boundary in the micro world is quite a challenge. Thus, each rigid-body boundary is used as a deformable component that bends or twists to absorb the movement of the structures. Sometimes, the motions are so broad that they cause the deformable joints to break. In our design, the inner actuators are connected to the inner frame and the mirror plate via isolation bridges mainly made of SiO 2 for the sake of thermal insulation. Unfortunately, SiO 2 is a brittle material with a low breaking point and should not be used as a reliable mechanical bending part. Therefore, when large displacements are needed, it is preferable to make the actuators carry the flexibility rather than the connecting bridges.

ISC configuration was developed to tackle the lack of flexibility in the single bimorph actuators enabling high displacements without soliciting the SiO 2 bridges. ISC actuators enable a piston motion on the z axis free from tilt motion of the tip and an evoluted version, the double S-shaped inverted-series-connected (DSSISC) allows to get rid of the lateral shift present in the simple ISC actuator. The first ISC actuator was proposed, developed and studied by Todd et al. [START_REF] Shane | A 3-D Micromirror Utilizing inverted-Series-Connected Electrothermal Bimorph Actuators for Piston and Tilt Motion[END_REF] in 2005. As shown in Fig. 4.15, the ISC actuators are composed of the a series of bimorphs beam connected together in order to get rid of the unwanted dof that is the tip tilt. When the actuator is only composed of bimorphs, the total displacement of the tip can be related to the displacement of the single bimorph tip that depends itself on the voltage applied [START_REF] Shane | A multi-degree-of-freedom micromirror utilizing inverted-series-connected bimorph actuators[END_REF] and can be obtained assuming that the curvature of the two-bimorph beam constituting the ISC actuator is the same. Its expression is simply two times the displacement of one single bimorph and is given by [START_REF] Shane | A multi-degree-of-freedom micromirror utilizing inverted-series-connected bimorph actuators[END_REF][START_REF] Timoshenko | Analysis of Bi-Metal Thermostats[END_REF] in Eq. (4.41) assuming the displacement is small enough to linearize the cosine at the first order.

δ isc ≈ L 2 b ∆α∆ T χ = L 2 b ∆α 2ξχ   4ξ RT R E0 V 2 + 1 -1   (4.41)
From Eq. (4.41), the angle of the mirror around the fixed rotation axis can be derived as follows (Eq. (4.42)):

θ r = arcsin 4δ isc w m ≈ 4δ isc w m (4.42)
One of the limitations of this design was reported by Jia: the weak connection between two con-secutive inverted bimorphs is transmitted to the whole structure causing more frequent breakages [START_REF] Jia | Development and Applications of High Fill-Factor, Small Footprint Mems Micromirrors and Micromirror Arrays[END_REF]. Recent designs consisted in making the connected structure sturdier by the mean of an uninterrupted layer all the way through the actuator and then sandwiching it between the other constituants that are the SiO 2 and the Pt heater. An overlaping portion is introduced between each consecutive inverted and non-inverted bimorph and is made of two outer SiO 2 layers and an Al layer in between enclosing the thin Pt heater layer as shown in Figs. 4.15 and 4.16. This overlapping layer is neutral in terms of stress distribution and is represented in Fig. 4.17c. Similarly to the torsion bar, the stresses are auto compensated and the overlap is a pure reinforcing component. In this case, the length of the overlapping sections L OL has to be incorporated in the equation of the displacement. Taking into account that the bimorphs and the overlapping segment are multimorphs, Jia [START_REF] Jia | Development and Applications of High Fill-Factor, Small Footprint Mems Micromirrors and Micromirror Arrays[END_REF] used Eqs. (4.25) to (4.29) to show that the ratio of the length of the inverted and the non-inverted bimorph gives a factor of 2.1 as represented in Fig. 4.16. Hence, based on the sketch of Fig. 4.15, for small angles, the displacement of the tip of the ISC actuator with overlap yields:

δ isc ≈ θ b (2.7L N I + L OL ) (4.43)
The cross sections resulting from the incorporation of the platinum heater in the bimorph-based The ISC actuator has been extended to the DSSISC actuator and consists of a piling up of two ISC actuators in series as represented in Fig. 4.18 and allows to remove the second undesired dof: the lateral shift. Each bimorph beam composing the DSSISC actuator can be lumped by a linear spring under the assertion of small displacements. However, rather than subdividing each ISC structure into 3 others, a simplified manner consists of considering one ISC structure as one cantilever beam of same width w b and of thickness t b as only the overlapping segments and the collarbone (segment c in Fig. 4.18) are thicker of a 1 µm-SiO 2 layer. This assertion is only available around a displacement working point which is consistent with a small temperature change. Therefore, both electrothermal and thermomechanical transfer functions of the system can be consolidated coherently to model the whole system by an electro-thermo-mechanical linear transfer function around a working point corresponding to a small change in temperature leading to a small change in position. In order to reduce the deviation of the displacement along the vertical axis, DSSISC actuators have been erected in pairs and in paralell so that the stiffness and the stability are both increased. This new structure is referred to as a "pair of DSSISC" and was widely implemented and studied in the literature [105, 127, 128, 140, 163, 219-221, 238-251, 296, 300].
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Compared with actuators composed of simple pairs of DSSISC, the higher displacement required by our system specifications motivated an "evolution" of the former structure (represented in dark red in Fig. 4.19) towards a meshed structure allowing the same operational frequency for a higher displacement and twice as less space occupied as actuators exhibiting the same features [START_REF] Samuelson | A large piston displacement MEMS mirror with electrothermal ladder actuator arrays for ultra-low tilt applications[END_REF]. The additional components completing the basic structure to form the final meshed inverted-seriesconnected (MISC) actuator are represented in light green in Fig. 4.19.

The actuator is an equivalent spring with a constant stiffness. As sketched in Fig. 4.20, the actuators are located on both sides of the mirror plate rotating around the torsion bar axis. They apply the same force on the mirror plate making the total equivalent spring exert a spring force stiffer by a factor of 2. As mentionned earlier, the actuators are usually made of a pair of DSSISC structures in parallel. Thus, the spring constant is divided by a factor of 2 compared to the simple DSSISC actuator studied hereafter and reported in Fig. 4.18. The stiffness of a fixed-horizontally- guided end beam is given by:

N 5 e N 4 d N 3 c N 2 b N 1 a N 0 frame ρ N I θ b δ isc 2 δ isc x z y F z F z F z F z F z F z M ξ M ξ M ξ M ξ
                 k x = Ew b t b L b k y = Ew 3 b t b L 3 b k z = Ew b t 3 b L 3 b (4.44)
The stiffnesses associated with the vertical and the axial displacements on z and y respectively, increase when the length diminishes. Furthermore, the vertical stiffness k z is proportional to the thickness of the beam to the power of three whereas the width of the beam is the parameter mainly affecting the axial stiffness k y . The dimensions of the actuators are first limited by the space available between the mirror plate and the inner frame that have to be resonably controlled to guarantee the size of the footprint and the fill-factor. As represented in Fig. 4.20, the force developed by the actuator is exerted between the inner frame and the mirror plate anchor points and thus varies with the angular position of the mirror plate. The equivalent stiffness of the DSSISC actuator should thus be a composition of the stiffnesses of a spring with two spring constants of the z and y axes respectively. In fact, analytical calculations for tilting MEMS micro-scanners used to ignore the stiffness about the axial y axis [START_REF] Wu | Low-voltage, large-range MEMS optical scanners and their applications[END_REF][START_REF] Jia | Development and Applications of High Fill-Factor, Small Footprint Mems Micromirrors and Micromirror Arrays[END_REF] so that only the piston mode frequency could be estimated from the expression of the vertical stiffness of actuators in parallel as in Eq. (4.44) replacing the term of length L b by the length of the main slender cantilever arms. Unfortunately, the tilt mode resonance cannot be calculated the same as far as the actuator is much stiffer about the axial direction than the vertical direction. The two displacements δy and δz are linked by the angle of rotation of the mirror plate θ r . In order to get more into details relatively to the motion of the mirror plate, we would have to notice that the lumped single spring represented in Fig. 4.20 is composed of a series of straight and rotational springs depicting the segments of the actuator subject to bending and torsion. Indeed, as it is clearer in the 3D representation of Fig. 4.18, the actuator is a complex structure made of 5 elements including 2 main slender cantilever beams of respective length b and d working in flexion and torsion around their axis. Therefore, the effective force applied on the mirror and seen from the mirror side, is the projection of the vector directing the force of application of the lumped-actuator spring onto the vector tangeant to the displacement of the edge of the mirror plate as represented in Fig. 4.20 and expressed by Eq. (4.45).

F m = (k y δy. y + k z δz. z) F i F i • z m (4.45)
The spring constant of the actuator (in N/m) can be converted into an angular spring constant (in N m) considering the moment generated by the actuator about the rotation axis. The relation is established in Eq. (4.46) where k θ is the angular spring constant due to the actuators and θ r the angle of rotation of the mirror plate in rad.

M m = F m w m 2 = k θ θ r (4.46) 
To enable the displacement δz, the strain energy from torsion has to be included in the model as well as the bending of the connecting bridges a and e and the collarbone c [START_REF] Fedder | Simulation of Microelectromechanical Systems[END_REF]. For the intended OCT scan, the scanning frequency of the roll actuator has to reach at least 1 kHz. The resonance frequency of a beam of stiffness k a is given by 1 2π ka Mm with M m the moving mass at the tip of the cantilever beam. However, the resonance of the mirror plate in torsion is rather given by 1 2 π k θ Jm . In order to determine the rotational stiffness k θ , the vertical and axial stiffnesses k z and k y need to be calculated first. In a first time, the spring constant of the simple DSSISC actuator is calculated. The expression of the spring constant for a pair of parallel DSSISC can be readily derived by combining lumped springs as capacitors (Table 4.1). We work under the assertion of small displacements. Each node in Fig. 4.18, from N 0 to N 5 in our case is associated with the corresponding torsor of forces and moments in the linked local basis ( δ, ξ, τ ):

T =      F δ M δ F ξ M ξ F τ M τ      N i (4.47)
For each segment, τ and z are collinear, ξ is collinear about the direction about the length of the segment and δ is the last vector forming the orthonormal base. Only the vertical efforts F z about τ and moments M ξ about ξ are represented for the sake of clarity. Furthermore, the straight forces F z are only represented applying on the slender segments and anchors whereas the moments M ξ are represented on the short connecting arms and the collarbone.

The calculations are based on the second theorem of Castigliano developed by Fedder [START_REF] Fedder | Simulation of Microelectromechanical Systems[END_REF] in a model of in-plane serpentine with n nodes, n ∈ N. In a first approach, the planar stiffnesses k x and k y may be determined including in-plane bending moments and forces. Then in a second stage, the vertical spring constant k z will be calculated, including torsion and out-of-plane moments and forces. An equivalent Young's modulus is adopted about the length of the beam. We take E = 70 GPa in our case. I b and I t are the second moments of area of the beam around the z and x axes respectively. The vertical external load is neglected as the mass of the micro-scanner is too small to be impacted by gravity. Only the problem in torsion for the resolution of k z is represented in Fig. 4.18, and only the moments about the y axis are represented for the sake of clarity. The total strain energy of the structure under torsion around the x axis and bending in the XZ plane can be derived:

U x,y = 1 2 i L i 0 (M τ ) 2 i E(I τ ) i dς (4.48) 
U z = 1 2 i L i 0 (M ξ ) 2 i E(I ξ ) i + (M δ ) 2 i µ(I δ ) i dς (4.49) 
where the second moment of area for the bending in the ( ξO δ) and ( ξO τ ) plane are given in Eqs. (4.50) and (4.51) and the torsion in the ( δO τ ) plane from Timoshenko and Goodier [START_REF] Timoshenko | Theory of Elasticity[END_REF](p. 278) or from the Roark's formula [START_REF] Roark | Formulas for Stress and Strain[END_REF] is given by Eq. (4.35) and recalled here in Eq. (4.52).

I τ = w b t 3 b 12 (4.50) 
I δ = w 3 b t b 12 (4.51) 
I ξ = 1 3 w b t 3 b   1 - 192 π 5 t b w b   ∞ n=1,3,5,... 1 n 5 tanh nπ 2 t b w b     = w b t 3 b 1 3 -0.21 t b w b 1 - t 4 b 12w 4 b (4.52) 
The boundary conditions are developed in [START_REF] Fedder | Simulation of Microelectromechanical Systems[END_REF] and the stiffnesses for a single DSSISC actuator are given by Eqs. (4.53) and (4.54) where the value of the parameters a, b, c, d and e specified in Fig. 4.18 are provided in Table 4.7.

k y = N U M y DEN y , (4.53) 
where yield k y = 14 N m and k z = 345 m N m. These results are coherent with the beam dimensions as long as the width is much higher than the thickness and hence the vertical spring is more flexible than the axial spring. Let us write down the expression of the displacements of the virtual springs δ y and δ z :

N U M y = 3EI τ (a 4 + 8a 3 b + 4a 3 c + 4a 3 e + 12a 2 bc + 6a 2 c 2 + 12a 2 ce + 6a 2 e 2 + 12abc 2 + 4ac 3 + 12ac 2 e + 12ace 2 + 4ae 3 + 12b 2 c 2 + 8bc 3 + 12bc 2 e + 12bce 2 + 8be 3 + c 4 + 4c 3 e + 6c 2 e 2 + 4ce 3 + e 4 ) DEN y = (b 2 (2a 4 b + 3a 4 c + 4a 3 b 2 + 8a 3 bc + 8a 3 be + 12a 3 ce + 6a 2 b 2 c + 12a 2 bc 2 + 24a 2 bce + 12a 2 be 2 + 36a 2 c 2 e + 18a 2 ce 2 + 15ab 2 c 2 + 26abc 3 + 24abc 2 e + 24abce 2 + 8abe 3 + 3ac 4 + 36ac 3 e + 36ac 2 e 2 + 12ace 3 + 6b 3 c 2 + 13b 2 c 3 + 15b 2 c 2 e + 6b 2 ce 2 + 4b 2 e 3 + 2bc 4 + 26bc 3 e + 12bc 2 e 2 + 8bce 3 + 2be 4 + 3c 4 e + 3ce 4 )) k z = 12EGI δ I ξ [2EI δ b + GI ξ (a + c + e)] [EI δ (a + c + e) + 2GI ξ b] DEN z (4.54) DEN z = E 3 I 3 δ (12b 2 (4a 3 + 8a 2 c + 4a 2 e + 2abc + 5ac 2 + 4ace + 2bce + c 3 + c 2 e)) + E 2 GI 2 δ (4I ξ b(8a 4 + 29a 3 c + 20a 3 e + 24a 2 b 2 + 3a 2 bc + 42a 2 c 2 + 57a 2 ce + 18a 2 e 2 + 4ab 3 + 24ab 2 c + 3abc 2 + 6abce + 29ac 3 + 60ac 2 e + 39ace 2 + 8ae 3 + 4b 3 c + 4b 3 e + 6b 2 c 2 + 3bc 2 e + 3bce 2 + 8c 4 + 23c 3 e + 24c 2 e 2 + 11ce 3 + 2e 4 )) + EG 2 I δ (I 2 ξ (a 5 + 5a 4 e + a 3 (64b 2 + 10e 2 ) + a 2 (8b 3 + 96b 2 e + 10e 3 ) + a(16b 3 e + 48b 2 e 2 + 5e 4 ) + 8b 5 + 8b 3 e 2 + 16b 2 e 3 + c 5 + c 4 (5a + 5e) + c 3 (10a 2 + 20ae + 64b 2 + 10e 2 ) + c 2 (10a 3 + 30a 2 e + 168ab 2 + 30ae 2 + 8b 3 + 120b 2 e + 10e
δy = w m 2 (1 -cos θ r ) δz = w m 2 sin θ r δ = δy 2 + δz 2 = w m √ 2 1 -cos θ r (4.55) 
Combining Eqs. (4.33), (4.45) and (4.55) readily yields an expression for the rotational spring constant k θ due to the contribution of the stiffnesses k y and k z of the simple DSSISC actuator:

k θ (θ r ) = F m w m 2θ r = w m 2θ r (k y δy) 2 + (k z δz) 2 (l g + δy) 2 + (δz) 2 ((l g + δy) sin θ r + δz cos θ r ) = w 2 m 4θ r k 2 y (1 -cos θ r ) 2 + k 2 z sin 2 θ r l 2 g + w m 2 (1 -cos θ r )(2l g + w m ) l g + w m 2 sin θ r (4.56) 
Finally, as discussed in Section 4.3.1, the total equivalent spring constant necessarily includes the stiffness of the torsion rod calculated in Table 4.4. The total angular stiffness of the torsion mode of the mirror plate k m actuated by a pair of parallel DSSISC located on both sides of the mirror plate around the axis of rotation materialized with two torsion bars is given by Eq. (4.57).

k m = 2k r + 4k θ (θ r ) (4.57) 
To derive an expression for the resonance frequency, the value of the stiffness to be taken into account is the sum of the torsion bars stiffness 2k r and of the mean of the angular stiffness due to the actuators 4 k θ between the upper and the lower angular positions of vibration of the mirror plate: θ max and θ min respectively. The calculation of k θ can be performed graphically: indeed, as plotted in Fig. 4.21, the average stiffness is the slope of the chord jointing the utmost stiffnesses with respect to θ max and θ min centered on the average angle θ r . Its expression is given by:

k θ = k θ (θ max ) -k θ (θ min ) 2 (4.58) 
and finally, the corresponding eigen frequency is given by:

f m = 1 2π 4 k θ + 2k r J m (4.59) 
From Eq. (4.59) we can conclude that, first, the resonance frequency is not a constant parameter, but varies with the tilt angle of the plate. The resonance frequency of the tilt mode of the mirror plate due to both the torsion bar and the ISC actuators has been plotted in Fig. 4.22 for 3 different widths of the torsion bar. Second, the mass of the mirror plays an important part in the speed of scan. Indeed, it is mostly composed of Si, and during the final release step of fabrication the Si thickness can fluctuate by ± 2 µm from an average thickness depending on the etching time. 2 µm corresponds to about ± 9 % of error in the final thickness and yields about ± 3 % of error on the resonance frequency. Calculating the total stiffness based on Eq. (4.44) assuming L b = a+b+c+d+e yields 20 % of error on the tilt mode resonance frequency. Let us also notice that although the torsion bar has a smaller impact on the tilt resonance frequency than the ISC actuators have, the width of the torsion bar still affects the frequency of the mode. Figure 4.23 shows the simulation result of the resonance frequency with respect to the thickness of the mirror (characterized by the thickness of the device layer). Finally, a few conclusions deserve to be pointed out: first, we conclude that for a torsion bar of width w r 22 µm, the target resonance frequency of 1 kHz is reached if the thickness of the mirror plate t m 26 µm for an angular amplitude of 0.1°(and the plate thickness can be as thick as 38 µm for an amplitude of 5°) because the tilt mode resonance frequency decreases with the thickness of the plate. Second, the resonance frequency of the mirror plate's pure roll mode increases with the bias angle θ r and the vibration amplitude peak to peak (θ max -θ min ).

The actuator proposed in this work is based on the ISC structure. As a pair of parallel DSSISC actuators already measures up the requirements in frequency, we kept an identical order of magnitude for the stiffness of ours. However, given the space available in the footprint of the micro-scanner, a specific configuration of the ISC actuators can lead to a displacement comparatively increased by a factor of 2 along the vertical axis ending up into a larger angle range. Subsequently, the force generated to compensate the moment from the torsion bar is also increased. The MISC actuator consists of a pair of double inverted-series-connected actuators of second generation (DISC) arranged in parallel about one side of the mirror plate. Figure 4.24 displays a comprehensive view of the different structures based on the ISC structure and their lumped spring equivalence.

The frequency is high enough to match the scan requirements for the OCT image. However, the angular displacement can be increased to cover a broader ROI. The design proposed to increase the performance in displacement of the former ISC scanners includes two DISC8 in parallel on both sides of the mirror plate. As the cumbersomeness of the actuators is often a subject that matters in the microworld, a few authors have tried to benefit from the spare region surrounding the mirror plates in the literature [START_REF] Liu | MEMS mirrors based on a curved concentric electrothermal actuator[END_REF][START_REF] Pal | A curved multimorph based electrothermal micromirror with large scan range and low drive voltage[END_REF] either reducing the footprint and the fill factor either filling up the gap with further actuators in order to modify the initial behavior of the micromirror. In our project, the MISC actuators have been introduced in order to duplicate the total displacement [START_REF] Tanguy | Design and Fabrication of a 2-Axis Electrothermal MEMS Micro-Scanner for Optical Coherence Tomography[END_REF]. The available space has been filled by a set of 2 more actuators than the DISC structures without The maximum admissible stress on the actuators is located about the corners between the collarbones and the slender arms of the structure [START_REF] Lullin | Design , simulation and fabrication of a vertical microscanner for phase modulation interferometry -Application to optical coherence tomography system for skin imaging[END_REF]. The Von Mises stress can be calculated by Eq. (4.60).

σ e = 1 √ 2 (σ 11 -σ 22 ) 2 + (σ 22 -σ 33 ) 2 + (σ 33 -σ 11 ) 2 + 6(σ 12 2 + σ 23 2 + σ 31 2 ) < σ Y (4.60) 
The electrothermal actuators were designed so that the stress usually located at the corners is minimized. A curved shape is adopted for the collarbones of the actuators and finally extended to every right-angled boundary in further designs. Fileted corners are also very appreciated to facilitate the flux of electrons in electrical paths. The improvements brought in the designs are higlighted in the Section 4.3.5. The first batch of fabrication provided one type of device for characterization and further improvements. Even though, many test devices were also part of the first wafer batch and were also used as test samples. The main structure will be referred to as Tor1.x micro-scanner which is represented in Fig. 4.9. The following batches and mirror types will be introduced in the next Section 4.3.5.

Thermal model

In the design presented earlier, it is crucial to study the electrothermal behavior of the whole structure because it is composed of two axes that are not necessarily totally uncoupled one from another. Thermally speaking, our design is similar to the structures designed in the group BML from generations A3 to A5 as well as the generations with stoppers (see Section 3.3). Jain et al.

[232] reported a model of an electrothermal micromirror with an in-frame mirror plate. The However, the model proposed is "valid when only one of the two actuators is activated" [START_REF] Jain | An electrothermally-actuated, dual-mode micromirror for large bi-directional scanning[END_REF]. As discussed earlier in Section 4.2.1.2, the substrate is considered as a thermal well set at the ambient temperature T 0 . It is the "coldest point" of the micro-scanner system. Unlike the thermal study of a single electrothermal actuator, the study of the whole micro-scanner is more complex because the "hottest point" of the system will be shifted towards the inner actuators. In order to simplify our model, let us distinguish three cases:

Case 1. Only the bimorph array is actuated. The maximum temperature node is located at x of the base of the bimorph. The thermal resistance seen on the left (substrate) of the bimorph array is smaller than the resistance seen on the right (inner frame) which yields a balancing factor of the pitch actuator f pitch greater than 0.5. More than half of the heat flow generated by Joule heating will go to the substrate whereas (1-f pitch )×100 % flows from the maximum temperature node to the inner frame. Most of it is accumulated into the inner frame and dissipated by convection in the surrounding air at the ambient temperature. We can take for granted that most of the heat flow will be dissipated before reaching the inner actuators because the inner frame is much more subject to convection than conduction. Finally, the micro-scanner is well cooled down and the thermal influence of the pitch actuator over the inner roll actuator will remain small enough to be ignored.

Case 2. Only the inner MISCs are actuated. As shown in Fig. 4.9, the micro-scanner is symmetric from a thermal approach. Indeed MISC actuators are thermally identical so that they can be substituted for one single equivalent thermal resistor instead. As the heat generation stems from the inner actuator, the maximum temperature will be located on the node belonging to the equivalent resistor. Unfortunately, the inner frame and the mirror plate have comparable sizes, and thus comparable thermal behaviors. Therefore, about a half of the generated power will dissipates through the mirror plate -that conducts into itself and acts as an accumulator -while the other half will take the other path, through the inner frame, across the pitch actuator until it reaches the "ground" of the system: the substrate that has the lowest temperature. In this case, a coupling can be predicted caused by the roll actuator onto the pitch actuator.

Case 3.

Both pitch and roll actuators are actuated simultaneously. It is a superposition of the two first cases and the value of the heat flows can be added up. However, we need to notice that the maximum temperature positions will be shifted. Finally, taking into account the conclusion that were brought up for each of the two first cases, the present case can be simplified by case 2 as the essential parameter that really matters in the analysis of the whole micro-scanner is the value of the heat flow that goes through the pitch actuator when the roll actuator is driven.

Figure 4.25 shows a LEM schematic of the thermal behavior of the whole micro-scanner for steadystate analysis. The electrical circuit is not represented in Fig. 4.25, but the electrical initial resistance is calculated on the length of the platinum heater across the MISC actuators. T M is the temperature of the mirror plate supposed to be different from the ambient temperature. However, for the calculations, we'll assume that T M = T 0 as in [START_REF] Pal | A parametric dynamic compact thermal model of an electrothermally actuated micromirror[END_REF]. The heat flow generated by the heater dissipates on both sides of the point of maximum temperature T and through the bimorph array that is considered completely passive as mentionned in the second case. In fact, one does not require to utilize the heater to generate an increase of temperature as long as an external source of heat can also be used [START_REF] Pal | Pre-shaped open loop drive of electrothermal micromirror by continuous and pulse width modulated waveforms[END_REF]. In our case, the heat generation of the roll actuator mingles with the bimorph array. The amount of heat flow received by the bimorph array P P will couple the two orthogonal scan directions, impacting directly the OCT image. One challenge in the design of the micro-scanner is to dimension properly the components in order to ensure a thermal behavior sufficiently uncoupled to be able to control the motion of the micromirror. One criterion is the ratio between the heat flow crossing the pitch actuator and the total generated power by the roll actuator's heater P P /P ER , independent from the applied voltage. From the resolution of the LEM, we extracted the evolution of the ratio mentionned earlier with respect to the value of the four most significant resistances constituting the circuit. It was shown that the resistances that impact the ratio are mainly the resistance of the frame due to conduction and convection, the resistance of the isolation bridge between the pitch actuator on the frame and moderately the resistance of the isolation between the roll actuator and the frame as plotted in Fig. 4.26. Each resistance value is tuned independently from the others that keep a given initial approximate value. The value of the resistances was plotted within a range of 10 3 to 10 5 K W -1 which is conceivable but for R ⇒ P IR because the equivalent isolation bridge of the bimorph array is divided by the number beams and is usually in the range of a few tens or hundreds of K W -1 only. R ⇒ F and R F are the most opportune parameters to be tuned in order to minimize the heat flow ratio. Indeed, the resistance of the frame by convection and conduction fluctuates of 55 % and 53 % respectively within the range specified above, reaching independently ratios as low as 4 %. Tuning these two resistances could allow to decrease even more this ratio. The size, the thickness, the material of the frame has been optimized consequently in our design and parameters are summarized in Table 4.5. The effect of fabrication process on the variation of the thermal behavior also exist and has been briefly mentionned by Pal and Xie [START_REF] Pal | Distributed and lumped element models for a bimorph-actuated micromirror[END_REF]. 
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Improvements

Gold pads

A few improvements were made to the initial MISC structure and are strongly recommended for future designs based on the structure proposed in this work. After the last step of fabrication, the micro-scanner has to be packaged. Typically, a dual in-line package (DIP) or a custom printed circuit board (PCB) is used to connect the pads of the chip to a macro environment for interfacing with a signal generator for instance. The packaging method will be described in Chapter 6. The tool used to implement the pad-to-pad connection is called a wire-bonder and consists of interconnecting pads together by a thin metal wire by a process described in Chapter 6. Commonly used materials are the copper, aluminum and gold. Most wire bonders are equipped with gold wires because it doesn't oxidize and stays compatible with most materials. Depending on the wire-bonding tool, the contact between the gold wire and the aluminum can be fragile or lose adhesion. A better way to ensure adhesion between the wire and the pad is to uniformize the materials. Hence, one of the improvements that was made concerning the pads is the gold coating on top of the aluminum constituting the original pads. The realization and the results will be discussed in Chapter 5.

Mechanical 45°stopper mechanism

It is not the object of this section to present the characterization of the Tor1.x in order to highlight quantitatively the shortcomings arising from the first batch of fabrication. However, a combination of thermal and mechanical cross-coupling stemmed from the biased estimation of the thermal resistances due to the difference in the parameters of the bulk and the thin films has been observed and discussed in Chapter 6. Thermal and mechanical cross couplings are causing the micro-scanner to behave differently from the model expectations: the actuators are not completely independent one from another in terms of motion and entailed a cross coupling between the axes. A solution in the design has been suggested to tackle the mechanical coupling issue [START_REF] Wang | A Monolithic Michelson Interferometer with a Large Piston MEMS Micromirror[END_REF][START_REF] Duan | A self-aligned 45°-tilted two-axis scanning micromirror for side-view imaging[END_REF]. Duan et al. implemented a mechanical "stopper" to prevent the uncontrolled motion of the inner frame in the reference frame of the Si substrate. The so-called stopper is a mechanism that locks the pitch rotation by making the edge of the inner frame lean onto the vertical wall of the handle layer of the SOI wafer [START_REF] Duan | A self-aligned 45°-tilted two-axis scanning micromirror for side-view imaging[END_REF]. Another version of stoppers has been reported to lock the inner frame along a vertical plane [START_REF] Wang | A Monolithic Michelson Interferometer with a Large Piston MEMS Micromirror[END_REF] (see Fig. of the SOI wafer wedges the inner frame at a fixed angular position that can hardly be modified after release. The moving arm of the stopper latch is as thick as the device layer in order to avoid buckling and ensure the quality of the contact. Unlike the vertically slanting stopper of [START_REF] Wang | A Monolithic Michelson Interferometer with a Large Piston MEMS Micromirror[END_REF], in that the initial tilt elevation of the inner frame (without stopper) is greater than 45°, otherwise the device layer won't touch the handle layer and the stopper will be useless. The dimensions and the position of the mechanical stopper within the substrate (see Fig. (

ρ b + d)θ b = a -x + g g = r + x (4.61) ∀θ b ∈ [0, π 2 ], 0 < a -a min < d + h sin θ b (4.62) with a min = (ρ b + d)(1 -cos θ b ) -d.
The length of the moving arm is calculated at 307 µm, r is a parameter specified in Fig. 4.29 and the x gap equals 32.5 µm at a distance a of 187 µm. The isotropic etching of the Si by DRIE cause the dimensions to differ from the layout dimensions: lengths diminish and gaps increase causing the tilt angle to soar rapidly. Errors of 10 µm and 30 µm yield 17 % and 44 % of error in the final angle respectively [START_REF] Duan | A self-aligned 45°-tilted two-axis scanning micromirror for side-view imaging[END_REF]. However, the center value of 45°is not critical and can fluctuate without affecting the OCT image. We know from the optical model that a mechanical angle below 37.3°will block the light beam reflected off the mirror. Unlike Duan et al.'s probe design, the parameter limiting the maximum tilt angle in our case is the height of the center of the mirror plate with respect to the top surface of the device layer of the SOI. In the literature, most reflective prisms used for circumferential scans in side-viewing probes are tilted by a angle smaller (or greater) than 45°to reduce backreflections from the interface with the tissue or with the capsule diopters. Although such a tilt modifies the direction of the observation, it does not affect the quality of the images [START_REF] Li | Imaging needle for optical coherence tomography[END_REF][START_REF] Victor | Interstitial Doppler optical coherence tomography[END_REF]. The calculations of Duan et al. led to an overshoot angle of 17°from the initially expected 45°value with a variation of ± 3.7 %. In conclusion a safety index has to be included in the model, predicting variations of the thickness of the outer wall from 20 to 30 µm.

Another issue that has to be highlighted, is the decrease of dofs of the micro-scanner due to the introduction of the mechanical stopper. The Tor1.x device originaly had 2 dofs provided by the pitch and roll axes. Unfortunately, the mechanical stopper limits the motion to a single rotation on the roll axis. This limitation motivated the design of a novel micro-scanner including a mechanical stopper and allowing 2 dofs in rotation around the pitch and roll axes.

Increasing the degrees of freedom

Two new devices including stopper mechanisms were realized in a second batch of fabrication. SEM pictures of these devices are shown in Figs. 4.30a and 4.30b and will be referred to as Tor2.x and Quad2.0 respectively. The micro-scanner Tor2.x is the evolution of Tor1.x but was downgraded to a single dof around the torsion beams axis because the stopper locked the pitch dof. This micromirror can only be used for a 2D probe to perform a B-scan OCT image. The Quad2.0 is also an outcome of the second batch of fabrication and allows 3D OCT images, by means of 4 ISC actuators within the inner frame and actuating the mirror plate in tip-tilt and piston mode as many micro-scanners designed formerly [START_REF] Jia | An electrothermal tip-tilt-piston micromirror based on folded dual s-shaped bimorphs[END_REF]. In conclusion, the Tor1.x has 2 dofs, the Tor2.x has 1 dof and the Quad2.0 has 3. As the Quad2.0 is very similar to the work of Duan et al. [START_REF] Duan | A self-aligned 45°-tilted two-axis scanning micromirror for side-view imaging[END_REF], its principle of actuation will not be described in details in this manuscript. We invite the reader to refer to Refs. [START_REF] Duan | Planar and Integrated MEMS Micromirrors Based Endoscopic Optical Coherence Tomography[END_REF][START_REF] Duan | An endoscopic forward-viewing OCT imaging probe based on a two-axis scanning mems mirror[END_REF][START_REF] Duan | Optical coherence tomography endoscopic probe based on a tilted MEMS mirror[END_REF][START_REF] Duan | Probe alignment and design issues of microelectromechanical system based optical coherence tomography endoscopic imaging[END_REF][START_REF] Duan | Swept-source common-path optical coherence tomography with a MEMS endoscopic imaging probe[END_REF][START_REF] Duan | A 45 deg-tilted 2-axis scanning micromirror integrated on a silicon optical bench for 3D endoscopic optical imaging[END_REF][START_REF] Duan | A self-aligned 45°-tilted two-axis scanning micromirror for side-view imaging[END_REF]. 

Conclusion

We have seen in this chapter several designs developed purposely to match the specifications defined earlier. Analytical models have been established to describe the electrothermal and thermomechanical behaviors of single bimorph beams in a first time and complex bimorph-based actuators in a second time. The accuracy of the models was reported to be sufficiently close to the FEM simulations and experimental results obtained by the authors who have demonstrated their efficiency in the literature. Hence, we relied on the analytical models to design the micro-scanner. The two last designs result from the enhancements brought to the first version of micro-scanners in order to improve the performances and to remove the axis cross-coupling, potentially hindering the quality of the 2D scan performed by combination of the motion of the two axes. The first version of the micro-scanner was designed to reach minimum mechanical angles of 5°for a fast-scan frequency around 1 kHz about the roll axis, and a slow-scan frequency of 200 Hz about the pitch axis. The design was extended to provide much larger angles than the very requirements so that additional scans with similar scanned area can be performed for different angular offsets and then merged to reconstruct a larger scan cluster.

Chapter summary

After establishing the models of the electrothermal micro-scanner, parameters have been tuned in regard to the specifications. The devices still remain to be fabricated at the wafer level by batch fabricated in cleanroom. The micro-scanners were fabricated in two different cleanrooms because of the framework of this work realized under an exchange program between the university of Franche-Comté (UFC) and the UF. The process of each step of fabrication will be presented in the next chapter as well as the technologies and related risks.

Chapter 5

Fabrication

A

fter the theoretical design and the simulations presented in the former chapter, the microscanner still remains to take shape. Regarding the small size of the MEMS device, it was fabricated by "microfabrication" in appropriate microscale facilities. Before introducing the very core of microfabrication processes, flow charts were established to ensure the feasability, the compatibility between the materials themselves and considering the capability of the different tools available. The validation of the flow chart entails the design of the photomasks, essential for each step's photolithography. Two main batches of fabrication were carried out and will be detailed in this chapter. The first batch, fabricated in the NRF of the UF in the USA was based on a relatively mature flow chart developed over the last ten years in the BML group of the UF. This flow chart and the fabrication corresponding processes are presented in a first section (Section 5.1) by order of fabrication step. The role of each step, the process, the results are detailed and the possible engendered risks are also mentionned in Appendix A. In terms of flow chart and fabrication process, our contribution also claims a few novelties intended to enhance the optical characteristics, the packaging and the embedded controlability of the device. These novelties will be presented separetely in a second section (Section 5.2) and were implemented during the second batch.

Most of the processes dedicated to the fabrication of the electrothermal actuator technology were well mastered in the NRF through a long optimization process of the past 15 years of development of these devices. Hence, the processes implemented in the first batch of fabrication have nothing of a novelty. Nevertheless, being able to master all these steps properly and reproduce them also requires substancial skills and adaptability from the operator. Transfering these technologies from one cleanroom (NRF) to another (MIMENTO) is no less of a pain in the butt. Finally, on top of these processes present in the first batch, a few novel processes were entirely developed to improve the performance of the devices, facilitate their integration and increase their optical adaptability for further integration. These novel processes are described in the flow chart of the second batch of fabrication. They consist of depositing selectively a reflective layer on the back side of the mirror plate, patterning a microscale embedded strain gauge sensor system and plating the pads with gold.

Base device fabrication process

Flow chart and layout

The first batch of fabrication was performed on a 4 SOI wafer. The process of photolithography is detailed in Appendix B.1 and introduces all the necessary terms that will be widely used in the following of the present chapter. SOI wafers are composed of:

-a thick layer of on the "back side" of the wafer called the "handle layer", and used to bring stiffness by increasing the thickness of the support in order to -as indicated -handle the wafer safely. For 4 wafers, this layer is recommended to have a thickness greater than 200 µm.

-a thin layer on the "front side" called "device layer", which will "support" the device intended to be fabricated, -and an intermediate ultra-thin dielectric layer made of SiO 2 , and called the "buried oxide (BOX) layer" (and which will simply be referred to as "BOX" in the following) whose thickness vary widely depending on the application.

In our case, the handle layer and the device layer are both made of single-crystal silicon (SCS) of orientation 100 and have a respective thickness of 500 µm and 30 µm. The BOX has a thickness of 1 µm. As at last, the micro devices will be connected to an electrical ground either for nominal operation either for testing, the wafer is P-doped and has a resistivity of 1-30 Ω cm. These parameters are summarized in Table 5.1. The flow chart is established in the light of the specifications defined by the dimensions, the static and dynamic behavior of the micro-scanner, the materials required, their compatibility between each other and regarding the machines and the possibility of implementation in the microscale facility. Finally, the flow chart was made as simple as possible to avoid complexifying even more the process which already requires a relatively large amount of steps.

The flow chart of the first batch of fabrication is composed of 7 major stages described very briefly in Table 5.2 -in order to provide a guidance outline of the steps and a reference for the photomask names used in the following -and more thouroughly in Sections 5.1.3 to 5.1.9. The wafers of the first batch of fabrication hold 317 chips with an exclusion ring of 5 m m and two alignment marks.

A general layout is given for the three structures presented in this manuscript for an overview of what they look like. However, specific areas of the layout will be closely displayed accordingly for Release each step of fabrication where a comparison between the layout and the result of the fabrication can be appreciated. Finally, one subsection will be dedicated to one major step of fabrication.

Apart from the first step of cleaning-up, all the other major steps (where a photomask is to be used) will be illustrated by a sketch of the cross section of one chip displaying the advancement by the change in the layers. In the current section, the sketches will represent the fabrication process of the Tor1. 

Preliminary clean-up stage

Before processing the SOI wafer anyhow, especially when its container has been opened and that it has been taken out for a while or for any other doubtful reason, it is necessary to clean it up thouroughly. The purpose of the present stage is to remove the traces of organic components and oxydation on both surface of the substrate. First, the wafer is dipped into a solution of Piranha before introduction of the second species. Piranha is made of 3 parts of sulfuric acid (H 2 SO 2 ) dosed out at 49% and 1 part of hydrogen peroxide (H 2 O 2 ) poured in this order. Unlike the common preconception, the solution of Piranha must be prepared by pouring the sulfuric acid first, followed by the hydrogen peroxide dribbled gently in a glass beaker, and not the other way! This is a hint for safety concerning this operation. After the insertion of the two compounds, an exothermic reaction will occur and can reach a high temperature. A "boiling" will also happen, and the wafer should be introduced in the beaker immediatly. The wafer should not be left in the solution for too long. Usually, 5 minutes are enough to allow an efficient result. Since the Piranha is a strong oxidizing agent and hydroxylates the surface in contact, an additional clean-up phase will follow using buffered hydrofluoric acid (BHF) in order to remove the oxidation on the substrate caused by the Piranha. The BHF has a contrary effect to the hydrophilic effect of the Piranha and will make the surface hydrophobic so that one knows when the wafer can be removed from the BHF solution. The wafer must be abundantly washed using deionized water and blown thouroughly with N 2 to drive off all the water after each step. Before the next operation, the substrate was dried in an oven at a temperature of 120 °C for about a quarter-hour.

First layer of silicon dioxide -OXD1

The very first pattern to lie on the wafer is a layer of SiO 2 constituting the bottom layer of the non-inverted, the overlapping segment of the bimorph and the inferior layer of the torsion bar. It also defines the "rigid" part which will stay in the footprint at the end. These regions are the mirror plate, the thermal bridges, the inner frame and the outer frame (substrate) as illustrated by Fig. 5.2. Then, 1.1 µm of SiO 2 was deposited by plasma-enhanced chemical vapor deposition (PECVD) on the front side of the wafer at a temperature of 300 °C to maximize the stress. The tool used is a STS © 310PC.
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After metrological verification of the thickness of the deposited layer of SiO 2 with a maximum tolerance of 4% of error, a photolithography of positive photoresist (PR) AZ1512 is performed on the top side using the mask OXD1 . Then the wafer is dipped into a solution of buffered oxide etchant (BOE) to wet etch 1.1 µm of SiO 2 until the Si underneath is exposed. In microfabrication, the BOE is another name of the BHF. It is a wet etchant primarily used to etch SiO 2 and silicon nitride. The term of BOE is generally used when a dillution is performed which allows a better controllability of the etch rate. For this step, a solution of BOE with a volume ratio of 6:1 is used. Such a volume ratio means that the BOE comprises 6 doses of 40% ammonium fluoride (NH 4 F) to 1 dose of 49% HF1 . Unlike concentrated HF (49% in water) 2 which peels off the PR, BOE is adapted for this type of wet etch on polymer after a photolithography. BOE was especially used for this step because of the gentle slope profile it leaves on the edges of the patterns unlike a dry etch method that creates curved or straight walls by isotropy or anisotropy. This slope profile is preferred for a reason of compatibility with the following step. Indeed, in the next step, the Pt heater will lie directly on the SiO 2 and requires a profile of slight slope to ensure the continuity of the electrical path. Then, the PR on the wafer is stripped in a solution of PRS-3000 heated at 70 °C. The wafer is then dried using a N 2 gun and baked in oven for an hour at 150 °C.

At last, a thin layer of 50 nm is deposited by the same process described at the beginning of this step as an insulation layer between the exposed Si of the device layer and the next material which will be deposited on top to avoid shortcuts.

Platinum heater -PT

The heater which generates the increase in temperature in the bimorph actuators is made of platinum. A thin and narrow path is deposited at the location of the actuators and is thickened on the thermal bridges to reduce electrical and thermal resistance and thus its self-influence in the transmission of heat by Joule heating in these regions. The schematic step is illustrated below. The Pt is patterned using a method called lift-off, described in Appendix B.2. A photolithography is performed with the PT mask and the negative PR AZnLOF2035. When spun at 3000 rpm for more than 40 s, the film of AZnLOF2035 has a thickness of 3.5 µm leaves an undercut of typically ∼ 0.7 µm.
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To ensure the compatibility of the Pt onto the layer of SiO 2 underneath, thin adhesion layers of 150 ¦

A of chrome are deposited in sandwich underneath and above the Pt layer of 1500 ¦

A. These 3 layers are deposited in the same run by a process of sputtering, using a Kurt J. Lesker Multi-Source RF and DC sputter system in RF mode. Sputtering was preferred to evaporation because it creates films of better quality (amid the available tools in the NRF), denser, is easier to use than evaporation tools and the thickness is better controlled because more repeatable.

After deposition, the Pt on the PR is lifted off dipping the wafer into a solution of 1-methyl-2-pyrrolidinone (NMP) at 70 °C until all the Pt has lifted off. An ultrasonic bath can be used if necessary to help lifting off.

As a result of the two former fabrication steps, an SEM is shown in Fig. 5.5 where we can see the Pt lying onto the gentle slope of the SiO 2 pattern underneath.

An overview of Pt sputter of the Tor1.x and a close-up on the actuators is shown in Figs. 5.6a and 5.6b respectively and compared with their respective layouts in Figs. 5.6d and 5.6e. Another view of the actuators of another structure is also compared with its corresponding SEM picture in Figs. 5.6c and 5.6f.

We notice when comparing Figs. 5.6b and 5.6e that the width of the Pt paths is greater after being sputtered in reality than in the dimensions drawn in the layout of about 1 µm in total. This is due to the large angle of the deposition cone of the sputter method and must be taken into account when designing the masks.

Second insulation layer opening -VIA

The VIA step consists of defining the regions of the devices which will be directly interconnected with the following layer deposited directly after this step. Indeed, the next step is the deposition of the aluminum; to avoid shortcircuiting the Pt with the Al on the bimorph, any contact must be prohibited: the SiO 2 insulation layer will not be "opened". Whereas, on the torsion beam, the electrical Pt/Al connections and the pads, the two metals need to be in contact: the insulation layer must be "opened" to allow this contact.

A thin insulation layer of 50 nm is deposited by PECVD in a similar way as described in Section 5.1.3 followed by a positive photolithography using AZ 1512 with the mask VIA . The SiO 2 is "opened" by dry etch using a Unaxis © SLR reactive-ion etch (RIE)/inductive-coupled plasma (ICP) through the whole thickness of the insulation layer.

Top side layer of aluminum -ALU1

The Al of the bimorphs, torsion bars, pads and mirror is deposited all in one single step.

A photolithography of negative PR, analogous to the photolithography performed for the Pt is realized. However, as the thickness of Al to be deposited is 1.0 µm, a thicker PR such as AZ nLOF 2070 can be employed instead of the AZ nLOF 2035 to facilitate the lift-off. Al can be deposited by sputter or evaporation. In our case, an e-beam physical vapor deposition evaporator was used to deposit 1 µm of Al with 150 ¦
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A of Cr underneath and on top of it with a rotation of the wafer of 10 rpm without heating. Finally a lift-off is performed. At this step, if the PR has difficulties lifting off, a longer dipping time in NMP is highly recommended instead of using ultrasound which may damage the structures as shown in Figs. 5.10b and 5.10c. A layout of the corresponding area is given to spot the region (at the base of the bimorph array actuators) in Fig. 5.10a. An overview of the structure after lift-off and oven bake is shown with its layout in Figs. 5.10d and 5.10e. After several trials of deposition of such a thick layer of Al with different tools, one problem persisted and deserves to be pointed out here. Although the Al is protected by a layer of Cr, an oxidation occured and is visible under the form of black dots evenly scattered on the surface as highlighted in Fig. 5.10f. To tackle this problem, one solution proposed is to use AlCu instead of pure Al, which would prevent from any oxidation and preserve the quality of the surface. 

Second layer of silicon dioxide -OXD2

This step might be one of the more tedious and risky steps for the process. The second layer of SiO 2 composes the bimorph, the thermal bridges and the areas where the device layer's Si needs to remain. The gaps around the inner frame and the actuators will be etched through until the device layer is reached.

A thick layer of SiO 2 is deposited on the top side of the wafer by PECVD and will be dry etched after a photolithography by RIE until the surface of the device layer is exposed altogether at the "opened" areas which appear in white on the layouts provided. The photolithography uses a positive PR. However, the thickness of the PR has to be thick enough to allow the RIE to etch until the end before the PR is all consumed. Indeed the etch rate of the SiO 2 and of the PR are comparable. Two different standard operating proceduress (SOPs) are proposed and summarized in Table 5.3 where the etch rates of the SiO 2 and the PR are also indicated.

We notice that if we use a slow etch SOP, the etch rate of the PR is very close to the one of the SiO 2 . Hence, the thickness of the PR must be greater than the one of the SiO 2 to be etched. Though, the maximum thickness of SiO 2 that must be etched is located on the overlapping segments of the MISC actuators and on every part where the SiO 2 pattern of the OXD1 is larger than the pattern of the OXD2 , and accounts for the thickness of OXD1 plus OXD2 plus the thickness of the two insulation layers. To determine this thickness a last element has to be taken into account: the two following steps are dry anisotropic and isotropic Si etch phases comprising a very reactive gas (SF 6 ) supposed to react with the Si exclusively. However, the etch rate of the SF 6 on the SiO 2 is not negligible and will thin down the thickness of OXD2 SiO 2 on the top of the actuators thereby modifying their mechanical deflection and thermal properties.

The solution suggested to tackle this problem is to perform this step with all the former ones and all the following ones on a test wafer to test and estimate which thickness of SiO 2 will fit the step of OXD2 to keep a final thickness close enough to the target of 1.1 µm on top of the bimorphs at the very end. After optimizing the thickness, we found out that a thickness of 1.4 µm of SiO 2 yielded satisfactory results.

To go back to the topic in hand, the total thickness of SiO 2 equals 2.6 µm. This entails that the thickness of PR must be greater than this value. Unfortunately, the typical thickness of AZ 1512 is optimized between 1 and 2 µm and suffer from homogeneity or pattern quality if spun more slowly to get a thicker film. A thicker PR such as AZ 9260 with a thickness of 6.5 µm was used instead. After a vigorous descum, the SiO 2 is etched by RIE and before stripping the PR, the electrical connections on the Al pads must be verified.

Large areas are etched faster than narrow ones; thus, the Al of the mirror plate and the pads will be exposed first. Extra time is required to complete etching the remaining SiO 2 in the narrow areas and corners. During this "overetching" time, black silicon may be created, by scattering of the exposed Al onto the Si exposed of the device layer. Black silicon is an undesirable side effect of RIE and can be efficiently avoided when the PR is rebaked before dry etch. Figure 5.12a show black silicon on the device layer around the MISC actuators after OXD2 dry etch phase and its corresponding layout in Fig. 5.12b. 

Back side pit carving -BSD

This "pre-release" step is probably as tedious as the former one, as it requires going through several risky stages. Before releasing the microdevices from the top side, the thickness of the wafer must be thinned down from the back side until reaching the BOX. Once the BOX is exposed, it will be removed allowing a highly smooth surface quality under the mirror plate (the back side of the mirror). Before starting any process on the back side of the SOI wafer, the front side must be protected. Generally, a "carrier" wafer is utilized to protect the front side and carry the SOI wafer from the beginning to the end of the step. Indeed, at the end of the step, the boundary between each chip will be strongly weakened and on the edge of being taken apart. At that point, the SOI wafer is very fragile and the role of the carrier wafer becomes compulsory. Figure 5.14a show the profile of the back side with the large pits and the deep and narrow grooves hanging on to 30 µm of Si.
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Four different methods of bonding were tested using Fomblin ® PFPE oil, Crystalbond , dry and wet PR. According to the author, the best method is the one using wet PR. Once the carrier supports the SOI wafer, a photolithography with a thick positive PR AZ 9260 is performed on the back side with the mask BSD . The handle layer is etched anisotropically by DRIE in a tool from STS ® all the way down to the BOX. The BOX is etched by RIE and the stack of wafers is dipped into a powerful solvant to remove the PR between the two wafers. Aceton, PR strip or NMP can be used.

The results are shown in Fig. 5.14b from the backside where some chips were already separated from the wafer, and a cluster from the front side is also shown in Fig. 5.14c. 

Release -REL

The last step of the fabrication process of the first batch of fabrication consists in releasing the micromirrors from their substrate. The release stage is performed in two steps and can be carried out at the wafer level (if the layout allows to do so) or at the chip level. If performed at the wafer level, one or a few chips are fixed to a thermal tape sticked on an oxidized carrier wafer as shown in Figs. 5.15a and 5.15b. We used a Nitto ® thermal tape which loses its taping effect at a temperature of 180 °C. The first step consists of a anisotropic DRIE through the device layer (about 30 µm). It is followed by a second step whose purpose is to remove the Si of the device layer beneath the actuators and the torsion bar to "release" them literally. Otherwise, the device won't pop up and the mirror will remained unmovable as shown in the two steps of release in Fig. 5.15c where some Si remains under the torsion beam and in Fig. 5.15d where all the silicon has been removed and the tilt is apparent. The release time has an influence on the initial tilt angle and may be optimized after several preliminary trials. SEM pictures of the released device and its different specific parts are shown in Figs. 5.15e to 5.15h.

Complementary fabrication tips

The second batch of fabrication comprising the devices Tor2.x and Quad2.0 represented in Fig. 5.16 brought up a few additional novelties. A dual-reflective mirror plate was fabricated; gold was deposited on the pads to improve the adherence with the wire bonder gold wire; and a Ni/Crbased strain gauge was monolithically embedded on the torsion beams of the micro-scanner in order to replace external sensors used to monitor the displacement of the mirror for potential feedback controls. These improvements are presented in the following subsections. First a rectified flow chart is provided in Table 5.4 enabling to integrate all the modifications in one batch. Then each novelty is detailed one by one. 

Flow chart

Gold pads -AUP

Most wire-bonders3 are equipped with gold wires because it is the most flexible material and suits a very wide variety of processes. Formerly, the pads of our chips used to be made of Al (with 150 ¦ A of Cr on top), and making gold wires adhere on Al is not always an easy task. Hence, to gain time and money in the wire bonding step, a thin gold coat was deposited right on top of Al pads. The step is represented below: It is recommended to deposit at least 2500 ¦ A of gold for bonding pads. In addition this step must be performed as the very last operation on the front side of the wafer to prevent potential diffusion of gold into other materials. A thickness of 3000 ¦ A of gold was deposited by sputter in a Plassys ® MP700S with an adherence layer of Cr of 150 ¦ A deposited underneath only. Release - Unfortunately, in reality this step was realized before the deposition by PECVD of SiO 2 at 300 °C and despite the 300 ¦
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A-thick Cr layer between the gold and the aluminum, diffusion still occured. The compound resulting from the diffusion has not been analyzed by spectrometer to identify the constituant and the proportions, however, we reckon AuAl 2 (also known under the name of "purple plague") replaced the Al/Au pads because of its purplish tint under white light. Although purple plague is known as affecting significantly the adherence, the roughness and reducing the resistivity, the pads of our devices could be saved. More detail will be provided in Section 5.3.

An SEM picture of the pads where diffusion occured is shown in Fig. 5.18a and Fig. 5.18b more in a close-up.

Second mirror aluminum layer -ALU2

The only purpose of the second layer of Al is to make the back side4 of the mirror reflective. Although two different methods were considered to realize this step, by hard mask and using dry PR, only one of them led to acceptable results. This step is performed right after the BOX has finished etching. The advantage of using dry PR is that it can be laminated evenly, even over deep cavities where a standard photolithography would most likely fail. Although a deposition by spray coating could be a possible trade off, the method remained untested. A recap schematic is show in Fig. 5.19.

The dry PR used is a 50 µm thick DuPont WBR 2000 series dry negative PR film. The film is laminated on the back side of the handle layer after removal of the polyethylene layer and with the appropriate lamination conditions prescribed by DuPont at 85 °C. After a bake in oven of 20 min at 65 °C, the back side of the SOI wafer is aligned under a microscope with a glass photomask or an emulsion thin film mask and exposed with a dose of 400 mJ/cm 2 at 365 nm. A post-bake must be performed at 70 °C for 30 min and the PR is developed in a custom solution of K 2 CO 3 at 1.0 wt% for about 160 s. Then, the wafer is rinsed and dried very gently, taking care of the fragile film hanging over the cavities. No post-development bake nor descum is recommended. A photograph of this step is shown in Fig. 5.20a where the subsiding of the hanging film over the cavities around the holes is apparent. Finally, 150 ¦

A of Cr, 4000 ¦ A of Al and 150 ¦

A of Cr again are evaporated on the substrate without heating. The wafer is stripped, and the fabrication process gets back to the last step of release.

A picture taken by microscope showing the position and the dimension of the mirror plate is given in Fig. 5.20b before starting the release process from the front side. The radius of the mirror disk shown on this picture measures 400 µm on the layout. We can observe an actual reduction of the real radius of 1.9% mainly due to the subsiding and the wet rinsing. The back side of the mirror plate is shown in Fig. 5.20c before complete release of the in-frame mirror. 

Packaging

In a first time, a "packaging" was designed for tests and characterization of the micromirrors. Such an interface is necessary for interconnection with the macroworld and safe handling out of a cleanroom. A custom support was designed to bond the chips and connect the pads with external devices such as function generators to generate voltages and drive the micro-scanners. A thick PCBs was custom-made with a main gold bonding pad of the size of the micro-scanners rounded by a series of gold connection pads to connect the pads of the micro-scanners by wire-bonding. The PCBs designed is shown in Fig. 5.21. The PCB holder only has a routing function and the small gold pads are connected to white 5 contact right angle wire-to-board connectors. Each PCB is equipped with 2 connectors. One connector is for the driving signals and the other one for the strain gauge sensors. First a micro-scanner is carefully handled and glued onto the central hollow pad with a layer of 2 mil of silver epoxy in between. Then, the whole PCB with the micro-scanner on it is baked at 80 °C for 3 h for epoxy annealing. The micro-scanners failed to be wire bonded using a conventional 1 mil thick gold wire as shown in Fig. 5.21b. Indeed, the stress on the pads is disproportionned for the low adherence of the pads, and as a result, the pads are pulled off until the SiO 2 underneath. Hence, a 17 µm gold wire was used instead in order to decrease the stress on the pads. It was also implemented with lower parameters and a smaller ball than usual as specified in Table 5.5 for the TPT ® HB16 tool. Furthermore, the ball bond was performed on the PCB gold pads and the wedge bond on the device pads. This method gave a yield of about 2 /3 of successful wire bonding (see Fig. 5

.21c).

A sketched in Fig. 5.22, the PCB has a size of 10 m m x 79.5 m m with a thinner end to fix the micro-scanner facing the lateral edge. The characterization will consist of testing the thermomechanical behavior of the micro-scanner but also its performance for imaging. Hence, an optical setup with dimensions as close as possible to the final embedded system must be adopted in characterization setup. Therefore, the micro-scanner is located the closest to the edge to minimize the distance between the optical components and the center of the mirror plate which will determine The big gold pad referred to as "device footprint pad" in the sketch Fig. 5.22 has the same footprint as the micro-scanner, and is used as a thermal and electrical ground for the device. Its center matches the vertical of the center of the released mirror plate when the inner frame is tilted at 45°. Thus, the distance between the edge of the PCB and the center of the micro-scanner's mirror plate is 3.35 m m. The hole in the footprint pad allows the alignment of a light beam through the PCB. This way, both sides of the mirror plate can be exploited: one side can be used for imaging (OCT for example) and the other side for optical position tracking for a feedback control for instance.

Conclusion

Two series of fabrication were carried out for two different batches of micro-scanners. The device Tor1.x is the main outcome of the first batch and is composed of 6 photomasks and 7 major steps whereas the Tor2.x and Quad2.0 brought four additional novelties all integrated in the second batch requiring 9 masks and 11 steps of fabrication. The first batch was well developed in the NRF and does not present particular risks nor hazards for the fabrication. The second series of fabrication is much more risky because of the introduction of the very oxidizing Karma alloy used for the strain gauge which reduces the access to a few tools used to guarantee the quality of the photolithographies. Furthermore, the second batch was realized in a different cleanroom and most processes had to be completely re-developed from scratch. Finally, the micro-scanners were packaged onto a custom macro interface to undergo further tests. The design of the holding PCB conceived for characterization and imaging was presented, as well as the wire-bonding stage. Despite the damage caused to the pads due to a phenomenon of diffusion, most of the devices could be saved and will be used for testing in a first place before being integrated to the Mirau micro-interferometer.

Chapter summary

The chapter presented in three sections the fabrication process of the first and the second batches of fabrication and the packaging design and procedure. For each step, a sketch of the state of progress is provided as well as the risks and recommendations of the author. At last the interface between the devices fabricated and the instrumentations of the macro world is introduced and will be used in the all the characterizations, imaging and other experiments which will be presented in the following chapter.

Chapter 6

Characterization and integration T he static and dynamic behaviors of the fabricated micro-scanners are compared to the model predictions as much as possible, in order to evaluate the general performances attained. The ability of the devices to perform imaging is tested on Lissajous scans. Finally, the first steps of integration of the probe with the Mirau micro-interferometer are presented. To characterize the micro-scanners, the PCB described in Chapter 5 was used as a holder to handle and adjust the position of the device. It was also employed as an interface with the instrumentations required in several setups to characterize the electrothermomechanical behavior of the devices under static and dynamic conditions.

Characterization of the micro-scanner

After the last step of fabrication, the devices from the first batch (Tor1.x), which do not have a mechanical stopper, were characterized under a microscope with an initial angle of 70 °mech . This is due to a necessary overetch time to release the structures due to a difference in the width of the actuators and the torsion bars themselves as well as in the difference in the size of the space around them. Indeed, the isotropic etch time of the final step of release determines the quantity of Si etched underneath the actuators and the torsion bar. If these two elements are not released in the same time, the etching time may be extended causing at some point the SiO 2 to be thinned down. When the SiO 2 is deposited at 300 °C and cools down to ambient temperature, the pattern is unchanged in its dimensions causing the layer to develop a high tensile stress. Then, as the aluminum is deposited without stress on top of the highly stressed SiO 2 , the bimorph bends up because the tensile stress is intrinsic to the lower layer. If the SiO 2 layer is thinned down a fortiori, its surface is reduced and the stress is consequently increased, thereby causing the bending angle to be larger, which explains that the initial angle is higher than expected [START_REF] Agostino | Plasma etching of Si and SiO2 in SF6-O2 mixtures[END_REF].

So far, only the Tor1.x, shown in Fig. 6.1a, has been characterized and the results of the characterization will be presented in this chapter. The second batch's Tor2.x and Quad2.0 will be characterized later and presented in a future work. This section of characterization is divided in 4 subsections. First, the general features of the device and its static behavior (when a direct current (DC) signal is applied on the actuators) are characterized. Then, the experimental setup used to drive the micro-scanner and track its position dynamically is detailed, and finally a characterization of the dynamic behavior and the frequency response of the device are provided. A last section will take care of presenting the integration process of the micro-scanner with the Mirau micro-interferometer.

Optical characteristics

A topographic characterization was conducted on the surface of the micromirror (highlighted in Fig. 6.1b) to screen the surface quality of the mirror in order to evaluate the impact on the quality of the optical signal obtained in the final integrated system. For a matter of time, only the upper surface was investigated. The upper surface reflective layer deposition is the sixth last fabrication step, much more impacted by the physical and chemical processes and treatments of the last steps (RIE, DRIE, bonding, ...) then the back-side reflective layer which is the second last step. The mirror quality of the back side should then be much higher than the one of the front side. A Polytec MEMS Analyzer MSA 500 was used to realize a topography of the mirror plate. The outcome of the topography is shown in Fig. 6.1c. The topography was realized on the effective part of the mirror which does not overlap the SiO 2 , where the flatness is the better. The radius of curvature was measured at ∼ 1.3 m corresponding to λ/6 and the roughness is below 10 nm. This quality will not deteriorate the laser beam too much (at least it is acceptable for the back side where mere dynamic angular position tracking will be realized by laser reflection onto a position sensing detector (PSD).).

General features and static behavior

The electrical resistances of the pitch and roll actuators were measured after release at 1.34 kΩ and 1.07 kΩ, respectively. It was observed that the resistance before and after release could be significantly different. Furthermore, the resistance varies with temperature as well as with aging. A brief study of the resistance shift of the heater was reported by Chen et al. [START_REF] Chen | Repeatability study of 2D MEMS mirrors based on S-shaped Al/SiO2 bimorphs[END_REF] who showed that the heater resistance decreased no more than 6% for a typical MEMS device subject to 100 million scan cycles. In our devices, the heating resistance of the actuators was a bit underestimated because of the biased value of the resistivity of the bulky Pt ρ P t found in the literature. The value of the heater resistance was fit on the measured value of the resistance at ambient temperature in order to derive an appropriate resistivity for thin films of Pt. This value was calculated at 314 × 10 -9 Ω m. The resistance change trend is well estimated by the model, and is compared to the experimental measurements in Fig. 6 The device chips were arranged vertically and observed under a microscope to measure the absolute angle of rotation of the inner frame and the mirror plate when the actuators are independently driven at different DC voltages using a power generator. Figure 6.3 shows the static angular behavior of each actuators independently with respect to different actuation voltages. The inner frame deflects over 32°in total from an initial angle of 70°to a maximum angle of 38°for a limit voltage of 16 V DC corresponding to 178 m W. The mirror plate declines from 18°to -4°a chieving a maximum total angular scan range of 22°at 16.5 V DC , i.e. 188 m W for the Tor1.281 . A negative angle for the roll actuators refers to when the mirror plate is crossed the plane of the inner frame (for a negative θ r in Fig. 4.20).

The power consumed due to Joule heating is calculated, multiplying the known voltage applied and the current measured through the actuators using an ammeter. The real power is compared with the power estimated by the model of Eq. (4.11b), with and without considering the convection in Fig. 6.4.

Barely no difference is noticeable between the power trends calculated by the model with and without convection. This is mostly due to the fact that the resistances due convection in our design are much higher than the ones due to conduction. And hence, the influence of the convection is bypassed by conduction. A very slight discrepancy is visible between the models and the experimental results at "high" voltage (over 15 V DC ). This can be explained by the increase of the non-linearity of the parameters with respect to temperature such as the TCR that was supposed constant at all time. A similar behavior can be observed even more seriously in the curve of the optical angular displacement shown in Fig. 6.5a. The experimental curve was compared with the model and exhibits about 15% of error at 12 V DC .

The average and maximum temperature change on the bimorph beams is extracted from the model an plotted in Fig. 6.5b. The balancing factor calculated equals 7.8, which is still acceptable for the distribution uniformity. The highest temperature reached on the bimorph transducer of the pitch axis is estimated at about 380 K at 20 V DC . The temperature was not measured nor estimated on the roll axis because the main problem that occured due to temperature was located on the bimorph array: indeed, an overheating at the base of the bimorph array actuators caused the aluminum to burn. This defect modified the properties of the aluminum and damaged the actuators making the micro-scanner unusable. This phenomenon was also reported by Pal and Xie and can be seen in [START_REF] Pal | Repeatability study of an electrothermally actuated micromirror[END_REF]. 

Experimental setups

A sketch of the optical setup is given in Fig. 6.6. It was used for most characterization experiments where the static or dynamic relative position of the mirror is sought as well as for dynamic scan and imaging. In order to work as close as possible to the operational conditions, we use a 632.8 nm laser beam of 5 m W directed precisely onto the micro-scanner that reflects it on a diffusing screen. The diameter of the laser beam is reduced to about 0.5 m m using a 4F doublet of lenses denoted as "beam expander" (BE) in the sketch. A pair of fixed mirrors M1 and M2 are used to direct the light beam along the X and Y directions (perpendicular to the optical path), towards the center of the micromirror. Then, upon actuation of the micro-scanner, the beam is deflected on one side of a diffusing screen observed by an ultrahigh-speed camera Phantom ® Miro M120 on the other side. A focusing lens is also employed between the screen and the camera to adjust the size of the image and the resolution. Then, the images captures by the camera are collected and processed by a computer.

The micromirror interfaced through the PCB holder, is connected to custom wires used to route the proper ports to the corresponding actuators to be driven. This way, several micro-scanners can be very easily interchanged, and only the wire connector needs to be reconnected. The Tor1.x, for instance, is composed of 2 axes, 3 actuators (1 for the pitch and 2 for the roll motion) and 5 pads: 2 for the pitch actuator, 2 for each roll actuator plus one more for their common ground. The roll actuators are interconnected in parallel and 2 operational amplifier (OA) are used to amplify the signal by a factor of 2 from a NI data acquisition (DAQ) card itself driven by a program coded in Python. The OAs are used because the current delivered from the DAQ is too low to drive the micro-scanners. A voltage regulator is used instead of a current OA setup. The schematic electrical circuit of the OA is shown in Fig. 6.7. A picture of the custom OA PCB is shown in Fig. 6.8b and comprises 4 channels to be adaptable to both Tor and Quad designs with 2 and 4 actuators respectively. The board is also powered by a voltage generator in 20 V. The DAQ, shown in Fig. 6.8a is connected to the computer and the analog outputs are connected to the OA card via BNC to SMA cables. Finally, the last element of the chain, the micro-scanner PCB holder is connected to the custom rounting wires (red) to the OA as shown in Fig. 6.8c.

The voltage regulator and the OA are components from LT ® . The V in is connected to an analog output of the DAQ and the V out to one of the actuator ports. The signal is amplified by a factor of 2 and because of the voltage regulator, a lower saturation occurs below 2 V.

Dynamic behavior and frequency response

The setup described in the former section was used for the characterization of the time and frequency response of the micro-scanner. A Polytec MEMS Analyzer MSA 500 was used to measure the deviations on the torsion bars for a frequencies ranging from 0.5 Hz to 4 kHz. The region around the torsion bars is chosen as the ideal area where to observe the motions of the whole structure, because movements linked to the two dofs in pitch and roll are present. Series of measures of frequency response were carried out for three different widths of torsion bars of the Tor1.x type.

For each type, a voltage white noise signal of frequencies ranging in a bandwidth of 4 kHz was applied on each actuators (one after another) with a bias voltage of 1.5 V and around a working point for an amplitude of 0.2 V pp .

The gain and phase of the Tor1.28 are given in Fig. 6.9 when the white noise is applied on the pitch actuator (denoted by "Tor1.28 pitch" and in red in Section 6.1.4) and when the noise is applied on the roll actuator (referred to as "Tor1.28 roll" in green in Section 6.1.4). The magnitude in dB is only given for estimation. Two resonance frequencies can be observed when the pitch bimorph array is driven: the first one at 205 Hz is the pure pitch motion (the draw bridge movement of the inner frame) and the second one identified at 2.881 kHz is a tilt mode of the inner frame around the roll axis. This latter high-frequency mode, which is unwanted, is very overdamped and does not influence the scan of the micro-scanner. Four resonance frequencies are observed when the roll actuator is driven. The first and the fourth resonance are superimposed with the first and the second one of the former experiment, when the pitch actuator is driven. The fact that the first resonance peak is also identified at 205 Hz witnesses the coupling effect of the inner actuators on the outer one. The second peak at 1.286 kHz corresponds to the pure tilt motion of the mirror plate keeping the inner frame idle. The absence of coupling from the outer pitch actuator towards the inner actuators can be pointed out here: indeed the heat flow direction is directed from the inside of the micro-scanner to the outside, to the bulky silicon substrate acting like a thermal well. Finally, the third mode measured at 1.586 kHz, is a cross-coupling between the roll axis tilt and the pitch axis flapping. This mode is highly undesired and motivated the implementation of the mechanical stopper to mechanically bypass the influence of one axis over the other one.

The resonance frequencies of each type of micro-scanner are summarized in Table 6.1 and are consistent with the increase in frequency of the pure tilt mode dependence with the width of the torsion bars. The resonances of mode 2 are compared with the model in Table 6.1 (in red and in parentheses) and appear to be relatively close to the experimental values of frequency. The resonance frequency of the inner frame flapping mode stays relatively constant with this parameter.

For the third and fourth modes, the frequency decreases between the Tor1.22 and Tor1.28 and increase again between the Tor1.28 and the Tor1.38. These resonance modes were not modeled, however, an analytical model to determine the peak value of the cross-coupling mode could be the topic of a future work in order to increase the gap between the pure tilt mode and the coupled mode and to prevent it from being in the vicinity of the harmonics of the first pitch mode. Indeed, 0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 harmonics were also observed when a sine signal is applied on the roll axis.

We can conclude from the frequency response curves that the cross-coupling is only unilateral: from the inner actuators to the outer bimorph array actuator at the frequency corresponding to the torsional mode of the mirror plate. Hence, the motions about the two axes of the micro-scanner can be overcome by applying a sine signal of the frequency of the second mode on the roll actuator and a sine signal of the frequency of the first mode on the pitch actuator. One should still be careful doing so, in order to avoid damaging the pitch actuator: indeed, the temperature induced on the pitch actuator array is a function of the sum of the maximum voltage applied on both actuators and can thus quick culminate into an overheat.

A shift of the resonance peaks was observed for different bias voltages as described in Chapter 4. An experiment of measurement of this shift is shown in Fig. 6.10 with the Tor1.22 for a white noise in input with an amplitude of 0.2 V pp . A zoom in of the second and third modes is also given in Fig. 6.10b and Fig. 6.10c to highlight the shift in frequency. For the second mode (pure tilt), the resonance frequency drops when the offset voltage increases, whereas it is the contrary for the cross-coupling mode. This figure reveals the non-linearity of the system with respect to the frequency of the signal applied.

The shift of the second mode (the pure tilt of the mirror plate) can be understood noticing that first, when the bias voltage V bias increases, the average angle θ r (represented in Fig. 4.20) decreases as shown in Fig. 6.3. Second, as the equivalent stiffness of the roll actuators also diminishes when the bias angle decreases (when the angle remains positive however) as shown by the simulations in Fig. 4.22, finally, it is consistent that the eigen frequency decreases when the input bias voltage increases.

In the Tor1.x designs, one of the reason for the implementation of torsion bars is the removal of the piston dof that used to be problematic in the first generations of electrothermal MEMS scanners (see Chapter 3). We demonstrate that the "piston" dof of the mirror plate inside the inner frame is completely ineffectual by the fact that the torsion beam prevents the bending mode of the torsion rods from happening. In Fig. 6.11, we compared the frequency responses of 2 Tor1.22 for the same input applied on the roll axis. In the first Tor1.22, the torsion bars have been purposely ripped out, using a needle and a fine positionning system to reach the area of the torsion bars precisely without damaging the rest of the structure. The second micromirror is "normal", i.e. not damaged.

A description of the modes labeled [a] to [g] in Fig. 6.11 is given in Table 6.2. In addition to the existing modes present in the "normal" Tor1.22, the Tor1.22 without torsion rods also exhibits mirror plate rocking coupled modes. The modes of pure pitch of the inner frame, pure roll of the mirror plate as well as the 2 other coupled modes are still present in the rod-less device. While the frame pitch mode frequency remains almost unchanged, the roll mode is shifted towards a lower frequency. This can be explained by the fact the contribution of the stiffness due to the torsion rod is withdrawn yielding a smaller stiffness and thus a lower frequency. The 2 coupled modes have their frequency increased and are highly attenuated. The pure roll mode of the mirror splits into its shifted rod-less counterpart and into an attenuated peak composed of a weak torsion of the inner frame and a large tilt of the mirror plate. The [b] and the [f] Magnitude (dB) disappear in the unbroken rod situation. The indisputable differences between the two situations supports the argument of steadiness of the mirror plate within the inner frame and the elimination of the possible piston and rocking modes due to the torsion bars. 

V bias = 1 V V bias = 2 V V bias = 3 V V bias = 4 V V bias = 5 V V bias = 6 V V bias =

Lissajous scan for imaging

In this section, the Tor1.28 micro-scanner was tested dynamically to evaluate its capability to perform imaging by sweeping Lissajous scan patterns. Because of the cross coupling occuring between the roll and the pitch actuators of the Tor1.x devices, a Lissajous pattern was preferred to perform the 2D scan (composed of the B-scan and the C-scan) of the OCT image. First, the Lissajous is most "simple" type of pattern to implement with a scanner, and second, the axis cross coupling is significantly attenuated around the resonance frequencies (concerning the pure pitch and pure roll modes) of the micromirror. Although a raster scan is more adapted for data collection and post-treatment, it exhibits a non negligible coupling between the slow and fast axes and was thus proscribed in this study. Other types of scans based on more complex input have not been studied yet, however, they may ensue from a control study of the micro-device in a future work. In a first time, the Lissajous scan is characterized to evaluate wether the performances achieved in terms of speed (real-time imaging capability), area dimension and cover rate, and resolution match the specifications established in Chapter 2. In a second time, a study on repeatability and tracking is carried out, in order to determine the degree of control required by the micro-scanner to provide images reliable enough to be used in OCT imaging.

Lissajous scan dynamic study

The micro-scanner was actuated at its resonance frequencies on both axes. The trajectory of the Lissajous scan performed was acquired by the ultrahigh-speed camera at 30 kfps. An example of area scanned with the Tor1.28 for a duration of 200 m s is shown in Fig. 6.123 .

From this figure, a slight distortion can be identified on the Y axis and is due to the coupling between the two axes. However, the shape of the Lissajous remains relatively rectangular and Furthermore, 100 kHz repetition rate is roughly the performance achieved by most commercial SS-OCT systems today [START_REF] Klein | High-speed OCT light sources and systems[END_REF] and most of OCT implementations based on point-scanning imaging beams are actually limited by the laser sweep rate. Hence, drawn trajectories are retrieved and filled with pixels (3 times more than initially collected) which would correspond to such an A-scan rate of 90 kHz. Subsequently, by considering that the system resolution is about 10 µm [START_REF] Struk | Swept source optical coherence tomography endomicroscope based on vertically integrated mirau micro interferometer: Concept and technology[END_REF], each pixel has a footprint of 20 µm. The duration required to fill up the field of view can then be derived. In the following, the Lissajous scan is slightly cropped to keep a ROI of 270 µm × 770 µm. At the specified frequencies, for a duration of 45 m s of scan, corresponding to an imaging frequency of 22 Hz, 99% of an area of 270 µm × 770 µm was covered. It can be underlined that 22 Hz can be considered as quasi real-time imaging frequency. In Lissajous scan, the "corners" of the scan pattern are superimposed in the trajectory. Because of the edge passing "high density", a large amount of pixels are averaged: for instance, 95% of the area can be covered for an imaging frequency of 5 Hz with a 9 time averaging and 99% at 10 Hz with a 3 time averaging.

As an illustration, the following figure reports the number of times one area is illuminated during 100 ms (i.e. for 10 Hz of imaging frequency for which 99% of the ROI is illuminated at least 3 times). It can be seen that the averaging in many parts can be over 10 times. We believe that this estimation is an argument in favor of paces compatible with real time imaging. Especially, because an improvement of imaging frequency, FOV or resolution can furthermore be obtained by a higher A-scan rate than the considered 90 kHz, allowing using larger angles, or an objective of higher NA. It can be underlined that much higher A-scan rates have been reported, e.g. speeds of up to 1 MHz by electrically pumped vertical cavity surface-emitting lasers (VCSELs) at around 1310 nm center wavelength [START_REF] Tsai | Ultrahigh speed endoscopic optical coherence tomography using micromotor imaging catheter and VCSEL technology[END_REF].

Without considering the post-processing hardware acquisition time limitations, the microscanner can achieve real-time 3D scans with the swept source employed in the setup of this work.

Tracking and repeatability study

The quality of the OCT image directly depends on the quality of the 2D scan (excluding the A-scan which only depends on the swept source), i.e. the ability to determine accurately "enough" the location of the laser spot in time and space. The purpose of this section is to evaluate this accuracy. For a reason of lack of time, the Tor1.x micro-scanner was studied only in open-loop. The criterion of determination of the "quality" of the scan is the error between the real output and the predicted output. The predicted output is obtained after a linear "rectification" of the real inputs of the system identified and optimized by an estimate ARX221 4 model to fit the best the system. The correction system, prefigured in Fig. 6.16 is a MIMO system between, on the one hand, the driving signals of the slow and fast scans, and on the other hand, the weighted centroid of the angular position of the laser spot projected on the vertical and the horizontal axes of the screen. Indeed, no matter how different is the output from the input, if this difference is sufficiently repeatable, then it can be compensated in a "rectification model" including the electrothermomechanical system of the micro-scanner, the geometrical distorsions and rotations, the cross coupling and other linear or nonlinear non-random phenomena that may affect the output, for the given set of input signal frequencies. It does not include the disturbances due to air flux, noise, or other disturbances which would require a close-loop control to be compensated and is only available for the considered frequencies. Detailing the transfer function of the corrector ARX system will not bring much more information, nor will plotting the transfer function frequency response make enough sense, as long as it is valid only for the given scan frequency and is completely irrelevant for the rest of the frequency range.

The angular positions of the rectified inputs, and the measured laser spots angular positions in 2D, sampled at the same frequency, are plotted in Fig. 6.17. An "edge effect" is clearly apparent on this figure, due to the nature of the Lissajous scan, where the speed of scan slows down at the peaks of the sine signals of both axes, thereby increasing the spots "passing" density. Although the cover density is much lower in the central area of the scan, this will not affect the outcome of the imaging, if the largest "uncovered" surface included within the scan area remains smaller than the spatial resolution. The distribution of the absolute error function between the predicted and the measured angular position of the laser spots is given in Fig. 6.18a along each axis separately. As we could expect, these distributions are gaussian. The mean absolute error of the slow axis is -0.001°and its standard deviation equals 0.027°while the mean absolute error and standard deviation of the fast axis are calculated at 0.011°and 0.051°, respectively.

The absolute 2D error is the norm between the predicted position and the measured position of the laser spot in the plane of scan. In that plane, the scanned area is 870 µm 2 × 310 µm 2 as mentionned earlier in Section 6.1.5.1. The 2D error is a χ 2 distribution of standard deviation 5.0 µm and mean 6.5 µm (though it does not make much sense of calculating the mean of a χ 2 distribution). From Figs. 6.18a and 6.18b, we can conclude that: first, the differences between the scan pattern input and the measured pattern are repeatable enough so that they can be compensated by a linear correction in open loop; and seccond, the differences between the rectified input and the measured output (i.e. the uncompensated phenomena) are are small enough to obtain a sufficient quality for OCT imaging without implementing feedback control in close loop in the first place. Inside the body, other considerations will have to be taken in account for the integrated endoscopic and the input-output delay, respectively. system such as the general body organ motion, heart beat, breathing movements, etc. We believe most of them can also be pre-compensated in open loop, however, for uncompensable phenomena, a close-loop control may be the last resort.

The idea of developing integrated strain gauge was to provide the possibility of a feedback control even in the very confined space of the encapsulated endoscopic probe where it would be cumbersome to include another type of sensing mechanism. Compared to microscale sensing systems that have been implemented for dynamic position tracking of electrothermal MEMS scanners [START_REF] Cheng | An Integrated Optoelectronic Position Sensor for MEMS Scanning Mirrors[END_REF][START_REF] Farm | Resonant Inductive Coupling-Based Piston Position Sensing Mechanism for Large Vertical Displacement Micromirrors[END_REF], the strain gauge sensing mechanism proposed in this work offers the undisputable advantage of taking up no space at all, as long as it is fully integrated. Unfortunately, no opportunity of characterizing the strain gauges was possible for a reason of lack of time again. A thourough characterization will be realized in a future work.

Integration of the MOEMS probe head

This section will consist in describing the different steps of the process of consolidation of the MEMS micro-scanner with the Mirau micro-interferometer. A schematic view of the result expected is provided in Fig. 6. [START_REF] Pasechnikov | Gastric cancer: Prevention, screening and early diagnosis[END_REF] showing the released Quad2.0, the micro-interferometer (of same footprint), a flexible PCB for electrical pad connections, the GRIN and focusing lenses, and a portion of the focused laser beam (only to depict the deflection of the light) and a cylindrical/spherical transparent capsule. All assembly steps were performed using a semi-automatic chip-bonder TPT HB70 tool. This machine allows to pick a component with a programmable motorized vacuum pick-up tool as shown in Fig. 6.20a. The substrate is maintained by a vacuum chuck and the base stage can be displaced in X and Y directions. The alignment of the interferometer-chip and the micro-scanner was made using a high-resolution camera with an adjustable viewing angle. A special electrically-heated vacuum chuck was installed on the XY stage (see Fig. 6.20b) for the assembly process detailed in the following.

The interferometer-chip and the micro-scanner were assembled using an adhesive thermally conductive silver Epoxy paste. The Epoxy glue was laminated manually on the BS side of the interferometer-chip resulting in a uniform layer of about 2 mil in thickness. The central hollow and transparent part of the interferometer chip was protected by a Teflon cover during lamination to keep it off the glue.

The manual lamination process is described in Fig. 6.21. A glass slide is wrapped by 2 layers of Teflon tape (of 1 mil each) as shown in Fig. 6.21. Then, a razor blade, is pulled back along the glass and tamps the glue all along the gap formed between the layers of tape. The beam splitter side of the interferometer chip is brought into contact with the Epoxy stripe and is transferred to the exposed surface on the chip. After removing the central protection of the BSP, the Epoxy film is structured and the interferometer-chip is ready for assembly with the micro-scanner. In a first time, the two components are aligned manually so that the optical axis of each component is consistent with the other one.

The micro-scanner can not be handled by the pick-up tool in its very centre because of the fragile structure of the micromirror, thinned down in this location. During the assembly, the distribution of the force applied by the pick-up tool is not uniform. This may result in a slight tilt of the micro-scanner as well as an excessive local flow of Epoxy out of the joint. In order to improve this uniformity, the bonding force was applied by the pick-up tool in several points around the micromirror. Figure 6.22 shows the micro-scanner bonded onto the interferometer-chip. Before the assembly of the flexible PCB, small dots of Epoxy glue (200 -250 µm in diameter) were deposited on the contact pads of the micro-scanner as shown in Fig. 6.23a The interferometer-scanner structure is maintained in a horizontal position and the flexible PCB is bent before the assembly. In this way, bending of the PCB after the connection is avoided to prevent breaking it off. Since the bending is carried out manually, a special attention should be paid to obtain an angle of 90°(see Fig. Because of the horizontal position of the interferometer-scanner structure, the contact pads are located in the lateral side. Therefore, an external camera or microscope was installed in front of the structure in order to have a lateral view (Figure 6.24a). Once the contact pads of the PCB are aligned with the pads of the micro-scanner as in Fig. 6.24b, a small force is applied with the pick-up tool to ensure a good contact. Then, the chuck is heated to 80 °C-100 °C during 2 -3 hours for the curing of the Epoxy glue. The flexible PCB could be successfully bonded onto the released micro-scanner. Next steps will consist in encapsulating the integrated head and aligning and connecting the GRIN lens and the SMF to the Mirau micro-interferometer.

Conclusion

Among the 3 different designs of micro-scanners which were proposed in this work, we only had time to characterize the Tor1.x type of the first batch of fabrication. The Tor1.x allows large angular displacements for relatively low voltages, despite the underestimated prediction value of the electrical resistance. Furthermore, it was demonstrated that the model established in Chapter 4 could be trusted to predict the static behavior of the micro-scanner within a range of actuation close to the initial position. The experimental setup built for the dynamic characterization, was detailed and the dynamic behavior of the Tor1.x with 3 different width of torsion bar was investigated. As described roughly by the model, the increase of the pure tilt mode frequency with the width of the torsion rods is observed. The frequency shifts of the different modes of vibration of the Tor1.x are also observed for different angular offsets. Although, this shift seems nonlinear, the model describes a linear phenomenon in the corresponding bias voltage experimental range. In conclusion of the modeling of the vibrating modes of the micro-scanner investigated compared with the experimental characterization, the model should probably be improved, taking into account the nonlinearities due to the shape of the actuators and the positive feedback of the temperature change in the static and dynamic response as well as the aging of the system. The assertions of linearity and small displacements established may also be revised and evolve towards a nonlinear approach [START_REF] Thomas | Design and fabrication of a 2-axis electrothermal MEMS microscanner for optical coherence tomography[END_REF]. The use of the torsion rod in the design introduced appears to be an efficient way of reducing the number of degrees of freedom to the bare essential motions. The presence of the torsion bars significantly reduces the influence of the undesired modes in the system. The rocking/piston modes even completely disappear from the frequency response, which proves the motion selectivity of the rod in pure torsion. When the axes of the Tor1.x are driven at the frequency of the 2 main modes of pure tilt and pitch, the axes become sufficiently "decoupled" to be able to perform a Lissajous scan in open loop, whose discrepancies with the actual scanned pattern can be compensated to obtain a satisfactory quality of image achieving paces compatible with real-time imaging (or close to realtime imaging if averaging is performed). Although, the Tor1.x meets the specifications required to do OCT imaging for EGC detection, the general performances of this micro-scanner -such as the coupling which still remains slightly present and the possibility of tracking and controlling dynamically the angular position of the mirror plate -could be improved using the novel design of the Tor2.x and Quad2.0 which remained untested so far. Their characterization will be the object of a future work.

A trial of integration of the interferometer-scanner chip was realized. Unfortunately, futher efforts will be needed to improve the process and allow a characterization of the integrated MOEMS probe head.

Chapter summary

In this chapter, the Tor1.x type of the electrothermal designs presented in this thesis work was characterized in its 3 variants. The experimental static measures and the static model appeared to be close enough to be trusted within a range around to the initial position of the mirror plate after release. Although the dynamic models could predict the overall behavior of the micro-scanner, a few discrepancies were observed and would need to be improved taking into account the mechanically and thermally-induced nonlinearities. An experimental Lissajous scan was performed to evaluate the capability of the device to perform imaging according to the specifications to build an OCT demonstrator. Finally, the result of the imaging scan were quantified and it was concluded that the Tor1.x micro-scanner could provide satisfactory results although it still remains to be tested after integration to the Mirau micro-interferometer and in vivo. The other designs of micro-scanners may be useful to continue improving the performances of the scan and will therefore be investigated in a future work as well as the integration and the photonic characterizations.

General conclusion and prospects

D

riven by promising stakes, the development of endoscopic probes for in vivo imaging has tremendously progressed over the last fortnight, although no clinical demonstrator of early stage GI cancer detection has conquered the market yet. Instigators in this field have not achieved sufficient trade-offs to overcome the decisive threshold of performance, to engage in a procedure for clinical market acceptance. Indeed, improving probes performance and reliability in the desired operating environment as well as bringing down their cost below $25 per piece remains relatively challenging and prevents from moving on. This thesis work was part of the context of the DEMO4 project (2014-2017), financed by the LabEx Action funding source, and aided by the US National Science Foundation in parallel. It focused on the conception of an electrothermal micro scanning device for vertical integration to a Mirau micro-interferometer within a endo-microscopic OCT probe for early stage stomach and esophagus cancers detection. This work benefited from the experience acquired by the researchers and Ph.D. students from the AS2M and Micro Nano Sciences & Systems (MN2S) departments of FEMTO-ST in robotics, optics and micro-fabrication, and from the BML group of the UF in the design and simulations of the electrothermal behavior of the micro-device, the integration of OCT probes know-how, as well as the micro-fabrication development at the NRF. The work done by Todd [START_REF] Shane Truman | Electrothermomechanical modeling of a 1-D electrothermal MEMS micromirror[END_REF], Wu [START_REF] Wu | Low-voltage, large-range MEMS optical scanners and their applications[END_REF] and Duan [START_REF] Duan | Planar and Integrated MEMS Micromirrors Based Endoscopic Optical Coherence Tomography[END_REF] constituting the cornerstones of this work deserve to be brought forth.

The outcome of this thesis work is the conception of the central electrothermal MOEMS microscanner. It demonstrates large optical angular displacement ranges (up to 64°) for low actuation voltages (less than 17 V DC ) making it interesting for a much wider range of applications than just OCT imaging. The best architecture reaches resonance frequencies of 1420 Hz in rotational mode and allows a relatively exploitable decoupling to perform imaging. The micro-scanner was fabricated within a set footprint of 4 m m 2 × 4 m m 2 and its design results from the application specifications.

In this context, imaging methods, probe architectures and actuation types were studied in order to build a list of specifications on which to base the design of the micromachine. SS-OCT was adopted as the optical imaging modality because of its competitive characteristics. OCT provides a high axial resolution, and the lateral resolution can be tuned by adjusting the architecture of the interferometer so that isotropic resolutions can be achieved. It allows noninvasive, radiation-free and inexpensive 3D imaging, very appreciated to encourage patients to mass preventive diagnoses. Breakthroughs in Optics have kept improving the performances of swept sources, able to provide paces compatible with real-time 3D imaging.

Defining the architecture of the endoscopic probe is crucial, as it will set most of the specifications of the system. A side-viewing layout was preferred for stomach imaging stability and esophagus luminal configuration. Distal actuation presents numerous advantages over proximal actuation. Not only, the working distance and the lateral resolution are significantly higher, but also the pullbacks, limiting the system speed and causing non-uniform rotations, can be avoided. Pullback-free distal actuations can benefit from 2D rotations using MEMS scanners, proscribing exhorbitantly expensive micromotors for good. With this architecture, imaged volumes of 770 µm 3 × 270 µm 3 × 202 µm 3 at least, are claimed to be acquired at 5 Hz with a 9 time averaging and a 95% cover rate at working distances of 1.05 m m and axial and lateral resolutions of 5.2 µm and 10.7 µm, respectively. The MOEMS probe is incorporated at the distal nozzle of a continuum robot arm enabling accurate positioning inside the human body. It comprises a MEMS scanner of footprint 4 m m 2 × 4 m m 2 vertically integrated onto a 5.3 m m-long Mirau micro-interferometer. Such a level of integration of a distal MEMS scanning device with a Mirau micro-interferometer is the first novelty claimed in this work. The cost of building a monolithic micro-interferometer is the inaccessibility of the different components and the non-modularity after manufacture. Probably for this reason, integrated interferometer-based probes are still uncommon. Yet, this configuration is much more insensitive to the influence of the environment stemmed from uncompensated path length differences, and eventually leads to enhanced image qualities.

The speeds of acquisition of volumetric OCT images are first limited by the sweep rate of the optical source and the related type of B-scan. To keep the benefits of real-time imaging without degrading the resolution, B-scans have to be as fast as possible without exceeding thresholds higher than 22 fps. A 2D MEMS micro scanning device has been designed to take up the challenge. Although electrostatic and piezoelectric actuations are far from expectations, due to their small displacement range and high driving voltage, hazardous for human in vivo operations; electromagnetic and electrothermal actuations appeared to be in competition as the candidates for the micro-scanner's actuators. Finally, because of the poor modularity of electromagnetic actuators, very cumbersome, the presence of hysteresis and the complexity of assembly, bimorph-based electrothermal technology turned out being the best compromise.

Despite the slow time responses inherent to low thermal establishment time constants, actuators need not reach frequencies much higher than 1 kHz to scan 3D volumes with a sweep rate of about 100 kHz, implemented in our system.

The electrothermal MEMS micro-scanner was designed to be vertically integrated directly onto the beam splitter of the Mirau micro-interferometer. The mirror plate included into an inner frame, itself linked to the bulk substrate in a gimbal-like way, is coated by a reflective layer of aluminum and oriented in an initial position of about 45°from its substrate and the optical path axis of the interferometer to scan along a perpendicular axis towards the tissue. A combination of ISC-based actuators were conceived in purpose, to develop the necessary force and displacement to reach resonance frequencies in the vicinity of 1 kHz and a few hundred Hz. An original architecture using torsion bars was implemented to remove unnecessary dofs, bring local stability to the mirror plate in the vibrating tilt mode, and offer the possibility of implementing embedded novel torsional strain gauge sensors (remained untested so far though), for potential dynamic close-loop control.

To underline the influence of the torsion bar in the behavior of the micro-scanners, three different versions of width of torsion bars were designed, showing a significant difference in the frequency response and the location of the pure pitch and roll modes. Contrarily to the assertions of a linear "temperature-displacement" dynamic behavior -claimed in most models of the literature -, first, a model describing the nonlinear phenomenon was proposed -yet still needs to undergo further improvements to be accurate -and second, the nonlinearity of the electrothermal actuation was brought forth in experimental series of characterization. The role of the torsion bars -whose role is to stabilize the rotation of the miror plate around the roll axis and prevent rocking and piston vibrations, undesired for the scan imaging -was successfully demonstrated.

A thermal cross-coupling was observed in the first version of the micro-scanners and justifies the need for the novel auto-positioning stopper mechanism brought up in the second version. The dof reduction due to the introduction of the mechanical stopper entailed the evolution towards a third version comprising four actuators.

Finally, we demonstrated that the Tor1.x version of the micro-scanners measured up the expectations in terms of imaging, and could be further used to perform OCT 3D imaging. Reliable open-loop compensations can be easily implemented and allow satisfactory corrections (less than 0.012°or error at worst) of the predicted positions of the laser spot on the sample area. As long as the Lissajous scan axis scanning frequency remains close enough to its respective resonance frequency, experimental results revealed that the cross-coupling was insignificant enough so that the linear open-loop corrections could generate an image sufficiently close to reality.

As it was underlined at multiple occasions in the content of this manuscript, different tasks would deserve further investigation.

The two last versions of the micro-scanners: the Tor2.x and Quad2.0 were left uncharacterized. Nevertheless, based on the work of other research, these structures might demonstrate very promising performances, as long as they were design to remedy the drawbacks pointed out in the Tor1.x version. The dynamic characterization of the strain gauges also adds grist to the mill, with the engendered challenge of providing the possibility of a cumberless dynamic embedded sensing. A close-loop control could hence be carried out to compensate the disturbances linked to the in vivo environment, and eventually improve the OCT image quality drastically.

The use of mosaicing, to spread the area of observation and increase the chances of detection abnormalties, could be envisioned More efforts will focus on the integration, to allow finalizing the MOEMS probe and start the combination with the continuum robot arm, and the characterization of the SS-OCT imaging.

Finally, all this work is far from being tossed in the garbage heap of history. Indeed, a new Ph.D. position (2018-2020) will follow on from the DEMO4 project, and takes over the photonic aspects of the imaging system, the work of integration, characterization and commercialization of the endoscopic OCT probe. Beyong the field of OCT imaging, electrothermal MEMS scanners could be exploited for a multitude of other applications such as fluorescence microscopy. Another application could be laser excision for surgery, using the surface of the micromirror to deflect the light emitted from a powerful laser to ablate or cauterize specific areas. The main challenge of this application would be to minimize the heat energy absorbed by the mirror plate, developing a high reflectivity coating. Further researchs are still ongoing at the UF on the development of electrothermal MEMS microscanners in two-photon microscopy and lidars.

Appendices

-Before stripping the PR, it is also highly recommended to check the electrical connection using a probe station for instance to make sure the RIE has etched all the way through.

Top side layer of aluminum -ALU1

-As mentionned, Al/Cu is recommended instead of pure Al.

-Ultrasounds are not recommended as long as they could damage the Al in several areas because of the power overage of ultrasounds.

-A first trial on a test wafer is a good way to estimate the final thickness obtained with the given SOP. Indeed, if the Al is too thin or too thick in the end, it is not possible to rectify the thickness by adding nor etching matter anymore.

Second layer of silicon dioxide -OXD2

-A thick PR must be used to preserve the SiO 2 -covered areas during the whole etch time.

The PR must be rebaked to avoid black silicon as much as possible.

-Preliminary tests can be made on a test wafer in order to determine the proper thickness of SiO 2 to be deposited.

-An edge exclusion ring of 5 m m is recommended to avoid breaking the wafer inside the RIE tool.

-Before PR stripping, the electrical connection is a criterion to check to ensure the SiO 2 has finished to etch.

Back side pit carving -BSD

-The bonding between the SOI wafer and the carrier must be dry enough to prevent degasing and breaking the wafer during the DRIE jeopardizing the stake of the step, and wet enough to avoid burning the PR and hindering it from being stripped in the solvents (Aceton does not disolve burnt PR).

Release -REL

-Once released, the micro-scanners are very fragile, they must be handled with care and stored in gel packs for transportation.

Karma strain gauge -KAR -The use of ultrasounds is prohibited for this step as the features are too small to hold such a high power.

-Oxidizing processes are prohibited until the deposition of the second layer of SiO 2 . During that time, ashers cannot be used.

Strain gauge insulation opening -VIA

-As the Karma structures, including the pads, are too small to be xxx by a probe station needle, there is no way to ckeck the electrical connection to verify the SiO 2 layer has etched altogether.

Gold pads -AUP -This step must be performed after all steps that require high temperature operations to prevent diffusion.

Second mirror aluminum layer -ALU2

-As the shape of dry PR film may be subject to deformation due to the hollow opening after development, a hard mask may be considered to carry out this step instead.

-The aluminum deposited needs not be as thick as the front-side reflective layer, yet it must be thick enough to possess a sufficient reflectivity, uniformity and smoothness.

-It is important to keep low temperatures during the whole step, especially when using dry PR (solvent-free) to avoid burning the film. This would cause the PR to be undissolvable in solvents.
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Abstract:

The work presented in this manuscript consists in the conception of an electro-thermo-mechanical optical micro-scanner. In a first time, a design and a model are proposed and the micro-device was fabricated, characterized and a draft of integration onto a Mirau micro-interferometer was carried out in order to build an endoscopic probe for the detection of early stage gastrointestinal cancers using an imaging technique called Optical Coherence Tomography (OCT). The very contribution of the thesis is the development and the fabrication of micro actuators driven electrothermally to control the angular position a micro mirror plate conceived in this purpose. Different architectures of micro-scanners are proposed to best comply with the specifications determined by both the optical expectations and the medical standards requirements of the final apparatus in vivo. This work, part of a project called "DEMO4" was financed by the French LabEx Action funding source in cooperation between the departments AS2M and MN2S of the French research institute Femto-ST as well as the university of Florida in the USA to deliver a first demonstrator of endoscopic OCT probe. Several batches of fabrication were realized my means of techniques of complementary metal oxide semi-conductor (CMOS)-based microfabrication in exchange between Femto-ST and the university of Florida before being assembled (for lack of monolithic integration capability) onto a micro-interferometer using automated processes specifically developed in this purpose. Finally, an experimental setup is proposed to characterize in order to evaluate the performances achieved and initiate the first tests of optical imaging using the micro-system.

Keywords: Micro Optical ElectroMechanical System (MOEMS), optical microscanner, microfabrication, electrothermal actuation, Optical Coherence Tomography (OCT), endoscopy.
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1. 9 23 2. 1 27 2. 2 27 2. 3

 9231272273 Schematic of the principle of a Michelson interferometer and low-coherence interferometry in time domain. Picture from [64]. . . . . . . . . . . . . . . . . . . . . . . . 18 1.10 Light source spectrum S(k) and its Fourier transform γ(z), the coherence function [56]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 1.11 A-scan of discrete reflectors recorded on a single detector by TD-OCT [56]. . . . . 21 1.12 (a):A-scan of discrete reflectors obtained by FD-OCT. (b):Profile of the intensity detected by a single reflector in FD-OCT. Pictures from [64]. . . . . . . . . . . . . 22 1.13 OCT images of neoplastic changes. (a): Normal colon; m: mucosa; mm: muscularis mucosa; sm: submucosa. (b): Specimen of colon with adenocarcinoma Fujimoto and Drexler [56]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Endoscopy performed in hospital or clinical complexes. (a): Endoscopy service room set-up and patient positioning for endoscopy imaging. (b): Conventionnal double-channel therapeutic endoscope (gastroscope) used for detection and therapy operation. (c): Standard medical video endoscope for use in vivo with imaging tools; Pentax Precision Instrument, EB15 series J, Tokyo, Japan; minimum outer diameter 5.4 m m. Recent gastroscope's instrument ports have an average inner diameter of 2.8 m m [88]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Simplified schematic view of forward and sie-viewing configuration. From [90] . . . Design of actuation system of Tearney et al.'s proximal endoscopic probe. (a): Catheter's tip. (b): Proximal actuation system. (c): Overview of the whole catheter. [73]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

58 3. 3 58 3. 4 64 3. 9 66 4. 1 70 4. 2 137 6. 3 138 6. 4 139 6. 6 139 6. 7 140 6. 8 S 2 t b t m Thickness of the mirror plate m t r Thickness of the torsion rod m t 1 χ 1 δ- 1 .m - 1 ξ

 583584649661702137313841396139714082b1111 . . . . . . . . . . . . . . . . . Sketches of piezoelectric actuators. (a): Multimorph configuration [202]. (b): Unimorph configuration [203]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Schematic of Buhler et al.'s electrothermal device.(a): Cross section of the supporting cantilever beam actuators and the mirror plate. (b): 3D view of the configuration of the different layers constituting the cantilever bimorph. . . . . . . . . . . . . . . 62 3.5 Generation A1 of electrothermal micro-scanner fabricated by Pan et al.. (a): Topview schematic design of the first version with longitudinally positioned polysilicon resistor [231]. (b): Second version with transversely oriented polysilicon resistor [231]. (c): SEM picture of the whole structure in its initial bending. (d): SEM close-up view of the electrothermal bimorph array generating the "draw bridge" motion. [99]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 3.6 Generation A2 first reported by Xie et al. [237] in 2003. (a): Top-view schematic of the improved scanner with polysilicon resitors attached in series. (b): SEM overview of the 1D scanner. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 3.7 Generation A3 ; (a): Top view showing areas of rotation. (b): SEM picture of the micro-scanner fabricated. Pictures from Jain et al. [141] . . . . . . . . . . . . . . . 64 3.8 Generation A4 ; (a): Top view. (b): SEM picture. Pictures from Jain et al. [232]. Generation A5 ; (a): Top view of the micromirror. The four actuators are highlighted. (b): SEM picture. From Jain and Xie [225]. . . . . . . . . . . . . . . . . 64 3.10 Generation ISC ; (a): Schematic top view. (b): SEM picture. Pictures from [220]. 65 3.11 Generation DISC ; (a): Side-view sketch. (b): SEM picture. Pictures from [252]. 65 3.12 Generation TISC ; (a): Side-view sketch. (b): SEM picture. Pictures from Xie et al. [255], Wang et al. [256]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 3.13 Generation LSF . (a): Layout top vie of LSF micromirror with actuators on each side. (b): Corresponding SEM picture. (c): Layout top view with actuators on opposite sides only. (d): Corresponding SEM picture . (e): Layout of curved LSF structures. (f ): Corresponding SEM view. Pictures from [214, 215, 267, 268, 272]. 66 3.14 Schematic principles of actuation of the different generations of ETA. (a): LVD with lateral shift; genration A3 . (b): Basic principle of single ISC actuators . (c): LSF LVD actuation sketch. (d): In-plane curved LSF actuators. Pictures from [215, 220, 222, 275]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Schematic views of the optical design of the micro-scanner coupled within the MOEMS probe. (a): Cross-sectional side view of the distal end from the BSP of the MOEMS probe with the mirror corresponding to the (b): En face view from the top of the probe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Schematic view of an electrothermal bimorph cantilever beam in a flat, undeformed shape. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 4.3 Normalized temperature distribution along a bimorph transducer for a given applied power and R T L > R T R and arbitrary value of resistance and power. Points of maximum temperature are depicted by triangles whereas the average are located on their corresponding balancing factor curve and symbolized by circles •. . . . . . 75 4.4 LEM of the steady-state simplified electrothermal system without convection. Based on [231]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5 LEM of the dynamic system for one ... . . . . . . . . . . . . . . . . . . . . . . . . . 4.6 Frequency response of the electrothermal system of the average temperature change in the bimorph beam with respect to the square of the applied voltage. The numerical values used for the simulation are based on [216]. (a): Bode diagram of H et (s) for the raw nonlinear system, the system linearized by limited development in T , and with or without the resistor simplification mentionned in Section 4.2.1.2. (b): Error of each model with respect to the nonlinear electrothermal response. . . . . 4.7 Block diagram of the electrothermal system. H E : the electrical power system block ; H 1 : linear thermal system with the power in input ; H r : heater temperature convertion block. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.8 Schematic view of the bimorph in an arbitrary deformed position and comparison with the stress-free state of the beam in uncolored. . . . . . . . . . . . . . . . . . . 4.9 Sketch of the MOTEMS of the first batch with torsion beam. . . . . . . . . . . . . 4.10 Schematic 3D view of the torsion beam as designed in the micro-scanner. . . . . . 4.11 First four oscillation modes of the torsional micro-scanner. . . . . . . . . . . . . . . 4.12 SEM pictures of torsion beams composed of different materials and their state after identical actuation. (a): Aluminum inlayed torsion beam. This structure is schematically described in Fig. 4.10(left). (b): Aluminum-free torsion beam. . . . 4.13 Mirror distortion due to dynamic torque. . . . . . . . . . . . . . . . . . . . . . . . 4.14 Top-view schematic of the bimorph array electrical path. . . . . . . . . . . . . . . . 4.15 Deflection of the ISC structure with overlapping section and parameters for calculation. 4.16 Schematic side view of the ISC actuator piling up order and configuration during fabrication and before release. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.17 Schematic cross section of the (a) non-inverted bimorph, (b) inverted bimorph and (c) overlapping segment and (d) torsion beam for comparison. Courtesy from [176]. 4.18 Schematic view of the split up logic of the DSSISC actuator with the segments and the nodes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.19 MISC actuator proposed in this work (in light green), as an evolution of the basic pair of DSSISC structure (in dark red). . . . . . . . . . . . . . . . . . . . . . . . . 4.20 Side-view geometric schematic of mirror plate motion within the inner frame. The actuators are symbolized by springs. The springs in gray depict the actuators as they are initially during fabrication and after release of the micromirror. The mirror is represented in an out-of-plane position. . . . . . . . . . . . . . . . . . . . . . . . 4.21 Variation of angular stiffness k m with respect to angle of mirror for three different width of torsion bar. The "rodless" labelled curve is the stiffness of the actuators without the torsion bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.22 Resonance frequency versus amplitude of vibration of the mirror plate for four different average angles and three different widths of torsion bar denoted by their curve marks: : width=22 µm, : width=28 µm and : width=38 µm. . . . . . . . . . . 4.23 Resonance frequency variation with respect to thickness of the mirror plate for different angular amplitudes centered around an initial angular offset of 18°. . . . . 6.1 Tor1.x (a) SEM picture, (b) topography front-side surface of the mirror plate and (c) topographic profile curve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136 6.2 Comparison of resistance change upon actuation obtained experimentally and from the model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Absolute static angular displacement of the inner frame and the mirror plate vs. DC voltage applied. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Power consumption of the actuators due to Joule heating vs. voltage applied. . . . 138 6.5 DC characterization of (a) optical angular pitch displacement of the inner frame compared with the model results and (b) corresponding calculated average temperature change ∆ T and maximum temperature change ∆ T accross a bimorph actuator.Sketch of the experimental optical setup used for characterization of the micro-scanner.Sketch of the OA electrical circuit. . . . . . . . . . . . . . . . . . . . . . . . . . . . Elements constituting the driving setup. (a): Custom OA PCB. (b): DAQ with four connection cables for the Quad2.0. (c): micro-scanner PCB holder and rounting wire connected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 6.9 Bode diagrams of three different types of Tor1.x, when (a) the pitch actuator is driven, (b) the roll actuators are driven and (c) the phase of the Tor1.28 for the pitch and roll axes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142 6.10 Frequency response of the Tor1.22 for a voltage input on the roll actuator of amplitude 0.2 V pp and varying offsets. (a): Frequency response over a bandwith of 4 kHz and zoomed-in insets of the pure tilt mode response and third coupled mode given in (b) and (c), respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144 6.11 Frequency response comparison of Tor1.22 with and without torsion bars. . . . . . 145 6.12 Lissajous scan pattern for a duration of 200 m s. . . . . . . . . . . . . . . . . . . . . 146 6.13 Lissajous patterns obtained by sine excitations of frequencies 205 Hz and 1.445 kHz for the slow scan on the pitch axis and the fast scan on the roll axis, respectively, in elapsed times of (a) 4 m s, (b) 16 m s and (c) 45 m s. . . . . . . . . . . . . . . . . 146 6.14 Cover rate of the Lissajous scan pattern versus acquisition time. . . . . . . . . . . 147 6.15 Cover density of the laser spot in times of passing. . . . . . . . . . . . . . . . . . . 147 6.16 Schematic of the compensation model of the micro-scanner system for a given set of input signal frequencies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148 6.17 2D rectified laser spot angular position (in blue, in background) and measured positions (in red, in foreground). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 6.18 Histograms of distribution of the absolute angular error (a) in 1D (with respect to each axis), and (b) in 2D. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 6.19 Schematic overview of the fully integrated MOEMS probe's head without the continuum robot arm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 6.20 (a) Micro-mirror handled by a vacuum pick-up tool. (b) Heated vacuum chuck. . . 151 6.21 Fabricaton of a thin and uniform layer of Epoxy glue. . . . . . . . . . . . . . . . . 151 6.22 Micro-scanner bonded to the interferometer-chip. . . . . . . . . . . . . . . . . . . . 151 6.23 Preparation the step of bonding of the custom flexible PCB onto the micro-scanner's pads. (a): Epoxy glue drops are deposited on the pads. (b): The flexible PCB is folded at 90°. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 6.24 Views of the interferometer-scanner chip with the vacuum tool handling the flexible PCB. (a): En face view, with the capilary used to apply contact pressure. . . . . . B.1 Schematic diagram of a photolithography with positive and negative PR. . . . . . B.2 Schematic diagram of a lift-off process comparing the use of a positive and a negative PR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 -12 F.m -1 q e Power density of the electrical resistor of the beam W.m -3 R E0 Initial total electrical resistance at temperature T 0 Ω R E Total electrical resistance of the bimorph transducer Ω Vertical displacement of the Non-Inverted bimorph m δ OL Vertical displacement of the OverLap segment m θ p Optical angle of mirror in pitch rad θ r Optical angle of mirror in roll rad d M Distance between beam splitter outer surface and mirror center m h caps Thickness of probe capsule m h mirau Side of the squared base of the Mirau interferometer m L m Length of the mirror plate m L r Length of the torsion rod m L IN Length of the INverted bimorph m L N I Length of the Non-Inverted bimorph m L OL Length of the OverLap segment m xxxi xxxii NOMENCLATURE Surface of the cross section of the transducer m Total thickness of layers constituting the bimorph/multimorph beam m Thickness of the top layer of a bimorph/multimorph beam m t i Thickness of the i th layer of a multimorph beam downward m t N Thickness of the bottomost layer of a multimorph of N layers m w b Width of the bimorph section m w m Width of the mirror plate m w r Width of the torsion rod m Z R Distance between the reference mirror and the beam splitter m Curvature coefficient of the cantilever bimorph beam m -Ordinate of the elevation of the beam on projection onto the vertical axis m Abscissa of the deflected tip of the bimorph in projection onto the horizontal axis m ρ Total radius of curvature of the bimorph m ρ 0 Initial radius of curvature due to intrinsic stress m ρ b Radius of curvature due to extrinsic stress m Second moment of area of the torsion rod m 4 J m Moment of inertia of the mirror plate kg.m 2 k b Spring constant of a beam in flexion, bending stiffness N.m -1 k t Spring constant of a beam in torsion torsional stiffness NThermal coefficient of electrical resistance K -1

Figure 1 . 1 :

 11 Figure 1.1: Comparison of stomach and esophagus cancer incidence and mortality worldwide in men population in 2012. Source: GLOBOCAN 2012, globocan.iarc.fr. Incidence of stomach (a), and esophagus (b) cancers in men. Mortality rate of stomach (c), and esophagus (d) cancers in men.
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 12 Figure 1.2: Sketch of the human stomach. (left): Different parts of the human distal esophagus and stomach. "Stomach Pic for Food Poisoning Thingy" by Daniel X. O'Neil, license: CC BY 2.0. (right): Detailed anatomy of the layers of the wall of the stomach. "Illustration from Anatomy & Physiology, Connexions Web Site" by OpenStax College, license: CC BY-SA 3.0.
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 13 Figure 1.3: (A): Transmission electron micrograph of human stomach epithelial cells exposed to H. pylori for 1 hour. (B): H. pylori located along one epithelial cell [14].
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 14 Figure 1.4: Representation of invasive evolution of gastric tumors according to TNM classification. HGD=highgrade dysplasia. T4a lesions are resectable whereas T4b are not.[START_REF] Surgery A Pennathur | Oesophageal carcinoma. Seminar 400 www.thelancet[END_REF] 
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 15 Figure 1.5: Micrograph of a surgical specimen showing gastric adenocarcinoma cells (arrows) infiltrating muscularis propria (stage T2) [25].
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 16 Figure 1.6: Comparison of : (a): Axial helical CT scan of the gastric body of a 44-year-old man with a T2 stage gastric carcinoma showing wall thickening with strong contrast enhancement. Cancer was incorrectly diagnosed at stage T1. (b): T1-weighted MRI image of the same patient failed to show lesions. (c): Helical CT scan showing concentric tumor with strong contrast enhancement in the gastric body of a 54-year-old man with T3 stage gastric cancer. Gastric tumor and infiltration in adjacent fat are well seen. (d): Contrast-enhanced T1-weigthed MRI image of the same patient. Demarcation of gastric tumor and lymph nodes is blurred with motion artifact.[START_REF] Myung Sohn | Comparing MR imaging and CT in the staging of gastric carcinoma[END_REF] 
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 17 Figure 1.7: Lesion in the stomach of a 77-year-old man involving the antrum exhibiting a thickening of the gastric wall and infiltration into the muscularis propria. (a): CT view showing the mucosal and submucosal thickening of the inner wall at the location of the arrow. (b): EUS image showing the serosal layer and the location where the lesion penetrates the muscularis propria [36].
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 18 Figure 1.8: Comparison of the resolution and penetration depth of bioimaging techniques; ET : epithelial thickness;LP : distance from epithelium surface to lamina propria; MP : distance from epithelium surface to muscularis propria[START_REF] Bouma | Highresolution imaging of the human esophagus and stomach in vivo using optical coherence tomography[END_REF]; HP : maximum size of H. pylori; EGC : Half-space limit of resolution required for the detection of early gastric cancers limited at stage II of the TNM classification; AGC : Half-space limit for detection of advanced gastric cancer as defined by Im et al.[START_REF] Won | Tumor Size as a Prognostic Factor in Gastric Cancer Patient[END_REF]. Note that the size of cells nuclei is compared with the resolution attainable[START_REF] Backman | Detection of preinvasive cancer cells[END_REF].
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 19 Figure 1.9: Schematic of the principle of a Michelson interferometer and low-coherence interferometry in time domain. Picture from [64].
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 1 where the amplitude of the low-coherent light emitted with a broadband spectrum, s(k, ω) is a function of the wavenumber k = 2π λ and the angular frequency ω = 2πν represented in Fig.1.10.
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 110 Figure 1.10: Light source spectrum S(k) and its Fourier transform γ(z), the coherence function [56].
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 1 Figure 1.11: A-scan of discrete reflectors recorded on a single detector by TD-OCT [56].
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 112 Figure 1.12: (a):A-scan of discrete reflectors obtained by FD-OCT. (b):Profile of the intensity detected by a single reflector in FD-OCT. Pictures from [64].
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 113 Figure 1.13: OCT images of neoplastic changes. (a): Normal colon; m: mucosa; mm: muscularis mucosa; sm: submucosa. (b): Specimen of colon with adenocarcinoma Fujimoto and Drexler [56].
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 21 Figure 2.1: Endoscopy performed in hospital or clinical complexes. (a): Endoscopy service room set-up and patient positioning for endoscopy imaging. (b): Conventionnal double-channel therapeutic endoscope (gastroscope) used for detection and therapy operation. (c): Standard medical video endoscope for use in vivo with imaging tools; Pentax Precision Instrument, EB15 series J, Tokyo, Japan; minimum outer diameter 5.4 m m. Recent gastroscope's instrument ports have an average inner diameter of 2.8 m m [88].

( a )

 a Forward-viewing. (b) Side-viewing.

Figure 2 . 2 :

 22 Figure 2.2: Simplified schematic view of forward and sie-viewing configuration. From[START_REF] Tsai | Endoscopic optical coherence tomography for clinical gastroenterology[END_REF] 
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 23 Figure 2.3: Design of actuation system of Tearney et al.'s proximal endoscopic probe. (a): Catheter's tip. (b): Proximal actuation system. (c): Overview of the whole catheter. [73].
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 24 Figure 2.4: Different OCT images obtained by means of various scan types, paths and mechanism. (a) 1D rotational full circumferential B-scan without pullback from [73]. (b) 1D rotational reduced circumferential FOV without pullback from[START_REF] Li | Imaging needle for optical coherence tomography[END_REF]. (c) 1D rotational full circumferential B-scan in lumen from[START_REF] Lorenser | Ultrathin side-viewing needle probe for optical coherence tomography[END_REF], and (d) its corresponding 3D OCT image by translational pullback from[START_REF] Lorenser | Ultrathin side-viewing needle probe for optical coherence tomography[END_REF]. (e) Cross-sectional stack of a 2D rotational B-scans and C-scan by using a 2-axis MEMS micro-scanner raster scan of a hamster cheek pouch acquired in vitro by[START_REF] Aguirre | Two-axis MEMS scanning catheter for ultrahigh resolution threedimensional and en face imaging[END_REF] and (f ) its corresponding 3D rendering from the same hamster cheek pouch[START_REF] Aguirre | Two-axis MEMS scanning catheter for ultrahigh resolution threedimensional and en face imaging[END_REF]. (g) 1D rotational reduced circumferential B-scan of a human esophagus performed by raster scan using proximal prism from[START_REF] Victor | High speed, wide velocity dynamic range Doppler optical coherence tomography (Part III): in vivo endoscopic imaging of blood flow in the rat and human gastrointestinal tracts[END_REF]. (h) 1D rotational full circumferential B-scan with distal actuation, hindered by the shade of the electrical cable connecting the distal micromotor from[START_REF] Aguirre | Two-axis MEMS scanning catheter for ultrahigh resolution threedimensional and en face imaging[END_REF]. (i) Full circumferential scan performed in a pig esophagus with a single-balloon imaging catheter from[START_REF] Henry | Flexible miniature compound lens design for high-resolution optical coherence tomography balloon imaging catheter[END_REF]. ep=epithelium; lp=lamina propria; mm=muscularis mucosa; sm=submucosa; mp=muscularis propria.
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 2 4g show OCT images obtained by raster scan in 2D, and 3D images reconstituted by pullback and after reconstitution respectively.

Figure 2 . 5 :

 25 Figure 2.5: Raster scan with triangular waveform in the X-axis and smooth stair waveform in the Y-axis.
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 26 Figure 2.6: Lissajous scan of a 5 µm image with sine waveforms of 1.39 Hz in the X-axis and 1.25 Hz in the Y-axis.
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 27 Figure 2.7: Spiral scan of 5 µm with constant angular velocity.
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 15 Scanning mechanism 2.1.5.
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 28 Figure 2.8: Different sizes of 2-axis MEMS mirrors fabricated by Fraunhofer Institute for Photonic Microsystems. Image from Fraunhofer IPMS.
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 29 Figure 2.9: Simplified schematic view of a single-balloon catheter. From [90].

Figure 2 . 10 :

 210 Figure 2.10: Schematic view of a double-balloon endoscopic catheter.From [120].

Figure 2 . 11 :

 211 Figure 2.11: Endoscopic probe design by Weber et al. [54]. Sketch of the circumferential-scanning probe (left) and integrated micro-scanner-driven configuration (right).

2 . 13 .

 213 It enables 3D imaging of sections of 1.8 m m x 1.0 m m x 1.3 m m of FOV reaching an axial resolution lower than 5 µm (< 4 µm measured in tissue) and a lateral resolution of about 12 µm. Its scanning area is a solid angle of ± 6°for both axes (mechanical angle) reached at more than 100 V. OCT images were acquired at a speed of 2000 A -scan/s allowing to provide 3D images of the volume mentionned in about 2 min.

Figure 2 . 12 :

 212 Figure 2.12: Order of criteria of classifications of the endoscopic probes configurations.

Figure 2 . 13 :

 213 Figure 2.13: Side-imaging MEMS-based probe design; FC: fiber collimator. From Aguirre et al. [98].

  [START_REF] Xu | Design and development of a 3D scanning MEMS OCT probe using a novel SiOB package assembly[END_REF] developed a SiOB-based probe allowing large angles at very low voltages as shown in Fig. 2.14. Scanned volume ∼ 0.55 mm 3 × 0.55 mm 3 × 1 mm 3 Lat. resolution ∼ 20 µm Actuation type Electrothermal Actuation voltage < 2 V Actuation range 17 °mech Speed 21.5 fps Probe diam. < 4 m m Working distance 3.5 m m

Figure 2 . 14 :

 214 Figure 2.14: SiOB assembled catheter design by Xu et al. [126].

  in 2012: a compact micro OCT endoscope of 2.7 m m in diameter with a partially integrated SiOB providing mechanical support for optical components and oblique positioning at 45°for assembly-free side-imaging. 2 m m x 2 m m OCT images were acquired for low voltages (5.5 V on both axes) at a working distance of 3 m m with lateral and axial resolution of 23 µm and 10 µm, respectively. Samuelson et al.'s probe first design and Duan et al.'s evolution are shown in Figs. 2.15 and 2.16. Scanned volume 1.6 mm 3 × 1.6 mm 3 × 1.6 mm 3 Lat. resolution 20 µm Actuation type Electrothermal Actuation voltage 4.8 V Actuation range 23 °mech Speed 1.28 × 10 6 voxel/s Probe diam. 2.8 m m Working distance 2 m m

Figure 2 . 15 :

 215 Figure 2.15: 3D sketch of Samuelson et al.'s probe head. From [127].

Scanned area 2

 2 .2 m m × 2.2 m m Lat. resolution 25 µm Actuation type Electrothermal Actuation voltage 5.5 V Actuation range 20 °mech Speed 1.25 Hz (fast scan) Probe diam. 2.7 m m Working distance 3 m m

Figure 2 . 16 :

 216 Figure 2.16: 3D sketch of Duan et al.'s probe head. From [128].

  2.19. Lullin et al. developed recently a micro-scanner for phase shifting interferometry fabricated by a complex batch fabrication process at the wafer level. It is composed

Figure 2 . 17 :

 217 Figure 2.17: Comparison of the evolution of component integration level in micro-optical systems. (a): scanning electron microscope (SEM) picture of the front size of a 3D refractive microlens fabricated by Wu [145]. (b): Photograph of Weber et al.'s opto-fluidic silicon optical bench with all components integrated [149]. (c): SEM of a 300 x 400 µm resonant scanning mirror electrostatically actuated with torsion bars, deflecting light in an out-of-plane direction Muller [147]. (d): Schematic of the final probe head of Aljasem et al. [116], including the tunable lens and the scanning mirror. (e): SEM micrograph of two micro-optical component holders assembled onto a substrate rail and fabricated by Bargiel et al. [148]. (f ): Schematic representation of a forward-imaging endOCT probe including a MEMS lens scanner, and details of the electrostatic MEMS lens scanner [151].

Figure 2 . 18 :

 218 Figure 2.18: Process of wafer-level batch microfabrication. Image from [154].

Figure 2 . 19 :

 219 Figure 2.19: Sketch of a batch fabricated vertical micro-scanner for phase modulation interferometry at the wafer level. Image from [153].

Figure 2 . 20 :

 220 Figure 2.20: Schematic of the probe designed by Tumlinson et al. [84]. BS: beam splitter; RM: reference mirror; GRIN: gradient index.

  (a) Michelson (b) Linnik (c) Mirau

Figure 2 . 21 :Figure 2 . 22 :Figure 2 . 23 :

 221222223 Figure 2.21: Comparison of Michelson, Linnik and Mirau interferometers. Pictures from [166].

  nm 8 m W 4 m m 110 kHz 1.9 m m 10 m m 1 m m 5.2 µm 10.7 µm 0.05 202 µm

∼Figure 2 .

 2 Figure 2.24 represents in 2D the change in the optical path due to the integration of the microscanner at the tip of the MOEMS probe on top of the Mirau micro-interferometer. The position of the mirror plate d M and the capsule wall thickness play an important part in the value of the working distance and angle of scan. For her application, Duan [59] reported an encapsulation tube

  1.8 -2 m m 1.05 m m ± 4.8°2

Figure 2 . 24 :

 224 Figure 2.24: Sketch of the MOEMS optical probe with Mirau micro-interferometer from [83] in 2D side-imaging with a micro-scanner and encapsulated. FM: Fixed mirror; MM: Moving mirror.

Figure 3 . 1 :

 31 Figure 3.1: Schematic of (a) an electrostatic micro-scanner with integrated sensing mechanism (Picture from [180]) and (b) of a 2D scanning micromirror from [181].

Figure 3 . 2 :

 32 Figure 3.2: Principle of electromagnetically actuated micro scanners of type (1) (a) by Miyajima et al. [191] and type(2) (b) by Judy and Muller [195].

Figure 3 . 3 :

 33 Figure 3.3: Sketches of piezoelectric actuators. (a): Multimorph configuration [202]. (b): Unimorph configuration [203].

Figure 3 . 4 :

 34 Figure 3.4: Schematic of Buhler et al.'s electrothermal device.(a): Cross section of the supporting cantilever beam actuators and the mirror plate. (b): 3D view of the configuration of the different layers constituting the cantilever bimorph.

Figure 3 . 5 :

 35 Figure 3.5: Generation A1 of electrothermal micro-scanner fabricated by Pan et al.. (a): Top-view schematic design of the first version with longitudinally positioned polysilicon resistor [231]. (b): Second version with transversely oriented polysilicon resistor [231]. (c): SEM picture of the whole structure in its initial bending. (d): SEM closeup view of the electrothermal bimorph array generating the "draw bridge" motion. [99].

Figure 3 . 6 :

 36 Figure 3.6: Generation A2 first reported by Xie et al. [237] in 2003. (a): Top-view schematic of the improved scanner with polysilicon resitors attached in series. (b): SEM overview of the 1D scanner.

Figure 3 . 7 :Figure 3 . 8 :

 3738 Figure 3.7: Generation A3 ; (a): Top view showing areas of rotation. (b): SEM picture of the microscanner fabricated. Pictures from Jain et al. [141]

Figure 3 . 9 :

 39 Figure 3.9: Generation A5 ; (a): Top view of the micromirror. The four actuators are highlighted. (b): SEM picture. From Jain and Xie [225].

Figure 3 . 10 :

 310 Figure 3.10: Generation ISC ; (a): Schematic top view. (b): SEM picture. Pictures from [220].

Figure 3 . 11 :

 311 Figure 3.11: Generation DISC ; (a): Side-view sketch. (b): SEM picture. Pictures from [252].

Figure 3 . 12 :

 312 Figure 3.12: Generation TISC ; (a): Side-view sketch. (b): SEM picture. Pictures from Xie et al. [255], Wang et al. [256].

66CHAPTER 3 .Figure 3 . 13 :

 3313 Figure 3.13: Generation LSF . (a): Layout top vie of LSF micromirror with actuators on each side. (b): Corresponding SEM picture. (c): Layout top view with actuators on opposite sides only. (d): Corresponding SEM picture . (e): Layout of curved LSF structures. (f ): Corresponding SEM view. Pictures from [214, 215, 267, 268, 272].

Figure 3 . 14 :

 314 Figure 3.14: Schematic principles of actuation of the different generations of electrothermal actuator (ETA). (a): LVD with lateral shift; genration A3 . (b): Basic principle of single ISC actuators . (c): LSF LVD actuation sketch. (d): In-plane curved LSF actuators. Pictures from [215, 220, 222, 275].

Figure 4 . 1 :

 41 Figure 4.1: Schematic views of the optical design of the micro-scanner coupled within the MOEMS probe. (a): Cross-sectional side view of the distal end from the BSP of the MOEMS probe with the mirror corresponding to the (b): En face view from the top of the probe.

Figure 4 . 2 :

 42 Figure 4.2: Schematic view of an electrothermal bimorph cantilever beam in a flat, undeformed shape.

Figure 4 . 3 :

 43 Figure 4.3: Normalized temperature distribution along a bimorph transducer for a given applied power and RT L > RT R and arbitrary value of resistance and power. Points of maximum temperature are depicted by triangles whereas the average are located on their corresponding balancing factor curve and symbolized by circles •.

Figure 4 . 4 :

 44 Figure 4.4: LEM of the steady-state simplified electrothermal system without convection. Based on [231].
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Figure 4 . 6 :

 46 Figure 4.6: Frequency response of the electrothermal system of the average temperature change in the bimorph beam with respect to the square of the applied voltage. The numerical values used for the simulation are based on [216]. (a): Bode diagram of Het(s) for the raw nonlinear system, the system linearized by limited development in T , and with or without the resistor simplification mentionned in Section 4.2.1.2. (b): Error of each model with respect to the nonlinear electrothermal response.

Figure 4 . 7 :

 47 Figure 4.7: Block diagram of the electrothermal system. HE : the electrical power system block ; H1 : linear thermal system with the power in input ; Hr : heater temperature convertion block.

  χ the curvature coefficient of the bimorph beam and θ b the tilt angle of the tip of the beam as represented in Fig. 4.8 and the thermal extrinsic strain is given in Eq. (4.19) ∆ε = (α 2 -α 1 )∆ T (4.19)

Figure 4 . 8 :

 48 Figure 4.8: Schematic view of the bimorph in an arbitrary deformed position and comparison with the stress-free state of the beam in uncolored.

Figure 4 . 9 :

 49 Figure 4.9: Sketch of the MOTEMS of the first batch with torsion beam.

Hypothesis 3

 3 No body force exerts on the bar.

Figure 4 . 10 :

 410 Figure 4.10: Schematic 3D view of the torsion beam as designed in the micro-scanner.

( a )

 a Torsional mode (b) Piston mode (c) Rocking mode (d) In-plane horizontal mode

Figure 4 . 11 :

 411 Figure 4.11: First four oscillation modes of the torsional micro-scanner.

Figure 4 . 12 :

 412 Figure 4.12: SEM pictures of torsion beams composed of different materials and their state after identical actuation. (a): Aluminum inlayed torsion beam. This structure is schematically described in Fig. 4.10(left). (b): Aluminum-free torsion beam.

Figure 4 . 13 :

 413 Figure 4.13: Mirror distortion due to dynamic torque.

Figure 4 . 14 :

 414 Figure 4.14: Top-view schematic of the bimorph array electrical path.

Figure 4 . 15 :

 415 Figure 4.15: Deflection of the ISC structure with overlapping section and parameters for calculation.

Figure 4 . 16 :

 416 Figure 4.16: Schematic side view of the ISC actuator piling up order and configuration during fabrication and before release.

( a ) 2 Figure 4 . 17 :

 a2417 Figure 4.17: Schematic cross section of the (a) non-inverted bimorph, (b) inverted bimorph and (c) overlapping segment and (d) torsion beam for comparison. Courtesy from [176].

Figure 4 . 18 :

 418 Figure 4.18: Schematic view of the split up logic of the DSSISC actuator with the segments and the nodes.

Figure 4 . 19 :

 419 Figure 4.19: MISC actuator proposed in this work (in light green), as an evolution of the basic pair of DSSISC structure (in dark red).
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Figure 4 . 20 :

 420 Figure 4.20: Side-view geometric schematic of mirror plate motion within the inner frame. The actuators are symbolized by springs. The springs in gray depict the actuators as they are initially during fabrication and after release of the micromirror. The mirror is represented in an out-of-plane position.

Figure 4 . 21 :

 421 Figure 4.21: Variation of angular stiffness km with respect to angle of mirror for three different width of torsion bar. The "rodless" labelled curve is the stiffness of the actuators without the torsion bar.

  amplitude (θ max -θ min ) (deg) Resonance frequency (kHz) Angular bias θ r = 0° θ r = 5° θ r = 10° θ r = 15°F igure 4.22: Resonance frequency versus amplitude of vibration of the mirror plate for four different average angles and three different widths of torsion bar denoted by their curve marks: : width=22 µm, : width=28 µm and : width=38 µm.

  decreasing the fill factor nor increasing the footprint of the final device. The MISC structure is schematically rendered in Figs. 4.19 and 4.24d.

  Mirror plate actuated by 2 MISC actuators.

Figure 4 . 24 :

 424 Figure 4.24: Evolution of the ISC-based actuators and their LEM equivalence in term of mechanical spring constant.

RPFM

  Symbol Denotation P ER Heat flow generated by the MISC platinum heater P P Heat flow dissipated across the pitch actuator f Balancing factor for the whole structure R ⇒ Conduction resistance of the roll actuator R ⇒ Conduction resistance of the pitch actuator R ⇒ RIR Conduction isolation resistance seen on the right side of the roll actuator R ⇒ RIL Conduction isolation resistance seen on the left side of the roll actuator R ⇒ P IR Conduction isolation resistance seen on the right side of the pitch actuator R ⇒ P IL Conduction isolation resistance seen on the left side of the pitch actuator R ⇒ Conduction resistance of the inner frame R F Convection resistance of the inner frame R ⇒ Conduction resistance of the mirror plate R M Convection resistance of the mirror plate

Figure 4 . 25 :

 425 Figure 4.25: Schematic LEM of the thermal behavior of the micro-scanner in case 2 with symbols nomenclature.

Figure 4 . 26 :

 426 Figure 4.26: Variation of the heat flow ratio PP /PER for different values of four thermal resistances of the structure.

  4.27a) but is inadapted in our case. An illustration of Duan et al.'s stopper is shown in Fig. 4.27b and compared with the mechanism proposed in this work, which corresponds to a different rotation of the inner frame [359]. The principle of the stopper mechanism is sketched in Fig. 4.28 in two steps depicting the states before and after release of the device in Fig. 4.28a and Fig. 4.28b respectively. The device layer slanting against the handle layer

Figure 4 . 27 :

 427 Figure 4.27: Comparison of two types of stopper mechanisms used for MEMS technology. (a): Vertical stopper from [287]. (b): Bending down slanting stopper. Courtesy of Duan et al..

Figure 4 . 28 :

 428 Figure 4.28: Schematic view of mechanical stopper mechanism. Frame is represented in green (a) before and (b) after release.

  and 4.29 are complementary and illustrates the geometrical principle of the stopper mechanism developed in this work. It is assumed

Figure 4 . 29 :

 429 Figure 4.29: Sketch of the geometry of the stopper mechanism and its dimensions for the calculation of the latch lock angle. (a): Layout top view of the latch and the actuators. (b): Side view of the stopper before release of the device. (c): Side view of the stopper slanting on the vertical wall of the handle layer after release.

  4.29a,b) stem from the desired angle of tilt after release (Fig. 4.29c). The angle can be accurately controlled and the standard deviation of the frame angle of the different chips within a batch significantly reduced. Knowing that the length of the bimorphs equals the radius of curvature multiplied by the target angle θ b and based on the relations given in Eq. (4.61), we derive an equation of inequalities defining a range of dimensions for the tunable parameters of the stopper in Eq. (4.62).

( a )Figure 4 . 30 :

 a430 Figure 4.30: SEM pictures of the two main devices (a) Tor2.x and (b) Quad2.0 of the second batch of fabrication.

Figure 5 . 1 :

 51 Figure 5.1: Layout of the Tor1.x micro-scanner fabricated and presented in the current work.

Figure 5 . 2 :

 52 Figure 5.2: Schematic view of the fabrication step OXD1 of the first batch. [a,k]: Substrate; [b]: Pads; [c]: Space between the pads and the bimorph array; [d]: Bimorph array; [e,i,l,p]: Inner frame; [f,h]: Torsion bar; [g,n]: Mirror plate; [j]: Gap between the substrate and the inner frame; [m]: ISC-based actuators; [o]: ISC-based actuators.

BOE 6 :

 6 1 has an etch rate of about 90 nm/min at 21 °C. The wafer is kept in the BOE 6:1 for about 11 min until the Si underneath is reached. A profilometer of the brand Dektak © is used to measure the remaining thickness of SiO 2 on the wafer and ensure the device layer is reached. The result before PR strip is shown in Fig.5.3a and the layout of the corresponding area is provided in Fig.5.3b for comparison.

( a )

 a Microscope result (b) Layout area

Figure 5 . 3 :

 53 Figure 5.3: Image of step OXD1 on the region of the thermal bridge after BOE wet etch and before PR strip. The region corresponds to the SEM picture shown in Fig. 5.15h. (a): Optical microscope. (b): Corresponding layout area.

Figure 5 . 4 :

 54 Figure 5.4: Schematic view of the fabrication step PT of the first batch. [a,k]: Substrate; [b]: Pads; [c]: Space between the pads and the bimorph array; [d]: Bimorph array; [e,i,l,p]: Inner frame; [f,h]: Torsion bar; [g,n]: Mirror plate; [j]: Gap between the substrate and the inner frame; [m]: ISC-based actuators; [o]: ISC-based actuators.

Figure 5 . 5 :

 55 Figure 5.5: SEM picture of the Pt heater continuous electrical path deposited on top of the first layer of SiO2.

(a) Overview ( b )Figure 5 . 6 :

 b56 Figure 5.6: Results of the Pt sputtering by microscope and SEM and comparison with the layout.

Figure 5 . 7 :

 57 Figure 5.7: Schematic view of the fabrication step VIA of the first batch. [a,k]: Substrate; [b]: Pads; [c]: Space between the pads and the bimorph array; [d]: Bimorph array; [e,i,l,p]: Inner frame; [f,h]: Torsion bar; [g,n]: Mirror plate; [j]: Gap between the substrate and the inner frame; [m]: ISC-based actuators; [o]: ISC-based actuators.

( a )

 a Thermal bridges (b) Bimorph array connection (c) Alignment marks (d) Layout (e) Layout (f ) Layout

Figure 5 . 8 :

 58 Figure 5.8: Results of step VIA seen under optical microscope in different regions of the device and corresponding layout areas.

[

  

Figure 5 . 9 :

 59 Figure 5.9: Schematic view of the fabrication step ALU1 of the first batch. [a,k]: Substrate; [b]: Pads; [c]: Space between the pads and the bimorph array; [d]: Bimorph array; [e,i,l,p]: Inner frame; [f,h]: Torsion bar; [g,n]: Mirror plate; [j]: Gap between the substrate and the inner frame; [m]: ISC-based actuators; [o]: ISC-based actuators.

Figure 5 . 10 :

 510 Figure 5.10: Fabrication results of step ALU1 . (a): Base of bimorph array layout. (b): Microscope image of parts burned by arcing on the same region. (c): SEM picture of the same region. (d): Overview layout of the device. (e): Microscope view of the corresponding region. (f ): Black dots on aluminum.

Figure 5 . 11 :

 511 Figure 5.11: Schematic view of the fabrication step OXD2 of the first batch. [a,k]: Substrate; [b]: Pads; [c]: Space between the pads and the bimorph array; [d]: Bimorph array; [e,i,l,p]: Inner frame; [f,h]: Torsion bar; [g,n]: Mirror plate; [j]: Gap between the substrate and the inner frame; [m]: ISC-based actuators; [o]: ISC-based actuators.

Figure 5 . 12 :

 512 Figure 5.12: Fabrication results of step OXD2 . (a): Black silicon around the MISC actuator area. (b): Corresponding layout.

Figure 5 . 13 :

 513 Figure 5.13: Schematic view of the fabrication step BSD of the first batch. [a,k]: Substrate; [b]: Pads; [c]: Space between the pads and the bimorph array; [d]: Bimorph array; [e,i,l,p]: Inner frame; [f,h]: Torsion bar; [g,n]: Mirror plate; [j]: Gap between the substrate and the inner frame; [m]: ISC-based actuators; [o]: ISC-based actuators.

Figure 5 . 14 :

 514 Figure 5.14: Fabrication results of step BSD . (a): Profile of the back side of the SOI wafer. (b): State of the wafer after separation of some structures from the wafer. (c): Cluster of micromirrors ready for final release step.

FourFigure 5 . 15 :

 515 Figure 5.15: Fabrication results of step REL . (a): Three micro-scanners sticked on thermal tape after release and before being removed from the carrier wafer. (b): Bigger amount of devices after release. (c): Unreleased torsion bar. (d): Released torsion bar. (e): Front side SEM view of the Tor1.x. (f ): Close-up view of the Tor1.x bimorph array. (g): Close-up of the MISC actuators. (h): Thermal insulation bridge between MISC actuators and mirror plate.

Figure 5 . 16 :

 516 Figure 5.16: Layout of the (a) Tor2.x and (b) Quad2.0 micro-scanner fabricated and presented in the current work and their corresponding SEM pictures (c) and (d).

  of 8 m m, 2 alignment marks and 3 visual alignment marks for macro positioning. The 3 macro alignment marks are used to align the mask of the mirror back side aluminum photolithography. Two different techniques for this specific step are presented in Section 5.2.3.

Figure 5 . 17 :

 517 Figure 5.17: Schematic view of the fabrication step AUP of the second batch. [a,k]: Substrate; [b]: Pads; [c]: Space between the pads and the bimorph array; [d]: Bimorph array; [e,i,l,p]: Inner frame; [f,h]: Torsion bar; [g,n]: Mirror plate; [j]: Gap between the substrate and the inner frame; [m]: ISC-based actuators; [o]: ISC-based actuators.

Figure 5 . 18 :

 518 Figure 5.18: Fabrication results of step AUP . (a): SEM overview of an AuAl2 pad subject to diffusion. (b): Close-up of the pad, roughness detail.

Figure 5 . 19 :

 519 Figure 5.19: Schematic view of the fabrication step ALU2 of the second batch. [a,k]: Substrate; [b]: Pads; [c]: Space between the pads and the bimorph array; [d]: Bimorph array; [e,i,l,p]: Inner frame; [f,h]: Torsion bar; [g,n]: Mirror plate; [j]: Gap between the substrate and the inner frame; [m]: ISC-based actuators; [o]: ISC-based actuators.

Figure 5 . 20 :

 520 Figure 5.20: Fabrication results of step ALU2 using dry PR. (a): Dry PR after lamination and photolithography on the back side of the SOI wafer. (b): Microscope image of the back side of the mirror plate aluminum reflective layer and measures. (c): SEM picture of the back side of the mirror plate before complete release of the torsion bars and inner MISC actuators.
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 52155522 Figure 5.21: Custom bonding PCBs fabricated for experiments and characterization. (a): Reduced-size narrow PCB holders in a gel pack for transportation. (b): Failed trials with 25 µm gold wire. (c): Successful trials with 17 µm gold wire.

Figure 6 . 1 :

 61 Figure 6.1: Tor1.x (a) SEM picture, (b) topography front-side surface of the mirror plate and (c) topographic profile curve.

Figure 6 . 2 :

 62 Figure 6.2: Comparison of resistance change upon actuation obtained experimentally and from the model.

22 Figure 6 . 3 :

 2263 Figure 6.3: Absolute static angular displacement of the inner frame and the mirror plate vs. DC voltage applied.

Figure 6 . 4 :

 64 Figure 6.4: Power consumption of the actuators due to Joule heating vs. voltage applied.

Figure 6 . 5 :

 65 Figure 6.5: DC characterization of (a) optical angular pitch displacement of the inner frame compared with the model results and (b) corresponding calculated average temperature change ∆ T and maximum temperature change ∆ T accross a bimorph actuator.

Figure 6 . 6 :

 66 Figure 6.6: Sketch of the experimental optical setup used for characterization of the micro-scanner.

Figure 6 . 7 :

 67 Figure 6.7: Sketch of the OA electrical circuit.

Figure 6 . 8 :

 68 Figure 6.8: Elements constituting the driving setup. (a): Custom OA PCB. (b): DAQ with four connection cables for the Quad2.0. (c): micro-scanner PCB holder and rounting wire connected.

Figure 6 . 9 :

 69 Figure 6.9: Bode diagrams of three different types of Tor1.x, when (a) the pitch actuator is driven, (b) the roll actuators are driven and (c) the phase of the Tor1.28 for the pitch and roll axes.

Figure 6 . 10 :

 610 Figure 6.10: Frequency response of the Tor1.22 for a voltage input on the roll actuator of amplitude 0.2 Vpp and varying offsets. (a): Frequency response over a bandwith of 4 kHz and zoomed-in insets of the pure tilt mode response and third coupled mode given in (b) and (c), respectively.

Figure 6 . 11 :

 611 Figure 6.11: Frequency response comparison of Tor1.22 with and without torsion bars.

Figure 6 . 12 :Figure 6 . 13 :

 612613 Figure 6.12: Lissajous scan pattern for a duration of 200 m s.

Figure 6 .

 6 Figure 6.14 reports the proportion of the field of view consequently illuminated as a function of time.

Figure 6 . 14 :

 614 Figure 6.14: Cover rate of the Lissajous scan pattern versus acquisition time.

Figure 6 . 15 :

 615 Figure 6.15: Cover density of the laser spot in times of passing.

Figure 6 . 16 :

 616 Figure 6.16: Schematic of the compensation model of the micro-scanner system for a given set of input signal frequencies.

Figure 6 . 17 :Figure 6 . 18 :

 617618 Figure 6.17: 2D rectified laser spot angular position (in blue, in background) and measured positions (in red, in foreground).

Figure 6 . 19 :

 619 Figure 6.19: Schematic overview of the fully integrated MOEMS probe's head without the continuum robot arm.

Figure 6 . 20 :

 620 Figure 6.20: (a) Micro-mirror handled by a vacuum pick-up tool. (b) Heated vacuum chuck.

Figure 6 . 21 :

 621 Figure 6.21: Fabricaton of a thin and uniform layer of Epoxy glue.

Figure 6 . 22 :

 622 Figure 6.22: Micro-scanner bonded to the interferometer-chip.

  6.23b).

Figure 6 . 23 :

 623 Figure 6.23: Preparation the step of bonding of the custom flexible PCB onto the micro-scanner's pads. (a): Epoxy glue drops are deposited on the pads. (b): The flexible PCB is folded at 90°.

Figure 6 . 24 :

 624 Figure 6.24: Views of the interferometer-scanner chip with the vacuum tool handling the flexible PCB. (a): En face view, with the capilary used to apply contact pressure.

Furthermore, a

 a new project, called "ROBOT" (Robotics and OCT for optical BiOpsy in the digestive Tract) (2018-2020), leveraged the DEMO4 project's accomplishment, to develop a new concept of clinical demonstrator.

  travaux présentés dans cette thèse reposent d'une part sur le design et la modélisation electrothermo-mécanique d'un micro scanner optique et d'autre part sur sa fabrication, et sa caractérisation ainsi qu'un début d'intégration à un micro interféromètre de Mirau pour le dévelopement d'une sonde endoscopique conçue pour la détection des cancers gastrointestinaux dans leur phase initiale par une technique d'imagerie appelée Tomography de Cohérence Optique (OCT). Le coeur de la contribution de cette thèse porte sur le dévelopement et la fabrication de micro actionneurs commandés thermiquement pour l'orientation controllée d'un micromiroir conçu à cet effet. Différentes architectures de micro scanners sont proposées afin de répondre au mieux aux problématiques imposées par les exigences en matière de qualité d'imagerie optique et de compatibilité avec les normes dans le cadre de l'utilisation médical in vivo du dispositif final. Ces travaux s'inscrivent dans le projet DEMO4 financé par le LabEx Action en coopération entre les départements MN2S et AS2M de l'institut de recherche Français Femto-ST ainsi que de l'université de Floride aux États-Unis afin de délivrer un premier démonstrateur de sonde endoscopique OCT. Plusieurs séries de fabrication ont été mises en oeuvre grâce à des techniques de microfabrication de semiconducteurs dévelopées en échange entre l'université de Floride et Femto-ST avant d'être assemblées (à défaut d'intégration monolithique) par procédés robotisés à un microinterféromètre dévelopé à Femto-ST. Finalement, un montage expérimental pour la caractérisation du micromiroir est également proposé pour permettre l'évaluation des performances atteintes et afin d'amorcer les premiers tests d'imagerie optiques du micro système.
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: Survival based on TN stages in the LST and SST groups; Data in bold font correspond to cases of EGCs

[START_REF] María | Gastric cancer: Overview[END_REF][START_REF] Surgery A Pennathur | Oesophageal carcinoma. Seminar 400 www.thelancet[END_REF]

.

Table 1 .

 1 

	Imaging	Wave type	Resolution	Tissue	Label-
	technique				penetration	free?
					depth	
			Axial	Lateral		
	MRI CT	RF X-ray	4 -100 µm -12 -50 µm -	Unlimited Unlimited	Yes Yes
	PET US	γ-ray ultrasonic 7 MHz [57] -	1 -2 m m 50 µm	-100 µm at	-a few cm [59]	Yes
		20 MHz		21 MHz [58]		
	Endoscopic	ultrasonic 5 -12 MHz	-	0.5 -1 m m	4 -7 cm	Yes
	ultrasound Confocal	[23, 60] optical	3 -5 µm	[23] 0.4 -1 µm	[23, 61] ≤ 200 µm [34] Yes
	microscopy Fluorescence	optical	[34] 1 -5 µm	[34, 38] -	300 -800 µm No
	microscopy Photoacoustic microscopy	visible or near-IR light and sound	15 µm -1 m m	220 nm -560 µm [41]	[41, 42] 100 µm -4 cm	Yes
	NLOM OCT	-near-IR light	[42, 59] ∼ 1 µm [59] -1 -15 µm 3 -5 µm	∼ 1 m m [59] 1 -3 m m	Limited Yes
			[56, 62]	[56]	[56, 62]	

3: Comparison of performances of bioimaging techniques. NLOM: non-linear optical methods.

Table 2 . 1 :

 21 Comparison of features of different imaging endOCT probes.

	Reference	Size (m m)	Lateral (µm) resolution	Working (m m) distance	Angular scan range and lateral	Speed
				Proximal actuation		
	Tearney et al.	[73]	1.1	38	∼ 3.0	360°1 rpm
	Li et al.	[96]	0.41	17	0.08	360°-
	Quirk et al., McLaughlin et al.	[71, 124] 0.64	20	0.715 (at 836 nm) and 0.540 (at 1310 nm)	B -scan/s; 14 µm s -1 360°2 (translative)
	Lorenser et al.	[97]	0.31	30	0.3	360°1 B -scan/s
	Fu et al.	[82]	1.3	39	9	360°4 fps
	Gora et al.	[122]	12.8	30	-	360°20 fps
	Yang et al.	[123]	0.9	∼ 26	∼ 0.35	2.5 m m	-
	Yang et al.	[75]	2	-	-	4 mm 2 × 2 mm 2 4-16 fps
				Distal actuation		
	Tran et al.	[91]	2.4	∼ 13	2	36°1 Hz
	Herz et al.	[92]	5	∼ 8	2	36°2 Hz
	Su et al.	[93]	2.7	20	-	360°30 fps
	Aguirre et al.	[98]	< 5	∼ 12	several hundred µm	± 6 °mech	< 2 min (vol. 1.8 mm 3 × 1.0 mm × 1.3 mm 3 )
	Jung et al.	[125]	< 4	∼ 20	6.6	± 5 °mech	3 fps (vol. 1.0 mm 3 × 1.0 mm × 1.4 mm 3 )
	Xu et al.	[126]	< 4	∼ 20	3.5	17 °mech	21.5 fps (vol. ∼ 0.55 mm 3 × 0.55 mm 3 × 1 mm 3 )
							1.28 × 10 6 voxel/s
	Samuelson et al. [127]	2.8	20	2	23 °mech	(vol.
							1.6 mm 3 × 1.6 mm × 1.6 mm 3 )
	Duan et al.	[128]	2.7	25	3	20 °mech	1.25 Hz (fast scan)

Table 2 . 2 :

 22 Summary of the pros and cons of side-imaging and forward-imaging configuration from Gora et al.[START_REF] Michalina | Endoscopic optical coherence tomography: technologies and clinical applications[END_REF].

	Scanning type	Proximal Distal
	Minimum probe diameter	∼ 0.5 m m ∼ 1.5 m m
	Minimum rigid length	∼ 1.0 cm	∼ 2.0 cm
	Maximum speed	∼ 200 rps	∼ 4,000 rps
	Imaging area	large	large
	Fiber stress-induced distorsion moderate	smaller
	Expense	low	high (with micromotor)
			low (with MEMS scanner)

Table 2 . 3 :

 23 Comparison of principal scan patterns and their features.

	Scanning	Advantages	Drawbacks
	mechanism		
		simple optical design	rotary non-uniformity
	Circumferential	small size	pullback non-uniformity
		no abberation	unstable slow scan
		even speed	larger probe
	Raster	moderate scanning range disturbance sensitive
		uniform	abberations
			low scanning speed
		small size	limited imaging range
	Spiral	simultaneous 2D scan	disturbance sensitive non-uniformity
			uneven speed
		relatively even speed	limited imaging range
	Lissajous	small size simultaneous 2D scan	disturbance sensitive non-uniformity

Table 2 . 4 :

 24 Recap table of the dependency of the optical parameters of the system.

	∆z ∆x DOF WD
	λ 0
	∆λ
	NA
	∆x
	f

Table 2 . 5 :

 25 Summary of the parameters and specifications of the optical system.

Table 2 . 6 :

 26 Summary of the parameters and specifications required for the optical scan.

Table 2 . 7 :

 27 Summary of the specifications for the MOEMS scanner.

Table 3 . 1 :

 31 Comparison of four significant piezoelectric actuator-based 2D micro-scanners.

	Reference	Max.	Operating	Resonance
			angle	voltage	frequency
	Tsaur et al. [209] 24°/26°15 V	3.750 kHz
	Zhu et al.	[204] 5°2 V	316 Hz
	Pan et al.	[210] 17.9°/2.6°400 V	6.780 kHz
	Liu et al.	[211] 4°5 V	2.4 kHz
	3.1.4 Electrothermal actuation		
	3.1.4.1 Basic principle			

Table 3 . 2 :

 32 Comparative table of the features of the scanners with different types of actuation. Sources from[START_REF] Sun | 3D in vivo optical coherence tomography based on a low-voltage, large-scan-range 2D MEMS mirror[END_REF][START_REF] Lullin | Design , simulation and fabrication of a vertical microscanner for phase modulation interferometry -Application to optical coherence tomography system for skin imaging[END_REF].

	Actuation principle	S c a n n i n g r a n g e S p e e d	D r i v i n g v o l t a g e P o w e r c o n s u m p t i o n F a b r i c a t i o n c o m p l e x i t y L i n e a r i t y c o n t r o l C o m m e n t s
	Electrostatic	±10°+++ 10-100 V	+	+	complex small	dis-
							placements
	Electromagnetic	±20°+	∼ 1 V	++	++	medium hysteresis,
							complex	
							assembly,
							bulky	
	Piezoelectric	±15°+++ 10-100 V	+	+++	simple	hysteresis
							compatibil-
							ity issues	
	Electrothermal	±30°++	1-20 V	+++	++	simple	slow	re-
							sponse time

Table 3 . 3 :

 33 Color code of the different generations of electrothermal MEMS scanners developed in the Biophotonics & Microsystems Laboratory (BML) group of the university of Florida (UF).

  2.15 and 2.17f[START_REF] Duan | Planar and Integrated MEMS Micromirrors Based Endoscopic Optical Coherence Tomography[END_REF][START_REF] Jain | A two-axis electrothermal micromirror for endoscopic optical coherence tomography[END_REF][START_REF] Tanguy | Design and Fabrication of a 2-Axis Electrothermal MEMS Micro-Scanner for Optical Coherence Tomography[END_REF][START_REF] Jia | Dental optical coherence tomography employing miniaturized MEMS-based imaging probe[END_REF][START_REF] Wang | Endoscopic swept-source optical coherence tomography based on a two-axis microelectromechanical system mirror[END_REF][START_REF] Sun | Design and Characterization of MEMS Based Optical Coherence Tomography Endoscopic Probe[END_REF][START_REF] Singh | A two axes scanning SOI MEMS micromirror for endoscopic bioimaging[END_REF][START_REF] Guo | Three-Dimensional Optical Coherence Tomography Based on a High-Fill-Factor Microelectromechanical Mirror[END_REF][START_REF] Wu | Electrothermal micromirror with dual-reflective surfaces for circumferential scanning endoscopic imaging[END_REF][START_REF] Duan | A 45 deg-tilted 2-axis scanning micromirror integrated on a silicon optical bench for 3D endoscopic optical imaging[END_REF][START_REF] Xie | Endoscopic optical coherence tomography with new MEMS mirror[END_REF][298][START_REF] Xie | 3D endoscopic optical coherence tomography based on rapid-scanning MEMS mirrors[END_REF]. To overcome this cumbersome aspect, Duan et al. broke off the planarity of the former generations and developed a pre-tilted MOTEMS integrating onto a SiOB for a simplified assembly

Table 4 . 1 :

 41 Relations between lumped elements of different domains.

	General	Electrical	Thermal	Mechanical
	Effort	Voltage (V)	Temperature difference (K)	Force (N)
	Flow	Current (A)	Heat flow (W)	Velocity (m s -1 )
	Displacement Charge (C)	Heat (J)	Displacement (m)
	Resistance			

Table 4 . 2 :

 42 List of a few values of coefficient of convection calculated on electrothermal micro-scanners from different studies.

	Author & Ref.	Convection coefficient in (W K -1 m -2 ) Actuator length Mirror plate surface
		bimorph	mirror plate	(µm)	(m 2 m)
	Todd and Xie	193	-	170	1.12
	[216]				
	Todd et al. [220]	30	-	400	0.25
	Feng et al. [332]	900	2600	200	0.22
	Wu [295]	170	126	200	1
	Pal and Xie [318]	188	47	173	1.32
	Zhang et al. [283]	188	-	450	-
	Zhou et al. [331]	1900 -2282	-	287	1

Table 4 . 3 :

 43 Comparison of the properties of a few materials. From[START_REF] Riethmoller | Thermally Excited Silicon Microactuators[END_REF][START_REF] Shane | An electrothermomechanical lumped element model of an electrothermal bimorph actuator[END_REF][START_REF] Zhang | A fast, large-stroke electrothermal MEMS mirror based on Cu/W bimorph[END_REF][START_REF] Pal | Fabrication of robust electrothermal MEMS devices using aluminum-tungsten bimorphs and polyimide thermal isolation[END_REF][START_REF] Read | Mechanical behavior of Aluminum and copper thin films[END_REF][START_REF] Tsuchiya | Young's modulus, fracture strain, and tensile strength of sputtered titanium thin films[END_REF].

	Material	Symbol	Unit	SiO 2 Si	Al	Au Cu Cr	Pt	Ti	Ni	W	Invar
	Young's modulus	E GPa	70	179 70	78	120 279 168 116 200 411 145
	Poisson's ratio	ν -		0.17 0.27 0.35 0.44 0.34 0.21 0.38 0.32 0.31 0.28 0.29
	Shear modulus	µ GPa	30	70.5 26	27	45	115 61	44	76	161 56
	CTE	α 10 -6 K -1 0.4 3.0 23.6 14.5 16.9 5.0 8.9 8.6 12.8 4.5 0.36
	Density	ρ g/cm 3	2.66 2.33 2.69 19.4 8.95 7.19 21.5 4.51 9.04 19.3 8.15
	Electrical resistivity	ρ E 10 -9 Ω.m -	-	28.2 22.1 16.8 125 106 420 69.9 56.0 800
	Thermal conductivity κ W/mK	1.4 150 237 318 401 93.9 71.6 21.9 90.9 174 13
	Thermal diffusivity	α p 10 -6 m 2 /s 0.87 93.4 97	127 115 29	25	8	22.7 68	3.1
	Specific heat	c p J/kgK	700 691 900 129 387 440 133 611 444 132 515
	TCR	ξ 10 -3 K -1 -	-	4.3 3.7 4.0 -	3.7 -	-	4.4 -
	Min. yield strength	σ Y MPa	-	-	124 200 -	-	-	650 -	-	-

Table 4 . 4 :

 44 Resonant frequency, stiffness and other parameters of the vibrating modes of a rectangular cross-section torsion bar.

	Mode	Stiffness	Resonance frequency	Frequency ratio	Numerical tion 6	estima-
		(N m -1 or N m)	ω (rad s -1 )	ω mode /ω torsion	
	Torsion	k t = 2µIt Lr	kt Jm		1		-if w r	=	22 µm,
	Rocking	k b = Ewrt 3 r 12L 2 r	(4L r + 3L m )	k b Jm	(1+ν)(1+ 3Lm 4Lr ) 3Kt	• wm Lm	1.19 1 + 3Lm 4Lr if w r = 1.18 1 + 3Lm 4Lr if w r =	28 µm, 38 µm,
	Piston	k b = Ewrt 3 r 4L 3 r	k b Mm	1 4	1+ν 3Kt • wm Lr	1.16 1 + 3Lm 4Lr if w r = 22 µm, 0.30 wm Lr if w r = 28 µm, 0.30 wm Lr if w r = 38 µm, 0.29 wm Lr
	Horizontal	k b = Ew 3 r tr 4L 3 r	k b Mm	1 4	1+ν 3Kt • wr tr • wm	

Lr if w r = 22 µm, 1.98 wm Lr if w r = 28 µm, 2.49 wm Lr if w r = 38 µm, 3.35 wm Lr

Table 4 . 6 :

 46 Parameters chosen for the first design of the bimorph array actuators.

	Parameter Value
	Number of bimorphs 64 Length 350 µm Width of Al 22 µm Width of Pt 8 µm Thickness of Al 1.0 µm Thickness of SiO 2 1.1 µm Thickness of Pt 1500 ¦ A
	4.3.3.2 Meshed inverted-series-connected actuators

  Resonance frequency variation with respect to thickness of the mirror plate for different angular amplitudes centered around an initial angular offset of 18°.

		1.6									
									Angular amplitude
										0.1°3	
	Eigen frequency (kHz)	1.0 1.2 1.4								.0°5 .0°1 0.0°F
		20 0.8	22	24	26	28	30	32	34	36	38	40
					Thickness of mirror plate (µm)		
	igure 4.23:										

Table 4 . 7 :

 47 Recap table of the main parameters of the MISC actuators. IN 176 µm Length of the inverted segment L N I 88 µm Length of the non-inverted segment L OL 88 µm Length of the overlapping segment w b 14 µm Width of the actuator t b 2.64 µm Equivalent thickness of the actuator DSSISC actuator a 30 µm Length of short connecting arm b 352 µm Length of slender arms c 30 µm Length of the collarbone d 352 µm Length of slender arms e 80 µm Length of short connecting arm thermal behavior of the micromirror was investigated and modeled by an LEM at the steady state.

	Parameter Value	Description
	ISC actuator	
	L	

Table 5 . 1 :

 51 Summary of the main parameters of the SOI wafer used for the batch of fabrication of the device Tor1.x.

		Device layer BOX Handle layer
	Diameter Thickness	30 µm	100 ± 0.2 m m 1 µm	500 µm
	Resistivity	1-20 Ω cm	-	1-30 Ω cm
	Edge exclusion	<5 mm	-	
	Finish	Polished	-	Polished
	Type/Dopant	P/Boron	-	P/Boron

Table 5 . 2 :

 52 Chronological list of steps of fabrication of the device Tor1.x with the corresponding color code of materials.

	Step Description	Mask I.D.
		Wafer clean up	-
	1	SiO 2	OXD1
		Insulation	-
	2	Platinum sputtering	PT
		Insulation	-
	3	Via opening	VIA
	4	Aluminum evaporation ALU1
	5	SiO 2	OXD2
	6	Back side pit	BSD
	7		

Table 5 . 3 :

 53 Comparison of two SiO2 slow and fast etching SOPs.

	Parameters	Fast SiO 2 Etch rates ( ¦ A/min)	Parameters	Slow SiO 2 Etch rates ( ¦ A/min)
	CF 4 flow=30 sccm	SiO 2 =580	CHF 3 flow=45 sccm SiO 2 =130
	CHF 3 flow=20 sccm PR=470	O 2 flow=5 sccm	PR=120
	Ar=50 sccm			Pressure=200 mTorr
	Pressure=100 mTorr		RIE power=100 W
	RIE power=150 W		

Table 5 . 4 :

 54 Chronological list of steps of fabrication of the device Tor1.x with the corresponding color code of materials.

	Step Description	Mask I.D.
		Wafer clean up	-
	1	SiO 2	OXD1
		Insulation	-
	2	Platinum sputtering	PT
		Insulation	-
	3	Via opening	VIA
	4	Aluminum front side ALU1
	5	SiO 2	OXD2
	5a	Gold pads sputtering AUP
	6	Back side pit	BSD
	6a	Aluminum back side ALU2
	7		

Table 6 . 1 :

 61 Summary of the measured resonance frequencies in Hz of the main modes constituting the frequency response of the three types of Tor1.x and of the model resonance of the pure tilt mode in red.

	Mode	Tor1.22	Tor1.28	Tor1.38
	Pure pitch 1	211	205	235
	Pure tilt 2	1051 (1056) 1286 (1204) 1420 (1417)
	Cross coupling 3	1876	1586	1855
	Last peak 4	3295	2881	3225

Table 6 . 2 :

 62 Summary and description of the different vibrating modes of the Tor1.22 without torsion rods.

	Label Freq.	Motion
		Hz Inner frame Mirror plate
	[a]	191 pure pitch	idle
	[b]	513 pitch	large tilt
	[c]	886 idle	pure tilt
	[d]	990 weak torsion large tilt
	[e]	2,054 torsion	medium rocking/piston 2
	[f]	2,147 idle	large rocking/piston
	[g]	3,474 pitch	large tilt, medium rocking/piston

The incidence rate is the number of new cancers of all types that occur in the world standard population, per 100,000 and per year.

Weighted average of the age-specific rate, where the weights are the proportions of persons in the corresponding age groups of a standard population.

The "Hexagon" depicts the mainland part of Metropolitain France, because of its approximate hexagonal shape.

Estimation of 2017 based on the data of 2000-2014 US mortality rate, National Center for Health Statistics, Centers for Disease Control and Prevention [2].

As a matter of fact[START_REF] Huang | Effects of Dietary, Drinking, and Smoking Habits on the Prognosis of Gastric Cancer[END_REF], it is recommended to intake frequently fruits and raw vegetables, as they contain antioxidants, to decrease significantly the risk of deaths related to gastric cancers.

"Despite this, the 1996 National Institutes of Health (NIH) consensus panel on H. pylori recommended that treatment not be initiated in asymptomatic infected individuals. Treatment of asymptomatic individuals remains a controversial issue, particularly because it takes more than 30 years before one-third of these individuals develop atrophic gastritis. The matter of treatment is even more confusing, because recent data suggest the eradication of H. pylori predisposes individuals to cancer of the proximal stomach (cardia) and esophagus. The overall incidence of gastric cancer is diminishing in western countries, but the incidence of proximal gastric cancers compared to distal is rising, and coincides with the widespread treatment of H. pylori. Some have proposed that H. pylori exerts a protective effect in the proximal stomach and esophagus by inducing achlorhydria and atrophic gastritis. Eradication of H. pylori restores gastric acid production and, individuals predisposed to GE reflux, could possibly contribute to cancers of the distal esophagus and cardia. Additional data is needed before treatment recommendations can be made in asymptomatic individuals. H. pylori leads to atrophic gastritis through direct and indirect mechanisms. H. pylori also appears to play a role in the pathogenesis of gastric mucosal associated lymphoid tissue (MALT) lymphomas, which arise as a reaction to infection of the stomach"[START_REF] Kitajima | Gastric Cancer: Introduction[END_REF].

For most cells, the nuclear size is about 10 times smaller than the cell size and measure between 2 and 10 µm according to Fawcett[START_REF] Fawcett | An atlas of fine structure: the cell, its organelles, and inclusions[END_REF] 

Percentage are considered statistically significant when P-values (Cox regression model) are smaller than 0.05[START_REF] Wang | Tumor size as a prognostic factor in patients with advanced gastric cancer in the lower third of the stomach[END_REF].

In the section, the same formalism as in[START_REF] James | Introduction to Optical Coherence Tomography[END_REF] will be used to describe the principle of OCT

Caution: zR refers to the distance of the reference mirror from the beam splitter (BS) and NOT to the Rayleigh distance that will be referred to as zr in the following.

The human body can be considered as a resistive medium of 70 kΩ and which can withstand no more than 15 m A for at most 5 s in extreme situations. However, the human body's electric charge flow is safe when it is lower than 1 m A which means that the voltage applied to an electrical apparatus inserted inside the human body should be limited to 70 V. The limit increases with the frequency of the electric signal.

A wafer is a substrate made of a semiconductor material and dedicated to the fabrication of microelectronic devices using various processes of surface micromachining.

The Mirau micro-interferometerwas developed in the dpt. MN2S, Femto-ST, 15B Avenue des Montboucons, 25030, Besançon Cedex, France.

The robotic arm was fabricated in the dpt. Automatique et Systèmes Micro-Mécatroniques (AS2M) of the Institute Femto-ST, 24 rue Alain Savary, 25000 Besançon, France.

PD stands for "penetration depth". For a central wavelength λ0 of 850 nm, Bashkatov et al.[START_REF] Alexey | Optical properties of human stomach mucosa in the spectral range from 400 to 2000 nm: Prognosis for gastroenterology[END_REF] reported a light penetration depth of about 1.9 m m, a small absorption coefficient of about 0.8 cm -1 and a high transmittance of 0.48.

Struk et al. estimated this value from the formula in the air, i.e. for a refractive index of 1. Although Bashkatov et al. reported higher refractive indices for scattering tissue and interstitial fluid of 1.45 and 1.36 respectively within the visible spectral range, no information were reported concerning the refractive index of the stomach mucosa for the range of near-IR. However, we can expect a refractive index higher than that of the air, thereby decreasing the value of the actual spatial resolution as shown by Eq. (2.3).

DOF refers to the geometrical DOF. Struk et al. reported a DOF of 202 µm unlike the value of 213 µm found in our calculation.

The optical angle defines the scanned angle range of the light beam and is twice the mechanical of the mirror plate. To distinguish it, it is referred to as θ opt p .

In the sense of state space system observability.

Weighted average over the thickness of each layer.

In the formalism chosen by the author for the sake of clarity, the thermal resistances topped by a double arrow ⇒ are due to conduction, the ones topped by a snaky single arrow are due to convection, and the resistances untopped are likely to be due to both conduction and convection.

Pal and Xie in their LEM model, represented thermal setpoints by the use of constant temperature generators connected to an undefined thermal ground which is the 0 K reference ground apparently. However, their model is unconsistent with the reality of the system because the heat flow generator as well as both thermal capacitances are also connected to this very 0 K ground. Therefore, in the heat flow (which is a non linear function of the temperature as seen in Eq. (4.9)), the temperature change is measured from 0 K and not from the ambient reference temperature.

The term of multimorph is found in the literature as well as polymorph. There is no difference and depends mostly on the preference of the greek or the latin root of the word.

The term of "rod" is used here because it refers to a gimbal-like slender structure which can be subject to several modes of vibrations. Hence, it is considered that the rod can work in torsion and bending along the vertical and lateral axes perpendicular to its length. However, the terms of bars and beams can also be used but have specific meaning in theory of mechanics: a beam is a model that contains efforts applied in traction, compression and flexion, whereas a the model of a bar is inherent to the model of a beam and only consists of traction or compression. In this manuscript, we won't make any difference between the terms "beam" and "bar".

For the ratio of the angular frequencies of the rocking mode with the torsion mode, we assume that the mirror plate is a square, hence Lm = wm. The material of the mirror plate is silicon and the materials constituting the beam have the same Young's modulus E =

GPa. The thickness of the torsion beam is a parameter already determined by the fabrication process and is given in Table4.5.[START_REF] Huang | Effects of Dietary, Drinking, and Smoking Habits on the Prognosis of Gastric Cancer[END_REF] The second moment of area is different from the moment of inertia and is expressed in m 4 .

Refer to Section 3.3.

Implicitely 40% NH4F in water and 49% HF in water.

The maximum concentration authorized in cleanroom for HF is 49%.

The term of wire bonder, although not defined yet, is a tool in micro technologies used to bond pads of small size with a micro wire. The process will be presented more in details in Section 5.3.

The "back side" denotes the side which is exposed after the removal of the BOX; not the one on the top side of the device layer.

The two-digit figure located after the dot in the formalism of the micro-scanner's type (Tor1.x, Tor.2.x) replacing the "x" refers to the width of the torsion bar in µm.

The mention "rocking piston" was referred to as such because at this day, due to the lack of information of the precise motion of the whole mirror plate, the mode shape remains partially undefined.

Notice that the scanned area has been scaled down considering the experimental angular range of ±5°(along the X axis) towards an area (870 µm 2 × 310 µm 2 ) corresponding to the scanned zone if the micromirror was integrated in the endoscopic probe (same angle applied to a working distance of 5 m m).

ARX refers to AutoRegressive with eXogenous terms, and the three figures of the suffix 221 refer to the polynomial order of the denominator of the transfer function, the polynomial order of the numerator of the transfer function
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Appendix A Fabrication risks & recommendations E ach fabrication step developed in Chapter 5 may presents risks or be completed with recommendations. These additional information are listed hereafter for each respective step.

Preliminary clean-up stage

-The order of insertion of the two species constituting the Piranha must be respected.

-This operation must be performed under an extrator hood. Furthermore, in addition to the typical outfit normally required in cleanroom, the user must wear a specific gown, over-gloves and a safety helmet.

-BHF attacks glass! The BHF must be poured in a plastic beaker. Glass beakers are absolutely forbidden.

-Used solutions must be disposed of in provided containers.

First layer of silicon dioxide -OXD1

-BOE must be poured in a plastic beaker.

-As for the first step, a specific protection outfit must be worn to handle the BOE.

-It is highly recommended to make preliminary tests to measure the etch rate of the BOE 6:1 on a test wafer before processing the SOI wafer.

Platinum heater -PT

-A descum should be performed before deposition of the Pt by sputter to avoid stingers or arcing during lift-off. Parameters used for the descum are 300 W, 60 s and 300 sccm.

-A thin PR such as AZ nLOF 2035 can be used regarding the low thickness of Pt to be deposited. A thinner PR will provide better patterns and resolution.

Second insulation layer opening -VIA

-This step is particularly subject to wafer breakage inside the tools. Most tools require an edge exclusion of PR over several m m. It is highly recommended to design an edge exclusion ring in the VIA mask. Otherwise a manual edge exclusion must be performed and may dissolve patterned PR close to the edge.

Appendix B

Photolithography B.1 Basic principle

The term of photolithography comes from the greek and is formed of three particles: φωτ oς (photo): "light", λιθoς (litho): "stone" and γραφειν (graphy): "writing". Photolithography is also called optical lithography because the term of "lithography" is more widely understood.

Photolithography is a microfabrication process used to pattern selectively a material to be deposited or already present on the bulk of a substrate using a PR polymer resin. A photomask is used to selectively hide and expose parts of a thin film of PR coated onto a substrate. used to remove the parts of the PR pattern that can be dissolved in the developer. PRs that become soluble when exposed are known as "positive" whereas those that do not, are know as "negative" as illustrated by 
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Another process using a photolithography, suitable for material deposition is called lift-off and is presented briefly in Appendix B.2.

B.2 Lift-off principle

The lift-off process consists in depositing a material (usually by sputter or evaporation) using a patterned film of negative PR and lifting it off to keep the material deposited on the developed areas only. Negative PR is always preferred when performing a lift-off because of the shape of the walls on the edge of the patterns and the possibility to have an undercut to facilitate the resin to lift-off even after thick depositions. In the first case, the positive PR has a slight slope profile on the edges of the pattern. This is called un overcut. During lift-off, the solvent has difficulties to attain the PR altogether covered by the metal deposited and perfectly uninterrupted. Furthermore, even if the PR finally lifts off, some PR may stick to the metal and the substrate et create stingers on the edges. The common phenomenon of arcing may also occur during ultrasonic or any other powerful treatment and cause the structures to be damaged.

On the contrary, in the second case of negative PR, the profile of the resin is "inverted" from the first case. The undercut prevents the metal from sticking on the edges and allows the solvent to penetrate to the PR enabling a clean and efficient lift-off.