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Microdisques optomécaniques résonants en silicium pour la détection biologique en milieu liquide

Résumé

La detection précoce de biomarqueurs de maladies telles que le cancer représente un interêt majeur dans le processus de traitement. En effet, un diagnostic avancé augmente considérablement les chances de réussite du traitement. En pratique, cela nécessite des outils permettant de détecter rapidement d'infimes quantités de composants biologiques (anticorps, protéines, ADN...) au sein d'échantillons réels tels que du sang ou du sérum.

Ces dernières années, les avancées et progrès technologiques en matière de micro et nanofabrication ont permis le développement des Micro et Nano Systèmes Electro-Mécaniques (M/NEMS) dans de nombreux domaines d'applications et notamment celui de la détection de masse. Ainsi, des nano-capteurs de masse atteignant des résolutions de l'ordre du yoctogram (10 -24 g), soit la masse d'un seul proton ont été développés. De telles résolutions permetteraient d'utiliser ces capteurs à des fins de biodétections. Ces résultats ont cependant été obtenus sous vide ce qui est incompatible avec le monde biologique. Immergés en liquide, les performances des M/NEMS traditionnels sont drastiquement réduites notamment à cause de l'amortissement dû au fluide. Un nouveau type de résonateur à base de microdisques optomécaniques résonants a vu le jour démontrant un fort potentiel pour la détection en milieu liquide. Là où les méthodes classiques de transductions électriques des M/NEMS éprouvent des difficultés en liquide, l'exceptionnelle sensibilité de la transduction optomécanique permet de surmonter ce problème.

Dans ce cadre, ces travaux de thèse visent à développer un biocapteur à base de microdisques optomécaniques résonants en silicium pour la détection biologique en milieu liquide. Le design, la fabrication ainsi que la caractérisation complète de ces capteurs est décrite. Enfin, une preuve de concept de détection de virus T5 à une concentration de quelques pM à l'aide de ces microdisques est également présentée.

Introduction Objective of the thesis

With a globally aging population, early detection of disease biomarkers such as proteins or nucleic acids is more important than ever. This is particularly crucial for cancer patients where time is a key factor in the curing process. Indeed, cancer diagnosis at early stage significantly increases the treatment efficiency.

One way to detect these biomarkers is to identify them by their mass. For that purpose, Micro-Nano Electro Mechanical Systems (M/NEMS) resonators oscillating at their mechanical resonance frequencies such as cantilevers are classically used. The mass sensing principle relies on measuring the downshift of the resonator's mechanical resonance frequency induced by an added mass (e.g. proteins, DNA or antibodies) on its surface. The frequency shift is proportional to the added mass and inversely proportional to the mass of the mechanical resonator itself.

Benefiting from the rapid growth and advances of micro and nanofabrication techniques these last decades, M/NEMS resonators have achieved exceptional detection limit down to the single atom level [START_REF] Chaste | A nanomechanical mass sensor with yoctogram resolution[END_REF] in 2012. Such detection level could have led to sensors with unequaled sensitivity, however this result and similar others were obtained in ambient air or vacuum condition. Biosensing intrinsically requires to operate sensors in biological liquids (e.g. blood, serum or biological buffers). Nonetheless, such environments drastically degrade the performance of the classical Micro Electro Mechanical Systems (MEMS) resonators due to high energy losses in viscous media.

A 2015 study performed by Favero and his co-workers highlighted the potential of semiconductor optomechanical microdisk resonators for liquid operation. These mechanical devices are very stiff and exhibit breathing modes of resonance with tiny displacements. This feature makes them less affected by the viscous damping than classical MEMS resonators. While traditional electrical detection methods would fail to resolve the tiny displacements of these resonators, the optomechanical detection easily allows it. In short, optomechanics describes the coupling between light and a mechanical object. An optomechanical system consists of an optical cavity whose boundaries change with a mechanical motion. Microdisk resonators Introduction play both the roles of the optical and mechanical cavities. They support optical resonance modes that directly depend on the disk perimeter. These optical modes strongly couple to the mechanical breathing modes. Thus, when breathing, the microdisk's circumference increases and decreases which in turn modifies the optical resonances. By simply injecting light into the microdisk and detecting the optical transmitting signal, one can detect the mechanical motion of the microdisk.

In this context, the presented research work aims at exploiting this feature by developing a solution of liquid biosensing employing silicon optomechanical microdisk resonators.

Outline of the manuscript

The first chapter provides an introduction on biosensing. In a first part, the definition of a biosensor is given and a review on the different types of biosensors is presented. Eventually, the second part is focused on MEMS based biosensors called bioMEMS. Examples of bioMEMS solutions operating in liquid or semi-liquid environments are described and their limitations as potential ultrasensitive, label-free commercial biosensors for in-situ detection is discussed.

The second chapter begins with a brief review of optomechanics. The emphasis is put on applied optomechanics through the description of recent examples of sensors using optomechanical resonators. The main part of this chapter covers the theory of the optomechanical microdisk resonators by describing both its optical and mechanical properties. Eventually, the design of our optomechanical devices is presented.

The third chapter is dedicated to the fabrication of the silicon optomechanical microdisk resonators with a detailed description of each step of the process.

The fourth chapter addresses the characterization of the optomechanical devices. A description of the experimental setup is provided. Optical and mechanical properties of the devices introduced in the second chapter are experimentally measured in both air and liquid.

Finally, the fifth chapter demonstrates the very first proof-of-concept of liquid biosensing with a silicon optomechanical mirodisk resonator. For that purpose, both detection of bovine serum albumin (BSA) protein and T5 virus at low concentration are presented.

Chapter 1

State of the art

A biosensor is an analytical device that detects biological reactions translating a biological or physical event into a measurable signal. In this chapter, a global introduction on biosensing will be given in order to understand the requirements to develop a high-resolution biosensor for liquid biosensing. A first part will be dedicated to the description and classification of biosensors through various examples. In a second section, the emphasis will be put on bioMEMS, the new generation of sensors that have benefited from the advent of nanotechnologies. BioMEMS have demonstrated impressive performance in air or vacuum but the translation of these realizations to liquid, the native environment of biological elements, remains ambiguous. The principal reason relies on the large viscous damping induced by liquid media. Different solutions have been proposed to address this main issue and will be described in this section. Eventually their limitations as real biosensors will be discussed and a promising solution based optomechanical transduction will be presented.

Introduction to biosensing 1.History of biosensors

The history of biosensors dates back to 1956 when Professor Leland C. Clark Jr invented the very first biosensor consisting of an electrode for oxygen detection [START_REF] Clark | Monitor and Control of Blood and Tissue Oxygen Tensions[END_REF]. This sensor was initially invented in order to measure the oxygen level in the blood returning to the patient during cardiac surgery. Later on, in 1962, Clark and Lyons updated the oxygen electrode into an electrode for the detection of blood glucose concentration [START_REF] Clark | Electrode systems for continuous monitoring in cardiovascular surgery[END_REF] that is daily monitored in patient suffering from diabetes. In 1967, Updike and Hicks invented the first enzyme electrode [START_REF] Updike | The Enzyme Electrode[END_REF] followed by the first potentiometric biosensor for urea detection in 1969 by Guilabult and Montalvo Chapter 1. State of the art [START_REF] Guilbault | A urea-specific enzyme electrode[END_REF]. Measuring urea either in blood or urine is used to reveal the signs of abnormal renal functions. Eventually, in 1975, Yellow Springs Instrument company launched the first commercial glucose biosensor. The same year, the first microbe-based immunosensor is invented by Suzuki [START_REF] Suzuki | Ethanol and Lactic Acid Sensors Using Electrodes Coated with Dehydrogenase-Collagen Membranes[END_REF] as well as the first fiber-optic biosensor for carbon dioxide and oxygen detection by Lubbers and Opitz [START_REF] Lubbers | The pCO2-/pO2-optode: a new probe for measurement of pCO2 or pO in fluids and gases (authors transl)[END_REF]. In 1983, the first Surface Plasmon Resonance (SPR) immunosensor is invented by Liedberg [START_REF] Liedberg | Surface plasmon resonance for gas detection and biosensing[END_REF] and 7 years later in 1990, the first commercial SPR based biosensor is released by Pharmacia BIAcore.

Since these pioneering works, the interest for biosensors is growing exponentially [START_REF] Rodriguez | Importance of Biosensors[END_REF]. Biosensors development has been the result of collaboration work between chemists, physicists, biologists and engineers leading to devices based on new types of transducers or bioreceptors for a wide range of applications such as biomedicine, pharmacology, food safety, environment and biodefense. Examples of biosensors and their applications can be found in numerous reviews [START_REF] Turner | Biosensors: sense and sensibility[END_REF][START_REF] Thakur | Biosensors in food processing[END_REF][START_REF] Liu | Cell-Based Biosensors and Their Application in Biomedicine[END_REF][START_REF] Yasmin | Biosensors and their Applications in Food Safety: A Review[END_REF][START_REF] Mehrotra | Biosensors and their applications -A review[END_REF][START_REF] Rajpoot | Recent Advances and Applications of Biosensors in Novel Technology[END_REF].

Principle of a biosensor

According to the International Union of Pure and Applied Chemistry (IUPAC) definition in 1999, a biosensor is a self-contained integrated device which provides selective and quantitative or semi-quantitative information using a biological recognition element also called a bioreceptor and a signal transduction element. In other words, it is an analytical device that converts a biological signal into a measurable electrical signal [START_REF] Thevenot | Electrochemical biosensors: recommended definitions and classification[END_REF].

As shown in Figure 1.1 a biosensor is composed of three elements: a bioreceptor, a transducer and a signal processing system. A bioreceptor is an immobilized biocomponent (enzymes, antibodies, DNA, cells, etc...) that interacts specifically with the target analytes (enzymes substrate, antigens, complementary DNA, etc..). A biorecognition event leads to physico-chemical changes (production of heat, light or new chemical, flow of electrons, change in pH or mass, etc..) that is converted into a measurable electrical signal by the transducer. The latter can be either optical, mechanical and electrochemical or even thermal depending on the measured physicochemical changes as described in section 1.1.4. Eventually the signal is amplified and sent to a microprocessing system to be analyzed.

The performance of a biosensor is evaluated by various parameters. One of the most important feature is probably the selectivity. It represents the ability of the biosensor to detect a specific target in a sample containing other analytes and contaminants. Sensitivity and Limit of Detection (LOD) are also parameters of interest. Sensitivity corresponds to the ratio between the output measurable signal (e.g the electrical signal induced by a biorecognition event) and the measured signal (e.g the analyte concentration). On the other hand, the LOD is the minimum amount of analyte that can be detected. High reproducibility, stability and linearity, 1.1. Introduction to biosensing a fast response time, reversibility, biocompatibility, portability and low cost are also requirements that a successful biosensor should fulfill.

Biosensors can be classified either by the biorecognition layer (i.e the type of bioreceptors) or by the signal transduction mechanism (Figure 1.2). 

Bioreceptors

Bioreceptor is one of the key elements in the biosensor since it directly defines its specificity. The choice obviously depends on the analyte target but also on several other criteria such as its stability, lifetime or its conditions of use. We can subclass bioreceptors in four main categories: antibodies, nucleic acids, enzymes Chapter 1. State of the art and cells. Enzymes are also classed as catalytic based bioreceptors while antibodies and nucleic acids are called affinity based bioreceptors. All these bioreceptors are natural biological components. A fifth category of bioreceptors called biomimetic can be added but won't be discussed here. It consists of synthetic elements that mimic natural bioreceptor functions. They are mainly based on molecular imprinted polymer (MIP) [START_REF] Haupt | Molecularly Imprinted Polymers and Their Use in Biomimetic Sensors[END_REF] and aptamers [START_REF] Song | Aptamer-based biosensors[END_REF].

Antibodies

Antibodies are human being and animals immune system response related proteins called immunoglobulins. They are complex and large biomolecules constituted of hundreds of amino acids arranged in a very specific ordered sequence. As all proteins, this sequence defines its 3D or tertiary structure from which directly depends its function. Antibodies are Y-shape proteins made up two heavy and two light chains as shown in Figure 1.3. The tips of the "Y" are called the antigen-binding fragments (Fab) which is specific to a unique antigen. The antibody binding sites are referred as paratopes while antigen binding contacts are defined by specific molecules at their surfaces and called epitopes (Figure 1.3). Such feature makes them strong candidate for highly specific biosensors.

The other part of the immunoglobulin is called the constant fragment (Fc) which is common to a given specie. It also determines the antibody class or isotype such as IgG, the most commonly used isotypes in biosensing but also IgM, IgD, IgA and IgE. The constant domain doesn't take part in the antibody/antigen interaction itself but directs immune functions interacting with immune cells and proteins. Useful functional groups such as carboxyl (-COOH) or amino (-NH 2 ) groups can also be found on this part. For example, they can be used to immobilize the antibodies on the transducer surface.

Eventually, the term immunosensor is commonly used to describe an antibody based biosensor. Immunosensors can employ direct detection method also called label-free, featuring binding of an unlabeled antigen to an unlabeled antibody. Alternatively, indirect detection methods utilize a labeled specie (mostly with a fluorophore or an enzyme) that is detected after binding. Most of the immunosensors use either optical (direct and indirect), electrochemical (indirect) or mechanical (direct) detection methods [START_REF] Byrne | Antibody-Based Sensors: Principles, Problems and Potential for Detection of Pathogens and Associated Toxins[END_REF].

Nucleic acids

Nucleic acids are the elementary units of genetics and probably the most important of all biomolecules. We distinguish two well known types of nucleic acids differing from their structure: deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) as shown in Figure 1 [START_REF] Bio-Rad | Anti-Idiotypic Antibody[END_REF]. specific sequence of nucleotide that distinguishes one DNA or RNA single molecules from another. Each nucleotide is composed of three components: a nucleobase, a pentose sugar and a phosphate group. The sugar type for DNA molecules is deoxyribose while it is ribose for RNA. Each DNA and RNA contains adenine, cytosine and guanine nucleobases while thymine is only found in DNA and uracile in RNA. A single strand consists of a sugar phosphate backbone with nucleobases attached to each sugar.

RNA is most of time found in a single stranded structure. On the other hand, DNA is usually in a double stranded structure featuring Watson and Crick baseparing principle and creating a tridimensional double helix [START_REF] Watson | Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid[END_REF]. Hence, the two strands bond together forming the following base pairs: adenine with thymine and cytosine with guanine. This process is called hybridization.

Biosensors based on nucleic acid biorecognition elements are called genosensors. They exploit the hybridization principle between a single strand nucleic acid probe sequence (labeled or unlabeled) immobilized on the transducer surface acting as the bioreceptor and its complementary sequence being the target analyte to detect. Following the hybridization, a biochemical signal is produced and converted into an electrical measurable signal by the transducer. The main transduction mechanisms used for genosensors are optical via fluorescent labeled probe, electrochemical and mechanical signal readouts.

Eventually genosensors have attracted much interest in the recent years for a wide range of applications such as disease detection, environment and food safety as reviewed in [START_REF] Sassolas | DNA Biosensors and Microarrays[END_REF][START_REF] Abu-Salah | DNA-Based Nanobiosensors as an Emerging Platform for Detection of Disease[END_REF][START_REF] Kavita | DNA Biosensors-A Review[END_REF]. This is mainly due to the fact that they are extremely selec-Chapter 1. State of the art tive and probes can be readily synthesized and regenerated for multiple uses. One of the most successful commercial application of genosensors is the DNA sequencing which allows to know the particular sequence of a genetic material [START_REF] Garrido-Cardenas | DNA Sequencing Sensors: An Overview[END_REF]. 

Enzymes

Enzymes are large and complex structured proteins which generally act as biological catalysts to convert substrates (analytes) into products. In other words, they accelerate biochemical reactions with a specified analyte leading to the formation of a product.

Used as bioreceptors, enzymes are employed to specifically detect metabolites that would be impossible or very difficult to sense by other means. For that purpose, enzyme/substrate reactions must lead to measurable products. Analyte detection with enzymes can be implemented in different ways. In the direct way (the most commonly used), the analyte binds to the enzyme and promotes its activity. Hence, we measure the increased end-product formation rate. On the opposite, in the indirect way, the analyte inhibits the enzyme. In this case the decrease of the signal caused by the enzyme inhibition is measured. A third way consists in measuring modification of enzyme properties due to enzyme/analyte interactions.

The use of enzymes presents some advantages, they are highly selective and sensitive (improved due to their catalytic activity) and a wide range of analytes can be detected. Enzymes have also the main benefit not to be used up during the reaction thus making the biosensor reusable as long as the enzymes remain stable. Their
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stability can be affected during the immobilization on the transducer or depending on their storage conditions. Eventually, even though the vast majority of enzyme biosensors are based on electrochemical transduction, they can also used optical, mechanical and even thermal transduction mechanisms depending on the product signal. One of the most successful commercially available enzyme-based biosensors are certainly those for blood glucose concentration measurement as described in [START_REF] Yoo | Glucose Biosensors: An Overview of Use in Clinical Practice[END_REF][START_REF] Bruen | Glucose Sensing for Diabetes Monitoring: Recent Developments[END_REF].

Cells

Living cells can also be employed as bioreceptors. They are mainly used to detect intra and extracellular conditions as well as physiological effects by monitoring the signal produced when cells are subjected to stimulus. Such biosensors provide both in-situ functional and analytical information. In contrast with isolated biomolecular (enzymes, antibodies or nucleic acids) biosensors, cells already contain the enzymes in an optimal environment thus preventing from complex extraction-purification processes. They are also more stable and tolerant to pH or temperature changes than biomolecular based biosensors. This type of biosensor is usually applied to drug screening, pharmacology or environmental monitoring as mentioned in the following reviews [START_REF] Liu | Cell-Based Biosensors and Their Application in Biomedicine[END_REF][START_REF] Gui | The Application of Whole Cell-Based Biosensors for Use in Environmental Analysis and in Medical Diagnostics[END_REF].

Transduction mechanisms

As described in section 1.1.2, the transducer is, together with the biorecepetors and the signal processing system, one of the key elements that define a biosensor. It allows the conversion of a biological signal induced by the specific interaction between analytes and bioreceptors into a measurable signal. Among the different types of transduction mechanisms, optical, electrochemical and mechanical transducers remain the most common. A brief description of each mechanism will be given in this section as well as examples of applications.

Optical transduction

Optical transduction rests upon detection of an optical signal as a result of a biorecognition event. We can split optical biosensors into two main categories: fluorescence based and label-free techniques.

Historically, one of the first optical biosensor was developed to measure serotonin in tissue used fluorescence transduction [START_REF] Snyder | A sensitive and specific fluorescence assay for tissue serotonin[END_REF]. The principle is to tag either the bioreceptor (antibody, DNA, RNA or enzyme) or the analyte with a fluorophore. The intensity of the fluorescence signal indicates the presence of analytes or interactions between analytes and bioreceptors. This technique offers a high sensitivity Chapter 1. State of the art but suffers from complex labeling process that could eventually affect the functions of the labeled biomolecule.

On the other hand, label-free techniques prevent biomolecule alteration as no tag is required. The workhorse of optical label-free biosensors is the SPR method. SPR detection is associated with an evanescent electromagnetic wave generated at the surface of a thin metal film (usually gold or silver) deposited on a dielectric (e.g glass) when excited by an incident wave at a particular wavelength and incident angle satisfying resonance conditions. In this case, photons of the evanescent wave transfer energy to conduction electrons at the metal/dielectric interface called surface plasmons. As a result, a decrease of the intensity of the reflected wave is observed.

SPR resonance angle mainly depends on the local refractive index at the metal surface. There are two different ways of detecting a biorecognition event using SPR. First, when an analyte binds to a bioreceptor, the local refractive index changes which results in a change of the resonance angle that is proportional to the quantity of analytes on the transducer surface. Second, for a fixed incident angle, refractive index change results in a wavelength shift of the reflected wave. Hence, biosensing is performed either by measuring the variation of the incident resonance angle or the reflected wavelength shift. A schematic of the SPR detection principle is shown in Figure 1.5.

Eventually, SPR is a powerful tool that provides fast, real-time, label-free and high sensitive analysis of biomolecule interactions. Among other applications, SPR biosensors have been widely developed for detection of disease biomarkers in biological fluids. For example, a SPR biosensor was developed to detect prostate specific antigen (PSA), a biomarker of the prostate cancer [START_REF] Jang | Optical fiber SPR biosensor with sandwich assay for the detection of prostate specific antigen[END_REF] or Alzheimer's disease [START_REF] Ryu | Surface Plasmon Resonance Analysis of Alzheimer's beta-Amyloid Aggregation on a Solid Surface: From Monomers to Fully-Grown Fibrils[END_REF].

Figure 1.5: Schematic of an SPR based biosensor, from [START_REF]Molecular Interaction Analysis, A Biacore Facility[END_REF].
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Electrochemical transduction

Electrochemical biosensors consist in measuring the current produced by oxidation and reduction reactions between electroactive analytes and bioreceptors which are most of the time enzymes. Three main methods of electrochemical transduction can be reported: amperometric, potentiometric and conductometric.

Amperometric transduction rests upon measuring the current intensity between a working electrode covered with bioreceptors and a reference electrode for a given applied potential. Indeed, intensity mainly depends on the analyte concentration. The main application for these biosensors is certainly blood glucose measurement [START_REF] Wang | Amperometric Glucose Biosensor Based on Sol-Gel Organic-Inorganic Hybrid Material[END_REF][START_REF] Kong | An amperometric glucose biosensor based on the immobilization of glucose oxidase on the ZnO nanotubes[END_REF].

Instead, potentiometric transduction relies on measuring a potential difference between a ion-selective electrode and a reference electrode. The potential difference originates from the presence of ions or charged biomolecules resulting from a biorecognition event. The latter is linked to the analyte concentration by Nernst equation in which the logarithm concentration of the detected substance is proportional to the potential difference. Potentiometric biosensors have been used in food safety for the detection of E.coli bacteria [START_REF] Ercole | A biosensor for Escherichia coli based on a potentiometric alternating biosensing (PAB) transducer[END_REF] or in medicine to detect urea [START_REF] Lakard | Urea potentiometric biosensor based on modified electrodes with urease immobilized on polyethylenimine films[END_REF].

Eventually, conductometric transduction is based on measuring the variation of the conductance of a solution resulting from the production of ions due to a biorecognition event. Experimentally, two working electrodes (anode and cathode) covered with bioreceptors are immersed in a solution and an alternative electrical signal is applied. The measured conductivity depends on the nature (charge and mobility) and the concentration of the ions in the solution. Conductometric biosensors mostly use enzymes that usually produce or consume charged species during the enzymatic reactions. The main field of application is environmental monitoring with the detection of toxic compounds such as pesticides [START_REF] Dzyadevych | Early-warning electrochemical biosensor system for environmental monitoring based on enzyme inhibition[END_REF] or heavy ions [START_REF] Chouteau | A bi-enzymatic whole cell conductometric biosensor for heavy metal ions and pesticides detection in water samples[END_REF] that could contaminate the air, soil or even water.

Mechanical transduction

Biosensors based on mechanical transduction are mass-sensitive and label-free detectors. They mostly rely on piezoelectric material transducers. Piezoelectricity effect defines the ability of a material to convert electric charges into mechanical energy and inversely. The two most common types of mechanical biosensors are surface acoustic wave (SAW) and Quartz Crystal Micro-balance (QCM) sensors. In SAW biosensors, an alternative electrical field is applied to the surface of the piezoelectric material which generates surface acoustic wave with characteristic velocity. The detection is based on measuring the variation of the wave velocity after propagation across the sensing area which is proportional to the mass of bound analytes on the transducer [START_REF] Länge | Surface acoustic wave biosensors: a review[END_REF].
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On the other hand, QCM sensor is based on bulk shear waves. An alternative electrical field is applied on a quartz crystal (being the transducer) covered with a thin film of bioreceptors that makes it oscillate in a motion that overcomes fluidic viscosity. The resonance frequency of the quartz is directly related to the mass of the quartz. Hence, when an analyte binds to a bioreceptor, the mass of the quartz is modified which in turn changes its resonance frequency. Probing the variation of resonance frequency allows to easily derive the mass of analytes bound to the quartz surface.

Many commercial QCM biosensors are available such as the QCM-D from Qsense and QCM has demonstrated its potential in different applications such as bacteria detection [START_REF] Buchatip | Detection of the shrimp pathogenic bacteria, Vibrio harveyi, by a quartz crystal microbalance-specific antibody based sensor[END_REF][START_REF] Yakovleva | Lectin typing of Campylobacter jejuni using a novel quartz crystal microbalance technique[END_REF], gas sensing [START_REF] Matsuguchi | HCl gas monitoring based on a QCM using morpholine-functional styreneco-chloromethylstyrene copolymer coatings[END_REF][START_REF] Sun | A room temperature supramolecular-based quartz crystal microbalance (QCM) methane gas sensor[END_REF] and virus detection [START_REF] Dickert | Bioimprinted QCM sensors for virus detectionscreening of plant sap[END_REF]. Nonetheless, these sensors have limitations in terms of sensitivity and multiplexing possibilities. Indeed, they remain bulk instruments for lab purposes preventing them from being easily integrated and used for in-situ biosensing applications.

Eventually, benefiting from the recent advances of micro and nanofabrication techniques, a new kind of biosensor called bioMEMS with micro or nanometric moving parts have been developed. The possibility to fabricate these devices with Very Large Scale Integration (VLSI) processes using well established wafer-scale semiconductor technologies has made bioMEMS very promising candidates to overcome QCM drawbacks. In addition, bioMEMS capitalize on the fact that mechanical biosensors mass resolution is directly proportional to the total mass of the moving part (see equation (1.4)). Hence, at the nanoscale, bioMEMS exhibit higher resolution than QCM systems.

BioMEMS

Introduction and definition of bioMEMS

In the literature, bioMEMS definition is often extended to all biomedical systems constructed using micro and nanofabrication techniques [START_REF] Bashir | BioMEMS: state-of-the-art in detection, opportunities and prospects[END_REF]. However, a more restricted definition will be used in this thesis. A bioMEMS will be considered as a biosensor with micrometric or nanometric (for the Nano Electro Mechanical Systems (NEMS) biosensors) size based on mechanical actuation and/or transduction. In other words, it is a biosensor where the transducer is a nano or micro-mechanical element. A biological signal resulting from the interaction between an analyte and its specific bioreceptor will translate into a displacement of the mechanical moving part (in static operation, see section 1.2.2) or a downshift of its mechanical resonance frequency (in dynamic operation, see section 1.2.3) that is proportional to the quantity of absorbed analytes on its surface.

Over the last decades, bioMEMS have attracted a lot of interest due to their low
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size related high performance, low fabrication cost per unit and ability to be large scale integrated. They also offer the possibility for highly sensitive and selective, label-free and real time biosensing. Eventually due to their reduced size, bioMEMS require a low volume of analytes leading to a fast response time.

One of the main challenges with biosensing is to perform in situ detection of biomolecules involving working in their biological liquid natural environment. While standard MEMS sensors have achieved detection limits down to the single atom level in vacuum [START_REF] Chaste | A nanomechanical mass sensor with yoctogram resolution[END_REF] in the last few years, their performance in liquid are drastically degraded due to increased viscous damping [START_REF] Ekinci | Nanoelectromechanical systems[END_REF][START_REF] Eom | Nanomechanical resonators and their applications in biological/chemical detection: Nanomechanics principles[END_REF][START_REF] Vančura | Analysis of resonating microcantilevers operating in a viscous liquid environment[END_REF].

The energy losses are generally quantified by the mechanical quality factor which defines the ratio between the energy stored in the mechanical resonator and the energy loss during a vibration cycle. Quality factor in liquid is generally one or two orders of magnitude lower than in air [START_REF] Vančura | Liquid-Phase Chemical and Biochemical Detection Using Fully Integrated Magnetically Actuated Complementary Metal Oxide Semiconductor Resonant Bibliography Cantilever Sensor Systems[END_REF]. However, novel techniques have been developed in order to circumvent this major issue.

The canonical structure of bioMEMS is the microcantilever. In the next section we will describe the two different modes of operation of bioMEMS cantilever (static and dynamic) and present the various approaches developed to use cantilever based biosensors in liquid phase.

Static mode

BioMEMS operating in static mode are also called surface stress bioMEMS. They are directly inspired from the Atomic Force Microscopy (AFM) imaging technique in which a microcantilever with a suspended tip at its end is used to scan a surface. The interactions between the extremity of the tip and the surface's relief lead to the deflection of the microcantilever that can be optically measured [START_REF] Binnig | Atomic Force Microscope[END_REF]. 

Chip

Chapter 1. State of the art

In the case of bioMEMS, operation in static mode rests upon measurement of the transverse quasistatic deflection of a microcantilever resulting from binding of analytes on its surface. As shown in Figure 1.6, a typical static mode bioMEMS is composed of two layers, a structural layer allowing the mechanical transduction and a sensing layer covered with bioreceptors. When a biorecognition event occurs, a surface stress is produced on the sensing surface resulting from surfacic forces that are generated by the analytes adsorption [START_REF] Godin | Cantilever-based sensing: the origin of surface stress and optimization strategies[END_REF]. Eventually, it leads to a measurable deflection of the cantilever that naturally occurs to compensate the generated surface stress. The relation between the cantilever deflection ∆z and the difference of the surface stress between the two layers ∆σ is given by the Stoney equation [START_REF] Stoney | The tension of metallic films deposited by electrolysis[END_REF]:

∆z = 3 (1 -ν) L 2 Et 2 ∆σ (1.1)
where E and ν represent respectively the Young modulus and Poisson coefficient of the cantilever, L and t its length and thickness. The deflection can be measured either by optical [START_REF] Wu | Bioassay of prostate-specific antigen (PSA) using microcantilevers[END_REF], piezoelectric [START_REF] Wee | Novel electrical detection of label-free disease marker proteins using piezoresistive self-sensing micro-cantilevers[END_REF] or even capacitive [START_REF] Amírola | Micromachined silicon microcantilevers for gas sensing applications with capacitive read-out[END_REF] read-out systems.

In comparison with the dynamic mode (see section 1.2.3), the static mode is very little affected by the surrounding environment which makes it good candidate for liquid operations. However, static operation leads to lower deflection amplitude than dynamical mode and thus a lower resolution.

We can cite the work of Majumdar et. al [START_REF] Yue | Label-Free Protein Recognition Two-Dimensional Array Using Nanomechanical Sensors[END_REF] that developed a static surface stress bioMEMS for the in-situ detection of PSA a biomarker of prostate cancer. The sensor is a microcantilever with a sensing layer covered with PSA antibodies and the deflection is optically measured. According to their study, a concentration of 1 ng/mL was detected which corresponds to a sensitivity of ∼30 pM. Such result was obtained with a response time of ∼15 min. A second significant study reported another static bioMEMS for the detection of PSA in liquid biological buffer [START_REF] Wee | Novel electrical detection of label-free disease marker proteins using piezoresistive self-sensing micro-cantilevers[END_REF]. In this case the surface stress induced by analytes binding was performed using two piezoresistors connected in a half Wheastone bridge configuration. A first resistor corresponds to the active microcantilever functionnalized with antibodies bioreceptors while the second resistor is another cantilever with an inactive sensing layer acting as a reference to subtract background. Such system allowed detection of PSA at a concentration of /SI10ng/mL corresponding to a LOD of ∼300 pM with a response time of 12 min.

These two examples showed promising results for label free biosensing in liquid using static bioMEMS in terms of response time. They also exhibited high resolution at the picomolar level. Nonetheless, due to the fact that the deflection arises from surface stress variation, calibration of such biosensors remains difficult which prevents from getting quantitative information. Moreover, this type of biosensor relies 1.2. BioMEMS on the fact that detected analytes bind on the sensing layer forming an homogeneous film. Such assumption is no longer valid in the case of analytes with a larger volume as whole cells nor for the detection of a very small amount of analytes. Those are the reasons why resonator based bioMEMS solutions seem to be a better alternative over static bioMEMS as potential commercial in-situ label free biosensors.

Dynamic mode

Dynamic operation of bioMEMS such as cantilevers is based on resonance frequency change measurement arising from binding of analytes on the cantilever surface. The working principle is similar to the QCM system and dynamic bioMEMS can be seen as a miniaturization of the latter. As illustrated in Figure 1.7, an added mass corresponding to the binding of analytes induces a down shift of the resonance frequency f 0 of the cantilever. Dynamic mode requires both actuation to make the cantilever oscillating and detection systems to monitor their resonance frequency. Actuation and detection systems can be either external mostly based on optical driving and/or readout systems [START_REF] Lavrik | Femtogram mass detection using photothermally actuated nanomechanical resonators[END_REF][START_REF] Ilic | Optical excitation of nanoelectromechanical oscillators[END_REF] or integrated generally using piezoelectric [START_REF] Hwang | In-situ quantitative analysis of a prostate-specific antigen (PSA) using a nanomechanical PZT cantilever[END_REF] but also thermal [START_REF] Lange | Complementary Metal Oxide Semiconductor Cantilever Arrays on a Single Chip:Mass-Sensitive Detection of Volatile Organic Compounds[END_REF], electrostatic [START_REF] O'shea | Out-of-plane electrostatic actuation of microcantilevers[END_REF] or magnetic [START_REF] Lange | Electromagnetic actuation and MOS-transistor sensing for CMOS-integrated micromechanical resonators[END_REF] mechanisms.

The resonance frequency of the cantilever is given by the following equation:

f 0 = 1 2π k ef f m ef f (1.2)
where k ef f is the effective stiffness of the resonator and and m ef f = α n M tot is the effective mass of a given mode n of the resonator with M tot its total mass. From there we can define the mass sensitivity S m of a cantilever operating in dynamic mode as:

S m = δf δm = - 1 2 f 0 M tot (1.3)
where δm is the added mass such as δm << m ef f . Using the expression of the mass sensitivity S m we can eventually define the resolution of a cantilever based sensors. The resolution is called the LOD and corresponds to the minimum detectable mass δm min :

δm min = -2m ef f δf f 0 (1.4)
We assume that δf [START_REF] Sansa | Frequency fluctuations in silicon nanoresonators[END_REF] where Q is the mechanical quality factor and SNR is the signal to noise ratio.

f 0 1 2Q 1 SN R
Eventually, the resolution of the dynamic cantilever based biosensors is then:
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Equation (1.3) and (1.5) clearly demonstrate the potential of dynamic bioMEMS as mass sensitive sensors. Indeed, their micro or nanoscale dimensions result in higher frequency and lower mass and thus a higher mass sensitivity and a lower minimum detectable mass than QCM biosensors.

However operation in liquid environment remains a major issue. Indeed, in liquid media, classical cantilever based dynamic resonators suffer from a drastic reduction of their mechanical quality factor in comparison with air or vacuum operations due to viscous damping. Such phenomenon results in degrading the resolution of these sensors in viscous phase (see equation (1.5)). As mentioned previously the mechanical quality factor is usually one or two orders of magnitude lower in liquid than in air [START_REF] Vančura | Liquid-Phase Chemical and Biochemical Detection Using Fully Integrated Magnetically Actuated Complementary Metal Oxide Semiconductor Resonant Bibliography Cantilever Sensor Systems[END_REF] and down to three or four orders of magnitude lower than in vacuum. Considering a resonator operated with a Signal-to-Noise Ratio (SNR) of 1 (not driven) we would expect a resolution that is two orders of magnitude lower in liquid than in air and at least three orders of magnitude lower than in vacuum. However, the sensors used to achieved the zeptogram [START_REF] Yang | Zeptogram-Scale Nanomechanical Mass Sensing[END_REF] and even the yoctogram resolution [START_REF] Chaste | A nanomechanical mass sensor with yoctogram resolution[END_REF] in vacuum conditions were driven (SN R > 1) with typical mechanical-Q values of 10 2 -10 4 • Eventually, considering a resonator in liquid that is not driven, we would expect a resolution that could be down to 4 orders of magnitude lower than in air or even 6 orders of magnitude lower than in vacuum. Based on these assumptions, in liquid, we could expect to reach the attogram resolution at most. Several approaches using resonant bioMEMS for biological detection in liquid phase have though been proposed in the last years. A first solution to circumvent liquid induced damping and the associated drastic diminution of the quality factor consists in operating resonant bioMEMS in humid or gas phase environments. One particular work done by M. Hegner and his team reported the monitoring of the active growth of E. coli bacteria within an hour while traditional culturing methods require 24 hours [START_REF] Gfeller | Micromechanical oscillators as rapid biosensor for the detection of active growth of Escherichia coli[END_REF]. For their experiment, a sensor and a reference cantilever were coated with a nutritive layer and kept under humidity and temperature control environment to provide favorable bacteria growing conditions. Only the sensor cantilever was in presence of the E.coli bacteria. Mass detection was performed measuring the resonance frequency changes using an optical read-out system. A mass sensitivity of ∼140 pg/Hz was reported. This result allows potential applications in rapid and label-free antibiotic susceptibility testing but remain not suitable for real in-situ biosensing.
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Another method involves a sequential biodetection process also called dip and rinse approach. First, the mechanical resonance frequency of the bioMEMS is measured before any analyte binds into it. The biosensor is then immersed in a solution Chapter 1. State of the art containing the targeted analytes for the biological reaction to be done. Eventually, the sensor is dessicated before mass detection by measuring the shifted resonance frequency. Such method allowed the label-free detection of few single virus particles as demonstrated in [START_REF] Ilic | Virus detection using nanoelectromechanical devices[END_REF][START_REF] Gupta | Single virus particle mass detection using microresonators with nanoscale thickness[END_REF] thanks to a high mass sensitivity in the order of ∼0.1 ag/Hz (see Figure 1.8). Despite the fact that high sensitivity can be reached with this method, real-time biosensing in liquid environment remains impossible. Moreover, the risk of unspecific binding as well as contamination during the dessication process is increased. Figure 1.8: Mechanical resonance frequency shift of a cantilever based bioMEMS before antibody functionalization (black), after (green) and after viruses binding (red). Functionalization and virus binding have been performed in liquid and the sensors was dessicated prior to measure its resonance frequency. Adapted from [START_REF] Ilic | Virus detection using nanoelectromechanical devices[END_REF].

In 2007, Manalis and his team developed a novel solution for real-time liquid biosensing by considering the problem inside-out. Indeed, they used a cantilever with embedded microfluidic channels in which the liquid flows inside the resonator (see Figure 1.9) thus preventing most viscous damping [START_REF] Burg | Weighing of biomolecules, single cells and single nanoparticles in fluid[END_REF][START_REF] Lee | Toward Attogram Mass Measurements in Solution with Suspended Nanochannel Resonators[END_REF]. The microcantilever is electrostatically actuated and the measurement of the resonance frequency shift is performed using an external optical readout system. Mass measurement at the attogram scale has been demonstrated using such technique [START_REF] Olcum | Weighing nanoparticles in solution at the attogram scale[END_REF]. The achievable performance of this approach is very promising in terms of mass sensitivity and resolution and despite impressive demonstrations, their potential as the next generation of mainstream bioMEMS is not clear. Indeed, the fabrication of such devices remains extremely complex which keeps them from being easily miniaturized down to the nanoscale. Moreover, functionnalization of the microchannels is also extremely difficult preventing from high specificity and thus sensing in a complex media.

BioMEMS

Figure 1.9: Left: Schematic view of a suspended microchannel resonator and the principle of mass induced frequency shift when particles are immobilized inside the channels. Right: Mechanical response of the resonator which appears unchanged when microchannels are filled with water. Adapted from [START_REF] Burg | Weighing of biomolecules, single cells and single nanoparticles in fluid[END_REF].

Different solutions for biosensing in liquid or vapor phase based on bioMEMS operated in both static and dynamic modes were presented. Figure 1.10 from a 2011 review [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF] on the advantages of mechanical biosensors compares the LOD of different types of mechanical biosensors as well as the analysis time1 . It also mentions SPR based biosensors. Label-free SPR based biosensors demonstrate low LOD in the nanomolar range but a very short analysis time of few seconds. Such LOD is not good enough for diseases biomarkers detection that would require to reach the femtomolar range. All the different techniques able to sense in such range are not label-free and some require analysis time in excess of several hours. Eventually, labelfree mechanical biosensors (both static and dynamic) exhibit an acceptable time of detection below one hour but are limited to LOD of few hundreds of picomolars. The objective is thus to find a label-free solution of biosensor operating in liquid that would achieve the femtomolar (or even lower) detection level with an acceptable analysis time.

Figure 1.10: Limit of detection and analysis time of various types of biosensors. SPR stands for surface-plasmon resonance, SMR for suspended microchannel resonantor, NW for nanowire, LFA for lateral flow assay, MRR for microring resonantor, QCM for quartz crystal microbalance, BBA for biobarcode amplification assay, IFA for immunofluorescent assay and MC for microcantilever. Adapted from [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF].

Conclusion

In this chapter a review of the existing biosensing solutions has been proposed. As recursively mentioned in the present chapter, biosensing requires sensors to be operated in liquid. Different kinds of biosensors were presented depending on the types of bioreceptors or transducers such as optical, electrochemical and mechanical transduction mechanisms. Biosensors based on optical transduction allow label-free detection in liquid. Commercial solutions based on the SPR technique are now available. However, such sensors exhibit limited resolution especially for label-free detection. Improving the LOD requires the use of complex labeling processes. Electrochemical biosensors are also popular especially with the commercially available glucose biosensors but require the use of enzymes in order to produce a measurable electrical signal originating from oxido-reduction reactions with the analytes. Eventually mechanical transduction based biosensors have demonstrated a strong potential especially with the development of the commercial QCM systems. Though label-free and real time detection of analytes in their native liquid environment is enabled with the QCM systems, their LOD and the possibility to integrate them are limited.

The focus was thus put on bioMEMS. These micro and nanoscale mechanical biosensors capitalize on their reduced size to achieve higher LOD than the QCM

Conclusion

sytems. bioMEMS can be operated in two different modes, static and dynamic. Static modes bioMEMS have demonstrated promising results for label-free biosensing in liquid in terms of analysis time and resolution (down to few hundreds of picomolars). However, they suffer from several limitations such as the difficulty to calibrate them which prevents from getting quantitative results. Dynamic MEMS based sensors use resonators and have demonstrated impressive results in air and vacuum but suffer from huge viscous dissipation in liquid that limits their resolution and their use as biosensors. Nonetheless, solutions such as the ingenious cantilevers with embedded microfluidic channels have been proposed to address this issue but they still remain limited for in-situ biodetection.

In 2015, I. Favero and his co-workers highlighted the enormous potential of optomechanical resonators for liquid operation [START_REF] Gil-Santos | High-frequency nano-optomechanical disk resonators in liquids[END_REF]. Their resonators are microdisks standing on a tiny pedestal with a very low mass (∼ pg) thus providing a high sensitivity. They exhibit in plane mechanical modes of vibration offering reduced fluidic dissipation which combined with their high resonance frequencies (from hundreds of MHz to few GHz) make them ideal candidates for liquid applications. Moreover thanks to the extremely sensitive optomechanical transduction, the very small displacements (around 10 -18 m/ √ Hz associated with the vibrations can be measured while traditional optical or electrical systems would have failed. These optomechanical microdisk resonators appear to be completely suitable to be used as a high performance and label-free biosensors for biological detection in liquid environment. Nonetheless, the gap between this impressive demonstration and a real ultrasensitive, label-free and highly specific optomechanical microdisk biosensor for in-situ biosensing remains significant. A lot of challenges will have to be faced and that is the purpose of this research work.

Chapter 2

Optomechanical Si microdisk resonator: theory and design

Introduction to optomechanics

History of optomechanics

Optomechanics describes the field of research that explores the interaction between light and mechanical motion. Such interaction involves different type of forces such as the optical radiation pressure force, defined by the property of an electromagnetic radiation to exert a pressure on a surface it is exposed to. This concept has first been introduced in 1619 by Kepler postulating that the pressure of light is responsible for the tail of comets pointing away from the sun [START_REF] Kepler | De cometis libelli tres[END_REF]. Two hundreds years after, at the end of the 19 th century, Maxwell theoretically proved the existence of such effect. Later on, in 1901 Lebedew [START_REF] Lebedew | Untersuchungen über die Druckkräfte des Lichtes[END_REF] and Nichols and Hull [START_REF] Nichols | The Pressure Due to Radiation[END_REF] experimentally demonstrated this concept using a light mill configuration. Since then, many studies and experiments have been developed exploiting radiation pressure forces.

A typical optomechanical system consists of an optical cavity whose geometry changes due a mechanical motion. At optical resonance, photons trapped inside the cavity (pumped with laser around the optical resonance wavelength) exert an optical force on the mechanical degree of freedom of the system resulting in the cavity deformation. Mutually, a mechanical deformation of the cavity detunes the optical cavity, thus changing its optical resonance frequency. The optomechanical principle is illustrated in Figure 2.1. By designing high-quality cavities, the number of photons stored inside the cavity can be largely multiplied which strongly increases the optomechanical coupling. Thus, tiny displacement of the cavity can be detected.

Exploiting such a feature, optomechanics has first been a privileged road towards fundamental studies at a various range of scale. We can cite the example of large-scale experiment with "Laser Interferometer Gravitational Wave Observatory" Chapter 2. Optomechanical Si microdisk resonator: theory and design (LIGO) project, the most advanced gravitational wave detectors. The latter recently allowed the observation of the gravitational waves, predicted 100 years ago by Einstein [76]. For the purpose of this work, will only focus on micro and nanometric objects fabricated on chip. With the advances of both micro and nanofabrication techniques and materials science, optomechanics have started using M/NEMS systems. At this lower scale, optomechanics studies have been focused towards quantum applications such as cooling of a mechanical system towards its quantum ground state using micromirrors [START_REF] Arcizet | Radiation-pressure cooling and optomechanical instability of a micromirror[END_REF] or microresonators [START_REF] Kleckner | Sub-kelvin optical cooling of a micromechanical resonator[END_REF]. In 2010, the quantum ground state was even reached using nanoresonators [START_REF] O'connell | Quantum ground state and single-phonon control of a mechanical resonator[END_REF]. Describing the plethora of fundamental studies using optomechanics is beyond the scope of this work. More examples and information concerning the development of quantum optomechanics can be found is these detailed reviews [START_REF] Kippenberg | Cavity Optomechanics: Back-Action at the Mesoscale[END_REF][START_REF] Marquardt | Optomechanics[END_REF][START_REF] Aspelmeyer | Quantum optomechanics[END_REF][START_REF] Aspelmeyer | Cavity optomechanics[END_REF]. 

Applied optomechanics

Benefiting from the last 20 years of fundamental studies, optomechanics has now become mature enough to reach more applied fields such as mass, gas, acceleration sensing and more recently liquid operations paving the way toward optomechanical bioMEMS. Applied optomechanics remains a young technology and very little sensing demonstrations have been realized so far with optomechanical devices.

Among the first demonstrations, we can cite the development of optomechanical magnetometer in 2012 using silicon on-chip toroidal whispering gallery mode resonators coupled with a magnetostrictive material [START_REF] Forstner | Cavity Optomechanical Magnetometer[END_REF]. Such system offers high integration possibilities such as using 2D arrays of optomechanical resonators as well on-chip optical coupling through silicon waveguides and optical grating couplers.

At the same time, optomechanical accelerometers were also developed [START_REF] Krause | A high-resolution microchip optomechanical accelerometer[END_REF][START_REF] Dong | An on-chip optomechanical accelerometer[END_REF]. For a constant acceleration, the induced mechanical motion of a large proof mass
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coupled to an optical cavity such as an optical microring resonator (see Figure 2.2) is detected using the optomechanical transduction mechanism. These two examples used on-chip devices fabricated out of silicon chip (and silicon nitride for [START_REF] Krause | A high-resolution microchip optomechanical accelerometer[END_REF]) and allow for further integration using for example full on-chip optical coupling. Mass sensing is another field that has been investigated with optomechanical systems. In 2013, Hossein-Zadeh and his co-workers demonstrated sub-pg mass detection in ambient air using an optomechanical oscillator [START_REF] Liu | Sub-pg mass sensing and measurement with an optomechanical oscillator[END_REF]. The optomechanical system used for this experiment consists in a on-chip silica microtoroid oscillator coupled to a tapered fiber as shown in Figure 2.3. The microtoroid acts as both the optical and mechanical resonator. Polyethylene microspheres with known mass ranging from 0.1 to 4 pg were deposited on the microtoroid, which induced a down shift of the mechanical resonance frequency. Thanks to the optomechanical coupling, the mechanical frequency shift could be measured through the modulated optical transmitted signal. Hence, deposited mass of few pg were detected and a mass sensitivity of few hundreds Hz/pg depending on the mechanical mode they used was reported. Despite these impressive results, one can highlight some limitations to this method for in situ biosensing. First, it is not in liquid medium but in air, second it suffers from being not specific as it measured single particles that physically adsorbed on the surface of the resonator. Eventually the detection was not performed in real-time.

Gas sensing using optomechanical system was also demonstrated in 2016 by Hiebert and his co-workers [START_REF] Venkatasubramanian | Nano-Optomechanical Systems for Gas Chromatography[END_REF]. For this purpose, they used a nano optomechanical system coupled with conventional gas chromatography in a vacuum chamber. The optomechanical system is composed of a on-chip silicon photonic waveguide coupled to an optical microring resonator which is also coupled to a nanomechanical doubly clamped beam (see Figure 2.4). Adsorption of analytes on the actuated beam induces shifts in the resonance frequency of the beam which in turn affects Chapter 2. Optomechanical Si microdisk resonator: theory and design Adapted from [START_REF] Liu | Sub-pg mass sensing and measurement with an optomechanical oscillator[END_REF].

the microring optical response. Hence, probing the optical transmitted signal allows tracking of frequency shifts due to mass deposition. Volatile organic compounds such as toluene and xylene as well as ethyl malonic acid, a human urine metabolite were detected with a minimum detectable mass of ∼10 pg. Figure 2.4: Left: Schematic view of the nano optomechanical system used for gas sensing. Right: Gas chromatographic separation and detection by the optomechanical gas sensor (NOMS signal, green curve) and conventional gas chromatographic system (GC signal, red curve). Adapted from [START_REF] Venkatasubramanian | Nano-Optomechanical Systems for Gas Chromatography[END_REF].
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Eventually, the last example of application concerns liquid operation using optomechanical resonator. As previously mentioned in section 1.3, in 2015, Favero and his group developed a gallium arsenide (GaAs) optomechanical microdisk resonator [START_REF] Gil-Santos | High-frequency nano-optomechanical disk resonators in liquids[END_REF]. They were able to resolve the brownian noise motion of the resonator even in a highly dissipative environment such as liquid as shown in Figure 2.5a. Hence, they investigated the liquid properties such as density, viscosity and speed of sound. The same year, Tang and his co-worker developed a similar device based on an optomechanical microwheel resonator as illustrated in Figure 2.5b [START_REF] Fong | Nano-Optomechanical Resonators in Microfluidics[END_REF]. In the same fashion as the microdisk, the microwheel supports optical and mechanical resonance modes that efficiently couple together. They were also able to resolve the brownian motion of the microwheel in liquid and they estimated a mass resolution in liquid at the attogram level. These two preliminary results demonstrate the huge potential of optomechanical resonators and pave the way towards optomechanical bioMEMS. Chapter 2. Optomechanical Si microdisk resonator: theory and design

Optical properties of a Si microdisk resonator

Microdisk resonator can be seen as an optical cavity supporting optical resonance modes. In this section we will describe these modes called Whispering Gallery Mode (WGM) through the optical properties of the microdisks turned into optical quality factor (Q opt ) and resonance frequency.

Whispering Gallery Modes in a microdisk

The word "gallery mode" has been proposed by Lord Rayleigh in the 19 th century to account for the sound propagation inside the dome of St Paul's cathedral in London. A whisper coming from a person located close to the dome's wall can be heard on the opposite side of the 30 m diameter dome. He described the phenomenon as a sound "sticking" to the walls and propagating inside a thin layer near the surface of the walls. He understood that acoustic waves could propagate by successive reflections along the wall's domes and called that peculiar acoustic modes, WGMs [START_REF] Rayleigh | The theory of sound[END_REF]. The same phenomenon is observable in optics in cavities with cylindrical symmetry: electromagnetic waves propagate by successive reflections along the cavity rims. These optical modes are also called WGM by analogy with the acoustic domain. The first observation of these optical gallery modes can be attributed to G. Mie in 1908 studying scattering of plane electromagnetic waves by spheres. He observed optical resonances in the scattering spectrum due to the storage of electromagnetic energy at particular wavelengths [START_REF] Gustav | Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen[END_REF].

Geometrical optical approach

In order to simplify the problem, a geometrical approach is first proposed. It consists in considering the optical gallery modes as light rays successively reflecting on the inside walls of a semiconductor disk or sphere with a refractive index (n sc ) larger than the index of the surrounding medium such as air (n air ). One can take a semiconductor microdisk with a refractive index n sc and radius R in air with a refractive index n air such as n sc > n air as shown in Figure 2.6. Thanks to the rotational symmetry of the problem, for each reflection, the incident angle i is conserved with sin i > nsc n air the condition for total internal reflection. In these conditions, a round trip is roughly equal to the perimeter of the microdisk and photons loop back on themselves in phase leading to constructive interferences. Thus, optical resonances occur when the optical path length of the microdisk resonator is an integer number of wavelengths Equation 2.1: 

2πRn sc = mλ r ⇒ λ r = 2πRn sc m with m = 1, 2, 3... ( 2 

Analytical approach: Effective Index Method

A more effective method in order to describe the WGM of a microdisk consists in resolving Maxwell's equations in a cylinder. However, due to the symmetry of the problem these equations don't have an analytical solution. Solutions can be found through simulation using finite element methods but they are extremely time and computing power consuming just to identify the optical modes. On the other hand, another semi-analytical approach called the Effective Index Method (EIM) gives a good approximation of the problem's solutions. For that purpose, based on the microdisk's geometry we will consider the problem in the suitable cylindrical coordinate system (r, θ, z). Using the revolution symmetry of the problem, the assumption of the separation of the variable will be made so that the solutions F (r, θ, z) = S(r, z)Θ(θ). We consider the same semiconductor microdisk in air (see Figure 2.6) with a thickness h and a diameter d = 2R such as d >> h and h being in the same order of magnitude of the wavelength λ. In that case, the field is vertically strongly confined due to the refractive index contrast between the semiconductor (n sc ) and the air (n air ). The problem can thus be solved in two steps:

• We first take into account the vertical confinement (z dependency of the solution) by calculating the effective index of the first mode propagating in an Chapter 2. Optomechanical Si microdisk resonator: theory and design infinite dielectric plate in (x, y) plane with a finite thickness d. For that purpose, we solve the corresponding Maxwell's equations.

• In a second time, we consider an infinite cylinder with a radius R and we solve again the associated Maxwell's equations in (r). In this case, the vertical confinement is taken into account by injecting the previous calculated effective index in the equations.

n sc n air The waveguide has a thickness e and is infinite in the (x, y) plane.

! = + $ 2 z y x ! = - $ 2

Effective index calculation in an infinite slab waveguide

We consider an infinite slab waveguide in the (x, y) plane. It consists of a semiconductor layer with a thickness d and a refractive index n sc surrounded by air with a refractive index n air (see Figure 2.7). We try to solve the following Maxwell's equations in cartesian coordinates (x, y, z) in absence of free charges and currents in the material:

                           - → ∇. n 2 ε 0 - → E = 0 - → ∇. µ 0 - → H = 0 - → ∇ × - → E = -jωµ 0 - → H - → ∇ × - → H = +jωn 2 ε 0 - → E (2.2)
Here n, µ 0 and 0 are the medium effective index, permeability and permittivity respectively for non-magnetic materials.

Calculating the rotational of the last two Maxwell's equations, we obtain the Helmholtz's equations that describe the propagating wave equation for the electromagnetic fields

- → E and - → H : ∇ 2 - → E + n 2 k 2 - → E = 0 (2.3)
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∇ 2 - → H + n 2 k 2 - → H = 0 (2.4)
where k is the wave vector and is given by k = ω/c, with ω the angular frequency and c the speed of light in vacuum.

The electromagnetic solutions propagate along y-axis thus electromagnetic field (EM) fields vary in e j (ωt-βy) where ω is the angular frequency and β the propagation constant along y direction. Moreover, the system is invariant by translation along x and y. Fields -→ E and -→ H can thus be written: 

- → E = - → E (z)e j(ωt-βy) (2.5) - → H = H(z)e j(ωt
∂ 2 - → E ∂z 2 + (n 2 k 2 -β 2 ) - → E = 0 (2.7) ∂ 2 - → H ∂z 2 + (n 2 k 2 -β 2 ) - → H = 0 (2.8)
Two types of solution exist for this system depending on the polarization of the EM field: Transverse Electric (TE) and Transverse Magnetic (TM) modes. In TE mode, only E x , H y and H z components of the EM field are non zero. For a TM mode, only H x , E y and E z are non zero. We can thus re-write equations (2.7) and (2.8) for TE and TM modes respectively:

TE mode:            ∂ 2 E x ∂z 2 + (n 2 sc k 2 -β 2 )E x = 0 for -e 2 < z < e 2 ∂ 2 E x ∂z 2 + (n 2 air k 2 -β 2 )E x = 0 for z < -e 2 and z > e 2
(2.9)

TM mode:

           ∂ 2 H x ∂z 2 + (n 2 sc k 2 -β 2 )H x = 0 for -e 2 < z < e 2 ∂ 2 H x ∂z 2 + (n 2 air k 2 -β 2 )H x = 0 for z < -e 2 and z > e 2
(2.10)

We will only solve the equations of propagation for the TE mode. Indeed, this mode gives the lower optical transmission losses for our device designs. The solution for Chapter 2. Optomechanical Si microdisk resonator: theory and design the equation of propagation of TE mode (2.9) has two different forms: oscillating inside the slab ( -e 2 < z < e 2 ) and evanescent fields outside (z < -e 2 or z > e 2 ).

E x (z) =                    Ae α(z+ e 2 ) if z < -e 2 
Bcos(γz) + Csin(γz) if -e 2 < z < e 2 De -α(z-e 2 ) if z > e 2
(2.11)

• Inside the waveguide ( -e 2 < z < e 2 ) the solution corresponds to oscillations of the electric field:

E x = e jγz if n 2 sc k 2 > β 2 .
We define γ the transverse wavevector with:

γ = k 2 n 2 sc -β 2 (2.12)
• The second form describes the evanescent behavior of the electric field outside the waveguide (z < -e 2 or z > e 2 ):

E x = e -αz if n 2 air k 2 < β 2 .
We define α the attenuation constant with:

α = β 2 -k 2 n 2 air (2.13)
The waveguide is symmetric with respect to z = 0, we can thus identify two types of solution for TE modes: symmetrical and anti-symmetrical TE modes.

We then apply boundary conditions such that the tangential components of the electric field E x and magnetic field H y must be continuous at the waveguide interfaces (z = e 2 and z = e

2 ) The electric field E x can thus be written: Applying the continuity conditions we obtain the transcendental equations for both symmetrical and antisymmetrical TE modes:

         tan(γ e 2 ) = α γ for symmetrical modes cot(γ e 2 ) = - α γ for anti-symmetrical modes (2.14)
These eigenvalues for TE modes can not be solved analytically but noticing that γ 2 + α 2 = k 2 (n 2 sc -n 2 air ) leads to the following transcendental equation:

             tan(γ e 2 ) = k 2 (n 2 sc -n 2 air ) γ 2 -1 for symmetrical modes cot(γ e 2 ) = 1 - k 2 (n 2 sc -n 2 air ) γ 2
for anti-symmetrical modes (2.15)
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From there, a simple numerical root finding routine allows to get discrete solutions for the transverse wavevector γ (equation (2.12)). Then we can easily find discrete solutions for the attenuation constant α (equation (2.13)) and for the propagation constant β for a given wavelength and TE mode order l. We define l as the axial number corresponding to the number of maxima of the squared electric field along the axial z direction. In this thesis we will only consider the fundamental TE mode (l = 1). We can eventually determine the effective index for a given wavelength as follows:

n ef f = β k = β λ 2π (2.16)

Solving whispering gallery eigenmodes in the cylinder plane

We first considered the microdisk as an infinite semiconductor slab waveguide in the (x, y) plane where the EM field is vertically confined by separating polarization modes TE and TM. We extracted the effective refractive for a microdisk and the expression of the electric field in the z direction. We are now interested in the EM confinement in the plane of the microdisk due to the index mismatch. We reduce the problem in 2D considering the microdisk as a semiconductor cylinder in air with a refractive index n sc = n ef f , a radius R as shown in Figure 2 In order to solve this equation we have to assume the separation of polarization modes: TE with (E r , E θ , H z ) = 0 and TM with (H r , H θ , E z ) = 0.

∆ - → F + n 2 ef f ω 2 c 2 - → F = - → 0 (2.
Using the cylindrical Laplacian, we can thus re-write equation (2.17) as a system of 2 different equations:

d 2 Θ dθ 2 + m 2 Θ = 0
(2.18a)

d 2 R dr 2 + 1 r dR dr + ( ω 2 n 2 ef f c 2 - m 2 r 2 )R = 0 (2.18b)
These two equations describe the azimuthal and radial properties of the WGMs and define the two other integer numbers associated with WGMs. The first number (l) corresponding to the axial properties of the WGMs was introduced in the previous section :

• Azimuthal number m: is derived from the first equation (2.18a) that can be analytically solved using rotational symmetry of the system. The solution is Θ(θ) = e imθ where m is an integer number defining the number of nodes of the square of the electric or magnetic fields along the azimuthal θ coordinate.

• Radial number n: is derived from the third equation (2.18b) and corresponds to the number of nodes of the square of the electric or magnetic fields in the radial r direction.

The solutions of equation (2.18b) is the radial profile R(r):

R(r) =                        A ω J m 2πn ef f r λ (m,n) for r < R B ω J m 2πn ef f R λ (m,n) H (1) m 2πR λ (m,n) H (1) m 2πr λ (m,n) for r > R (2.19)
J m and H (1) m are the m-th order of the Bessel and Hankel function of the first kind and A ω and B ω are two constants that describe the field respectively inside and outside the microdisk.

Assuming the tangential EM field components for both TE and TM modes are continuous at the semiconductor/air interface (r = R) we obtain the following equations for WGM in a microdisk:
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                                   H (1) m 2πR λ (m,n) H (1) m 2πR λ (m,n) = n ef f J m 2πn ef f R λ (m,n) Jm 2πn ef f R λ (m,n)
for TE mode

H (1) m 2πR λ (m,n) H (1) m 2πR λ (m,n) = n ef f J m 2πn ef f R λ (m,n) J m 2πn ef f R λ (m,n)
for TM mode (2.20) In this work, we only use devices designed for a TE mode thus l = 1 and the solutions are labeled λ (m,n) . We call Free Spectral Range (FSR) the spectral distance separating two WGM mode λ (m,n) and λ (m+1,n) such as:

F SR = λ (m+1,n) -λ (m,n) (2.21)
An example of the electric field profile in cylindrical coordinates in a Si microdisk for the fundamental TE mode with m = 50 and n = 1 is shown in Figure 2.9. and n ef f = 2.8122.

Simulating WGMs: FEM method

In addition to the analytical model described in the previous section, WGM can also be simulated using 2D Finite Element Method (FEM) approach using COM-SOL software. The silicon microdisk is represented as a circle and we used perfectly 

Optical quality factor

One of the most important figure of merit that describes the optical performance of a microdisk resonator is the Q opt . Indeed, the motional sensitivity of an optomechanical system (i.e its ability to detect a mechanical displacement of the moving part) is proportional to the product of the optical quality factor and the contrast which is the amplitude of the optical resonance peak (see section 2.3). Thus, the objective is to maximize these two parameters. In a non-ideal resonator, the stored electromagnetic energy W EM is dissipated during the propagation in the cavity at a rate given by the following law: W EM (t) = W EM (0)e -κtott , where κ tot corresponds to the total decay rate inside the microdisk. The stored energy can dissipate through different channels, thus the term κ tot can be written as the sum of individual decay rates κ i . An optical quality factor Q i = ω 0 /κ i (where ω 0 is the optical angular frequency of the WGM) is associated to each decay rate κ i :

κ tot = i κ i = i ω 0 Q i (2.22)
In this way, the optical quality factor allows the assessment of the optical confinement inside the resonator. Different loss mechanisms have to be taken into account to define the total decay rate κ tot . We distinguish five loss mechanisms and κ tot can be re-written:

κ tot = κ bend + κ sa + κ mat + κ scatt + κ ext (2.23)
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In the same way, we can thus define Q load such as:

1 Q load = 1 Q bend + 1 Q sa + 1 Q mat + 1 Q scatt + 1 Q ext = 1 Q int + 1 Q ext (2.24)
For these two equations, subscript bend refers to bending losses, sa to surface absorption losses, scatt to scattering losses, mat to intrinsic material losses and ext to external coupling losses. The first four terms of equation (2.24) relate to intrinsic properties of the resonator and can be gathered in the intrinsic quality factor Q int while the last term refers to the coupling of the resonator with its surrounding environment.

Bending losses Q bend

Bending losses are due to the curved geometry of the resonator itself which leads to non complete total internal reflections. Thereby, energy is transmitted to the lower refractive index surrounded media. These losses constitute the upper bound for the Q int . They strongly depend on the microdisk radius and the effective refractive index of the considered mode. The greater the radius and the effective refractive index the lower the bending losses will be.

Surface absorption losses Q sa

Losses can occur in the silicon dioxide (SiO 2 ) native oxide at the surface of the microdisk. Even though the latter is transparent in a wide spectral range, it still absorbs a fraction of light at 1.55 µm inducing losses. Considering that all the losses happen through the SiO 2 , the quality factor Q sa associated with the SiO 2 absorption is given by [START_REF] Kippenberg | Nonlinear Optics in Ultra-high Q Whispering-Gallery Optical Microcavities[END_REF]:

Q SiO 2 = 2πn SiO 2 αλ (2.25)
where α ≈ 0.2 dB/km and n SiO 2 = 1.44 are the SiO 2 absorption coefficient and refractive index respectively at λ =1550 nm. In our case, it results in a Q sa ≈ 3 × 10 10 which makes this source of loss negligible. Indeed, experimentally we measured (see chapter 4) loaded optical quality factor up to 10 6 .

Intrinsic material losses Q mat

The silicon material used for the fabrication of the microdisk presents a certain amount of defects which locally modify its band structure and result in some optical losses.

Scattering losses Q scatt
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Scattering or Rayleigh losses are inherent to the fabrication process. Indeed, fabricated devices are not ideal and present nanometer sized roughness on the disk sidewalls. This roughness come from the etching step of the microdisk (see section 3.2.6 and section 3.3.5) where the resist pattern irregularities are transfered to the substrate. These imperfections can scatter light from the WGM out of the disk to radiative modes of the environment leading to another source of optical losses. Sidewalls imperfections can also induce mode splitting by transferring energy from one mode to another (see section 2.3.2).

External coupling losses Q ext

The external coupling losses are caused by the presence of the waveguide in the vicinity of the microdisk. A light exchange by evanescent coupling occurs leading to optical losses (this is described in the next section).

Light coupling between the waveguide and the microdisk 2.3.1 Single mode propagation

In the previous section, we have described the WGMs supported by Si microdisks and we thus know the shape of the optical mode. The objective is now to describe the evolution of the mode amplitude in the time domain. For this purpose, we will describe the coupling between the tapered waveguide and the microdisk by reviewing the Coupled Mode Theory (CMT) of waveguide to disk coupling based on Hauss formalism's [START_REF] Haus | Waves and fields in optoelectronics, ser. Prentice-Hall series in solid state physical electronics[END_REF][START_REF] Haus | Coupled-mode theory of optical waveguides[END_REF]. We consider a simple optical system with a waveguide and a microdisk separated by an optical gap g opt as described in Figure 2.11 We will admit that the dynamic evolution of the WGMs energy amplitude a(t) = a 0 e -iωt and the waveguide outgoing field amplitude s out (t) is expressed as:

       da(t) dt = i∆a(t) - κ int 2 + κ ext 2 a(t) + i √ κ ext s in (t) s out (t) = s in (t) + i √ κ ext a(t) (2.26)
where κ int represents the total intrinsic losses and κ ext is the external coupling losses due to the presence of the waveguide as defined in section 2.2.2. s in is the waveguide incident field amplitude. ∆ = ω -ω 0 represents the cavity WGM resonance (ω 0 ) detuning from the incident laser angular frequency (ω). The waveguide has a width w wg and is separated from the microdisk by an optical gap g opt . s in and s out are respectively the incident and outgoing field amplitude, k int and k ext the intrinsic and external coupling losses rates and a(t) is the WGM energy amplitude.

Light coupling between the waveguide and the microdisk

The WGM stationary amplitude response a 0 is thus given by:

a = i √ κ ext -i∆ + κ int 2 + κ ext 2 s in (2.27)
Then from equations (2.26) and (2.27) yields the steady state waveguide outgoing field amplitude s out :

s out = -i∆ + κ int 2 - κ ext 2 -i∆ + κ int 2 + κ ext 2 s in (2.28)
and the energy stored in the microdisk:

|a| 2 = 4κ ext 4∆ 2 + (κ int + κ ext ) 2 |s in | 2 (2.29)
Eventually, the normalized transmission T ω through the waveguide is expressed as:

T ω = |s out | 2 |s in | 2 = 4∆ 2 + (κ int -κ ext ) 2 4∆ 2 + (κ int + κ ext ) 2 = 1 - 4κ int κ ext 4∆ 2 + (κ int + κ ext ) 2 (2.30)
and eventually,

T ω = 1 - C r (κ int + κ ext ) 2 4∆ 2 + (κ int + κ ext ) 2 (2.31)
where the contrast

C r = 4κ int κ ext Q ω 0 2 .
This first useful equation describes the spectral response of the resonator which has a Lorentzian shape. Using the fact that κ = ω/Q = 2πc/λQ, T can also be expressed as a function of incident wavelength λ and WGM resonance wavelength λ 0 :

T λ = 1 -C r λ 0 Q load 2 4(λ 0 -λ) 2 + λ 0 Q load 2 (2.32)
where the contrast C r is defined as:

C r = κ int κ ext λ 2 0 (πc) 2 Q 2 load = 4Q 2 load Q int Q ext (2.33)

Coupling regimes

From equations (2.29), (2.30) and (2.33) we can distinguish three regimes represented in Figure 2.12:

• Under-coupled regime when κ ext < κ int , meaning that the injected power is too low to overcome the intrinsic losses. It corresponds to a contrast C r < 1 and loaded optical quality factor such as

Q int /2 < Q load < Q int .
• Over-coupled regime when κ ext > κ int , meaning that the resonator does not dissipate the injected power fast enough. In that case the contrast C r is still less than 1 and Q load lies between Q ext /2 and Q ext .

• Critical coupling regime when κ ext = κ int which corresponds to a contrast C r = 1 and 2Q load = Q int = Q ext . In this case, the number of photons stored in the cavity is maximal. In practice we want to be in this regime to get both optimal coupling strength between the waveguide and the microdisk and optomechanical coupling (see section 2.5).

Note that experimentally it is impossible to distinguish between the under and over-coupled regime. Indeed, if the values of κ int and κ ext are inverted it leads to an identical response.

Backscattering and mode splitting

In the previous subsection, we described the coupling of a single propagation mode from a waveguide to a single WGM in the microdisk spinning clockwise (CW). In reality, the microdisk supports two degenerate modes, CW and counter-clockwise (CCW) propagating in opposite directions (see Figure 2.11). In the case of a perfectly symmetric microdisk with no defects, these two modes have the exact same resonance frequency. Nonetheless, because of sidewall fabrication inherent imperfections, each mode feels a slightly different paths which breaks the symmetry and lifts the degeneracy. A doublet is generated in the eigenbasis with CW and CCW having two slightly different resonance frequencies. Mode splitting has first been reported in high-Q microspheres [START_REF] Il | Thermal Nonlinear Effects in Optical Whispering Gallery Microresonators[END_REF] and later described in [START_REF] Weiss | Splitting of high-Q Mie modes induced by light backscattering in silica microspheres[END_REF] details by Weiss.

We will now describe the mode splitting using the same CMT formalism but adding a new term κ β corresponding to the energy exchange between CW and CCW modes.

From the standing wave basis, we know that a stationary mode is the sum of two modes propagating in opposite directions. In our case, the two modes (CW and CCW) can be described in a standing wave basis. Similarly to the single mode approach, we define energy amplitudes a cw (t) and a ccw (t) of both CW and CCW modes as well as the waveguide incident and outgoing field amplitudes s in (t) and Chapter 2. Optomechanical Si microdisk resonator: theory and design s out (t):

                   da cw (t) dt = i∆a cw (t) - κ int 2 + κ ext 2 a cw (t) + i κ β 2 a ccw + i √ κ ext s in (t) da ccw (t) dt = i∆a ccw (t) - κ int 2 + κ ext 2 a ccw (t) + i κ β 2 a cw s out (t) = s in (t) + i √ κ ext a cw (t) (2.34)
The introduced standing wave basis is: 

a 1 (t) = a cw (t) + a ccw (
           da 1 (t) dt = i ∆ + κ β 2 a 1 (t) - κ int 2 + κ ext 2 a 1 (t) + i κ ext 2 s in (t) da 2 (t) dt = i ∆ - κ β 2 a 2 (t) - κ int 2 + κ ext 2 a 2 (t) + i κ ext 2 s in (t) (2.36)
Thus, the stationary mode amplitudes are:

                         a 1 = i κ ext 2 -i∆ + i κ β 2 - κ int 2 + κ ext 2 s in (t) a 2 = i κext 2 -i∆ -i κ β 2 - κ int 2 + κ ext 2 s in (t) (2.37)
From there we can define the normalized optical transmission T in the doublet case such as:

T = |s out | 2 |s in | 2 (2.38)
Noticing that s out can be written as linear combination of a 1 and a 2 :

s out = a 1 + a 2 √ 2 (2.39)
We can now rewrite the expression of T as:
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T = 1 + i κ ext 2 a 1 s in + a 2 s in 2 (2.40)
The spectral response has the shape of a double Lorentzian with two peaks separated from the resonance frequency ω 0 by ±κ β /2. The backscattering effect can be quantified by the coupling factor κ β representing the peak spectral separation. A mode-coupling optical quality factor Q β can thus be define as:

Q β = ω 0 κ β (2.41)
In the case of Q β < Q int the degeneracy is lifted and the two modes CW and CCW are resolved in the spectral response. On the other hand, when Q β > Q int the degeneracy holds because the CW-CCW mode coupling is weaker than the coupling of each mode with the surrounding environment. An example of the normalized transmission in the case of a doublet mode in the critical coupling regime for different values of κ β is shown in Figure 2.13. We notice that at the critical coupling condition (κ int = κ ext ), the contrast is not equal to 1 when the degeneracy is lifted [START_REF] Banniard | Intermodal coupling in an optomechanical system[END_REF].

Mechanical properties of a Si microdisk resonator

In the previous section, we described the optical properties of Si microdisk considering it as an optical cavity. But, when released, the silicon disk is also a mechanical resonator which supports several vibration modes divided into two categories: in and out of plane modes. This section will be focused on in-plane modes of vibration and particularly Radial Breathing Mode (RBM). Indeed, unlike tangential and wineglass modes, both in plane vibration modes, RBMs induce a change of the disk circumference by compression/expansion scheme as shown in Figure 2.14 and couple efficiently with the optical WGMs.

In-plane Radial Breathing Modes

Analytical description

To describe the RBM analytically, we will first assume that the displacement amplitude Ψ(r) for any point of the disk is small compared to the disk dimensions and that the non-linearities are negligible. Then we consider a 2D silicon microdisk in cylindrical coordinates with a radius R. The silicon material is also considered to be isotropic so that both its Young modulus E and Poisson coefficient σ can be defined.
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κ β = 2κ i n t κ β = 0 N o r m a l i z e d t r a n s m i s s i o n L a m b d a ( n m ) κ β = 6κ i n t Figure 2
.13: Plots of the normalized transmitted power as a function of incident wavelength in the critical regime coupling (κ ext = κ int ) for different values of κ β /κ int : 0 (orange curve), 2 (blue curve) and 6 (green curve). When κ β = 0 we find the simple case with degenerated modes as shown in Figure 2.12. For higher value of κ β /κ int , the degeneracy lifting is observed and the spectral distance between the two modes increase with this ratio. In the real case of an anisotropic material, numerical simulations must be used. In these conditions, according to the Love's theory, the purely radial displacement amplitude Ψ(r) for any point of an infinitely thin isotropic circular plate with free 2.4. Mechanical properties of a Si microdisk resonator boundary conditions can be given by [START_REF] Onoe | Contour Vibrations of Isotropic Circular Plates[END_REF]:

Ψ(r) = Aα p J 1 (α p r) (2.42)
where r represents the distance from the disk's center, J 1 is the Bessel function of the first kind of the first order. A is a normalization constant and α p a constant depending on the disk material parameters (E, σ and the density ρ) and on the p-order RBM frequency Ω p :

α p = Ω p ρ E 1+σ + Eσ 1-σ 2 (2.43)
We consider free boundary condition, hence, in order to find the RBM eigenfrequencies Ω p , the following equation has to be solved:

λ p J 0 (λ p ) + (σ -1)J 1 (λ p ) = 0 (2.44)
where the frequency-parameter λ p are the solutions depending on the RBM order p, the frequency Ω p , the disk material Young modulus E and Poisson coefficient σ. Graphical solutions of λ p for the first 6-th RBM orders are shown in Figure 2.15.

Knowing λ p = α p R leads to the final analytical expression of the p-order RBM resonance frequency Ω p :

Ω p = λ p R E ρ(1 -σ 2 ) (2.45)

Estimation of RBM resonance frequency in liquid

The analytical expression of the RBM resonance frequency expressed in equation (2.45) was established for a microdisk in vacuum or in a environment in which the coupling bewteen the microdisk and the surrounding medium is negligible. In air, such assumption can be made and the equation remains valid. However, for biosensing applications, our silicon microdisks are immersed in liquid biological environment in which the coupling between the microdisk and the liquid can no longer be neglected. For that purpose, a fluid-disk interaction analytical model for GaAs microdisk resonator was developed by the Favero group [START_REF] Gil-Santos | High-frequency nano-optomechanical disk resonators in liquids[END_REF]. This model is still valid for silicon as its Poisson coefficient (σ = 0.28) is close to that of GaAs (σ = 0.31).

On one hand, they considered the liquid as an incompressible viscous medium and as an acoustic one on the other hand1 . In the viscous case, the frequency changes can be explained by the liquid added-mass effect that results in a downshift of the mechanical resonance frequency. In the acoustic regime, the displacement of the microdisk generates outgoing pressure waves in the surrounding fluid, which induces a change of the resonance frequency. Each regime leads to an associated frequency shift ∆f visc and ∆f acoustic depending on both disk and surrounding liquid properties:

0 5 1 0 1 5 2 0 - - - - λ 6 λ 5 λ 4 λ 3 λ 2 J 0 ( λ p ) -( 1 - σ) J 1 (λ p ) λ p λ 1
∆f visc = -f 0 1.481 • 10 -4 ρ H R + 4.543 • 10 -6 R + 1.429 • 10 -6 H Rρµ (2.46)
where f 0 = Ω 0 /2π is the RBM resonance frequency R and H are the radius and the thickness of the microdisk, ρ and µ are the surrounding medium density and viscosity respectively.

∆f acoustic = -0.954f 0 H R ρ ρ s      1 4 + ω p R 4c 4 + 2.4 4 + ω p H 4c 4      (2.47)
where ρ s is the disk material density.
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The total shift results in the sum of the viscous and acoustic contributions:

∆f = ∆f visc + ∆f acoustic (2.48)
Figure 2.16 shows the frequency shift for 220 nm thick silicon microdisks immersed in water for different radius. From this figure we can see that the larger microdisk seem exhibit lower frequency shifts. The lowest frequency shift is obtained for a microdisk radius of ∼8 µm making it the best candidate for liquid operation. 

FEM simulations

The analytical approach gives a first good estimation of the RBM resonance frequencies but rests upon approximations. Indeed, we considered radial displacement only of a 2D microdisk with an isotropic material. In order to get better predictions of these eigenfrequencies, 2D axisymmetric and 3D FEM simulations using COMSOL software have been performed.

3D FEM simulations

Concerning the 3D FEM simulations, we compare the results considering both radial and out-of-plane displacements of a silicon microdisk. In addition, either isotropic (as in the analytical approach) or anisotropic properties of silicon using its elasticity tensor have been taken into account. Figure 2.17 described an example of such simulations showing the mesh computational domain and a simulated RBM in a microdisk.

Figure 2.18 shows a comparison of RBM resonances frequencies values for different disk radii obtained via the three different methods: analytical, 3D isotropic and 3D anisotropic. RBM eigenfrequencies obtained either with analytical formula (equation (2.45)) or 3D isotropic FEM simulations give similar results (with a difference less than 0.1%) while the 3D anisotropic FEM simulations lead to slightly different results (with an error ∼ 10%). As expected, the anisotropic simulations give the most accurate predictions compared to experimental data. These simulations will help to find the mechanical resonance frequency of the fabricated microdisk. 

2D axisymmetric FEM simulations

Our 3D simulations allowed us to get accurate predictions of RBM resonance frequencies in ambient air environment. Nonetheless, as a biosensor, silicon microdisks resonators operate in liquid biological solutions. Thus, a 2D axisymmetric model has been internally developed by Alexandre Fafin which allows to calculate RBM eigenfrequencies of a microdisk immersed in liquid medium as well as its mechanical quality factor (see section 2.4.2). This simulation uses the rotational invariant symmetry of the system, thus the microdisk is represented by a rectangle with length and width equal to the microdisk radius and thickness respectively. We considered anisotropic mechanical properties of the disk material using its elasticity tensor. The surrounding liquid medium is simulated by a semi-circle with thermoviscous acoustic properties such as density ρ 0 and dynamic viscosity µ among others. Finally, PML with the same liquid medium properties are added to simulate a infinite space around the resonator and thus absorbing the acoustic wave without reflections. An example of the computational domain with these PML and the corresponding meshing of the various regions is shown in figures Figure 2.19.

An oscillating force of constant amplitude in the radial direction is then applied at the disk edge (r = R) and the displacement amplitude of a point at the disk's boundary is calculated for each frequency. Such simulation gives accurate results in comparison with experimental data as shown in Figure 2.20. It allows to well estimate the mechanical resonance frequency in liquid (with an error < 0.1%) but requires long computational time and power. 

Mechanical losses and quality factor

As a mechanical resonator, the microdisk mechanical quality factor (Q m ) is a fundamental parameter to evaluate its mechanical performance. Similarly to its optical counterpart, it can be defined as: where Ω 0 is the mechanical resonance frequency as defined previously (section 2.4.1) and ∆Ω F W HM is the resonance linewidth or the Full Width at Half Maximum (FWHM) of the lorentzian shape mechanical response of the resonator as shown in Figure 2.20.

Q m = 2π Stored energy Energy loss = Ω 0 ∆Ω FWHM (2.
For sensing applications, we need Q m as high as possible. Indeed, the resolution is directly proportional to the mechanical quality factor as shown in equation (1.3). For example, as a mass sensor, a high mechanical quality factor gives a system that is less noisy and thus leads to a better resolution.
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Sources of mechanical damping

In the same way as the confined EM field, the stored mechanical energy can be dissipated through several channels Q i and the total dissipation Q m is the sum of each individual channel such as:

1 Q m = i 1 Q i (2.50)
We can identify 3 main sources of mechanical damping and rewrite Q m as:

Q -1 m = Q -1 visc + Q -1 acoustic Air/liquid damping +Q -1 clamp + Q -1 ted + Q -1 mat (2.51)
where:

• Q mat is the damping due to relaxation of defect states in the bulk or surface of the microdisk.

• Q ted corresponds to the thermo-elastic damping which occurs as a result of coupling between a dissipative mechanical structure and a thermal bath. When the disk is vibrating, compressed regions become hotter while extended regions become cooler leading to a lack of thermal equilibrium. An irreversible heat transfer occurs associated with mechanical energy losses. An analytical model was developed in [START_REF] Hao | Thermoelastic damping in the contour-mode vibrations of microand nano-electromechanical circular thin-plate resonators[END_REF] to estimate the thermo-elastic damping in the contourmode vibration of circular thin-plate resonators. For a circular polysilicon thin-plate resonator with a radius ranging from 1 nm up to 100 µm, a Q ted ranging from 10 5 -10 9 were estimated. We can assume that the values for a monocrystalline silicon would be in the same orders of magnitude. Such values show that Q ted is not a concerned in our case as mechanical quality factors measured experimentally with our microdisks are around of few 10 3 in air and 10-20 in liquid (see chapter 4).

• Q clamp corresponds to the mechanical energy dissipated into the bulk substrate through the microdisk pedestal. Clamping losses in microdisk structures strongly depends on the ratio (R -r ped /R) between the disk radius R and the disk pedestal radius r ped as demonstrated in [START_REF] Sun | High-Q silicon optomechanical microdisk resonators at gigahertz frequencies[END_REF]. A ratio between 0.822 and 0.835 would lead to minimal damping due to clamping losses of respectively 10 6 . A ratio larger than 0.945 would lead to a Q clamp > 10 5 . In both cases, it won't be a limited factor for our microdisks.

• Q visc and Q acoustic represent the damping due to mechanical exchange with the surrounding medium. As explained previously, in the viscous case, the mechanical energy is dissipated through fluidic friction with the surrounded 2.4. Mechanical properties of a Si microdisk resonator media. In the acoustic case, the mechanical energy is transmitted to an outgoing acoustic wave in to the external media.

When immersed in water or any biological liquids, the mechanical quality factor is strongly limited by the liquid damping. We will thus focus on the estimation of this liquid induced damping. The following work on liquid damping estimation was achieved with the help of Eduardo Gil-Santos who developed the following models.

Analytical estimation of the liquid damping

In addition to the estimation of the resonance frequency shift induced by the surrounding, the model developed by Favero's team [START_REF] Gil-Santos | High-frequency nano-optomechanical disk resonators in liquids[END_REF] also gives approximation formulas for liquid damping. In the same way, two liquid regimes are considered: viscous and acoustic, each leading to a source of dissipation. In the viscous case, the mechanical energy is dissipated through fluidic friction with the surrounded media. In the acoustic case, the mechanical energy is transmitted to an outgoing acoustic wave in to the external media. The formulas for both Q visc and Q acoustic are given by:

Q visc = (HR 2 + 0.1H 3 ) ρ s 8.36R + 1.53 H 2 R µ Ω 0 + 4.5HR + 1.41R 2 + 0.01 H 3 R + 1.07H 2 ρµ Ω 0 (2.52)
and,

Q acoustic =    H R ρ ρ s   0.603 A 3 4 + A 4 + 2.545 A H R 3 4 + A H R 4       1 1 + 0.1 H R 2       -1 with A = λ p ω p R c (2.53)
Figure 2.21 shows the contributions of both viscous and acoustic mechanical dissipations in liquid for a 220 nm thick silicon microdisk with different radii values. It demonstrates that for microdisk radius greater than 5 µm, the main contribution is the viscous damping and thus in that case, Q m in liquid can be rewritten: 

Q m (liquid) ≈ Q visc (2.54) 0 5 1 0 1 5 2 0 1 0 1 0 0 1 0 0 0 Q i R ( µ m ) Q a c o u s t i c Q v i s c o u s Q m 0 5 1 0 1 5 2 0 6 8 1 0 1 2 1 4 1 6 Q m R ( µ m )

Optomechanical coupling

In the previous sections (section 2.2 and section 2.4), we described separately optical and mechanical properties of the silicon microdisk. We will now describe the optomechanical coupling to understand how optical and mechanical modes exchange energy to each other.

Basic principle

As previously briefly described in section 2.1, the optomechanical coupling principle can be easily understood through a simple system as depicted in Figure 2.22. It consists of a Fabry-Perot cavity with a movable mirror pumped through a partially reflecting mirror. Similarly to the microdisk, optical resonance occurs when the incident wavelength is equal to an integer number of the fabry-perot cavity length. In this case, energy builds up in the cavity and the confined optical field exerts a force on the moving mirror through radiation pressure (see section 2.5.3). In return, the displacement of the moving mirror induces a change of the length cavity which modifies the optical resonance frequency. Alternatively, the movable mirror can also be naturally displaced with the thermal fluctuations which will also modify the optical resonance. We assume that the displacement x(t) of the free mirror shifts linearly the optical resonance frequency:

ω 0 = ω 0 -g om x(t) (2.55)
where

g om = - ∂ω ∂x (2.56)

Optomechanical coupling

is the optomechanical coupling parameter which quantifies the shift of the optical cavity resonance dω due to a shift in the mirror position δx.

𝒂(𝒕) 𝑺 𝒊𝒏 𝑺 𝒐𝒖𝒕 𝜿 𝒊𝒏𝒕 Γ 𝒎 𝒙(𝒕) Figure 2
.22: Schematic of the simplest generic geometry of an optomechanical system consisting in a linear Fabry-Perot cavity with a movable mirror, pumped through a partially reflecting mirror. The optical parameters s in and s out represent both input and output optical signal, a(t) is the amplitude of the optical mode in the cavity. The internal optical cavity losses rate is described by κ int . Concerning the mechanical parameters, x(t) represents the displacement of the movable mirror and Γ m is the damping rate.

In the case of an optomechanical microdisk system, the principle is similar but both optical and mechanical cavities are the same object. Optical forces such as radiation pressure but also electrostriction and photothermal forces can exert a force on the mechanical disk boundaries which affects the RBM resonances. On the other way, when breathing in or out, the microdisk perimeter is modulated, which in return changes the optical path as for the Fabry-Perot case and eventually modifies the optical resonance frequencies.

This optomechanical transduction principle can be used to read the mechanical displacement of the moving mirror or the microdisk. Indeed, at low incident laser power, we can neglect the effect of optical forces on the mechanical boundaries. By locking the incident laser frequency ω L to the flank of an optical resonance, a displacement δx results in a variation δp of the power on the transmitted signal. Probing this optical variation over time and looking at the spectral power density of this signal shows the mechanical response of the resonator (see Figure 2.23). From there, we immediately see that the motional sensitivity (i.e the minimum mechanical displacement that can be read through the optical signal) is directly proportional to the slope of the optical resonance given by the product of Q opt and the amplitude of Chapter 2. Optomechanical Si microdisk resonator: theory and design the optical resonance. We can also demonstrate (see (4.18) in section 4.3.2.3) that the motional sensitivity is proportional to the product Q × C r × P × g om where P is injected power and C r the contrast. To optimize our optomechanical microdisk resonators for sensing applications we thus need to:

• Maximize both the optical and mechanical quality factors 

Coupled mode description of optomechanics

So far, we mostly considered the effect of the mechanical displacement on the optical response. However, the concept of optomechanical coupling can not be completely described without taking into account the back-action of light on the mechanical degree of freedom. Light in the cavity changes the mechanical response of the mechanical resonator: it is known as optical spring effect and dynamical back action when considering the delay induced by the response time of the cavity. In this section, we will describe the dynamical backaction of an optomechanical system using coupled dynamical equations in the classical regime. We will define equations for an optical cavity amplitude a(t) = a 0 e -iωt and displacement x(t) of a coupled 2.5. Optomechanical coupling optomechanical microdisk resonator as shown in Figure 2.24 and following the work presented in [START_REF] Clerk | Basic Theory of Cavity Optomechanics[END_REF].

a(t) x(t) 𝒈 𝒐𝒎 Ω 𝒎 ω 𝟎 𝜿 𝒊𝒏𝒕 𝑺 𝒊𝒏 𝑺 𝒐𝒖𝒕 𝜿 𝒆𝒙𝒕 𝒂(𝒕) 𝒙(𝒕) Γ 𝒎 Figure 2
.24: Left: schematic of the optomechanical coupling in a microdisk resonator. Right: Schematic of an optomechanical microdisk WGM resonator pumped by evanescent coupling to a waveguide. The incident electromagnetic field s in (t) drives the intracavity field amplitude a(t). The cavity optical resonance depends on the displacement x(t) of the cavity boundary from its equilibrium position.

We assume that optomechanical perturbations g om x(t) are small compared to the optical resonance frequency ω 0 as well as the total optical losses rate K. Under these conditions, the classical equations for optical cavity amplitude a(t) is given by:

ȧ(t) = i(∆ + g om x(t)) - K 2 a(t) + i √ κ ext s in (2.57)
where ∆ = ω -ω 0 represents the cavity WGM resonance (ω 0 ) detuning from the incident laser angular frequency (ω) and K = κ int + κ ext . The displacement x(t) is described through the following equation of motion:

ẍ(t) = -Ω 2 m (x -x 0 ) -Γ m ẋ(t) + (F opt (t) + F Ω (t)) m ef f (2.58)
where x 0 is the equilibrium position of the cavity boundary Γ m is the mechanical damping rate, m ef f is the effective mass, F opt (t) = g om |a(t)| 2 is the optical force acting on the system and F Ω (t) is some arbitrary force.

We now analyze small perturbations on the optical field δa(t) due to the detuning of the cavity triggered by the mechanical motion x(t). We assume these perturbations to be small compared to the stationary solutions ā of the equation (2.57). Injecting a(t) = ā + δa(t) into these two equations leads to the following set of linearized equations:

δ ȧ(t) = i ∆ - K 2 δa(t) + ig om āx(t) (2.59)
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ẍ(t) = -Ω 2 m x(t) -Γ m ẋ(t) + g om m ef f [ā * δa(t) + āδa * (t)] + F Ω (t) m ef f (2.60)
where ∆ = ∆ + g om x is the effective detuning including the optical resonance shift due to the static mechanical displacement. This set of equations can be solved in the frequency domain using Fourier transformation. Using the fact that δa * (ω) = (δa(-ω)) * , we obtain the following solutions for the optical mode amplitude:

δa(ω) = ig om ā -i ω + ∆ + K 2 x(ω) (2.61) δa * (ω) = -ig om ā * -i ω -∆ + K 2 x(ω) (2.62)
These two solutions show that a non-zero displacement x(ω) induces optical amplitude side-bands called stokes and anti-stokes side-bands at ω ± Ω m . Thus, the energy confined in the cavity is modulated which gives rise to an optical oscillating force. Now, inserting equations (2.61) and (2.62) in the Fourier transformed equation (2.60) we obtain the modified response of the resonator to an external force:

x(ω) = χ ef f (ω)F Ω (ω) (2.63)
with the effective susceptibility χ ef f (ω),

χ ef f (ω) = m ef f Ω 2 ef f -ω 2 -iΓ ef f ω -1 (2.64)
Finally, we can define the effective damping and resonance frequency of the optomechanical resonator:

Γ ef f = Γ m + Γ dba = Γ m + K |ā| 2 g 2 om 2m ef f Ω m    1 Ω m + ∆ 2 + K 2 2 - 1 Ω m -∆ 2 + K 2 2    (2.65) Ω ef f = Ω m + Ω dba = Ω m + |ā| 2 g 2 om m ef f    Ω m + ∆ Ω m + ∆ 2 + K 2 2 - Ω m -∆ Ω m -∆ 2 + K 2 2   
(2.66) with Γ dba and Ω dba the damping and resonance frequency induced by the dynamical backaction effect.// From the equation (2.65) we can see that for ∆ = -Ω m , which corresponds to a red-detuned laser, the effective damping will be increased. Hence, a red-detuning will allow a cooling of the mechanical cavity. On the opposite, a blue-detuned laser ( ∆ = +Ω m ) decreases the effective damping inducing heating and amplification.

Optomechanical forces

In the case of a Fabry-Perot optomechanical system, the only optical force acting on the moving mirror is the radiation pressure. However, while considering our silicon microdisk resonators, radiation pressure is not the only force playing a role in the optomechanical coupling. We distinguish three main optical forces: radiation pressure, electrostrictive force and photothermal force.

Radiation pressure

Radiation pressure is considered as the most fundamental force in optomechanical systems. It originates from the the momentum transfer between circulating photons in the cavity and the cavity itself. In a silicon microdisk, this force is defined as [START_REF] Aspelmeyer | Cavity optomechanics[END_REF]:

F opt (t) = g rp om |a(t)| 2 (2.67)
with g rp om the radiation pressure optomechanical coupling parameter. We will estimate this parameter through FEM simulations in section 2.5.4.

Electrostrictive force

Electrostriction corresponds to the strain induced by an electromagnetic field in a material. In the case of silicon, this strain can lead to a variation of its refractive index which is called the photoelastic effect. The associated photoelastic tensor p ijkl is used to express the electrostrictively induced stress σ es ij as described in [START_REF] Baker | Résonateurs nano-optomécaniques à mode de galerie sur puce[END_REF]:

               σ es xx σ es yy σ es zz σ es yz = σ es zy σ es xz = σ es zx σ es xy = σ es yx                = - 1 2 ε 0 n 4               
p 11 p 12 p 12 0 0 0 p 12 p 11 p 12 0 0 0

p 12 p 12 p 11 0 0 0 0 0 0 p 44 0 0 0 0 0 0 p 44 0 0 0 0 0 0 p 44                               E 2 x E 2 y E 2 z E y E z E x E z E x E y                (2.68)
Using equation (2.68) will allow to estimate the electrostriction optomechanical coupling parameter g es om . Though radiation pressure is often considered as the only force, we will see in section 2.5.4 that electrostriction shouldn't be omitted. Indeed, its contribution can be in the same order as radiation pressure.

Photothermal force
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Photothermal forces occur when photons are absorbed by the silicon microdisk leading to the heating of this latter. This heat production can induce a time delayed displacement by thermal expansion. The thermally induced stress σ th ij is given by [START_REF] Hease | Disques optomecaniques en arseniure de gallium dans le régime quantique[END_REF]:

σ th ij = C ijkl α kl ∆T (2.69)
with C ijkl the elastic material's stiffness tensor, α kl the thermal expansion coefficient and ∆T the heat production.

Estimation of the optomechanical coupling

In section 2.5.2, we introduced the optomechanical coupling parameter g om which defines how much the optical resonance ω 0 is shifted due to mechanical displacement δx (2.56). In other words, it quantifies the coupling between optical and mechanical modes. From the WGM equation (2.1) it appears that either a radius or refractive index modification can change the optical resonance frequency. As we explained before in section 2.4, a RBM induces a change of the microdisk radius when vibrating. In addition, due to the photoelasticity property of the silicon (section 2.5.3), this small strain also changes the refractive index of the material which in return changes the optical resonance. Therefore, the optical resonance frequency can be expressed as a function of the radius R and the disk material's dielectric constant . The expression for the g om is thus the sum of these two mechanisms:

dω 0 dx = ∂ω 0 ∂R ∂R ∂x g rp om + ∂ω 0 ∂ε ∂ε ∂x g es om (2.70)
We called the geometrical (via the radius change) contribution of the g om the radiation pressure optomechanical coupling parameter g rp om as it can be estimated using the radiation pressure stress field (see equation (2.71)). The other contribution due to photoelastic effect is called electrostriction optomechanical coupling parameter g es om . The name is given based on its derivation that is performed using electrostriction stress field (see equation (2.72)).

In order to estimate these two contributions, a 2D-axisymmetric FEM model based on [START_REF] Hease | Disques optomecaniques en arseniure de gallium dans le régime quantique[END_REF] was developed by Alexandre Fafin. The radiation pressure based g rp om is calculated using the following formula:

g rp om = Σσ rp,1 ij S u ij dV |u(r 0 )| (2.71)
where σ rp,1 ij is the radiation pressure stress field in the cavity produced by a single photon.

Σσ rp,1 ij S u ij dV is the work of the stress field for a displacement u(r 0 ) at 2.5. Optomechanical coupling a given point r 0 of the microdisk. S u ij is the strain tensor for a given displacement u(r 0 ).

Similarly, the expression of the electrostriction optomechanical coupling parameter g es om is given by:

g es om = Σσ es,1 ij S u ij dV |u(r 0 )| (2.72)
with σ es,1 ij the electrostrictive stress field in the cavity produced by a single photon. Figure 2.25 shows the value of both radiation pressure g rp om and electrostriction based g es om optomechanical coupling parameters for different disk radii. The estimation of the optomechanical coupling efficiency through the g om depends on the chosen point r of displacement u(r) on the cavity (see equations (2.71) and (2.72)). In order to allow comparison between different optomechanical systems without considering a particular point of displacement, the coupling strength g 0 is preferably used. It is defined as:

g 0 = x ZP F g om (2.73) with x ZP F = /(2m ef f Ω m ) the zero point fluctuation.
Figure 2.26 shows the value of the "point-independent" coupling strength g 0 for different disk radii. 

Optomechanical device design and dimensions

Presentation of the device and typical dimensions

Our optomechanical system is composed of three main parts, the silicon microdisk sitting on a SiO 2 pedestal, two on-chip optical grating couplers and a silicon waveguide as shown in Figure 2.27. The microdisk is separated from the waveguide by an optical gap of typically hundreds of nanometers allowing evanescent coupling between them. As explained in chapter 3, two different fabrication runs were performed: a VLSI run on 200 mm Silicon On Insulator (SOI) wafers called Enlightened-Olympia 1 (ENO1) and a lower scale run on 25x25mm SOI samples called PTA. Note that the silicon top layer from which all the structures are fabricated is 220 nm thick. We designed devices with microdisk radii ranging from 1 to 20µm. The other dimensions of the different parts of the devices will be given in the following sections for each run.

Figure 2.27: 3D schematic of our optomechanical system including the silicon waveguide with two optical grating couplers at both ends and a silicon microdisk sitting on a SiO 2 pedestal. The holes in the microdisk are release holes as explained in section 3.2.8

Light injection, transport and collection

In section 2.2 we described the optical properties of our silicon microdisk resonators considering a microdisk coupled to a simple waveguide but we need to explain how the light was injected into the on-chip waveguide and collected at the output. In this case, the main difficulty rests upon the large mismatch between the single-mode fiber mode and the waveguide mode. To overcome this problem, we used silicon optical grating couplers coupled to a silicon waveguide. Chapter 2. Optomechanical Si microdisk resonator: theory and design

Silicon waveguide description

The on-chip Si waveguide that we used for our optomechanical devices is slightly more complex and longer than a simple waveguide. As shown in Figure 2.28 we can distinguish three regions in the waveguide: straight parts, tapered regions in the vicinity of the microdisk and at both end of each grating coupler and inverted tapers between them. Straight parts of the waveguide are 5 µm wide and support many guided modes. This cross section is wide enough not to be released during the hydrofluoric acid (HF) vapor etching step of the fabrication process (see section 3.2.8 and section 3.3.6) and act as "anchors" for the released tapered regions. On the other hand, the tapered regions are only 476 nm wide and thus single-mode only. Such value was chosen based on simulations performed by Pierre-Etienne Allain at the MPQ lab. The tapered waveguide width has been chosen to only confine and guide the fundamental TE mode. It also allows for efficient evanescent coupling with the microdisk. Due to the mismatch between wider and tapered mode sections we use inverted tapers [START_REF] Fu | Efficient adiabatic silicon-on-insulator waveguide taper[END_REF] to minimize optical losses. A slope of 1/10 is chosen to ensure an adiabatic transformation of the optical mode from the 5 µm wide sections to the 476 nm tapered ones and conversely.

The dimensions of the waveguide are identical for both ENO1 and PTA runs except for the length of the straight parts which depends on the total length of the device L device (i.e the distance between the two optical grating couplers). The device length is 1 mm for ENO1 run and 5 mm in the PTA run. Table 2.1 summarizes all waveguide dimensions for the two runs. 

Optical grating couplers

Light injection and collection is performed via two optical fibers vertically aligned with the input and output grating respectively. A optical grating coupler is a periodic structure that either diffracts the incoming light that will constructively interfere (for a selected input angle and wavelength range) towards a selected direction. The input grating diffracts the light coming from the fiber into the waveguide and 2.6. Optomechanical device design and dimensions the ouput grating does the opposite. The optical grating couplers used for our devices are 200-mm photonic standards [START_REF] Taillaert | Grating couplers for coupling between optical fibers and nanophotonic waveguides[END_REF] with periodic structure of trenches. As opposed to the gratings described in [START_REF] Taillaert | Grating couplers for coupling between optical fibers and nanophotonic waveguides[END_REF], we used curved grating which helps focusing light on sub-micron tapered waveguide [START_REF] Van Laere | Compact Focusing Grating Couplers for Silicon-on-Insulator Integrated Circuits[END_REF]. The gratings are terminated by a tapered waveguide section followed by an inverted taper to couple with the straight part of the waveguide. The grating dimensions are defined by the grating period Λ corresponding to distance between two trenches, the filling factor referring as the fraction of the grating period that is filled with grating material and the etching depth. wavelength λ 0 and a light coupling angle θ of either 10°or 11.5°with respect to the vertical using the following phase matching condition:

n med sin θ + λ 0 Λ = n ef f (λ 0 ) (2.74)
where n med is the index of the above medium and n ef f is the effective refractive index of the guided mode inside the grating.

In photonics, standard optical fiber are cleaved with an angle of 8°. In our case we used fibers cleaved with an angle of 90°. The objective was to design gratings that could be used with both types of fibers. In air, meaning there is no cladding on top of the grating coupler, the optimized dimensions to reach the maximum coupling efficiency at 1550 nm are a light coupling angle of 11.5°and a grating period of 635 nm. Alternatively, a for gratings that have an oxide top cladding or gratings that would be used for optical packaging (for example using V-groove ) the optimal angle is 8°with a grating period of 625 nm. For this second grating version with a grating period of 625 nm, in air, when there is no top cladding, the optimal light coupling angle becomes 10°. The fiber is coupled with an angle θ in order to avoid second-order diffraction which reflects light either back to the fiber (input grating) or back to the waveguide (output grating). Table 2.2 summarizes the optimized parameters for a grating in air for both 10°and 11.5°fiber angles. With the optimized parameters, the theoretical response of the grating shows coupling bandwidth ranging from approximately 1500 to 1600 nm with a maximum coupling efficiency at 1550 nm [START_REF] Taillaert | Grating couplers for coupling between optical fibers and nanophotonic waveguides[END_REF]. Examples of gratings responses will be shown and discussed in chapter 4. Table 2.2: Optimized grating parameters for a TE mode, a central wavelength of 1.55 µm and a given fiber angle.

Optical gap

Using on-chip optical waveguide is a very convenient and elegant way to couple light into the microdisk but the main drawback is that the gap distance cannot be adjusted once fabricated. As we explained in section 2.3.1 we aim at working as close as possible to the critical coupling regime where intrinsic optical losses κ int are equal to external one κ ext . Indeed, as mentioned earlier (see section 2.5.1), we want to maximize the product Q opt times the amplitude of the optical signal to get the highest motional sensitivity. Yet, the maximum of amplitude is obtained at the critical coupling explaining why we want to reach such regime. κ ext strongly depends on two parameters, the waveguide width W tap and the optical gap g opt . These two parameters must therefore be chosen so that the critical coupling conditions are respected. In our case the waveguide has been fixed at 476 nm, so only the optical gap had to be optimized. One way to do it is to build a FEM model which will estimate κ ext for a given waveguide width and intrinsic losses κ int [START_REF] Baker | Résonateurs nano-optomécaniques à mode de galerie sur puce[END_REF][START_REF] Hease | Disques optomecaniques en arseniure de gallium dans le régime quantique[END_REF]. The second option which is not very convenient is to design many devices with numerous optical gap values and keep the best one. The ENO1 run was launched at the beginning of the thesis. Unfortunately, at that time, we didn't have all the analytical and simulation models that we have now. In addition, we couldn't put as many device variations as we wanted on a wafer so 

Layout design

Once the design and device dimensions were established, layouts needed to be created for the microfabrication process. The layout of the mask was realized using a internally developed software. For that purpose a parametric cell was created containing every single fabrication layer and allowing the design of all the desired device variations by adjusting a set of defined parameters. The parametric cell was then instantiated thousands of time and placed at different locations to form the final mask. An example of the final mask for the VLSI ENO1 process is shown in Figure 2.30.

Conclusion

In this chapter, we have first described the optical properties of the microdisk. An analytical approach using the Effective Index Method as well as FEM simulations were used to describe the optical whispering modes of the microdisk. The various sources of optical losses were identified and we developed a model to describe the optical coupling between the waveguide and the microdisk. The latter showed that reaching the critical coupling regime allows order to get an optimal coupling strength between the waveguide and the microdisk. Then, we focused on the mechanical properties of the silicon microdisk through the description of their in-plane radial breathing modes. Both analytical and FEM approaches were used to estimate the resonance frequency of the microdisk in air and Figure 2.30: Mask layout of the VLSI ENO1 process including all the fabrication layers. Counting all the devices from the different projects, the mask counts a total of more than 3000 devices. A zoomed-in view is also represented showing different optomechanical microdisk devices. liquid environment. Mechanical sources of losses were also identified and we showed that we were limited by both viscous and acoustic damping in liquid. An analytical model was used to estimate these two sources of dissipation. Mechanical quality factor around 10-17 are expected in liquid for microdisks radii larger than 5 µm. For biosensing applications, the objective is to maximize the mechanical quality factor since it is directly proportional to the sensor resolution.

In a third section, the optomechanical coupling was described using the coupled mode theory. We introduced the optomechanical transduction principle as well as the optomechanical coupling parameter. FEM models were presented to estimate this parameter.

Employed as a mass sensor, we demonstrated that several points are crucial to maximize the performance of the devices:

• Maximization of optical quality factor in order to achieve high motional sensitivity. For that purpose, smooth and vertical sidewalls of the microdisk will be required to reduce the optical losses.

• Reaching of the critical coupling regime in order to maximize motional sensitivity. We will thus use small optical gaps in the order of few hundreds of nanometers between the waveguide and the microdisk.

• Maximization of the mechanical quality factor in order to improve the mass resolution.

Conclusion

• Maximization of the optomechanical coupling parameter.

• Using an efficient method to couple light into the device to maximize the injected power. For that purpose, we use optimized silicon on-chip optical grating couplers.

Eventually, in a last section the optimized designs with the different dimensions ranges of the devices were presented.

Chapter 3

Fabrication of Si optomechanical microdisk resonators

Developing high-performance optomechanical sensors requires a meticulous and sound design combined with a robust fabrication process. The design itself is determined by knowledge gained over the last projects, theoretical simulations (see chapter 2) and fabrication constraints. The devices have been fabricated following two different approaches: a VLSI strategy on 200 mm wafers and a short fabrication time strategy on smaller size sample.

The VLSI run called ENO1 has been performed on 200 mm SOI wafers in the industrial-grade clean-room of CEA-Leti, thus benefiting from a world-class R&D facility with decades of experiences. I designed and drew the mask layout while the fabrication was done by the clean-room staff and monitored by Marc Gely, a process engineer dedicated to the project. This VLSI approach allows complex fabrication processes with hundreds of thousands of high-performance devices on a single 200 mm wafer. Nonetheless, the main drawback of such a strategy is the fabrication time. Indeed, from mask designing to the last fabrication step it takes around 9 to 12 months to get the very first devices ready to be tested.

On the other hand, I developed a fabrication process in a smaller, more flexible clean-room, shared between academic labs and Leti where staff and students can perform their own fabrication steps, called "Plateforme Technologie Amont" or upstream technological platform (PTA). Devices were fabricated on 25x25 mm SOI samples with a throughput of roughly 100 devices each 2-4 weeks. This second strategy offers a huge flexibility in terms of design testing and optimization but only allows simple design devices to be fabricated. This chapter will be divided into three parts. The first part will introduce some micro and nanofabrication techniques used in our processes. In a second part, we will expose the VLSI fabrication process developed for the ENO1 run, detailing the main steps for the most complex device version including AlSi electrodes (see section 3.2.1). Eventually, we will present the fabrication process that I developed at the PTA facility in order to fabricate the optomechanical Si microdisk resonators. Since the slightest change in this process can dramatically affect the performance of the devices, we will go into deep details of the fabrication process. 

Introduction to micro-nanofabrication techniques

Micro-structures like our optomechanical devices can be fabricated in various ways. This section does not intend to give a full description of all the microfabrication techniques we employed for the fabrication of our devices but to briefly describe the most important ones for both VLSI and sample level processes. In order to justify our choices, emphasis will be put on patterning as we chose various techniques and dry Induced Coupled Plasma (ICP)-Reactive Ion Etching (RIE) techniques because it is a recurrent step in both processes.

Patterning

The term lithography derives from two greek words: [lithos] stone and [gráphein] to write. It was first invented around 1796 by Alos Senefelder, a writer and actor who discovered that he could print his scripts writing them on limestones and printing them on paper with a special ink [START_REF] Weaver | The Technique of Lithography[END_REF]. In micro-nanofabrication, lithography is used to transfer a pattern with features size ranging from few nanometers to
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tens of millimeters to a polymer called resist. Lithography techniques are divided into two groups depending whether it uses a mask or not (maskless lithography). Masked lithography includes techniques such as photolithography [START_REF] Weaver | The Technique of Lithography[END_REF][START_REF] Chiu | Optical lithography: Introduction[END_REF][START_REF] Wong | Resolution Enhancement Techniques in Optical Lithography[END_REF][START_REF] Pease | Lithography and Other Patterning Techniques for Future Electronics[END_REF], nanoimprint lithography [START_REF] Guo | Nanoimprint Lithography: Methods and Material Requirements[END_REF][START_REF] Wagner | Nanoimprint lithography: review of aspects and applications[END_REF][START_REF] Schift | Nanoimprint lithography: An old story in modern times? A review[END_REF] and soft lithography [START_REF] Xia | Soft Lithography[END_REF][START_REF] Rogers | Recent progress in soft lithography[END_REF]. At the other extremity of the scope, electron beam (e-beam) lithography and Focused Ion Beam (FIB) are two examples of maskless lithography. All techniques vary in terms of resolution (i.e minimum feature size), throughput and applications [START_REF] Pimpin | Review on Micro-and Nanolithography Techniques and their Applications[END_REF].

Photolithography has been widely used in microfabrication over the years thanks to its high throughput but e-beam lithography remains far more performant in terms of resolution and accuracy.

In our process we used both Deep Ultraviolet (DUV) photolithography and ebeam lithography (Variable Shaped Beam (VSB) and Gaussian beam) depending on the desired pattern critical size, overlay and throughput.

Resist

Lithography is always associated with photoresist which is chemically sensitive to the energy of the incident photon (DUV photolithography) or electron (e-beam lithography) beam. They are divided into two main groups: positive and negative resists. Exposed positive resists become more soluble in the developer and easy to remove while negative ones behave in the opposite manner. The resist choice is crucial to correctly transfer patterns from the mask to the substrate with high fidelity. Various specifications such as resolution, and dry or wet etching selectivity have to be taken into account when choosing a resist.

Photolithography

Photolithography is a masked technique that can be divided into three forms: contact, proximity and projection printing as illustrated in Figure 3.2.

Contact printing technique offers a good resolution (typically hundreds of nanometers) and is relatively low cost. The major drawback of this method is the defect generation on both wafer and chrome-on-quartz photomask during each exposure cycle. Mask lifetime is thus very limited and repeatable results are difficult to obtain. Proximity printing prevents from defect generation adding a small gap between photomask and wafer as illustrated in Figure 3.2b. On the other side, it results in a drastic reduction of the resolution due to diffraction phenomenon. Enhancement of the resolution for this method can be done by either decreasing the gap at the risk of touching the wafer as in contact printing or by exposing at lower wavelength like DUV or Extreme Ultraviolet (EUV) range. Nonetheless, none of these two techniques are compatible with VLSI standards and requirements. That is why projection printing photolithography is the workhorse in the semiconductor industry.

It combines very high throughput, high resolution (tens of nanometers with the most recent systems) and high repeatability. These systems are based on excimer lasers operating either at 248 nm or 193 nm . For our VLSI process we used a DUV projection printing system with a minimum resolution of roughly 250 nm and an overlay error of tens of nanometers which is perfectly suitable for different steps of our process as described in section 3.2. 

Substrate

E-beam lithography

In maskless techniques, e-beam lithography is a widely used technique to pattern nanometric feature size. Indeed, it offers a really high resolution as good as sub 10 nm [START_REF] Hu | Sub-10 nm electron beam lithography using cold development of poly(methylmethacrylate)[END_REF][START_REF] Yamazaki | 5-nm-Order Electron-Beam Lithography for Nanodevice Fabrication[END_REF] thanks to the diffraction-limited electron source. Another major advantage of this technique is its ability to write directly on the resist from computer-aided design (CAD) files. Hence easily allowing modification of the design without the need of a new, expensive, time-consuming photomask fabrication. The main drawback of this direct writing lithography is its relatively low throughput compared to photolithography. Indeed, "classical" e-beam systems use a finely focused Gaussian beam moving on the wafer one pixel at a time with a fixed beam geometry. This low throughput usually limits Gaussian e-ebeam lithography to low scale integration processes. Nonetheless, improvements have been realized with the development of VSB systems in which the beam geometry can be adjusted during the exposure. Such a technique increases the throughput by enhancing the exposure speed and makes it applicable in some VLSI processes combined with other patterning techniques.

Introduction to micro-nanofabrication techniques

Both techniques have been used in our two different fabrication approaches. One step (see section 3.2.6) of our VLSI process is done by e-beam lithography. The choice was based on resolution and throughput. The mask included features from other projects with critical dimensions of 30 nm. Photolithography equipment available in our facilities couldn't reach sufficient resolution so we chose VSB techniques thus keeping a good throughput (300 000 devices exposed overnight on a single 200 mm wafer). Using a classical Gaussian beam would have led to an unmeasurable exposure time. One the other hand, classical Gaussian beam technique was perfectly suitable for the sample-size fabrication at the PTA.

Dry RIE etching

For optomechanical devices, the main requirements affecting their quality and performance is the verticality and roughness of the sidewalls for both wide (microdisks and waveguides) and narrow (optical gaps, grating couplers) regions. In microfabrication, etching consists in chemically and/or physically removing materials (silicon, oxides, etc...) from a wafer surface. Etching techniques are divided into two classes: wet and dry etching.

Wet etching uses chemical solutions to dissolve the targeted material. This technique is relatively low cost, easy to implement, offers high etching selectivity and can guarantee smooth sidewalls among other advantages. But the main drawback is that it usually leads to isotropic etching profiles with large undercuts as shown in Figure 3.3a which is not compatible with our requirements as specified in the previous paragraph. Dry etching uses reactive ions or etchant gases to remove the substrate material. Dry etching guarantees anisotropic sidewalls (see 3.3b), high resolution, cleanness, less underetching and a better control of the undercuts. The main disadvantages are the need for expensive equipment and the generation of overall slightly rougher sidewalls than wet etching.

During my PhD, all photonic structures (waveguides, optical grating couplers and microdisks) have been defined using dry ICP-RIE. Such technique has been preferred over others as it allows a fine tuning of the etching parameters, thus ensuring smooth and vertical sidewalls of the designed features. A classical RIE system called Parallel Plate Reactive ion Etching (PP-RIE) consists of a vacuum chamber with two parallel metal electrodes as shown in Figure 3.4. The lower electrode acts as the sample holder and is DC-isolated from the rest of the chamber. The upper electrode as well as the reactor walls are connected to the ground. Gaseous species are introduced into the chamber and a high RF electric field is applied between lower and upper electrodes. The electric field frequency is usually set at 13.56 MHz1 with a power of few hundred watts. The oscillating electric field ionizes the gas molecules by dissociating the electrons from their atoms and creates a plasma. A plasma is a partially ionized gas composed of ions, free electrons, radicals and neutral species. Electrons composing the plasma are accelerated up and down during each cycle of the electric field while heavier ions are less mobile. Electrons striking the upper electrode or the reactor walls are fed to the ground. However due to the DC-isolation of the lower electrode, electrons striking it accumulate, thus creating a negative bias voltage called self-bias. Cations that were too heavy to be moved by the electric field will be attracted by the negatively charged lower electrode. Cations bombarding the substrate will both physically (sputtering) and chemically etch it. The DC-bias is directly proportional to the kinetic energy of the striking cations. A higher self-bias increases the etch rate but produces sidewalls with increased roughness.

In an ICP-RIE system two separated generators are used as shown in Figure 3.4. The top RF generator called ICP source generates a high-density plasma by inductively coupling a coil to the gas in the chamber. The second generator called RF source is connected to the sample holder. Similarly to the lower electrode of the PP-RIE system it produces a self-bias that drives the cations towards the negatively charged sample holder. The independent control of plasma generation (ICP source) on one side and ion bombardment (RF source) on the other side allows a fine tuning of the etching process. It results in a high-density, low-pressure and low-bias plasma etching process producing anisotropic and smooth etch profiles. 
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PP-RIE
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Device variations

On this fabrication run, there are various types of devices, each composed of a Si waveguide with two on-chip optical grating couplers at both ends (section 2.6.2.2). All variations are described below:

• Single disk version: consists of a single Si microdisk with a SiO 2 pedestal (see Figure 3.5a).

• Disk with electrodes and anchors: single disk with 5 poly-Si anchors and 2 AlSi electrodes on both sides of the disk (see Figure 3.5b).

• Multidisk version: similar to the single disk version but consisting of 3 Si microdisks with SiO 2 pedestals (see Figure 3.5c).

• Multidisks with anchors and electrodes: 3 Si microdisks with poly-Si anchors and 2 AlSi electrodes each (see Figure 3.5d). 

Main fabrication steps

This subsection aims at giving an overview of the main steps of the fabrication process. It describes the fabrication of the microdisks with AlSi electrodes. Fabrication of a simple disk version is similar without electrode patterning dedicated steps. These steps are summarized in Figure 3.6 and will be detailed in the following subsections. Described below is a list of all the fabrications steps:

1. Initial SOI wafer substrate.

2. SOI substrate thinning.

3. Thermal oxidation.
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4. Alignment marks for lithography levels.

5. Optical grating couplers patterning.

6. Si optical waveguide, microdisk and electrodes patterning: 

SOI substrate thinning

The optomechanical devices are fabricated out of a 200 mm SOI wafer which consists of a stack of three layers (from top to bottom): a thin layer of monocrystalline silicon, a layer of SiO 2 called BOX and 725 µm thick holder substrate of silicon (Figure 3.6a).

Our wafers are provided by SOITEC, the current world leader on the SOI market. Because different projects are included on this run we started with a SOI wafer with a Si top layer of 400 nm and a BOX layer of 1 µm.

The latter needs to be thick enough in order to avoid optical coupling between the Si top layer and the substrate. As seen in chapter 2 the devices are designed for a TE mode and require a Si top layer of 220 nm. Thus, the first step is the thinning of the Si top layer using an oxidation/deoxidation technique (Figure 3.6b).

The thermal oxidation is performed at 1050℃ with oxidant flow of O 2 with several percent of hydrochloric acid (HCl) gas. 
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Si + O 2 + (HCl) 1050 ℃ ----→ SiO 2
The HCl is usually added to prevent from metal ions remaining in the oxide [START_REF] Kriegler | The Effect of HCl and Cl2 on the Thermal Oxidation of Silicon[END_REF]. The oxide growth speed is directly proportional to the oxidation temperature, in this case 4 nm of Si is consumed for 10 nm of SiO 2 formed. It means that 450 nm of SiO 2 needs to be produced to reduce the Si top layer thickness from 400 nm to 220 nm. The formed oxide is then removed by a wet etching in a solution of liquid HF and rinsed in Deionized Water (DIW). Right after that, the wafer is eventually immersed in a solution of (DIW + O 3 + HCl). This last step prevents from native oxidation by forming a very thin (7 Å) chemical oxide layer. Measurements indicate a final thickness of (230 ± 4) nm. Indeed, in reality the thickness is reduced from 400 nm to 230 nm, therefore keeping an additional 10 nm which will be consumed during the whole fabrication process.

A thermal oxidation at 900 • C with a flow of O 2 is then performed resulting in the formation of a 10 nm thick layer of thermal oxide (SiO 2 ) (Figure 3.6c). This layer will act as a protective film to avoid damages of the Si top surface during the next resist stripping steps.

Alignment marks for lithography levels

In all multi-lithography level fabrication processes, layer alignment to another previous layer is necessary. It is crucial to maintain overlay accuracy throughout the entire process flow. To do so, we use alignment marks directly patterned on the wafer. The design of those marks depends on the lithography technique or the equipment itself among other parameters and won't be detailed in this section. In our process, alignment marks are patterned after the first thermal oxidation described in the previous section (see Figure 3.6d). A 820 nm layer of positive resist with hexamethyldisilazane (HMDS) adhesion promoter is first spun and exposed using 248 nm DUV photolithography. HMDS promoter is used to improve resist wetting and adhesion by forming an hydrophobic surface. After development, alignment marks are then fabricated by etching the whole thermal oxide layer (10 nm) and 120 nm of the Si top layer. Eventually, resist is stripped with a combination of O 2 plasma and a RCA SC1 cleaning. The latter is a standard cleaning protocol in semiconductor manufacturing developed in 1965 by Werner Kern [START_REF] Kern | The Evolution of Silicon Wafer Cleaning Technology[END_REF] in order to remove organic contaminants. It consists in dipping the substrate in a solution of 1 part of ammonium hydroxide (NH 4 OH) (27%), 1 part of hydrogen peroxide (H 2 O 2 ) (30%) and 5 parts of DIW.

Optical grating couplers

The next step is the patterning of the optical grating couplers (Figure 3.6e), a key component of the optomechanical devices as it ensures light coupling into the device. A 49 nm layer of Bottom Anti-Reflecting Coating (BARC) (DUV30 from Brewer Science Inc) is first deposited on top of the Si top layer before spinning 570 nm of M78Y, a positive resist with HMDS promoter. BARC is used in order to avoid UV reflections at the resist/BARC interface during the exposure step. Using BARC solves topography related lithography issues and helps control of critical dimensions [START_REF] Lenhart | Understanding deviations in lithographic patterns near interfaces: Characterization of bottom antireflective coatings (BARC) and the BARC-resist interface[END_REF]. After the 248 nm DUV photolithography exposure, the resist is developed to serve as a mask during the etching step.

The whole 50 nm thick BARC layer is first etched with an ICP-RIE process using a mixture of hydrogen bromide (HBr) and Ar gases. ICP dry etching principle is detailed in section 3.1.2. A second partial ICP-RIE is performed to remove 70 nm of the Si top layer thus forming the optical grating couplers. A recipe based on HBr, chlorine (Cl 2 ), tetrafluoromethane (CF 4 ) and He/dioxygen (O 2 ) gases at low pressure is used for this second etching. Cl 2 species are responsible for chemical etching of the Si forming SiCl components. Alone, Cl 2 would lead to an isotropic etching, that is the reason why HBr is added. It physically etches the Si by bombarding it with high selectivity and helps freeing SiCl volatile components. Adding HBr with Cl 2 makes etching profiles more anisotropic. Eventually CF 4 combining with He/O 2 passivate sidewalls of the silicon features. With an optimized combination of theses gases we obtain a very selective and anisotropic etching. This recipe will be used for each silicon etching step during the rest of the process. Finally the resist is stripped with a combination of O 2 plasma, wet HF 1% and a RCA SC1 cleaning. Scanning Electron Microscope (SEM) images of optical grating couplers are shown in Figure 3.7 and Figure 3.8.

Silicon waveguide, disk and electrode fabrication

Following the optical couplers step, silicon waveguides, disks and silicon part of the electrodes (for electrode versions only) are fabricated. It begins with 80 nm LPCVD of a SiH 4 High-Temperature Oxide (HTO) that acts as a hard mask. A 180 nm layer of negative resist (NEB22) with HMDS promoter is spun and exposed using e-beam lithography. A VSB system is used for this step, allowing a significant advantage throughput compared to classical Gaussian beam as explained in section 3.1.1.3. Indeed, more than 300 000 devices are exposed overnight using such a tool. After exposure, the hard mask is completely etched using Capacitive Coupled Plasma (CCP) dry etching with Ar, octafluorocyclobutane (C 4 F 8 ), carbon monoxide (CO) and O 2 gas mixture. The resist is removed from the hard mask (see Figure 3.6f) before an ICP-RIE is performed to etch the whole Si top layer as described in As explained previously in this chapter and in section 2.7, the objective is to obtain vertical and smooth microdisks sidewalls in order to maximize the optical quality factor. Figure 3.10 shows that the we obtained perfectly vertical sidewalls using our ICP etching process. Concerning the surface roughness of sidewalls it is more difficult to quantify. The sidewalls are obviously not as smooth as the top surface but they appear to have a relatively low roughness. 

AlSi electrode fabrication

Second thermal oxidation

A second thermal oxidation similar to the first one (section 3.2.6) is performed prior to the local Si doping. It results in the formation of a 10 nm thick layer of thermal oxide (SiO 2 ) (Figure 3.6i). This oxidation will act again as a protective layer to prevent damages of the Si top layer surface that can be caused by the local doping and future resist removal steps. This step is not performed for devices without electrode (see Figure 3.5a and Figure 3.5c). Indeed, in that case the next step is directly the HF vapor release.

Local Si doping

As described in Figure 3.5b and its multidisk version (Figure 3.5d) the disk is surrounded by two AlSi electrodes. These electrodes are first patterned in the Si top layer as explained in the section 3.2.6 and an AlSi layer is then deposited on top of it. To ensure a proper ohmic contact between the AlSi and Si layers, this latter needs to be heavily p-type doped (N D >10 18 cm -3 ) 2 . This doping is done by boron (B) ion implantation. Boron ions are electrostatically accelerated at high energy to be implanted in the silicon. The higher the energy the deeper the B ions will be implanted. In this case B ions are implanted down to the first half of the Si top layer thickness. A post implantation thermal annealing will induce the diffusion of the B ions in the electrode volume and the activation replacing Si atoms by boron ones. This doping step results in a diminution of the Si resistivity from 10 mΩ • cm -1 down to few mΩ • cm -1 .

AlSi metallization

The AlSi metallization is done with a damascene 3 process, an additive processing technique first introduced for copper interconnections by IBM in the 90's [START_REF] Andricacos | Damascene copper electroplating for chip interconnections[END_REF].

It starts with a PECVD of a 500 nm thick SiH 4 oxide layer acting as a mask for the metallization step. Due to its conformity, the SiH 4 oxide is then planarized using CMP resulting in a 400 nm thick layer. A 580 nm thick layer of a positive resist (M78Y) is spun, developed and exposed by 248 nm DUV photolithography. The SiH 4 oxide is then etched using the same recipe described in section 3.2.6.

A scheme of the patterned SiH 4 oxide is shown in Figure 3.6k. Trenches (at the electrodes location) are then ICP dry etched and the photoresist is removed using a combination of O 2 plasma, wet HF 1% and a RCA SC1 cleaning. 400 nm of AlSi (99% of Al and 1% of Si) are deposited using PVD technique thus filling the trenches (see Figure 3.6l). Eventually, the excess of metal is removed by CMP as shown in Figure 3.6m. SEM images of optomechanical Si microdisks with AlSi electrodes can be seen in Figure 3.11.

Release of the devices

This very last step consists in removing the sacrificial BOX layer while leaving the Si top layer intact. A combination of anhydrous HF vapor and alcohol (A) vapor at reduced pressure is used to isotropically etch the SiO 2 layer with high selectivity and very few residues. The chemical reaction representing the etching process is the following [START_REF] Jang | Fabrication of MEMS devices by using anhydrous HF gasphase etching with alcoholic vapor[END_REF]:

SiO 2 (s) + 2 HF 2 -(g) + 2 AH + (g) --→ SiF 4 (g) + 2 H 2 O 2 (g) + 2 A(g)
Such a technique offers a fine control of the etching rate (typically ranging from 0.1-10 µm/ min) and prevents from damages and stiction of released parts -a common issue with wet etching methods that could occur during the nitrogen (N 2 ) drying of the devices. HF vapor is also fully compatible with our AlSi electrodes as it prevents from corrosion, another issue with wet HF etching. The release results in isolating the Si microdisk on a SiO 2 pedestal and suspending tapered parts of the waveguide. It takes place in two different steps, a "pre-release" and a main release both using vapor HF.

The pre-release consists in entirely removing back-end oxides: SiH 4 and thermal oxides (Figure 3.6n). The etching of SiH 4 oxide leaves a lot of residues (present in the SiH 4 matrix) on the surface which explains why the release is separated into two steps. After this step, the devices are not released, hence the name prerelease. It allows the etching residues to be removed by dump-and-rinse cycles in DIW followed by 1-hour annealing at 120 • C. Figure 3.12 shows SEM images of pre-released devices. Such residue cleaning would have broken the devices if the release was done in one step.

Eventually, the SiO 2 pedestal is formed during the main release by partially removing the BOX layer as shown in Figure 3.13. Release holes are designed on the disk to reduce the HF vapor etching distance preventing from completely releasing smaller features such as waveguides and electrodes. 
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Main fabrication steps

This subsection aims to give an overview of the main steps of the fabrication process I developed at the PTA during my thesis. These steps are summarized in Figure 3.14 and will be detailed in the following subsections. They include:

1. Initial SOI sample substrate 2. E-beam alignment marks for lithography levels 3. Optical grating couplers patterning 4. Si optical waveguide and microdisk patterning 5. HF vapor release and formation ot the SiO 2 pedestal

Chip preparation

A 200 mm SOI wafer from SOITEC with 220 nm thick silicon top layer and 2 µm BOX layer was used throughout this process (Figure 3.14a). Equipments at the PTA can process small size samples up to 100 mm wafers. Due to the numerous iterations needed to optimize the process and the availability of 100 mm SOI wafers from SOITEC the initial 200 mm wafer has been diced into individual 25x25 mm chips. The chip size has been determined according to available e-beam sample holders. Even though a cleaning step is included during the dicing process, a second cleaning was performed on each individual chip to remove dicing residues (see Figure 3.15). The cleaning consists of dipping the chip in a succession of different chemical solutions:

• Acetone at 40 • C in ultrasound (US) for 5 min. US helps to remove remaining Si particles after dicing.

• Isopropyl alcohol (IPA) at 40 • C in US for 5 min to remove the acetone from the sample surface.

• Solvent rinsing with DIW for 5 min.

• Piranha solution: 3 parts of sulfuric acid (H 2 SO 4 ) and 1 part of H 2 O 2 30% for 10 min to clean organic residues off the substrate.

• RCA SC1 cleaning as described in section 3. 
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• DIW rinsing for at least 10 min to completely remove the cleaning solutions from the substrate surface. 

Alignment marks

As explained in section 3.2.4 alignment marks are mandatory in a multi lithography level process to maintain overlay accuracy throughout the entire process. Crossshaped marks as shown in Figure 3.14b have been used to align grating lithography level with respect to waveguide and microdisk one. Since the alignment mark fabrication step is not directly related to the fabrication of the device itself, a brief description will be given. A positive resist is spin-coated on the cleaned sample and exposed using e-beam lithography. After development, an ICP-RIE dry etching of the whole 220 nm thick silicon top layer is performed. Eventually, 1 µm of BOX is isotropically etch using HF vapor. Optical microscope and SEM images of the alignment marks are shown in Figure 3.16.

Optical grating couplers fabrication

E-beam resist

A high resolution positive e-beam and DUV resist (ZEP 520A from ZEON Co.) has been used for the definition of the alignment marks. ZEP 520A is composed of co-polymers (methylstyrene and chloromethacrylate) and solvent (anisole) [START_REF] Chemicals | ZEP520a Technical Report[END_REF].

The two co-polymers give this resist both a high sensitivity and a good dry etching resistance. ZEP 520A has become a resist of choice for a variety of sub-µm devices fabrication [START_REF] Fallica | Lithographic performance of ZEP520a and mr-PosEBR resists exposed by electron beam and extreme ultraviolet lithography[END_REF].

Spin coating

An adhesion promoter (VM652 from HD MicroSystems) is first spin coated on the surface. VM652 is an organosilane used to enhance adhesion of a resist on silicon or oxide substrates by forming Si-O bonds and making it more hydrophobic. It is important not to remove the silicon native oxide from the chip surface prior to spin the VM652. Indeed, such a promoter is not effective with substrates that do not form native oxides. Then, around 80 µm/ml of ZEP 520A is deposited on the chip and spun. Spin coating parameters for both adhesion promoter and resist are:

• Speed: 4000 rpm4 

• Acceleration: 4000 rpm/min

• Time: 60 s

It results in a 380 nm thick layer which was measured using an ellipsometer. ZEP520A resist is stored at 4 • C and needs to be warmed to the clean-room temperature before spining. A too cold resist can lead to air moisture precipitating on it and altering its properties. Finally the chip is baked for 3 min at 180 • C on a hotplate. This prebake step is essential to dry the resist and remove the residual solvent remaining on the substrate surface after coating. It also harden the resist and improve resist adhesion leading to a lower dark erosion (unexposed resist film thickness solved per development time) during the development.
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Exposure

The exposure was performed on a JEOL 6300, a classical Gaussian e-beam with an acceleration voltage of 100 kV and a dose of 475 µC • cm -2 . Typically, a single chip containing around 200 optical gratings is exposed in an hour. As described in section 2.6.2.2 and Figure 3.17 optical couplers consist of high density gratings with interline distances (i.e pitch) of 312.5 nm and 1:1 period of 625 nm. Such highdensity features are subject to large proximity effects. Indeed, high energy incident electrons penetrate deeply into the substrate resulting in backscattered electrons which can interact with the resist hundreds of nanometers away from where the initial beam entrance. Proximity effects generate developed patterns wider than the scanned patterns. To minimize this effect, a dose optimization has first been performed. The "optimal" dose of 475 µC • cm -2 led to trenches still 40 nm wider than expected (Figure 3.18a). Eventually, to completely counteract this undesirable effect, we simply decreased by 40 nm the trenches width on the layout as shown in Figure 3.17 resulting in optical gratings in good agreement with the design dimensions (see Figure 3.18b).

Trench width 312.5nm PEC -40nm

Line width 312.5nm 

Development

After exposure of the sample in the e-beam, the resist has to be developed in order to dissolve exposed areas. Sample was immersed in a solution of [1:1]MIBK with IPA for 60 s and rinsed in a mixture of [89:11] MIBK with IPA at room temperature. Eventually, the sample was blow-dried with N 2 to remove any residual liquid on the surface.
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Partial Si ICP-RIE

The partial etching of the silicon top layer defining the grating couplers was performed using dry ICP-RIE on a PlasmaLab System 100 from Oxford. Prior to be etched, chip are glued on a 100 mm Si wafer carrier using few drops of poly(methyl methacrylate) (PMMA) resist and baked on a hotplate at 100 • C for 5 min. This is essential to ensure a good thermal contact between the chip and its wafer carrier hence leading to a uniform etch rate over the chip surface. The etching process starts by conditioning the ICP chamber with a 5 min silicon tetrachloride (SiCl 4 ) and O 2 plasma in order to coat the reactor walls with a SiO 2 layer. Walls passivation ensures reproducible etch conditions which is essential especially using a multi-user, multi-process equipment.

After the conditioning step, partial silicon ICP dry etching is performed. A first short (5 s) CF 4 plasma called breakthrough is used to remove the native oxide layer. Then a mixture of HBr, Cl 2 , CF 4 and O 2 is used to etch the silicon top layer. The ICP etching mechanism is described in section 3.2.5. Before each partial silicon etch, the etch rate is measured on a blank SOI piece using in-situ optical interferometry endpoint detection technique. With optimized parameters listed in Table 3.1, silicon etch rate is around 5 nm/s and the ZEP 520A shows a etch selectivity of ∼ 1.6. In other words, with the 380 nm thick resist layer, a maximum of ∼600 nm of silicon can be etched before entirely consuming the resist. Typical grating etching depth is around 70 nm, the corresponding etching time is calculated based on the measured etching rate and no over etch is added. Table 3.1: Optimized ICP etch parameters for each recipe used for the partial etching of the optical grating couplers.

Resist removal

To finish the optical grating coupler fabrication, ZEP520A e-beam resist must be removed and the sample cleaned for the next step. Resist removal starts with an Chapter 3. Fabrication of Si optomechanical microdisk resonators oxygen plasma performed immediately after the partial silicon ICP dry etching as described in the previous section. The plasma recipe is described in Table 3.2. The sample is then dipped in acetone for 10 min at 40 

Si waveguide and microdisk fabrication

E-beam resist

For the fabrication of the Si waveguides and microdiks, Ma-N 2403, a negative tone e-beam and DUV sensitive resist from Micro Resist Technology has been used. This resist is composed of a phenolic resin (novolak) acting as a polymeric binder and a bisazide as photoactive compound (PAC) for cross-linking [START_REF] Blideran | Improving etch selectivity and stability of novolak based negative resists by fluorine plasma treatment[END_REF].

Spin coating

The chip is first dehydrated on a hotplate at 180 • C for 5 min and cooled down to room temperature before coating the sample with VM652 adhesion promoter (see section 3.3.4.1). These two steps increase resist film adhesion on the substrate and prevent from resist delamination. Indeed, remaining residues and moisture allow the developer solution to penetrate the resist/substrate interface and partially or completely lift off the patterns. An example of delamination is shown in Eventually, the resist is prebaked on a hotplate at 90℃ for 90 s.

Exposure

The exposure of the Ma-N resist was performed using an acceleration voltage of 100 kV and a dose of 412 µC • cm -2 . It took around 8 hours to exposed a single chip containing 100 optomechanical devices. A dose optimization has been performed in order to resolve both micrometric (waveguides and microdisks) and nanometric (optical gaps, tapered waveguides and release holes) size features. Examples of exposed with the optimal dose and developed devices are shown in Figure 3.21. For the same development time, underexposed regions exhibit release holes and optical gaps wider than expected. On the contrary, an over exposition leads to the opposite effects with an increased roughness of the sidewalls which degrades the microdisk optical quality factor. 

Development

After exposure of the sample in the e-beam, the resist has to be developed in order to dissolve unexposed areas. Exposed area have been cross-linked and thus are more difficult to dissolve in the developer (negative tone resist). Sample is immersed in a solution of MF26A for 40 s and 15 s in a [1:9] diluted solution of MF26 with DIW. During the development, the sample is gently agitated to help dissolved resist to be removed from the sample. The sample is eventually rinsed in DIW for 5-10 min and N 2 blow-dried to remove any traces of developer from the surface of sample.
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Si ICP-RIE etching

Once the sample has been developed, the whole 220 nm thick top layer must be etched to transfer the patterns from the resist to the substrate. As for the optical grating (see section 3.3.4.2), a dry ICP-RIE using HBr, Cl 2 , CF 4 and O 2 is performed. The sample is once again glued with PMMA on a carrier Si wafer prior to be etched. The etching sequence remains the same including a SiO 2 chamber conditioning, a breakthrough of the native SiO 2 and the main etch. The optimized etch parameters are summarized in Table 3.1. In order to completely etch both optical gaps and release holes, an over etch of few seconds has been added. The over etch time is a very important parameter. Indeed, the etch rate on these narrow features is slightly slower than wider regions. An example of too short over etch time resulting in release holes not sufficiently etched is shown in Figure 3.22. It affects the release process preventing the HF to consume the BOX from the holes. After optimization of this parameter, perfectly etched optomechanical devices have been obtain with smooth and vertical etch profiles as shown in Figure 3.23. 

Resist removal and cleaning

After ICP etching, remaining MaN 2403 is removed from the sample using the same protocol as described in section 3. 

HF vapor release

The very last step of the optomechanical devices fabrication is the BOX underetching using anhydrous HF vapor and ethanol. As described in section 3.2.8, HF vapor phase etching with alcoholic vapor technique allows a high-selective, residuefree etching of SiO 2 layer without damaging the silicon waveguides and microdisks. Release of the device has been performed in a Primaxx Monarch 3 from SPTS company. The sample is first dehydrated on a hotplate at 270 • C for 2 min to remove any traces of moisture, solvant or organic residues possibly remaining on its surface. These traces could affect the under-etching chemistry; for example, traces of moisture (H 2 O) locally act as a catalyst resulting in non uniform etching rate over the sample surface. After dehydration the sample is put on a wafer carrier and loaded in the chamber to be released. The overall under-etching sequence is the following:

• Heating of the different parts of the system and temperature stabilization under a flow of ethanol and N 2 at 150 Torr for 10 min to avoid water condensation.

• Pre-etching step conditioning the chamber with a flow of ethanol and N 2 without HF.

• Etching with a flow of HF, ethanol and N 2 .

• Cleaning of the sample and system with cycles of pumping and N 2 purging.

To get a fine control of the release, two different etching recipes have been used with a "fast" (58 nm/min) and slower (11 nm/min) etching rate. The set of parameters associated for both pre-etching and etching steps are given in Table 3.3. Generally, the etching is performed in two or more steps, samples are observed and the released distance is measured after each step.

Conclusion

Step Once the samples are completely released, tapered regions of the waveguides are suspended and the silicon microdisks stand on their SiO 2 pedestals. The devices become more fragile and care must be taken manipulating the samples. Examples of released optomechanical microdisks are shown in Figure 3.24.
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.24: Left: SEM images of an optomechanical silicon microdisk after an HF vapor under-etching of 530 nm using fast etch rate recipe. The narrower tapered waveguide is suspended while the larger disk remains non completely released. Right: same microdisk after a complete release adding an HF under-etching of 680 nm using both fast and low etch rate recipes to fine controlling the SiO 2 pedestal diameter. This latter is visible by transparency in the center of the disk.

Conclusion

In this chapter we have discussed the fabrication of the Si optomechanical resonator.

A detailed description of both VLSI and PTA processes has been given. Both Chapter 3. Fabrication of Si optomechanical microdisk resonators approaches were quite challenging and required time consuming developments in order to achieve high performance optomechanical devices. Concerning the VLSI process, it took almost 1 year to get the first wafers with fully working devices.

As for the PTA process I got the first working devices after 6 months of process development. The main difficulties were certainly the optimization of the e-beam lithography and ICP etching steps for the patterning of the microdisks with vertical and low roughness sidewalls. Such process was highly time consuming but a lot more flexible than the VLSI one as I fabricated two chips, each containing 100 devices every two to four weeks. It allowed the optimization the designs which was not possible with the VLSI approach. This process I developed is now a solid base for the development of other types of optomechanical devices before launching VLSI runs. In the following chapter, we will describe the characterization of these devices.

Chapter 4

Optomechanical device characterization

After describing the theoretical concepts underlying optomechanical microdisks as well as their fabrication process, the devices have to be characterized in order to evaluate their performance. For this purpose, during the first year of my Ph.D, I developed an optomechanical experimental set-up that allows various types of experiments to be performed. After fabrication, the optical performance of the devices were tested and the best ones, either from ENO1 or PTA runs, were then used for optomechanical experiments such as thermomechanical noise (TMN) and optical actuation. Each of these measurements were first performed in air prior to be tested in liquid medium, a prerequisite for in-situ biosensing (see chapter 1). This chapter will be divided in four main sections. The first section describes the experimental setup in its basic configuration. The last three sections correspond to the three main types of measurements described above: optical and optomechanical including TMN and optical actuation. For each experiment, the measurement principle will be described, results will be provided, discussed and compared to the state of the art. Eventually, we will shortly discuss the theoretical mass resolution we could achieve using our optomechanical microdisk resonators as a mass sensor.

Experimental setup

In order to observe the optomechanical phenomenon occurring at the nanoscale from our macroscopic point of view, I designed and built a dedicated optomechanical experimental set-up. The very first role of such a bench is to allow optical fibers quasi vertical coupling with grating couplers in order to inject and collect light from the device either in air or liquid medium.
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For this purpose, the design was inspired by previous work from the group (see Luca Leoncino's thesis [START_REF] Leoncino | Optomechanical transduction applied to M/NEMS devices[END_REF]). The basic concept consists in fixing an optical fiber at the extremity of a holder which is moved with a 3-axis stage while the sample remains fixed. We will first describe our fiber alignment system. In a second subsection, we will describe the complete optomechanical setup configuration used to perform optical characterization as well as thermomechanical noise measurement of our devices. That includes a description of the polarization controlled light injection system as well as the light collection and data analysis system. The setup configuration used for optical actuation is a bit more complex and will be discussed in details in section 4.4. 

Experimental setup

Fiber to on-chip grating coupler alignment part

Our optomechanical setup as shown in Figure 4.1 allows alignment of two optical fibers with on-chip grating couplers with 1 µm accuracy. As mentioned in section 2.6.2.2, optical fibers have to be coupled with the grating couplers with a small incident angle (10°or 11.5°depending on the grating design) with respect to the grating surface. For this purpose, the bare end of an optical fiber is manually attached on a homemade 3D printed fiber holder with a given angle of either 10°or 11.5°as shown in Figure 4.2. Figure 4.2: Left: 3D schematic of the fiber holder. The bare end of the optical fiber is slided into the slit and taped. Hence, it remains fixed with a given angle of either 10°or 11.5°. Right: Picture of a 3D printed fiber holder with a fiber taped on it. The fiber holder itself, is attached to a 3-axis micropositioning stage.

The fiber holder is fixed on a system of three piezoelectric controlled micropositioning stages allowing 3-axis displacements with a maximum amplitude of 25 mm and a 30 nm resolution. These stages are remotely controlled with a homemade Python software. An additional tilt stage (visible on Figure 4.2 with a fiber holder fixed on it) was added. It enables the incident fiber angle to be tuned (±3°) in order to adjust the the grating central wavelength (see section 4.2.2.1). Each block (optical fiber, fiber holder and stages) is mounted on a rail system to be easily displaced.
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The sample is placed on a holder in the middle of the two blocks, each corresponding to the light injection (input) and collection (output) block. In addition to the z-axis fine displacement of the fibers, the sample z-position can be coarse tuned thanks to a lab jack.

Eventually, the optomechanical bench is equipped with a microscope objective mounted with a charged-coupled device (CCD) camera to perform visual control of the fiber alignment.

Complete setup

Setup description

The complete setup includes polarization controlled light injection and collection of the transmitted optical signal at the device output. A schematic view of the complete setup configuration used for optical characterization is shown in Figure 4.3.

Light is provided by a tunable external cavity laser diode from Yenista (T100S-HP CL) remotely controlled via a GPIB/Python protocol. Such laser has a wavelength range of 1500-1620 nm with a resolution of 1 pm, a maximum output power of 10 mW and low optical noise of -145 dB/Hz. It also enables continuous sweeping of the laser wavelength with sweeping speed that can be adjusted from 1 to 100 nm/s. Such feature is very useful to rapidly obtain an optical spectrum of the device.

The monochromatic light is sent to a Fiber Polarization Controller (FPC) in order to select TE polarization mode as our devices are optimized for this mode. Light is then injected into the device through the input optical fiber coupled to the input grating coupler thanks to our remotely driven, camera assisted fiber alignment platform (see section 4.1.1). At the device output, light collection is performed with a second optical fiber in a similar fashion. The transmitted optical signal is sent to an 90:10 fiber beam splitter to be divided into two paths. The main path (90%) is sent to a fast, high-frequency (up to 1 GHz) photodetector from Newport (model 1611). This path corresponds to the mechanically modulated optical signal (i.e the optomechanical readout) and won't be used for optical characterization. On the other hand, the second path (10%) is dedicated for DC optical measurements such as continuous wavelength sweep of the laser in order to find the WGM resonances of the microdisk. For this purpose, 10% of the optical transmitted signal is sent to a slow, low frequency variable gain photodetector from Femto (model OE-200-IN2). Specifications of both fast and slow photodetectors are summarized in Table 4.1.

The photodiode output converted electrical signal is eventually sent to a digital lock-in amplifier (LIA) from Zurich Instrument (model UHFLI) to be recorded and analyzed. The LIA is used to demodulate the electric signal coming from the Photodiode (PD). The UHFLI model allows processing of signals up to 600 MHz. As for the laser, the LIA is also remotely controlled using an homemade Python code with 4.1. Experimental setup USB protocol. One of its two independent inputs (±1.5 V) is used to process the optomechanical signal coming from the fast photodetector while its auxiliary input (±10 V) is used for DC optical characterization. 

New

Optomechanical readout noise characterization

In order to evaluate the performance of our optomechanical readout setup, we performed spectral noise density evaluation measurements. We can distinguish three main sources of noise in our system coming from the laser, the photodetector and the LIA. The objective is to evaluate the noise floor of our setup with respect to the expected noise values of the different sources.

Expected noise values from the different sources

The laser induces intensity noise known as relative intensity noise (RIN) which quantifies the fluctuations of the laser output power. Based on the datasheet, the RIN of our laser is equal to -145 db/Hz. The noise spectral density due to the RIN (S RIN ) is given by:

S RIN = P 2 0 • 10 RIN 10 [W/ √ Hz] (4.1)
with P 0 the laser power. At low laser value, the noise floor of the system is limited by the intrinsic laser shot noise. The value of the noise spectral density due to the shot noise (S shot ) can be calculated by:

S shot = 2h c λ P 0 [W/ √ Hz] (4.2)
with c the speed of light, h the Planck constant and λ the laser wavelength. The noise from the photodetector is given by the noise equivalent power (NEP) which represents the background noise at the input of the photodetector when it does not receive any input light. The fast photodetector used for the optomechanical measurement has a NEP value of 14 nV/ √ Hz as shown in Table 4.1. Eventually, the LIA also adds another source of noise. Based on the datasheet, the best expected noise level of the high frequency input of the LIA is 4 nV/ √ Hz. The total expected noise of our system is the quadratic sum of the noise spectral density from each source of noise:

S tot = (S RIN ) 2 + (S shot ) 2 + (N EP ) 2 + (S LIA ) 2 [W/ √ Hz] (4.3)
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Noise floor evaluation of our system

First, the noise level of the input of the LIA was characterized by performing a noise spectral density measurement using the dedicated "scope" module of the LIA. A shot of samples was recorded for 36 µs with a sampling rate of 1.8 GSa/s (which corresponds to 64000 samples) and displayed in the frequency domain performing a fast Fourier transform. Eventually, a LIA option allows to calculate the power spectral density. Using this method, a noise level around 5 nV/ √ Hz was measured which is in good agreement with the expected value of 5 nV/ √ Hz. Secondly, we connected the AC output of the fast photodetector to the input of the LIA and performed another power spectral density in absence of input light. By doing this, we can measure its NEP, a value around 10 nV/ √ Hz was recorded which is slightly lower than the one given by the manufacturer (14 nV/ √ Hz). Eventually, we sent increasing light power to the photodetector and we measured the noise spectral density for each power. A 10dB-optical attenuator was added between the laser and the photodetector to avoid saturation and damages of the latter. A scheme of the noise characterization setup is shown in Figure 4.4. We used light power ranging from few µW to hundreds of µW which is comparable to the measured transmitted powers at the output of an optomechanical microdisk device. The results of these experiments are shown in Figure 4.5. We can clearly see that we are not limited by the LIA noise (black curve) which is a bit lower than the NEP (light blue curve). With increasing power, the noise floor level of our set-up gently increases away from the measured NEP. In a first approximation it seems that our noise floor is limited by the NEP of the photodetector.

LASER LIA

To confirm this result, Figure 4.6 shows the noise floor of our setup at 300 MHz (comparable to the mechanical frequency of our most used 8 µm microdisks radius) for different light powers. On the same figure, expected and measured values of the noise coming from the different sources are also displayed. We can distinguish two regimes: for optical powers below 200 µW, the noise floor limitation is given by the photodetector and above 200 µW, the noise is limited by the RIN of the laser. Up to 100 µW, the measured noise data fit well the prediction and the noise floor of our system is almost at the NEP level. It indicates that our experimental set-up is Chapter 4. Optomechanical device characterization not perturbed by any external noise sources but limited by the photodetector NEP. The only way to reduce the noise floor would be to get another photodetector with a lower NEP. Above 100 µW, which remains below the 1 mW PD saturation power, the measured noise is below the predicted limit which is in theory impossible. It might be due to a discrepancy between the RIN given by the laser manufacturer and the real value. 
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Figure 4.5: Spectral noise density of the optomechanical readout setup composed of the laser, a 10dB-optical attenuator, the fast photodetector and the lock-in amplifier.

Noise levels are measured for different values of light power sent to the photodetector. For this measurement, a shot of 64000 samples was acquired during 36 µm with a sampling rate of 1.8 GSa/s. 
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Optical characterization

Prior to perform any kind of optomechanical experiments, the optical cavity must be enlightened to obtain its optical response. Thus, we first performed optical characterization of our silicon optomechanical microdisk resonators by measuring their optical spectra in both air and liquid medium.

Optical characterization methods

Fiber to grating alignment procedure

Alignment of the optical fibers with respect to both input and output grating is a routine process performed prior to any kind of optical or optomechanical characterization of our devices. For an experiment in ambient air, the chip is simply placed on the sample holder. On the other hand, for measurements in liquid, an homemade teflon fluidic holder has been fabricated. The fluidic cell is filled with liquid such as Deionized Water (DIW) or a biological buffer solution and the sample is immersed in it. Figure 4.7 shows both samples in air and liquid with optical fibers coupled to their grating couplers.

Once the sample is placed, the fiber alignment process can be performed. Laser is switched on at a wavelength of 1.55 µm and the optical transmitted signal is continuously recorded. As mentioned previously, a camera allows visual control of the fibers position during the whole procedure as shown in Figure 4.8.

The first step consists in manually bringing the optical fibers closer to the grating couplers by using the screws on the picomotors. Indeed, the piezoelectric controlled picomotors described in Figure 4.1 can also be manually tuned. Then, the remotely driven piezoelectric micropositioning stages are used to finely control the fiber displacement in two-step process. Fibers are first vertically displaced until they slowly touch the sample surface and then moved up of ∼20 µm to avoid damaging both fibers and the sample during the next alignment step. At this stage, fibers are displaced in x and y directions only to be aligned with the gratings. The best alignment is obtained when the recorded optical transmitted output power is maximal. Eventually, the optimal coupling is reached by tuning the polarization to TE mode which corresponds to the maximum optical output transmitted power. Left: Optical fibers close to the grating couplers before alignment. Right: Input and output optical fibers correctly aligned with their respective grating couplers. This alignment was performed in air. Liquid alignment is not shown as there is no visible difference on the camera compared to air.

Continuous wavelength sweep

The very first optical characterization of the devices consisted in measuring optical response over a large spectral range (1500-1620 nm). The optical spectrum gives several pieces of information such as the grating couplers efficiency as well as a first approximation of the microdisk optical WGM resonances locations.

In order to get the full optical spectrum of our devices, we performed a laser wavelength sweep from λ min to λ max (usually 1500-1620 nm which corresponds to the laser spectral range) at constant power and we simultaneously recorded the output transmitted optical power in the time domain. We used the DC output of the slow photodetector for this measurement. A scheme of the set-up is shown in Figure 4.9. Monitoring a dedicated auxiliary signal from the laser, we were able to detect when the laser started and ended (t 0 and t end ) the wavelength sweep. It allowed us to convert the time scale into wavelength scale assuming a constant laser scanning
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speed. Thus at a given time t and for a given scanning speed v sweep , the corresponding laser wavelength λ is given by:

λ = λ min + (t -t 0 )v sweep (4.4)
The laser scanning speed is normally known and chosen from the laser settings (from 1 nm/s up to 100 nm/s). However, in order to improve the conversion accuracy we recalculated the real scanning speed as:

v sweep = λ max -λ min t end -t 0 (4.5)
Despite this extra precaution, we still observed an offset error between converted wavelength scale and real wavelength obtained performing step-by-step optical characterization (see section 4.2.1.3). We assumed that this discrepancy originates from a small delay between the measured t 0 and the "real" starting time of the laser sweeping.

This kind of measurement aims to provide a preliminary optical spectrum in a short amount of time, usually less than a minute. A typical optical spectrum of an optomechanical device is shown in Figure 4.10. From this spectrum, informations on both the optical grating couplers and the microdisk optical properties can be obtained. Indeed, the "bell" shape of the spectrum corresponds to the gratings/waveguide response while the peaks are the WGM resonances of the microdisk and will be described in section 4.2.2.2.

Step-by-step wavelength scanning

After detecting the approximate wavelength position of the WGM of the microdisk, a step-by-step scanning is performed to focus on the resonance peaks with more details.

The step-by-step wavelength scanning measurement set-up is shown in Figure 4.11. Light is injected through the device with a wavelength λ 1 and 10% of the transmitted output power is recorded via the slow photodetector. Then, a new wavelength λ 2 is set and a new power value is measured. Such routine is performed over the entire wavelength range with a wavelength step of 1-10 pm. For each wavelength, the transmitted output power is averaged over a specified time (typically 250 ms) hence reducing the noise. As opposed to the continuous sweep, with this method, the wavelength is known for each measurement point and no conversion is required. On the other hand, such measurement is time consuming and can not be performed over large wavelength range. Indeed, with a 1 pm step, an averaging time of 250 ms and an added time delay due to the laser cavity displacement, the resulting scanning speed is around 50 s/100 pm. Scanning over the entire laser wavelength range (120 nm) would take 16 hours which is obviously not suitable. In this case, measurements would be likely affected by optical resonance shifts due to thermal drift. That is why step-by-step scanning is only performed over smaller wavelength ranges (from 10 pm up to 1-2 nm) in order to observe individual WGM resonance peaks.

Thus, from such measurement and thanks to a homemade Python fitting code, we can derive optical disk properties such as the internal and external quality factors as described in section 2.2.2 in order to evaluate their optical performance. A typical example of a spectrum exhibiting a WGM doublet measured with the step-by-step scanning techniques is shown in Figure 4.12. For each laser wavelength, the transmitted optical output power is averaged over a given acquisition time and recorded. An example of a doublet WGM resonance peak recorded using this method is shown on the schematic computer screen.

Optical results in air

In the previous section we have described the two different types of optical characterizations that we have routinely performed with our devices. We will now describe the different optical results obtained with these methods in ambient air in order to evaluate the optical performance of our devices.

Grating coupler response

As described in section 2.6.2.2, two types of gratings were designed with different parameters (grating period and optical fiber incident angle) for each fabrication run. Both versions were designed for a central wavelength of 1550 nm and a bandwidth ranging from 1500 to 1600 nm in section 2.6.2.2) to be within our laser bandwidth (1500-1620 nm). In reality, due to variability between the theoretical and real dimensions after fabrication (width of the trenches or etching depth), the grating response and particularly the central wavelength can be shifted. It becomes a problem when the central wavelength is shifted at the extremity of the laser bandwidth. Experimentally, we overcome this issue by simply tuning the fiber angle. Indeed, in section 2.6.2.2, we defined the grating phase matching equation allowing constructive interferences:

n med sin θ + λ 0 Λ = n ef f (λ 0 ) (4.6)
where λ 0 is the central wavelength, Λ the grating period, n med is the index of the above medium and n ef f is the effective refractive index of the grating.

From this equation we can see that a change of the angle ∆θ will induce a central wavelength shift ∆λ 0 such that:

∆λ 0 ∆θ = n med cosθ dn ef f dλ 0 - 1 a (4.7)
Hence, for both PTA (θ = 10°and Λ = 625 nm) and ENO1 (θ = 11.5°and Λ = 635 nm) grating versions, considering dn ef f /dλ 0 = -1.1 µm [128]1 , we estimate a central wavelength shift of ∼ -6.3 nm/°.
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An example of the central wavelength tuning is shown in Figure 4.13, the grating was originally designed for ENO1 with a given angle of 11.5°. As we can see on the figure, thanks to our tilting stages we were able to increase the fiber incident angle of roughly 3°leading to shift the central wavelength of ∼ -20 nm which is in good agreement with the estimation. From the continuous wavelength sweep measurement, we can also calculate the coupling efficiency of our gratings and compare it to the theoretical estimation. Figure 4.14 shows a typical response of ENO1 and PTA grating for the same optical input power. The maximum coupling efficiency measured for both version is approximately 5.5%. This response includes two grating couplers, thus the coupling efficiency for one coupler is 23.5% which is a bit lower than simulated value for similar grating design [START_REF] Taillaert | Grating couplers for coupling between optical fibers and nanophotonic waveguides[END_REF]. Studies have shown higher coupling efficiency up to 81% with SOI optimized grating designs [START_REF] Taillaert | Grating couplers for coupling between optical fibers and nanophotonic waveguides[END_REF][START_REF] Marchetti | Highefficiency grating-couplers: demonstration of a new design strategy[END_REF]. We decided not to spend time on optimizing the grating efficiency in order focus on the main objective; performing liquid biosensing with the devices. Hence, a safer approach based on a robust and already proven design was preferred. Nonetheless, that is something that will be investigated in the near future.

Eventually, polarization needs to be taken into account when analyzing the grating response and especially when measuring their coupling efficiency. As explained in section 2.6.2.2, our optical grating couplers are optimized for TE mode. Hence, light polarization has to be controlled prior to be injected into the gratings. Ex- 

Optical response of the microdisks

Results for ENO1 devices

Optomechanical devices from the ENO1 run were the first devices to be optically characterized. As described in section 2.6, microdisks with radii from 1 to 20 µm and optical gaps ranging from 200 to 500 nm were designed for ENO1. Figure 4.16 shows optical spectra obtained with the continuous wavelength sweep techniques for different disk radii and a fixed optical gap of 200 nm. In all the chips that were tested, we noticed that only disks with radius of 3, 4, 5, 6, 8 and 10 µm exhibit WGM resonance peaks in the bell shape optical response. For the smallest disk with a radius of 2 µm and disks with radius larger than 14 µm we didn't measure any optical resonances. This could originate from a wrong phase matching for higher disks. After these preliminary tests, we mainly used microdisks with a radius of 8 µm as they exhibited the best optical response.

From the microdisks optical response over a broad wavelength range we can also use the analytical model presented in section 2.2.1.2 to identify both a WGM azimuthal (m) and radial (n) numbers. Additionally, the FSR can also be measured. Figure 4.17 displays the identification of the WGM of a 8 µm radius microdisk. We can see that first fourth radial orders are visible. We also measured an FSR of 14 nm 123 Chapter 4. Optomechanical device characterization for this microdisk which is in good agreement with the theoretical value of 14.08 nm estimated with the analytical model. Step-by-step scanning measurements focusing on the WGM resonances were then performed. These experiments showed that our optomechanical microdisks exhibit high loaded optical quality factors from few 10 5 up to 1 million as shown in Figure 4.18. These results equal state-of-the-art quality factors reported in literature when comparing with optomechanical microdisks with similar dimensions and materials [START_REF] Borselli | Beyond the Rayleigh scattering limit in high-Q silicon microdisks: theory and experiment[END_REF]. Higher optical quality factors up to 6 millions have been demonstrated in 2017 by Favero's group [START_REF] Guha | Surface-enhanced gallium arsenide photonic resonator with quality factor of 6 × 10^6[END_REF] using surface enhanced GaAs microdisks.

We also tested the optical response of our microdisks for the different optical gap values included in our designs. Figure 4.19 shows that the best result, in terms of coupling is obtained for the smallest optical gap of 200 nm. Increasing the optical gap results in higher external coupling losses (Q ext ) and for a gap greater than 300 nm, optical resonances almost completely vanished. We can also notice that the gratings responses, corresponding to the "bell" shape envelope, overlap almost perfectly for As detailed in section 2.3, several coupling regimes (under, critical or over coupled resonators) can be found. In order to determine the coupling regime of our resonators, we performed step-by-step scanning measurements over one typical optical resonance, both for 200 nm and 300 nm gaps. For each gap, the WGM peaks were fitted and both internal and external quality factors were extracted. We assumed that the coupling between the waveguide and the microdisk decays exponentially with the optical gap owing to the evanescent nature of the electromagnetic field outside the disk (see Equation 2.19 and Figure 2.9) and the waveguide boundaries. We thus expect the external coupling losses κ ext to follow the same behavior such that [START_REF] Eichenfield | Actuation of micro-optomechanical systems via cavity-enhanced optical dipole forces[END_REF]:
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κ ext (g opt ) = κ ext (0)e -goptη (4.8)
Where g opt is the optical gap and η is the decay length. Figure 4.20 shows the evolution of the external losses as a function of the optical gap and confirmed the evanescent behavior assumption. From there we can see that the optical gap range we designed is in the under-coupled regime. The critical regime is obtained when the condition Q int = Q ext is reached. As mentioned previously, among all the tested ENO1 we recorded optical quality factors ranging from few 10 5 up to 1 million. Hence, considering an average Q int = 5 × 10 5 , we estimated the critical coupling gap to be around 100 nm. Future VLSI fabrication runs will include designs with optical gap around the estimated optimal value in order to reach the critical regime. Despite the number of points, we can assume that the external coupling loss follows an evanescent behavior, as predicted by the coupled mode theory. The critical coupling regime is found for Q int = Q ext which leads to an optical critical gap of ∼101 nm. Lower and greater optical gaps result in respectively over and under-coupled regimes.
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Results for PTA devices

Based on the first optical results obtained with the ENO1 devices, we optimized our designs for the PTA fabrication runs. The fabrication was focused on mainly four disk radii and optical gaps ranging from 75 to 225 nm. As for ENO1, the same optical characterizations were performed. Figure 4.21 presents the optical spectra of optomechanical devices with different disk radii. As for ENO1, we obtained the best results for microdisk with a radius of 5 and 8 µm while greater disk radii seem to exhibit a much lower coupling resulting in vanishing optical resonances. Based on these values we can logically expect to find the critical coupling for a lower optical gap distance than the 100 nm estimated for ENO1. In a similar fashion, we recorded continuous optical spectra of devices with a 8 µm disk radius for different optical gap values. The results are illustrated in Figure 4.23. The critical coupling regime is nearly reached for an optical gap of 75 nm with high contrasted resonance peaks while increasing the gap distance results in lowering the contrast until resonances completely vanish. As for ENO1 devices, we observe identical gratings responses for each device (namely each optical gap). It demonstrates that the PTA fabrication process also exhibits a high-reproducibility.

Eventually, Figure 4.24 described the evolution of the external coupling losses κ ext as a function of the optical gap distance. The expected evanescent behavior of κ ext is again observed which confirms the original assumption. Considering an average optical quality factor of 8 × 10 4 , the critical regime is reached for an optical gap of 64 nm. Unfortunately 75 nm was the lowest gap value resolvable with the PTA fabrication process so we couldn't reach the proper critical coupling regime. 

Thermo-optic effect

In the previous sections, all the optical WGM resonances were recorded at low laser power and displayed a linear Lorentzian or double Lorentzian (in case of a doublet) shape. However, at higher laser power, optical resonances can exhibit a deformed non-linear triangle shape as shown in Figure 4.25 due to thermo-optic effect. The latter originates from a temperature increase in the microdisk resulting from heat production due to higher light absorption. As the refractive index of silicon is dependent on temperature through the positive thermo-optic coefficient dn/dT (1.8 × 10 -4 K -1 at 300 K [START_REF] Komma | Thermo-optic coefficient of silicon at 1550 nm and cryogenic temperatures[END_REF]), the effective index n ef f of a WGM also exhibits a temperature dependency.

In section 2.2.1.1, we demonstrated the WGM resonance condition for a microdisk:

λ r = 2πRn ef f m (4.9)
where 2πR is the circumference of the microdisk with R its radius, n ef f the effective refractive index of the microdisk, λ r the resonance wavelength and m the azimuthal number.

Hence, a shift of the refractive index will induce an optical resonance wavelength shift. Experimentally, when slowly scanning over a WGM at high laser power from the low wavelength side, the optical resonance wavelength is red-shifted as the power increases in the microdisk. When the optical resonance is reached, no additional power can be injected into the cavity. Therefore, increasing the scanning wavelength beyond resonance wavelength, the cavity goes back to its resting position. Such phenomenon explains the triangle shape of WGM resonance peaks at higher laser power. From Figure 4.25, when operating in air, non linear deformation of the optical resonances due to thermo-optic effect in the microdisk starts to be visible for laser power above 25 µW. Such phenomenon is not a problem for our experiments. As a matter of fact, all the mechanical measurements (see section 4.3 and section 4.4) were performed using non-linear optical resonance peaks. On the other hand, optical characterizations were always performed in the linear regime (i.e at low laser power) in order to facilitate the fitting process. While increasing power, thermo optic resonance red shift is observed as well as non linear deformation of the optical response resulting in a triangle shape.

Optical spectra in liquid

After optically testing our devices in air, we performed the same measurements immersing them in liquid (DIW), a prerequisite for in situ biosensing (see chapter 1). We will describe the liquid effects on both the grating couplers and the microdisks optical responses.

Grating couplers response in liquid

Immersed in liquid, the optical grating couplers response is modified due to the change of refractive index. Indeed, from the phase matching grating equation (4.6) we can deduce that a change of the surrounding medium refractive index ∆n med induces a central wavelength shift ∆λ 0 : 

∆λ 0 = sin θ dn ef f dλ 0 -1 Λ ∆n med ( 4 

Microdisk WGM resonances in liquid

In liquid, not only the grating response is modified but also the WGM resonances of the microdisks. The first effect observed in liquid is the broadening of the optical WGM due to higher optical losses and thus lower optical quality factors. Microdisks fabricated on the ENO1 run exhibit loaded quality factor ranging from few 10 4 up to 1.5 × 10 5 as illustrated in Figure 4.27. On the other hand, PTA devices exhibit optical quality factor in liquid ranging from 3 to 5 × 10 4 .

The second effect observed when immersing the optomechanical devices in liquid is a red shift of the optical resonance wavelength due to the change of refractive index. Experimentally, we observed in liquid (DIW) a redshift of the WGM resonance wavelengths of ∼10 nm as shown in Figure 4.29. However we can notice that the redshift is slightly different for each optical resonance mode. In addition we also observed a slightly decrease of the FSR (not shown here) which was also expected based on the theoretical model.

On the same Figure 4.29, we also observe an increase of the optical resonances contrast compared to air measurements meaning that the waveguide to microdisk coupling is improved. This effect originates from the higher refractive index of DIW compared to air which results in a lower index mismatch between silicon and liquid. Hence, in liquid, the evanescent field spreads further out of the waveguide and disk and the critical coupling regime should be reached for a larger gap distance compared to air. The critical gap for both ENO1 and PTA operating in liquid was estimated in a similar way to air by fitting the evolution of the external coupling loss of a microdisk for different optical gap values (see section 4.2.2.2). The results displayed in Figure 4.30 confirmed the expected increase of critical gap distance in liquid. Indeed, for ENO1 devices, considering an average Q int = 1×10 5 , the critical coupling regime is reached for an optical gap of ∼107 nm, 6 nm larger compared to air. On the other hand, the estimated critical gap in liquid for PTA devices is ∼75 nm (64 nm in air) considering an average Q int = 4 × 10 4 . 

Thermo-optic effect in liquid

As in air (see section 4.2.2.3), the thermo-optical effect is also observed when operating the microdisk in liquid. Figure 4.31 displays one optical WGM resonance peak measured in DIW with increasing laser powers. We still observe the positive thermo-optical distortion the peak resulting in a triangle shape. However another effect appears in liquid. As opposed to silicon, water has a negative thermo-optic coefficient [START_REF] Kim | Thermo-optic coefficient measurement of liquids based on simultaneous temperature and refractive index sensing capability of a two-mode fiber interferometric probe[END_REF] which causes a blue shift of the optical resonance wavelength with increasing laser powers. With our microdisk, we observe two trends. First, the WGM distortion due to the silicon positive thermo-optic coefficient starts to be visible at a higher laser power (∼200 µW) than in air (∼25 µW). Such effect is due to surrounding liquid environment that adds a thermal conductance which in turn decreases the temperature within the microdisk. Second, the water induced blue shift of the optical resonance wavelength is observed for laser power values below 200 µW. In this regime we the water induced negative thermo-optic effect is predominant and a blue shift is observed. On the contrary, for higher laser powers, the positive thermo-optic effect is predominant and the WGM distortion appears. An estimated gap distance corresponding to the critical coupling regime is given for both types of devices. As expected, in liquid the critical optical gap is a bit larger than in air. 

Thermomechanical noise measurement

In the last section, we have optically characterized our optomechanical devices in both air and liquid media. The next step consists in measuring the mechanical response of our resonators in order to extract their mechanical quality factors in air and liquid. For this purpose we first performed a direct optomechanical detection by optically measuring the thermomechanical noise motion of the microdisks.

Thermomechanical noise

The thermomechanical noise, also called Brownian noise of a mechanical system originates from the coupling with its environment in the form of a stochastic force acting in every directions. Hence, from the fluctuation-dissipation theorem, a thermomechanical force spectral density S f (ω) is defined as [START_REF] Ekinci | Ultimate limits to inertial mass sensing based upon nanoelectromechanical systems[END_REF]:

S f (Ω) = 4k B T m ef f Ω 0 Q m [N 2 /Hz] (4.11)
where m ef f is the effective mass of a given mode of the microdisk, k B the Boltzman constant, T the temperature, Ω 0 the resonance frequency and Q m the mechanical quality factor of the microdisk. As a mechanical resonator, the microdisk plays the role of a band-pass filter. Hence, knowing the transfer function of an harmonic oscillator H(Ω) [START_REF] Ekinci | Nanoelectromechanical systems[END_REF], we can derive the spectral density displacement S x,th (Ω) = |H(Ω)| 2 of the microdisk resonator around the resonance (Ω Ω 0 ) such that:

S x,th (Ω 0 ) = 4k B T Q m m ef f Ω 3 0 [m 2 /Hz] (4.12)
This expression will be used to calibrate our optomechanical transduction readout.

Measurement principle

Experimental set-up

Measurement of the thermomechanical noise motion of our silicon microdisks is performed injecting light into the device at a constant wavelength λ r and recording the mechanically modulated transmitted optical signal. The set-up used for this measurement is described in Experimentally, a WGM resonance peak is first selected performing a step-bystep sweep and the laser wavelength is then tuned on the blue flank of the optical resonance. Thanks to the optomechanical transduction principle (see section 2.5.1), the transmitted optical signal is modulated by the thermomechanical motion of the microdisk. This signal is eventually recorded by the high frequency photodetector, transformed into an electrical signal and sent to the LIA to be demodulated. A sweep of the demodulation frequency around the mechanical frequency of the microdisk is eventually performed to record the thermomechanical noise spectrum. For each demodulation frequency, an averaging is also performed to reduce the fluctuation.

Hence, the amplitude of thermomechanical noise recorded by the LIA is initially given in V . Being a noise spectral density, we normalize it by the bandwidth of the

Thermomechanical noise measurement

LIA used for the acquisition and express it in V / √ Hz. Figure 4.33 displays a typical thermomechanical noise spectra of a 10 µm microdisk exhibiting a mechanical resonance peak at f 0 = 252.55 MHz corresponding to the fundamental RBM of the microdisk and quality factor of 5087. Both mechanical frequency f 0 and mechanical quality factor Q m are derived fitting the mechanical response. From this figure we measured a noise floor of ∼13 nV/ √ Hz which corresponds to the instrumentation noise as shown in section 4.1.2.2. It shows that no additional noise is added to the response proving that we only measure the thermomechanical noise. The inset shows the optical WGM resonance used for this measurement as well as the laser wavelength tuned to the blue flank of the peak.

Optomechanical transduction for different laser powers

In order to observe the thermomechanical noise as shown on Figure 4.33, a sufficient laser power needs to be used so that the mechanically modulated transmitted optical power can be resolved by our setup. Figure 4.34 illustrates thermomechanical noise measurement for a 8 µm microdisk radius at ambient pressure for different laser powers. We can see that below 50 µW the thermomechanical noise can not be read, meaning that the amplitude of the modulated optical signal is below or in the same order of magnitude of our setup noise floor which is limited by photodetector's NEP. However, for powers above that threshold value of ∼50 µW the thermomechanical resonance characterized by a Lorentzian shape peak starts to be observed. In that case, at the mechanical resonance frequency, we are limited by the TMN. We also notice that the amplitude of the thermomechanical noise changes linearly with respect to the laser powers.

Experimentally, we thus used laser powers in the order of few hundreds of µW to measure the thermomechanical noise of our device. At such power value, optical resonances exhibit a non linear triangle shape due to thermo-optic effect (see section 4.2.2.3). That is the reason why we used non linear optical peaks as shown in Figure 4.33. Thermomechanical noise measurement for different laser powers (P) of a silicon microdisk with a 8 µm radius in air. The same optical WGM was used for each measurement. The thermomechanical noise starts to be measured for a power threshold of ∼50 µW as its amplitude is above the setup noise floor (blue dashed line). The inset shows the evolution of the thermomechanical noise amplitude as a function of the laser power. Above 50 µW, the fit (red dashed line) shows that it changes linearly with the increasing laser power.

Optomechanical transduction for different laser wavelengths

At low laser powers, the spectral response of WGM resonances exhibits a lorentzian shape peak which can be expressed with the optical transmission T ω (see sec- 

T ω = P 0 1 - C r (κ int + κ ext ) 2 4∆ 2 + (κ int + κ ext ) 2 (4.13) 
where P 0 is the incident laser power, κ int and κ ext the intrinsic and extrinsic optical losses respectively,

C r = 4κ int κ ext Q ω 0
2 is the contrast and ∆ = ω -ω 0 the optical cavity WGM resonance (ω 0 ) detuning from the incident laser frequency (ω). We know that the motional sensitivity (the ratio between a change in the optical transmission ∆T and the a mechanical displacement ∆x) is directly proportional to both the slope of the resonance peak and the optomechanical coupling parameter such as:

∆T ω = dT dω • g om 2π • ∆x (4.14)
Hence, by finding the conditions of the highest slope of the optical resonance one can achieve the maximum motional sensitivity. This point corresponds to the inflection point of the flank of the resonance and can be derived using the first T (ω) and second T (ω) derivative of T ω :

T ω = 8P 0 C r (κ int + κ ext ) 2    ∆ 4∆ 2 + (κ int + κ ext ) 2 2    (4.15) T ω = -8P 0 C r (κ int + κ ext ) 2    12∆ 2 -(κ int + κ ext ) 2 ∆ 2 + (κ int + κ ext ) 2 3    (4.16)
Solving T ω = 0 we found the optimal optical frequency corresponding to the inflection point at ω = ω 0 ± √ 3 6 (κ int + κ ext ). Eventually, we evaluate T ω and T ω at the inflection point ω = ω 0 ± √ 3 6 (κ int +κ ext ):

T ω (ω = ω 0 ± √ 3 6 (κ int + κ ext )) = ± 3 √ 3 4 P 0 C r Q load ω 0 (4.17) 
with (κ int + κ ext ) = ω 0 /Q load From this equation we can rewrite the expression of the variation of transmitted power ∆T ω as a function of the microdisk displacement ∆x :

∆T ω = 3 √ 3 4 P 0 C r Q load ω 0 • g om 2π • ∆x (4.18)

Chapter 4. Optomechanical device characterization

The evaluation of T ω at the inflection point gives:

T ω (ω = ω 0 ± √ 3 6 (κ int + κ ext )) = P 0 1 - 3 4 C r (4.19)
From (4.19), we show that the optimal optical frequency leading to the maximum motional sensitivity corresponds to 3/4 of the peak amplitude.

Experimentally, as explained in the previous section, we had to use non linear triangle optical resonances for which the previous optimal condition is no longer valid. Thus we couldn't simply adjust the optical laser wavelength at 3/4 of the peak amplitude. However we expected a similar behavior. To verify this assertion, thermomechanical noise measurements at different laser wavelength on the blue flank of an optical resonance were performed. The result is shown in Figure 4. [START_REF] Ercole | A biosensor for Escherichia coli based on a potentiometric alternating biosensing (PAB) transducer[END_REF]. Out of resonance, as expected there is no optomechanical transduction and the thermomechanical noise of the microdisk is not measured. On the other hand, increasing the laser wavelengths on the blue flank of the optical resonance away from the off-resonance condition, the amplitude of the thermomechanical noise increases up to a maximum and then decreases. The maximum of amplitude was reached for a laser wavelength corresponding to roughly half the optical peak amplitude. We thus confirmed that optomechanical transduction with "high" power non linear optical resonance behaves similarly to low power linear optical ones. For all the subsequent measurements we thus tuned the laser at the wavelength leading to the highest motional sensitivity.

Calibration of the optomechanical transduction

First of all, resolving the thermomechanical noise of our microdisk is a compelling demonstration of the high sensitivity of the optomechanical transduction. Secondly, it is also a convenient way to calibrate the detection system in order to quantify the transduction gain G tr .

Using equation (4.18) we can define the expression of the variation of voltage amplitude ∆V LIA (f ) read by the LIA as a function of the displacement ∆x:

∆V LIA (f ) = G pd 3 √ 3 4 P 0 C r Q load ω 0 • g om 2π • ∆x [V ] (4.20)
where G pd is the photodetector gain.

Assuming that we effectively measure the thermomechanical noise and nothing else, we can express the thermomechanical peak amplitude S V,th (f 0 ) such as: 

S 1/2 V,th (f 0 ) = G pd 3 √ 3 4 P 0 C r Q load ω 0 • g om 2π • S 1/2 x,th (f 0 ) [V / √ Hz] (4.21)
G tr = S V,th (f 0 ) S x,th (f 0 ) [V /m] (4.22)
Experimentally, we measure the thermomechanical noise of a microdisk and the result corresponds to the voltage noise spectral density S

1/2 V (f ) in (V/ √
Hz) as shown in Figure 4.33. The thermomechanical peak amplitude S

1/2 V,th (f 0 ) is derived from the measured spectrum as S 1/2 V,th (f 0 ) = (S V (f 0 ) -S V,noise ) 1/2 .
Then we need to know the mechanical resonance frequency (f 0 ), the mechanical quality factor Q m and the effective mass m ef f of the microdisk in order to calculate its thermomechanical spectral density displacement S x,th (f 0 ). Mechanical frequency and quality factor are extracted by fitting the thermomechanical spectrum while the effective mass is estimated through FEM simulation.

Once the transduction gain is derived, we can easily convert the result originally expressed in (V/ √ Hz) to (m/ √ Hz) as shown in Figure 4.36. The thermomechanical spectrum was recorded on a 10 µm optomechanical microdisk radius. 

Calibrated thermomechanical noise spectra in air

Thermomechanical mechanical noise measurements were first performed on optomechanical devices from both ENO1 and PTA runs at ambient pressure. While we found difference in terms of optical performance between ENO1 and PTA devices their mechanical properties are similar. Hence, from now, we will equally use ENO1 and PTA devices. Figure 4.37 shows optically resolved thermomechanical spectra of optomechanical devices for four different microdisk radii (5, 6, 8 and 10 µm) with a high displacement sensitivity down to few am/ √ Hz (1 am = 10 -18 m). They exhibit mechanical quality factors of few 10 3 which is comparable to the state of the art [START_REF] Sun | High-Q silicon optomechanical microdisk resonators at gigahertz frequencies[END_REF][START_REF] Gil-Santos | High-frequency nano-optomechanical disk resonators in liquids[END_REF] and mechanical resonance frequencies at few hundreds MHz. The measured mechanical frequencies are in good agreement with the 3D FEM simulated values (error < 2%). From these spectra, the transduction gain was also calculated for the different disk radius. This latter increases with the disk radius and range from 34.8 (R = 5 µm) to 616.8 nV/fm for the 10 µm disk radius. All the results are summarized in Table 4.2.

Estimation of the optomechanical coupling parameter

In section 2.5.4, we estimated the optomechanical coupling parameter g om using a FEM simulation model. Another method consists in using the thermomechanical calibration of the optomechanical readout. Indeed, from Equation 4.21, the g om can be expressed as: ) and simulated (f sim 0 ) mechanical frequency, mechanical quality factor (Q m ), effective mass (m ef f ), thermomechanical peak amplitude (S

4.3. Thermomechanical noise measurement R=10µm f r =252.54MHz Q m = 5480 R=5µm f r =499.621MHz Q m = 2156 R=6µm f r =414.8MHz Q m = 3778 R=8µm f r =315.9MHz Q m = 2141
f sim 0 (MHz) Error (%) Q m m eff (pg) S 1/2 V,th (f 0 ) (nV/ √ Hz) S 1/2 x,th (f 0 ) (fm/ √ Hz) G tr (nV/fm) 5 
1/2 V,th (f 0 )), thermo- mechanical spectral density displacement (S 1/2
x,th (f 0 )) and optomechanical transduction gain (G tr ).

g om = G tr 8π 3 √ 3 c G pd P 0 C r Q load λ 0 (4.23)
where G tr is the optomechanical transduction gain, Q load the loaded optical quality factor, c the speed of light, P 0 the laser power, G pd the photodetector gain, C r the contrast and λ 0 the resonance wavelength.

The optomechanical transduction gain is obtained from the thermomechanical noise spectrum as described in the previous section. The optical parameters are derived from the optical resonance peak fitting. In our case as explained in section 4.3.2.2, we use non linear optical resonances which prevent from extracting optical parameters such as the optical resonance wavelength, the optical quality factor and the contrast. For that purpose these parameters are estimated fitting the same optical resonance at lower power so that it exhibits a classical Lorentzian shape.

Using this method, the optomechanical coupling parameter of a 10 µm microdisk radius was estimated around 15.299 GHz/nm which is in agreement with the simulated value of 11.505 GHz/nm. Table 4.3 summarized the parameters used for this calculation.
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Thermomechanical noise spectra in liquid

After measuring the thermomechanical noise of our optomechanical devices in air, we performed the same measurement in liquid. The liquid induces strong dissipation and thus a drastic diminution of the mechanical quality factor as explained in section 2.4.2.1. However due to the extreme displacement sensitivity of our optomechanical microdisk, we were able to resolve their thermomechanical noise motion in liquid medium. The devices were immersed in deionized water prior to be characterized. We first selected a WGM exhibiting a high quality factor and we performed thermomechanical noise measurement as described in section 4.3.2. Figure 4.38 shows the thermomechanical noise of a 8 µm microdisk in both air and liquid medium. In liquid, a downshift of the mechanical resonance frequency of approximately ∼15 MHz. In addition we also clearly see a broadening of the mechanical resonance resulting in a reduction of the mechanical quality factor from 2 × 10 3 down to 14.5 in liquid which is comparable to the state of the art [START_REF] Gil-Santos | High-frequency nano-optomechanical disk resonators in liquids[END_REF][START_REF] Fong | Nano-Optomechanical Resonators in Microfluidics[END_REF]. Both frequency downshift and mechanical-Q reduction results are in good agreement with the simulations described in section 2.4.1. 

Optical actuation of the silicon microdisks

After measuring the thermomechanical noise of our devices we proceeded one step further by optically actuating the mechanical motion of the microdisk in order to take full advantage of the optomechanical transduction. Actuating allows the increasing of the SNR which is limited by the thermomechanical noise (see section 4.3) which in turn improves the resolution of our device (see equation (1.5)). In addition, driving the devices with a coherent RF signal provides a coherent phase measurement. Tracking of the frequency changes using a phase locked loop can also be performed hence demonstrating the potential for real time mass sensing measurements.

Classically, actuation of MEMS is performed via electrical means such as electrostatic actuation. An example of optomechanical microdisks actuation via electrostatic electrodes is presented in [START_REF] Sridaran | Electrostatic actuation of silicon optomechanical resonators[END_REF]. As seen on this study, it requires two electrodes on each side of the microdisk separated by a few hundreds of nanometers gap. In liquid, the presence of the gap would induce an additional viscous damping. In order to overcome this issue, high voltage could be used but that would induce a high risk of electrolysis that could be a problem for biosensing. Another solution would be to use high density ionic liquids but such buffers could create an osmotic shock and destroy the biological analytes. From that point of view, optical actuation appears to be an elegant solution to drive the optomechanical microdisk resonators.

As for all the optomechanical devices characterizations, All-optical operation (actuation and detection) was performed in air prior to be tried in liquid. While we obtained successful results in air, actuation in liquid remained an issue.

Measurement principle

All-optical operation of the optomechanical microdisk is performed using a classical two laser pump/probe scheme as illustrated in Figure 4.39.

A first tunable laser called "pump" laser is amplitude modulated by an Electro-Optic Modulator (EOM) at a frequency f in order to drive the microdisk mechanical motion. The EOM is light polarization dependent, hence a FPC is added between the pump laser and the EOM. The EOM amplitude of modulation is controlled by a drive voltage provided by the LIA AC output limited to 0 to 1.5 V. Hence, an RF electrical amplifier is added in order to reach 100% modulation corresponding to a 3V drive voltage. A second laser called "probe" laser is used to performed the optomechanical readout as described previously in section 4.3.2.

Light coming from both pump and probe lasers is TE polarized using FPCs and coupled into a single optical fiber with a 50:50 fiber optical coupler prior to be injected into the device. A tunable optical band pass filter is placed between the output fiber and the high frequency photodetector so that only the probe laser signal 

Optical actuation in air

Following the measurement principle described in the previous section, the mechanical response spectra of an optically driven 8 µm microdisk radius with a 200 nm optical gap for different modulated power is shown in Figure 4.40. The response is displayed in both amplitude and phase. From the amplitude response we can see that the mechanical resonance peak amplitude increases with the modulated power as expected while the mechanical quality factor remains nearly unchanged. A small noise background is also visible. The phase response exhibits the typical phase shift at the resonance frequency, however the shift is slightly lower than the expected 180°which is due to the added noise background.

Calculating the optomechanical transduction gain for this microdisk from its thermomechanical noise spectrum (blue curve of Figure 4.40) we can convert the amplitude from µV to displacement amplitude in fm. Figure 4.41 shows the evolution of displacement amplitude as a function of the modulated power. When the microdisk is not driven, the recorded displacement amplitude corresponds to the thermomechanical displacement amplitude which is around 6.2 fm for this 8 µm microdisk radius. Optically driving the microdisk up to 100% of modulated power, the displacement amplitude is linearly increased up to 102 fm. Hence, the optical actuation of our microdisk leads to a SNR of ∼ 16. Eventually, in order to quantify the frequency stability of our microdisk resonators, their Allan deviation σ y (τ ) [START_REF] Allan | Statistics of atomic frequency standards[END_REF] was measured in both open and closed loop using a phase locked loop with the help of Marc Sansa. We optically drove the microdisk at the mechanical resonance frequency at a given modulated power and we measured the frequency changes over a given integration time τ .

In open loop operation, we optically drove the microdisk at the mechanical resonance frequency ω 0 at a given modulated power and we recorded the phase deviation ∆φ/φ over a given duration time. Using the linear approximation of a resonator's phase transfer function of the second order close to the resonance ∆φ/∆ω = ω 0 /2Q m or simply calculating it from the phase response, we could convert the phase changes into frequency changes and calculate the Allan deviation. Alternatively, operating in closed loop, we used a phase locked loop in order to directly track frequency changes. For that purpose, the proportional-integrative-derivative (PID) suggested in the LIA software was used.

Eventually, the Allan deviation is obtained by calculating the quadratic mean of the frequency change between two successive frequencies such as:

σ y (τ ) = 1 2 (M -1) M -1 i=1 (ȳ i+1 -ȳi ) 2 (4.24)
where τ represents the integration time, M is the number of samples and ȳi the average fractional frequency. Figure 4.42 shows the Allan deviation of a 8 µm optomechanical microdisk radius optically driven in air at 100% modulated power as a function of the integration time τ in both open and closed loop. First of all we observe that Allan deviation for both open and closed loop are similar one to each other meaning that the phase locked loop was properly tracking the frequency changes. Secondly, from the Allan deviation, we can derive the minimum detectable mass as δm min = 2mσ y (τ ) at a given integration time. Hence, the minimum detectable mass for this microdisk is reached for an integration time of ∼ 0.5s which also corresponds to the best frequency stability of 2.4 • 10 -7 . 
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Optical actuation in liquid

After performing actuation of the optomechanical microdisks in air, we tried the same experiment in liquid. Devices were immersed in a solution of deionized water and the measurement principle was identical to air operation. While the thermomechanical noise of the microdisk was resolved in liquid, unfortunately, we have not been able to perform liquid optical actuation. As shown in Figure 4.43, the mechanical response doesn't exhibit any peak resonance but a noise background including large oscillations with a period of ∼35-40 MHz and short oscillations within the large ones with a period of ∼3-5 MHz. In addition, we can notice that the noise background is three orders of magnitude higher in liquid than in air. A higher amplitude noise background was expected in liquid as the injected probe and pump powers were 25 times higher in liquid operation than in air. However, it didn't explain the three orders of magnitude difference. Experiments with lower pump and probe powers were tested. While the amplitude of the noise background was decreasing they all exhibited the same oscillations. When performing actuation in air, narrow band measurements were performed and we didn't observe such background variations because the frequency sweep was too short. Nonetheless when performing broadband measurements for air actuation, the same phenomenon was observed with a shorter oscillation period. As the mechanical quality factor is high enough in air, the oscillations don't prevent from resolving the mechanical resonance. However, in liquid the oscillation period is in the same order of magnitude of the mechanical resonance peak's FWHM (∼25 MHz as shown in Figure 4.38). Thus either the optical actuation in liquid is not efficient enough or it is hidden by the noise background. Different combinations of probe and pump powers were tested.

Comparing to thermomechanical noise measurement, the measurement system only differs from the use of the EOM and the optical filter. Hence, we performed characterizations of these elements in order to find the origin of the oscillations. We first characterized the EOM by measuring its AC response over a broad frequency range. The set-up used for this experiment is shown in Figure 4.44. Light with a controlled polarization is sent to the EOM and the signal is modulated at a frequency f with a 50% modulation amplitude. The optical modulated signal is then sent to the high frequency photodetector, converted into an electric signal that is demodulated at a frequency f by the LIA. We observe oscillations with a very short period of ∼5 MHz that are similar to the short ones observed when performing liquid actuation. We thus implemented a simple PID loop to suppress these oscillations and maintain a constant amplitude signal. The oscillation-free AC EOM response with the PID is shown in Figure 4.45. Actuation with the devices including the PID loop was performed but no significant difference in the signal was observed. The origin of the most disturbing long-period oscillations that prevent from resolving the actuated microdisk motion in liquid is still unknown.

We then performed a 2 laser actuation measurement similarly to the optical actuation scheme presented in section 4.4.1 but without any device. The amplitude of modulation is set at 50% for all measurements. The measurement set-up is shown in Figure 4.46. Thanks to the tunable optical filter, we were able to measure either the probe or the pump signal. The results are presented in Figure 4.47. As expected, the pump signal exhibits the same oscillations we observed in the EOM response in absence of optical filter. The probe signal doesn't exhibit the short oscillations coming from the EOM indicating the optical filter is behaving as expected. In Eventually, none of the investigations on these two elements gave satisfying answers. We assumed the oscillations to be likely due to some coupling of thermal origin, hence the difference between the noise figure in air and liquid. At that point, the decision was taken not to investigate further this issue in order to focus on the main objective of this work; establishing a proof of concept of biosensing in liquid with optomechanical microdisk resonators.

Estimated mass resolution

As described in the introduction, the main objective of this work is to perform insitu biosensing using our optomechanical microdisk resonators. For that purpose they will be used as classical mass sensors relying on the tracking of the mechanical frequency changes induced by mass absorption on its surface. As mentioned in chapter 1, one figure of merit of these sensors is the mass resolution. The minimum detectable mass is defined as (see equation (1.5)):

δm min 1 Q 1 SN R m ef f (4.25)
We have explained previously that in liquid we have not been able to perform optical actuation. For this reason, as a biosensor, the frequency changes of the optomechanical microdisk can only be tracked through the measurement of its thermomechanical motion. In this condition, the SNR is close to 1 and the minimum detectable mass is 1 Q m ef f . For a microdisk with a 8 µm radius exhibiting a mechanical quality factor of 14.5 in water and an effective mass of 7.7977 × 10 -14 g 2 we can expect a mass resolution of 5.36 fg (1 fg = 10 -15 g). Supposing we were able to 4.6. Conclusion actuate the microdisks in liquid with an SNR of 1000, we would reach the attogram level in liquid.

Conclusion

This chapter was dedicated to both the optical and the optomechanical characterizations of the device. For that purpose, a robust and efficient optomechanical characterization bench allowing all sorts of optomechanical experiments in both air and liquid was developed. A full characterization of the set-up was described in order to evaluate its noise floor. We demonstrated that the latter was limited by the NEP of our photodetector indicating that the set-up was not perturbed by any other external noise sources.

We started with a complete optical characterization of the devices remembering that the initial objectives were to have high-Q microdisks, to reach the critical coupling regime and to have an efficient light injection method. The optical measurements showed that our optical grating couplers exhibited a transmission efficiency of ∼ 23.5% in both air and liquid. Such result is below the current state of the art and optimization of the grating design could help to improve it. Light injection was not a real issue for our experiments as we could simply increase the laser power and we were never limited by the maximum available laser power. However, improving the light collection is important. Indeed, it would decrease the power threshold allowing the observation of the thermomechanical noise. We were also able to observe and identify the different microdisks optical WGM according to the analytical models developed in chapter 2. Optical quality factors up to 1 million in air and few 10 5 in liquid were measured with our best microdisks which is similar to the current state of the art. Eventually, we showed that the critical coupling regime was almost reached for the PTA devices while ENO1 ones were a bit under-coupled. However we are now able to better predict the design dimensions and especially the optical gap distances that would allow reaching the critical coupling regime.

The measurements were then focused on the optomechanical characterizations of the devices. Thanks to the high optical performance, we demonstrated the resolution of the thermomechanical motion of our microdisks at few hundreds of MHz in air and even in highly damped liquid medium. State of the art motional sensitivity in order of few am/ √ Hz was recorded with mechanical quality factors of few 10 3 in air down to 10-15 in liquid. We were also able to estimate the optomechanical coupling parameter. All the results were in good agreements with the different models and simulations presented in chapter 2. Eventually, going one step further, we reported the optical actuation of the microdisk in air using pump-probe laser scheme. Closedloop operation was also performed in order to track the frequency in real-time. First results demonstrated a transduction gain of 16 (i.e SN R = 16) compared to the thermomechanical noise measurements. Liquid actuation was then attempted but still remains an issue. The main problem originated from the presence of important background noise variations that prevented us from observing the actuation signal. The problem was investigated but the origin of these variations remains unknown.

Eventually, the mass resolution of the optomechanical microdisk resonators was estimated. Considering a SNR close to 1, meaning that the devices are not driven, we can expect a femtogram mass resolution in liquid. Achieving optical actuation of the device would allow to further improve the resolution. Hence, further investigations on the liquid actuation would need to the be performed in the near future to address the problem. Using as a biosensor, the mass resolution needs to be translated into limit of detection in order to compare it with the state of the art. The next and last chapter will be focusing on using the optomechanical for biosensing in liquid and the limit of detection of our Si microdisks for two different biological elements will be proposed.

Chapter 5

In-situ biosensing measurements with optomechanical microdisk resonators

Based on the definition given in chapter 1, a biosensor is composed of a biorecognition layer together with a transducer. In our system, the optomechanical microdisk plays the role of the transducer. In the previous chapter, we successfully optically and optomechanically characterized the microdisk resonators in liquid environment. Even though optical actuation in aqueous medium remained an issue, the thermomechanical noise measurement of the microdisks in liquid clearly highlighted their potential for biosensing with an estimated mass resolution at the femtogram level.

In this chapter, we will demonstrate the very first in situ biodetection with optomechanical microdisk resonators. For this purpose the chapter will be divided in three main sections. A first section will describe the surface functionnalization protocol used to define the biorecognition layer. Secondly, prior to perform biodetection with our devices, we characterized our biosensing protocols using a well known commercial biosensor, the quartz crystal microcbalance (QCM). Eventually, the last section will be dedicated to the in-situ biosensing measurements with functionnalized optomechanical microdisk resonators.

Two biological agents and their respective biorecepetors were used for both QCM and microdisks biosensing measurements. The first experiment concerned the detection of BSA proteins using anti-BSA antibodies as biorecognition elements. The second experiment was the detection of the capsids of the bacteriophage T5 using antibodies directed against a capsid protein.

Chapter 5. In-situ biosensing measurements with optomechanical microdisk resonators

Transforming optomechanical microdisks into biosensors

In the previous chapter we have demonstrated liquid operations with our silicon optomechanical microdisk resonators. For that purpose the devices were immerses in an open fluidic sample holder. In order to transform the microdisks into real biosensors that could detect disease biomarkers in their liquid native environment, several features should ideally be implemented.

Working with a biosensor immersed in a macroscopic open fluidic cell as the one we used for our liquid experiments is not ideal. Indeed, in this case we will be limited by the brownian diffusion of the analytes towards the surface of the sensors which dictates the analysis time. Hence to reduce the response time, one would need to either detect large analytes or high enough analyte concentration so that depletion effects could be neglected. Another option to prevent from being in the diffusion-limited regime is to use a continuous constant flow of analytes at a fixed concentration. In a macroscopic fluidic cell, implementing a flow system would require to use a large volume of analytes which does not help for the detection of biomarkers at very low concentration. In addition, such a flow would certainly misalign the optical fibers with respect to the optical grating couplers. An option could to use an optical packaging but that would increase the total size of the system and thus require an even larger volume of analytes.

To circumvent the diffusion limitation, an elegant solution consists in using a microfluidic channel. Such system ensures a constant flow of fresh analytes with a reduced sample volume down to the nanoliter. By reducing the volume of the liquid surrounding the microdisk, microfluidic packaging would also improve its sensitivity by increasing its effective sensing area. However, surface functionnalization is more difficult inside the microfluidic channel.

Together with a microfluidic packaging, an ideal optomechanical biosensors based on silicon microdisk resonators would also integrate an optical packaging so that no fiber to grating alignment would be required. Eventually, an ideal biosensor would also be able to perform differential biosensing measurements to get negative controls and compensate thermal effects.

All these requirements would lead to very efficient biosensors. However, implementing such features would have required a lot of development time and was out of the scope of this PhD.

Therefore, we decided to perform the biosensing measurements with the same experimental set-up used for the characterization of our devices (see chapter 4). Hence, all the biosensing experiments were performed by immersing the devices in the fluidic sample holder presented in section 4.2.1.1.

Surface functionnalization protocol

Surface functionnalization protocol

Materials

In order to facilitate the comprehension of the following sections, all the chemicals and biological components used for our experiments will be listed here including the suppliers.

Antibodies

We used three different antibodies as bioreceptors: anti-BSA, anti-T5 pb8 capsid protein and anti-IgM. On one hand, we used monoclonal anti-BSA antibodies produced in mouse and polyclonal anti-mouse IgM produced in goat both from Sigma-Aldrich. On the other hand, anti-T5 pb8 capsid protein antibodies were kindly produced, purified and provided by Pascale Boulanger at the Institute for Integrative Biology of the Cell (I2BC).

Analytes

As mentioned in the introduction chapter, we detected two different biological elements: BSA and capsids of the bacteriophage T5. BSA was bought from Sigma-Aldrich while the bacteriophages T5 were kindly produced and provided by Pascale Boulanger at the Institute for Integrative Biology of the Cell (I2BC).

Chemicals

All the chemicals used for the biosensing experiments are listed below:

• Phosphate-buffered saline (PBS): sodium chloride (NaCl)137 mM, disodium phosphate (Na 2 HPO 4 )10 mM, potassium chloride (KCl) 2.7 mM; pH 7.4. From Sigma-Aldrich.

• 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer bioPerformance certified grade from Sigma-Aldrich.

• Acetate buffer solution, pH=5. Prepared in our lab.

• Tris(hydroxymethyl)aminomethane (TRIS) buffer solution: TRIS 10 mM, NaCl 100 mM, calcium chloride (CaCl 2 ) 1 mM and magnesium chloride (MgCl 2 ) 1 mM; pH=7,2. Prepared in our lab.

• Carboxyethylsilanetriol, sodium salt, 25% in water from Interchim.

• Ethanolamine hydrochloride from Sigma-Aldrich.
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• 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) from Sigma-Aldrich.

• N-hydroxysuccinimide (NHS) from Sigma-Aldrich.

Surface functionnalization protocol description

In order to form a biorecognition layer, the silicon surface of either the optomechanical microdisk resonators or the quartz had to be functionnalized. For that purpose, we wanted to employ a commonly used protocol that wouldn't require too much development effort. We chose to use the classic NHS/EDC activated silannization protocol that can be easily used to bind antibodies on silicon surface. A full review of the different surface functionnalization techniques is beyond the scope of the work but more information can be found in these reviews [START_REF] Thissen | Wet chemical surface functionalization of oxide-free silicon[END_REF][START_REF] Bañuls | Chemical surface modifications for the development of silicon-based label-free integrated optical (IO) biosensors: A review[END_REF]. Within our facilities, this protocol could be done either in gas or in liquid. Silannization in gas required to use a PVD machine with a specific silane gas line. Unfortunately the machine was under maintenance preventing from using it. Alternatively, a liquid silannization protocol using green biochemistry was developed by Guillaume Nonglaton and his team at the LETI biological division the CEA health and biological division (DTBS). We eventually chose the liquid option. The functionnalization layer is composed of a stack of organosilanes and specific antibodies directed against the target analytes (BSA or T5 capsids) as shown in 

Surface functionnalization protocol

The functionnalization process is composed of 5 different steps:

1. Oxygen plasma silicon surface activation.

Silanization.

3. NHS/EDC activation of the silanes to form reactive groups.

4. Antibody immobilization.

5. Blocking of the remaining silane reactive groups to avoid analytes non specific binding.

These steps are summarized in Figure 5.2 and they will be individually described in the following subsections. Chapter 5. In-situ biosensing measurements with optomechanical microdisk resonators

Oxygen plasma surface activation

The first step of the functionnalization consists in activating the silicon surface to create reactive groups in order to bind the organosilanes (see step 1 of Figure 5.2). For that purpose the surface was processed with a 10 min oxygen plasma in a CCP chamber. The action of this plasma combined with the ambient humidity transformed the initial O=Si=O bonds (due to the presence of the silicon native oxide) into silanol (Si-OH) reactive groups. Thus, the silicon surface became hydrophilic and a simple water contact angle measurement was performed to validate the activation. Contact angles typically changed from ∼100-130 • C before activation (hydrophobic surface) down to <5°after oxygen plasma treatment.

Silanization

After the surface activation, the next step called silanization consisted in binding organosilanes (carboxyethylsilanetriol) to the silicon surface (see step 2 Figure 5.2).

The samples were first immersed in a silane/DIW solution (pH=7) overnight at 50 • C. Then, samples were briefly rinsed, dried with N 2 and dehydrated for 3 h at 120 • C. This last step allows the organosilanes to crosslink forming Si-O-Si bonds which ensures a stronger binding. Devices were optically tested at the end of this step to control their integrity. Unfortunately, a lot of optomechanical devices were damaged during this step due to the drying step. To circumvent this issue the samples were eventually dried using supercritical drying method.

NHS/EDC activation of the silanes

Once the organosilanes were bound to the silicon surface, they were activated to form NHS ester reactive groups towards the primary amine (-NH 2 ) termination of the antibodies (see step 3 Figure 5.2). The activation took place in a solution of NHS(50 mM, in 10 mM HEPES buffer)/EDC(200 mM, in 10 mM HEPES buffer).

Antibody immobilization and blocking of the remaining reactive sites

Right after the silane activation, the selected antibodies were immobilized on the silanized silicon surface using a solution of antibodies in their specific buffer (see step 4 Figure 5.2). For BSA detection, a solution of anti-BSA antibodies in PBS was used while for the T5 capsids detection, a solution of anti-T5 pb8 capsid protein in acetate buffer was preferred. Eventually, once the surface was saturated with antibodies, the last step consisted in blocking the remaining NHS ester reactive sites unoccupied by antibodies in order to avoid non specific analytes binding. For that purpose, we used ethanolamine 5.3. Characterization of the biosensing protocol with a QCM (1 M in PBS) as a blocking agent (see step 5 Figure 5.2). Ultimately, the sample were rinsed with the antibodies buffer.

Characterization of the biosensing protocol with a QCM

Prior to functionnalize and perform biosensing with our optomechanical microdisk resonators, the biosensing protocol was characterized by Charlie Barrois during his internship using a QCM-D E4 from Qsense company. It allowed us to qualitatively characterize the protocol in terms of reproducibility and specifity. We also used the QCM to quantify the mass density of biological species bound to the functionnalized surface and compare it to the state of the art.

QCM working principle

QCM-D systems are widely used to both quantify mass and determine viscoelastic properties of a surface absorbed layer [START_REF] Reviakine | Hearing What You Cannot See and Visualizing What You Hear: Interpreting Quartz Crystal Microbalance Data from Solvated Interfaces[END_REF]. A QCM-D system is based on the measurement of the frequency and dissipation changes of a freely oscillating quartz after being excited using a ring-down method as illustrated in Figure 5.3. The quartz is sandwiched between two electrodes and an oscillating electric field is applied in order to induce tear shear mode vibrations. After excitation, the electric field is cut off and the dampened oscillating response is measured. The resonance frequency f and the dissipation D are extracted by fitting the exponentially decaying signal. In a first approximation, one can consider that the frequency changes are mainly due to mass absorption on the quartz surface while dissipation changes ∆D relate to viscoelastic properties of the absorbed layer.

In order to estimate the absorbed mass density ∆m, a first approach consists in using Sauerbrey relation [START_REF] Sauerbrey | The use of quartz oscillators for weighing thin layers and for microweighing[END_REF]:

∆m = -C ∆f n (5.1)
where n is the frequency overtone number and C = (v q ρ q )/(2f 2 0 ) is a constant depending only on the quartz fundamental frequency f 0 , the velocity of air in quartz v q and the thickness of the quartz t q .

The Sauerbrey equation is valid as far as the absorbed mass is:

• small compared to the crystal

• rigidly bound to the quartz surface (i.e the dissipation variation ∆D is negligibly small) Chapter 5. In-situ biosensing measurements with optomechanical microdisk resonators

• homogeneously distributed on the quartz surface

As a rule of thumb, for a 5 MHz quartz crystal, the Sauerbrey equation gives an accurate estimation of the deposited mass as far as ∆D n /(∆f n /n) 4 × 10 -7 Hz -1 [START_REF] Reviakine | Hearing What You Cannot See and Visualizing What You Hear: Interpreting Quartz Crystal Microbalance Data from Solvated Interfaces[END_REF].

However, when these conditions are not respected and as soon as the dissipation changes are non negligible, the use of a more complex viscoelastic model taking into account the dissipation parameter has to be used. Using the Sauerbrey model without fulfilling these conditions results in usually underestimating the absorbed mass. Qtools QCM-D data analysis software from Qsense was used to perform both Sauerbrey and viscoleastic modeling. The viscoelastic modeling was performed using the integrated Qtools Voigt model [START_REF] Voinova | Viscoelastic acoustic response of layered polymer films at fluid-solid interfaces: Continuum mechanics approach[END_REF] by fitting the recorded frequency (∆f ) and dissipation ∆D variation for different overtones of the same quartz crystal. According to this model, ∆f and ∆D are modeled as a function of different parameters representing the quartz crystal, the deposited biological film and the surrounded bulk liquid considered as water such that:

∆f ≈ - 1 2πρ 0 h 0 η 2 δ 2 + h 1 ρ 1 ω -2h 1 η 3 δ 2 2 η 1 ω 2 µ 2 1 + η 2 1 ω 2 (5.2) and ∆D ≈ 1 πf ρ 0 h 0 η 2 δ 2 + 2h 1 η 2 δ 2 2 η 1 ω 2 µ 2 1 + η 2 1 ω 2 (5.3) 
where f , h 0 and ρ 0 are respectively the resonant frequency, the angular resonant frequency, the thickness and the density of the quartz crystal. The deposited biological layer is represented by four parameters: its shear elasticity µ 1 , its density ρ 1 , its viscosity η 1 and its thickness δ 1 . Eventually ω represented the angular frequency of the oscillation in the bulk liquid while η 2 and δ 2 are respectively the liquid viscosity and the penetration depth of the shear waves in the liquid. Finally, from the fitted parameters, the corresponding mass density ∆m is derived such that ∆m = ρ 1 δ 1 .

Both Sauberbrey and viscoleastic (when it was possible) models were used in order to estimate the antibody density on the quartz surface after being functionnalized.

For all the experiments with the QCM-D E4, we used AT-cut quartz with gold coated electrodes with a fundamental resonance frequency of 5 MHz and C = 17.7 ng • Hz -1 • cm -1 . Before functionnalization of the quartz, a 10 nm silicon layer was deposited on the gold electrodes in order to get a surface similar to the silicon microdisk one. The QCM-D E4 can monitor 4 quartz on 4 different channels simultaneously. For each quartz, the fundamental resonance frequency as well as the first 15 th odd overtones and the associated dissipation signals can be recorded in 5.3. Characterization of the biosensing protocol with a QCM real time. In order to compare the results on different quartz we always observed the same overtone. The 3 rd one was chosen for signal stability reasons. Note that from now on, the frequency changes ∆f displayed in all QCM results will implicitly corresponds to ∆f 3 /3. The different biological liquids were injected into the QCM chamber thanks to a peristaltic pump and the temperature was controlled and kept constant at 25 • C. Chapter 5. In-situ biosensing measurements with optomechanical microdisk resonators

Detection of BSA using anti-BSA IgG antibodies

The first biosensing experiment dealt with the detection of BSA using anti-BSA antibodies as biorecognition elements. BSA is a protein isolated from cows that is frequently used in various biosensing experiments.

Description of the experiment

Prior to its installation into the QCM-D flow cell chambers, the quartz were silannized using the protocol described in section 5.2.2.2. All the following biological solutions were injected at a constant flow rate of 20 µL/min and both the frequency and dissipation changes corresponding to the third overtone were recorded. The full sensogram corresponding to the whole BSA detection experiment is shown in Figure 5.4. Each portion of the sensogram corresponding to a specific step of the biodetection process are delimited and numbered:

1. Signal stabilization: a buffer HEPES solution at 10 mM was first flowed for 30 min until the signal was stable. We considered the signal stable as soon as the frequency changes were less than 1 Hz over 5 min.

2. Silanes activation: injection of a solution of NHS(50 mM)/EDC(200 mM) in HEPES 10 mM buffer for 30 min.

3. Buffer change: a new buffer solution of PBS (buffer used with both anti-BSA IgG and BSA) was flowed for 20 min until the signal was stable. This step was performed for both rinsing the previous solution and fill the whole fluidic system with the new buffer solution. A frequency shift of approximately -17 Hz is measured after rinsing which corresponds to the silane activation effect.

4. Antibody immobilization: an anti-BSA IgG solution at 100 µg/mL in PBS was flowed for 105 min.

5. Rinsing: injection of PBS only solution for 40 min. The rinsing step allowed to remove the antibodies that were non-covalently bound to the silanes. After this step, we measured a frequency shift corresponding to the total mass of bound anti-BSA IgG of -69 Hz.

6. Blocking of the remaining reactive sites injecting a solution of 1 M of ethanolamine for 10 min.

7. Rinsing: injection of PBS only solution for 20 min in order to completely remove ethanolamine solution and fill the chamber with PBS for the next step. Chapter 5. In-situ biosensing measurements with optomechanical microdisk resonators

Antibody immobilization: estimation of the anti-BSA antibody mass density

In this section, we will focus on the anti-BSA antibody immobilization on the activated silannized quartz surface. The isolated sensogram corresponding to this step is illustrated in Figure 5.5. As already described in the previous section, we can distinguish three different phases corresponding to each injected solutions. First, PBS is flowed until the signal remains stable, then a second phase corresponds to the antibody injection and eventually the last phase is the PBS rinsing. During the second phase, the anti-BSA antibodies are binding on the quartz surface which translates into an exponentially decaying frequency shift of -71 Hz with a plateau section 50 min after the antibody injection. This plateau indicates that an equilibrium is reached between antibodies that are absorbed and those who naturally desorb. Eventually, during the third phase, antibodies that are not strongly bound to the quartz surface are washed and a 2 Hz frequency shift is measured.

Together with the frequency changes, the estimated mass density using both Sauerbrey (see equation (5.1)) and viscoelastic (Voigt) (see equations (5.2) and (5.3)) models are represented on this figure. The total frequency shift induced by the absorption of anti-BSA antibodies is approximately -69 Hz is measured which corresponds to an estimated anti-BSA antibody mass density of 1250 ng/cm 2 according to Sauerbrey equation or 1380 ng/cm 2 . A similar study performed by Biolin Scientific AB using the same QCM-D E4 reported a anti-BSA IgG mass density of 900 ng/cm 2 which is in the same order of magnitude [START_REF] Scientific | Application note 21: Probing repeated antibody-antigen interactions by the use of Q-Sense biotin functionalized sensors[END_REF]. In their experiment, the anti-BSA antibodies were bound on a stack of three biological layers which reduced the number of available reactive sites hence the estimated lower value.

BSA binding: estimation of the BSA proteins mass density

After characterizing the formation of the biorecognition layer through the antibody immobilization phase, we will now focus on the BSA detection. For that purpose, Figure 5.6 illustrates the sensogram associated to the BSA binding. We can again distinguish three different phases. First, PBS is flowed until the signal is stable, then a second phase corresponds to the BSA proteins injection and eventually the last phase is the PBS rinsing. During the second phase, the proteins are binding on the quartz surface which translates into an exponentially decaying frequency shift of -10 Hz with a plateau section 20 min after the antibody injection. This plateau indicates that in 20 min, BSA proteins have occupied all the available active sites. During the last 40 min before the PBS rinsing step, almost no frequency shift is observed meaning that no more BSA proteins are binding on the quartz surface. In reality it indicates that an equilibrium is reached between proteins that are absorbed on the surface and those who naturally desorb. This second phase is called the "association" phase. On the contrary, the last phase, called the dissociation phase, corresponds to the elimination of non-specific BSA bound proteins. In other words, it washes away all the proteins that are not specifically bound to the anti-BSA antibodies. A 1 Hz frequency shift is observed during this phase.

On the same figure, the estimated mass density of the absorbed BSA protein layer using Sauerbrey model only is represented (blue curve). Indeed, modeling with Voigt viscoelastic model resulted in a poor fitting probably due to the fact that the dissipation changes were too small (see phase 7, 8 and 9 in the blue curve of Figure 5.4). A BSA mass density of approximately 160 ng/cm 2 is estimated. In the same similar study already cited in the last section [START_REF] Scientific | Application note 21: Probing repeated antibody-antigen interactions by the use of Q-Sense biotin functionalized sensors[END_REF], they reported a BSA protein layer absorbed on the anti-BSA antibody layer with a mass density of approximately 300 ng/cm 2 . This higher value compared to the one we measured could originate from a higher number of effective available binding sites due to better antibody orientation in their protocol.

In order to make sure that what we observed was a BSA/anti-BSA specific interaction another experiment was performed. For that purpose, 2 quartz were used simultaneously. One quartz was functionnalized with anti-BSA IgG while the other was covered with anti-IgM antibodies directed against IgM, hence their name. BSA solution was then flowed on both quartz and their frequency and dissipation signals corresponding to the third harmonic were recorded. The frequency changes corresponding to the BSA solution injection is shown in Figure 5.7. While the anti-BSA functionnalized quartz exhibits a frequency shift of -9 Hz (orange curve) as explained in the previous paragraph, the anti-IgM functionnalized quartz exhibits almost no frequency change. Such result confirms the specificity of our protocol. 

Detection of bacteriophage T5 capsid using anti-pb8 capsid's protein antibodies

In addition to the common BSA protein, the detection of the bacteriophage T5 virus capsid was also performed. The latter is a virus within the family of siphoviridae that infects Escherichia Coli bacterial cells. Its structure is composed of an icosahedral capsid head and a long flexible tail as shown in Figure 5.8. The capsid is loaded with the phage double stranded DNA viral genome which is composed of 121,750 base pairs. For our experiments, we used T5 capsid filled with the phage viral genome. These capsids exhibit a molecular weight of 105.4 MDa. As bioreceptors for these capsids, specific antibodies directed against pb8 capsid protein (see Figure 5.11) were used.

Description of the experiment

Similarly to the BSA detection experiment, the quartz were silannized (see section 5.2.2.2) prior to be placed into the QCM-D flow cell chambers. During the entire experiments, biological solutions were flowed at a constant rate of 20 µL/min and both frequency as well as dissipation changes corresponding to the third har-Chapter 5. In-situ biosensing measurements with optomechanical microdisk resonators 1. Signal stabilization: a buffer HEPES solution at 10 mM was first flowed for 30 min until the signal was stable.

2. Silanes activation: injection of a solution of NHS(50 mM)/EDC(200 mM) in HEPES 10 mM buffer for 30 min.

3. Buffer change: a new buffer solution of acetate buffer was flowed for 20 min until the signal was stable. This step was performed for both rinsing the previous solution and fill the whole fluidic system with the new buffer solution.

A frequency shift of approximately -13 Hz is measured after rinsing which corresponds to the silane activation effect. Such value is comparable to the frequency shift of -17 Hz observed for the same step in the BSA experiment (see section 5.3.2.1).

4. Antibody immobilization: an anti-T5 antibody solution at 40 µg/mL in acetate buffer was flowed for 90 min.

Characterization of the biosensing protocol with a QCM

5. Rinsing: injection of acetate buffer only solution for 40 min. The rinsing step allowed to remove the antibodies that were non-covalently bound to the silanes. After this step we measure a frequency shift corresponding to the total mass of bound anti-T5 antibodies of -30 Hz.

6. Blocking of the remaining reactive sites injecting a solution of 1 M of ethanolamine for 10 min.

7. Rinsing: injection of TRIS buffer solution for 20 min in order to completely remove ethanolamine solution and fill the chamber with TRIS buffer for the T5 injection.

8. T5 virus detection: a 4 µg/mL (i.e 41.5 pM) T5 capsids solution in TRIS was flowed for 60 min. 9. Rinsing: injection of TRIS buffer only solution for 20 min. A frequency shift of -102 Hz corresponding to the total detected mass of T5 capsids specifically bound to their associated antibodies was recorded.
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Antibody immobilization: estimation of the anti-T5 capsid antibody mass density

In this section, we will now focus on the anti-T5 pb8 capsid protein antibody immobilization in order to estimate the antibody mass density. Figure 5.10 illustrates the isolated sensogram corresponding to this step. As for the anti-BSA antibody immobilization, three phases can be observed. The first phase exhibits a stable signal with no frequency change which corresponds to the injection of acetate buffer solution. During the second phase, the anti-T5 capsid antibody solution is flowed and the frequency starts to decrease exponentially down to -33 Hz corresponding to the anti-T5 antibody binding. Approximately 50 min after the antibody injection, a plateau section with almost no frequency change is observed. It indicates that the quartz surface is now saturated with anti-T5 antibodies. Eventually, the third phase illustrates the acetate buffer rinsing of the antibody. A frequency shift of 3 Hz is recorded corresponding to the removing of antibodies that were probably non-covalently bound to the activated silanes.

Together with the frequency changes, the estimated mass density using Sauerbrey model is represented on this graph. Viscoleastic modeling is not displayed as it resulted in poor fitting results. A total anti-T5 capsid antibody mass density of 560 ng/cm 2 is measured. 

T5 binding: estimation of the T5 viruses mass density

After estimating the anti-T5 mass density on the quartz surface, we will now focus on the T5 capsid detection. Figure 5.11 illustrates the isolated sensogram of the whole 3-phase T5 biodetection. First, TRIS buffer is flowed until the signal is stable, then a second phase shows the T5 capsid injection and eventually the third phase is the TRIS buffer rinsing. During the second phase, a frequency shift of -102 Hz is observed which corresponds to total mass of T5 capsids absorbed on the functionnalized surface. As opposed to the BSA binding experiment, no frequency change is recorded during the rinsing step.

The estimation of the T5 capsid mass density on the functionnalized quartz surface was performed using Sauerbrey model. A total T5 capsid mass density of Chapter 5. In-situ biosensing measurements with optomechanical microdisk resonators approximately 1850 ng/cm 2 is measured. 

Biosensing demonstration with optomechanical microdisk resonators

In this section, we will demonstrate the potential of our optomechanical microdisk resonators as a sensitive in-situ biosensing solution. For that purpose, we will describe both BSA proteins and T5 viruses biosensing measurements performed using our optomechanical devices. The estimated mass densities of the different biological elements detected with the microdisks will be compared to the QCM-D results.

Eventually, an estimation of the achievable limit of detection of our devices will be given.

Principle of biosensing with optomechanical microdisks

As for the QCM system, biosensing with optomechanical microdisk resonators relies on the fundamental principle of mass sensing based on tracking the mechanical resonance frequency changes of a resonator due to mass absorption on its surface. Assuming that the added mass is significantly smaller than the total mass of the active part of the resonator, one can easily establish a linear relation between the frequency changes ∆f and the added mass ∆m. For that purpose, we consider our microdisk resonator as a classical harmonic oscillator with a mechanical resonance frequency f described as:

f = 1 2π k ef f m ef f (5.4)
where k ef f is the effective stiffness of the resonator and m ef f = α n M tot is the effective mass of a given mode n of the resonator with M tot its total mass. Considering now the addition of a small mass ∆m M that doesn't change the resonator's stiffness, the associated frequency shift ∆f can be expressed as:

∆f = 1 2π   k ef f α n M tot - k ef f α n M tot 1 + ∆m Mtot   (5.5) 
Using the fact that ∆m m ef f , the expression of ∆f can be simplified using Taylor expansion:

∆f = - 1 2π k ef f m ef f ∆m 2M tot = - f 2M tot ∆m (5.6)
The expression of the mass sensitivity S m = ∆f /∆m can thus be defined such that:

S m = - f 2M tot (5.7)
From this equation, we can immediately see that a higher mass sensitivity is reached for a higher frequency and a lower resonator mass. In our case it would mean working with small radius microdisks. Nonetheless, we also have to consider the sensing area of our microdisks. Indeed, the higher the sensing area is, the more biological species can be absorbed on the sensor leading to a higher frequency shift and thus a higher signal. Practically, a trade-off between these parameters must be found to achieve the best performance. In order to establish a first proof a concept we only used one kind of microdisks with a radius of 8 µm as they were the best devices in terms of optical properties which helped for the characterization measurement. Additional tests will be performed in the near future with other types of microdisks in order to find the best design.

Biosensing operation means working in liquid biological environment. Ideally we would need to perform the biological detection in real time. In practice, that would first require to actuate the device with a coherent RF signal which provides a coherent phase measurement. Hence, tracking of the frequency changes associated with analytes binding in real time would be possible. Unfortunately, optical actuation in liquid is still an issue that needs to be overcome. In addition, if the actuation was achieved, a closed loop would also be needed in order to track the optical resonance that is also affected by the biological layer. Indeed, the absorption of the biological layer at the surface of the microdisk locally changes its refractive index which in turns modify its optical resonance frequencies (see equation (2.1)).

For these reasons, the frequency changes associated with biological layer absorption on the microdisks surface was tracked in "semi real-time" by periodically measuring their brownian noise throughout the whole biosensing experiment. For each thermomechanical noise measurement, a step-by-step optical characterization (see section 4.2.1.3) on a selected optical resonance of the microdisk and the laser was tuned on the blue flanked of the peak as described in section 4.3.2. Due to this systematic optical tuning, two consecutive thermomechanical noise measurements couldn't be performed in less than 3 min.

Eventually, using the mass sensitivity defined in equation (5.7) we can estimate the absorbed mass density on the microdisk surface and compare it with the QCM-D results.

Detection of BSA using anti-BSA IgG antibodies

In order to establish the very first proof of concept of biosensing with silicon optomechanical microdisk resonators, we started with the detection of BSA proteins.

Description of the experiment

Prior to be functionnalized with a an anti-BSA antibody biological layer, the optomechanical microdisks had to be silanized (see section 5.2.2.2) out of the bench. Figure 5.12 describes the mechanical frequency response of an optomechanical silicon microdisk with a 8 µm radius used for a BSA biosensing measurement. Each section of the graph corresponding to a specific step of the biodetection process are delimited and numbered:

1. Immersion of the previously silanized microdisk in the fluidic sample holder (see section 4.2.1.1) filled with PBS. The mechanical resonance frequency of the device was then measured.

Biosensing demonstration with optomechanical microdisk resonators

2. Silanes activation out of the bench by immersing the device in a solution of NHS(50 mM)/EDC(200 mM) in HEPES 10 mM buffer for 45 min. The device was then rinsed in a PBS solution for 10 min.

3. Immersion of the device in the fluidic sample holder filled with PBS and measurement of the microdisk resonance frequency after silane activation.

4. Injection of an anti-BSA IgG solution directly into the fluidic sample holder so that the total anti-BSA concentration is 100 µg/mL. The mechanical resonance frequency of the microdisk was then measured every 3 to 5 min in order to follow the antibody immobilization on the microdisk surface.

5. Rinsing of the device in a PBS solution for 5 min followed by the blocking of the remaining reactive sites in a solution of 1 M of ethanolamine for 10 min.

The device was then rinsed again in a PBS solution for another 5 min.

6. Immersion of the device in the fluidic sample holder filled with PBS and measurement of its mechanical resonance frequency.

7. Injection of a BSA protein solution directly into the fluidic sample holder filled with PBS so that the total BSA concentration is 200 µg/mL. The mechanical resonance frequency of the microdisk was then measured every 3 to 5 min in order to follow the specific binding of BSA proteins on their antibodies.

8. Rinsing of the devices out of the bench in a PBS solution for 10 min in order to remove BSA proteins that would not be specifically bound to an anti-BSA antibody. The device is then immersed again in the fluidic sample holder filled with PBS in order to measure the microdisk resonance frequency after rinsing.

In addition, we performed the same experiment on another microdisk with the same 8 µm but measuring the optical resonance wavelength shift associated with the absorption of the different analytes. We focused on a selected WGM peaks and we measured it every it every 3 to 5 min. After each measurement, the peak was fitted and the optical resonance wavelength was extracted. Figure 5.13 displays the optical sensogram associated with the BSA biodetection. As opposed the mechanical frequency tracking, the effect of an added layer is translated into an increase of the optical resonance wavelength. The two phases corresponding to the anti-BSA binding on the silanes (4) and the BSA onto the antibodies are clearly visible. The optical tracking offers a better resolution but would require a calibration in order to extract quantitative information. 

Estimation of the anti-BSA antibody mass density

In this section, we will now focus on the anti-BSA antibody immobilization in order to estimate the antibody mass density. For that purpose we first used the mass sensitivity defined in equation (5.7) to convert the frequency shift into mass shift. Then the mass shift was converted into mass density using the total sensing area of the microdisk.

The silicon microdisk we used for this experiment exhibited a mass sensitivity of S m ∼ -1.47 Hz/ag1 .

Figure 5.14 illustrates the microdisk mechanical frequency shift associated with the antibody immobilization on its surface. Similarly to the QCM results (see Fig- plateau section after 50 min is observed. This phase corresponds to the binding of the anti-BSA antibodies on the microdisk surface. A frequency shift of approximately -3.2 MHz is recorded at the end of this phase. The second phase corresponds to the PBS rinsing including the ethanolamine blocking of remaining available sites on the silanes to avoid BSA unspecific binding. A frequency shift of 0.6 MHz is measured which corresponds to the removal of the antibodies that were probably not covalently bound to the activated silanes. Together with the frequency shift, the estimated mass density is represented on this graph. A total anti-BSA antibody mass density of 439 ng/cm 2 was measured with our optomechanical microdisk. Comparing with the QCM results, it seems that we have three time as less anti-BSA antibodies on the microdisk's surface. The difference could certainly originate from the material surface. On one hand, the quartz's surface is a 10 nm deposited polycrystalline silicon layer. One the other hand, the microdisk is microfabricated out of a pure monocrystalline silicon wafer. We can assume that the roughness of the deposited silicon layer surface is higher than the monocrystalline silicon wafer. It results in a higher effective surface and thus a higher number of bound silanes. 

Estimation of the BSA protein mass density

After characterizing the anti-BSA biorecognition layer through the antibody immobilization phase, we will now look at the BSA detection. The result is illustrated on Figure 5.15. Both frequency shift and mass density associated with the binding of BSA proteins on the microdisk's surface are represented on this figure. Two phases can be distinguished on this graph. In the first 60 min, a typical exponentially decaying frequency shift of approximately -1 MHz is observed. Similarly, the BSA binding on the quartz crystal (see Figure 5.6), it seemed that most of the proteins bound to their specific antibodies in the first 5 min. After the rinsing step (2 nd phase), the frequency remained unchanged. In total, we thus recorded a BSA mass density of 179 ng/cm 2 on our optomechanical microdisk resonator. While we seemed to have less anti-BSA antibodies at the microdisk's surface compare to the QCM results, the estimated BSA mass density is similar in both cases (160 ng/cm 2 for the QCM experiment as shown in Figure 5.6). Such results is expected as demonstrated in [START_REF] Sakti | Disposable HSA QCM-immunosensor for practical measurement in liquid[END_REF]. 

Detection of bacteriophage T5 using anti-T5 capsid antibodies

After successfully detecting BSA proteins using our optomechanical microdisk resonators, T5 viruses detection was performed.

Description of the experiment

Similarly to the BSA biosensing, the microdisk was first silanized out of the bench. Figure 5.16 describes the mechanical frequency response of optomechanical silicon microdisk with a 8 µm radius used for the T5 viruses biosensing measurement. Each section of the graph corresponding to a specific step of the biodetection process are delimited and numbered:

1. Immersion of the previously silanized microdisk in the fluidic sample holder (see section 4.2.1.1) filled with HEPES. The mechanical resonance frequency of the device was then measured.

2. Silanes activation out of the bench by immersing the device in a solution of NHS(50 mM)/EDC(200 mM) in HEPES 10 mM buffer for 45 min. The device was then rinsed in a PBS solution for 10 min.

Chapter 5. In-situ biosensing measurements with optomechanical microdisk resonators 3. Immersion of the device in the fluidic sample holder filled with acetate buffer. Usually, the microdisk resonance frequency after silane activation is then measured. Unfortunately our software crashed for 10-15 min preventing from any measurement.

4. Injection of an anti-T5 pb8 capsid protein solution directly into the fluidic sample holder so that the total anti-T5 concentration is 40 µg/mL. The mechanical resonance frequency of the microdisk was then measured every 3 to 5 min in order to follow the antibody immobilization on the microdisk surface. The first 10 min measurements following the anti-T5 injection were missing due to the software issue we encountered.

5. Rinsing of the device in acetate buffer solution for 5 min followed by the blocking of the remaining reactive sites in a solution of 1 M of ethanolamine for 10 min. The device was then rinsed again in TRIS buffer solution for another 5 min.

6. Immersion of the device in the fluidic sample holder filled with TRIS buffer and measurement of its mechanical resonance frequency.

7. Injection of a T5 capsids solution directly into the fluidic sample holder filled with TRIS so that the total anti-BSA concentration is 4 µg/mL (i.e 41.5 pM).

The mechanical resonance frequency of the microdisk was then measured every 3 to 5 min in order to follow the specific binding of T5 viruses on their antibodies. As we observed a relatively small frequency shift and based on the rinsing "no-effect" result in the QCM experiments, we decided not to rinse the device.

Estimation of the anti-T5 antibody mass density

Similarly to the BSA experiment, the frequency shift associated with the anti-T5 antibody immobilization is converted into mass density using the mass sensitivity. The microdisk used for this experiment exhibited a mass sensitivity of ∼ -1.468 Hz/ag. Figure 5.17 illustrates both frequency shift and mass density associated to the T5 antibody binding on the silannized microdisk surface. As previously explained, the resonance frequency of the microdisk after silane activation and during the first 10-15 min following the anti-T5 injection couldn't be performed due to a software issue. As we were limited by both the available amount of antibodies and virus solutions and the number of working functionnalized devices, we decided to continue the experiment. Nonetheless we can still observe the typical exponentially decaying frequency shift associated with the binding of the antibody on the device's surface. A frequency shift of -6.95 MHz associated with both silane activation and antibody immobilization is measured.

Secondly, after rinsing and site blocking steps, we observed a second frequency shift of 2.32 MHz due to the washing of non covalently bound antibody on the silanes.

In total, an anti-T5 mass density at the surface of the microdisk of 772 ng/cm 2 is measured. This value is a rough approximation as it represents the mass density associated with both silane activation and antibody immobilization. In reality we would expect a lower anti-T5 antibody mass density, certainly closer to the QCM results (560 ng/cm 2 ).

Estimation of the T5 viruses mass density

The last step of the whole T5 biosensing experiments consists in properly detecting the absorbed T5 at the microdisk's surface. Figure 5.18 describes the frequency Figure 5.17: Mechanical resonance frequency shift (blue circles) of a silannized silicon optomechanical microdisk with a 8 µm radius upon it's surface functionnalization with anti-T5 capsid antibodies. The associated mass density is also represented (orange circles). shift as well as the estimated mass density corresponding to the T5 binding. The result was not as good as expected and the frequency shift remained relatively low. Indeed, after we observe a slow downshift of the mechanical frequency the first 100 min and we measured a frequency shift of -0.43 MHz corresponding to a mass density of 72 ng/cm 2 . Such results indicated that the T5 were poorly absorbed on the microdisk surface. However, even though the signal is weak, such result indicates that we were able to detect 41.5 pM of viruses in 100 min. Such detection level is comparable with the label-free bioMEMS state of the art [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF]. Based on the estimation of the limit of detection for the T5 viruses described in the next section section 5.4.4.2 we could imagine to achieve even better detection level.

Estimation of the optomechanical devices limit of detection

In the last chapter (see section 4.5), we estimated the mass resolution of our devices in liquid when they are not driven. The result showed that we can expect to achieve the detection of a minimum mass of 5.36 fg. The objective here is to translate this result into a minimum detectable concentration (i.e limit of detection) commonly used to compare biosensors performance. For that purpose, we will consider the same 8 µm microdisk radius used to estimate the minimum detectable mass. In order to simplify the calculation, kinetics of the analyte binding will also be neglected by always considering that the equilibrium is reached. We will also assume that the number of available binding sites on the sensor's surface is negligible compared to the amount of solute analytes. These assumptions being made, the estimations will be performed with both BSA proteins and T5 viruses. We consider two interacting species, for example an antibody (A) and antigen (B), that can form a bound product (AB). Based on the 1-to-1 Langmuir reaction model, in equilibrium, one can define the fraction bound f b,eq . It represents the ratio between the number of occupied binding sites and the total number of available binding sites on the surface of the biosensor [138]: f b,eq = c c + K D (5.8) where c is the concentration of analytes in solution and K D is the equilibrium dissociation constant that evaluates the strength of the interaction between the two species.

In order to estimate the minimum detectable concentration, we will first calculate the fraction bound using the amount of bound bioreceptors we detected on our microdisks and the estimated minimum detectable mass. Once the fraction bound will be calculated, we will be able to estimate a minimum detectable concentration for a given dissociation constant.

Estimation of the minimum detectable BSA concentration

Using the result of the BSA biosensing measurements presented in the previous section section 5.4.2, we recorded a total mass of anti-BSA antibodies (m aBSA,disk ) of 17.9 × 10 -12 g at the microdisk surface 2 .

From there, we can obtain the number of anti-BSA antibodies n aBSA,disk on the surface of the microdisk is simply obtained using the mass of a single anti-BSA antibody (m aBSA = 2.49 × 10 -19 g). The result gives a total number of 7.18 × 10 7 anti-BSA antibodies bound at the surface of the microdisk. Considering that one anti-BSA corresponds to one available binding sites we thus have 7.18×10 7 available binding sites (n sites,BSA ) on the microdisk.

We then convert the estimated minimum detectable mass of 5.36 fg into the equivalent number of BSA proteins (m BSA = 1.096 × 10 -19 g). Hence the estimated corresponding minimum number of BSA proteins that could be detected on the microdisk (n BSA min ) is equal to 5.08 × 10 4 BSA.

Based on the size of the BSA proteins compared to the anti-BSA antibodies, we assume that there is no steric hindrance (i.e, one BSA will only occupy one binding site, leaving the others free). Knowing the number of available binding sites and the estimated minimum number of BSA proteins that could be detected on the microdisk, we can now calculate the corresponding fraction bound f b,eqmin such that: f b,eq min = n BSA min n sites,BSA = 7 × 10 -4 (5.9)

Eventually, using the original expression of the fraction bound (equation Equation 5.8) we can thus estimate a corresponding minimum detectable concentration c BSA min of BSA: Comparing with the state of the art limit of detection using label-free bioM/NEMS these estimations are comparable and even slightly better (for high K D ) that the current state of art biosensors that achieve the picomolar range [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF].

Conclusion

In this last chapter the objective was to demonstrate for the very first time in-situ biosensing measurements with silicon optomechanical microdisk resonators. For that purpose, we used a common surface functionnalization protocol based on NHS/EDC activated organosilanes.

We first started with the characterization our biosensing protocol using a QCM-D system and demonstrated its specificity. We performed the detection of the common BSA proteins at a concentration of 3 µM (200 µg/mL) that specifically bound on anti-BSA antibodies. Eventually, going one step further we achieved the detection of 41.5 pM of T5 viruses using anti-T5 pb8 capsid proteins as bioreceptors.

In a second time, we performed the same experiments but using our optomechanical microdisks resonators. Ideal conditions would have required the implementation of features such as microfluidic channels to flow the analytes as well as an optical packaging. However we decided to perform biosensing using the same open macrofluidic sample holder used for liquid characterization of the devices presented in chapter 4. We estimated that in these non-ideal conditions, limit of detection down to the picomolar level for the detection of BSA proteins and even to the femtomolar level for the detection of T5 viruses could be achieved. Such detection levels are comparable and even slightly better to the current picomolar level reached by label-free biosensors based on micro and nanomechanical sensors [START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF].

To verify these estimations we first performed the detection of BSA proteins at a relatively "high" concentration of 3 µM with the optomechanical microdisk resonators. Results showed that we were able to detect the binding of the proteins at this concentration level with an analysis time of ∼5 min. Such detection level was expected based on the estimated values, however the analysis time was unknown. This first result was very promising but lower detection has to be reached for disease biomarker detection.

Hence, going one step further we then performed the detection of T5 viral capsids at a much lower concentration level of 41.5 pM. The estimation of the limit of detection showed that such concentration was in theory detectable. Experimentally, even though the signal associated with the binding of the T5 viruses on the microdisk surface was low, we were actually able to detect the T5 for such a low concentration

Conclusion

with an analysis time of 100 min. This result is comparable to the state of art detection limit for bioM/NEMS label-free biosensors. Estimated detection limit showed that we could even improve this result though it had not been tested yet.

These two experiments demonstrate the very first proof of concept of in-situ biosensing down to the picomolar level with silicon optomechanical microdisk resonators. Eventually, with the implementation of a microfluidic channel packaging as well as achieving liquid actuation, we could expect to reach the femtomolar detection level with an acceptable analysis time. Such results confirm the huge potential of silicon optomechanical microdisk resonators as an excellent candidate for the next generation of label-free, ultrasensitive and specific biosensors.

Conclusion and perspectives

The initial objective of this thesis work was to take advantage of the ultrasensitive optomechanical transduction in order to develop a biosensor based on silicon optomechanical microdisk resonators that could efficiently operate in liquid. The potential of these devices for liquid application was demonstrated in 2015 by Favero and his co-workers [START_REF] Gil-Santos | High-frequency nano-optomechanical disk resonators in liquids[END_REF]. However the translation of these physics demonstrations into real biosensing measurements was not achieved and a lot of challenges were to be overcome.

In order to develop an ultrasensitive optomechanical microdisk sensor with a high resolution, we demonstrated that the design and fabrication should be performed towards the optimization of several key points. The main objective was to maximize the product Q opt × C r × P × g om as well as the mechanical quality factor Q m . Based on these requirements, we reported the design and the fabrication of onchip silicon optomechanical microdisk resonators associated with integrated grating couplers. Both a VLSI fabrication approach and lower scale fabrication process were successfully developed.

As desired, the fabricated devices exhibited state of the art optical quality factors that yielded to a strong coupling between the optical WGM and the mechanical RBM. We reported optical quality factors up to 1 million in air and few 10 5 in liquid which is comparable to the state of the art. Such coupling led to an extremely high motional sensitivity down to few am/Hz -1/2 . We ideally wanted like to operate in the critical coupling regime to that the contrast would be maximum (C r = 1). Optical characterization of the devices showed that we were under-coupled because the designed optical gap distances were too large. However keeping the same fabrication process and thus the same optical losses, we are now able to predict the optical gap distances that will allow reaching the critical coupling regime.

As mentioned previously, light injection and collection were performed using onchip optical grating coupler that exhibited a transmission efficiency of ∼ 23% per grating. Design optimization will have to be done in the near future particularly to further improve the light collection.

Concerning the g om we have shown in chapter 4 that microdisks with a radius of Conclusion few micrometers exhibited the highest g om values. However, experimentally, despite the fact that it has not the highest g om we mainly used microdisks with 8 µm. They appeared to have the best optical properties.

Mechanically speaking, the theoretical models have shown that microdisks immersed in liquid would result in low mechanical quality factor limited by the viscous and acoustic damping. Indeed, the experiments were in good agreements with the predictions and we reported mechanical quality factors of few thousands in air down to 10-15 in liquid environment.

Benefiting from the high motional sensitivity of our optomechanical microdisk resonator, we were able to resolve their thermomechanical motion in air and even in highly damped viscous media. Going one step further towards sensing with the optomechanical devices, optical actuation of the microdisk was also performed at ambient air. Unfortunately, operating in liquid, we were not able to achieve the optical actuation of the microdisks. A lot of efforts were dedicated to perform this measurement as it would have offered the possibility of real-time frequency tracking as well as increasing the SNR and thus the mass resolution considering sensing applications. A deeper investigation is required in the near future in order to get a better understanding of the different phenomena that arise during the optical actuation. Attention should be put on the thermal coupling with the surrounding environment as it could be the source of the disturbing oscillations described in chapter 4. Nonetheless, while the optical actuation couldn't be performed in liquid, with the measurement of the thermomechanical motion, we still estimated a high mass resolution down to the femtogram level. Biosensing measurements could be performed by measuring the microdisks thermomechanical motion in order to track the frequency changes associated with the absorption of analytes on their surface.

The translation of the liquid characterization experiments using an open macrofluidic cell towards real biosensing measurements would have required the implementation of several features. Ideally, a microfluidic system should be used in order to reduce the sample volume and time of analysis as well as increasing the sensitivity. Optical packaging would also be required to avoid any fiber to grating misalignment and make the biosensors more robust and user-friendly. Differential measurements would also need to be performed using for example different disks for negative control, multi analytes detection and thermal effect compensation. However, based on the time we had left, we performed biosensing measurement keeping the same characterization set-up, immersing the devices in the 3D printed macrofluidic cell. Using this set-up, detection limit down to the picomolar level was expected for both the detection of BSA protein and T5 viruses.

To verify these estimations, we demonstrated the biodetection of these two biological elements in their native environments using our optomechanical microdisk resonators. The specific detection of the common BSA proteins at the µM con-centration level with an analysis time of ∼5 min was first achieved with anti-BSA functionnalized microdisks. Pushing the limits of the detection a step further, we also reported the detection of T5 bacteriophage viruses at the very low concentration of 41.5 pM with an analysis time of 100 min. Such result is comparable to the current state of the art detection limit for label-free bioM/NEMS based biosensors. Based on the estimations, even lower concentration, down to few picomolar or tens of femtomolar could be achieved however we could expect a longer response time. These very first proofs of concept pave the road towards the development of a next generation of ultrasensitive biosensors eligible for, rapid, label-free and specific in situ biosensing for disease biomarkers detection.

However, to achieve the development of such a biosensor, a lot a future improvements would need to be realized. The focus should be put on four different points: adding a microfluidic packaging, enabling the multiplexing with selective functionnalization, performing the actuation of the microdisks and implementing an optical packaging.

The optical packaging itself is something that has already been performed on similar devices in our lab. This was realized using optical fibers within a V-groove ferrules that are aligned with respect to the grating couplers and glued on it. The optical gratings response remained relatively unchanged after the optical bonding. However the main challenge is to integrate it together with an eventual microfluidic packaging.

Achieving the optical actuation would allow to further increase the resolution of the microdisks and thus reach lower limit of detection. As mentioned previously, further investigations on the optical actuation will be performed. In addition, a backup solution based on electrostatic actuation was implemented on the VLSI fabrication run. These devices were begun to be tested at the very end of my PhD and already exhibited promising results in air. We can expect to achieve optical actuation in liquid though there are a lot of interrogations concerning the bio-compatibility of this actuation method.

Experiments in our lab are also focused on achieving multiplexing using multidisk devices as introduced in chapter 3. This could ultimately enable the possibility to sense multiple biomarkers within the same sample. For that purpose each microdisks would need to be functionnalized with different specific bioreceptors. Without microfluidic channels that could be done using micro dispensers that would generate droplets on top of each microdisks to localize the functionnalization.

Eventually, the main improvement is certainly the implementation of a microfluidic circuit. Lower sample and reagent volumes would be used, the sensitivity of the microdisk would be increased and the response time would be reduced. For that purpose the well known polydimethylsiloxane (PDMS) soft polymer is an excellent candidate. It is low-cost, flexible, reusable and biocompatible. However there Conclusion are some interrogation concerning the PDMS bonding step that could damage the suspended structures or fluid leaks due to the topography of the devices.

Biosensing with optomechanical devices is at its very beginning and this work aimed to contribute to its development. A lot of exciting achievements and impressive results are to be expected in the near future.
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 1112 Figure 1.1: Schematic of a biosensor working principle.
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 4 Figure 1.3: Schematic view of an antibody basic structure, adapted from [20].
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 14 Figure 1.4: Schematic view of a DNA molecule structure.
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 16 Figure 1.6: Schematic of a static mode bioMEMS based on a microcantilever. Deflection of the cantilever is observed after binding of analytes on the bioreceptors (right). The sensing layer is composed of a gold layer to improve bioreceptor immobilization and the bioreceptors.
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 17 Figure 1.7: Schematic of a dynamic mode bioMEMS based on a microcantilever. The represented microcantilever is oscillating at a resonance frequency f 0 before (a) and a new resonance frequency f 1 after analytes binding (b).Figure (c) displays the frequency downshift associated with the cantilever increased mass due to analyte binding for cantilevers with different mechanical quality factor Q. The blue curve exhibits the cantilever mechanical response for a lower Q than the red curve.

  Figure 1.7: Schematic of a dynamic mode bioMEMS based on a microcantilever. The represented microcantilever is oscillating at a resonance frequency f 0 before (a) and a new resonance frequency f 1 after analytes binding (b).Figure (c) displays the frequency downshift associated with the cantilever increased mass due to analyte binding for cantilevers with different mechanical quality factor Q. The blue curve exhibits the cantilever mechanical response for a lower Q than the red curve.
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 21 Figure 2.1: Schematic of a generic optomechanical system. Adapted from [83].
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 22 Figure 2.2: Left: Working principle of an optomechanical accelerometer. Middle: Schematic view of the whole otpomechanical system. Right: SEM image of the accelerometer. Adapted from [86].
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 23 Figure 2.3: Left: Schematic view of an optomechanical oscillator system used for mass sensing. Middle: SEM view of the microtoroid with polyethylene microspheres deposited on its surface. Right: Mechanical response of the resonator exhibiting downshift of the mechanical resonance frequency induced by mass deposition. Adapted from [87].

  (a) GaAs optomechanical microdisk resonator. (b) Optomechanical microwheel resonator.
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 25 Figure 2.5: (a) Schematic view of a nano-optomechanical disk resonator immersed in a liquid dropplet (left) and its associated brownian motion spectra in both air and liquid (right), from [72]. (b) Schematic view a optomechanical microwheel in liquid (left) and its associated brownian motion spectra in both air and liquid media (right), from [89].

Figure 2 . 7 :

 27 Figure 2.7: Scheme of a semiconductor slab waveguide in air. The slab has a refractive index n sc and the upper and lower cladding layers have a refractive index n air . The waveguide has a thickness e and is infinite in the (x, y) plane.

Figure 2 . 9 :

 29 Figure 2.9: Representation of the square of the electric field for the fundamental TE mode (l = 1, m = 50, n = 1) in cylindrical coordinates of a Si (n sc = 3.47) microdisk with a thickness e = 220 nm and a radius R = 5 µm. The disk is surrounded by air (n air = 1). For this fundamental TE mode, λ 50,1 = 1551.07 nm, β = 10.894 µm -1 and n ef f = 2.8122.
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 2210 Figure 2.10: 2D FEM simulation of the WGM of a silicon microdisk resonator with radius of 5 µm. Left: Computational domain of the various regions. Middle: Meshing of the different regions. Right: Example of a WGM sustained in the microdisk with m = 50 and n = 1. Plotted in this figure is the square of the in-plane electric field |E 2 x | + E 2 y .
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 211 Figure 2.11: Schematic of a silicon waveguide to disk coupling described by CMT.The waveguide has a width w wg and is separated from the microdisk by an optical gap g opt . s in and s out are respectively the incident and outgoing field amplitude, k int and k ext the intrinsic and external coupling losses rates and a(t) is the WGM energy amplitude.
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 212 Figure 2.12: Plots of the normalized transmitted power as a function of the incident wavelength for different coupling regimes: under-coupled (blue), critical coupling (orange) and over-coupled (green).
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 214 Figure 2.14: Scheme of RBM "breathing cycle" in a Si microdisk: (left) expansion, at rest (middle) and compression (right).
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 215 Figure 2.15: Graphical resolution of the RBM eigenvalues equation (2.44) for the first 6-th orders.
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 216 Figure 2.16: Relative induced frequency shift ∆f i /f of 220 nm thick silicon microdisk resonators immersed in water (ρ = 1000 kg • m 3 and µ = 1 × 10 -3 Pa • s) for different radii values.
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 2 Figure 2.17: Isotropic 3D FEM simulation of the RBM of a silicon microdisk resonator. Left: 3D scheme of the meshing of the computational domain. Right: image of the simulated first order in plane RBM.
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 218 Figure 2.18: First order RBM resonance eigenfrequencies as a function of microdisk radius.

  𝑟 = 𝐹 0 𝑒 𝑖𝜔𝑡 (a) Computational domain of the various regions (left) and zoomed-in view of the microdisk region with the applied oscillating force of constant amplitude. Meshing of the various regions (left) and zoomed-in view of the microdisk region (right).
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 2 Figure 2.19: 2D axisymmetric FEM simulation of the RBM of a silicon microdisk resonator. (a) Schematic views of the computational domain with the PML. (b) Schematic views of the meshing of the various regions.
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 492422220 Figure 2.20: Comparison of the 2D axisymmetric FEM simulation of the first order RBM mechanical response of a silicon microdisk immersed in water with a 8 µm radius versus experimental data. The experimental data display the measurement of the microdisk's thermomechanical noise with a subtraction of the noise background. Simulated results are in good agreement with the experimental data. Measured RBM resonance frequency is 301.161 MHz while simulation gives 301.028 MHz.
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 221 Figure 2.21: Mechanical quality factor of 220 nm silicon microdisk resonator in water with different radii values. A logarithmic scale was used on the left graph to display the different dissipation sources.
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 223 Figure 2.23: Schematics of the optomechanical readout principle. Left: variation of the optical resonance frequency due to the mechanical vibration of the microdisk. Middle: Time modulation of the optical transmitted power by the mechanical displacement with a laser wavelength ω locked to flank of the optical resonance. Right: amplitude of the mechanical response of the modulated optical signal revealing the microdisk mechanical mode response with a mechanical resonance frequency Ω m and a damping rate Γ m .
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 225 Figure 2.25: FEM simulation results of the estimation of the radiation pressure g rp om and electrostriction based g es om optomechanical coupling parameters for different microdisk raddi values.
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 2 Figure 2.26: FEM simulation results of the estimation of the optomechanical coupling strength g 0 for different microdisk raddi values.
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 228 Figure 2.28: 2D schematic of the on-chip optical grating couplers used to inject light into the optomechanical device.
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 22 Figure 2.29: 2D schematic of the on-chip optical grating couplers used to inject light into the optomechanical device. A zoomed-in view shows the grating pattern.

  (a) ENO1 200 mm SOI wafer. (b) PTA SOI sample.
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 31 Figure 3.1: Pictures of the two different substrates used for both VLSI and sample size fabrication approaches: (a) a 200 mm SOI and (b) a 25x25 mm SOI diced sample.
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 32 Figure 3.2: Schemes of three types of photolithography: (a) contact printing, (b) proximity printing and (c) projection printing.
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 33 Figure 3.3: Scheme representing both isotropic with undercuts (a) and anisotropic (b) etch profiles.

Figure 3 . 4 :

 34 Figure 3.4: Schematic comparison of two RIE reactor configurations: a classical PP-RIE (left) and an ICP-RIE (right).

  (a) Single disk version with SiO 2 pedestal. (b) Single disk with AlSi electrodes and poly-Si anchors. (c) Multidisk version with SiO 2 pedestals. (d) Multidisk version with AlSi electrodes and poly-Si anchors.
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 35 Figure 3.5: 3D schemes of all different types of devices included on the ENO1 run.
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 7 (a) Low Pressure Chemical Vapor Deposition (LPCVD) and patterning of high temperature silane (SiH 4 ) oxide hard mask. (b) Si top layer etching and resist removal. (c) SiH 4 and native oxides removal. AlSi electrodes fabrication: (a) Second thermal oxidation. (b) Localized Si doping (p-type). (c) SiH 4 oxide Pressure-Enhanced Chemical Vapor Deposition (PECVD), planarization and patterning. (d) AlSi Physical Vapor Deposition (PVD). (e) AlSi Chemical-Mechanical Planarization (CMP). 8. HF vapor device release: (a) Pre-release: HF vapor etching of SiH 4 and thermal oxide layers. (b) Main release: HF vapor etching of the Buried Oxide (BOX) layer.

  SiH 4 oxide hard mask (HM HTO) deposition and patterning. Si top layer etching and resist removal. Localized Si doping (p-type). Chapter 3. Fabrication of Si optomechanical microdisk resonators SiH 4 oxide deposition, planarization and patterning. Pre-release: HF vapor etching of oxide layers. Main-release: HF vapor etching of the BOX.
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 36 Figure 3.6: 2D schemes of the VLSI main fabrication process steps.
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 3738 Figure 3.7: SEM images of optical grating coupler before patterning of the waveguide, disk and electrode. Left: full view of a grating coupler patterned on the silicon top layer. Middle and right: zoomed-in views of grating trenches showing anisotropic and smooth etch profiles. A grating depth of 79 nm is measured in good agreement with the initial target value of 70 nm.
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 3 Figure 3.6g. The same bromide-chlorine based recipe described in the previous section is used. The last step consists of removing both SiH 4 oxide hard mask and thermal oxide using a solution diluted HF (Figure 3.6h). Images of disk, waveguide and electrodes without metal are shown in Figure 3.9.As explained previously in this chapter and in section 2.7, the objective is to obtain vertical and smooth microdisks sidewalls in order to maximize the optical quality factor. Figure3.10 shows that the we obtained perfectly vertical sidewalls using our ICP etching process. Concerning the surface roughness of sidewalls it is more difficult to quantify. The sidewalls are obviously not as smooth as the top surface but they appear to have a relatively low roughness.
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 39310 Figure 3.9: SEM images of different optomechanical devices after silicon patterning of microdisks, waveguides and electrodes. Devices are labeled "DX_Y", "EDX_Y" and "EMDX_Y", X represents the disk diameter (D) value, Y the optical gap, E stands for electrodes, M for multi-disks. (a), (d) and (g): views of different single disk devices version including waveguides and their optical grating couplers and microdisks with various diameters. For each microdisk, a range of optical gap is also represented. (b), (c), (e) and (h): zoomed-in views on microdisks with different diameters separated from their tapered waveguides with an optical gap of 200 nm. (i): View of multi-disk device version without electrode. (j): View of single disk device version with silicon electrodes. AlSi had not been deposited at this stage of the process. (f) and (k): zoomed-in views on microdisk with their Si electrodes without AlSi on both sides. (l): Views of multi-disk device versions with Si electrodes.

Figure 3 . 11 :

 311 Figure 3.11: SEM images of optomechanical Si microdisks with two AlSi electrodes on both sides. Devices are labeled "EDX_Y_Z", E stands for electrode, X represents the disk diameter (D) value, Y the optical gap and Z the electrical gap (distance between the AlSi electrode and the disk). Left: 10 µm Si microdisk diameter separated from the tapered waveguide with an optical gap of 200 nm and a electrical gap of 300 nm. Right: 20 µm Si microdisk diameter separated from the tapered waveguide with an optical gap of 200 nm and a electrical gap of 300 nm.

Figure 3 .

 3 Figure 3.12: Left: SEM images of a 16 µm silicon microdisk diameter after a partial HF vapor etch of the SiH 4 oxide before cleaning step. Residues are visible on the image covering both silicon (microdisk, waveguides and squared dummies) and BOX surfaces. Right: Image of the same microdisk after the complete etching of the SiH 4 and a cleaning step. Both silicon and BOX surfaces appear residue-free.

Figure 3 . 13 :

 313 Figure 3.13: Left: SEM images of silicon microdisk with a 16 µm diameter and its tapered waveguide separated by an optical gap of 200 nm. The white spot in the center of the microdisk is the shadow of the SiO 2 pedestal. Black circles are release holes. Right: FIB cross-section of the same released microdisk standing on its 2 µm radius SiO 2 pedestal.
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 2913 Fabrication of Si optomechanical microdisk resonators Fabrication of the input and output optical grating couplers. HF vapor release and formation of the SiO 2 microdisk pedestal.

Figure 3 .

 3 Figure 3.14: 2D (left) and 3D (right) schematics of the main fabrication process steps at the PTA.

Figure 3 .

 3 Figure 3.15: Left: optical microscopy image of a SOI chip after dicing without additional cleaning step. Numerous particles and residues can be seen on the surface sample. Right: microscopic image of the same chip after the cleaning step resulting in a residue free clean surface.

Figure 3 . 16 :

 316 Figure 3.16: Images of the alignment marks for the PTA process. Left: GDS layout of the alignement marks for an entire SOI chip. Middle: SEM image of a single cross. Right: zoomed-in view of the center of the cross. The BOX is visible inside the cross while the outside is the Si top layer. Visible by transparency, the brighter lines outlining the cross are the edges of the underneath HF etched BOX.

Figure 3 . 17 :

 317 Figure 3.17: GDS layouts of the optical grating couplers for the PTA process. Left: view of an entire optical grating couplers. Right: zoomed-in view of two grating interlines showing a 1:1 period of 625 nm and a pitch of 312.5 nm. Proximity effect correction (PEC) with a reduction the trenches width of -40 nm is also shown. Light blue region corresponds to the real exposed region after PEC.

Figure 3 .

 3 Figure 3.18: (a): SEM images of optical grating couplers patterned in ZEP 520A resist after e-beam exposure and development without proximity effect correction (left) and zoomed-in view on few grating trenches (right). Grating trenches appear 40 nm wider than expected. (b): Same set of optical grating SEM images but after proximity effect correction narrowing trenches width by 40 nm on the layout. Measurement shows 311 nm wide trenches which is in excellent agreement with initial design dimension of 312.5 nm.

Figure 3 . 19 :

 319 Figure 3.19: SEM images of silicon optical grating couplers before (left) last diluted liquid HF resist removal and after (right).
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  Figure 3.20. A 380 nm thick layer of Ma-N 2403 is then spin-coated on the sample with the parameters listed below: • Speed: 2000 rpm • Acceleration: 2000 rpm/s • Time: 60 s

Figure 3 . 20 :

 320 Figure 3.20: Optical microscopy images of Ma-N 2403 resist delamination after development due to poor adherence with the surface substrate. Left: bended tapered waveguide and its missing microdisk which has been completely lift-off. Right: Delamination of waveguide sections.

Figure 3 . 21 :

 321 Figure 3.21: SEM images of patterned microdisk and their tapered waveguides on Ma-N 2403 resist after exposure with an optimal dose of 412 µC • cm -2 and development.

Figure 3 . 22 :

 322 Figure 3.22: Effect of the over etch time on HF vapor release. Left: SEM image of a Si microdisk etched with an optimized etching time. HF has correctly penetrated in the release holes and started to etch the underneath BOX. Right: Si microdisk etched with a too short over etch time showing no HF action in the release holes preventing the disk to be correctly released.

Figure 3 . 23 :

 323 Figure 3.23: Left: SEM images of an optomechanical silicon microdisk after the second ICP dry etching step. Middle and right: zoomed-in views on the same microdisk exhibiting smooth and vertical sidewall etch profiles. These pictures have been taken after release.

Figure 4 . 1 :

 41 Figure 4.1: Picture of the optomechanical experimental setup. 1: Input optical fiber in wich light is injected from the tunable external cavity laser. 2: Fiber polarization controller. 3: 3-axis piezoelectric micropositioning stages with the fiber holder (white plastic component) attached on it. The input optical fiber is also shown and is attached to the fiber holder. 4: Sample holder mounted onto a labjack to allow coarse vertical displacement of the sample. 5: Ouput fiber/stage block. 6: Output optical fiber connected to the photodetector. 7: End part of the microscope objective camera. The inset shows a picture of the complete setup including the computer station and all the equipment: lasers, photodetectors, lock-in amplifiers, power sources...

Figure 4 . 3 :

 43 Figure 4.3: Schematic of the optomechanical set-up configuration used to measure both optical response and TMN noise of the Si optomechanical microdisk resonators. FPC stands for fiber polarization controller, PD for photodetector and LIA for lockin amplifier. The blue dashed boxes labeled XYZ represent the three-axis micropositioning systems for optical fibers alignment with the grating couplers. The devices under test can be either in air (not shown) or in a fluidic sample holder represented by a liquid droplet.

Figure 4 . 4 :

 44 Figure 4.4: Schematic of the setup used to characterize the noise of the experimental bench. OA stands for optical attenuator, PD for photodetector and LIA for lock-in amplifier.
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Figure 4 . 7 :

 47 Figure 4.7:Pictures of the sample placed on its holder with fibers coupled to its grating couplers. A zoomed-in view is also displayed on the bottom right corner of each image. Left: Sample directly put on a holder for testing in ambient air environment. SMA connectors are visible on the picture, they were added to the bench in order to perform electrical measurements. Right: Sample placed inside a fluidic holder filled with DIW for testing in liquid medium. As seen on the picture, optical fibers are also immersed in the liquid to be coupled to the device. The visible light comes from the microscope objective which illuminates the sample in order to observe it.

Figure 4 . 8 :

 48 Figure 4.8: Camera view of the optical fibers to grating couplers alignment process.Left: Optical fibers close to the grating couplers before alignment. Right: Input and output optical fibers correctly aligned with their respective grating couplers. This alignment was performed in air. Liquid alignment is not shown as there is no visible difference on the camera compared to air.

Figure 4 . 9 :

 49 Figure 4.9: Schematic of the continuous wavelength sweep setup used to get broadband optical spectrum. FPC stands for fiber polarization controller, PD for photodetector and LIA for lock-in amplifier. Laser wavelength is swept from λ min to λ max , sent to the device and 10% of the output transmitted optical signal is recorded in the time domain. An example of a continuous optical spectrum is shown on the schematic computer screen.
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Figure 4 . 10 :

 410 Figure 4.10: Typical optical spectrum obtained with the continuous wavelength sweep measurement. The response corresponds to an optomechanical device with a 8 µm microdisk radius with an optical gap of 200 nm fabricated on the ENO1 run.

Figure 4 . 11 :

 411 Figure 4.11: Schematic of the step-by-step wavelength scanning setup used to getoptical spectra focuses on one or few WGM peaks. FPC stands for fiber polarization controller, PD for photodetector and LIA for lock-in amplifier. For each laser wavelength, the transmitted optical output power is averaged over a given acquisition time and recorded. An example of a doublet WGM resonance peak recorded using this method is shown on the schematic computer screen.
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Figure 4 . 12 :

 412 Figure 4.12: Typical optical spectrum obtained with the step-by-step scanning measurement over a 8 pm wavelength range exhibiting a WGM doublet. The spectrum was measured using an optomechanical device with a 8 µm microdisk radius with an optical gap of 200 nm fabricated on the ENO1 run.

Figure 4 . 13 :

 413 Figure 4.13: Grating response for two different angles, θ 1 = 11.5°(blue) and θ 2 > θ 1 (orange)
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Figure 4 . 14 :

 414 Figure 4.14: Typical grating response for ENO1 and PTA versions. They both exhibit a maximum coupling efficiency of approximately 5.5% (-12.6 dB). This response includes two grating couplers, thus the coupling efficiency for one coupler is 23.5% (-6.3 dB).
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Figure 4 . 15 :

 415 Figure 4.15: Effect on injected light polarization on the optical gratings response. The latter are optimized for TE mode, hence a mixed TE/TM mode results in a lower maximum transmission and exhibits interference patterns.

Figure 4 . 16 :

 416 Figure 4.16: Continuous wavelength sweep optical spectra of several microdisks with different radii R and a fixed optical gap of 200 nm.

Figure 4 . 17 :

 417 Figure 4.17: Continuous wavelength sweep optical spectra of a microdisk with a 8 µm radius over a 27 nm spectral range. The different WGM are identify by both their azimuthal (m) and radial (n) numbers and labeled λ (m,n) . A FSR of 14 nm is measured.

Figure 4 . 18 :

 418 Figure 4.18: Optical transmission spectrum of a 8 µm radius microdisk fabricated in ENO1 run exhibiting a WGM doublet with loaded optical quality factors of 7.7×10 5 (left peak) and 1 million (right peak). The internal quality factors are 8.8 × 10 5 and 1.16 × 10 6 for the left and right peak respectively. Red curve represents the fit through the experimental data (blue crosses).
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 419420 Figure 4.19: Continuous optical spectra in air for a ENO1 8 µm microdisk for the different designed optical gap values. A zoomed-in view is shown in inset focusing on the same WGM resonance.

Figure 4 . 21 :

 421 Figure 4.21: Continuous optical spectra in air for optomechanical devices fabricated at the PTA with different radii.

Figure 4 . 22 :

 422 Figure 4.22: Optical transmission spectra of a 8 µm radius microdisk fabricated at the PTA exhibiting WGM resonance peaks. Left: single WGM resonance peak with a loaded quality factor of 6.25 × 10 4 . Right: WGM doublet with loaded optical quality factors of 1.88 × 10 5 (left peak) and 1.57 × 10 5 (right peak). Red curves represent the fit through the experimental data (blue crosses).

Figure 4 . 23 :

 423 Figure 4.23: Continuous optical spectra in air for a PTA 8 µm microdisk for the different designed optical gap values. A zoomed-in view is shown in inset focusing on the same WGM resonance.
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 424 Figure 4.24: Evolution of the external coupling losses κ ext = 1/Q ext as a function of the optical gap for a 8 µm microdisk radius. Despite the number of point, we can assume that the external coupling loss follows an evanescent behavior, as predicted by the coupled mode theory. The critical coupling regime is found for Q int = Q ext which leads to an optical critical gap of ∼64 nm.

Figure 4 . 25 :

 425 Figure 4.25: WGM resonance peaks for laser power P ranging from 1 to 200 µW.While increasing power, thermo optic resonance red shift is observed as well as non linear deformation of the optical response resulting in a triangle shape.
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 10 Hence, immersing both PTA (θ = 10°and Λ = 625 nm) and ENO1 (θ = 11.5°a nd Λ = 635 nm) grating versions in DIW (n diw = 1.33), considering dn ef f /dλ 0 = -1.1 µm (see Equation 4.7), a central wavelength shift of ∼ -21 nm is expected. A comparison of grating couplers responses in air and DIW is displayed in Figure 4.26. We measured a blue shift of the central wavelength of -25 nm which is in good agreement with the prediction.

Figure 4 . 26 :

 426 Figure 4.26: Grating response as a function of the surrounding medium: air (red) and deionized water (blue). The grating central wavelength is 25 nm blue shifted when operating in liquid due to the change of refractive index.

Figure 4 . 27 :

 427 Figure 4.27: Optical WGM doublet of a ENO1 8 µm microdisk with an optical gap of 200 nm in deionized water. Loaded optical quality factor of 1.27 × 10 5 (left peak) and 1.56 × 10 5 (right peak) are measured. The same WGM in air exhibited loaded quality factors of 5.85 × 10 5 and 4.42 × 10 5 for the left and right peaks respectively.
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Figure 4 .

 4 Figure 4.28: Optical WGM of a PTA 8 µm microdisk with an optical gap of 75 nm in deionized water exhibiting a loaded optical quality factor of 5.54 × 10 4 . The same WGM in air exhibited loaded quality factors of 6.85 × 10 4 .
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 429430 Figure 4.29: Optical response of an optomechanical devices with a 8 µm microdisk and an optical gap of 200 nm in both air (red curve) and deionized water (blue curve). In liquid, a ∼10 nm red shift of the WGM resonances is observed as well as an increase of the contrast.

Figure 4 . 31 :

 431 Figure 4.31: WGM resonance peaks of a 8 µm microdisk radius immersed in liquid (DIW) for laser power P ranging from 1 to 800 µW.
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 4432 Figure 4.32: Schematic of the thermomechanical noise measurement setup. FPC stands for fiber polarization controller, PD for photodetector and LIA for lock-in amplifier. Laser wavelength is constant and set on the blue flank of a optical WGM resonance peak. The transmitted optical signal, which is modulated at the microdisk mechanical frequency f 0 , is then recorded by the high frequency photodetector and demodulated by the LIA at different frequencies f around f 0 . An example of a typical thermomechanical noise spectrum is shown on the schematic computer screen.

Figure 4 . 33 :

 433 Figure 4.33: Thermomechanical noise response of a 10 µm optomechanical microdisk radius. A fit (red curve) is performed through the experiment data (black dots) and both mechanical resonance frequency and mechanical quality factor are extracted.The inset shows the optical WGM resonance used for this measurement as well as the laser wavelength tuned to the blue flank of the peak.

Figure 4 .

 4 Figure 4.34: Thermomechanical noise measurement for different laser powers (P) of a silicon microdisk with a 8 µm radius in air. The same optical WGM was used for each measurement. The thermomechanical noise starts to be measured for a power threshold of ∼50 µW as its amplitude is above the setup noise floor (blue dashed line). The inset shows the evolution of the thermomechanical noise amplitude as a function of the laser power. Above 50 µW, the fit (red dashed line) shows that it changes linearly with the increasing laser power.
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 3 Thermomechanical noise measurement tion 2.3.1):

Figure 4 . 35 : 1 / 2 xef f f 3 0

 435123 Figure 4.35: Thermomechanical noise measurement of a silicon microdisk with a 10 µm radius in air as a function of the laser wavelength (λ i ). A laser power of 300 µW was used hence exhibiting a non linear triangle shape optical resonance peak as shown on the inset.
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 436 Figure 4.36: Thermomechanical noise response of a 10 µm optomechanical microdisk radius. Left: Voltage noise spectral density displayed in V/ √ Hz. Right: Displacement noise spectral density expressed in m/ √ Hz after calibration.
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 437 Figure 4.37: Calibrated thermomechanical noise response of optomechanical devices in air with different disk radius of 5, 6, 8 and 10 µm. For each disk, a fit (red curve) is performed through the experiment data (black dots) and both mechanical resonance frequency and mechanical quality factor are extracted.

FFigure 4 . 38 :

 438 Figure 4.38: Calibrated thermomechanical noise response of a 8 µm optomechanical microdisk in both air (red) and deionized water (blue). Operating in liquid, a downshift of the mechanical resonance frequency of approximately ∼15 MHz is observed as well as a reduced mechanical quality factor from 2 × 10 3 in air to 14.5 in deionized water.

4. 4 .

 4 Optical actuation of the silicon microdisks is detected. Eventually, the probe signal collected by the photodiode is converted into an electrical signal which is demodulated by the LIA at a frequency f . An optically driven microdisk mechanical response spectrum is obtained performing a frequency sweep around the mechanical resonance frequency.Both probe and pump lasers are set on the blue flank of two different optical WGM resonances as shown on the inset of Figure4.40. While probe wavelength is set at the steepest slope of the optical resonance, pump wavelength is set almost at the optical resonance in order to inject the maximum amount of power into the microdisk. Experimentally we chose two optical resonances sufficiently separated in order to easily filter the pump wavelength.

Figure 4 . 39 :

 439 Figure 4.39: Schematic of the optomechanical set-up configuration used to perform optical actuation of the Si optomechanical microdisk resonators. FPC stands for fiber polarization controller, EOM for electro-optical modulator, PD for photodetector, TOF for tunable optical filter and LIA for lock-in amplifier. The blue dashed boxes labeled XYZ represent the three-axis micropositioning systems to align optical fibers with the grating couplers. The devices under test can be either in air (not shown) or in a fluidic sample holder represented by a liquid droplet.

Figure 4 .

 4 Figure 4.40: Amplitude (left) and phase (right) responses of an optically driven microdisk with a 8 µm radius and an optical gap of 200 nm for different values of modulated power. The inset of the amplitude response shows the two optical resonances used with both pump and probe lasers.

Figure 4 . 41 :

 441 Figure 4.41: Displacement amplitude of an optically driven microdisk with a 8 µm radius and an optical gap of 200 nm for different modulated powers. A linear fit (red curve) is performed through the experimental data.
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Figure 4 . 42 :

 442 Figure 4.42: Allan deviation σ y (τ ) of a 8 µm optomechanical microdisk radius optically driven in air at 100% modulated power as a function of the integration time τ . The Allan deviation has been measured in both open and closed loop operation. On the same figure, the minimum detectable mass δm min = 2M ef f σ y (τ ) is also plotted as a function of the integration time.
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 443 Figure 4.43: Amplitude response of an optically driven microdisk with a 8 µm radius and an optical gap of 200 nm in both air and liquid medium for different modulated powers.

Figure 4 . 44 :

 444 Figure 4.44: Schematics of the characterization set-up used to measure the EOM ac response. FPC stands for fiber polarization controller, EOM for electro-optic modulator, PD for photodetector and LIA for lock-in amplifier.

Figure 4 .

 4 Figure 4.45 displays the AC amplitude responses of the EOM as a function of the frequency. We observe oscillations with a very short period of ∼5 MHz that are similar to the short ones observed when performing liquid actuation. We thus implemented a simple PID loop to suppress these oscillations and maintain a constant amplitude signal. The oscillation-free AC EOM response with the PID is shown in Figure4.45. Actuation with the devices including the PID loop was performed but no significant difference in the signal was observed. The origin of the most disturbing long-period oscillations that prevent from resolving the actuated microdisk motion in liquid is still unknown.We then performed a 2 laser actuation measurement similarly to the optical actuation scheme presented in section 4.4.1 but without any device. The amplitude of modulation is set at 50% for all measurements. The measurement set-up is shown in Figure4.46. Thanks to the tunable optical filter, we were able to measure either the probe or the pump signal. The results are presented in Figure4.47. As expected, the pump signal exhibits the same oscillations we observed in the EOM response in absence of optical filter. The probe signal doesn't exhibit the short oscillations coming from the EOM indicating the optical filter is behaving as expected. In
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 4446 Figure 4.45: AC amplitude response of the EOM as a function of the modulation frequency. The black curve represents the EOM response without PID correction loop while the red curve shows the effect of the PID loop. On the right, a zoomed in view on few oscillations is shown.

Figure 4 . 47 :

 447 Figure 4.47: Measurement of the probe and pump signals response when performing an optical actuation like measurement without device. Left: probe signal only while filtering the pump. Right: pump signal only with the probe being filtered.
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 551 Figure 5.1: Biosensing protocol.

Figure 5 . 2 :

 52 Figure 5.2: Scheme of the functionalization protocol including the 5 different steps to form the biorecognition layer.

Figure 5 . 3 :

 53 Figure 5.3: Working principle of a QCM-D system. A: AT-cut quartz crystal with two gold coated electrodes. B: Fundamental and third overtone thickness shear vibration modes of a quartz crystal when an AC voltage is applied. C: Fundamental resonance frequency of a quartz crystal in air (blue curve) and liquid (red curve). D: Ring down measurement exhibiting an exponentially decaying signal. Parameters f and D can be extracted by fitting this curve.
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 3 Characterization of the biosensing protocol with a QCM 8. BSA detection: a 200 µg/mL BSA solution in PBS was flowed for 60 min. 9. Rinsing: injection of PBS only solution for 45 min. A frequency shift of -9 Hz associated to the total detected mass of BSA specifically bound to the anti-BSA antibodies was measured.

Figure 5 . 4 :

 54 Figure 5.4: Full sensogram exhibiting the frequency and dissipation changes of the 3 rd harmonic of a silannized quartz crystal upon the different steps of its surface functionnalization. 1: HEPES buffer injection. 2: NHS/EDC silanes activation. 3: PBS rinsing. 4: Anti-BSA antibody immobilization. 5: PBS rinsing. 6: Ethanolamine blocking agent. 7: PBS rinsing. 8: BSA injection. 9: PBS rinsing.

Figure 5 . 5 :

 55 Figure 5.5: Frequency changes of the third harmonic of a silannized quartz crystal corresponding to the absorption of anti-BSA antibodies (orange curve). The associated estimated antibody mass density using Sauerbrey and viscoelastic (Voigt) models is also represented (blue and yellow curves). 1: PBS injection. 2: Injection of anti-BSA antibody solution. 3: PBS rinsing.

Figure 5 . 6 :

 56 Figure 5.6: Frequency changes of the third harmonic of an anti-BSA antibody functionnalized quartz crystal corresponding to the absorption of BSA proteins (orange curve). The associated estimated BSA mass density using Sauerbrey model is also represented (blue curve). 1: PBS injection. 2: Injection of BSA protein solution. 3: PBS rinsing.
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 57 Figure 5.7: Frequency changes corresponding to the absorption of BSA proteins on an anti-BSA antibody (orange curve) and anti-IgM (blue curve) functionnalized quartz crystal. 1: PBS injection. 2: Injection of BSA protein solution. 3: PBS rinsing.
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 58 Figure 5.8: Scheme of the T5 bacteriophage virus. From [147].
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 59 Figure 5.9: Full sensogram exhibiting the frequency and dissipation changes of the 3 rd harmonic of a silannized quartz crystal upon the different steps of its surface functionnalization. 1: HEPES buffer injection. 2: NHS/EDC silanes activation. 3:Acetate buffer rinsing. 4: Anti-T5 capsid antibody immobilization. 5: Acetate rinsing. 6: Ethanolamine blocking agent. 7: TRIS buffer rinsing. 8: T5 viruses injection. 9: TRIS buffer rinsing.
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 510 Figure 5.10: Frequency changes of the third harmonic of a silannized quartz crystal corresponding to the immobilization of anti-T5 capsid antibodies on its surface (orange curve). The associated estimated mass density according to Sauerbrey model is also represented on the blue curve. 1: Acetate buffer solution injection. 2: Injection of the anti-T5 capsid antibody solution. 3: Acetate buffer rinsing.

Figure 5 . 11 :

 511 Figure 5.11: Frequency changes of the third harmonic of an anti-T5 capsid antibody functionnalized quartz crystal corresponding to the specific absorption of T5 capsids on its surface (orange curve). The associated estimated mass density according to Sauerbrey model is also represented on the blue curve. 1: TRIS buffer solution injection. 2: Injection of the T5-capsid solution. 3: TRIS buffer rinsing.

Figure 5 . 12 :

 512 Figure 5.12: Mechanical resonance frequency response of a silanized silicon optomechanical microdisk with a 8 µm radius during a BSA biosensing experiment. The surface of the microdisk was first functionnalized with anti-BSA antibodies and BSA proteins was then injected to be detected. Each number corresponds to a specific step of the process. 1: Silanized microdisk before silanes activation. 2: NHS/EDC silanes activation. 3: Injection of anti-BSA solution in the fluidic holder. 4: Anti-BSA antibody immobilization. 5: Ethanolamine blocking agent and PBS rinsing. 6: Injection of BSA protein solution. 7: BSA proteins binding. 8: PBS rinsing.

Figure 5 . 13 :

 513 Figure 5.13: Evolution of the WGM optical resonance wavelength of a silanized silicon optomechanical microdisk with a 8 µm radius during a BSA biosensing experiment. 1: Silanized microdisk before silanes activation. 2: NHS/EDC silanes activation. 3: Injection of anti-BSA solution in the fluidic holder. 4: Anti-BSA antibody immobilization. 5: Ethanolamine blocking agent and PBS rinsing. 6: Injection of BSA protein solution. 7: BSA proteins binding.

Figure 5 . 14 :

 514 Figure 5.14: Mechanical resonance frequency shift of a silanized silicon optomechanical microdisk with a 8 µm radius corresponding to its surface functionnalization with anti-BSA IgG.

Figure 5 . 15 :

 515 Figure 5.15: Mechanical resonance frequency shift of an anti-BSA functionnalized silicon optomechanical microdisk with a 8 µm radius corresponding to the binding of BSA proteins on its surface.

Figure 5 . 16 :

 516 Figure 5.16: Mechanical resonance frequency shift of an silanized silicon optomechanical microdisk with a 8 µm radius during a T5 virus biosensing experiment. The surface of the microdisk was first functionnalized with anti-T5 antibodies and T5 viruses were then injected to be detected. Each number corresponds to a specific step of the process. 1: Silanized microdisk before silanes activation. 2: NHS/EDC silanes activation. 3: Anti-T5 antibody injection. 4: Anti-T5 antibody immobilization. 5: Ethanolamine blocking agent and TRIS rinsing. 6: T5 capsids injection. 7: T5 viruses detection.

Figure 5 . 18 :

 518 Figure 5.18: Mechanical resonance frequency shift (blue circles) of an anti-T5 functionnalized silicon optomechanical microdisk with a 8 µm radius during the binding of T5 viruses on its surface. The associated estimated mass density is also represent (orange circle).
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  BSA min = f b,eq min K D 1 -f b,eq min (5.10)Chapter 5. In-situ biosensing measurements with optomechanical microdisk resonators• For K D =10 -11 M → c T 5 min = 2.3 fM • For K D =10 -12 M → c T 5 min = 0.23 fM

  

  

  

  

  

  

  

  .1)2.2. Optical properties of a Si microdisk resonatorwhere 2πR is the circumference of the microdisk with R its radius, n sc the refractive index of the microdisk and λ r the resonance wavelength. sc ) surrounded by air (n air ) with n sc > n air . R corresponds to the disk radius and i is the incident angle.
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	Figure 2.6: 2D geometrical optical representation of WGM in a silicon disk with a
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1: Dimensions of the waveguides used for both ENO1 and PTA devices

Table 2 .

 2 3: Optical gap values chosen for both ENO1 and PTA run. The range is expressed as (minimum value:step:maximum value).we chose optical gap values based on previous work and estimation of what could be the intrinsic losses of our resonators. After fabrication and testing we figured that the chosen optical gap values were a bit larger than what would be the optimized one (see section 4.2). Nonetheless even in this case, we obtained excellent results with these devices. For the PTA run, we had more flexibility so we chose optical gap values based on both experimental trials and ENO1 results. Table2.3 summarizes the optical values chosen for both runs.

Table 3 .

 3 • C with US resulting in both detaching the PMMA glued sample from the etching holder (see section 3.3.4.2) and removing remaining resist after oxygen plasma. Acetone is then rinsed from the sample in a solution of IPA for another 10 min at 40 • C with US. A final rinsing in DIW is performed to remove the IPA. Eventually the sample is dipped in 1% diluted HF for 1 min and immediately rinsed in DIW. This very last step has been added after observing remaining unknown residues on the gratings even after oxygen plasma and chemical resist removal (seeFigure 3.19).

	Gas	ICP power	RF power	Temperature	Pressure
	(sccm)	(W)	(W)	(℃)	(mTorr)
	O 2	1200	20	20	10
	(15)				

2: ICP etch parameters used for resist removal.

Table 3 .

 3 3: HF vapor etching parameters used to release optomechanical microdisks. Both fast and slow etching rate sets of parameters are summarized.

			HF	N 2	Ethanol	Pressure
			(sccm)	(sccm)	(µL/min)	(Torr)
	Fast etching	Pre-etching	0	600	435	135
	(58 nm/min)	Etching	200	600	435	135
	Slow etching	Pre-etching	0	1200	338	75
	(11 nm/min)	Etching	300	1200	338	75

Focus 1611-FC (AC output)

  

			Femto OE-200-IN2
			(DC output)
	Spectral range [nm]	900-1700	900-1700	
	Gain [V/W]	700	10 5	10 6
	Bandwidth NEP [pW/ √ Hz]	30 kHz-1 GHz 31 pW	DC-500 kHz DC-500 kHz 15 pW 2 pW

Table 4 .

 4 

1: Specifications of the two photodetectors used for our optomechanical experiments.

  Figure 4.6: Comparison between the spectral noise density of the optomechanical readout setup at 300 MHz and expected values of noise coming from different sources. Two regimes can be distinguished, a NEP limited regime below 200 µW and a RIN limited regime above 200 µW. For this measurement, a shot of 64000 samples was acquired during 36 µm with a sampling rate of 1.8 GSa/s.
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The objective here is not to describe all the different experiments and studies presented on this comparative graph but to use it as a guide and reference of the present state of the art. Detailed information can be found in the review[START_REF] Arlett | Comparative advantages of mechanical biosensors[END_REF] 

Further information on the model can be found in the supplementary information[START_REF] Gil-Santos | High-frequency nano-optomechanical disk resonators in liquids[END_REF] 

13.56 MHz is a band reserved for Industrial, Scientific and Medical (ISM) applications selected by the Federal Communication Commission in the United States.

N D is the doping concentration

The name damascene is given by analogy to metal inlaying technique used in jewelry Damascus city the capital of Syria. Nonetheless, this technique originates from Kyoto in Japan.

rpm: rotations per minute

We use the coefficient dn ef f /dλ 0 value calculated in[START_REF] Chauveau | Réseaux de résonateurs pour la photonique sur silicium, applications au multiplexage en longueur d'onde[END_REF] using mode solving simulations and experimentally verified for a 500 ×

nm 2 rectangular waveguide cross section.

The effective mass was estimated using a FEM model.

This microdisk exhibited a mechanical frequency f =302.623 MHz, a total mass M tot =102.7 pg leading to a mass sensitivity S m = f /2M tot ∼ -1.473 Hz/ag and total sensing area of ∼4.08 µm

.

The total mass was calculated by simply dividing the measured frequency shift associated with the binding of the anti-BSA antibodies with the mass sensitivity of the sensor. In this case a frequency shift of -2.6 MHz was measured on a microdisk with a mass sensitivity of -1.472 Hz/ag which leads to a total mass of anti-BSA antibodies of 17.9 pg

Again, the total mass was calculated by simply dividing the measured frequency shift associated with the binding of the anti-T5 pb8 capsid protein antibodies with the mass sensitivity of the sensor. In this case a frequency shift of -4.63 MHz was measured on a microdisk with a mass sensitivity of -1.468 Hz/ag which leads to a total mass of anti-T5 pb8 capsid protein antibodies of 31.5 pg.

Remerciements

Biosensing demonstration with optomechanical microdisk resonators

Typical values of the dissociation constant K D for the complex BSA/anti-BSA are in the nanomolar range (K D ∼10 -9 M) [START_REF] Chiem | Monoclonal antibody binding affinity determined by microchip-based capillary electrophoresis[END_REF][START_REF] Instrument | BI-SPR-107-Binding-Kinetics-Analysis-with-SPR-Interaction-between-Bovine-Serum-Albumin-BSA-and-Anti-BSA[END_REF] which leads to a limit of detection of 0.7 pM for the detection of BSA proteins with our optomechanical microdisks.

Estimation of the minimum detectable T5 viruses concentration

We will now perform the same minimum detectable concentration in the case of T5 viruses detection. Similarly to the BSA detection, we start by calculating the fraction bound. Experimentally (see section 5.4.3), we recorded a total anti-T5 pb8 capsid protein antibodies mass of 31.5 pg 3 . Using the mass of single anti-T5 antibody (m T 5 = 2.49 × 10 -19 g) we thus obtain a number of available binding sites of 1.26 × 10 8 .

In this case, the antibody solution was produced by extracting the IgG fraction on the serum of the animal they were produced in. Therefore, not all the IgG molecules are directed towards the T5 pb8 capsid protein. For the sake of this calculation, we estimate an average of ∼ 50% of IgG content to be directed against the T5 pb8 capsid protein. In addition, the T5 virus volume is much larger than the antibody hence a steric hindrance has to be considered. A simple geometrical approach shows that the binding of a T5 on one site blocks a total of ∼ 500 other binding sites. Hence, the effective number of available binding sites for the T5 viruses (n sites,T 5 ) is 1.26 × 10 5 . Now we will translate the estimated minimum detectable mass of 5.36 fg into the equivalent number of T5 viruses using the single mass of one T5 viral capsid (m T 5 = 1.76 × 10 -16 g). The result leads to a minimum detectable number of T5 viral capsids (n T 5 min ) of ∼ 30.

The corresponding fraction bound f b,eq is thus:

f b,eq min = n T 5 min n sites,T 5 = 2.3 × 10 -4 (5.11)

The dissociation constant for the complex T5/anti-T5 pb8 capsid protein antibody is not known. However, we can assume it to be ranging from 10