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In this work, an optomechanical accelerometer is presented which employs Whispering Gallery Modes disk or ring resonator as displacement sensor. The motion of an inertial mass detunes the resonant cavity and thus modulates the optical power at the output of the sensor.

The designs and technological developments of three optomechanical accelerometers are described. We present also the optical and mechanical sensor characterisations. The aim of the thesis is to evaluate the potential of an optomechanical approach for high performance accelerometers.

Résumé

De nombreux domaines requièrent des accéléromètres à très hautes performances, que ce soit pour des systèmes de navigation ou le marché de l'électronique ou encore dans le domaine de la recherche. Beaucoup de méthodes diérentes ont été utilisées pour mesurer une accélération comme les accéléromètres capacitifs, piezorésitifs ou encore thermiques. Cependant la transduction optomécanique semble pouvoir apporter de nouveaux avantages en comparaison des méthodes traditionnelles. En eet, l'optomécanique permet de détecter des déplacements mécaniques extrêmement petits et donc d'obtenir des résolutions très importantes tout en gardant une bande passante intéressante. Les capteurs optomécaniques contrairement aux capteurs basés sur d'autres méthodes, peuvent être utilisés dans des environnements non protégés des ondes électromagnétiques.

Dans le cadre de ce travail, nous présentons un accéléromètre optomécanique avec une cavité optique résonante à modes de galeries pour détecter le mouvement d'une masse inertielle.

Le mouvement de cette dernière modie les conditions de résonance de la cavité ce qui conduit à une modulation de la puissance optique en sortie du capteur. Trois diérents modèles d'accéléromètres optomécaniques seront détaillés ainsi que leur développement technologique.

Nous présenterons également leurs caractérisations optiques et mécaniques. Finalement ces travaux de recherche permettent d'évaluer le potentiel d'une approche optomécanique pour la conception d'accéléromètres à hautes performances.

Introduction

Inertial sensors appeared in the 1900s and their performances have steadily improved since then (see Chapter 1). Nano-g resolution accelerometers are required for measuring tiny seismic disturbances (for comparison, ground shaking of 0,001g is perceptible by people, at 0,02g people lose their balance and well-designed buildings can sustain at 0,50g if the duration is short). It is very important to build early warning systems for earthquakes with accelerometers capable of detecting weak seismic signals. High performance accelerometers are also essential for satellite vibration behaviour studies or for eld survey of Earth gravity. The Earth's eld decreases with altitude by about 300 nano-g per metre, due to the increasing distance from the Earth's gravitational source. Miniature high-performance accelerometers are needed for sophisticated navigation and control systems used in airplanes, advanced automobiles or for research. For example, the environmental sensor arrays of the Laser Interferometer Gravitational-Wave Observatory (LIGO) and the Variability of Solar Irradiance and Gravity Oscillations (VIRGO) include seismometers, microphones, radio receivers, magnetometers and accelerometers to monitor ambient noise. Accelerometers are used to trace the seismic attenuation chains of the gravitational wave interferometric detectors.

The development of optomechanical sensors is interesting for numerous dierent elds such as biosensing [1], mass sensing [2] or quantum technological applications [START_REF] Stannigel | Optomechanical quantum information processing with photons and phonons[END_REF] as it is a promising avenue to make the interface between matter qubits and light. The mechanical system is a mediator between spin or charge based qubits and photons. Optomechanics is also a great tool for fundamental physics. For example, it can be used as positive damping for motion cooling or negative damping for parametric amplication of small forces.

Optomechanical transduction can signicantly improve the performances of accelerometers as it can provide an extremely sensitive readout of mechanical motion [START_REF] Aspelmeyer | Cavity optomechanics[END_REF]. It is thus very appealing to realize high performance accelerometers which have the promise to extend the range of commercial Micro-Electro-Mechanical-Systems (MEMS) accelerometers. Furthermore, acceleration sensors based on capacitive, piezoelectric or magneto-resistive mechanisms suer from electromagnetic interferences and cannot be used under explosive atmosphere. Optomechanical accelerometers are immune to electromagnetic waves. Additionally optomechanical accelerometers also allow smaller and more sensitive sensors with higher bandwidth. This work evaluates the potential of an optomechanical approach for high performance accelerometers fabricated with a large-scale silicon platform. Standard photonic grating couplers couple light in a waveguide in the telecom band (1.55µm). Light is coupled into a resonant optical cavity with an inertial mass nearby. The motion of the latter detunes the cavity and modulates the output optical power. Three dierent optomechanical accelerometers have been designed, fabricated, optically tested and mechanically characterized. The inertial mass sizes vary from 15 * 20 µm 2 to 200 * 250 µm 2 with resonance frequencies from 20kHz to 4MHz.

The project was carried out in the MEMS sensor laboratory at CEA LETI: Laboratoire des Composants Micro-Capteurs (LCMC) which develops technological solutions to improve performance and to decrease the size and cost of inertial sensors (accelerometers, gyrometers, magnetometers) for consumer (smartphones, tablets) or in high added value markets (aeronautical, spatial). The LCMC laboratory has expertise in MEMS, clean-room manufacturing and inertial sensors.

Chapter 1 explores historic developments. Beginning with a description of optomechanic eld evolution, the development of the accelerometers is presented and nally, the last section describes the state of the art of optomechanical accelerometers.

Chapter 2 provides a description of the resonant optical cavity. The parameters of the optical cavity are presented with a simple model of the resonant behaviour. Then the optical modes of the cavity are detailed as well as the dierent techniques, analytic and numeric, to study these modes. The last part presents the working principle and sensitivity of the optomechanical accelerometer.

Optomechanical accelerometer sensitivity is linked to the optical cavity parameters. Thus, Chapter 3 details the theoretical improvement of the optical parameters and some specicities of the optical cavity modes.

Then, Chapter 4 is dedicated to the working principle of the accelerometer. The accelerometer performances are presented with their theoretical expressions and the parameters on which they depend. The dierent sources of noise are listed and their noise levels are experimentally determined. Finally, the dierent optomechanical accelerometer designs are presented.

The two fabrication methods used are described in Chapter 5. The general fabrication techniques are presented at the beginning of the Chapter. Then, both fabrication methods, at sample scale in a small clean-room and at wafer scale in a large-scale silicon platform are detailed.

Chapter 6 presents the experimental studies on the resonant optical cavities. The inuence of the dierent geometric parameters of the cavities on the optical spectra and the optical resonances are studied.

All the dierent mechanical measurements are set out in Chapter 7. The experimental accelerometer performances are estimated from the measurements and compared with the theoretical ones.

Finally, Chapter V contains a summary of the main points and a discussion on our results on the optomechanical accelerometers. The Chapter concludes with some recommendations for the further development of the work done so far, which has conrmed the potential of the use of high performance accelerometers fabricated with a large-scale silicon platform using an optomechanical approach.

Chapter 1

State of the art

The interactions between light and matter began to be studied in the th century. The rst part of this chapter presents the early days of the optomechanical studies and their evolution over the years. In the second part, the development of the accelerometers and the dierent transduction principle will be detailed. Finally, a third part is dedicated to the beginnings of the optomechanical transduction for inertial applications. Several optomechanical accelerometers will be presented along with a comparison of the dierent achieved performances. 

I Optomechanics

Optic comes from the ancient Greek word aeptik (optike) and the Latin word optice, which means vision. The word mechanical comes from mhqanikäc (innuendo tèqnh "art") in Greek derived from mhqnh, machine and mechanica in Latin. The optomechanic explores a part of the interactions between light and matter. Whether it is the action of matter on light, or the action of light on matter.

Electromagnetic waves carry energy. Therefore when light interacts with material media, both energy and momentum are exchanged. Conversely, a mechanical object can modify the optical eld. The Einstein car thought experiment helps to understand that light carry momentum [5]. Associating a mass m = Ω/c 2 to the pulse, the displacement of the gravity center of the system is proportional to:

mL -M ∆x = (Ω/c 2 )L -M (p/M )(L/c). But in absence of external forces on the car, its center of gravity can not move. So the displacement is equal to zero and thus p = Ω/c.

In free space, a light pulse of energy Ω carries a momentum p = Ω/c.

The interaction between light and matter is a relatively recent subject of interest [6]. The optomechanical studies only began in the 70's. Nevertheless the assumptions that light can exert a force upon an object were already expressed in the 17 th century.

I.1 Optomechanics from the comets

Peter Apian (1495-1552; Germany) was an humanist, astronomer and geographer. He wrote "Astronomicum Caesareum" (1540) in which he described a geocentric universe. In his book, a part is dedicated to the comets with the description of the tail bending away from the sun (see his drawing on Figure 1.2a) [7] [START_REF] Ridpath | Understanding comets[END_REF].

In 1619, Johannes Kepler (1571-1630; Austria) described in his treatise "De Cometis" (see Figure 1.2b), the form of the comet tail and he put forward the hypothesis that the tail of the comet is bent by the solar radiations (although the comet tails deection can not only be explained by light pressure but also by the solar wind) [START_REF] Ridpath | Understanding comets[END_REF].

In 1746, Leonhard Euler (1707-1783; Switzerland) showed theoretically that the motion of a longitudinal wave might produce pressure in the direction in which it propagates [START_REF] Robert | Radiation pressure -the history of a mislabeled tensor[END_REF].

(a) Astronomicum Caesareum (b) De Cometis Libelli has the property of momentum in 1862 and he produced the rst complete set of equations governing electricity and magnetism, expressed in terms of elds in "A dynamical theory of the electromagnetic eld" in 1865 [START_REF] Maxwell | a dynamical theory of the electromagnetic eld[END_REF]. Maxwell says that "'in a medium in which waves are propagated there is a pressure in the direction normal to the waves ... rays falling on a thin metallic disk, delicately suspended in a vacuum, might perhaps produce an observable mechanical eect." [11]. But his theory had very little immediate impact.

I.2 First experimental tests

In 1874-75, William Crookes (1832Crookes ( -1919; England) constructed a light mill or radiometer [12]. It consists of an airtight glass bulb, containing a partial vacuum (see picture Figure 1.3b). Inside is a set of vanes which are mounted on a spindle. The vanes rotate when exposed to light [START_REF]Crookes radiometer[END_REF]. Crookes proposed that the motion of the vanes was due to the mechanical energy of light. But his interpretation was challenged and the kinetic theory was approved to be the correct explanation of the radiometer: the heat transferred by light being responsible for the mill's spinning.

Adolfo Bartoli (1851-1896; Italy) was a very productive Italian scientist. He worked on electrochemistry and contributed a lot in this area. At the beginning of his career, he worked on radiation pressure. He published a paper on radiation pressure entitled "On the Motions

Caused by Light and Heat and on the Crookes Radiometer" in 1876 [START_REF] Giuseppe | Sopra i movimenti prodotti dalla luce e dal calore,e sopra il radiometro di Crookes[END_REF]. The experiments performed by Bartoli in 1874-75 were essentially of the same type as those of Crookes, but Bartoli examined light balances rather than light mills. For example: various balances were placed in evacuated glass spheres and a balance with a metal plate fastened at one end. A strong sunlight beam was focused on the plate. But he did not detect any motion which could be attributed unambiguously by the impact of the light [START_REF] Demir | A table-top demonstration of radiation pressure[END_REF]. From his experiments, Bartoli concluded that if the radiation pressure did exist it had to be very small. Nevertheless, from a theoretical point of view he thought that such pressure had to exist (see his thought experiments in [START_REF] Carazza | Adolfo bartoli and the problem of radiant heat[END_REF]). Some years after, he decided that there was no light pressure but another explanation is necessary to respect the second law of thermodynamics.

Many physicists worked on the light radiation pressure and several experiments were performed in order to detect the phenomenon. The rst to succeed was Pyotr Lebedev (1866Lebedev ( -1912; Russia): he measured the pressure a beam of light exerts on a solid body in 1899 and published the result in Annalen der Physik in 1901 [START_REF] Lebedev | Experimetal examination of light pressure[END_REF]. Lebedev used an arc lamp which had a light intensity few times greater than that of the sunlight at the surface of earth.

In his experiment, a vane, suspended on a quartz ber in vacuum, was irradiated by light (see Figure Gordon Ferrie Hull (1870-1956; Canada) and Ernest Fox Nichols (1869-1924; America) used the "Nichols Radiometer" in 1901 to measure the radiation pressure [START_REF] Nichols | A preliminary communication on the pressure of heat and light radiation[END_REF].

In the article [START_REF] Nichols | A preliminary communication on the pressure of heat and light radiation[END_REF], Hull and Nichols explain that the experiment should reduce the errors due to gas action. "The forces due to radiation and gas action should have the same sign on one side and opposite signs on the other. In this way a mean of the resultant forces on the two sides should be, in part at least, free from gas action."

Their apparatus consisted of a pair of small silvered glass mirrors suspended by a ne quartz ber like a torsion balance. The air pressure could be regulated inside the chamber and a magnet was used to control the zero position of the torsion balance. A beam of light was directed rst on one mirror and then on the other. The tiny force involved in their torsion balance radiometer was of order 1 nN. Schrödinger's description of vibrations of any kind, including electromagnetic eld vibrations and the light pressure, completely changed the views on these physical phenomena.

The radiation pressure interaction between light and matter can be enhanced by the use of optical cavity resonators whose geometry may vary. For example, it can be a Fabry-Pérot cavity with a moveable mirror (see Figure 2.16). The frequencies of the cavity modes are sensitively dependent on the Fabry-Pérot cavity length. The photons inside the cavity exert a pressure on the moveable mirror, modifying its position. Meanwhile, the Fabry-Pérot resonances are changed due to the cavity length change. There is a strong optomechanical coupling in the cavity.

Figure 1.7: Schematic of an optomechanical system: optical resonant cavity with a moveable part.

The study of the interactions between light and matter have led to the development of dierent kinds of optomechanical cavities [START_REF] Aspelmeyer | Cavity optomechanics[END_REF] [22] [START_REF] Favero | Optomechanics of deformable optical cavities[END_REF]. The mechanical elements masses range from the gram scale mirrors for the LIGO collaboration to pico gram masses of 100 nm crosssection beams. Dierent optomechanical systems have been experimented such as micro mirrors ( [START_REF] Arcizet | Radiation-pressure cooling and optomechanical instability of a micromirror[END_REF]), AFM-cantilever mirror, optomechanical crystal structures or high-nesse optical cavities such as toroids, disks or rings with Whispering Gallery Modes that can be either coupled to a mechanical mode of the cavity [START_REF] Ding | Wavelength-sized GaAs optomechanical resonators with gigahertz frequency[END_REF] [START_REF] Sun | GHz optomechanical resonators with high mechanical q factor in air[END_REF] or evanescently coupled to a mechanical part in proximity [START_REF] Sauer | Optical racetrack resonator transduction of nanomechanical cantilevers[END_REF] [START_REF] Anetsberger | Cavity optomechanics and cooling nanomechanical oscillators using microresonator enhanced evanescent neareld coupling[END_REF].

In 1970, Braginsky et al. worked on the impact of a powerful electromagnetic eld onto the mechanical oscillations of a mobile wall (it may be a Fabry-Pérot cavity with a movable mirror for example). They measured the additional damping and the additional stiness due to electromagnetic eld. The experimental values were concordant with the estimated one.

They concluded: "In conclusion we note that the eect of electromagnetic damping must basically determine the lifetime of micrometeorites revolving around the earth. (The lifetimes of micrometeorites of diameter of the order of 1µ amounts to tens of years.)" [START_REF] Braginskii | Investigation of dissipative ponderomotive eects of electromagnetic radiation[END_REF]. This spring eect, a change of stiness of the mechanical part due to the radiation pressure, was observed by [START_REF] Sheard | Observation and characterization of an optical spring[END_REF] in a detuned Fabry-Perot resonator [START_REF] Sheard | Observation and characterization of an optical spring[END_REF]. They detected a mechanical resonance frequency shift of the moveable mirror due to the optical spring eect.

Beginning in the 1970's, Arthur Ashkin (1922; USA) and his team trapped small particles, atoms, viruses and other living cells thanks to optical forces [START_REF] Ashkin | Applications of laser radiation pressure[END_REF]. In 1997, Arthur Ashkin was awarded the Nobel Prize in physics for his work on optical trapping, sharing with Donna Strickland (1957; Canada) and Gérard Mourou (1944; France).

The trapping of dielectric particles using laser radiation is called "the optical tweezers". It is based on the strong focusing of a laser beam which creates a strong electro-magnetic eld gradient. A dielectric particle with a higher refractive index than its environment is thus submitted to the gradient force and attracted towards this strong eld gradient. There is also the radiation pressure of the light reecting on the particle. This scattering force tends to push the particle along the propagation axis. Under certain experimental conditions, it is possible to balance the gradient and scattering forces to immobilize the particle.

In 2014, the team of Jochen Fick (France) trapped dielectric cerium-doped YAG nanopar-ticles with a mean diameter of 300nm (see Figure 1.8) [START_REF] Decombe | Micro-and nano-particle trapping using bered optical nano-tweezers[END_REF] and in 2016, with sizes down to 60 nm with their double optical tweezers [START_REF] Decombe | Luminescent nanoparticle trapping with far-eld optical ber-tip tweezers[END_REF]. The optical tweezers has been adapted today for biological sciences. It allows manipulating and deforming cells or parts of cells such as the cell membrane, the cell nucleus, vesicles and other organelles while tracking the in vivo biological forces involved, even inside living tissues. the measurement of mechanical (elastic)

properties of cell membranes, long strands of single DNA molecule, and lamentous proteins.

Furthermore, the forces generated by single motor molecules (in the pico newton range) can

be measured with the optical tweezers [START_REF] Coirault | optical tweezers in biology and medicine[END_REF].

Figure 1.8: Cerium-doped YAG particles with a 300nm diameter, trapped with a dual ber tip optical tweezers. Fluorescence microscopy image from [START_REF] Decombe | Micro-and nano-particle trapping using bered optical nano-tweezers[END_REF].

Along with the optical trap, the radiation pressure forces can also be used for cooling atomic motion. In 1975, laser cooling was simultaneously proposed by T.W. Hansch with A.

L. Schawlow [START_REF] Hansch | Cooling of gases by laser radiation[END_REF] and D.J. Wineland with H.G. Dehmelt [36]. The experimental realisation of laser cooling happened in the 1980s [START_REF] Ashkin | Optical trapping and manipulation of single cells using infrared laser beams[END_REF]. Since then it has provided the development of many important areas like very high resolution spectroscopic measurements [START_REF] Wineland | Laser-cooling limits and single-ion spectroscopy[END_REF], atomic clocks [START_REF] Norman | History of early atomic clocks[END_REF] or precision measurements of the gravitational eld.

These last years, the optomechanics has been ourishing for both applications and fundamental studies. The integrated photonics allows to fabricate optomechanical devices on microchips which makes it possible to combine optical systems, Nano-or Micro-Mechanical

Systems and electronics circuits.

The idea of an optomechanical interaction goes back to P. Apian and J. Kepler (16 th century). From classical physics to quantum physics, knowledge about electromagnetic waves has gone further and further, allowing today manipulations in the quantum regime. Furthermore, optomechanical systems present high precision measurement for masses, displacements and forces which makes them very good candidates for high performance sensors like accelerometers.

II Accelerometers

An accelerometer is a device which measures the non gravitational acceleration in one, two or three orthogonal axes. (details in Chapter 4). An accelerometer is generally based on an accurate measurement of the displacement of a mechanical mass, known as a proof mass, induced by an externally applied acceleration. They are used in many and diverse elds to measure vibration, shock, acceleration, and motion for monitoring, control, and testing applications.

II.1 Historical Development

The rst commercialized accelerometer appeared around 1920, developed by B. McCollum and O. S. Peters [START_REF] Mccollum | A new electric telemeter[END_REF]. It was based on a tension-compression resistance of a Wheatstone half-bridge. This device had a reported resonance frequency less than 2 kHz [41] [42].

Figure 1.9: Picture of six elements with six gauges with connecting cables in the article "A new electric telemeter" presenting the rst accelerometer [START_REF] Mccollum | A new electric telemeter[END_REF].

With the discovery of the bonded resistance strain gauge around 1938 (A. Ruge, MIT, 1938 and E. Simmons, Caltech, 1936), the volume and price of the device decreased and thus the commercialization of accelerometers dramatically increased.

J. Meier constructed the rst strain gauge accelerometer, the " Elastic Dynamometer" [START_REF] Walter | Review: Fifty years plus of accelerometer history for shock and vibration (19401996)[END_REF].

It measured 2g and 4Hz vibrations for earthquake eects on a water tower study. The issue with the metal strain gauge accelerometers was that they provided full-scale signal outputs of approximately 30 millivolts.Thus, the signal to noise ratios could be problematic. In addition, the strain gauge accelerometers suered from a too low resonant frequency, limiting their applications. The appearance of piezoelectric accelerometer around the 1940's allowed the design of high resonant frequencies accelerometers. The national Bureau of Standards reported that the maximum at response of the strain gauge accelerometer was 200Hz whereas it was 10 000Hz for the piezoelectric (6907 and 7066 [START_REF] Walter | Review: Fifty years plus of accelerometer history for shock and vibration (19401996)[END_REF]).

The following principle was the sensing of capacitive changes between xed and movable plates. In Figure 1.10, the photo probably shows the rst commercial piezoelectric accelerometer (photo taken around [1945][1946][1947][1948].

The improvement of the sensors performances and the development of new methods to detect the motion has not stopped since.

II.2 Applications

Accelerometers were rst used for inertial applications. Indeed, even if the satellite-based radionavigation system exists (Galileo for the EU, Global Positionning System (GPS) for the USA, GLONASS for Russia, COMPASS or Beidou for China) and provides precise navigation information at a reduced cost. It is not reliable enough for certain applications because the satellite-based radionavigation system can suer from a bad reception (obstacles such as mountains and buildings block the relatively weak satellites signals). The use of inertial navigation units with accelerometers and gyroscopes, is interesting because of their autonomy and their discretion. But their integrated drift over time constitutes their main limitation.

Accelerometers are also used for industrial applications: to measure vibrations or for industrial control (robotics, automation control). They are useful in scientic research, for geological surveys, particularly to detect earthquakes. And in the medical environment, for example to study the eect of vibrations on the human body: operations with vibrating tools (jackhammer, electric saw, drill) which are the source of many professional diseases or pathologies that can occur, for example during cycling [START_REF] Crequy | Analyse accélérométrique pour l'optimisation de la performance et la prévention des risques en cyclisme[END_REF].

size reducing over the years), with reduced manufacturing cost thanks to MEMS development. Indeed, in 1996, 24 million accelerometers were sold whereas 90 millions were sold in 2002. One easily thinks of the airbag system or mobile phones, but accelerometers are also present in washing machines (to help balance laundry in the drum), in driving assistance systems and in automobile safety systems (active suspension, seat belt stretching systems, anti-theft alarm, seat occupancy sensor, stability control and rollover avoidance device) or in cameras as active stabilization of picture... Graph from Yole [START_REF] Clarke | Yole compares smallest 3-axis accelerometers[END_REF] II.3 Performances

The general working principle of all kind of accelerometers is a proof mass anchored to a xed frame. The proof mass moves under acceleration (see Figure 1.12). Finally, the acceleration is measured from the proof mass displacement. The main characteristics of accelerometers are the sensitivity, the maximum operation range, the bandwidth and the resolution.

Figure 1.12: Accelerometer principle (non resonant).

The sensitivity is the ratio of change in acceleration (input) to change in the output signal.

Sensitivity is usually expressed in mV /g and depends on the supply voltage for analog-output devices but digital output accelerometers will specify this as LSB/g (least signicant bit per g).

The bandwidth is dened as the signal frequency at which the response falls to -3dB of the response to DC (or low-frequency) acceleration.

The measurement range is the acceleration range that can be measured with accuracy by the accelerometer. It is dierent from the Absolute Maximum Acceleration or shock survival.

Most accelerometers cannot be used for overload shock limits. The shock survival denes what acceleration level the accelerometer can tolerate before damage.

The resolution is the minimum acceleration signal that can be measured.

There is also other interesting characteristics as the operating temperatures or the power consumption: temperature sensitivity denes how the sensitivity of the accelerometer shifts with temperature. Accelerometers are mechanical systems so temperature will impact the device's mechanical properties and thus the sensitivity of the accelerometer.

An accelerometer is used below its mechanical resonance frequency where its frequency response is almost at: a(t) = -ω 2 m X mass (t), with a the acceleration, ω m the mechanical pulsation of the mass and X mass the mass displacement (see details Chapter 4). So the bandwidth is limited by the mechanical pulsation ω m . But the fundamental resolution limit of an accelerometer is its thermomechanical noise, being proportional to ω m /Q m m ef f . So the price paid for a smaller resolution at m ef f Q m constant, is a lower bandwidth. This leads to a trade o between the bandwidth and the resolution.

The main errors of measurement are the bias error (resolution), the scale factor error and the linearity error, represented in Figure 1.13. The bias error or resolution is the measurement in absence of input. The scale factor gives an error proportional to the acceleration and the linearity error changes quadratically with the input [START_REF] Baptiste | Évaluation du potentiel de performances micro-accéléromètres inertiels vibrants en silicium[END_REF]. However, an important gap exists between the performances of an inertial sensor intended for consumer electronics and an automotive, medical or defense inertial sensor. For example, microgravity measurements need an operation range of ±0, 1g with a resolution greater than 1µg and a bandwidth up to 1Hz. Whereas for impact sensing applications, the desired range is over 10000g with a resolution less than 1g and a bandwidth of 50kHz. On Figure 1.15 , the dierent applications are linked to their required accuracy, bandwidth and dynamic range [START_REF] Kraft | Micromachined inertial sensors: The state-of-the-art and a look into the future[END_REF].

Item

Range (g)

Rocket, Aircraft <25g

Gravity, Sensor orientation 0Hz, 1g 

II.4 Dierent working principles and transduction methods

Fundamentally, accelerometers are classied into two types: non-resonant accelerometers and resonant accelerometers. For the rst one, the acceleration is measured with the displacement of a proof mass (see details Chapter 4 and Figure 1.12). Whereas for the resonant accelerometers, the variation of acceleration applied to the proof mass will result in frequency shifts of a mechanical resonator and this frequency shift is used to calculate the acceleration (see in 1993 [START_REF] Lawrence | Vibrating beam accelerometers[END_REF], in 2010 [START_REF] Baptiste | Évaluation du potentiel de performances micro-accéléromètres inertiels vibrants en silicium[END_REF], in 2018 [START_REF] Wang | A MEMS resonant accelerometer for low-frequency vibration detection[END_REF] and in 2020 [START_REF] Mustafazade | A vibrating beam MEMS accelerometer for gravity and seismic measurements[END_REF]).

The motion or frequency detection can be done through an important number of dierent transduction methods:

Piezoresitive (0.001-50g): the proof mass displacement induces a stress change on a piezoresistive element and so a resistive change. The resistive change is measured by a

Wheatstone bridge conguration.

This technique is used for accelerometers in air bag deployment, in automobiles or high-g accelerometers used for impact testing.

This detection technique suers from 1/f noise and Johnson noise from the resistors in the Wheatstone bridge used to sense the resistive change. It also has a large temperature sensitivity. Their overall sensitivity is relatively small, 1 to 2 mV/g and thus it requires a huge proof mass.

Piezoelectric (High-g): the sensing element is a crystal, which has the property of creating a charge when subjected to mechanical strain. The mass strains the crystal when it is subjected to an acceleration and so the crystal emits an electrical signal.

This kind of accelerometers is used for vibration sensors.

It has a high bandwidth but a low resolution, a low sensitivity and a high voltage requirements.

Capacitive (2µg-several g): the proof mass is connected to a movable electrode and another electrode is xed. The mass displacement changes the capacitance between the two electrodes by changing the gap.

The capacitive accelerometers are dedicated to air bag deployment in automobiles, inertial navigation or micro gravity detection for example.

Its advantages are a low temperature sensitivity, a high sensitivity and a good DC response. It suers from parasitic capacitance and electromagnetic interferences.

Thermal (0.5mg to high g): thermal accelerometers do not possess a solid proof mass but a gas volume in a cavity. It uses heated-gas molecules to detect acceleration using thermocouples. This approach makes use of a centrally located resistive heating element to heat the gas molecules and temperature sensors such as thermocouples to measure the temperature dierence. The thermal approach results in the smallest, lowest-cost and highest shock survivability accelerometers as compared to the capacitance method.

The thermal approach is better suited for electronic stability control (ESC) and rollover automotive applications. Nevertheless, their resolution are low.

Each one have drawbacks and advantages according to the studied parameter [START_REF] Elies | Performance analysis of commercial accelerometers of dierent technologies[END_REF]. Dierent kind of accelerometers and their specications are presented in the chart below:

Figure 1.15: Dierent accelerometers and their performances from articles and industries datasheets [START_REF] Caspani | Compact biaxial micromachined resonant accelerometer[END_REF], [START_REF] Zou | A seismic-grade resonant MEMS accelerometer[END_REF], [START_REF] Ullah | A new high performance sigma-delta MEMS accelerometer for inertial navigation[END_REF], [START_REF] Zhao | A 0.23µg bias instability and 1µg/rhz acceleration noise density silicon oscillating accelerometer with embedded frequency-to-digital converter in PLL[END_REF], [START_REF] Dongsuk | Epitaxially encapsulated resonant accelerometer with an on-chip micro-oven[END_REF], [START_REF] Wang | A MEMS resonant accelerometer for low-frequency vibration detection[END_REF], [START_REF] Rao | A MEMS micro-g capacitive accelerometer based on through-siliconwafer-etching process[END_REF], [START_REF]ADCMXL1021-1 Datasheet and Product Info | Analog Devices[END_REF]. rHz is for

√ Hz

The state-of-the-art performance of capacitive accelerometers reported so far achieves 1µg bias instability and and 1µg/

√

Hz acceleration noise density with ±15 g linear range [START_REF] Ullah | A new high performance sigma-delta MEMS accelerometer for inertial navigation[END_REF]. The best performance reported for resonant accelerometer is achieved with 1, 2ug/

√

Hz noise density under ±20g linear range [START_REF] Zhao | A 0.23µg bias instability and 1µg/rhz acceleration noise density silicon oscillating accelerometer with embedded frequency-to-digital converter in PLL[END_REF].

Conventional MEMS accelerometers are electromechanical: the mechanical motion is turned into an electrical signal. They benet from a small cost and a small size, however they suer from a lack of sensitivity and bandwidth for specic applications like accurate long-distance navigation. High resolutions as low as a µg are needed for space and inertial navigation but also in vibrating monitoring to detect human footstep for security applications.

The resolution of accelerometers is either due to the electronic noise or the mechanical noise oor. Typically, the capacitive accelerometers are limited in sensitivity by thermal-electronic noise in the readout circuit. Furthermore, miniaturization of high-resolution accelerometers is challenging. Most capacitive µg resolution accelerometers occupy a footprint area of at least 1 mm 2 .

The capacitive, piezoelectric and piezoresistive accelerometers used an electrical detection and therefore are not immune to electromagnetic interferences. High voltage, high electric and magnetic elds can cause strong electromagnetic interferences, accelerometers mounted in such environments should be able to operate without damages. In contrast to the previous mentioned detections, optical detection is immune to electromagnetic interferences which brings to optomechanical accelerometers a great advantage. Furthermore, the optomechanical transduction eliminate the electronic noise present in the conventional accelerometers and thus can achieve better resolutions because it can reach the fundamental thermomechanical noise limit.

III Optomechanical Accelerometers

A wide variety of transduction techniques have been used to sense acceleration. However, the resulting sensitivity is generally limited by electronic noise. For example, capacitive MEMS accelerometers can reach kHz scale bandwidths, but are typically limited to sensitivities in the mg/

√

Hz range [START_REF] Metcalfe | Applications of cavity optomechanics[END_REF]. The optomechanical transduction raised a lot of interest because of several advantages over other techniques: its immunity to electromagnetic interferences, its high sensitivity and better reliability. With optical methods, the electronic noise is reduced and thus the devices can approach the fundamental thermomechanical limit, where Brownian-motion of the mechanical resonator limits achievable sensitivity. Dierent kind of optomechanical designs have been investigated since the 1980s and recently more and more optomechanical devices with high performances have been proposed.

III.1 Optomechanical transduction development

Numerous dierent optical techniques have been used to sense the displacement of the proof mass. At the beginning, the devices size were huge. Then, innovations in the areas of fabrication processes allowed an integration of photonics components on chip.

Plenty of accelerometers were designed with the Variable Optical Attenuator (VOA) technique: the mass displacement modulated the optical signal by blocking the transmission.

In 1984, an optical accelerometer using optical ber was designed by Ovren et al., with a resolution of 0.05g and a dynamic range of 70dB [START_REF] Ovrén | Fiber-optic systems for temperature and vibration measurements in industrial applications[END_REF]. Vadekar presented in 1992 an anti resonant reecting optical waveguide accelerometer [START_REF] Vadekar | An integrated silicon micromechanical interferometer[END_REF]. In 1995, a ber-optic accelerometer based on the principle of light intensity modulation with a resolution of 0.2g for a full scale range of 60dB was developed [START_REF] Marty | Fibre-optic accelerometer using silicon micromachining techniques[END_REF]. Another accelerometer based on VOA was presented in 2011 [START_REF] Zandi | VOA-based optical MEMS accelerometer[END_REF], its operational range was between 0 to 0.7 g. The displacement of the Bragg mirror under acceleration modulated the coupled optical intensity (see schematic 1.16) and then the applied acceleration could be calculated from the output optical power. In Bragg gratings based devices, the displacement of the mass induces a change in the period of the grating (1997 [63], 2004 Gangopadhyay [START_REF] Kumar | Prospects for bre bragg gratings and fabry-perot interferometers in bre-optic vibration sensing[END_REF], 2015 Malayappan [START_REF] Malayappan | Temperature insensitive waveguide grating based SOI MOEMS accelerometer[END_REF]). In 2019, Parida et al. [START_REF] Prakash Parida | Double-l cantilever-based ber bragg grating accelerometer[END_REF] designed and characterized a double-L cantilever based ber Bragg grating accelerometer. It has a linear operating range of ± 6g with a sensitivity of 406.7 pm/g.

In 2020, Hessler et al. [START_REF] Hessler | Enhanced seismic sensing based on epoxy waveguide bragg gratings[END_REF] proposed a seismic sensing based on epoxy waveguide Bragg gratings with a accelerometer sensitivity of 107pm/g in a range of 0.025 -15g.

(a) The acceleration measurement is based on the ber elongating with strain, 1997 [63].

(b) Double-L cantilever based ber Bragg grating accelerometer, 2019 [START_REF] Prakash Parida | Double-l cantilever-based ber bragg grating accelerometer[END_REF] Figure 1.17: Schematics of Bragg gratings accelerometers.

For accelerometers using Fabry Pérot interferometer, one part of the Fabry Pérot cavity is linked to the mass. When the mass moves under acceleration, the length of the cavity changes and so the optical resonances will shift in wavelength (2004 Gangopadhyay [START_REF] Kumar | Prospects for bre bragg gratings and fabry-perot interferometers in bre-optic vibration sensing[END_REF],

2014 Cervantes [START_REF] Cervantes | High sensitivity optomechanical reference accelerometer over 10 kHz[END_REF], 2014 Wang [START_REF] Wang | Diaphragmbased ber optic fabryperot accelerometer with high consistency[END_REF] , 2018 Bao [START_REF] Bao | A silicon optomechanical accelerometer with high bandwidth and sensitivity[END_REF]). In 1992, Weir and his team proposed an adaptation of the Michelson interferometer for vibrations measurement [START_REF] Weir | A novel adaptation of the michelson interferometer for the measurement of vibration[END_REF]. In 2020, a Fabry-Pérot interferometer for vibrations detection was presented by Li et al. [START_REF] Li | Low-cost ber optic extrinsic fabryperot interferometer based on a polyethylene diaphragm for vibration detection[END_REF] with a sensitivity of 135mV/g and a resolution of 24.4µg/ √ Hz for a bandwidth of 20Hz to 1.5kHz. 

III.2 Accelerometers with WGM cavities

The biggest challenge is to obtain both a high optical quality, a high mechanical quality factor and a strong optomechanical coupling. The disks or rings cavities are very good optical resonators, and thus provide both large optical eld enhancement and high sensitivity. Such cavities can be used in integrated circuits. Indeed, it can be fabricated with a Very Large Scale Integration (VLSI) fabrication technology and is compatible with Complementary Metal Oxide Semiconductor (CMOS) circuits. Furthermore, the optical cavities approach allows a decoupling of the optical and mechanical parts.

The optical cavities with an evanescent coupling between the optical part and the mechanical part appeared in the beginning of 2000s. The optomechanical coupling is done through the evanescent optical eld of an optical cavity, usually a ring or a disk where light propagates in Whispering Gallery Modes (WGM) (WGMs occur when light is trapped in a sphere or disk by total internal reection) (see Chapter 2). The mechanical part moves in this evanescent eld and thus modies the optical signal.

An optical microring accelerometer with a range of 7g and a sensitivity of 2.46 V/g is presented in 2007 by Bhola for vibrations measurements [START_REF] Bhola | A novel optical microring resonator accelerometer[END_REF]. In 2012, Dong et al. used a double rings resonators as a displacement sensor with an inertial mass of 20 * 40µm 2 with a bandwith of 30kHz [START_REF] Dong | An on-chip opto-mechanical accelerometer[END_REF] (see Figure 1.20). 

√

Hz and a bandwidth of 11kHz [START_REF] Bramhavar | A photonic integrated resonant accelerometer[END_REF]. Thanks to a sphere cavity, Li et al [78] presented in 2018 an accelerometer with a resolution of 40µg/rHz for a bandwidth of 7kHz but the device was non integrated.

In our team, the optical transduction is done thanks to an optical cavity, either a ring or a disk, for dierent applications: mass sensing [2] or biological detection [START_REF] Hermouet | Very large scale integration optomechanics: a cure for loneliness of nems resonators?[END_REF] [80] [START_REF] Hermouet | 1 million-Q optomechanical microdisk resonators for sensing with very large scale integration[END_REF] and inertial sensing.

III.3 Evolution over time and comparison between dierent optomechanical accelerometers

Optomechanical methods eliminate a part of the electronic noise in comparison to conventional methods and can approach the fundamental thermomechanical limit, where the Brownian noise motion of the mechanical resonator limits the achievable resolution:

a th = 4k B T w m mQ m [m.s -2 / √ Hz] (1.1)
It imposes a fundamental trade-o between the resolution and the bandwidth (the frequency range of the measured acceleration) limited by the rst mechanical pulsation w m of the proof mass. A large mQ m product is needed to optimize both parameters. But the proof mass size needs to be controlled as some applications require small devices.

Extremely high resolution maintained over large bandwidths of tens of kHz are of interest in applications such as inertial navigation of fast moving objects.

Several optomechanical accelerometers have been compared in the chart in Figure 1.21. The studied parameters are the date of publication, the optomechanical technique, the sensitivity, the resolution, the range, the bandwidth, the footprint and the application (unfortunately, all these parameters are not given in all articles).

In the graph Figure 1.22, we can see that the maximum bandwidth of 20kHz is reached for a resolution of 10µg/ √ Hz [START_REF] Krause | A high-resolution microchip optomechanical accelerometer[END_REF]. The best resolution is around 17ng/ √ Hz for a bandwidth of a few 10Hz [START_REF] Krishnamoorthy | In-plane MEMS-based nano-g accelerometer with sub-wavelength optical resonant sensor[END_REF] in 2008 and [START_REF] Liu | DBR ber laser based high-resolution accelerometer network[END_REF] in 2019. Flores [START_REF] Flores | A CMOScompatible oscillation-mode optomechanical DC accelerometer at 730-ng/hz1/2 resolution[END_REF], Zhou [START_REF] Zhou | Testing of an optomechanical accelerometer with a high-nesse on-chip microcavity[END_REF], Bramhavar [START_REF] Bramhavar | A photonic integrated resonant accelerometer[END_REF], krishnamoorthy [START_REF] Krishnamoorthy | In-plane MEMS-based nano-g accelerometer with sub-wavelength optical resonant sensor[END_REF], Krause [START_REF] Krause | A high-resolution microchip optomechanical accelerometer[END_REF], Zhang [86], Li [START_REF] Li | Low-cost ber optic extrinsic fabryperot interferometer based on a polyethylene diaphragm for vibration detection[END_REF],

[78], Orsel [START_REF] Ogulcan | A 2d slotted rod type PhC cavity inertial sensor design for impact sensing[END_REF], Storgaard [START_REF] Storgaard-Larsen | Opto-mechanical accelerometer based on strain sensing by a bragg grating in a planar waveguide[END_REF], Liu [START_REF] Liu | DBR ber laser based high-resolution accelerometer network[END_REF], Wang [START_REF] Wang | Diaphragmbased ber optic fabryperot accelerometer with high consistency[END_REF], Zhao [START_REF] Zhao | A ber-optic fabry-perot accelerometer based on high-speed white light interferometry demodulation[END_REF], [START_REF] Zhao | A sub-0.1°/h bias-instability split-mode MEMS gyroscope with CMOS readout circuit[END_REF], Hutchison [START_REF] Hutchison | Z-axis optomechanical accelerometer[END_REF], Parida [START_REF] Prakash Parida | Double-l cantilever-based ber bragg grating accelerometer[END_REF], Long [START_REF] Long | A MEMS accelerometer based on wavelength modulation using an integrated blazed grating[END_REF], Mo 2011[92], Pomorski [START_REF] Pomorski | Biaxial optical accelerometer based on ultra-high numerical aperture ber[END_REF], Mo 2010 [94], Dushaq [START_REF] Ghada | Micro-opto-mechanical disk for inertia sensing[END_REF], Zandi [START_REF] Zandi | VOA-based optical MEMS accelerometer[END_REF], Bao [START_REF] Bao | A silicon optomechanical accelerometer with high bandwidth and sensitivity[END_REF],

Dong [START_REF] Dong | An on-chip opto-mechanical accelerometer[END_REF], Sheikhaleh [START_REF] Sheikhaleh | An optical MEMS accelerometer based on a two-dimensional photonic crystal add-drop lter[END_REF], Galeotti [START_REF] Galeotti | Integrated optomechanical displacement sensor based on a photonic crystal cavity[END_REF], Weir [START_REF] Weir | A novel adaptation of the michelson interferometer for the measurement of vibration[END_REF], Hessler [START_REF] Hessler | Enhanced seismic sensing based on epoxy waveguide bragg gratings[END_REF] [98], Bhola [START_REF] Bhola | A novel optical microring resonator accelerometer[END_REF].

In the graph Figure 1.22, the bandwidth and the resolution are presented for accelerometers with optomechanical transduction (in orange) and without optomechanical transduction (in black and blue). 

IV Conclusion

There are many dierent methods to characterize an acceleration. From year to year, the performances of accelerometers have increased as their size have decreased. Optomechanical transduction has shown its ability to achieve even greater performance.

However, the goal is to achieve even smaller resolutions of ng/ √ Hz with bandwidth up to a few kHz, while maintaining integrated sensors.

In order to obtain both high bandwidth and a small resolution, the mQ m product needs to be maximized. Furthermore, the sensitivity of the sensor depends on the optical parameters of the cavity. Thus, to obtain better sensitivities, the optical parameters need to be improved.

The objectives of the thesis is to design and characterize an integrated optomechanical accelerometer with good resolution, high bandwidth and high sensitivity at the same time.

Chapter 2

Optomechanical theory

An accelerometer detects a mechanical signal. Generally this mechanical signal is directly transformed into an electrical signal. The novelty of our accelerometers is the use of optical transduction thanks to an optomechanical interaction. This rst chapter will present the optomechanical theory. In the rst section, the resonant optical cavity and its principle will be explained with a quick overview of dierent techniques to calculate or to model its behaviour. Then, the optomechanical interactions will be detailed. And nally, we will focus on the particular case of our optomechanical accelerometer with its working principle. We will see that the accelerometer performances are directly linked to the optical resonator. In these kinds of cavities, the energy is irregularly stored thanks to stationary waves, with nodes and anti-nodes [START_REF] Arnaud | Etude de fonctions actives et/ou passives à base de microrésonateurs à modes de galerie[END_REF]. Optical cavities, similar to Fabry-Pérot cavities, often remain large sized, high cost devices and sensitive to vibrations [START_REF] Ghisa | Couplage de micro résonateurs. applications aux fonctions optiques de traitement du signal[END_REF]. Moreover the optical quality factor is a key parameter for many applications and can be dicult to obtain with such cavities. Although these issues are now being addressed by some teams [START_REF] Malak | Micromachined fabryperot resonator combining submillimeter cavity length and high quality factor[END_REF].

Other types are curved cavities such as dielectric micro sphere, toroid, disk, or ring, in which a progressive wave goes around in circle and builds up, allowing thus energy storage. The constructive interferences are made with the same wave looping again with itself. A counter propagating wave can exist but contrary to Fabry-Pérot cavities, it is not necessary to store energy into the cavity.

A curved cavity presents some amount of light propagating outside the physical border of the cavity through its evanescent eld. Consequently, the cavity's properties can be modied by the interaction with a dielectric material moving in this evanescent eld.

I.1 General principle of curved optical cavities

The optical resonator for our application consists of a round shape cavity (disk or ring) and a waveguide to address it (see schematic Figure 2.1). The coupling between the waveguide and the cavity is done through their evanescent eld, represented in red on the schematic This optical resonator is an interferometer: the light can enter into the cavity as long as the perimeter is a multiple of the wavelength's light to get constructive interferences:

n ef f (λ n )2πR = mλ n (2.1)
with R the optical cavity radius, n ef f the eective index of the cavity (calculation method in section B), λ n the resonance wavelength for the azimuthal number n and n a integer corresponding to the interference order.

The light comes from the input waveguide grating and is collected at the output waveguide grating by a photodetector (see Figure 2.1). The laser is swept around the gratings transmission wavelengths (from 1500nm to 1620nm for our devices). The theoretical obtained light spectrum is shown in Figure 2.2. The Gaussien shape is the result of the gratings transmission rate that allows the light to go from an external optical ber to the waveguide and inversely (see section Chapter 3 B). The dips correspond to the resonance peaks due to the fact that the light is "trapped" into the cavity. The cavity being not lossless, an amount of the light is either absorbed or scattered leading to the dips. A resonance peak has a Lorentzian shape which is characterized by its contrast C -amount of light "lost" by the waveguide (see Figure 2.3 and Chapter 3 section I.3), its loaded quality factor Q load -quality of the optical resonator (see Figure 2.3 and Chapter 3 section I.2) and its resonance wavelength λ n .

We have seen the general principle of the optical disk or ring resonator. In the next sections, we will keep investigating its operation principle. First, we will detail its optical modes and then the coupling betwen the waveguide and the cavity.

I.2 Optical cavity modes

In the rst section, a simplied view of the optical cavities has been presented. But the wave propagation in curved cavities is not so simple. In this section, we develop the description of the disks or rings physics, with the presentation of their optical Whispering Gallery Mode (WGM). WGMs are resonant modes that arise around the inside of circular cavities from the waves constructive interferences [START_REF] Grutter | Optical whispering-gallery mode resonators for applications in optical communication and frequency control[END_REF]. Lord Rayleigh (1842-1919, England), explained this phenomenon in 1877 as an acoustic waves propagation through successive reections on the curved wall. He was the rst one to use the word Whispering Gallery Mode.

A Whispering Gallery Modes presentation

Gustav Mie (1868-1957, Germany) show that, while the explanation put forward by Lord Rayleigh is at least on the right lines, it is far from being a completely satisfactory theory of the Whispering Gallery."

The WGMs come from the Maxwell equations resolution in curved optical cavities. On the Figure 2.5, we can see a Finite Element Method (FEM) modelisation with the WGMs in an optical cavity. For the rst mode, p=1, the energy is stored close to the cavity perimeter which is very useful for the coupling with an object near the cavity (see Figure 2.5).

In the following section, we will see dierent techniques to calculate the WGMs modes.

B Whispering Gallery Modes calculation

There are dierent methods to analyze light propagation in waveguides. From the easiest geometrical approach to the complete Maxwell's equations resolution. This section is an overview of some calculation techniques used to study WGM modes. Geometrical approach: For planar surfaces: if the light's incidence angle i is such as i >> i c = arcsin(n ext /n j ), with i c the critical angle, n j the cavity material index and n ext the index of the material around the cavity, then there is total inner reections. Nevertheless, it is not so simple for curved surfaces where radiation losses can appear [START_REF] Chauveau | Réseaux de résonateurs pour la photonique sur silicium, applications au multiplexage en longueur d'onde[END_REF].

For angles of incidence near of π/2, the light is conned at the disk surface. The light's travel after one round is approximatively equal to the disk's perimeter 2πR. So to get constructive interferences: 2πR = n λ n j

, with n j the material index.

The resonant frequencies of the WGMs are separate by ∆ν n , called the Free Spectral Range (FSR), with c the light speed:

∆ν n = c 2πn j R

Eikonal equation:

The German mathematician Heinrich Bruns (1848-1919) was engaged chiey with the measurement of the Earth, or geodesy. He was a professor of mathematics in Berlin and later Leipzig. He published a small book in 1895 with the title "Das Eikonal" (Eikonal comes from Greek and means "image") in which he derived a general equation for the path of rays through an optical system. The Eikonal approach was not used often until it became popular in the 1960's when computational optics made numerical solutions possible.

The Eikonal equation can be obtained from the Maxwell's equations with the conditions of the fundamental geometric optic approximation: the wavelength is really small in comparison with the problem's geometry and the index varies only slowly with distance, and is nearly a constant over distances of the order of wavelength.

|∇n(ω, r)| << n(ω, r) λ (2.2)
From the Maxwell's equations, the propagation equation is:

∆E(r, t) -µ 0 (r) ∂ 2 E(r, t) ∂t 2 = -∇ E(r, t)∇ (r) (r) (2.3) 
With the dielectric permittivity (n 2 = / 0 , 0 the vacuum permittivity) and µ 0 the vacuum permeability. With the approximation of an homogeneous material: ∆E(r, t) -µ 0 (r)

∂ 2 E(r, t) ∂t 2 = 0 (2.4)
With Fourier transform: ∆E(r, ω) + q 2 (r)E(r, ω) = 0 q 2 (r) = µ 0 (r)ω 2

(2.5)

And with E(r, ω) = e(r, ω)exp(iΦ(r, ω)), the equation becomes:

∆e + ie∆Φ + 2i∇Φ∇e -e(∇Φ) 2 + q 2 e = 0

(2.6)

Here, the wave frequency is xed, it can be done for monochromatic light sources.

Then, the spatial variations of e(r, ω) are neglected:

i∆Φ -(∇Φ) 2 + q 2 = 0

(2.7)
∆Φ(r, ω) is like the local wave vector. With Φ(r, ω) = ω c S(r, ω) = q 0 S(r, ω).

With S the Eikonal function where S(r) correspond to wave surfaces. The S gradient represents the direction in which these constant-phase surfaces follow each other.

(∇S) 2 - i q 0 ∆S = q 2 q 2 0 = n 2 (r, ω) (2.8)
Finally, the Laplacien is neglected and we got the Eikonal equation:

(∇S) 2 = q 2 q 2 0 = n 2 (r, ω) (2.9)
The Eikonal equation allows a description of the optical ray propagation in an homogeneous material [START_REF] Lakshminarayanan | Lagrangian Optics[END_REF]. The gradient function S is directed along the normal to the surface S. Therefore, the Eikonal describes the constant-phase surfaces of a wave and leads to the concept of a ray of light.

The Eikonal equation can be expressed in spherical coordinates. And with the variable separation method and the angular momentum conservation, a three equations system is obtained.

( ∂S ∂r ) 2 + 1 r 2 ( ∂S ∂θ ) 2 + 1 r 2 sin 2 θ ( ∂S ∂φ ) 2 = n 2 (r) (2.10)
The polarisation state of the light gives two sets of resonances family. Finally, taking into account the condition of the dierence of phase ∆S = n2π and the phase matching condition, resonance conditions are obtained with the three quantication numbers: the radial order p, the azimuthal order n and the angular quantication l.

Eective index method:

WGMs analytical approximate solutions can be found from Maxwell's equations thanks to the eective index method.

The wave propagation for an innite dielectric surface can be solved analytically. But from an analytical point of view, it is not possible to solve the exact problem for other kinds of dielectric structures with a dierent connement (2D or 3D).

The eective index method provides an approximate description of the structure of the eld thanks to successive estimations of the eective propagation index of an optical mode in one conned direction (see schematics Figure 2.8). The Eective Index Method (EIM) can be used if the thickness t of the cavity is inferior to the wavelength λ.

Two groups of solutions exist for the Transverse Electric (TE) (dened by the magnetic eld and dominated by H z , E y = E z = H x = 0) and for the Transverse Magnetic (TM) (dened by the electric eld and dominated by E z , H y = H z = E x = 0) polarization. The methodology for curved optical cavities is:

The Maxwell's equations are solved for an innite dielectric waveguide with the same properties as the cavity, for the TE or TM polarization. Its eective refractive index n ef f for the electric eld conned in the z direction is calculated.

Then the eective index calculated allows us to transform the system into two dimensions assuming that the microdisk is thin enough to only support one mode in the z direction. The system is reduced to innitely tall cylinder with refractive index n ef f . The Maxwell's equations are solved again using cylindrical coordinates assuming the separation of polarization modes and the separation of variables.

C Whispering Gallery Modes modelling using numerical techniques

Several methods can be used to calculate light propagation thanks to computational electromagnetics, using numerical techniques to solve Maxwell's equations instead of obtaining analytical solutions. Among them, the Finite Dierence Frequency Domain (FD-FD) , the Finite Dierence Time Domain (FD-TD) , the Finite Element Method (FEM) and the Beam Propagation Method (BPM) [110] [111] [112]. All these methods require huge computation time because the electromagnetic eld variations are smaller than the wavelength and so it requires very small discretization steps ∼ λ/10.

The Finite-Dierence Methods

The Finite Dierence (FD) Methods are methods to construct numerically solvable dierence equations out of dierential equations, by approximating derivatives by ratios between nite dierences. Three basic types are commonly considered: forward, backward, and central nite dierences. For example, the forward nite dierence approximation is (since the dierencing is in the forward x direction):

df (x) dx ≈ f (x + ∆x) -f (x) ∆x
The FD method can be applied to both the time domain with the FD-TD and frequency domain with the FD-FD. But the FD-TD method has been much more popular in the scientic world. Nevertheless, the time-domain equations are indispensable to investigating transient states and dynamics. But the frequency-domain equations are also crucial to studying steady states and treating dispersive materials accurately.

i. Finite Dierence Time Domain

The Finite Dierence Time Domain method has been developed by Kane Yee in 1966. The FD-TD method approximates Maxwell's equations in the dierential form by a central difference operator in both time and space.

The problem can be transformed from 3D to 2D, by using the z connement description of the eective index method presented previously in section B. For example, a thin disk resonator can be studied in 2D formulation with its bulk refractive index replaced by the eective index provided by the z connement (the radius is considerably larger that the thickness and the wavelength).

First time and space are discretized, then the Taylor series are used to described the evolution in time and space of the electric and magnetic elds by their discrete values only on the nodes of the discretization grid. The discretization grid is obtain with the Yee algorithm.

Yee's discrete representation of Maxwell's equations, with a properly sampled spatial grid, provides reliable numerical solutions for electromagnetic problems.

First, the Taylor series is described at one dimension, then the Yee algorithm principle is explained in the next paragraphs.

Example of Taylor development in time and space at one dimension A point of space and time (i,n) is calculated from the data of the adjacent nodes (i-1, i+1) calculated at (n-1). In this way, by iterating on n, we can calculate the mapping of the eld on the nodes of space i. Then we start again at n+1. For example at one dimension, the propagation equation is:

∂ 2 u ∂t 2 = c 2 ∂ 2 u ∂x 2
With Taylor's development:

u(x i + ∆x) = u(x i ) + ∆x ∂u ∂x (x i ) + (∆x) 2 2 ∂ 2 u ∂x 2 (x i ) + O[(∆x) 2 ] u(x i -∆x) = u(x i ) -∆x ∂u ∂x (x i ) + (∆x) 2 2 ∂ 2 u ∂x 2 (x i ) + O[(∆x) 2 ]
We get:

∂ 2 u ∂x 2 (x i ) = u(x i + ∆x) -2u(x i ) + u(x i -∆x) (∆x) 2 + O[(∆x) 2 ]
The same can be done for the temporal evolution, given:

∂ 2 u ∂t 2 (t n ) = u(t n + ∆t) -2u(t n ) + u(t n -∆t) (∆t) 2 + O[(∆t) 2 ]
With the notation u(x i , t n ) = u n i and u(x i + ∆x, t n + ∆t) = u n+1 i+1 :

u n+1 i = (c∆t) 2 u n i+1 -2u n i + u n i-1 (∆x) 2 + 2u n i -u n-1 i + O[(∆t) 2 ] + O[(∆x) 2 ]
Yee algorithm principle

The Yee algorithm (published in 1966 by Kane Yee-USA- [START_REF] Yee | Numerical solution of initial boundary value problems involving maxwell's equations in isotropic media[END_REF]) uses the method described above to calculate the evolution in space and time of the Maxwell's equations for the electric E and the magnetic eld H [START_REF] Arnaud | Etude de fonctions actives et/ou passives à base de microrésonateurs à modes de galerie[END_REF].

The structure is meshed in Yee cell and the Ex, Ey, Ez, Hx, Hy, and Hz components are not place at a common point but spread over space (see Figure 2.9). So the eld components are at physically dierent positions. The Yee grid is used because it is divergent free, physical boundary conditions are naturally satised and it allows an approximation of curl equations. The Yee algorithm uses a leap-frog arrangement to calculate the components E and H. The E components are calculated at t n = 2n∆t and the H components are calculated at t n = (2n + 1)∆t. The E components at each moment are calculated from the H components calculated at the previous moment.

Figure 2.9: Yee cell from [START_REF] Arnaud | Etude de fonctions actives et/ou passives à base de microrésonateurs à modes de galerie[END_REF] Finally, the FD-TD method is accurate and robust, simple to implement, and gives an excellent eld visualization. But it is slow and memory ecient (because of condition between the space and time steps) and it is dicult to resolve curved surfaces.

ii. Finite Dierence Frequency Domain

The FD-FD method is similar to the FD-TD method but the Maxwell's equations are converted in the frequency domain. There are no time iterations. The time dierential equation is changed in an equation at the resonance frequency. So the number of computation steps are reduced but the description is only for the chosen frequency. The whole calculations have to be done for several frequencies to nd the resonance. It can be useful in our case, as we used a xed laser wavelength during measurement.

Finite Element Method

Ray William Clough (1920-2016, USA) is apparently the rst to use the words FEM in 1960 in his article "The Finite Element Method in Plane Stress Analysis".

The FEM proposes to implement, on the basis of weak formulations, a discrete algorithm to search for an approximate solution of a problem with partial derivatives over a compact space with conditions at the edges and/or in the interior of the compact. The weak formulation or integral formulation is another way of stating a physical problem governed by dierential or partial dierential equations. FEM is prominent in the literature thanks to the exibility and eciency of the FEM for Whispering Gallery Mode (WGM) resonators. 

Beam Propagation Method

The BPM is a simple method to simulate forward propagation through a device and is based on the slowly envelope approximation. It calculates the eld of one plane at time, so it does not need to solve the entire space solution at once. It is simple to implement, excellent for eld visualization and BPM is known to be ecient in modelling light propagation along both straight and waveguides with very smooth curvature to satisfy the Fresnel approximation.

The classical BPM is formulated based on the Fresnel approximation which can be done when light propagates close to the propagation axis (see Figure 2.11), so it will fail to simulate WGM cavities because of their highly curved nature. The knowledge of the behaviour of the optical cavity by itself is a rst step in the understanding of the full optomechanical device. The optical cavity modes calculations will be useful to study the coupling between the waveguide and the cavity. In the next section, the coupling between these two structures will be detailed with several dierent techniques.

I.3 Coupling between the waveguide and the cavity

The coupling between the waveguide and the optical resonator is an evanescent coupling and depends on the overlap between modes. The waveguide modes are expressed in Cartesian coordinates and the resonator modes in cylindrical coordinates. So that the coupling study can not be totally solved analytically.

A rst qualitative approach uses matrix formalism which gives the coupling behaviour by assuming the coupling parameters. These coupling parameters can be found with the Coupled Mode Theory (CMT) which ends with a numerical resolution (see [START_REF] Arnaud | Etude de fonctions actives et/ou passives à base de microrésonateurs à modes de galerie[END_REF]).

Once again, numerical methods can be used such as the Finite Dierence Time Domain E i1 , E t1 , E r1 and E r2 are the complex mode amplitudes in the upstream and downstream of the coupling area. t and k are the transmission coecients and the coupling coecient (see Figure 2.12). The amplitude interactions can be represented by the matrix:

E t1 E r1 = t k -k * t * E i1 E r2 (2.11)
With E r2 =αe iθ E r1 where α is the loss coecient of the ring (α = 1 means zero loss), θ = wL ν ph the phase shift due to a round trip, ν ph = c n ef f : the phase velocity of the cavity mode.

We choose E i1 = 1, so the eld amplitudes will be normalized by the input wave eld amplitude and we consider the coupling lossless, so we get:

|t| 2 + |k| 2 = 1
From the equations above, we obtain:

E t1 = -α + te -iθ -αt * + e -iθ
(2.12)

E r2 = -αk * -αt * + e -iθ (2.13) E r1 = -k * 1 -αt * e iθ (2.14)
The normalized power at the output waveguide is:

R = |E t1 | 2 = α 2 + |t| 2 -2α|t|cos(θ + Φ) 1 + α 2 |t| 2 -2α|t|cos(θ + Φ) (2.15) 
where t = |t|exp(jΦ), with Φ the phase of the coupler.

The normalized power circulating in the cavity is:

P = |E r2 | 2 = α 2 (1 -|t| 2 ) 1 + α 2 |t| 2 -2α|t|cos(θ + Φ) (2.16)
At resonance, θ + Φ = 2πm, m is an integer, so the normalized optical powers are:

R res = (α -t) 2 (1 -α|t|) 2
(2.17)

P res = α 2 (1 -t) 2 (1 -α|t|) 2 (2.18)
When α = |t|, the transmitted power becomes 0. This case is named critical coupling which will be described in more detail in the following sections (see Chapter 3 I.3).

B Coupled modes theory

In the previous section, the matrix formalism has been used to describe the light behaviour. The knowledge of k and t, the transmission and coupling coecients was assumed.

These coecients can be calculated thanks to the Coupled Modes Theory (CMT) method, presented in this section. In the CMT, the electromagnetic elds into the resonator are described thanks to the interaction between the light modes.

In the CMT, the study of a structure is made in two phases: rst the eigenmodes of each structures are studied separately, then the eld of the structure is treated as a linear combination of the eigenmodes with a perturbation due to the presence of another structure. This technique can be used only if the presence of another structure does not strongly modify the mode (k << t) [115]. The approximation of the Slowly Varying Envelope" is commonly used (to separate the transverse and longitudinal spatial dependencies). Let E A (x, z, t)/E B (x, z, t) be the transverse eld in the A/B waveguide. Each waveguide, taken alone, would get a single fundamental eigenmode in the y direction:

E A (x, z, t) = 1 2 (E A (x)e i(ωt-β A z) + c) (2.19) E B (x, z, t) = 1 2 (E B (x)e i(ωt-β B z) + c) (2.20)
The waveguides can interact with each other if they are suciently close to obtain an overlap of their evanescent elds. The total approximative optical mode comes from a linear combination of the two optical modes from the isolated waveguides, without taking account the small perturbations between them [115]:

E(x, z, t) = 1 2 (A A (z)E A (x)e i(ωt-β A z) + A B (z)E B (x)e i(ωt-β B z) + c) (2.

21)

The amplitudes A A (z) and A B (z) would be constant in absence of the other guide. Due to the interaction between the two waveguides there is an energy transfer leading to variations of the amplitudes A A (z) and A B (z): 

∂A A ∂z = -io BA A B e -i∆βz ( 
o BA = ω 0 4p 0 B (n 2 B (x) -n 2 )E A (x)E B (x)dx (2.24) o AB = ω 0 4p 0 A (n 2 A (x) -n 2 )E A (x)E B (x)dx (2.25)
With p 0 a normalization constant (p 0 = 1W.m -1 ).

If we consider symmetric waveguides:

o AB = o BA = o. A A0 = A A (0) and A B0 = A B (0) = 0
are respectively the amplitude at the input of waveguide A and B. We can express the coupling with the propagation matrix T(z):

A A (z) A B (z) = T (z) A A0 A B0 (2.26) 
T(z) is expressed in particular as a function of the propagation constants and the coupling factor K presented in section D. The solutions of equations 2.22 and 2.23 may be written: 

A A (z) = A A0 o iγ e i(
E i (x) =      A i exp(-κx) for x > 0 B i cos(α i x) + C i sin(α i x) for -w wg < x < 0 D i exp(κ(x + w) for x < -w wv (2.29)
where κ is the optical attenuation constant outside of the guide.

β 2 + α 2 i = n 2 i k 2 ω β 2 -κ 2 = n 2 k 2 ω k ω = ω c κ = β 2 -(n * k ω ) 2
In the case where n A = n B = n g , the overlap integral is then:

o = ω 0 (n 2 g -n 2 ) 4P 0 0 -wwg A A cos(αx)A B e -κ(d 1 -x) dx (2.30)
The elds vary as cos(αx) in the waveguides and as e -κx in the conning layer and the amplitudes are:

A i = 2α ωµ 0 |β|(w wg + 2 κ )(α 2 + κ 2 ) P 0 (2.31)
Finally, the overlap integral leads to a coupling coecient:

o = λ 0 α 2 κ πn ef f (α 2 + κ 2 )(w wg + 2 κ ) e -κd 1
(2.32)

C Optical cavity eld time evolution 

da(t) dt = ȧ = -iω 0 a(t) - κ 2 a(t) + √ κ ext S in (t) (2.33) S out (t) = S in (t) + √ κ ext a(t) (2.34)
With |S in | 2 the input optical power, |S out | 2 the output optical power, a the cavity mode amplitude and κ = κ int + κ ext the loss rate of the cavity in s -1 . ω 0 the resonance pulsation and ω L the laser pulsation.

Assuming the input S in with a e -iωt dependency, the cavity amplitude a(t) will respond at the same frequency with attenuation and dephasing. Thus, a(t) can be expressed with a 0 e -iωt . Finally, the amplitude a 0 in the optical cavity is:

a 0 = √ κ ext κ 2 -i(ω -ω 0 ) S in (2.35)
So the energy in the optical cavity is:

|a| 2 = 4κ ext κ 2 + 4(ω -ω 0 ) 2 |S in | 2 (2.36)
From equations 2.33 and 2.34:

S out = -i∆ + ( κ int 2 -κout 2 ) -i∆ + ( κ int 2 + κout 2 )
S in

(2.37)

The normalized transmission through the waveguide is:

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 (2.38)
The transmission as a function of the WGM resonance wavelength λ 0 is:

T λ = 1 - C( λ 0 2Q load ) 2 (λ -λ 0 ) 2 + ( λ 0 2Q load ) 2 (2.39) 
With C the contrast, (the amount of ligth that goes into the cavity):

C = 4κ ext κ int (κ est + κ int ) 2 (2.40)
And Q load the optical quality factor (see Chapter 3 I.2):

Q load = ω 0 κ (2.41)
Finally, the optical power at the output waveguide, P out = |S out | 2 , as a function of the optical input power in the waveguide P 0 = |S in | 2 , is an Airy function centred at λ 0 :

P out = P 0 1 - C.( λ 0 2Q load ) 2 (λ -λ 0 ) 2 + ( λ 0 2Q load ) 2 (2.42)
D The evanescent coupling factor between a waveguide and a cavity

As seen previously, the coupling occurs thanks to energy exchange due to the overlap of evanescent elds. The coupling coecient has been presented for a coupling between two parallel waveguides. In this section, the coupling coecient is detailed for a coupling between a waveguide and a curved optical cavity.

The coupling between the waveguide and the cavity can be represented by the coupling factor K = k 2 (with k, the coupling coecient in the matrix formalism, see 2.11). It can be evaluated thanks to the CMT by looking at the amplitude transfer at the output of the coupling zone. Theoretically the coupling parameter K decays exponentially with increasing optical gap. In this section, we will see its theoretical expression. In the Chapter 7, an experimental study on the coupling parameter will be presented.

The coupling factor is linked to the exchange time factor κ ext (where κ ext = ω 0

Qext

. Q ext is the exchange quality factor) with:

K = 2πRn g c κ ext (2.43)
We consider TE polarised modes. In the Coupled Modes Theory, the coupling between the waveguide and the cavity is enabled by the overlap of the individual modes of each part. With e W GM (x, y, z) the normalized eld corresponding to the cavity's WGM and e + (x, y)e -jβz the waveguide normalized eld and n(x,y,z) the refractive index.

For one WGM, the extrinsic coupling constant κ ext depends on the waveguide width w wg (because it impacts the longitudinal propagation constant β) and on the optical gap distance d opt (because it modies the azimuthal oscillation period seen by the waveguide).

E Numerical methods

Dierent numerical methods can be used to study the coupling between the waveguide and the optical cavity. As for the WGMs computation, we can use FD-TD, FD-FD, or FEM. We have seen dierent techniques to study the WGM modes of the optical cavity, along with the complex coupling between the waveguide and the cavity.

In the next section, the optical resonator is associated with an inertial mass and the interaction between the mechanical part and the optical one will be explained.

II Optomechanical interactions

We have seen the general principle of the optical resonator. We will now be interested in the other part of our accelerometer, the inertial mass and the interactions between the two parts.

First, the dierent kind of optomechanical interactions will be detailed with a general point of view and we will dene the optomechanical coupling coecients. Then, we will point out the case of the optomechanical accelerometer with both a quantitative and qualitative description of the optomechanical interactions between the optical cavity and the inertial mass. 

II.1 Light on matter

In this section, we will provide a brief review of the dierent optical forces that light can exert on matter.

Radiation pressure: the radiation pressure force results from the transfer of kinetic moment: when a photon is perfectly reected from a surface, the surface receives 2 k momentum. Radiation pressure has been thoroughly studied for optical trapping [START_REF] Ashkin | Applications of laser radiation pressure[END_REF] [37] or optical cooling [119] [120] for example.

F radiation = I.S c medium = n medium I.S c
(2.45)

F radiation = n medium .3, 33.I.S nN (2.46)
With n medium the medium index, I the light intensity, S the surface and c the light speed.

Electrostriction: the material density (dielectric), or the crystal lattice can be modied under the action of light. Similar to radiation pressure, electrostrictive forces increase quadratically with the optical eld.

Photothermal force: when light is absorbed, it generates heat in the material. Accordingly its material's thermal expansion coecient, the material expands or contracts.

This interaction is dependent to the time delayed displacement: the mechanical displacement must match the mechanical frequency to be ecient. If it is longer than the time characteristic of the mechanical oscillation, it strongly reduces the dynamic impact of the force.

In our case, the optical resonator is a separate structure from the mechanical system, and the interactions taken into account occur where the inertial mass encounters the evanescent eld of the optical resonator. However, we consider that the optical forces do not impact the inertial mass (F radiation << f N ). Indeed the mass is so huge that we can neglect these forces.

II.2 Matter on light

The optomechanical interaction comes from two types of couplings: dispersive coupling (modulation of refractive index) and dissipative coupling (losses modulation) [121] [START_REF] Tagantsev | Dissipative vs dispersive coupling in quantum opto-mechanics: squeezing ability and stability[END_REF].

Depending on the system, these eects can be produced by internal eects or external eects.

For the rst one, the optical resonator is submitted to mechanical changes. This principle is used for optomechanical devices where the optical resonator and the mechanical part are the same. For instance, mechanical breathing modes of an optical disk resonator will modify its own geometry and thus the optical resonance conditions.

For the external eects, it is the presence of a moving mechanical object in the evanescent eld that causes the modications. Indeed, the presence of an object in the evanescent eld will change the eective index.

In our case, only the external dissipative and dispersive eects are interesting. (The working frequencies are far away from the breathing modes of the cavities, preventing any noise from the internal eects).

External dispersive interaction

The resonance frequencies of the cavity depend on the dielectric tensor distribution inside the cavity, but also in its vicinity. Therefore the motion of a mechanical object next to the cavity aects the resonance frequencies by changing the distribution in the mode evanescent eld (see schematic 2.17).

The dispersive optomechanical interactions are represented by the optomechanical coupling factors g OM . The g OM quanties the shift of the optical cavity's resonance for a displacement of the mechanical object:

g OM = - ∂w 0 ∂x [Hz/m] (2.47)

External dissipative interaction

For the dissipative interaction, instead of varying the optical resonance, the change of the mechanical displacement modies the decay rates of the resonator (see schematic 2.17).

The γ OM quanties the shift of the optical cavity's decay rate for a displacement of the mechanical object: We have seen the dierent possible eects of light on an object and inversely, of an object on the optical resonator. In the next section, the external dispersive interaction will be used to calculate the sensitivity of our optomechanical accelerometer.

γ OM = - ∂Γ 0 ∂x [Hz/m]

II.3 The optomechanical accelerometer sensitivity

In our case, the optical cavity and mechanical part are completely distinct. The mechanical part (the inertial mass) is situated just next to the optical cavity. The interaction between light and matter is done through the evanescent light. supported by four beams connected to anchors.

We will now consider that the optical forces on the inertial mass can be neglected and the 

A Sensitivity expression

In this paragraph, the optical power modulation as a function of the mechanical displacement of the inertial mass will be calculated.

In the section I B, we have seen that the output optical power is: The best sensitivity is reached at the inection point. Indeed it is the point where the wavelength modication induces the higher power modulation. The wavelength with the maximum slope λ * is found thanks to the second order derivation of equation 2.49.

P out = P peak (1 - C.( λr 2Q load ) 2 (λ -λ r ) 2 + ( λr 2Q load ) 2 ) (2.
1 λ * = 1 λ r ± √ 3 6Q load 1 λ r (2.50)
For a small wavelength shift ∆λ, we can apply a linear approximation of the optical response around λ * :

∆P out ≈ dP out dλ | λ * ∆λ (2.51) ∆P out ≈ -3 √ 3 4 . P peak Q load C ω r . g OM 2π .∆x (2.52)
Where g OM = -∆ω ∆x = -2πc∆λ λ 2 ∆x is the optomechanical dispersive coupling factor. Finally, the optomechanical sensitivity is in W/m or V/m:

S 1 = ∆P out ∆x ≈ -3 √ 3 8π . P peak Q load C ω r .g OM (2.53)

B Principle

The inertial mass motion leads to a local eective index modication n ef f at the zone of interaction between the cavity and the mass. Indeed the eective index of the optical cavity results from the index of the media around the disk and the index of the disk material (silicon) (see gure 2.21). Due to the eective index modication, the resonance wavelength shifts proportionally to the mechanical motion of the mass as described in the schematic 2.22.

(a) The inertial mass is away (b) The inertial mass is close When the mass is moving closer to the disk, dx > 0, the optical wave goes through a medium with an index higher (silicon index) than the medium usually around the disk (air index). So the optical path for one round trip ( R.n ef f (θ).dθ ≈ n ef f .L) increases. The resonance frequency (α c n ef f L ) decreases and the resonance wavelength λ r increases.

To conclude, the optical power modulation as a function of the mechanical displacement is proportional to two dierent kinds of parameters:

-the optical parameters: C, Q load and P 0 .

-the optomechanical parameter g OM Nevertheless, the optical resonance can be modied in the case of thermo-optic eects (see Chapter 3) or intermodal coupling (see Chapter 3).

III Conclusion

The optical resonator, such a disk or a ring cavity, can be described thanks to few parameters: the maximum optical in the waveguide P 0 , the contrast C and the loaded optical factor Q load (see I.I.1) To go further in the understanding of the optical resonator, it requires a study of the Maxwell equations to nd the optical modes of these cavities: the Whispering Gallery Mode (WGM).

Due to the complexity of the problem some techniques can be used to approximate the solution of the WGM, such as the geometric approach, the Eikonal equation (see I.2.B) or the eective index method (see I.2.B). Same as techniques to study the entire system and the coupling between the waveguide and the cavity: the matrix approach (see I. The numerical methods (FD, BPM, FEM... see I.2.C) allow us to study the optical resonator and then to nd the resonance frequencies and see the inuence of the dierent geometric parameters.

After studying the optical resonator, we have seen the possible interactions between the cavity and the inertial mass. First, the optical forces have been presented (see II.1) and we have seen that it can be neglected for our device.

Then, the dissipative and dispersive optomechanical interactions due to the motion of the mass in the evanescent eld of the cavity have been detailed. We have seen that the main interaction is the dispersive phenomenon (see II.2).

Finally this chapter shows that the design must seek to improve as much as possible all optical parameters. Indeed, the optical parameters have a huge impact on the nal performances of the sensor, as seen with the calculated sensitivity of the optomechanical accelerometer (see A). The next chapter will present in detail these optical parameters, P 0 , C and Q load and how they can be improved.

Chapter 3 Optical resonators optimization: theory

The previous chapter puts forward the importance of the optical parameters for the nal performances of the optomechanical accelerometer. Indeed the inertial mass motion is detected thanks to the change of optical cavity resonance. The greater the slope of the resonance, the greater the resonance shift.

Since the slope depends on the optical quality factor Q load and the contrast C, we will see what diminishes these factors such as the thermo-optic eect or the optical losses due to the surface rugosity.

The nal parameters also depend on the optical power P 0 in the waveguide. P 0 changes in particular according to the laser power P L , the gratings design and the waveguide fabrication.

In this chapter, we will see how to improve the optical resonator to maximize the parameters P 0 , C and Q load . 

I Optical cavity parameters

The optical resonator can be described in general by three main parameters, the contrast C, the optical power in the waveguide P 0 and the loaded optical quality factor Q load (see optical resonance peak on Figure 3.1). This description with P 0 , C and the optical quality factors Q int , Q ext is accurate for optical cavities with small optical quality factors (under 50 000).

For optical cavities with higher optical quality factors, another model has to be used that takes into account the intermodal coupling (when the resonance peak is not single but presents a doublet). The intermodal coupling will be presented in the third part of this chapter (see section III). The following sections will present the physical meaning of P 0 , C, Q int and Q ext and how these parameters can be optimized. I.1 The optical power P 0 P 0 is the maximum optical power in the waveguide (see Figure 3.1). It depends on the optical bers, on the coupling eciency from the bers to the waveguide, on the gratings, and on the energy losses in the waveguide. P 0 is also dependent on P L , the optical power of the laser. Nevertheless, we will see that P L can not be increased because of the thermo-optic eect (see section I.4) and because it brings more noise (see Chapter 4 II).

Transmission rates of waveguides and gratings is linked to the design and the fabrication process. Indeed, the main losses mechanism is due to the ank roughness (-1 to -2db/cm).

The rst paragraph explains the waveguide dimensions choice and the following paragraph is dedicated to the grating's inuence on P 0 .

A Waveguide width

The rst condition is that the waveguide width must be small enough to obtain monomode optical eld. The monomode condition is really important to avoid superposition of modes that prevents from reading the mode of interest. But the propagation losses increase with the waveguide width reduction. Indeed if the waveguide is narrow, the mode is less conned in the waveguide. The mode has more interactions with the waveguide surfaces and there is more scattering losses.

Secondly, the eective index of the waveguide and the optical cavity must be similar to maximize the optical coupling. It allows to minimize the destructive interferences (see the section B on the CMT). When the waveguide width is reduced, the mode is less conned and so the eective index is smaller. With a smaller index, the evanescent eld increases and so the coupling is higher or possible for bigger gap distances.

Finally, the waveguide chosen must be small enough to ensure a coupling rate close to the limit set by the intrinsic losses in the resonator (in order to obtain the critical coupling, see section II) but large enough to prevent too many losses due to scattering.

The waveguide width is xed at 5µm so that the waveguide is still on a 1µm silicon oxide pedestal after release (release distance of 2µm -see Chapter 5) and the propagation losses reduced. But the waveguide width is reduced to 476nm at the coupling zone. The waveguide is multi mode on the 5µm zone but we use tappers long enough to switch smoothly from the multi modes of the 5µm guide to the single mode of the 476nm guide. This transfer ideally takes place without introducing energy into the higher order modes. In order to put light into the device's waveguide, both ends of the waveguide possess a Bragg's grating coupler. These gratings allow a coupling from the top surface and not from the slice that requires a cutting of the sample.

B Gratings theory

The grating consists of a periodic structure in the silicon with a step ∆ (see Figure 3.3).

The light goes from the optical ber to the device's waveguide thanks to diraction phenomenon.

The waves coming from the ber have a wave number, projected onto the waveguide direction, k q = 2πsin(θ)nt λ . From Maxwell's equations and boundary conditions at interfaces:

k gratings + k q = k waveguide (3.1) 2π ∆ + 2πn t sin(θ) λ = 2π λ n ef f (3.2)
With ∆ the grating step, λ the light wavelength, θ the incidence angle, n t the index of the above medium and n ef f the waveguide eective index. The angle θ xes the central wavelength of the grating transmission wavelength span. 

C Gratings transmission simulations

The transmission is calculated by Comsol simulations (done by Alexandre Fan, see Figure 3.4). A TE polarized planar wave with a incidence angle θ is sent to the grating.

The transmission is dened as the ratio between the injected power and the power in the waveguide. The optical transmission depends on the optical index n t of the above medium and n ef f of the waveguide, the incidence angle θ, the gratings step ∆ and the gratings depth Γ (see Figure 3.3). During the fabrication process of the gratings, we adjust the etching gratings depth according to the gratings step measured thanks to SEM picture (see Chapter 5).

Our devices work for infra red wavelengths and our lasers deliver light from 1500 to 1620nm.

So the grating couplers should transmit around 1550nm. To do so, the gratings design has to take into account the light incidence angle and the dierent layers. This work has been done by G. Jourdan, S. Boutami and M. Hermouet.

D Experimental gratings transmission

The PTA (Plateforme Technologique Amont) gratings consist of 44 lines. The pitch is 625nm with trenches of 312.5nm and a depth between 50nm and 80nm (see SEM pictures For ENO2 devices (ENO2 devices are fabricated in the 200mm clean room platform of the CEA Leti), there are two kind of gratings: gratings for "normal" devices and gratings for packageable devices which can be connected to optical bers (see Chapter 7). The pitch for non packageable devices is 635nm and 625nm for packageables devices. We have seen that the optical power P 0 depends on the geometric parameters of the waveguide and the gratings. It depends also on the surface states of the waveguide as it inuences the scattering. That is why, lots of eorts are made to obtain smooth surface states as described in Chapter 5 with the gratings fabrication presentation. The gratings experimental performances will be detailed in Chapter 6.

The next section is dedicated to the optical quality factor Q load .

I.2 The loaded quality factor Q load

The loaded quality factor represents the system's ability to conserve energy over a cycle of its own. It gives information not only on the cavity quality (surface roughness, material quality, photon absorption...) but also on the coupling factor between the waveguide and the cavity. In the ideal case when the cavity has no losses and is isolated, the quality factor would be innite and the resonance extremely thin. In reality, there are several loss mechanisms, as extrinsic mechanisms due to the coupling with the waveguide represented by Q ext and intrinsic mechanisms to the resonator itself represented by Q int . All these loss mechanisms impact the loaded quality factor. Radiation losses Q r Beyond a critical distance δ, the eld becomes radiative. Indeed in the cavity, the phase velocity is dierent at each zone on the cavity radius. Due to the rotational movement, the speed of the wave increases as it moves away from the center of the guide. However, the speed of the wave cannot be higher than the speed of the wave in the external medium. The critical distance δ is the distance for which the velocity of the wave plane is equal to the velocity c/n ext of propagation of a plane wave in the external medium (with c the light speed in vacuum and n ext the index of the external medium). Over this distance, a leak of energy to the external medium appears. The mode loses its energy by optical tunnel eect.

1 Q load = 1 Q int + 1 Q ext (3.3) The intrinsic quality factor Q int Q int is dened by: Q int = ωr k int (with 1 
Radiation losses are the result of a "leak" of the optical mode towards the outside medium. Radiation losses can be minimized thanks to the design. But in the case of a curved waveguide, the curvature generates losses. The larger the curvature radius and the eective index n ef f , the weaker the losses from the curvature as the mode is more conned in the cavity. Nevertheless, the curvature eect can be neglected for cavities with a large enough radius, R>5µm. Indeed the eective index of the mode in a curved cavity is inversely proportional to the radius R.

Absorption losses Q a

Three absorption mechanisms exist: the absorption between energy levels, the absorption by charge carriers and the two-photon absorption mechanism [START_REF] Gribkovskii | Theory of light absorption and emission in semiconductors[END_REF].

Finally, Q int depends on the optical cavity shape and on its fabrication. The main loss phenomenon is the scattering losses due to the surface roughness.

The external quality factor Q ext Q ext characterizes the coupling between the optical cavity and the waveguide. Q ext is dened by Q ext = ωr κext with 1 κext the photon exchange time. κ ext represents the coupling factor to the waveguide, it increases exponentially when the optical gap distance (see the optical gap in green Figure 3.9) decreases (see experimental study Chapter 6).

To conclude, the rst step consists in maximizing Q int thanks to a proper design and fabrication improvement. Then, the Q ext factor needs to be as close as possible to Q int by varying the optical gap distance to increase the contrast, presented in the next section.

I.3 The contrast C

The contrast is the extinction ratio of the transmitted intensity at resonance. It is the "depth" of the resonance peak as seen on Figure 3.1 in green. The higher the contrast, the greater the sensitivity. The contrast depends on the intrinsic quality factor Q int and the exchange quality factor Q ext (if the intermodal coupling is weak, see section III for the case with intermodal coupling). the critical regime:

C = 4Q 2 load Q int Q ext (3.
Q ext = Q int
At resonance, power loss in the resonator equals the optical power in the waveguide.

So the output power is zero and the contrast equals one (see the red peak in Figure 3.10).

the overcoupled regime: Q ext < Q int the intrinsic losses are smaller than the coupling rate. Photons prefer to escape the cavity through the waveguide rather than be absorbed or scattered. Due to the increased coupling losses the resonance's FWHM (Full Width at Half Maximum) becomes very large, larger than at the critical coupling (see the cyan peak in Figure 3.10).

In order to increase the contrast in the case of an optical resonator with single peak (without intermodal coupling), the optical resonator needs to be in the critical regime.

I.4 Thermal eects

A part of the light energy in the optical cavity is absorbed as seen in the section on the loaded quality factor Q load . The resulting thermic power is:

P th = P peak C Q int Q a (3.5)
With P peak the optical power in the waveguide, C the contrast, Q int the internal quality factor of the cavity and Q a the absorption quality factor. The total energy dissipated in the cavity is P peak * C.

The absorbed energy heats up the cavity's material resulting in:

-a thermal expansion of the cavity and then due to the optomechanical eect, the optical resonance can shift (thermo-elastic eect).

-change of the material's refractive index which nally changes the resonance (thermo-optic eect).

The thermo-optic eect is larger than the thermo-elastic eect for silicon. For silicon, the thermo-optic coecient is: dn Si dT = 1.818.10 -4 K -1 . So the silicon index increases when the material heats up. The result is a distortion of the optical resonance as represented in Figure 3.11. Indeed, when the laser scans a WGM resonance from the blue detuned side, the power is building up into the cavity. The silicon index increases and so does the eective index and nally the resonance wavelength. Consequently, the resonance is gradually red shifted and gets a triangular shape instead of the normal Lorentzian one (see Figure 3.11). At some point, the laser wavelength goes beyond the resonance. There is no optical power in the cavity to heat up and so the resonance wavelength comes back to its value before heating. The laser wavelength is out of the resonance and the transmission jumps to P peak .

As seen before, theoretically, the better the contrast, the better the sensitivity.

The critical regime maximizes the contrast. To reach the critical regime, the intrinsic quality factor must be equal to the exchange quality factor. The conditions to do so are presented in the next section.

II

The critical gap

The distance between the waveguide and the cavity is a very important design parameter.

Indeed, to increase the optomechanical sensitivity, the contrast and the loaded quality factor must be as large as possible. The maximum contrast can be reached at the critical optical regime. The critical regime corresponds to an equality between Q ext and Q int for a single optical resonance peak. The easiest way to obtain this equality is to change Q ext by changing the optical gap (see Figure 3.9 in green) between the waveguide and the cavity. The distance which respects the condition Q ext = Q int is called the critical gap.

II.1 Theoretical study

The theoretical approach involves studying the evolution of the external quality factor We introduce the dimensionless coupling factor K and the attenuation coecient per unit length α dB . They are related to κ ext and κ int through:

Q ext = ωr
α dB = 10 log 10 (e) n g c κ int (3.6) K = 2πRn g c κ ext (3.7)
Q load (α dB ,K) and C (α dB ,K) are shown as surface plots in gures 3.12 with the following parameters: ring radius R=10µm, group index n g =3.57 and λ=1550nm. Experimentally, the parameter which can be easily modied is the coupling coecient K by changing the gap distance (on the cartographies, it means we can change the operation point on a vertical line). That is why, experimentally, it is interesting to try to approach the critical coupling regime to increase the nal device performances. The operation point must be as near as possible to the C=1 bisector dened as K = 2πRα dB 10log 10 (e) .

II.2 Experimental determination

The objective is to obtain the intrinsic α dB and K parameters of our system in order to maximize the sensitivity of future sensors.

Both loaded quality factor Q load and contrast C can be easily deduced from the t of an experimental optical transmission spectrum with equation 2.49. These values are reported on the surface plots in Figure 3.13 as isolines, dening possible solution pairs (α dB ,K). In Figure 3.13, the contrast is 0.9 and the Q load = 10000 for a PTA sample (R = 5µm, g opt = 80nm).

The exchange of parameters k and α dB (or Q int and Q ext ) does not change the values of Q load and C. So the surface plots are symmetric and two operation points are found, corresponding to the undercoupled and the overcoupled regimes.

Uncertainty can be lifted with a series of dierent devices with dierent optical gap distances (examples Figure 3.14). With the hypothesis that the Q int factor is the same for all devices: if the contrast decreases when the gap increases, the system operates in an undercoupled regime and vice versa. Nonetheless, the ambiguity remains if a single data set is available.

In Figure 3.14, the Q load and C factors for two devices are reported: in green, a 80nm optical gap device and in red a 100nm optical gap device.

For the 80nm device, the two parameters pairs are: (α dB = 4, K = 0.99%) and (α dB = 7.1, k = 0.6%). For the 100nm device, the two parameter pairs are: (α dB = 6.11, K = 0.183%) and (α dB = 1.3, k = 0.88%).

The logical evolution is a decrease of the coupling coecient with the increase of the optical gap, so the two operation points are in the white circles. 

II.3 Q load * C maximization

To improve the optomechanical sensitivity, not only the contrast must be increased but also the loaded quality factor Q load . Finally, it is the maximisation of Q load * C which is primordial:

Q load * C = 4(Q int Q ext ) 2 (Q int + Q ext ) 3 (3.8) If Q ext = x * Q int : Q load * C = 4(Q int x * Q int ) 2 (Q int + x * Q int ) 3 (3.9) Q load * C = x 2 (x + 1) 3 * 4Q int (3.10)
To nd the maximum of the Q load * C, we look for the zeros of the derivative:

x(2 - x)/(x + 1) 4 . Conditions to maximize the Q load * C factor is Q ext = 2 * Q int or Q int = 2 * Q ext as Q int and Q ext are interchangeable.
For a Q int xed by the process, it is interesting to nd the device with a slight undercoupled regime: To conclude, a classical t which extracts only the loaded quality factor and the contrast is not enough to completely understand the optical behaviour. Indeed, we need to know the values of the internal Q int and the exchange Q ext optical quality factors to determine the optical regime and then being able to improve the optical parameters in the next designs.

Q ext = 2 * Q int .
The cartographies allow a better understanding but it requires several gap measurements. A Python code has been developed by Guillaume Jourdan to extract the Q int and the Q ext factors. This code will be used in Chapter 6 to determine the optical regime of the devices.

In the next section, the intermodal coupling regime will be presented.

III The intermodal coupling

In chapter 2, the model presented is simple, with a resonance frequency, a dissipation parameter and a coupling parameter. There is only one single resonance peak. The clockwise and counterclockwise modes present exactly the same parameters.

But in reality, the surface of the cavity is not ideal and presents surface roughness due to the fabrication process. Consequently, the light propagation is not the same for the two modes and the mode degeneracy is lifted. The result is a hybridization of these two propagative modes into two dierent stationary energy modes. This phenomenon is called the intermodal coupling and a doublet appears (see Figure 3.16). The intermodal coupling becomes visible when the loaded quality factor of the cavity becomes large (Q load > 50 000). For cavities with lower Q load , the intermodal coupling is not taken into account because it does not dominate the operation of the system. A better understanding of the intermodal coupling is needed to perform a correct t of the resonance peaks for cavities with high quality factors.

III.1 Presentation

As a consequence of Rayleigh scattering on the surface roughness, there is an energy exchange between two modes, the clockwise mode (CW) and the counter-clockwise (CCW) mode [START_REF] Michael | Rayleigh scattering in high-q microspheres[END_REF]. The intermodal coupling between the CW and CCW modes induces two eigen states from the constructive and the destructive interferences of the CW and CCW modes and raises the degeneracy of the resonator. The eigen modes can be described as standing wave modes leading to doublet peaks in the transmission spectrum (splitting in resonance frequencies, see Figure 3.17).

We introduce the intermodal coupling parameter k β , i.e. the energy exchange rate between clockwise and counter-clockwise modes, and the intermodal quality factor Q β = ωr k β . The intermodal coupling is not visible for all cavities:

-In the case where the mode coupling with the environment is stronger than the intermodal coupling (Q β Q ext , Q int ), the optical response can be modelled by equations 2.33 and 2.34 describing the response for a single optical mode. The internal losses of the cavity are important (small Q int ) and so the resonance splitting is hidden and the two modes are degenerated.

-In the case where the cavity is not ideal but internal losses are weak enough, the two modes become visible. It means when Q int ≥ Q β , the transmission spectrum presents a resonance doublet (see both cases Figure 3.16).

Each optical mode follows equation 2.33 with an additional coupling term κ β between the clockwise and counter-clockwise modes [125] [124]. The intermodal coupling leads to:

da cw dt = -iω 0 a cw - κ 2 a cw + iκ β 2 a ccw + i √ κ ext S in (3.11) da ccw dt = -iω 0 a ccw - κ 2 a ccw + iκ β 2 a cw (3.12) S out = S in + i √ κ ext a cw (3.13) 
Where a cw and a ccw are the energy amplitudes of the oppositely circulating modes in the resonator, S in is the amplitude entering at the input port and S out is the transmitted amplitude at the output port. With κ = κ int + κ ext .

The standing wave basis is:

a 1 = a ccw + a cw √ 2 (3.14) a 2 = a ccw -a cw √ 2 (3.15)
Finally, the steady-state solution for the standing wave mode amplitudes is:

a 1,2 = i κext 2 -κ 2 -i∆ ± i κ β 2 S in (3.16)
The transmission presents two resonance peaks separated from the resonance frequency ω r by ± κ β 2

. If κ β < κ int + κ ext the intermodal coupling is very small and so the two peaks present the same resonance frequency at ω r . The intermodal coupling has no time to build up the back scattered wave during the ring-down time (time required for the resonance to decrease to a negligible level following excitation).

According to the wavelength shift between the two peaks of the doublet, the intermodal coupling is called "weak" (see Figure 3.17 (a)) or "strong" see Figure 3.17 (b)).

For the rst case, κ = 2.25e -5 ≈ κ β = 2.17e -5 and ∆ω = 0.00125nm. For the rst case, κ = 9e -6 < κ β = 9.3e -5 and ∆ω = 0.0035nm. In most cases, these two eigenmodes are not symmetrical. Due to their spatial oset, the modes will not be dissipated in the same way when defects are present in the cavity.

For example, in the case of ring cavities with three spokes, there is a huge dierence between the two peaks. One of the two stationary modes probably has maximum intensity at the spokes and loses a lot of energy, while the other places its minimum intensity at the spokes.

III.2 Optical spectra as a function of the optical regimes: intermodal coupling consequences

The intermodal coupling phenomenon changes the optical spectrum and especially the contrast. In this section, we will see the impact of dierent levels of intermodal coupling

Q β on the dierent cases, critical regime Q int = Q ext , overcoupled regime Q int > Q ext and undercoupled regime Q int < Q ext .
In the case of a cavity without intermodal coupling, the contrast (C = The degeneracy between the under-and overcoupled regime (presented in section I.3) can be lifted by energy exchanges between the clockwise and counterclock wise modes. Indeed in this case, the contrast for a doublet is dierent for the two regimes (see Figure 3.18, cyan line and purple line) because it also depends on the intermodal quality factor Q β .

Theoretical optical spectra have been plotted for dierent optical quality factors. The red, green and yellow curves are the cases without intermodal coupling. The black, cyan and magenta curves are optical spectra with intermodal coupling. In the case of a weak intermodal coupling, the responses overlap and thus the contrasts are identical for both regimes.

When the intermodal coupling increases (decreasing Q β ), a doublet appears. The coupling regime indeterminacy can be removed as contrasts are signicantly dierent when Q int and Q ext values are swapped. In the case of the critical regime, Q ext = Q int = 1e5, when there is no intermodal coupling, Q β = 1e10, the contrast equals one (see red line Figure 3 Whereas, in the case of the overcoupled regime (see Figure 3.21), when the intermodal quality factor increases, the contrast rst increases (optical spectra in blue and green) and then for higher Q β , the contrast decreases (optical spectrum in yellow arrow). 

.19). With Q β = Q ext = Q int ,
Q int = 1e5 = Q ext = 5e4.
The intermodal coupling changes completely the contrast of the resonance. In case of intermodal coupling, the critical regime is not reached for Q int = Q ext as it is the case for a single peak. The next section is dedicated to the critical regime in the case of the intermodal coupling.

III.3 Critical regime in the case of intermodal coupling

Reaching the critical regime is one of the way to improve the sensors' performances. It is also interesting to know the conditions to reach the critical regime in case of intermodal coupling. The critical coupling, where a out = 0 for κ int = κ ext is modied in the case of intermodal coupling. Indeed the condition becomes:

κ 2 ext = κ 2 in + κ 2 β (3.17) Q ext = Q int * Q β (Q 2 int + Q 2 β ) (3.18)
This condition can be attributed to the fact that the ring-down time is equal to the time needed to re-pump the propagating mode in an oppositely propagating one.

In Figure 3.22, the condition of equation 3.18 has been respected for the red line: Q int = 1e6, Q β = 5e4 and so Q ext = 4, 99e4. The contrast equals one and the width of the peak is large but we can not distinguish the doublet. The green line has a contrast almost equal to one and the doublet is clearly dened. The contrast equals one is reached if the internal quality factor Q int is higher than the exchange quality factor Q ext and the intermodal quality factor Q β .

The intermodal coupling has to be taken into account for cavities with high internal quality factors. The intermodal coupling greatly changes the optical spectrum.

As a result, the mode degeneracy is lifted, a doublet appears, the over and under coupled regimes can be identied and nally the maximum contrast is not reached

for Q int = Q ext but for Q ext = Q int * Q β √ (Q 2 int +Q 2 β )
.

IV Conclusion

The nal sensitivity of the optomechanical accelerometer is proportional to the dierent optical parameters P 0 , Q load and C. So the study of the optical parameters is the rst step to be improved in order to obtain good nal performances.

We have seen that the maximum optical power transmitted P 0 can be improved with grating and waveguide design. The Q load and C factors can be improved with the cavity design and the fabrication process.

Moreover, we have seen that in the case of intermodal coupling the critical regime conditions change and have to be taken into account in the design studies.

Finally, the theoretical and actual results shown in this chapter can help future designs using the optical parameter behaviour as a function of the geometric parameters of the cavity.

Chapter 4

Optomechanical accelerometers

In the rst chapters, the optomechanical transduction has been presented, as well as a detailed description of the optical cavity. This chapter will be dedicated to the acceleration measurement. First, the measurements conditions will be presented as well as the measurement chain and its noise level. Secondly, the main performance parameters of an accelerometer will be detailed and presented for an optomechanical accelerometer. Finally, the dierent optomechanical accelerometer designs will be described. 

Contents

I.1 Mass-Spring-Damper system

The optomechanical accelerometer consists of two parts:

-the optical resonator (in green gure 4.1) which allows the sensing of the mass displacement -the inertial mass (in red gure 4.1)

The interaction between the optical resonator and the inertial mass is represented by the optomechanical coupling factor g om in the coupling zone (in orange Figure 4.1). The mass displacement sensing, based on optomechanical transduction, has been presented in the precedent chapters. In this section, we will see how the acceleration on the support frame is measured from the mass displacement.

The inertial mass can be modelled as a mass-spring-damper system (see gure 4.2), with m the mass, Γ the damping factor and k the stiness constant.

The laboratory is a Galilean referential frame. The support of the accelerometer is submitted to an acceleration -→ a = a -→ e x . In the support reference: x m is the position of the center of the proof mass. 

- → P = m g
From the Newton's second law applied to the mass in the laboratory referential assumed Galilean:

m d v dt = -→ F s + -→ F d + - → P (4.1)
By projecting on the -→ e x axis: m dvx dt = -kX -Γ( ẋ m -ẋs ) With ẋ m -ẋs = Ẋ and v x = ẋ m = Ẋ + ẋs and so d vx dt = Ẍ + a.

Finally:

Ẍ + Γ m Ẋ + k m X = -a (4.2)
Let's dene: ω m = k m , the angular frequency (in rad/s). When there is no damping, it is at this frequency that the system oscillates. And Q m = √ km Γ , the mechanical quality factor.

In the case of an acceleration a(t) = a m cos(wt), the relative mass displacement is X(t) = X m cos(wt + φ). We use the complex quantities X = X m exp(jwt) and a = a m exp(jwt).

The equation above becomes:

(jw) 2 X m + (jw) ω m Q m X m + ω 2 m X m = -a m (4.3)
And nally:

X m a m = -1 j wωm Qm + ω 2 m -w 2 (4.4) For w << ω m , X m ≈ - am ω 2 m
. With the real parts:

a(t) = -ω 2 m X(t) (4.5)
In conclusion, for a certain frequencies range below the mechanical resonance frequency, the relative mass displacement is proportional to the support frame acceleration.

In order to measure the acceleration easily, the proof mass displacement must be frequency independent. It corresponds to a sensitivity relatively at. So the accelerometer is used in a certain frequencies range in order to be able to evaluate the acceleration from the displacement measurement.

The frequency range will be usually determined by test specications. According to the standards, the frequencies range is denes as f < fm

5

, with f m = ωm 2π , where the mechanical response is relatively at.

The next section presents the optomechanical bench used to measure the acceleration with an optomechanical accelerometer.

I.2 Measurement chain

The optical and mechanical measurements are performed thanks to the vacuum optomechanical bench (see picture A Laser For all cases, the light comes from a high power tunable laser (0,5mW to 20mW), with a tuning range from 1500nm to 1620nm. The laser is a Tunics T100S-HP from Yenista with a datasheet RIN of -145dB/Hz at 100MHz (noise study in the next section C) and a wavelength resolution of 1pm. The resolution is important in case of high optical quality factors cavity in order to measure the optical resonance. For example for a resonance at 1550nm with a quality factor of 200000, the Full Width at Half Maximum (FWHM) is 7,8pm. So with a resolution of 1pm, the measured peak presents 7 points.

B The vacuum chamber

The vacuum chamber has been designed by Lucas Leoncino [START_REF] Leoncino | Optomechanical transduction applied to M/NEMS devices[END_REF]. The vacuum chamber (400mm diameter, 220mm height) reaches a pressure inferior to 10 -4 mbars to perform mechanical measurements in vacuum where the mechanical quality factor is really improved.

The vacuum chamber is used as a sample holder with the optical bers alignment system.

The vacuum option is dedicated for other studies for our team.

The chamber is tted with several vacuum sealed feedthroughs:

-two optical feedtroughs (for the input light and the output light) We use a bared optical ber, located above a grating coupler to put light into the devices waveguide. The ber positioning is realized thanks to picomotors (smaller step 0.015µm).

The angle of the ber is important because it is linked to the gratings maximal transmission (see I.1). The angle is xed by the ber holder (see Figure 4.5). But it is dicult to obtain the exact correct angle with this system. Nevertheless, it is not a problem as the vacuum chamber is used for the rst optical and mechanical tests. The optical transmission will be improved with the optical packaging (see 7.17).

C Photodetectors

The photodetectors transforms an optical signal in an electrical signal thanks to pn junction (component with two semiconductors: one with mobile vacancies in the electronic structure, p-type and one that contains free electrons, n-type): The mechanical frequency range is up to 500kHz. So the Femto is used with the gain 10 3 and 10 4 . For the gain 10 4 :

V out = G P D .R(λ).P xx , with G P D the gain [V /A], R ( 
-the saturation power is 1mW, -a bandwidth of 500kHz, -a NEP of 2.5pW/

√

Hz.

The NEP of the New Focus 125MHz is higher than the NEP of the Femto around the interested mechanical frequencies. So the Femto is adapted for the mechanical measurements with a really low noise level at the frequencies we are looking for: 2.2pW/ √ Hz around 100kHz.

In practice, the output optical power is separated thanks to a beam splitter 90/10.

The optical spectra measurements are performed with the 10% of the signal send to the DC port (for Direct Current) of the New Focus 125MHz. The mechanical measurements are performed with the Femto: the 90% of the optical signal is send to the AC port (for Altrenative Current) of the Femto OE-200-IN2.

D Lock-In

The electrical signal from the photodetectors is analysed by a lock-in amplier. The lock-in (LI) detection allows a detection of signal amplitudes and phases in extremely noisy environments. Lock-in amplier uses a demodulation method to extract the signal of interest.

It consists of a multiplication of the LI input with a reference signal, and then applies an adjustable low-pass lter to the result.

The lock-in used is either a UHF or a HF2LI from Zurich Instrument. Both can be used as their bandwidth are respectively 600MHz and 50MHz (the bandwidth of interest is 1-600kHz).

The LIs have two independent inputs. One input is used for analysing the signal from the AC port of the Femto for the mechanical measurements. The signal from the DC port of the Newport for the optical characterizations is send to the LIs auxiliary input.

The lock-in has also two independent outputs, which can be used for electrical actuation or for the piezo shaker actuation (see Chapter 7).

The acceleration measurement is based on the mass motion of the inertial mass which can be modelled as a mass-damper-spring system. The mass displacement is probed thanks to an optical resonator. To do so, several equipments are used in our bench as described above. Unfortunately, these equipments bring noise to the nal measurement. The next section (section II) is dedicated to the system noise and the section III A describes the noise linked to the sensor itself. Both limiting the nal performances of the device detailed in the last section III.

II System noise

The acceleration measurement is performed thanks to dierent kinds of signal: mechanical, optical and electrical as seen before. Unfortunately, there are noise sources which limit the nal performances of our inertial sensor. In this part, the dierent sources of noise will be described. Firstly, the physical origins of the noise sources are explained and a theoretical noise level is calculated. Then, the noise is studied experimentally for our optomechanical bench. A Lock-In noise

II.1 Theory

The lock-in amplier noise sources are of two types: intrinsic which is inherent to physical process and external noise due to the environment [127].

Intrinsic noise sources:

JohnsonNyquist noise:

Resistors generate a noise voltage due to thermal uctuations in the electron density within the resistor itself.

Shot noise:

Electric current has noise due to the nite nature of the charge carriers. There is always some non-uniformity in the electron ow which generates noise in the current.

1/f noise:

There is excess noise in addition to Johnson noise which arises from uctuations in resistance due to the current owing through the resistor. This noise has a 1/f spectrum and makes measurements at low frequencies more dicult.

External noise sources:

There are a variety of external noise sources within the laboratory. Most of them are asynchronous (not related to the reference signal of the lock-in) like temperature, radio waves, screens, shocks... Nevertheless, some source of noise are related to the reference and cause errors in the measurement. Typical sources of synchronous noise are ground loops between the experiment, detector and lock-in.

The theoretical noise from the ZI lock-in (Zurich Instrument) datasheet is 4nV / √ Hz above 100kHz with 10mV range and 5 Ω termination.

B Photodetector noise

There are several sources of noise in a photodetector: the Shot Noise (due to the random emission of electrons or photons, it is a white noise), the Johnson's noise (due to the thermic uctuations, also a white noise), the 1/f noise (neglected at f> some kHz) ... Even when blocking the optical signal at the input of a photodetector, there will be some amount of generated output noise which is used to calculate the Noise Equivalent Power (NEP).

The NEP expresses the minimum detectable power per square root bandwidth of a given detector. In other words, it is a measure of the weakest optical signal that can be detected.

It is dened as the signal power that gives a signal-to-noise ratio of one in a one hertz output bandwidth. The NEP is equal to noise spectral density (in V /

√

Hz) divided by the responsivity (in V/W):

N EP (λ) = i 2 B R(λ) √ BW [W/ √ Hz] (4.7) With i 2
B the variance of the dierent sources of noise in absence of light ux at the input of the photodetector. i B = x i 2 x , with i x each dierent noise source.

The NEP of the Femto OE-200-IN2 given by the datasheet is 22pW/rHz with a gain of

10 3 V/W.

C Laser noise

The laser noise is the uctuations of the optical power and the phase. The origins of laser noise can be divided into two groups: quantum noise with the Shot Noise (SN) (linked to the spontaneous emission) and environmental noise (due to the temperature uctuations, vibrations...).

The Relative Intensity Noise (RIN) describes the instability in the power level of a laser.

It is the power noise normalized to the average power level:

RIN = -10 log 10 ( ∆P (t) 2 P 2 0 ) [dB/Hz] (4.8) 
With P 0 the average optical power and ∆P (t) the uctuations of the optical power.

The RIN Power Spectral Density (PSD) is:

S RIN = 10 -RIN 10 P 2 0 [W 2 /Hz] (4.9)
The laser noise presents two dierent regimes:

-the Shot Noise regime where the noise is proportional to √ P 0 -and the RIN regime where the noise is proportional to P 0 When the optical power is below a certain optical power, then the RIN is limited by the SN and the PSD is:

S SN = 2h c λ P 0 [W 2 /Hz] (4.10) 
With P 0 the laser power, c the speed of light, h the Plank's constant (6.62 10 -34 J.s) and λ the laser wavelength.

The noise characteristics of the laser will be studied for our frequencies range of interest: under 600kHz. Moreover, it will be interested to nd the limit optical power between the SN regime and the RIN regime to maximize the signal-noise ratio in the experimental part.

D Total theoretical noise

All of these noise sources are incoherent. So the total approximate system noise PSD is S T N in W 2 /Hz: S T N = S LI + S laser + S P D , with S LI the noise PSD of the Lock-In, S laser the noise PSD of the laser and S P D the noise PSD of the photodetector.

Theoretically at a given frequency, the noise PSD presents three dierent regimes, the regime NEP where the PSD is constant with the laser power, the regime SN where the PSD is proportional to the optical power and the regime RIN where the PSD is proportional to the squared optical power (see Figure 4.7a).

For the Femto photodetector, the NEP given by the datasheet is around 22pW

√ Hz (22nV / √
Hz) at 500KHz and the laser's RIN is -145dB/Hz at 100MHz.

The theoretical system noise can be calculated with these values as a rst estimation (the RIN is not for our range of interest). The theoretical system noise is represented on the graph Knowing the dierent sources of noise of each equipment, the next section will present the experimental measurements in order to calculate the experimental noise PSD of our bench for our frequencies range of interest and make a comparison with the theoretical values.

II.2 Experimental values

To fully characterize the test bench, the noise of each equipment has been measured with the same experimental conditions as for measurements.

A Lock-In Noise

The UHF Lock-In Noise measurement is done using a 50Ω plug at the input port for dierent range measurements. C LockIn + Photodetector + Laser noise Now, the laser output is connected to the photodetector input. An optical attenuator is added between the laser and the photodetector to reduce the incoming power in the photodetector as it would be the case if the optical signal would come from the device and also to protect the photodetector (saturation power at 1mW for a gain 10 4 V/W).

On the Figure 4.10, the noise has been measured in three dierent congurations. In blue, it is the Lock-In noise (measured with a 50 Ω plug), in green the laser is connected but o and in purple the laser is on with an output optical power P L of 2mW.

We can see a rise of noise between the blue (Lock-In noise) and green (PD noise) measurements. It is due to the photodetector noise as the laser is shut down.

When the laser is on, the noise increases a lot: from 28 nV /rHz (green curve) to 180 nV /rHz at 100 kHz with P L =2mW (purple curve, attenuator 25dB). Furthermore, lots of noises peaks appear, especially around 10 kHz.

The noise coming from the laser is much higher than the LI noise and the PD noise. The laser's noise is very high between 3 kHz and 40 kHz. 

D Total noise

We have seen that the total noise is:

S T N = S LI + S P D + S Laser W 2 /Hz All data obtained with the previous measurements have been collected and treated to calculate the total noise level at 100kHz. In the following Figure 4.12, the experimental total noise is represented. Finally, the transition between the Shot Noise regime and the RIN regime is around 100µW at the photodetector corresponding to a laser power of 5mW with a 15dB attenuator. This value will have to be adjusted in presence of the device. 

√

Hz and the main source of noise is the laser with a mean level at 180 nV / √ Hz at 100kHz (for a photodetector power equals 7µW).

The total equipment noise level is around 180nV / √ Hz at 100kHz. In the next section this noise level is linked to the nal performances of the optomechanical accelerometer. The thermomechanical noise coming from the inertial mass will also be presented.

III Optomechanical accelerometer parameters

Accelerometers are typically specied by their sensitivity, maximum operation range, frequency response, resolution, full-scale non linearity, oset, o-axis sensitivity, and shock survival. Since accelerometers are used in a wide range of applications, their required specications are also application dependent. The expression of performances parameters are presented in this section. Then, the experimental values will be presented in the following part.

III.1 Accelerometer performances

In the context of this work, we will focus on the primary specication: the sensitivity, the maximum operation range and the resolution.

A Sensitivity

The sensitivity corresponds to the power change for a certain amount of acceleration. As seen in Chapter 2 section II A, the output optical power modulation as a function of the mechanical acceleration is (out of the mechanical resonance w < ωm

5

):

S 2 = ∆P ∆a ≈ -3 √ 3 4 . P peak Q load C f opt G P D . g OM 2π . m k [V /m.s -2 ] (4.13)
With P peak the optical power near the resonance, C the contrast, Q load the optical quality factor, g OM the optomechanical quality factor, f opt = λ * /2π, λ * the wavelength at the inexion point and G P D the photodetector gain in V/W.

The sensitivity can be determined for instance thanks to the thermomechanical (Brownian) noise measurement (see III.2).

B Resolution

The resolution is the smallest measurable acceleration. The minimum detectable acceleration is linked to the minimum detectable displacement which is limited by either the Brownian noise of the inertial mass or the system noise (the system noise being calculated previously see II.2).

System noise

In the case where the system noise is the biggest, we can calculate the minimum detectable acceleration from the device sensitivity S 2 in V /m.s -2 denes equation 4.13. It gives a minimum acceleration resolution due to the system noise of:

a min-SN = √ S T N S 2 [m.s -2 / √ Hz] (4.14)

Thermomechanical noise

The inertial mass is forced to thermomechanical oscillations induced by thermal noise, which is a Brownian motion. The thermal noise is a random force originated from the surrounding molecules colliding with the mass. These oscillations set a fundamental limit to the accuracy of accelerometers.

The spectral density of this displacement is:

S th (w) = |H| 2 S f f (w) [m 2 /Hz] (4.15)
With the thermomechanical force spectral density S f f and the harmonic oscillator response squared modulus |H| 2 .

The thermomechanical force spectral density is dened as:

S f f (ω) = 4k B T m ef f ω m Q m (4.16)
With k B the Boltzmann constant, T the temperature, m ef f the eective mass, ω m the mechanical resonance frequency and Q m the mechanical quality factor.

|H| 2 is the transfer function squared modulus of the harmonic oscillator:

|H| 2 = 1 (w 2 -ω 2 m ) 2 + ( wωm Qm ) 2 ) . 1 m 2 ef f (4.17)
For a frequency ωω m :

|H(w << ω m )| 2 ≈ 1 k 2 (4.18) S th (w << w 0 ) = 4k B T m ef f ω m Q m k 2 = 4k B T Q m kω m = 4k B T Q m m ef f ω 3 m [m 2 /Hz] (4.19)
In acceleration equivalent noise, the Brownian Noise acceleration out of the mechanical resonance ω m is:

a min-BN OR (w << ω m ) = 4k B T Q m m ef f ω 3 m * ω 2 m [m.s -2 / √ Hz] (4.20) a min-BN OR (w << ω m ) = 4k B T ω m Q m m ef f [m.s -2 / √ Hz] (4.21)
Then, we can compare a min-SN and a min-BN OR , to know if the minimum measurable acceleration is limited by the total system noise or the Brownian noise of the device. An estimation of the dierent values will be presented in the next part (see IV.3 B).

C Maximal measurable displacement

In this paragraph, the other measurable boundary, the maximal measurable displacement is estimated.

The optical power P out of the optical resonance peak is an Airy function. We use a Taylor approximation at the inection point to nd the transduction formula (see Chapter 2 section A):

∆P out ≈ -3 √ 3 4 . P 0 Q load C f opt G P D . g OM 2π .∆x (4.22)
This approximation can be used in the case of a linear optomechanical coupling (the g om does not depend on the distance between the optical resonator and the inertial mass) and for mechanical motions small enough to use the Taylor development with a small error. Larger is the mechanical motion, bigger is the wavelength dierence and nally it leads to an error of acceleration calculation. Indeed for a larger wavelength dierence, the calculated signal is further away than the real value as the linear approximation moves away from the real optical power (see Figure 4.13). On the Figure 4.13, the wavelength dierence ∆1 in green leads to an error 1, smaller than the error 2 with the bigger wavelength dierence ∆2 in purple. It is important to know the acceptable maximal mechanical motion that can be measured with our devices. To do so, we calculate the dierence between the real output optical power P out and the linearised response P app .

P out = P 0 (1 - Cγ 2 (λ mes + λ -λ r ) 2 + γ 2 ) (4.23) P app = -3 √ 3P 0 C 8γ λ + P 0 (1 - Cγ 2 (λ mes -λ r ) 2 + γ 2 ) (4.24)
With λ r the resonance wavelength andγ = λr 2Q load .

We calculate the error E between the real optical power and the approximation:

E = (P out -P app )/P out (4.25)
We choose a maximum error and we calculate the corresponding acceptable maximum motion. Two dierent values can be obtained as the real signal is parabolic.

Methodology

First, the wavelength span is estimated from the optical parameters of the resonance peak.

For example, on Figure 4.14 the real optical power is drawn in blue, the approximation in green and the error in red for C=0.6 and Q load = 15000. For an error of 10% with C=0.6 and Q load = 15000, the maximum wavelength interval is ∆λ = 0.010nm.

Then we transform these wavelength intervals in a displacement intervals for the inertial mass with the optomechanical coupling factor g OM :

∆X max = 2πc∆λ g om λ 2 mes (4.26)
Figure 4.15: Error as a function of the inertial mass displacement for a g OM = 1.10 18 : in green, for an error of 10% and in blue for an error of 1%.

For an error of 1%, the inertial mass maximal displacement is ∆X max = 5nm with these optical parameters and g OM .

Finally the maximal acceleration signal that can be measured is:

a max = ∆X max * ω 2 m (4.27)
According to the contrast C, the loaded quality factor Q load and the optomechanical coupling factor g OM , the maximal displacement ∆X max is dierent.

D Dynamic Range

The dynamic range is the measurable span (from the minimum to the maximum measurable acceleration). The minimum detectable acceleration is limited by the system noise (see II). The maximal measurable acceleration depends on the optical approximation done previously (the linearisation around the inexion point of the optical peak). The span width (represented by the green gure 4.16) is calculated with the optical and optomechanical parameters, which give a minimum and maximum detectable displacement (see 4.16). To conclude, the dynamic range span is xed by the optical and optomechanical parameters. Then, the mechanical parameters xed the dynamic range boundaries (see 4.16). All the presented performances parameters will be detailed with numerical values in the section IV.3.

We have seen that all performances parameters are dependent on the optomechanical coupling factor g OM . In the next section, we will see how to measure the g OM from the Brownian noise measurement.

III.2 Optomechanical coupling factor measurement

As seen in the previous section, the performances of the optomechanical accelerometer strongly depend on the interaction between the mechanical part and the optical resonator. This interaction is represented by the optomechanical coupling factor g OM . The g OM estimation is detailed in this section thanks to thermomechanical noise measurement.

As seen previously (see III.1 B), the spectral density of the inertial mass Brownian motion is S th . The Brownian motion can be resolved by the optical transduction (if the system noise level is smaller than the Brownian motion signal). The amplitude of the mechanical oscillation due to the Brownian noise has the following spectral density (see details III.1 B):

S th (w) = 4k B T ω m (w 2 -ω 2 m ) 2 + ( wωm Qm ) 2 1 m ef f Q m [m 2 /Hz] (4.28)
With ω m the mechanical resonance, k B the Boltzmann constant, T is the temperature, m the mass and Q m the mechanical quality factor. On mechanical resonance the spectrum is:

S th (ω m ) = 4k b T Q m mω 3 m [m 2 /Hz] (4.29)
When performing the thermomechanical noise measurement, the measured signal at the end of the measurement chain is A th . It is the product of the thermomechanical spectrum density and the transfer function S 1 in W/m of the measurement chain.

A th (w m ) = S 2 1 S th (w m ) [W 2 /Hz] (4.30)

A th = 3 √ 3 4 . P 0 Q load C f opt G P D . g OM 2π S th [W/ √ Hz] (4.31)
So knowing the theoretical thermomechanical noise spectral density S th and knowing the optical parameters (P 0 , C, Q load f opt ), we can calculate the optomechanical coupling g om with the measurement A th (w m ):

g om = 8π 3 √ 3 . f opt G P D P 0 CQ load A th S th Hz/m (4.32)
To conclude, the main accelerometer performances are the resolution, the sensitivity and the dynamic range. These performances depend on the optical, the optomechanical, the mechanical parameters but also on the system noise. According to the desired nal performances, the dierent parameters can be changed by using dierent optical cavities or inertial masses.

IV Optomechanical accelerometer designs

The optomechanical accelerometer design choice is based on previous measurements to evaluate the optical and optomechanical parameters and on the expected performances.

The device general design is presented in the rst section. Then, the dierent specic designs will be detailed in the second section. And nally, the design dimensions will be given according to the expected performances and the previous studies.

IV.1 The device The optical cavity is not the same for all devices. We have chosen three dierent optical cavities: a disk with a 10µm diameter, a disk with a 16µm diameter and a ring with a 20µm diameter (see a ring cavity Figure 4. [START_REF] Berezanskaya | Light-pressure experiments by p. n. lebedev and modern problems of optomechanics and quantum optics[END_REF]).

The optical gap distance d opt (see Figure 4. [START_REF] Berezanskaya | Light-pressure experiments by p. n. lebedev and modern problems of optomechanics and quantum optics[END_REF]) can be modied to increase the optical performances (see Chapter 3).

The mechanical gap distance d mec can be modied for several reasons:

-rst for fabrication purposes, indeed the mechanical gap distances (around 100nm) are not easily feasible because of fabrications problems presented in the next Chapter 5.

-the mechanical gap distance can modify the optical cavity parameters by changing the Q int factor -the main reason to modify the mechanical gap is to improve the optomechanical coupling factor g om . The greater the g om , the more sensitive the device is.

The mechanical gap shape can be straight (see 4.18) or curved (see 4.19) to study its inuence on the g om . Nevertheless, it is important to verify that it does not impact too much the Q int factor (leak of optical power in the mass). The last design is the most complex, with an 20µm silicon epitaxy layer. The epitaxy is not performed on all the inertial mass. The inertial mass part next to the optical cavity is not epitaxied. For this design, the support beams have been designed with a spring shape to avoid too long beams (see schematic c) Figure 4.21).

On the schematics Figure 4.21, the devices present metallic electrodes and bore doping to actuate the devices during mechanical tests.

The fabrication details will be presented in Chapter 5.

IV.3 Expected performances

In the previous section (see III), the performances of the accelerometer have been detailed and theoretically calculated. Now, the devices design will be chosen in order to obtain some desired performances.

The process choice has been made in several steps. First, we have made an extrapolation from previous devices fabrications. Even if the results will not be the same, as the fabrication process is dierent, we could make the assumption that it will not be completely dierent and it follows the same general behaviour. So the measurements data from the previous devices have been used to select the designs, in particularly the optical cavities designs.

A Sensitivity

The sensitivity S 1 (V/m) (see equation 4.13) of the future devices has been extrapolated by doing some hypothesis on the optical transmission P 0 , the optical quality factor Q load , the contrast C, the optomechanical coupling parameter g OM and the optical resonance frequency f opt .

S 1 = -3 √ 3 4 . P 0 Q load C f opt G P D . g OM 2π [V /m] (4.33) S 2 = -3 √ 3 4 . P 0 Q load C f opt G P D . g OM 2π . m k [V /m.s -2 ] (4.34)
With these parameters P 0 = 10µW , Q load = 15000, C = 0.6, f opt = 1.92e14 and the g OM = 1.10 18 Hz/m, the sensitivity is:

S 1 = 10 6 V /m
These values have been chosen from previous optical measurements and mechanical measurements from prototypes of inertial mass. This approximation will be used to calculate the resolution. But of course, this sensitivity value is an estimation and can be very dierent if the optical parameters or the g om are dierent.

B Minimum measurable acceleration

As seen in the section II, the minimum measurable acceleration is either due to the system noise or the Brownian Noise. From the sensitivity approximation, we can calculate the minimum measurable acceleration which is limited by the system noise:

a min-T N = √ S T N S 2 = √ S T N S 1 * m k = √ S T N * ω 2 m S 1 [m.s -2 / √ Hz] (4.35) 
So with a system noise level of 180nV / √ Hz between 20kHz and 600kHz and a sensitivity of 10 6 V/m the minimal measurable acceleration is: -350µg/

√

Hz with an inertial mass resonance frequency of 22kHz . -0, 3g/

√

Hz with an inertial mass resonance frequency of 600kHz .

The Brownian Noise level for lots of our devices out of resonance is smaller than 1mg.

Nevertheless if the Brownian noise of the inertial mass is higher than the system noise. It is this value that will have to be taken into account.

C Maximal measurable acceleration

From the section IIC, we have seen that to respect the linear approximation of the optical resonance the displacement should not be larger than a certain limit displacement ∆x max .

These ∆x max depends on the optical parameters and the g OM .

With the precedent hypothesis on these parameters, ∆x max = 5nm . But it can be different in case of thermooptic eect, that is to say if the optical peak is distorted by the warm-up of the silicon due to the optical signal in the cavity (see section I.4).

Finally the maximal detectable acceleration is a max = ∆x max * ω 2 m . We can chose a max by choosing the mechanical resonance pulsation ω m .

We decided to design devices with a max = 10g and a max = 100g, the corresponding mechanical resonance frequencies are respectively 22kHz and 70kHz. It gives the devices dimensions for the dierent kind of designs: silicon, metal and epitaxy.

D Brownian noise in resonance measurement

Normally, we want to decrease the Brownian noise signal in order to get the smallest resolution as possible. But the Brownian Noise (BN) measurement is one way to measure the g OM (see III.2), so it is interesting to be able to measure the BN at resonance for some devices.

We can calculate the PSD amplitude of the mechanical oscillations due to the BN, S th (w) [m 2 /Hz] (see III.2) and the corresponding acceleration signal at resonance a BN [m 2 .s -4 /Hz].

The BN at resonance can be measured if its signal a BN is higher than the equivalent acceleration signal due to the system noise a min-T N :

a BN > a min-T N (4.36) S th (ω m ) * ω 2 m > √ S T N S 2 = √ S T N * ω 2 m S 1 [m.s -2 / √ Hz] (4.37) S th (ω m ) * S 2 1 > S T N [W 2 /Hz] (4.38) 4k B T Γ k 2 * S 2 1 > S T N [W 2 /Hz] (4.39)
With the dissipation Γ = m ef f ωm Qm .

The thermomechanical noise is higher than the systems noise if:

Γ > Γ lim = k 2 S T N 4k B T S 2 1 (4.40)
Some devices were designed in order to be able to measure their BN at resonance, by making an hypothesis on their optical and optomechanical parameters.

The dimensions of the optomechanical accelerometers have been designed to meet specications for resolution, dynamic range and bandwidth. For this purpose, measurements on prototypes have been carried out in order to make hypotheses on the future performances obtained. The parameters used for the estimates are average values. It will be possible to increase the nal performances of the accelerometers thanks to better optical and optomechanical parameters.

V Conclusion

This chapter gives all the knowledges to estimate the optomechanical accelerometer performances in order to decide the designs of the future optomechanical accelerometers.

At the moment, theoretically the system noise limits the resolution at 350µg/ √ Hz for an optomechanical accelerometer with a resonance frequency at 22kHz and with an estimation of the sensitivity at 10 6 V /g. Nevertheless, it is possible to reduce this noise level by using a laser with a lower noise level. A better device sensitivity could also improve the resolution.

The current best resolution for a commercial accelerometer is 26µg/ √ Hz for a bandwidth of 10kHz and ±50g measurement range with a capacitive accelerometer [START_REF]ADCMXL1021-1 Datasheet and Product Info | Analog Devices[END_REF]. Depending on the system noise level and the sensitivity obtained, the limit would become the Brownian noise of the inertial mass. For example with a 200 * 250µm 2 silicon mass with a resonance frequency at 600kHz, the minimal measurable acceleration due to Brownian motion could be ∼ 100µg/

√

Hz. An epitaxy device with the same size could get a BN level around 1µg/

√

Hz.

The chosen designs for the future optomechanical accelerometers should improved the optical and optomechanical parameters and would lead to even better performances. However eorts will be necessary to reduce the noise coming from the laser.

Chapter 5

Optomechanical accelerometer fabrication

Two methodologies of fabrication have been used. The rst one is a sample scale fabrication in a shared academic clean-room, the so-called Platforme Technologique Amont (PTA). The second one is a Very Large Scale Integration (VLSI) fabrication on 200mm wafers in a semi industrial clean-room with more complex fabrication processes. In this chapter, we will see the advantages and drawbacks of these two ways of fabrication. The rst section presents the main fabrication steps and the crucial points in the fabrication of an optomechanical accelerometer. Then, the sample scale fabrication will be detailed along with the obtained devices and the main issues that have been encountered. Finally, the dierent VLSI scale fabrication procedures, results and issues will be presented. 

Contents

I.1 Patterning

The patterning step prints the mask patterns that guide the deposition or removal of material from the wafer at specic steps in the device fabrication process.

The rst step of the patterning is the photoresist coating: the photoresist covers the surface of the sample or the wafer. Then, the photoresist is exposed by photons or electrons (lithography). And nally, the photoresist is developed by immersing the sample or wafer in chemical solutions.

A Resist coating

There are two types of photoresist: positive resists which dissolve in the developer after being exposed and negative resists which are more stable after being exposed and so the exposed resist stays on the substrate during the development step (see Figure 5.1). Depending on the process step, we use one or the other resist: positive resists are used to etch small patterns and negative resists are used to etch large areas. The substrate is coated with the photoresist. Then, the photoresist is exposed by lithography and developed to remove the extra photoresist as dened by the mask patterns (see 

Masked lithography

For our VLSI process, we use Deep Ultra Violet photolithography (DUV). This technique uses a projection printing of the mask on the photoresist by using Ultra Violet (UV) light (see Figure 5.2). Projection printing entirely avoids mask damages. An image of the patterns on the photolithography mask is projected onto the resist-coated wafer, which is many centimetres away. In order to achieve high resolution, only a small portion of the photolithography mask is imaged. This small image eld is scanned or stepped over the surface of the wafer.

The mask is made of quartz coated with a layer of chromium. During mask fabrication Cr is etched to create the pattern. The UV light is stopped by the Cr, which allows the transfer of the pattern onto the substrate. 

Maskless lithography

For our sample scale fabrication, the lithography is made by e-beam lithography. The photoresist is patterned by scanning with an electron beam (performed by J. L. Thomassin).

The primary advantage is a higher resolution than light (limited by lateral scattering of secondary electrons). Nevertheless, it is dicult to go below 25 nm lines and spaces. E-beam lithography is, however, a slow and expensive process, which is not practical for production.

The optomechanical accelerometers are fabricated from Silicon On Insulator (SOI) wafers (see Figure 5.3). 

I.4 Key fabrication features

The devices nal performances are intrinsically linked to the device dimensions, the fabrication process and the nal quality of the device. In this paragraph several main fabrication features are highlighted. The quality of their fabrication is essential.

A Optical and mechanical gaps

The rst diculty is the fabrication of small, between 80 and 175nm, optical and mechanical gaps (see Figure 5.7). Indeed, the optical gap distance has to be small enough to allow the optical coupling between the waveguide and the cavity. Moreover, the contrast C and the exchange quality factor Q ext , both critical parameters for the nal performances of the device, depend on this distance. The mechanical gap distance has to be small enough to allow the optomechanical coupling between the inertial mass and the evanescent optical eld. So both gap distances need to be under 200nm which can be dicult to realise with both fabrication methods (see sections III A and IV A). 

B Release holes grid

The release holes grid must be perfectly realised otherwise some parts of the mass will not be released and the device will not be functional. This grid has been dicult to realize in both fabrication methods because of remaining silicon in the holes (see SEM pictures for PTA devices in section III A and for ENO2 devices in sectionIV A).

C Support beams

The beams fabrication can be challenging because the beams must be long and thin enough to obtain the desired resonance frequency. Thus, the beams in resist during the resist patterning step can be subjected to a lot of bending, mostly for the sample scale fabrication (see details in section III B).

D Surface state

The optical properties depend on the quality of the waveguide and cavity surfaces (see section 3 I.2). It is crucial to obtain the smoothest surfaces as possible. The photoresist quality, the lithography step and the etching step can impact the surface states. The fabrication parameters of these steps must be adapted to improve the surface states, as it is detailed in the next paragraphs.

In this section, the general techniques used for the fabrication have been presented as well as the main fabrication issues. In the following sections, the samplescale fabrication at the PTA will be detailed. Finally, the last section will be dedicated to the VLSI fabrication.

II PTA detailed fabrication steps

The PTA is a very open and exible clean-room: I could perform all process steps myself (except the e-beam insulation which was made by Jean-Luc Thomassin). Thanks to the PTA, I could test a wide variety of designs. It took around 3 weeks to make a complete sample.

The advantage of the PTA is to be able to test dierent designs quickly and for a reduced cost before deciding to design it for a full 200mm wafer.

The PTA process has been developed by M. Hermouet ( [1]) for optomechanical biosensors thanks to the help of the PTA team (J.L Thomassin and T. Chevelleau). I had to adapt the process to add the inertial masses next to the optical cavity. The methodology is the same for the crosses, the gratings and the device fabrication: coating a resist, insulating the sample by e-beam and then etching the silicon. For the last step, the release, a HF vapor (Hydrouoric acid etching to etch the oxide) release is used. Between steps, the sample is cleaned and observed either by microscope or by Scanning Electron Microscope (SEM) according to the need. Each step is described in the following parts.

II.1 Sample cleaning

In order to remove all particles before depositing the resist, the sample is cleaned between each process step. According to the level of dirtiness, a simple cleaning or a Caro cleaning is used. The Caro cleaning is a conventional wet cleaning process for organic contaminations removal. The rst step of the Caro cleaning is a cleaning in a Piranha solution producing the Caro's acid H 2 SO 5 .

II.2 Alignment marks -Crosses

Once the sample is cleaned, the fabrication process can start with the alignment cross step. The crosses are needed to correctly align the sample at each insulation step. Indeed the gratings and the other device parts are insulated at dierent stages. Resist development: after the insulation, the resist is developed with MIBK (Methylisobutylcetone) solutions. [X:X] indicates the dilution with de-ionized water. The crosses are formed by the total etching of the silicon over a depth of 220nm. The etching is monitored thanks to an interferometer.

Oxide etching: some silicon oxide is etched to increase the contrast of the crosses (see picture b Figure 5.9). The etching length is ∼ 1µm.

We use a dry HF vapor etch process with a Primaxx Monarch3 from SPTS (see I.3).

At the end of this step, the sample is observed with SEM to check the crosses state. If they are properly made, the sample is cleaned again before proceeding to the grating patterning.

II.3 Gratings fabrication

The beginning of the process is the same as the rst steps of the crosses fabrication, coating the ZEP 520A resist, insulating the resist and then developing the resist. The end is dierent, as we need to control the etching depth (see Chapter 3 section I. Then, the gratings are etched accordingly to the measured speed. The etching depth is generally chosen between 50nm and 70nm according to the measured grating width. 

II.5 Release

The mechanical part is released thanks to a HF vapor process (Primaxx Monarch3 from SPTS). The release is performed in several steps to control the release speed. The sample is observed with a SEM to measure the release distance between each release step. The measurement is performed thanks to the contrast between the released parts and the parts with oxide underneath which are whiter (see SEM picture Figure 5.13). The total release distance is 2µm. At the end of the release step, the inertial mass is suspended and maintained by its four beams. The optical cavity and the waveguide are suspended on a pedestal.

At the end of the release step, the optomechanical accelerometer is nished and ready to be characterized (see nal devices on SEM pictures in Figure 5.13).

(a) Released device with a curved mechanical gap (b) Released device with a straight mechanical gap Both are released.

To conclude, the PTA fabrication steps are simple and the total fabrication process is fast. From the SOI wafer (1. In the following part, we will see some of the major problems and the tests that have been carried out to try to solve these issues. 

III

Fabrication issues at the PTA The fabrication of inertial masses at the PTA was a rst in our team. The process (already used for other optomechanical studies) had to be adapted to realize optomechanical accelerometers. Many dierent problems (problems due to physical phenomena, machines problems...) were encountered and took time to be solved or not. In this section, I will detail some of the fabrication studies I performed to try to improve the fabrication process and to realize functional devices.

III.1 Proximity eect -Dose test

The proximity eect in e-beam lithography is an eect due to forward-scattering of electrons in the resist and backscattering of electrons from the substrate. The electron scattering leads to undesired exposure of the resist in the unexposed regions adjacent to those exposed by the e-beam, which in turn causes changes in the dissolution rate of the resist. The proximity eect is very present for the release holes of our devices, due to the fact that the inertial mass is a large surface to be insulated. The results are detailed in the following paragraphs.

A Release holes

The larger the mass, the more the hole pattern suers from the proximity eect. In Figure 5.16, the holes have been observed at each fabrication step with SEM images. At the end of the process, the holes at the center of the mass are not opened due to the proximity eect (see Figure 5.16). The two dierent samples of the dose test have been observed at each process step with a SEM. First, the resist is observed after the exposure and the development (see Figure 5.16).

Then the sample is etched and then observed again after etching. Finally, the sample is released and observed after release. SEM pictures of a device (50*100µm with 800nm holes) at each steps are shown Figure 5.16. The holes are clearly dened at the resist step but the holes at the center of the mass disappear after the etching.

After the etching and the release steps, the holes are perfectly opened only for particular exposure doses and particular holes diameter. The results for the "short" and the "long" development are not the same. All results are summarized in the following schematic: To conclude, the exposure dose must be under 336 µC/cm 2 to obtain an operational holes grid. Moreover, the development process must be very precise as 15 seconds can modify the results and thus compromise the nal devices.

B Beams

The exposure dose has an impact on the stiness of the resist. For designs as thin as the beams, the stiness of the resist is really important. Indeed, if the resist is too exible, the beam in resist would collapse (see SEM images in Figure 5.18). The holes reacquire weak insulation dose whereas the beams must be fabricated with high insulation dose. The future masks will present two dierent insulation doses: a dose of 264µC/cm 2 for the the mass and all the other parts of the device and a dose of 480µC/cm 2 for the beams. During the ebeam insulation step, the dose will be adjusted according to the zone being insulated.

III.2 Resist annealing and etching pressure tests

The surface roughness is really important because it has an impact on the optical quality factor and consequently the nal performances of the device (see Chapter 2 A). During the fabrication, the roughness of the resist is transferred to the silicon, and thus on the nal device. That is why, a test was carried out to see the inuence of the MaN resist annealing on the surface roughness. At the same time, two dierent pressures were tested in the ICP chamber during the etching of the silicon because the pressure usually used was not stable anymore.

The pattern used is a device with a mass of 50*50µm, with dierent optical and mechanical The samples were observed with the tilted mode of the SEM in order to see the sides of the cavity and the waveguide. We can see in Figure 5.24 that both samples present very smooth surfaces at this stage of the fabrication process. After etching but before resist removing:

The resist has been observed after etching. On the pictures Figure 5.25, there are two layers, with the silicon underneath and the resist above. The observations were very dicult to perform due to the fact that the samples were glued on a wafer and the charge transfer was not good. All samples seem similar at this point. After etching and resist removing After the etching, the largest gaps, 120nm and 150nm are correctly fabricated for all samples.

Some devices on the four samples present 80nm or 100nm mechanical gaps that have been not etched correctly (see dysfunctional devices for A, B, C and D samples in Figure 5.26).

The fact that the mechanical gap has not been etched correctly at this stage can come from a proximity eect which deforms the initial design. The fact that the mass is a huge insulated surface leads to an important proximity eect.

A dierent optomechanical coupling zone will be presented to prevent the proximity eect in the next sections (see Figure 5.35). The proximity eect can also be taken into account:

knowing that the nal gaps will be reduced due to the proximity eect, the gap dimensions can be "drawn" larger on the mask than the nal desired dimensions. Finally, the gap dimensions should be at the desired dimensions after the silicon etching. 

After releasing

The last step of the fabrication process is the release: the oxide under the silicon is etched with HF vapor etching. Thanks to this step, we can determine if the optical and mechanical gaps are correctly fabricated or not (without silicon residues in the gap). A 580nm release step has been performed on the four samples. For the sample A which has been annealed at 100°during 5 minutes and then silicon etched at 5mT, the curved mechanical gap at 80nm is blocked with silicon inside but the one at 100nm is correct (see for the ICP pressure. Nevertheless, the etching machine is used for dierent projects and the chamber conditions change. For example, the optimal pressure used before was 10mT. The parameters will have to be adjusted again if the ICP chamber conditions are changed.

In this section, we have seen that optomechanical accelerometers fabrication is complicated. Indeed, both large masses and thin beams as well as small gaps need to be fabricated. Some critical points have been presented like the proximity eect or the resist stiness. However, a solution has been proposed for each problem.

The masks can present dierent insulation doses for the beams and the rest of the device to obtain correctly fabricated beams and prevent from the proximity eect on the mass. The proximity eect problem can also be solved either by adjusting the gap dimensions on the mask or designing a new coupling zone.

III.3 Functional devices after fabrication

Thanks to all the various studies carried out at the PTA clean-room, several optomechanical accelerometers have been correctly fabricated as presented in Figure 5.29. IV.2 ENO2 fabrication, issues and results

ENO2 devices have been fabricated on SOI wafers from Soitec. The ENO2 fabrication has been made in the 200mm clean-room platform of the CEA Leti. The ENO2 optomechanical accelerometers present three dierent kinds of families designs as seen before: "the silicon design", "the metal design" and "the epitaxy design". The following parts will present the main fabrication steps, beginning with the rst steps common to the three dierent families.

A Silicon family

The Soitec wafers present a rst Si layer of 400nm, then a 1µm buried oxide (BOX) and a Si bulk. As ENO2 consists of inertial devices but also other devices, the rst Si layer is After the Si top reduction, the rst step consists in realising the alignment marks with an etching of 120nm of the silicon (see Figure above). Then, the gratings are etched. The waveguide, the optical cavity and the inertial mass are realized thanks to a shaped beam lithography which is a charged particle beam writer system, where a precise electron beam is shaped and steered onto the resist coated wafer. Then, a part of the inertial mass (away from the optical cavity) is doped. Finally, the device is released (see Figure 5.32).

Figure 5.32: Silicon devices fabrication steps.

Fabrication results

The main problem is the fact that the mechanical gaps are not functional because of silicon residues remaining in the gap -even for mechanical gaps of 100nm (see Figure 5. We can notice that the curved mechanical gaps have been really dicult to fabricate. Most of the 100nm curved mechanical gaps are not functional (see Figure 5.34) because of silicon residues in the gap. At the end of the process, a 450nm thick AlSi layer is deposited on top of the silicon layer of the inertial mass. 

Fabrication results

At the end of the ENO2 fabrication of metal devices, the SEM observations showed several problems.

First after the release, some masses are deformed as you can see in b Figure 5.39. The small masses (50*50µm 2 , 100*50µm 2 ) are correctly fabricated but for some large masses (150*100µm 2 and above), the silicon and metal layers are curved. One hypothesis is that stresses occurred during the deposition of the metal. In order to x the problem, we tried to anneal the sample before release to loosen the stress. We made a comparison between two devices: one annealed before release and one without annealing. The sample with annealing present more functional devices. Nevertheless, no conclusion can be made with only one test and more annealing tests are needed to validate this solution.

We can also see in d Figure 5.39 that the optical gap is not functional, there are some residues of silicon inside the gap. Many optical gaps on the "metal" wafer present this characteristic and as consequence are not functional. The same solutions presented for the silicon family can be applied to prevent these residues.

Furthermore, some metal devices have been optically characterized and did not present any optical resonances. However, the devices without metal layer deposition just next to the metal devices were optically working. Hence the metal deposition step seems to damage the optical cavity. But we do not know why as the metal is deposited on the mass and minimum 5µm away from the cavity. Finally, some release holes for few devices are not fully etched, preventing total release of the inertial mass. In conclusion, all the metal devices that were optically characterized, did not present optical resonances and therefore no mechanical tests could be carried out. Nevertheless, all the SEM characterizations have made it possible to identify the various fabrication problems and solutions will have to be tested for the future designs. The only critical point is the fact that metal devices do not work optically whereas the silicon devices nearby do on the tested wafer. We do not have an explanation at this moment. The metal devices on other wafers will have to be characterized to see if the problem is also present on the other wafers.

C Epitaxy family

The epitaxy devices present a 21µm thick silicon layer on top of the 220nm Si layer of the inertial mass. The epitaxy devices present Nano-Electro-Mechanical-Systems (NEMS) parts: the waveguide, the optical cavity and a part of the inertial mass and Micro-Electro-Mechanical-Systems (MEMS) parts: the support beams, the electrical connections and the major part of the inertial mass.

Fabrication steps

The mask and the process for the devices with an epitaxy is far more complex than the processes seen previously. The main process steps are presented in the Figure 5.41.

The rst steps are the same as for the silicon and the metal families: Si top reduction, alignment marks fabrication, gratings fabrication, NEMS parts fabrication with the waveguide, the cavity and the mass, thanks to shape beam lithography and nally, the doping. The last step, after the MEMS etching is the release. Finally, the inertial mass obtains a nal thickness of 21,22µm.

Fabrication results

The MEMS and NEMS parts are released thanks to SiO 2 etching. From SEM pictures after release, the release distance for the NEMS part is 2µm as expected but the release distance for the MEMS part is 4µm. Thus, the MEMS and NEMS parts have not been released at the same moment. It has created strain between the two parts and consequently, the NEMS part has been separated from the MEMS part (see SEM pictures Figure 5.42).

For the epitaxy process, the NEMS and MEMS parts will have to be released at the same moment. To do so, the hole grids of the MEMS parts will have to be changed for the future designs to increase the MEMS parts release duration. Concerning the gaps, we can see in Figure 5.44 that the optical gap of 80nm and the curved mechanical gap of 150nm are correctly fabricated for this epitaxy device after the NEMS part etching. There were no systematic studies on the dierent gaps as the devices were not functional but this is an encouraging result for the future.

IV.3 Functional devices after fabrication

The silicon family presents many functional devices (see Figure 5.45), especially with the largest optical (>100nm) and mechanical gaps (150nm) and/or the smallest inertial masses.

Indeed, the proximity eect is less present for small masses. The combination small masses (≤ 100 * 50µm 2 ) with small gaps (optical gap: 100nm and mechanical gap: 100nm) is functional as well as large masses with large gaps (optical gap ≥130nm, mechanical gap ≥150nm).

However, some devices with a large mass (260 * 150µm 2 ) and an optical gap of 100nm with a mechanical gap of 100nm can be successfully fabricated (see Figure 5.45 on the bottom left corner). ENO2 consists in three dierent types of processes. From the simplest and more secure with the silicon family through the metal family to the more complex and ambitious with the epitaxy family. Even for the silicon family process, we came up against some unexpected problems. For the metal and epitaxy families, the majority of the devices were not functional. Fortunately, a large amount of dierent designs integrating secured dimensions have been fabricated, which proved to be functional. In addition, we have proposed a solution to the majority of the problems encountered which will be used for the next fabrication runs.

V Conclusion

The optomechanical accelerometer fabrication was developed during this work for both a sample scale fabrication and a VLSI fabrication.

Several designs were engineered to fabricate dierent kinds of devices: inertial masses in silicon, inertial masses with a 450nm metal deposition and nally inertial masses with a 21µm silicon epitaxy. These last two designs allow the addition of mass without enlarging the inertial mass to improve the nal performances of the optomechanical accelerometer.

All the dierent studies on the PTA and on the ENO2 optomechanical accelerometer fabrications empower us to improve the future designs and fabrication steps. The main fabrication problem is the silicon residues in the gaps due to the proximity eect. To prevent this problem, several solutions have been presented: dose tests, designs with larger gaps or a new optomechanical coupling zone.

The distortion of the metal devices must be investigated. An annealing step before release could be a solution and must be tested on several samples.

Finally, the epitaxy devices release hole grids must be adapted to obtain a simultaneous release of the NEMS and MEMS parts.

From all the fabricated devices, many PTA devices were functional after fabrication as presented in the section III.3. As many ENO2 devices from the silicon family were correctly fabricated (see the section IV.3). These optomechanical accelerometers were rst optically characterized, then mechanically characterized if they worked optically, as presented in the next Chapters.

Chapter 6

Optical characterizations

The optical characterizations are primordial as the nal performances of the sensor are linked to the optical parameters: the maximal optical power of the optical spectrum P 0 , the contrast C, and the loaded quality factor Q load (as explained in Chapter 2). The optical characterizations also provide a better understanding of the optical behaviour of the device as a function of its design. Lots of tests have been performed on the optical cavities of both PTA and ENO2 devices: from the simplest characterization of the transmission P 0 to the study of the extrinsic optical quality factor Q ext as a function of the optical gap distance d opt , by way of the contrast C and the loaded quality factor Q load studies.

All these optical studies allow us to improve the future designs to get the highest P 0 CQ load factor as possible. 

Contents

I

The transmission P 0

The rst optical characterization is the measurement of the optical spectrum which gives the transmission P 0 . P 0 is the maximum optical power of the optical spectrum and depends in particular on the gratings (see details Chapter 3 section I.1). In this section, the two methods of measurement used for the optical characterizations will be presented and the general transmissions of PTA and ENO2 devices will be given.

I.1 Experimental methodology: manual measurements

The optical measurements have been performed thanks to two dierent techniques. The rst one consists to "manually" measure the devices on our optomechanical bench.

The measurement chain has been presented Chapter 4 section I.2. The light comes from a laser with a wavelength between 1500nm and 1620nm. The light is Transverse Electric (TE) polarized and guided with optical bers. The light goes into (and out of ) the vacuum chamber (mostly used without vacuum), realized by L. Leoncino [START_REF] Leoncino | Optomechanical transduction applied to M/NEMS devices[END_REF], thanks to the feedthroughs (vacuum hermetic electrical or optical connection). Once, the signal has been maximized, a wavelength sweep is performed between 1500nm and 1620nm to measure the optical transmission of the device (see Figure 6.4). The second step is the measurement of a resonance peak with precision, meaning with smaller wavelength steps (laser smallest step: 1pm). Indeed, the peak width is inversely proportional to the quality factor, so a small wavelength step is required to be able to plot a peak with a signicant number of points. For example, if the optical quality factor is 1 million, then the resonance peak width at half-maximum is 1,5pm.

I.2 Experimental methodology: prober

For the ENO2 devices, two optical measurements methods have been used. The rst one is the manual methodology presented in the rst section. The second way is by using automatic measurements on an optical prober (CEA/DOPT). Optical prober enables to make quick and automatic wafer-level testing with wafer mappings. But unfortunately access time to the prober was limited and the PTA devices cannot be measured with a prober due to the fact that PTA devices are not on entire wafers.

These two measurements methods have been used to characterize the devices and the characterization results are presented throughout this chapter.

I. [START_REF] Stannigel | Optomechanical quantum information processing with photons and phonons[END_REF] The transmission P 0 P 0 is the maximum optical power of the optical bell (as seen Chapter 3 I.1). The transmission is really important because as seen in Chapter 2 section A and in Chapter 4 section III.1, the nal performances of the sensor depend on it. To compare the devices with each other, P 0 has been measured for a laser power of 1mW. The transmission percentage takes into account the losses in the optical bers, polariser and feedthroughs.

The transmission percentage for the PTA devices and our measurements bench is between 0,1 % and 5% (see Figure 6.4a). For the ENO2 devices and our measurements bench, it is between 0,4 % and 7% (see Figure 6.4b). In Chapter 3 section I.1, the theoretical and ideal transmission percentage has been calculated. Theoretically, the grating transmission rate is between 15% and 28%. Here, it is the transmission between the laser power P L (assumed at 1 mW), all the used optical bers, the polarization controller, the feedthroughs, the two gratings, the device and the photodetector (see schematic 6.1).

The transmission for ENO2 devices is a little bit larger than for PTA devices. The quality of the gratings is probably better for ENO2 devices than PTA devices, with smoother sides and better gratings geometry. Indeed, the dierent etching steps and depths at the PTA are less reliable than for the VLSI fabrication. Moreover, the center wavelength (we need the optical spectrum to be centered around 1550nm to be able to measure it with our equipment) of the optical spectrum is more stable for ENO2 devices. Indeed the gratings fabrication process is more reproducible at the Leti clean-room than in the PTA clean-room.

On Figure 6.4, the optical transmission of the PTA device does not show a Gaussian shape. Again, the gratings fabrication at the PTA is not perfect and leads to a transmission dierent from the expected Gaussian shape. Moreover, the transmission of the two gratings are probably centered on two dierent wavelengths because the angles of the bers above the two gratings are not exactly the same on our optomechanical bench.

The transmission can be improved by working on the grating fabrication, on all the optical losses in the measurement chain and by using packaged devices.

Optical packaging makes it possible to obtain a better transmission as the optical ber is glued on the grating (see Chapter 7 section 7.17). It is not possible to use high laser powers because it adds a large amount of noise (see II.2). We will see in the next section, the Q load and C factors evolution as a function of the optical gap and the cavity shape.

II

The optical quality factors and the optical regimes evolution

The loaded optical quality factor Q load and the contrast C as well as P 0 , change the sensitivity, the resolution and the dynamic range. So these three factors are really important for the nal performances of the sensor (see Chapter 4 section III.1).

Moreover, it is important to know in which optical regime the device is (see Chapter 3 section I.3): undercoupled, overcoupled or critical. Indeed, from this information the future designs will be adapted to increase the contrast C.

The Q load and C parameters, together with the optical regime depend on the intern Q int , the exchange Q ext and the intermodal Q β optical quality factors (see details on Q int , Q ext and Q β in Chapter 3 I.2). Q int represents the losses mechanisms in the cavity and is mainly set by the fabrication (even if the design also has an impact). Q ext represents the exchange between the waveguide and the cavity and is mainly set by the design. Q β represents the intermodal coupling in the cavity due to the lifted degeneration between the clockwise and counterclockwise modes (see Chapter 3 section III).

In this section, we will present the evolution of the Q load , the contrast C and the optical regime as a function of the cavity shape (disks or rings of dierent diameters) and the gaps dimensions. Thanks to these studies, the devices with the best performances can be determined and the future designs can be decided.

II.1 Device presentation

PTA and ENO2 devices present three dierent optical cavities:

-rings with a 20µm diameter -disks with a 10µm diameter -disks with a 16µm diameter

The optical gap distances amount to 80nm, 100nm, 130nm or 175nm and the mechanical gap distance is either 100nm or 150nm. Moreover, there can be straight or curved mechanical gaps (see SEM pictures in Figure 6.5). A curved mechanical gap should increase the coupling between the mass and the cavity (higher g OM ) but it can also decrease the optical quality factor of the cavity. The optical characterizations will show whether the curved mechanical gap has a small or signicant impact on the optical quality factor of the cavity.

On Figure 6.5, you can see two SEM pictures of PTA cavities: on the left a disk with a straight mechanical gap and on the right, a disk with a curved mechanical gap. When the index contrast increases, it tends to reduce the extension of the evanescent eld (the optical mode is more conned close to the waveguide). The coupling between the waveguide and the cavity is then reduced due to a smaller overlap of the guiding mode elds. ∆n is higher after release, so the Q ext factor should increase. The impact of these dierent designs on the parameters C and Q load will be studied before and after release in the next sections.

II.2 Q load , C and optical regimes evolution for PTA devices

In this section, the Q int and Q ext quality factors are compared to nd the optical regime for PTA devices. Then, the Q load * C factor of the dierent kinds of optical cavities (20µm rings, 10µm disks and 16µm disks) is computed. Thanks to all this information, the best conguration can be determined and the future designs can be decided.

A Before release

The rst study has been done on a PTA sample before release to see the inuence of the release on the optical regime. The PTA mask (see Figure 6.7), named O29A, presents 108 devices. The devices of the left half have a mechanical gap of 100nm while the ones standing on the right half exhibit a mechanical gap of 150nm. There are six dierent kinds of inertial masses with a resonance frequency at 22khz or 70kHz (from the smallest one 50 * 50µm 2 to the biggest one 200 * 250µm 2 ) and with a straight mechanical gap or a curved mechanical gap (see SEM pictures in Figure 6.5). For each of them, three dierent kinds of optical cavities have been used: a disk with a 10µm diameter, a disk with a 16µm diameter and a ring with a 20µm diameter. And for each cavity, there are three dierent optical gaps (80nm, 100nm and 130nm). The optical spectrum of each device has been measured "manually" on the optomechanical bench (see an example of an optical spectrum in Figure 6.4) and the resonance peaks have been analysed to extract the optical quality factors (see Figure 6 The table presented in Figure 6.9 lists the optical regime and the optical parameters of the PTA devices before release:

Q int , Q ext , Q β if needed, Q load = Q int Q ext /(Q int + Q ext ), the contrast C = 4Q 2 load /(Q int * Q ext ) and the Q load * C factor.
These devices do not present doublet peaks (with the exception of one device), so there is no Q β factor. All the devices are either in the undercoupled regime or in the critical regime. If the device is in an undercoupled regime, it means that to increase the contrast, the optical gap has to be decreased. But the optical gaps tested here are already small and it is dicult to fabricate even smaller gaps.

The smallest Q load * C factor is 1 500, for a 20µm ring with a straight 100nm mechanical gap and a 80nm optical gap. The highest Q load * C factor is 74 000, for a 10µm disk with a straight 150nm mechanical gap and a 130nm optical gap.

The values for the 10µm disks are higher than for the 20µm rings and 16µm disks. According to these rst results, the 10µm disks show the best performances. Let us now see the inuence of the release on these results. 

B After release

The same O29A sample has been released by use of 4 dierent HF steps (see fabrication steps in Chapter 5). The optical spectra and resonance peaks have been measured again.

Then the resonance peaks have been tted to obtain the Q int , Q ext and Q β quality factors after release.

First, we can notice that a signicant amount of devices that were functioning well before release, no longer present an optical response after release (noted 0 in the table presented in 6.10). The transition from a functioning to a non-functioning device could be related to broken masses that touch the optical cavity, or non complete releases of the optical or mechanical gap. One could argue that the mechanical gap distance d m could have an inuence on the intrinsic quality factor Q int of the cavity, indeed a smaller mechanical gap results in the inertial mass standing closer to the cavity, which could in principle bring more optical losses. Yet, in the present case, the Q int factors of the devices with the 100nm and 150nm mechanical gap distances are similar. The inuence of the mechanical gap distance on the Q int factor can therefore be considered as negligible. In particular, this means that a 100nm mechanical gap is a priori satisfying with optical performances.

Again, the disks with a 10µm diameter reach the best Q load * C factors. The maximum value we nd is 47 000 for the device with the smallest optical gap (80nm). The Q load * C factor for the exact same device was 35 000 before release. The contrast after release has decreased (from 0.9 to 0.6) and the Q ext factor has increased (8e4 to 4.6e5) as expected after release. This study on PTA devices should have allowed us to determine the inuence of curved mechanical gaps on the optical parameters. Unfortunately, too few devices were working after release to conclude on this. Yet, from these rst results, we can deduce that the curved mechanical gap degrades the optical performances.

For example, for the O29A sample, after release :

Straight mechanical gap: the Q load * C is 16 000 for the 10µm disk with a 80nm optical gap. Curved mechanical gap: the Q load * C is 5 100 for the 10µm disk with a 80nm optical gap. The dierence between the two Q load * C factors is a factor 3. Even if it can not be undoubtedly ascribed to the mechanical gap being straight or curved.

Still, the inuence of the curved mechanical gap on the g OM parameter could compensate the Q load * C decrease and even more. It has to be studied via mechanical measurements.

This methodology must be implemented on several samples to determine the general behaviour of the P 0 .Q load .C factor for PTA devices. From the study on these two samples, the best optical cavity is the disk with a 10µm diameter and a 80nm optical gap.

II.3 Q load , C and optical regime for ENO2

The ENO2 devices are on 200mm wafers. A prober measurements campaign has been done before and after release. Unfortunately, the tested devices before release were not working after release. So we used dierent devices for the tests after release. Consequently, the mechanical gaps dimensions are not exactly the same for the devices before release and the devices after release.

The tested optical cavities are: rings of 20µm diameter, disks of 10µm diameter and disks of 16µm diameter (same as PTA devices).

The gaps for devices before release are:

Optical gaps Mechanical gap: 80nm 100nm / 100nm 100nm / 130nm 150nm / 175nm 150nm

The gaps for devices after release are the complementary (mechanical gap of 150nm instead of 100nm before release and 100nm instead of 150nm before release):

Optical gaps Mechanical gap: 80nm 150nm / 100nm 150nm / 130nm 100nm / 175nm 100nm.

A Before release

The obtained data are presented in the tables of Figure 6.13, 6.14 and 6.15. For each device, the data are presented for a single peak and a doublet peak if the device present doublets. The contrast C has been measured on the peak.

For all types of devices, the contrast is the best for the devices with the smallest optical gap 80nm. It means that the devices are in the undercoupled regime.

The Q int factors are between ∼ 4 000 and ∼ 163 000. The Q int factors for the disks are higher than for the rings. It can be explained by the fact that the rings present more losses because the light can be scattered on two sides and by the spokes (spokes width: 70nm).

The Q ext factors increase when the optical gap become bigger as expected. It is between ∼ 25 000 and 300 000 for the rings, between ∼ 90 000 and 1 650 000 for the disks 10µm and between ∼ 520 000 and 2 800 000 for the disks 16µm.

The Q load factors for the doublet are higher than for the single peak. It is consistent with the fact that the doublet can be seen only if the optical resonance present large optical quality factors. Moreover, we can see that the Q load * C factors for the doublets are higher than for the single peak even if the contrast for the doublet is smaller. So it can be interesting to perform the mechanical tests with a doublet when it is possible. To conclude before release, the 10µm and 16µm disks get the same order of performances and the rings get smaller performances than the disks. Moreover, the doublets present higher parameters than the single peaks for these devices. Thus, it can be interesting to conduct measurements with the laser wavelength on a doublet resonance if the optical transmission presents doublet peaks.

As mentioned in introduction, the mechanical gap dimensions are not the same as the one before release because all the devices measured before release were not working after release.

So dierent devices have been measured after release. The data from the optical peak ts are presented in the chart 6.17.

Figure 6.17: Optical parameters for ENO2 devices after release.

The contrast is higher for the smallest optical gaps and the Q load is better for the bigger optical gaps, as seen before release. Nevertheless, the results are less clear-cut than before release. During the release step, the oxide in the optical and mechanical gaps can not be totally etched (see SEM picture 5.27). It can explain the disparity between devices.

The Q int factors are around 10 000 for the rings, 60 000 for the 10µm disks and 140 000 for the 16µm disks. It seems similar to the values before release (as a remind, it is not the same devices). For the Q ext factor: it is from 31 000 to 95 000 for the rings, from 170 000 to 612 000 for the 10µm disks and from 800 000 to 6 400 000 for the 16µm disks. The contrast increases when the optical gap decreases so the devices are in undercoupled regime.

In the chart below 6.18, the Q load * C factors are compared for all dierent kinds of devices. As for the non released devices, the rings present the worse Q load * C factors. The disks 10µm and 16µm have Q load * C factors around 30 000. The knowledge of the exchange quality factor Q ext evolution as a function of the optical gap d opt can be used to improve the nal performances of the devices. Indeed, the optical gap distance can be adjusted to maximize the Q load * C factor.

The Q -1 ext is proportional to the coupling coecient between the waveguide and the cavity. It depends on the overlap of the waveguide and the cavity individual modes. Theoretically,

Q -1
ext as a function of the optical gap distance d opt has an exponential behaviour (see Chapter 2 I.3D). In this section, we will verify experimentally this exponential behaviour. We will also study the inuence of the optical cavity shape on the exchange quality factor Q ext .

III.1 PTA devices

As in the previous study, a PTA sample has been measured on the optomechanical bench (see details on the experimental methodology I.1) and the Q ext optical quality factor has been extracted from the optical resonance peak measurements (see an optical resonance t example in Figure 6.8) .

A Before release

The devices have been measured before release so the waveguide, the optical cavity and the inertial mass are surrounded by silicon dioxide (see schematic 6.6). The Q -1 ext factors as a function of the optical gap distances have been plotted in log scale in Figure 6.20.

Q -1

ext (d opt ) can be tted with:

Q -1 ext = Q -1 0 exp(-κd opt ) (6.1) 
With Q -1 0 and κ constants depending on the optical resonance wavelength and the device geometry. The ts parameters from the exponential t are presented in the chart below 6.1.

Cavity

d m (nm) Q -1 0 exp(-κx) R 2 
Disk R10µm S 100 The data for the straight and curved mechanical gaps of the 10µm disks (yellow and red data Figure 6.20) are close as expected. Indeed, the mechanical gap shape should not change the Q ext factor which represents the coupling between the waveguide and the cavity.

The 20µm rings have the highest Q -1 ext values followed by the 10µm disks and nally the smallest values are from the 16µm disks. It means that the coupling between the waveguide and the cavity is higher for the rings than for the 10µm and 16µm disks. It can come from the fact that the optical modes in the rings are less conned than in the 10µm disks and the 16µm disks. It can also come from the fact that the eective index mismatch between the waveguide and the cavity is higher for the disks. A better eective index accordance allows a better modes overlap between the two structures.

From this rst study on PTA devices before release, the rings seem to be the best option for a higher coupling between the waveguide and the cavity. Nevertheless, very few data were available. We will see if this trend is conrmed by studying the ENO2 devices and PTA devices after release.

B After release

The studied samples have been released. So the silicon dioxide around the optical and mechanical parts has been etched (see details Chapter 5). Normally, the fact that it is not silicon dioxide but air instead should change the eective index of the waveguide and the cavity and so modify the Q ext factor (Q ext should increase). Again, the Q ext quality factor has been determined from experimental measurements of PTA devices for dierent optical cavities, optical and mechanical gap distances.

The data of the Q -1 ext as a function of the optical gap distance d opt have been plotted for a disk with a 10µm diameter, a disk with a 16µm diameter and a ring with a 20µm diameter.

The mechanical gap for all devices is curved and 100nm width. The devices with a straight mechanical gaps were not working after release. Unfortunately, some optical gaps presented some oxide residues. The data for these devices are circled in green in Figure 6.21. The Q -1 ext plots as a function of the optical gap distance follow an exponential behaviour as theoretically predicted. We can see the same general behaviour than for PTA devices before release: the Q -1 ext values for the disks with a diameter 16µm are the smallest, then the data of the disks with a 10µm diameter are in the middle and the values for the 20µm rings are the highest one. It is consistent with the results before release.

The data for the devices with a straight mechanical gap were not available because of fabrication problems: lots of gaps are lled with silicon dioxide residues.

C Comparison before and after release

In order to see the inuence of the release on the Q ext factor, the data before and after release have been plotted on the same graph (see Figure 6.22).

Normally, the Q -1 ext factor should decrease after release. From these experimental measure- ments the Q -1 ext factors before and after release seem very close. The Q -1 ext factors for the rings are 30% higher after release. For the 10µm disks, the values are very close. For the 16µm disks, the Q -1 ext factors after release are higher for the optical gaps 80nm and 100nm, with an increase of 73% for the 80nm optical gap. Knowing that it is not necessarily the same device that has been measured before and after release. But as a rst estimation, the Q -1 ext factor is similar or increase (contrary to the theoretical expectations) after release for this special case.

III.2 ENO2 devices

The optical measurements have been performed for two samples S1 and S2. The optical spectrum and resonance peak of each device have been measured and tted to obtain the Q ext , Q int and Q β factors. The data from the two dierent samples are close. It shows that the results are reproducible for dierent samples. I did not have access to the all combinations of optical and mechanical gaps measurements (because of lack of time to measure all combinations). So the devices with an optical gap 80nm and 100nm have a mechanical gap of 100nm. And the devices with an optical gap 130nm and 175nm have a mechanical gap of 150nm. Normally, the Q ext factor should not depend on the mechanical gap distance. The study of the Q ext factor as a function of the optical gap should therefore not be impacted.

A Before release

The Q int factors (not represented here for clarity of the graphs) are between 4 000 and 150 000. For the same kind of cavities, the Q int factor is similar. So the quality of the cavities is equivalent, which means that the fabrication process has the same impact on all the devices and is homogeneous on all the wafer. The Q -1 ext (d opt ) function of all data can be tted with an exponential Q -1 0 exp(-κd opt ),

in acquaintance with the theory (see section I.3D Chapter 3). All parameters have been reported in the chart below 6.3.

Cavity ext as a function of the optical gap between the 10µm disks, the 16µm disks and the 20µm rings with straight mechanical gaps for S1 and S2 (noted W2). ext as a function of the optical gap for disks and rings with curved mechanical gaps from two samples.

Q -1 0 -κ
For the straight and curved devices, the rings have higher Q -1 ext , than the disks. The coupling between the waveguide and the cavity is higher for the rings than for the 10µm disks, itself higher than for the 16µm disks. Which is consistent with the previous results of the PTA devices.

In the previous section, the exchange quality factor Q ext has been studied before release.

The same study has been done for several ENO2 samples after release. Two dierent measurement techniques have been used: manual optical measurement on our optical bench and an optical prober measurement (see experimental methodologies I.1).

Once again the three dierent optical cavities have been analysed with straight or curved mechanical gaps. For each dierent optical cavities, between ve and seven series of devices with optical gaps between 80nm and 175nm have been measured and their optical resonance The rings present the highest Q -1 ext factors, followed by the 10µm disks and nally the 16µm disks. It is the same behaviour as before release (see Figure 6.24 and 6.23).

The mean values of the dierent measurements (from several samples) are plotted before and after release in log scale in Figure 6.25. Normally, with the release the Q -1 ext factor should decrease. Indeed the reection index of the air is lower than the index of the oxide and so the light is more conned in the waveguide. ext as a function of the optical gap: comparison between the 16µm disks, the 10µm disks and the 20µm rings (mean values from several measurements).

The data before and after release are close. There is no clear behaviour of evolution of the Q -1 ext factor after release. For the moment, there is no explanation of the fact that the Q ext factors are similar before and after release.

III.3 Comparison between PTA and ENO2 devices

The data for the 20µm rings , the 16µm disks and the 10µm disks of the PTA and ENO2 samples after release have been plotted on the same graph (see Figure 6.25).

For all kinds of cavities, the Q -1 ext factor is higher for PTA devices than for ENO2 devices. So there is a better coupling between the cavity and the waveguide for PTA devices.

For example, for the rings with an optical gap at 80nm the Q -1 ext is ten times higher for the PTA devices. For the disks 10µm, it is 3.6 times higher. For the disks 16µm, the PTA data is also 10 times higher than for the ENO2 data. ext as a function of the optical gap: comparison between ENO2 and PTA results.

For the same optical cavities, the PTA devices and ENO2 devices do not present the same Q ext factors. It could come from dierent surface states due to dierent fabrications. The PTA devices present higher Q -1 ext but it does not mean that the nal performances would be better, as it depends also on the optical transmission of the gratings, the optical quality factor Q load and the contrast C. In the section II.4, we have seen that the ENO2 devices present higher Q load * C factors than the PTA devices (a part for one cavity category).

III.4 Identication of the best optical cavity as a function of the

Q int

The evolution of the exchange coupling factor Q -1 ext = Q -1 0 exp(-κd opt ) as a function of the optical distance d opt is known thanks to the precedent studies. With Q -1 0 and κ constants depending on the optical cavity geometry.

The Q -1 0 and κ parameters from the experimental measurements are detailed in the charts below for ENO2 devices and PTA devices before and after the release steps:

Q -1 0 Cavity PTA ENO2 Before R After R Before R After R 20µm Ring 3e -3 3e -3 2e -4 1e -4
10µm Disk 4e -4 4e -4 5e -5 2e -5

16µm Disk 6e -6 4e -4 4e -6 4e -6 Thanks to the knowledge of Q -1 0 and κ, we can plot the Q ext (d opt ) for the 10µm disks, the 16µm disks and the 20µm rings for ENO2 devices after release (see Figure 6.28).

These graphs can be used in two dierent ways:

First, according to the current obtained Q int , the future optical cavities designs can be chosen thanks to the knowledge of the evolution of the Q ext parameter. From the section above, for ENO2 devices after release Q int ∼ 10 000 for the 20µm rings, Q int ∼ 50 000 for the 10µm disks and Q int ∼ 150 000 for the 16µm disks. The optical gaps of the future designs should be smaller than 80nm. Unfortunately, smaller than 80nm optical gap can not be fabricated with the current process.

Secondly, the internal quality factor Q int is similar for all devices with the same cavity shape from the same wafer. Thus, few optical characterizations of optical cavities allow the Q int determination for the entire sample. With these Q int value and the knowledge of the evolution of Q ext as a function of the optical gap d opt for the rings and the disks, we can determine the optical cavity on the sample which is the best candidate to reach the highest Q load * C parameter, with Q ext = 2 * Q int (in the case of weak intermodal coupling). This will allow a great reduction of measurement characterization time.

For example, if Q int =90 000 for the 10µm disks, we report the value Q ext = 2 * Q int on the graph of the Q ext (d opt ) (see the green dashed line in Figure 6.28) and we nd that the devices with a 130nm optical gap should get the best Q load * C. The knowledge of the evolution of the parameters Q -1 0 and κ as a function of the cavity kind can be a real tool to select the design of the optical resonator in order to obtain the best nal performances.

IV Conclusion

Thanks to optical characterizations, we have done a comparison between dierent kind of optical cavities, optical gap distances and mechanical gap shape. It allows us to select the device with the best optical parameters and so the best P 0 * Q load * C factor.

For the PTA devices, the 10µm disk with an optical gap of 80nm has the best Q load * C parameter for the tested sample. The best Q load * C factor is 47 000 for a device with a straight mechanical gap and 13 000 for a curved mechanical gap device.

The highest Q load * C parameter for the ENO2 devices is 34 000 for a 10µm disk with a 150nm curved mechanical gap cavity and with a 80nm optical gap. Finally, from these studies the optical cavity with a disk with a 10µm diameter obtain the best Q load * C factor.

In conclusion, the study and increase of the optical parameters P 0 , Q load and C are primordial to improve the nal sensitivity of the optomechanical accelerometers.

All the studied devices are in the undercoupled regime and therefore smaller optical gaps would give better performances. But the current smallest optical gap is 80nm and is already dicult to fabricate. The best solution would be the increase of the Q int factor by decreasing the losses (with a work on the surface roughness). Another way is to change the tapper dimension to improve the eective index matching and so decrease the Q ext .

From all the measured devices, the disks with a 10µm diameter are the optical cavities with the best Q load * C factor.

Chapter 7

Mechanical characterisations of the optomechanical accelerometers

Once, the optical characterisations have been carried out, the optomechanical accelerometers can be tested mechanically. The mechanical tests show whether the inertial mass has been correctly fabricated and give its resonance frequency for comparison with that of the theory. In addition, the mechanical tests allow the nal performances of the sensor to be evaluated.

The rst mechanical characterisation is the Brownian Noise measurement of the device. If it is measurable (above the system noise level, see Chapter 4), it will give lots of information on the device, like its resonance frequency, its mechanical quality factor and the optomechanical coupling factor g om . Then, the device will be subjected to an acceleration to measure its response and evaluate its performance. Dierent ways of actuation will be presented in this chapter depending on the type of device. First, the electrostatic actuation, then the piezoshaker actuation and nally the vibrometer actuation with optically packaged devices will be detailed with their measurement setups and their relative results. This introduction section presents the general information and knowledge before going into the details of the mechanical measurements. Firstly, the dierent types of devices will be briey presented again, then a description of the test bench for the mechanical measurements will be done and nally the last part will be dedicated to the expected mechanical response of the device.

I.1 The dierent kinds of device

There are three dierent kinds of device (as seen in Chapter 3 section IV. For all kinds of devices, the light is put into the device and collected thanks to the gratings couplers, circled in yellow in Figure 7.1 a).

The three types of devices are:

1. The silicon device (see SEM picture b) in Figure 7.1) is the simplest one with an inertial mass only in silicon. It is the only kind of devices made at the PTA.

2. The second type is the metal devices which consists in inertial mass with a metal deposition of AlSi of 450nm on top of the silicon layer (see SEM picture c) in Figure 7.1). On the picture Figure 7.1, we can see the electric pads that are only functional for the wafers with metal deposition on the lines. There is an electrode to connect the mass to the ground and another one to actuate the mass by applying a voltage on it. 

I.2 Mechanical responses and performances

A brief review of the mechanical behaviour of the inertial mass is reminded with the link to the sections with calculation details.

A Brownian noise

The rst mechanical characterisation of the inertial mass is the Brownian noise measurement. It is simple to realise as no actuation is needed. As seen in Chapter 4 section III, it is measurable only if the system noise level is smaller than the Brownian noise level.

But it is really interesting to be able to measure the Brownian noise, it allows us:

-to measure the resonance frequency f m -to verify the state of the mechanical device (it is one way to verify that the device is not broken)

-to measure the minimum measurable acceleration -to measure the mechanical quality factor Q m -to measure the optomechanical coupling factor g OM Finally, from this measurement the devices sensitivity can be calculated as all the parameters needed have been measured: P 0 , Q load , C and g OM .

At resonance:

The Brownian noise is (calculations details Chapter 4 section B):

S th = 4k B T Q mω 3 m [m/ √ Hz] (7.1)
Thanks to the Brownian Noise (BN) measurement, we can obtain the sensitivity of the device (for a given laser power):

S 1 = A th S th [m/V ] (7.2)
With S th the theoretical BN and A th the measurement signal amplitude (see details Chapter 4). And nally, from the BN measurement, we can calculate the optomechanical coupling factor g om :

g om = S 1 * 8πf opt .G P D 3 √ 3.P 0 .C.Q load [Hz/m] (7.3) 
With f opt the optical resonance frequency, P 0 the optical power, G P D the photodetector gain, C the contrast and Q load the optical quality factor.

Out of resonance:

The minimum acceleration is calculated with the Brownian Noise out of resonance (if the system noise is lower):

S th-OR = 4k B T mQ m ω 3 m [m/ √ Hz] (7.4)
So the minimum acceleration measurable if the Brownian noise is higher than the system noise is:

a min-BN OR = 4k B T ω m mQ /9.8 [g/ √ Hz] (7.5)
Just as a reminder, the experimental bench (see the picture 7.2) is composed of an optical part with the laser, the polarization controller, optical bers and the photodetectors. The sample is placed on a Printed Circuit Board (PCB) in the vacuum chamber. The lock-in analyses the electrical signals from the photodetectors and eventually to apply a voltage for the actuation.

The characterisations are performed in two steps: the optical characterisations and then, the mechanical measurements.

A Optical measurements and positioning in the optical resonance

The rst step is the alignment of the optical bers onto the gratings (see details Chapter 6) to maximize the optical transmission power between the bers and the gratings (see Chapter 6 section I.1). Once the signal has been maximized, a wavelength sweep is performed between 1500nm and 1620nm to characterize the optical transmission of the device (see an optical spectrum measurement in Figure 7.3). The second step is to measure precisely (meaning with small wavelength steps) a resonance peak (see a resonance peak measurement in Figure 7.3).

Then, one of the resonance peaks is chosen and the laser is tuned on the blue wavelength ank of the resonance peak around the inexion point. The blue ank is preferred to the red ank because it is a stable position. Indeed, if there is a small disturbance that shifts the optical resonance wavelength to a lower value. This leads to an increase of the optical power injected in the cavity and thus an increase in the eective index. Eventually, the optical resonance wavelength increases and the laser wavelength returns to the initial situation. Whereas the right ank laser tuned position is unstable because a small shift to a lower wavelength results in greater optical power in the cavity and thus another shift to a lower wavelength (see [116]). 

II Electrostatic actuation

The design of the optomechanical accelerometer provides actuation electrodes. The inertial mass can be actuated thanks to a dierence of potential between the mass and an electrode.

However, this can only be used for certain wafers for which the electrodes have been metallized

(dierent process choices have been made depending on the wafer). The electrostatic actuation allows a mechanical test without the need of another instrument, the voltage source being the lock-in.

II.1 Principle

The devices present two electrodes, one connected to the mass anchor -electrode 1 and one positioned next to the mass with a distance d elec = 2µm -electrode 2 (see Figure 7.5).

A dierence of potential can be applied between the two electrodes and then it creates a capacitive force between the surface of the electrode 2 and the facing surface of the mass (see is applied, the capacitive force is then:

F (w) = S 0 2d 2 elec (V 2 DC + V 2 AC 2 + 2V DC V AC cos(wt) + V 2 AC 2 cos(2wt)) (7.7)
With S the electrode surface, d elec the distance between the electrode and the mass, 0 the dielectric permittivity. The actuation force presents a frequency spectrum with a DC, a 1w and a 2w component.

We can see that to actuate the device at ω m , either we use a DC actuation part with a voltage at ω m or we can actuate with a voltage at ωm 2 and use the AC voltage.

II.2 Set up

The sample is electrically bonded on the male Printed Circuit Board (PCB):

-the rst wire links the general electrode 1 to the ground on the PCB -the second wire links the general electrode 2 to the electric track of the PCB.

All the devices below the electrodes are connected (see on the schematic Figure 7.6). The male PCB is put onto female header in the chamber. The potential dierence is applied thanks to a coaxial cable between an output of the lock-in and an input of the vacuum chamber.

The measurement steps are:

-bers alignment -optical characterisations -laser wavelength tuned to the blue ank of the resonance peak -then an AC+DC voltage is applied and the mechanical frequency response is recorded II. In the graph Figure 7.8, the electrical power at the output of the photodetector (PD) P P D has been plotted as a function of time. At the beginning t=0 s, the laser is tuned on the blue ank of the resonance and there is no applied voltage V = 0V , the power is P P D ∼0,2µW. It cannot come from the motion of the mass in view of the observed changes in the power P P D . It means that the actuation voltage changes the optical power at the output of the waveguide P out . It can come from either a change in the resonance wavelength λ r or in the optical transmission of the waveguide P 0 .

The fact that the applied voltage changes the optical transmission is not understood for the moment. All the more so that the electrode is far away from the cavity and the waveguide (over 60µm away). Moreover, the cavity and the waveguide are isolated from the metallic part thanks to SiO 2 and air layers. In addition, the inertial mass is partially doped with Bore (5.10 19 at/cm 3 ) but not near the cavity (the doping is stopped 2,5µm before the edge of the inertial mass on the optical cavity side -see Figure 7.5). Thus, an eect of charges in the mass in the vicinity of the optical cavity is normally not possible.

These tests have been carried out on a single device. This eect could come from a fabrication problem (insulation problem) or experimental conditions but it will be necessary to carry out more experiments on this phenomenon in order to nd out its cause.

Unfortunately, the electric actuation could not be tested because applying an actuation voltage changes the optical power at the output of the device. It could be interesting to pay attention to this problem and to realise more tests to understand the phenomenon and overcome it for future designs.

III Piezoelectric shaker measurement

The rst mechanical experiment on our optomechanical accelerometers has been done with a piezoshaker actuation. Indeed the rst fabricated devices did not present metallic electrodes.

The piezo shaker is a simple way to drive the devices as the sample is just glued on the shaker. This method makes it possible to evaluate the optomechanical accelerometer's behaviour with respect to vibrations.

III.1 Piezoelectric shaker principle

The word "piezoelectricity" is derived from the Greek word "piezein" meaning "press" combined with the word electricity. Piezoelectricity was discovered at the Sorbonne in 1880 by Pierre and Jacques Curie. Piezoelectricity is the property of some materials to develop electric charge on their surface when mechanical stress is exerted on them.

The Curie brothers discovered the reverse eect of the piezoelectric eect in 1881. The reverse eect is that crystals would deform under the application of an electric eld. It is this reverse eect that is employed in piezoelectric shakers.

The piezoshaker will move under the applied voltage and thus the sample glued on the piezoshaker, will be submitted to an acceleration.

A Mounting

The piezoshaker is glued onto a Printed Circuit Board (PCB) and electrically linked to one of the lock-in output thanks to a wire bonding between the shaker and the PCB (see Figure 7.9). The shaker is glued on the PCB thanks to silver epoxy which is a good conductor. A piece of epoxy is deposited on the PCB and the shaker is glued and backed at 150°, 30 minutes. The sample is then glued on the shaker with silver paint (15°, 20 minutes) or xed thanks to double face SEM scotch (see Figure 7.9, on the left). 

B Acceleration

The piezoshacker will deform (with a displacement ∆ x-piezo ) under the applied voltage at the actuation frequency f act = wact

2π

. The sample glued on the piezoshaker will be submitted to an acceleration:

acc piezo = ∆ x-piezo * w 2 act (7.8) 

C Piezoshaker displacement estimation

The piezoshakers used are shear plate actuators. The electric eld in the ceramic layer is applied orthogonally to the direction of polarization, resulting in a displacement in the direction of polarization (see schematic Figure 7.10). An estimation of the displacement of the shear actuators is [132]:

∆ X-shear = n * d 15 * V (7.9)
Where n is the number of stacked ceramic layers, d 15 is the shear deformation coecient [m/V ] and V is the applied voltage.

In the Noliac datasheet, the material used in the piezoshaker has the following parameters For example, for an actuation voltage of:

V=10mV at f act = 30kHz, acc piezo = 46mg; at f act = 300kHz, acc piezo = 4, 6g.

However, this formula does not come from the piezoshaker manufacturer's site. It is not certain that it is accurate for our piezoshaker. The manufacturer was contacted but did not follow up on our questions about the assessment of the displacement.

The objective is to make a comparison between this theoretical acceleration value with the acceleration value obtained from the measurement with the optomechanical accelerometer (see the next section).

III.2 Experimental results and nal performances

Several samples were tested with the piezoshaker actuation. The results for a PTA and an ENO2 device are presented in the next section.

The Brownian noise at resonance for both devices can be measured (not measured out of resonance). This measurement enables the optomechanical coupling factor g om to be determined from the theoretical BN calculation (see details in Chapter 4 section III.2). The sensitivity can be calculated from the g om estimation. Thanks to the sensitivity calculation, an estimation of the applied acceleration is done from the magnitude of the measured signal. We will compare the value from the theoretical acceleration acc piezo calculated with the piezoceramic material parameters and the value from the measurement.

A PTA device: experimental results

The rst device is a PTA device from the sample O25R called B10. Its size is 15 * 20µm 2 and its theoretical frequency is 4MHz. The B10 device consists of a small inertial mass with short beams (length: 1µm and width: 100nm), see SEM picture 

Brownian noise at resonance measurement

The Brownian noise at resonance is measured in vacuum with P laser = 8mW (for this laser power P peak = 10µW , C = 0, 4 and Q load =6 300). The mechanical resonance frequency is measured at 3,92MHz with a mechanical quality factor of 650 (see c in Figure 7.12). From the BN measurement, the g OM extracted is 4, 2 GHz/nm and the sensitivity for P L = 8mW obtained from the BN measurement is 1, 17.10 

Sensitivity for P L = 1mW

The sensitivity depends on the laser power (see details Chapter 4 section III.1), in order to compare the devices, the sensitivity is calculated for P L = 1mW . The optical parameters are then: P peak = 1.5µW , C = 0. 

Piezoshaker actuation

The sample is measured under the action of the piezoshaker (the actuation is done around the mechanical frequency f m of the inertial mass in d in Figure 7.12 and out of f m ).

Out of the inertial mass mechanical resonance frequency, we can calculate the acceleration which corresponds to the magnitude measured for an applied voltage on the piezoshaker thanks to the sensitivity calculated with the BN measurement:

acc meas = A * ω 2 m S 1 * 9.8 = A S 2 [g] (7.12)
with A the signal magnitude in V, S 1 the sensitivity in V/m, S 2 in V/g and ω m the angular resonance frequency in Hz.

V f acc

Acc piezo (g) Acc meas (g) 50mV 300kHz 23 9 10mV 3,92MHz 780 500 Table 7.3: Comparison between the acceleration value acc meas from the measurement and the acceleration value acc piezo from the piezoceramic parameters estimation.

The acceleration values from the measurement and the estimation thanks to the piezoceramic parameters are in the same order of magnitude as detailed in the table 7.3. But the acceleration from the piezoceramic parameters displacement estimation is higher (between 1,5 and 2,5 times higher) than the acceleration from the measurement. It could come from the fact that the displacement estimation is not correct or a change in the sensitivity of the device (the optical power in the waveguide can change between measurements due to the fact that the optical bers above the gratings can move). This is a good result that both values are in the same order of magnitude. Unfortunately, as the estimation of the piezoshaker displacement is uncertain, these results cannot be further exploited. Finally, the piezoshaker has made it possible to verify that the PTA optomechanical accelerometer works and that the signal increases when it is submitted to an acceleration.

B PTA device: nal performances

The nal performances of the PTA device B10 are summarized in this section. These performances are obtained thanks to the evaluation of the system noise level and the optical and mechanical characterisations of B10.

Moreover, the theoretical future performances are presented in the case of a system noise level decrease and/or better optical parameters.

Minimum measurable acceleration

The system noise level (measured in Chapter 4 section II) is higher than the BN out of resonance value for the moment. With a system noise of ∼ 180nV / √ Hz and the sensitivity of the device S 2 = 4, 5nV /g, the minimum measurable acceleration due to the system noise is 40 g/

√

Hz.

Theoretical minimum measurable acceleration

The minimum measurable acceleration is calculated with the Brownian noise out of resonance as explained in the previous section. The minimum acceleration due to the BN is:

a min = 6, 5mg/ √ Hz (not measured).
With the calculated sensitivity of the device, the BN out of resonance could be measured if the system noise level is under 30 pV / √ Hz. This means 6000 times less than the current noise level of the system, which seems dicult to achieve at the moment.

However, the device sensitivity can be improved by ten thanks to the optical packaging (see the next section). Moreover, better future performances can be expected. Indeed, in Chapter 6 dedicated to the optical characterisations, the best obtained optical performances are C = 0, 6 and Q load =81 000. With these optical parameters, a g OM equals to 2.10 18 and P peak = 20µW (with the optical packaging the obtained P peak can be multiplied by ten), the sensitivity would be S 2 = 740nV /g and the resolution limited by the system noise 240mg/ √ Hz for this PTA device (f m = 3, 92M Hz).

With this sensitivity, the BN out of resonance could be measured for a system noise level of ∼ 5nV / √ Hz. This means 40 times less than the current level.

Theoretical maximal measurable acceleration

From the optical resonance parameters (C = 0, 5, Q load =80 000), the maximal wavelength shift is 0,35nm (see the method of calculation Chapter 4 section C). This corresponds to a maximal displacement of the mass by 62nm and thus a maximal acceleration of 3, 8.10 6 g.

The maximal measurable acceleration is not limited by the optical non linearity.

However, no tests have been carried out to evaluate the maximum measurable acceleration which will have to be done in the future, perhaps with the vibrometer presented in the next section.

Finally, the B10 PTA device has a sensitivity of 4,5nV/g and a bandwidth of 800kHz 

C ENO2 device: experimental results

The device has a 10µm disk with 100nm optical and mechanical gaps (see SEM picture 

Brownian noise at resonance measurement

The Brownian noise is measured in vacuum with P L = 10mW , with an optical quality factor of 70 500, an optical power of P peak = 10µW and a contrast of 0,16. From the BN measurement (see Figure 7.14), we get the optomechanical coupling factor g OM : 1, 96.10 18 (Hz/m) and the sensitivity: 5, 1.10 

Sensitivity for P L = 1mW

Thanks to the optical resonance and the Brownian noise measurements, we get all the parameters to calculate the sensitivity of the device. The sensitivity for a laser power of 1mw is 5, 1.10 

Piezoshaker actuation

The device was actuated thanks to the piezoshaker with an applied voltage from 10mV to 200mV (see Figure 7.8 with V =20mV).

For the actuation out of the mechanical resonance, the corresponding accelerations are calculated thanks to the sensitivity of the device. These values can be compared with the calculated acceleration from the piezoshaker displacement (see the chart 7.8). The acceleration calculated from the sensitivity obtained with the BN measurement and the acceleration calculated with the shear deformation coecient of the piezoshaker are in the same order of magnitude. The calculated accelerations from the piezoshaker displacement are twice higher than the accelerations calculated from the measurements.

V f acc

The dierence between the acceleration from the piezoshaker displacement estimation and the acceleration from the measurements are in the same order for the PTA device and the ENO2 device. The dierence could come from an error of the estimation of the piezoshaker displacement.

Finally, these measurements with the piezoshaker show that the optomechanical accelerometer M07BE is functional.

D ENO2 device: nal performances

The nal performances of the ENO2 device M07BE are summarized in this section. These performances are obtained thanks to the evaluation of the system noise level and the optical and mechanical characterisations of M07BE. As for the PTA device, the theoretical expected performances are presented.

Minimum measurable acceleration

For the moment, the limit is given by the system noise (measured in Chapter 4 section II) with a minimum measurable acceleration at 0, 6g/ √ Hz.

Theoretical minimum measurable acceleration

The minimal measurable acceleration given by the BN out of resonance is 120 µg/ √ Hz (not measured). This would be an interesting level of resolution with a bandwidth of several hundred kilohertz to achieve compared to the current resolutions of a few tens of micro g for several hundred hertz (see Chapter 1 section II.4).

As for the PTA device, we can estimate the sensitivity with better optical parameters already obtained for another device (presented in Chapter 6). With better optical parameters (C = 0, 6 and Q load =81 000), the ENO2 device sensitivity (f m = 654kHz) would be S 2 = 30µV /g and the resolution limited by the system noise 7mg/ √ Hz .

With this sensitivity, the system noise level should be 4nV / √ Hz to be able to measure the BN out of resonance. This means 50 times less than the current noise level.

Theoretical maximal measurable acceleration

The optical resonance with C = 0, 4 and Q load =168 000, leads to a maximal wavelength shift of 5,8pm for an error at 10% and 2,7pm for an error at 1%. Finally, the theoretical maximal measurable acceleration is 4.10 In conclusion, a dozen of devices work both optically and mechanically with the possibility of measuring the Brownian noise at resonance. It allows the g OM estimation from the theoretical BN amplitude.

The current performances of two optomechanical accelerometers are: a bandwidth of 800kHz and a resolution of 40g/ √ Hz for the PTA device and a bandwidth of 130kHz and a resolution of 0.6g/

√

Hz for an ENO2 device. Moreover, the potential future performances of these devices are: a resolution of 7mg/

√

Hz with a bandwidth of 800kHz for the PTA device and a resolution of 120µg/

√

Hz with a bandwidth of 130kHz for the ENO2 device. It could be achieved thanks to an improvement of the device sensitivity and a decrease of the system noise level.

Indeed, the sensitivity of the optomechanical accelerometers can be increased with better optical and optomechanical parameters. Such optical parameters have already been obtained as presented in Chapter 6 and would be further improved thanks all the optical studies done in the same chapter and fabrication enhancements.

In addition, some work on the system noise level could improve the nal performances. The smallest photodetector noise level is 22nV / √ Hz at 10kHz. We may be able to reduce this noise level by using laser modulation. The laser noise could be lowered thanks to a closed-loop stabilization with amplitude and phase control. Or other lasers could be tested to reduce the noise from the latter.

Many other optomechanical accelerometers with dierent resonance frequencies have been manufactured but have not yet been tested. These devices may achieve better performances thanks to higher optical and optomechanical parameters.

Finally, the piezoshaker actuation method is easy to implement and allows a rst mechanical characterisation. Nevertheless, this method is not accurate enough because the acceleration due to the piezoshacker motion is not exactly known. In the next section, the vibrometer actuation method will be presented with a comparative measure of the acceleration thanks to an interferometer. The vibrometer can be used only with optically packaged devices. The optical packaging will be presented in the next section.

IV Optical packaging and vibrometer actuation

The optical packaging is a crucial development step to advance the experiments further.

Indeed without packaging, the light is brought into the device thanks to an optical ber positioning setup which is cumbersome and limits the possibilities for measurements. Further acceleration tests with this setup are incompatible, especially for the vibrometer tests. In this section, the optical packaging and the vibrometer measurement will be presented.

IV.1 Optical packaging presentation

The optical packaging makes it possible to get rid of the optical ber alignment system.

It is a standard process in photonics but much more complex for our released devices as the released parts are delicate. In order to glue the two ferrules on each grating, the waveguide length between the gratings has to be at least 5µm (that is why there is a "packageable part" in ENO2 mask where the waveguides are longer than usual). 

IV.2 First optical packaging

Five dierent samples, from the PTA and the VLSI fabrication clean-room (ENO2 samples), have been selected for optical packaging. All these devices have been measured optically and mechanically before being given for packaging. In the picture Figure 7.17, a sample is shown after packaging with the 10 optical bers (5 for each side).

Figure 7.17: On the left, a picture of an optically packaged device with its ten optical bers.

On the right, a zoom on the sample and the ferrules.

Unfortunately, most devices that worked optically before packaging no longer worked after (see example Figure 7.18 with the optical transmission before and after packaging).

More precisely, the optical transmission always exists but the resonance peaks are not longer present. It was the case for 2/3 of the given devices.

SEM observations were made to nd out why the optical resonances have disappeared. The conclusion is that the glue used to attach the ferrules spread to the optical gap (see SEM picture Figure 7.19). The same observation was done on many devices. This transmission increase is probably due to the fact that the optical bers in the ferrules are closer to the grating than in the case with the bare optical bers put above the grating. Thus, there is less optical dispersion with the use of the ferrules. In addition, the angle that maximises the optical transmission is more easily respected with the ferrules. The rst mechanical tests were performed before the optical packaging and are presented in the previous section (it is the same device as in section III.2 A). The mechanical part of the device was not damaged by the packaging and the BN at resonance could be measured after the packaging.

After packaging, the optomechanical accelerometer (B10 O25R) works both optically and mechanically, we can set up the vibrometer for the next mechanical measurements, as described in the next section.

IV.3 Acceleration actuation with the vibrometer

The vertical vibrations of the vibrometer generate an acceleration on the sample. The vibrometer can generate a maximum acceleration of 95g with a maximal frequency of 14 kHz (depending on the mass upon it). In addition, a laser interferometer allows a measurement of the acceleration caused by the vibrometer. Consequently, the sensitivity of the optomechanical accelerometer can be determined with only the magnitude of the measurement, even if the optical and optomechanical parameters are not determined. 

B Results

The PTA sample O25R has been mounted on the vibrometer after optical packaging.

First the device B10 (f m = 3.9M Hz) is optically characterized to tune the laser in the optical resonance peak (P 0 = 50µW for a laser power of 5mW). The resonance peak has a contrast of 0.39 and an apparent Q load of 1400 due to the thermooptic eect (the optical resonance presents a straight right side on Figure 7.25). Then, the vibrometer is set on an actuation frequency f drive with a certain amplitude. The interferometer measurement gives the corresponding acceleration acc vib . The output optical power is measured thanks to a photodetector and then analysed with the lock-in (demodulation around f drive ).

The acceleration calculated from the magnitude measurement V out with an actuation at ω drive is:

Acc = V out * ω 2 m S 1 * 9.8 = V out S 2 [g] (7.13)
With S 1 being the device sensitivity (V/m) or S 2 the device sensitivity (V /g) calculated with the Brownian Noise measurement and ω m the angular frequency of the inertial mass.

When the laser is set out of the resonance wavelength: the light does not go into the cavity but only through the waveguide. Therefore, the motion of the inertial mass has no inuence on the optical signal. The measured signal when the laser is out of the optical resonance should not show a peak.

In the Figures 7.26 and 7.27, there is a peak at the driven frequency for the measurements with the laser out of the optical resonance (see yellow curves).

It can come from the fact that the bers from the optical packaging are glued on the sample and thus are moving at the same frequency as the acceleration actuation. The optical bers have no polarization control and therefore can lead to an optical signal modulation.

The measurement bench was available for one day only, so we were limited in the number of tests. In the future, the optical bers used for the optical packaging will be with polarization control. If the peak measured with the laser out of resonance is due to the change in polarization, this should solve the problem.

The optical packaging is essential to proceed to more complete acceleration tests. It requires some improvement to protect the device from the glue spreading in the optical gaps. The rst results show that it allows a better light transmission to the device (P 0 ten times higher) which is really promising to obtain better sensitivities.

The vibrometer is a great tool to actuate the devices at dierent frequencies and acceleration. Only one device has been tested with the vibrometer because of lack of time. The problem of the signal out of resonance has to be investigated.

To do so, a test with polarization-maintaining ferrules is planned.

V Conclusion

The performances of the tested devices correspond to the expected one from the previous optical characterisations and mechanical measurements from other projects. The optomechanical coupling factors are around GHz/nm. However, few devices were mechanically functional and more tests will be required to ensure its results.

The measured PTA and ENO2 devices present a sensitivity around 10 5 V/m and in acceleration around nV/g. It leads to a resolution of 40g/

√

Hz for the PTA device and 0, 6g/ √ Hz for the ENO2 device due to the limit set by the system noise.

Better future performances can be expected thanks to an improvement of the optical parameters. For example, with C = 0, 6 and Q load =81 000, P peak = 40µW and g OM equals to 2.10 18 (already obtained for a device -see Chapter 6): an optomechanical accelerometer with a resonance frequency at 70kHz (already fabricated) would obtain a sensitivity of 2,3mV/g and the resolution limited by the system noise would be 80µg/ √ Hz.

The nal sensitivity could also be improved by the use of the curved mechanical gap to increase the optomechanical coupling factor g OM , if the nal Q load Cg OM is higher than for the straight mechanical gap.

Moreover, mechanical measurements could only be carried out on very few silicon accelerometers. Other optomechanical accelerometers, including metal and epitaxy accelerometers will be able to achieve new performance.

Another way to improve the performances is to lower the system noise level. For example, if the system noise is lowered by 7, then the noise level is at 25nV / √ Hz. The optomechanical accelerometer with a resonance frequency of 70kHz and a sensitivity of 2mV /g would obtain a resolution at 12µg/

√

Hz with a bandwidth of ∼ 14kHz.

Several methods were presented to mechanically tested the devices: the piezoshacker, the electrostatic actuation and the vibrometer. Other methods will be implemented in the future such as a rotative table for +/-1g measurement and a comparative measurement with a commercial accelerometer.

The rst optomechanical measurements showed that the optomechanical accelerometers can achieve high sensitivity with a wide bandwidth and resolution in the micro g range thanks to high optical and optomechanical parameters. In comparison, current commercial accelerometers can achieve resolution at the micro g but for bandwidth limited to 100Hz (see Chapter 1 II). In the thesis [START_REF] Maspero | MEMS inertial sensors design and fabrication based on an innovative process[END_REF], capacitive accelerometers reach resolutions of 50 -80µg/ √ Hz with a resonance frequency superior to 8kHz.

The noise of the measurement system limits the achievable resolution. Some work on this noise will be necessary to exploit the full capacity of these optomechanical accelerometers.

Their performances can be also further improved by enhancing the optical, optomechanical and mechanical parameters.

Conclusions and Outlook

The purpose of this thesis was to evaluate the potential of optomechanical transduction for high performances accelerometers.

In this work, optomechanical accelerometers consist in a Whispering Gallery Mode (WGM) micro-disk or micro-ring optical cavity with an inertial mass nearby. Two complementary methods of fabrication have been exploited: a lower scale fabrication process and a VLSI fabrication process. The rst one was used to test dierent structures in short time before implementing them in classic industrial process. Several families of devices were designed and fabricated. The rst with an inertial mass with a 220nm thick layer of silicon, the second family presents an inertial mass with a metal deposition of 450nm on top of the 220nm thick silicon layer and nally the third family has an inertial mass with a silicon epitaxy of 20µm.

They are all compatible with a CMOS processing facilities and have therefore the potential for being integrated with electronics on the same silicon platform. Moreover, the metal and epitaxy families have a great potential for even higher performances thanks to their mass gain while also beneting from a reduced size. A few critical problems were encountered during the fabrication of the sensors. Numerous tests and SEM observations made it possible to determine guidelines for future designs in order to solve these diculties for both fabrication methods.

The nal performances of the optomechanical accelerometer depend on the optical power transmission in the waveguide P 0 , the optical quality factor of the cavity Q load , the contrast C and the optomechanical coupling parameter g OM . Many investigations on the optical cavity parameters P 0 , Q load and C were conducted to choose the best cavities in the future.

The studies on PTA and ENO2 devices showed that among all the current devices, the disks with 10µm and 16µm diameters present a better Q load C factor than the rings, especially with the smallest optical gap of 80nm. Furthermore, for the same fabrication process and thus the same amount of optical losses, the optical gap distance can be predicted to improve the nal Q load C factor thanks to the optical characterizations and the studies performed on the internal and external quality factors.

An innovative shape of the coupling zone between the cavity and the mass has been designed in order to improve the optomechanical coupling parameter g OM : the mechanical gap is curved to increase the coupling zone. Unfortunately, the impact of these curved optomechanical coupling zone could not be studied on the g OM because the devices tested were not functional. But regarding its impact on the optical parameters, it deteriorates the Q load C

factor and thus the whole sensitivity. It will be necessary in the future to determine if the improvement of the g OM compensates and even more the nal Q load Cg OM factor.

The optical and optomechanical parameters could be improved with the future designs pro-posed in the dierent chapters. Particularly, a new coupling zone could be established between the cavity and the mass: the inertial mass can be moved away from the optomechanical coupling zone thanks to a beam connecting the two parts. This will reduce the proximity effect and thus allow the fabrication of functional devices with small mechanical gap distances and/or curved mechanical gaps to increase the g OM .

The rst optomechanical accelerometers results showed promising performances. First, the measured optomechanical coupling factor g OM are in the Ghz/nm range which is in accordance with the last reported values in [74] [134]. Some teams succeed reaching ∼ 10 2 GHz/nm with photonic crystals. Several parameters of the design could be modied to improve the g OM : smaller mechanical gaps (we realized 150nm and 100nm mechanical gaps) or functional curved mechanical gaps.

Moreover, the best obtained sensitivity is around nV/g and could be improved with higher optical parameters that can be obtained thanks to the presented results on the optical parameters in Chapter 6. In addition, the optical packaging allows a higher P 0 and so a higher sensitivity for the future measurements with optically packaged devices.

Very few mechanical tests could be carried out on the silicon family devices and no tests could be performed on the metal and epitaxy families. Future mechanical measurements on devices of dierent sizes and resonance frequencies would probably show better performances.

For example, the resolution could reach µg/ √ Hz while keeping a large resonance frequency (>70kHz) and a small footprint. However, the current noise level of the measuring bench does not allow such small accelerations to be measured. To achieve smaller measurable accelerations, future improvements would need to be realized.

The inertial mass sizes is from 15 * 20µm 2 to 200 * 250µm 2 . The entire optomechanical accelerometer has a maximal footprint of 5mm*250µm (5mm being the waveguide length).

In the future, these optomechanical accelerometers could be integrated with on-chip laser and photodetector (high performances integrated infra-red lasers operating in the wavelength range around 1.5µm and photodetectors already exist [135] [136]).

Thanks to the obtained optical and optomechanical parameters, this work showed that optomechanical accelerometers can reach really signicant performances. Several kinds of optomechanical accelerometers were designed and fabricated during the course of the work.

Many devices remained untested and are available for immediate use by researchers in the future, greatly reducing time lost due to fabrication constraints. Based on the experience gained while this evaluation was conducted, multiple new design possibilities with great potentialities were identied, which form a rm foundation for future studies. datasheets [START_REF] Caspani | Compact biaxial micromachined resonant accelerometer[END_REF], [START_REF] Zou | A seismic-grade resonant MEMS accelerometer[END_REF], [START_REF] Ullah | A new high performance sigma-delta MEMS accelerometer for inertial navigation[END_REF], [START_REF] Zhao | A 0.23µg bias instability and 1µg/rhz acceleration noise density silicon oscillating accelerometer with embedded frequency-to-digital converter in PLL[END_REF], [START_REF] Dongsuk | Epitaxially encapsulated resonant accelerometer with an on-chip micro-oven[END_REF], [START_REF] Wang | A MEMS resonant accelerometer for low-frequency vibration detection[END_REF], [START_REF] Rao | A MEMS micro-g capacitive accelerometer based on through-siliconwafer-etching process[END_REF], [START_REF]ADCMXL1021-1 Datasheet and Product Info | Analog Devices[END_REF]. rHz is for √ Hz . . . . . . 

3.1

Optical spectrum with the maximum optical power P 0 and optical resonance peak at the resonance wavelength λ n , with its contrast C, its loaded optical quality factor Q load and the optical power P peak . . . . . . . . . . . . . . . . 

3.3

Gratings schematic: the silicon is etched periodically in curved grooves with a ∆ pitch. The optical ber is positioned just above the grating with a θ angle. 

4.1

The two parts of the optomechanical accelerometer: optical in green and mechanical in red. And the interaction zone between the two parts in orange. . ext as a function of the optical gap: comparison between the 16µm disks, the 10µm disks and the 20µm rings (mean values from several measurements). . 

7.9

On the left, the piezoshaker is glued on the PCB and is electrically linked to the PCB by wire bonding. A double face SEM scotch is put on the piezoshacker.

On the right, an ENO2 piece of sample is positioned on the scotch. . . . . .
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 1 Figure 1.1: Einstein car thought experiment schematic. The pulse of energy Ω carried a momentum p = Ω/c.

Figure 1 . 2 :

 12 Figure 1.2: (a) Drawing from Astronomicum Caesareum (1540) of Peter Apian. Image from the Royal Astronomical Society. (b) De Cometis Libelli Tretis published in 1619 by Johannes Kepler

  (a) J. C. Maxwell statue (b) Light mill of W. Crookes
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 13 Figure 1.3: In the 19 th century, Maxwell and Crookes worked on the light radiation pressure.
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 14 Figure 1.4: Lebedev's experimental setup for measuring the radiation pressure force (top view): B: arc lamp, C: condenser, D: diaphragm 4 mm, K: collimating lens, W: color lter, S1, S4: mirrors on a moving plate, S2, S3, S5, S6: xed mirrors, L1, L2: lens, G: glass jar with torsion balance, P1, P2: glass plates, R: image of diaphragm D, R1: image of diaphragm D, T: thermocouple [18]
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 15 Figure 1.5: Light pressure experiments of P. N. Lebedev.
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 16 Figure 1.6: The Nichols-Hull experimental apparatus (photo courtesy of Rauner Library)
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 110 Figure 1.10: Picture of the rst piezoresistive accelerometer, B&K Model 4303 accelerometer.
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 111 Figure 1.11: MEMS size reduction over years and the corresponding 3-axis accelerometers.
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 113 Figure 1.13: Schematic of the main errors of accelerometers.

Figure 1 . 16 :

 116 Figure 1.16: Schematic of the optical accelerometer based on VOA [62]. The proof mass displacement changed the optical intensity collected by a photodetector.
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 118 Figure 1.18: Schematic of the accelerometer based on a Fabry Pérot cavity, 2018 [70].

Figure 1 . 19 :

 119 Figure 1.19: Accelerometer based on photonic crystals [73]. a) Close view of the photonic crystal cavity. b) Schematic of the proof mass displacement. c) Scanning Electron Microscope (SEM) image of the optomechanical accelerometer with the proof mass of 150*60µm*400nm.
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 1 Figure 1.20: SEM image of the optomechanical accelerometer with two optical rings cavities, 2012 [76].

Figure 1 . 21 :

 121 Figure 1.21: Performances of accelerometers based on dierent optical transductions.

Figure 1 . 22 :

 122 Figure 1.22: Bandwidth and noise density for the accelerometers presented in the chart 1.21.In orange: optomechanical transduction; in black and blue: non optical transduction.
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 21 Figure 2.1 (see the description of the evanescent coupling in I.3).
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 21 Figure 2.1: Schematic of the optical resonator: a waveguide and a ring optical cavity (radius R). Two gratings (see Chapter 3 B) at the input and output of the waveguide to collect the light. P L : laser optical power, P out : output optical power, PD: photodetector.

Figure 2 . 2 :

 22 Figure 2.2: Theoretical optical spectrum at the output port: optical power as a function of the wavelength.

Figure 2 . 3 :

 23 Figure 2.3: Optical power as a function of the wavelength: resonance peak at the resonance wavelength λ n , with a contrast C and a loaded quality factor Q load .

Whispering

  Gallery Modes were rst observed in the acoustic domain. In St Paul's Cathedral in London (see left picture Figure 2.4), whispers from one part of the dome can be clearly heard in other areas. The same phenomenon has been observed also in the "Temple of Heaven" in Beijing (see right picture Figure 2.4). Nowadays a popular place where this phenomenon occurs, is the ceramic arches gallery located on the Grand Central Terminal, New York .

Figure 2 . 4 :

 24 Figure 2.4: St Paul's Cathedral dome in London and the hall of prayers in the Temple of Heaven in Beijing, with their characteristic circular architecture allowing the WGM propagation.

Figure 2 . 5 :

 25 Figure 2.5: Optical eld for n = 34 -p = 1 on the left and n = 26 -p = 2 on the right. The energy at the contour is higher for the rst case.

Figure 2 . 6 :

 26 Figure 2.6: Examples of WGMs calculation methods with their main principle, conditions and results [99] [100] [102].

Figure 2 . 7 :

 27 Figure 2.7: Schematic of the optical propagation by total reections with the light path in red. i: the light's incidence angle and R the disk radius.

Figure 2 . 8 :

 28 Figure 2.8: Schematic of the eective index method: a) optical stucture b) rst estimation in the z direction c) second estimation in the y direction using the result of the rst estimation.

Figure 2 . 10 :

 210 Figure 2.10: 2D FEM modelisation for a silicon microdisk from [102]

Figure 2 . 11 :

 211 Figure 2.11: Fresnel approximation.

  method. It is based on a vectored resolution of the Maxwell equations in the time domain (see FD-TD section above). Another way is the Finite Element Method (FEM), especially used with Comsol software.A Matrix formalism -Propagative mode methodIf we consider the waveguide and the cavity lossless and single polarized, we can use the matrix formalism[START_REF] Rabus | Integrated Ring Resonators[END_REF].

Figure 2 . 12 :

 212 Figure 2.12: Optical cavity with the matrix formalism parameters.

Figure 2 . 13 :

 213 Figure 2.13: Two parallel waveguides at a distance d 1 . The waveguide A has a refractive index n A and the waveguide B has a refractive index n B .

Figure 2 . 14 :

 214 Figure 2.14: Optical resonator with a waveguide and a ring cavity. |S in | 2 the input optical power, |S out | 2 the output optical power and a the cavity mode amplitude. κ ext the loss rate due to the exchange between the waveguide and the cavity and κ int the internal loss rate of the cavity.

  (a) Disk FD-TD simulation by Ujwol Palanchoke (b) Comsol simulation from [117]

Figure 2 .

 2 Figure 2.15: FD-TD and Comsol simulation of a waveguide and a ring: out-of-plane component of the electric eld for the resonance wavelength.

Figure 2 . 16 :

 216 Figure 2.16: Example of optomechanical interactions in a Fabry-Pérot cavity: two mirrors with one movable (Image from [118]).

(2. 48 )Figure 2 . 17 :

 48217 Figure 2.17: Schematic of the dispersive and dissipative interaction for the external case. a) Modulation of the resonance frequency b) Modulation of the losses.

Figure 2 . 18 :

 218 Figure 2.18: Scanning Electron Microscope (SEM) picture of an optomechanical accelerometer: with the waveguide, the optical cavity (a disk) and the inertial mass (size: 25*40µm2 )

  optomechanical interactions are dominated by the dispersive coupling. So the optomechanical accelerometer can be schematized with the parameters presented on the schematic Figure2.19: the optical parameters P 0 and Q load , the optomechanical coupling factor g om and the mechanical resonance frequency ω m .

Figure 2 . 19 :

 219 Figure 2.19: Inertial device schematic with the optical, optomechanical and mechanical parameters.

49 )P

 49 peak is the optical power near the resonance, C is the contrast and Q load is the optical quality factor -see Chapter 3 I.2.

Figure 2 . 20 :

 220 Figure 2.20: Optical resonance peak in blue, with the linear approximation in red at the inection pointλ * , the contrast C in green and the loaded optical quality factor Q load in yellow.

Figure 2 . 21 :Figure 2 . 22 :

 221222 Figure 2.21: Schematic of the inuence of the inertial mass motion on the optical resonator;

  3.A) or the Coupled Mode Theory (CMT) (see I.3.B).
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Figure 3 . 1 :

 31 Figure 3.1: Optical spectrum with the maximum optical power P 0 and optical resonance peak at the resonance wavelength λ n , with its contrast C, its loaded optical quality factor Q load and the optical power P peak .

Figure 3 . 2 :

 32 Figure 3.2: SEM picture of a Platforme Technologique Amont (PTA) device: the waveguide with the tapper and the coupling zone. The waveguide has been released (SiO 2 etching) so it is on a 1µm of SiO 2 pedestal.

Figure 3 . 3 :

 33 Figure 3.3: Gratings schematic: the silicon is etched periodically in curved grooves with a ∆ pitch. The optical ber is positioned just above the grating with a θ angle.

Figure 3 . 4 :

 34 Figure 3.4: Gratings simulation schematic.
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 35 Figure 3.5: Simulated transmission of a grating with a 625 nm step as a function of the grating depth in nm and the wavelength.

Figure 3 . 6 :

 36 Figure 3.6: Simulated transmission of a grating with a 625 nm step as a function of the grating width in nm and the wavelength.
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 3 Figure 3.7).
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 37 Figure 3.7: SEM pictures of PTA gratings.

Figure 3 . 8 :

 38 Figure 3.8: Theoretical gratings response according to the ber angle and experimental measurement for an ENO2 and PTA device with an expected 10°angle.

Figure 3 . 9 :

 39 Figure 3.9: Schematic of the optical resonator with the exchange Q ext and the intrinsic Q int quality factors representations.

  k int the photon lifetime in the cavity) linked to the propagation losses α dB in the cavity. Dierent physical phenomena induce propagation losses when light is propagating through the structure. These losses are due to wave scattering, optical absorption and wave radiation [116]. Rayleigh scattering losses Q s Two dierent kind of scatterings are distinguished: bulk scattering due to defects in the material (impurities, crystalline lattice defects...) and surface scattering due to roughness and waviness of the surface of the device.
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 4 Depending on the value of Q int and Q ext , the optical cavity presents three dierent optical regimes as represented on the Figure3.10.

Figure 3 . 10 :

 310 Figure 3.10: Simulated optical response according to the optical regime, undercoupled in green, overcoupled in blue and critical in red.

Figure 3 . 11 :

 311 Figure 3.11: Normalized optical power as a function of the wavelength for a PTA device.

  κext and the internal quality factor Q int = ωr κ int as a function of the optical cavity losses and coupling rate with the waveguide.

Figure 3 . 12 :

 312 Figure 3.12: Theoretical evolution of the contrast, the quality factor and the Q*C factor as a function of the coupling coecient K and the losses in the cavity.

Figure 3 .

 3 Figure 3.13: K and α dB study from an experimental measurement of a PTA sample.

Figure 3 . 14 :

 314 Figure 3.14: Evolution of the contrast and quality factor as a function of the gap distance: 80nm in green and 100nm in red.

  For example with Q int =10 000, condition to maximize the Q load * C factor is very clearly shown on the Figure3.15 of the evolution of Q load * C as a function of the Q ext . The maximum is reached for Q ext = 20 000.

Figure 3 .

 3 Figure 3.15: Q load * C as a function of Q ext for Q int =10000.

Figure 3 . 16 :

 316 Figure 3.16: Optical cavity with the intermodal coupling phenomenon representation: the CW and CCW modes, the optical quality factors Q int , Q ext and Q β .

  (a) "Weak" intermodal coupling (b) "Strong" intermodal coupling

Figure 3 . 17 :

 317 Figure 3.17: Experimental doublets (blue crosses), the t in red and the optical parameters extracted from the modelization for two dierent ENO2 devices.

4Q 2 load

 2 Q int Qext) for a cavity with Q ext = a and Q int = b (with a>b, undercoupled regime) is the same as the contrast for a cavity with Q ext = b and Q int = a (with a<b, overcoupled regime). The contrast is the same for the two regimes (see example of the green and khaki lines in Figure3.18). Without intermodal coupling, there is a degeneracy between the two regimes and the critical coupling (the contrast equals one) is reached for Q ext = Q int (see the red curve).

Figure 3 . 18 :

 318 Figure 3.18: Theoretical resonance peak as a function of the intermodal coupling strength and the optical regime. The red, yellow and dashed green curves are in the case of the absence of intermodal coupling Q β =1e30. The critical regime in that case is reached for Q int = Q ext = 1e4 and the over and under coupled regimes are overlapped because Q intover = Q extunder = 1e5 and Q extover = Q intunder = 1e4. The black, cyan and magenta curves are optical spectra with intermodal coupling Q β =1e3.

  the contrast decreases (blue line). If the intermodal coupling increases, the contrast decreases and a doublet appears (see green Q β = 5e4 and yellow Q β = 1e4 lines).
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 319 Figure 3.19: Theoretical resonance peak as a function of the intermodal coupling with Q int = 1e5 = Q ext = 1e5.
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 3 Figure 3.20: Theoretical resonance peak as a function of the intermodal coupling with Q int = 5e4 and Q ext = 1e5.

Figure 3 . 21 :

 321 Figure 3.21: Theoretical resonance peak as a function of the intermodal coupling with Q int = 1e5 = Q ext = 5e4.

Figure 3 . 22 :

 322 Figure 3.22: In the case of an intermodal coupling Q β = 5e4, the critical regime is reached for Qint = 1e6 and Qext = 5e4 in red. For the green line, the conditions are: the contrast almost equals one, Qint = 1e6 and Qext = 1e5.
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 41 Figure 4.1: The two parts of the optomechanical accelerometer: optical in green and mechanical in red. And the interaction zone between the two parts in orange.

Figure 4 . 2 :

 42 Figure 4.2: Mass Spring Damper system.

Figure 4 .

 4 3b). It includes a laser, a ber polarization controller (FPC) (the FPC allows a transverse electric (TE) propagation of the light to maximize the transmission in our devices, TE designed), the vacuum chamber (mostly used without vacuum), two photodetectors (PD) and a lock-in. The light is most of the time conned in optical bers except in the zone of coupling bers-gratings where the light is free and in the device where the light is in the silicon waveguide and cavity.(a) Measurement chain schema (b) Optomechanical bench with the vacuum chamber

Figure 4 . 3 :

 43 Figure 4.3: Tests bench schematic and picture with the main components: laser, polarisation controller FPC, vacuum chamber, photodiode, lockin and computer.

-Figure 4 . 4 :

 44 Figure 4.4: Inside of the vacuum chamber with the ber holder and the optical ber scotched in the slit, the picomoter and a sample.

  λ) the responsivity [A/W ] and P xx the optical power at the input of the photodetector. The output optical power can be measured by dierent photodetectors according to the kind of measurement and the measured device: a New Focus 125MHz and a Femto OE-200-IN2, both with a InGaAs-PIN (P-type layer, intrinsic layer and N-type layer) detector. The New Focus 125MHz main characteristics are: -a gain of 10000 V/W -a NEP of 2.5 pW/ √ Hz measured at 10kHz (Noise Equivalent Power (NEP) -see II) -a saturation power at 0.5 mW -a bandwidth from DC to 50kHz -a wavelength range: 900-1700nmThe Femto OE-200-IN2 is a variable gain photoreceiver with a spectral range from 900 to 1700nm. The performances depend on the gain setting (see chart below).
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 45 Figure 4.5: Femto parameters.
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 46 Figure 4.6: Main system noises: in blue mechanical noise, in green optical noise and in purple electrical noise.
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 4 Figure 4.7b.
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 47 Figure 4.7: Theoretical noise PSD.

  (a) LocKIn spectrum between 100Hz and 1MHz (b) Zoom around 100kHz

Figure 4 . 8 :

 48 Figure 4.8: LockIn noise spectra with a 50Ω plug and a 10mV range.
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 49 Figure 4.9: Femto NEP measurement.
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 410 Figure 4.10: Comparison between the Lock-In noise, the total noise with the photodetector and with the laser at 2mW and so 6.9µW at the photodetector after the attenuator of 25dB.The measurement has been done for several laser's power, to see the inuence on the noise level. On the graph Figure4.11, the noise is measured for a laser power of 0mw, 1mW (3.5µW at the photodetector after the 25db attenuator), 3mW (10µW) and 15mW (82µW).

Figure 4 . 11 :

 411 Figure 4.11: Comparison of the noise for three dierent laser's power. With the attenuator 25dB, the P L = 1mW corresponds to an optical power of 3.5µW at the photodetector, the P L = 3mW at 10µW and the P L = 15mW at 82µW.
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 412 Figure 4.12: Total system noise at 100kHz with the Femto gain 4.

Figure 4 . 13 :

 413 Figure 4.13: Optical peak as a function of the wavelength, with the linear approximation at the inexion point λ * . On the right, an example of dierent errors due to the linear approximation.

Figure 4 . 14 :

 414 Figure 4.14: The real optical power P out ,the approximative power P app and the error E as a function of the wavelength dierence from the inexion point. On the right, the two wavelength spans ∆λ 1-10% and ∆λ 2-10% corresponding to an error of 10%.

Figure 4 . 16 :

 416 Figure 4.16: The dynamic range span in displacement (x min to x max ) representation (on the left) and the dynamic range in acceleration xed by the mechanical frequency (on the right).

Figure 4 . 17 :

 417 Figure 4.17: SEM picture of an optomechanical accelerometer.

Figure 4 . 18 :

 418 Figure 4.18: Design schematic of the optomechanical accelerometer with a disk cavity and a straight mechanical gap.

Finally, the

  inertial mass dimensions (L B the mass length, W B the mass width) and the beams dimensions (L p the beam length, W p the beam width) are multiple to change the nal accelerometer performances (dierent sensitivity).
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 419 Figure 4.19: Design schematic of the optomechanical accelerometer with a ring cavity and a curved mechanical gap.

Figure 4 . 20 :

 420 Figure 4.20: 3D design schematic of the optomechanical accelerometer with the silicon top in cyan, the oxide underneath in purple and the silicon bulk in grey for understanding purpose.
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 4 Figure 4.22: Metallic design

Figure 4 . 21 :

 421 Figure 4.21: The three dierent designs: a) Silicon b) Metallic c) Epitaxy.
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 51 Figure 5.1: Patterning steps: the resist is rst coated, then exposed and nally, after being immersed in the developer, a positive resist stays on the substrate and a negative resist dissolves.

Figure 5

 5 Figure 5.1) [128].

Figure 5 . 2 :

 52 Figure 5.2: Projecting lithography.
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 53154552 Figure 5.3: 1. SOI sample (blue: silicon -purple: oxide); 2. a positive resist is deposited on top (resist in dark blue) 3. after the lithography step and the development step, the pattern is transferred on the resist.

Figure 5 . 6 :

 56 Figure 5.6: Scanning Electron Microscope (SEM) picture of a PTA device. The waveguide is on a 1µm SiO 2 pedestal after release. The release holes must be close enough to release the inertial mass.

Figure 5 . 7 :

 57 Figure 5.7: Schematic of the device and the parts that are dicult to manufacture.

Figure 5 . 8 : 1 .

 581 Figure 5.8: Fabrication steps

Figure 5 . 9 :

 59 Figure 5.9: SEM pictures: alignment crosses from a PTA sample after oxide etching.Resist coating: an adhesion promoter (called VM 652) is deposited on the substrate followed by a 270nm thick resist layer (positive resist: ZEP 520A). Both products are deposited with the following deposition parameters:

1 and Figure 5 .

 5 [START_REF] Maxwell | a dynamical theory of the electromagnetic eld[END_REF]. Indeed the gratings transmission depends on the gratings step, depth and width. We can adjust the nal transmission by adjusting the depth as a function of the width measured with SEM pictures (the exact gratings width is not exactly the same at each manufacturing run).

Figure 5 . 10 :

 510 Figure 5.10: Grating schematics: on the left a cross and a grating positioned on a SOI sample.On the right, a grating with the step, width and depth representation.

4 .Figure 5 . 12 :

 4512 Figure 5.12: Silicon etching step to fabricate the waveguide, the optical cavity and the inertial mass. a) Wafer for the etching step: a SOI sample without patterning is used for the interferometer measurement. b) SEM picture of a PTA device after etching.

Figure 5 . 13 :

 513 Figure 5.13: Two dierent types of PTA devices: disk and ring, curved and straight gaps.

Figure 5 .

 5 [START_REF] Giuseppe | Sopra i movimenti prodotti dalla luce e dal calore,e sopra il radiometro di Crookes[END_REF] to the nal device(6. 
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 14 , there are only 4 steps: the crosses fabrication, the gratings fabrication, the optical and mechanical parts fabrication and then the release. Nevertheless, lots of problems have arisen and lots of PTA fabricated devices were not functional.

Figure 5 .

 5 Figure 5.14: 1. SOI 2. After the crosses fabrication 3. After the gratings fabrication 4. After the waveguide, cavity and mass fabrication 5. After the release, nal device 6. Final device (without the bulk representation).

  To solve this problem, I performed tests with dierent insulation doses with a dedicated mask with three dierent mass dimensions (50*100µm, 100*200µm, 200*300µm), each with three dierent holes diameters (400nm, 600nm and 800nm). There are nine devices, repeated eight times on the sample to test dierent exposure doses.

Figure 5 . 15 :

 515 Figure 5.15: Pattern and doses used for the test.

Figure 5 . 16 :

 516 Figure 5.16: Evolution of the holes at each process step for a 50*100µm device with 800nm diameter holes. First, SEM image of the resist, then SEM image after Si etching and nally, SEM image after release.

Figure 5 . 17 :Figure 5 . 15 .

 517515 Figure 5.17: Results of the insulation dose tests on the release holes. On the up left corner, the insulation dose is indicated. Sample 1: short development. Sample 2: long development. The squares represent the dierent device sizes and hole sizes with the same logic as presented Figure 5.15. The red squares represent non opened holes and the green squares opened holes at the end of the fabrication process.

Figure 5 . 18 :

 518 Figure 5.18: SEM images of the beams before Si etching. Examples of too exible resist that leads to the collapse of the beam in resist.

Figure 5 . 19 :

 519 Figure 5.19: Results of the dose test for the beams. On the up left corner, the insulation dose. Sample 1: short development. Sample 2: long development. The squares represent the dierent device size and hole sizes with the same logic as presented Figure 5.15. The red squares represent non functional beams and the green squares functional beams at the end of the fabrication process.

Figure 5 . 20 :

 520 Figure 5.20: The dierent pressure (5mT or 10mT) and temperature (65°or 100°) parameters for the four samples A, B, C and D.

Figure 5 . 21 :

 521 Figure 5.21: The 8 dierent designs used for the pressure and temperature test: 4 with straight mechanical gap and 4 with curved mechanical gap. The gap dimensions are specied in the chart on the left.

Figure 5 . 23 :

 523 Figure 5.23: Beams after annealing

Figure 5 . 24 :

 524 Figure 5.24: Surfaces after annealing.

Figure 5 .

 5 Figure 5.25: SEM picture of the devices after etching but before resist removing. The silicon layer (whiter) is visible under the resist layer.

Figure 5 . 26 :

 526 Figure 5.26: SEM pictures of the optical and mechanical gaps for devices from the samples A, B, C and D after silicon etching.

Figure 5 . 27 :

 527 Figure 5.27: Final results: SEM pictures of the sample A, B, C and D after a release step of 580nm to observe if the silicon in the gaps and in the holes has been correctly etched during the silicon etching step and if the silicon dioxide has been correctly etched during the release step.

Figure 5 .

 5 Figure 5.27). For the sample annealed at 65°during 15 minutes and then silicon etched at 5mT, even 150nm straight optical and mechanical gaps present silicon in the gaps (see Figure5.27). Then, we can see a dierence between the 100nm optical gap of the samples C and

Figure 5 . 28 :

 528 Figure 5.28: Final results: correctly fabricated devices from SEM pictures (not from measurements) in green and poorly fabricated devices in red.

Figure 5 . 29 :

 529 Figure 5.29: SEM pictures of correctly fabricated devices at the PTA clean-room.

  photolithography, resist development, etching (dry RIE) and resist removing.

Figure 5 . 31 :

 531 Figure 5.31: Silicon devices fabrication steps.

  33 b). To prevent this eect, we could design larger gaps or change the lithography parameters (for example the insulation dose). Another way would be to design a new optomechanical coupling zone (seeFigure 5.35). Furthermore, we observed inhomogeneity in the release step within the same sample. The devices in pictures c and d Figure5.33 are part of the same sample and so result from the same release steps. As you can see on Figure5.33, one device is totally released and the other presents oxide residues on the inertial mass. Until now, we do not have any explanations about this phenomenon. Fortunately, it does not appear for all wafers.

Figure 5 . 33 :

 533 Figure 5.33: SEM pictures of ENO2 devices: on the left, functional devices and on the right dysfunctional devices. og: optical gap; mg: mechanical gap.

Figure 5 .

 5 Figure 5.34: SEM pictures of ENO2 devices: on the left, a curved mechanical gap with a 16µm disk and on the right, a straight mechanical gap with a 16µm disk. Both present silicon residues between the cavity and the inertial mass and are consequently dysfunctional.

Figure 5 . 35 :

 535 Figure 5.35: Improvement of the optomechanical coupling zone: the inertial mass can be moved away from the optomechanical coupling zone thanks to a beam to connect the two parts. On the left, the current coupling zone. On the right, the future design.

Figure 5 . 36 :

 536 Figure 5.36: Process steps for the metal deposition. The rst steps are common to the silicon devices.

Figure 5 . 37 :

 537 Figure 5.37: Process steps for the metal deposition.

Figure 5 . 38 :

 538 Figure 5.38: Process steps for the metal deposition.

Figure 5 . 39 :

 539 Figure 5.39: SEM pictures of ENO2 metal devices. On the left, working devices and on the right dysfunctional devices because of b) deformed inertial mass d) silicon residues in the optical gap.

Figure 5 . 40 :

 540 Figure 5.40: Process steps for the epitaxy family: the rst steps are common to the other families.

Figure 5 . 42 :

 542 Figure 5.42: SEM pictures of devices with epitaxy after release. On a) the NEMS part is lifted. On b) the NEMS part is broken.

Figure 5 . 43 :

 543 Figure 5.43: The epitaxy devices: a) large view b) close view of a support beam.

Figure 5 . 44 :

 544 Figure 5.44: SEM pictures of the NEMS parts of the devices: close views on the optical and mechanical gaps.

Figure 5 . 45 :

 545 Figure 5.45: SEM pictures of ENO2 devices correctly fabricated.

Figure 6 . 1 :

 61 Figure 6.1: Schematic of the measurement chain with the laser, the polarization controller (PC), the vacuum chamber with the positioning stage, a photodetector (PD), the lock-in and the computer.

Figure 6 . 2 :

 62 Figure 6.2: Inside of the vacuum chamber a) Top view b) Side view.

Figure 6 . 3 :

 63 Figure 6.3: On the left: picomotors control panel to align the bare bers onto the gratings. On the right: rst optical characterization control panel to perform the optical spectrum measurement.

Figure 6 . 4 :

 64 Figure 6.4: Optical spectra for a PTA device and an ENO2 device.

Figure 6 . 5 :

 65 Figure 6.5: SEM pictures of disk cavities, on the left with a straight mechanical gap and on the right a curved one.

Figure 6 . 6 :

 66 Figure 6.6: Before release a), the waveguide is surrounded by silicon dioxide and after release b) by air, changing the eective index n ef f

Figure 6 . 7 :

 67 Figure 6.7: O29A PTA device mask with 3 dierent optical cavities (10µm disks, 16µm disks and 20µm rings), with curved and straight mechanical gaps of 100nm on the left and 150nm on the right. Each kind of cavity is fabricated with a 80nm, 100nm and 130nm optical gap. The optomechanical accelerometers present dierent inertial mass sizes: 1. 50 * 53µm 2 , 2. 100 * 53µm 2 , 3. 250 * 200µm 2 .

  .8). The t gives us the intrinsic Q int , the exchange Q ext and the intermodal coupling Q β (for the doublet case, see Chapter 3 section III).

Figure 6 . 8 :

 68 Figure 6.8: Optical resonance peak and t: on the left, single peak and on the right, doublet.

Figure 6 . 9 :

 69 Figure 6.9: Optical parameters for PTA devices before release. S: straight, C: curved.

Figure 6 . 10 :

 610 Figure 6.10: Optical parameters for PTA devices after release.

Figure 6 . 11 :

 611 Figure 6.11: Q load * C factor for PTA devices after release.

Figure 6 .

 6 Figure 6.12: Q load * C factor for PTA devices after release for a second sample.

Figure 6 . 13 :

 613 Figure 6.13: Optical parameters for disks with a 10µm diameter before release.

Figure 6 . 14 :

 614 Figure 6.14: Optical parameters for disks with a 16µm diameter before release.

Figure 6 . 15 :

 615 Figure 6.15: Optical parameters for rings with a 20µm diameter before release.

Figure 6 . 16 :

 616 Figure 6.16: Q load * C factor for ENO2 devices before release

Figure 6 . 18 :

 618 Figure 6.18: Q load * C factors for ENO2 after release.

Figure 6 . 19 :

 619 Figure 6.19: Q load * C factors comparison for PTA and ENO2 devices after release.
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 41003161 Exponential t of the Q ext factor as a function of the optical gap d opt . S is for straight mechanical gap device and C is for curved mechanical gap device.

Figure 6 .

 6 Figure 6.20: Q -1 ext (d opt ) for PTA devices before release. Data for 20µm rings, 10µm disks and 16µm disks with straight mechanical gap (S) and curved mechanical gap (C).

Figure 6 . 2 :

 62 Figure 6.21: Q -1 ext as a function of the optical gap d opt for the rings and disks with a curved 100nm mechanical gap after release.

Figure 6 . 22 :

 622 Figure 6.22: Comparison of the Q -1 ext (d opt ) function before and after release for the PTA devices. On the left, for the rings and on the right, for the disks.

Figure 6 . 23 :

 623 Figure 6.23: Comparison of the Q -1

Figure 6 . 24 :

 624 Figure 6.24: Comparison of the Q -1

  tted to extract the Q ext factor. All data from the same kind of cavity, are in the same range, showing a certain reproducibility of this study. A mean of the values from the dierent samples has been done for each kind of cavity. Moreover, the straight and curved data are very similar which is expected as the shape of the mechanical gap does not have to change the coupling between the waveguide and the cavity. So the data for the straight and curved mechanical gap have been gathered. All the Q -1 ext (d opt ) data are plotted on Figure 6.25 and tted with an exponential.

Figure 6 .

 6 Figure 6.25: Q -1 ext as a function of the optical gap d opt : comparison between the 16µm disks, the 10µm disks and and the 20µm rings (mean values from several samples).

Figure 6 .

 6 Figure 6.26: Q -1

Figure 6 .

 6 Figure 6.27: Q -1

Figure 6 . 28 :

 628 Figure 6.28: Q ext (d opt ) for the 10µm disks, the 16µm disks and the 20µm rings for ENO2 devices after release.
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  2): silicon devices, metal devices and epitaxy devices (respectively see b), c) and d) Figure 7.1).

Figure 7 . 1 :

 71 Figure 7.1: SEM pictures, a) large view of an ENO2 sample with 5 silicon devices, b) ENO2 silicon device, c) ENO2 metal device, d) ENO2 epitaxy device.

3 .

 3 The epitaxy devices (see SEM picture d) in Figure7.1) present an epitaxy of silicon on the mass of ∼ 21µm, the beams and the electrodes. These epitaxy devices are somewhat dierent from the two others because the beams are spring shaped to avoid too long beams.The main characteristics of the inertial mass are its resonance frequency f m and its mechanical quality factor Q m . The rst mechanical test consists in measuring the resonance frequency of the inertial mass at f m = w m /2π = k/m/2π to verify the functionality of the device (with m the mass and k the stiness of the inertial mass). Then, the mechanical measurements (Brownian noise measurement or acceleration measurement under actuation) provides the optomechanical coupling factor g om and nally the dierent performances of the device: resolution, sensitivity, bandwidth and dynamic range (detailed in Chapter 4 III.1). In the next part, we will see the expected mechanical response, the test bench and how to verify the mechanical functionality of the device.

Figure 7 . 3 :

 73 Figure 7.3: Optical characterisations: on the left the entire optical spectrum and on the right the optical resonance step by step characterisation.

Figure 7 .

 7 Figure 7.5).

Figure 7 . 5 :

 75 Figure 7.5: Electrostatic actuation schematic with the rst electrode connected to the inertial mass (electrode 1) and the second electrode separated from the mass by the electric gap d elec = 2µm. A dierence of potential is applied between the two electrodes leading to a capacitive force between the electrode 2 and the mass surface.

Figure 7 . 6 :

 76 Figure 7.6: Schematic of the bonding on an ENO2 sample: in blue the silicon parts and in red the metallic parts.

Figure 7 . 7 :

 77 Figure 7.7: Picture of a sample with the electric bonding on the top and the optical bers on the gratings.

Figure 7 . 8 :

 78 Figure 7.8: Photodetector power as a function of time, without actuation at the beginning t=0: the laser is tuned on the optical resonance. Then, DC or AC voltage is applied to the electrode next to the inertial mass.

  The piezoshaker is a Noliac shear plate actuator composed of Au on Ni plated electrodes and a Noliac piezoceramic material NCE51 (a standard soft material) [131]. Its main characteristics are: a size of 15*15*0.5 mm, an operating voltage maximum of +/ -320V and an unloaded resonance frequency of 1750 kHz.

Figure 7 . 9 :

 79 Figure 7.9: On the left, the piezoshaker is glued on the PCB and is electrically linked to the PCB by wire bonding. A double face SEM scotch is put on the piezoshacker. On the right, an ENO2 piece of sample is positioned on the scotch.

15 eFigure 7 .

 157 Figure 7.10: a) Picture of the Noliac shear plate actuators. b) Schematic of the transverse piezoelectric eect: P direction of polarization, E electric eld strength, GND ground, V operating voltage and L shear shear actuator displacement.

Figure 7 .

 7 11. The optical cavity is a disk with a 10µm diameter, its optical transmission is plotted in Figure7.11.

Figure 7 . 11 :

 711 Figure 7.11: SEM picture and optical transmission of the PTA device B10 for P L = 2mW .

Figure 7 . 12 :

 712 Figure 7.12: On the left, BN measurement in vacuum at resonance with P L = 8mW . On the right, actuation around f m with the piezoshaker in vacuum with P L = 2mW .

Figure 7 .

 7 Figure 7.13). The inertial mass size is 100 * 50µm 2 with support beams of 1,5µm length and 150nm width. The theoretical mechanical resonance is 642kHz. The optical power P peak around the optical resonance for a laser power of P L = 1mW is 1µW. The optical quality factor is Q load = 98 300. In Figure7.13, the optical resonance is measured with a laser power of 10mW. The peak has a triangular shape due to the thermooptic eect (see details section I.4).

Figure 7 .

 7 Figure 7.13: M07BE SEM picture and optical resonance measurement.

Figure 7 . 14 :

 714 Figure 7.14: Brownian noise amplitude at resonance.

Figure 7 . 15 :

 715 Figure 7.15: Piezoshaker actuation with V=20mV.

  The optical packaging is realized by O. Castany at DOPT CEA LETI. It consists of gluing two optical connectors called ferrules, directly on the gratings (see picture Figure 7.16). Each ferrule includes ve optical bers (see schematic Figure 7.16). These ve bers are spaced by 250nm. The bers in the ferrule have an angle of 8°to optimize the optical coupling between the bers and the gratings (see details in Chapter 3 section I.1).

Figure 7 . 16 :

 716 Figure 7.16: Schematic representation of the ferrules.

Figure 7 . 18 :

 718 Figure 7.18: Optical spectra before and after packaging. No more resonance peaks after the packaging.

Figure 7 . 19 :

 719 Figure 7.19: SEM pictures of two devices after optical packaging. The optical packaging glue has spread to the optical gap.

Figure 7 . 20 :

 720 Figure 7.20: Optical spectra for B10 O25R before and after packaging. The transmission has been multiplied by 10.

Figure 7 . 23 :

 723 Figure 7.23: Sample supports mounted on the vibrometer with a packaged sample. On the left, the system 1 and on the right the system 2.

Figure 7 . 24 :

 724 Figure 7.24: Vibrometer with its power supply (LFG), the laser for the interferometer measurement on the right. On the left, our instruments: a laser, two photodetectors, a lock-in, a beam splitter and a polarization controller.

Figure 7 . 25 :

 725 Figure 7.25: Optical characterisations: a) optical spectrum b) optical resonance Optical power divided by 10 due to the beam splitter (see schematic 7.4) , 10% of the optical power is used for the optical characterisations.
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	Seismic	<1Hz, <1g
	Train acceleration	0.1 -0.5 g
	Car acceleration	0.44 g
	Satellites	<+/-0.010mg
	Probable death or serious injury	>50g
	Proton acceleration in LHC	190 000 000g

1: Dierent acceleration range according to the application.

Figure 1.14: Range and bandwidth needs for dierent applications.

  Dierent kinds of optical resonators exist with dierent types of energy storage. The most well-known one is the Fabry-Pérot cavity, consisting of two opposing and reecting surfaces.
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  studied the scattering of an electromagnetic wave by an

	homogeneous dielectric sphere. He published in 1908 Contributions to the optics of turbid
	media, particularly of colloidal metal solutions in "Annalen der Physik" (translation: [103],
	original in German: [104]). The scattering of an electromagnetic wave by a homogeneous
	spherical is now called "Mie scattering".	
	Then, in 1910, Lord Rayleigh published "The problem of the Whispering Gallery" in which
	he suggests that an optical wave can propagate inside a sphere through internal reections
	and developed the theory mathematically [105].	
	In this paper "On the Whispering-Gallery phenomenon" published in 1922 [106] and in
	a letter in Nature [107], Sir Chandrasekhara Venkata Raman (1888-1970, India) and George
	Alexander Sutherland (1861-1939, England) performed some experiments at St.	Paul's
	Cathedral. They discussed some points bringing by Lord Rayleigh. "The experiments thus

  is the phase mismatch between the waveguides: β = β B -β A . o AB and o BA are the overlap integrals:

			2.22)
	∂A B ∂z	= io AB A A e i∆βz	(2.23)

β

  An accelerometer generally consists of a proof mass suspended by beams anchored to a xed frame. External acceleration displaces the support frame relative to the proof mass. The acceleration measurement can be done by sensing the mass displacement in relation to its support.
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	I	Main fabrication steps
		The optomechanical accelerometers have been fabricated using two dierent methods: the
	PTA fabrication and the VLSI on 200mm wafer fabrication. Both ways follow the same
	fabrication schematic: patterning, etching and release. In this section, the most important
	techniques are briey presented.
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  from plasma are accelerated toward the substrate, to remove a specic deposited material. In our case, we use HBr, Cl 2 , CF 4 and O 2 gaz to etch the silicon.

	1. MIBK [1:1] 60 secs
	2. MIBK [89:11] 20 secs
	3. Drying N2

Silicon etching step: the etching is done with an Induced Coupled Plasma (ICP) etching machine: Plasma100 from Oxford. The sample is glued on a carrier 100mm wafer with Poly-Methyl MethAcrylate (PMMA) and a DICP RIE etching is performed (see I.2). In ICP RIE etch, ions
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 6 4: Experimental Q -1 0 for optical gap dimensions in nm.

			κ		
	Cavity	PTA		ENO2
		Before R	After R	Before R	After R
	Ring 20	0.023	0.025	0.018	0.016
	Disk 10	0.036	0.034	0.022	0.01
	Disk 16	0.007	0.042	0.015	0.016

Table 6 .

 6 5: Experimental κ for optical gap dimensions in nm.

Table 7 .

 7 6 V/m. 1: Mechanical parameters obtained with the BN measurement.

	f m	Q m in vac.	g OM (Hz/m)
	3,92 MHz	650	4, 2.10 18

Table 7 . 2

 72 5, Q load =8 000. The sensitivity for P L = 1mW is 2, 8.10 5 (V /m).

	P peak (µW)	Qload	C	g OM (Hz/m)	S 1 (V/m)	S 2 (nV/g)
	1,5	8 000	0,5	4, 2.10 18	2, 8.10 5	4,5

: Sensitivity for P L = 1mW of the B10 O25R-Q2 device.

Table 7 .

 7 4: B10 performances for P L = 1mW .

	. Fur-

Table 7 .

 7 

5: Potential future B10 performances for P L = 1mW .

Table 7 .

 7 5 (V/m). 6: Mechanical parameters obtained with the BN measurement.

	f m	Q m in vac.	g OM (Hz/m)
	654kHz	19 000	1, 96.10 18

Table 7 . 7

 77 5 V/m or 296 nV/g.

	P peak (µW)	Q load	C	g OM (Hz/m)	S 1 (V/m)	S 2 (nV/g)
	1,9	75 000	0,2	2.10 18	5.10 5	296

: Sensitivity for the device M07BE at P L = 1mW
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 7 

		(kHz)	Acc piezo (g)	Acc meas (g)
	20mV	330	11	5
	100mV	520	137	77
	500mV	350	311	160

8: Piezoshaker measurement results and comparison with the values from the piezoshaker parameters.

Table 7 .

 7 9: Theoretical maximal measurable acceleration.

		∆λ	∆X mass	a max (g)
	10%	5, 8.10 -12	2,3nm	4.10 3
	1%	2, 7.10 -12	1nm	2.10 3
	Finally, the M07BE ENO2 device has a sensitivity of 130nV/g and a bandwidth of 130kHz.
	Further development of the experimental bench and future improvement of the optical cavity parameters may lead to a resolution of 7mg/ √ Hz, with a fundamental limit due to the BN at 120µg/ √ Hz.
	Current M07BE Performances	
	Sensitivity (V/m) (nV/g)	Bandwidth (kHz)	Resolution (g/ √ Hz)
	2, 2.10 6 127	130		0,6

3 

g or 2.10 3 g according to the chosen level of precision (see methodology details in Chapter 4 section C).

However, no tests were carried out to evaluate the maximum measurable acceleration which will have to be done in the future, perhaps with the vibrometer presented in the next section.

Table 7 .

 7 10: M07BE performances.

	Potential future M07BE Performances
	Sensitivity (µV/g)	Bandwidth (kHz)	Resolution (g/ √ Hz)
	30	130	120.10 -6

Table 7 .

 7 11: Potential M07BE performances.
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A Simple cleaning

The simple cleaning consists of immersing the sample in dierent beakers stirred thanks to ultrasounds. First, in an acetone beaker during 10 minutes, then in an isopropanol (IPA) beaker during 10 minutes and nally in water to rinse the sample, during 5 minutes:

1. Acetone -US 40°-10 min 2. IPA -US 40°-10 min

Water 5min B CARO cleaning

We also use a stronger cleaning (if the rst cleaning was not sucient) to be sure to remove all organic particles. The rst step is a cleaning in a Piranha solution (frequently used in the microelectronic industry, e.g. to clean photoresist residues). The second step is one of the steps of the RCA cleaning (the RCA cleaning was developed by Werner Kern in 1965 while working for RCA, the Radio Corporation of America -it was a major American electronics company).

Piranha 90°during 10 minutes

2. First step of the RCA cleaning 70-80°during 10 minutes

In the solution, the ammonium hydroxide N H 4 OH etches silicon surfaces and hydrogen peroxide H 2 O 2 passivates the sample surface and decomposes organic contaminants on the sample surface.

Rinse de-ionized water 5 -10min

After the cleaning, the sample is observed under a microscope to determine if it is suciently clean to be used. If it is not, a new cleaning is done. Otherwise, the sample is ready for the next step.

Once again after this fabrication step, the sample is observed with SEM and cleaned. 

II.4 Optical resonator and inertial mass fabrication

Once the crosses and the gratings have been fabricated, the waveguide, the optical cavity and the inertial mass can be made.

Resist coating: a VM 652 promoter layer and a 380nm thick layer of a negative resist We can see that for both temperatures the beams with a length of 10µm have collapsed whereas the beams with a 5µm length are functional (see Figure 5.23), knowing that the insulation dose is 412 µC/cm 2 .

In the previous test (dose test), the beams of 150nm width and 10µm length were functional with this dose and process but according to this test, the beams of 100nm width and 10µm length cannot be fabricated with these process parameters.

IV VLSI fabrication

The CEA Leti possesses a 8" microsystems platform. This semi industrial clean-room has 4,500 sq. m of surfaces, 400 pieces of major equipment and is opened 24-7. The 200mm process clean-room gives the opportunity to test numerous dierent optomechanical accelerometer designs. It also provided the opportunity to test more complex fabrication processes than what was done at the PTA. In this chapter, the mask used for the lithography will be presented along with the dierent kinds of optomechanical accelerometers fabricated at the 200mm process clean-room. Then, the fabrication steps will be detailed, with the fabrication issues and results.

IV.1 ENO2 mask

The mask is a key element of the fabrication process (see lithography section I.1). It contains all designs, their layout and the dierent fabrication layers needed. That is to say that for each step of fabrication, there is a corresponding layer in the mask with the pattern of this step. Our mask is called ENO2. The ENO2 mask is a multi-project mask with contributions from dierent projects and with dierent types of devices. The next section gives more details on the fabrication process steps for the dierent kinds of devices.

Then, an oxide (in green in Figure 5.40) is deposited to protect the NEMS parts during the epitaxy steps. The oxide is also used as a stopping layer for the MEMS etching. 

B Under acceleration

Then, the mass is submitted to an acceleration a. We have seen in Chapter 4 section I that the signal is proportional to the mass displacement X(t):

For a certain frequencies range f < fm 5 , the relative mass displacement is proportional to the support frame acceleration.

The next section will present how to perform the mechanical tests with our optomechanical bench.

I.3 The mechanical measurement conditions

Almost all mechanical characterisations are done with the optomechanical bench already presented in the previous Chapters. The system noise and equipment characteristics can be found in Chapter 3 section I.2. In this section, the experimental methodology for the mechanical measurements will be described. 

B Mechanical measurements

The laser wavelength is tuned in the resonance peak. The mechanical measurement can be performed. To do so, a part of the light coming from the device (90%) is analysed by the AC port of the Femto photodetector and then the electrical signal provided by the AC port is sent to the lock-in (see schematic Figure 7.4). 

Sample holder

The sample must be held vertically on the vibrometer. Two mounting systems were available from previous studies. The rst system is xed on the vibrometer thanks to a plate with 6 mounting holes and a bracket to hang a plate on which the sample is stuck (see picture a Drive at 3kHz and acc vib =15g

The actuation is at 3kHz. The interferometer measurement gives an acceleration of 15g.

The output optical power is analysed thanks to the lock-in with a sweep around the actuation frequency. Drive at 15kHz and acc vib =1g

The actuation is at 15kHz. The interferometer measurement gives an acceleration of 1g.