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Introduction

In recent decades, nano-electromechanical resonators (NEMS) or micro-electromechanical
resonators (MEMS) have demonstrated their tremendous potential for sensing applications.
Thanks to their electrical-mechanical coupling, they exhibit an excellent sensitivity. This
permits them to be used in high precision applications such as mass spectrometry. Nowadays,
these technologies appear mature and can detect atoms in vacuum. The mass resolution of a
nano- and micromechanical resonator is proportional to its effective mass. The lower the mass
of the resonators, the better the achieved resolution. Consequently, the resonators have been
subject to a miniaturization campaign in order to reach the highest resolution possible.
Nevertheless, this has led to fragile structures. Such devices are only used in unconstrained
environments like vacuum or air. In a constrained environment such as liquid, the viscosity
causes the beam-based micro and nano mechanical devices to break and not to resonate.

In the state of the art, more robust devices exist such as optomechanical disks. This kind of
resonator hosts two resonance modes: optical and mechanical. A coupling called
"optomechanical coupling” connects these two modes, which allows the interaction between
light and a mechanical disk resonator at the low energy level. An optomechanical resonator is
a device in which the propagation of light is modified (modulated) by its mechanical motion.

These devices are able to resonate in an unconstrained environment (vacuum, air) with
excellent quality factor (Quacuum =10000 and Q,;- =1500), as well as in a constrained
environment like liquid with a moderate mechanical energy 10ss (Qjiguia ~50). This makes
them more interesting for the realization of mass sensors for a vast panel of applications such
as biological and chemical detection. CEA-Leti develops this kind of disk resonator for mass
applications. These resonators are based on silicon and have an excellent mass sensitivity of
1Hz/10718g.

This research project is part of the development of a mass measurement system based on an
optomechanical resonator. The objective of the thesis is to develop electronics for the reading
of an optomechanical resonator. The electronic to be designed must also be compatible with
matrix reading. Over the past three years, we have focused on these objectives. We present in
this work, a compact analytical model of the optomechanical resonator. Such a model is
necessary to design a circuit. This allowed us to perform realistic and complete electrical
simulations. We also propose a discussion on the ideal matrix configuration that will facilitate
the design of a readout circuit. At last, to the best of our knowledge we report for the first time
in this manuscript a reading circuit able to read accurately optomechanical resonators. Alone,
the proposed circuit has a resolution of 20 ppb but when combined with the optomechanical
sensor the resolution degrades and becomes 500 ppb.

Outline of the Thesis
Except the introduction and conclusion, this thesis manuscript is composed of five chapters:

e Chapter 1 - Introduction to optomechanics, is an outline of optomechanical cavities.



Introduction

Part | presents the history and development of optomechanical resonators from the first
experiments in the 17th century to the modern times. We introduce the operating
principle of a basic optomechanical system (OM) by considering the optical resonance,
the mechanical resonance and the optomechanical coupling. We will see the two main
families of optomechanical resonators (photonic Crystal and circular cavity). Each kind
of resonator is used in a variety of applications such as force detection, magnetic field
detection, acoustic wave detection, mass detection, .... In the last part of the chapter, we
will describe the optomechanical devices used for the mass detection. We will describe
the optically actuated device and the electrostatically actuated device.

e Chapter 2 - Optomechanical Sensor: Theory and Modeling, describes analytically the
behavior of optomechanical resonators. The optical and mechanical behavior of the disk
is presented in the first section. We will examine the optomechanical coupling that links
the two resonance modes. For each type of resonator (optically actuated and
electrostatically actuated) we will present the equations describing the principle of
operation. Based on these equations, we propose the development of a compact model
in Verilog A. Then we validate the coherence of this model with respect to the
experimental results.

e Chapter 3 - Towards a matrix integration of optomechanical resonators, suggests a new
matrix configuration for optomechanical resonators. First, we will see the interest of
such a structure for mass detection. Then the specifications on which we have based our
design. The optomechanical matrix will be read sequentially, we will explain why. To
allow this sequential reading we exploit the thermo-optical effect of the resonator. This
consists in shifting the optical resonance to mask the mechanical response of the disk.
We will show the means to exploit this effect. Finally, we will evaluate the complexity
of manufacturing such a matrix.

e Chapter 4 - Frequency tracking readout architectures, is a review of readout
architectures potentially applicable to the optomechanical resonator. We will examine
closed-loop architectures such as the self-oscillating loop (SOL) and the frequency
locked loop (FLL). We will also discuss open loop architectures such as the lock-in
amplifier (LIA). For each architecture, a theoretical analysis of phase noise, mass
resolution and loop stability are proposed. To read our optomechanical resonator, we
have chosen an architecture based on the FLL, called AH-FLL for Adjustable
Heterodyne Frequency Locked-Loop. The last part of the chapter describes the working
principle and the specification of this AH-FLL architecture.

e Chapter 5 - Practical realization and experimental validation, presents the realization of
the readout circuit based on the AH-FLL architecture. Firstly, we validate this
architecture by stability studies and electrical simulations. Then, we illustrate the design
steps of the circuit by explaining the different design constraints including the
adaptation of the transmission lines. Lastly, we show the results of the demonstration of
the discrete circuit with the optomechanical sensor. In this demonstration, we succeeded
in reading and self-actuating the optomechanical disk with our circuit assembly. The
resolution reached by the system (sensor and circuit) is 500 ppb.
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Introduction to optomechanics
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This chapter presents the outline of optomechanical cavities. In the first part of the chapter,
we will present the history and development of optomechanical resonators. Then we will
explain the operating principle of a basic optomechanical system (OM) by considering the
optical resonance, the mechanical resonance and the optomechanical coupling. We will present
the two main families of optomechanical resonators (photonic crystals and circular cavity
resonators). In the second part we will see a state of the art of optomechanical resonators and
their applications. Today optomechanical devices are used in the detection of forces, magnetic
fields or acoustic waves. They are also used to measure with great accuracy a mass or an
acceleration. In the last part of the chapter, we will describe the optomechanical devices used
for the mass detection. Precisely the optically actuated micro-disk and the electrostatically
actuated resonator.
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1.1. Background and context of optomechanics

Optomechanical cavities have in the last years experienced a very strong development in
fundamental research to better understand the physical aspects (optical, mechanical and
thermal). Indeed, the optical wave is extremely sensitive to small variations of force, mass,
acceleration, and displacement [1]. Therefore, optomechanics becomes a privileged field of
study to design ultra-sensitive, modern sensors with unequalled performances.

In this section, we propose to review the development of optomechanics since the first
experiments. This history allows us to see the efforts made but also to see where the research
and development of optomechanical cavities stand today. For that we will present a state of the
art of the different types of optomechanical cavities currently existing. Then we will see their
different applications.

1.1.1 Brief history

At the beginning of the 17th century, while observing comets, Kepler realized that their light
tails were moving away from the sun [2]. He therefore assumes that light contains a quantity of
movement giving rise to optical pressure forces. The first experimental demonstrations
highlighting this optical pressure force were made by Lebedew [3]. Nichols and Hull realized
in 1901 an experiment within a glass cavity demonstrating the property of light to exert pressure
forces on the external surfaces of the device. Figure 1.1 below shows the plan and photo of the
device used by Nichols and Hull to demonstrate the pressure force of light.

i x —t -
(a) (b)

Figure 1.1: (a) The design of the torsion balance suspension, used to measure the light radiation pressure

(b) the image of the torsion balance [4].

In 1909, Einstein was able to theorize the radiation pressure force of the optical wave. For
this he introduced a statistic of the photon fluctuations that are exerted on a moving mirror [5].
In his study he included the effects of friction of radiation that allowed him to discover the
wave-particle nature of light. The mechanical interaction of photons on atoms or macroscopic
objects were first demonstrated by Frisch in 1933 [6] and by Beth in 1936 [7]. In his experiment,
Beth realized a rotating cavity which is activated by the light effect. Figure 1.2 shows the
schematic and the photo of the device of Beth to prove the mechanical character of light.

4
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PLANE OF ELECTRIC VECTOR

OF LIGHT FROM NicoL

(a) (b)

Figure 1.2: (a) The design of the angular rotation device, used to prove the mechanical character of light
(b) Photograph of the angular rotation device [7].

In the early 70's and 80's, the first experiments on opto-mechanical cavities were performed.
In 1978, Dykman [8] explored the vibrations that light causes on solid systems. In 1983, Dorsel
realized the first optomechanical cavities where he studied the force of radiation pressure acting
on a macroscopic cavity mirror [9]. In 1994, Fabre [10], Mancini and Tombesi [11], Jacobs
[12], began to develop the theory and understand the optical and mechanical properties of opto-
mechanical systems.

At the beginning of the 2000's, different types of opto-mechanical systems started to be
explored in order to develop them for specific applications. This is when the miniaturization of
devices started to be seriously considered. In 2005, T. Carloman successfully designed micro-
toroid optomechanical resonators having both optical and mechanical properties with a high
optomechanical coupling.
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Figure 1.3: Experimental setup (a) Micro-toroid cavity (b) light propagation inside de cavity (c)
circulating power (d) and (e) radial micro-toroid deformation [13]
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Figure 1.3 shows the Carloman resonator. When a continuous optical power is injected, the
resonator starts to resonate radially see Figure 1.3.d. This modulates the optical power to the
mechanical resonance frequency of the resonator. After that, many major improvements
followed and new optomechanical systems appeared. Among them, they are membranes [14],
whispering gallery micro-disks [15]-[16], microspheres [17]-[19], photonic crystals
[20].Thanks to all these theoretical and technological advances, optomechanical systems appear
today as mature technologies.

1.1.2 Optomechanical cavity description

Optomechanics is a field of study in which light (optical) and mechanical motion
(mechanical resonance) interact. Optomechanical devices are devices where these two
characteristics coexist. Within an optomechanical cavity, the two physical domains (optical and
mechanical) are linked together in a so-called “optomechanical coupling”.

Figure 1.4 presents a classical optomechanical system (OM). It is composed of an optical
cavity of Fabry-Perot type delimited by two mirrors. A fixed mirror on the left (partially
transparent) to let the light enter in the cavity. A moveable mirror which is connected to a spring
held by a fixed support. When an optical power is injected through the left mirror, the photons
start to bounce on the two mirrors and exert a pressure force that moves the moveable mirror.
With a displacement x(t), the moveable mirror behaves like a mechanical resonator. From an
optical point of view, the cavity starts to resonate when photons are reflected between the
mirrors as shown in Figure 1.4. Analytically, this condition is written:

where L is the Fabry-Perot cavity length, A, = 2mc/w, is the optical resonance wavelength
with c the speed of light and m an integer. The link between the optical resonance w, and the
displacement x(t) of the movable mirror is given by the optomechanical coupling. In general,
this coupling is noted g,,and is defined as the derivative of the optical resonance frequency
wy in relation to the elementary displacement dx. The expression is:

aw,
Jom = _W (1.2)
Laser Optical Mechanical
(wo, Qopt) (Q, Om)

M
(I

Figure 1.4: A classical optomechanical system (OM) with a fixed mirror and a moving mirror.

v
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Figure 1.5: Optical reading of a mechanical movement (a) Modulation of the optical resonance (b)
Spectral power density of the mechanical movement.

The optomechanical system illustrated in Figure 1.4 also behaves like a mechanical
resonator. Indeed, when a continuous optical power is injected, the photons exert a pressure on
the surface of the movable mirror. The latter vibrates by moving along the x axis. In this way,
the light causes a mechanical movement. Also at the same time, the mechanics changes the
optical resonance.

As shown in Figure 1.5.a, the displacement x(t) changes the length L of the cavity and
consequently modulates the optical resonance frequency w,. This variation of the optical
resonance frequency is only visible when the frequency of the laser w;,.,-iS close to that of the
resonator w,. Equation (1.2) well describes the change of optical resonance. Figure 1.5.b shows
the power spectral density of the mechanical motion generated by the optical power. The
mechanical resonance frequency is noted (,,,.

There are several types of optical forces that cause mechanical displacement. According to
[21]-[22] the most important are:

- Radiation Pressure Force:

Electromagnetic waves in contact with any solid surface exert a force. This force is known
as the radiation pressure force. For optomechanical devices, it is the force that primarily
generates the mechanical motion. In physics, this can be explained simply by the fact that
photons bounce off the edges of a cavity. Therefore, this force is proportional to the number of
photons and therefore to the amount of optical power P(t). The radiation pressure force is
defined as follows:

2P
Fp(t) = —C(t) (1.3)

- Photo-thermal Force :

The photo-thermal force or Langevin force is a force characteristic of optomechanical
systems [23]. When photons impact on the cavity, some of them bounce back to give the
pressure force F.,, seen previously. Other photons are absorbed by the material. This produces

a heating of the wall which leads to an elastic distortion of the mechanical device.
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- Electrostriction Force:

Within a dielectric material, the electrostriction force is a force that moves the ions contained
in the crystal lattice [24]. Under the effect of an external electric field, positive ions move in
the direction of the field and negative ions in the opposite direction. The displacement of these
ions leads to a deformation of the cavity walls. The deformation induced by this force is
proportional to the square of the polarization.

1.1.3 State of the art of optomechanical resonators

In the last few years, optomechanical systems have been developed very strongly. From a
fabrication point of view, we have been able to realize smaller and smaller devices. Today in
the state of the art, there are a variety of optomechanical devices: mirror cavities, Nano-rams,
cantilevers, whispering gallery mode (WGM) micro-cavities and photonic crystals.

We propose here, to limit ourselves to optomechanical devices with a very strong interest
for high resolution applications. With the help of [25], we will realize a state of the art of the
micro-cavity devices and photonic crystals. These two optomechanical systems present a very
strong optomechanical coupling, and very interesting optical and mechanical quality factors for
sensing applications.

- State of the art of photonic crystals :

nanobeam OMC ;
SO coupling waveguide

! acoustic shielding—"

Figure 1.6: Optomechanical crystal photonic (a) SEM image of two coupled photonic crystal [26] (b)
SEM of a single photonic crystal [27] (¢c) SEM of split coupled photonic crystal [28].

Photonic crystals are types of materials presenting a variation of the dielectric constant at
the surface. They are ultra-sensitive to light and have a very strong optomechanical coupling.
This means that when optical power is injected into photonic crystals, they begin to resonate
mechanically with a very high mechanical quality factor of the order of 10°. They constitute
today a very promising field of research for applications of magnetic, mass, force
detection...etc. The first optomechanical structure based on photonic crystals was realized by
Painter's team in 2009 (see Figure 1.6.a). Today, there are many different optomechanical
structures made of crystal nano-beams (see Figure 1.6.b) or coupled crystal structures (see
Figure 1.6.c) with high quality factors up to 5 x 101°,
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Figure 1.7: Whispering gallery mode (WGM) optomechanical resonators. (a) spherical resonator [29]
(b), (c) and (f) micro-disk resonators [30]-[32] (d) and (e) micro-toroidal resonator [33]-[34].

- State of the art of whispering gallery mode (WGM) micro-cavities:

In the state of the art of optomechanical systems, there are also whispering gallery mode
(WGM) devices. It is a type of device which presents a circular optical cavity in which the
propagation of the light expands the walls in a mechanical way. There are several types of
WGM resonators:

As illustrated in Figure 1.7.a, the spherical micro-resonator is a type of optomechanical
resonator with WGM optical resonance. The first demonstration of this type was realized in
silica by the team of Tao Liu [29] for mass detection. The realized microsphere had a diameter
of 100 um and exhibited optical and mechanical quality factor Qo ~5 - 10° and Qye~3 - 10°
respectively. Thanks to its performance, the microsphere is able to detect a BSA molecule of
mass 66 KDa.

There are also micro-disk devices. They have a strong coupling between the WGM optical
resonance mode and the mechanical resonance mode. This type of device is used for different
types of applications, e.g. for the detection of biological particles [31], as shown in Figure 1.7.c.
In this configuration the surface of the micro-disk is smoothed to receive receptors to fix
bacteria, viruses, and proteins. They can help to detect a mechanical torsional motion [32] using
the configuration of Figure 1.7.f. This kind of device has a coupling of 3.4 GHz/mrad. Or to

detect a force [30] as presented in Figure 1.7.b with a sensitivity of about 74 aN /VHz .

And finally, the micro-toroidal devices that have a greater degree of mechanical freedom.
They are able to resonate mechanically both radially and azimuthally. As explained in section
1.1.1, the first optomechanical micro-toroidal device was realized by T. Carloman in 2005 [13].
Today this type of resonator is used to detect forces [33]-[16], as shown in Figures 1.7.d and
1.7.e.
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1.2. Optomechanics for sensors applications

In the previous section we have presented, the different types of optomechanical resonators,
such as photonic crystals and WGM resonators with circular cavities (micro-disks, spherical or
micro-toroidal). Today these devices are used in several types of applications. As shown in
Figure 1.8, optomechanical devices can be used to sense: a mass, a force, an acceleration, a
magnetic field or an acoustic wave. We propose in this section to see each type of application
and the associated optomechanical resonator.

Magnetic sensing Force sensing

Acoustic sensing  Optomechanics Mass sensing

Acceleration sensing

Figure 1.8: Types of applications of optomechanical resonators.

1.2.1 Force sensing

Optomechanical resonators are able to detect an external force with a very high accuracy. In
general, the force is applied to the mechanical resonator in order to modify the mechanical
behavior (frequency and displacement). Thanks to this change of mechanics, we are able to
estimate the amplitude of the force that is exerted. To detect a force it is necessary to use
resonators that have a very high mechanical sensitivity such as a photonic crystal or a micro-
disk. A spherical resonator is not very suitable for this type of application.

In the state of the art, the first realization of a force sensor with an optomechanical resonator
was published by T. J .Kinppenberg's team in 2012 [30]. They have successfully combined a
silica optomechanical micro-disk with a Si; N, nano-beam as illustrated on Figure 1.9.a. When
an external force is applied, the nano-beam deforms. This affects the coupling between the
micro-disk and the nano-beam and the optical power observed at the output. The variation of
this power indicates the value of the applied force. The force sensitivity for this type of device

is 74 aN /VHz.

In 2017, Zhou's team [34] demonstrated that a classical optomechanical system could also
be used to detect the magnitude of a force. Figure 1.9 b shows the experimental setup performed
by Zhou. The optomechanical system is composed of a Fabry-Perot cavity bounded by two
mirrors. A fixed mirror and a movable mirror placed above. The movable mirror is attached to
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Figure 1.9: Optomechanical devices for force sensing applications (a) silica micro-disk resonator
coupled to a Si; N, nano-beam [30] (b) Fabry-Perot optomechanical cavity [34].

a spring and moves according to the external force applied. When a force is applied, the mirror
moves and changes the length of the optical cavity. This results in reducing the distance that
photons travel and therefore change the optical resonance. By following this shift of the
resonance we are able to estimate the force.
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Figure 1.10: Experimental Setup (a) SEM of the silicon carbide nanowires (b) and (c) Cryogenic
experimental platform (d) Optical apparatus showing a fraction of focused light () Schematics of the
interferometric reading (f) Displacement of the nanowire [35].

In 2020, Arcizet's team have developed an ultra-sensitive nano-optomechanical sensor [35].
Specifically they have implemented optomechanical readout techniques where the idea is to
evaluate photons to determine the dynamics of a silicon carbide nanowire suspended in a
refrigerator. The vibrations or forces of this nanowire are measured using optical power. The
force sensitivity of the sensor is about 40 zN /+/Hz. Figure 1.10 above shows the complete
experimental setup.

1.2.2 Acceleration sensing

An accelerometer is an inertial sensor that measures a linear non-gravitational acceleration.
This measurement can be done on the three orthogonal axes (X, Y, and Z). The accelerometer
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Figure 1.11: Presentation of an optomechanical accelerometer (a) Optical coupling between the two
photonic crystals (b) SEM image of the optomechanical accelerometer (c) FEM simulation of the
accelerometer (d) SEM image of an array of accelerometer devices [36].

applications, are used today in many fields (automotive, consumer electronics ...). The detection
of acceleration is done by measuring the displacement of a mechanical mass compared to its
state at rest. This reading can be done optically with optomechanical resonators with an
excellent sensitivity. Among the optomechanical resonators used for the detection of
acceleration, there are photonic crystals which have a very high sensitivity to displacement and
the WGM circular cavity resonators.

Photonic crystal resonators have a very high displacement resolution of the order of a pico-
meter. This makes them very interesting for the design of acceleration sensors. Alexander G.
Krause [36] has realized for the first time an accelerometer based on photonic crystals. Figure
1.11.b depicts the optomechanical device for the detection of acceleration. It consists of an
optical waveguide attached to a SiN nano-beam. A few nanometers from the waveguide is
placed a moving mass. When the mass moves along the x axis, it disturbs the mass-waveguide
optical coupling as shown in Figure 1.11.c. From this interference, we can determine the value

of the acceleration. With an optical power less than a milliwatt, the resolution is 10 ng/VHz
with a bandwidth of 20 kHz.

Optomechanical resonators with circular cavities can also detect acceleration. In Figure
1.12.a we present an accelerometer sensor with an optical ring [37]. The device is composed
of a silicon optical ring, a waveguide and a moving suspended mass. When an optical power is
injected on the waveguide, the light enters into the ring by evanescent coupling. As the mass
moves it disturbs the propagation of photons inside the ring. This results in a modification of
the optical resonance with a sensitivity of about 3.279 pm/g. The bandwidth of the resonator
is about 30 kHz.

There are also spherical resonators for sensing acceleration [38]. Figure 1.12.b shows an
optomechanical accelerometer based on a WGM microsphere. The device consists of an optical
waveguide and a microsphere resonator placed at a few nanometers. The microsphere is
positioned on a piezoelectric actuator. When the piezo vibrates it moves the microsphere
vertically. This changes the waveguide-microsphere gap and the optical coupling. Therefore
the contrast of the optical resonance is modulated as the microsphere moves. The resolution

achieved by this device is 40 ug/VHz.
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Figure 1.12: WGM optomechanical accelerometer (a) SEM image of an optical ring accelerometer [37]
(b) SEM image of a micro-sphere accelerometer [38].

1.2.3 Magnetic field sensing

A magnetometer or magnetic sensor is an equipment able to measure the intensity and
direction of a magnetic field. On Earth, due to the nature of the landscape, the magnetic field is
not the same in all places. It is therefore interesting to design field sensors that can accurately
measure the intensity of the magnetic field. Nowadays, the magnetometer is used in many fields
(industry, automotive, aeronautics ...). Among the diversity of magnetometers existing in the
state of the art, the optomechanical resonators are particularly distinguished. Thanks to the
optical detection, they have an excellent sensitivity to magnetic fields. There are different types
of optomechanical resonators (micro-toroidal, cylindrical cavity, micro-spherical ...) to detect
the magnetic field.

The micro-toroidal optomechanical resonators can detect a magnetic field [39]-[40]. Figures
1.13.a and 1.13.b show the SEM image of optomechanical micro-toroidal devices. To be able
to detect the magnetic field, the micro-toroidal devices use a ferromagnetic material (Terfenol-
D) placed in the center as shown in Figures 1.13.a and 1.13.b. The whole structure is elevated
to facilitate mechanical resonance. By applying a magnetic field, the micro-toroidal deforms
and thanks to this mechanical deformation the field intensity can be estimated. There are also

Figure 1.13: Optomechanical magnetometers (a) and (b) SEM image of a micro-toroid with Terfenol-D
[39]-[40] (c) Microtoroid magnetometer using polydimethylsiloxane (PDMS) [41].
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micro-toroidal using other ferromagnetic materials such as polydimethylsiloxane (PDMS) as
illustrated in Figure 1.13.c.

Optomechanical cylinder resonators can be used to detect a magnetic field [42]. Figure
1.14.a shows the SEM image of the optomechanical cylinder resonator. The device is machined
from a block of crystal CaF, attached to a ceramic base. First, the diameter of the block is
reduced by machining to reach a diameter of 12 mm and a thickness of 4 mm respectively. Then
the cylinder is covered with a ferromagnetic material (Terfenol-D). When a field is applied to
the device, it mechanically deforms along the direction of the field. For an optical power of 100

MW, this magnetometer has a sensitivity up to 131 pT /VHz.

(b) ¥ Microsphere

Figure 1.14: Optomechanical magnetometers (a) SEM image of a cylinder cavity [42] (b) Microsphere
magnetometer working at hundreds of MHz to a few GHz [43].

As shown in Figure 1.14.b, microsphere optomechanical resonators can also detect a
magnetic field. The device is composed of a barium-titanium-silicate microsphere and a thin
magnetic film of yttrium iron garnet (Y1G). The concept here is to couple the optical-
mechanical interaction of the microsphere to the ferromagnetic resonance of the YI1G thin film.
As depicted in figure 1.14.b, when a field is applied the YIG layer deforms. This distorts the
microsphere and changes its optical and mechanical resonance. This magnetometer has a

sensitivity of 850 pT /VHz.

1.2.4 Mass sensing

Mass detection is the reference application for nano/micro-mechanical resonators. In the
state of the art there exists a great variety of devices allowing to detect a mass quantity. The
most famous are the cantilevers or the nano-beam. Optomechanical resonators, according to
their configuration, show very high sensitivity for mass sensing and this whatever the
environment (vacuum, air or liquid).

This offers a significant benefit compared to cantilever or nano-beam. Indeed, due to the
viscosity of the liquid, cantilever or nano-beam resonators can break down and do not resonate.
Moreover, optomechanical WGM cavities (micro-disk, sphere or micro-toroidal) are much
more resistant. They also present a moderate mechanical energy loss in liquid. In this section
we will present the different types of optomechanical resonators (circular cavity, nano-ram...)
dedicated to mass detection.
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The detection principle of masses is very simple. The optomechanical resonator behaves like
a mechanical resonator which resonance frequency is written as follows:

1 keff

fm = e v (1.4)

where M = m, ¢ + m,, with m, s the effective mass of the resonator and m,, the mass of the
particle, k. is the effective stiffness of the resonator. From equation (1.4) and the sensitivity

Sm = 0fm/OM, we can estimate the mass resolution M,,;,, of the optomechanical resonator as

follows :

2M
Mmin = ———6fm (1.5)

m

- Microsphere for mass sensing :

An optomechanical microsphere presents interesting characteristics for mass detection. It
presents both an optical WGM resonance with a very high-quality factor of the order of 10°and
a mechanical resonance. A strong coupling allows the interaction between the optical and the
mechanical. As the mass lands on the mechanical resonator (microsphere), the mechanical
frequency changes according to equation (1.4). And this change is optically detectable.

The first realization of a microsphere for the detection of molecule was realized by the team
of Tao Lu [29]. Figure 1.15.b illustrates the SEM image of a 100 um diameter microsphere
made in silica. When a mass (BSA protein) impacts the microsphere, the resonator becomes
heavier and its resonance frequency changes as shown in figure 1.15.c. Also, the optical
resonance wavelength is changed as depicted in Figure 1.15.a. In terms of resolution, the
optomechanical microsphere can detect up to 66 kDa (1 Da= 1,66 10"%27Kg).
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Figure 1.15: Optomechanical microsphere (a) Schematic illustrating the BSA mass detection (b) SEM
image of the microsphere (c) Spectrogram of the mechanical resonance frequency [29].
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- Nano-ram for mass sensing :

Optomechanical nano-ram resonators can be used as mass detectors. The optical resonator
is completely dissociated from the mechanical resonator. Here the nano-ram is the mechanical
resonator and an optical cavity the optical resonator. On this type of device, the idea is to make
the mass deposit above the ram. The latter changes resonance frequency and this is visible in
an optical way.

Figure 1.16 below shows an optomechanical nano-ram device [44]. The device is composed
of an electrostatically excited nano-ram and an optical ring. The nano-ram is the mechanical
resonator and the ring the optical resonator. When a mass is deposited on the nano-ram, its
resonance frequency and its displacement are modified. This affects the light which propagates
in the ring and thus the optical resonance. Figure 1.16.c shows the results of mass deposition.

(c) Optomechanical MS

Count (norm.)

6 4 8 12 16
Mass (MDa)

Figure 1.16: Optomechanical nano-ram (a) and (b) SEM image of an optomechanical nano-ram with an
optical ring cavity (c) Mass sensing process [44].

- Microtoroid for mass sensing :

There are also other optomechanical resonators dedicated to mass detection. It is the case of
the microtoroid [45] or the micro-disk resonator. Compared to the microsphere or nano-ram,
the microtoroid resonator has a larger detection surface. Figure 1.17.a shows the SEM image
of a 40 um diameter silica microtoroid resonator. The particle deposition is done on the top of
the microtoroid as depicted in figure 1.17.b. As more mass is deposited the mechanical
resonance frequency is changed. In figure 1.17.c, we observe the resonance frequency
associated with each quantity of mass.

o

—1(0pg)

-
o

[ ——2(16pp
3 (86 pg)
w— i (17 pg)

88

w—5 (42.7 pg)

Detected RF Power (dBm)
8 ;
3

60 N
" AL LT
(C) 8487 8490 8493 849 8499 8502 8505 8508
Frequency (kHz)

Figure 1.17: Optomechanical microtoroid (a) and (b) SEM image of the optomechanical microtoroid
made in silica (c) Variation of the mechanical frequency as a function of the deposited mass [45].

16



Chapter 1: Introduction to optomechanics

1.2.5 Acoustic sensing

Thanks to its high optical sensitivity, optomechanical resonators can be used to detect an
acoustic wave. In terms of application, acoustic sensors can be used in many fields such as
avionics systems, or in the biomedical field. Today, the resonators used to detect acoustic waves
are based on capacitive MEMS. However, they have some limitations such as low sensitivity
and displacement. For this reason, optomechanical resonators are being considered as an
alternative for acoustic wave detection.

- Microsphere for acoustic sensing :

Microsphere resonators can be used to detect acoustic waves [46]-[47]. Figure 1.18.a and
1.18.b show some examples of different microspheres used for ultrasonic wave detection. The
idea is to place a sound wave just next to the microsphere. This wave will locally deform the
resonator and change its mechanical frequency. This frequency variation is optically visible
because the distance covered by the photons (optical resonance) is also disturbed.
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Figure 1.18: Optomechanical acoustic sensor (a) SEM image of a microsphere resonator [46] (b)
Schematic of a microsphere-based sound detector [47].

- Micro-ring for acoustic sensing :

Optical rings can also detect an acoustic wave [48]. Figure 1.19.a shows an SEM image of
the optical ring resonator. The operating principle is the same as for the microsphere. When an
acoustic wave is applied the membrane is deformed on the optical ring. This changes the
coupling between the membrane and the optical ring and consequently the optical resonance.
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wu 00s
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Figure 1.19: Optomechanical acoustic sensor (a) SEM image of an optomechanical ultrasound sensor
(OMUS) (b) 3D schematic of the OMUS [48].
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1.3. Mass detection context and available resonators

When we talk about mass detection, we are talking about detection in an unconstrained
environment (air and vacuum) and in a constrained environment such as detection in a liquid
medium. Concretely, it can be the detection of gas molecules, chemical or biological particles,
.... In the state of the art, we can find a wide variety of resonators that can detect tiny masses.

A H
- | |

(a) (b) (c)
Figure 1.20: The main resonators that can detect particles (a) Optical resonators (b) Mechanical
resonator (cantilevers or beam) (c) Nanowire sensor inspired from [49].

2 CIE S

Figure 1.20 illustrates the main resonators able to detect a particle. There are optical
resonators like the micro-disk, or microsphere (see Figure 1.20.a ). This kind of resonator
behaves like a very sensitive optical cavity and can detect extremely small masses. Mechanical
resonators with cantilevers or beam (see Figure 1.20.b) are also known for their mechanical
sensitivity especially in vacuum. And finally, the nanowire sensors (see Figure 1.20.c ) in which

the capacitance changes as a mass are applied to the wire.

Optical Resonator

Mechanical resonator

Nanowire sensor

(OR) (MR) (NS)
Optical and .
Transduction principle | Mechanical frequency Mechac;(i?;tlggiquency Conductance change
variation

Operability in a liquid
environment

Resonates in liquid
environment with
Q,~10 — 30 [50]

MR does not resonate
in liquid environment
due to viscosity

Resonates in a liquid
environment [54]

Ability to detect a

Yes [51]

Yes in vacuum [52]

Possible [55]

molecule
Microfluidic Fit to a continuous Fit to a continuous Fit to a continuous
Integration flow of particles flow of particles flow of particles
Matrix or multiplexing | Possible thanks to the | Already demonstrated | Possible thanks to the
integration dimensions of OR [53] dimensions of NR

Table 1.1 : Comparison table of the main resonators capable to detect a molecule inspired from [49].

In this table, the resonators are evaluated on four criteria: operability in a liquid medium,

ability to detect a molecule or a flow of molecules with a microfluidic channel and integration
in a matrix form. If we refer to Table 1.1, the three resonators OR, MR and MS present the
ability to detect a single molecule. In liquid medium, the OR and MS resonators have proven
their capability to resonate. In contrast, the mechanical beam resonator breaks because of the
high viscosity of the liquid environment. Only the optical resonators and the nanowire sensor
can detect particles in this medium.
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1.4. Optomechanical microdisk resonator

Among the available optical resonators, optomechanical micro-disks stand out. They can
resonate in an unconstrained environment (vacuum, air) with excellent quality factor, and they
are robust enough to not break in a liquid environment. Figures 1.21.a and 1.21.b show a
graphical illustration of an optomechanical micro-disk embedded in liquid environment. The
large area provides the opportunity to attach receptors so that the particles attach to the disk as
shown in Figure 1.21.b. Otherwise, due to the inertia of the liquid, the particles will float and
take a long time to attach to the disk.

Figure 1.21: (a) and (b) Graphic illustration of an optomechanical micro-disk resonator in liquid with
particle deposition inspired from [56].

The CEA has developed silicon optomechanical micro-disk resonators for mass applications.
In terms of fabrication process, the resonators are made from a 200 mm SOI wafer. From the
top to the bottom of the wafer, we have a thin layer (220 nm) of Si to realize the optomechanical
micro-disk, then a layer of Si0, insulator (1 pum) to realize the pedestal and a thick layer of Si
bulk. Today for the detection of particles, we have two types of resonators: optically actuated
resonators and electrostatically actuated resonators.

TR

ED16_300_300

Figure 1.22: Optomechanical silicon micro-disk resonator (a) with optical actuation (Brownian) (b) with
electrostatic actuation.

Optically actuated optomechanical resonators are devices in which the mechanics is optically
stimulated. Figure 1.22.a shows the SEM image of our optomechanical micro-disk with optical
actuation. The principle is the following, when an optical power is injected, the photons
propagate in the waveguide and enter by evanescent coupling in the resonator disk. Then inside
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the disk the photons propagate by successive reflection in WGM mode and exerts a radial
pressure force on the walls of the cavity. This results in a radial mechanical movement of the
disk. As seen in equation (1.3), the radial pressure force depends on the injected optical power.
The higher this force is, the more the disk is mechanically stimulated. We will see this resonator
in more detail in chapter 2.

Electrostatically actuated optomechanical resonators are devices in which the mechanics is
electrically stimulated with electrodes. Figure 1.22.b shows the SEM image of the
optomechanical micro-disk with electrostatic actuation. In this case we have both the optical
excitation due to the photons that exert a radial pressure force and the external excitation with
the electrodes. The electrostatically actuated resonator has a better mechanical quality factor,
better SNR, better mass resolution than the optically actuated resonator. We prefer to work with
this device to detect very small masses. We will see in the chapter 2 the operating principle of
this resonator.

1.5 Conclusion

The objective of this chapter is to introduce optomechanical cavities. In the first part of the
chapter, we have first presented the history of optomechanical cavities. From the very first
experiments that highlighted the optical pressure forces to the present day with smaller and
smaller cavities for more and more efficient sensor applications. In this section, we have
presented the operating principle of an optomechanical system (OM) by explaining optical and
mechanical resonance modes. The link between these two resonance modes is called
“optomechanical coupling”. For sensing applications, we found two main families of
optomechanical resonators: photonic crystal and WGM circular cavity.

In the second part of the chapter, we have reviewed the state of the art of optomechanical
resonators and their applications. Today optomechanical devices are used in several fields of
application. For example, to detect a force with a disk resonator [30] or a Fabry-Perot cavity
[35], to measure an acceleration with photonic crystals [35] or a magnetic field with a
microtoroid [40]-[42] or a microsphere [44]. The resonators are also able to measure with a
very high accuracy a mass with a microsphere [29], a nano-ram [45] or a microtoroid [46].
Thanks to its high optical sensitivity, optomechanical resonators can also be used to detect an
acoustic wave [47]-[48].

In the last part of the chapter, we explained the context of the thesis project. Among the
resonators available for the mass sensing optomechanical micro-disks stand out. There are two
types of optomechanical resonators : optically actuated and electrostatically actuated resonators
which are both developed at CEA-Leti. During this thesis, we will work on the electrostatically
actuated configuration to realize the compact modeling and the design of the readout circuit.
We will see why in the next chapiter.
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In this chapter we will analyze the behavior of a silicon micro-disk. In the first section, we
will present the optical and mechanical resonator of the disk. An optomechanical coupling
allows to link these two resonance modes. In this thesis we have at our disposal two kinds of
optomechanical sensors: optically actuated and electrostatic. In the case of an optically driven
resonator, the disk is mechanically stimulated by the optical power injected through the
gratings. We will see in the second section how it works and the equations that describe it. In
the case of an electrostatically actuated resonator, the disk is mechanically stimulated by
electrodes. In this thesis, we will mostly work on this type of device because the resonator has
better mechanical signal . In the perspective of the design of a readout electronics, we propose
the development of a compact Verilog-A model.
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2.1. Theory of a silicon optomechanical micro-disk

In this section, we present the physics of an optomechanical micro-disk. Fabricated in
silicon, the micro-disk constitutes the basic element for the design of ultra-sensitive opto-
mechanical sensors for the mass detection. In terms of dimensions, its diameter is in the
micrometer order (from 5 pum and 20 pum) and has a thickness of several hundred nanometers
(~220 nm). Thanks to its small size, the silicon micro-disk supports two resonance modes. An
optical resonance mode and a mechanical resonance mode. The optical resonance mode is
supported by the optical cavity that constitutes the micro-disk. In this mode, due to the
difference of the refractive index, the light propagates by reflection, it is the Whispering Gallery
Mode (WGM). The mechanical resonance mode is supported by the mechanical cavity. The
micro-disk is able to resonate radially, it is the Radial Breathing Mode (RBM). This resonance
mode appears only at high mechanical frequencies. Figure 2.1.a below illustrates the two
resonance modes of the micro-disk. A coupling called "optomechanical coupling” allows
linking its two resonance modes. In order to optimize this coupling, a Si0O, pedestal as shown
in Figure 2.1.b supports the micro-disk.

(S

Sio,
pedestal

(a) (b)

Figure 2.1: (a) Graphical view of a silicon optomechanical micro-disk with the two resonance modes

(optical and mechanical). (b) SEM image of a disk cross section, a SiO, pedestal supports the whole
structure.

In the following sub-sections, we will first present the theory of the micro-disk optical cavity.
Then we will see the theory of the micro-disk mechanical cavity. Finally, we will introduce the
equations that describe the opto-mechanical coupling.

2.1.1 Optical micro-disk cavity

The silicon micro-disk hosts the WGM optical resonance mode. It behaves like an optical
resonator and has a resonance wavelength 4, and an optical quality factor Q..

2.1.1.1 Whispering Gallery Mode

The Whispering Gallery Mode [1]-[3] is a concept introduced in the 19th century by Lord
Rayleigh to explain the propagation of the sound inside the Saint-Paul Cathedral in London (see
Figure 2.2.a). Indeed, he observed that inside the dome (30 m diameter) the whispering of a
person located near the wall could be heard at any point of the gallery (see Figure 2.2. b).
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(b)

Figure 2.2: (a) The Saint-Paul Cathedral in London (b) The Cathedral dome in which Lord Rayleigh
introduced the WGM resonance mode.

He assumed that the sound wave propagates along the dome by successive reflection. By
sticking to the wall, the intensity of the sound only decreases as a function of the inverse of the
distance. This explains why whispers are audible at any point in the dome. To support his thesis,
he developed the acoustic theory of whispering waves [4]-[5].

The same behavior can be observed in the propagation of optical waves. In a circular optical
cavity, because of the difference in refractive index, the light also propagates by successive
reflections. For a silicon micro-disk resonator this property has been demonstrated [6], by
analogy we speak of optical WGM mode.

- Micro-disk geometrical approach :
z
TA: r . N
Radial mode (k) tlres,i Wavelength

(@) (b) (©)

Figure 2.3: (a) Schematic of a micro-disk where the optical wave propagates in a WGM in red (b) The
azimuthal (i) and radial propagation mode (k) (c) The multiple optical resonance of the micro-disk.
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Within the micro-disk, the light propagates in two possible ways. In one case, it propagates
by sticking to the wall and following the angle 6, this is the Azimuthal mode. In the other case,
it propagates from the wall to the center of the disk along the r axis, this is the Radial mode.
Figure 2.3.b above illustrates the two propagation modes.

Optically, a micro-disk resonates when the light makes a complete loop as illustrated in
Figure 2.3.a. The photons, at the end of their turn loop on themselves in phase. This creates
constructive interferences, which are at the origin of the several optical resonances of the disk
as shown in Figure 2.3.c.
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The optical resonance condition of the micro-disk is written as follows:
2MRNgpp = MAyes (2.1)

where R is the radius of the disk, n s is the effective index of the disk and m an integer such
as m = 1,2,3, ... Equation (2.1) gives the optical multiple resonances of a micro-disk. The

resonance wavelengths are spaced by AAgsg the Free Spectral Range (FSR) which is expressed
as below :

AApsg = (m + 1)Ares — MAyes (2.2)

- FEM simulations of a micro-disk :

In an optical cavity of given geometry, the propagation of the WGM mode can be described
analytically by Maxwell's equations. The propagation equation of the electromagnetic wave

(electric field E and magnetic field H) is given by Helmholtz’s equations :

2

v2E +(§) E=0 03
5 wnN% 5 S
V2H+(?) H=0

where c is the speed of light in vacuum, and w the angular frequency. The micro-disk can
support two modes of field propagation: Transverse Electric (TE) and Transverse Magnetic
(TM) modes. The TE mode corresponds to a type of field propagation where the E,., Ey,
H, components are non-zero. The TM mode corresponds to the field propagation where the
H,, Hg, E, components are non-zero. To implement and solve the propagation equations in a
micro-disk we use the Finite Element Method (FEM).

- e
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Figure 2.4: 2D numerical simulations of WGMs for a 2 pm-radius disk (a) The FEM simulation of the
azimuthal propagation mode (b) FEM simulation of the azimuthal and radial propagation mode [7].

Figure 2.4 depicts the FEM simulations made on a micro-disk. The red and blue colors
correspond to the intensity of the electric field. In these simulations we can see in Figure 2.4.a
that the optical wave propagates along the wall along the axis 8, it is the azimuthal mode. The
radial mode corresponds to the propagation along the r axis. The optical wave can also
propagate with a combined azimuthal and radial mode as illustrated in Figure 2.4.b.
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2.1.1.2 Optical quality factor

Optically the micro-disk is a resonator and has a quality factor Q,,,. This factor is defined
as the ratio between the maximum energy stored and the energy dissipated per cycle.
Experimentally, Q,,. is calculated from the resonance spectrum by using the expression:

energy stored . Ares (2.4)

Qope = dissipated per cycle A

where A,..4iS the resonance wavelength extracted when the gain is maximum and AA is the
resonance bandwidth. The quality factor indicates the damping of the optical resonator. The
higher this factor is, the longer the resonator will oscillate. The micro-disk resonator has a very
high optical quality factor in general of the order Qopt~105. This is explained by the fact that
the resonator is subject to low losses. As discussed in [7]-[8], the different sources of energy
loss of a micro-disk are:

- Bending losses :

Bending losses are a very common type of loss for waveguide devices with curved geometry.
Indeed, the wave is not totally reflected near the curvature between the junction of the two
mediums. This induces internal and external losses to the surrounding environment. In the case
of the micro-disk, these losses are not negligible because of its circular structure. Every time
the optical wave is reflected on the wall of the disk, there exists an inflection loss. The bending
losses of a disk depend strongly on its radius and its effective index. The larger the radius and
the effective index, the lower the bending losses.

- Absorption losses :

The loss of absorption is related to the properties of the materials and chemicals used in the
fabrication process of the micro-disk. There are two types of absorption losses, internal and
external. The internal losses depend on the micro-disk composition. Here the device is made of
silicon (Si), which has an energy gap of 1,14 eV at 273 K. To avoid the linear absorption zone,
it is necessary that the photons propagate by respecting this condition Aw < 1,14 eV. This
corresponds to a minimum wavelength of 1087 nm. In our experiments, we generally work
between 1500 nm and 1600 nm, which guarantees the non-absorption condition. External losses
are generated by other materials and chemical elements used in the fabrication process.

- Scattering losses :

Scattering losses are caused by the interaction between light and wall imperfections. At the
end of the fabrication process, the wall of the disk is not smooth. At the nano-metric level,
roughness and structural imperfections are observed due to the different manufacturing
processes (etching step ...). In contact with these imperfections, the light diffuses in a radiative
way in all directions.

- External evanescent losses :

These losses are visible when two optical devices are very close. A part of the wave that
propagated in the first cavity is transmitted by evanescence to the other cavity.
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2.1.2 Mechanical micro-disk cavity

In the section above, we have presented the optical properties of the micro-disk. We will see
in this section its mechanical properties. When an optomechanical micro-disk is placed on a
pedestal, it behaves like a mechanical resonator. This means that for a certain range of
frequencies, it enters in resonance and deforms mechanically. This frequency range depends on
the disk radius. The smaller the radius, the higher the mechanical resonance frequency. The
main resonance mode of the disk is the Radial Breathing Mode (RBM). As a mechanical
resonator, the micro-disk has a resonance frequency f,, and a quality factor Q,,,.

2.1.2.1 Radial Breathing Mode (RBM)

The radial breathing mode [9]-[11] is a mechanical resonance mode based on the phonon.
Phonons are the ability of a crystalline solid to vibrate mechanically when an energy is brought
to it. In our case, the micro-disk is considered as a crystalline structure composed of silicon
atoms. When a quantity of energy is supplied, the atoms start to vibrate mechanically from near
to near in a radial way, this is called radial breathing. There are several ways to provide energy
to the structure. Optically through the wave that propagates in the cavity or by external
stimulation. In the next sections, we will see these two types of excitation.

-
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Figure 2.5: Graph explaining the disk RBM resonance mode (a) initial disk configuration (b)
configuration where the disk expands (c) configuration where the disk contracts.

Figure 2.5 is a schematic diagram explaining the different steps of the RBM mechanical
mode. Figure 2.5.a shows the initial state of the disk without deformation. When a quantity of
energy is supplied, it expands (Figure 2.5.b) and then contracts (Figure 2.5.c), this is the
breathing mode.

- FEM simulations of a micro-disk :

To determine the resonance frequency f,,, and the micro-disk radial displacement, COMSOL
numerical simulations were performed. We considered, as shown in Figure 2.1.a, a silicon disk
of radius 5 um, fixed at the center by a Si0, pedestal. Figure 2.6 below shows the results of
FEM simulations. At the mechanical resonance here at 509 MHz, the disk expands to up to 5.5
pm radius as illustrated in Figure 2.6.b. It then re-contracts down to 4.1 um in radius.
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(@) (b)

Figure 2.6: COMSOL numerical simulations of RBM resonance mode for a 5 pum-radius disk (a) initial
disk configuration (b) Configuration where the radius of the disk expands.

2.1.2.2 Mechanical quality factor

As a mechanical resonator, the micro-disk has a mechanical quality factor Q,y,... This factor
is defined as the ratio between the maximum energy stored and the energy dissipated per cycle.
Experimentally, Q,,..is calculated from the resonance spectrum by using the following
expression:

_ energystored  fy (2.5)
~ dissipated per cycle Af

Om

where f,, is the mechanical resonance frequency extracted when the gain is maximum and Af
is the bandwidth of the resonator. The mechanical quality factor is an important feature to
evaluate the performance of our mass sensor. A high-quality factor allows us to have a very
high signal-to-noise-ratio and therefore a better mass resolution. To estimate the quality factor,
it is necessary to know the different sources of mechanical losses. The main sources are [7]-[8]:

- Viscosity damping :

The surrounding environment is an important source of energy loss for the mechanical
resonator. Indeed, depending on the environment viscosity, the resonator has not the same
mechanical quality factor. In liquid, for example, because of the high viscosity, the micro-disk
resonator has a moderate mechanical quality factor Q,,~10 — 50. While in vacuum or air, this
mechanical quality factor is very high up to 1000. To evaluate the losses caused by the damping
from the environment to the mechanical quality factor, a simplified analytical expression has
been proposed by [12]:

3.34-10° 1

Qviscosity = (2.6)
3.18/VR +VR/H \[pu

where R and H are the radius and thickness of the disk respectively, p and u are the density and
the fluid viscosity respectively of the surrounding environment. If we consider air (p =
1200 kg/m3 ,u = 1.8-10"°Pa/s ) and liquid water (p = 1000 kg/m3,u = 1-10"3Pa/s ) asthe
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Figure 2.7: Analytical variation of viscosity losses in air and liquid (water) as a function of (a) disk
radius variation (b) and thickness variation.

medium, we can plot an analytical estimation of the viscosity based on Equation (2.6). Figure
2.7 shows the variation of viscosity as a function of disk radius and thickness for different
environment (air and liquid). Viscosity losses are very important in the liquid and this strongly
limits the mechanical quality factor Q,,. In order to have negligible viscosity losses, it is
necessary to adjust the dimensions of the disk. For a given thickness, reducing the disk radius
will reduce the viscosity losses as shown in Figure 2.7.a. Similarly, for a given radius,
increasing the thickness helps to reduce the losses as represented in Figure 2.7.b.

- Clamping losses :

The clamping losses correspond to the dissipation of the mechanical energy caused by the
disk-pedestal clamping area. The more the clamping area is important and the more the
mechanical energy losses by clamping is high. According to [13], to get a very low clamping
loss, the ratio (R — R,q)/ R between the disk radius R and the pedestal radius R,;must be
between 0.822 and 0.835.

- Thermo-elastic damping :

When an elastic solid is set in motion, it becomes unstable and has an excess of kinetic and
potential energy. This excess energy is dissipated thanks to the coupling between the
mechanical deformation and the temperature, which allows the system to return to equilibrium.
This energy dissipation process is called thermo-elastic damping. Based on [14], for a circular
silicon resonator with a radius between 3 and 20 pm, the thermo-elastic losses are estimated at
10°. These losses are not the main losses limiting the mechanical quality factor.

2.1.3 Optomechanical coupling coefficient

In the previous sections 2.1.1 and 2.1.2, we have seen that the micro-disk behaves both as
an optical resonator and as a mechanical resonator. Optically the disk resonates in WGM mode
and mechanically in RBM mode. These two modes of resonance are superimposed by a
coupling called the optomechanical coupling (see Figure 2.8.a). We describe here this
optomechanical coupling to understand the physical interaction between the optical and
mechanical resonance modes.
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Figure 2.8: Principle of the optomechanical coupling (a) interaction between the mechanical and optical
resonators (b) Displacement of the optical resonance as a function of the mechanical deformation.

Physically, the optomechanical coupling can be explained as follows. When photons
propagate in WGM (successive reflection) mode, they exert a radial pressure force on the disk
wall. Depending on the magnitude of this force, the disk expands or contracts (RBM).
Conversely this contraction and dilation changes the distance that the optical wave travels and
therefore the optical resonance wavelength (see Figure 2.8.b). The shift of the optical resonance
wavelength is written as follows:

' c'g
Ares(t) = Ayes — V2 = r(t) (2.7)
res

where A, is the initial resonance wavelength, ¢ is the speed of light, v,.s is the initial
resonance frequency, r(t) is the disk radius variation and g,,, the optomechanical coupling
coefficient described as follow :

__dvres 58
Gom = == (2.8)

As defined by Equation (2.8), for a micro-disk, the optomechanical coupling is the variation
of the optical resonance frequency v,..; with respect to the disk radial displacement r. Here,
Jom 1S estimated by a 2-D axisymmetric FEM model. In this model, the silicon disk is
represented by a rectangle whose length and width are respectively equal to the radius and the
thickness of the disk. The rectangle is placed in a first medium (air or liquid) delimited by a
semicircle and then a perfectly matched layer (PML) with the same properties is added to
simulate the infinite space around it. The optomechanical coupling coefficient is estimated at
15 GHz/nm, for a disk with a 10 um radius.
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2.2. Analytical Modeling of an Optomechanical Sensor
with Optical Actuation

The optomechanical micro-disk resonator alone cannot be a sensor for mass detection. To
have a complete sensor, we need a device that can introduce light from an external laser source,
for example a grating coupler and an optical waveguide to direct the light into the
optomechanical resonator disk by evanescent coupling. Among the optomechanical devices
compatible with mass detection, we can distinguish two types: electrostatically actuated devices
and optically actuated devices. In this section, we will present the analytical modeling of the
optomechanical sensor with optical actuation. The electrostatically actuated opto-mechanical
sensor will be described in the next section.

2.2.1 Operating Principle

The optomechanical sensor with optical actuation is a sensor in which the mechanical
movement is stimulated by the injected optical power [15]. In fact, when the power is injected
into the disk, the photons propagate by successive reflection on the wall of the cavity in WGM
mode. They exert a radial pressure force (introduced in the Chapiter 1) which generates a radial
displacement of the micro-disk resonator. The greater this pressure force, the greater the
induced mechanical movement.
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Figure 2.9: Operating principle [15] (a) schematic view of the optomechanical sensor with optical
actuation (b) SEM Image (c) the disk radius variation (d) Input and output optical power.

Figure 2.9 shows the operating principle of a silicon optomechanical device with optical
actuation. As illustrated in Figure 2.9.a, the device is composed of a waveguide with two
gratings couplers at its ends. A micro-disk optomechanical resonator is placed at a few hundred
nm from the waveguide. In order to optimize the disk radial displacement and waveguide-disk
optical coupling the entire structure is suspended on a pedestal (see Figure 2.1.b).

When an optical power Pin (DC component) is injected into the input grating, the light
propagates in the waveguide and couples to the disk by evanescent coupling at some resonance
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frequencies. The injected photons exert a radial pressure force and induce a dilatation then a
contraction of the disk radius. Figure 2.9.c, shows the radial displacement r(t) of the disk. As
described in Equation (2.1), the radius variation changes the distance covered by the optical
wave and therefore the optical resonance wavelength 4,..,. If we consider 4,.. close to the laser
wavelength, the output optical power Pout is modulated at the disk mechanical frequency f,,
(see Figure 2.9.d).

2.2.2 Analytical Modeling

The modeling of the optomechanical sensor with optical actuation involves several fields of
physics (optical, mechanical, thermal ...). Optical because the sensor is composed of several
optical devices like the grating, the waveguide and the micro-disk (considered as an optical
cavity). Mechanical, because the disk behaves like a mechanical resonator and resonates
radially in RBM mode. An opto-mechanical coupling gain allows to easily switch from the
optical cavity to the mechanical cavity. In addition, thermally, because the sensor self-heats due
to the injected power. In the following, we will describe analytically all these behaviors.

2.2.2.1 Optomechanical Sensor: Optical Description

To describe analytically the optical behavior of the sensor, it is necessary to know the
mathematical expression of the optical responses of the gratings, the waveguide and the micro-
disk resonator. Figure 2.10.a below represents the global optical response of the optical sensor.
We can see the multiple resonances introduced by the micro-disk, then the optical response of
the grating (the bell) and the waveguide (attenuation of the amplitude level).
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Figure 2.10: Optical description (a) Optical responses of the optomechanical sensor (waveguide,
gratings and multiple resonances of the disk) (b) Optical response of the micro-disk resonator.

- Micro-disk optical response :

The microdisk resonates each time the photons make a complete loop. At the end of their
turn, the photons loop back on themselves in phase and create constructive interference, which
is at the origin of a second optical resonance. This process is repeated as many times as the
photons are in phase with each other, resulting in several optical resonances. We can
discriminate the resonance wavelengths, with the index m = 1,2,3, ... as illustrated in Figure
2.10.b. Each resonance condition 4, ., was introduced in Section 2.1.1.1 with Equation (2.1).
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For a given resonance A, ,,, the disk optical response can be mathematically expressed as
a Lorentzian function (see Figure 2.10.b). The disk optical response expression is defined as
follows [16]:

2
Ares,m

Qoptm (2.9)

AZ
4(Are5,m - A)Z - Zes,m
Qopt,m

Tdisk,m (/1) =1- Cr,m

where C, ,, is the intrinsic contrast and Q,,.n is the optical quality factor for each disk

resonance labelled m. The contrast is a normalized parameter. It characterizes the absorption
rate of the resonator (see Figure 2.10.a). Analytically, it is expressed as follows:

kinkext/hz”es,m
Cr,m = (TL’C)Z Qgpt,m (2.10)
where Qopem = 2/ Aresm(kin + kexe), kin is the total intrinsic losses of the disk,
k..crepresents the evanescent coupling losses between the waveguide and the disk and c is the
light speed. The k.,, parameter depends on disk-waveguide gap and the k;, parameter is
obtained by FEM. In the optical resonator, several absorption regimes can be distinguished:

e When C,,, = 1, this means that the entire optical power transmitted by the waveguide
is absorbed by the disk. In this condition, k;,, = k., it is the critical coupling regime.
In practice for mass detection, we prefer to work on a resonance wavelength where the
disk is in critical coupling.

e When C,,, <1, we are either in an over-coupling regime or an under-coupling regime.
The over-coupling regime (k.,: > k;,) IS a regime where the power injected is greater
than the power required by the disk. There is an excess of energy, which is dissipated
by thermal or radiation losses. The under-coupling regime (k.. < ki), IS a regime
where the power injected is lower than the power required by the disk. In this
configuration, the quantity of photons introduced is insufficient and this can limit the
mechanical movement of the disk.

- Grating coupler optical response :

As seen in Figure 2.9, two gratings couplers are used to introduce the optical wave in the
waveguide. The gratings are designed to work between 1500 nm and 1600 nm with a
transmission peak placed at 1550nm. Mathematically, the optical response of the gratings can
be seen as a Gaussian function. The optical response is:

_1<A—Ac)2

Tgratings(ﬂ-) = e 2\ ¢ (2.11)

oV2rm

where A, is the wavelength for which the transmission is maximum and o is the standard
deviation. A, and o depend on the fiber angle of attack and also on the effective index of the
grating. For simplicity, these parameters are determined from experimental data.
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- Waveguide optical response :

When the optical wave propagates in the waveguide, it is attenuated due to propagation
losses. Portions of the losses are due the absorption of the material and the rest due to roughness
or fabrication defects. In general, for a silicon waveguide with a thickness of 5 pm and a length
1-5 mm, the insertion losses are about 1-3dB at 1500 nm [17].

- Global optical responses :

The total optical response T, .,0f the optomechanical sensor around the wavelength 4., ,,
is a combination of the optical responses of the disk, grating coupler, and waveguide. Ty, iS
calculated from Equation (2.9) and (2.11) as follow:

a
Topt,m (/1) = Tgratings (/1) ’ Tdisk,m(/D 10 10 - n (2.12)

where o is the insertion loss of the waveguide and 7 is the background optical noise term (white
noise). The complete expression of the global optical responses is:

« 2/ /11%es,m
10710 _1(A-Ac Q2
Topem(A) = e z( v ) 1—Crpm opt = (2.13)
oV2n 4(1 1)2 res,m
( resym ) _W
optm

Topem represents the optical response of the sensor for a given resonance peak. To consider the
multiple resonances of the disk (see Figure 2.10.a), it is necessary that Ty;sx = [ Taisk,m-
Equation (2.12) becomes:

a
Topt(l) = Tgratings (A) -10 10 - n: 1_[ Tdisk,m(l) (2.14)
m

2.2.2.2 Optomechanical Sensor: Mechanical Description

To describe the mechanical response of the sensor, we need to know the resonance of the
disk. As shown in Figure 2.11, to resonate radially, the disk is subjected to two forces: the radial
pressure force [18] and the thermal force [19]. The radial pressure force F., is exerted by the
photons, which by successive reflection expand the micro-disk. The thermal force F;, is the
force that characterizes the thermal fluctuation of the disk. More this force is important and
more the disk is easily deformed. This force is not constant and has a stochastic character. As
shown in figure 2.11.b, the radial movement of the disk is assimilated to a double mass-spring-
damper system. In the center, the systems are fixed around the pedestal, which is itself
embedded on the bulk substrate. The disk mechanics is defined by the following differential
equations:

m . mrm . Km _ Eﬂp (t) + Fth(t)

?r(t) + > 7(t) +7r(t) = o 5 o (2.15)
m mrm. Km _ rpt+ tht

?r(t) + > 7(t) +7r(t) = 5
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Figure 2.11: Mechanical description of the micro-disk (a) Schematic explaining the disk RBM resonance
mode (expansion and contraction) (b) Mechanical model: double mass-spring-damper system.

The disk is homogeneous, so the differential equations add up, Equation (2.15) becomes:
mi(t) + Lt (t) + Kpr(t) = B (t) + Fep(0) (2.16)

where 7(t) is the disk radial displacement, m = M + m,, is the mass of the disk M plus the
mass of particles m,, , I3, is the damping and K, is the stiffness of the disk. F.,(t) = i - gom
P(t) is the expression of the radial pressure force with A the reduced Planck constant, g, is
the optomechanical coupling coefficient and P(t) = C,.,,, - Pi, (t) the optical power inside the
disk which depends on the contrast and the input power.

F., (t) is the thermal Langevin force, it describes the random thermal fluctuation of the disk.
This force is estimated analytically as a Gaussian distribution. For our case, compared to its
initial state, the thermal fluctuation of the disk is low, so we assume (F;, (t)) = 0 (constant over
time). If we take into account this hypothesis in the frequency domain, the transfer function
from Equation (2.16) is written:

h'gom'cr,m'Pin
Hyoor (S) — m (2.17)

k
2 m
s+ Ips +

H,.c(s) is the transfer function that characterizes the mechanics of the disk . The system
receives at its input an optical power and generates at its output a radius deformation. The

resonance frequency is Q,, = +/k,,/m and the mechanical quality factor Q,,, = Q,,,/T,.

2.2.2.3 Optomechanical coupling

We have presented in section 2.1.3, the opto-mechanical coupling. As a reminder, this
coupling allows to link the mechanical resonator to the optical resonator. As seen in Figure 2.8,
the variation of the radius modulates the optical resonance wavelength 4,.... The expression of
this wavelength modulation is given in Equation (2.7). If we inject this variation of resonance
in the expression of the optical response of the disk, the Equation (2.9) becomes:

(Ares())?

2
Qopt

4(1/ (t) _ A)z _ (/u‘es(t))z
res Qgpt

Taiskm(A) = 1= Cp (2.18)
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Figure 2.12: lllustration of the thermo-optical effect. When the power dissipated inside increases, we
observe a non-linear shift of the disk resonance, which gives the triangular shape.

where A;...(t) is defined in Equation (2.7) and modulates optical resonance wavelength.
Equation (2.18) represents the modulated optical response of the disk. The optical response of
the gratings and the waveguide remain unchanged. The optical response of the sensor is
determined by injecting Equation (2.18) into Equation (2.14).

2.2.3 Thermo-optical effect

The thermo-optical effect is a physical effect observed consistently. It reflects the self-
heating of the micro-disk. Figure 2.12 shows an illustration of the thermo-optical effect. The
disk optical resonance is obtained by sweeping the wavelength of the laser (see the black point
in the Figure 2.12). At the beginning, a small quantity of power is dissipated inside the disk, the
optical resonance corresponds to the blue curve with the first black point.

When the optical power inside the disk becomes important, the optical resonance shifts
(green and red curves). Equation (2.1) shows it clearly, the increase of the temperature modifies
the effective index and thus the optical resonance of the disk. Within the disk, there is a moment
where the maximum power is reached (red curve) and increasing the wavelength decreases the
dissipated power. The disk abruptly returns to its initial state, which gives the triangle shape.

As shown in Figure 2.12, the thermo-optical effect can be seen mathematically as a shift of
the resonance wavelength. This shift is introduced by AAp;,the thermo-optical term. The works
[20] and [21], propose the following expression:

lres,m dne ff

AT (2.19)
dT

Adpin =

g

where n, is the group index, n.ss is the effective index, T and AT are the temperature and
temperature variation respectively. It is more convenient to express Adp;, as a function of the
input optical power. Equation (2.19) becomes:

_ Ares,m

A)-Pin - n—RthPabs (2'20)
g
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/112‘esm
2TRAARSR
the thermal resistance of the disk calculated form the geometric parameters (radius, thickness)
and the thermal conductivity of silicon. For example, a 16 pum disk-radius and 220 nm of

thickness has an Ry, = 2.84-10™* K/mW.

where Pgps = Qgps * Crm * Pin IS the absorbed power, n, = is the group index, Ry IS

Equation (2.19) describes the resonance shift introduced by the thermo-optical effect
independently of the disk mechanics. The complete optical response of the disk is therefore
written :

/172’es,f
Qopem (2.21)
Tdisk,m(ﬂ-) =1- Cr,m /12
T
Qopt,m
where,
cg
Ares,f ) = Ares,m - Tmr(t) + Apin (2.22)

res

Ares,r 18 the final optical resonance wavelength which depends on the initial wavelength

Aresm. the disk radius modulation term Z9om 4 (t) and the thermo-optical coefficient Alp;,,. The

U%es
optical response of the gratings and the waveguide remain unchanged. The optical response of
the sensor is determined by injecting Equation (2.21) into Equation (2.14).

2.2.4 Experimental Validation and discussion

In the previous sections 2.2.2 and 2.2.3, we presented the equations describing the analytical
behavior of the optomechanical sensor with optical actuation. Its optical response is the
combination of the responses of the gratings, waveguide, and disk resonator. Mechanically the
sensor is modeled by a double mass-spring-damper system. The analytical equations describing
the optomechanical coupling and the thermo-optical effect have been implemented.

In this section, we propose an experimental validation of these analytical equations. At our
disposal, we have several optomechanical devices with different radius. The aim is to evaluate
the relevance of our optical, mechanical and optomechanical coupling descriptions. We will
also evaluate the accuracy of our thermo-optical model.

- Optical description of the sensor :

The optical response of the sensor is given analytically by Equation (2.14) with the disk
response, which includes the multiple resonances. The response of the gratings is a Gaussian
function whose parameters 4, and o have been adjusted to match the model to the experiment.
For the disk, the first resonance wavelength is fitted. When this wavelength is fixed, we can
predict with Equation (2.1) the successive resonances of the disk. The contrast and quality factor
are calculated from the coupling coefficients k;,and k.,; see Equation (2.10). The k.
parameter depends on the disk-waveguide gap (~ 75— 120nm) and the k;, parameter is
obtained by FEM.
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Figure 2.13: Experimental/theoretical comparison of the sensor optical response for a disk of (a) 10 um
radius (b) 12 um radius (¢) 16 pum radius (d) 20 pum radius.

As shown in Figure 2.13, the optical response of the gratings (the bell) is well estimated.
However, a very slight shift is observed for the configuration where R=20um, probably due to
the perturbation of the fiber angle of attack. Once the first resonance wavelength is fitted,
Equation 2.19 predicts with a low error rate the successive resonances of the disk. The
theory/experimental comparison of contrast and quality factor shows a slight mismatch due to
the incertitude on the coupling coefficients k;,and k..

- Mechanical description of the sensor :

It is commonly assumed that disk mechanics is a double mass-spring-damper system, so it
IS not necessary to validate experimentally these equations. To predict the resonance frequency
and the quality factor, it is necessary to know the stiffness of the silicon disk and the damping
coefficient. The amplitude of the mechanical movement depends on the nature of the
environment (viscosity, permittivity,...) .

- Thermo-optical effect :

We will verify by experiment the validity of our thermo-optical model. Indeed as presented
in the Equation (2.20), we consider the thermo-optical effect as a linear shift of the optical
resonance. For experimental validation, we consider a disk of radius R = 16 um. We change
the optical input power in order to observe, for a given resonance, the shift introduced by the
thermo-optical effect. In this experiment, we will limit the power to 2.5mW, because above
that, the optical resonance becomes too unstable, with the appearance of non-linearity [22].
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Figure 2.14: Experimental/theoretical comparison of the wavelength shift introduced by the thermo-
optical effect as a function of the input optical power.

Figure 2.14 below illustrates the model/experimental comparison. We observe that as the
injected power increases, the optical resonance shifts almost linearly. For an input power
between 1.5 to 2 mW, the measured shifts correspond to the shifts determined by the linear
model. For higher optical powers, this linear model must be readjusted.
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2.3. Compact Modeling of an Optomechanical Sensor
with Electrostatic Actuation

In the previous section we presented and validated the equations that describe the
optomechanical devices with optical actuation. We introduce here the electrostatically actuated
devices. Electrostatically actuated devices have better SNR and a higher mechanical quality
factor than optically actuated devices. With such performance, the electrostatically actuated
devices have better mass resolution. Based on a part of the equations developed in the previous
section, we propose the compact modeling of the optomechanical sensor with electrostatic
actuation. This model is described in Verilog A language and is compatible with all SPICE
electrical simulators. When designing the readout circuit, this model will allow us to perform
electrical simulations (sensor + readout circuit) of AC, DC and transient type.

2.3.1 Operating Principle

The electrostatically actuated optomechanical sensor is a kind of sensor in which mechanical
motion is stimulated by electrostatic excitation. This stimulation is usually performed by an
external source. The radial displacement caused by the external stimulation is much greater than
in the case where the device is optically actuated. The radial motion due to photons during their
successive reflection displacement (WGM) exists, but its amplitude remains marginal.
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Figure 2.15: Operating principle (a) schematic view of the optomechanical sensor with electrostatic
actuation (b) SEM Image (c) Disk radius variation (d) Input and output optical power.

Figure 2.15 depicts the operating principle of a silicon optomechanical device with
electrostatic actuation. As illustrated in Figure 2.15.a, the device is composed of a waveguide
with two gratings couplers at its ends. A micro-disk optomechanical resonator is placed at a
few hundred nm from the waveguide. Two metal armatures are set g, apart from the disk to
apply electrostatic actuation. These two electrodes are connected to an external excitation
source. The whole structure is maintained on a pedestal in order to optimize the mechanical
displacement of the disk and the waveguide-disk coupling coefficient.
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When an optical power Pin (DC component) is injected into the input grating, the light
propagates in the waveguide and couples to the disk by evanescent coupling at some resonance
wavelength. A voltage V;,, (DC and AC components) is applied to the armatures. The disk is
subjected to an electrostatic force which modifies its radius R by introducing a variation of
radius r(t). This variation modifies the distance traveled by the optical wave and modulates
the optical resonance A, of the disk. If we consider A, close to the laser wavelength, the
output optical power Pout is modulated at the disk mechanical frequency f,,, (see Figure 2.15.d).

2.3.2 Analytical Modeling

The optomechanical sensor with electrostatic actuation also involves several fields of
physics (optical, mechanical, thermal ...). Optical because the sensor is based on optical
components such as grating, waveguide and a micro-disk resonator. Mechanical, because the
disk is a mechanical resonator and resonates radially in RBM mode. These two physical
domains are linked by the opto-mechanical coupling seen previously. Finally, thermal because
the sensor self-heats due to the injected power.

- Optical description of the sensor :

The optical description of the electrostatically actuated sensor is exactly the same as for the
optically actuated sensor. The gratings couplers have an optical response that can be assimilated
to a Gaussian function. The multiple responses of the disk can be seen as a Lorentzian function.
Since it is the same silicon waveguide, the insertion losses are about 1-3dB at 1500 nm [17].
The overall optical response is therefore expressed as follows:

a
Topt(l) = Tgratings(l) 10 10 - n: 1_[ Tdisk,m(l) (2.23)
m

where Tg,.q¢imgs 1S the optical response of the gratings defined in the Equation (2.11), Tyisk m 1S
the optical expression of the disk resonance defined in the Equation (2.21) which includes the
optomechanical coupling and thermo-optical effect. « is the insertion loss coefficient of the
waveguide and n the optical background noise.

- Mechanical description of the sensor :
As seen in Figure 2.16, mechanically the micro-disk is subjected to a force F. This force F

is composed of electrostatic, thermal and radial pressure forces.
| |
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Figure 2.16: Mechanical description of the micro-disk (a) Schematic explaining the disk RBM resonance
mode (expansion and contraction) (b) Mechanical model: double mass-spring-damper system.
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As a reminder, the radial pressure force F., is the force exerted by photons during
propagation inside the disk. The thermal force F,; is the force that characterizes the thermal
fluctuation of the disk. The electrostatic force F,.. is the force applied to the disk by the two
metal armatures. This force is expressed as follows [23]:

Furee® = —— vz (1) (224
2(g0 ()

where V;,,(t) = Vg + V,.sin (wt + ¢) is the voltage applied to the disk, €, is the permittivity
of the vacuum, S is the contact surface of the electrode, g, is the distance between the disk and
the electrodes, and r(t) is the variation of the disk radius. As the displacement r(t) < g, ,
Equation (2.24) can be approximated by a first-order Taylor’s series as follows:

€oS r(©\. ,
F, t)=—=(1+2— V5 (¢t 2.25
elec( ) 295( + Jo ) m( ) ( )

As illustrated in Figure 2.16.b, the mechanical movement can be modeled as a double mass-
spring-damper system. The disk is homogeneous, so the general differential equation is
expressed as follows:

mi(t) + Tt (t) + Kipr (t) = Feec(t) + Fop () + Fip (8) (2.26)

where m = M + m,, is the mass of the disk M plus particles m,, , I3, is the damping and K, is
the stiffness of the disk. The radial displacement generated by radial pressure and thermal forces
is negligible compared to the electrostatic force Fgec (t) > F,(t) + Fp (t). If we inject equation
(2.25) into equation (2.26), we obtain a simplified form of the differential equation:

mi(t) + Ty (8) + <Km _ @ Vl.fl(t)) r(t) = ELS; V2 () (2.27)
9o 294

2.3.3 Verilog A description model

Based on the equations developed previously, we propose here to realize a compact Verilog-
A model of the optomechanical sensor with electrostatic actuation [24]. The goal is to realize a
complete dynamic model allowing us to make transient, AC, DC and mass deposition
simulations. To have a complete simulation setup, we decided to also implement simplified
models of a laser source and a photodiode. Figure 2.17.b, shows our simulation setup in the
Cadence Virtuoso environment. Each module (laser, sensor and photodiode) is based on
equations whose parameters are given by Table 2.1. In this section, we will explain how to
implement in Verilog A the equations of each module.

- Laser Module :
The laser block generates optical power from an electrical source. It involves two physical
domains that must be defined before implementing the equations. With the discipline function

of Verilog A, we define the input of the module as electrical and the output as optical. As shown
in Table 2.1, the voltage V;,is used to adjust the DC level of the optical power. The wavelength
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Figure 2.17: (a) Schematic of an opto-mechanical device with electrostatic actuation. (b) Screenshot of
the simulation test bench (laser, sensor and photodiode) in the Cadence Virtuoso environment.

Module Symbol Parameters Value Unit
V; input voltage 1 mV
(1) Stab laser stability 0 nm/min
Laser of fset_wav | wavelength offset 0 nm
gain gain 100 w/V
Maser laser wavelength 1600,60 nm
Qopt optical quality factor 1-10* -
Ayes optical resonance 1600,61 nm
C, contrast 1 -
m optimal gratings wavelength 1589 nm
v gratings bandwidth 20 nm
Jom optomechanical coupling 15 GHz/nm
(1 thermo thermo-optical coefficient 0,1312 nm/mw
Transducer k., disk stiffness constant 3,029 - 108 N/m
a, damping coefficient 3,5-107° N/m.s™1
9o armature-disk gap 300 nm
€ vacuum permittivity 8,845 - 10712 F.m™!
S contact surface 1,4-10712 m?
M disk mass 121,88 pg
m, mass placed on the disk 0 pg
A reduced Planck’s constant 1,054 - 10734 J.s
c speed of light 3-108 m.s~!
T response time 400 ps
() Res responsivity 0,95 AW
Photodiode B Bandwidth 100 MHz
Ry, Shunt resistance 30 M0
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Table 2.1: Design parameters of the Verilog A models of the laser, sensor and photodiode blocks.
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Figure 2.18: Schematic block diagram of the Optomechanical module which consists of three sub-
modules: mechanical, optomechanical and optical.

is given by the fixed parameter A,,5.,-. In the model, it is possible to introduce an offset by using
the offset_wav parameter. The stab parameter allows to characterize the stability of the
resonance wavelength in time. The relative intensity noise (RIN) of the laser is modeled in
Verilog A with the flicker and white_noise functions added to the laser output.

- Optomechanical Sensor Module :

The optomechanical sensor integrates the different physical domains : optical, mechanical,
and thermal. It is necessary to define these domains with the discipline function. As shown in
the Figure 2.18, the optomechanical module is composed of three sub-modules:

A mechanical module reproduces the mechanical behavior of the micro-disk. In this module,
the differential equation (2.27) is implemented using the laplace_nd function. Depending on
the mass, the resonance frequency is different. We consider here the mass of the disk as a fixed
parameter and the mass of the particle as a variable input that we can adjust in simulation.

An optomechanical coupling gain allows to transcribe the mechanical resonance into the
optical resonance. The optomechanical module integrates equation (2.7), which transforms the

!

radial variation r(t) of the disk into a modulation of the optical resonance A;..;.

Finally, an optical module reproduces the behavior of the optical resonator. In this module,
equation (2.21), equation (2.22) and (2.23) are implemented. This module integrates the
thermo-optical effect and generates a modulated optical power Pyy,; = Topt (Aigser) Pin -

- Photodiode Module :

The photodiode module converts an optical power into an electrical current. This current can
be used by the readout circuit using a transimpedance amplifier (TIA). The light-current transfer
function of the photodiode corresponds to a first-order response with gain R,g, =
0.95 A/W (called the diode’s responsivity) and time constant T = 400 ps (standard value). The
amplitude noise of the photodiode can be modeled with the flicker and white_noise functions
of Verilog A.
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2.3.4 Compact model results

In this section, we propose to evaluate by measurements the coherence of the compact model
developed in Verilog A. For this purpose, different types of electrical simulation are performed
in Cadence environment thanks to the optomechanical setup shown in Figure 2.17.b.The same
conditions are used in the simulation and in the experiment. We consider the same micro-disk
and the optical power of the laser is fixed at 1 mWand its wavelength at 1550 nm. First, we
propose to study the behavior of the mechanical resonance as a function of the DC and AC
voltages applied to the disk. Then, we present the results of transient and parametric simulations
to simulate the deposition of particles.

- Variation of the DC voltages applied to the disk :

The idea here is to vary the DC voltage applied to our disk in order to see if our mechanical
model is consistent with the experimental results. For an AC voltage fixed at 100 mV, Figure
2.19 shows the evolution of the resonance frequency as a function of the DC voltage. As the
DC voltage increases, the mechanical frequency decreases. Indeed, according to equation
(2.27), as the DC voltage increases, a linear electrical spring constant reduces the stiffness of
the mechanical resonator and thus the mechanical frequency. This variation Af is perfectly
consistent with the result expected in theory. It is also consistent with the measurement with an
error of less than 10%.
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Figure 2.19: Variation of the mechanical frequency as a function of the DC voltage applied to the
optomechanical micro-disk

- Variation of the AC voltages applied to the disk :

In simulation, we change the AC voltage applied to our optomechanical micro-disk. Figure
2.20 shows the results of this simulation. For a DC voltage fixed at 2 V, when the AC voltage
increases, the modulated optical power also increases. This can be explained by the fact that
when the electrostatic excitation increases, the amplitude of the mechanical movement of the
disk becomes important and that translates into more optical power modulation. For a V. at
100 mV the power amplitude is 50 uWW and for a V/,. of 900 mV the amplitude can reach up to
450 ul¥/. For this part of the model, we did not have time to compare it with the measurements.
This is a necessary experiment to do in the perspective of this thesis.
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Figure 2.20: Variation of the output power as a function of the AC voltage applied to the optomechanical
micro-disk.

- Mass Deposition Simulation:

The mechanical model developed in the previous sections in Verilog A can simulate a mass
deposition. Indeed, in the differential equation (2.26), the system mass is considered to be the
sum of the intrinsic disk mass M and the mass of the particles m,. Here, we present the results
of the mass deposition simulations. The electrostatic actuating voltages V. and V,. are,
respectively, fixed at 100 mV and 2 V.

The first simulation is a parametric simulation where a mass deposition is done in a static
way. Figure 2.20 shows the variation of the mechanical frequency as a function of the deposited
mass. As more particles are added, the mechanical resonator becomes heavier, and the resonant
frequency decreases. The sensitivity of the optomechanical sensor in simulation is about
—1 Hz/ag. This simulated sensitivity corresponds to the measured sensitivity.
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Figure 2.21: Mass deposition simulation: mechanical frequency variation as a function of the particle
mass deposited on the top of the micro-disk.
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The second simulation is a transient simulation. It reproduces the real time behavior of mass
deposition. This type of simulation is very useful when designing a real-time readout
electronics. Figure 2.22 illustrates the real time simulation of particle deposition. Every 100 ps,
a certain amount of mass is continuously deposited. The mechanical resonance frequency of
the disk decreases. At 400 us, we simulate the case where a certain amount of particle leaves
the disk. In this case, the mechanical resonance frequency increases. The sensitivity in
simulation is the same as that measured at —1 Hz/ag.

Real-time simulation
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Figure 2.22: Real-time simulation of the mass deposition: mechanical frequency variation as a function
of the particle mass deposited on the top of the micro-disk.

2.4 Conclusion

In the first part of the chapter, we explained that the optomechanical micro-disk behaves like
an optical resonator. Indeed, within the optical cavity, the light travels by successive reflection,
it is the WGM mode. The optical quality factor of the micro-disk is very high, of the order of
10°. The opto-mechanical resonator also behaves like a mechanical resonator. It resonates by
dilating in a radial way, it is the RBM mode. An opto-mechanical coupling connects the
mechanical cavity to the optical cavity.

In the second part, we have presented the optomechanical sensor with optical actuation. This
type of sensor is used for the mass detection. It consists of an optomechanical micro-disk
resonator, an optical waveguide, gratings coupler. In this section, we have developed the
analytical equations describing the optical, mechanical and thermal behavior of the sensor. The
analytical equations were then validated by experiment.

In the third part, we have presented the electrostatically actuated optomechanical sensor.
This kind of sensor has a better SNR and resolution than the optically actuated sensor. In this
thesis, we will mainly work on this type of device. In the perspective of the design of a readout
electronics, we propose here the development of a compact model in Verilog A. The presented

model includes the mechanical, optical, optomechanical coupling and thermal equations of the
Ssensor.
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In this chapter, we present for the first time an optomechanical matrix topology designed for
mass detection. First, we will explain the importance of such a matrix. Then we will specify it
(reading principle, matrix organization, type of actuation, ...) and compare it to existing matrix
devices. From this specification, we suggest the concerned matrix topology.
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3.1. Optomechanical Matrix : constraints & interests

Due to the small radius of a single micro-disk resonator (some um radius), the detection area
of the optomechanical sensor is too small to consider the use of a single device in mass detection
systems. The optomechanical sensor array should be designed to significantly increase the
effective area, which will reduce the readout time. In this section, we will concretely see the
interest of such an array and the different constraints under which the array will be used.

3.1.1 Optomechanical Matrix : constraints

The matrix of the optomechanical resonator must be designed in such a way as to be able to
operate in a non-constraining medium (air, vacuum) as well as in a constraining medium (liquid
environment). Let's start with the constraints to which such a matrix will be subjected. In air or
in vacuum there is not much constraint. Conversely, in a liquid medium, for a disk resonator of
a few micrometers radius, the particles take some time to settle [1], [2].

Indeed, this long deposition time is due to the viscosity and inertia of the medium that makes
the particle difficult to deposit. Usually, in a liquid environment, receptors are placed on top of
the disk to easily catch the particles [3]. Before measurement, a functionalization time is
required to place the receptors. Figure 3.1.a and 3.1.b below shows the process of detecting a
particle. The receptors in white in the figure are attached to the top of the disk during the
functionalization step.

Figure 3.1: (a) Illustration of a device with several optomechanical disks sharing the same optical
waveguide in a liquid medium inspired by [4] (b) Mass deposition on top of several optomechanical
micro-disks sharing an optical waveguide inspired by [5].

3.1.2 Optomechanical Matrix : Interests

Optomechanical resonators are suitable for mass flow detection applications. This means
that the sensor detects a continuous flow of particles. However, today a single resonator can
only detect a limited number of particles. This is due to its small detection surface and its mass
which cannot accumulate a large quantity of mass. If we want to increase the number of particles
detected while maintaining the performance, it is necessary to think of a new configuration.
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A simple idea is to increase the detection area by increasing the radius of the optomechanical
micro-disk while keeping the same thickness (~220 nm). This way is complex to implement.
Indeed, if we increase the radius of the disk, the resonator becomes heavier, its resonance
frequency and mechanical quality factor degrades (see Figure 2.7a). The coupling between the
optical and mechanical cavity and the sensitivity deteriorates. To keep both the performance
(sensitivity, noise ...) and to have a large detection area, a solution would be to put the
optomechanical resonators in matrix form.
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Figure 3.2: Very large-scale example of an optomechanical resonator matrix with particle deposition.

Figure 3.2 shows an example of the optomechanical matrix. Optomechanical micro-disks
will share the same optical waveguide. It is organized in rows and columns and presents i * j
optomechanical sensors. On this matrix, all the resonators will have the same dimensions
(radius, thickness ...) to have the same mechanical resonance frequency and a similar optical
resonance wavelength. Thus, the optomechanical matrix exhibits the same performance as a
single resonator with a larger detection area. For a configuration like the one shown in Figure
3.2, all disks should be electrostatically stimulated to achieve better SNR and thus better
resolution.
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3.2. Reflections on the “ideal” matrix configuration

Previously we saw in Figure 3.2, a typical example of what the future optomechanical matrix
may look like. To read such a matrix, there are two possible techniques. A sequential reading
in which the disks of each row are read one by one. Simultaneous reading, in which all the disks
in the row are read at the same time. In this section, we will review these two techniques and
then discuss the appropriate technique for mass detection. Once the reading principle has been
chosen, we will define the specifications and expose all the constraints to which the future
matrix must conform.

3.2.1 Sequential reading

Sequential reading is a reading principle widely used to read a pixel matrix or a position
sensor matrix. If we take the example of a Touch Sensor matrix [6], the reading is done as
follows. The position of the finger on the matrix varies the value of a capacitance. All capacitors
have the same value by default. To read the position of the finger, an electrical signal is sent
sequentially row by row, to determine the capacitor whose value has changed. There are also
other configurations where this type of reading is used [7]-[9].
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Figure 3.3: Sequential reading principle of an optomechanical resonator matrix.

We can apply this reading principle to our optomechanical sensor matrix, the idea is that this
time the reading is done column by column. Thus, we can place the electronics at the output of
each row and read the matrix column by column. Unlike the multiplexed configuration seen
previously, this kind of reading requires only one laser wavelength to excite all the disks. It
supposes obviously that all disks are of the same dimensions with a precision of the order of
the nm. When reading the disks column by column, it is necessary to think of making invisible
the other disks of the matrix. Indeed, the disks placed on the same row share the same optical
waveguide. The optical power is modulated as many times as there are disks on the row.
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To keep only one mechanical resonance frequency at the output of each waveguide (see
Figure 3.3), the mechanical resonance of the other disks must be either masked or stopped. We
will see in detail these different techniques in section 3.4.

3.2.2 Simultaneous reading

Simultaneous reading is a reading principle in which all the resonators are read at the same
time. It is a reading technique that is frequently used, especially when we have a very large
matrix. For example, it is the technique used to read a micro cantilever array for gas detection
[10]. In this application, the output signals of the sensors are multiplexed and then converted to
digital. With a very accurate ADC we can extract the resonance frequencies of each micro
cantilever. There are also other configurations where this type of reading is used [11] and [12].
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Figure 3.4: Simultaneous reading principle of an optomechanical resonator matrix

We have the possibility to apply this reading principle to our optomechanical sensor array
(see Figure 3.4), the idea is that this time we read all the resonators of the array at the same
time. This method has the advantage of being very fast. Nevertheless, the simultaneous reading
principle is not adapted to our optomechanical sensor array. Indeed, it is very difficult to read
at the same time all the disks of a single line. As the optomechanical disks are placed on the
line, the signal is attenuated until it is no longer visible at the output.

3.2.3 Discussion on the appropriate reading configuration

The mass deposition time, especially in liquid context, is very slow. This is due to the
viscosity and inertia of the environment. Maxime Hermouet demonstrated in his thesis that this
time could be up to 1 hour for a complete deposition of particles [13].Therefore, for the
optomechanical resonator array in liquid, the reading time is not really a fundamental criterion
to choose a reading configuration.
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Sequential reading is suitable for small size arrays. Its reading electronics is relatively simple
since it consists in reading a single frequency at the output of each optical waveguide. Closed
loop architectures (self-oscillating loop or phase-locked loop) can be adapted to this type of
reading configuration. For greater accuracy, a lock-in-amplifier architecture can be applied.
Also, with this technique we can identify both the position and the mass of the particle.

Simultaneous reading is more suitable for larger arrays. Its reading electronics is a little more
complicated since it consists in extracting a single frequency embedded in a signal where the
resonance frequencies are multiplexed. In general architectures for this configuration are more
digital. With a very precise ADC (Analog to Digital Converter) we convert the analog
multiplexed signal into digital. And then with a digital band-pass filter, we extract one by one
the mechanical resonance frequencies.

To read our optomechanical sensor array, we finally choose a sequential reading. The
reading time is certainly slower than the simultaneous reading. The convergence time of a
phase-locked loop is of the order of micro-seconds. This is enough to read sequentially a very
large matrix. Also, unlike simultaneous reading, we will be able to determine the position of
the particle in the matrix.

3.2.4 Specifications and Features of the “ideal” matrix

In this section, we propose to define the outlines of the "ideal” optomechanical matrix. For
mass detection, the matrix should have the following characteristics:

e The matrix must be organized in rows and columns. The idea is to optimize the
dimension of the matrix by placing on each row a waveguide as shown in Figure 3.2. it
will optically excite a multitude of optomechanical resonators placed along the optical
waveguide.

e The optomechanical disks must have the same dimensions (radius, thickness,...). This
will allow to unify the resonance frequency of the disks and to read more easily the
matrix. A slight dispersion due to the manufacturing process is possible, that's why we
add a condition on the dispersion which must be of the order of nm.

e Each disk must be electrostatically stimulated. At the output, the signal will be
amplified, and we will have a better SNR and a high mass resolution.

e The mechanical excitation can be individual or common to the matrix. Depending on
the chosen reading configuration (simultaneous or sequential reading), the electrostatic
excitation can be individual or common.

e The matrix must be able to read sequentially disk by disk. During the reading, it is
necessary to be able to activate the disk to be read and to deactivate other disks. To do
this, two methods exist. The optical method which consists in optically masking the
mechanical resonance. The mechanical method where the idea is to interrupt the
mechanical displacement of the optomechanical disk. We will see in detail these
methods in section 3.4.
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3.3. Available optomechanical matrix topologies

For its exploratory research, CEA-Leti has developed and characterized different matrix
topologies with optomechanical resonators. A first topology called “multiplexed
configuration”. This topology is close to the configurations [4], [5], where resonator disks of
different radius are placed on the same optical waveguide. In this case, the disk hosts both the
optical and mechanical cavity. The second is a configuration where the optomechanical disk is
used as an optical cavity. This cavity is mechanically stimulated by nano-rams placed around
it. The principle is that the nano-rams disturb the light propagating in the optical cavity. This
results in modulated optical power at the mechanical resonance frequency of the nano-rams.
We will see in this section two topology.

3.3.1 Multiplexed Configuration

The multiplexed configuration of optomechanical resonators is a matrix configuration, in
which several disks are placed around the same optical waveguide. These disks have different
radius to avoid the interference of optical and mechanical resonances. Figure 3.5 below, shows
a SEM picture of our multiplexed optomechanical resonators in silicon. For the moment we
have considered only three micro-disks to validate the multiplexing principle. The disks have
respective radius R; = 20um, R, =R, +32nm, R, =R, +64nm. All disks are
electrostatically stimulated by electrodes.

Disk 1 Disk 3

Figure 3.5: SEM image of multiplexed optomechanical resonators

Concerning the reading principle, the idea is to inject at the input of the gratings several
wavelengths corresponding to the resonance wavelength of the disks. At the output at the
photodiode, this will make visible all the mechanical resonances of the disks. Thus, we can then
determine the masses deposited on each disk. The advantage of this type of matrix configuration
is that we can read simultaneously all the disks of the same waveguide. The main disadvantage
comes from the difference in mechanical frequency of the disks. As the optomechanical
resonators are excited, it is necessary to provide different oscillators to drive them separately.

Figure 3.6 represents the optical response of the multiplexed optomechanical system
presented in Figure 3.5. This figure is obtained by sweeping the wavelength of the laser between
1500 and 1620 nm. If we analyze this optical response, we find the “bell shape” that corresponds
to the optical response of the gratings coupler and the multiple resonances of the
optomechanical disks. As the disks have different radius, the optical resonances do not overlap.
We can easily identify the optical resonances and associate them with the corresponding disks
with colored crosses as illustrated in Figure 3.6.
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Figure 3.6: Measurement of the optical response of the optomechanical multiplexed system with the
optical resonances of each disk [14].

Figure 3.7 below represents the mechanical resonances of the multiplexed system as a
function of the excitation voltage. At the output of the photodiode, we can see the three
resonance frequencies (f, 1, fm 2 and f;, 3) corresponding to the three optomechanical disks
(R4, R, and R3). We also note that increasing the electrostatically excitation of the disks
improves the SNR and thus the resolution.

To discriminate mechanical frequencies, there are several techniques. In general, in the
laboratory, three PLL are used to simultaneously track the mechanical resonance frequencies
of the three disks. But for a large-scale matrix with a high number of disks, this becomes very
complex electronically. The other technique is to use a digital band-pass filter that will select
the desired resonant frequency.
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Figure 3.7: Measurement of the mechanical resonances of the optomechanical multiplexed system for
different excitation voltage [14].
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3.3.2 Nano-rams with an optical disk cavity

The matrix configuration presented in this section is a configuration in which several nano-
rams are placed around an optomechanical disk. In this case, the disk is an optical cavity, and
the mechanical cavity is represented by the nano-rams. The device works as follows. The light
propagates in the optomechanical disk and is disturbed by the mechanical movement of the
nano-rams. Consequently, the optical power is modulated at the mechanical resonance
frequency of the nano-rams.

Figure 3.8: lllustration of our silicon optomechanical disk device with several nano-rams

Figure 3.8 shows our nano-rams silicon devices with several optical cavities. On this device
are placed several optomechanical disks of radius 5 um. Each disk is surrounded by three nano-
rams spaced at an angle of 60°. But as the nano-ram surface is used for mass deposition it is
necessary to plan a reflection on a matrix configuration. For the moment we consider only three
nano-rams around the disk just to validate the concept.

The Figure 3.9 above corresponds to zoom made on the disk area. The distance between the

nano-ram and the disk is in the order of a hundred nanometers. The rams are electrostatically
excited by electrodes placed at a few hundred nanometers.

Figure 3.9: Zoom on our silicon optomechanical disk device with several nano-rams

The three nano-rams have different dimensions. Therefore, they have different mechanical
resonance frequencies. The mass deposition is done on the top of the ram because they are the
support of the mechanical resonance. Here the disk is only used as an optical cavity. In terms
of detection area, a ram is less wide than a disk. They have lower resonant frequencies than
disks (about 40-50MHz).
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3.3.3 Discussion on existing matrix topologies

Both configurations presented above, are the result of the first thought carried out on the
optomechanical matrix.

In the multiplexed configuration, the disks do not have the same dimensions. The reason is
that it allowed the multiple optical resonances of the disks to not overlap. Moreover, the reading
is done in a simultaneous way. At the output of the photodiode the three mechanical resonance
frequencies are visible. Such a configuration, because of the multiple optical resonances, limits
us on the number of disks to be placed on a single waveguide. This means that we cannot realize
a very large matrix as we wish. For the nano-rams configuration, the problem is the small
detection area of the rams compared to the optomechanical disks.
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3.4. Activation or deactivation an optomechanical disk

According to the specifications made in section 3.2.4, the "ideal” matrix must be able to be
read sequentially. The idea is to read the disks of the array one by one. The example of the
"ideal" array configuration that we have presented in Figure 3.2, shows that several
optomechanical disks share the same waveguide. When an optical power is injected, all the
disks positioned along the waveguide modulates the optical power at their mechanical
resonance frequencies. In our case, the disks have the same dimensions, it is therefore very
difficult from an electronic point of view to extract all these frequencies.

To solve this problem, we need to find a way to turn the optomechanical disks on and off in
order to read them only when we want to. Several solutions could be envisaged. We can do it
in an optical way where the idea here is to make the mechanics of the disks invisible. Or
mechanical where the idea is to stop the mechanics of the disk. We will see in this section these
two techniques.

3.4.1 The optical method

An optomechanical disk can be optically activated and deactivated. The principle consists in
making the mechanical resonance optically invisible. In other words, the optomechanical disk
resonates mechanically but this resonance is invisible at the output of the waveguide. There are
two different ways to do this. First, the optical resonance of the disk is shifted by using the
thermo-optical effect seen before. Or we can act on the disk-waveguide evanescent coupling.

3.4.1.1 Shift of the optical resonance

The modulation of the optical power inside the optomechanical disk is made from the optical
resonance 4, and the laser wavelength A,,..,. The idea here is to shift the resonance A,.s in
order that the modulation is done outside A,,.,-. The offset required remains small because the
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Figure 3.10: Operating Principle of (a) an optomechanical disk (b) an optomechanical disk with a heater
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optical resonator has a very high-quality factor of the order Q,,,~10°. One way to shift the

disk optical resonance is to exploit the thermo-optical effect. To make this shift it is necessary
to heat the disk.

Figure 3.10.a shows the normal operation of an optomechanical disk. The injected optical
power is modulated at the mechanical frequency fm. Figure 3.10.b shows the operation of an
optomechanical disk with a heater. When the disk is heated, its optical resonance shifts. It
behaves like a unitary gain and its contrast C,, = 1. To be in this configuration it is necessary
that the shift introduced by the thermo-optical effect is greater than the modulation of the
resonance wavelength.

One way to realize this heater is to put a heating resistor. The paper [15], shows how to make
a heater on a micro optical disk. A metal ring is placed over the resonator disk. This ring behaves
like a thermal resistor and heats up with the help of a current.

- Calculation of the thermal sensitivity of a silicon disk :

Our optomechanical disks are made of silicon, so their thermal sensitivity can be calculated
using the expression of the optical resonance:

Nerr(T)2TR
Aresm(T) = effT (3.1)
withn,((T) the effective index of the medium which depends on the temperature, R the radius

of the disk and m the resonance index. According to [16] and [17], the index of silicon at 250
Kand 300 K is:

dneff
aT

dn
(250 K) = 1,78 10~ and d“"Tff (300K) = 2-107* (32)

By injecting (2) into (1), we obtain:

Aresm(300 K)  mepr(300 K)
Aresm(250 K) ~ Mo (250 K)

=1,123 (3.4)

If Aresm(250 K) = 1550 nm, Ayesm (300 K) = 1,123 * 1550 = 1741,5 nm.The theoretical
thermal sensitivity is therefore written as follows:

Alres,m

=~ K (3.5
AT 3,8nm/

For a silicon resonator, equation (3.5) allows to estimate the wavelength shift as a function
of temperature. As our optomechanical resonator has a very high-quality factor, a slight change
of the temperature (a few ° K) can make the optical resonance invisible. To induce such
temperature shift, it is necessary to calculate from the thermal resistance defined in chapter
equation (2.20) the required current density.
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3.4.1.2 Acting on the waveguide-disk optical coupling

The other way to make the optomechanical disk invisible is to act on the optical disk-
waveguide coupling. This means that the optical wave does not enter the optomechanical disk.
We saw in the previous chapter that the optical wave enters the disk by evanescent wave. This
requires that the disk is very close to the waveguide (a few hundred nanometer). The idea is to
vary this gap g,,.to activate or deactivate the mechanical resonance. To vary this gap go,¢, We
place an electrode near the optomechanical disk. Figure 3.11 shows the configuration in which
the gap is varied using an electrode. The principle is that with this electrode, we can move the
disk away from the waveguide to prevent the optical wave from coupling to the disk. The
displacement of the disk must be small in order not to break the pedestal (see Figure 3.11b).
The gap control electrode is completely dissociated from the electrostatic actuation electrodes.

Jopt [
a

Evanescent coupling electrode

(]

Figure 3.11: lllustration of the optomechanical disk with an electrode that controls the optical gap (a)
top view (b) side view with the pedestal.

L

(b)

In the team, we have at our disposal different optomechanical devices with different optical
gaps. Figure 3.12 illustrates the measurements of the optical responses performed on devices
with a gap of 200, 300, 400 nm. When the gap is 200 nm (in green), we can see the multiple
resonances of the disk. At 300 nm gap (in blue), the resonances are visible but with a low
contrast. And at 400 nm gap (in yellow), the optical resonances are no longer visible. The disk
is far enough from the waveguide to allow evanescent coupling.
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gap of 200, 300 and 400nm [13]
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3.4.2 The mechanical method

The other method to activate and deactivate an optomechanical disk is a mechanical method.
The idea here is to stop or to put in resonance the disk according to our request. To start the
oscillation of the resonator it is only necessary to stimulate it with the electrostatic electrodes.
The hardest thing is to stop the resonance. There are two ways to stop the resonance. One way
IS to stop the electrostatic stimulation and wait for the disk to dampen itself. And a brutal way
where the idea is to stop the disk mechanics in a clear and fast way.

The first way is to stop the resonance in a slow way, by interrupting the electrostatic
excitation. The disk dampens and takes some time to stop. This stopping time is problematic
for our matrix configuration. Depending on the viscosity of the environment this stopping time
can be more or less important. One way to do this technologically is to imagine mobile
electrodes. We will approach these electrodes when we want to excite a disk. And in the
contrary case one will move away the electrodes and let the disk dampen itself until the stop.

The second way is to stop the resonance abruptly and quickly. This approach is more suitable
for the matrix configuration but is complicated to realize. Technologically it would be necessary
to imagine putting flippers next to the disk. The flippers would be activated so that they force
the disk to stop resonating. And in the contrary case the flippers would move away to let the
disk resonate freely.

3.4.3 Discussion on the adequate way to activate and deactivate

To activate and deactivate an optomechanical disk, we have the optical method where the
idea is to optically mask the mechanical resonance. We have also seen the mechanical method
where the idea is to stop the mechanical resonance of the disk. These two methods will allow
us to read our matrix sequentially.

An optomechanical disk can be optically activated and deactivated. There are two different
ways to accomplish this. First, the optical resonance of the disk is shifted by using the thermo-
optical effect seen in chapter 2. With the help of a heater, the disk is heated locally and that
modifies the effective index and thus the optical resonance by introducing a shift. We can also
act on the evanescent coupling of the disk and the waveguide. For this we can place an electrode
near the disk to vary the gap g,,.. Normally an important displacement is not necessary, it is
enough that this gap is 400 nm for the disk not to be visible optically.

Mechanically the optomechanical disk can also be activated and deactivated. The simplest
way is to act on the electrostatic stimulation. When the stimulation is stopped, the disk is
damped until it stops. The damping depends on the viscosity of the environment. For example,
the disk will stop faster in liquid than in vacuum. But if we want to stop the mechanics faster,
we must place flippers. The role of these flippers will be to clamp on the disk to force it to stop.
From a technological point of view this is complicated to achieve.

For the upcoming optomechanical matrix, it is possible to use both techniques (optical and

mechanical) to activate and deactivate the disks. In general, the optical technique by heating
element is widely used in the state of the art, especially for optical modulators [15] and [18].
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3.5. Optomechanical matrix: what will it look like ?

Previously, we have seen the features that the "ideal" optomechanical matrix for mass
detection must exhibit. The matrix must be realized in columns and rows with disks of the same
dimensions. To read sequentially the array we have chosen to activate and deactivate the disks
in an optical way by exploiting the thermo-optical effect. Based on all the reflections carried
out, we present in this section the final configuration adopted for the optomechanical matrix.
This matrix topology is innovative for mass detection applications. A patent has been granted
for it in the context of this thesis.

3.5.1 Matrix topology selection

To thermally displace the optical resonance, a simple approach is to implement a resistor.
The resistor comes to heat locally the surface of the disk. This modifies the effective index of
the material and thus the optical resonance. Moreover, with an adjustable current source, we
can control the thermal dissipation of the resistor and thus the shift of the optical resonance.
Using this technique on our optomechanical sensor array we obtain the configuration shown in
Figure 3.13.a . The optomechanical disks are represented in top view by the dotted circles.
Above the disks are placed metal grids where the resistive elements are placed.
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Figure 3.13: Matrix topology with resistors () electrical view of the optomechanical matrix (b) thermal
simulation of a 2x4 matrix in COMSOL
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When we feed the disks placed on the 1st column, the current propagates and heats the disks
of the 1st column and the disks of the other columns. To illustrate this, we have performed a
COMSOL simulation on a 2x4 disk array. When we feed the disks of the 1st column only, we
see that residual currents come to heat the other disks of the matrix as shown on Figure 3.13.b.
The temperature shown in the Figure corresponds to the temperature on the disk surface. The
further away from the current source the lower the temperature rise. These residual currents are
not suited with our sequentially reading strategy. In fact, we only move the optical resonance
of the disk we want to read.

To solve this problem, we decided to place p-n junctions instead of resistors. The new array
is represented in Figure 3.14. This time, thanks to the P-N junctions, the residual currents which
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Figure 3.14: Electrical view of the optomechanical matrix with a P-N junctions

affected the other disks of the matrix are now blocked. Therefore, we can read such a matrix
sequentially, one column at a time, without altering the state of the neighboring disks.

3.5.2 Overview and operating principle of the future matrix

Figure 3.15 below shows the general view of the future optomechanical array. This array
will be designed to detect a large number of particles in liquid environment. For the moment, it
is assumed that it is i X j in size. In total we will have i x j optomechanical disks arranged in
rows and columns. The resonators placed on the same row share a common optical waveguide.
As a reminder, we have chosen to work on the electrostatically actuated resonators for their
excellent SNR. Therefore, it is necessary to provide around the disks the realization of metallic
electrodes.

The electrodes can be connected to each other and to the same excitation source. Thus,
mechanically all the disks are excited at the same time. During the sequential reading, to make
visible or invisible the mechanical resonances of the disks, p-n junctions are placed. These
junctions are placed underneath the disks through a metallic grid which allows the passage of
the current. To heat in a uniform way, we place a metallic nail in the center of the disks directly
in the SiO2 pedestal (see the brown circle in the center of the disks Figure 3.15.). We will see
the fabrication process into details in the next section.

The principle of reading is as follows. We inject a wavelength A;,.. on the optical
waveguides. Mechanically thanks to the electrodes all the resonators of the matrix are excited.
As the disks have the same dimensions (except manufacturing defect) they have consequently
the same optical resonance A,..,. By default, 4;,5. and A,.s. are distant. This allows to have
no visible signal at the output of the waveguides. To make visible the mechanical resonances,
a current is injected on the first column. The disks of the first column heat up and their optical
resonance moves towards ;.- Automatically at the output, the mechanical resonances of the
disks of the first column become visible. We repeat this operation column by column, while
taking care to deactivate the previous columns.
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Figure 3.15: Overview of the future optomechanical array for mass sensing in chip form

Thanks to this principle, all the disks of the matrix are individually read and this in a very
fast way. A reading electronic is placed at the output of each row. It is composed of a photodiode
and a circuit which allows to track the resonance frequency. In the future we would like the
laser, the optomechanical matrix and the reading electronics to be contained on the same chip
as shown in Figure 3.15.

3.5.3 Fabrication process : Main steps

This new array configuration does not add much complexity compared to the conventional
fabrication process of our resonators [13]. The idea is just to implement a p-n junction and a
metal nail in the pedestal. Today, our optomechanical resonators are made on a 200 mm SOI
wafer. An SOI wafer is composed of a thin Si layer (220 nm), a SiO2 layer of about 1 um and
a larger layer of bulk Si (as illustrated in Figure 3.16. a) .

220 nm

1um

(@) (b)

Figure 3.16: (a) Initial 200 mm SOI (b) Base metallization of the bulk and creation of the metal nail.

The second step consists in the metallization of the structure as shown in Figure 3.16.b. A
layer of metal is deposited on the base of the Si bulk. This layer will be connected to the ground
to dissipate the injected current. Then the metal nail is formed on the SiO2 layer and the thin
TOP layer. This metal will ensure the electrical connection between the TOP layer and the base
of the bulk. It will also allow to heat uniformly the optomechanical disks.
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Figure 3.17: (a) lon implantation (Phosphorus and Boron) (b) Formation of N and P doped boxes

Figure 3.17.a presents the step where the p-n junction is formed. To achieve this, an oxide
deposition is made on the thin TOP layer, followed by an implantation of phosphorus atoms to
create the N-doped box. Then we repeat the operation with this time an implantation of Boron
atoms to realize the P box. Thus, on Figure 3.17.b, we have formed the p-n junction. The current

is passing in the direction of the TOP layer towards the bulk in the opposite direction it is
blocked.

Si (bulk)

(a) (b)
Figure 3.18: (a) Thermal oxide layer deposition + SiH4 mask (b) Lithography + Etching

The next step in Figure 3.18.a consists of forming the coupler gratings, the optical
waveguide, the resonator disk, and the supports for the actuation electrodes. A thermal oxide is
deposited first and then a SiH4 mask which constitutes the photo-resistance. By Lithography
and etching one comes to form the disk, the supports of the electrodes and the grating coupler.
In Figure 3.18.b, we have the structure of the resonator almost formed.

Si (bulk) Si (bulk)

(@) (b)

Figure 3.19: (a) Metallization of the actuation electrodes and the disk (b) After etching all the structure
is released.
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The last step shown in Figure 3.19.a is the release of the structure. Before this, the metal
structures are placed first on the actuating electrodes and then on the resonator disk. A pre-
release step is necessary to etch the oxide layer with HF vapor and then etch it with the same
HF vapor in an isotopic way to the bulk (see Figure.3.19.b).

3.6 Conclusion

The objective of this chapter is to study the possibilities of integrating optomechanical
resonators in matrix form. In the first section, we presented the interest of this kind of matrix.
Indeed, due to the small detection area of the optomechanical sensor, an array must be designed
to significantly increase the effective area, which will reduce the reading time. We have also
seen the different constraints that such a matrix will be subjected to.

In the second part, we looked at the reading principle of such a matrix. There are two possible
reading principles. A sequential reading, where the idea is to read the matrix disk by disk. A
simultaneous reading where the idea is to read all the resonators of the matrix at the same time.
The reading principle chosen for the optomechanical matrix is the sequential reading. This type
of reading is simple to read from an electronic point of view and allows to know in real time
the position of the particle in the matrix. Then, based on a specification, we defined the contours
of the "ideal™ matrix for our mass detection application.

Following, we presented the optomechanical array systems at our disposal. Currently, we
have two configurations of arrays. A configuration called "multiplexed” in which three
optomechanical disks of different radius share the same waveguide. And a configuration with
nano-rams placed around an optical disk.

Thus, in the next section, we continue our reflection on the " ideal " matrix by presenting the
different techniques to activate or deactivate the optomechanical disks. Indeed, we have chosen
a sequential reading for the optomechanical resonator array. As the disks share the same
waveguide at each row of the array. It is necessary to read only one disk at a time while the
other disks are disabled. This can be done optically (shift of the optical resonance, variation of
the disk-waveguide gap) in order that the mechanical resonance becomes invisible. But also,
mechanically where the idea would be to stop the mechanical movement of the disk.

In the last part, we finally present the matrix topology chosen for mass detection context.
This configuration is innovative, a patent has been granted in the context of this work. Briefly,
the future optomechanical matrix will be read sequentially column by column. To optically
activate and deactivate the mechanical resonance we have opted for the introduction of a p-n
junction. Thus, we will let the current pass in one direction without disturbing the state of the
neighboring disks with the residual current. We also explained the different steps of the
fabrication process of such a structure. This allows to see the complexity of the work needed to
achieve one day such a matrix.

71



Chapter 3: Towards a matrix integration of optomechanical resonators

References

[1] « Cavity optomechanical spring sensing of single molecules | Nature Communications ».
https://www.nature.com/articles/ncomms12311.

[2] M. Sansa et al., « Optomechanical mass spectrometry », Nat Commun, vol. 11, n° 1, Art. n°®
1, juill. 2020, doi: 10.1038/s41467-020-17592-9.

[3] D. Ramos et al., « Arrays of dual nanomechanical resonators for selective biological
detection », Anal Chem, vol. 81, n® 6, p. 2274-2279, mars 2009, doi: 10.1021/ac8024152.

[4] E. Gil-Santos et al., « Scalable high-precision tuning of photonic resonators by resonant
cavity-enhanced photoelectrochemical etching », Nat Commun, vol. 8, n° 1, Art. n® 1, janv.
2017, doi: 10.1038/ncomms14267.

[5] « Gallery », Christopher G. Baker, 7 février 2018. https://christophergbaker.com/gallery.

[6] O.-K. Kwon, J.-S. An, et S.-K. Hong, « Capacitive Touch Systems With Styli for Touch Sensors:
A Review », [EEE Sensors Journal, vol. 18, n° 12, p. 4832-4846, juin 2018, doi:
10.1109/JSEN.2018.2830660.

[7] M. El-Desouki, M. J. Deen, Q. Fang, L. Liu, F. Tse, et D. Armstrong, « CMOS Image Sensors
for High-Speed Applications », Sensors (Basel), vol. 9, n° 1, p. 430-444, 2009, doi:
10.3390/s90100430.

[8] O. Oballe-Peinado, J. Castellanos-Ramos, J. A. Hidalgo-Lépez, et F. Vidal-Verdu, Direct
Interfaces for Smart Skins Based on FPGAs, vol. 7365. 2009. doi: 10.1117/12.821642.

[9] J. A. Hidalgo-Lépez, J. Romero-Sanchez, R. Ferndndez-Ramos, J. F. Martin-Canales, et J. F.
Rios-Gomez, « A low-cost, high-accuracy temperature sensor array », Measurement, vol. 125,
p. 425-431, sept. 2018, doi: 10.1016/j.measurement.2018.04.085.

[10] M. Possas et al., « Frequency profile measurement system for microcantilever-array
based gas sensor », in 2015 Symposium on Design, Test, Integration and Packaging of
MEMS/MOEMS (DTIP), avr. 2015, p. 1-5. doi: 10.1109/DTIP.2015.7160999.

[11] N. Radha Shanmugam, S. Muthukumar, S. Chaudhry, J. Anguiano, et S. Prasad,
« Ultrasensitive nanostructure sensor arrays on flexible substrates for multiplexed and
simultaneous electrochemical detection of a panel of cardiac biomarkers », Biosensors and
Bioelectronics, vol. 89, p. 764-772, mars 2017, doi: 10.1016/j.bios.2016.10.046.

[12] A. T. Guntner et al., « Sniffing Entrapped Humans with Sensor Arrays », Anal. Chem., vol.
90, n° 8, p. 4940-4945, avr. 2018, doi: 10.1021/acs.analchem.8b00237.

[13] M. Hermouet, « Microdisques optomécaniques résonants en silicium pour la détection
biologique en milieu liquide », These de doctorat, Université Grenoble Alpes (ComUE), 2019.

[14] F.-R. Lamberti et al., “Real-Time Sensing with Multiplexed Optomechanical Resonators,”
Nano Lett., vol. 22, no. 5, pp. 1866—1873, Mar. 2022, doi: 10.1021/acs.nanolett.1c04017.

72



Chapter 3: Towards a matrix integration of optomechanical resonators

[15] M.-H. Kim, L. Zimmermann, et W.-Y. Choi, « A Temperature Controller IC for Maximizing
Si Micro-Ring Modulator Optical Modulation Amplitude », Journal of Lightwave Technology,
vol. 37, n° 4, p. 1200-1206, févr. 2019, doi: 10.1109/JLT.2018.2889899.

[16] J. Komma, C. Schwarz, G. Hofmann, D. Heinert, et R. Nawrodt, « Thermo-optic coefficient
of silicon at 1550 nm and cryogenic temperatures », Appl. Phys. Lett., vol. 101, n° 4, p. 041905,
juill. 2012, doi: 10.1063/1.4738989.

[17] F. G. Della Corte, M. Esposito Montefusco, L. Moretti, I. Rendina, et G. Cocorullo,
« Temperature dependence analysis of the thermo-optic effect in silicon by single and double
oscillator models », Journal of Applied Physics, vol. 88, n° 12, p. 7115-7119, déc. 2000, doi:
10.1063/1.1328062.

[18] K. Padmaraju et K. Bergman, « Resolving the thermal challenges for silicon microring
resonator devices », Nanophotonics, vol. 3, n° 4-5, p. 269-281, ao(t 2014, doi:
10.1515/nanoph-2013-0013.

73



Chapter 4

Contents

4.1.  CLOSED-LOOP READOUT ARCHITECTURE .....cccceerererrerreeeressesseessessessessenssessessesssessessesssessassassessssssassanns 75
4.1.1  SELF-OSCILLATING LOOP (SOL) ceeiiiiiiitteieiee ettt e e ettt e e e eivaae e e e e e e eeesabaeeeeseeesnnnsareneeeeas 75
4.1.2  FREQUENCY LOCKED-LOOP (FLL) ..uteiitieiiieeiitieesieeesieeesieestesesteeeseteeesteeesaeeessseeesaseesnsessnnnesnsensnns 80

4.2.  OPEN LOOP READOUT ARCHITECTURE........cceceerererrerreeesessesseessessessessasssessessesssessessessssssessassessssssassanns 84
.21 NOISE ANALYSIS eeeeerrereeeirreeeeeitreeeesireesesaseeeesassesesssseeesassssesasssssessssssesssssssesssssssesssssesesssssesesns 84
4.2.2  ALLAN DEVIATION AND IMASS RESOLUTION ...t tettttuutuieneeeeeetteriuieseeeeesesnsnnsssessesssssmsnnnsesessssssmnnnsesaees 86

4.3.  READOUT ARCHITECTURE COMPARISON ........ceeiireireiresereesesenssesessesssessesssssssssssssssesssssssssssssssnsssnsssnns 87
4.3.1  FIGURE OF MERIT (FOM) ..uveiiiiiiiieeeiriee et ee ettt e eeetteeeeestveeeeeettaeeesasssesesnnssesesnnssesesnsssesesasreneens 87
4.3.2  MATRIX CONFIGURATION....ceeeureeireeeireeesiseeesteeesseesasesessseessesansssesssesssssssssssssnsesesssessssessssssesssesans 90

4.4.  AH-FLL ARCHITECTURE FOR OPTOMECHANICAL SENSORS ......ccccereieeeieresersserssesssesssesssesssesssesssesssesssens 91
A.4.1  OPEN-LOOP ANALYSIS...cctteeeeeitteeeeeiteeeeeireeeeeasseeaeassseeesassssseaasssssesasssssesssssssessssssesassssesanssesennn 92
A.4.2  PHASE NOISE ANALYSIS. ... uuteeeeeetreeeeeeteeeeaiseeeeeassseesassssessassssseaassssesssssssssssssssesssssssssasssssesssssesennn 93
4.4.3  ALLAN DEVIATION AND AH-FLL SPECIFICATION ....uuvtieeetreeeeeiuteeeeeeirseeessssseeesssseeessassseessnssseesasssesenan 93

4.5 CONGCLUSION......cccuerererererereresesesessstesseesssesssesssesssesssesssesssesssesssesssesssssssesssesssesssesssesseesseesssesseassenssenssnns 95

In this chapter we will present the different readout architectures applicable to
optomechanical resonators. We will see the closed-loop architectures such as the self-oscillating
loop (SOL) and the frequency locked loop (FLL). We will also discuss open-loop architectures
such as the lock-in-amplifier (LIA). For each of these architectures we propose a theoretical
analysis of loop stability, phase noise and mass resolution. Then we compare the architectures
on the basis of these criteria. For each architecture, the ability to read a resonator array is
assessed. To read our optomechanical resonator, we have selected a FLL-based architecture,
which is called AH-FLL for Adjustable Heterodyne Frequency Locked-Loop. We will see in
the last part of the chapter the operating principle and the specification of this new architecture.
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4.1. Closed-loop readout architecture

To minimize disturbances (long term drift of the sensor) and improve the dynamic range, we
usually prefer to integrate resonant sensors in a closed loop. In the state of the art there are two
types of closed-loop architectures: the self-oscillating loop (SOL) and frequency locked loop
(FLL). The first technique consists in placing the resonator inside a feedback loop to allow self-
oscillation. The second approach is to place the resonator in a loop which allows to exploit the
phase shift between the oscillator and a voltage-controlled oscillator (VCO).

4.1.1 Self-oscillating loop (SOL)

The optomechanical resonator can be placed within a self-oscillating closed loop. In this
configuration we use the term of self-oscillating architecture. The SOL architecture is a circuit
that maintains the oscillation frequency of the resonator. This is achieved by fulfilling the gain
and phase conditions of the Barkhausen criterion [1]-[2]. At the beginning the loop starts on
noise, here the thermomechanical noise, then this signal is amplified by the loop to be reinjected
into the resonator.

Resonator [ommmm-mme- 2
1 1
Laser > » PD _._.I%- i
1 1
A 1 1
Photodiode | TIA i
1
1 1
i SOL i
i ! l
'@ | ©sincces| ok OUtE i
Frequency i . I
Counter I Gain-limiter Phase-shifter  Filter :

Figure 4.1: Architecture of an Optomechanical self-oscillating loop

Figure 4.1 shows the complete architecture of a self-oscillating loop with an optomechanical
resonator. The architecture is composed of a Transimpedance Amplifier (TIA), a band-pass
filter, a phase-shifter, and a gain limiter. The operating principle is as follows. The resonator
modulates the optical power of the laser at its mechanical resonance frequency. The photodiode
and the TIA transform the optically modulated signal into an electrical signal. After filtering
and amplification this signal is injected into the resonator.

At the beginning, the oscillation starts on the noise of the electronics (mainly amplifiers) and
the thermomechanical noise of the resonator. This noise is then injected into the resonator which
filters around its resonance frequency. As the signal is amplified by the loop, it is also filtered
around the resonator frequency. Once the oscillation is established (desired amplitude reached),
the amplification is limited by a second amplifier used as a gain limiter. In this way, the
amplitude condition of the Barkhausen criterion is respected. A second bandpass filter is
generally used to enhance the filtering around the resonance frequency. To fulfill the phase
condition of the Barkhausen criterion, a low-pass filter is implemented to adjust the phase shift
along the oscillator loop.
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Figure 4.2: (a) Self-oscillating loop model in the analog domain (b) Self-oscillating loop model in the
phase domain.

4.1.1.1 Open-Loop Analysis

The oscillation conditions of a self-oscillating loop are calculated from the open-loop
transfer function. To do this, we open the loop just at the resonator input as illustrated in Figure
4.2.a. The architecture starts to oscillate, if:

|Hsor or(wo)]| > 1 (4.1)

and

arg (HSOL_OL (wo)) =0 [2m] (4.2)

where Hsop o1, = HresHppHypGriaGiimGpp With Hyes, Hgp, Hyp, Gr1a, Giim,Gpp respectively
the transfer functions of the resonator, the band-pass filter, the phase shifter, the TIA, the gain
limiter and the photodiode. Equation (4.1) is the gain condition and equation (4.2) the phase
condition of the Barkhausen criterion. To respect condition (4.1) it is necessary that the loop
has a gain greater than 1. Indeed, the oscillations start on the electronic and the resonator noise
which are amplified by the loop. Once the desired amplitude is reached, equation 4.1 becomes:

|HSOL_0L (wo)l =1 (4.3)

The Barkhausen criterion requires that the loop has a gain greater than 1 to start the
oscillation and a unity gain to maintain the oscillation. To have a loop with variable gain, there
are two methods:

- By implementing a real amplifier with a natural saturation of the large signal, as shown
in Figure 4.2.a. This technique is very fast and does not significantly affect the stability
of the frequency [3].

- Or by implementing an automatic gain amplifier (AGC). The idea is to use an adjustable
amplifier to adjust the gain of the loop inversely proportional to the amplitude of the
oscillation. This technique also has the advantage reducing the phase noise of the
resonator by reducing the Leeson effect [4].
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Figure 4.3: Log-Log scale (a) The transfer function of the Leeson effect (b) Phase noise of the electronics

and the oscillator inspired from [5].

f

The Leeson effect was introduced in 1966 by D. B. Leeson during his research [6] to explain
the shaping of phase noise in an oscillator. He developed a model with transfer functions to
pass from input phase noise S, to output phase noise S, .. The plot of the transfer function
of Leeson's model as a function of frequency is depicted in Figure 4.3.a. At high frequencies,
the transfer function is a unitary gain. At low frequencies, up to the Leeson frequency f; it
behaves as a second order integrator. This frequency f; depends on the frequency f, and the
quality factor Q of the resonator.

Figure 4.3.b illustrates the Leeson effect on the phase noise of the oscillator. The green curve
corresponds to the noise of the electronics with a white noise component and a first order flicker
at the corner frequency f.. Obviously the global noise of the oscillator here in blue follows the
electronic noise until f; where the noise becomes a 3rd order flicker.

4.1.1.2 Phase Noise Analysis

In this section we will analyze the phase noise of the SOL architecture with the
optomechanical resonator. Figure 4.2.b shows the complete phase model of the SOL
architecture. The photodiode and the transimpedance amplifier correspond to a unitary gain in
the phase domain. They do not modify the phase at their output.

However, each of them has a phase noise and contributes to the overall phase noise. The
transfer function of the resonator in the phase domain corresponds to the transfer function of a
1% order low-pass filter [3]. The so called Rubiola approximation remains true even for the
phase shifter and the bandpass filter. The phase transfer functions of these filters also
correspond to 1st order loop filter. The output phase of the SOL architecture is written as
follows (see Appendix A):

1 HEp HipHEr 4.4
Pout = H_((pGlim + ‘PHP) + . Per + g (@114 + Ppp + Pres) (4.4)
d d d
where,
Ry, ph 1;ph
Hy=1- HI?IPHB?PerS (4.5)
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es(s) =1/ (1 42 % ) is the phase transfer function of the resonator where Q,..s and w;.,¢ are

TES

the quality factor and the resonance frequency respectively. HY, p and ng are the respective
phase transfer functions of the phase-shifter and the band-pass filter.

- Power Spectral Density (PSD) of the output phase noise :

From the output phase ¢, of the SOL architecture defined in equation (4.4) we can
calculate the power spectral density (PSD) of the phase noise. The spectral density is noted
Seoue @nd informs us about the phase contribution of each of the blocks which constitute the

SOL architecture. The power density S, . is written as follows :

ph ph ;;ph 2 46
HP""BP
S(Pout |H (PHP) Tl Hd S‘PBP + H, (S<PT1A + S(PPD <Pres) ( )
Where, Sp;  Spupr Sospr Soriar Serpr Seres are respectively the phase noise spectral density of

the gain limiter, high-pass filter, band-pass filter, transimpedance amplifier, photodiode and
optomechanical resonator.
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4.1.1.3 Allan Deviation and Mass resolution

For resonant sensors like the optomechanical resonator, we do not discuss in terms of phase
noise. We use the Allan deviation (ADEV). The Allan deviation noted o (7) is calculated from
the Allan variance (AVAR) noted o2 (7). The AVAR is a mathematical calculation that allows
to characterize the frequency stability of resonators. The definition of the AVAR is written as
follows [3]:

02(1) = f S, (NG 12df (4.7)

where, S, (f) = (}40)2 Se,..(f) 1s the power spectral density of a fractional frequency deviation
and |H,(j)|? is the filter transfer function defined as :

sin*mtf

(mtf)?

T is the integration time where the AVAR is calculated. We can transform the phase noise
density of the SOL equation (4.6) into an Allan variance expression. To do this, we simply
inject equation (4.6) into the definition of equation (4.7). The AVAR of the SOL architecture
can be written as follows:

|HAGOI? = 22— (4.8)

o0 2 th ph .
= () l e D)+ [P (5, () 4 S, ()| 1aGPRAF )
0 0 d
where,
2 ph ph th
Sperec(f) = |H_d (S‘Paum(f) +5¢HP(f)) Sp, () + |2 S, (f) (4.10)
To simplify (see Appendix A), equation (4.9) becomes:
O-SOL (T) elec (T) + O-res(T) + O-PD (T) (4'11)

where, 62,.(1), 02(t), ofp(t) are respectively the Allan variance of the SOL electronics (
gain limiter, phase-shifter, transimpedance amplifier and band-pass filter), of the resonator and
of the photodiode. To realize a SOL architecture with a high frequency resolution, it is necessary
to minimize the variance given by equation (4.11). In general, the oscillator designer cannot
optimize the stability of the resonator frequency that was set by the MEMs designer. It depends
on many technological parameters that only the resonator designers can control. However, we
can design an electronic system which has a stability equivalent or superior to the resonator.
Therefore, we must respect the condition 62,.(1) + o5 (1) < 02(1).

The mass resolution of the SOL architecture depends on the minimum ADEV reached
Osor,min aNd the mass of the resonator M,..s [7]. The mass resolution is therefore written:

Om = 2MresUSOL,min (7) (4.12)
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4.1.2 Frequency Locked-Loop (FLL)

The second closed-loop architecture that allows resonators to be read is the frequency locked
loop (FLL) . The FLL architecture is a circuit in which the resonator is placed in a feedback
loop. Figure 4.4 below shows the complete architecture. In this loop, we exploit the phase shift
A between the resonator phase ¢,.; and the voltage-controlled oscillator (VCO) phase ¢,.,-
The idea is to lock the VCO frequency to the resonance frequency of the resonator. This
architecture is simpler to implement than the SOL architecture for resonant sensors and is also
more robust to disturbances.

Resonator Photodiode TIA Phase Detector

res (pres
Laser Preso PD _,{%_. PFD | 2%

Loop Filter \

\4

Oscillator
—:{- — ._ « Out Puco VCO | AV
Izrequency
Counter

Figure 4.4: Overview of the FLL/PLL architecture with an Optomechanical resonator

The circuit contains a transimpedance amplifier (TIA) that converts the photodiode current
into a voltage with some gain. The PLL block is composed of a phase and frequency detector
(PFD), a loop filter and a VCO. In general, the PFD is designed with two D-type flip flops that
drive two switches and a charge pump [8]. The loop filter is a low-pass filter, usually of the
second or third order, whose design is crucial to ensure the stability of the loop. The operating
principle is as follows. The PFD determines the phase or frequency difference between the
reference (the resonator frequency) and the VCO signal. As long as the PFD output error is not
null, the loop filter integrates the phase error and changes the VCO frequency until the phase
error Ag is cancelled.

4.1.2.1 Open-Loop Analysis

Figure 4.5 presents in the phase domain the linear time invariant model of the FLL. This
model includes the noise of each of the blocks forming the FLL. The transfer function of the
resonator corresponds to a 1st order low-pass filter. The photodiode and the transimpedance
amplifier have a unitary gain in the phase domain. The loop filter can be a 2nd or higher order
low pass filter. The phase detector corresponds to a gain in terms of transfer function and the
VCO to an integrator.

The FLL architecture is a closed-loop architecture. In order that the FLL converges, it is

necessary to guarantee the loop stability in the phase domain. To do this, we must calculate the
open loop transfer function.
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Figure 4.5: Phase noise model of the Frequency locked-loop architecture

As illustrated in Figure 4.5, we open the loop at the input of the resonator. We consider the
resonator input as the input of the system and ¢,,,; as the output. The open loop function is
therefore written (see Appendix B):

Hppp o1 (s) = erhs(S)nglL(S) (4.13)

where,
HY () =——F— and prh (g = Hyco(s)Hir(S)Hprp (5) 112
1+ 2% A T ST G e M

res

HP" and HP] the phase transfer function of the resonator and the PLL block respectively.
Hyco(s) = 22 s the transfer function of the VCO with Ky the gain. Hppp(s) = 1’”’2‘% and

N

H,r(s) are respectively the transfer function of the charge pump and the loop filter.

The FLL loop stability is evaluated from the transfer function defined in equation (4.13).
The bode diagram corresponding to this transfer function is traced and then the graphical
stability methods are used to determine the phase margin M,and the gain margin M. Figure

4.6 below shows the trace of the transfer function Hg,;, o,. M, and M, are defined as follows :

M, = arg (HFLL_OL(jWC_FLL)) +m (4.15)
and
Mg = _ZOLOglolHFLL_OL(jW—n)l (4.16)

where w, gy, is the cut-off frequency when the gain is at 0 dB and w_;; is the frequency when
the phase is at -m. To have a good stability, it is necessary that M, = 45° and M; = 10 dB.
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Figure 4.6: Loop stability analysis from the bode diagram of the open loop transfer function Hg;;, o

4.1.2.2 Phase noise Analysis

In this section we will analyze the phase noise of the FLL architecture. Figure 4.5 below
presents in the phase domain the linear time invariant model of the FLL. This model includes
the noise of each of the blocks forming the FLL. The transfer function of the resonator
corresponds to a 1st order low-pass filter. The photodiode and the transimpedance amplifier
have a unitary gain in the phase domain. In PLL block, the loop filter can be a 2nd or higher
order low pass filter. The phase detector corresponds to a gain in terms of transfer function and
the VCO to an integrator. The output phase is described as (see Appendix B):

1 P
Pout = ———Ppr, + = (Pres + P14 + ©pp) (4.17)
1- ersHIz:LL 1- ersHIz:LL

As expressed above in equation (4.14), HP2 is the phase transfer function of the resonator and
HE? iis the phase transfer function of the PLL block.

- Power Spectral Density (PSD) of the output phase noise :
From the output phase ¢, of the FLL architecture defined in equation (4.17) we can

calculate the power spectral density (PSD). The spectral density is noted S,, . and informs us

about the phase contribution of each of the blocks which constitute the FLL architecture. The
power density S,, . is written as follows:
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2
ph
HPLL

1
Sp,  +|———r
PrLL ‘1 — HPL B!,

— Sp +S, +S (4.18)
1— H?glst)}zL ( Pres Pria (pPD)

S¢out = ‘

where, the output spectral density S, depends on the spectral density of the noise introduced
by the PLL block (phase-detector, loop filter and VCO) noted S, , , the spectral density of the
transimpedance amplifier noted S, . ,, the spectral density of the photodiode and the resonator
noted S, .. and S,,, respectively. In general, it is assumed that the resonator noise S, _ is

predominant. Indeed, the signal power at the output of the resonator is very low, so the
contribution of the floor noise is important.

4.1.2.3 Allan Deviation and Mass resolution
To evaluate the phase noise of the FLL architecture in a relevant way we calculate the AVAR

defined in section 4.1.1.3. We inject the spectral density equation (4.18) to the definition of the
AVAR equation (4.7). The Allan variance of the FLL architecture is thus written as follows:

o h 2
ot = (]4) Souec) + % (Sppo () + Spres (D) | HGOPAS  (419)
where,
2 Hp,
Spetec(f) = ‘T&H’;ﬁ Sep, () + ‘T&H’Z’h Spp,, () (4.20)
To simplify (see Appendix B), equation (4.19) becomes:
071, (1) = 020 (7) + 0Fes (1) + 05 () (421)

where, 62,.(1), 02:(t), oZp(t) are respectively the Allan variance of the FLL electronics (
PLL block and TIA), of the resonator and the photodiode. To realize a FLL electronics with
high frequency stability, it is necessary to minimize the AVAR given by equation (4.19).
Properly designed FLL electronics should not degrade the measurement of the resonator
frequency stability. Therefore, we must respect the condition : 62, (1) + 0#p (1) < 02,(1).

The mass resolution of the FLL architecture depends on the minimum ADEV reached
OrLLmin @nd the mass of the resonator M,..; . The mass resolution is expressed as follows:

Om = 2MresGFLL,min(T) (4.22)
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4.2. Open loop readout architecture

To read resonant sensors there are also open loop architectures. In this case, the readout
circuit is separated from the drive circuit of the sensor. The aim is only to read out the sensor,
so an external excitation source is necessary. In the state of the art, the most known technique
consists in making a frequency sweep with a Local Oscillator (LO) over the entire measurement
range to track the resonance of the transducer, this is the principle of Lock-In-Amplifier (LIA).

There are also other open loop reading techniques such as the amplitude & phase reading. In

this section we will only see the frequency sweep method. Appendix C describes the amplitude
& phase readout architecture.

Resonator Photodiode TIA

Laser — | PD %% —

Figure 4.7: Overview of the LIA architecture with an Optomechanical resonator

The lock-in-amplifier or 1/Q demodulation is an open loop architecture. It allows the
extraction of narrow band signals with low amplitude (such as the resonator signal) embedded
in wideband noise. This extraction is made possible by mixing with a signal having a close
frequency. Figure 4.7 shows the complete LIA architecture with the optomechanical resonator.
The operating principle is as follows. The signal at the output of the resonator is amplified by
the transimpedance amplifier. Once amplified, the signal is mixed with an oscillator adjustable
in frequency. When the oscillator frequency corresponds to the resonator frequency, we obtain
two DC signals (I and Q).

4.2.1 Noise analysis

In this section we will analyze the phase noise of the LIA architecture. Figure 4.8 presents
the noise model of the LIA. In this architecture the phase noise is transformed into amplitude
noise at the output. For this reason, in Figure 4.8 one part is expressed in phase and the other
part in amplitude. The photodiode and the transimpedance amplifier have a unitary gain in the
phase domain. The phase ¢, correspond to the phase noise at mixers inputs and can be
expressed as follows:

h
Ox = Oria + Qpp + Pres + Hoosin (4.23)
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At the output of the mixer, the phase noise ¢, is transformed into the amplitude domain and
becomes :

AB
I'= > (cos(4mfrt + @y + @10) + cOS(Px — P10)) (4.24)
and

, 4B : (4.25)
Q = > (sin(4mf,t + @y + @L0) + sin(@x — @10)) :

The low-pass filter removes the high-frequency components. The I/Q outputs of the LIA
architecture depend on the ¢, and can be written as:

AB
I = TCOS(% — ®Lo) (4.26)
and
AB
Q= TSin((Px = ¥L0) (4.27)

- Power Spectral Density (PSD) :

The spectral density noted S;(f) and S, (f) informs us about the noise at the output of the
LIA architecture. These spectral densities are expressed as :

Sl(f) = |HLPF(f)|ZSI/(f) (4.28)

with,

2

AB
500 = (G- cos(p = 910)) 8 + A2B2S(F = 2£) + 8(F +2£)] (429
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where, S;,(f) corresponds to the spectral density of the expression defined in the equation
(4.24) and 5(f) the expression of a Dirac delta distribution. Similarly, the equation of the
spectral density at the output Q is :

SQ (f) = |HLPF(f)|ZSQI(f) (4.30)

with,
2

AB
So(F) = (50050 = 910)) 8() + A2BZS(f = 2£) +6(F +2£)] (43

4.2.2 Allan Deviation and Mass resolution

Based on the spectral densities S;(f) and S, (f), we calculate the Allan variance defined in
section 4.1.1.3. For both I and Q outputs of the LIA architecture, AVAR is written as follows:

@ = [ (F) Uturr (DS, OGP f 43
and
Ho= (L) (1Huee PSP G P 433
0 fO

To achieve a LIA electronics with excellent frequency resolution it is necessary to minimize
the AVAR given by equations (4.32) and (4.33). In order to optimize these variances, we
usually choose a filter with a low cutoff frequency. It increases the resolution to the detriment
of a longer integration time.

- Mass resolution of the lock-in-amplifier architecture :

The mass resolution is the detection limit reached by the lock-in-amplifier architecture. It is
calculated from the minimum stability frequency of the electronics. The resolution is noted o,,
and is written:

Om = ZMresULIA,min(T) (4.34)

where M,.s is the mass of the resonator and oy;4min IS the lock-in-amplifier frequency
minimum stability, equal to g; i O 0 min.
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4.3. Readout Architecture comparison

To read the resonant sensors, we have presented the most known reading architectures such
as SOL, FLL and LIA. Other architectures not mentioned here exist, especially amplitude and
phase tracking (see Appendix C) or IQ-FLL (see Appendix D).We have seen in the previous
sections for each presented architecture, the operating principle, and the theoretical analysis in
terms of phase noise, Allan deviation or frequency resolution. Table 4.1 below lists the essential
information (operating principle, phase noise, frequency resolution, and complexity) of each
readout architecture.

To put an optomechanical resonator in self-oscillation (SOL), it is necessary to design
amplifiers (transimpedance and gain limit) and filters (phase-shifter and band-pass) in order to
respect the Barkhausen criteria defined in equation (4.1) and (4.2). The phase noise of the
architecture is defined in equation (4.6). To design a good SOL, the phase noise of the
electronics (amplifiers and filters) must be less than the intrinsic phase noise of the resonator.
In a SOL, an incompressible time is needed to establish the oscillations. This time depends on
the quality factor of the resonator. The higher the quality factor is, the faster the oscillations
start. A second time corresponds to the time of change of frequency and in general is fast (few
s to ms).

To design an FLL architecture around the resonator, it is necessary to design a VCO, a phase
detector (PFD), a loop filter and a transimpedance amplifier. The phase noise of the architecture
is defined by equation (4.18). To have FLL electronics with low phase noise, it is necessary to
minimize the phase noise of the PFD and the VCO. In addition, during the design it is necessary
to guarantee the convergence of the loop. For this purpose, the stability of the open loop system
is calculated with the defined transfer function (4.13). The PLL convergence time depends on
the bandwidth of the loop filter. The higher this bandwidth is, the faster the PLL converges.

An optomechanical resonator can be read in open loop using an LIA architecture. For this,
it is necessary to design an ultra-stable oscillator, a low-pass filter, and a TIA. The noise of this
architecture is defined in equations (4.26) and (4.27). The LIA is an architecture that has an
excellent frequency resolution due to the ultra-stable oscillator that allows the sweep, however
it converges slowly. Indeed, the convergence time depends on the accuracy. When accuracy is
required to be high the bandwidth of the filters is reduced and therefore the architecture takes
more time to converge. Precision and convergence time must be adjusted to find the right
compromise.

4.3.1 Figure of Merit (FoM)

For a given resonator, it is difficult to know which architecture is relevant compared to
another. To evaluate an architecture, we introduce a Figure of Merit (FOM). To have a relevant
comparison, we must first look at the frequency operating range of the architecture. This
frequency range is often imposed by the resonance frequency of the resonator. Then we
compare the performance of the architectures, in terms of frequency stability defined by the
Allan deviation and convergence time, which respectively characterize the stability of the
frequency and the time needed to reach this stability. Considering these criteria, the FoM is
written:
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Figure 4.9: State of the art of readout architectures for a resonant sensor.

1

- - (4.35)
OarchiT[S]

FoM = fres[Hz] -

where f,..¢is the frequency of the resonator in Hz, o,,.,; 1S the standard deviation of the
architecture and 7 is the convergence time in s. The FOM has been used to compare the state
of the art of the resonant sensor architectures.

Figure 4.9 shows the comparison based on the FoM defined in equation (4.35) of the reading
architectures used to read a single resonant sensor. To read low frequency resonators [9], [11],
in the state of the art, the authors tend to design the LIA type architecture. This can be explained
by the fact that the LIA has an excellent frequency resolution. In this frequency range, the
convergence time is not a fundamental criterion. The authors prefer to read the resonance
frequency with greater precision. At low frequencies, closed-loop architectures of the FLL type
[14] and [15] can also be used.

For high-frequency resonators (10-100 MHz), the authors tend to choose closed-loop
architectures such as FLL [12] or SOL [18]. In this frequency range, the authors prefer to
design electronics that can read the resonator quickly (from ps to ms) at the expense of
precision. Therefore, they concentrate on closed loop architectures such as FLL or SOL with a
rather fast convergence time. For very high frequency resonators above 100 MHz, the preferred
architecture in the state of the art is FLL architecture [13]. This choice of architecture is relevant
because it is the architecture that presents the fastest convergence.
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4.3.2 Matrix configuration

Chapter 3 present the matrix configuration chosen for the optomechanical resonators. As a
reminder, this matrix is to be read sequentially column by column. The objective in this section
is to choose, according to the comparisons already made, the appropriate architecture for
reading such a matrix.

As our optomechanical matrix will be read sequentially, the first selection criteria is the
convergence time. This corresponds to the time that the architecture takes to read a single
optomechanical resonator. The higher this time is, the more consequent the total reading time
of the matrix will be. From this point of view, we can already eliminate the LIA type
architecture which presents the slowest convergence time for a given frequency stability.

Closed-loop architectures, thanks to their fast convergence time, are more suitable for
reading such a matrix. However, an SOL architecture is complex to realize in the context of a
matrix. Indeed, due to manufacturing dispersions, it is difficult to design an SOL electronics
that can guarantee the same oscillation condition on all resonators of the matrix. A preliminary
step to identify the resonance frequencies of the disks can solve this problem. This step will
allow to pre-set the oscillation conditions of the electronics. However, for very large matrices
this becomes fastidious. That is why, to read a matrix, we generally prefer to use an FLL type
architecture. This architecture has a fast convergence time and is robust to parasitics.

90



Chapter 4: Frequency tracking readout architectures

4.4. AH-FLL architecture for optomechanical sensors

As previously discussed, to read our optomechanical resonators we have opted for a FLL
based architecture. This type of architecture can have good frequency stability if we design a
TIA, PFD and VCO with low phase noise. Generally, within a classical FLL, the frequency
range is limited by the frequency of the VCO. However, the resonance frequencies of our
resonators spread over a wide range of frequencies from 200 to 350 MHz depending on their
dimensions. In this context, it could be interesting to develop a reading architecture compatible
with a wide variety of resonance frequency without having to redesign a new architecture.

Resonator Photodiode TIA
Laser > » PD
250 MHz
200 — 300 MHz

) 4

Adjustable —>® LO

LPF Filter \

2 A
1
o i | Oscillator  LoopFilter Pphase Detector ]

p— = Out 1
|= @ [e6nnecnso| g P 1 & < i
s e VCO [« \ [¢ PFD [« |
Frequency 1| 40 _ 70 MHz i
Counter ] !
: FLL/PLL i

Figure 4.10: AH-FLL architecture for reading optomechanical resonators

For that purpose, we introduce for that the concept of AH-FLL for adjustable frequency
locked loop, depicted on Figure 4.10. The principle is to downconvert the resonator signal to
lower frequency values with the help of an auxiliary oscillator. The downconverted signal is
tracked by the PLL and then upconverted close to the sensor resonance frequency using the
same auxiliary oscillator. This configuration makes it possible to adjust the working frequency
of the AH-FLL by changing the center frequency of the auxiliary oscillator only, without having
to recalculate the stability of the PLL loop. Moreover, with the double mixing, the PLL block
could work at a much lower frequency than in classical FLL loop which simplifies the
realization of the PCB (track length, impedance matching,...).

The AH-FLL architecture contains a TIA, a down-conversion mixer, a local oscillator, a PLL
module and an up-conversion mixer driven by the same local oscillator. The PLL module
includes a PFD, a loop filter and a VCO. The VCO locks on the frequency at the output of the
LPF. AH-FLL works in the same way as a classic FLL. This means that we exploit the phase
shift between the resonator and a VCO. The heterodyne block (2 mixers with same adjustable
oscillator) allows to have a low frequency signal in order that the PLL module locks. Once
locked, the VCO signal is up mixed with the oscillator signal to drive the resonator. At the
output of the mixer, the resonator receives the two components of the mixed signal. The image
rejection is ensured by the high-quality factor provided by the resonator.
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Figure 4.11: Phase noise model of the AH-FLL architecture to read the optomechanical resonator

A

4.4.1 Open-Loop Analysis

Figure 4.11 shows the linear time-invariant model of the AH-FLL in the phase domain. This
model describes the transfer functions and phase noise of each of the blocks forming the AH-
FLL. In terms of transfer function, the resonator corresponds to a 1% order filter. The photodiode
and the transimpedance amplifier a unity gain. The LPF low-pass filter is of order greater than
2 to keep only the low frequency component. The open-loop transfer function is therefore
written as follows :

Hay—ri1 01 (S) = HEL(S)Hypp (S)HEL, (5) (4.36)

where H, pr is the transfer function of the low-pass filter placed at the output of the mixer. HP!

res
and HE are respectively the transfer function of the resonator and the PLL as seen previously
in section 4.1.2.1. Stability analysis of the AH-FLL defined in equation (4.36) can be reduced
to the evaluation of the PLL stability. Indeed, in the phase domain, the transfer function of the

resonator erhs (s) is a 1st order low pass. The cut-off frequency of the filter corresponds to the
resonator frequency. Thus, the resonator introduces a pole at very high frequency which has no
consequence on the stability. The same conclusion applies to the LPF low-pass filter placed at
the output of the mixer which introduces a high frequency pole that has no effect on stability.
Therefore equation (4.36) becomes (see Appendix E):

Hyp—pron(s) = HE?L(S) (4.37)
We will see in more detail the calculation of the stability equation (4.37) in the next chapter.
This chapter will be dedicated to the design and testing of the readout circuit for the

optomechanical sensor. This circuit is based on the AH-FLL architecture illustrated in Figure
4.10.
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4.4.2 Phase noise Analysis

Referring to Figure 4.11, the output phase of the AH-FLL is expressed as follows :

1 HP! Hy H.
Pout = H_d(PPLL + HLZ;LQDLPF + H—dq)w + H—;cpi (4.38)

where, Hy = 1 — HPHyppHEY and Hy = HyppHE) (HEes — 1) and H; = HyppHEY, . The phase
©i = o4 + ©pp + ©res. We can calculate, from the output phase ¢, the phase noise of the
AH-FLL architecture. For this it is sufficient to calculate the spectral density of noise which is
written as follows (see Appendix E) :

2
S

PpLL

2
ph
HPLL

Hy

2

S

1 H;
o0 T |H_d

Hy

Hy 2 (4.39)
S Sepp + |H_d Se,

Pout ~

According to equation (4.39), the overall phase noise of the AH-FLL architecture depends
on the phase noise of all the components that compose it. The transimpedance amplifier, the
photodiode and the filters generally have a lower phase noise than the oscillators. When
designing the circuit, we must pay attention to the intrinsic phase noise of each block in order
to minimize the overall AH-FLL phase noise.

4.4.3 Allan Deviation and AH-FLL specification

To evaluate the frequency stability of the AH-FLL architecture in a relevant way we
calculate the Allan variance defined in section 4.1.1.3. We inject the spectral density equation
(4.39) to the definition of the AVAR equation (4.7). In a simplified way, the Allan variance of
the AH-FLL architecture is thus expressed as follows (see Appendix E):

O-AZH—FLL (r) = Uezlec(T) + Urzes (r) + O-IED (1) (4.40)

with,
0Zec(T) = 04, (V) + 0fpp (T) + 05 (T) + 0F4(0) (4.41)

where the AVAR of the resonator and photodiode are respectively noted ¢2,.(7) and o3, (7).
02,.(1) is the Allan variance of the electronics (PLL block, transimpedance amplifier, low-
pass filter, and local oscillator). A properly designed AH-FLL architecture should not degrade
the frequency stability o2, () of the resonator. Therefore, we must respect the condition:

Gtezlec () + O-IgD (0) < O-rzes () (4.42)
To satisfy the condition equation (4.42), we must first know the frequency stability of our

optomechanical resonator. Figure 4.12.a shows the measurement result in air of the Allan
deviation for an optomechanical disk resonator.
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Figure 4.12: (a) Allan deviation measurement of an optomechanical resonator for different drive
voltages (b) Measurement of the mechanical signal for different drive voltages.

Based on Figure 4.12.a, for a drive of 1.2 V, the frequency resolution of the optomechanical
resonator oyes . = 1077 (100 ppb). To fully exploit the intrinsic frequency stability of the
resonator it is necessary to specify the AH-FLL electronics in a way that does not exceed 100
ppb. To respect this resolution, we propose the specification illustrated in the gray area of Figure
4.12.a. For an integration time greater than 10s, the phase noise of the AH-FLL is limited by
the phase noise of the oscillators. In the specification we therefore impose that o, < 1078
and o, < 1078, This condition is not restrictive. There are many commercial oscillators with
stability below 10 ppb, such as the oscillator from Crystek.

For an integration time of less than 10s, the AH-FLL phase noise is limited by the noise of
the transimpedance amplifier, the photodiode, and the filters. In this regime the white phase
noise dominates, the Allan deviation of the AH-FLL becomes [23]:

1 N, 1
~ 4.43
Oan-rrL(T) 20 Sy | 277 ( )

where, T and Q are respectively the integration time and mechanical quality factor of the
resonator. N,, is the noise spectral density in V/v/Hz and S,,,, is the maximum amplitude of
the mechanical signal expressed in V. To respect our specification, we consider that
Oan—r1,(1073) = 1076, For a resonator driven at 1.2 V, if we observe Figure 4.12.b, the
maximum amplitude and the quality factor are respectively S,,,,, = 35 uV and Q=2600.

By injecting these numerical values into equation (4.43), we obtain N, ~ 14 nV //Hz.
When designing the electronics, the noise level of the amplifiers, photodiode and filters must
be less than N,,. This specification is not restrictive, if we consider the realization of passive
filters. The noise of the photodiode and transimpedance amplifier must also be less than

14 nV /VHz.
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45 Conclusion

In this chapter we have presented the different architectures that can be applied to the reading
of our optomechanical resonator. There are two types of architecture. The open-loop
architectures (LIA) which only allow to read the frequency of the resonator. The closed-loop
architectures (SOL and FLL) which allow both the reading and the excitation of the resonator.
In the first part, for each architecture we have studied a theoretical analysis of phase noise, mass
resolution and loop stability.

In the second part, we have summarized in a table all the essential information to know about
each of the architectures. In this table we have reminded the operating principle, as well as all
the theoretical analyses developed in the previous part. To improve the comparison, we have
added the convergence time criterion and the implementation complexity. We have introduced
a Figure of Merit (FoM) allowing us to compare the architectures between them. And based on
this FoM, we have realized a state-of-the-art of architectures allowing to read resonant sensors.
According to this analysis, for low-frequency resonators we noticed that the authors tended to
design an LIA architecture. While for high-frequency resonators, they tended to realize a
closed-loop architecture of type SOL or FLL especially because of their fast convergence time.
In the context of a matrix of high frequency resonators, it is preferable to use an FLL
architecture. The latter is more robust and converges faster than the SOL architecture.

To read our optomechanical resonator, we naturally chose an FLL-based architecture. In an
FLL architecture, the frequency range is limited by the VCO. However, our optomechanical
resonators do not have the same resonance frequency (between 200 and 300 MHz), depending
on their dimensions. To be able to read all of our resonators, we introduce the AH-FLL
architecture. The idea is to increase the frequency range by mixing with an adjustable local
oscillator. This allows us to adjust the frequency range according to the resonator to be read.
Thus, we avoid changing the VCO and the stability calculation of the FLL loop remains valid.
Before starting the circuit design, we specify the different blocks that compose the AH-FLL. In
order to exploit the frequency resolution of our sensor, the local oscillator and the VCO must
have a stability of 10 ppb. The amplifiers, photodiode and filters must have a noise floor below

14 nV /VHz.

95



Chapter 4: Frequency tracking readout architectures

References

[1] V.Singh, « Discussion on Barkhausen and Nyquist stability criteria », Analog Integr Circ Sig
Process, vol. 62, no 3, p. 327-332, mars 2010, doi: 10.1007/s10470-009-9360-4.

[2] P. Wardkien et K. Kittipute, « Discussion on The Physic of The Barkhausen Criteria Based
on The Second Order Differential Equation », in 2019 7th International Electrical Engineering
Congress (IEECON), mars 2019, p. 1-4. doi: 10.1109/iEECON45304.2019.8938934.

[3] E. Rubiola, Phase Noise and Frequency Stability in Oscillators. Cambridge: Cambridge
University Press, 2008. doi: 10.1017/CB0O9780511812798.

[4] J.Gronicz, L. Aaltonen, N. Chekurov, M. Kosunen, et K. Halonen, « A 1.8 MHz MEMS-based
oscillator with synchronous amplitude limiter », in 2013 European Conference on Circuit
Theory and Design (ECCTD), sept. 2013, p. 1-4. doi: 10.1109/ECCTD.2013.6662225.

[5] G. Gourlat, “Conception de circuit intégré pour les applications gravimétriques basées sur
I'utilisation de résonateurs mécaniques arrangés en réseau,” These de doctorat, Université
Grenoble Alpes (ComUE), 2017.

[6] D. B. Leeson, “A simple model of feedback oscillator noise spectrum,” Proceedings of the
IEEE, vol. 54, no. 2, pp. 329-330, Feb. 1966, doi: 10.1109/PROC.1966.4682.

[7] M. Sansa et al., « Optomechanical mass spectrometry », Nat Commun, vol. 11, no 1, Art.
no 1, juill. 2020, doi: 10.1038/s41467-020-17592-9.

[8] G. B. Lee, P. K. Chan, et L. Siek, « A CMOS phase frequency detector for charge pump
phase-locked loop », in 42nd Midwest Symposium on Circuits and Systems (Cat.
N0.99CH36356), aolt 1999, vol. 2, p. 601-604 vol. 2. doi: 10.1109/MWSCAS.1999.867710.

[9] A. D’Amico and al., « Low-voltage low-power integrated analog lock-in amplifier for gas
sensor applications », Sens. Actuators B Chem., vol. 144, no 2, p. 400-406, févr. 2010, doi:
10.1016/j.snb.2009.01.045.

[10] A. A. Zope, J.-H. Chang, T.-Y. Liu, and S.-S. Li, « A CMOS-MEMS Thermal-Piezoresistive
Oscillator for Mass Sensing Applications », IEEE Trans. Electron Devices, vol. 67, no 3, p.
1183-1191, mars 2020, doi: 10.1109/TED.2020.2969967.

[11] G. Gervasoni and al., « A 12-channel dual-lock-in platform for magneto-resistive DNA
detection with ppm resolution », in 2014 |IEEE Biomedical Circuits and Systems Conference
(BioCAS) Proceedings, oct. 2014, p. 316-319. doi: 10.1109/BioCAS.2014.6981726.

[12] N.Delorme and al., « 16.5 A NEMS-array control IC for sub-attogram gravimetric sensing
applications in 28nm CMOS technology », in 2015 |EEE International Solid-State Circuits
Conference - (ISSCC) Digest of Technical Papers, févr. 2015, p. 1-3. doi:
10.1109/ISSCC.2015.7063044.

[13] J. Arcamone and al., « VHF NEMS-CMOS piezoresistive resonators for advanced sensing
applications », Nanotechnology, vol. 25, no 43, p. 435501, oct. 2014, doi: 10.1088/0957-
4484/25/43/435501.

96



Chapter 4: Frequency tracking readout architectures

[14] Y.-K. Liao, C.-H. Chiang, and M. S.-C. Lu, « Automated Resonance Matching for CMOS
MEMS Micro-Resonators », |IEEE Sens. J., vol. 16, no 21, p. 7685-7692, nov. 2016, doi:
10.1109/JSEN.2016.2605663.

[15] G.-C. Wei and M. S.-C. Lu, « A CMOS MEMS capacitive resonant sensor array utilizing a
PLL-based oscillator loop », in 2013 Transducers Eurosensors XXVII: The 17th International
Conference on Solid-State Sensors, Actuators and Microsystems (TRANSDUCERS
EUROSENSORS XXVII), juin 2013, p. 82-85. doi: 10.1109/Transducers.2013.6626706.

[16] E.-C. Chang, C.-C. Chen, and S.-S. Li, « Real-time mass sensing and dynamic impact
monitoring of printed pico-liter droplets realized by a thermal-piezoresistive self-sustained
oscillator », in 2016 IEEE 29th International Conference on Micro Electro Mechanical Systems
(MEMS), janv. 2016, p. 1078-1081. doi: 10.1109/MEMSYS.2016.7421821.

[17] C.-C. Chu, S. Dey, T.-V. Liu, C.-C. Chen, and S.-S. Li, « Thermal-Piezoresistive SOI-MEMS
Oscillators Based on a Fully Differential Mechanically Coupled Resonator Array for Mass
Sensing Applications », J. Microelectromechanical Syst., vol. 27, no 1, p. 59-72, févr. 2018, doi:
10.1109/JMEMS.2017.2778307.

[18] G. Gourlat and al., « A 30-to-80MHz simultaneous dual-mode heterodyne oscillator
targeting NEMS array gravimetric sensing applications with a 300zg mass resolution », in 2017
IEEE International Solid- State Circuits Conference - (ISSCC), San Francisco, United States, févr.
2017, p. 266-267.

[19] A. A. Zope, J.-H. Chang, T.-Y. Liu, and S.-S. Li, « A CMOS-MEMS Thermal-Piezoresistive
Oscillator for Mass Sensing Applications », IEEE Trans. Electron Devices, vol. 67, no 3, p.
1183-1191, mars 2020, doi: 10.1109/TED.2020.2969967.

[20] C.-A.Sung, T.-Y. Liu, A. A. Zope, M.-H. Li, and S.-S. Li, « Interface Circuit Design to Enable
Miniaturization of Thermal-Piezoresistive Oscillators for Mass Sensing Applications », in 2019
IEEE 32nd International Conference on Micro Electro Mechanical Systems (MEMS), janv. 2019,
p. 899-902. doi: 10.1109/MEMSYS.2019.8870785.

[21] M. Konno and al. « Novel MEMS oscillator using in-plane disk resonator with sensing
platform and its mass sensing characteristics », in 2011 16th International Solid-State Sensors,
Actuators and  Microsystems  Conference, juin 2011, p. 518-521. doi:
10.1109/TRANSDUCERS.2011.5969670.

[22] C.-H. Weng, G. Pillai, and S.-S. Li, « A Thin-Film Piezoelectric-on-Silicon MEMS Oscillator
for Mass Sensing Applications », IEEE Sens. J., vol. 20, no 13, p. 7001-7009, juill. 2020, doi:
10.1109/JSEN.2020.2979283.

[23] M. Sansa et al., « Frequency fluctuations in silicon nanoresonators », Nature Nanotech,
vol. 11, no 6, Art. no 6, juin 2016, doi: 10.1038/nnano.2016.19.

97



Chapter 5

Practical realization and experimental
validation

Contents
5.1. CIRCUIT DESIGN AND SIMULATION RESULTS....c.ctuciiteiereeereencrenceenncrenseenscressesnsessnsesssessnsesnsessnsesnnnns 99
5.1.1 PRESENTATION OF THE AH-FLL COMPLETE ARCHITECTURE .....ceiievivitieeeeeeeeerernieeeeeeseeessnnnnseeeeenenns 99
5.1.2  AH-FLL LOOP STABILITY ANALYSIS «uuutiiiieietutiieeeeeereettsneeseesresesssnnneeesesesssasnesesssesssssnnseeeserenns 103
5.1.3  TRANSIENT SIMULATION RESULTS.uuuutiiiiiietttieieeeeereeetsneeseeereresssnnseeesseesssasnesesssesesssmnseeesereens 104
5.1.4  APPLICATION OF THE THEORY TO THE PROPOSED DESIGN .....ciivrvvuiineieeerereinnieseeeeeeesssnnnseeeseeeens 105
5.2. AH-FLL PCB DESIGN SCHEMATIC AND LAYOUT ...cuteiteiteiiencenctectencenceectassascssssassascasssnssascsscsnssassanes 107
5.2.1  SCHEMATIC VIEW OF THE AH-FLL CIRCUIT 1vvuueertrneerruneererneeeresneeersnneeesesneeessssessssnneesssnneesssnns 107
5.2.2  PRESENTATION OF THE PCB BOARD .....uuittttteeertteeertunneererneeersnneeesssneesssseessssneessssnnsesssnneesssnns 107
5.3. EXPERIMENTAL TEST AND VALIDATION RESULTS ... cuituittiieiiencreiieeeectetreeseecenssesssecssssssssscssssasssnses 110
5.3.1  EXPERIMENTAL TEST SETUP...uiiiitiieeettieeererueeereneeeerssneeresneeesssneeesssneeesssseeesssneessssnneessssneeessnns 110
5.3.2  HETERODYNE BLOCK TEST . ..iittettruuuieeeeerereruruneseeeseressssnnieseeessssssssnnseeessssssssnsesesesssssssnnneesessssses 111
5.3.3  PLL FUNCTIONALITY VALIDATION tuuuuteeerererutneeeeeeerersrnnieeseeeresssssneseeessssssssneesesssesssssnnneesessseses 111
5.3.4  PHASE NOISE MEASUREMENTS ..uuuuueeeeereterurneeeeererersrnnieeseseressssmneseeessssssssnieesesssesssssnneeeeseseses 113
5.4. DEMONSTRATION WITH OPTOMECHANICAL SENSOR.....ccctcttereirtieecreireereeceeireseecenssassecssssasssense 114
5.5 CONGCLUSION. ... cciitiireetettncreetettnctectessescescsassascsssssssasssssssssasssssssssassassssssassssssssssssasesnssassassnsssassassnne 117

In this chapter we will see the practical implementation of an AH-FLL using discrete
components off-the-shelf (COTS) for optomechanical sensor readout. First, we will present the
AH-FLL complete architecture. Then we validate this architecture by stability studies and
electrical simulations. In the second part, we illustrate the design steps of the PCB. We explain
the different constraints of design including the adaptation of transmission lines. In the third
part we present the debug and functionality test of the circuit board. And in the last part, the
demonstration of the circuit with an optomechanical sensor. During this demonstration we have
succeeded in reading and in self-actuating the optomechanical disk with our circuit. In terms of
performance the system (sensor + circuit) reaches a resolution of 500 ppb.
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5.1.  Circuit design and simulation results

In the previous chapter, we have presented a state of the art of architectures that can be
applied to the reading of optomechanical resonator arrays for mass detection. As a reminder,
we identified two types of architectures: closed-loop and open-loop. In the closed loop
architectures (self-oscillating loop [1]-[3] or phase locked loop [4]-[6]), the idea is to read the
resonator and then reinject the reading signal to stimulate the mechanical resonance. For open
loop architectures (lock-in-amplifier [7]-[8]), the electronics is only used for the reading. It is
necessary to provide separate excitation electronics to adequately drive the resonance.

For the reading of our optomechanical resonators, we have chosen an architecture based on
FLL. Indeed, this architecture presents a low phase noise if we choose a stable VCO and a very
fast convergence time which is very useful in the perspective of optomechanical resonator array.
And, once locked, as a feedback system, the loop is robust to disturbances. Due to the high
resonance frequencies of the optomechanical sensors and to ease the design of the PCB, the
Adjustable Heterodyne Frequency Locked Loop (AH-FLL) architecture has been introduced.
The idea is to work at low frequency using a heterodyne frequency conversion.

In this section, we will present the complete AH-FLL architecture. We will describe the
different blocks that compose the architecture. Then the design steps, the choice of the
components, the stability analysis of the loop are detailed. Finally, the simulation results and
the expected theoretical performances in terms of phase noise are presented.

5.1.1 Presentation of the AH-FLL complete architecture

Figure 5.1 below shows the architecture of the circuit for reading optomechanical sensors.
The circuit is composed of multiple modules: an input module, a heterodyne module, a PLL
module and a drive module. The principle of operation is as follows. As seen in chapter 2, the
optomechanical sensor modulates an optical power with its mechanical resonance. So at the
input of the circuit, we have an optical power modulated at the frequency f;,,of the resonator.

The input module transforms this optical power into a voltage that can be used by the
heterodyne module. The heterodyne module allows to lower the signal frequency in order to
address the PLL. When the PLL is locked, at the output of the VCO, frequency is read. Using
this frequency and the sensitivity of the resonator, we can estimate the mass on the resonator.
The Drive module allows us to reinject the signal that was previously mixed to stimulate the
mechanical resonance of the disk. We will explain the different modules in more detail.

5.1.1.1 Input Module

The input module allows the conversion of optical power into voltage. It is composed of a
photodiode, a transimpedance amplifier (T1A), a high pass filter and a second amplifier. The
photodiode chosen is the FCI-InGaAs-120L-FC with a fiber optic type connector. It has a peak
responsivity of 0.95A/W at 1550 nm. The noise equivalent power (NEP) noise is

4.50 fW /\Hz.
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Chapter 5: Practical realization and experimental validation

The transimpedance amplifier converts the current from the photodiode into voltage. It is a
resistive feedback TIA based on the OPA2846 with a gain of about 50 dBOhms. Then we have
a high pass filter to eliminate the DC component. A second amplifier is necessary because the

signal level is too low (~2 nV /VHz).

5.1.1.2 Heterodyne Module

The heterodyne module is used to down convert the signal to lower frequencies. With the
help of a passive RF mixer, here the ADE-1+ we mix our f,, frequency signal at the output of
the input module with a signal from an oscillator. We choose here as local oscillator, the
voltage-controlled oscillator CVCO55CL-0150-0200 from Crystek [9]. Once mixed we have
the low frequency (f;, — f1o) and high frequency (f,, + f1o) components. Efficient filtering is
required to remove the higher frequency from the image. For this purpose, we have
implemented a low-pass filter of order 4.

ADE-1+ Low-pass filter

fm —\ fm_fLO

fLO

Vin (t)

Adjustable

Figure 5.2: Operating principle of the heterodyne module

5.1.1.3 PLL/FLL Module

The PLL module is the most important module of the architecture presented in Figure 5.1. It
is composed of two comparators, a phase frequency detector (PFD), a charge pump, a loop filter
and a VCO. The operating principle is as follows. At the input, the PFD compares the frequency
and phase of the signals from the heterodyne module (reference) and the VCO. As long as the
two signals do not have the same frequency and phase, the PFD generates a voltage that drives
the switches of the charge pump as illustrated in figure 5.3. Depending on the up or down
configuration, the charge pump current drives the loop filter and changes the VCO frequency
to reduce the phase error at PFD inputs. When the PLL converges, the phase difference at the
PFD inputs is zero, resulting in equal frequencies of the VCO and the PLL reference input.

The LTC6752 comparators are used here to convert the sinusoidal outputs of the VCO and
the reference into square signals with steep edges. The HMC1031 from Analog Device [10] is
composed of a PFD and a charge pump and operates up to 140 MHz. It also has a charge pump
current of about 50 pA. The loop filter chosen here is a 3rd order filter, which allows better
filtering of the PFD spurious tones at reference frequency. And finally, a VCO here the
CVCO55CL-0045-0070 from Crystek [11]. This VCO operates between 40 to 70 MHz and has
a very low phase noise —95 dBc/Hz at 1 Hz and —136 dBc/Hz at 100 KHz.
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Via
HMC1031 i
fm = fro up i Loop-filter CV055CL-045-070
--------- Lt R
PFD | e S % YW vco -

Figure 5.3: Operating principle of the PLL module

5.1.1.4 Drive Module

The last module is the drive module which allows to feed-back the measured signal in order
to stimulate optomechanical disks. For this purpose, the VCO signal is up-mixed with the signal
of the adjustable oscillator. A high-pass filter is used to filter out the low frequency image at
the up-mixer output.

OPA855 High-pass filter
In
\ 1?|‘°F Out
/ I
50Q

\/W — 309%

1000

W
l

1500

l

Figure 5.4: Complete schematic of the drive module (PGA + High-pass filter)

The addition of this filter is optional because the resonator behaves like a band-pass around
its excitation frequency. By default, it removes the low-frequency component. We have added
a programmable gain amplifier (PGA) to give us the possibility to amplify the signal before
driving the disks. Here we are working with OPA855 amplifier from Texas Instrument [12]
with a gain bandwidth product of 8 GHz. As shown in Figure 5.4, the PGA can have a gain
G=1, 2; 3.
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5.1.2 AH-FLL loop stability analysis

To design the circuit in Figure 5.1, we need to ensure that the AH-FLL architecture is stable
in the phase domain so that the loop can converge. As seen in chapiter 4, the stability study of
the AH-FLL architecture can be boiled down to the stability study of the PLL module. With
respect to the components chosen in the previous section, we propose here to estimate the
stability of the circuit to be designed.

0, )i K Ovco
! pump o  Hp(s) > vco >
21 S
Charge pump Loop-Filter VCO

Figure 5.5: PLL block diagram with transfer functions of charge pump, loop filter and VCO

To study the stability of PLL, it is necessary to calculate the open loop transfer function and
determine the phase margin. Figure 5.5 above shows a block diagram with the transfer functions
of the charge pump, the loop filter and the VCO. For the PLL to be stable, the open-loop transfer
function must be written as (see chapiter 4):

1 Kyco
Hyp_rr00(S) = HpppoL(S) = p;;np S Hyp(s) (6.1)

where I,y is the current of the charge pump (50 pA), Ky ¢o is the VCO gain (4 MHz/V) and
H;(s) the transfer of the loop-filter. This filter can be of order 2 or order 3 according to the
configurations presented in Figure 5.6. The transfer functions H,r, ,(s) for the second order

filter and H, ., (s)for the third order filter are expressed as follows:

1 1+ R,C, 1 1 1+ R,C,
Hyp,,,(s) = and Hyp,,,(s) = (5.2)
2nd CO + Cl s (1 + Rl CC(2|_C1C s 3rd CO + Cl 1 + RZCZSS (1 + Rl CC(3|_61C S)
0 1 0
R,
I Vtune I Vtune
pump pump M
Ry R,
Co == Co = C,—/
Cl _|_ Cl _|_
(a) (b)

Figure 5.6: PLL Loop-filter configuration (a) second order filter (b) third order filter

103



Chapter 5: Practical realization and experimental validation

Bode Diagram

100 T T 3
3" order Loop-Filter
(@ 250 g
8 KVCO=4MHZ/V M
o <= 2l ffizoom (b)
= 0f 2 il
[0} I Ipump = 50uA o i/
o 1 c 1.5
3 ! 2 f VAL
= ! 1 pump V
S -100+ i ) 1 = [
o 1 0.5 pF P 100 pF
= | ) [ = T
| 0 02 04 06 08
-200 L L Time (ms)
290 e e 5 ‘ ‘ ‘ ‘
- M(p = 73,5° M, = 814° Js 2" order Loop-Filter
S -135 | ¢ 1 /i (c)
g s 2 e /
~— -~ "II
o ~180F Q 5l W
% ; I Vtune
pump
£ oos5¢ Hap—rrioL(S) 1 L 5 k0
0.5 1”FI
1nF
-270 Y Y S S S S Y SR S TP e 0
104 106 108 1010 0 0.2 0.4 0.6 0.8

Frequency (rad/s) Time (ms)

Figure 5.7: (a) Bode diagram of the H,y_p;; 0. (s) transfer function defined in equation (5.1) for a
second and third order filters. (b) Simulation of the VCO control voltage for the case of an 3"¢ order
filter (b) Simulation of the VCO control voltage for the case of an 2™¢ order filter.

Figure 5.7.a shows the bode diagram of the Huy_p;; 0., (s) transfer function defined in
equation (5.1) for the two loop-filter configurations. In both cases the system is stable with a
phase margin of M,, = 81,4° for the second order filter and a phase margin of M, = 73,5° for
the third order filter.

Figures 5.7.b and 5.7.c illustrate the transient simulation of the VCO control voltage for the
two filter configurations. We can observe a ripple on the VCO control voltage at a frequency
equal to the PFD reference frequency coming from the downconverter mixer. It is due to the
mismatch of the charge pump current sources which is responsible for the injection of noise at
the harmonics of the reference frequency. We observe that the third-order filter provides better
filtering of the high frequency components. As a result, the PLL output, here the VCO
frequency has a better stability. There is therefore a trade-off between PLL stability and PLL
output noise that is linked to the frequency resolution and thus the mass resolution of the sensor.
As presented in Section 5.1.1.3, in the AH-FLL circuit we consider a third-order loop filter. It
is possible to increase the order of the filter to have better frequency resolution, but this will be
at the expense of stability (phase margin degradation).

5.1.3 Transient Simulation Results

Before starting the design of the PCB, it is necessary to be sure that the AH-FLL architecture
is stable and converges well in transient simulation. In the Virtuoso Cadence environment, we
have at our disposition a complete model of the optomechanical sensor that can simulate a mass
deposition in transient regime, see chapter 2 for more details. The idea here is to simulate the
whole system (sensor + reading electronics). To do this, we used the SPICE models of the
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Figure 5.8: Transient simulation of the AH-FLL architecture when simulating a 2 pg mass deposition
on the Verilog A model of the optomechanical sensor.

amplifiers extracted from the manufacturer’s website. For all the other components for which
manufacturer models don’t exist, we use generic Verilog A models, e.g., for mixers,
comparators, PFD + charge pump and VCO already existing in the Cadence Analog library.
AH-FLL stability has been verified through transient simulation. First by verifying the AH-
FLL locking process at power on and second by simulating a mass deposition.

Figure 5.8 above represents the results of simulations when a mass of 2 pg is deposited. In
this figure the output of the optomechanical resonator, the output of the VCO, the up and down
outputs of the charge pump and the tuning voltage V;,,,. of the VCO are represented. Between
0 and 600 ps, no mass is deposited, the resonator resonates at over 250 MHz. As shown in
Figure 5.8, the voltage of the VCO converges at 2.5 V, which corresponds to 50 MHz. This is
coherent since we have mixed the signal of the resonator with an oscillator at 200 MHz. The
convergence time here is about 50 ps.

At 600 ps we simulate a deposit of 2 pg of mass on the resonator. Consequently, the
frequency of the sensor changes from 250 to 248 MHz and the PLL loop adapts the Ve
voltage in order that the VCO converges to 48 MHz. The convergence time is very fast, about
5 us. This simulation confirms that the choice of components is adequate, and that the stability
calculation presented in section 5.1.2 is correct.

5.1.4 Application of the theory to the proposed design

In this part, we will check whether the components that we have chosen to design the AH-
FLL circuit are consistent with the specification done in chapter 4 section 4.4.3. As a reminder,
this specification was to get an ADEV of 1078 at 0.1s.

In chapiter 4, we saw that the most important contributor to the phase noise was the VCO of
the PLL. The local oscillator allowing the heterodyne does not contribute since the noise
introduced during down-mixing is canceled during up-mixing. The amplifiers, the photodiode
and the PFD also contribute but in a lesser extent [13].
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Figure 5.9: Theoretical prediction of the different noise sources of the AH-FLL architecture.

Figure 5.9 shows the theoretically calculated Allan deviation from the phase noise given in
the component data sheet. For an integration time of less than 1 s the dominant phase noise is
the noise of the photodiode and the TIA. Beyond 1 s it is the phase noise of the VCO.

For an integration time of 0.1 s, with the chosen elements we obtain an ADEV of 25 ppb.
This is slightly above the 10 ppb value expected in the specification. Mainly because of our
choice of photodiode (FCI-InGaAs-120L-FC) and TIA to amplify the weak signal at the output
of the resonator.
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5.2.  AH-FLL PCB design schematic and Layout

In the previous section, we have validated the implementation of the AH-FLL through
simulations. First, we performed stability simulations to guarantee the stability of the
architecture to be designed. Then, transient simulations using the optomechanical sensor model
developed in chapter 2. This section is dedicated to the development of a PCB including all the
functionalities of the architecture as presented in Figure 5.1.

5.2.1 Schematic view of the AH-FLL circuit

)
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Figure 5.10: Altium schematic view of the AH-FLL circuit for reading optomechanical sensors.

Figure 5.10 shows the complete schematic of the AH-FLL circuit. The board integrates a
photodiode and a TIA to ensure compatibility with the optical output of the optomechanical
sensor. The board also incorporates an electrical input that bypasses the photodiode and TIA
for debugging purposes. In terms of outputs, we have provided, as shown in Figure 5.1, three
outputs with SMA connectors. A first output allows the reading of a single optomechanical
resonator. Two other outputs, which can be selected using switches, have been implemented to
demonstrate the ability of AH-FLL to sequentially reading of matrix of optomechanical sensors.
Particular attention has been paid to reduce noise coupling, for example by implementing
dedicated power supplies for the different oscillators using linear voltage regulators.

5.2.2 Presentation of the PCB board

Figure 5.11 shows the pictures of the board for reading of the optomechanical sensors. In
terms of dimensions the board is 15 cm long with a width of 11.5 cm. In the board we can see
the two input channels IN1 and IN2 and the three output channels (Outl, Out2 and Out3) for
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Figure 5.11: Presentation of the PCB board corresponding to the AH-FLL architecture.

driving the optomechanical disks. To facilitate the tests, there are also test points such as the
input and output of the VCO (Vtune, and VCO_SQR or VCO_Sin).

Once manufactured, the circuit board in Figure 5.11 did not work properly. During the debug
phases, the board worked module by module but never all the modules at the same time. The
problem came from the heterodyne module. To realize the mixing, we took as oscillator the
VCO0055CL-0150-0200. This VCO has the disadvantage to present a strong second harmonic
at -10dBc. As a result, the PLL module could not be locked.

It was therefore necessary to design a second circuit by correcting the errors of the first.
However, due to the shortage of components and the time constraint, application boards have
been ordered to reproduce the AH-FLL architecture. Figure 5.12 below shows the assembled
boards. There is a RF mixer board. We have two comparator boards that are positioned at the
input of the PLL. A board where the frequency detector, the charge pump and the loop filter are
mounted. In order to complete the architecture, we have designed by ourselves application
boards for some functions such as passive filter, RF mixer and VCO when no application board
was available.

All the experimental results that we are going to present from here, come from the
demonstration carried out with the assembly of the application boards.

108



Chapter 5: Practical realization and experimental validation

Comparator n°1 0 Comparator n°2
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Figure 5.12: Presentation of the assembled boards used to implement the AH-FLL architecture
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5.3.  Experimental test and validation results

We have presented in the previous section the application board assembly to realize the AH-
FLL architecture. The assembled circuit should allow us to experimentally validate our concept
of frequency-adjustable architecture. In this section, we propose to carry out several
experimental tests to validate the functionality of the assembled circuit before proceeding to the
demonstration with the optomechanical sensor. To do so, we will first present the experimental
setup and then we will see the different functionality measurements.

5.3.1 Experimental test setup

Figure 5.13 represents the test bench on which we worked. The high frequency signals are
visualized with the help of a 1 GHz-bandwidth digital oscilloscope or with the help a spectrum
analyzer able to measure the phase noise of the different signals. Long term stability is measured
with the help of a very accurate frequency meter that operates up to 350 MHz. A 1 GHz
bandwidth signal generator is used to emulate the optomechanical sensor at the down converter
input. A second signal generator was used to provide the reference frequency for the down
converter and up converter mixers.

Digital oscilloscope Portable multimeter

i e - : Frequency meter
Power supply = e TR N

Frequency generator
up to 280 MHz

Computer

Spectrum Analyzer

PCB boards

Frequency generator
up to 1 GHz

Figure 5.13: Overview of the experimental test setup in the laboratory.

We can also see on Figure 5.13 the montage boards once assembled. We suggest for the
continuation of the experimental work to validate the different blocks (heterodyne, PLL, ...) of
the AH-FLL architecture.
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5.3.2 Heterodyne block test

We will first check the functionality of our heterodyne module. This module is realized with
two frequency generators as shown in Figure 5.13 and an active RF mixer as illustrated in
Figure 5.12. One generator can go up to 1 GHz to emulate the resonance frequency of
optomechanical disks. Indeed, the disks according to their dimensions can go until 500 MHz
(disk of radius 5 um) of resonance frequency. To accomplish a relevant experiment, the
frequency of the first generator is set to 290 MHz (which corresponds to a resonator of radius
8-9 um) and the second generator to 240 MHz.

Once the two signals are mixed, we have two signals of the same magnitude. A frequency
signal at 50 MHz and a frequency signal at 530 MHz. As our PLL works between 40 and 70
MHz, we must filter this signal to keep only the useful signal (50 MHz). For this we
implemented a 4th order low-pass filter with a cutoff frequency at 53 MHz which filters out the
530 MHz image frequency.

Figure 5.14.a shows the spectrum of the signal at the output of the filter. We can observe an
attenuation of the signal amplitude at 530 MHz compared to the useful signal of 50 MHz. The
conversion gain of the mixer makes that the useful signal is also slightly attenuated. Figure
5.14.b shows the oscilloscope view of the signal at the output of the low pass filter. The signal
is very clean and can be transformed into a logic signal with a comparator in order to be injected
into the PLL block.

0dBidiv  Ref 15.00 dB;
g = o | 00/ 8 [} [} # 00s 20000/ Auto § EJ 2508
Low-pass filter
’ O Low-pass filter
500 | | 290 MHz \
50 MHZ .“ - 290 MHz .:‘ _\
15 ‘J —
240 MHz @ Lo 2a0miiz () 10
- 530 MHz
Measure Current Mean Min Max Std Dev Count
Freq( . 50.6MHz  50.016MHz 48.5MHz  51.5MHz = 563.13kHz 6.142k
Pk-PK(' ) 184V 181.10mV  175mV 191mV 1.9946mV 6,142k
it Duty( ) 50.0% 49.881%  46.5% 53.1% 0.87763% 6.142k
Center 1.805 GHz Span 3.590 GHz - _
Res BW 3.0 MHz VBW 3.0 MHz Sweep 1.467 ms (1001 pts) | ([{EETENEEININGE Pk-Pk(l J: 184mV Duty(1 ): 50.0%
(a) (b)

Figure 5.14: (a) Frequency spectrum of the heterodyne block output signal (b) Oscilloscope view of the
heterodyne block output.

5.3.3 PLL functionality validation

The second step consists in validating the functionality of the PLL. As a reminder the PLL
block was presented in section 5.1.1.3 and is composed of two comparators, a PFD with charge
pump, a loop filter and a VCO. We apply the signal of 50 MHz coming from the low-pass filter
after the downconverter mixer presented in Figure 5.14.b to the input of the comparator. With
a threshold voltage of 0V, this comparator transforms the sinusoidal 50 MHz signal into a full-
scale logic signal as shown in Figure 5.15.a.
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PFD input

PFD input

\A/co
Measure Current Mean Min Max Std Dev Count
" Freq(” ): 50.0MHz 50,012MHz 49.8MHz 58.3MHz 123.33kHz 3.922k

/ Freqi3 |: 50.0MHz 50.024MHz 49.6MHz 51.0MHz 293.95kHz 3.921k
Input comparator

FregiZ ): 50.0MHz WFreq( ): 50.0MHz

(@) (b)

Figure 5.15: (a) Oscilloscope view of the comparator input and output (b) Oscilloscope view of the PLL
input with the useful or reference signal and the VCO signal.

As illustrated, this logic signal is clean and can therefore be used as a reference signal by the
PLL. Subsequently, this signal is injected to the PFD and charge pump component to be
compared to the logic signal from the VCO. Alone and without control voltages applied (0V),
the VCO has a frequency of 40 MHz with a gain Ky, = 4 MHz/V. The loop adjusts the
frequency of the VCO compared to the useful signal. The frequency of the VCO is increased
from 40 MHz to 50 MHz. Figure 5.15.b shows the result of the PLL when the VCO signal is
locked to the useful signal frequency.

VCO
Measure Current Mean Min Max Std Dev Count Measure Current Mean Min Max Std Dev Caunt
' Freqi? ) 47 .2MHz  47.255MHz 10.4MHz 1.0000GHz 17.228MHz 38.69k Freq(” ). 51.0MHz ~ 50.438MHz 13.5MHz  84,0MHz 1.0442MHz 204.4k
Freqi3 47 .2MHz 49,233MHz 10.8MHz 175.0MHz  3.5795MHz 62.45k Freqi3 ) 51.0MHz 50.901MHz 25.3MHz 54 1MHz 567.65kHz 8083.5k

Freq(? ). 47 2MHz eql | 47.2MHz Freqi2 i: 51.0MHz

(a) (b)
Figure 5.16: Oscilloscope view of the PLL input (a) case where the useful signal is at 47.2 MHz (b) case
where the useful signal is at 51 MHz.

We repeated this operation, to see the frequency locking range of the PLL. Figure 5.16.a
represents the case where the useful signal is placed at 47 MHz and the Figure 5.16.b represents
the case where the useful signal is placed at 51 MHz. In both configurations the VCO converges
to the frequency of the useful signal. The measured locking range of the PLL is 7 MHz (46 to
53 MHz).
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5.3.4 Phase Noise measurements

Measuring the phase noise of our circuit is important. It allows us to identify the main
contributors to the overall noise. We carry out a first manipulation in which we evaluate the
phase noise of the VCO alone. Then in a second experiment, we measure the noise of the PLL
module (Comparators, PFD, Loop filter and VCO). And in a last experiment, we measure the
complete AH-FLL circuit (PLL and Heterodyne).
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—100 +—" | N —— AH-FLL Architecture -
8 MM R T g JL‘\ N
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Figure 5.17: Phase noise measurements of VCO alone, PLL block and AH-FLL global circuit.

Figure 5.17 illustrates the performed phase noise measurements. The phase noise of the VCO
alone is in accordance with the datasheet given by the manufacturer. As expected, it has a phase
noise of around —105 dBc/Hz at 10 KHz. The phase noise in blue corresponds to the phase
noise of the PLL module. We measure a loop bandwidth of about 23 KHz. This corresponds
approximately to the theoretical bandwidth of 20 KHz. The small difference is explained by
incertitudes on the value of the capacitors and resistors used to realize the loop filter.

We also note that outside the PLL bandwidth the noise does not match the VCO noise as
expected. A hypothesis on the origin of this noise could be the charge pump which must
deteriorate the global phase noise. But in the absence of a noise model associated with this
discrete component, it is difficult to determine accurately the origin of this noise degradation.
The phase noise in green corresponds to the overall phase noise of the circuit (PLL block and
heterodyne). The circuit has a phase noise of about —95 dBc/Hz at 10 KHz.
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5.4. Demonstration with optomechanical sensor

We have seen in the previous section that the PLL of the circuit works on a frequency range
of 7 MHz (between 46 to 53 MHz). This could be sufficient to read our optomechanical sensors.
Figure 5.18 shows the optomechanical test bench on which we add the test bench of the circuit
to read the resonator. The optomechanical bench is composed of Fiber polarization Controller
(FPC) to adjust the polarization of the light. Photodetectors (photodiode and transimpedance)
with 1 GHz bandwidth. A lock-in-amplifier (L1A) and a tunable wavelength laser for optical
actuation of our resonator disk.

Lock-in-amplifier |-
+ Laser

Figure 5.18: Overview of the optomechanical sensor test bench and the complete circuit.

For the demonstration, we worked on actuated devices. They have a better SNR, and they
also allow us to verify with our assembled circuit the reading and self-actuation of an
optomechanical resonator. The simple fact of reading and driving the sensor with our
electronics is considered as a first in the state of the art.

As a reminder, the circuit presented in Figure 5.1 has a drive module that allows to reinject
the measured signal to stimulate the disk mechanical resonance. The optomechanical resonators
on which we worked had a resonance frequency of 316 MHz.

Figure 5.19 shows the complete circuit that allows both the reading and the self-actuation of
the optomechanical sensor. To the best of our knowledge, for the first time in the state of the
art we successfully read with our assembled circuit the resonance frequency of the sensor. The
experimentation took place in the following way, at the output of the photodetector we have a
30 mV signal modulated at 316 MHz. Then we have amplified this signal with a 30 dB amplifier
(see Figure 5.19). We then down mixed (with a signal of 268 MHz) and filtered to keep only
the low frequency component. The signal is then injected into the PLL which locks.
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Figure 5.19: Circuit assembly for the reading and self-actuation of the optomechanical sensors.

Once the PLL is locked we measure the VCO frequency as the image of the resonator
frequency. Then with an up-mixing we raise the frequency of the VCO to stimulate the disk
mechanical resonance. To start the loop, the phase of the system must be adjusted. To do this,
we used a voltage-controlled phase shifter placed between the up-mixer and the VCO input. At
startup, the circuit cannot start on the thermomechanical noise of the sensor alone. An external
clean signal must first be injected into the resonator so that the PLL converges. Once the PLL
converges, the external stimulation is stopped and the VCO output is connected into the
resonator. In this way, the system (sensor and circuit) is self-acting, and the electronics tracks
the resonator frequency.
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Figure 5.20: (a) Phase noise measurement of the optomechanical sensor + circuit (b) Measurement of
the Allan deviation in open-loop and closed-loop.

Figure 5.20.a illustrates the phase noise of the signal at the output of the circuit when reading
the optomechanical sensor. We have seen previously in the Figure 5.17, the phase noise of each
block of our circuits. In comparison the system (circuit with sensor) has a little more phase
noise, itis-91 dBc at 10 KHz. Figure 5.20.b shows the frequency stability of the system in open
and closed loop. If we analyze this figure, in closed loop the resolution reached is 500 ppb. For
a sensor with a resonance frequency of 316 MHz this corresponds to a frequency resolution of
158 Hz.
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Considering the sensitivity of our optomechanical sensor which is 1 Hz/ag it corresponds to
a resolution in mass of 158 ag.

Once the stability of the complete system has been evaluated, we are interested in analyzing
the contribution of our circuit to the global stability. The purpose is to identify whether it is the
electronics or the optomechanical resonator which limits the performance of the system in
closed loop. Figure 5.21.a shows the measurement of the Allan deviation made individually on
each block of the circuit. As can be seen in the AH-FLL circuit, the most stable block is the
PLL block. Indeed, this block integrates the very low-phase noise VCO CV005CL-0045-0070
form Crystek. The heterodyne block (up-mixing and downmixing) is the block that currently
limits the stability of the circuit to 20 ppb.

To improve the frequency resolution of the circuit, work must be done on the design of the
heterodyne block. When demonstrated with the optomechanical sensor, the closed-loop
resolution is 500 ppb. Since the circuit has a limit of 20 ppb, we can conclude that it is the
optomechanical resonator that limits the frequency stability. This is consistent, disk resonators
depending on their drive voltage have a resolution between 100 ppb to 1ppm (see Figure 4.10).

To validate the proof of concept, it is necessary to see if the assembled circuit can track the
resonance frequency during a mass deposition. Experimentally, such process was not possible
with the optomechanical sensor available. Nevertheless, the mass deposition could be emulated
by slightly modifying the frequency of the oscillator driving the heterodyne stage. Figure 5.21.b
shows the measurement of the VCO frequency when we change the oscillator frequency. For
each change of frequency, we observe that the circuit converges. The circuit is thus able to read
a mass deposition.
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5.5 Conclusion

In this chapter we have presented for the first time the design of a circuit for the reading of
optomechanical resonators. The first part of the chapter shows the complete AH-FLL
architecture. The circuit consists of several blocks. An input block which allows to transform
the optical power into an electrical signal. A heterodyne block allowing us to reduce the
frequency to facilitate the design of the PCB. A PLL block which is the core of the circuit. It
allows us to track the resonance frequency. And a drive block that loops the system to inject
the VCO signal to drive the optomechanical resonators.

Once the AH-FLL architecture has been validated by the electrical simulations, we move on
to the design of the board. We presented the schematic view and the layout of the board. Once
manufactured, the PCB showed some functional failures. Therefore, we moved to application
boards in order to realize the AH-FLL architecture and validate our concept of a frequency-
adjustable circuit.

In the third part, we have shown the test bench. We presented the experimental results
corresponding to the different blocks that compose the AH-FLL architecture. In terms of phase
noise, the assembled boards have a phase noise of about —95 dBc/Hz at 10 KHz. This gives
us hope to read the optomechanical sensor.

Finally, we realized the demonstration of the proposed AH-FLL architecture with the
optomechanical sensor. The resonator chosen for the demonstration is an electrostatically
actuated resonator with 316 MHz resonance frequency. We succeeded for the first time in the
state of the art to read and self-actuate an optomechanical resonator with our circuit. The reading
is done with the VCO frequency which is an image of the resonance frequency. Then this signal
is reinjected into the sensor to amplify the mechanical resonance. To start the loop self-
actuation, it is necessary to adjust the phase of the closed loop. To do this, we used a phase
shifter in the loop. At startup, it is required to stimulate the resonator by an external signal to
allow the PLL to converge. Once the PLL converges, the external stimulation is stopped and
the VVCO output is connected into the resonator. In this way, the system (sensor and circuit) is
self-acting. In terms of performance the system reaches a resolution of 500 ppb which
corresponds to a frequency of 158 Hz for a resonance at 316 MHz. In terms of mass resolution,
if we assume the sensitivity of our resonator is 1Hz/10~18g, the minimum mass detected is
158 ag.
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Conclusion and perspectives

The research work presented in this thesis is part of the development of a compact mass
measurement system based on optomechanical resonators. The main objective of this thesis was
to design a circuit to achieve a mass sensor demonstrator with readout electronics. To reach this
final objective, we followed several milestones.

A first milestone was the development of a compact analytical model of the optomechanical
resonators. This model was necessary to understand the physical principles and to facilitate the
development of a circuit. The work resulting from this part has been published in a conference
(IEEE MEMS) and a journal (Transactions Electron Devices). As our goal was to design a
circuit compatible with matrix reading, a second milestone was the consideration of the
organization of optomechanical resonators in matrix form. A patent has been filed following
the results of this reflection. Finally, a third milestone consisted in the research of an
architecture adapted to the reading of optomechanical resonators. From this research, we
proposed a frequency-flexible readout architecture to read optomechanical resonators.
Afterwards, we specified and designed the electronics based on this architecture to realize the
final demonstration with the optomechanical sensor. The result of this work has been published
in a conference (IEEE Sensors).

This manuscript respects the same work plan. Chapter 1 is devoted to the state of the art of
optomechanical resonators. We first presented the history of optomechanical cavities from the
very first experiments to the present day. Then we reviewed the different resonators and their
fields of application (detection of force, acceleration, magnetic field, mass, acoustic wave, ...).
For sensing applications, we distinguish two main families of optomechanical resonators: the
photonic Crystal and the circular WGM cavities. Regarding mass detection applications, the
resonators developed by CEA-Leti are based on WGM circular cavities.

Chapter 2 describes the operating principles of the optomechanical disk resonator. It behaves
like an optical resonator in which the light propagates by successive reflection in WGM mode.
It also acts as a mechanical resonator, expanding radially in the RBM mode. An optomechanical
coupling connects the mechanical cavity to the optical cavity. In this chapter we have developed
the equations describing these physical principles. Based on these equations we have elaborated
a compact Verilog A model of the optomechanical resonator. The presented model includes the
mechanical, optical, optomechanical coupling and the thermal behavior of the sensor.

We have proposed in Chapter 3 a matrix configuration appropriate for mass detection. The
array is organized in rows and columns. On each row is placed several optomechanical
resonators sharing the same optical waveguide. A readout electronics is placed at the output of
the waveguide to read sequentially the disks located on the same waveguide. To avoid
overlapping mechanical responses of the disks, we enable or disable them. A p-n junction injects
current to heat locally the disk in order to shift the optical resonance with respect to the laser
wavelength. Consequently, only the disk to be read is visible compared to the other disks
positioned on the same waveguide. To estimate the complexity of such a structure, we have also
detailed the fabrication process.
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Following this, we studied in chapter 4, the architectures which are potentially applicable to
the reading of optomechanical resonators. We have presented closed loop architectures of type
SOL and FLL and the open loop architectures of type LIA. For each architecture, we have
detailed the theoretical equations in terms of phase noise, mass resolution and loop stability. A
summary table shows all the equations developed. To read the optomechanical resonators, we
have chosen an architecture based on the FLL. This architecture is robust and has a fast
convergence time. However, since our optomechanical resonators have different resonance
frequencies (between 200 and 300 MHz), depending on their dimensions. We introduce the
concept of AH-FLL architecture.

Chapter 5 is dedicated to the demonstration. Based on the specifications done in the previous
chapter and electrical simulations, we presented the AH-FLL circuit to be designed. Once the
circuit assembly is completed, we moved to the demonstration with the optomechanical sensor.
To the best of our knowledge, we have succeeded for the first time to read an optomechanical
sensor with our circuit setup. In terms of performance the system (sensor and readout circuit)
reaches a resolution of 500 ppb which corresponds to a frequency of 158 Hz for a resonance at
316 MHz. Considering , the resonator sensitivity (1Hz/10718g), the mass resolution is 158 ag.

Perspectives

These research works lead to a few perspectives. A first perspective is to complete the
developed model by integrating the optical nonlinearities effects (bistability) of the
optomechanical resonators. These effects manifest themselves only in specific cases where the
injected power is very high. A second perspective is to experimentally validate the model during
a mass deposition. We could not carry out this experiment even if the result obtained in
simulation seems coherent. A third perspective would be to implement, based on the work
already done, a model of the matrix configuration proposed in the framework of the thesis. It
would consist in cascading the model already developed by adding the possibility of activating
or deactivating the optical resonators.

The demonstration of the sensor and readout circuit was carried out with a PCB circuit
assembly, to make the circuit more compact, it is necessary to develop an integrated circuit
based on this work. The final perspective would be to realize with the designed circuit a real
mass deposition.
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Résumée en Francais

Introduction

Ces derniéres années, les resonateurs nano-électromécaniques (NEMS) ou micro-
électromécanique (MEMS) ont démontré leur énorme potentiel pour les applications de
détections de masses. Grace a leur couplage électrique-mécanique, ils présentent une excellente
sensibilité. C’est ce qui leur permet d’étre utilisés dans applications de précision comme la
spectrométrie de masse. Aujourd’hui ces technologies apparaissent comme matures et sont
capables de détecter des atomes dans le vide. La résolution en masse d’un résonateur nano et
micro-mécanique est proportionnelle a sa masse effective. Plus la masse des résonateurs est
faible et meilleure est la résolution atteinte. Par conséquent, les résonateurs ont fait 1’objet d’une
campagne de miniaturisation pour atteindre la meilleure résolution possible. Néanmoins, cela
fragilise leur structure et ils sont moins résistants. De tels dispositifs ne sont utilisés uniqguement
que dans des milieux non contraignants comme le vide ou 1’air. Dans un milieu contraignant
comme le liquide, la viscositeé fait que les dispositifs micro et nano mécaniques a base de poutres
ont tendance a casser et ne résonnent pas.

Dans l'état de l'art, il existe des dispositifs plus résistants tels que les disques
optomécaniques. Ce type de résonateur héberge deux modes de résonance : optique et
mécanique. Un couplage appelé "couplage optomécanique” relie ces deux modes, ce qui permet
I'interaction entre la lumiére et un résonateur mécanique a disque au niveau de la basse énergie.
Un résonateur optomécanique est un dispositif dans lequel la propagation de la lumiere est
modifiée (modulée) par son mouvement meécanique. Le CEA-Leti développe ce type de
résonateurs a disque pour des applications de détection de masse. Les dispositifs sont a base de
silicium, il présente une excellente sensibilité de masse de 1 Hz/10~8g. Cette thése s’inscrit
dans le cadre du développement d’un systeme de mesure de masse a base de résonateurs
optomécaniques. L’objectif du projet de these est de développer une électronique compacte
pour la lecture d’un résonateur optomécanique. L’¢lectronique a concevoir doit aussi étre avec
la lecture matricielle du capteur.

Chapitre 1 : Introduction a 'optomécanique

Le chapitre 1 introduit les cavités optomécaniques. Dans la premiére partie du chapitre, nous
avons réalisé I’historique et le développement des cavités optomécaniques. Les toutes premieres
expeériences recensées datent du XVII -eme siécle avec Kepler qui remarque que la poussiére
d’une cométe se déforme a cause de la force d’attraction terrestre. Nichols et Hull ont montré
que la lumiére exercait une force de pression radiale. La Figure 1.1 présente le dispositif
expérimental de Nichols et Hull. Nous avons aussi décrit le principe de fonctionnement d'un
systeme optomécanique (OM). En analysant le couplage optomécanique entre la résonance
optique et la résonance mécanique. Pour les applications capteurs, on distingue en géneral
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deux grandes familles de résonateurs : les résonateurs a cristaux photoniques (voir Figure 1.6)
et les résonateurs a cavité circulaire WGM (voir Figure 1.7).

Dans la deuxieme partie du chapitre, nous avons fait un état de l'art des résonateurs
optomécaniques et de leurs applications. Aujourd'hui, les dispositifs optomécaniques sont
utilisés dans plusieurs domaines d'application (voir Figure 1.8). Par exemple, pour détecter une
force avec un résonateur a disque ou une cavité Fabry-Pérot (voir Figure 1.9), pour mesurer une
accélération avec des cristaux photoniques (voir Figure 1.11), pour mesurer un champ
magnétique avec un micro-toroidal ou une microspheére (voir Figure 1.13 et Figure 1.14). Les
résonateurs sont egalement capables de mesurer avec une trés grande précision une masse avec
un résonateur & microsphére (voir Figure 1.15) ou un nano-bélier (voir Figure 1.16) ou un
micro-toroidal (voir Figure 1.17). Grace a leur haute sensibilité optique, les résonateurs
optomécaniques peuvent également étre utilisés pour détecter une onde acoustique (voir Figure
1.18 et Figure 1.19).

Dans la derniére partie du chapitre, nous avons expliqué le contexte du projet de these. Au
CEA-Leti, précisément au département composant silicium, deux types de résonateurs
optomécaniques ont été développés. Les résonateurs a actionnement optique et des résonateurs
a actionnement électrostatique. Au cours de cette these, nous avons travaillé sur ces deux
configurations pour réaliser la modélisation compacte et la conception du circuit de lecture.

Chapitre 2 : Capteur optomeécanique : Théorie et modélisation

Ce chapitre est consacré la compréhension théorique du comportement d’un capteur
optomécanique. Dans la premiére partie du chapitre, nous avons expliqué que le micro-disque
se comporte comme un résonateur optique. En effet, a I'intérieur de la cavité optique, la lumiére
se déplace par réflexion successive, c'est le mode de propagation optique WGM (voir Figure
2.2). Suivant I’équation (2.1) le disque résonne a chaque fois que la lumiere se déplace par
réflexion successive. Le facteur de qualité optique du micro-disque est tres élevé de I'ordre de
10°. Le disque résonateur se comporte aussi comme un résonateur mécanique. Lors de la
résonnance le disque se dilate de maniere radiale, c’est le mode RBM (voir Figure 2.5). Un gain
dit « couplage optomécanique » relie la cavité mécanique a la cavité optique. L’expression de
ce couplage est définie par 1’équation (2.8).

Dans la deuxiéme partie, nous avons présenté le capteur optomécanique a actionnement
optique. Le mouvement mécanique de ce type de capteur est stimulé par une excitation optique.
En effet, lorsqu'une puissance optique est injectée dans le disque, les photons se propagent par
réflexion successive sur la paroi en mode WGM. On dit que les photons exercent une force de
pression radiale. En général, le déplacement radial génére par cette force de pression est faible.
Dans cette section, nous avons développé les équations analytiques décrivant le comportement
optique, mecanique et thermique.
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Dans la troisieme partie, nous avons présenté le capteur optomecanique a actionnement
¢lectrostatique. C’est-a-dire que cette fois-ci le mouvement mécanique est stimulé de maniére
électrostatique avec des électrodes externe (voir Figure 2.15). Le déplacement radial provoqué
par la stimulation externe est beaucoup plus important que dans le cas d’un dispositif avec
actionnement optique. En général pour la détection de particule microscopique nous préférons
utiliser un résonateur a cause du bon SNR. Dans cette section, nous avons développé un modéle
compact en Verilog A. Ce modele décrit ’ensemble des comportements physique du capteur
optomécanique. Les résultats des simulations issus du modele sont en accord par rapport aux
mesures réelles.

Chapitre 3 : Vers une intégration matricielle des résonateurs
optomécaniques

L'objectif de ce chapitre est d'étudier les possibilités d'intégration de résonateurs
optomécaniques sous forme de matrice. Dans la premiere partie, nous nous sommes intéressés
aux différents principes de lecture applicables a la matrice. On distingue deux principes de
lecture : la lecture séquentielle et la lecture simultanée. La lecture séquentielle consiste a lire la
matrice disque par disque (voir la Figure 3.3). Alors que pour la lecture simultanée, tous les
résonateurs de la matrice sont lus en méme temps (voir Figure 3.4). Pour lire notre matrice de
capteurs optomécaniques, nous choisissons finalement une lecture séquentielle. En effet ce type
de lecture est simple a réaliser d’un point de vue électronique. Notamment parce qu’il est
possible de discriminer correctement les résonances mécaniques. Ce principe de lecture permet
également de connaitre en temps réel la position de la particule dans la matrice.

Dans la deuxieme partie du chapitre, nous avons présenté I'intérét de ce type de matrice dans
le contexte liquide. En effet, en milieu liquide, en raison de la viscosité et de l'inertie, les
particules mettent un certain temps a se déposer sur le disque. Comme ce temps ne peut étre
réduit, l'idée est d'augmenter la surface de détection afin de détecter le plus de particules
possibles. Une facon d'augmenter cette surface tout en préservant les performances (sensibilité,
bruit...) est de réaliser une matrice de résonateurs optomécaniques. Nous avons présenté
quelques configurations de matrice envisageables. Il y a la configuration multiplexée (voir
Figure 3.5), dans laquelle plusieurs disques sont placés autour d'un méme guide d'onde optique.
Il existe une autre configuration de matrice possible qui consiste a placer des résonateurs
mécaniques a béliers autour d’un seul résonateur optique (voir Figure 3.8).

Dans les deux dernieres parties du chapitre, nous avons présenté les différentes techniques
d'activation et de désactivation des disques optomécaniques. Nous avons précédemment opté
pour une lecture sequentielle. Pour appliquer ce principe, il faut que 1’on soit capable d’activer
le disque a lire pendant que les disques alentour sont désactivés. Pour activer et désactiver un
disque on peut le faire soit de maniére optique en exploitant 1’effet thermo-optique. Cela permet
de rendre invisible la résonance mécanique (voir Figure 3.10). A la suite de cette réflexion, nous
proposons la configuration idéale de matrice de résonateur optomécanique présentée sur la
Figure 3.15.
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Chapitre 4 : Les architectures de lecture a suivi de fréquence

Ce chapitre détaille 1’étude des différentes architectures qui peuvent étre appliquées a la
lecture de notre résonateur optomécanique. Il existe deux grandes familles d’architecture : les
architectures de lecture en boucle ouverte de type Lock-in Amplifier (LIA) et les architectures
en boucle fermées de type oscillateur ou boucle a verrouillage de frequence (SOL et FLL). Pour
chaque type d’architecture (SOL, FLL, LIA), nous avons réalisé une analyse théorique du bruit
de phase, la résolution en masse et la stabilité de la boucle.

Nous avons réesumé dans un tableau toutes les informations essentielles a connaitre sur
chacune des architectures. Dans ce tableau (voir Table 4.1), nous avons rappelé le principe de
fonctionnement, ainsi que toutes les analyses théoriques développées dans la partie précédente.
Pour améliorer la comparaison, nous avons ajouté le critéere de temps de convergence et la
complexité d'implémentation. Nous avons introduit une figure de mérite (voir équation 4.30)
permettant de comparer les architectures entre elles. Et sur la base de cette figure de mérite nous
avons réalisé un état de I'art des architectures permettant de lire les capteurs résonnants (voir
Figure 4.9).

SiI’on observe la Figure 4.9, pour les résonateurs basse fréquence, nous avons remarqué que
les auteurs avaient tendance a concevoir une architecture de type LIA. En effet cette architecture
présente une excellente résolution en fréquence malgré un temps de convergence lent. Alors
que pour les résonateurs haute fréquence (au-dela de 10 MHz), ils ont tendance a réaliser une
architecture en boucle fermée de type SOL ou FLL. Notamment en raison de leur temps de
convergence rapide. Dans le contexte d'une matrice de résonateurs hautes fréquences, il est
préférable d'utiliser une architecture FLL. Cette derniere converge plus rapidement qu’une
I'architecture SOL. Et elle est beaucoup plus robuste aux parasites.

Pour lire notre résonateur optomécanique, nous avons naturellement choisi une architecture
a base de FLL. Dans une architecture FLL, la gamme de fréquence est limitée par le VCO.
Cependant, nos résonateurs optomeécaniques, en fonction de leurs dimensions n'ont pas la méme
fréquence de résonance (entre 200 et 300 MHz). Pour espérer lire tous nos résonateurs, nous
introduisons l'architecture AH-FLL (voir Figure 4.10). L'idée est d'augmenter la plage de
fréquence en réalisant un mélange RF avec un oscillateur local ajustable. Cela nous permet
d'ajuster la gamme de fréquence en fonction du résonateur a lire. Ainsi, nous évitons de changer
le VCO et le calcul de stabilité de la boucle FLL reste valide. Avant de commencer la
conception du circuit, nous spécifions les différents blocs qui composent la AH-FLL. Pour
respecter les conditions définies par la Figure 4.12, il faut que I'oscillateur local et le VCO aient
une stabilité de 10 ppb. Les amplificateurs, la photodiode et les filtres doivent avoir un plancher

de bruit inférieur a 14 nV /VHz.

Chapitre 5 : Conception du circuit et validation expérimentale

Dans ce chapitre, nous avons présenté pour la premiére fois la conception d'un circuit pour
lire les résonateurs optomécaniques. Le circuit AH-FLL complet (voir Figure 5.1) est constitué
de plusieurs blocs. Un bloc d'entrée qui permet de transformer la puissance optique en un signal
électrique. Un bloc hétérodyne nous permettant de transformer le signal en un signal basse
fréquence. Un bloc PLL qui correspond au ceeur du circuit. Il nous permet de suivre la fréquence
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de résonance du disque. Et un bloc d’actionnement qui reboucle le systeme dans le but de
stimuler la résonance mécanique.

Par la suite, nous proposons le dimensionnement de ses blocs avec des simulations
électriques. Nous avons présenté la vue schématique et le layout de la carte (voir Figure 5.10 et
Figure 5.11). Nous avons expliqué nos contraintes de conception telles que I'adaptation des
lignes de transmission.

Dans la troisieme partie, nous avons présenté le banc d'essai (voir Figure 5.13). Dans ce
banc, 1’idée était de wvalider la fonctionnalité de la carte congue précédemment.
Malheureusement cette carte n'a pas fonctionné a 100% a cause du module hétérodyne. Par
manque de temps et d’apprivoisements incertains des composants, nous avons réalisé la méme
architecture avec des cartes d'application du commerce et quelques circuits que nous avons faits
a la main (voir Figure 5.12). Les résultats des cartes assemblées en matiére de performance sont
excellents.

Enfin, nous avons réalisé la démonstration avec le capteur optomécanique (voir Figure 5.18
et Figure 5.19). Le résonateur choisi pour la démonstration est un résonateur actionné de
maniére électrostatique avec une fréquence de résonance de 316 MHz. Nous avons réussi pour
la premiere fois dans I'état de I'art a lire et a auto-actionner un résonateur optomécanique avec
notre circuit. La lecture se fait en mesurant la fréquence du VCO qui est une image de la
fréquence de résonance. Ce signal est ensuite réinjecté dans le capteur pour amplifier la
résonance mécanique. Le systéme (capteur et montage circuit) ne fonctionne que lorsque nous
ajustons la phase de la boucle fermée. Il est également nécessaire de commencer par un
actionnement externe afin que la PLL converge, puis on arréte et la boucle s’auto régule elle-
méme. Concernant la performance, le systeme atteint une résolution de 500 ppb ce qui
correspond a une fréquence de 158 Hz pour une résonance a 316 MHz. Si nous supposons la
sensibilité de notre résonateur est de 1Hz/10718 g, la masse minimale détectée est de 158 ag.

Conclusion

Les travaux de recherches présentés dans cette thése s’inscrivent dans le cadre plus général
de développement d’un systéme de mesure de masse compacte basée sur des résonateurs
optomécaniques. L’objectif principal de cette thése était de concevoir un circuit afin de réaliser
un démonstrateur capteur de masse et circuit électronique de lecture. Pour arriver a cet objectif
final, nous sommes passés par plusieurs jalons.

Un premier jalon était le développement d’un modéle analytique compact des résonateurs
optomécanique. Le développement d’un tel modele était nécessaire non seulement pour la
compréhension des principes physiques, mais aussi pour faciliter le développement d’un circuit.
Les travaux qui découlent de cette partie ont fait 1’objet de publications dans une conférence
(IEEE MEMS) et un journal (Transactions Electron Devices). Notre objectif étant de concevoir
un circuit compatible aussi a la lecture matricielle, un second jalon était la réflexion sur
I’organisation sous forme de matrice des résonateurs optomécaniques. Nous avons suggéré dans
ce manuscrit une configuration de matrice dite « idéale ». Les résultats qui découlent de cette
réflexion ont fait I’objet d’un dépdt de brevet. Un troisieme jalon consistait a la recherche d’une
architecture adaptee a lecture des résonateurs optomecaniques. Sur la base de cette recherche
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nous avons proposé une architecture de lecture flexible en fréquence capable de lire des
résonateurs optomécaniques. Par la suite nous avons spécifié, puis congu une électronique basée
sur cette architecture afin de réaliser la démonstration finale avec le résonateur optomécanique.
Le résultat de ce travail a fait ’objet d’une publication dans une conférence (IEEE Sensors).

De ce projet de these, découlent un certain nombre de perspectives. Une premiére
perspective serait de compléter le modele développé en intégrant les effets de non-linéarités
optique (bistabilité) des résonateurs optomécaniques. Une seconde perspective est de valider
expérimentalement le modele lors d’un dépdt de masse. Nous n’avons pas pu effectuer cette
étape méme si le résultat obtenu en simulation nous semble cohérent. Une troisiéme perspective
serait de développer, sur la base du travail déja effectuer un modele de la configuration matrice
qu’on a proposé dans le cadre de thése. La démonstration capteur et circuit de lecture a été
effectuée avec un montage de circuit PCB, il serait nécessaire a terme de développer sur les
bases de ses travaux un circuit intégré. Une derniére perspective serait de réaliser avec le circuit
réalisé un vrai dépot de masse.
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Appendix A

Self-oscillating loop (SOL): Extensive
Analysis.

This appendix presents in detail the theoretical calculations introduced in Chapter 4 section
4.1.1. As a reminder, the SOL architecture applied to the mechanical resonator is shown in
Figure A.1.a. The phase noise model is illustrated in Figure A.1.b.

Resonator Aq;m Oros Orp

| Laser I—» || PD l | Photodiode TIA
HP!
Photodiode Amplifier res

OpenilLoo
;4—--- P Resonator

(pout
pa—

Gain-limiter Phase-shifter  Filter
Gain-limiter Phase-shifter Filter

(a) (b)

Figure A.1: (a) SOL architecture applied to the optomechanical resonator (b) Phase noise model
- Phase noise Analysis

The SOL output phase noise noted ¢, is determined from the phase noise model depicted
in Figure A.1.b. The output phase ¢, is written as follows:
th th ph

1
Pout = 7~ ((Pclim + @up) + _;P @pp + —HZ B2 (@114 + @D + Pres) (A1)
d d d

where,

h h h
Hy=1- HI?IPHB?PerS (A-2)

HEA(s) =1/ (1+ zv‘i—s) is the phase transfer function of the resonator where Q,. and w; are

the quality factor and the resonance frequency respectively. H Z’} and H;’Q are the respective

phase transfer functions of the phase-shifter and the band-pass filter.

XVIII



Appendix A: SOL Advanced Theoretical Analysis

- Phase noise expressed in Power Spectral Density (PSD):

As the noise is a random process, it is better to write it as Power Spectral Density. Equation
(A.1) becomes :

2

ph ph ;ph
HP""BP
S§0out |H + (PHP) tl Hd S¢BP + H, (S§0T1A + S¢PD <Pres) (A-3)
Where, S s Spupr Soppr Soriar Sorpr Ser.s are respectively the phase noise spectral density of

the gain limiter, high-pass filter, band-pass filter, transimpedance amplifier, photodiode and
optomechanical resonator.

- Allan Variance (AVAR) and Mass resolution :

The phase noise for the resonant sensor is evaluated using the Allan Variance. The AVAR
is defined as follows :

@ = [ S,(OmGHIA (A4
0
where, S, (f) = (}4)2 Se...(f) 1s the power spectral density of a fractional frequency deviation

and |H,(jf)|? is the filter transfer function expressed as :

sin*mtf

(mtf)?

T is the integration time where the AVAR is calculated. The phase noise density S, . can be
injected into equation (A.5). The AVAR of the SOL architecture is written :

IHaGOI? = 2——5- (A.5)

oo 2 th ph
0501(7) = jo (%) l%lec(fw | Senn D+ S, D) |IHGOIAf — (AS)
where,
ph ph ;,ph 2
Spuecf F‘%%WH%W) 2l Sy (1 + [T 5, ) (AT

If we inject equation (A.7) into (A.6), 62,, (7) becomes :

XIX



Appendix A: SOL Advanced Theoretical Analysis

| Secin (f>+5<p,,,,<f>)] IHaG )P

2

= [ (£ )
|

1%
fo
G
1%
fo

o,

ph

Hgy

Spr(f)‘ |HaG)I?df (A8)

\H,GOIPdf

SlPTIA (f )

Hq

:th ph
| Sero 0+ S0, (D) |IHAGNIdf

i 2
) HEpHE,

To simplify, equation (A.8) becomes :

o1 (®) = 0%, (D) + 0fip(D) + 0p(2) + 0f1,(2) + 0pp(7) + 0fes(r)  (A9)

050, () corresponds to the Allan frequency deviation of the SOL architecture. The mass
resolution o, depends on the minimum frequency resolution ogp; min and the mass of the
resonator M,... It is expressed as follows :

Om = 2MreSUSOL,min(T) (A.10)

- Open-Loop Analysis :

The oscillation conditions of a self-oscillating loop are calculated from the open-loop
transfer function. At start-up, the Barkhausen criterion in amplitude and phase is defined as
follows :

|H50L_0L(w0)| >1 (A11)

and

arg (HSOL_OL (wo)) =0 [2r] (A12)

Equation (A.11) is the gain condition and equation (A.12) the phase condition of the
Barkhausen criterion. Once the desired amplitude is reached, the gain condition equation (A.11)

becomes :

|HSOL_0L(wO)| =1 (A.13)
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Appendix B

Frequency locked loop (FLL)
Extensive Analysis.

This appendix presents in detail the theoretical calculations introduced in Chapter 4 section
4.1.2. As a reminder, the FLL architecture applied to the mechanical resonator is shown in
Figure B.1.a. The phase noise model is depicted in Figure B.1.b.

Pres Pprp Pria

Resonator Photodiode TIA Phase Detector l Photodiode l TIA

[taser [T} [Po }—{Gi>"pro | -2 m
HTES

Loop Filter _I\ O{pen Loop

Oscillator

Out DPyco AV (pout
¢ VCO — ph
J Hppy,

(a) (b)
Figure B.1: (a) FLL architecture applied to the optomechanical resonator (b) Phase noise model
- Phase noise Analysis

The FLL output phase noise noted ¢, is determined from the phase noise model. If we
consider Figure B.1.b, ¢, IS written as follows:

Pout = & Pprs + Fus (Pres + Pria + Prp) (B
out = T phph PPLL T T n on \Pres TIA PD
1- ersHIz:LL 1- erstz:LL
where,
er};(s) = and pph (s) = Hyco(s)HLr(S)Hprp () (B.2)
1+2 Qres S PLL 1+ Hyco(s)HLr(s)Hprp(S)

res
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Appendix B: FLL Advanced Theoretical Analysis

HP! and H,’,’fL the phase transfer function of the resonator and the PLL block respectively.
Hyco(s) = K"Sﬁ is the transfer function of the VCO with Ky, the gain. Hppp(s) = 1”;‘% and
H, (s) are respectively the transfer function of the charge pump and the loop filter.

- Phase noise expressed in Power Spectral Density (PSD):

As the noise is a random process, it is better to write it as Power Spectral Density. Equation
(B.1) becomes :

2
ph
HPLL

1 ‘
PpLL ph 1yph
1-H resH PLL

— S, + S +S (B.3)
1— H?éls H?'ZL ( Pres 114 ‘PPD)

S‘Pout = ‘

where, S, , is the spectral density of the PLL block , S
transimpedance amplifier, S,  and S
photodiode respectively.

o4 1S the spectral density of the

opp are the spectral density of the resonator and

- Allan Variance (AVAR) and Mass resolution :

The phase noise for the resonant sensor is evaluated using the Allan Variance. The AVAR
is defined as follows :

@ = [ S,(OImGHIA B4
0
where, S, (f) = (}4)2 Se...(f) 1s the power spectral density of a fractional frequency deviation

and |H,(j)|? is the filter transfer function expressed as :

sin*ntf (B.5)
(mtf)?

T is the integration time where the AVAR is calculated. The phase noise density S, . can be
injected into equation (B.5). The AVAR of the FLL architecture is written :

IHAG)I? =2

o0 f 2 th 2
oF () = jo (%) Is%,ec(fﬁ‘#% (Sppo () + Spres D) | HAGNI?Af  (B.6)
where,
i HBY,

NG (8.7)

S‘pelec(f) = ‘ S(pPLL(f) + ‘

ph 1yph ph 1yph
1- HresHPLL 1- HresHPLL
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Appendix B: FLL Advanced Theoretical Analysis

o) f 2 2 .
Z = — _— 2
o (T) = j(; <f0) 1- erthgzlL S(pPLL(f) |HaGOI*df 8)
o |
+ —[0 (fT)) (Sq)res (f) + S(pTIA (f) + S‘PPD (f)) |HA(]f)|2df

1— HYLHYy,
To simplify, equation (B.9) becomes :

0. (7) = 051, (7) + 0714 (7) + 05 () + 075 (7) (B.9)

ory., (T) corresponds to the Allan frequency deviation of the FLL architecture. Therefore, the
mass resolution depends on the minimum frequency resolution og;; i, and the mass of the
resonator M,.. :

Om = 2M,¢50pLL min (1) (B.11)

- Open-Loop Analysis :
The FLL architecture is a closed loop architecture, so it is necessary to ensure the stability

of the loop. For this, we need to calculate the transfer function in open loop which expression
is as follows:

B.12
HFLL_OL(S) = erhs(S)HglilL(S) ( )

To achieve a stable architecture, the PLL block component such as the gain Kyco, Ipymp,

and the loop filter must be calculated to have a phase margin M, greater than 45° and a gain
margin M greater than 10 dB.

M, = arg (HFLL_OL(iWOdB)) +m (B.13)
and

Mg = _ZOLOglolHFLL_OL(iW—TE)l (B.14)
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Appendix C

Amplitude & Phase tracking

During this thesis, to read our optomechanical resonator we have studied different
architectures other than those presented in chapter 4. We benefit from this appendix to present
another reading technique. The method consists in monitoring either the amplitude or the phase
of the resonator. Indeed during a deposition the mechanical resonance shifts and the amplitude
or the phase at the output of the resonator is modified. In this technique, we want to read this
amplitude or phase variation in order to estimate the mass deposited.

C.1 Operating Principle

The amplitude or phase tracking is an open loop technique allowing the tracking of the
resonance frequency. Indeed, if a mass Am is deposited on the optomechanical disk, its
resonance frequency shifts to the left as shown in Figure C.1.a. The same observation applies
to the phase as illustrated in Figure C.2.b. If we place at output, a band-pass filter with a high
quality factor and a cutoff frequency corresponding to the resonance frequency of the disk. Each
mass deposit will correspond to an amplitude and phase variation. And from this amplitude or
phase variation we can estimate the quantity of particles deposited on the resonator disk. Figure
C.1 below details this method for frequency tracking.

4 Gmax A
................... SR— .
/! \ Amplitude 0 1
w H \ Variation
T |
> ! )
= I _ ]
2 I Filter <
£ ! o
< I
I
!
/!
’
a— . >  —180° —
Am Frequency Frequency
res fres Jfres
(a) (b)

Figure C.1: (a) Operating principle of the amplitude variation tracking during a mass deposition (b)
Operating principle of the amplitude variation during a mass deposition.
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Appendix C: Amplitude & Phase tracking

C.2 Transfer function of the resonator

To implement the amplitude and phase tracking technique, we must first know the transfer
function of the resonator. This will allow us to identify the maximum gain, from which we will
calculate the variation. As described in Chapter 2, the optomechanical resonator has a
mechanical transfer function H,,.. and optical transfer function H,,,. The resonator is actuated
and therefore has an actuation gain G,.;. There is also the gain of the photodiode G, and the
TIA noted G, 4. The transfer function of the resonator is written:

Hopto+PD+TIA = GacthecHoptGPDGTIA (C.1)
where the mechanical transfer function is expressed as:
1 1
He (iw) = (C.2)
mec(] ) ngl.{.j w _(K)Z
Qwq Wo

To simplify, we assume that the modulation is done on the linear zone of the optical
resonance as shown in Figure C.3. The transfer function of the optical resonator is considered
as a gain:

T(v
“( ) AT Gom
ot = g o (C.3)
c
§ dTr ,
§ dv where v = % and optical transmission T (v):
&
=
> (kin + kex)2
> T(v) = P,(1-C (C.4)
Vies v W)= P = o g 3 e + )
Figure C.3: Optical Transmission
We derived the expression of the optical transmission equation (C.4) as follow:
T'(v) = 8P;,,C, (ki + Koye)? - (C.5)
YT S T Rext? AT T (i + Kew))? |
One more time we derived equation (C.5):
12A% — (kin + kext)2 (C_6)

T”(V) = _8PinCr(kin + kext)2

(AZ + (kin + kext)2)3

We can inject the derivative expression of the optical transmission defined in equation (C.5)
into (C.3). But we preferred to derive a second time (C.5) to be able to determine the maximum
(T""(v) = 0) of the equation then we inject them into (C.3).
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Appendix C: Amplitude & Phase tracking

After calculation, the transfer function of the resonator (C.3) is written:

_ 3‘/§ PinCrQopt/lres C.7
ort T4 4m2c om €7
where Q¢ = ki::fext is the optical quality factor, C, is the contrast, g,,, the optomechanical

coupling, c¢ the light speed and P, the optical power. The transfer function of the opto-
mechanical sensor + PD + TIA is expressed as:

3v3 PinCrQopi A
] 1 GactGppGria 4 = ln‘}pct = Jom
Hopto+pp+ria(w) = 2 > (C.8)
mw; 14— ()
]QWo Wo

From the transfer function of the resonator equation (C.8), we can determine the maximum
gain G- This gain is used as an amplitude reference to follow the resonance. Written as:

1 3\/§Pin Cr Qopt/lres C.9
Ginax = m_WgGactGPD TIA™ g Am2c om (C.9)
From the equation (C.8), the expression of the phase is:
W
, Qw
Yopto+pp+TIa = ATE (Hopto+PD+T1A(IW)) = —arctan # (C.10)
1—(—
Wo

C.3 Amplitude & Phase tracking architecture: Example

Figure C.4 below shows an example of an amplitude tracking architecture. The resonator

has an initial frequency f;.,. When a mass deposition is performed its frequency becomes frAeT.

The output signal is converted into voltage by a photodiode and TIA. A band-pass filter of

central frequency f,.s allows to change the amplitude of the signal with its attenuation. And

then with an envelope detector and an integrator we average this amplitude level AV to estimate

the resonator frequency. This architecture requires a perfect dimensioning of the quality factor
fres™ fFret

and resonance frequency of the band-pass filter.
—{)’T 1 AV
Laser —> » PD —»@—» /\ T "

Resonator  Photodiode  TIA Band-Pass Envelope Integrator Time
Filter detector

A\ 4

Amplitude

Figure C.4: Example of Amplitude tracking architecture
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Appendix D

Closed-loop I/Q architecture

In this appendix we will present a second architecture that we could not present in chapter
4. This architecture is a closed-loop architecture that combines part of a lock-in-amplifier 1/Q
demodulation type architecture and a Phase locked-loop architecture. In this architecture, the
idea is to control the direction of the phase in the loop in order that the error between the | and
the Q channels is zero. We called this architecture the closed-loop 1/Q architecture.

D.1 Operating Principle

Figure D.1 below represents the complete schematic of the I/Q closed-loop architecture.
Within this architecture we have our optomechanical resonator. At the output of the resonator
is placed a photodiode and a transimpedance amplifier (TIA). Then we have the two channels
I / Q. Each channel is composed of two mixers, a low-pass filter, a gain and a derivation. Then
we compare the two channels between them at the level of &,. Then we integrate this error to
drive a voltage controlled oscillator (VCO). At the output of the VCO, the I channel corresponds
to the signal of the VCO and the Q channel the signal of the VCO phase shifted by 90° .

x |dx
Resonator Photodiode TIA A dt
Filter
Laser —> » PD
Q  Filter
— L&
y |dt
| «— 1
VCO [« — |
Q s
Voltage controlled Integrator
oscillator

Figure D.1: General schematic of a closed-loop 1/Q architecture

The operating principle is as follows. The signal at the output of the TIA is demodulated in
the 1/Q way and then low-pass filtered. At the point x and y the | and Q channel signals are
derived with respect to time. Then we multiply each signal by the derivative of the opposite
channel to compare them. The expression of the error ¢, is presented by the equations (D.1) and
(D.2). When &, respects the condition D.1, on the trigonometric circle the phase of the VCO is
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Yy

A
Q2

C

\CW B dx dy 0
y o (CW) & =Y. i X. i (D.1)
" x dx dy
s (CCw) & y'E_ Tt <0 (D.2)
ccw

adjusted in clockwise direction (CW). When &, meets the condition D.2, the VCO phase is set

counterclockwise
the resonator. To
performed a bloc

(CCW). In this way the phase of the VCO is adjusted to match the phase of
test the validity and suitability of the architecture shown in Figure D.1, we
k simulation on Simulink. Figure D.2 shows the Simulink schematic of the

closed-loop 1/Q architecture. To emulate the resonator signal at the TIA, we considered a

sinusoidal source
correspond to a B

of frequency 300 MHz. The Dechrip blocks are mixers. The low-pass filters
utterworth of order 2 and two continuous-time VVCO.
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re D.2: Simulink (Matlab) schematic of a closed-loop 1/Q architecture

The simulation results are shown in Figure D.3. At the initial state, the VCO frequency is

250 MHz and the

resonator is 300 MHz as shown in Figure D.3.a. The VCO gain is 50 MHz/V.

Figure D.3.b shows the control voltage of the VCO as a function of time. As can be seen the
frequency of the VCO converges at 300 MHz since its control voltage converges to 1 V.

Voltage (Vctrl)

E————

VCO

<— Resonator

Figure D.3: (a) Ini
resonator at 300 M

tial state of the Simulink simulation with the VCO frequency at 250 MHz and the
Hz. (b) Control voltage of the VCO (gain 50 MHz/V) which convergesto 1 V.
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Appendix E

Adjustable Heterodyne Frequency
Locked Loop (AH-FLL): Extensive
Analysis.

This appendix presents in detail the theoretical approach introduced in chapter 4 section 4.4.
As a reminder, to read our optomechanical resonators we have chosen an AH-FLL architecture.
Figure E.1.a represents the block diagram of the AH-FLL. The phase noise model is illustrated

in figure E.1.b.
Resonator Photodiode TIA
G
I- ﬂ' Iﬂ/ (,01«35 Ppp PTIA
ph
" ] HTES
Adjustablea@ Lo O,;)g_n_l._oop Resonator
LPF Filter [ T\, Q@‘_ PLo
Oscillator ~ Loop Filter Phase Detector | ® @
Out ; PLL LPF
{vco f— —\ }—PFD i:‘ o ,qlh : ,é\
: ] p ?
i &/ Hpp &
FLL/PLL !
(a) (b)

Figure E.1: (a) AH-FLL architecture applied to the optomechanical resonator (b) Phase noise model
- Phase noise Analysis

The AH-FLL output phase noise noted ¢, is determined from the phase noise model. If
we consider Figure E.1.b, ¢,,; IS written as follows:

1 Hpp, Hy, H; (E1)
Pout = H_dq)PLL + H_dprPF + H_dpro + H_;(pi
where,
Hy=1- erthLPFHgfL (E2)
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Appendix E: AH-FLL Advanced Theoretical Analysis

With Hy, = H,ppHP)Y (HE — 1) and H; = H,ppHP,. . The phase ¢; is written as :
@i = Pria+ Ppp T Pres (E.3)

where, HE(s) = 1/ (1 +2.7e Gres ) is the transfer function of the resonator where Q.. and w,..¢ are
the quality factor and the resonance frequency respectively.

- Phase noise expressed in Power Spectral Density (PSD):

As the noise is a random process, it is better to write it as Power Spectral Density. Equation
(E.1) becomes :

2
Spus = ‘Hid Sp,,, + HHL:L Sp, | Hd| Sp,, + |H—; Sp, (E4)
where,
Soi = Soria t Spep t Spres (E.5)
Sopr SoLprr Sora Sopn Sores SoLo ar€ respectively the spectral noise density in phase of the

PLL, low-pass filter, TIA, photodiode, resonator, and local oscillator.
- Allan Variance (AVAR) and Mass resolution :

The phase noise for the resonant sensor is evaluated using the Allan Variance. The AVAR
is defined as follows :

@ = [ s,(ImGHIAS €9)
0
where, S, (f) = (}4)2 Se,..(f) 1s the power spectral density of a fractional frequency deviation

and |H,(j)|? is the filter transfer function expressed as :

sin*ntf (E.7)
(wef)?

T is the integration time where the AVAR is calculated. The phase noise density S, . can be
injected into equation (E.4). The AVAR of the FLL architecture is written :

of (1) = J;) . (]40)

IHaGOI? =2—F5

2 2 2

2
ph
Hpy, I
PLo H,

1
Hy Hy

| s

Sp, [IHaGI? (ES)

PpLL PLpF | H,
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Appendix E: AH-FLL Advanced Theoretical Analysis

©f\? ? N2 Ooszz[)’]ZLz V12
= [ (5) |[| Sew|1aGRRAr + [ () || Sonse|1aGPIZF

G s

L@

H, (Spria(F) + Sppp () + Sg,os (D) | 1HAG )2 df
To simplify, equation (E.9) becomes :

O-AZH—FLL (T) = Uezlec (T) + O-rzes (T) + O—IED (T) (E.9)
where 62,.(t) = 6., (1) + 0fpp(T) + 0 (T) + 02,,(7) is the AVAR of electronics. 6%,(1)
and o, (7) are respectively the AVAR of the resonator and the photodiode.
o4u—r (T) corresponds to the Allan frequency deviation of the AH-FLL architecture. The mass

resolution o, depends on the minimum frequency resolution o,y _r11 min and the mass of the
resonator M,... It is expressed as follows :

Om = ZMreSGAH—FLL,min(T) (E.20)
- Open-Loop Analysis :
The AH-FLL architecture is a closed loop architecture, so it is necessary to ensure the

stability of the loop. For this, we need to calculate the transfer function in open loop which
expression is as follows:

HAH—FLL_OL(S) = Hfg(S)HLPF(S)HgfL(S) (E.11)

The resonator and low-pass filter introduce high-frequency poles that have no effect on
stability, so the equation (E.11) simplifies:

h
HAH—FLL_OL (s) = HIZa)LL (s)

— KVCO Ipump 1 (1 + RCls) (E.12)
s 2 C,+C, €, G
S(1+Rcl+czs)

The equation (E.12) is the case where we consider a 2nd order loop filter (two capacitors in
parallel with a resistor). To achieve a stable architecture, the gain Kyco, Ipyump, and the loop
filter must be calculated to have a phase margin M, greater than 45° and a gain margin M
greater than 10 dB.

. E.13
M, = arg (HAH—FLL_OL(]WOdB)) t+m (E13)

and
Mg = _20L0g10|HAH—FLL_0L(iW—1T)| (E.14)
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Résumeé

Titre : Interface électronique compacte pour capteur optomécanique

Grace a leurs extrémes sensibilités, les résonateurs optomeécaniques ont montré ces derniéres
annees leur potentiel pour les applications capteurs, en particulier pour la détection de masse.
Comparés aux autres résonateurs mécaniques, ils présentent une surface de détection plus
importante (quelques um de diamétre). Ils sont aussi beaucoup plus robustes, ce qui leur permet
de résonner dans différents milieux (air, vide, liquide, ...). Les résonateurs optomécaniques
développés par les équipes du CEA, sont a base de micro-disque en silicium. Un tel dispositif,
présente une sensibilité de 1Hz/10~18g. Celanous permet d’envisager la détection de particule
infime quels que soient les types applications envisagées : détection de particule chimique,
détection biologique....

Les travaux de cette theése s’inscrivent dans le cadre du développement d’un systeéme de
mesures de masse compacte a base de résonateur optomécanique. L’objectif de la thése consiste
a développer une électronique suffisamment compacte permettant de lire ses capteurs de masse
optomécanique. Pour parvenir a cet objectif, nous avons d’abord développé un modéle compact
en Verilog A des résonateurs optomécaniques. Cela facilite la conception des circuits en
permettant de réaliser des simulations réalistes, conjointes capteur-électronique. Ensuite, nous
avons mené une réflexion sur les configurations matricielles des résonateurs optomécaniques.
Un tel systéme permet d’avoir une surface de détection plus importante tout en préservant la
sensibilité d’un seul résonateur optomécanique. A moyen terme, le systéme de mesure de masse
que 1‘on souhaite réaliser doit étre a base de cette matrice. Aujourd’hui, une telle matrice
n’existe pas encore, mais il faut anticiper et concevoir un circuit de lecture compatible.
Finalement, pour lire les résonateurs optomécaniques, nous proposons un circuit de lecture
modulable en fréguence. En termes de performance le systéme de mesure réalisé (capteur et
circuit de lecture) atteint une résolution de 500 ppb, c’est qui correspond a une fréquence de
158 Hz pour un résonateur de 316 MHz de fréquence. Si I’on considere la sensibilité des disques
optomécaniques cela correspond a une résolution de masse de 158 ag.

Mots clés :

Détection de masse, résonateur optomécanique, matrice de capteur, modélisation compacte,
électronique de lecture pour capteur, architecture de lecture boucle ouverte, architecture de
lecture boucle fermée.



Abstract

Title : Compact electronic interface for optomechanical sensor

Thanks to their high sensitivity, optomechanical resonators have shown in recent years their
potential for sensor applications, in particular for mass detection. Compared to other mechanical
resonators , they exhibit a larger detection area (a few pum in diameter). They are much more
robust, which allows them to resonate in different environments (air, vacuum, liquid, ...). The
optomechanical resonators developed by the CEA teams are based on a silicon microdisk. The
sensitivity of such a device is 1Hz/10718g. This enables us to consider the detection of tiny
particles for any type of applications : chemical detection, biological detection.

The work of this thesis is part of the development of a compact mass measurement system
based on optomechanical resonator. The objective of the thesis project is to develop suitably
compact electronics to read optomechanical mass sensors. To achieve this purpose, we first
developed a compact Verilog A model of optomechanical resonators. This helped us to design
the circuit allowing us to perform realistic and complete simulations. Then, we moved on to the
reflection of a matrix configuration of optomechanical resonators. Such system allows to have
a larger detection surface while preserving the sensitivity of a single optomechanical resonator.
In the mid-term, the mass measurement system that we wish to realize must be based on
matrices of optomechanical sensors. At present, such a matrix does not yet exist, but we must
anticipate and design a compatible readout circuit. Finally, to read the optomechanical
resonators, we propose a modulable reading circuit in frequency. The performance of the
measurement system (sensor and reading circuit) reaches a resolution of 500 ppb, which
corresponds to a frequency of 158 Hz for a resonator of 316 MHz frequency. Considering the
sensitivity of optomechanical disks, this corresponds to a mass resolution of 158 ag.

Key words :

Mass detection, optomechanical resonator, sensor matrix, compact modeling, readout
electronics for sensor, open loop readout architecture, closed loop readout architecture.



