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Chapter 1
INTRODUCTION

This work explores the application of whispering gallery mode (WGM) photonic sensors
based on integrated ring resonators with specific emphasis on seismometry. The photonic
seismometer presented here aims to address the need for compact, robust, and low noise (in-
cluding electromagnetic interference) seismic sensors for both Earth applications and plane-
tary exploration. Additionally, the dissertation presents the concept of a versatile evanescent
field perturbation-based sensor and a self-referencing speed sensor based on the detection of
Doppler shifts. The evanescent field perturbation sensor concept demonstrates the potential
of using WGM resonators to measure mechanical parameters such as displacement and ac-
celeration as well as to detect electric and magnetic fields. The self-referencing sensor study
proposes a WGM flow velocity and surface vibration concept that uses a single optical ring
resonator for both measurement and reference for automatic drift correction. In general,
the three concepts discussed in this dissertation demonstrate the potential of optical ring
resonator-based sensors for both Earth applications and space exploration.

Planetary seismology is one of the fields that would benefit from the development of
compact photonic sensors. Studying the composition and history of terrestrial planets re-
quires measuring naturally occurring or induced seismicity with devices installed on their
surface. Planetary missions use seismic sensors that are specifically developed or modified
for the environment in which they will operate. So far, seismic sensors used in planetary
missions are mainly based on traditional electromechanical systems that, despite their per-
formance benefits, are often challenging to miniaturize - an essential factor when considering
the constraints of space exploration. Electromechanical seismometers are also susceptible to
variations in ambient conditions (i.e., temperature and pressure) and electromagnetic inter-

ference. Current planetary seismic sensors require secondary instruments and compensation



systems to ensure reliable operation. The 1969 Apollo Lunar and the 2018 InSight Mars mis-
sions, along with their spectacular successes, provide valuable information on extraterrestrial

seismometers’ limitations and challenges [36, 38].

1.1. Background and Motivation

The National Aeronautics and Space Administration’s (NASA) Apollo Lunar Surface Ex-
periment Package (ALSEP, 1969-1977) employed seismometers to study the interior struc-
ture and composition of the Moon. The first seismometer successfully deployed in space
was part of Apollo 11’s Early Apollo Surface Experiments Package (EASEP) [37]. This
preliminary sensor package included a triaxial long-period (LLP) and a vertical short-period
(SP) seismometer. These devices provided an initial assessment of the challenges for Lunar
seismometers. They measured the impact of meteorites and moonquakes and relayed the
data back to stations on Earth. The solar panels powered the sensor package and could
only operate during Lunar days. One of the main challenges for these early seismome-
ters was to survive the cold Lunar nights when the temperature drop could damage the
sensors. Although the sensor package used thermal units to control the temperature, the
seismometers remained operational for 21 days before they stopped responding, likely due to
overheating [36]. Subsequent missions improved on the initial seismometer design through
the valuable lessons from EASEP.

The ALSEP was part of the subsequent Apollo missions (12-17) and had a much larger
scientific payload than the EASEP as shown in Fig. 1.1 [36]. The Lunar Passive Experiment
(PSE) included a triaxial LP and a vertical SP geophone that could withstand the harsh
Moon conditions thanks to an improved support system. In addition to the PSE, the ALSEP
also realized an Active Seismic Experiment (ASE) that used explosives to generate seismic
waves. The data from ALSEP provided valuable insight into the Moon’s induced and passive
seismic characteristics. Thanks to the success of ALSEP, seismologists could determine the
composition and structure of the Moon’s subsurface down to approximately 50 km. The

seismometers remained operational until 19777, when the ground station deactivated them.
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The seismometers deployed in the Apollo missions are traditional electromechanical geo-
phones. These devices convert the motion (velocity) of a proof mass into electrical current
using a spring-mass and coil-magnet assembly, with an amplifier that increases the intensity
of the signal to measurable levels. Despite their proven track record, geophones are suscep-
tible to temperature variations that can change the overall sensor assembly’s mechanical,
magnetic, and electric characteristics. In particular, the performance of the LP-ALSEP geo-
phones had to be assisted by a temperature sensor to correct the influence of temperature
on the recorded seismic signals. Furthermore, as demonstrated by PSEP, the geophones’
temperature had to be controlled to prevent the components from being damaged due to
extreme temperatures. The ALSEP required a thermal unit that consumed power to control
the sensor package’s temperature. In contrast, the most recent planetary mission (InSight)
employs a different approach to overcome the wide variations in temperature and other issues
related to ambient conditions.

NASA’s InSight mission deployed the Seismic Experiment for Interior Structures (SEIS)
sensor package to study the composition of Mars. InSight’s primary device is a very broad-
band (VBB) triaxial seismometer that monitors Martian seismic activity. SEIS-VBB is
considered to be the most advanced seismometer in planetary exploration to date and pro-
vides excellent data on the seismic activity of Mars [9]. The SEIS-VBB is a sophisticated
sensing system that relies on complementary devices to achieve high performance (see Fig.
1.2). This seismometer uses an inverted pendulum (one for each axis) alongside a differential
capacitive sensor (DCS) that measures the pendulum’s displacement based on a proximity
effect.

The SEIS-VBB includes a Thermal Compensation Device Mechanism (TCDM) that off-
sets the deviation of the natural frequency of the pendulum assembly due to temperature
variations. Additionally, the system has multiple layers of thermal insulation, including an
evacuated chamber that houses the VBB and a wind and thermal shield (WTS) that protects
the seismometer from wind gusts. The SEIS-VBB is susceptible to electromagnetic inter-

ference mainly due to the leaf spring, whose mechanical properties change with exposure to
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(8)

Figure 1.2: Rendering of SEIS-VBB pendulum (a) and its components: (b) fixed part; (c)
moving part; (d) spring; (e) pivot; (f) feedback electromagnetic actuator; (g) balancing
mechanism; (h) thermal compensation device mechanism; (i) differential capacity sensor.
Courtesy of SEIS-Insight website.



magnetic fields [38]. The need for compensation and auxiliary sensors for the proper func-
tioning of the SEIS-VBB highlight this type of sensor’s limitations for missions on planets
further away from Earth and with more extreme and challenging environments (for example,
Jupiter’s moon Europa, which has received significant interest in recent years with orbital
missions and a planned lander).

The SEIS also contains a compact short-period microfabricated silicon-based sensor dedi-
cated to detecting and measuring higher frequency seismic events in the 0.1-40 Hz band [38].
The SEIS-SP is an active MEMS device that relies on a periodic linear capacitive array of
transducers that measures the position of a proof-mass. Three individual sensor packages
are employed to achieve a 3D seismometer. One of the main benefits of the silicon-based
SEIS-SP is that it is not susceptible to electromagnetic interference. The SEIS-SP provides
some redundancy for the SEIS-VBB and monitors events outside its bandwidth. This sensor
demonstrates one of the advantages of using silicon (and similar) materials for applications
where exposure to radiation can affect the functioning of the sensor.

The employment of the SEIS-SP suggests the need for compact and rugged devices
in planetary seismology. Additionally, the sensitivity to variations in ambient conditions
(mainly pressure and temperature), as observed in both the VBB and the SP instruments [8],
is an issue that a different type of sensor perhaps could address. While space missions
would be the primary benefactor of developing compact and robust seismometers, Earth-
bound applications, such as remote sensing, could also benefit. An integrated optical micro-
seismometer would address the requirements of both Earth applications and planetary mis-
sions.

All the sensors discussed so far are of the electronic type. One of the drawbacks of
electromechanical seismometers is that they cannot be placed very far from the required
electronics (e.g., power supply, amplifier, filters). For example, the sensors are installed near
the landers in the Apollo and InSight missions. In contrast, optical seismometers need not
be placed near the attending electronics since they can rely on low-loss optical fibers as

either the sensing element (e.g., distributed acoustic sensing) or a communication line to the



sensing element. Furthermore, optical sensors are potentially more resistant to high-energy
particles that often affect electronics exposed to strong EM radiation [21].

It is essential to consider optical sensors that could address some of the challenges in
planetary seismology. Optical seismometers present an alternative to their electromechanical
counterparts since they operate on different principles and can be rendered immune to most of
the disturbances that affect electromechanical seismometers. Furthermore, photonic sensing
platforms can integrate miniature sensors to assist the functioning of designated sensors and

measure other auxiliary parameters.

1.2. Optical Seismometers

On Earth, most modern seismometers consist of spring-mass active devices employing
an electromagnetic feedback force unit that prevents the movement of the proof-mass [58].
The magnitude of the force required to maintain the mass at rest determines the ground
motion. Thanks to the closed-loop feedback, the response of the seismometer can be con-
figured to cover a designated band and reach a higher sensitivity. However, the addition of
circuitry introduces both electronic noise and heat generation due to electric power dissipa-
tion. Traditional passive seismometers, such as geophones, also require amplifiers to increase
the intensity of the generated electrical signal. Optical seismometers present an attractive
alternative to electromechanical seismometers as they eliminate the need for electronics near
the sensing element. While there is a variety of laser-based seismometers, interferometric
optical seismic sensors present a particularly desirable alternative to their electromechanical
counterparts since they employ a different operating principle, rendering them inherently
resistant to the same type of undesirable perturbations.

Various groups have presented several interferometric optical seismometers for applica-
tions on Earth. An optical seismic sensor was developed using an open-loop vertical seis-
mometer based on a Michaelson interferometer [62]. This sensor relies on the displacement
of a mirror attached to the leaf-spring mechanism of a modified STS1 seismometer [57]. The

iSTS1 (i corresponding to interferometric) seismometer responds to acceleration. It was



deployed to measure ground motion in the Black Forest Observatory [5]. The Michaelson
interferometric technique was also applied to develop a 3-component borehole seismometer.
This sensor was deployed in the Albuquerque Seismological Laboratory and used to measure
an earthquake [61]. The outputs of the iSTS1 show good agreement with more established
instruments, such as STS1 [62], STS2 [5], and KS-54000 [61] seismometers.

Motivated by the promising preliminary work of [63], a group at the Institut de Physique
du Globe de Paris developed a Fabry-P erot-based optical geophone as part of the Laser
Interferometry for Earth Strain (LINES) project [6]. This device consists of a modified short-
period geophone (2 Hz) with a mirror attached to its mobile mass. An optical fiber transmits
a light beam that is reflected by the mirror and injected back into the fiber to generate
an interferometric signal. The ground motion is determined from the phase difference of
two signals, obtained by demodulating the interferometric signal using a dedicated signal
processing circuit. Through this project, a 3D LINES geophone was successfully employed
for remote measurement of ground motion (velocity) on the seafloor. This sensor proves to
be low noise and highly sensitive, capable of resolving velocities as small as 12 pm/s (noise
floor) with a dynamic range of 28 bits (based on 2 mm/s velocity cutoff). Although the
LINES seismometer offers good performance, it requires the protection of the geophone from
corrosion of its metallic components due to atmospheric humidity. Additionally, the reliance
on a long stretch of optical fiber to generate interference makes the approach susceptible to
external conditions. As presented in this work, a more direct interferometric measurement
approach may be achieved using a resonant optical cavity, such as a WGM.

WGM sensors based on optical mode shifts are shown to be effective for seismic appli-
cations such as that presented in US patent no. 8743372 [14] (Fig. 1.3). This approach
relies on the resonant frequency shift of the optical modes of a fiber-coupled dielectric micro-
sphere (200-1500 pm in diameter). Unlike the previously discussed interferometric sensors,
resonance is generated in a circular geometry optical cavity. These WGM resonances are
observed as sharp dips in the transmission spectrum of the fiber coupled to the resonator,

as most of the optical energy is contained in the resonator. A leaf-spring-mass modifies



the shape of the microsphere, leading to a resonant optical frequency (WGM) shift. The
ground motion (acceleration) is determined by tracking the location of the WGMs. This
device is compact, lightweight, and low-power, capable of resolving acceleration in the order
of 1 nano-g with a dynamic range of 10 bits [15]. Despite its successful implementation,
the sensor is limited by the mechanical weakness of the fiber-to-resonator coupling, which
impedes its potential use in the field. The current seismometer proposed in Section 2 is
the next-generation implementation of the one presented in US8743372. The core optical
element is an on-chip waveguide-coupled ring resonator (instead of a fiber-coupled sphere

resonator). Its monolithic design allows for a rugged sensor suitable for field deployment.

Sensing element

( \ Proof mass

.‘\
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Puck Assembly (opened)

Figure 1.3: Assembly of the microsphere-based optical seismometer described in US patent
US8743372

Optical seismometers offer various benefits over their electromagnetic counterparts. Since
the sensing element consists of dielectric materials, there is a significant reduction in the
influence of electromagnetic interference. Optical seismometers connected by low-loss fiber
networks can also be deployed at great distances from optoelectronic processing systems [6].
The all-optical fiber input/output connections allow for the multiplexing of this class of
sensors into seismometer networks. Lastly, the versatility of WGM sensing allows for the
employment of other optical reference sensors designed to compensate for the variations in

ambient conditions (e.g., temperature/pressure) that can affect the output signal [50].

1.3. WGM Principle



The concept of WGM was first mathematically formulated by Lord Rayleigh in the 19th
century to describe the frequency-selective propagation of sound waves along the concave
surface of a solid wall [47]. Since then, the same phenomenon has been observed for electro-
magnetic waves on curved optical cavities, often referred to as optical WGM. For a circular
cavity, the geometric formulation of WGM yields an approximate resonant condition given
by:

21tRn = 1A, (1.1)

where R, 1, n, and Ar are the radius of the resonator, polar mode number (integer), the
effective refractive index of the optical mode, and resonating wavelength, respectively. This
expression is only a first-order approximation of the resonant condition but is sufficiently
accurate for R > A [24].

Equation (1.1) indicates that the resonance depends on R and n, so changes in the
morphology of the resonator lead to a shift of the resonant wavelength. This dependence is

expressed as [26]:
AX _ AR An
A R n

(1.2)

Multiple strain-based WGM sensors are demonstrated in the literature for the measurement
of quantities such as pressure [28], force [26], temperature [16], and acceleration [31], to
name a few. The versatility of this class of sensors makes them attractive for a wide range
of applications. In the current application, the contribution to the WGM shift from the
effective refractive index (photoelastic effect) is negligible as the effect of the mechanical
strain (AR/R) dominates the mode shift [24].

When light from a tunable laser is injected into a waveguide that is evanescently coupled
to a ring resonator, the WGMs are observed as sharp dips in the transmission spectrum,
as computationally demonstrated in Fig. 1.4. The mode shift (A1) and the resonance
linewidth (61) are obtained by observing the transmission spectrum. The optical quality

factor, defined as

Q=_—, (1.3)
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Figure 1.4: Snapshot of a simulation of a waveguide-coupled ring resonator undergoing WGM
excitation and an idealized transmission spectrum showing a WGM dip and mode shift

is associated with the resolution of the resonator as a sensor. Narrower dips (higher Q) allow

for the detection of smaller mode shifts and hence, higher sensor resolution.

1.4. Previous WGM Sensors

Several sensors that rely on WGM shift have been proposed to measure a wide range
of physical inputs, including pressure, [28] force, [24,26] electric [23,32] and magnetic field,
[29,30] acceleration, [31,33] species concentration [25] and temperature [16,27]. For pressure,
two applications of WGMs have been demonstrated: a wall pressure and a static pressure
sensor. In the former, a membrane that is exposed to a fluid flow compresses a micro-
sphere on the other side, such that the pressure applied to the sphere by the membrane is
proportional to the WGM shift due to deformation [40]. In the latter, the deformation of the
sphere due to hydrostatic pressure (uniform) is measured using the micro-spherical WGM
sensor [28].

A force sensor has also been demonstrated by placing a micro-sphere between two metal
plates and compressing it in the poles such that the equatorial radius, where light is cou-
pled, changes causing WGMs to shift [26]. An ultra-sensitive force sensor was also realized
by testing resonators of different dielectric materials [24]. Extensive efforts have also been
invested in electric field measurement using WGM shift [23, 32, 46]. The concept has been
demonstrated by placing a micro-sphere between two electrodes, which creates an exter-

nal electric field that deforms the sphere by electrostriction, defined as “elastic deformation
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(strain) of a dielectric material under the force exerted by an electrostatic field” [46]. Mag-
netic field WGM sensors have also been proposed. Like the electric field sensors, a polymeric
micro-sphere, containing a conducting shell [30] or embedded with polarizing particles, [29]
is placed between a permanent magnet and a coil that generates a static or oscillating mag-
netic field. The conducting shell or polarizing particle causes the sphere to deform in the
presence of a B-field, which translates to WGM shifts in the signal.

A WGM-based accelerometer has also been investigated by attaching a polymeric micro-
sphere to a rigid base. The acceleration of the base causes the sphere to deform, so a
relationship between acceleration and WGM shift is established [31]. In this approach, the
sphere resonator acts as a transducer. In velocity measurement, a proof of concept sensor
based on Doppler and WGM shift has been demonstrated by collecting light scattered from
a moving object. A WGM resonator filters the scattered or reflected light from the target
and the location of the dips changes due to the Doppler shift or object’s velocity [59].

In biology, WGM sensors have been used for nanoparticle detection, which has the poten-
tial to identify viruses [17]. A species concentration sensor based on WGM has been devel-
oped based on second-order effects. The efficacy of a WGM concentration sensor was tested
by placing a micro-resonator in deionized water and incrementally adding potassium carbon-
ate solution. The WGM shift, caused by changes in the refractive index of the surrounding
medium, was then measured to determine the concentration of the added solution [25].

WGM sensors are useful for detecting physical changes of their environment. They are a
sub-category of opto-mechanical transducers that can create a complete sensor when com-
bined with optoelectronic systems. Since much theoretical and experimental work has been
carried out to understand WGMs better, most applications focus on transmitting mechani-
cal inputs to the fiber-coupled resonators. This dissertation considers the on chip integrated
waveguide-coupled ring resonators as sensors. Configurations that rely on both physical

deformation of the resonator chip and those where the chip is rigid are investigated.
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Chapter 2

Photonic Seismometer

WGM resonators with ultra-high Q offer excellent measurement resolution. Their narrow
linewidth allows for the detection of very small mode shifts related to minute changes in their
morphology. Given their sensing potential, WGM resonators present an attractive solution
for applications requiring high measurement resolution, such as seismology, when measuring
weak seismic events (e.g., microseism).

In addition to their sensing capabilities, integrated micro-resonators offer the benefit of
compactness and ruggedness thanks to the modern monolithic microfabrication processes.
Ring resonators made of Si and Si-based materials can have diameters as small as 10’s of
pum and can be employed to realize highly compact sensing elements. Furthermore, micro-
resonators are robust since they are made of glass materials and rely on mechanically stable
waveguide-resonator, waveguide-fiber, and fiber-to-fiber optical couplings. Also, passive pho-
tonic resonators allow for low-power consumption sensing because they only require a minor
percentage of light emitted by a typical telecommunication laser. Additionally, photonic cir-
cuits present the potential for easy integration of secondary sensors (e.g., temperature and
pressure) that can improve the robustness of the primary sensor (e.g., optical seismometer).
These potential benefits from WGM-based photonic sensors strongly suggest that they should
be considered for applications such as seismic data acquisition in challenging conditions.

This chapter discusses the concept of an intrinsic all-optical cantilever based WGM seis-
mometer and an analysis of the performance of a benchtop prototype. Static and dynamic
characterizations of the seismometer are performed to assess the sensitivity and response.
Finally, the results from the sensor calibration, supported by computational models, are pre-
sented. An additional experiment demonstrating the potential usage of an in-house micro-

fabricated cantilever with improved performance is also included. All the results presented
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here were obtained in laboratory conditions.

2.1. Seismometer Concept

The sensor proposed here operates based on the strain of a ring resonator embedded in
a silicon substrate, as shown in Fig. 2.1. The chip with the ring resonator has a cantilever
section and a proof mass attached to the tip. The chip carrier shown is attached to a base
for which motion is monitored. For an Euler-Bernoulli cantilever beam, the axial strain is
defined as [45]:

d2w (x)

€xx = —h Iz (2.1)

where h is the distance from the neutral axis (zero stress plane) and w (x) is the transverse
deflection related to the applied load (P) at the free end by:

P x2

w(x) = S EI (BL-x), (2.2)

and E, I, and L are the Young’s modulus, area moment of inertia, and length of the beam.

For a load applied at the tip, the axial strain becomes

P(L-x
h ’ (2.3)
EI

€x  —

and can be related to the acceleration of a proof mass attached at the free end, which
generates the load P.

The ring resonator acts as a strain gauge that monitors the deformation of the optical
chip due to an applied load (see Fig. 2.1). Equations (2.1) and (2.3) show that the local
strain is linearly proportional to the load (for small deflections) which, in our sensor, is
generated by the acceleration of the proof-mass relative to the base. For a cantilever beam

with a proof-mass, the equation of motion is expressed in terms of the tip/mass displacement,
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Figure 2.1: 3D rendering of the sensing element (a) and top view photograph of the assembled
seismometer (b).

ym = w (L), relative to the motion of the base [10]:
Y m+onQrtym + w2y = =y, (2.4)

where wn, Qm, and y"'» are the undamped natural frequency of the first vibrational mode
of the beam, the mechanical quality factor of the system, and the acceleration of the base,
respectively. The response of the system under consideration is used to identify the system
parameters Qm and wns. It can be shown that the strain term in equation (1.2) is linearly

proportional to the tip displacement. Thus,

AX

m=A_, (2.5)
Y )

where A is a constant. The motion of the base (acceleration) is assessed directly from the
mode shift.

Equation (2.4) indicates that parameters Qm and w» characterize the sensor’s response to
the base motion. The vibration of mechanical structures always involves damping related to
multiple loss factors that affect Qm. For silicon plates, such as our optical chip, the effective

damping is
1 1 1 1 1

—_—= + + + .
Qm QTE Qair champ Qother

(2.6)
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The terms on the right side of Eq. (2.6) are defined as losses due to: the thermoelastic
effect resulting in temperature gradient (heat transfer) between sections of the beam under
tension and compression, air-beam interaction, transfer of energy from beam to clamp, and
other factors such as internal material friction. It is important to establish that equation
(2.4) serves primarily as a mathematical model that is useful to compare various mechanical
systems. In particular, the viscous damping (i.e., force proportional to velocity) term is a
convenient and intuitive way of estimating the ability of the system to suppress the increased
response near and at resonance. Expressions for the relevant damping mechanisms are
provided in the literature.

An analytical solution for the thermoelastic damping of thin beams is given by [34] as

pC, 6 6sinh&+sing
Qre = o

oa3TE 2 €cosh&+cosk (2.7)

and, s

u)anp

t=H (2.8)

oK
The terms p, Cp, k:h, and ar are the density, specific heat, thermal conductivity, and thermal
expansion coefficient, respectively. Qr £ can be calculated using the material properties
presented in [12].

The air dissipation is determined from the analysis provided by [54] based on [18] deriva-

tion for the viscous regime. For these conditions, the viscous damping is estimated by

o oHW 2
Qalr ‘ql 3 ‘ng(‘qﬁ , (2.9)
4 a n

where p and pq are the dynamic viscosity and density of air, respectively.

The support loss depends on the cubic power of the length-to-height ratio of the beam
and is expressed as [42]

champ =K (2-10)

T
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where k is an empirical parameter related to the geometry of the beam. For a rectangular
geometry like the one discussed here, the values of k lie in the range of 0.34-2.17.

Other contributions are neglected because of their high Q values (typically 105-109). The
reported value of the structural damping of silicon (n = 1/Qpui) is 5%x107¢ and can therefore
be ignored [7]. However, the optical chip is attached to the carrier (see fig. 2.5a) by a layer
of epoxy ( = 0.0368 [39]) that could potentially introduce additional losses usually absent
in micromachined monolithic cantilevers. The discussed loss factors will be compared to the
measured Qm, determined from the width of the resonance peak or the decay rate of the

displacement amplitude of the beam under impulse excitation.

2.2, Sensor System

The sensing element consists of a cantilevered optical chip with an embedded waveguide
and ring resonator. A section of the bottom face of the chip is attached to an aluminum
carrier, resulting in an overhang (or cantilever) to which the proof-mass is attached. The
chip is fiber-pigtailed to facilitate the coupling of light into and out of the waveguide as well
as to provide a robust optical signal.

The chip is composed of a silicon (Si) substrate with a thin silica (SiO-) layer at the top,
inside of which the silicon nitride (SisN4) waveguide and ring resonator are located. The
dimensions of the chip are 27 mm x 25 mm x 1 mm (L x W x H), with an 11 mm long
overhang. The radius of the resonator is 12 mm.

Figure 2.2 illustrates the optoelectronic configuration of the prototype seismometer. A
waveform generator modulates (typically 1 kHz ramp or sine) the wavelength of the light
emitted by a continuous wave 1310 nm distributed feedback (DFB) diode laser. A 90:10 beam
splitter divides the laser into two, and the 90% channel feeds the chip to excite the WGMs
of the ring resonator. The output light from the chip goes to photodetector PD2. Similarly,
the 10% light is directly coupled to PD1 and is a reference to remove the modulation profile
from the WGM signal. A 12-bit analog-to-digital (A/D) converter acquires all the signals.

The modulation signal triggers and synchronizes the acquisition of the photodiode signals. A
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Figure 2.2: Schematic of the sensor system.

personal computer (PC) connected to the A/D records the data for post-processing analysis.

2.2.1. Signal Processing

Although real-time signal processing has been demonstrated for high-speed transient
WGM sensing [2], a post-processing approach is chosen in this study to perform various
data analyses and develop, compare, and optimize different signal processing techniques.

Three approaches were considered: dip detection (DD), cross-correlation (CC), and
Lorentzian fit (LF). While DD is the fastest algorithm among the three, it is also the most
susceptible to noise since it consists only of tracking the location of the minimum of the
resonance dip (Fig. 2.3). The location of the minimum can exhibit fluctuations due to noise
in the amplitude of the signal.

In CC, the mode profiles in the top of graph Fig. 2.3 are inverted into cross-correlated
peaks to obtain the curve in the middle plot. The location of the maximum determines the
relative shift between the reference and the shifted WGMs. The CC algorithm performs

well, with lower noise than DD, but requires longer computation times.
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algorithms for automatic WGM shift measurement.
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Finally, the LF algorithm is the most robust since it considers the overall profile of the
resonance (instead of just a single point). This algorithm relies on fitting a Lorentzian
function to the WGM dip (or peak) to obtain the resonant wavelength. The main drawback
of LF is that it requires significant computational time and resources because of its iterative
nature. For real-time applications, both DD and CC are suitable, with CC being favored
because it can easily be configured to measurements exceeding the free-spectral-range of the
WGMs [2]. Additionally, hardware realizations of CC circuits are now available [3], which

could help reduce the computational demand of the envisioned seismograph.

2.3. Results

The sensing element is characterized using various approaches. A static analysis is em-
ployed to assess the force sensitivity of the resonator, which can be compared to other WGM
sensors and to estimate the mass required to generate meaningful WGM shifts. The sensor
is then tested in a series of dynamic experiments: harmonic excitation on a shaker table
and impulse excitation with and without a damping block. The dynamic experiments al-
low us to determine the sensor’s sensitivity, resolution, and frequency response. Finally, a
preliminary in-house fabricated substrate is tested to demonstrate the sensing potential of a

cantilever-based seismometer with a softer substrate.

2.3.1. Static Characterization

The apparatus shown in figure 2.4 is used to deform the optical chip and measure the
tip deflection. A linear spring is employed alongside a motorized nano-translation stage to
generate force. The displacement of the translation stage (compression/elongation of the
spring) determines the magnitude of the force. A plastic mount transfers the spring force

onto the chip, and Teflon sheets (or rubber pads) protect the chip from the metallic screws.

Figure 2.5a shows the spectral shift of the WGM caused by an applied force. The reference
wavelength (Ac) is the initial location of the WGM dip. The resonance shift depends on the
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Figure 2.5: Shift of optical resonance due to force applied by linear spring (a), and measured
WGM shift as function of the applied force (b).
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magnitude of the force. A Lorentzian fit algorithm tracks the location of the resonances and
determines the optical quality factor, Q (~ 1.5 x 107).

Figure 2.5b shows the effect of the applied force on the WGM shift. Computational
estimates of the mode shifts are also shown in the figure as a red line. Since equations (2.1)
to (2.3) apply to 1D beams, for a more accurate model, the computations are performed by a
3D finite-element analysis (FEA) of the same geometry used in the experiments. The WGM
shift is determined by computing the change in the circumference of a circle on the plate’s
top surface. The perimeter of the closed line before (L;) and after (L ) the deformation is
calculated by integrating around the line (§ dl). The change in the perimeter is related to

the WGM shift by
Ax = alr=L
L

(2.11)

The fraction (Lr — Li)/Li represents the effective strain on the resonator. The esti-
mated force sensitivity of the sensor is 2.23 pm/N. Due to the large thickness (~ 1 mm) of
Si substrate, the force sensitivity is considerably lower than that of sphere WGM sensors
demonstrated by [26]: solid silica (31 pm/N), solid PMMA (1087 pm/N) and hollow PMMA
(7664 pm/N).

In addition to the finite element method (FEM) solid mechanics solver, the WGM mode
shift is also estimated by a model based on Euler-Bernoulli beam equations. For this the
cantilever geometry is simplified to a Si beam with a circle on the top surface representing
the resonator. The origin lies in the symmetry plane that cuts the beam in half, parallel
to the longitudinal direction, and intersects the neutral axis (h = 0). The coordinates of
the resonator before deformation can be determined using the equations of a circle. For a
discrete set of points, the coordinates of the resonator are xr = [x1, X2, X3, . . ., Xnl, Yr =

[y1, V2, ¥3,...,ynl, and zr = [z1, 22, Z3, ..., Zn], such that the resonator before deformation is

-1
Li=  (Kisx = X0)%+ (s = Y02 + (2 - z,-)z]l/z. (2.12)
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After deformation, the new coordinates are obtained using the longitudinal and transverse
components of the displacement, u(x) = -h&1  [45] and w(x) (eq. (2.2)),
11

Lr =  [{(xir1 + ulxie)) = (xi + u(x))}? + {yi+1 - yi}*
i=1 (2.13)

+ {(Zi+1 + W(Xi+1)) - (Zi + W(Xi))}2]1/2

Finally, the mode shift is estimated from equation (2.11), yielding a sensitivity of 2.08 pm/N.
The agreement between the experimental data, the FEM solver, and the Euler-Bernoulli
equations indicates that the simple model accurately predicts the behavior of the cantilever

for small deformations.

2.3.2. Harmonic Excitation

A vibration table was used for the acceleration calibration of the seismometer in accor-
dance with [56]. Figure 2.6 illustrates the configuration for this experiment. The prototype
seismometer and a commercial MEMS accelerometer are attached to a base, which is rigidly
connected to the vibration table. A harmonic signal from a waveform generator controls the
motion of the table. The commercial accelerometer serves as a reference scale for calibration.

In this preliminary experiment, a 25 g proof mass is used on the sensor, and no damping is

employed.
Waveguide Chip Resonator Proof-mass
l l l Damping
O EC----C---IIZIZ-CIIZIZ-CIZIZZCIZZZCIZZZIZm block
Accelerometer /
Chip carrier

¢Motion

Figure 2.6: Schematic of the shake table experiment used for harmonic base excitation.
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The laser is scanned at a rate of 1 kHz and the transmission spectrum is acquired at
5000 samples per cycle of the laser (or 5 MSamples/s), sufficient to resolve the WGMs. Each
scan of the laser yields a single point in the WGM shift time evolution, so it is essential to
ensure that the vibration table’s motion is adequately resolved. In this calibration run, a 15
Hz harmonic signal from a waveform generator controlled the movement of the table. This
results in 67 WGM data points per cycle of the table oscillation.

Figure 2.7a shows the time variation of the WGM shift and the corresponding accelerome-
ter output. The result shows the efficacy of monitoring acceleration by tracking WGM shifts.
The harmonic motion of the base results in a sinusoidal shift of the WGM. The phase differ-
ence between the two signals is attributed to the difference in mechanical impedances of the
two systems. A cross-correlation-based algorithm is used to align the two signals (removing
the phase between them) , and the mode shift is plotted against the measured acceleration
of the vibration table in Figure 2.7b. The linear fit yields a sensitivity of 1.97 pm/(m/s2),
with a 2% rms error (or 0.062 m/s2). The relatively low sensitivity of the seismometer is due
to the large stiffness of the 1-mm-thick substrate used in the present preliminary setup. The
sensitivity may be increased by adjusting various parameters in the sensor design, including
increasing the proof mass size, using a more compliant substrate, and adjusting the substrate

material, thickness, and overhang length.
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Figure 2.7: (a) WGM shift (circles) and acceleration of table (solid line); (b) Phase corrected
plot of WGM vs measured acceleration. The solid line is the line fit. The small deviation
of the experimental data from the line is attributed to the asymmetry in the clamping
mechanism.
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2.3.3. Free Vibration

The system parameters in equation (2.4) for the prototype sensor were determined using
an impulse response experiment. An impulse force was applied to the proof mass, disturbing
it from its rest position. The response of the sensor is observed by monitoring the WGM
shift. Figure 2.8a shows the optical mode shift due to the perturbation of the proof mass.
The impulse perturbation is applied around time t = 0.4 s. The free vibration of the system

given in equation (2.4) is [22]:

y (t) = y, e o ~¥2gin (w b 90) (2.14)
J___
where we = wn 1 - (2Qm)2 is the damped frequency. The constants yo and 6o depend on
the initial displacement and velocity. These parameters are calculated from the experimental
data and used as input to a least-square-fit algorithm applied to equation (2.14). The WGM
shift fitting yields the middle plot in figure 8b and the estimated Qm and wn are 26.6 and
135.87 Hz, respectively. For comparison, the value of Qm from Equation (2.6) is ~ 26.68.
The harmonic oscillator model agrees well with the experimental observations.
A frequency-domain analysis of the signal presented in figure 2.8b is also carried out.

The frequency response of a harmonic oscillator due to an impulse input is [22]

B

|Ym(0~))|: [(w? - ‘*’5 )2+ (Q_rln‘*)w n)2]1/2’

(2.15)

where B is a constant that accounts for the magnitude of the perturbation and has units of
acceleration. Figure 2.8c shows the amplitude as a function of the frequency, suggesting that
the amplitude is flat below 40 Hz. The amplitude increases significantly at resonance, which
is not a desirable trait for seismometers, even though the seismic input can be calculated
from the sensor’s transfer function. Therefore, damping techniques suitable for the current
configuration should be considered for future versions of the seismometer. However, the
present preliminary results show the viability of the cantilever substrate, with an embedded

ring resonator, as a miniature photonic seismometer.
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Figure 2.8: (a) Free vibration of the seismometer; (b) Ring down fitting of equation (2.14)
(solid line) and experimental values (circles); (¢) Peak normalized frequency response from
experiment (circles), equation (2.15) with estimated parameters from (2.14) (solid line), and
analytical Qn (dashed line). The response of the prototype photonic seismometer agrees
with the spring-mass-damper model and is linear up to approximately 40 Hz.
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2.3.4. Resolution and Dynamic Range

The sensor resolution can be estimated from the WGM shift noise floor and sensitivity.
For the current prototype, the WGM shift rms noise, in the absence of a proof mass and
any mechanical excitation, is 4.94 fm for a laser scanning rate of 200 Hz, which corresponds
to 2.5 mm/s2 based on the sensitivity of 1.97 pm/m/s2 (Fig. 2.7b). This scanning rate is
selected to be comparable to the bandwidths of the SEIS-SP and mainstream geophones
such as the SM-24.

The spectral analysis of the noise did not show a strong frequency dependence and
had a spectral density of ~ 80 (um/s2)/Hz/2 (or 8.2 pg/Hz'/2). This preliminary noise
assessment likely overestimates the measurement resolution since there is noise contribution
from multiple sources: flow of air around the sensing element, thermal fluctuations of ambient
conditions, vibration of devices in the laboratory, oscillation of the building, and urban
activity. Some of the noise sources will be addressed once the sensor is enclosed. At the same
time, the effect of fluctuations in ambient conditions can be compensated for by a reference
resonator [50]. The seismic noise level should be significantly lower in observatories where
we intend to test the sensor.

The elastic range of the beam limits the dynamic range of the sensor. In the current
configuration, the seismometer does not have mechanical stops to prevent the excessive
deformation of the beam but once added, the goal would be to constrain the motion to avoid
non-linear deformation. [43] reports an average bending strength of 470 MPa for mm-scale
Si cantilevers. Based on this information, a reasonable limit for the present cantilever is 235
MPa (50% safety factor), corresponding to a maximum shift of 143 pm based on a numerical
beam model accounting for geometric nonlinearities (i.e., large deformation). Since the rms
noise is the measurement resolution, the estimated dynamic range is 90 dB. Improvements on
the dynamic range can be achieved by reducing the sensor noise floor (e.g., using a resonator
with larger Q) and increasing the sensitivity by selecting different substrate materials and

optimizing the proof mass.
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2.3.5. Damping

The results presented above for the current silicon cantilever prototype show that the
sensor has very low intrinsic damping. Therefore, additional damping needs to be integrated
into the system for an improved performance. In the present study, as an initial attempt, a 1
mm-thick polydimethylsiloxane (PDMS) slab is added between the proof mass and the chip
carrier to flatten the resonance (see Fig. 2.6). The PDMS block has a 20:1 base-to-curing-
agent mass ratio with a loss tangent of 0.2-0.5 [48]. Figure 2.9 shows the free vibration of
the sensor with a 70 g proof-mass with and without the damping block. When the PDMS

block is included, Qm decreases from 17.5 to 11.5, while wx shifts from 79 to 9o Hz.
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Figure 2.9: Normalized amplitude of sensor response before (blue) and after damping (red).
The solid lines are fit of Eq. (2.14). The inclusion of a PDMS block between the proof-mass
and the chip carrier introduces additional damping into the sensor.

While the damping structure improves the system’s response, it does so at the expense
of sensitivity. This can be attributed primarily to the relation between the loss tangent
and the complex Young’s modulus (storage and loss) of the material, which factors into

the w2y term of eq. (2.4). Reference [53] provides a model where the structural damping
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(m =1/Quun) is represented by a complex spring stiffness and shows that increasing n leads to
slightly higher (less than 1%) damped natural frequencies. However, in our experiment, the
observed significant shift in natural frequency (~13%) is primarily due to the introduction
of the damping block leading to higher effective stiffness. Although this effect could be
mitigated by increasing the mass to prevent loss of sensitivity, different damping approaches
should also be investigated for an enhanced sensor design.

Alternatives to hysteretic damping could flatten the mechanical resonance (2.8¢) without
significantly affecting the sensitivity. The squeeze film effect - dissipation of energy due to
motion of fluid between a fixed and a vibrating surface - [4] presents an attractive solution for
the present sensor since it does not require adding new components but rather an improved
geometric design. Alternatively, placing the sensing element in a container filled with liquid
or pressurized gas could improve the viscous damping [54]. Still, practical considerations are
necessary to ensure no leakage from the sensor enclosure. These damping mechanisms would
significantly improve the performance of our sensing element while allowing it to remain

passive.

2.3.6. Computations on a Raspberry Pi 4

The proposed sensor’s primary target application is remote sensing with limited compu-
tational resources. Therefore, assessing the computational requirements for effective sensor
performance is necessary. For this purpose, a Raspberry Pi 4 is employed to compute the
WGM shifts of the signals previously recorded by the analog-to-digital converter (A/D) in
Fig. 2.3. The signal processing algorithms discussed earlier are tested. The results show
good agreement between all three approaches, with an average computational time close to
the sampling period of the WGMs (~ 1 ms). This suggests that the WGM shift can be deter-
mined in pseudo-real-time, either by a dedicated digital/analog circuit or a mini-computer

such as the Raspberry Pi.

2.3.7. Thin SiO.-Si-SiO- Beam
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In the present demonstration, the 19 um-thick SiO- optical layer (with the bus waveguide
and the ring resonator) is grown over a commercially available 1 mm-thick Si substrate. For
a given proof mass, using thinner Si substrates improves the sensitivity of the cantilever
system. As a demonstration of the sensitivity potential of the current sensor approach, a
preliminary plate is fabricated in-house to have a lower stiffness. The plate consists of a 110
um-thick Si substrate with an 8 um SiO- layer grown on each side, one of which would house
the waveguide and resonator. Figure 2.10a is a scanning electron microscope photograph of

the cross-section of a representative sample plate.
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Figure 2.10: (a) Cross-section of a representative thin beam sample; (b) Schematic of appa-
ratus used to measure the response of the thin plate.

Fig. 2.10b illustrates the configuration used for the dynamic characterization of the plate.
Light from a 640 nm continuous-wave laser is reflected from the surface of the sample to an
optical position detector. The free vibration of the system is measured by disturbing the
plate and recording the signal from the detector. The plate dimensions are 3 cm x 1cm x
126 um with a 2.5 cm-long overhang. A 230 mg proof-mass is added at the free end of the
beam. Fig. 2.11 is a plot of the peak normalized frequency response alongside a fit of eq.
(2.15) with Qm = 88 and w» = 59.4 Hz.

A computational model was used to estimate the performance of the thin plate seismome-
ter. The approach employed is the same as the one in the previous experiments. A circular

line on the plate’s top surface represents the ring resonator as previously described. For
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Figure 2.11: Amplitude spectrum of thin cantilever vibration under impulse excitation. The
solid line is the fit of Eq. (2.15). For the thin plate w» = 60 Hz with a proof-mass of 0.25 g.
For comparison, the thick beam required a 70-g proof-mass to reach w» = 80 Hz.

the static case, force is applied on the free end, while for the dynamic one, an acceleration
is prescribed to the clamped section of the plate. The calculated force and acceleration
sensitivities are 5.5 nm/N and 2.42 pm/m/s2, respectively. Owing to its lower stiffness,
the thin-plate sample performance is superior to that of the 1 mm-thick plate. Thus, soft
substrates should be employed to develop highly sensitive sensing elements that allow us to

target small-magnitude seismic events in different frequency bands potentially.

2.3.8. Nonlinearity Considerations

The analysis presented with equations (2.1) to (2.5) is the solution to small deformations
where a linear analysis is used. Typically, the proof mass displacement is physically limited
by mechanical stops in seismic instruments to avoid nonlinearities. The same approach
would be used for the proposed sensor when building a field-ready device. Allowing large
deformations would make a practical and easy-to-use implementation of the current sensor
concept difficult. In addition to the increased complexity in signal processing, nonlinearity
could also lead to damage to the sensor, especially when considering the amplification of

motion for the low-damping cantilever discussed here.
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When non-linear deformation is desirable or allowed, [61] a modified version of equation
(2.4) is required. The large deformation can be accounted for by including two terms ciym
and c2 y2, that depend on the displacement. This model helps remove the effect of non-
linear deformation (up to a quadratic power) and reliably estimates the sensor response.
Nevertheless, it is not desirable to have arbitrarily large deformation, and seismometers are

designed to operate in the linear range.
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Chapter 3

Evanescent Field-Based Sensing

WGM resonators exhibit an evanescent tail in which a portion of the optical modes
travel outside the cavity adjacent to the interface between the resonator and the surrounding
medium. Depending on the resonator geometry, the evanescent field can be interacted with
using a dielectric material. This chapter presents a sensing approach that relies on evanescent
field perturbation where a dielectric object (perturber) extends into the evanescent tail of
the microresonator. In this approach, unlike the one discussed in the previous chapter, the
position of the perturber rather than the morphology of the resonator is modified (by a
change in the measured property), inducing a shift in the WGM. This approach is suitable
for applications in which the deformation of the resonator is neither feasible nor desirable
and can be used for both three-dimensional (e.g. spheres, toroids) and planar (e.g. disks,
rings) resonator geometries.

This chapter investigates, through analysis and experiments, the feasibility of this sensor
approach for both geometries by using a sphere resonator (directly exposed to air) and an
on-chip ring-resonator. In the experiments the modes of the resonators are perturbed by a
dielectric spherical perturber, such that the motion of the perturber across the evanescent
tail on the resonators’ outer surface leads to a measurable shift in the resonators’ WGM. In
the ring experiment, a ferromagnetic structure is attached to the perturber stem so that the

system enables the detection of magnetic field variations.

3.1. Sensor Concept

The sensor’s optoelectronic configuration is the same as that described by Fig. 2.2.
Further, the ring resonator is the same as that used for the seismometer described in Chapter

2. However, the change in the effective index (An/n), rather than the mechanical strain
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(AR/R), causes the WGMs to shift (see Eq. (1.2)). The presence of a dielectric object in
the evanescent field, in effect, perturbs the effective refractive index. Similarly, a dielectric
sphere is also employed to demonstrate a controlled evanescent field perturbation, providing
a comparison for two different resonator geometries: planar and three-dimensional.

In the typical chemical or biological photonic sensors, the measurement is accomplished
by monitoring the WGM shift induced by a change in the dielectric property of the medium
surrounding the resonator [25,41] or by the attachment of a particle on the outer surface of the
resonator [55]. In the latter, the particle is typically static inside the evanescent field and its
placement is not carefully controller. However, for the measurement of mechanical quantities
(e.g., force or acceleration), a careful and controlled perturbation of the evanescent field is
required. The sensor concept proposed here addresses the challenging aspect of controlled
perturbation and presents a configuration suitable for measuring mechanical parameters such

as displacement and force.

3.2. Numerical Analysis

A 2D axisymmetric model was solved using a finite element method (FEM) software for
the geometry shown in Fig. 3.1. The left, center, and right figures show the perspective,
top, and side (cutaway) views, respectively. Computations were carried out for both sphere
and ring resonator configurations, as shown in the figure.

The 2D ring resonator is the same one used in Chapter 2. The SizN, ring is embedded in
a SiO: layer and located 2 um below the top surface of the optical chip. Although very small,
a portion of the evanescent field still extends past the top surface of the chip (extending into
air). The 3D resonator is an 861 um-diameter SiO- sphere (Q ~ 107) coupled to a tapered
fiber. The sphere is made by melting the tip of an SMF-28 optical fiber (both core and
cladding) into a spherical shape. The rest of the fiber is used as the stem to hold the sphere.
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For a given radial mode number, the WGM of an optical cavity surrounded by a medium

with azimuthally varying refractive index can be expressed as [13]

4

21T

)\r = )\res((l))d(l), (31)

1

21 o
where, ¢ is the azimuthal angle and Ares is the WGM corresponding to the case when
the surrounding medium has uniform refractive index equal to that for the angle ¢. The
parameter Ares is calculated for each incremental azimuthal angle taking into account the

gap variation with ¢ as depicted in figure 3.1 (right).
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Figure 3.1: Geometry for the computational model for sphere resonator (top) and ring res-
onator (bottom). The left figures show a 3D rendering of the geometry under consideration.
The center figures illustrate the top view of the geometry and the selection of azimuthal
angles resulting in the right figures. The variation of the azimuthal angle leads to different
cross-sections (varying gap between resonator and perturber).

35



When the gap is large enough to be outside of the evanescent field, Ares(p) = Xyes =

constant. The WGM shift, AA, for a given d is expressed as:

1 Z Aporago D i

A)\. = — )\res(q)) - xres dq); (3'2)
2T $o

where the perturber interacts with the evanescent tail in the azimuthal angle range ¢o and
(bo + Ado). The WGM values, Ares(dh), are obtained across this ¢ range (each representing
a slightly different cross-sectional geometry) with an increment of 0.05°. By taking ¢o =0

as the line of symmetry in the computations, Equation (3.2) reduces to

Z Ago

AA = D\res((l)) - Xres]dq)' (33)

Alm

o

where Ado is now half of the total interaction angle range.

3.3. Experimental Setup and Results

The extent to which the evanescent field extends past the bounds of the optical cavity
depends on, among other parameters, the resonator’s geometry. The evanescent tail is
exposed to the medium surrounding spherical resonators and can be significantly interacted
with using a dielectric object. Access to the evanescent tail for integrated resonators is
reduced considerably or in some instances, may not even be possible since the resonator is
typically protected from the outside environment by a top layer (usually SiO-).

Figure 3.2 compares the two resonator geometries employed throughout this part of the
research. The top figures 3.2a and 3.2d show the geometries and refractive index profile of
the sphere and ring resonators. The mode (electric) field distributions for both resonator
geometries are shown in Fig. 3.2b and 3.2e. These profiles are obtained using an axisym-
metric eigenfrequency electromagnetic wave solver that requires only the cross-section of the
resonator. The field amplitude is normalized by the maximum value of the electric field norm
in the mode. The evanescent tail for the sphere and ring resonator along the lines indicated

in Fig. 3.2b and 3.2e are shown in 3.2c and 3.2f, respectively. As expected, the optical
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mode of the sphere extends further into the surrounding medium than the ring resonator.
Nevertheless, evanescent tail perturbation of both resonators is still possible by placing a

dielectric object in their vicinity.

3.3.1. Sphere Resonator

The WGM resonator and the perturber are shown in 3.3a. The perturber is a 125 um
diameter silica beam with a bulbous tip having an apex radius of about 1377 pm. The sphere
resonator and the tip of the perturber are formed by melting the tip of an optical fiber (both
the cladding and the core). As in the previous sphere resonator studies [23, 26, 29, 31], the
laser light is evanescently coupled into the resonator using a tapered optical fiber, with ~ 8
um diameter in the coupling region. The perturber is placed on a 3D translation stage with
the in-plane motion controlled by motorized actuators. The perturber is moved towards the

resonator and sweeps along the x direction are made at different resonator—perturber gaps.

Perturber

Figure 3.3: Photograph of sphere resonator and perturber: (a) top view of the sphere res-
onator coupled to tapered fiber on the left and a perturber on the right side; (b) side view
and close up of sphere-perturber interaction region.

As the perturber moves along x-direction shown in Fig. 3.3a, its tip sweeps across the

evanescent tail extending from the resonator’s surface resulting in the WGM shifts observed
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in Fig. 3.4. The inset shows two representative transmission spectra corresponding to the
indicated positions on the graph. The configuration yields a maximum WGM shift of about

1.80 pm with good repeatability. If the smallest WGM shift that can be resolved corresponds
to 1% of the resonance linewidth [19], this yields a measurement dynamic range exceeding

1000.
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Figure 3.4: Experimental results for the perturbation of the spherical resonator. The inset
shows the spectrum of the sphere for two different positions of the perturber.

During the experiments, the precise gap between the perturber and the resonator surface
could not be determined in-situ with an optical microscope. A computational analysis was
carried out to estimate this gap as described next.

Fig. 3.5a shows the calculated values of the integrand of equation (3.3) as a function
of the azimuthal angle for d = 50 nm. The resonator and perturber diameters used in the
calculations correspond to those in the experiment. The results indicate that the region of
interaction is limited to about Ao = + 1.25° for this case. Finally, the WGM shift as a
function of d is calculated as shown in Fig. 3.5b by repeating the calculations of Fig 3.5a for
a range of d. The maximum WGM shift of AA = 1.8 pm obtained in the experiments (Fig.

3.4) indicates that the gap between the resonator and the perturber is d = 75 nm.
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Figure 3.5: (a) WGM shift with azimuthal angle for d = 50 nm. (b) WGM shift as a function
of gap between the resonator and perturber. Each value in (b) corresponds to an integral of
the curve in (a), using Eq. (3.3), for different gap values.

3.3.2. Ring Resonator

A cutaway view of the on-chip ring resonator is shown schematically in Fig. 3.6. The
Si3N4 ring resonator core has a nominal diameter of 24 mm and a cross-section of 7 um x 40
nm. The SiO- cladding layer is ~ 17 um thick and sits on a 980 pm thick Si substrate. The
resonator core is positioned approximately 2 um below the top surface of the chip which is
exposed to air. The bus carrying light in and out of the resonator (not shown in the figure) is
positioned on the outer side of the resonator and has the same cross-section as the resonator.
As depicted in Fig. 3.6, the perturber is on the top surface of the chip and moves along
the radial, r-direction to interact with the evanescent field extending through the chip’s top
surface. The perturber is fabricated using the method previously described. The quality
factor of the ring resonator is Q ~ 107.

A computational analysis is carried out as a first step to estimate the extent of the
evanescent tail on the surface of the chip. Fig. 3.7 shows the variation of the normalized
electric field magnitude in the radial, r, and surface-normal, z, directions. The parameter w
= 7 um is the width of the ring resonator and ro is the radial distance to its mid-point as
indicated in Fig. 3.6. The field is wider than the resonator width itself (Fig. Fig. 3.7a) and
the maximum is only slightly off center due to the relatively large radius of the resonator.

As seen in Fig. 3.7b, there is sufficient evanescent tail extension above the chip’s surface to
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Figure 3.6: Cutaway representation of the on-chip ring resonator and perturber (not drawn
to scale). Coordinates r and z are measured from the center of ring and chip’s top surface.
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interact with the perturber.
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Figure 3.7: Normalized electric field magnitude: (a) Radial distribution along chip’s surface;
(b) Surface normal distribution. Since there is an evanescent tail extending past the chip’s
top surface, the modes of the ring resonator can be perturbed.

Fig. 3.8 is a photograph of the chip’s top surface and the perturber placed over it.
As indicated in the figure, the motion of the perturber is along the radial (r) direction.
The experimental result is shown in Fig. 3.9 along with the computational analysis using

conditions approximating the experiment.

Motion

Ring resonator Perturber

Figure 3.8: Photograph of the perturber and the ring resonator (top view).

The same approach as that for the sphere analysis is used except that in this case the

sphere perturber is directly above the resonator as shown in Fig. 3.1. There is some dis-
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Figure 3.9: WGM shift versus perturber position. The computational curve is obtained
using eq. (3.3) and the process described in fig. 3.5.

crepancy between the experimentally and computationally obtained WGM shift magnitudes.
The difference in the magnitudes is possibly due to the non-spherical shape of the perturber
in the experiment and the likely aberrations on the perturber’s surface (the analysis assumes
a perfect sphere with a smooth surface) resulting in a larger volume occupying the evanescent
field. We do note, however, that the computationally and experimentally obtained WGM
shift profiles agree well.

Overall, the results are encouraging as considerable WGM shifts are observed even when
the cladding layer thickness above the resonator is significant. The retention of the cladding
layer provides a level of protection of the resonator surface and its thickness can be optimized
for a desired measurement sensitivity.

In the next experiment, a perturber, with a ferromagnet attached to its stem, is placed
over the ring resonator to demonstrate a magnetic field detector concept. In this case, the
perturber stem is aligned in a direction tangential to the ring resonator as shown in Fig. 3.10
and the stem’s base is clamped at the edge of the resonator chip. The perturber material is
SiO: and is fabricated in the same way as previously described. The ferromagnet is PDMS

(10:1 base-to-curing agent ratio by volume) with iron dust mixed in before curing.
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Figure 3.10: Photograph of magnetic field detection setup. The perturber sits on the top
surface of chip. The solenoid generates a magnetic field that pulls the ferromagnet, causing
the perturber to move across the evanescent field of the ring resonator.

A solenoid is placed approximately 1 mm away from the perturber. As the solenoid
voltage increases, the induced magnetic field bends the perturber stem towards the solenoid,
changing the tip position above the ring resonator, thereby causing a shift in the WGM.
Before the solenoid is switched on, the tip of the perturber is located on the inner side of
the ring resonator (hence, outside of its evanescent field).

Figure 3.11 shows the WGM shift as a function of the magnetic field strength. Fig.
3.11a is the result for a single sweep of the solenoid voltage. In the graph, each data point
corresponds to the WGM shift obtained from a single scan of the laser wavelength. The laser
is scanned at a repetition rate of 400 Hz and the waveform is sinusoidal. Therefore, each
data point in Fig. 3.11a represents a measurement time resolution of 2.5 ms. These transient
measurements exhibit some random noise (primarily electronic and photon shot noise). Fig.
3.11b is the average of 20 such individual realizations for each data point removing much
of the random noise. As the magnetic field strength increases, the perturber moves over
the resonator interacting with its evanescent tail until the magnetic field is strong enough

to move it completely outside of the resonator on the outer side of the ring. Although
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the magnetic field sensitivity in these measurements is modest, the results demonstrate the

viability of evanescent field perturbation for sensor applications.
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Figure 3.11: WGM shift versus magnetic field. (a) Single realization - each data point corre-
sponds to one laser scan at a rate of 400 Hz. (b) Averaged measurement for 20 realizations
with standard deviation for each magnetic field value shown as error bars.

The ring resonator results show that even with a cladding layer of considerable thickness
(~ 2 um) above the resonator, the dielectric perturber still induces a significant amount
of shift in the resonator’s WGM. The present magnetic field sensing experiment yields a
measurement sensitivity of 1.74 x 103 pm/gauss. For a resonator with Q = 107 and a
WGM shift measurement resolution corresponding to 1% of the FWHM of the resonance
linewidth [19], the detection resolution is ~ 0.753 gauss. The measurement sensitivity of the
system can be optimized by varying several parameters including the resonator and perturber
material, resonator shape and size, perturber stem length and diameter and the thickness of

the cladding layer.

3.4. Future Considerations

The results presented in this chapter demonstrate the concept of an evanescent field sensor
that can be configured to measure quantities such as displacement and magnetic field. This
preliminary analysis assesses the feasibility of a reliable and controllable perturbation of the
optical modes of different resonator geometries. For a robust sensor, integrated resonators,

such as the ring employed here, are best suited for practical real-world applications. The
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flexibility of the proposed approach allows for either a detached or an integrated perturber.
In the former, more freedom is possible in the design of the perturbing geometry but that
would likely require an extensive and careful calibration process. Additionally, robustness is
not guaranteed as the perturber could be displaced beyond the sensing range of the resonator.
A monolithic sensing element, where the perturber is fully integrated and built as part
of the microfabrication process along with the resonator, can provide a highly robust sensor
configuration. For instance, in chapter 2, the sensitivity of the seismometer is primarily
limited by the stiffness of the substrate. While a thin substrate can be used to reach higher
sensitivities, the high temperature processes used in the resonator fabrication pose a risk to
the structural integrity of the substrate (i.e., silicon wafer) due to thermal stress caused by
the deposition of different films. An alternative to the approach described in chapter 2, is to
build a thin perturber on top of the resonator such that its geometry allows for measurement
of low frequency vibrations. The perturber can be a thin plate hovering above the resonator
inside the evanescent field. Fig. 3.12 shows an example of a geometry that can be used to
estimate acceleration based on proximity effect.
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Figure 3.12: Example of on-chip ring resonator with a built-in perturber (cantilever beam).

In addition to WGM shift, the perturbation of the evanescent tail also alters the optical
Q-factor of the resonator. Fig. 3.13 shows both the WGM shift and Q of the ring resonator
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as it interacts with the ferromagnetic perturber. In the magnetic field experiment the Q is
dynamically adjusted from an initial value of ~ 1 x 107 to 0.75 x 107. The modulation
of the resonator’s Q is useful in applications where a dynamic optical filter with adjustable
frequency and linewidth is required. If combined with electro-optic or thermal modulation
of the ring’s resonance, the evanescent tail perturbation can be used to create a filter with

real-time adjustable frequency and linewidth.
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Figure 3.13: Mode shift and Q-factor of ring resonator as the perturber interacts with the
evanescent tail. The Q-factor is modulated by the interaction between the perturber and

ring resonator.
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Chapter 4
Self-Referencing WGM-based Doppler Sensor

The sensor concepts presented thus far rely on the morphology change of the WGM
resonator, eq. (1.2), to induce a mode shift. This chapter discusses an additional WGM
application, namely the Doppler shift detector in which the morphology of the resonator is
not intentionally modified. A scanning laser light is directed to a moving solid surface or a
transparent gas and the reflected (or scattered) light from the target is passed through the
WGM resonator to detect the Doppler shift due to the relative motion between the target
and the sensor. The approach may find application in a range of areas including surface
vibration and fluid flow measurement. WGM sensors that operate based on the Doppler
effect have been demonstrated to measure the velocity of a rotating disk [60] and a water
droplet-seeded free air jet [50] using a sphere and an integrated ring resonator, respectively.
In these studies, the WGM resonator acts as a stable wavelength shift indicator in the optical
spectrum of laser light.

A challenging aspect of WGM sensing is the influence of environmental conditions (tem-
perature, pressure, humidity, etc.) on the resonator morphology due to thermal and mechan-
ical effects such as thermorefractive and thermoelastic fluctuations, thermal expansion [51],
and deformation of the resonator caused by variations in the ambient pressure and back-
ground acoustic noise [35]. Additionally, due to variations in the ambient temperature, the
laser output power and wavelength may drift even when a thermoelectric control unit is
utilized. All these effects are observed as unwanted and uncontrolled drift in the WGM.

A secondary resonator can be used to account for the undesirable influences of the en-
vironment on the measured signal [50]. This approach requires separate calibrations of the
sensing and reference resonators, and since two distinct optical cavities are employed, their

response to external perturbations is not assured to be the same. Furthermore, the two
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resonators’ distinct intrinsic thermodynamic noise constitutes an additional source of mea-
surement uncertainty. In this chapter, a robust sensor concept that relies on a single resonator
to generate both the sensing and reference WGM signals is presented. This configuration

can potentially eliminate WGM drift effect due to changes in environmental conditions.

4.1. Sensor Concept

Doppler effect refers to the shift in wavelength due to the motion of a wave emitting
source relative to a receiver. For an optical system, the magnitude of the Doppler shift

(AMp) is related to the target’s velocity by [44]:

kr —Ei
=) (4.1

where, V - (k- — k:) is the projection of the target’s velocity onto the bisector of the unit

vectors representing the incident (Ei) and reflected (T(r) beams, and c is the speed of light.
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Figure 4.1: Schematic representation of Doppler effect for a uniformly moving surface.

For a uniformly moving reflective surface the projected velocity can be determined using
the illustration provided in figure 4.1. Light transmitted by a fixed lens is incident upon

a moving target, which in turn reflects the light to a collection lens. The bisector can be
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defined as

> > - a+f ., . a+fB .
k, —k; = 2cos _2‘[3 cos ) X + sin ) y . (4.2)

One immediate observation is that for mirror reflection, a and  are supplementary angles
(i.e., a + B = m) and the bisector becomes perpendicular to V(=vX), resulting in zero
Doppler shift. In the case of retro-reflection (i.e., a = B), as shown in Fig. 4.2, the bisector

becomes 2 [cos (a) X + sin (a) y"], leading to

B _ ?cos (). (4.3)

In the current sensor, the Doppler shift, AAp, is observed as a shift of the WGM allowing

for direct calculation of the target’s velocity.
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Figure 4.2: Optical wave vectors for a retro-reflective surface.

The moving target illustrated in Fig. 4.1 can either be a scatterer (e.g., aerosols, gas
molecules) or a reflecting surface (e.g., mirror, retroreflective material). Conceptually, the
functioning of the sensor is the same regardless of the nature of the target. However, the
intensity of the back-reflected light and its linewidth changes significantly depending on the
application. Reflected light from a solid surface is much stronger (typically more than one

order of magnitude) than scattered light from aerosol particles in a gas flow (which depends
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on the size and refractive index of the particles) [49]. Also, the linewidth of the collected light
from a solid surface is the same as that of the incident laser light. In the case of non-aerosol,
pure gas flows, where the scattering is from gas molecules themselves (for example in the
Rayleigh or Rayleigh-Brillouin regime) the intensity of the scattered light is yet a few orders
magnitude smaller than that from seed particles and exhibits thermal broadening.
Therefore, in the case of gas molecular measurements, higher power laser sources and
extended integration times would be required to accumulate sufficiently large number of
photons on the detector for acceptable levels of signal-to-noise ratios. In addition to high
intensity, reflective solid surfaces (e.g., mirrors) provide very stable and robust optical cou-
pling with a simple apparatus. For these reasons, a retro-reflective surface is selected as the

moving target for a proof-of-concept in the present study.

4.2. Optoelectronic Configuration

Figure 4.4 is a schematic representation of the self-referencing sensor system. The wave-
form generator modulates the 1313 nm DFB laser wavelength similar to the system described
in Fig. 2.1. The polarization of the light is adjusted using the polarization rotator. The
optimal polarization state maximizes the intensity of the transverse electric (TE) modes of
the waveguide. The light is then divided into two by a 90:10 splitter. The photodiode, PD1,
output signal from the 10% light (designated by cyan color in the figure) is used to normalize
the intensity of the photodiode outputs of PD2 and PD3.

A second 90:10 fiber splitter on the 90% side divides the laser light into two as shown. One
side (blue) is directly sent to the resonator and terminated at PD2 on the output side after
passing through an optical circulator. When the laser is tuned across a narrow wavelength
range, the WGM dips are observed by PD2 as shown (blue). This is the reference WGM
signal. The other side (green) is coupled to a collimating lensed fiber and directed to the
targeted measurement location. The reflected light from the target surface is collected by the
same collimating lensed fiber (red). Due to the motion of the reflector, this light is Doppler

shifted. The shifted light is directed to the resonator and the WGM is seen as a dip at PD3
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Figure 4.3: Opto-electronic configuration of the self-referencing WGM-based Doppler sensor.



as shown (red). The relative shift, AAp, between the blue dip and the red dip is the true
Doppler shift, clear of any drift effects due to environmental conditions. It is a measure of
the velocity of the interrogated surface at time, t. The data acquisition and signal processing

are performed as described in 2.2.1.

4.3. Measurement Technique

Figure 4.4 illustrates the concept of Doppler shift calculation using WGMs excited by a
tunable laser modulated by a ramp waveform over a certain time period. Since the morphol-
ogy of the resonator is not intentionally modulated, the reference and sensing resonances
correspond to the same resonant wavelength (eq. 1.1), as indicated by the horizontal dashed
black line. However, due to the wavelength shift of the reflected light, the WGMs are ob-
served at a different point in the cycle of the laser scan. The temporal displacement of the

resonance determines the Doppler shift according to

A

AAp = -AV S (4.4)

where A/V relates the laser driver voltage to the wavelength of the laser light, and AV is the
Doppler shift is terms of the driving voltage. The negative sign is included because a redshift

creates an apparent decrease of the WGM’s resonant wavelength, as depicted in figure 4.4.

4.4. Experimental Setup

The photographs in figure 4.5 show the configuration used to demonstrate the concept of
a WGM-based, self-referencing velocimeter. A DC motor rotates the disk to which the retro-
reflective tape is attached. The rotation of the disk generates a constant planar velocity of
the tape, leading to the condition illustrated in figure 4.2. The reflective material has glass
beads that couples the light from the lens back into itself. The fiber-pigtailed collimating lens
is aligned to the tape such that the intensity of the reflected light is at its maximum. The

angle (a) between the lens and the disk is 35.62°, corresponding to ~ 81% of the maximum
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Figure 4.4: Illustration of measurement technique. The dashed lines correspond to the
wavelength of the input light before (blue) and after (red) a Doppler shift is introduced. The
solid lines are the spectrum of a ring resonator measured by the original laser light (blue)
and the Doppler shifted light (red).

Doppler shift (a = 0). The optical fiber is connected to an optical circulator, and the rest
of the system is arranged as depicted in figure 4.3.

The reflective tape provides the means to measure the rotational speed of the disk, hence,
the linear (tangential) velocity at the location where the light is focused. As the disk rotates,
the tape moves away from the focus point, resulting in mirror reflection of the light and loss
of signal in PD3 (Fig. 4.5). The repetition rate of coupling/uncoupling determines the
rotational speed of the disk.

Three approaches can be employed to estimate the Doppler shift. In the first, the
laser is scanned slower than the disk and the WGM profile is sampled over the reflect-
ing/nonreflecting cycles of the tape. The benefit of this approach is that at slow scanning
(tuning) rates the laser follows the driving signal avoiding distortion of the laser’s tuning
waveform, with a negligible phase and no reduction in amplitude. The downside of this
method is that the post-processing analysis becomes challenging as the WGM must be re-

constructed individually.
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Figure 4.5: Top (left) and side (right) views of experimental apparatus. In the side view a
red-light alignment laser is used to indicate the focal point of the lens.

In the second technique, the laser’s wavelength modulation is harmonic (sine wave) and
tuning rate is faster than the rotation of the disk. The laser must be scanned multiple
times within a single cycle of the disk to allow for reliable measurements. This leads to
scanning rates in the order of 1-10 kHz for disk speeds between 150-350 Hz. The main
advantage of this method is that the WGM is fully sampled various times in one disk cycle
and the determination of the Doppler shift is straightforward. On the other hand, at such
high rates the output of the laser is distorted (i.e., amplitude reduction and phase delay)
with respect to the driving harmonic signal due to the thermal inertia of the internal laser’s
system. Therefore, a correction of the measured WGM shift is required based on the dynamic
calibration of the laser, as described in [1].

The third method consists of a gradual adjustment of a DC voltage applied to the laser.
The DC signal has a stair-step profile over time and each value of the applied voltage, and
laser wavelength, is maintained long enough for the rotating disk to complete at least two

rotations. The advantage of this method is that the step-stair profile allows for flexibility
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in the sampling of the WGMs. For example, certain portions of the optical spectrum that
require higher resolution can be finely resolved by making the corresponding step change
smaller. However, the primary drawback is that both the driver and the laser need time to
reach the desired wavelength, typically 10 ms, which can be a limiting factor depending on
the application.

Compared to the previously described methods, the stair-step is more suitable for the
current experiment because, although the disk will rotate at a constant rate, the intensity of
the Doppler shifted light is expected to vary due to wobbling and different size scatterers (i.e.,
glass beads in the retro-reflective tape) exiting and entering the collection region. By holding
the wavelength constant, the variations in the signal intensity are averaged out, reducing the
noise and uncertainty for each sampled point in the WGM’s spectrum. For these reasons,
the stair-step driving signal is preferred over the other two methods to provide a qualitative

assessment of the efficacy and feasibility of the self-referencing sensor concept.

4.5. Results

The resonator and waveguide are embedded in a silicon-on-insulator fiber-pigtailed chip.
The ring has a cross-section of 480 nm x 220 nm (W x H) and a radius of 11.25 um. The
characterization of the resonances at 1.3 um laser wavelength yields Q-factors of ~ 1 x 105
in both directions as shown in figure 4.6. These two resonances are used to calculate the
Doppler shift by employing a Lorentzian fit (LF) algorithm, which considers the whole WGM
profile instead of just the location of the dip minimum.

The rotational speed of the disk is adjusted by controlling the voltage of the motor driver.
Here, the selected input motor voltage ranges from 2 to 20 V with a 2 V step, corresponding
to rotational speeds of ~ 30-360 Hz. For each motor voltage, the WGMs are sampled with
a stair-step and the LF algorithm tracks their location. Figure 4.7 shows the fitting of a
Lorentzian to identify the location of the sensing WGM relative to the respective reference

one for different speeds.
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The solid lines are the Lorentzian fitting for each WGM.

0.35
—— Ref
0.30 1 —— Sens 181Hz
F —— Sens 356Hz
n 0.25 A 6
c o}
o o
£ 0.20 -
5 6
N 915+
© (o]
E O '0/0
5 0.10 é
=2 O\ O
0.05 -
o Q
0.00 r v r « r .
-4 -3 -2 -1 0 1 2 3 4
Are/ (pm)

Figure 4.7: Sensing resonance for two different rotational speeds. The x-axis is offset by the
location of the reference resonance.
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The process shown in Fig. 4.7 is repeated for various rotation rates. The measured
Doppler shift between the sensing and referencing WGMs as function of the disk speed is
shown in fig. 4.8, alongside a best fitted line. In accordance with eq. (4.3), the measured
Doppler has a linear relationship with the disk speed. The best fit line has a slope of 1.48
fm/Hz with an RMSE of 7.35 fm, corresponding to ~ 6A/1700 for a Q of 1.1 x 105 and
an operating wavelength of 1312 nm. It is important to note that the sensing and reference
WGMs exhibited thermal drift but thanks to the dynamic referencing signal originating from

the same resonator, the measured shift is not affected by thermally induced fluctuations.
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Figure 4.8: Measured Doppler shift and best fit line as a function of angular velocity.

The results suggest that the present configuration is capable of estimating shifts signifi-
cantly smaller than the linewidth of the resonance. In the experiment the smallest measured
Doppler shift, at 35.47 Hz, is 54.80 fm, equivalent to 1/217th of §A — often taken as the limit
of detection. In practice, the thermo-refractive noise usually represents the limit of detection
and for Si ring resonators, such as the one employed here, it is in the order of 10 fm [11].
Assuming that the thermo-refractive noise model is an accurate estimation of the noise-
floor, the shifts measured here are close to the resonator’s theoretical thermodynamic limit.

However, for a sensing configuration capable of measuring shifts in the order of the thermore-
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fractive noise needs to overcome the noise introduced by the electronics (e.g., photodetectors
and A/D). The significance of the current study is that the self-referencing sensing scheme
presented here extends the capability of WGM resonators beyond their established limit of

detection.

4.6. Future Considerations

The Si resonator employed in this section has a small footprint, making it highly suscep-
tible to variations in temperature due to the lack of thermal inertia. Therefore, monitoring
of the WGM shift for extended periods of time proved to be challenging as the WGM quickly
drifted out of the measurement window. To reduce thermal drift, larger resonators will be
used in future studies, such as the one utilized in chapters chapters 2 and 3. Furthermore,
a characterization of the resonator’s noise-floor must be carried out to effectively determine
whether the self-referencing concept bypasses the noise in the measurements introduced by
the laser and the resonator.

Resonators with a larger footprint can offer higher Q’s than the current ring. Waveguides
made of Si3N,4 on SiO- have been attracting significant interest and offer Q’s exceeding
107 [20] that can further extend the capabilities of the self-referencing sensor concept. High
Qs allow for better sensing resolution since they reduce the required laser scanning range to
fully resolve the WGMs.

In future studies, the goal will be to assess the limitations of the current sensing scheme.
The goal will be to demonstrate detection of velocities smaller than 1 m/s and hopefully
achieve a measurement resolution that can make this sensor concept suitable for field de-

ployment in applications such as vibrometry, flow velocimetry, and seismometry.
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Chapter 5

Conclusion

This dissertation demonstrates the application of micro-ring-based WGM sensors using
three distinct concepts. The work presented highlights the feasibility and versatility of in-
tegrated resonators to measure a number of parameters including acceleration/seismicity,
displacement, magnetic field and velocity, based on mechanical deformation (strain) prin-
ciples, evanescent field perturbation, and Doppler effect, respectively. The effort presented
here aims to be the necessary spark that leads to the development and deployment of rugged,
passive, robust, and reliable photonic integrated circuit based WGM sensors.

Chapter 2 demonstrates the concept of an all-optical cantilever-based seismometer that
employs an integrated ring resonator. The acceleration of the base is determined by the
WGM shift of the resonator embedded in a chip. The sensor’s system parameters are esti-
mated by observing the free vibration of the system through the WGM shift. The prototype
developed and tested in this study uses a relatively thick Si substrate and therefore is limited
in its sensitivity to about 2 pm/(m/s2). The sensitivity can be improved by using thinner
substrates or softer “chip” material at the expense of bandwidth. For long-period seismome-
ters a narrow-bandwidth is a desirable trait since the higher frequency seismic noise does
not factor into the collected data. On the other hand, certain applications may require a
broad-band response and high sensitivity (typically addressed by broad-band seismometer
that incorporate a force feed-back mechanism) and simply adjusting the thickness and ma-
terial of the substrate might not be enough to achieve the desired performance — in which
case novel optical techniques can be devised.

The work carried out to develop the prototype photonic seismometer is mainly motivated
by the need for rugged, small size, weight and power consumption (SWaP) seismic sensors

for the exploration of Jupiter’s moon, Europa. Europa is speculated to have a liquid ocean
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underneath its icy surface. The low temperatures pose a challenge for any instrument de-
ployed on Europa’s surface, thus, an alternative to traditional sensors must be considered.
In the next iteration of the photonic seismometer project, the primary goal will likely be to
assess its performance at cryogenic conditions. If successful, the proposed passive (no force
feedback) seismic sensor would become a strong candidate for future planetary exploration.
The prototype of this work serves as a proof-of-concept, demonstrating the feasibility
of a photonic integrated circuit-based seismometer embedded in a silicon chip. It is hoped
that the current work will pave the way for follow up investigations of chip-based photonic
seismometers with improved optomechanical performance. The ultimate goal of is the de-
velopment of sensors that can be used in both planetary and Earth-bound applications with
minor design changes. The chip-based seismometer presented here can be fabricated in large
batches inexpensively using modern micro-fabrication technologies, such as lithography. This
allows for the fabrication and deployment of networks of sensors connected to a single (or only
a small number of) attending electro-optic unit (with the input laser, photodetectors and
electronic circuits) via optical fibers. Further, the networks can be spread out over extended
physical areas with the attending electro-optic unit placed at large standoff distances.
Chapter 3 explores the concept of a mechanical sensor based on the perturbation of the
evanescent field of an integrated ring resonator. The approach requires that the resonator’s
evanescent tail extends past the outer surface. Longer evanescent tails allow for higher mea-
surement resolution. The experiments and analyses show that the evanescent field on the
outer surface of a dielectric resonator can be perturbed in a well-controlled manner using
a bulbous-tipped dielectric stem to induce WGM shifts. The results demonstrate the feasi-
bility of a perturber-coupled sensor approach for both sphere (or similar, three-dimensional
geometry) and planar, on-chip resonators. Although a ring-resonator is employed here for
the planar sensor approach, the technique would be effective with other geometries, such
as disks or racetrack configurations. The method presented here provides an attractive al-
ternative to sensors that depend on the modification of the morphology of the resonator

itself.
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The ring resonator results show that even with a cladding layer of considerable thickness
(~ 2 um) above the resonator, the dielectric perturber still induces a significant shift in
the resonator’s WGM. The present magnetic field sensing experiment yields a measurement
sensitivity of 1.74 x 103 pm/gauss. For a resonator with Q = 107 and a WGM shift
measurement resolution corresponding to 1% of the FWHM of the resonance linewidth, the
detection resolution is ~ 0.75 gauss. The measurement sensitivity of the system can be
optimized by varying several parameters, including the resonator and perturber material,
resonator shape and size, perturber stem length and diameter, and the thickness of the
cladding layer.

The envisioned evanescent field-based sensor will be a monolithic structure. Integrating
the perturber into the optical chip would make the measurement system rugged to exter-
nal environmental effects and provide a reliable and consistent interaction with the optical
mode. The integration can be achieved by employing microfabrication processes to build
the perturber above the resonator. The concept can be extended to sensing different quan-
tities such as displacement, magnetic field, and seismic activity (acceleration). Additionally,
evanescent field perturbation provides a means to modify the linewidth (Q-factor) of the
WG, in addition to the shift, which can prove useful for applications where the resonator
is used as a dynamic filter. Combining the linewidth adjustment with the other modulation
effects (e.g., electro-optic) would yield an effective and highly controllable optical filter that
can be used in, for example, spectroscopy.

Chapter 4 investigates the concept of a microresonator-based self-referencing Doppler
sensor. Such sensors can be used, for example, as velocimetry in transparent fluids or as solid
surface vibrometry. The experiments show that a single ring resonator can be used effectively
to generate a reference and sensing signal originating from the same light source (i.e., laser).
In the present demonstration experiments, the sensing signal is obtained by directing the
laser light on a rotating disk and collecting the reflected light with the Doppler shift. Passing
the reference and sensing light through the same waveguide-coupled ring resonator, moving

in opposite directions, generates two distinct signals. The relative displacement between the
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two WGMs determines the Doppler shift (and hence, velocity) eliminating the effect of laser
frequency or resonator mode drifts due to external effects (primarily temperature).

The results indicate a consistent measurement of the disk velocity using the Doppler
shift thanks to the reference signal that provides a dynamic offset to correct for possible
thermal drifts that can affect both the laser cavity and the ring resonator. The preliminary
experiment demonstrates that a single resonator can be used for a self-correcting Doppler
sensor that does not necessitate an active component such as a frequency shifter present in
traditional laser Doppler velocimeters or vibrometers.

The effectiveness (and the resolution) of the proposed self-referencing Doppler sensor
depends on the optical quality factor, Q, of the resonators. The research carried out here
envisions using high-Q resonators in the order of = 107. One of the challenges encountered
in the experiment described in Chapter 4 is associated with the moderate Q (~ 1 x 105) of
the 11.25 um radius silicon resonator that was available for the experiment. The linewidth
of the resonance is approximately one order of magnitude larger than the maximum Doppler
shift (~ 1 pm) provided by the rotating disk. The relatively large linewidth of the resonance
limits the detection of small Doppler shifts (and the corresponding velocities). Employing a
high-Q resonator, such as the one used in Chapters chapters 2 and 3 (Q ~ 107), will allow
for the direct detection of Doppler shifts corresponding to 1 m/s or smaller. Unfortunately,
those larger size ring resonators were not available for the research of Chapter 4.

Silicon waveguides and resonators have been reported to exhibit significant back-reflected
light due to the refractive index contrast between the silicon core and the oxide cladding.
This was also experienced in the present study. The reflected light deteriorates the quality
of the signals and interferes with the measurement. Thanks to the low contrast between core
and cladding, silicon nitride waveguides and resonators exhibit little or no back-reflection.
With more suitable resonators, the goal will be to develop a minimalistic sensing scheme
that could potentially use a single detector to demonstrate a very-low noise self-referencing
WGM-based Doppler sensor. They would enable more efficient utilization of a ring-couple

waveguide’s bidirectionality.
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This dissertation demonstrates three distinct sensor concepts that rely on integrated ring
resonators. The ultimate goal is to develop and build photonic sensors that can be readily
deployed in the field. Thus, future work may include efforts to improve these concepts further
that lead to packaged sensors. Future work will also likely include the development of robust
and low noise detection schemes with the aim of delivering performances similar to or better

than traditional devices while remaining passive with superior SWaP.
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