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Abstract

Non-Destructive Testing (NDT) of infrastructures has become an increasingly prominent topic in con-
temporary society with great significance in terms of safety, economy and environmental protection.
Acoustic Emission (AE) technology is a representative NDT technology based on passive ultrasonic
guided waves, which has the advantages of large coverage, low energy consumption and rapidity
but also puts forward higher requirements on performance specifications of sensors, such as sensi-
tivity, bandwidth, signal-to-noise ratio and miniaturization. Silicon photonics employs silicon as an
optical medium to create sub-micron precision photonic systems, which provides promising scope for
next-generation sensors with ultra-high sensitivity, small footprint and special functionalities. Oriented
towards the requirements from AE applications, this project proposes the first silicon photonic micro-
mechanical AE sensor based on micro-machined membranes, with an ambition of replacing the con-
ventional piezoelectric sensors. The prototype design presented in this work includes two options with
different cladding materials, which is capable of a peak velocity sensitivity of more than 75dB[V /(m/s)]
and a wide operating frequency range of 100 ~ 1000 kHz. The overall performance of the proposed
design is comparable to that of mainstream piezoelectric AE sensors, while the footprint is reduced to
about 1/40. In the design process, a complete design methodology for opto-mechanical AE sensors is
developed, which allows rapid design with good agreement with simulation results.
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Introduction

With the development of civil engineering, the application of a wide range of construction materials has
enabled highly functional, highly reliable and complex architectural structures. Structural steel, as a
typical example, refers to a category of steel used in the manufacture of architectural constructions.
Being one of the most common materials used in commercial and industrial building constructions [1],
structural steel usually has high strength, stiffness, toughness and good ductility, and can be machined
into varieties of shapes. Depending on the requirements, the composition, size, cross-sectional shape
and other parameters of the steel can be changed to achieve different functions. Modern construction
materials, represented by structural steel and concrete, enable the rapid and cost-efficient construction
of infrastructure and have significantly extended the service life. This has not only brought many con-
veniences to our lives but also been the cornerstone for the further spread and development of human
civilization.

However, the increase in service life inevitably leads to an accumulation of risk of structural dam-
age and degradation. Such process may occur in different forms such as corrosion, fatigue cracking
and strength reduction [2, 3]. The extent of these regimes usually depends on the applied loads and
external environment, but are also related to the properties of the material itself, such as corrosion
resistance, micro characteristics, crystal orientation and grain boundary structures [4]. At one time, the
assessment, inspection and maintenance of architectural structures were mainly based on preventive
approaches. However, for lack of real-time feedback, such methods are not able to deal with unpre-
dictable loading events. For modern buildings with complex structures and large scale, the need for
safety can no longer be fulfilled by preventive engineering calculations alone. In fact, the maintenance,
restoration and improvement of potentially degraded infrastructures has become a major issue for hu-
man society on many levels. From an economic point of view, the absence of timely maintenance of
infrastructure can lead to high costs of reconstruction [5]. In addition, studies [6] have shown that build-
ing construction projects have a significant impact on the environment in terms of pollution, resource
use and habitat destruction. From an environmental perspective, improving the lifetime of infrastruc-
tures and achieving efficient use of construction materials through proper structural monitoring are of
great ecological importance.

In this context, the non-destructive testing (NDT) and structural health monitoring (SHM) techniques
for architecture constructions have emerged and are of increasing importance in the health assessment,
remaining useful life (RUL) prediction and condition-based maintenance (CBM) of building structures
[7]. NDT and SHM technology is concerned with identifying and characterising defects on the surface
and interior of materials or components without cutting or otherwise altering the original properties of
the object [8], thus causing little to none damage to the surface texture, structural integrity and fu-
ture usefulness. In general, NDT technology starts with data collection by multiple mount-on sensors.
The signals are then interpreted and attributed to provide reliable guidance for maintenance. Various
approaches, such as ultrasonic bulk waves [9], X-ray Computed Tomography (CT) [10, 11, 12] and in-
frared thermography [13, 14, 15], have been developed for the health evaluation of structures. Though
having successful applications, the above methods show weaknesses of being cumbersome and slow
in the inspection of large structures. In contrast, the ultrasonic guided waves (UGW) [16] offers a
highly advantageous solution. Guided wave inspection was originally applied for integrity assessment
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of large-scale pipelines. Owing to the unique ability to be self-confined in thin-wall structures, guided
waves can achieve large-scale and long-distance propagation with minimal attenuation and energy
loss [17], and are thus capable of identifying defects with considerable sensitivity and high efficiency
at large distances. UGW technology can fit for various architectural materials and has been used for
non-destructive testing of structural steel, concretes, pipes and functional coatings.

UGW technology can be broadly divided into two categories depending on the generation of guided
waves, as illustrated in Fig. 1.1. Active UGW techniques artificially generate ultrasonic signals with
external sources, such as piezoelectric actuators, while passive UGW techniques work with noise gen-
erated spontaneously by structural defects. Acoustic emission (AE) technology is a typical passive
UGW technique, whose working principle and operation methodology will be discussed in detail in
Chapter. 2. Briefly, the acoustic emission technique is based on the detection of the generation and
growth of structural damages by means of passive sensors on the surface of objects. It has the following
advantages over conventional NDT techniques:

» As a passive method, AE technology does not require wave sources and therefore consumes
less energy.

» AE technology is able to capture the ongoing deterioration in real-time without any disturbance to
the specimen.

» AE technology involves ultrasonic sensors fixed to the surface of the specimen in a proper distri-
bution, without being moved around or the access to both side of the structure.

+ Damage processes can observe during the entire load history without the need to stop loading
as is the case with, for example, ultrasonic analysis techniques.

In addition, AE technology provides direct reflection of failure mechanisms and allows remote opera-
tion. The application of AE technology is expected to significantly reduce the long-term cost in structural
health monitoring, saving human resources and energy consumption in the process.

Source — i
—=Z edium
Medium *\/\
o Receiver

Figure 1.1: Working principle of active and passive UGW technologies, reproduced from [18].

However, it is currently still not realistic for AE technology to stand alone but more suited to be
complementary to other NDT technologies due to some challenges, including but not limited to:

» AE technology is not capable of detecting damage that does not change over time.

» AE technology can only detect and localize defects without any detailed description on, for exam-
ple, their shape or size.

» For non-homogeneous materials, such as concrete, signals with a wavelength comparable to the
scale of scattered inclusions may produce dissimilar acoustic emission results.

» AE signals are usually quite weak, thus placing higher demands on both sensor performance and
signal post-processing.

This paper takes AE technology as the main research background. In a general workflow, the
acoustic emission waves can be detected by an array of sensors from a distance, and the location of
the noise source can be deduced from the signal waveform and arrival time recorded by each sensor.
During this process, the application of high performance sensors plays a very important part, which



largely determines the signal recognition capability, detection range and positioning accuracy of the
system.

Varieties of high performance sensors have already been developed, whose successful application
has contributed significantly to the maturity and diffusion of AE technology. As the relevant fundamental
science advances, there is also expectation that sensors based on different operating principles will
be applied to AE technology to achieve sensitivity or functionality beyond that of conventional sensors.
Photonic micro-mechanical sensors are an prospective alternative that applies light as the signal carrier
and is fabricated with micro-machining technology. As some prototypes have been developed, their
potential in the field of high-performance sensing technology is gradually attracting attention. For Non-
destructive testing based on AE technology, it is of great interest to understand the capabilities of
photonic micro-mechanical sensors and to explore the prospects for their application, which is the
main research question of this project.

In the present project, an opto-mechanical ultrasonic wave sensor based on the silicon photonic
platform is investigated. The primary design target is to replace conventional piezoelectric sensors in
ultrasonic guided wave NDT instruments based on acoustic emission technology to achieve compara-
ble or even higher performance. To achieve this, the thesis presents a pioneering membrane-based
opto-mechanical sensor configuration. Due to the lack of information about fabrication and testing,
this work employs some assumptions in order to obtain as specific a design solution as possible. For
the wide range of possibilities that may be faced in practice, design guidelines for different realities
are provided. Finally, on the basis of design evaluation and reflection, an outlook for future work is
performed.

The thesis is organised as follows. In Chapter. 2, the acoustic emission technology is introduced in
terms of the physical mechanism, operation principles and sensing technology. Chapter 3 provides a
brief introduction on silicon photonics, followed by the fundamentals of optical waveguides and micro-
ring resonators. An example of optical micro-machined ultrasonic sensors is also provided. In Chap-
ter 4, technical specifications are presented, based on the technical specifications provided by the
company SHM-Next. Fundamentals of fabrication technologies are also introduced as a basis for de-
sign. Conceptual design is proposed in Chapter. 5. Chapter 6 provides the modeling and simulation
strategies. In Chapter 7, 8, the opto-mechanical system is decomposed into mechanical and optical
aspects, in which design methodology and criteria are presented and explained on the basis of theoret-
ical analyses. A complete opto-mechanical design is performed in the first part of Chapter. 9, followed
by two prototype designs with design process, assessment and reflections. A design proposal and the
conclusion are provided in Chapter 10 to provide a complete presentation for the final design and future
outlooks for the company.



Acoustic Emission Technology

2.1. Acoustic Emission

Acoustic emission (AE) technology is one of the promising approaches for ultrasonic guided wave
inspection [19]. In any material or structure, the redistribution of local stress generates noise, which is
known as acoustic emission. The identification and localisation of noise sources, often referred to as
acoustic emission events, are the main objectives in the implementation of AE technology for structural
inspection.

Before going any further into specific discussions on techniques, it is necessary to understand
the mechanisms by which the AE phenomenon occurs. Acoustic emission can be thought of as tiny
earthquakes in the material. Crack initiation and growth is one of the most important AE sources. As
a crack is generated, its dimensions increase suddenly from zero. The formation of new surfaces
causes sudden changes in stress and displacement of material in the vicinity of the crack [20]. This
is accompanied by a rapid release of energy, which propagates in the form of high frequency elastic
waves ranging from 20 kHz to 1 M Hz [21, 22]. In addition to crack growth, such transient elastic
waves may also be generated by dislocation movement, plastic deformation, crack face fretting or fibre
breakage. The energy of acoustic emission is usually proportional to the strain energy released from
the newly generated crack surfaces [23].

There are two main types of acoustic emissions, as shown in Fig. 2.1. Burst emission refers to
discrete signals caused by individual AE events, while continuous emission demonstrates sustained
signals due to constant friction or intensive AE events. Since most AE techniques are developed for
dealing with burst emission, only discrete signals will be considered in the following discussion.

burst signals

continuous AE

L
0,0 0,2 04 06 08
time [s]

Figure 2.1: Examples of burst and continuous acoustic emission waves, reproduced from [18].

In most cases, the high frequency elastic waves of acoustic emission are detected by transducers
attached to the surface of the structure. The arrival time recorded by distributed sensors corresponds
to the propagation distances, and the crack location can be subsequently determined with triangulation
algorithms [24]. Fig. 2.2 provides an illustration of the localization strategy. In conventional AE systems,
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each sensor captures an ultrasonic wave signal exceeding a set threshold, from which the maximum
value of amplitude is picked as a representative. By multiplying the arrival time detected at each sensor
by the speed of sound, the distance from the sensor to the wave source can be inverted, labelled as
dy, do and ds in Fig. 2.2. The position of the wave source can be uniquely determined by considering
the calculated distances from at least three sensors. In this method, correct guided wave information,
such as mode and speed, and precise time measurements are essential for achieving the detection
and localization of small structural damage. The former relies heavily on proper sensor arrangement
and signal processing, while the latter is more dependent on sensor performance.

/e
wave source

Figure 2.2: Schematic diagram of the triangulation searching strategy.

As an example of the application of AE technology in constructions, the health monitoring of steel
bridges provides a good indication of its principles [25]. In steel bridges, the fatigue crack in deck plates
at part intersections is an important cause of structural failure. Under external loads, the cracks will
grow until they completely penetrate the deck plates. AE technology, enabled by its high sensitivity and
large inspection area, is an ideal means of carrying out real-time monitoring over these cracks. SHM
Next in the Netherlands has implemented AE technology for the health monitoring of steel bridges,
obtaining good results in both laboratory and practical tests. AE technology has also been success-
fully demonstrated for structural health monitoring of composite materials and concrete structures [26].
During the tests, a full-size prestressed concrete bridge was subjected to a series of loading and un-
loading cycles where the load progressively increased until its failure. By analysing the recorded data,
AE techniques were proved effective for structural monitoring and damage identification.

However, according to current researches, specific challenges for the application of AE techniques
have emerged in structural health monitoring. A typical problem is wave mode identification. Ultrasonic
guided waves are multi-modal in character. In thin-wall metallic structures, AE signals can be described
as a combination of multiple wave modes, among which the two most contributing ones are namely
symmetric (SO) and antisymmetric (AO) Lamb waves. For a certain AE signal, different frequency
components propagate at different speeds. As the propagation distance increases, the amplitude of
the signal decreases, which is referred to as the dispersion phenomenon. Stronger dispersion indicates
a sharper decay of the wave amplitude with regard to distance. The dispersion of SO and A0 Lamb
waves is usually different for a given operating frequency range, as shown in Fig. 2.3, which may result
in a change in the relative wave amplitude when being detected.

In conventional AE systems, each sensor determines the arrival time of acoustic waves by capturing
the maximum amplitude signal above a pre-set threshold. Therefore, for acoustic emission systems
that utilize distributed sensors for localization, the correct identification of wave modes and the corre-
spondent sound speed becomes an important issue. Switching of the dominant wave mode may occur
among different sensor locations, and the wrong identification of wave modes can lead to incorrect
distance estimation or even failure to find cracks. As an example, the dispersion of SO and AO waves
at 0.5 m and 2 m away from a simplified AE source is shown in Fig. 2.4, where the ratio of the SO to A0
waves is set 6/5 at the source. After 0.5 m of propagation, the SO wave remains dominant, while the
AO wave takes over as the dominant wave at 2 m away due to weaker dispersion.

A feasible solution for this problem is the quasi-beamforming (QBF) technology [25]. In this ap-
proach, acoustic wave sensors are installed in close proximity to each other to minimize the effects
of interfering factors such as dispersion, signal attenuation and structural geometry variation in the
measurement area. Based on the guided wave characteristics and the arrival time of the signals, a
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Figure 2.3: The dispersion curves for a 12 mm thick steel plate: phase speed and group speed, reproduced from [25]
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Figure 2.4: The AE signals simulated at 0.5 m and 2 m away from the AE source, reproduced from [25]

beamforming formulation for locating the wave source is derived and the wave speed is estimated. For
each set of recorded waveforms, the most reasonable wave mode is determined in an optimization rou-
tine in accordance with the dispersion curves. Practical tests have been carried out in a section of the
Van Brienenoord bridge in Rotterdam [25]. Compared to the conventional acoustic emission devices,
an improved localization map of fatigue cracks is obtained, while the cost and effort for instrument
installation is reduced.

In addition to wave mode identification, precise guided wave detection also has a direct impact on
the practical results of AE systems. Sensor performance is one of the most influential factors on the
detection result, which fundamentally determines the accuracy of signal measurement. Some solu-
tions have already been proposed for AE wave detection and will be discussed in detail in the next
section. As prior knowledge, the operating principle and performance specifications of AE sensor are
first introduced.

2.2. Sensing Technology

In principle, acoustic emission signals are first detected in the form of motion at the surface of the
structure and are subsequently converted into electrical signals by transducers. For common plate-like
metallic structures mentioned in Section 2.1, the wavelength of dominant Lamb waves is comparable
to the plate thickness [18], which is much larger than the scale of AE sensors. Thus, the input signal of
spatially fixed AE sensors can be expressed as one-dimensional motion perpendicular to the surface
with only time variable ¢. The sensor response is mathematically formulated as

g(t) = Lf(1)] (2.1)

Eq. 2.1 can be illustrated by the linear system in Fig. 2.5, where the input f(¢) of the surface motion
is converted to the electrical output ¢(¢) by transfer function L of the AE sensor.
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flty — L — a(®)

Figure 2.5: Schematic diagram of a linear system.

By definition, the input f(¢) can be expressed as its convolution with the Dirac delta function §(t)

f() = f(#)*6(t) (2.2)

where the symbol * refers to the convolution, defined by

a(t) xb(t) = /a(t — 7)b(T)dr (2.3)

Thus, for a linear system, Eq. 2.1 can be transformed into

g(t) = Lf(t) x0(t)] = f(t) = L[5(1)] = f () x w(t) (2.4)

where w(t) or L[4(t)] refers to the impulse response of the system. The Fourier transform of the
above equation yields

G(f) = F(HW(S) (2.9)

where G(f), F(f) and W(f) are respectively the Fourier transforms of ¢(¢), f(¢) and w(t). Eq. 2.4
and Eq. 2.5 represents the response of the sensor to input signals in the time and frequency domains.
W (f) is also often referred to as the transfer function or frequency response of the sensor, which
actually represents the impulse response. In practice, the characterization of AE sensors is usually
equivalent to the determination of the frequency response W ( f).

2.2.1. Performance Specifications
For typical AE systems, the most important performance specification of sensors is sensitivity. In prac-
tice, the AE signal amplitude is affected by many factors, such as wave dispersion, material attenua-
tion, geometrical spreading and medium discontinuities, combined with external noises from traffic and
weather, etc [25]. Therefore, despite the theoretically low attenuation and long propagation distance
of UGW, the strength of AE signals can diminish dramatically a few meters away from the source in
reality. Sensors with higher sensitivity are supposed to capture the subtle signals more effectively, en-
abling a larger range of damage detection and localization. In addition, the bandwidth determines the
availability of sensors for signals around the centre frequency. Larger bandwidth enables the detection
of AE signals over a larger frequency range. The matching of sensor bandwidth to the propagation
characteristics of UGW is one of the main concerns of current AE technology.

The overall performance of AE sensors can be characterised by the so-called frequency response
curves or calibration curves. An example is provided in Fig. 2.6

-20 ~110
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Z -40 A 90 =
4w .45 o “G-J
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o l\f \'\l \/ \_ ©

-55 \\
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Figure 2.6: Frequency response curve of R151-AST Sensor® by Physical Acoustics.
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In the plot, the performance of the AE sensor is represented with curves of frequency response
over a given frequency range. The unit [dB(V /ubar)] stands for the voltage output [V'] per unit acoustic
pressure input, which is not considered in the present design, and the other unit [dB(V /(m/s))] will be
explained later.

In practice, high sensitivity and large bandwidth are usually not available simultaneously on AE
sensors. Depending on their characteristics, AE sensors can be classified into two main types, namely
resonant and broadband sensors. Resonant sensors usually provide higher sensitivity within a narrow
frequency range around the resonance, while broadband sensors allow larger detection range with
relatively flat sensitivity. Examples for typical frequency responses of the two types are provided in
Fig. 2.7.

AE204S 10455
dB (0dB = 1V/m/s ) Longitudinal Wave dB (0dB = 1V/m/s ) Longitudinal Wave
80 70
60 ﬁ 50 ‘-\
/f AN~ ~
40 V / \V" 30
V
20 10

100 250 500 750 1000 50 500 1000 1500 2000
Frequency (kHz ) Frequency ( kHz )

Figure 2.7: Frequency response curves of resonant AE204S® and broadband 1045S® acoustic emission sensors by Fuiji
Ceramics Corporation.

In engineering application, the sensitivity and bandwidth of AE sensors are defined in various ways
depending on the usage scenario and sensor type.

Sensitivity
The sensitivity of AE sensors is generally defined as the voltage response to input motion signals, of
which two commonly used are displacement sensitivity and velocity sensitivity.

From the perspective of the sensor principle, such voltage response is directly made to local dis-
placement signals of certain frequencies by the elastic elements inside AE sensors. This type of fre-
quency response is called displacement sensitivity, expressed by the unit [V /nm]. The displacement
sensitivity directly determines the possibility of AE sensors with a certain noise level to detect signals
at a given frequency. According to the current state of the art, displacement signals down to 1 nm scale
can be detected by mainstream AE sensors.

On the other aspect, as introduced in Section 2.1, the AE signal is fundamentally rapid energy
release brought about by permanent deformation or cracking of materials, normally in the form of pulse-
like stress wave. Considering that the energy of waves propagating in solid is directly reflected by the
particle velocity, the frequency response to normal velocity on the surface describes more intuitively
the sensitivity of AE sensors to signals with certain intensity. Therefore, from the prospective of AE
mechanism, the sensitivity of AE sensors can also be represented by their voltage output per unit
velocity, with the unit [V/(m/s)]. Such kind of frequency response is named as velocity sensitivity.

In engineering applications, the velocity sensitivity is also commonly defined in terms of a logarithmic
function, as

Velocity Sensitivity [V /(m/s)] )
1[V/(m/s)]

It should be noted that the sensitivity in either unit should be specified simultaneously with the signal
frequency. Therefore, there is no essential difference between the displacement and velocity sensitivity,
which can be converted into each other by the factor 2« f [27].

On the plot of frequency response curves, the sensitivity of AE sensors at a given frequency can
be derived from the corresponding value of response. For example, the R15|-AST Sensor® in Fig. 2.6
offers a velocity sensitivity of about 75 ~ 109 dB in the range of 50 ~ 400 kHz, with the maximum
sensitivity obtained at around 100 kH z. It is noted that many commercial AE sensors are integrated

Velocity Sensitivity [dB] = 20log,, ( (2.6)
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with pre-amplifiers. For example, the above mentioned R15I-AST Sensor® comes with a 40 dB pre-
amplifier, thus the actual sensitivity of the piezoelectric element ranges from about 35 to 69 dB.

Bandwidth
The bandwidth of AE sensors is more commonly referred to in engineering as the operating frequency
range, representing the range of frequency where the sensors are able to provide sufficient response.

There are multiple ways to define the operating frequency range of AE sensors. For broadband
sensors, it usually refers to the frequency range of smooth response. For resonant sensors, which are
significantly more sensitive at resonance frequencies, the operating frequency range usually refers to
the range corresponding to a 10 d B-drop response than maximum. Alternatively, the range where the
responses are greater than a set value, such as 50 dB, is also considered as the operating frequency
range of sensors in many applications.

Most of the above definitions are generated from conventional piezoelectric AE sensors. Since
the response of piezoelectric AE sensors is based on the complex constitutive laws of piezoelectric
materials such as lead zirconate titanate (PZT) [18], it is hardly the case that the frequency response
curves present a regular shape. Thus, in the definition of sensor bandwidth, individual low-response
dips within the frequency range are usually ignored in favor of the overall response level of sensors.

On frequency response curves, the bandwidth of AE sensors can be estimated with the frequency
range where the required sensitivity is satisfied. For example, it is claimed on the data sheet of R15I-
AST Sensor® that the sensor operates within the range of50 ~ 400 kH z, which implies that the third
definition above is employed and the threshold is set to 35 d B without the pre-ampilifier.

Other Specifications

For actual AE sensors, the signal-to-noise ratio (SNR) or noise level is often taken into consideration.
The higher the SNR, the more likely it is that the sensor is able to isolate AE signals without omissions.
The miniaturisation of sensors is also of great interest for AE applications, especially QBF technology,
due to the need for proximity among sensors to avoid possible wave mode confusions.

2.2.2. State-of-Art Acoustic Emission Sensors

The state-of-art AE sensors in research and practical applications can be broadly classified into two
main categories: piezoelectric sensors and micro-electro-mechanical-system (MEMS) sensors. An in-
troduction to their respective operation principles, state-of-art development, advantages and challenges
is given as follows.

Piezoelectric Sensors

Piezoelectric transducers are widely used for ultrasonic detection in medical imaging and industrial
structural health monitoring [28]. The physical basis of piezoelectric transducers is the piezoelectric ef-
fect of materials, first discovered by French physicists Jacques and Pierre Curie in 1880 [29]. Under ap-
plied loads, certain solid materials, such as crystals, ceramics and piezoelectric polymers, experience
electric charge accumulation in response to mechanical stress. In this process, mechanical signals are
converted into electrical signals that can be read out directly by electrical interrogation systems.

Piezoelectric sensors have long been one of the main components of active and passive UGW
technology. One of the most outstanding features of piezoelectric sensors compared to other types is
that they can act as either sensors or actuators, relying on opposite signal conversion pathways. Since
active wave sources are not needed in AE systems, piezoelectric sensors work exclusively on signal
detection and are available in both resonant and broadband types. The typical structure of piezoelectric
resonant AE sensors is shown in Fig. 2.8.

At present, one of the most prospective studies on piezoelectric AE sensors is about embedded
sensors, especially cement-based piezoelectric composites with cement as the matrix and ceramics
as the functional phase, which offer the prospect of improving the compatibility of piezoelectric sensors
with construction materials [30]. Recently, feasibility tests for type 1-3 cement-based piezoelectric
sensors have been carried out on large bridge structures [31], with increased operating frequency of
20 — 1000 kH z and enhanced signal recognition ability.

Piezoelectric sensors have gained much popularity mainly due to their stability, accessibility, techni-
cal maturity and cost advantages, which are currently the most common type of sensor in AE techniques
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Figure 2.8: Structure of typical AE sensors based on PZT elements, reproduced from [18].

[32]. The downside is, as mentioned above, the operation of conventional piezoelectric AE sensors re-
lies on the intrinsic constitutive laws of piezoelectric materials, resulting in limited design space. Due
to the complexity of the constitutive laws, it is difficult to find analytical solutions in three-dimensional
cases. Therefore, the analysis of piezoelectric sensor performance in design phase is usually carried
out with the finite element method (FEM), which hinders the designers’ prediction and understanding of
the final outcomes to some extent. In addition, the difficulties with miniaturisation and large-scale elec-
trical wiring for transducer arrays have called for technique iterations to achieve higher performance,
efficiency and reliability.

Micro-Electro-Mechanical-System (MEMS) Sensors

Micro-electro-mechanical-system (MEMS) sensors are a promising alternative for conventional piezo-
electric sensors. These sensors are designed and manufactured based on micro-machining techniques
[33], allowing for system miniaturisation and mass manufacturing.

Jan Niklas Haus et al. [34] have proposed a piezoresistive MEMS ultrasonic vibrometer that inte-
grates a micro cantilever beam into a microcircuit. The micro cantilever beam is processed by laser-
contouring the deformation-sensitive silicon membrane of a cavity-in-glass pressure sensor [35], the
root of which is connected to a p-doped piezoresistor, as shown in Fig. 2.9. The incoming ultrasonic
guided waves trigger a local displacement at the measurement site, which drives the micro cantilever
beam to vibrate. The deformation brought by vibration leads to a resistance change, which is then
converted by a Wheatstone bridge into electrical signals. There are actually two signal conversions in
the process. The acoustic pressure signal is first converted to the deformation of the micro cantilever
beam, and then to the potential difference in the circuit, which can be measured and recorded by an
external electrical system. The change in resistance is the key intermediate link in the whole signal
conversion process, and the sensitivity of the sensor is determined by both the bending stiffness of the
micro cantilever beam and the piezoresistivity coefficient of the p-doped piezoresistor. The functionality
and usability of the MEMS vibrometer have been demonstrated on a customized test rig.

. . micro cantilever beam
p-doped piezoresistor
\

—
\ electroplated through-glass vias I—
500 um_| highly-boron-doped silicon wiring

(@ (b)

Figure 2.9: (a) Microscopic image of the chip surface before encapsulation, showing the laser cuts in the silicon membrane
and the Wheatstone bridge doping scheme, reproduced from [34]. (b) Schematic cross-sections of the MEMS sensor for UGW
structural health monitoring, adapted from [34].

Apart from piezoresistive MEMS sensors, piezoelectric and capacitive MEMS ultrasonic transducers
(PMUTs and CMUTs) have already been developed for AE sensing [33]. PMUTs are developed on the
basis of thin film deposition techniques, by which micro resonators with piezoelectric layers can be
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fabricated [36]. Similar to conventional piezoelectric sensors, the AE waves induce mechanical strain
on the resonators, resulting in electrical displacements. CMUTs are based on the principle of capacitors,
which converts local displacement brought up by AE waves into changes in capacitance. Fig. 2.10
shows a broadband CMUT developed and characterized by P.Batuad et al. [37]. A signal-to-noise
ratio of 20 d B at the resonance frequency is achieved.
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Figure 2.10: (a) Layout (b) fabricated broadband CMUT chip for AE measurements, reproduced from [37].

J. Welsch et al. [38] proposed a polymer-based capacitive micro-machined ultrasound transducer
(polyCMUT) for AE sensing in fiber-reinforced polymers. The transducer is claimed to have a low acous-
tic impedance (~ 3.5 M Rayl) close to that of the fibre-reinforced polymers, implying a reduced signal
loss. The potential for AE detection is verified by standard pencil lead break (PLB) tests. CMUTs have
advantages of broad bandwidth, high sensitivity and efficiency, good integrated circuit compatibility
and geometry flexibility [33]. The downside is that the operation of CMUTs requires constant DC bias
voltage, which may pose challenges on long-term durability for AE applications [39].

The above categories of MEMS ultrasonic sensors share a common feature that the transduction
components are all coupled with micro-mechanical resonators to improve the signal-to-noise ratio. Al-
though the transduction mechanisms are different, the primary function of all these ultrasonic sensors
is to convert the mechanical input signals into readable and processable electrical signals.

Although some progress has been made, there is still a way to go to achieve comparable perfor-
mance on MEMS AE sensors with conventional piezoelectric sensors. In particular, the sensitivity of
mainstream MEMS sensors requires improvements, which is still hardly so high as that of piezoelec-
tric sensors in recent a few years. One of the best examples is provided by [40], where a maximum
velocity sensitivity of 148 V' /(m/s) (43.3 dB) is obtained. This is already close to the mainstream level
at 50 ~ 70 dB of piezoelectric AE sensors. So far, the testing of most proposed MEMS-based AE sen-
sors has been obtained in laboratory environments instead of real commercial application. This has
significantly weakened the persuasive power of such novel sensors in terms of robustness compared
to conventional piezoelectric sensors. In practical applications, robust and long-life packaging design
is required to withstand harsh environments.



Photonics

3.1. Silicon Photonics

Over the past a few decades, photonic technologies have been evolving rapidly [41], in which light
is employed as the information carrier, showing great potential to complement or replace conventional
electronics in many areas. Photonics started with the research on laserin 1960 [42]. Since then, various
optical components have been developed for telecoms and sensing needs, including laser diodes,
optical fibers, modulators and photodetectors, etc. By integrating the above components together in
on-chip circuits, which is referred to as Photonic Integrated Circuits (PIC), a wide range of functions
can be achieve including high-precision sensing and computing.

Silicon, as a commonly used material in the electronics industry, also plays an important role in
photonics. Such silicon-on-insulator (SOI) platform is often referred to categorised as silicon photonics.
Owing to its robustness, accessibility, high refractive index and high transparency, silicon is an ideal
and practical optical medium. In addition, silicon photonic systems hold considerable industrial promise
as they can be manufactured on the existing omplementary metal oxide semiconductor (CMOS) infras-
tructure of the semiconductor industry, enabling low cost and reliable mass-fabrication. In recent years,
a number of advanced standardized platforms have been established, offering a wide range of high-
performance photonic components [43, 44, 45, 46].

In the field of sensing technology, integrated photonic sensors based on interferometers or optical
resonators perform a wide variety of functions such as temperature monitoring, ultrasonic detection
and biosensing, which give perspectives to a multitude of chemical, biological and architectural appli-
cations [42]. Photonic sensors offer a lot of unique advantages over the conventional types. Driven by
totally different principles, photonic sensors can reach excellent performance, for example, ultra-high
sensitivity and low detection limits. Having electrons replaced by photons as the signal carrier, the pho-
tonic systems are resistant against the effect of electromagnetic interference [47]. In addition, photonic
sensors allow for smaller device sizes or large-scale integrated arrays due to their small footprints [48].

3.2. Optical Waveguides

The optical waveguides are the most fundamental component of photonic devices. The simplest optical
waveguide consists of a slab or rod with a refractive index higher than that of the surroundings, whose
working principle can be described in multiple ways. The well-known ray optics provides a simple model
to explain the working principal of optical waveguides. From the perspective of geometrical optics, light
is partially reflected and partially transmitted as it propagates through the interface of different media,
with the reflective ray being symmetric and refractive trajectories following Snell’s law,

ni sin 01 = no sin 02 (31)

where n1, no are respectively the refractive index of medium 1 and 2, defined by the ratio of light speeds
in the medium to that in vacuum. 64, 6, represent the angles of incidence and refraction. The scenario
is shown in Fig. 3.1 (a), assuming n; > ns.
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Figure 3.1: Schematic diagram of refraction.

Since the medium 2 has a relatively lower refractive index, the refractive angle 6, is larger and will
approach 90° as the incidence angle 6, increases. It is deduced that there is a critical incident angle
6. such that the refracted rays in medium 2 cease to exist at all greater angles of incidence, as shown
in fig. 3.1 (b). The phenomenon that the light propagates completely in medium 1 is referred to as total
internal reflection (TIR). The medium with relatively higher refractive index that transmits light "without
loss” is called a waveguide.

The above model of ray optics provides a preliminary, though inaccurate, explanation for the total
reflection phenomenon. Considering the nature of light as electromagnetic waves, a more complete
description of light propagation in waveguides can be obtained from Maxwell’s electromagnetic theory.
For monochromatic light in a passive, isotropic linear dielectric medium, the Maxwell’s equations are
given by [49]

V x E = —jpuowH (3.2)
V x H = jweE (3.3)
V.eE=0 (3.4)
V-H=0 (3.5)

where 1 is the vacuum permeability, ¢ the permittivity, and w the angular frequency. According to the
Helmholtz wave equation

(V2 +n2k*)E =0 (3.6)
(V2 +n?k®)H =0 (3.7)

with & = w/c the wave number in vacuum [49], and the continuity conditions of the tangential elec-
tromagnetic field components at the interface of the waveguide and its surroundings, the TE and TM
modes of the propagating light can be obtained, of which the field distribution on the cross section of a
silicon-on-insulator slab waveguide is illustrated below,

Fig. 3.2 (a) and (b) provide schematic diagrams of the electric and magnetic fields of three supported
guided modes, respectively. As is shown in the picture, the electromagnetic field of light is actually not
confined completely to the inside of the waveguide but with some “leakage”. The field outside the
core of waveguides is referred to as the evanescent field, correlating with both the optical coupling and
losses.

Waveguides can be broadly categorized into two types [50]. The first is the above mentioned slab
waveguide or planar waveguide, referring to a two-dimensional layer with higher refractive index, in
which light is guided in one direction. The other type is called channel waveguide, which can be formed
by restricting the dimensions in the width direction. Channel waveguides can achieve dual-directional
guidance of light and are thus extensively used in photonic devices, such as photo-diodes or optical
resonators. There are three main types of channel waveguides, respectively the strip waveguides, rib
waveguides and slot waveguides, as shown in Fig. 3.3.

Here, the sensitivity of waveguides describes the interaction of guided light with the surrounding
medium, which is related to the strength of evanescent fields. Theoretically, rib waveguides achieve
the lowest loss and sensitivity.
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Figure 3.2: TE and TM modes of light propagating orthogonal to the xy plane in a slab waveguide, reproduced from [42]
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Figure 3.3: Typical rib, strip and slot waveguides, reproduced from [47].

3.3. Micro-Ring Resonator

Micro-ring resonators (MRR) are a typical photonic device based on evanescent-coupling, which is
widely used as the functional element of photonic sensors. In general, a ring-shaped waveguide is
placed in the physical environment of interest, to which the light is coupled from closely passing waveg-
uides via evanescence field, shown in Fig. 3.4 (a).
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Figure 3.4: Operational principle of micro-ring resonators. (a) Schematic diagram of a micro-ring resonator with one coupler.
(b) Transmission curves of a laser with physically induced wavelength shift, reproduced from [42].

If the optical path of the ring is an integer multiple of the light wavelength, the light propagating in the
ring resonator will be in phase with that in the coupler after one revolution, which leads to interference.
As a result, resonant peaks will appear on the transmission spectrum [47], with the resonance condition

M Ap = Ne(Ams X) - L(X) (3.8)

where \,, is the resonance wavelength, m is the resonance number, n. is the effective refractive index
of the ring waveguide, L is the circumference of the ring, and y represents an influential physical
parameter. The changes in the ring circumference or effective refractive index triggered by x can result
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in a shift in the optical resonance, as shown in Fig. 3.4 (b), which can be subsequently read out by
interrogation systems.

A concrete description of the coupling process can be provided by means of the so-called Trans-
mission Matrix. For a micro-ring resonator system made of single-mode waveguide, the unidirectional
coupling with one zero-loss coupler can be expressed as [42]

(B) = (7 =) (8 0s)

where E; and E; refer to the normalized complex mode amplitudes, with subscript i and ¢ indicating
“input” and "transmission”, subscript 1 and 2 indicating the bus waveguide and the micro-ring resonator,
respectively. 7 and « refer to the transmission coefficient and the coupling parameter, satisfying

K + 7> =1 (3.10)
and x denotes their conjugated complex value. Within one round trip in the ring, the wave experiences
a phase delay ¢,. and a loss

FEs = aej(b”‘ FEio (311)

where « is the loss coefficient. With the above definitions and equations, the transmittance in the
system can be obtained

_|Bul? o+ 7% —2arcosh

T = =
|Ein]2 14 o272 —2atcosh

(3.12)
or

9N 2
71 (=9 7_)2 (3.13)
(1—ar)? +4arsin® 4

where 0 = ¢, + ¢ is the phase delay of traveling through the ring and the single coupler. For simplicity,
the transmission coefficient 7 is assumed real, zero-loss and without phase-related terms. For typical
silicon-on-insulator ring resonators, the ¢, is small, thus the overall phase delay can be estimated with

2
0~ ¢, = ”A”e 21h (3.14)

where n, refers to the effective refractive index, and b the ring radius.

Eq. 3.12 and Eq. 3.14 actually provide the transmission spectrum of the micro-ring resonator, on
which resonance peaks occur at § = 2mz. The resonance peaks can be characterised by a series of
metrics:

» Full Width at Half Maximum (FWHM), also known as the 3—d B bandwidth, provides an estimation
for the width of resonance peaks. With the effective refeactive index n. weakly dependent on the

wavelength A\, we have
o5~ {2”} (3.15)

1+ o272

A =T
FWHM oL

 Extinction Ratio, defined by the ratio of the minimum transmission power to the maximum trans-
mission power, which occurs respectively at resonance and zero-interference condition

2 2 2
r= |Et1|min _ (Oé T) (]‘ + CVT) (316)
[Et1[frae (@4 7)%(1 - aT)?

* Free Spectral Range (FSR) refers to the wavelength distance between two adjacent resonance
peaks. The FSR of the resonance peak m is given by

)\2

AXpsp = T

(3.17)
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The optical resonance shift caused by physical parameter y can be detected in multiple ways. One
method is to investigate the transmission spectrum. With a broadband light source or tuneable laser
providing the input signal, the transmitted light can be recorded by a spectrum analyzer or photo-diodes.
This approach has a relatively larger interrogation range but is quite slow in response, which is fatal for
ultrasonic wave detection. An alternative method is based on single-mode lasers, which can largely
simplify the post-processing of the signal. By tuning the laser wavelength to the flank of the optical
resonance peak around 1550 nm at rest, the deformation-induced resonance shift can be directly trans-
lated into a modulation of the transmitted light intensity, as shown in Fig. 3.4 (b). The main challenge
of this method lies in the limited range of measurement, as the resonance shifts can only be followed
effectively if not greater than the FWHM.

Due to the above properties, micro-ring resonators show potential application for high-performance
ultrasonic sensors. For typical photonic ultrasonic wave sensors, the acoustic pressure is normally
employed as the influential parameter, resulting in the deformation of ring resonators and thereby
changing the resonance wavelengths. Higher sensitivity can be sought by utilizing the resonance of
micro-mechanical structures to amplify the deformation of ring resonators at the acoustic frequencies
of interest.

3.4. Optical Micro-Machined Ultrasonic Sensors (OMUS)

Optical micro-machined ultrasonic sensors (OMUS), also known as optomechanical ultrasonic sen-
sors or photonic micro-mechanical ultrasonic sensors, are a relatively new concept for next generation
of acoustic emission sensors. Similar to other MEMS sensors, the OMUS also typically uses micro-
mechanical resonators for signal amplification, but are expected to achieve higher sensitivity with optical
signal conversion. With photonic devices such as micro-ring resonators and Mach—Zehnder interfer-
ometers, the mechanical signals of AE ultrasonic waves can be converted into optical signals.

In previous works, varieties of photonic sensors have been developed for untrasonic wave detection
in biomedical applications and NDE technology. S. M. Leinders et al. [48] reported an optical ultrasound
sensor enabled by a micro-machined membrane. In this example, the acoustic pressure acting directly
on the membrane is converted to the elongation of a racetrack resonator, as shown in Fig. 3.5. The
first prototype is demonstrated to be capable of detecting pressures of 0.4 Pa, which matches the
performance of state-of-the-art piezoelectric sensors, while reducing the footprint by a factor of 65.
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Figure 3.5: A sensitive optical micro-machined ultrasound sensor (OMUS), reproduced from [48]. (a) Schematic diagram. (b)
Microscope photograph.

In addition to the potential in higher sensitivity and smaller footprint, the OMUS also enable lower
cost and higher production efficiency in mass manufacturing, as both the micro-mechanical vibrators
and the optical circuits can be fabricated with CMOS-compatible processing, eliminating the need for
platform switching or rework. The photonic microchips can also avoid the complex wiring and electro-
magnetic interference, facilitating arrayed arrangements and large-scale integrated circuit designs that
are highly scalable in the future [51].

With the above possibilities, the photonic ultrasonic sensors are highly favourable for AE applica-
tions. In addition to higher sensitivity, the conversion of dominant UGW mode among sensors at the
same node can be avoided to a large extent by sensor miniaturisation and on-chip integration. However,
it should be noted that there are still challenges with current photonic sensors. A common problem is
the constant energy consumption of laser sources. Besides, for most existing photonic chip designs,
the ultrasonic waves are coupled to the sensor with liquid medium to achieve direct acoustic pressure
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detection, which is not applicable for monitoring devices that work outdoors in complex outdoor envi-
ronments for long periods of time due to the reliability challenges.

There are no known examples of the OMUS being applied to AE technology. In prior works, the
photon-based AE sensors are investigated and tested mostly on larger dimensions. Fibre Optics sen-
sors (FOS) are one of the conventional optical approaches in AE technology, in which the fibres are
roughly on the order of 100 um in total diameter, and the whole sensors in mm [52, 53]. This implies
fundamental differences that the fibre-optic sensors have a significantly larger footprint than the OMUS
and cannot be processed with the on-chip platform.



Design Prerequisites

4.1. Design Specifications

This project is based on SHM NEXT’s existing product UniQ ®, which is developed for ultrasonic non-
destructive detection of architectural structures. The product employs distributed sensors to detect
the diffracted ultrasonic guided waves and locate the cracks. In this engineering cooperation project,
the lab is dedicated to replacing conventional piezoelectric sensors with silicon photonic chips, with a
view to achieving higher sensitivity and exploring the possibility of more functionalities. As a start of
the whole R&D cycle, we hope to first design and fabricate a silicon photonic sensor with comparable
performance to the current piezoelectric sensor, which is to be refined in the future so as to realize the
full potential of our concept.

In this project, the design of opto-mechanical AE sensors based on the resonant configuration is
proposed. According to technical communications with the cooperating company, the main parameters
and design requirements are first defined. Based on the working conditions of the existing product, the
physical characteristics of the AE signals to be detected are determined with a centre frequency of
100 kH z and a bandwidth of at least 40 kH z.

As a prototype, the first priority of the opto-mechanical AE sensor is on sensitivity, for which the
bandwidth can be sacrificed to some extent as a trade-off. To obtain comparable performance to com-
mercial piezoelectric sensors, the design target is to achieve at least 60d B[V /(m/s)] velocity sensitivity
at 100 kHz. Considering the characteristics of resonant AE sensors, the bandwidth is defined in two
ways in this project. One is the 6-dB bandwidth around the centre frequency to investigate the fre-
quency range where the sensor provides responses of at least half the resonance. The second is
based on a preset threshold of 35 dB, and the bandwidth is defined with the frequency range where the
sensor response is above this value. Of these, the second definition employs a widely recognized re-
sponse threshold for commercial AE sensors, while the first reflects the width of the optimal frequency
range of sensors within the design scope. Extreme miniaturization and integration will not be pursued
in this project, but rather good compatibility with existing platforms and the mounting elements is of
more importance.

4.2. Fabrication Methodology

This section involves the technical background on the manufacturing of OMUS sensors. In the first
part, the manufacturing process of SOI wafer is presented. This explains the source of initial stress
in layers, which is one of the most important external factors considered in this project. In the second
part, the main micro-machining techniques are introduced, which determines the implementation of the
proposed designs in this project.

4.2.1. Silicon-On-Insulator Wafer

The fabrication of most photonic integrated circuits, consisting of waveguides and various optical de-
vices, are based on silicon-on-insulator (SOI) Technology. The cross section of a typical SOI wafer is
shown in Fig. 4.1. The SOI technology differs from conventional bulk silicon platform that the silicon
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layer sits on top of an electrical insulator, normally silicon dioxide. The standard SOI wafer is of a
three-layer structure, with a 250 um silicon substrate at the bottom, a 2 um SiO-, layer referred to as the
Buried OXide (BOX) layer in the middle, and a silicon waveguide layer of 220 nm =+ 20 nm thickness on
the top.

Si (Waveguide Layer) 220 nm
Si0, (BOX Layer) 2um
Si (Substrate) 250 um

Figure 4.1: Cross-sectional schematic diagram of a silicon-on-insulator wafer.

Various platforms have been developed for SOI wafer production, such as Separation by IMplanta-
tion of Oxygen (SIMOX), Zone-Melting-Recrystallization (ZMR), Wafer Bonding (WB) and Smart-Cut ®
techniques [54]. Among them, the Smart-Cut ®, or in the name of /on Split technique, is currently the
most widely used method for SOI wafer production. Smart-Cut® is a combination of ion injection and
wafer bonding techniques. Initially, a hydrogen-rich layer is formed at a certain depth under the SiO-
layer of a thermally oxidised mono-silicon wafer by high-dose hydrogen-ion injection. Subsequently, a
new silicon wafer is bonded to the oxide surface and heat treated as a whole. During the annealing
process, small cracks are generated in the hydrogen-rich layer, along which the bonded wafer is sep-
arated, resulting in a thin silicon layer of a thickness equal to the hydrogen-ion injection depth. The
obtained SOI wafer is then etched or polished to improve the surface quality and to obtain the required
silicon layer thickness.

Since most of the above processes require heat treatment over a wide range of temperature, ini-
tial stresses normally exist in the finished wafer. Depending on the actual heating temperature, time
and environment, different stress levels may be generated in the SOI wafer. Considering the thermal
expansion coefficient of SiO, (5 x 10~7K 1) is smaller than that of Si (2.6 x 105K ~1!), SOI wafers
typically exhibit compressive stresses in the SiO5 layer and tensile stresses in the Si layer. Apart from
heat treatment, other fabrication steps can also lead to different mechanical properties of the SOI wafer
and consequently the final product.

4.2.2. Micro-Machining Technology

In standard CMOS process of silicon photonic platform, the silicon waveguides and other devices are
produced on the top silicon waveguide layer. In the present design, another two steps are also con-
sidered after the fabrication of photonic circuits. First, the BOX layer and silicon substrate need to be
etched from the back to form a single-layer silicon membrane. Second, as an option, a SiO, or SigNy
layer can be deposited on top of the silicon waveguide layer to achieve special optical or mechanical
properties, such as customized effective refractive index or mechanical stiffness. Both the machining
precision of the above steps and the mechanical effects introduced can affect the performance of the
sensor, which are therefore briefly discussed in this sub-section.

Deep Reactive Ion Etching

Deep reactive ion etching (DRIE) process is capable of producing steep-side holes with high aspect
ratio on SOl wafers, thus achieving the back-side removal of the silicon substrate and the BOX layer in
the present project. The silicon substrate and the SiO, layer are etched in two steps due to differences
in chemistry.

Among all existing high-rate DRIE technologies, the Bosch process is generally considered as the
most widely adopted in commercial fabrication. The process involves repetitive switching between
two modes, namely the standard plasma etching and the deposition of passivating layer, to achieve
accurate and controllable deep etching. Though perfectly vertical etching is possible by tailoring the
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balance between etching and deposition processes, the holes created with DRIE process usually ex-
hibits a slight taper [55], which leads to 0.1 ym-dimensional errors on the pattern at an etching depth
of 2 yum. In this project, a minimum design fineness of 1 um is considered for the determination of the
etching radius.

Plasma-Enhanced Chemical Vapor Deposition

Plasma-enhanced chemical vapor deposition (PECVD), also referred to as plasma-assisted chemical
vapor deposition (PACVD), is a low-temperature vacuum deposition process with an important role in
the semiconductor industry. Compared with conventional chemical vapor deposition (CVD) techniques,
PECVD avoids high reaction temperature by introducing part of the reaction energy through plasma,
which allows for relatively lower stress on the interface and thus stronger bonding.

In this project, PECVD process is employed to apply cladding on top of the waveguide layer, in which
the internal stresses generated during deposition lead to different mechanical behaviors. Different initial
stresses can be achieved by controlling the reaction conditions, such as reaction rate and reactant
ratios. It has now been reported that the PECVD process is capable of achieving low-stress SiO,
layer with about 50 M Pa tensile stress [56] and Si3 N, layer with tensile stresses ranging at least from
40 M Pa to 500 M Pa [57]. A detailed discussion on the effects of cladding with initial stresses on the
behavior of micro-machined membranes is provided in Section. 7.3.



Conceptual Design

5.1. Dynamics Response of the System
The present sensor is based on the basic mass-spring-damper system, of which the mechanical model

is shown in Fig. 5.1.
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Figure 5.1: Schematic diagram of basic mass-spring system, reproduced from [34].

The governing equation is given by [34]

d?z,.(t) d?zy (1)

dz,.(1) _
T +b- a4t +k-x(t)=-m- 42 (5.1)

where m represents the mass, k the spring constant, and b the damping. = and z, are the displace-
ment of the housing and the relative displacement of the resonator to the housing, respectively. The
dynamics of the system can be characterized by its natural frequency, determined by the mass and
spring stiffness,

wo = Vk/m (5.2)
For general cases with harmonic stimuli and responses, the displacement variable x and its deriva-
tives can be converted into exponential form, i.e.

r=A- e"t (5.3)
&= Awi - ™t = jwx (5.4)
F=—Aw? e = —u%z (5.5)

The sensitivity of mass-spring transducers can be characterized in multiple ways, depending on the
input signals and the way they act on the systems. For microphone-type sensors, acoustic pressure
is the direct cause of spring deformation. Thus, the sensitivity can be defined by the compliance of
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the system, that is, the displacement of the mass per unit force applied. For the present study, as
the AE sensors are normally attached to the surface of architectural structures, the ultrasonic waves
directly cause displacement of the housing and consequently drive the vibrations of the internal mass.
The sensitivity can therefore be determined by transmissibility, that is, the transfer of motion from the
housing to the mass. The sensor sensitivity to acceleration and displacement can be expressed in
terms of its complex frequency responses, respectively

T, —m
Ga_g_(iw)2~m+iw~b+k (5-:6)

Ty —(iw)? - m
=—= 5.7
Ga zy  (w)?2-m+iw-db+k (5-7)

whose plots are given by Fig. 5.2 and Fig. 5.3.
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Figure 5.2: Acceleration sensitivity with regard to signal Figure 5.3: Displacement sensitivity with regard to
frequency for different dampings. signal frequency for different dampings.

For the cases with excitation frequency w <« wg, which is also referred to as the quasi-static range,
the sensitivities of the sensor to acceleration and displacement are given by

1
|Gal ~ 702 (5.8)
|Ga| = w® |Gl = 0 (5.9)
In quasi-free frequency range, where w > wy, the sensitivities are
~ 1 ~
|Ga\~ﬁ~0 (5.10)
Gal = o - |Ga| ~ 1 (5.11)

It is suggested by the above equations that the sensor works as an accelerometer for the cases
where the signal frequency much lower than the eigen frequency of the mass-spring system. For
significantly high signal frequencies, the sensor works as a vibrometer.

In this project, the opto-mechanical AE sensor is designed as a vibrometer with two main consid-
erations. First, as stated in Section. 2.2, the displacement sensitivity fundamentally determines the
ability of AE sensors to detect signals at a given frequency. For AE sensors with given bottom noises
from the electrical or optical systems, a higher amplification of the magnitude of displacement provides
higher signal-to-noise ratio. Second, AE sensors are usually designed to respond to AE waves with
frequencies at or higher than the first resonance, which is achievable with the vibrometer concept, as
shown in Flg. 5.3. More details on sensitivity analysis is provided in Chapter. 9.
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5.2. Design Concept

Membranes have long been considered as an ideal choice for micro-mechanical resonators of pho-
tonic sensors due to their simplicity and ease of fabrication. With a micro-ring resonator attached to
the surface, the deformation of the membrane can be translated into an elongation of the micro ring
circumference and subsequently into a shift of the optical resonance peak to be detected. In prior works
[48], the BOX layer is used to form the membrane. Due to the thermal process during production, initial
compressive stresses are usually present in this layer [58]. If the stress exceeds the critical load, the
membrane will buckle unpredictably upwards or downwards at rest, which consequently leads to sig-
nificant shift in the acoustic resonance frequency and great performance instability [59]. The dynamics
of the membrane can become unpredictable, as it is usually not possible to determine the direction of
buckling in prior.

To solve this problem, a new concept is proposed in the present project. By etching both the silicon
substrate and the BOX layer from the back, a membrane can be created with only the silicon waveguide
layer, as shown in Fig. 5.4. For simplicity, the bus waveguide in Fig. 5.4 (a) has been omitted.

(a) (b)

~_

Figure 5.4: Schematic diagram of opto-mechanical AE sensors based on micro-machined membranes, with (a)
cross-sectional view, (b) top view.

In this concept, the micro-ring resonator and connections are formed by rib waveguides, fabricated
by etching part of the thickness of the silicon layer. The micro-ring resonator is placed in the centre of the
axial-symmetric circular membrane to capture the largest possible deformation under most conditions.
As mentioned in Section. 4.2, due to the different thermal expansion coefficient between Si and SiO,,
the waveguide layer is expected to have tensile stress in the wafer.

An additional design option is to apply a low-stress SiO, or SizN, cladding on the micro-machined
membrane by PECVD process [56] to ensure mechanical stability with small tensile stress and to mod-
ulate the eigen frequency, if necessary. A schematic diagram is provided in Fig. 5.5. It should be
noted that such coatings may lead to lower sensitivity [56] due to higher material damping, which will
be discussed in detail in Chapter. 7.

(a) (b)

Figure 5.5: Schematic diagram of opto-mechanical AE sensors based on micro-machined membranes with cladding, with (a)
cross-sectional view, (b) top view.

As stated in Section. 4.1, the sensitivity is here taken as the most important performance specifica-
tion. For general opto-mechanical sensors, the system sensitivity can be considered as the product of
the mechanical sensitivity, which is also referred to as signal amplification, and the optical sensitivity,
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or _or o

Bxf N ab 8.Tf
where T refers to the normalized transmittance, z; the input signal, b the radius of the micro-ring
resonator. It also takes the form of

(5.12)

oT 0T 0L
aCL’f o oL al’f
where [ refres to the circumference of the micro-ring resonator.
The determination of sensor bandwidth also follows Section. 4.1, with two definitions. It should be
noted that the present design focuses on the first-order vibration of micro-machined membranes, so
responses at frequencies greater than the centre frequency of 100k H z are not part of the design phase,
though included in the bandwidth considerations. Due to the lack of data on actual noise levels, the
limit of the second type bandwidth is set to 35 dB according to the specifications of commercial AE
sensors, such as R15I-AST Sensor® by Physical Acoustics.

(5.13)

5.3. Design Variables

To clarify the design space, the following variables are declared for the present design, as illustrated in
Fig. 5.6. It should be noted that some of the symbol settings in the numerical simulation setups and in
the derivation of theoretical models are different from those here.
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Figure 5.6: Schematic diagram of opto-mechanical AE sensors based on micro-machined membranes with cladding, with (a)
cross-sectional view, (b) top view.

Table 5.1: Main design variables in the present project.

Design variables Remark

Ryem O R Radius of the micro-machined membrane
tmem Thickness of the membrane/slab thickness of the rib waveguide
trib Rib height/Etching depth of the rib waveguide
telad Thickness of the deposited SiO, or Siz N, cladding
w Width of the rib waveguide
b Radius of the micro-ring resonator

Cladding material Discrete variable, including SiO2 and Siz N,

Of the above design variables, t,,.,, and t,.;; are not independent, satisfying

tmem + trib = trotal (514)
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where t;,,; refers to the total waveguide layer thickness of 220 nm, following the structure of typical
SOl wafers. Besides, though it is possible to fabricate rib waveguides of different cross-sectional di-
mensions, the waveguide width is taken 450 nm in the present design unless otherwise specified.

Most of the above variables are theoretically continuous. In order to fully discuss the design possibil-
ities with a complete understanding on the operating principles, such continuous-variable assumption
is adopted in Chapter. 7 and 8. The variable R,,..,, and b are usually free to design. To ensure a safe
and robust design, it is specified that the etching depth ¢,.;;, is taken 70 ~ 120 nm.

In practice, the available values of design variables depend on the fabrication platform. In this
project, the proposed opto-mechanical micro chips are planned to be fabricated with Cornerstone®
Foundry, which provides two options for partial silicon etching processes, namely shallow etching of
70 nm + 10 nm and intermediate etching of 120 nm 4 10 nm. In Chapter. 9, only this two options are
compared. According to the present plan, the PECVD process is to be carried out in the laboratory,
such that the variable ¢.;,4 has complete freedom of design.



Modelling and Simulation

6.1. Modelling Strategy

In this project, computer modelling and numerical simulations are carried out with the solid mechanics
module of COMSOL Multiphysics 6.0. Before the modelling and simulation process, global parameters,
such as model dimensions, initial stresses and excitation, need to be first defined in global definition.
Since the opto-mechanical AE sensor based on circular micro-machined membranes is characterized
by three-dimensional axial symmetry, the modelling is performed within 2D axisymmetric component
for simplicity and less computational resources in simulation.

Under the created component, definitions are made on geometry, material, boundary conditions
and mesh. First, 2D drawings are made within Geometry on the rotational cross section. An example
is provided by Fig. 6.1.

Figure 6.1: 2D drawing for modelling of membrane-based opto-mechanical AE sensors within a 2D axisymmetric component.

The grey dash-dotted line on the left side represents the rotary axis. It should be noted that the rib
waveguide on micro-machined membranes is modelled separately in this project, so that the simulation
results of variables, such as radial displacements or angular strain, over this area can be conveniently
obtained with Domain Probes.

In this project, three materials are considered, namely Silicon, SiO, and Si3N,4. All three are added
from library, as shown in Fig. 6.2.

4 Materials
Silicon (mat2)
Si02 - Silicon oxide (mat3)
Si3N4 - Silicon nitride (mat4)

Figure 6.2: Materials involved in the present design.

26
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As considering the configurations of bare membrane or membrane with SiO- cladding, one can
choose to disable the Si3 N, material. The other two materials are always enabled, with Silicon being
given to the substrate and the waveguide layer and SiO, being given to the BOX layer and cladding (if
applicable).

The key aspect of physical scenario construction is the definition of the solid mechanics module,
as shown in Fig. 6.3. Linear Elastic Material is selected for all domains in the model. In order to
simulate materials with internal stresses, Initial Stress and Strain can be added, where the the defi-
nitions are made with matrices, as shown in Fig. 6.4. In the present project, no initial strain is involved.
The initial stresses in the waveguide layer and cladding are represented with the radial and angular
principal stress components, since the component on vertical direction is released.

4 7 Solid Mechanics (sofid)
4 ¥ Linear Elastic Material 1
@ Initial Stress and Strain 1
@ Damping 1
@ Initial Stress and Strain 2
' Axial Symmetry 1
' Free 1
B Initial Values 1
Fixed Constraint 1
! Roller 1
' Prescribed Displacement 1

D

D

Figure 6.3: Settings in solid mechanics module.

Initial stress:

Stress1 0 0
Sog O Stress1 0 N/m?2
0 0 0
Initial strain:
0 0 0
€0 0 0 0 1
0 0 0

Figure 6.4: Initial stress and strain matrices.

Damping can also be added in Linear Elastic Material, which in this case is defined with the so-
called isotropic loss factor.

Damping type:
Isotropic loss factor -
Isotropic structural loss factor:
s User defined A
0.01 1

Figure 6.5: Damping definition with the isotropic loss factor.

In addition, boundary conditions and initial conditions need to be defined in this module. In this
simulation, a portion of the substrate, BOX layer and bonded waveguide layer are retained outside the
micro-machined membrane, of which the outer cylindrical surfaces need to be set as Roller. Under this
boundary condition, the displacement in the direction perpendicular to the surfaces equals zero, while
the movement in the tangential direction is free. For simulations on eigen frequency, Fixed Constraint
needs to be added on the bottom surface of the model, which needs to be replaced by Prescribed
Displacement as the excitation for simulations on frequency response. No Initial Values are included
in this simulation, which is thus set to 0. Other settings such as the Axial Symmetry and Free are
automatically generated.

In the Mesh setup, the refinement level needs to be selected depending on the complexity of models
and the variation in simulation results. For simplicity, a physics-controlled mesh type with "extra fine”
element size is employed in most cases of this project. An example of mesh distribution in vicinity of
the rib waveguide is shown below.
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Figure 6.6: Example of mesh distribution in vicinity of the rib waveguide.

6.2. Simulation Settings
This project involves the simulation of two main studies. One is the Eigenfrequency in General Stud-
ies, which is capable of calculating the eigen frequencies of a given model. The other one is the Fre-
quency Domain in General Studies, mainly used for calculating the frequency response of a given
model under given excitation with a given simulation step size.

For Eigenfrequency study, special attention should be paid to checking the box ”Include geomet-
ric nonlinearity” when dealing with cases with initial stresses, as shown in Fig. 6.7.

v Study Settings

Eigenfrequency solver: ARPACK +
Eigenfrequency search method: Manual  ~
Desired number of eigenfrequencies: 8

Unit: kHz -
Search for eigenfrequencies around: 1[Hz kHz
Eigenfrequency search method around shift: ~ Clos =

Use real symmetric eigenvalue solver: Autc ~

[_] Real symmetric eigenvalue solver consistency check
Include geometric nonlinearity

Figure 6.7: Settings of Eigenfrequency study on models with .

For Frequency Domain study, as mentioned above, an excitation needs to be included. In this
project, the displacement excitation of 1 nm is considered. In addition, the frequency range and step
size of computation should be determined according to specific questions. As a trade-off, a larger step
size leads to a less refined output over the considered range but also allows faster calculation. The
specific settings of frequency range and step size for particular questions will be presented later in
Chapter. 9.

In post-processing, Tables, 1D Plot Group, 2D Plot Group and 3D Plot Group are mainly applied
for directly outputting the desired graphs or exporting the data to Matlab for subsequent processing. In
order to display changes in variables at a certain point or on a certain line, new Cut Point 2D or Cut
Line 2D datasets are required.



Sensor Design: Mechanical Analysis

7.1. Mechanical Resonator Design

In this project, micro-machined membranes are employed as the mechanical resonator for ultrasonic
signal amplification. In order to reduce the disturbing factors in design, the simplest circular membranes
are considered, for which analytical solutions normally exist. This section will discuss in detail the
approaches to the analysis of this micro-mechanical resonator.

7.1.1. Analytical Model

The dynamics of the so-called membrane resonators may be characterized with two analytical mod-
els, namely classical membranes and plates, which are applicable to different research questions and
physical scenarios.

In terms of the physical models proper, the membrane is a simplified ideal model with no bending
stiffness, in which the restoring force comes exclusively from tension, while the plate model does have
bending stiffness as the source of the restoring force [60]. The membrane and plate models can be
respectively thought as the generalisation of the one-dimensional string and bending bar models to two
dimensions.

Classical Membrane Model
The membrane model is formulated as a completely flexible and infinitely thin film with uniform material
and constant thickness. It is assumed to be stretched uniformly in all directions by a tension so large
that the fluctuation in its value due to small deflections during vibration can be neglected. The XY
plane is set coincide with the membrane plane.

The vibration dynamics of the membrane model can be studied in two ways. In an energy point
of view, the increased potential energy and kinetic energy of the membrane during vibration can be
obtained by

AV =5-AA

() (5]

where S refers to the uniform tension per unit length of the boundary, A the surface area of the mem-
brane, and w the deflection at any point of the membrane. The kinetic energy is given by

K= %//uﬂ da dy (7.2)

where ¢ is the surface density of the membrane.
Considering the maximum values of both kinetic and increased potential energy occur when the
other is 0, the analytical solution of the eigen frequencies can be obtained with the conservation of

29
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energy, which formulates that the two maximums should be equal. With the deflection of the membrane
assumed as

w = W(z,y)coswt (7.3)

where the mode function W (x, y) determines the shape of the normal vibration modes of the membrane,
it can be concluded that

sl ()] asa
o W2 dz dy

The solutions can be subsequently obtained with, for instance, the Rayleigh-Ritz method, by taking
the series form of deflection that satisfies the boundary conditions and ensuring that the difference
between the maximum kinetic and increased potential energy of the system always remains zero for any
possible change in the shape function under different modes. In other words, the difference between
the two is insensitive to changes in the coefficients in W (w, y), whose derivative should be zero.

The second approach for obtaining the eigen frequencies is based on the differential equation for
the displacement of the membrane, shown as follows.

w

(7.4)

0w
2, _
The displacement w can be written as the product of the mode function W and a time-dependent

function T'(t). For free vibration, T is harmonic and of frequency w. Eq. 7.5 thus reduces to

—SV2W = w?eW (7.6)

Knowing that the wave speed ¢ in a membrane with tension S satisfies the following relationship
[60],

c= il (7.7)
g
Eq. 7.6 can be simplified as
VAW + N2W =0 (7.8)

where A = w/ec.

A circular membrane can be defined by domain 0 < r < R, where R stands for the radius of its
edge. The polar coordinates (r, ) is employed here for axial-symmetric circular membranes, in which
case the Laplacian operator V2 is given by

02 190 1 02
2_ 0 to 1o
Vi= or? + r Or + 72 002 (7.9)

and the mode function W (r, 9) is given by

W(r,0) = R(r)0(60) (7.10)

Eq. 7.8 is thus reduced and separated into

2
%—i—mQ@:O (7.11)
d’R 1dR m?
il A2 — 712
dr2+rdr+< r2>R 0 ( )

for some constant m. For Eq. 7.11, since function ©(#) is continuous and periodic with period 2, it
follows that

0,,(0) = Crmcosmb + Cayp sinmb (7.13)
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with m being an integer. Eq. 7.12 is a Bessel’s Equation with the solution

Run(r) = Cam T (AT) + Camn Yo (Ar) (7.14)

where J,,,(A\r) and Y,,,(A\r) are m-order Bessel’s functions of the first and second kind, respectively. It
should be noted that the Bessel’s function of the second kind, Y;,,, is unbounded when » — 0, which
lead to non-physical solutions. Therefore, Cy,, equals zero. Considering the constant Cj3,, can be
absorbed later into those from ©(6) and T'(¢), Eq. 7.14 can be simplified to

R (r) = Jm(Ar) (7.15)

Given that the boundary condition W (R, ) = R(r)©(#) = 0 is true for any arbitrary angular coordi-
nate 6, we have

R, (R) = Jn(AR) =0 (7.16)

by which we know the product \,,, R is the n'" zero of the m-order Bessel's function .J,,,. The eigen
frequencies can be subsequently obtained with

Wmn = AmnC = Amn\/g
g (7.17)

Qn S

R o

where the constant a,,,, actually stands for the zeros of the m-order Bessel’s function J,,,, whose values
are given by Tab. 7.1

Table 7.1: Values of a,,, for different m and n.

m=0 m=1 m=2 m=3 m=4 m=5

n=1 2405 3.832 5136 6.380 7.588 8.772
n=2 5520 7.016 8417 9.761 11.065 12.339
n=3 8654 10.174 11.620 13.015 14.373 15.700
n=4 11792 13.324 14.796 16.224 17.616 18.980
n=5 14931 16471 17.960 19.409 20.827 22.218
n=6 18071 19.616 21.117 22583 24.019 25.430

For the fundamental mode, only points on the edge remain stationary during vibration. The so-
called nodal circles appear at higher vibration modes, where the displacement of points equal zero
during vibration. For more general cases, the deflection of the points on the membrane is not only
related to the radial coordinate r, but also to the angular coordinate 6. In this case, there are nodal
lines along the diameters of the circular membrane, with zero displacement at each point. Several
modes are shown in Fig. 7.1, where m refers to the number of nodal lines and n the number of nodal
circles (with the boundary circle included). For simplicity, the vibrations of each order can be denoted
as (m,n).

The mode shape takes the form of

Winn (1, 0) = Jon(Amnt) (Amne €0S MO + A Sinmo) (7.18)

where A,.... and A,,,s represent modified constants for the cosine and sine terms.
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Figure 7.1: Schematic diagram of several vibration modes of a circular membrane, reproduced from [61].

Classical Plate Model

As mentioned earlier, the plate model can be considered as an extension of the bar model in two
dimensions. This analogy, however, is not quite rigorous. When in bending deformation, the width of
the bar model is so small that the lateral compression and expansion on both side of the neutral plane
can be disregarded, whereas the effect is not negligible in a plate model of a finite width. A natural idea
is that a plate of finite width can be regarded as the integral of parallel bar elements of infinitesimal width
along the lateral direction. In this case, for two adjacent bar elements with equal bending deformations,
lateral compression or expansion on the top and bottom sides of their neutral planes will cause a
squeeze or void on their common surface, resulting in internal lateral stresses. In addition, since the
area elements of a plate can be considered as belonging to two orthogonal bar elements, the planar
bending of one bar can be considered as a rotation of the area elements around the normal to the
bending plane. If the plate is not deformed evenly along its width, this rotation can be different in the
adjacent bar, leading to twist of the orthogonal bar element. To address these inconveniences, the
elementary plate theory is based on the following assumptions:

1. The deflection of a plate is small in comparison with the thickness.

2. There is no force resultant on the cross-sectional area of a plate element, so the middle plane of
the plate does not undergo deformation and can be regarded as neutral.

3. The normal stresses in the orthogonal direction to the plate surface can be ignored, which means
the thickness of the plate remains constant and all points on a line perpendicular to the middle
plane have the same displacement.

4. Any straight line perpendicular to the middle plane before deformation remains straight and per-
pendicular to the neutral plane during deformation.

The differential equation for free vibration of plates can be written as follows

9w

DV4w + 0oz =0 (7.19)

where D denotes the flexural rigidity of the plate, in the form

_ EW
C12(1 —v?)
where F referes to the Young’s modulus, h the thickness of the plate, and v the Poissons ratio. The

symbol V4 = V2V? is known as the biharmonic operator. With the deflection written as w = WT,
Eq. 7.19 reduces to

D (7.20)

DVAW — w?eW =0 (7.21)
where w stands for the eigen frequency, and the boundary conditions for a clamped edge are

W =0 (7.22)
ow

G =0 (7.23)
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where n denotes the coordinates in the normal direction of the boundary.
For a circular plate, Eq. 7.21 can modified into operator form under polar coordinates,

(V2 + X)Wy (r,0) =0 (7.24)
(V2 + (iA)?] Wa(r,0) =0 (7.25)
where
1_wo 7.26
Y=o (7.26)
and the boundary conditions are
W(R,0)=0 (7.27)
M -0 (7.28)
or —R

Eq. 7.24 and Eq. 7.25 are in the form of Bessel's Equation. Considering the boundary conditions
and physicality of the equations [60], the eigen frequencies can be obtained in the form of

Wmn = )\2 \/ 2
7 (7.29)

_kpn |D
T OR2 o
where the constant &,,,, for a given number of nodal lines m and a given number of nodal circles n is
shown below.

Table 7.2: Values of k,,,, for different m and n.

m=0 m=1 m=2 m=3

n=0 1022 2126 34.88 51.04
n=1 3977 6082 8458 111.01
n=2 89.10 120.08 153.81 190.30
n=3 158.18 199.06 242.71 289.17
n=4 247.01 297.77 351.38 407.72
n=5 35557 416.20 479.65 545.97

The mode shape is in the form

Winn(1,0) = (L (Amn R) T (A ™) — T A B) Iy (A ™) ) (A €COS MO + Ajps SiNmb) (7.30)

where A,,... and A,,,s represent modified constants for the cosine and sine terms.

7.1.2. Vibration of Micro-Machined Membranes
The above two classical models provide efficient tools for analytical calculations of plate- or membrane-
like structures. In many cases, the calculation results from these models correspond well to the actual
situation. However, for the vibration of micro-machined membranes, it is possible that the effects
brought up by flexural rigidity and internal stress are present simultaneously.

In terms of geometrical features and boundary conditions, the micro-machined membranes should
be categorized and calculated as clamped plates. However, as stated in Section 4.2 of Chapter 4,
initial stresses can be generated inside the waveguide and BOX layers of the heat-treated SOI wafers.
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This effect has also been observed in prior tests and is thought to have significant influence on the me-
chanical characteristics of photonic ultrasonic sensors [59, 58]. The presence of initial stresses makes
the membrane resonators less of standard plates but more akin to hybrid membrane-plate structures.
For designers, the dimensional parameters of the mechanical resonator is usually obtained with an-
alytical calculation based on the required centre frequencies before modelling and simulation. It is
therefore important to understand the effect of internal stress in the present physical scenarios. The
actual value of internal stress varies depending on the specific materials and fabrication processes. A
rough estimation of the internal stress in chemically deposited SiO, membranes is around 50 M Pa.

To investigate the effect of the internal stress on the eigen frequencies of the micro-machined mem-
brane, a standard circular membrane is modelled and simulated with different levels of internal stress.
The Eigenfrequency module of COMSOL is applied to study the eigen frequencies of both cases, where
the simulation setup is described in detail in Chapter. 6. In order to exclude the interference of other
factors, the model here does not contain any waveguide, and the thickness of the membrane is simply
taken as 100 nm. The involved geometrical parameters are shown in Tab. 7.3.

Table 7.3: Geometrical parameters of the micro-machined membrane in eigenfrequency simulations.

Parameter Value Remark

Ryt 180 pm  radius of the whole modelling region
Roem 80 um  radius of the micro-machined membrane
tmem 100 nm  thichness of the micro-machined membrane
tBOX 2 um thichness of the BOX layer

tsub 250 um  thichness of the silicon substrate

The eigen frequencies without initial stress are first studied by comparing the results obtained by
numerical simulations and analytical calculations, as shown below. For simplicity, only axial symmetric
modes are taken into consideration.

Table 7.4: Eigen frequencies of a circular membrane without initial stress.

OIdET  COMSOL simulation | 7= analytcal aleation / kiz: 707/ %
1 65.20 65.29 0.14
2 253.83 254.08 0.10
3 568.68 569.24 0.10
4 1009.54 1010.58 0.10
5 1576.38 1578.09 0.11
6 2269.19 2271.66 0.11

The analytical calculations are in excellent agreement with the simulation results, with an error of
around 0.11%. It can be thus concluded that the micro-machined membranes with no initial stress can
be modelled as classical plates.

The eigen frequencies of a geometrically identical micro-machined membrane with 50 M Pq initial
stress is shown in Tab. 7.5
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Table 7.5: Eigen frequencies of a circular membrane with 50 M Pa initial stress.

Eigenfrequencies from Eigenfrequencies from

Order COMSOL simulation / kHz analytical calculation / kH z Error /%
1 717.34 701.04 —2.27
2 1656.35 1609.05 —2.86
3 2623.90 2522.59 —3.86
4 3628.24 3437.30 —5.26
5 4680.28 4352.30 —-7.01
6 5790.45 5267.60 —-9.03

As is predicted, the micro-machined membrane with 50 M Pa initial stress does not behave like
a pure membrane. The analytical model has an average shift of —5.05% for the first 6 modes from
simulation results. The error increases for higher modes, for which the reason is inferred that the flexural
rigidity plays more important role in higher modes due to the complex shape with smaller curvature
radius. It is further deduced that a micro-machined membrane behaves more like a plate with lower
initial stresses and more like a membrane with higher initial stresses. The eigen frequencies of a micro-
machined membranes with different initial stress levels are shown in Fig. 7.2

10° T T T T

10 |

=]
w

=]
o
T

Eigenfrequency / kHz

membrane mode 1
membrane mode 2
membrane mode 3
membrane mode 4
membrane mode 5
membrane mode 6

s mode 1
— mode 2
s mode 3
mode 4
mode 5
mode 6

. . . . .
107 102 107! 10° 10' 10? 10°
Initial Stress / MPa

Figure 7.2: Eigen frequencies of a micro-machined circular membrane with different initial stresses. Blue curves are fittings of
the simulation results. Red curves and yellow dashed lines represent the analytical membrane and plate models, respectively.

The eigen frequencies of the micro-machined membrane at different initial stress levels are consis-
tent with the inference. Considering that the generalized stiffness of the membrane is provided by the
flexural rigidity and the tensile stress together, more accurate predictions can be make by treating the
stretched micro-machined membrane as an equivalent mass-spring system with two parallel springs,
shown in Fig. 7.3
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Figure 7.3: Schematic diagram of the equivalent mass-spring system of micro-machined membranes.

The generalized stiffness can be estimated with

K= Kflemural rigidity + Kstress (731)

According to Eq. 5.2, the eigen frequency of micro-machined membranes can be estimated with

— 2 2
Wmn = \/wfle:rural rigidity + Witress

1\/k72nnD +ar %S
R2 o

(7.32)

where mandn =0,1,2,....

Based on the above theory, estimations can be make on the eigen frequencies of micro-machined
membranes with different initial stresses. As shown in Fig. 7.4, the analytical model is in good agree-
ment with the simulation results within tolerance. Thus, Eq. 7.32 allows fast design of micro-machined
membranes with given eigen frequencies.

10° T ' '
= mode 1 estimation ® mode 1
— mode 2 estimation ® mode 2
= mode 3 estimation ® mode3
——— mode 4 estimation ® mode4
— mode 5 estimation ® mode 5
mode 6 estimation
104 L
N
I
=
=
1)
c
7]
=
o
]
= &
g
2 10* .
w
102
) 1 1 L
107 10 107 10" 10' 10% 10°

Initial Stress / MPa

Figure 7.4: Estimation for eigen frequencies of a micro-machined circular membrane with initial stresses. Blue scatters and
red curves represent the simulation results and the analytical estimations, respectively.

With the support of the above theory, the contribution of flexural rigidity and internal stresses to
the overall stiffness can be roughly estimated in terms of the square of their respective angular eigen
frequencies, as shown in Fig. 7.5. For the fundamental mode of the given micro-machined membrane,
the overall stiffness provided by internal stresses exceeds that provided by flexural rigidity at levels
above 0.4 M Pa. With the internal stress of 50 M Pa, the latter is less than 1% of the former.



7.1. Mechanical Resonator Design 37

10* . .

10%

flexural rigidity

10°

K

stress

104 I I I | |
107 102 107 10° 107 10% 10°%
Initial Stress / MPa

Figure 7.5: Stiffness ratio of flexural rigidity to internal stresses.

It should be noted that higher modes of substrate deformation appear at higher stress levels in
simulation. These modes are usually close in frequency to the adjacent membrane-vibration mode,
with a same number of nodal circle. These modes should be excluded when considering membrane
deformation.

According to the classical membrane and plate models discussed in Sub-Section. , nodal circles
appear in high-order modes of micro-machined membranes. In this case, if the micro-ring radius hap-
pens to be close to that of a certain nodal circle, only a small deformation can be produced at reso-
nance. In the present design, in order to ensure the design freedom of micro-ring resonators, the first
vibration mode with monotonic deflection is mainly considered. The normalized mode shapes of the
micro-machined membrane and analytical models are shown in Fig. 7.6.
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Figure 7.6: Normalized mode shapes of the micro-machined membrane (neutral plane), classical membrane and classical
plate.

The mode shape of micro-machined membranes is kind of a mixture of two analytical models,
which matches the classical plate model at lower stresses and the classical membrane model at higher
stresses. The mode shape of micro-machined membranes with 50 M Pa initial stress resembles that of
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the classical membrane model to a very large extent, which roughly takes the form of Bessel’s function
according to Eq. 7.18. Thus, the ratio of the nodal circle radius to the membrane radius of each order
can be calculated approximately with the values of a,,,, in Tab. 7.1. For example, for the vibration mode
(0,2), the radius of the nodal circle is 2.405/5.520 = 0.436 of membrane radius.

For the present design, micro-machined membranes are designed with a first-order eigen frequency
of 100 kH z according to the specifications in Section. 4.1, which shows up to 6 orders of eigen frequen-
cies within the frequency range of common AE signals (20 ~ 1000 kH z, Section. 2.1). Thus, approx-
imation can be made that the deformation of micro-ring resonators with radii smaller than 13% of the
membrane radius (i.e. the smallest nodal circle radius at the 6-order resonance) is hardly affected by
nodal circles and is thus still safely predictable.

7.1.3. Mechanical Effect of Waveguides
In the above analyses, the mechanical effects of waveguides on the micro-machined membrane have
been neglected for simplicity. However, since the micro-machined membrane is formed with the 220nm
silicon layer and of a comparable scale with the rib waveguide, such effects may be observable.

A comparison between the eigen frequencies of a micro-machined membrane with a built-on sili-
con micro-ring resonator and an identical bare membrane is shown as follows, where the geometric
parameters of the membranes stay the same as above.

Table 7.6: Eigen frequencies of a circular membrane with and without a built-on MRR, with 50 M Pa initial stress.

Eigenfrequencies without Eigenfrequencies with

Order MRR / kH = MRR / kH Difference / %
1 717.34 713.98 —0.47
2 1656.35 1649.30 —0.43
3 2623.90 2629.24 0.20
4 3628.24 3651.17 0.63
5 4680.28 4693.90 0.29
6 5790.45 5765.34 —0.43

" Data from simulations by COMSOL Multiphisics 6.0.
™ As an example, the MRR has a radius of 15 wm, made of a silicon rib waveguide of 120 nm in
height and 450 nm in width.

The eigen frequencies of the micro-machined membrane do not change much (about 0.41% abso-
lute difference) with a built-on micro-ring resonator of given dimensions. For simplicity, Eq. 7.32 will
remain adopted for estimating the eigen frequencies in design. However, it is worth noticing that the
effect of waveguides on vibration of micro-machined membranes may be observed in other aspects.
Increasing the amount of waveguides or their relative dimensions to the membrane, which is possible
in practice, can lead to more significant mechanical effects.

7.2. Deformation of Micro-Ring Resonators

The ultimate goal of mechanical resonator design is to achieve high signal amplification with the largest
possible elongation of micro-ring resonators. The mechanical sensitivity of the system can be consid-
ered as the linear response of micro-ring radius change with regard to the input displacement

0b 0b Owy

- =~ 7.
8xf 8100 (9£Ef ( 33)

where 2z is the housing displacement as the input signal, as stated in Section. 5.1. wy is the vibra-
tion amplitude, defined by the displacement on the membrane centroid. For a given micro-machined
membrane, the former partial derivative on the right-hand side of Eq. 7.33 depends on the radius of the
micro-ring resonator. The latter partial derivative depends on the design of micro-machined membrane,
which reflects the magnification of the ultrasonic wave signal.
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In practice, the mechanical sensitivity, defined by change in micro-ring radius or circumference, can
be directly obtained from numerical simulation without calculating the above two derivatives. Neverthe-
less, an in-depth understanding of the mechanisms of micro-ring resonator deformation is essential
for rational design. In this section, the analytical model for the deformation of micro-ring resonators is
investigated, corresponding to the first factor in Eq. 7.33. The latter one actually defines the bandwidth
of the system, which is therefore often analysed separately.

In the case of a large difference between the scale of the micro-machined membrane and the micro-
ring resonator, as seen in previous works on thick BOX-layer membranes, the waveguide dimensions
are often neglected. Thatis, the micro-ring resonator is reduced to a geometrical circle on the surface of
the membrane, whose circumference change can be calculated with the radial displacement multiplied
by 27. As illustrated in Fig. 7.7, the radial displacement is given by

W = — ttm 8770

" 2 Or

where t,,, refers to the thickness of the thick membrane, w the neutral plane deflection and r the radial
coordinate.

(7.34)

Figure 7.7: Cross-sectional diagram of a deformed thick membrane.

Based on the eigen frequency analysis in COMSOL Multiphysics 6.0, the line graphs of radial dis-
placement on the surface of the micro-machined membrane is obtained by calculating Eq. 7.34, as
shown in Fig. 7.8. The deflection of the two analytical models is calculated with the first mode shapes,
given by Eq. 7.18 and 7.30. Considering that the classical membrane model does not involve thickness,
the membrane deflection is employed here as the neutral plane deflection.
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Figure 7.8: Normalized radial displacement on the surface of the micro-machined membrane, classical membrane and
classical plate, obtained by COMSOL Multiphysics 6.0.



7.2. Deformation of Micro-Ring Resonators 40

As the initial stress increases, the maximum radial displacement on the surface appears further to
the edge. For the classical plate model with no initial stress, the maximum appears approximately in
the middle of the membrane radius (=~ 0.528 R). For the classical membrane model, the maximum
appears at about 3/4 membrane radius (=~ 0.766 R) away from the centre. Therefore, the micro-ring
radius should be set at 50 ~ 75% membrane radius for larger elongation.

For the present design, the micro-machined membrane is of a comparable scale in thickness with
the micro-ring rib waveguide. In this case, Eq. 7.34 is no longer available since the micro-ring resonator
can no longer be treated as a geometrical circle. Considering that the electromagnetic field of laser
is distributed in full thickness of rib waveguides, the circumference change of micro-ring resonators
should be calculated with the average value of radial displacement on the whole cross section. The
distribution of radial displacement on the cross section of micro-ring waveguide is shown in Fig. 7.9.
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Figure 7.9: Radial displacement along the middle cut line of a micro-ring rib waveguide, obtained from eigenfrequency
analysis by COMSOL Multiphysics 6.0.

At the given stress levels, the neutral plane does not experience significant shift on the whole mem-
brane, and the radial displacement on the waveguide cross section is approximately linear with respect
to the thickness-coordinate. Given that the membrane thickness is constant, The overall radial dis-
placement on the waveguide cross section can be fairly well estimated with only the protruding part
with a good accuracy, as illustrated in Fig. 7.10.

Figure 7.10: Cross-sectional diagram of a bare micro-machined membrane around the built-on rib waveguide.

Thus, one can replace the thick membrane thickness t;,, in Eq. 7.34 with the total thickness of rib
waveguide, multiplied by the ratio of rib height to the total thickness, ending up with

t Ow
U= =5 (7.35)

where t refers to the rib height. Eq. 7.35 resembles well direct simulation, as shown in the table below.
The simulation results are obtained from the probe output over the rib waveguide area, while the ana-
lytical calculations are carried out with Eq. 7.35, where the neutral plane deflection in dw/dr is taken
from the eigen frequency analysis by COMSOL Multiphysics 6.0.
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Table 7.7: Normalized radial displacement of a rib MRR on micro-machined membranes with different initial stress.

Initial stress Normalized radial displacement Normalized radial displacement Difference

| M Pa from COMSOL simulation from analytical calculation ! %
0.1 0.491 0.505 2.85
1.0 0.442 0.455 2.94
50 0.356 0.363 1.97

" As an example, the MRR has a radius of 15 um, made of a silicon rib waveguide of 120 nm in height and 450 nm in
width.

In numerical simulation, the circumference change of micro-ring resonators can also be obtained
with the integral of angular strain, which gives fairly similar results within tolerance.

7.3. Micro-machined Membranes with Cladding

In order to achieve certain mechanical or optical effects, it is sometimes necessary to add cladding on
micro-machined membranes, thus introducing a new design variable, the cladding thickness t..4. As
introduced in Section. 4.2, one of the most popular methods for cladding fabrication is PECVD process,
with a variety of materials available. In this section, the mechanical behaviour of micro-machined mem-
branes with cladding is discussed, in which context the waveguide deformation is analyzed. Unless
otherwise stated, the internal stress of the original micro-machined membrane is taken 50 M Pa in the
following calculations.

7.3.1. Vibration of Cladded Micro-Machined Membranes

Micro-machined membranes with cladding can be decomposed into two layers, the original membrane
and the cladding, with respective materials and initial stresses. Following a similar approach to that in
Section. 7.1.2, both of the layers can be considered as equivalent mass-spring systems, whose eigen
frequencies can be calculated with Eq. 7.32

Wm =

2 2 P2
1 \/k D,, + a2R2S,, 7.36)

R? Om

1 [k%?D.+ o?R2S.

where the subscript m denotes the original membrane, and ¢ denotes the cladding. For simplicity, the
original subscripts representing different modes are omitted.

A natural idea is that, since the two layers are bound at the interface, the cladded micro-machined
membrane can be imagined as the two masses being connected. In this case, the springs are in parallel,
as shown in Fig. 7.11.

Kstress, m

Kflexural rigidity, m \/\/\/\/\/\

Kstress, c

Kflexural rigidity, ¢ \/\/\/\/\/\
[ I ] -0

Figure 7.11: Schematic diagram of the equivalent mass-spring system of micro-machined membranes with cladding.
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The generalized mass and stiffness of the cladded micro-machined membrane can be obtained with

M = M,, + M, (7.38)
K=K,+K, (7.39)
where K,, = M,,w?,, K. = M.w?. The eigen frequencies
K
Q=15 (7.40)

The effects of waveguides are neglected. Based on Eq. 7.40, the estimated eigen frequencies of
the micro-machined membrane with cladding of different initial stresses is shown in Fig. 7.12
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Figure 7.12: Estimation for first-order eigen frequencies of a micro-machined circular membrane with a 100 nm SiO2 cladding
under different initial stresses.

It emerges that the above analytical model is in good agreement with the simulation results for higher
initial stress levels in the cladding, but encounters some difficulties at lower stresses, where the error
increases from about —0.85% to —4.66%. This is attributed to the fact that micro-machined membranes
with cladding are anisotropic in thickness and thus suffer from non-uniform shear deformation, which
is neglected in classical plate model. Therefore, errors are introduced in the above method where the
generalized plate stiffness of the two layers are calculated separately and added up.

To reduce the error, classical laminated plate theory [62] is employed, where multi-layer plates are
constructed of isotropic thin plates bonded without sliding. The element of such laminated plates is
shown in Fig. 7.13

Pz (x, y) dx, dy

Figure 7.13: Multi-layer plate element, reproduced from [62].
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The transformed flexural rigidity is given by

AC — B?
D= —— 7.41
1 (7.41)
where
Ey
A= Ek: . (25 — 2-1) (7.42)
Ey 2~ %
B= - 7.4
2 1—-v? 2 (7.43)
k
_ B, 2 —2%_,
C—Zl_yg 3 (7.44)
k
And the overall surface density is given by
ot = prhx (7.45)
k
In the above equations, & = 0,1,2,... indicates the number of layers, and z; refers to the z-

coordinate of the boundaries between layer £ and k + 1. Substituting D* and ¢* into Eq. 7.29, the
corrected eigen frequencies of multi-layer plates can be obtained. Since the flexural rigidity of two
layers are calculated jointly, the equivalent mass-spring system consists of three parallel springs repre-
senting the stiffnesses from the overall flexural rigidity and the initial stresses in two layers, respectively.

K= Kstress, m + Kstress, ct Kflczural rigidity (746)

The corrected estimation is shown in Fig. 7.14. For comparison, the first-order eigen frequency of
the original bare membrane with 50 M Pq initial stress is also plotted with a black dashed line.
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Figure 7.14: Corrected estimation for first-order eigen frequencies of a micro-machined circular membrane with a 100 nm
S04 cladding under different initial stresses.

The corrected estimation proved to have a reduced error, ranging from —0.78% to —3.29%. The
above theory provides an approach for fast design of micro-machined membranes with cladding. Com-
paring the dashed reference line with the estimation curve, it can also be concluded that the deposition
of a lower-stressed cladding on a micro-machined membrane with a certain initial stress can reduce
the eigen frequency of the system.
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Following the above theory, the behavior of multi-layer micro-machined membranes is analogous to
that of the original homogeneous membranes, especially in cases where the mechanical properties of
the layers do not differ too much. In the subsequent discussions, the conclusions on the mode shape
in Section. 7.1.2 will be adopted consistently.

7.3.2. Deformation of Micro-Ring Resonators with Cladding

Owing to elevated neutral planes, the deposition of cladding above micro-machined membranes with rib
waveguides normally reduces the net circumference change of micro-ring resonators, thus decreasing
the mechanical sensitivity. A solution is to increase the cladding thickness ¢.;,4 SO that the neutral plane
can be higher than the middle plane of the rib waveguide.

neutral plane

1 fr.

Figure 7.15: Cross-sectional diagram of a cladded micro-machined membrane around the built-on rib waveguide.

For quantitative design, it is necessary to locate the neutral plane of multi-layer micro-machined
membranes. For classical laminated plates, the position of neutral planes can be calculated with [63]

1
) ZEk(Zi —2i_1)
k

Zneutral plane —
E Exty
k

(7.47)

following the coordinate system in Fig. 7.13.

For practical multi-layer micro-machined membranes, the presence of internal stress also con-
tributes to the neutral plane position. Nevertheless, a comparison with simulation results shows that
Eq. 7.47 can still provide satisfactory estimation within the considered stress range, shown in Fig. 7.16.
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Figure 7.16: Comparison in Z,,cytral plane Of @ micro-machined circular membrane with a 200 nm SiO2 cladding under
different initial stresses, calculated from classical laminated plate theory and numerical simulation.
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Care needs to be taken, as the neutral plane position is not constant along the radial direction, the
above estimation may present larger errors for micro-machined membranes with larger radii.
As illustrated in Fig. 7.15, the radial displacement of the waveguide can be estimated with

ttot ﬁw

r — Zn(’u,ra ane — o | & 7.48

" ( utral pl 2 > or ( )

where t,,; refers to the total thickness of the rib waveguide. In the present work, ¢,,; is a constant value
of 220 nm.



Sensor Design: Photonic Design

8.1. Photonic System Setup

Since silicon is a “passive” material with indirect band gap at the common telecommunication wave-
length around 1550 nm, it is unable to electronically detect or generate light [42]. A natural idea is
to connect the passive photonic chip to external laser sources and interrogation devices with optical
fiber. This is now one of the commonly used packaging and integration techniques for photonic chips
because of its technical maturity and low design effort. An example of a packaged photonic chip in
prior work is provided in Fig. 8.1

A% .
-

Figure 8.1: Fiber-coupled photonic sensor chip, reproduced from [59].

A schematic diagram is provided in Fig. 8.2, where the thick arrows represent fibre-optic transmis-
sion while the thin ones represent on-chip transmission through the silicon waveguides. The laser is
coupled from the input fibre to the photonic chip and back into the output fibre via grating couplers,
and finally detected by an external photo-detector. As trade-offs, this approach is reported to have a
relatively high fiber-to-waveguide peak insertion loss of 4.5 d B [64], and can result in a bulky system
due to its incompleteness of integration.
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Figure 8.2: Schematic diagram of fibre-coupled photonic setups.
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For lower transmission loss and higher robustness, a more integrated and fully packaged photonic
system can be achieved by introducing on-chip active devices, such as laser sources and detectors.
Both passive and active photonic chips need to be subsequently connected to external drive and control
electronics. In terms of performance, the second flavor is a better example of miniaturization and
reliability, but can also lead to higher individual costs and longer design cycles, which is only practical
and beneficial in massive industrial production. As the first step of small-scale laboratory research and
development, we will firstly focus on the passive chip configuration in this project, which is expected to
fully reflect the working principles while reducing the difficulty of implementation.

8.2. Photonic Resonator Design

For photonic ultrasonic wave sensors based on micro-ring resonators, the detected resonance shift is
brought by mainly two factors: the circumference change of the ring, and the effective refractive index
shift of the waveguides due to the Poisson effect and the photo-elastic effect. The change in effective
refractive index is neglected in the present work, though it may reduce the sensitivity by a factor of 1/3
[65]. The linear response of transmittance to micro-ring radius change is thus considered

oT 0T 00

b 90 b

For a micro-ring resonator with one symmetric directional coupler, the resonance condition is given

by Eq. 3.8, and the transmission spectrum is given by Eq. 3.12 and Eq. 3.14. Thus the two factors on
the right-hand side of Eq. 8.1 are respectively

(8.1)

oT  2ar(1—a?)(1—72)sing

90~ (14 a%72 —2arcosf)? (8.2)
and
09  4x?
% == Tne (83)

To complete the analyses, the refractive effective index ne, the loss coefficient « and the transmis-
sion coefficient 7 remain to be determined, which are related to the design of the micro-ring resonator
and coupler. In addition, it should be noted that the design variable b is also included in 6, and the laser
wavelength still remains to be discussed. In this section, the criteria for calculating or selecting the
above parameters will be determined in turn, based on which the design principles of ring resonators
and the optical coupling is presented.

8.2.1. Effective Refractive Index Analysis

For channel waveguides, the effective refractive index depends mainly on the material and the shape
of waveguide cross-section. In the present design, the micro-ring resonators are formed by rib waveg-
uides, whose diagrams are given by Fig. 8.3.

(a)

RIB _L. 1 (®)

Si0z2 4 220nm

Figure 8.3: Schematic diagrams of rib waveguides. (a) Structure of rib waveguides, adapted from [66]. (b) Cross-sectional
sketch of a rib waveguide with profile of the fundamental mode, adapter from [42]

In general, rib waveguides can be described with geometrical parameters, namely layer thickness h,
rib width w and rib height ¢ or corresponding slab thickness r, and optical parameters, refractive indices
of the cladding n., waveguide n,,, and BOX layer npo x. The effective index method [67, 66] is applied
to calculate the effective refractive index n. of waveguides, of which the procedure is as follows:
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1. Decompose the rib waveguide into two orthogonal slab waveguides;

2. Calculate the effective refractive index of the asymmetric horizontal slab waveguide n.;, using
[67]

\/sin2 91 — (nBox/nwg)Q]

kony,dcosf; —mm = tan~*
0Twg ! cos 0;

(8.4)

cos6;

1 [\/Sin2 0; — (nC/nwg)Q]
+tan

where ko = 27/) is the free space wave number, d = h or r is the corresponding thickness,
m = 0,1,2,... is the mode number. 6; is the propagation angle, with ¢ = 1,2,... indicating
different areas. The effective refractive index

Nei = Mg sing; (85)

By convention, i = 1 refers to the core and other numbers represent the sides.

3. Calculate the effective refractive index of the symmetric vertical slab waveguide n., with n.; taken
as the refractive index of the core, using [67]

koneiw €OS 6,4 = 2tan™

' [\/(Z;)z SN s - 1] (8.6)

Nel
( ° )cosﬂwg
Ne2

where n.o refers to the effective refractive index of the surrounding. For typical strip waveguides,
ne2 = n.. And the overall effective refractive index

Ne = N1 SiNByg (8.7)

For rib waveguides, the second step should be taken twice for the “rib” (i = 1) and the "slab”
(: = 2) on both sides. In the third step, the refractive index of the "slab” area should be adopted as the
surrounding refractive index on both sides of the decomposed vertical slab.

Specifically, for bare rib waveguides with no BOX substrate in vacuum or gas surroundings, n. = 1,
nyg equals the refractive index of Silicon, and npox should be replaced by n.. For rib waveguides
with cladding under the same condition, n. should be taken as the refractive indices of the considered
cladding materials, shown in Tab. 8.1, and ngox = 1.

Table 8.1: Refractive indices of involved materials at 1550 nm wavelength.

Material Refractive index Refragtive index
(reference value) (approximate value)

Air [68] 1.0003 1.00

Silicon, Si [69, 70] 3.4777 3.48
3.4757

Silicon dioxide, SiO- [71, 72] 1.4657 1.45
1.4431

Silicon nitride, Si3 N, [73] 1.9963 2.00

In practice, the calculation of effective refractive index can be more complicated as the waveguides
can possibly support more than one mode of light, each with their own effective refractive indices. In the
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present design, the effective refractive indices are calculated with the mode solver for 2D multi-layer
waveguides provided by M. Hammer [74]. Itis just as important to clarify that the above method as well
as all related numerical solvers are only capable of providing reference values as an approximation. In
many cases, the calculation results deviate from the experimental measurements, which is manifested
in both the computational values and the supported modes.

Based on the above considerations, only the dominant T'E,, ; mode is taken into account in design,
while the other modes are treated as exclusion conditions if their field strengths are comparable to that
of the T'Ey o modes. The calculation results of bare and buried rib waveguides of 450 nm width and
220 n'm total thickness in air surroundings are shown in Fig. 8.4, where the cladding thickness is taken
200 nm and the ’'etching depth’ is the rib height put another way.
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Figure 8.4: TE, o effective refractive index of bare and buried rib waveguides of different etching depth, calculated with the
mode solver for 2D multi-layer waveguides [74]. The dashed lines refer to the average value within the range.

It emerges that the effective refractive index is approximately linearly correlated with the etching
depth, with the average values of respectively 2.52, 2.56 and 2.63 for the three waveguides over the
considered range. In general, for a given total thickness h, greater slab thickness r leads to higher
effective refractive index, and thus higher optical sensitivity. However, this is accompanied by possibly
higher optical losses, which will be discussed in the next sub-section.

The effective refractive indices of rib waveguides with SiO, and Si3 N, claddings versus etching
depth and cladding thickness are shown in Fig. 8.5. Within the considered range of parameters, the
effect of cladding thickness is much weaker than that of etching depth. This is attributed to the fact that
the cladding of considered thickness can almost completely accommodates the electromagnetic field
of light in the rib waveguide. Therefore, in the determination of the cladding thickness t.;.4, the main
consideration will be given to its mechanical effects.
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Figure 8.5: Effective refractive index of buried rib waveguides of different etching depth with SiO2 and Si3 N4 claddings of
different thickness, calculated with the mode solver for 2D multi-layer waveguides [74].
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8.2.2. Waveguide Loss Analysis

Typical SOl waveguides exhibits three main sources of losses: propagation loss, bending loss and slab
leakage loss. Propagation losses exist in all types of waveguides and are inevitable, mainly caused by
material defects or processing effects, such as sidewall roughness and width variation of waveguides
[42]. Bending losses only exist in curved waveguides, in which radiation happens due to the failure
of photons to maintain the phase velocity beyond a certain radius. Slab leakage losses are a special
type of losses in rib waveguides, caused by coupling to the slab. For rib waveguides in micro-ring
resonators, all three sources exist.

A rigorous study of all loss mechanisms is, unfortunately, beyond the scope of this work. In fact, due
to limited knowledge of the materials, structural properties and processing of waveguides, analytical
calculation of optical losses is often impractical. However, it is still possible to make a reasonable
estimation for the potential loss levels in this design based on previous work.

For the first type of losses mentioned, the propagation loss, current processing technology has
allowed a level of 2 ~ 3 dB/cm [75]. For simplicity, the median of 2.5 dB/cm is taken for estimation
in this project. Both other losses depend on the actual design of micro-ring resonators. For bending
losses in channel waveguides, it has been reported with semi-empirical relations [76]

3/n2_n2

o

4 — s 2n
Qpend ~ 0-72%(% —ng)10 ¢ A b nZ (8.8)

where n. and n, refer to the refractive index of the waveguide and the surroundings, respectively.
A refers to the laser wavelength. It emerges that the bending losses increase rapidly as the radius
decreases. In waveguides with high refractive index contrast, related electromagnetic fields are strongly
confined and therefore produce lower bending losses.

It is generally accepted that for rib waveguides with constant total thickness, greater slab thickness
leads to greater leakage loss. And vigorous bending can also exacerbate light leakage to the slab.
However, A. Brimont et al. [77] have demonstrated in their previous work that for rib waveguides, the
bending-induced total losses reach a local minimum in a certain range of small bending radius, as
shown in Fig. 8.6. The deviation at a bending radius of 20 um is explained as a result of inaccuracies
in spectral normalization. The optimal loss region is produced by the opposite evolution of bending
losses and slab leakage losses over a certain range of bending radii.
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Figure 8.6: Bending-induced losses per 90° bend versus the bending radius at 1550 nm wavelength, reproduced from [77].

The bending-induced losses of the rib waveguides in the present design can be estimated according
to the numerical simulation by A. Brimont et al. [77], as shown in Fig. 8.7. In the range of parameters
considered, the minimum bending-induced losses is below the level of 0.09 dB/90° turn, and the cor-
responding optimum bending radius occurs below 40 ym. Considering that the sensitivity of losses to
the bending radius is lower after the point of minima, a slightly larger micro-ring radius is preferred in
practical design. A more in-depth discussion is provided in next chapter.
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Figure 8.7: Evolution of (a) the bending radius for minimum loss and (b) lowest bending loss versus waveguide width and
etching depth, reproduced from [77].

8.2.3. Operation of Micro-Ring Resonators

The operation of micro-ring resonators comes down to two main aspects, the micro-ring design and
the optical coupling process. By describing the waveguide properties in terms of its effective refractive
index n., the deign of a standard passive micro-ring resonator reduces to its geometry, determined by
micro-ring radius b. In the configuration considered in the present design, the opitcal coupling process
is realized with directional couplers, described with the transmission coefficient ~. In addition, the
selection of the laser wavelength ) is related to the shape and position of the resonance peaks, which
should therefore also be taken into account.

With the goal of achieving maximum optical sensitivity, the optimal values of all the above param-
eters can be determined according to the following method. Considering that both the loss coefficient
« and transmission coefficient  within the design space should be close to 1, the FWHM AM gy g as Of
resonance peaks, given by Eq. 3.15, is small. Thus, the phase delay 6 can be described as small shift
A6 from the resonance, that is

0 = 2mm + A0 (8.9)

With small-angle approximation sin? /2 = sin® A8/2 ~ A#?/4 in Eq. 3.13, the transmittance can
be estimated with

i
Tr1—(1=Tmin 8.10
( )irz + AG? (8.10)
where T,,;, refers to the transmittance at resonance, and I"' the FWHM, given by
(a—7)2
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To obtain the maximum sensitivity 97'/90, the laser should be tuned to achieve its inflection point,
that is

e
6

Ab (8.13)

with the maximum sensitivity
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For a micro-ring resonator with certain loss «, the transmission coefficient = should be set for max-
imising the selected slope (0T /90) 4., at
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r=va (8.15)

Eq. 8.15 can be achieved by adjusting the gap between the micro-ring waveguide and the direc-
tional coupler. However, due to the unpredictability of waveguide losses, this requirement is difficult
to fulfill precisely in design phase. In practice, the optimum design is normally found by performing
measurements on directional couplers with varying gap scales within a certain range.

With the above insights in mind, the optical sensitivity in practice can be written as follows according

to Eq. 8.1, 8.14 and 8.3
or _(ory o
ob \od), . Ob

2
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There are two more conclusions that can be drawn from the above derivation. Under the condition
of Eq. 8.13, it can also be observed from Eq. 8.9, 8.3 and 3.14 that

90 2mm + A6
ob b
8.17
~ 12mm + V3T (817)
B 6b

Considering that the variation of the loss coefficient « is relatively small, it can be concluded from
Eq. 8.16 and 8.17 that the maximum optical sensitivity of a micro-ring resonator system is inversely
proportional to the micro-ring radius b.

The next discussion is about the approximation of the laser wavelength . Within the design space,
the Free Spectral Range (FSR) of the resonance peak around the telecommunication wavelength of
1550 nm can be estimated with Eq. 3.17 to the order of approximately 10! ~ 102 nm. Therefore, it
is quite easy to select a resonance peak near the 1550 nm wavelength, with a difference of no more
than 10%. In the calculation of the optical sensitivity 97'/9b, the laser wavelength can be estimated as
1550 nm without much error, though it should be tuned on the nearby resonance peak in practice.



Results and Assessment

9.1. Complete Opto-Mechanical Sensor Design

In Chapter. 7 and 8, the analyses are carried out from the mechanical and optical aspects, based on
which the criterion for the determination of the design variables are presented. However, a comprehen-
sive analysis reveals that two design variables, membrane thickness t,,.,, and micro-ring radius b, are
inherently opto-mechanically coupled and exhibit opposite effects on the mechanical and optical sen-
sitivity. In this section, some more in-depth discussions are performed within the multi-physics scope,
and the evaluation criterion for the present opto-mechanical AE sensor is provided.

9.1.1. Opto-Mechanical Analysis

Membrane Thickness

Since the proposed concept involves a micro-machined membrane with built-on micro-ring resonator,
the design variable t,,,.,,, actually plays the role of both the membrane thickness and the slab thickness
of the rib waveguide.

In the context of bare membrane configuration, according to Eq. 7.35, the increase of membrane
thickness can reduce the net micro-ring elongation and thus the mechanical sensitivity under the same
membrane deformation. Fig. 8.4 reveals an opposite pattern, that is, a larger membrane thickness
brings a higher effective refractive index and thus the optical sensitivity.

In the equations of system sensitivity, both the radial displacement and the effective refractive in-
dex of the micro-ring waveguide appear as first-order factors. In comparison, the effective refractive
index shows a much slower trend. Thus, one can confidently select the smallest possible membrane
thickness t,,..,, in design space to obtain largest micro-ring elongation.

The membrane-with-cladding configuration is slightly different. According to Eq. 7.48, with a con-
stant total thickness of silicon waveguides, the micro-ring deformation is only related to the height of
neutral plane. For a standard two-layer micro-machined membrane, Eq. 7.47 reduces to

E1t3 + Bt + 2Bt 1ty
2(Erty + Esta)
where the subscript 1 stands for the silicon waveguide layer, and 2 the SiO; or SizN, cladding. The

subscript of neutral plane is omitted for brevity.
Deriving the above equation for ¢; and ¢, respectively, we have

Z= (9.1)

0Z 1 (Ey— E;)Ext}
oty 2 2(Erty + Eaty)?
9z _ EyEst? + 2B, Estyty + E3t3 9.3)
Ota 2(E1ty + Eqty)? '
Both Eq. 9.2 and Eq. 9.3 are obviously greater than 0. Therefore, the mechanical sensitivity of the
system increases as the thickness of each layer increases, which leads to an opposite conclusion that
a greater silicon layer thickness should be considered for the configuration with cladding.

(9.2)
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There are two other points to be made about the above discussion. First, the stiffness variation
due to different flexural rigidity is neglected in the above discussion due to its small ratio to that from
initial stresses, nor the damping ratio difference. In other words, the shift in resonance frequency and
amplitude caused by the above variables is not taken into account. In practice, however, excessive
membrane thickness may indeed lead to a decrease in mechanical response, thus design decisions
requires reference to actual simulation results. The second note is that both the slab thickness and
the cladding thickness can affect the electromagnetic wave modes supported by the waveguides. For
simplicity, only the T'E o mode is considered.

Micro-Ring Radius

According to Section. 7.2, micro-ring radii of 50 ~ 75% the membrane radius result in largest radial
displacement thus largest elongation. Simultaneously, Eq. 8.17 demonstrates that the optical sensitivity
of the system is inversely proportional to the micro-ring radius. Since the optical sensitivity changes
more rapidly with the micro-ring radius than the mechanical sensitivity, it seems reasonable to have the
smallest possible micro-ring radius b.

However, all of these inferences are made with an assumption of low optical losses, which is very
likely to be undermined as the micro-ring radius decreases. For further clarification, an estimation is
made with regard to the numerical simulations by A. Brimont. et al. [77]. For a micro-ring resonator of
15 wm radius, the bending-induced losses reaches a level of 0.75dB/90°, which consequently results in
an overall loss a? = 0.50 ( —3.02dB). This goes well beyond the acceptance of optical losses. Hence, a
threshold for optical losses of o2 = 0.90 ( —0.46dB) should be set beforehand as a criteria for micro-ring
radius determination, with a corresponding radius of around 25 um.

9.1.2. Performance Evaluation

As stated in Section. 2.2, the performance of AE sensors is usually determined with the systematic
frequency response. In the present design, since only the first eigen mode of the micro-machined mem-
brane is considered, the performance specifications of the opto-mechanical AE sensor are assessed
around the first-order resonance frequency instead of the whole frequency range. The performance
evaluation involves the following main aspects:

Frequency Response

The evaluation is first performed in terms of the mechanical frequency response via numerical simu-
lations on COMSOL Multiphysics 6.0. Considering that the responses at all levels of the system are
linear, the resonance peaks and the corresponding 6-dB bandwidths of the sensor can be primarily de-
termined in terms of the displacement at the micro-machined membrane centroid or the average radial
displacement within the rib waveguide area.

Sensitivity Analysis

As the second step, the systematic sensitivity is calculated according to Eq. 5.12, Eq. 7.33 and Eq. 8.1.
The sensitivity of the proposed opto-mechanical ultrasonic wave sensor can be described in terms of
the partial derivative 97'/0x ¢ in the extended form

or _ om0 o ow 04
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where the values of the first two factors are provided by Eq. 8.16 and the rest by numerical simulations.

Bandwidth Analysis

The bandwidth of the proposed sensors can be characterized in two ways, as specified in Section. 4.1.
The 6-dB resonant bandwidth can be obtained from the mechanical frequency response. Since the
frequency of AE signals in civil engineering materials is generally ranged from 20 kHz to 1 M Hz [22],
the operating frequency range above 35 dB is determined with the frequency response curves within
this range.

Signal-to-Noise Ratio
Third, the SNR of the sensor is estimated on the basis of the specifications of involved devices and
some assumptions.
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The systematic noise consists of two main aspects: the thermo-mechanical noise from the mechan-
ical resonator, and the electro-optical noises from the optical system. The respective definitions and
calculation approaches are as follows:

* Thermo-mechanical noise: For most MEMS sensors, the fundamental noise limit is imposed
by thermo-mechanical motions of the micro-mechanical resonators. Briefly, the modes of the
resonator can be excited by a thermo-mechanical noise force even in the absence of any external
loads. The equivalent pressure is in the form of

Proise = V 4kTAfRa (95)

where k = 1.38 x 10723 J/K is Bolzmann’s constant, 7' the thermodynamic temperature and A f
the specified bandwidth. R, is the acoustic resistance, related with the system damping.

Due to the fact that the AE sensors in this project are mostly used in outdoor environments with a
wide range of temperature variations, and due to the lack of detailed information on the damping
of the system, it is very difficult and of little significance to estimate the thermo-mechanical noise.
In this project, more emphasis are placed on the noises in the electro-optical system, which is
indeed the main difference from conventional piezoelectric and MEMS sensors.

» Laser Noise: The noises of the laser source can be broadly divided into two parts, namely ampli-
tude and frequency noise. The laser produced by an ideal laser source has a constant amplitude
and single frequency. In practice, however, both the two values change randomly within some
range. Since the sensing system is designed to detect ultrasonic waves by measuring transmitted
light intensity, the variation in laser amplitude can directly lead to errors in output transmittance.
The frequency noise, also referred to as wavelength noise, can lead to random shifts on the
transmittance spectrum of micro-ring resonators, and thus errors in the measurement.

» Photo-Detector Noise: There is some noise introduced by photo-detectors in the conversion of
optical intensity to voltage. Such noise can be obtained from the product instructions as output
noise or integrated noise, representing the range of fluctuation in voltage output.

It should be noted that, since latter two types do not influence the noise level of passive opto-
mechanical sensors, they are not necessarily part of the design phase in this project. However, for
integrated photonic sensors with on-chip laser sources and photo-detectors, or complete, AE detection
nodes with embedded laser sources and photo-detectors, the design or selection of such devices can
be an important part for product design. Therefore, rough estimations of the above noises are still
provided in this paper for each design. The SNR of the system is defined as

SNR = 20log,, (“//9“) (9.6)

notse

9.2. Prototype 1: Design and Assessment

In the thesis, two configurations are investigated for AE detection, one based on bare micro-machined
membranes and the other based on micro-machined membranes with cladding.

For reasons of manufacturing cost and simplicity, a bare membrane configuration without cladding
is first considered. On the basis of the design guidelines in Section. 9.1, the opto-mechanically coupled
design variables, membrane thickness t,,.,, and micro-ring radius b can be determined. For achieving
largest possible waveguide deformation, the membrane thickness t,,.,, is set to 100 nm, being the
minimum within design space. The micro-ring radius is set 25 um to achieve highest possible optical
sensitivity within the optical loss threshold o2 = 0.90.

Based on the required centre frequency as design specification in Section. 4.1, the micro-machined
membrane should exhibit the first-order eigen frequency at 100 kH z. According to Eq. 7.20 and trans-

formed Eq. 7.32, we have
\/ k3, D + o2, R2S
00 o (9.7)
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where f, refers to the centre frequency of 100 kHz. Eq. 9.7 and 9.8 lead to a membrane radius of
561 pwm with 50 M Pa initial stress assumed.

Subsequently, Eigenfrequency analysis is carried out on this model in COMSOL Multiphysics 6.0.
The calculated first-order eigen frequency is 100.25 kH z, which is acceptable within tolerance. This
results in the first prototype design, as shown in Fig. 9.1 and 9.2.

Figure 9.1: 3D model of the opto-mechanical ultrasonic wave sensor (prototype 1).
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Figure 9.2: Cross-sectional diagram of the photonic micro-mechanical ultrasonic wave sensor (prototype 1).

9.2.1. Frequency response

The frequency response of the proposed prototype is carried out with the frequency domain module in
COMSOL Multiphyiscs 6.0. A displacement input of 1nm is imposed on the bottom of the substrate and
the frequency range is set as an exponential function (base 10) from 10 to 1000 k£ H z with an interval of
exp10(0.001) kH z. Based on engineering experiences, the material damping of silicon is estimated with
0.01 isotropic loss factor. The response at the membrane centroid under 1 nm displacement excitation
over the considered frequency range is shown in Fig. 9.3.
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Figure 9.3: Frequency responses of micro-machined membrane, under 1 nm displacement excitation.

As seen in the plot, the micro-machined membrane shows the first resonance peak at about100 H -.
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As mentioned earlier, since the resonance of the micro-machined membrane does not necessarily
correspond to the maximum elongation of the attached micro-ring resonator, the higher order resonance
peaks here are not part of the operating frequency range.

Two main problems are exposed in the investigation of frequency response. First, the system band-
width around the centre frequency of 100 kH z is quite narrow. With the current damping level and
a refined simulation step size of exp10(0.00002) kH z, the system exhibits a 6-dB bandwidth of about
0.02kH . Second, the mechanical effect of the rib waveguide can no more be neglected in forced vibra-
tion. As shown in Fig. 9.4, anomalous bending is evident in the vicinity of the micro-ring resonator both
at rest and under 100 k£ H z excitation. This implies that the micro-ring resonator exhibits non-uniform
shortening at rest and remains shortened throughout the whole vibration cycle around resonance, even
in the case of membrane up-convexity.
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Figure 9.4: Radial displacement (unit: m) in and around the rib waveguide, (a) at rest, (b) under 1 nm, 100 kH z displacement
excitation, membrane up-convexity.

Since the AE wave detection relies on the circumference change of micro-ring resonators, the ef-
fective deformation is embodied by the radial displacement under excitation minus that at rest. From
numerical simulations by COMSOL Multiphysics 6.0, the radial displacement over the micro-ring waveg-
uide area is —7.87 x 10~ 11m at rest, which is in the same order of magnitude as that under 1nm, 100k H z
displacement excitation (—7.16 x 10~ m). Such an insignificant difference in displacement is incon-
sistent with the original design intent and does not allow for effective perception of AE waves.

9.2.2. Failure Analysis
In this present design, micro-machined membranes with tensile initial stresses are considered. For the
cases without the rib waveguide, stresses are uniformly distributed in the membrane. The mechanical
analysis for an arbitrary piece of the membrane is shown in Fig. 9.5, where subplot (a) and (b) show the
distribution of internal tensile stresses on the radial cross section of the membrane at rest and under
vibration, respectively. In the material reference system, the internal stresses are larger on the convex
side due to the inertial force during vibration.

In micro-machined membranes with rib waveguides, since the radial component of initial stresses
in the rib is released, the stress transmission is cut off. As a result, the radial stress on the membrane
top surface is no longer continuous. The micro-machined membrane is divided into an outer ring-
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Figure 9.5: Schematic diagram of internal stress distribution on the radial cross section of micro-machined membranes
without rib waveguides. The inertial force and membrane deformation have been omitted.

shaped area and an inner circle by the “rigid” micro-ring resonator, and the vibration of the micro-
machined membrane no longer follows the single membrane or "membrane-plate” model. In terms of
the generalised mass-spring system, the micro-machined membrane should now be modelled as two
springs in series, where the inner part, due to its smaller radius, has a much higher equivalent stiffness
than the outer part. As a result, the motion of the outer ring still approximately follows the analytical
"membrane-plate” model, while the inner part remains almost horizontal in tension, with only vertical
translation.

The radial stress distribution inside the membrane with rib waveguides during vibration is shown
schematically in Fig. 9.6 (a). Since the membrane at the outside of the micro-ring resonator is further
stretched during vibration, its average stress along the thickness direction is higher than that of the
circled portion. Under this pair of forces, the rib waveguide tends to rotate or bend along the ¢ axis.
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Figure 9.6: Internal stress distribution on the cross section of micro-machined membranes with rib waveguides. (a) Schematic
diagram, with the membrane deformation omitted. (b) Simulation result (unit: MPa), showing the radial component of internal
stress.

The above inference is confirmed by simulation results. As shown in Fig. 9.5 (b), under 100 kH z
excitation, the internal stress at the inner portion of the membrane (red arrow) remains approximately
50 M Pa, while the highest stress level on the outer top surface (blue arrow) reaches around 54 M Pa.
This strong force causes the silicon rib waveguide to bend in the radial cross section.

9.3. Prototype 2: Design and Assessment

Due to the above problems, modifications need to be made on the first prototype. The introduction of an
on-membrane cladding is expected to help with maintaining the continuity of the internal stress, thereby
eliminating local deformation under forced vibration. Among the considered cladding materials, Si3 NV,
has the advantage of higher refractive index. However, due to the lack of knowledge on manufacturing
details, such as cost and precision, both Si0O5 and Si3 N, claddings are considered.

According to the discussion in Section. 9.1, the original silicon membrane thickness is taken the
maximum within the design space, i.e. 150nm, to achieve the largest possible micro-ring elongation as
well as high effective refractive index. According to Eq. 7.47, in order to ensure that the neutral plane is
higher than half of the total waveguide thickness, the thickness of SiO,; and Si3 N4 cladding should be
at least 138 nm and 62 nm. For Si3 N, cladding, the thickness should not be less than 80 nm to ensure
proper coverage of the rib waveguide. Though it emerges in theory that larger cladding thickness leads
to greater micro-ring elongation, the optimal value should be determined with simulation results due to
possible complex effects. To minimize the sensor footprint, cladding with lower initial stress should be
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selected. Here, we consider tensile stress of 50 M Pa for predictable design outcomes.

The rest of the design process is similar to that in the previous section. According to the theory
in Section. 7.3, the membrane radius can be roughly determined, which is subsequently checked via
numerical simulation on COMSOL Multiphysics 6.0. This leads to the second design prototype, as
shown in Fig. 9.7 and 9.8.

Figure 9.7: 3D model of the opto-mechanical ultrasonic wave sensor (prototype 2).

D

S———

AN

Figure 9.8: Cross-sectional diagram of the photonic micro-mechanical ultrasonic wave sensor (prototype 2).

The correspondence between the radius of micro-machined membranes of 100 kHz centre fre-
quency and two cladding thicknesses is shown below. The Si3; N, cladding allows smaller membrane
radius for the given centre frequency. Since the membrane radius does not change much with the
cladding thickness, it can be approximated that the change in cladding thickness has minor effect on
the system stiffness.

Table 9.1: Radii of micro-machined membranes of 100 k£ H z centre frequency with different cladding thicknesses.

Cladding Membrane radius Membrane radius
thickness / nm  (SiO, cladding) / nm  (Si3N4 cladding) / nm

600 584 514
1000 590 519

Itis also evident from Tab. 9.1 that the micro-ring radius of 25 um is less than 5% of the membrane
radius, which bodes well for the potential of the sensor to operate at higher frequencies. According to
Sub-Section. 7.1.2, micro-ring resonators of such scale are hardly affected by nodal circles at higher-
order resonance. The operating frequency range of the proposed sensor will be discussed in more
detail below.

9.3.1. Frequency Response

As described in the previous section, the functioning of proposed AE sensors can be determined with
the response around the 100 kH z centre frequency. Here, the average radial displacement over the
rib waveguide area is employed. Taking the SiO- cladding as an example, the radial displacement at
resonance with regard to cladding thickness is shown in Fig. 9.9.
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Figure 9.9: Resonant radial displacement of micro-machined membranes with S:O4 cladding of different thickness, under
1 nm displacement excitation.

It should be noted that, due to the extremely narrow bandwidth of the system, the simulation step
size needs to be refined to capture the resonant frequency response. In this part, we set the step size
at exp10(0.00001) kH z.

As discussed in theoretical analyses, according to Eq. 7.48, 9.1 and 9.3, the increase in cladding
thickness leads to greater radial deformation of the micro-ring resonator. However, due to the induced
larger material damping, the radial displacement almost ceases to grow at cladding thickness larger
than 2500 nm. Considering that larger cladding thickness results in larger sensor footprints and higher
processing cost, it is reasonable to choose the thinnest possible cladding if the performance differ-
ence is not significant. Therefore, the optimal thickness of SiO, cladding with 50 M Pa initial stress is
determined 2500 nm, corresponding to a membrane radius of around 611 pm.

As a comparison to the previous prototype design, the radial displacement of prototype 2 at res-

onance is shown in Fig. 9.10. The displacement field is proved smooth and free of anomalous local
deformations.
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Figure 9.10: Radial displacement in and around the rib waveguide on the micro-machined membrane with 2500 nm SiO2
cladding at resonance, under 1 nm displacement excitation.

The mechanical frequency response of a micro-machined membrane with 2500 nm-thick SiOs
cladding around resonance is shown below. The present design exhibits two resonance peaks around
100 kHz. Though with a dip in the middle, such phenomenon actually extends the frequency range

of resonance. The 6-dB bandwidth of the present model is about 0.265 k£ H z, which is about 13 times
larger than that of prototype 1.
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Figure 9.11: Frequency response of micro-machined membrane with 2500 nm-thick SiO2 cladding, under 1 nm displacement
excitation.

The bi-modal phenomenon in Fig. 9.11 alerts to the mechanical complexity of micro-machined mem-
branes with cladding. Although predictions can be made about the overall behavior of such membranes
with the generalized mass-spring system and the classical laminated plate theory, the actual vibration
phenomenon still shows more details than the simplified model. The difference in mechanical prop-
erties between the silicon layer and the cladding is the underlying cause of this phenomenon. In the
above simulations, assumed constant isotropic loss factors are applied to both layers, which results in
a slight phase difference in vibration between them. This consequently forms two adjacent resonance
peaks, which are very close to each other but in opposite phases, around the overall eigen frequency.

This effect also emphasizes the importance of step-size refinement in numerical simulations of
frequency response. Since the geometrical parameters that satisfy the required overall eigen frequency
(100 kH z) can produce two resonance peaks, it is not always possible to determine the maxima with
larger step sizes. Most likely, the simulation yields a value that lies between the two peaks, leading to
significant scattering of numerical results. An example is provided in Fig. 9.12, where the step size is
set to exp10(0.01) kH z.

250 -

- o N
o o =]
] o [S]
T T
L ]
L
L J
[ ]

Average radial displacement / 10%nm

o
=]
T

200 400 600 800 1000 1200 1400 1600 1800 2000
Cladding thickness (SiOz) /nm

Figure 9.12: Resonant radial displacement of the micro-machined membrane with SiO- cladding of different thickness, under
1 nm displacement excitation of ezp10(0.01) kH z step size.

In terms of the absolute amplitude, as is mentioned, there is a narrow dip near the centre frequency.
Since the phase difference between the two resonance peaks is very small, the dip does not have
dramatic effects on the functioning of the sensor, but rather expands the resonant bandwidth. It is
therefore an advantage.

In addition to Si0-, Sis N, cladding is also investigated, whose optimal thickness appears at around
1000 nm. The corresponding membrane radius is 519 um. The mechanical frequency response of the
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micro-machined membrane with 1000 nm-thick Si3 N, cladding around resonance is shown in Fig. 9.13.
The resulting resonant radial displacement under 1 nm excitation is approximately 196.7 x 10~3 nm,
and the 6-dB bandwidth is about 0.214 kH z.
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Figure 9.13: Frequency response of micro-machined membrane with 1000 nm-thick Si3 N4 cladding, under 1 nm
displacement excitation.

9.3.2. Sensitivity

The displacement sensitivity of opto-mechanical AE sensor with SiO, cladding is first calculated. Ac-
cording to Fig. 9.11, for a micro-machined membrane with SiO, cladding of 2500 nm thickness un-
der a displacement excitation of 1 nm at 100 kH z, the radial displacement of the rib waveguide is
2.671 x 1071 m . This yields a mechanical sensitivity

b
9 =0.2671 (9.9)

axf
The optical sensitivity can be calculated with Eq. 8.16, 8.11 and 8.12 under the condition of 8.15.
As stated in Section. 9.1, the squared loss coefficient o? of a micro-ring resonator of 25 um radius
is taken 0.9. For the given silicon rib waveguide with 2500 nm SiO, cladding, the effective refractive
index n. = 2.63123915 , calculated with the mode solver for 2D multi-layer waveguides provided by M.

Hammer [74]. The optical sensitivity is thus determined as
oT

5 4.896 x 108 m~! (9.10)

According to Eq. 9.4, the systematic sensitivity is given by

or _ 1.33 x 108 m™! (9.11)
an
As stated before, the optical signals in photonic systems can be converted into electric signals with
photo-detectors. Here the 1811-FC InGaAs Fiber-Optic Receiver® of Newport Corporation is employed,
whose conversion gain is 4 x 10* V /W. The overall sensitivity can be described with

ov. 9V aT

(9l‘f - oT 8xf

Assuming an optical power of 1 mW into the photo-detector, the overall displacement sensitivity

off the sensor is 5.32 V /nm, at the centre frequency of 100 kHz. As introduced in Section. 2.2, the

velocity sensitivity can also be derived from the displacement sensitivity by dividing it with the angular

frequency. This ends up with 8467.04 V' /(m/s) or 78.55 dB(V /(m/s)). Following the same steps, the

displacement and velocity sensitivities of the opto-mechanical AE sensor with 1000 nm Sis N, cladding

are 3.95V /nm and 75.96 dB(V /(m/s)), respectively. The maximum velocity sensitivities of two design

options are roughly in the order of magnitude of current commercial piezoelectric sensors, both of which
exceed the design target of 60 dB(V /(m/s)).

(9.12)
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Bases on the above equations, the frequency response curves of the proposed opto-mechanical
AE sensors with two cladding materials are shown in Fig. 9.14, obtained with simulations by COMSOL
Multiphysics 6.0. The simulation step size is setto exp10(0.002) kH z. As predicted earlier in this section,
the deformation of micro-ring resonators is not affected by the nodal circles at higher frequencies, thus
the frequency response of proposed AE sensors shows all 5 or 6 resonance peaks in the frequency
range of 20 ~ 1000kH z. In fact, the curves are conservative in their reflection on the performance
of both sensor designs, since there are actually asymmetric vibration modes that are not considered
in this project. Two design options exhibit very similar performance within the considered frequency
range, of which the sensor with SiO, cladding shows slightly higher sensitivity.
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Figure 9.14: Frequency response curves of opto-mechanical AE sensors with (a) SOz and (b) Si3 N4 cladding.

9.3.3. Bandwidth

According to the definition of sensor bandwidth in Section. 4.1, the 6-dB bandwidth around the 100k H =
resonance frequency and the operating frequency range with 35 dB threshold are investigated. From
Sub-Section. 9.3.1, the proposed AE sensors with SiO, and Si3N, cladding exhibit 6-dB resonant
bandwidths of 0.265 kH z and 0.214 kH z, respectively.

By adding external damping, such as gases with different pressures, a larger resonant bandwidth
can be achieved. An example on the AE sensor with SiO, cladding is provided in Fig. 9.15, obtained
with simulation by COMSOL Multiphysics 6.0. Though with a dip at around 100k H z, the 6-dB bandwidth
around the first-order resonance exceeds 50 kH z. Since the discussions on the micro-chip packaging
form is beyond the scope of this project, the increased damping in this example is realized simply
with a larger isotropic loss factor of 5. This treatment is definitely not rigorous, but provides a good
demonstration of the damping effect.

It is also observed in Fig. 9.15 that the two resonance peaks are much lower than that with smaller
damping. This is consistent with the theoretical analysis illustrated with Fig. 5.2 and 5.3, that is, the
increase in damping leads to lower peaks at resonance. According to Section. 4.1, sensitivity is the
first priority of this work. Therefore, such design trade-off requires extremely careful consideration. In
other words, though a narrow resonant bandwidth is usually the case for resonant AE sensors, it is not
necessarily to be avoided, especially if sensitivity is sacrificed.

In terms of the second definition of bandwidth in this project, the proposed AE sensors with SiO,
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Figure 9.15: Frequency responses of micro-machined membrane with 1000 nm-thick SiO2 cladding, under 1 nm
displacement excitation and isotropic loss factor of 5.

and Siz N, cladding both exhibit an operating frequency range of 100 ~ 1000 k£ H z with above 35 dB
response, though a truncated interval occurs within 100 ~ 200 kHz. Such kind of transient drop in
frequency response is also very common in conventional piezoelectric sensors, and its actual effect on
AE detection is to be further explored by sensor characterization and signal testing in laboratory. So
far, considering the effects of ignored asymmetric vibration modes, optimistic prediction is made on this
issue.

9.3.4. Signal-to-Noise Ratio

In this project, the estimation of system noise mainly involves the laser noise and the photo-detector
noise, as described in Section. 9.1.2. Here the laser source 81940A Compact Tunable Laser Source®
from Keysight Technologies is selected. The photo-detector selection is the same as in sensitivity
calculation, i.e. 1811-FC InGaAs Fiber-Optic Receiver®.

According to the User’s Guide, the selected laser source exhibits a relative wavelength accuracy of
+10 pm, which is defined by half the span of the maximum and minimum value of difference between
the displayed wavelength and the actual wavelength over the full wavelength range.

The laser amplitude noise, or in the name of laser power noise, is estimated with the provided
Relative Intensity Noise (RIN) in dB/H z, defined by

AP?. 1Hz)
P2 B

avg *

RINyp/5. = 10log; ( (9.13)
where AP refers to the optical power fluctuation amplitude, P, is the average optical power. B is the
bandwidth of 3 M H .

Following the same setting as the previous sub-section, the average optical power is 1mWV. Accord-
ing to the User’s Guide, the 81940A Compact Tunable Laser Source® exhibits a RIN of —145dB/H z.
This yields an optical power fluctuation amplitude of 9.74 x 10=°> mW

The effect of laser wavelength noise on the system output is through influencing the optical sen-
sitivity 9T /0b. According to Eq. 8.16, 8.11 and 8.12, the output transmittance fluctuation due to laser
wavelength noise is given by

oTr 3v3712n, 1 1
A[ab] = (= Toin) = (A—A)\ B /\+A>\> (9-14)

Thus we have

A [W] =6.32x10°m™! (9.15)
ab Si0O2 cladding

A [aT] =647 x 10> m™! (9.16)
ab Sig Ny cladding
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The laser power noise acts directly on the transmittance spectrum, causing a transmitted power
fluctuation.
According to the Law of propagation of error, the overall laser-induced noise is given by

Noise? [aa;/} = Noise? {W{)T}

f oT 6':cf
T
= Noise? {4 x 10% - Prager - 8}
(9.1’f
7\ 2 T (9.17)
S l(&) Noise? [Plaser] + Piyep Noise? [gw]
7\ 2 T
=1.6 x 109 . [(&) Z\/VOise2 [PlaseT} + Pl%zser (;lbf) N0i862 [881)]‘|

where Noise[Pjqs.r] refers to the laser power noise and Noise[%L] refers to the laser wavelength

noise.
For the design with Si05 and Si3 N, cladding, the laser-induced noise are respectively

Noise PV} =515 x 1074V /nm (9.18)
Oz g SiOy cladding

Noise {W} =3.88x 1071V /nm (9.19)
8I‘f Si3Na cladding

It is evident that the laser-induced noise is 4 orders of magnitude less than the signal, representing
a small percentage of the total output.

According to the data sheet of 1811-FC InGaAs Fiber-Optic Receiver®, the photo-detector exhibits
an integrated noise of around 5 mV/, which is about 3 orders of magnitude less than the signal for
nano-meter-scale displacement input of AE signals.

Thus, the SNR of the present system with regard to laser- and photo-detector-induced noises is
around 60 to 80 dB. In practical application, the thermal-mechanical noise should also be taken into
consideration, which is highly dependent on the micro-chip packaging form and the environmental
temperature.
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Design Proposal and Conclusion

10.1. Design Proposal

On the basis of all the above theoretical analyses, analytical calculation and numerical simulation,
two promising design options are proposed. Both of the designs are based on the second prototype
discussed in Section. 9.3, that is, opto-mechanical acoustic emission wave sensors based on micro-
machined membranes with cladding.

The main difference between the two design options is the utilization of different cladding materi-
als, namely SiO, and SizN4. Since the mechanical and optical properties, such as Young’s modulus,
Poisson’s ratio, refractive indices, etc., of these two materials are wildly divergent, design results with

different footprints and performances are produced at the given operating frequency. A detailed com-
parison is made in the table below.

Table 10.1: Comparison on design variables and performances between design options with SiO2 and Siz N4 cladding.

Design 1 Design 2

Design variable (Si0, cladding)  (Sis N cladding)

membrane radius R,,cm, 611 um 519 um

cladding thickness t.;.q 2500 nm 1000 nm
etching depth ¢, 70 + 10 nm

rib waveguide width w 450 nm
micro-ring radius b 25 ym

Design 1 Design 2

Performance specification (SiO, cladding)  (SisN; cladding)

displacement sensitivity [V /nm] 5.32 3.95

velocity sensitivity [dB(V /(m/s))] 78.55 75.96

resonance frequency [k H z] 99.98 99.99

6-dB resonant bandwidth [k H 2] 0.265 0.214
operating frequency range (> 35 dB) [kH 2] 100 ~ 1000
signal-to-noise ratio (SNR) 60 ~ 80 dB

As a conclusion, the design option with SiO5 cladding achieves a higher sensitivity, while the sensor
with Sig N, has a smaller radius of about 15% and thus better miniaturization, although the sensitivity
is lower by 2.59 dB. Whereas, the sensitivity of both designs meets the target specification.

66
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The bandwidth of proposed AE sensors are evaluated in two ways. One is the 6-dB bandwidth
around the centre frequency of 100 kHz, which represents the frequency range where the system
response drops to half of the resonance peak. The 6-dB bandwidth of both design options is within
0.2 ~ 0.3 kH z, due to the low damping coefficient of solid materials. A larger resonant bandwidth can
be obtained by introducing external damping, such as pressurized gases, to the micro-chip package.
However, extra care should be taken when introducing external damping as this can significantly reduce
the sensitivity. The second bandwidth evaluation is built on a threshold of 35d B velocity response, which
matches the commonly used value of commercial AE sensors. Both design options exhibit sufficient
sensitivity within an operating frequency range of 100 ~ 1000 kH z.

In addition, the SNR of proposed AE sensors are estimated mainly in terms of the laser-induced
and photo-detector noises. Both design options are expected to achieve a SNR of 60 ~ 80dB. Thermo-
mechanical noise is not accounted for in this project due to the lack of exact information on environ-
mental temperature and system damping. Though in fact, this type of noise may plays a considerable
part in the total system noise [56]. In terms of miniaturization, both design options are capable of a
smaller footprint of about 1/40 the size of conventional piezoelectric AE sensors.

In the design process, assumptions are employed due to the lack of some relevant information. The
most important assumption is made on the initial stresses within layers of micro-machined membranes.
The initial stress in the silicon waveguide layer is mainly due to thermal processes in the production of
SOl wafers. The initial stresses in cladding is introduced by PECVD process, with a range of variation
depending on the reaction conditions. In the present design, stresses in both layers are assumed
50M Pa, which is reasonable, but not necessarily the case in reality. In fact, initial stresses are related to
the overall processing history, thus a wide range of values may be obtained. Since the initial stress has a
significant effect on membrane dynamics, it is recommended that this parameter be characterized prior
to actual modeling, processing and testing. A convenient method is to measure the eigen frequencies
of a membrane with a certain thickness and radius.

Another important assumption is the damping. In this project, an isotropic loss factor of 0.01 is
adopted as an empirical estimation of material damping. Since damping has a very pronounced effect
on the vibration amplitude and hence the sensitivity of AE sensors, it is also essential to be character-
ized. Similarly, the damping of a micro-machined membrane with defined geometrical parameters can
be determined by measuring the vibration amplitude. However, considering that the actual AE sensors
consist of complex components such as optical and electrical elements, connections and packaging,
it may not be economical to investigate the membrane damping separately. A more cost-effective
option is to directly characterize the frequency response curves of complete AE sensors so that the
contribution of all factors to damping is included.

In addition to this, the effects of processing errors and on-membrane connecting waveguides are
neglected, which are minor but possibly have an impact on the final design results. Bottom line, all
effective products come from extensive testing.

10.2. Conclusion

In this project, a photonic micro-mechanical ultrasonic wave sensor for acoustic emission non-destructive
testing is proposed. Two design options based on different cladding materials are obtained, both of
which not only meet the design requirements on technical specifications but also match the perfor-
mance of mainstream commercial acoustic emission sensors. Technically, the design options with
Si04 and Si3 N, cladding offer displacement sensitivity of 5.32 V /nm and 3.95V /nm, and velocity sen-
sitivity of 78.55 dB and 75.96 d B, respectively, around the centre frequency of 100 kH z. Both designs
operate in a frequency range of 100 ~ 1000 kHz. Among them, the option with SiO- cladding pro-
vides higher sensitivity, while the option with Si3 N, cladding achieves a smaller footprint. The optimal
solution can be determined by users according to the actual needs of the engineering application.
The above design outcomes are based on both theoretical analysis and numerical simulation. Thus,
it is of necessity to revise the assumptions and designs based on extensive testings in the future. In ad-
dition to the specific design results, another important outcome of this work is the proposal of a design
methodology for opto-mechanical acoustic emission sensors. This method includes, but is not limited
to, the estimation of eigen frequencies of single- and multi-layer micro-machined membranes, the deter-
mination of rib waveguide deformation, and the optimization of opto-mechanical sensors with coupled
design variables. Based on the experimental determination of necessary physical parameters, these
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approaches allow for rapid designs of acoustic emission sensors and therefore provide convenience
for designers.

During the design process, some experiences have been accumulated for later reference. For ex-
ample, single-layer micro-machined membranes with rib waveguides may suffer from local deformation
due to stress discontinuity on the surface, which leads to failure in operation. The multi-layer micro-
machined membranes have two adjacent resonance peaks near the overall eigen frequency, so extra
care needs to be taken in numerical simulations to properly select the simulation step size so to avoid
skipping the resonance responses.

Despite the progress made in this project, there are still some valuable topics that remain to be in-
vestigated. For example, the non-axisymmetric vibration of micro-machined membranes are neglected
in this study, while these vibration modes may also play an important role in the detection of AE signals.
In addition, there is still a gap in the exploration of the optical connection and packaging of the opto-
mechanical micro-chip sensors, which is important for AE systems operating outdoors for long periods
of time. Further, the integration of the proposed optical AE sensors with already existing electronic and
signal processing systems is also a worthy endeavor.

In the future, the real engineering application of photonic micro-mechanical acoustic emission sen-
sors still requires extensive work. For example, as mentioned above, the assumptions and approx-
imations in the design phase need to be checked carefully. Besides, processability verification and
performance characterization are necessary for the operation and fabrication of proposed AE sensors.
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