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Abstract

Time reference devices have been widely used in the industry for the past decades
due to their important role in different devices applications such as portable and
wearable device. With the rapid technology improvements in the semiconductor
industry, micro-electromechanical systems (MEMS) resonators were presented as a
time reference devices which offer a reduced cost and small size that facilitate the
integration with the other electronics.

Because of the microfabrication processes and operational modes for MEMS-resonators,
defects are expected to be formed in different stages of the manufacturing and use.
Those defects would be costly if have not been detected in early stages, hence,
industry dedicates time and resources for better detection of defects. With the
mass production of MEMS-resonator, manual inspection of defects is becoming an
impractical solution, that led to develop automation systems for defects’ detection.
This work studies the defects that may occur in MEMS-resonator in different stages
and a studies defects detection methods. The study aims to investigate the micro-
fabrication induced defects, the defects formation during the device operation and to
develop an automatic defects inspection tool. To fulfil the study objectives, differ-
ent MEMS-resonator devices were designed in order to study the effect of different
parameters such as the geometry and dimensions on the robustness of the device.
Standard microfabrication processes were implemented to observe the risk of defects
formation during manufacturing. For the operation stage, FEM simulations were
executed, and different mode shapes were selected to study the likelihood of mode
shapes to produce defects for the device fragile parts. The last stage for defects
inspection included implementation of automatic optical inspection (AOI) tool with
a hardware setup for image collection and a software part for image processing and
defection /robustness decision making, the result of the AOI was validated by the
percentage of the detected defects and the occurrence of false-positives.

The MEMS-resonators designs considered 2 frequencies of 24MHz and 32MHz, 3
different anchors and 7 different beam widths with average resulting quality factor(Q)
of 11.68x10%. Common defects of AIN particles residuals were observed with SEM as
a microfabrication caused defects. 8.4% of the devices were defected electrically by
resonating in specific spurious modes, 19.89% of the resonator were defected after
performing the tape-peeling test. AOI tool was successful to reach 85.5% detection
rate with 7.1% false-positive occurrences.




Keywords MEMS, Resonator, Semiconductors, Piezoelectric, AOI, Spurious mode,
SEM, FEM, Tape-peeling, Microfabrication, Microcracks




Preface

I want to thank Professor Ivan Vujaklija and my advisor Anttoni Huhtala for their
effort, support and guidance to complete this work.

The support and help i found from KTO team made a remarkable push for my
knowledge, understanding and my practical experience, that’s why i want to give a
special thanks for all teams working in KTO.

I extend my gratitude to my family and friends for the moral support that has been
blessing me for the entire journey of my master studies.

Otaniemi, 31.7.2018

Alaa M. H. Abdalla



Contents

Abstract

Preface

Contents

Abbreviations

1

2

3

Introduction

Background
2.1 Concept of physical resonance . . . . . .. .. .. ... ... ... ..
2.1.1 Electrical Resonance . . . . .. ... .. ... .. .......
2.1.2  Mechanical Resonance . . . . ... ... ............
2.2 MEMS resonator importance and applications . . . . . .. ... ...
2.2.1 Timing and Frequency Reference . . . . ... ... ... ...
2,22 Sensing . . ... ..
223 Actuation . . . ... ...
2.2.4 Communication . . . . . . ... .. ... ... ... ...
2.3 MEMS resonator materials and fabrications . . . . .. ... ... ..
24 Resonance modes . . . . . ...
241 Bulkmode. . .. .. .. ...
242 Flexuralmode . . . . . . . ... ...
2.4.3 Coupled resonant mode . . . . . . ... ...
2.5 Role of microfabrication on MEMS resonator quality . . . ... ...
2.6 MEMS devices defects formation . . . . ... ... ... ...
2.6.1 Testing induced defects . . . . . .. ... ...
2.6.2 Operational defects . . . . ... ... ... ...
2.7 MEMS devices defects detection . . . . . . .. ... ...
2.7.1 Automated optical inspection (AOI). . . . . ... ... .. ..
2.7.2 Electrical testing . . . . ... oo

Research material and methods

3.1 MEMS resonator design . . . . . .. ... ...
3.1.1 MEMS resonator dimensions and anchor design . . . . . . ..
3.1.2  Quality factor optimization . . . . . .. ... ... ... ...
3.1.3 Spurious mode analysis . . . . . . . ... ...

3.2 Defects inducing . . . . ... o
3.2.1 Electrical inducing . . . . . .. ... oo
3.2.2 Tapepeeling test . . . . . ... .. ... L.

3.3 Defects inspection . . . . . . ..o
3.3.1 Optical inspection. . . . . . ... ... ... L.

11
11
12
12
13
13
14
14
14
15
16
17
17
17
19
20
20
20
21
21
22



4 Results

4.1 MEMS resonator design . . .

4.1.1 24-MHz resonators . .

4.1.2 32-MHz resonators . .
4.2 Microfabrication processes . .
4.3 Electrical defects inducing . .
4.4 Tape peeling test . . . . . ..
4.5 Automatic optical inspection .

5 Discussion
5.1 MEMS resonator design . . .
5.2 Microfabrication defects . . .
5.3 Defects inducing and detection

6 Conclusion

References

37
37
37
37
43
45
46
46

49
49
50
50

52

54



Abbreviations

MEMS
AOI
AC
DC
LE
FEM
SEM
RF
CMOS
SOI
KTO

micro-elctromechanical systems

automated optical inspection

alternating current

direct current

length extensional

finite element method

scanning electron microscope

Radio frequency

Complementary metal-oxide-semiconductor
Silicon-on-insulator

KYOCERA-tikitin oy



1 Introduction

Micro-Electro-Mechanical Systems (MEMS) resonators are miniature devices that
combine mechanical and electrical properties on a microscale. These resonators play
a crucial role in various industries and applications due to their unique characteristics
and capabilities. These resonators consist of thin-film structures patterned and
released on a substrate, resonance feature is gained from the piezoelectric material
deposited on the silicon layer as shown in figure 1.

Figure 1: MEMS resonator structure highlighting the piezoelectric layer deposited
between silicon layer and a conductive material layer on top

The importance of MEMS resonators stems from their ability to generate precise and
stable oscillations at specific frequencies. These resonators serve as essential timing
references [1], frequency filters, and clock sources in various electronic devices and
systems. The accurate timing provided by MEMS resonators is crucial in telecommu-
nications networks, data centers, and high-speed communication systems, enabling
synchronization and coordination of multiple components.

One of the significant advantages of MEMS resonators is their miniaturization poten-
tial. Their compact size allows for integration with other electronic components on a
single chip, reducing the overall footprint and power consumption of electronic devices
[2]. This miniaturization has revolutionized industries like consumer electronics,
medical devices, and automotive systems, where space constraints and portability
are critical considerations.

MEMS resonators find applications across diverse industries, reflecting their versatility
and adaptability. In wireless communication systems, they act as frequency-selective
filters, providing improved signal quality and efficient communication. MEMS res-
onators are also utilized as accelerometers, gyroscopes, pressure sensors, and temper-
ature sensors [3] in automotive, biological [4], and industrial monitoring systems [5].
Moreover, MEMS resonators serve as the primary clock source in electronic devices,
replacing traditional quartz crystal oscillators [6]. This transition to MEMS-based
oscillators offers several advantages, including lower power consumption [7], reduced
cost, and seamless integration with other components. In consumer electronics like
smartphones, tablets, and wearable devices [8], MEMS resonators ensure precise
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timing for audio/video synchronization, data processing, and power management.
Despite their significance, MEMS resonators are susceptible to various defects that
can impair their performance and reliability. Common defects include structural
issues such as cracks, deformations, or material inhomogeneities, material defects like
impurities or contamination, and electrical connection problems [9]. These defects
may arise during the manufacturing process or due to external factors like mechanical
stress or environmental conditions.

The detection and characterization of defects in MEMS resonators are critical for
ensuring their functional integrity. Manual defect detection can be labor-intensive
and time-consuming and may not always identify subtle or hidden defects effectively.
To overcome these limitations, automated defect detection techniques have emerged
as powerful tools for quality control and reliability assessment.

Optical inspection techniques involve visual examination using microscopes or cam-
eras to identify visible defects on the MEMS resonator’s surface. Advanced imaging
techniques, such as scanning electron microscopy (SEM) [10] and atomic force
microscopy (AFM) [11], provide detailed characterization of defects at nanoscale
resolution, allowing for precise defect analysis.

Non-destructive testing methods like acoustic microscopy and laser scanning enable
defect detection without damaging the MEMS resonator. These techniques use
acoustic or laser waves to probe the resonator’s structure and identify internal defects
or cracks.

With the mass production of MEMS resonator, continuous research aims to improve
fabrication techniques, defect detection methods, and overall reliability of MEMS
resonators to ensure their consistent performance and longevity in diverse applications
[12]. Manual defect detection is an impractical solution and it can be time-consuming
and may lack to precision, hence, automated defect detection techniques, such as
optical inspection [13], advanced imaging, non-destructive testing, microstructural
analysis, and electrical testing, offer faster and more accurate defect identification.
In this work, a study about defects formation on MEMS resonator will be discussed
in an industrial framework in collaboration with Kyocera-tikitin oy (KTO) company,
the study discusses the probability of defects formation throughout the different
stages starting from design, microfabrication and then the operational mode of the
devices, the work also studies the robustness of the devices based on the quality factor,
geometry and dimensions by performing the tape peeling test. For the inspection
part of the study, automated optical inspection tool was developed.
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2 Background

The term (MEMS) or (micro-electro-mechanical systems), refers to a technology
that can be defined as miniature mechanical and electro-mechanical components,
which are created utilizing microfabrication processes. On the lower end of the size
spectrum, the crucial physical dimensions of MEMS devices can range from much
below one micron to several millimeters. Similar to how different MEMS device types
can range from relatively straightforward structures with fixed parts to extremely
complicated electromechanical systems with numerous moving parts managed by
integrated microelectronics. MEMS devices are already employed in a wide range of
sensing and actuation applications such as temperature, pressure, vibration sensing.
The industry have achieved a few mm? size gyroscopes [14] and accelerometers [15]
in the recent years.

Defects on MEMS devices have direct affect on their main physical properties and
behaviour which can disturb their performance, for MEMS resonator, defects can
result in a frequency shift, where the resonator operates at a different frequency
than the intended value, moreover, defects can have several effects on the damping
characteristics of the MEMS resonator [16]. Hence, it is essential to minimize
defects during the fabrication process of MEMS resonators to ensure their desired
performance and reliability [17]. Defects can be mitigated through careful design,
precise fabrication techniques, quality control measures, and post-fabrication testing
and inspection. To the aim of reducing the number of defected MEMS devices,
different inspection techniques are held during and after the manufacturing for the
MEMS devices, automation has been widely adopted by the industry specially after
the mass production targeting time saving and standardized ways of inspection.
These inspection ways differ from structural checks to performance and reliability
tests.

2.1 Concept of physical resonance

The resonance physical concept refers to the phenomenon that occurs when an object
is subjected to an external force that matches its natural frequency, causing it to
vibrate with a large amplitude [18]. When an object is forced to vibrate at a frequency
that matches its natural frequency, it will vibrate with a larger amplitude than if
it were forced to vibrate at a different frequency. This phenomenon is known as
resonance. The natural frequency of an object depends on its physical properties
such as mass, stiffness, and geometry.

Resonance occurs in many physical systems, including mechanical systems, electrical
circuits, acoustic and optical systems. It is a fundamental concept in fields such
as acoustics, mechanics, and electromagnetic. Resonance has numerous practical
applications, such as in musical instruments, electronics, and medical imaging.

The understanding of resonance phenomena is crucial for the efficient functioning of
various devices and systems. Mathematical approaches such as the Fourier transform,
the complex scaling method, and the characteristic mode analysis are used to describe
resonance phenomena.
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2.1.1 Electrical Resonance

Electrical resonance is a phenomenon that occurs when an electrical circuit or device
vibrates at a specific frequency in response to an external stimulus. This resonance
is characterized by a sharp increase in the amplitude of the electrical signal at the
resonant frequency, and it can occur in a variety of electrical systems, including RLC
circuits, antennas, and micro-electromechanical systems MEMS resonators.

In RLC circuit, for example, electrical resonance occurs when the circuit’s inductive
and capacitive reactances cancel each other out at a specific frequency, allowing the
circuit to resonate [19]. This can be described mathematically using the resonance

frequency equation 1:
1

where f is the resonance frequency, L is the inductance, and C is the capacitance [19].
The resonance frequency of an LC circuit is the frequency at which the circuit has
maximum impedance, meaning that the current passing through the circuit is at its
minimum value.

Electrical resonances have many practical applications, such as in electrical systems,
as it can be used for filtering, and that’s achieved by adjusting the values of the
RLC circuit components, the resonant frequency of the circuit can be set to the
desired filtered frequency range, enabling the extraction or suppression of specific
signals, moreover, it’s used for signal processing applications such as tuning the signal
into specific range by adjusting the resonance frequency of the circuit [20], another
application is in the radio frequency (RF) circuits, where resonant circuits are used
to tune RF filters and antennas with a similar concept since a resonator acts as a
band-pass filter when an RF signal passes through and passes RF signals at specific
frequencies while filtering out unwanted frequencies. .

2.1.2 Mechanical Resonance

Mechanical resonance occurs in physical systems that vibrate or oscillate, such as
springs. It occurs when a mechanical system vibrates at a specific frequency in
response to an external stimulus. Mechanical resonance occurs when the natural
frequency of the system matches the frequency of the external stimulus, the resonance
frequency of a mechanical system is the frequency at which the system vibrates
with the maximum amplitude, meaning that the displacement of the system is at its
maximum value [21]. In a simple mechanical system, such as a mass-spring system,
the natural frequency can be described mathematically using the equation 2

-k )

where f is the resonance frequency, k is the spring constant, and m is the mass of
the system [6]. Ultrasound Imaging is an application of mechanical resonance in
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medical ultrasound imaging [22]. Ultrasound probes contain piezoelectric elements
that vibrate at resonant frequencies, emitting and receiving sound waves used for
imaging internal organs and tissues.

2.2 MEMS resonator importance and applications

MEMS resonators are important micro-electro-mechanical systems that have found
widespread use in various applications. MEMS resonators are devices that vibrate at
a specific frequency enabling them to perform various functions in electronic devices,
they are used for sensing, actuation, and frequency reference purposes [23]. The
resonant frequency of a MEMS resonator is determined by its geometry, material
properties, and fabrication process. In the past decades MEMS silicon resonator
usage spread over quartz resonator which is a type of resonant device that utilizes the
piezoelectric properties of quartz crystal to generate precise oscillations at a specific
frequency, MEMS resonator instead rely on a thin layer of piezoelectric material
deposited on a silicon layer to generate the oscillation. The miniaturization of MEMS
resonators allows them to be integrated with other microelectronics components on
a single chip, resulting in reduced size, weight, and cost. MEMS resonators also
offer higher accuracy, stability, and reliability compared to quartz resonators [?].
Additionally, MEMS resonator can be easily tuned to specific frequencies by changing
their geometry, allowing for customization and flexibility in design.

The energy stored in a system divided by the energy lost per radian is known as a
resonator’s quality factor (Q). Numerous energy loss mechanisms could be to base
for the measured Resonator Quality Factor [24]. Designers are aiming for high Q
for many reasons, high quality factor causes resonance characteristics enhancement
since a high Q-factor indicates that the resonator can sustain oscillations for a longer
duration with minimal energy losses. This leads to sharper resonance peaks and
narrower bandwidths, allowing for precise frequency control and better selectivity
in filtering applications. Moreover, high Q-factor resonators are more sensitive to
changes in the input signal, enabling improved accuracy and resolution in sensing
applications.

A novel promising study was published presenting a re-programmable micro-resonator
logic gate using a normal industrial design procedure [25]. The device works by
employing DC digital inputs to change the resonance frequency of the beam. The pro-
posed design methodology has a considerable potential for increasing energy efficiency
and reduces design complexity by 4 to 10 times when compared to conventional
CMOS design methodologies.

2.2.1 Timing and Frequency Reference

Researchers have been creating miniaturized, CMOS-compatible, high-quality factor
(Q) frequency selection devices using Microelectromechanical Systems (MEMS)
technologies for a number of years now in timing and frequency reference circuits
[26]. MEMS resonators can be used as oscillators in clocks and other electronic
devices that require precise timing. In electronic systems, it is important to maintain
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precise timing, and this is often achieved using a quartz crystal resonator. However,
MEMS resonators can offer similar performance in a much smaller package, making
them ideal for use in portable devices such as smartphones and wearable devices [27].
Moreover, they provide high stability, accuracy, and low power consumption, making
them ideal for these applications.

2.2.2 Sensing

MEMS resonators can be used as sensors in a variety of applications, including
pressure, temperature [28], and chemical sensing. MEMS resonators can detect
changes in resonant frequency due to external stimuli, making them highly sensitive
and accurate sensors. When a MEMS resonator is exposed to an external force, it
will vibrate at a different frequency, allowing the force to be detected. This can be
used in a wide range of sensing applications, from pressure sensors to accelerometers.
They can be easily integrated with other sensing components, resulting in highly
compact and portable sensing systems. [29] For an example of using MEMS resonator
as a temperature sensor, in a recent study [28], research group presented a low-
pressure, single-micro resonator, high sensitivity MEMS temperature sensor. Using a
temperature-controlled probe station, the device was described. It is highly sensitive,
with a resolution of 0.023 °C, and uses only 5 nW of extremely low power. The
suggested sensor is also 200-2000 times smaller than the MEMS-based temperature
sensors that have previously been shown.

2.2.3 Actuation

MEMS resonators can also be used for actuation purposes, such as in micro-mirrors,
micro-pumps, and micro-valves [30]. MEMS resonators can be used to drive these
devices with high precision, resulting in improved performance and efficiency. MEMS
resonators can also be used as energy harvesters, converting mechanical energy into
electrical energy. Another application in the energy harvesting field, they can be used
to convert ambient vibrations into electrical energy, and in biotechnology, where they
can be used for sensing and drug delivery. Comb drive MEMS resonator has been
used for actuation mechanism with a resonance frequency of 15Hz and 24Hz, the
study [31] used comb drive which is one of the fundamental models that generates
force for capacitive sensors using the electrostatic principle.

2.2.4 Communication

MEMS resonators can also be used in communication systems, including wireless
communication and RF circuits [32]. By operating in a very high frequencies, MEMS
resonator enables faster data transfer rates and improved communication efficiency.
They can be used as filters and resonant circuits in these applications, resulting in
improved performance and reduced size and weight. A model has been presented
[33] for a (MEMS) resonator that operates at whispering gallery modes (WGMs)
and features multiple electrodes for driving and sensing with high Q values. The
resonator has two different radii of 37 pm with 53 - 176 MHz and 18 pm with 112 - to
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366 MHz. Each mode exhibits Quality factor values over 10000. The multi-electrode
configurations allow for the enhancement of specific modes while suppressing others,

resulting in a more than 6 dB improvement of the spectrum peak while maintaining
high Q values.

2.3 MEMS resonator materials and fabrications

Microfabrication techniques have opened up new paths for the development of nano
and micro scale smart sensing devices with improved sensitivity, lower fabrication
costs, and relatively low power consumption as a result of technological advancements
in micro-electro-mechanical systems (MEMS).

The different material properties, which can be categorized as mechanical, electrical,
chemical and thermal are very important for determining the MEMS resonators’
optimal degree of performance. Due to the frequent use of these MEMS resonators
in harsh environments, it is increasingly important to have understanding in order
to eliminate some of the causes of device failure through correct material selection,
design, and manufacturing technique [34].

Si-based resonant sensors are among the systems that have been extensively studied.
In order to replace the quartz-based resonator, a higher Q-factor component with
a smaller form factor MEMS resonator is required in low-phase noise and stable
temperature applications [2]. Si has a low thermal expansion coefficient that is,
in comparison to steel and aluminum, between 8 and 10 times smaller and has
a diamond lattice crystal structure which can exist in all three of its crystalline,
poly-crystalline, and amorphous forms. Due to Silicon electrical resistivity, it can be
either an insulator or a conductor depending on the situation. Due to all of these
characteristics, silicon (Si) is well suited for mechanical, thermal, and electrical device
integration, which increases its suitability for extreme environmental applications
[35]. The use of single crystalline silicon in resonators is particularly appealing. It
can be manufactured in such a way that its material properties are reproducible and
well known, and, more critically, it is a very stable material (over time) with very
low intrinsic mechanical losses [6].

MEMS resonator can be fabricated utilizing different microfabrication techniques
such as surface micro-machining, and bulk micro-machining and (LIGA) technique
which is a German abbreviation of (Lithographie - Lithography, Galvanoformung -
Electroforming, Abformung - Moulding) [36]. The advantage of constructing MEMS
resonators based on silicon-on-insulator (SOI) wafers over micro-machining poly-
silicon MEMS resonators is the availability of thicker structural layers. Maintaining
low film tension is difficult in poly-silicon while trying to realize dense structures
[37]. These days, SOI wafers are also a crucial substrate material for making MEMS
devices. A device layer in/on which the devices are produced, a handle wafer that
provides mechanical strength during the fabrication process, and a buried oxide
(BOX) layer that isolates the device layer from the handle wafer make up SOI wafers
[38]. Figure 2 shows the difference between standard SOI, Cavity SOI and cavity
BOX.

In a SOI process, the silicon device layer, which is available in a variety of thicknesses,
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nearly usually defines the resonator structure. Thicker constructions are preferred for
laterally vibrating resonators to reduce motional resistance. In SOI-based resonators,
narrow gaps are still required to enhance electromechanical coupling. The method of
applying conformal side wall oxide to define the gaps must be changed in order to
realize small lateral capacitive gaps in a SOI process.

Standard SOI Cavity-SOI Cavity-BOX
a) b) o) B
B Device layer Bl BOX Handle wafer

Figure 2: Different architectures of substrate, a) Standard SOI substrate (b) Cavity-
SOI substrate with cavities in handle wafer (¢) Cavity-BOX substrate. Adopted from
[38]

Piezoelectric film is an important layer in the micro-fabrication of the MEMS res-
onator because of its ability of conversion of mechanical energy into electrical energy,
increasing the sensitivity and selectivity of the device. Second, it can improve the
stability of the device by reducing the effects of temperature and aging. Finally, it
allows for the design of more complex resonator structures, such as multi-mode res-
onators or arrays, which can have improved performance over single-mode resonators.
Materials with greater piezoelectric coupling coefficients, such as lithium niobate
(LiNbO3) are used in different designs [39], in an effort to achieve larger coupling
coefficients in the pursuit of developing low insertion filters based on laterally vibrat-
ing resonators. Since the material cannot be deposited as a thin film, the procedure
is different from the depositing AIN for instance. When compared to AIN resonators,
MEMS resonators made of LiNbO3 have been demonstrated to have substantially
reduced insertion losses.

2.4 Resonance modes

Resonance modes are a fundamental aspect of systems where resonance occurs.
Resonance modes refer to the distinct vibration patterns or modes of oscillation that
can occur in a resonant system associated with specific frequencies. These modes can
be characterized by the number and positions of nodes and antinodes in the system,
representing regions of maximum and minimum displacement.

The specific resonance modes that can be excited in a MEMS resonator depend
on the shape and material properties of the resonator. These will be somewhat
influenced by the way the beam is supported, where it is supported, and where the
vibration is driven or excited by striking. Different resonance modes can be designed
into a MEMS resonator, and that will result in characteristics variances such as
power handling capability and spurious modes presence [6].
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2.4.1 Bulk mode

Bulk mode resonators exhibit structural deformation as a result of planar contractions
or expansions. The resonant frequencies of bulk modes mainly depend on the lateral
physical dimensions of the structure, such as width or length, in terms of geometrical
dependence. Length extensional (LE) and width extensional (WE) are forms of the
bulk resonance modes, where longitudinal modes is particularly important in MEMS
resonators because they are often the most efficient modes for sensing and actuation
[37]. An example for using LE resonator will be presented in this thesis as the main
design. Figure 3 shows how the width extension deforms the resonator while figure 4
shows the direction of deformation in the length extension mode case.

2.4.2 Flexural mode

The bending of the structure along its length, causing motion in the transverse
direction perpendicular to the length, is a characteristic of flexural mode vibrations
[37]. Beam and plate constructions can both induce flexural modes. The flexural
mode, in particular, has a high sensitivity to changes in the environment, making
it well-suited for sensing applications. Figures 5 illustrates the flexural modes in a
beam with different boundary conditions simulated using ANSYS software 2021 R2
(Ansys Inc., United Stated) where in figure 5.a the fixed boundary condition at both
ends, hence, the beam is deflected form the center and in 5.b the beam is fixed from
one end while the other end is free and can be deflected.

L —1 |

- 7

|11

Figure 3: Width extension (WE) mode, arrows show the direction of the beam
deformation

2.4.3 Coupled resonant mode

Coupled resonant modes refer to the phenomenon of multiple resonant modes in a
MEMS resonator that are coupled to each other through mechanical or electrical
interactions. The number of modes that can exist in an array grows as the array size
does, presuming that each resonator has the same vibration mode. The frequency
separation between the modes widens if the resonators are closely connected to one
another. By assembling arrays of the same resonator that are synchronized to vibrate
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Figure 4: Length extension (LE) mode, arrows show the direction of the beam
deformation

(a)

Figure 5: (a) Flexural mode in clamped-clamped beam where fixed boundary at both

ends.(b) Flexural mode in a cantilever where fixed boundary at one end, simulated
using ANSYS mechanical APDL software

at the same frequency, this method is very effective for boosting the output signal
intensity of MEMS resonators [40]. This is especially helpful in reducing the phase
noise of MEMS oscillators and the insertion loss of filters [41].

Coupled resonant modes have several uses in MEMS resonators. One example is
the creation of multi-frequency resonators that can operate at multiple frequencies
simultaneously. By designing the resonator structure and the coupling between the
modes appropriately, it is possible to excite multiple modes with high quality factors
within a single device. This can be useful for applications such as multi-band filters,
where a single device is required to filter multiple frequency bands [42] .

Another application of coupled resonant modes is in sensing and actuation. The
capability for common mode rejection because of the differential structure. These
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benefits have made it possible for novel sensors with unmatched sensitivity [42].
A MEMS resonator can be designed such that one mode is sensitive to a specific
physical parameter, such as temperature or pressure, while another mode is used for
actuation. By coupling the two modes, it is possible to create a highly sensitive and
selective sensor that can detect small changes in the physical parameter of interest.

2.5 Role of microfabrication on MEMS resonator quality

The small-scale properties of high frequency resonators, which are strongly influ-
enced by sub-micron size fluctuations, make their fabrication difficult [43]. After the
fabrication process, the micro devices that do not interface with the environment can
be completely enclosed. MEMS resonators are often packaged on two levels: wafer
level and conventional packaging. To prevent mechanical movement, a resonator
must be retained in the cavity. When the resonator is not hermetically sealed, the
stability of the resonance frequency reduces [44] [45]. The introduction of failure
to the MEMS resonator is caused by structure adhesion to the system and poor
tribological performance, which can be improved by chemical and tribological surface
modification, thin and dual-film coating, etc. The MEMS resonator’s performance
and consistency are greatly enhanced by testing. However, device testing consumes
up to 35% of the total production cost, therefore the fabrication of MEMS resonators
necessitates intense work and extensive research knowledge. Failures in MEMS
resonators can be brought on by sticking, a bad ecological condition, static overload,
fatigue, and other factors [?]. It is discovered that the two main manufacturing
concerns, which frequently result in short circuit problems for MEMS devices with
refilling isolation trenches, are silicon residue at the terminal of the trench and metal
stringers along indentation on trench surface. The two nearby structures, which are
intended to be electrically insulated, will have a short circuit problem as a result
of the residual silicon. In order to address this issue, the DRIE process has been
adjusted to provide reentered profiles with decreased top and bottom widths. An
issue occurred with the fabrication of the MEMS resonator of being short circuit, it
is discussed by Xie et al. [46] study, the issue arises because of Si residue is present
along the terminal-trench, and metal stringers are present along the trench surface.
Residual-stresses, electrical static forces are all responsible for stiction-related failures
in the resonator. However, the study proposed solutions by preparing a hydrophobic
surface, reducing the contact area, and lowering adhesion.

For introducing new fabrication technique that is more robust for piezoelectric MEMS
resonator, a recent study introduced a laser micromachining technique that can be a
substitution for the traditional micromachining techniques [47]. The main goal of the
new fabrication flow is to use less of the conventional microfabrication technology
in order to decrease process complexity and turnaround time. Traditional microma-
chining techniques iterate or repeat a three-step cycle. Layer by layer, materials are
indirectly treated. Material deposition is done first, then masking lithography. The
deposited material is selectively etched as the final stage. The traditional process
is very accurate although it’s difficult. However, it is the only reliable method for
processing silicon materials at a large scale, creating the framework for silicon MEMS
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device and integrated circuit microfabrication operations. Contrarily, the situation
with polymeric materials is different. In addition to layer-by-layer micromachining
flows based on the 3-step cycle, direct patterning techniques can be used to produce
polymeric microstructures. Because these direct processing technologies do not
require masking lithography or selective etching, the complexity of the entire process
is greatly reduced. 3D printing and laser micromachining are typical examples of
polymer direct processing methods.

A study group used the Zinc oxide as a piezoelectric material since it can be deposited
at lower temperature, which can reduce the thermal fabrication cost and for the ZnQO’s
superior bio-compatibility and biodegradability that could be helpful in resonators
used as mass/pressure detectors in medical applications [48]. Two-level electron
beam and two-level optical lithography were used to fabricate the resonators. The
resonator had a quality factor of 220 and an 882 MHz resonance frequency.

2.6 MEMS devices defects formation
2.6.1 Testing induced defects

MEMS devices are subjected to different kinds of tests, those tests can be destructive
or non-destructive and they carried out to test different properties of MEMS devices
such as the robustness, electrical response and many other properties. Tape peeling
method is a testing technique used in MEMS devices to evaluate the adhesion strength
between different layers or interfaces within the device [49]. It involves the controlled
application and removal of adhesive tape to assess the integrity and reliability of
MEMS structures. The tape peeling method typically starts by applying a layer of
adhesive tape to the surface of interest. The tape is carefully pressed onto the device
to ensure good contact. Then comes the peeling step when The tape is then peeled off
the surface in a controlled manner. The peeling process can be performed manually
or using specialized equipment, depending on the specific requirements and desired
accuracy. After peeling, the condition of the tape and the device surface is examined
[50]. The evaluation may include visual inspection, microscopic examination, or
other techniques to assess the presence of any delamination, damage, or residue on
the device surface.

By analyzing the condition of the peeled tape and the device surface, the tape peeling
method can provide insights into the adhesion quality and potential issues within
the MEMS device. It helps to identify regions of weak adhesion, delamination, or
potential reliability concerns that may affect the device’s performance or longevity.
For other purposes, tape peeling method can be used to check the vulnerability of
some parts to crack or detach, further in this work, tape peeling method will be used
to induce defects for the weak parts of MEMS resonator.

2.6.2 Operational defects

Other than the intentionally desired modes, MEMS resonators can exhibit spurious
modes, which are additional unwanted resonant modes that can interfere with the
desired resonant mode of operation. Spurious modes can have detrimental effects on



21

the performance and reliability of MEMS resonators [51]. These modes can occur
due to various factors such as structural asymmetries, imperfections in fabrication,
coupling with surrounding structures, and parasitic effects. They can overlap with
the desired operating frequency of the MEMS resonator, leading to frequency interfer-
ence and distortion of the resonator’s response [52]. This interference can affect the
resonator’s frequency stability, accuracy, and overall performance. Spurious modes
often have different mode shapes compared to the desired mode. These variations
can result in non-uniform stress distribution, which can lead to mechanical stress
concentrations and potential reliability issues, including fatigue and failure of the
resonator.

In this work, spurious modes were used as a main source of inducing cracks, by apply-
ing electrical signal for specific spurious modes to mimic the operational behaviour
of MEMS resonator.

2.7 MEMS devices defects detection

The architectures of micro-electro mechanical system (MEMS) components are
incredibly precise, and visual examination with a lot of labor is often used to ensure
their quality control. The manual detection method has inconsistent quality issues
due to its inefficiency (poor yield) and reliance on each person’s unique capacity for
visual discrimination. Furthermore, human inspection can hardly meet the 100%
overall inspection criterion for key items, hence, the automated defects detect ions
techniques have been widely used, the automation offers a high rate of recognition
and improves detection efficiency for QC practical industry objectives, making it a
crucial important technology in current advances. Because MEMS architectures are
so intricate, manufactured parts frequently have flaws including cracks, scratches,
particles [53]. According to the application and the needs of the detection method,
the techniques is determined, those techniques can be optical detection method,
infra-red IR imaging, scanning electron microscope (SEM), and electrical methods
by testing the device performance electrically.

2.7.1 Automated optical inspection (AOI)

Automated optical inspection (AOI) system is an integrated systems consists of
hardware and software components used for different purposes, varies from measure-
ment, inspection and classification to process monitoring and object positioning. The
capabilities of the systems can be adjusted to meet the application needs such as the
software accuracy and run time, hardware speed and camera resolution. Defects and
defect patterns can be found using AOI. The root causes of element failure can be
found with the aid of AOI too [54]. The method of defect identification has as its
first hurdle the discovery of the defect itself. Different light sources and illumination
methods are employed to solve this issue [55].

The movement of the AOI system stage can produce vibration noise, to overcome this
problem S. Pan and K. Chen [56] designed a stage for AOI systems motion-induced
vibration suppression. In the mentioned study, a test stage made of compliant
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structure and elastomeric bearings were used as shown in figure 6. The efficiency
of motion-induced vibration suppression was initially assessed using both input
shaping and loop transmission shaping techniques. According to the positioning
control results, it was possible to obtain a 0.5% overshoot, a 0.09 second setting time.
Another application for AOI systems was mentioned in Chen, P.-C. research [57],

Minor Axis

Controlled
Stage

o ;" Sfage axes
4 i

Figure 6: AOI 3-axis stage using elastomeric bearings for vibrational noise exclusion.
Adopted from [56]

where the objective of the work was to create an automated optical inspection (AOI)
system that can quickly and accurately assess the size of microchannels placed inside
a transparent polymeric substrate. Snell’s law forms the basis of how the AOI system
was built. The idea states that when light travels through two transparent media (air
and the transparent material of the microfluidic chip), the cross-sectional dimensions
of the microchannel can be determined by analyzing the parallel refracted light from
a light source that passed through the microchannel using formulas derived from
Snell’s law.

2.7.2 Electrical testing

Different steps of the manufacturing process for MEMS devices include testing. This
testing is necessary to confirm the device’s parametric and functional performance
parameters. MEMS are checked by measuring all AC and DC parameters at the
wafer level after wafer level manufacture. This can be done manually or using an ATE
(Automatic Test Equipment). By utilizing circuitry that is designed for testability
within the chip, this test phase separates the wafer for good and faulty die [58]. In
this test method, a physical signal, such as an electrostatic force, is produced inside
the MEMS by an electrical signal. Key functional sub-structures of the MEMS are
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anticipated to respond to this physical signal by acting in some way [59].

In MEMS resonator, AC signal is subjected on the resonator in order to check the
frequency response of the device, the response can indicates if the device is defected
or not, although, a specific test recipe should be applied in order to test the electrical
response by identifying the frequency and power will be used to test the device.
The resonance frequency peak can be one of the ways to test the robustness of
the resonator, however, it will not be successful way sometimes unless the device
is majorly defected, moreover, it can be faultily mixed with poor resonator design.
On the other hand the use of parasitic modes can be a good way of identifying the
defects. In figure 7.a and 7.b the resonance peak has no major difference between the
robust resonator and defected resonator with the different power used to activate the
device, however the difference in the parasitic peaks in figure 7.c and 7.d is obvious
specially with using high power.
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Figure 7: Nearly identical resonance peaks in (a) robust resonator and (b) defected
resonator, on the contrary the difference appears between specific parasitic peaks in
(c) robust resonator and (d) defected resonator, the difference can be noticed with
using 2: 5 dbm and 3: 10 dbm power sweeps
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3 Research material and methods

Different test designs were implemented in order to examine the robustness of the
resonator and study the possible defects and cracks formation in different fabrication
and operation stages, moreover, validating the results of the detection methods used
to inspect those defects. Different considerations were taken with those designs such
as:

1. Different anchor shapes to check the geometry effect on the defects formation.
2. Different spring dimensions to achieve different spring stiffness.
3. High quality factor Q.

4. Different beam widths with a maximum value of 290 pm considering the cavity
size in which the resonator will be processed.

Those design were simulated using COMSOL Multiphysics software 6.1 (COMSOL
AB, Sweden) [60] and MATLAB 2022b (MathWorks, United States) [61].

3.1 MEMS resonator design
3.1.1 MEMS resonator dimensions and anchor design

For this thesis work, different designs have been implemented to study the cracks of
the MEMS resonator, 32MHz and 24MHz are the main designs will be discussed in
this work in order to accomplish better alignment with KTO market needs.
Resonator length in the (LE) mode is the factor specifying the resonance frequency,
hence, the length for each specific frequency will remain constant while the resonator
width will be swept. Figure 8 shows the design of the resonator used which is a
clamped-clamped single beam, figure 9 shows the different anchor shapes used in the
study, and the two main dimensions swept for different designs which are the spring
length and the spring width.

The designs layouts were implemented using Klayout software 0.27.8 (Klayout,
Germany) and MATLAB scripting and imported into COMSOL Multiphysics software
to implement the Finite Element Method (FEM) simulations. Figure 10 shows the
FEM simulation of the main LE modes of 2 different 24MHz resonators.

3.1.2 Quality factor optimization

For the enhancement of resonance characteristics and minimizing the energy loss
within the device, as mentioned in 2.2, different parameters were swept in order to
reach a high quality factor for the MEMS resonator test designs, such as:

1. MEMS resonator beam width.
2. Anchor spring length.

3. Anchor spring width.
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Resonator Length

Resonator Width

Figure 8: Resonator structure, a clamped-clamped rigid beam with a folded spring
anchor shape

Spring
Length

Spring
Width

Folded anchor L-anchor
(T) (F) (L)

Figure 9: T-shape, Folded spring shape and L-shape anchor designs

4. AIN piezoelectric layer thickness.

Figure 11 shows the result of sweeping 24-MHz resonator beam widths as in the
x-axis, y-axis showing the quality factor for the corresponding width, different line
colors showing the different anchors shape where L is L-shape anchor, T is the
T-shape anchor and F is the folded spring anchor. AIN thickness effect was tested
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(a) (b)

Figure 10: Main mode shape for (a) T-anchor, resonator beam width of 200 pm. (b)
T-anchor, resonator beam width of 50 pm.

as well where each graph of the 3-panel graph shows different AIN thickness. The
same analogy is shown in figure 12 although it shows the sweeping results of 32-MHz
resonator.

In order to check the effect of the spring length and spring width, different values
were simulated with the sweep of the beam width as shown in figure 13, where 2
values of 6 and 8 pm spring width were simulated, with 4 different spring length
values (9, 13, 17 and 21) um for a T-shape anchor 32-MHz resonator. For L-shape
and folded anchor, another sweep can be found in figure 14 which shows the quality
factor values against the beam width, using 17 pm spring length and 6, 8 pm spring
width.

AIN layer thickness effect on the quality factor was studies with using 1.45 pm and
1.475 pm layer thickness with sweeping of resonator beam width, figure 15 shows the
values of Q against beam width for different AIN thicknesses.
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3.1.3 Spurious mode analysis

Part of the defects can be formed during the operation of the resonator, as discussed
in 2.6.2, spurious mode can be a main cause of defect for resonators depending on
the mode shape, hence, to check the robustness of the designed devices the spurious
mode shapes were studied to detect which mode shape resonance would cause the
highest risk on the resonator, figure 16 shows all the spurious peaks in a T-anchor of
32-MHz resonator as a frequency vs admittance graph, the spurious mode shapes of
those peaks were simulated using COMSOL software. Figure 17 illustrates the mode
shapes of a the specified peaks in figure 16.
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Figure 16: Spurious modes frequency peaks for a T-anchor, 150 pm resonator beam
width, 32-MHz resonator
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34.62 MHz

Figure 17: FEM simulations for spurious modes shapes for a T-anchor, 150 pm
resonator beam width, 32-MHz resonator
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3.2 Defects inducing
3.2.1 Electrical inducing

To test the robustness of the different designs, some defects were subjected to
electrical signal aiming to induce some defects electrically, Olvaldi probe station
shown in figure 18 and E5100 vectorial network analyzer (VNA) tool shown in
figure 19 were used. Using E5100 VNA, specific frequencies were supplied to MEMS
resonator, those frequencies were selected as they are suspected to induce defects in
the device according to the FEM simulations mode shapes as mentioned in section
3.1.3, moreover, supplied power was controlled and swept from -20 to 20 dbm.

Camera

5x Magnifying lens

Prober board

Wafer handler

“Energy "
Enerons
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Figure 19: E5100 vectorial network analyzer device
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3.2.2 Tape peeling test

Another common robustness test is the tape peeling test 2.6.1, tape peeling was
performed to examine the robustness of the different designs, by checking which
structure and dimensions were affected the most. Tape peeling was performed to the
whole silicon wafer, steps done for the test were:

1. Cover the wafer with ADWILL D-867 tape.
2. Use the ultraviolet curing system with a dose of 735 mJ/cm? for 3-scans.

3. Peel the tape manually with a diagonal movement.

3.3 Defects inspection
3.3.1 Optical inspection

For enhanced experience of defects detection AOI system aiming for time reduction
and higher detection rate 2.7.1, this study used KTO automated optical inspection
tool that developed as a part of this work during the study, the developed AOI tool
can be mainly divided into two main stages, as shown in the figure 20, which are the
image collection stage and image analysis stage. In the image collection, a hardware
tool was set to automate the process of taking the images of the devices on one
silicon wafer, an image of the setup is shown in figure 21. The hardware consists of:

1. Wafer handler.

2. 3-axis movement stage.

3. 10x magnifying lens.

4. Camera.

5. Bright and dark field LEDs.

The microscope computer fetches the wafer data from the database to be able to
locate the dies in the wafer, then it controls the hardware using Python script by
which the lightning and movement can be controlled and the images can be taken.
The microscope computer sends the images to the image computer where the needed
analysis is done for the images. Using a Python script the images of the MEMS
resonator are decided to be robust or defected, these results are then inserted into
the database as a reference to the specified wafer.
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Figure 20: AOI components and the interactions between the two main part of image

collection and image analysis
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Figure 21: AOI hardware setup
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4 Results

4.1 MEMS resonator design
4.1.1 24-MHz resonators

Table 1 contains the dimensions of the implemented designs of the 24-MHz resonator,
considering a high quality factor and different anchors spring length and spring width
dimensions.

Figures 22 and 23 show the peaks for the spurious mode present in the 24-MHz
design, the graphs represent a relationship between the frequency and admittance.

H Design number Anchor type Resonator width spring length spring width H

1 L 210 17 6
2 F 210 17 6
3 T 210 17 6
4 L 210 17 4
) T 200 21 4

Table 1: Specifications of the implemented designs of 24-MHz resonator

4.1.2 32-MHz resonators

Table 2 contains the dimensions of the implemented designs of the 32-MHz resonator,
considering a high quality factor and different anchors dimensions.

Figures 24 and 25 show the peaks for the spurious mode present in the 32-MHz
design, the graphs represent a relationship between the frequency and admittance.

H Design number Anchor type Resonator width spring length spring width H

1 F 140 17 6
2 F 150 21 6
3 F 290 21 8
4 T 150 13 5
) T 160 17 3
6 T 170 15 3

Table 2: Specifications of the implemented designs of 32-MHz resonator

Figure 26 shows the spurious mode shapes simulations which are presumed to make
the strongest effect on the fragile part of the anchor. The figure shows the selected
spurious shapes for the three different designs of anchors, these mode shapes are
present in all different 24-MHz and 32-MHz designs with different frequency and
admittance values.
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Figure 22: Spurious modes peaks analysis for 24-MHz resonators for 210 pm beam
width with different anchor design
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Figure 26: FEM simulations for spurious modes which are suspected to perform
defects to the MEMS resonator, (a.1) and (a.2) show 2 spurious modes for L-shape
anchor, (b.1) and (b.2) show 2 spurious modes for T-shape anchor and (c.1) and
(c.2) show 2 spurious modes for folded spring shape anchor
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4.2 Microfabrication processes

As a result of the microfabrication processes, there was a finding in the processed
devices, as shown in figure 27, there were residuals of AIN nano particles in the
trenches of the devices, those residuals were detected using scanning electron mi-
croscope (SEM). Figure 28 shows the measurements of the corresponding electrical
response of the dies with the AIN residuals.

HV mag = | WD |6/22/2023 | curr | mode| det |- 20 pm
15.00 kV 2 000 x 3.9 mm 3:37:04 PM0.17 nA| SE_ETD

HV  mag = WD | 6/22/20: curr |mode| det - 20 ym
15.00 kV 1 500 x 4.7 mm 3:44:46 0.17 nA|_SE_ETD

(b) L-anchor with AIN residuals

it |mode| det | - 30 um

H mag - U
15.00 kV 1 205 x/4.8 mm 3:40:30 PM 0.17 nA|_SE__ETD

(c) T-anchor with AIN residuals

Figure 27: SEM images of AIN residuals in the trenches of the MEMS resonators
anchors after microfabrication processes, few particles found in (a) and (b) while (c)
contains more particles found in the trenches
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4.3 Electrical defects inducing

Figure 29 shows the percentage of the defected dies when stimulated in a frequency
of a specific spurious mode as discussed in section 3.1.3. The experiment included
23MHz and 24MHz devices with different anchor types of T-shape anchor, L-shape
anchor and Folded spring anchor which are mentioned in the figure.

32MHz resonators

6 15.38%

0 0%
T
0 5 0 15 20 25 30 35 40 45

Defected mTotal

(a) Number of defected 32MHz dies to the total number of dies subjected to electrical
stimulation

24MHz resonators

1 3.8%
T ——
F
2 15.38%
F
7.6%
2
L — !
0 5 10 15 2 2 30

Defected mTotal
(b) Number of defected 24MHz dies to the total number of dies subjected to electrical

stimulation

Figure 29: Result of defected dies for 24MHz and 32MHz resonator after electrical
stimulation at spurious modes presented in figure 26
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4.4 Tape peeling test

Tape peeling test resulted in micro cracks mainly present in the anchor as shown
in figure 30, the percentages of the cracked anchors after the test are mentioned in
figure 31, the anchors have different designs and dimensions.

Figure 32 shows the number of defected dies to the total number of dies, those dies
were selected to have different anchor shape but share the same anchor dimensions,
design 1, 2 and 3 from table 1.

Figure 30: A crack found in folded anchor after tape peeling test

4.5 Automatic optical inspection

The result of the AOI system for detection of defected dies after the tape peeling
test is shown in figure 33, the result is visualized to represent the dies location in the
wafer by the corresponding row and column numbers.

AOQI system result was validated by using population of 400 dies which were checked
manually for defects, and compared to the AOI results, AOI system showed a detection
rate of 85.5% and a false positive of 7.1%.
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Figure 31: Percentage of cracked anchors to the total number of dies after tape
peeling, for different dimensions anchor types

T — 135
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@Al dies (@ Defected dies

Figure 32: Percentage of cracked anchors to the total number of dies after tape
peeling, for different anchor types with the same dimensions of 17pm spring length

and 6pm spring width
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Percentage of induced cracks || Anchor type Test method Resonator design
Lowest T-anchor  Electrical inducing 32MHz
Highest L-anchor Tape peeling 24MHz

Table 3: The highest and lowest percentage of cracked anchors with the corresponding
inducing method and design specifications
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Figure 33: AOI detection and localization for the defected dies after the tape peeling,
each die is represented in the corresponding row and column in the wafer



49

5 Discussion

5.1 MEMS resonator design

As this study is based on industrial research for Kyocera-tikitin oy KTO, the designed
devices of 32MHz and 24MHz were chosen to align with KTO research needs. Figure
11 indicates that better quality factor values for 24-MHz resonator are populated in
higher beam width values, therefor, the implemented designs have the values around
200 and 210 pm. On the contrary, figure 12 shows the 32-MHz resonator can have
high quality factor values at lower beam width which resulted in using lower values
for the resonator beam widths. For the aim to study the effect of using different
spring dimensions in the quality factor values, figure 13 illustrates that the quality
factor has lower dependency on the anchor spring dimensions as the graph shows
close values for various combinations of spring lengths and widths, that resulted in
dedicating the 32-MHz designs on studying the effect of the low and high anchor
spring dimensions on the robustness of the anchor.

As illustrated in figure 14 L-anchor resonator shows low quality factor in the 32MHz
design, hence, it is excluded from the implementation in the test wafer. For the
implemented 24-MHz designs, the effect of the anchor design studied by the method
of applying the same spring dimensions and resonator beam width for different anchor
shapes, that is shown in table 1 where for designs 1,2 and 3 have a beam width of
210 pm and spring length and width of 17 and 6 pm respectively.

AIN thickness showed minor change of the quality factor as showed in figure 15, thus,
the design were processed with 1.465 pm for process consideration of KTO wafers
history.

Tables 1 and 2 include all the designs chosen to be implemented in this study, that
is followed by the spurious mode analysis for the chosen designs. Figures from 22 to
25 represent the spurious modes analysis for the different implemented designs.
The geometry of the anchor has limited effect on the number of spurious modes
which appears in figure 22 where the beam width is constant while the anchor type
is different, the spurious analysis found to have the same number of modes.

The higher the beam width is, the more spurious modes which the device can resonate
on, which can be noticed in the difference of number of peaks between figure 24a and
figure 24c with 9 and 14 peaks for 140 and 290 pm beam width respectively, therefor,
to exclude the unwanted spurious shapes, designing lower beam width devices can
be adopted as a part of the solution.

Figure 26 shows the spurious modes selected to induce the electrical defects, the
figure shows the deformation happens in the anchor for two modes, the selected
mode shapes were found in all designs with variant frequencies depending on the
design with 3 MHz range.

The effect of the dual-shell gyroscope geometry was discussed by Wei G. [62], the
quality factor dependency on the anchor geometry of the anchor in the study was
more distinct. The study proposed a ratio between dimensions to be the identifier,
which is different approach than what presented in this study where sweeping values
of anchor dimensions were implemented. A ration between the spring length and
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spring width can be adopted approach as future work for the aim of minimizing the
anchor dimensions with maintaining the same robustness of device.

5.2 Microfabrication defects

Figure 28 indicates that the residuals found in the trenches have almost no electrical
affect on the resonance frequency of the devices, since AIN is an electrical insulator,
this result was expected as there is no electrical conductivity needed in the trench
area. On the other hand, an electrical damage could occur if the particles were
formed of a conductive material, as a result of that, the electrical property of the
device would be severely affected.

As a result of another etching process, silicon residuals can be found on trenches as
a result of different etching rates which can cause an electrical properties damage for
the device [46]. The result of the microfabrication defects is process dependent, the
residuals shown in this study were a result of the AIN etching process, while in other
microfabrication processes other defects can be found with different levels of severity.

5.3 Defects inducing and detection

the defects captured during the operational mode which was referred to as electrical
induced defects, in addition to the defects formed due to tape peeling method were
mainly microcracks in the anchor which has the weakest beams due to the small
dimensions, the cracks mainly had the length of 4-8 pm, a sample of the induced
cracks can be found in figure 30. Other designs beside the solid beam resonator
presented in this work, might be subjected to different localization of cracks as well
as different dimensions.

From the results presented, the defects induced electrically are less probable to be
formed specially if low power was used for the electrical stimulation. That is affected
by the probability of the device resonating in the specified frequency, considering the
study was obtained using the highest deformation got form the spurious shapes. The
electrical defects made an initial result of the robustness of the T-shape anchor over
the F and L shape anchors. The selection made for the dies used in the electrical
inducing was made with aim of including all designs implemented in tables 1 and 2.
Since 32MHz showed very low quality factor for the L-anchor, no such anchor was
implemented in the 32MHz design, which led to uncertainty about the robustness of
the F-anchor and L-anchor geometries.

To support the agility of some anchor shapes compared to others, tape peeling test
was done across the whole silicon wafer, the result in figure 31 supported the result
of the electrical defects inducing mentioned above, in which the T-anchor had the
least percentage of defected dies compared to the L-anchor and F-anchor with a
remarkably higher percentage of defected L-anchor which exceeded 60%.

In order to get the opportunity to study the affect of the anchor geometry solely,
design 1, 2 and 3 from table 1 were selected for the purpose of studying the geometry
over the dimensions, in which same dimensions of 17pm spring length with 6pm
spring width were implemented with different anchor geometry, the result obtained
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in figure 32 continued to the same order of strength pattern, which excluded the
dimensions affect, quarter of the L-anchor dies were cracked while only 9.63% and
2.22% of F-anchor and T-anchor respectively were cracked.

The cracked devices from the tape peeling method were used to validate the AOI
result, by manually checking the cracked dies and compared them to the detection
of the AOI system. The result of AOI was mainly affected with the auto-focus
module that is built-in the AOI setup, the blurry pictures affected the detection
rate of the dies by the system, moreover, it resulted in false positives results. The
detection rate of 85.5% needs better enhancement and deeper focus than the 7.1%
false-positive result, that’s because of the high severity of not detecting cracks than
falsely indicating ones.

Although tape peeling test is mainly carried out to ensure the adhesion of the
deposited layers [63][64]. Tape peeling can be used to study the probability of defects
formation on devices, Michael H. study found out 6.7% of MEMS dies were defected
after tape peeling test [65], the differences between results are due to MEMS structure
differences, the tape adhesion and the mechanical removing of the tape.

The technique of combining optical inspection and electrical testing arose with the
experimental proof that 80% of the defects found optically were not detected with
the electrical testing [66]. That highlighted the importance of detecting defects that
have less electrical impact on the characteristics of the device, although they have
optically detected defects on the structure of the device.
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6 Conclusion

With the escalating demand of the time reference devices, MEMS resonator is rising
as a good candidate to take this function over other devices such as quartz resonator.
Because of the research and development focusing on MEMS resonators, it is expected
that MEMS resonator will achieve excellent efficiency with high quality factor and
small size which is a needed feature to reduce cost and facilitate the integration with
other electronics.

Studying the reasons of the defects formation in MEMS devices would help signifi-
cantly to avoid such problems in design and manufacturing. For unavoidable defects
with the aim of developing better MEMS devices, better defects inspections tools is
needed specially with the mass production. The micrometer size of MEMS resonator
with the microcracks appearing throughout the manufacturing or operation initiate
the need for high quality inspection mechanisms.

This study starts with the design of different MEMS devices in which different
parameters were taken under consideration, the quality factor optimization process
showed less dependency on the anchor type and dimensions compared to the res-
onator beam dimensions, moreover, the dependency in the AIN thickness variance in
small scale was almost negligible. The design phase with the spurious mode analysis
indicated the probability of the defects formation because of the spurious mode,
while the microfabrication defects were considered because of the experience with
such processes.

The results concluded that the number of defects that can be induced during the
operation of the device is lower than the expected number, although, for this op-
erational experiment, the spurious modes used were severely deforming a sensitive
part such as the anchor. The percentage of dies which were defected electrically
didn’t exceed 9%. The main dependency of the strength of the device was due to
the geometry of the anchor and less dependency on the dimension of the anchor.
The hypothesis of the strength of specific anchor shapes over others was supported
with the tape peeling test which showed obvious strength dependency on the anchor
geometry.

Defects inspection importance shaped the last part of the study, where an optical
inspection system was proven to reduce the time needed for full wafer inspection.
The enhancement for the system can be done for faster and nanocracks detection by
enhancing the magnifier lens used, and better alignment for the auto-focus module.
An electrical inspection can be done as well, although it is recommended to start
with AOI first as it is fast, more reliable and needs less statistical analysis from the
user. AOI resulted in 15% undetected defects which can be transferred and detected
by the second stage of the electrical inspection where more statistical analysis might
be needed. Electrical detection can be implemented by scanning wider range of
frequencies, analyse the spurious modes which can be used for the detection by imple-
menting statistical methods to differentiate between the defected and non-defected
devices with a similar methodology as in 2.7.2.

Further study can be conducted by testing the effect of deeper hidden cracks, the
effect on the quality factor and the resonance characteristics of the device. The test
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can be carried out by using IR imaging as non-destructive test, or destructively by
removing the outer layer of the electrode and check the piezoelectric and silicon
layers as basic step for validation purposes.
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