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Abstract

This thesis is aimed at the development of low-cost, vacuum-packaged navigation-grade microelec-
tromechanical system (MEMS) Coriolis vibratory gyroscopes (CVG) using 3-dimensional fused-
silica (FS) shell resonators, called Precision Shell Integrating (PSI) gyroscope. PSI gyroscopes
consist of 3D shells (dia=10mm, height=5mm) that resemble a wine glass. CVGs are used for
measuring rotation angle and rate to aid navigation in GPS-denied environments. While MEMS
gyroscopes dramatically reduce cost and size, they struggle to achieve performance comparable
to their macro-counterparts. This thesis focuses on making small size/cost and high-performance
gyroscopes by understanding bottlenecks in performance and mitigating them through innovative
design and fabrication technologies. To improve performance, previous research focused on ob-
taining high quality factor (Q) from the resonator. In this thesis, navigation-grade performance is
achieved by simultaneous improvement in resonator parameters like Q, ring-down time 7, effective
mass, frequency, frequency mismatch Af, and transduction parameters like signal-to-noise ratio,
and capacitance, all of which combine to enhance resolution and accuracy.

Improvements in resonant parameters is achieved by making resonators by blowtorching a F'S sub-
strate with etched features. This allows fabrication of 3D shells with distributed stiffness/mass (by
tailoring thickness in range of 10-450um at different locations) exhibiting high-Q (>12.5 Million)
and long-7 (>500s) with small Af (<2Hz) and large modal mass (~12mg) and frequency (5-10
kHz). High-Q, long-7 and small Af is obtained by making symmetric structures with superior sur-
face quality enabled through efficient torching, cleaning and annealing. Modal mass is increased by
increasing rim thickness. Similarly, large thickness at anchor transition regions (shoulder) increases
shock survivability. Increasing the thickness of both the rim and shoulder from 150 pm to 300um
leads to 2x increase in modal mass and 13x decrease in shock-induced displacement.

Shells with discrete and mm-scale open windows are also designed and fabricated for the first time.
This is done by two-step etching of the substrate before molding and shells after molding. Open
windows on shells can increase QQ by reducing thermoelastic and anchor loss. Besides, this technol-

ogy can be used to define discrete electrodes on a curved surface of a molded shell which is otherwise

xvil



not practical through conventional lithography. It can also be used to fabricate 3D shadow mask
for selective metal coating on resonators. A low-cost and fast approach to singulate 3D resonators
from their molded substrate using selective hydrofluoric acid etching of the flat substrate. This
technology increases throughput and reduces cost by >25x as compared to other conventional pro-
cesses, without compromising performance.

PSI gyroscopes are fabricated by assembling resonators on electrode substrates. Two architectures,
one where electrodes are placed beneath the rim (surface electrodes) and other where electrodes
are placed at the side of rim (side electrode) is explored. Unprecedented angle random walk of 160
udeg/rt-hr and bias instability of <1 mdeg/hr is measured from PSI gyroscope with side electrodes
without any temperature compensation. This is not only the best reported performance ever from
a MEMS gyroscope, it compares favorably with some of the commercial state-of-the art macro-scale
gyroscopes. Furthermore, a novel gyroscope architecture which involves integrating PSI resonators
with a custom-designed curved electrode substrate is developed. Curved electrodes which nearly
follow the resonator’s profile are fabricated. This architecture could potentially increase capacitance
by >bx as compared to side electrodes due to its conformal overlap. Curved electrodes improve

resolution, frequency tuning, and temperature sensitivity.

xviii



CHAPTER I

Introduction

1.1 Overview

Research presented in this thesis is aimed at achieving navigation-grade perfor-
mance in terms of very low noise and high accuracy from a micro-scale vibratory
gyroscope. Vibratory gyroscope along with accelerometers make up a backup navi-
gation system and can be effectively used to navigate in GPS-denied environment.
These sensors therefore find applications in navigation of autonomous cars, defense
vehicles, drones etc. To obtain precise angular information high-performance gyro-
scopes are needed. Existing vibratory gyroscopes are high precision but are bulky,
power hungry and expensive. Miniaturized vibratory gyroscopes on the other hand
offer attractive features like low cost, small size and can enable low cost solution
for high-precision navigation. However, development of such high-performance gy-
roscopes at small scale has not yet been a reality. This is due to several challenges
associated with miniaturization. This thesis is aimed at overcoming those challenges
and developing navigation-grade miniaturized vibratory gyroscope called Precision
Shell Integrating or PSI gyroscope. PSI gyros consists of a hemispherical shell res-
onator of diameter 10 mm and height ~5 mm. The total chip size is 12 mm x 12 mm

x 5.5 mm and vacuum packaged complete device is 16 mm x 16 mm x 10 mm. Design,



fabrication and successful testing of such gyroscopes are presented, and challenges
associated with each of them is discussed and methods of mitigation is developed to
obtain reliable and repeatable results. This chapter begins with an introduction of
inertial sensors and their application in navigation. Different accelerometers and gy-
roscopes are discussed. Following this, shell resonator gyroscopes and their working
principles and sources of errors are discussed. Parameters which determine the per-
formance of such gyroscopes are identified and in subsequent chapters key learning

and findings are discussed.

1.2 Inertial Sensors for Navigation

GPS navigation is commonly used in many applications including defense, drones,
autonomous vehicles, and robotics [1, 2]. However, absolute dependence on GPS is
unreliable due to its limited reachability and susceptibility to external interference
[3]. For example, autonomous vehicles could suddenly stop or lose its path leading
to potential collision if they loses the navigation signal from the GPS in a tunnel.
Similarly, a jammer or even a simple and cheap device can be used to spoof GPS
signal which would trick the vehicle into believing false information. For example,
consider a UAV navigating in air. Once the flight plan is loaded remotely onto the
UAV with a destination point B, the UAV identifies its current location with the
help of GPS signals as shown in Figure 1.1(a). It is supposed to go from point A to
B and the autopilot wants to continue its trajectory as per the location information
obtained from “true” GPS signal. Now the GPS signal is spoofed through a false
signal to make the vehicle believe that it is at a wrong location and that it must
turn right to get back to its intended path A-B. The autopilot would respond and

turn right to get back to its desired path to B. Although, in reality the vehicle is



being tricked into an undesirable situation as shown in Figure 1.1(b). This could
be catastrophic and severely compromises security. Therefore, for navigation of such
autonomous vehicles one can’t rely entirely on GPS. To make navigation more secure
and reliable, inertial navigation system (INS)—consisting of inertial sensors, are used

for navigation in conjunction with GPS [4].

«
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Figure 1.1: Schematic representation showing (a) vehicle navigating using GPS signal to go from
point A to B. (b) However, a false signal can trick the current location and can alter the path of
the vehicle.

The INS take the initial position, velocity and, orientation information from an ex-
ternal source (e.g. GPS, pre-existing maps, fixed objects) and computes the updated
position, velocity and, orientation by integrating the data from its motion sensors.
Thereafter, it can continue to navigate without any help from any external reference
which makes it immune to jamming. This however is accompanied by errors which
is described in 1.6. This method of navigation by using distance and direction infor-
mation which could come from an inertial measurement unit (IMU) is called dead
reckoning. An IMU mainly consist of three accelerometers and three gyroscopes in

each direction (x, y and z) to measure acceleration (or velocity or position) or rate



(or angle) of rotation respectively as shown in Figure 1.2(b) [5]. Sometime three
magnetometers are also added to measure the magnitude and direction of magnetic
field or to measure geographic move (e.g. move east or west). Accelerometers mea-
sure the force (or acceleration) which helps in determining velocity and position.
Gyroscopes measures the rotation rate and angle of rotation. Both linear and angu-
lar motion information are vital to precisely calculate the attitude and position of

an aerial body.

An IMU unit

Figure 1.2: An IMU located on an airplane’s body consists of accelerometers in each direction to
measure displacement (x,y,z) and velocity (u,v,w). Gyroscopes measure the angular velocity (£,
Qy, Q.).

1.3 Accelerometer

Accelerometers are used to measure acceleration by virtue of measuring the force
experienced by a movable body attached to an extensible (or deformable) spring.
When the accelerometer case (located in a moving body) experiences an acceleration,
the proof mass inside the case, moves in direction opposite to the applied acceleration.
The distance it moves is proportional to the magnitude of the acceleration as per

Newton’s second law as shown below,
Fewt = m.a = k.-Zproofmass (1.1)

Tproofmass X A (12)



The displacement p,o0fmass, 1S basically what needs to be measured in some
way or the other to get the value of applied acceleration. There are several types
of accelerometer and each has their own technique to measure displacement of the

proof mass, Zpyoofmass- Some of them are explained briefly below,

1.3.1 Piezoelectric Accelerometer

These types of accelerometers have the proof mass mounted on a piezoelectric
material. When the device experiences an acceleration, the proof mass tends to
move and presses against the piezoelectric block which in turns generate an elec-
tronic voltage. The voltage output can be calibrated and measured to estimate the

displacement of proof mass and in turn the applied acceleration [6, 7).

1.3.2 Piezoresistive Accelerometer

These types of accelerometers have piezoresistors embedded in the spring beams
which connects the movable proof mass. Under an applied acceleration, the motion
of the proof mass results in either tension or compression in the springs which leads
to a change in resistance of the piezoresistors. This change in resistance can be
calibrated to measure the motion of the proof mass and in turn calculate the applied

acceleration [8, 9].

1.3.3 Capacitive Accelerometer

These types of accelerometers have a fixed electrode at a small gap away from
the movable proof mass forming a parallel plate capacitor. In response to external
acceleration, the proof mass moves and either change the gap between two plates or
the overlapping area causing a change in capacitance. This change is a function of

the displacement of the proof mass which can be used to calculate the acceleration

[10, 11].



1.3.4 Vibrating Beam Accelerometer

Vibrating-Beam or Resonant accelerometers comprises of a proof mass with at-
tached resonant sensors (resonating beam) and elastic beam springs. Under accel-
eration, the proof mass experiences an inertial force which gets transmitted axially
either in form of tension or compression to the resonant sensors. The additional iner-
tial forces act on the stiffness of the beams increasing the resonant frequency in case
of tensile force and decreasing the resonant frequency in case of compressive force.
This change in frequency of the resonant sensors is a measure of the inertial forces
the proof mass experiences which can be used to estimate the applied acceleration

12].

1.4 Gyroscopes

Gyroscopes are used to measure the angular rate of rotation and the angle of ro-
tation. There are mainly two broad categories of gyroscope—optical and vibratory.
Other types of gyroscopes also exist including spinning mass, cold atom interferom-
etry, nuclear magnetic resonance etc. The operating principles of a few are briefly

described below,

1.4.1 Optical Gyroscopes

Optical gyroscopes work on the principle of Sagnac effect. There are mainly two
types of optical gyroscopes—Ring laser gyroscopes (RLG), where light travels in a
resonant cavity and fiber-optic gyroscope (FOG) where light travels in a fiber optic.
In an inertial frame of reference, light travels at a constant speed in a given medium.
If a coherent light beam is split and sent in two opposite direction in a circular non-
rotating waveguide (through mirrors placed in resonant cavities in case of RLS and

through fiber optic in FOG), the path length is the same for the two light beams and



they meet in-phase. However, when the frame is rotated perpendicular to the plane,
one beam sees a longer path while the other sees a shorter path leading to a change
in path length which leads to a phase change. This is the principle of Sagnac effect
and is shown schematically in Figure 1.3. The phase change contains information

related to the rotation speed [13].

Laser travellingin
- opposite direction

1
Under rotation, laser

travels unequal —
distances cause phase
change

travels equal distance

St’ar?
Start

Figure 1.3: Working principle of optical gyroscopes relying on phase change due to path length
difference under rotation of two laser moving in opposite direction..

1.4.2 Cold Atom Interferometer Gyroscopes

Atom interferometry is similar to that of light interferometry in a sense that matter
(atoms) have wave properties just like that of light. So, a beam of atoms sent out in
opposite direction on a rotating frame would combine with an interference pattern
containing information related to the rotation rate. Atom interferometry is beneficial
over light interferometry as it tends to be more sensitive owing to its short de Broglie
wavelengths, and could create a larger phase shift for smaller rotation rate. Cold
atom interferometry operates at very low temperature so as to achieve the required
velocity or wavelength control of the atom source. In many of atom interference

experiments, the role of light and matter is reversed. Like in atom interferometry,



the beam splitters and mirrors are lasers (light) while the emitting source is atoms

(matter).

1.4.3 Vibratory Gyroscopes

These types of gyroscope are also known as the Coriolis vibratory gyroscopes
(CVGs) as they operate on the principle of Coriolis effect. They consist of a vibrating
mass which can be a string, beam, a pair of beams, tuning forks, disc, ring, cylinder,
hemisphere etc. anchored at some place. The vibrating mass of these gyroscopes
are driven into resonance and under rotation the Coriolis force acts perpendicular
to both the velocity of motion and direction of rotation. This causes the vibrating
pattern to precess around the sensor frame. The magnitude of force is proportional

to the rate of rotation.

Tuning Fork Gyroscopes

Tuning fork gyroscopes (TFG) are perhaps the simplest vibratory gyroscopes.
The first TFG fabricated in early 1950s used large metallic forks [14]. The working
principle of these gyroscopes can be understood by taking an example of a tuning
fork consisting of two tines with square cross section and a stem as shown in Figure
1.4.

Square cross section ensures that the fork has same frequencies in the x and y
directions. The tines are driven into resonance in one axis (x-axis shown by red
arrows in Figure 1.4(a)) so as to vibrate the tines in-plane moving back and forth.
Next, the tuning fork is given a rotation about its stem. It is known that under
rotation Coriolis force is applied in the direction perpendicular to both velocity and
rotation axis. Due to Coriolis force, each tine experiences a force in the out-of-plane

direction. This force causes the tines to start vibrating in its out-of-plane mode



Fixed
Anchor

(a) (b)

Figure 1.4: Modes of a tuning fork. (a) in-plane mode where the tines vibrate in its plane and (b)
out-of-plane where the tines oscillate in direction perpendicular to its in-plane motion.

(shown by violet arrows in Figure 1.4(b)) which can be sensed and measured. The
earliest tuning forks however posed many barriers to achieving high performance
because of imperfections in their manufacturing, poor material properties, and poor
temperature behavior.

Efforts at miniaturizing gyroscopes started in 1970s when a quartz-based TFG
with reasonable performance was first demonstrated [15, 16]. It was not until
late 1980s that micro electromechanical systems (MEMS) technologies were first at-
tempted and applied by Draper Lab to build a micromachined gyroscope [17]. Their
gyroscope consisted of a proof mass supported by several springs. The proof mass
was driven into resonance using comb-drive type actuator fabricated monolithically
alongside the mass. Under rotation, the proof mass would move up and down and the
vibrational motion is captured capacitively by electrodes placed underneath. Since,
then many more MEMS tuning fork gyros have been reported based on different ver-
sions of vibrating tuning forks. One of them is quad mass gyroscope (QMG) reported

in [18]. Here, four resonating masses are used instead of two as in conventional tuning
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forks. The four masses move out-of-phase and minimizes reaction forces and moment
on the anchor reducing the flow of useful vibrational energy through the substrate.
Using the QMG architecture, authors in [18] reported ARW of 0.015 deg/rt-hr and
BI of 0.09 deg/hr.

Although the performance of early MEMS gyroscopes in terms of noise and bias
stability were not great, advances in technology, device structures, process control,
transducer architectures, vacuum packaging, and readout/control electronics have
enabled MEMS gyroscopes to provide performance that rivals larger and more ex-
pensive optical /mechanical gyroscopes. The most advanced of tuning fork gyros that
has been commercially available for many years is from Honeywell which recently re-
ported a near-navigation-grade ARW of 0.006 deg/rt-hr and BI of 0.02 deg/hr [19].
Systron Donner also recently reported near navigation-grade ARW of 0.001 deg/rt-hr
and BI of 0.005 deg/hr from their quartz tuning fork gyro [12]. Some tuning fork

gyroscope architectures are shown in Figure 1.5.
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Figure 1.5: Tuning fork gyroscopes from (a) Draper Labs [17], (b) quad mass gyro with the drive
and sense modes motion of the four masses [18], (c) tuning fork gyro from Systron Donner with
the control architecture [12].

Ring Resonator Gyroscopes (RRG)

Ring type resonators anchored using a central stem have also been used as gyro-

scopes since mid-1990s. The degenerate modeshape of ring resonators makes them
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attractive for use as a gyroscope. These gyroscopes operate in their degenerate wine-
glass modes usually n=2 and n=3 wineglass modes. Electrodes are monolithically
fabricated surrounding the resonator with small capacitive gap. The resonator is
driven in its wineglass modes and the drive amplitude is maintained. Under ro-
tation, the vibrational energy is transferred to its second mode and the motion is
sensed by surrounding electrodes. The first ever micromachined ring gyroscope was
reported by University of Michigan using electroplated Nickel [20]. Later in 2000s,
ring gyroscopes fabricated from single crystal silicon [21] and polysilicon [22] were re-
ported. Some of ring resonator gyroscopes are shown in Figure 1.6. Since then, a lot
of research has been conducted and several ring gyroscopes have been reported with
improved fabrication and performance some of them for high shock environment ap-
plication [23]-[27]. Ring gyroscopes have smaller angular gain and small modal mass

due to the limited height of the ring possible from microfabrication.

Figure 1.6: Ring resonator gyroscopes fabricated at The University of Michigan using (a) electro-
plated Nickel [20], (b) Single Crystal Silicon [21] and (c) Polysilicon [22].

Disc Resonator Gyroscopes (DRG)

Disc resonator gyroscopes like ring resonator also operate in their flexural wine-
glass modes. DRGs differ from RRG in terms of their structure which is a solid disc

instead of a ring. Several designs of DRG including solid disc, perforated disc, disc
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with several rings, etc. have been reported [28]-[33]. Boeing’s DRG made from sili-
con micromachining have achieved one of the best performances with ARW of 0.0021
deg/rt-hr and BI of 0.012 deg/hr [28]. More recently, a group from China reported a
silicon DRG with ARW of 0.01 deg/rt-hr and BI of 0.04 deg/hr [29]. Another version
of DRG with dual mass, inner-mass for drive and outer-mass for sense is proposed
to dynamically amplify the amplitude of vibration. This design has achieved ARW
of 0.048 deg/rt-hr and BI of 0.6 deg/hr [30, 31]. Some of the DRGs are shown in
Figure 1.7. DRGs operating in high frequency n=3 wineglass fabricated from DRIE
of Silicon Carbide has also been reported and have achieved ARW of 0.06 deg/rt-hr
and BI of 0.85 deg/hr [32]. More details on the working principle of wineglass gy-
roscopes including ring, disc and shell gyros will be discussed in the next section.

This thesis is focused on vibratory gyroscopes henceforth, the term “gyroscope” or

Micro-oven Amplitude amplified

dual-mass gyro

(a) (b) (c)

Figure 1.7: Disc resonator gyroscopes (a) fabricated using Silicon [29], (b) with amplitude ampli-
fiable dual mass architecture [31], (¢) made from Silicon Carbide [32].

“oyro” would refer to “vibratory gyroscope” unless specified otherwise.

1.5 Vibratory u-Shell Gyroscopes

Different designs of gyroscopes have been discussed until now. Almost all of

them have failed to exhibit high Q, long ring-down time, large effective mass, and
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large capacitance at reasonably low frequency all of which are important to achieve
navigation-grade performance. Most of these resonators are fabricated from Silicon
and are limited by thermoelastic damping (discussed in Chapter II) therefore Q
more than a couple of million is hard to achieve. Due to low Q and high frequency,
the ring-down time is also small except QMG which has achieved long ring down
time (5 minutes) at very low frequency (1.6 kHz). Also, due to their small height
(due by fabrication limitation), their modal mass and drive/sense capacitance is
small. Therefore, to reach navigation-grade performance 3D structures are more
attractive to exploit its large aspect ratio to improve capacitance. Also, new materials
like fused silica with innovative designs needs to be explored. At the MEMS scale,
micromachining of fused silica is challenging however at the macro scale these can
be mechanically machined. Hemispherical Resonator Gyroscopes or HRGs are state-
of-the-art gyroscopes which have demonstrated navigation-grade resolution (or very
low noise) and can measure the rate of rotation as small as five orders of magnitude
smaller than the rotation rate of the earth. HRG technology is commercialized by
Northrop Grumman in United States [34]-[38] and by SAFRAN in France [39]-[43]
by the name of CrystalTM. Figure 1.8 shows photographs of HRG by Northrop
Grumman and SAFRAN. HRGs, because of their large size can be machined out
from a fused silica block. They have excellent symmetry and unique design which
leads to high Q of more than ten million, very low ARW (< 1210~* deg/rt-hr) and
BI (< 0.001 deg/hr) making them ultra-precise but also ultra-expensive. One HRG
typically costs more than 100k USD. They are made using precision trimming of
a fused silica block into a hemispherical shell and precision polishing which takes
about 3 months. Though they are high performance gyroscopes, their large sizes,

high costs and power requirements limit their use in many applications. Therefore,
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(a) (b)

Figure 1.8: Hemispherical Resonator Gyroscope containing fused silica shell resonator and elec-
trodes manufactured by (a) Northrop Grumman in USA [38] and (b) SAFRAN in France [39].

miniaturization of shell resonators gained a lot of interest in late 2000s. Several shell
gyroscopes made from materials like oxide, diamond, nitride, metals etc. have been
reported. Broadly, micro shell resonators can be classified in two categories based
on their method of fabrication, (i) thin-film type and (ii) molded type. Micro shell

gyroscopes are explained in the next section.

1.5.1 Thin Film p-Shell Gyroscopes

Thin film type shell gyroscopes are fabricated by depositing a thin film of ei-
ther oxide, diamond, nitride etc. on a pre-etched hemispherical mold (fabricated
by isotropic etching) followed by complete etching of mold to release hemispher-
ical shells [44]-[55]. Figure 1.9 shows the fabrication process and photographs of
resonators fabricated by depositing thin films on a sacrificial mold.

Sometime, resonators integrated with electrodes are also fabricated using similar
approach. A hemispherical mold is first etched out using isotropic wet etching and
electrodes are deposited and defined lithographically. Then, a sacrificial layer is
deposited whose thickness depends on the desired capacitive gap. Finally, device
layer (diamond, nitride, oxide etc.) is deposited following which the sacrificial layer

is etched off to make a resonator and surrounding electrodes separated by a small
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UC Davis [44] Draper [45] GaTech [46] Purdue [47] UCLA [56]

Figure 1.9: Fabrication scheme for manufacturing shell resonators by depositing a thin-film mate-
rial on a pre-etched mold. Some thin-film resonators.

gap. Figure 1.10 shows the fabrication process and integrated resonators fabricated
using this approach. This allows for fabrication of very small, uniform gap and at
the same time leads to conformal overlap due to curved nature of the electrodes
as shown in Figure 1.10(c). A variation of this process employs blow molding of a
thin sheet of Platinum-bimetallic glass (Pt-BMG) at 275 °C' instead of deposition
on a pre-etched mold [56]. However, all resonators fabricated using this approach
have failed to achieve high Q (Q << 1 Million), due to a combination of damping
mechanisms. Moreover, because of limited aspect ratio, intrinsic capacitance is small

even though the electrodes are conformal.

1.5.2 Molded p-Shell Gyroscopes

Most of the shells fabricated using deposition of thin films suffered in Q due to

material losses. To obtain high-Q, high quality, low loss material like fused silica
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Figure 1.10: Working principle of optical gyroscopes relying on phase change due to path length
difference under rotation of two laser moving in opposite direction..

is required. However, microfabrication of fused silica to make 3D structures is not
possible. Therefore, specialized fabrication needs to be developed. One method is
using molding technique to make high-aspect ratio 3D shells. Mainly two types of
molding including glass blowing and blowtorch molding have been demonstrated to
fabricate very high Q resonators (Q> 10 Million). However, in this approach, the res-
onators and electrodes are fabricated separately and then integrated together with a
small capacitive gap [58]-[62], although in some cases they can also be monolithically
fabricated [63, 64]. The process of glassblowing starts by plasma assisted bonding
of two fused quartz wafer of different thickness. The thickness of the device layer
determines the thickness of the shell and therefore the operating frequency. It is
usually between 80-170 pm thick but the substrate layer is much thicker as shown
in Figure 1.11. In different configurations either the device layer or the substrate
layer is etched and then the two wafers are bonded to each other so that the etched
region is at a predefined pressure. At high temperature, this trapped air expands
giving a 3D shape in the form of shell [60, 61],[63]-[67]. Another method of fabri-
cating 3D shells does not need any bonding of substrates. Here a reversed pressure
difference is created which causes the substrate to “blow down” at high temperature

[68]. Blowtorch molding is explained in detail in Chapter II.



17

Device wafer Cavity et hinf i
m

a) Iso'trapic cavity etching on device wafer
¢) Glassblowing at > 1500 °C

AN NS

I d) Substrate removal to release shell structures

| Substrate wafer

i
! 1
1 '

b) Plasma-assisted FQ-to-FQ wafer bonding

Figure 1.11: Glass blowing process and some resonators fabricated using this approach at UC
Irvine and Southeast University, China.

1.5.3 Working Principle

Most CVGs comprise of a resonating mechanical structure and relies on the Cori-
olis force generated in the rotating frame of reference to sense the rate of rotation. A
gyroscope with a cylindrically symmetric mechanical resonator such as a wineglass
has identical frequencies for flexural modes, so called the wine-glass modes (WG).
For example, consider a wineglass as shown in Figure 1.12. Now when the rim of
the wineglass is stuck with a finger, the rim starts to resonate in its resonant mode
shapes. The n=2 WG modes (i.e. WG modes whose displacement pattern have two
nodal diameters), have two elliptical displacement patterns each offset at an angle of
45 degree to each other as shown in Figure 1.12(b). Similarly, the n=3 WG modes
(i.,e. WG modes whose displacement patterns have three nodal diameters), have
three-sided star shaped displacement pattern separated at an angle of 30 degrees
to each other as shown in Figure 1.12(c). Similarly, there are higher order modes
which are usually not used for gyroscopic application due to their high frequencies.

Consider a resonator deforming in one of its degenerate mode. Now the entire sys-
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(a) (b) (c)

Figure 1.12: Modeshapes in wineglass type resonators. When a perfectly symmetric wineglass as
shown in (a) is stuck at the rim, the rim vibrates. (b) The n=2 wineglass mode is in the shape
of ellipse and has two nodal diameter, the dots shows the position of maximum displacement or
anti-nodes in first cycle of vibration and dashed lines shows the second cycle of vibration. Simi-
larly (c) the n=3 mode of vibration has three nodal diameter and is in the shape of a star.

tem is rotated about its axis of symmetry. Under rotation, the Coriolis force acts
perpendicular to the direction of motion (%) and the rotation axis (€2) and is given

by,

Froriotis = 2k M7 x ) (1.3)

To operate it as a gyroscope the shell is driven by one of the many transduction
schemes which are discussed in the next section. They are driven in one of its
resonant mode called drive mode. At this stage vibrational amplitude and energy is
maximum in this mode as shown in Figure 1.13(a) where energy is maximum in mode
1. Under rotation, the Coriolis force (ﬁc) acts perpendicular to the initial direction
of motion and the direction of rotation axis at different part of the shell is shown in
Figure 1.13(b). Due to this force, energy starts to transfer from this mode to the

second mode called sense mode as shown in Figure 1.13(c). The Coriolis force as
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Figure 1.13: (a) The shell is driven in its ‘drive mode’, (b) under rotation the Coriolis force acts
on the shell and (c) transfers energy into the second mode where the motion is sensed and the
rate of rotation is determined.

given by Equation 3 causes amplitude to rise in the sense mode which is proportional
to the rate of rotation. To ensure maximum vibrational amplitude in the sensing
mode, it is essential for both the modes to have closely matched frequencies. This
is because Coriolis force which is responsible for driving the sense mode motion is
at the drive mode frequency. When the drive and sense modes have same frequency,
Coriolis force will lead the sense mode to resonance. Resonance in sense mode would
mean larger sense amplitude improving sensitivity. In the next subsection, different

methods of driving and sensing a gyroscope is discussed.

1.5.4 Transduction Mechanism

Gyroscopes can be driven and sensed by different transduction mechanisms. Pop-
ular among them are electrostatic and optical methods. This section briefly describes

both these techniques,

Electrostatic Transduction

Electrostatic transduction is one of the most popular transduction mechanisms
used in MEMS sensors and actuators. This technique employs the use of parallel

plates to form a capacitor where one plate is fixed (electrodes) while the other plate
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is movable (shell resonator). These two plates are separated by a small capacitive
gap which can be between 10-50 ym. In PSI gyroscopes the electrodes can be placed
so as to measure the in-plane motion or out-of-plane motion. In this thesis, they are
referred to as ‘side electrode configuration’” and ‘surface electrode configuration’, re-
spectively as shown in Figure 1.14. Chapter IV will discuss the design and fabrication

of electrodes as well as assembly process of the gyros.

Ly

:
-

Surface Electrodes Side Electrodes

Figure 1.14: Electrode configuration in shell resonator gyroscopes. The electrodes can be placed
either at the bottom to sense out-of-plane motion or can be placed at the side to sense in-plane
motion.

The shell is DC biased to a fixed voltage. The surrounding electrodes at 0 degree is
used to drive the shell in resonance and maintain a fixed drive amplitude using closed-
loop operation. Under rotation, energy transfer takes place from the drive mode to
the sense mode as shown in Figure 1.13. Depending on the mode of operation, an
amplitude buildup in the sense mode is either allowed (open-loop mode) or suppressed
by opposing force from the sense electrodes (closed-loop mode). Either way, the
surrounding electrode located at 45 degree to drive electrode (in case of n=2 mode of
operation) or 30 degree (in case of n=3 mode of operation) participates to determine
sense motion by either measuring the change in capacitance due to resonator motion
or by determining the voltage (force) needed to nullify this motion. Determination
of capacitance or force quantifies the amplitude of the resonator which is used to

measure rate of rotation as explained in Section 1.5.3.
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Opto-Electro Transduction

Another popular transduction mechanism is optical sensing. In this technique, the
resonator is driven at resonance just like electrostatic driving, however, the sensing
is done optically through laser interferometry. The details of optical transduction
can be found in [69].

Depending on the application, these gyroscopes can be operated either as rate
gyroscopes (RG) or rate-integrating gyroscopes (RIG) also known as the Whole-
angle mode. In the next subsections, the operating principles for both RG and RIG

and their associated characteristics are discussed.

1.5.5 Rate Gyroscopes (RG)

Rate Gyroscopes are used to measure rotation rate. There are two major sensing
mechanisms in this mode of operation namely the open-loop mode and the closed loop
mode (also called as force-rebalance mode). In open-loop mode a gyroscope is driven
at a fixed amplitude in its drive mode. Under rotation, the Coriolis force causes the
amplitude to build in the sense mode. The ratio of the vibrational amplitudes in the

two modes is given by,

Q
Usense _ QQ_Z (14)
w

Udrive
where, u is the corresponding amplitude, Q is the mechanical quality factor, w
is the resonance frequency of the two modes and €2, is the rotation rate. Figure
1.15 shows the idea of open-loop mode of operation. The amplitude in the sense
mode can be measured through measurement of change in capacitance to determine
the rotation rate. As can be seen from Equation 1.4, the sense mode amplitude

(Usense) is directly proportional to  and inversely proportion to frequency. This is
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because when the device has a high Q, it is less prone to random vibrations and
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Figure 1.15: Schematic representation of open-loop mode operation. The gyroscope is electro-
statically driven in one of its mode, under rotation, the amplitude build-up in the sense mode is
sensed by the surrounding electrodes.

Also, small frequency enables large deflections due to low stiffness. Therefore,
high-QQ and low frequency device is crucial to increase the scale factor of gyroscope
in open-loop RG mode. This mode of operation relies on the amplitude build-up in
the sense mode which takes time. As a result, the response to rotation-rate is not
instantaneous which limits the gyroscope bandwidth. This is overcome by operating
the gyroscope in close-loop mode. In close-loop mode, also known as the force-
rebalance mode, the gyroscope is driven to a fixed amplitude in the drive mode just
as the open-loop mode. However, instead of allowing the amplitude build-up in the
sense mode as is done in open-loop mode, a counter force is applied in the sense
direction to nullify the Coriolis force and inhibit any motion of the resonator. Figure
1.16 shows the idea of closed-loop mode of operation.

The rotation rate can then be calculated using the relation,

fsense Qz
=920)—= 1.5
fdrive Q w ( )

where, f is the applied force in the drive and sense mode. Like RG mode, the

sense mode force is proportional to Q and inversely proportional to frequency. As
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Figure 1.16: Schematic representation of closed-loop mode operation. The gyroscope is electro-
statically driven in one of its mode, under rotation, the amplitude build-up in the sense mode is
suppressed by applying a voltage by the surrounding electrodes.

a result, high-Q and low frequency devices are necessary to increase the scale factor
of gyroscope. Since there is no amplitude buildup in the sense mode, the response
to rotation rate is quicker and the bandwidth in increased. However, the feedback

electronics induces noise in the system.

1.5.6 Rate-Integrating Gyroscopes (RIG)

RIGs are used to measure the angle of rotation. In this mode of operation vibra-
tion is induced and the sensor frame is rotated. While the sensor frame follows the
input rotation, the vibration pattern however lags behind. The vibration pattern
shifts its axis of vibration because of the Coriolis force and lags behind the ”true”
angle by a precession angle 6,,,, relative to the true rotation angle or rotation angle

of the sensor frame, 0,.. The ratio of the two angles is defined as angular gain, A,.

4, = Jare (1.6)

etrue

A, depends on the geometric parameters of a resonator and is therefore stable
with temperature variations over lifetime of sensor. Its value is 1 for an ideal tuning
fork type gyroscope although due to inevitable non-idealities, A; < 1. For a shell

gyro A, is ~ 0.3. This means when a gyro is rotated by 90° the vibration pattern
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lags by ~ 27° as shown in Figure 1.17. Once angular gain is known, rotated angle

can be determined using the relation,

6
Ope = —2222 (1.7)
t Ag

Angular gain is an important parameter determining the device performance in
whole angle operation mode and is therefore a measure of scale factor in this mode.
Figure 1.17 illustrates the operating principle of a wineglass resonator in the RIG

mode.

(a) (b) (c) (d)

Figure 1.17: (a) When a wineglass is excited at its n=2 resonant frequency, (b) the rim (as seen
from the top) starts oscillating in an elliptical pattern. (¢) Now when the wineglass is rotated by
an angle of 90 degree from its stem, (d) the reference point (shown in red dot) moves 90 degree
but the pattern of vibration lags by 27 degree.

In the next section, sources of error and their mitigation strategies are discussed.

1.5.7 Sensor Parameters

Performance of an inertial sensors is characterized by several parameters including

sensitivity, resolution, and accuracy.
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Sensitivity

Sensitivity is defined as the change in output signal per change in input signal. For
example, if a gyroscope when subjected to a rotation rate of 1 deg/hr (X) generates
an output signal of 1 mV (Y), then the sensitivity is defined as Y/X which in this
case would be 1 mV/deg/hr. In other words, sensitivity is the slope of the input-
output plot as shown in Figure 1.18. Sensitivity in gyro community is usually called
scale-factor. A large value of scale factor means larger slope on the input-output
graph. This would mean for a small change in input, there would produce a large

output signal which is desirable because large signals are easier to measure.

Resolution

Resolution is the smallest rotation signal which the sensor can reliably measure.
This number is primarily determined by the noise from the sensor. The source
of noise could be the mechanical resonator, the electronics or both. For example,
consider a gyroscope sensor with a noise of 1 deg/hr. Now, if this gyroscope is
rotated at the rate of 0.5 deg/hr, the rotation signal would be indistinguishable from
the noise. Therefore, the resolution or minimum detectable signal of this sensor is 1
deg/hr. The earth rotates 360 degree in about 24 hours, so the rotation rate of earth
is ~ 15 deg/hr. A high performing gyroscope have very fine resolution (or very low
noise) meaning they can measure even minute changes in rotation angle or rate of
rotation. Noise is characterized by Angle random walk or ARW of a gyroscope and
it determines the resolution for a gyroscope. The larger HRGs for instance have a
noise of < 1210™* deg/hr which means it can measure rotation as small as five orders

of magnitude smaller than the rotation of earth.
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Scale Factor = Output/Input

Sensor Output (usually in mV)

Bias
(Zero-Input Output)

A 4

Sensor Input (usually in deg/hr)

Figure 1.18: A sensor’s input-output curve. Slope of the plot is called the scale factor or sensitiv-
ity and the intercept on y-axis (at zero input) is called as bias.

Accuracy

Accuracy is deviation of the measured signal from the actual signal. To under-
stand accuracy, it is necessary to talk about bias instability first. Consider an idle
gyroscope with zero rotation. In this case, there ideally should not be any output
signal. However, almost all sensors experience some output even when the input is
zero and this is called zero-input output or bias. Bias can be determined by the
input-output graph of Figure 1.18 by reading the intercept on the y-axis which is the
output at zero input. To understand this, let us consider a gyroscope with sensitivity
of 1 mV/deg/hr. Consider this gyro has a bias (or offset) which is fixed at 1 deg/hr.
Now when the gyro is given a rotation of 1 deg/hr, the gyro output would be 2 mV
(1 mV due to actual rotation and 1 mV due to bias offset). If we know the bias

offset, we can calibrate and subtract 1 mV from the output to get actual output
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data. This measured signal (1 mV) is then accurate as it corresponds to the actual
rotation (1 deg/hr). Now consider another case where the bias offset is not constant,
and it fluctuates between say 1-2 deg/hr. In this case, if we subtract 1 mV from
the output signal as before then we may end up with a wrong value as the voltage
corresponding to bias offset could be anything between 1-2 mV. In such cases, the
accuracy of the sensor is compromised. Therefore, one would want to minimize the
bias drift as much as possible. The bias drift is interchangeably referred to as Bias
Stability or Bias Instability (BI) which is the instability (drift) of bias.

The range of the values of ARW and BI determine the grade of gyroscope. ARW
better than 121072 deg/rt-hr and BI better than 0.01 deg/hr is called navigation

grade performance. ARW and BI will be discussed in the next section.

1.6 Errors in Inertial Sensors

As described earlier, dead reckoning using inertial sensors requires integrating the
sensor outputs. This leads to an accumulation of error over time leading to incor-
rect final position. To effectively use dead reckoning, the sources of errors needs to
be understood and mitigated. This section discusses the major errors pertaining to
gyroscopes and their sources which leads to a deterioration in sensor performance.
Errors in gyroscopes can be in the form of bias, random noise, nonlinearity, scale
factor errors, vibration-induced errors etc. Errors in gyroscopes or any inertial sen-
sors are categorized into systematic errors and random errors. As the name suggests
systematic errors have a fixed value for each sensor while random errors usually
have a range. Systematic errors further have four components, a fixed value error, a

temperature-dependent error, a run-to-run variation and an in-run variation.

e Fized value error - This error type has a fixed value for each sensor which can
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be offset using the control architecture.

e Temperature-dependent error — These originate due to variations in surrounding
temperatures. Error in signal due to temperature can also be calibrated and
offset using the circuitry. If this error is not compensated for, the signal shows
variation when the sensor starts and is still warming up to its normal operational

temperature and when temperature fluctuates.

e Run-to-run variation — The run-to-run variation as the name suggests is the
variation in sensor output every time the sensor is activated. This is different
each time the sensor is used but is constant over a run. This type of error cannot
be compensated by the IMU circuitry but needs to be taken care of by the INS

alignment or integration algorithms.

e In-run variation — In-run variation is the variation in sensor output during a
run either naturally or during a sudden event such as shock. Over time, the
sensors’ output slowly drifts leading to erroneous output. This error cannot be
calibrated by the IMU or INS algorithms, but it needs to be corrected using

reference data from other navigation sensors.

1.6.1 Scale Factor Error

Scale factor errors are characterized by an incorrect or non-linear input-output
plot. This can take place if the vibration amplitude (or change in capacitance) is
different than it should be. This erroneous change in capacitance could either be
due to non-uniform or varying capacitive gap from fabrication imperfection or from
CTE mismatch between the resonator and electrode material, respectively. Scale
factor drift is a major cause of error responsible for non-accurate sensor output.

These errors can significantly reduced by ensuring a uniform capacitive gap around
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the sensor, making the sensor and electrode of the same material, using differential
sensing by placing electrodes both inside and outside of the resonator so when one
gap increases, the other would decrease leading to a constant final amplitude of
vibration. Finally, the temperature can be constantly measured, and the voltages

can be adjusted through a closed loop system to maintain constant scale factor.

1.6.2 Bias Error

Bias or the zero-rate output is the sensor output when the input is zero and is
given in °/hr. All gyroscopes exhibit a constant bias i.e. it exhibits a finite output
even when there is zero input. Bias are of two types static bias and dynamic bias.
Static bias, also known as fixed bias, turn-on bias, or bias repeatability is fixed during
a run but could vary between runs and therefore they comprise the run-to-run error.
Dynamic bias, also known as in-run bias variation or bias instability (BI) constitutes
the random error. BI can be attributed to imperfections in resonator, temperature
fluctuations, stresses etc. At stable temperature with isolation from environmental
vibrations, Bl is dominated by the damping asymmetry which is the difference of

inverse of ring-down time constants of the two modes as given in Equation 1.8.

BI < AL (1.8)
T

Ring-down time constant (7) is defined as the time taken for the resonator am-
plitude to decay to 1/e of its initial amplitude as shown in Figure 1.19.

A perfectly balanced and symmetric resonator would have the two modes with
same frequency and 7. This means that the stiffness and damping axes are essentially
aligned. In such cases, the vibrating pattern can freely precess in response to rotation.

However, due to fabrication imperfections, the two modes split up with a separate
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Figure 1.19: Measured ring-down of a resonator. Ring-down time is calculated by measuring the
time taken for the amplitude (or velocity) to decay to 1/e.

frequency and 7 for each mode. Besides, 7 also shifts (not necessarily in the same
way) due to changes in temperature and vacuum pressure. These imperfections lead
to fixing of the principle axes. Besides, the stiffness and damping axes are no longer
aligned. In such cases, an erroneous force will be generated due to the anisotropic
damping to change the orientation of the antinode of the standing wave. This force
is not distinguishable from the Coriolis force and will create bias drift. Long ring
down time constant would mean lower damping mismatch, A%, leading to a lower
BI. ARW and BI (discussed next) and several other random drifts are characterized
through the Allan variance plot. An Allan variance plot is generated by obtaining
output data for a long time from a stationary gyroscope. ARW is determined by
reading the value corresponding to integration time = 1 second and slope = —1/2.
BI is determined by reading the lowest value on an Allan variation plot which is the

lowest noise floor as shown in Figure 1.20.
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Figure 1.20: Allan variation plot of a gyroscope showing different dominant noise sources at dif-
ferent sampling time. ARW is read by reading the y-axis value at t=1 second and BI is deter-
mined by reading the lowest value on the plot.

1.6.3 Angle Random Walk

Angle Random Walk or ARW is the error in measured angle either due to thermo-
mechanical Brownian noise (mechanical ARW) or due to the associated circuitry
(electrical ARW). It is usually given in °/+v/h and corresponds to the value with -1/2
slope on the Allan variance plot. ARW determines the resolution that the gyroscope
can reliably measure. For a mode matched gyroscope (with identical drive and sense
mode) with high Q, ARW is dominated by the mechanical noise and it given by

Equation 1.9 [70, 71].

]{JBTQ w
ARW pech, = \/ 2rad/s 1.9
" 2Aderwe effwo \/ ( Qwo ) / ( )

To have a high-performing gyroscope, a) the scale factor (sensitivity) should be

increased and b) both the noise and the bias instability should be reduced. For this,
the resonator of a gyroscope must have a) close mode matching (Warive = Wsense)s
high Q, high frequency, large effective mass (M.ss) and a large driving amplitude

(Garive)- Besides, they should be tolerant to harsh environment particularly high
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shock and temperature variations. In the subsequent paragraphs, improvement in

each parameter for a shell resonator is discussed to achieve low ARW and BI.

e Mode Matching - The sensing scheme can be either by sensing change in ampli-
tude (AM) or by change in frequency (FM). In AM gyroscopes, the amplitude of
vibration (in case of open-loop mode) or the voltage (force) required to suppress
the amplitude buildup (in closed-loop mode) in the sense mode is proportional
to the angular rate of rotation as discussed earlier. As a result, to enhance the
sensitivity it is extremely critical to have the two modes closely matched (in the
range of few tens of mHz) to get the benefit of large deflection at resonance. For
example, in the case of a tuning fork gyro discussed in Section 1.4.3, consider
the tines are vibrating in the x-direction (driving mode) and under rotation
the tines start vibrating in y-direction (sense mode) due to Coriolis force. The
Coriolis force (in the sense direction) has the frequency of drive mode. If there
is a frequency mismatch between drive and sense modes, the sense mode will
not respond to rotation and the vibration pattern will essentially be fixed in
the x-direction. This is because the Coriolis force would be unable to excite the
sense mode into resonance because its frequency is no more at the frequency of
Coriolis force. Therefore, it is important to have a mode matched device ideally
with zero frequency mismatch. However due to unavoidable manufacturing im-
perfections, the resonators often experience a finite frequency mismatch (>10
Hz). This mismatch can be reduced by either physical trimming or adding mass
to tune mass and stiffness or they can be electrically tuned by electrostatic soft-
ening. All these techniques have their own limitations. While physical trimming
can match large frequency mismatch but can reliably be done only on large de-

vices like the HRGs. On the other hand, electrostatic tuning cannot match a
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large frequency split due to limitation on applied voltages and gaps. As a re-
sult, at micro scale, the best bet is to fabricate an intrinsically low frequency
mismatch resonator and then fine tune electrostatically. Figure 1.21 shows the
effect of % on ARW for different ). It can be seen that increasing Q can be

counter productive if Af is large.

10°¢

10°

102 10° 10* 10° 108 107 108
Quality Factor

Figure 1.21: Variation of % on ARW. Large frequency mismatch limits the sensor noise even if
Q is large.

e Quality Factor — The next important requirement from the resonator for high
performance gyroscope is high-quality factor or Q. Q is defined as the capability
of a resonator to contain the vibrational energy. A high-Q resonator would
dissipate energy slower than that of a low-Q resonator. Q is given by () = w.7.f,
where f is the operating frequency and 7 is the ring-down time constant. Ring-
down time constant as described in the previous section is the time taken by the
amplitude of vibration to decay to 1/e of its initial value. A high Q device would
exhibit long ring-down time constant (meaning it will dissipate the energy at a

slow rate) and vice versa. To have high Q resonators, it is critical to study the
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dissipation mechanisms and address the mitigation method in the design of the

device. Section 2.4 discusses the causes of energy dissipation in shell resonators.

Frequency of Operation — As can be seen from Equation 1.6.3, the operating
frequency is root-inversely proportional to noise. Therefore, a higher operating
frequency is desirable for gyroscope. For navigation grade gyroscope, long 7
(> 100 second), large driving amplitude (¢ > 1um) and large scale-factor (>
100 mV /dps) are also important alongside high Q [28, 70]. All these parame-
ters depend on operating frequency, f. First, 7 and f have inverse relation for
constant Q (Q = m.7.f). As a result, high frequency operation would reduce
7. Second, a high frequency device, because of large stiffness would lead to
lower drive amplitude, q, at a fixed voltage. Third, scale-factor is proportional
to both q and 7 for fixed voltage and gap. Finally, extent of frequency mis-
match tuning would be smaller for high frequency devices as compared to low
frequency devices at constant voltage because of large stiffness. It is therefore
clear that although increasing fimproves ARW, it is actually detrimental to the
overall sensor performance. Therefore, frequency of operation should be placed
between 5-20 kHz—much higher than environmental frequency floor and low

enough to ensure large deformation and long 7.

Modal Mass — Modal mass of the resonator is defined as the mass of the resonator
which moves at resonance. Modal mass (or effective mass) like frequency has a
root-inverse proportionality to angle random walk as can be seen in Equation
1.6.3. Therefore to obtain low noise the resonator should have a large modal
mass. This can also be thought intuitively as a bulky resonator is less likely to

be affected by random thermomechanical motion as compared to a light-weight
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resonator. Modal mass can be increased by either increasing the thickness of the
rim or by increasing the size and /or height of the resonator. While increasing rim
thickness directly influences operating frequency, increasing size and height can
achieve large modal mass without affecting f and are therefore more desirable.
In this thesis, the resonators are designed to have radius = 5 mm, height 5mm,
rim thickness 200-300 pm which provides large modal mass ( 8-10 mg) at

desired n=2 wineglass frequency ( 5-12 kHz).

1.6.4 Shock and Vibration Sensitivity

A navigation grade gyroscope mainly finds its application in defense and military
vehicles which experiences shock as high as several thousands of g. Therefore, along
with high performance, these gyroscopes should also be tolerant to very high shock
and be insensitive to vibrations from the environment. For a 3-dimensional shell
resonator, both these parameters are dictated by the magnitude of parasitic mode
frequencies, fparasitie (tilting and vertical modes) as well as their placement with
reference to the operating n=2 mode frequencies, f,—2, of the gyroscope. Under an
event of shock, the resonator experiences displacement leading to stress accumulation
(Oshock ). When Gspock > Onfaz Tensite; the structure experiences damage. Shock sur-
vivability is therefore dictated by the lowest fp4rasitic as the resonator is most flexible
in that mode. When the acceleration frequency is outside the parasitic mode band-
width, the magnitude of deflection, d, under an acceleration magnitude, a, caused

due to shock is:

a

dx g (1.10)

fparasitic lowest

and when the acceleration frequency is within the parasitic mode bandwidth,
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magnitude of deflection is:

a
d X anparasiticlowestQ— (111)

parasiticlowest

Therefore, to have very high shock survivability, it is critical to a) select material
with high 04z Tensite and b) design the resonator to have low parasitic deflection.
The shell resonator in this work is made of fused silica which has a o744 Tensite 2GPa.
To ensure low parasitic deflection, the sidewall profile is tuned. Interference from
environmental vibrations is another cause of drift in performance of gyroscope. Vi-
bration sensitivity is also influenced by fperasiticiowest as well as fparasitic lying in the
bandwidth of the gyroscope from f,—2. Deflection in fperasiticiowest mode due to vibra-
tions changes the capacitive gap between the electrode and resonator and therefore
mismatches the otherwise matched f,—, modes. At the same time any fyarasitic in
the gyroscope bandwidth from f,—, affects sensitivity as Coriolis forces would excite
these modes. Therefore, to have vibrations insensitivity, the mechanical resonator
should have a large fyarasiticiowest/ fn=2 and fparasitic should be located outside the
bandwidth of the gyroscope from f,—5. To incorporate all the features as discussed
above to have a low cost miniaturized (10 mm diameter) high-performance gyroscope,
this thesis is focused on design, fabrication and testing of high performance (very low
ARW and BI) shell resonator gyroscope, called PSI Gyroscopes with low intrinsic
frequency mismatch, very high Q, large modal mass and high shock tolerance for

application in gun-launched munitions.

1.7 Research Objective and Comtributions

Development of miniaturized high-performance gyroscopes have been an area of

research from past many years. Several groups around the world including at The
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University of Michigan have been actively researching on developing miniaturized
gyroscopes with high precision. Still several challenges have not been mitigated
and questions are unanswered which has been limiting successful development of
such sensors. This thesis is aimed at successful mitigation of those challenges to
develop navigation-grade micro-gyroscopes and advancing the understanding of sci-
entific community through lessons learnt during the course of this research. A high
performance CVG is largely dependent on the performance of its mechanical res-
onator. The parameters which define the performance of a resonator include, high-Q),
low frequency mismatch, high shock resistance and long ring-down time constant.
Additionally, to increase the scalability of these micro-gyroscopes, the fabrication
process needs to be both scalable and cost affordable. This research is aimed at

tackling each of the above-mentioned parameter focusing on:

e Understanding material and structural sources of damping and frequency mis-
match and optimize design and fabrication methods to fabricate fused silica 3D
shells using blowtorch molding to obtain >12 million quality factor and < 2
Hz frequency mismatch for application in navigation-grade micro gyroscopes
and other resonant sensors and actuators. These results are repeatable and

consistent.

e Development of a new 3D shell design and fabrication technologies to selectively
tune mass and stiffness by locally varying thickness to either make certain re-
gions thick/thin or have open windows on the surface of shells. Such tuned 3D
shells with thick/thin regions on surface of shells have quality factor > 7 Million
and < 2 Hz frequency mismatch. These are important for low noise and high
shock tolerant sensors and actuators. 3D structures with open windows find

application for use as 3D shadow mask and as a resonator with very low anchor
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loss.

e Development of a novel technology to release 3D shells for use as a resonator
using HF acid. This technology reduces cost by more than 25 times and reduces
fabrication time by half alongside getting high quality factor and low frequency
mismatch. This technology also enables mass fabrication without any sophisti-

cated tools or expensive consumables.

e Development of Precision Shell Integrating gyroscopes by assembling resonators
with surrounding electrodes. Gyros with electrodes on the side and bottom for
in-plane and out-of-plane transduction is developed. Very low noise ARW (0.16
mdeg/rt-hr) and BI (1.4 mdeg/hr) is measured from the developed gyro. Be-
sides, an unprecedented gyroscope configuration with curved electrodes made
from fused silica is fabricated. This innovative gyroscope configuration with
curved electrodes could provide large overlap area with curved resonator leading
to improved sensitivity and improved frequency tuning. Additionally, tempera-

ture sensitivity is minimized due to same material resonator and electrode.

The outcome of this thesis will be fabrication of resonators with Q > 12 Million,
long ring-down time > 8 minutes and low intrinsic frequency mismatch <2 Hz.
Gyros with different electrode configurations will be designed, fabricated and tested
to obtain ARW of 0.16 mdeg/rt-hr and BI of 1.4 mdeg/hr. Additionally, technologies
to fabricate resonators with tailored stiffness and mass distribution will be developed.
A new shell design with selective discontinuities through locally thin/thick/open
regions on surface of shells with application in several domains will be developed.
New technologies will be developed to increase throughput and reduce manufacturing

cost of gyros. Test results of a class of resonators and gyroscopes will be presented
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and discussed.

1.8 Organization

This thesis is divided into four chapters. Chapter I provides an introduction of
gyroscopes and discusses important parameters and their effects on the performance
of gyroscopes. Chapter II introduces the PSI resonators and discusses motivation
for fabricating resonators with tuned sidewall along with a discussion on their de-
sign and fabrication. Each component of fabrication process is discussed and the
rate determining step limiting throughput and dominating cost of manufacturing is
identified. A new low-cost singulation method is then developed and implemented
to significantly reduce manufacturing time and cost. Three kinds of PSI resonators
are discussed in detail. Besides, a new concept of open shell-shell with open windows
and the usefulness of this design is discussed and results are presented. Chapter
IIT discusses the resonance testing results of PSI resonators. Furthermore, effect of
annealing and material characterization of fused silica is presented and discussed.
Results on shock and fatigue testings are presented. Finally, effect of four different
metal layers on Q is studied. Chapter IV discusses the various electrode config-
urations and presents gyroscope testing results from each electrode configuration.
Additionally, a new curved electrode configuration design and fabrication technol-

ogy is presented. Chapter V summarizes the work.



CHAPTER II

Precision Shell Integrating Resonator — Design and
Fabrication

2.1 Introduction to PSI Resonators

Precision Shell Integrating resonators or PSI resonator is a class of fused silica

shell resonators with distinct features mentioned below,
e Material — Fused Silica
e Radius = 5 mm
e Height 5 mm
e Rim Thickness 150-350 um
e Stem Feature — Hollow of Solid
e Sidewall Profile — User-defined
e Other Feature — Ability to locally tune stiffness and mass

PSI resonators are designed to allow its usage in different applications, for exam-
ple, where high-Q at small or large operating frequencies are needed or applications
where very high shock tolerance (>20,000g) is priority, or when open windows is de-

sired on the surface to provide access inside the shell etc. This chapter is focused on

40
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design guidelines and development of fabrication technologies to fabricate different
kinds of PSI resonators. Figure 2.1 shows schematic designs of three types of PSI
resonators where stiffness and mass are tailored by varying the thickness at selective
locations. They can be hemi-toroidal with either hollow or solid stem or can be

hemispherical with no stem.

N

/V

Thin continuous region

Thick Rim

Thin discrete
regions/window

Figure 2.1: Different types of PSI resonators where selective regions are locally thin either in a
continuous form or in form of discrete windows. PSI can be fabricated with either a hollow stem
or a solid stem.

Using the design guidelines and fabrication methods developed in this work and
explained later in this chapter, it is possible to fabricate a variety of shell resonators
with engineered surface topology. Each design could be used for application-specific-
resonator-application. Since PSI encompasses several designs of resonators, a nomen-
clature based on shell’s shape is first developed. Next, a discussion on energy damp-
ing mechanisms to study effect of different parameters on Q is carried out. This is
followed by a discussion on each component of fabrication including, substrate fab-
rication, blowtorch molding, singulation technique etc. Three different kinds of PSI

resonators are discussed. Finally, open-shell type PSI resonator is discussed.

2.2 Nomenclature

Design of a PSI resonator is similar to that of a human body as shown in Figure

2.2. They have a body or anchor region (either hollow or solid) which holds the
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Shoulder (Joint)

/-———- Anchor (Body) ’—\

Joint —

(Shoulder)

Anchor (Body)

Rim (Hand)

O
&

Rim
Medium (M) Thick (T) e (Hand) —|

Figure 2.2: Resemblance of a PSI resonator structure with that of a human body. PSI res-
onators are named as X-YZ where X denotes the stem type, H or S for hollow or solid anchor.
The next letter determines the thickness of the joint, and the third letter determines the thick-
ness of rim. The letter in parenthesis is used to denote each region. Human body cartoon:
www.dreamstime.com.

entire structure together, a shoulder or joint region and a hand or rim region. As
in a human body, the hands are free to move and is connected to the body through
shoulders, similarly, PSI resonators have a free rim (which vibrates) and is connected
to the anchor through a shoulder. Each of these regions can have different variations
as will be discussed later. The nomenclature of different types of PSI resonator is
determined by the relative thickness of shoulder and rim and the characteristic of
the anchor. The nomenclature is of the type X-YZ. Figure 2.2 shows two sub class
of PSI resonators, one with a hollow stem and another with a solid stem. The first
letter in the nomenclature determines whether the resonator has a hollow anchor,
‘H’, or a solid anchor, ‘S’. The relative thickness of the joint or shoulder (anchor
transition region) determines the next letter of the nomenclature which can either
be ‘N’ (normal), ‘M’ (medium) or ‘T’ (thick). Similarly, the third letter determines
the relative thickness of the rim or hand and can also be either a ‘N’, ‘M’ or “T’. It is
to be noted that the thicknesses are relative to each other. Different PSI resonators
with the nature and thickness of their joint and rim are shown in Figure 2.3. Devices

beginning with ‘H-" have a hollow stem and those with ‘S-" have a solid stem as shown
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in Figure 2.2. Devices following the nomenclature X-YT i.e. ending with ‘T’ will
have thick rim and large modal mass while devices following the nomenclature X-TY
i.e. having a thick shoulder will have minimum shock induced vertical displacement.

Fabrication of such resonators with tuned thicknesses will be described in the next

section.
- FEATURES OF DIFFERENT PSI DESIGNS
s- H- = H- & H- s- H- & H- s H-
NT NT NM NM MT MT MM MM ™ T ™ ™
?;;g;’]r H s H s H s H s H s H
[S;:til:';er] N N N ™ ™M M M T T T T
(o (~60)  (*60)  (~20)  (~20) (~100) (~100)  (~40)  (~40)  (~300) (~300) (~300) (~300)
[HRimd] T T M M T T M M T T ™M M
(ma:m) (>300) (>300) (~200) (~200) (>300) (>300) (~200) (~200) (>300) (>300) (~200) (~200)

Figure 2.3: Different types of PSI resonators with thicknesses of different regions. PSI resonators
can have a solid or hollow stem. Approximate thickness in micrometers are shown within paren-
thesis.

2.3 Fabrication of PSI Resonator

Unlike the macro-scale resonators which can be precisely machined, miniaturized
resonators cannot be mechanically machined due to its complex curvature and thick-
ness as small as few tens of microns. At the same time, fabrication of 3D structures
of fused silica is not possible using conventional silicon micromachining. Therefore,
specialized techniques need to be developed to fabricate PSI shells. At the same time,
the fabrication technique should be low cost, repeatable, fast and scalable to enable
volume production. Glass blowing as discussed in Chapter I is one such technique.
In this thesis, an in-house developed vacuum blowtorch molding technique is used to
make 3D shells with superior quality. Blowtorch molding enables the fabrication of

shells with different aspect ratios, thicknesses and shapes. At the same time, it takes
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about 10-30 seconds to mold the shell and has the capability to be incorporated at
the wafer level. Figure 2.4 shows key components of blowtorch molding process to

make PSI resonator.

Flame
Symmetry
Composition 5. Singulation ..., > - l
Shape y | Lap/CMP —
{ / HF Etching ¢

2. Substrate

Cleanliness
Thickness
Shape N!Old
Design
Material
4. Molding - >
Flame approach and 2D
retract rate Mount on test substrate Coat metal and integrate
Dwell time for optical testing on with electrode for

LDV electrical testing

Figure 2.4: Key components and steps to fabricate PSI resonator using blowtorch molding.

The fabrication of PSI resonators is done in two main steps, design step and
fabrication step, with each step having several sub-steps as shown in Figure 2.5. In

the next few sections and sub-sections each of these will be discussed.
Begy Identify Sources of Material Design as per
Energy Dissipation Selection guidelines
Eabrication Fabricate Blowtorch Singulate Prepare for
Substrate Molding Shells Testing

Figure 2.5: Design and fabrication steps to make high quality PSI resonator.

2.4 Energy Dissipation Mechanism

As explained in Chapter I, several parameters like 3, mass, frequency, drive ampli-
tude etc. determine the overall performance of gyroscope. Amongst these, obtaining
mass comparable to those of macro-gyroscopes is difficult at the MEMS scale. While

small mass is beneficial for MEMS gyros because force (f = m.a) experienced during
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shock is small making these tolerant to high shock however it is disadvantageous as
it limits their energy storing capability. Thus, obtaining high Q at the small scale
becomes challenging. Therefore, it is important to research and understand each
source of damping and mitigate them through design changes and improvements in
fabrication methodology to decrease energy dissipation. Quality factor is mainly
dependent on, (i) material property, (i) design and (iii) environment of operation.
Based on these, several sources of damping can cause vibrational energy to escape
from the resonator. Sources of damping including loss due to local temperature
variations on the surface of resonator (thermoelastic damping or TED), loss due to
defects in material, loss through anchor (anchor or support loss), loss due to surface
quality, loss due to friction caused by air molecules (viscous damping) etc. could
contribute in determining the final Q of resonator. This section discusses major
damping mechanisms and the mitigation methodology to obtain high ) from PSI

resonators.

2.4.1 Thermoelastic Damping

Thermoelastic damping or TED depends on both material and design of the de-
vice. During vibration a resonator moves causing regions on the surface of shell to
elongate or contract. For example, a vibrating beam as shown in Figure 2.6 un-
dergoes expansion on its top surface and compression on its bottom surface in the
first half cycle and vice versa in the second half of the cycle. This local expansion
and contraction lead to changes in local temperature causing a temperature gradient
across the surface as shown in Figure 2.6.

As the resonator oscillates, there is a coupling of mechanical strain and tempera-
ture field which causes such temperature gradients to form periodically. Vibrational

energy is therefore used to maintain thermal equilibrium. This process is however
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Figure 2.6: A vibrating bean undergoes alternating compression and expansion cycles causing
temperature gradient across the beam.

irreversible and therefore causes loss of vibrational energy in each cycle causing ther-
moeleastic damping or TED. To reduce TED, formation of temperature gradients
could be minimized. This can be done through material selection and design changes.
To study the effect of material properties on TED, a finite element simulation is
done for a shell resonator made of different candidate materials in [72]. Figure 2.7
shows key material properties of candidate materials and their numerically calcu-
lated Qrrp. It can be seen that Fused Silica and Zerodur stands out from the rest in
terms of Qrgrp and its value is more than 70 million and 46 billion respectively. Of
course, these numbers are for a perfectly symmetric structure with perfect material
but in reality, imperfections in both structure and material is inevitable which af-
fects Qrep. The effect on imperfections will be discussed in Section 2.14. Figure 2.8
shows variation of Qrgp with different material properties with respect to F'S and it
can be deduced that material with low thermal conductivity (k) and low coefficient
of thermal expansion («) can exhibit very high Qrgp.

Several studies have also been done to understand the effect of geometry on Qrgp.
[73] developed an analytical model to study the effect of boundary conditions and
shapes on Qrgp for plates. Similarly [74] placed slots in the path of temperature

gradient and studied its effect on Qrgp. Similar study was done by [75] recently to
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Material” E P & a Cos o 0
(GPa) Y (kg/m) (W/(m K)) (104 =<1/K ) (kg K)) (FEM)  (Analytical model)

Si0; 70 0.17 2200 14 05 730 7 5e7 7.9¢7
Zerodur 90.3 0.24 2530 146 0.02" 320 46210 5.9¢10
ALLO: 400 0.22 3965 35 65 730 1.7e4 18et

SiC(6H) 748 0.45 3216 490 43 690 $2e3 6.5¢3
SisNg 250 0.23 3100 20 23 700 1.8¢5 2,065
Borosilicate 63 0.2 2230 113 33 754 2.0e6 2566
GaAs 85.9 031 5316 33 57 550 52e4 52e4
Ge 103 0.26 5323 58 59 310 2.1e4 1564
InSb 400 033 5770 18 54 200 57¢3 6.8¢3
C[100] 1050 0.1 3515 990 08 520 33e5 1.8¢5
Si(c) 170 0.28 2329 130 26 700 6.7e4 47ed

Figure 2.7: Material properties and simulated Qrgp for different materials. Figure reproduced
from [72].
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Figure 2.8: Effect of material properties on Qrgp. As «, k, E, v increases, Qrgp decreases. Sim-
ilarly, as CSP or p is increased, Qrgp increases. [72].

tune Qrgp in disc resonators. To understand the dependence of resonator design
on Qrep, let us consider a model from Zener to calculate TED of a simple beam
developed in [76, 77]. For a cantilever beam, Qrgp can be estimated using the

analytical formula given by,

2 2
pCsp Wy + Wy
Ea2T0 ' Whr-War

QrED = (2.1)

Where the symbols have their usual meaning and wy, is the mechanical frequency
and wy is the thermal frequency which has an inverse relation to thermal transport

time of the heat flow across the flexing beam. The terms in first bracket are ma-
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terial related meaning they are determined by properties of the material used and
temperature of operation. The terms in second bracket also depend on the physical
dimensions of the beam. Now, to maximize QQ7rp, both material term and design
terms should have their maximum values. If the wy; and wy of the resonator matches,
the second brackets attains its minimum value of 2 therefore reaching the lower limit
of Q provided the material term is constant. This can also be understood intuitively
as when the mechanical relaxation time matches its thermal transport time, there
is a strong thermomechanical coupling and maximum energy is dissipated in each
cycle of vibration reducing ). Therefore, it is desirable to have mismatched wj; and
wr. If wyr >> wp, the mechanical deformation time is much smaller such that heat
transport struggles to happen dissipating a small amount of energy. Vice versa when
wy << wr, the deformation time is quite large so that resonator essentially remains
at thermal equilibrium again dissipating small amount of energy. To calculate Qrgp
for a shell resonator [72] developed a simple analytical model and compared the re-
sults with those from COMSOL simulations and excellent agreement was met. Qrgp

for PSI resonator is on the order of several tens of million.

2.4.2 Anchor or Support Loss

Anchor or support loss as the name suggests is the loss of vibrational energy from
the resonating rim through anchor into the substrate. This kind of loss is dominant
in any resonator and can be minimized through smart design. One of the most
common way to reduce support loss is to fix the resonator at one its nodal point.
The effect of anchoring can be easily felt using a simple tuning fork. If a tuning
fork is hit against a hard surface holding the bottom of the stem (nodal point for a
tuning fork), one could hear the singing of the tines. Now, if the time fork is hit but

this time it is held from one of its tines, there would be almost no singing. This is
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because in the latter case, the energy is quickly lost from the tine to the hand. For
a wineglass type resonator (shell, cylinder, disc, ring etc.) resonating in its n=2 or
n=3 wineglass, one of the nodal points is at the apex of the dome as shown in Figure
2.9 therefore the shells are anchored at the central region.

n=2 Motion near n=3

@ the rim  ~—y

Node at the
center of dome

Figure 2.9: Modeshape of a wineglass resonating in n=2 and n=3 modes. Maximum displace-
ment occurs at the rim while the apex of the dome does not move.

Other methods to reduce anchor loss is to decouple the resonating rim from the
anchor point. For a shell resonator this can be done by increasing the height of the
device. There have been several studies to study anchor loss in resonators. [78] stud-
ied the effect of creating trenches on the mounting substrates near the anchor point
and numerically observed an improvement in Qgupchor by virtue of energy reflection.
[79] studied the effect of anchor dimension and observed that Qgpnchor increased as the
anchoring area is reduced. [80] on the other hand created slots around the anchor
on the resonator and numerically observed an improvement in Qgunchor Which they
attributed to stress isolation at the anchor. Besides, the symmetry of the structure
plays a vital role in determining Qunchor- Asymmetries including those from mis-
alignment of anchor with respect to the shell’s body, mass imbalance, acircularity,

height asymmetries etc. have shown to affect Qunenor to different extent. Effect of
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all these parameters have been numerically studied and summarized in [81, 82]. For
a perfectly symmetric shell with provisions made to ensure none of the dissipated
energy is reflected back to the resonator, numerical simulations have shown Qgunchor
to be on the order of several hundreds million. Even with asymmetries, Qunchor 1S

hundred million.

2.4.3 Viscous Loss

Viscous or fluidic damping is the loss of mechanical energy from the resonator
to the ambient environment through the surrounding medium. Depending on the
pressure around the resonator, the air medium can be classified as continuum or
free molecular flow regime. This is often characterized by a non-dimensional number
called Knudsen number which is the ratio of the mean free path of air molecule to the
characteristic diameter or the feature. At pressure nearing those of atmosphere, the
air molecules are so close to each other that the they interact with each other. This
is the continuum regime. In such cases, viscous damping exclusively becomes the
dominant loss mechanism for MEMS resonators. Therefore, they are often operated
at reduced pressure such that the mean free path increases and the interaction among
gas particles becomes less important than those with the resonator surface. In such
case the vibrating resonator imparts its momentum to colliding air molecules. This
way the mechanical energy is transferred from the resonator to the surrounding
medium. While there is no accurate model to exactly predict fluidic damping in shell
resonators, however, it has been experimentally observed that () starts to saturate
at pressure < 1 mTorr. All testing of PSI resonator in this thesis is carried out at <
10 pTorr pressure ensuring very large mean free path (on the order of several meter)

and therefore leads to very small fluid-structure interaction.
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2.4.4 Surface Loss

Surface losses can be of several types and are associated with defects or impurities
present on the surface of a resonator. Such defect could scatter vibrational energy
causing damping. Besides, any foreign particle could also dissipate energy for the
same reason. Therefore, improving the surface quality to ensure it is free of any kind
of organic residue, particles, defect etc. is critical to reduce damping due to surface
effects. A number of steps are taken in this regard to ensure superior surface quality
of the fabricated shells. The initial substrate used to make the shells are properly
cleaned to get rid of any organic residue. Besides, the fabrication method, which is
discussed later in this chapter, imparts ultra-smooth surface finish with roughness
< 0.2 nm. At the same time, the fabrication process is improved to ensure that the

resonator surface is free of any unwanted residue or particles.

2.5 Using Patterned Substrate to Tune Thickness

One key component for the fabrication of PSI resonators is the initial substrate.
The thickness, shape, design and cleanliness of the substrate determine the overall
shape, size and surface quality of the shell resonator. 10 mm diameter FS PSI res-
onators are fabricated from 23x23 mm FS squares diced from a high purity Corning
7860 OA grade FS wafer. Figure 2.10 shows two scenarios where a flat initial sub-
strate and a patterned initial substrate is used. The patterns on the substrate is used
to locally define the thickness of the shell resonator. For example, in Figure 2.10(a),
the flat substrate deforms during torching and the side wall profile gradually thins
as it moves down.

This can be seen in the schematic design as well as the CT scan of one of PSI

shell fabricated from a flat substrate. The scenario on the right (Figure 2.10(b)) is
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Figure 2.10: Tuning sidewall thickness using patterned substrate. (a) When the substrate is flat,
the thickness of the shell gradually reduces. This can be altered by using (b) a patterned sub-
strate with features. CT scans of the two shells shows normalized thickness.

when the substrate is patterned and etched to define a thick disc of radius 3.6 mm at
the center. When this substrate is deformed, the thick disc falls roughly midway of
the shell changing the thickness profile. With this approach, thickness profile can be
locally tuned. This selective tuning of thickness is useful in many ways for example
a thick shoulder can increase vertical stiffness and therefore reduce displacement in
an event of shock. Shocks will be discussed in more detail in Chapter III. Another

advantage of tuning thickness is to modify the resonant characteristics of the res-
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onator. To obtain low noise performance from a vibratory gyroscope, the mechanical
resonator must have large effective mass and frequency between 5-20 kHz to enable
large deformation in response to rotation. Effective mass can be increased by increas-
ing the thickness of the resonating part which is the free rim. However, increasing
rim thickness proportionally increases frequency which is not desirable. Patterning
the substrate to selectively thin specific part would modify the reflow pattern and

reduce the stiffness and therefore frequency while increasing the effective mass.

toups = 350 nm
,

- Teups = 550 pm
Unpatterned subs. | Patterned subs. ™"
e A

Figure 2.11: 3D structure fabricated using two substrates, (left) an un-patterned FS and (right)
patterned F'S to define thin window near the center. Reflow initiates at the thinned region of pat-
terned substrate. This leads to a thicker rim (¢2) as compared to that of unpatterned substrate
(t1) i.e. t2 > t1 which leads to f2 > f1, where f is the resonant frequency.

Formation of thin regions can also be conversely used to increase frequency by
modifying the reflow pattern through thin window placed at different locations. For
example, the patterned substrate as shown in Figure 2.11 has etched circular trench
placed away from the rim. During torching, reflow initiates at these thin regions
and the formed shell has modified rim thickness and profile as compared to those

made from flat unpatterned substrate as shown in the same figure. The altered rim

thickness modifies frequency and modal mass. Table 2.1 tabulates n=2 and n=3
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wineglass frequencies of shells made from 550 um thick un-patterned and patterned

substrates as shown in Figure 2.11.

Table 2.1: Measured n=2 and n=3 wineglass frequency from six devices, 3 each using patterned
and unpatterned substrate.

Unpatterned Substrate Patterned Substrate

n=2 WG freq. | n=3 WG freq. | n=2 WG freq. | n=8 WG freq.
10.23 27.96 16.29 43.03
10.16 27.88 14.47 38.92
11.26 31.24 16.30 43.00

2.6 Fabrication of Patterned Substrate

Using the patterned substrate one can fabricate shell with any user-defined side-
wall thickness profile with large local thickness variation. This thickness variation
on a PSI shell can be as large as hundreds of microns. This means that the initial
patterned substrates need to have steps which is hundreds of microns. Therefore,
deep etching of fused silica is required. Wet etching is chosen over dry etching due

to the following reason,
e Fase of fabrication in terms of cost and time
e Batch fabrication

e The angled profile of wet etched pattern leads to a gradual change in thick-
ness profile on the shell which eliminates any sharp corners and reduces stress

concentration.

To deep etch fused silica, a combination of metal and photoresist mask is used.
The wafer is first coated with a 50/500 nm bilayer of Cr/Au. The metal coated
wafer is then spin coated with AZ 9260 photoresist at 3000 rpm to coat 7 microns
of photoresist. The wafer is soft baked at 115 °C for 120 seconds and exposed under

a UV light for 40 second. Then, the wafer is developed in 3:1 solution of DI and
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AZ400K. Post development, the wafer is put on a hotplate at 130 °C for 30 minutes
to hard bake the photoresist. The hard bake further crosslinks the photoresist.
The exposed metals are etched off and the wafer is etched in 49% HF at room
temperature at an etch rate of ~1 pm/min with 1:1.2 ratio of vertical to lateral
etch. The lateral etch is compensated for in the mask design. The etching is done in
steps of 30 minutes after which the wafer is thoroughly rinsed in DI water to remove
any trapped Fluoride ion and the etch depth is measured to monitor the etch rate.
After the desired etch depth is reached, the photoresist is stripped in hot Nanostrip
and the metal masks are stripped in their respective etchants. The wafer is then
diced in squares of 23 mm sides and the diced substrates are cleaned in Acetone and
IPA in an ultrasonic bath followed by a Piranha clean for 20 minutes. The Piranha
clean step gets rid of any residue from the blue tape used for dicing. Figure 2.12(a)
shows the fabrication flow to make the patterned substrate. The lithography step
is very important as any pinholes, cracks on photoresist or adhesion issue could be
detrimental to the patterned substrate. Figure 2.12(b-c) shows a patterned substrate
where HF penetrated through the pinhole and caused pits on the wafer and a severely
undercut pattern. Such imperfections could induce mass imbalance on the final shell

which can affect both Q as well as frequency mismatch of the resonator.

2.7 Blowtorch Molding

Blowtorch molding uses a custom machined graphite mold, a fuel-oxygen blow-
torch and vacuum lines. Both material and design of the molds are critical for
efficient thermal control. Key components of blowtorch molding are shown in Figure
2.4 (1-4). High quality fused silica substrate of 200-500 pm thickness is placed on

top of the mold and vacuum is applied inside the mold to create a pressure difference
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Figure 2.12: (a) SEM image of wafer coated with evaporated Cr/Au of 50/500 nm thickness.
Grain size is 60 nm (b) Schematic and photograph of a substrate with etched features. Imperfec-
tions in patterned substrates during lithography and etching. (c) Poor adhesion caused lifting of
the photoresist and metal layers, (d) severe undercutting around the edges, (e) a perfect pattern
with well-defined and sharp features.

across the F'S substrate. The blowtorch flame is carefully brought down to heat the
substrate above its softening point. The temperature of the substrate increases from
room temperature to beyond 1600 °C. This ramp rate needs to be optimized to ob-
tain the optimal shape as well as good surface quality. Once the substrate softens,
the pressure difference causes the shell to reflow inside the mold and the flame then
retracts as shown in Figure 2.13. The reflown FS touches the mold only on the top
and the curved surface just hangs in without having any contact with the surface of
mold imparting excellent surface quality. The shape of the resonator is determined
by a number of parameters, including mold dimensions, torch temperature, pressure
difference and mold design. The molding process completes in 10-30 seconds depend-
ing on the thickness of the substrate. Blowtorching stretches the substrate several
mm out of the plane. Such extreme deformation thins the substrate by as much as

90%. This stretching imparts superior surface quality with surface roughness < 2 A.

2.7.1 Propane-Oxygen Flame

Maintaining optimum temperature profile and symmetry during molding is im-

portant for the shape and quality of the resonator. For example, an asymmetric
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Figure 2.13: Flame positions during blowtorch molding. The flame is turned on and brought
slowly towards the mold. The temperature of the FS substrate is increased, and 3D shell is
molded. The flame then retracts back. The entire process takes less than a minute.

flame can cause temperature variations which could lead to structural asymmetry in
the shells. Besides, to obtain ultra-smooth surface, the shell should not touch the
mold except at a few locations. Therefore, it is desirable that the shell hangs in
the mold and do not conform to its cylindrical shape. All these can be enabled by
optimizing the fuel ratio, flame shape through flame tip, approach rate of the flame

while molding, alignment of flame to substrate etc.

2.7.2 Mold

Both material and design of mold dictate the repeatability and quality of the shell.
Since the blowtorching process heats the mold up to nearly two thousand degrees
Celsius temperature in a matter of few tens of second, the material of the mold
should be able to sustain such extreme temperature cycles. It should also have the
optimum thermal conductivity to maintain the temperature during molding. Figure
2.14 shows the effect of thermal conductivity on the shape of the final resonator. If
the thermal conductivity of the mold is very small, it would get extremely hot and

would lead to uncontrolled molding and the substrate would conform to the shape
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of the mold. If thermal conductivity is too high, it would dissipate heat quickly
causing regions of the shell to locally harden before it is completely molded. To
avoid both these extremes, material with intermediate thermal conductivity should
be used to provide the desired shape. In addition, it is also necessary to choose a
material which is low cost and easily machinable. Graphite is an excellent candidate
because of its optimum thermal conductivity, low cost, ease of machining, ability to

sustain extreme thermal cycles and is therefore used to make PSI resonators.

a r’;“ b l/—“\ C l/—\\
( 1\ i .
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| I i | || | | B
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(nm) (m) (um)
ki pora = 40 W/(m-K) Knora = 70 W/(m-K) koia = 140 W/(m-K)

Figure 2.14: Effect of thermal conductivity of mold on profile of shell resonator. (a) Very small
k would increase the temperature causing uncontrolled molding leading to a cylindrical shaped
shell, (b) an optimum value of k would cause the substrate to deform and hang in the mold, (c)
high value of k would cause rapid cooling causing the shell to locally harden before it is com-
pletely molded [83].

The shape and aspect ratio of the shell depends on the substrate and the mold
design. Using different design of molds, different shapes of resonator have been
fabricated as shown in Figure 2.15. By varying the sidewall curvature of mold and

using different patterned substrates, different shapes of shells with different anchor

scheme is possible [84].

2.8 Singulation

A molded resonator has a useful 3D part and a flat and undesired 2D part which

needs to be removed as shown in Figure 2.16. This can be done in mainly three ways
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Figure 2.15: Different shapes and aspect ratio shells can be fabricated using different mold and
patterned substrates.

which are discussed in this section.

2.8.1 Laser Cutting

Laser cutting of fused silica can be used to singulate the 3D part from a molded
structure. Using a laser, regions around the rim can be scanned to ablate FS and
singulate the 3D shell. This method has been used in [85] to isolate 3D shells with
additional T-shaped masses on the rim. These T-masses are used to tune the fre-
quency mismatch and increase the capacitance for out-of-plane drive and sense. They
used a femtosecond laser ablation using ultra-short pulse laser system with UV laser
of wavelength 355 nm for 200 fs duration. Laser spot of 10 um with repetition fre-
quency of 30 kHz is used to scan the perimeter of a shell. Process parameters like
laser power, frequency, speed of scanning, and number of scans needs to be optimized
to ensure smooth sidewall profile at the ablated regions. At the same time, careful
alignment should be done to ensure symmetry of the shells. Using this method, it is
possible to fabricate shells with extra masses at the rim for surface electrode trans-

duction, however it is a serial process, needs accurate alignment and sophisticated



60
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Graphite Mold

To Vacuum Pump

Propane-O,
Blowtorch
T=1600 °C

Blowtorch to make shells.

: 3D Part, dia = 10 mm - 2D Part

Molded shell
Figure 2.16: After the substrate is blowtorched, the molded structure is taken out of the mold.

The molded shell has a desired 3D part and a non-desired 2D part. The 3D part should be singu-
lated from the structure.

tools and rotating fixtures.

2.8.2 Lapping and CMP

Another method to singulate 3D shells from molded structure is by using mechan-
ical lapping followed by chemical mechanical polishing. This method is one of the
two methods used in this thesis to singulate shells. Lapping is the method of material
removal by mechanically grinding the flat part on an abrasive surface followed by
chemical mechanical polishing. Both lapping and polishing requires that the shells

are secured with a lapping wax which can later be dissolved. To protect the surface
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of the shell from lapping wax, shells are first coated with a sacrificial thin tri-layer
of Ti/Au/Ti of thickness 50/1000/50 A from both sides. Nine metal coated shells
are encapsulated in a silicon holder. This holder is made by drilling 9 holes into a
6 mm thick silicon wafer using diamond core drill on a tabletop drilling tool. The
height of PSI shells are ~5 mm therefore a 6 mm thick holder is chosen to ensure
that the shells completely fit inside the holder. Next, nine shells are encapsulated in
the holder using a thermally curable lapping wax. Selection of lapping wax is done
to ensure easy processing, good adhesion during lapping, and ease of removal after
lapping. The holder with shells is then put on a lapping tool to mechanically grind

off the flat part.

CMP Head

E Abrasive Pad j

(e)

Thermoplastic ()
(d) '

Figure 2.17: The method of singulating shells using lapping/polishng method. (a) A molded is
(b) coated with sacrificial protective metal and (c)-(d) set into a thick silicon wafer using ther-
moplastic. (e)-(f) The flat portion of the shell is lapped, and the rims are polished using CMP.
Finally, the thermoplastic is dissolved, and metal is wet etched to release the shells.

The process of lapping is shown in Figure 2.17 [86]. Figure 2.18(a) shows an optical

image of the exposed rim after lapping and it can be seen that the rim is rough due
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to large grit size on the lapping pad. The rough surface of the rim has shown to
degrade QQ by an order of magnitude because rough surface increases the surface
area (or increases S/V ratio) which increases energy loss. Therefore, it should be
polished to make it smooth. The same holder after lapping is subjected to chemical
mechanical planarization method using silica-based slurry on a polishing pad. The
polishing step smooths the rim as shown in Figure 2.18(b). Lapping is an aggressive
material removal method therefore proper bubble free encapsulation is important to
avoid damage to the shell. Figure 2.18(c) shows optical photograph of rim damaged
during lapping and polishing step probably due to trapped bubble which popped up

during lapping compromising encapsulation rigidity.

(@) (b) (c) RGN
Unpolished Rim Polished Rim Broken Rim Chipped Rim

Figure 2.18: Non-idealities during lapping and polishing (a) an unpolished rim has a rugged sur-
face which can be smoothed by (b) polishing after lapping. (c¢) Due to unoptimized parameter or
mounting, the shells can be broken completely or (d) get chipped at the edges. Chipping of rim
has not shown to degrade Q significantly.

Therefore, during mounting it should be ensured that there are no trapped bubbles
specially around the rim. Even with perfect bubble-free mounting, some chipping as
shown in Figure 2.18(d) at the rim edge is inevitable in some devices. Tt has however
been shown that such chips do not significantly affect Qrgp [72]. Once polishing is
completed, the wax is dissolved, and each shell is transferred to individual pocket of
a cleaning jig for batch processing. The shells in the cleaning jig is solvent cleaned in

Acetone followed by IPA for 10 minutes each and are then dried on a hotplate. The

shells are then cleaned in Piranha solution which removes any trace amount of wax
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and etches the top Titanium of the sacrificial tri-layer. Gold is then etched in gold
etchant and the last Ti layer is etched in another cleaning in Piranha solution which
also dissolves any organic residue which may have been on the surface before coating
the sacrificial metal. The shells are thoroughly rinsed in between each etching. The
two Piranha clean step while etching Ti also cleans off organic residue. Therefore,
Ti is chosen instead of Cr as adhesion layer for sacrificial metals. The lapping and
polishing method to singulate shells is a batch process. However, careful mounting to
ensure bubble free encapsulation and optimizing lapping conditions like downforce,
rotation rate, slurry flow rate etc. are critical for effective and damage free lapping
and polishing. This method is an efficient method for singulation however, like laser

cutting, this method requires sophisticated tools and expensive consumables.

2.8.3 Hydrofluoric Acid Release

Both laser cutting and lapping/polishing method have their own disadvantages
specially on singulation time, cost of singulation, requirement of equipment and be-
ing serial or a limited-throughput process. Therefore, a new method was developed
to singulate 3D shells by selective etching using Hydrofluoric acid (HFA). HFA is an
efficient etchant for FS but to singulate resonators using HFA it must be masked
everywhere except in the regions to etch. However, masking against HFA is chal-
lenging, especially for long etch times. A combination of metals and photoresist to
mask against HFA for etching F'S wafer for more than 4 hours is done to prepare pat-
terned substrate. However, lithography on curved surfaces is difficult and complex.
To overcome this complexity, Crystalbond 509 [87] is used to mask against HFA for
long etch times. Crystalbond 509 is a low cost clear adhesive wax used for temporary
bonding for dicing, lapping etc. It adheres readily to a variety of materials includ-

ing, ceramics, glass, metals, quartz etc. It melts at about 120 °C and hardens as
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the temperature is decreased below 70 °C and is soluble in Acetone. In this method
of singulation, shell resonators are first adhered on a thick silicon lapping jig with
holes using a thin layer of Crystalbond at 120 °C on a hotplate. They are then filled
in with Crystalbond 509 from the front side exposing the flat part to be etched and
then capped with aluminum foil. The holder is then flipped and Crystalbond is filled
in from the back side. It is then cooled to room temperature and the capping foils
are peeled off. Extra overflowing Crystalbond, if any, is then wiped off with Acetone
using a cleanroom wipe. The holder with encapsulated shells is dipped in HFA at
room temperature. HFA etches the exposed flat part of FS shells approximately
at the rate of 1 pum/min singulating them. Once etching is complete, the holder is
thoroughly rinsed in DI water and wax is dissolved in Acetone. They are cleaned
again in Acetone and IPA followed by Piranha cleaning and annealing. The process

step is shown in Figure 2.19 [88].

Blowtorched Shells

N UR

Apply Crystalbond and stick shells (b) Fill Crystalbond from top () Elip over and fill
side and cap with foil from backside

i %
(d) Put in HFA bath (e) Exposed flat part is etched away

releasing the resonator

Figure 2.19: Process steps for HFA releasing of shells. (a)-(c) Shells are filled in with Crystalbond
and (d) dipped in HFA acid to (e) etch the flat part and release the shell.

Figure 2.20 shows a photograph of shell resonators released using HFA and lap/polish
release method. It can be seen that the rim of the resonator released using HFA is

rugged and sharp-edged as compared to otherwise flat rim in the case of lapped /polished
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devices. The SEM image of the rim in Figure 2.20 shows a closeup of the rugged
regions. As would be shown in the next chapter, the rugged rim is not necessarily
a problem from performance point of view, but the angled or pointing profile of
the rim can be a potential disadvantage for surface electrode transduction [89]-[94]
discussed in Chapter IV. To overcome this issue, a combination of HFA and CMP
can be used. Unlike laser cutting and lap/polish release method, HFA etch method
does not require any sophisticated tools or expensive consumables. Moreover, this
process does not require any process optimization or alignment and many devices

can be released at a time enabling very high throughput.

HFA etched Lap/CMP

Figure 2.20: Photograph of shells released using lap/CMP and HFA etching. SEM image showing
the rough region near the rim.

2.9 PSI Resonators

Different types of PSI resonators can be fabricated using pattered substrate. Fig-
ure 2.3 in section 2.1 shows different PSI resonators. In the next sub-sections, three

distinct PSI resonators including H-NN, H-TN and S-TT are discussed. This is

followed by another class of PSI devices with open or etched-through windows.
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2.10 H-NX type PSI

H-NX type PSI resonators is characterized by H: Hollow Stem, IN: Normal thick-
ness shoulder and X= N/M/T: Normal/Medium/Thick thickness rim. PSI struc-
tures fabricated using flat unpatterned substrates having hollow stems are also called
Birdbath Resonators in published literature. This is because of its resemblance to
an invented birdbath. H-NX type PSI resonators are molded using a flat and unpat-
terned fused silica substrate using a cylindrical mold. A diced and cleaned fused-silica
substrate is placed on top of a graphite mold. The thickness of the substrate deter-
mines the thickness of the rim which in turn determines the n=2 and n=3 wineglass

frequency and the modal mass.
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Figure 2.21: 10 kHz H-NT PSI shells are fabricated using (a) 550 pm thick flat F'S substrate
which when (b) blowtorched gives the (c¢) 3D shaped resonator. (d) CT scan showing the thick-
ness profile.

The blowtorch flame deforms the substrate into the mold. In this type of struc-
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tures, the anchor is self-aligned which imparts excellent symmetry to the shell. Post
fabrication, the shells are singulated using either lapping and polishing method or
through HFA release method as explained above. Figure 2.21 shows a blowtorched
shell and CT scan showing sidewall thickness of H-NT resonator. It is seen that the
thickness of such shells gradually reduces from the rim (>300 ym with n=2 frequency
at ~10 kHz) to the shoulder (~50 pm) region. If such shells are made from 240 pm
F'S substrate, rim thickness of ~200 pym with n=2 frequency at ~5 kHz is obtained.

Testing and characterization results will be discussed in the next chapter.

2.11 H-TN type PSI

As could be seen from the CT scan image of a H-NT resonator, the thickness grad-
ually decreases as one moves away from the rim. The shoulder thickness becomes 10
pm for a 5 kHz device. Such thin regions at the shoulder, makes the structure flexible
in the vertical direction and in an event of shock, there is large vertical displacement.
Therefore, for high shock application, it is desirable to have a thick shoulder. Also,
for some applications, it is undesirable to have a gradually thinning profile and a
more uniform thickness profile is needed. One such case is to fabricating conformal
electrodes which will be discussed in Chapter IV. Therefore, it is important to lo-
cally tune the thickness (stiffness and mass). H-TN PSI shells are characterized by
H: Hollow Stem, T: Thick shoulder and N: Normal thickness rim. Local tuning of
thickness can be done using patterned substrate with etched features instead of a
flat substrate. Figure 2.22 shows two approaches to make a H-NT structure. For
example. to fabricate H-NT with 5 kHz frequency, the substrate thickness should be
~240 pum. Now as shown in Figure 2.22(a) a circular trench can be etched on a 240

pm substrate so that the thin trench stretches and increase the shoulder thickness.
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Figure 2.22: Two approaches to fabricate H-TN PSI by (a) etching a thin region and (b) etch-
ing to make a thick disc at the center. FEM simulation is used to optimize the dimensions of the
patterns to obtain the desired profile and thickness.

The other approach is to start with a thick substrate and etch it down to define
a thick 350 pm disc at the center and a thinner 240 pm region at other places as
shown in Figure 2.22(b). Both the approaches can yield the desired structure. Figure
2.23 shows photograph of PSI shell fabricated using the two approaches. While
both methods of making H-TN yields the desired structure with thick shoulder,
however, each one of them is prone to imperfections of different magnitude. In

case of misalignment of patterned substate to the mold, the structure fabricated as
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shown in Figure 2.22(a) will inherit mass imbalance at the rim whereas the structure
in Figure 2.22(b) will inherit mass imbalance in region away from the rim. Two shell

fabricated using each approach is shown in Figure 2.24 and region of mass imbalance

can be seen.
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Figure 2.23: Fabricated H-TN shells. Rim thickness in both cases is 200 ym and the shoulder
thickness is 50 ym. In the shell on the left, the sidewall thickness is thick and then becomes thin
whereas on the right it gradually thins as it reaches the shoulder where it becomes thick.

Figure 2.24: PSI resonators with mass imbalance. (a) imbalance is also at the rim while (b) im-
balance is mostly away from the rim. Mass imbalance at the rim affects frequency mismatch

much more than it being away from the rim.

A finite element model in COMSOL is made to numerically study the effect of
mass imbalance at different regions. First a perfect shell is made, and then extra
mass is added spanning an angle of 50°. The height of added mass is increased and
change in frequency mismatch is analyzed. It is to be noted that the rim thickness
is kept constant along the parameter to eliminate any frequency mismatch due to
thickness changes. Masses are added at the rim and away from the rim as shown in

Figure 2.25 and the frequency mismatch is plotted. Frequency mismatch increases
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by a factor of 3 for the same amount of imperfection at the rim than away from rim.
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Figure 2.25: Simulation model to calculate n=2 frequency mismatch due to imbalanced mass dis-
tribution. Mass imbalance at the rim causes 3 times more frequency mismatch as compared to
similar mass imbalance away from the rim.

Such mass imbalance also affects Q apart from frequency mismatch. Therefore
approach 2 as shown in Figure 2.22(b) is desirable to obtain small frequency mismatch
although careful alignment must be done to ensure high symmetry. Effect of other
imperfections will be discussed later in this chapter. The dimensions of features on

patterned substrate can be used to define the local thickness. Figure 2.26 shows four

shells fabricated using substrates with varying radius of the central disc.
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Figure 2.26: By varying the radius of central pattern on patterned substrate the height of the
thick shoulder can be controlled.

2.12 S-XX (Solid Stem) type PSI

PSI shells can also be fabricated with a solid stem instead of a hollow stem. Hollow
stems in H-XX type PSI is possible due to the mold design which leads to monolithic
fabrication of resonator and stem. However, to fabricate solid stem devices monolithic
fabrication is not possible and therefore different approach needs to be developed.
To fabricate S-XX type PSI devices with solid stem, two approaches has been taken
using either an un-patterned or a patterned substrate. In the first approach, a
dome-shaped mold is used. The type of substrate whether patterned or unpatterned
is determined by the type of PSI device required. For example, to fabricate S-TM
type PSI where shoulder or joint is thick, but the rim or hand is medium thickness,
a flat substrate is used. Solid FS stem is first inserted in the machined slot of the
mold. Next, a flat FS substrate is kept atop the mold and is blowtorch molded.
During molding, the substrate deforms and takes the hemispherical shape of the
mold while getting micro-welded to the stem on the top. Figure 2.27(a)—(b) shows
simulated profile obtained using finite element analysis. Fabrication process is shown
in Figure 2.27(c)—(e) and photograph of a fabricated and singulated device is shown
in Figure 2.27(f). These devices have a thick shoulder which is largely determined
by the thickness of the initial substrate whereas the rim region is medium thickness

because as the substrate stretches out-of-plane to form the rim at the bottom, its
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thickness gets reduced. Figure 2.28 shows SEM image of a S-TM device where thick

shoulder and relatively thinner rim can be seen.

Thickness =550pum
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Figure 2.27: Fabrication process of S-TM type PSI structure. (a) Finite element model is used to
optimize the dimension of features on patterned substrate. (b) The central disc forms the thick
top shoulder, the outer annulus defines the thick rim, (¢) photograph of a fabricated patterned
substrate atop a done type mold. To fabricate the shell, (d) first a FS rod is inserted, and the
substrate is torched on the mold. (e) Optical photograph of a torched shell. After molding, (f)
the shell is singulated and (g) mounted on a silicon substrate for testing.

It can be seen from Figure 2.28 that S-TM devices have a medium thickness rim
which is ~175 pm. This rim thickness is nearly the same as those of 5 kHz hollow
PSI devices although here the thickness gradually increases from the rim to joint
as compared to reverse case in case of hollow stem PSI. This approach therefore
places a limit on thickness of rim. To overcome this challenge, a patterned substrate
is used. A FS substrate is etched to define a central disc, a thin trench and an
outer annulus. The central disc forms the shoulder region, while the outer annulus
defines the thick rim. The dimensions of these patterns are determined by finite

element simulations as shown in Figure 2.29(a)-(b) [95, 96]. Here the thick annulus

lands at the bottom and forms thick rim making a S-TT PSI device as shown in
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Figure 2.28: SEM image of S-TM PSI resonator. The shoulder region is 450 pum thick and it
gradually thins down to nearly 175 pm at the rim. It can be seen that the FS rod gets seamlessly
welded to the substrate.

fabrication process in Figure 2.29(c)-(d). Figure 2.29(e) shows optical photo of a
fabricated S-TT resonator. After molding the shell is singulated and mounted on a
silicon substrate for testing as shown in Figure 2.29(f)-(g). Figure 2.30 shows SEM
of shell and the cross-sectional profile with thick rim and seamless welding of the
stem. In this approach, the final shape is strongly dependent on the dimensions of
etched features.

Another approach to fabricate S-TT is also developed to enable double anchoring
scheme. This approach uses a patterned substrate and mold used to make H-TN
resonators. However, the mold design is modified to remove the central stem and
instead create a slot in its place. A fused silica rod is placed at the center and
a patterned substrate is torched. The substrate deforms and 3D shell with thick
rim and thick shoulder is formed with a solid stem as shown in Figure 2.31. This
approach ensures better thermal uniformity at the rim region and welding with FS

stem occurs not only at the top but also from the side of the stem. At the same time,
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Figure 2.29: Fabrication process of S-TT PSI structure. (a) Finite element model is used to op-
timize the dimension of features on patterned substrate. (b) The central disc forms the thick top
shoulder, the outer annulus defines the thick rim, (¢) photograph of a fabricated patterned sub-
strate atop a done type mold. To fabricate the shell, (d) first a FS rod is inserted, and the sub-
strate is torched on the mold. (e) Optical photograph of a torched shell. After molding, (f) the
shell is singulated and (g) mounted on a silicon substrate for testing.

rim thickness can be better controlled. These PSI devices have two stems which can
be used for dual anchoring which can further improve shock immunity. Such devices
with solid stems however are prone to imbalance due to potential misalignment of
stem during torching. Such misalignment could make the device asymmetric which
is detrimental for Q. Imperfections and their effects will be discussed later in the
chapter.

Although three types of PSI devices are discussed here, however, using the same

approach any type of PSI devices can be fabricated.



Figure 2.30: SEM image showing (a) a fabricated S-TT PSI resonator showing thick shoulder
and thick rim, (b) cross section of the resonator, the rim is 300 um and shoulder is 400 pm (the
stem broke off during cross sectioning. (c¢) Another resonator showing seamless welding of the
substrate to the F'S rod.

Patterned Substrate

R A———

L

Machined Slot

-l-
(a)

. : Substrate fuses
ThLCk/RLm ‘ to the rod

Figure 2.31: Fabrication process of S-TT type PSI structure. (a) Mold like those for H-XX type
PSI is used but the stem is removed, and a slot is machined. (b) FS rod is placed in the slot and
the patterned substrate is molded. (c¢) The substrate deforms forming the thick rim and thick
shoulder fusing to the solid stem. (d) Photograph of a singulated PSI device.

2.13 Open-PSI Resonators

All 3D shells discussed so far are relatively simple shells with continuous surfaces,
meaning the surface does not have any open windows or holes. It is, however, de-
sired for several applications that some predefined regions of these structures have
engineered surface topology. That is predefined regions on these shells either have
a significantly different thickness or are completely removed to have open windows.
Application of such engineered 3D structures with thin/open windows include, 1)

as electrode substrate with tailored curvature to be used around a 3D resonator
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to define large capacitive overlap, 2) as a shadow mask for pattern formation on
curved 3D surfaces, 3) as mechanical resonators with reduced damping, and 4) op-
tomechanical sensors and actuators including lenses, antennas etc. [97, 99]. The
technology to fabricate other PSI resonators with thin regions, does not provide the
ability to form specific areas where the shells could have selectively opened window.
Figure 2.32 shows PSI shells with windows opened at different locations. It also
shows photographs of two structures where thin windows are defined on the surface

of hemispherical and hemi-toroidal (birdbath) structures.

Figure 2.32: (a) Schematic showing shells with open windows at different locations and (b) fabri-
cated shells with discrete thin windows symmetrically defined on the outside of the shell. These
thin windows can be through etched to make open windows.

These shells when timed-etch in HF acid etches some thickness of the entire shell,
but the thin regions get etched off creating open windows. To fabricate open shell
PSI structures, a patterned substrate is fabricated as shown in Figure 2.33 with
eight trapezoidal openings which are then etched down. These etched features sub-
sequently define the thin/open windows on the shells and the thick region between

the windows define the supporting springs. The dimensions [,, and w, determine
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the shape of thin windows on the final shell and can be tuned to obtain windows of

different aspect ratio as will be shown later.

ws: width of spring = 1-1.5 mm
lw: length of window = 1-1.5mm

wr: width of rim = 1 mm
(a)
— —————— — B &

Pattern metal coated FS wafer

Cr/Au

A S B W -
Wet etch metal layer and FS using HF
(b)

Figure 2.33: (a) Layout of patterned substrate to make 3D shells with eight discrete thin/open
regions. The dimensions ws and [,, can be tuned to obtain desired aspect ratio of windows on the
shell. (b) Flat 550 um FS wafer is patterned and etched in HF to obtain the desired etch depth.
The thick and the thin part after etching is 350 ym and 150 um, respectively.

To fabricate such a shell, a patterned substrate with layout dimension w, = 1
mm, [,=0.5 mm and w,=1.5 mm is fabricated. Lateral undercutting is accounted
for in the layout design. Patterned substrates are etched for nearly 200 minutes to
define 350 pm thick region (shaded) and 150 pm thin regions as shown in Figure
2.33(b). This would add 0.2 mm to each dimension of the window and reduce the
same from the spring dimension. After fabricating, cleaning and dicing, a patterned
substrate is kept on top of a mold and blowtorched to make 3D structure as shown
in Figure 2.34(b)-(c). Figure 2.34(d) shows photograph of a 10 mm diameter hemi-
spherical shell with thin regions symmetrically formed around the outside surface of
the shell. SEM image shown in Figure 2.34(e) shows a closeup of the etched window.

It is also seen in the same figure that the final dimension of the window on the shell

is 1.9x1.8 mm. Extreme stretching occurs in the vertical direction and feature size
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increases due to such stretching.

All dimensions in mm Propane-O,
Blowtorch
Pattered Substrate T=1600°C

Graphite Mold

(by To Vacuum Pump

l_,,,_,,_,_,_r"_.

Figure 2.34: Fabrication flow to make shells using (a) patterned substrate which is (b)-(c) blow-
torch molded to make shells with thin windows on its surface as shown in (d) photograph of a
fabricated and singulated shell. (e) SEM images shows closeup of the etched window on the shell.
Although not evident in this picture, it will be later seen that stretching of thin
region occurs in both lateral and vertical direction therefore giving a squared-circle
type shape on the shell. Figure 2.35 shows CT scan of one of the shells with key
dimensions of both thin windows and thick springs. Figure 2.35(c) shows thickness
variation along the height, h, of the shell. The thick part of the initial substrate
stretches by ~60% (from 350 pm to ~130 pm) while thin region stretched by ~90%
(from 150 pm to ~20 pm) to define the thin windows. There is also a gradual change
in thickness at the bottom and top transitional regions. The thickness and shape
of windows on the initial substrates can be tuned to obtain windows of different
thickness and aspect ratio on the surface of shell. It is to be noted that the flat 2D
part of molded structures can be removed through lapping and polishing if needed.
Shells with different aspect ratio of thin/open windows can be fabricated by tuning

the dimension of etched features on the patterned substrate. Figure 2.36 shows two
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other shells fabricated using the same approach as explained above but with different

dimensions of patterned features on the substrate.
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Figure 2.35: (a) SEM of a shell with thinned region, clearly highlighting the region, in the shape
of a window, where the flat FS was first thinned, then deformed using blow torching. (b) CT
scan image of a shell with thin windows. Cross-sectional view of thin region (shown on left) and
thick spring (shown on right) is shown. (c) Variation of thickness along the height, h, of the shell
is plotted for both spring and window.

Shell in Figure 2.36(a) is fabricated with layout dimensions of w, = 1 mm, 1,,=0.8
mm and w,=1 mm while that in Figure 2.36(b) is fabricated with w, = 1 mm, [,,=1
mm and ws=1 mm. These were etched just like previous case to make ~350 pm

thick and ~150 pm thin regions. Springs of these devices are thinner than that of

the previous case and the width of the spring gradually reduces along the height of
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Figure 2.36: Shells with different aspect ratio of thin windows fabricated by changing dimensions
of etched features on the patterned substrate.

the shell. These shells when etched to make open windows would make a continuous
cylinder suspended by only a few thin springs. In the next step, these thin regions on
the surface of the shells are through-etched. The shells are protected from inside by
filling in with Crystalbond 509 using a hotplate at 125 °C and capped with a piece of
silicon. It is then dipped in a bath of HFA for ~40 minutes. HF acid etches ~40 pym
(at the rate of ~1 ym/min) from the shell and regions on the shell with thickness <
40 pum etches through and becomes open. Figure 2.37 shows the process and photo of
a shell where the thinned regions were further etched in HF to create open windows.
This etch can be timed to define area of the open window. The device shown in the
SEM image shows that the edge regions are not uniformly etched. This is because of
thicker transitional regions at the edge. This can be corrected by increasing the etch
time to make sure that transition regions are also through-etched. As can be seen
from thickness profile of the shell in Figure 2.35(c), etching the shell by ~100 pm
(roughly 100 minutes) would create an open window of ~2.5 mm height. Although
not shown here, it is also possible to form structures where the original F'S substrate
is etched to different thicknesses in different regions, enabling the formation of both
etched through windows and thin regions in the same structure. This method is

an efficient method to fabricate large thin/open windows. Fabrication of extremely



81

small openings (j 100 gm) would however not be possible due to two reason. First,
defining high aspect ratio features (i.e. deep etch to reduce thickness) with small
openings using wet etching is not possible due to isotropic nature of HFA.

Silicon Piece

Fill in polymer from frontside
and cap with silicon piece

Thin region gets through-etched quicker than the rest f 9
(@) - (b)

s hiaaal
1.00mm

Figure 2.37: (a) Process of through-etching thin windows by protecting the inside with Crystal-
bond 509 and dipping in HFA bath for timed etching.(b) Photos of a singulated shell where the
thinned regions were further etched in HF to create the open windows. This etch can be timed to
define the area of the open window.

Second, during molding the substrate stretches by several millimeters therefore
very small features would get stretched increasing the dimension. However, this pro-
cess is efficient to define features >100 um with low cost and batch-level fabrication.
Additionally, the features shown in these devices could be made to have different
shapes so that the final shell could have any final shape as desired by a given appli-
cation. One application of such open shells is as a shadow mask. Stencil masks are

routinely used for depositing a variety of regular and sometimes exotic materials on

substrates. While shadow masks for flat substrates are commonly used, those for 3D
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surfaces are hard to make. Use of shadow masks is quite useful for 3D resonators
shells for inertial sensing applications. While fused silica is a favorite material for
such resonators due to its low thermoelastic damping (TED) losses, it poses chal-
lenges when the structure must be electrostatically sensed or actuated because it is
a dielectric. Such shells are often coated with a thin conducting layer. This con-
ductive coating increases damping which reduces quality factor. Therefore, metal
should only be deposited on specific regions of interest to reduce energy damping.
The best tradeoff is to selectively coat the surface as shown in Figure 2.38(a). The
open shell can be used as a shadow mask to deposit metal on a hemispherical shell.
Figure 2.38(b) shows a shadow mask shell used to selectively coat a hemispherical

shell with metal.

Electrical
connectio

L |
.

-
Conformal Selective .coating Shadow Mask Shell selectively coated with metal
coating on rim
(a) (b)

Figure 2.38: (a) Selective conductive coating on shell reduces loss and increases Q. (b) Shell fab-
ricated with open window is used as a stencil mask to selectively coat metal on another shell.

2.14 Imperfections

Fabrication of symmetric resonators is very important to obtain high performance
in terms of high Q and low frequency mismatch. To fabricate symmetric resonators,
it is important to understand the source and effect of imperfections. Different types
of imperfections are shown in Figure 2.39 and some of them are discussed in this

section. Guidelines are proposed to fabricate symmetric resonators.
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Figure 2.39: Different types of imperfections in shell resonators. These can be mitigated by pro-
cess optimization.

2.14.1 Height Imperfection

Height imperfection as the name suggests is the mismatch in height of the res-
onator and is primarily caused by temperature variation during blowtorch molding.
Temperature difference causes the shell to deform asymmetrically making one side
deform more than the other causing imbalanced in height. Other sources which
could contribute to height imperfection is the thickness asymmetry on the initial
substrate. If the thickness of the initial substrate is not symmetric about the center
of mold, thinner regions will deform more than the thick regions causing a mismatch
in height. Height imperfection can also be caused from temperature non-uniformity
due to misalignment of the flame with the mold. If the flame is precisely aligned
with the center of the mold, temperature profile is symmetric about the axis of mold,
however, misalignment as small as ten microns is enough to asymmetrically deform
the shell. Figure 2.39 shows a shell with height asymmetry. The effect of height
asymmetry on Qunehor, Qrep, frequency of n=2 mode and frequency mismatch are

studied numerically and is presented in the next section.

2.14.2 Circularity Imperfection
Circularity of the resonator also contributes towards the overall symmetry of the

resonator. Circularity imperfection can be either in the form of acircular rim or it can

be variation in thickness along the circumference. Imperfection in circularity could
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be from a non-circular mold or it can be due to asymmetric molding of the substrate.
Such imperfection results in non-uniform rim dimension along the circumference and
is detrimental to Q as well as to Af of the resonator. To study the impact of such
imperfections, a finite element-based study is presented in [83]. Figure 2.40 presents
the numerical results from [83] showing the effect of height and circular asymmetry
on Qunehors QreD, frequency and frequency mismatch on the two modes.

Results shown in Figure 2.40 are for the case when the shell has imperfections
of first harmonics. However, other harmonics imperfections can be also be present.
Reference [100] studied such an effect where imperfections in form on higher or-
der harmonics were studied and their effect onAf was analyzed. They found that
4" harmonic imperfection has the most detrimental effect on n=2 wineglass mode
frequency mismatch. Circular imperfections can also be caused due to asymmetric
thickness along the circumference of the resonator. It can be caused due to temper-

ature non-uniformity as well as thickness variation in the substrate.

2.14.3 Mass Imperfection

PSI structures have tuned stiffness and mass distribution therefore they are also
susceptible to imperfection due to mass imperfection besides geometric imperfections.
The mass imbalance is caused due to misalignment of patterned substrate with the
mold which leads to different masses on either side of the mold. A photo of a shell
with mass imbalance is shown in Figure 2.39. It can be seen that the distribution
of mass in these shells is not uniform. An unbalanced shell has detrimental effects
on Q. They can also have detrimental effect on frequency mismatch depending on

where the imbalance lies as analyzed numerically in Figure 2.25.
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Figure 2.40: Effect of imperfection in height and circularity on Qunchors @TED, [ and Af of shell
resonator. Figures from Dr. B. Shiari, Univ. of Michigan and reported in [83].
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2.14.4 Anchor Misalignment

PSI resonators with hollow stems are less susceptible to anchor misalignment
because the anchor is defined and is self-aligned from the mold. Therefore, the
alignment of anchor with respect to the shell is solely determined by the precision
of mold. Therefore, hollow stems have minimal anchor misalignment imperfection
but can suffer from other types of asymmetries like height, circularity imperfection
etc. Solid stem PSI resonators on the other hand possess an additional source of
asymmetry which is due to misalignment of anchor. Such solid stem PSI devices are
not fabricated monolithically instead they are formed by micro-welding of solid FS
rod to the substrate during reflow. Therefore, placement of FS rod is a potential
source of misalignment. To study the effect of misalignment of anchor on Qunchor,
a finite element simulation is done using the method explained in [81]. Figure 2.41
shows the photograph of a S-TT shell from the top with misaligned anchor and
numerical results showing effect of anchor misalignment on Q. Quychor drops by more

than three orders of magnitude when anchor is misaligned by 100 pm.
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Figure 2.41: (a) Microscope image of a singulated shell taken on Olympus LEXT showing mis-
alignment of anchor wrt shell. (b) Numerical results showing Qanchor with misalignment, §. Sim-
ulation results are from Dr. A. Darvishian.
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Even if the slots for placing the rod is machined precisely at the center of mold, the
rod is still susceptible to tilting or moving. If the rod tilts by 0.5-degree, misalignment
at the top could be ~50 pym. Such misalignments can be reduced by reducing the
tolerance in the machined slots in mold to minimize tilting. Additionally, the rod

can also be held in place from top by the substrate during torching.

2.14.5 Surface Imperfection

The surface of the shell is also prone to imperfection. Ideally, a smooth surface is
desired to minimize losses from the surface, however, several sources can contribute
to surface defects. One of the major causes is deposition/embedment of particle
on the surface. Particles can either come from the gas tank during torching or can
come from the surrounding. Besides, organic residues on the substrate (example
from blue tape during dicing) can also be embedded in the shell during torching if
not removed properly. Surface defect can also be induced when the resonator gets
overheated during blowtorch molding. To have a defect free shell, high-purity gas
cylinders installed with filters are used and blowtorching parameters are optimized
to avoid overheating. Additionally, the substrate is thoroughly cleaned after dicing
in both solvents and Piranha solution to have a clean surface. Surface imperfections

can have detrimental effect on Q) of the resonators.

2.15 Conclusion

Fabrication of PSI resonators can be efficiently done using blowtorch molding.
This technology allows fabrication of shells with different aspect ratio, shape, dimen-
sion and anchor characteristics. Additionally, etching features on initial substrate
imparts even greater flexibility and allows better control on selective regions of the

shells. This is particularly beneficial for tuning mass and stiffness of localized re-
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gions like joint or rim or even making open windows at selected locations. Molds
made from an inexpensive and easily machinable material like graphite adds to the
simplicity of the process. Besides, mold shapes can be altered to obtain user-defined
shape of final structure. All these factors make the proposed technique to make 3D
shells an affordable approach. Furthermore, singulation approaches using lap/polish
method and HF release method can be used to batch fabricate PSI devices. Study of
different imperfections is carried out and factors responsible for each imperfection is
identified and mitigated. All these efforts combined have led to record performance
even better than our own best results. Test results for different PSI devices will be

discussed in the next chapter.



CHAPTER III

Precision Shell Integrating Resonator — Test and
Characterization

3.1 Overview

In the last chapter, design and fabrication of resonators are discussed. This
chapter will present the test results including resonant behavior as well as mate-
rial behavior of FS. Most of the test results presented in this chapter are obtained
through optical testing method which is first explained. Following this, measured
Q, f and Af from different devices both in n=2 and n=3 wineglass modes is pre-
sented. Chapter II also discussed two methods of singulation, and this chapter will
compare performance from each method to evaluate their effectiveness and repeata-
bility. Repeatability and uniformity of devices is also discussed to study effectiveness
of methods developed in this thesis to enable volume production for potential com-
mercialization. Some harsh environment testing results like those from shock and
fatigue testing is presented. Finally, effect of different metal coating layers to make
the resonators conductive for electrostatic testing for gyroscope (discussed in next
chapter) is summarized and a systematic study is carried out for four metals and
their effect on Q is analyzed. It is shown that the methods developed in this thesis
present a robust solution for repeatable, low cost and high-performance resonators

with user-defined modal parameters.

89
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3.2 Optical Test Setup

PSI resonators can be tested for their resonant characteristics either optically
using a laser Doppler velocimetry (LDV) or electrostatically using a network analyzer.
Optical testing relies on the concept of Doppler shift in frequency of an incident light
reflected off a moving object. An incident light falling normally on a moving object
is scattered from a moving object experiencing a change in frequency which is given

by,

o = 2% (3.1)

Where, v is the velocity of the moving body and A is the wavelength of light.
This is known as the Doppler Effect. The velocity of the moving body can be
determined by measuring the frequency shift experienced by the wave incident at a

known wavelength.
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Figure 3.1: Fundamental of laser Doppler velocimetry to measure velocity of moving sample by
measuring phase change. Photograph from PolyTec [101].

LASER

To do this, laser is first passed through a beam splitter which splits the beam in
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two part. One part of the split beam is a reference beam which does not change its
frequency with time and the other part is the measurement beam which is allowed to
fall on a moving object. The moving object scatters the light back (in all direction)
and a part of the reflected beam is allowed to interfere with the reference beam
through a set of beam splitters and lenses. The two beams with their corresponding
intensities interfere generating a light /dark fringe pattern which gives information of
path length difference between two beams. The reference beam does not change its
length, but the measurement beam does due to vibration of the object it is incident
on. Figure 3.1 shows the fundamental of laser Doppler velocimetry (LDV). To test
PSI resonators on an LDV, they are first attached to a silicon test substrate with a
pedestal using either glass frit or Crystalbond 509. The test substrates (with attached
shells) are then mounted on a thick PZT block and the PZT block is screwed in a
vacuum chamber. The chamber is pumped down until the pressure reaches <10

pTorr pressure. Figure 3.2 shows schematic view of the test setup used for testing.
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Figure 3.2: Schematic diagram showing the test setup and modeshape of a PSI resonator.

To measure resonance frequency, the PZT is actuated with a periodic chirp signal

and the velocity of the rim is measured by reflecting laser off the rim of shells. The
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FFT of collected data reveals the mode spectra and the n=2 wineglass frequency is
measured. The PZT is then driven at the resonance frequency so the velocity of the
rim builds up. Once the velocity reaches an appreciable value, the drive excitation is
cut off and the vibration is allowed to freely decay. Data is collected for 524 seconds
and 7 is measured by calculating the time it takes for the amplitude to decay to 1/e
of its initial value. Quality factor is calculated using the expression () = «.7.f, where
f is the resonant frequency. One device is kept in vacuum and frequency and 7 is
measured nine times. Frequency varied by a maximum of 0.06 Hz and 7 varied by
a maximum of 2 second for a device with f 5000 Hz and 7=274 seconds. Therefore,
all the results presented in this chapter can be considered within such an error limit
which is 0.0001% for f and 0.7% for 7 (or Q). Such measurement errors are negligible.
The next section discusses test results from different PSI resonators. Mode spectra
of a typical PSI resonator fabricated with a rim thickness of ~200 ym has the n=2
wineglass frequencies at ~6 kHz and the n=3 wineglass frequencies at ~2.8x higher
around 17 kHz. Other peaks in the mode spectra corresponds to tilting, vertical
and breathing modes. Figure 3.2 shows first four modes and modeshapes of a PSI

resonator.

3.3 Test Results of n=2 Modes

Several resonance characteristics like Q, 7, f, Af, A(1/7) etc. are important
to determine how good a resonator is for its application in a high-performance gy-
roscope. A(1/7) = |1/71 — 1/72] is the difference of the inverse of ring-down time
constants of the two n=2 or n=3 modes. As described earlier, desired resonance
behavior includes high-Q), long 7, reasonable frequency, low frequency mismatch and

low A(1/7). Long 7 ensures low A(1/7) which is desired for low bias instability
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[28]. This section will present test results of PSI resonators fabricated over the years
and discuss key observations and guidelines for fabricating high-performance res-
onators. Chapter II discussed two methods employed towards singulating 3D shell
from a molded structure. Results from each singulation methods are discussed and

comparison is made in terms of performance and cost of each method.

3.3.1 Singulation using Lap/CMP Method

Lap/Polishing method is discussed in Section 2.8.2 This method uses mechani-
cal grinding method to remove the flat pat of a molded structure to singulate 3D
shell. This section discusses results obtained from resonators singulated using this
approach. Figure 3.3 shows the ring-down time plot of three different types of PSI
resonators which have been discussed in Section 2.9. For a S-T'T PSI resonator, the
lowest frequency modes are the tilting and n=2 WG modes, with fying ~ 6.5 kHz
and f,—o ~ 17.1 kHz. The tilting mode has a very low Q of ~130, but the n = 2
WG mode at 17.126 kHz achieves 7 of 25.2 s and a Q of 1.36 million.

The difference in frequency between the WG modes is 25.0Hz. High n=2 WG fre-
quency can be attributed to the thick rim (between 200-300 pm) of S-T'T resonators
as shown in Figure 3.4.

For a H-TN type PSI resonator, maximum Q of 12.5 Million and 7 = 310 second
is measured at 12.8 kHz. This is the best reported Q for any device <=10 mm.
This resonator also had a rim thickness ~300 pym however the thickness gradually
decrease and becomes /50 pm at the shoulder region. As a result, the frequency is
lower than that of S-T'T PSI. The third plot is from a H-NN PSI resonator operating
at n=2 wineglass frequency at 6 kHz. Q more than 8.7 Million and 7 = 470 s is
measured. Such high Qs from PSI resonators are possible because of significant

time and effort invested in studying and understanding the impact of design and
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Figure 3.3: Measured ring-down time of three different PSI resonators.

fabrication steps and mitigating them. Although, high Q was measured from different
types of PSI resonators however moving forward low frequency (5 kHz) H-TN and H-
NN type PSI devices were pursued eventually to make a gyroscope. This is because
of the requirement of long 7, better electrostatic tuning capability and large drive
amplitude to lower noise which is given by Equation 1.9. Each of these require low

frequency n=2 mode. Moreover, H-XX PSI resonators are inherently more symmetric

Figure 3.4: SEM image of S-TT PSI resonator showing (a) thick region at the shoulder and rim
region. (b) sidewall profile showing thickness variation.
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than S-XX type resonators because of monolithic fabrication of anchor. Finally, for
gun-launched guided munition, shock survivability of 20,000g is easily met by PSI
resonators with hollow stems. More results on shock testing will be discussed later

in this chapter. Figure 3.5 shows variation of QQ with frequency mismatch.
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Figure 3.5: Variation of measured Q for several types of PSI resonators. It is seen that as A f
increases, devices’s Q decreases.

Two comments can be made based on the results shown in this plot. First,
fabrication of high Q and low A f resonator using methods developed in this thesis
is repeatable. Second, in general low Af devices yield higher Q than those with
large Af. This observation complements the fact that a symmetric and balanced
resonator dissipates less energy as compared to an asymmetric resonator. There
are however exceptions which is clear from Figure 3.5 as there are cases when low
Af devices have exhibited lower QQ than those with relatively higher Af. This is
partially because A f alone does not determine the symmetry of a resonator. This is

also evident from the numerical results in Figure 2.25 where extra mass at regions
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near the rim affects Af more than when it is away from the rim although in both
cases, the resonator is asymmetric and imbalanced. The second reason for such
behavior is because the resonators in Figure 3.5 were of different designs and were
fabricated using different molds in different batches. Although, all of these were
processed using the optimized processing conditions of lapping, polishing, cleaning,
annealing etc. it is however possible that other factors besides asymmetry like surface

cleanliness, adsorbed moisture etc. is dominating QQ of some resonators.
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Figure 3.6: Reported ring-down times for 3D shells fabricated using different techniques with dif-
ferent materials and sizes through projects funded by DARPA’s Microscale Rate Integrating Gy-
roscope (MRIG) program [44]-[56], [13], [63]-[68], [84], [86], [91], [96], [112]-[116].

Figure 3.6 compares 7 of resonators fabricated at The University of Michigan
with other 3D shell resonators fabricated using different materials and techniques
as reported in literature. Figure 3.7 also shows improvements in 7 for resonators
fabricated at Michigan. These resonators are either uncoated or coated with a thin
metal layer to make it conductive. For navigation grade gyroscope, long 7 (> 100
second), large driving amplitude (q>1 pum) and large scale-factor (> 100 mV /dps) are

also important alongside high Q [28], [70]. All these parameters depend on operating

frequency, f. First, 7 and f have inverse relation for constant Q (Q = 7.7.f). As a
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Figure 3.7: Measured ring-down time for Michigan’s fused-silica shell resonators vs. time. The
shells are either 5mm or 10mm in diameter operating at 5-10kHz, and are either bare, or coated
with a thin metal layer [86], [87]-[89], [109]-[115].

result, high frequency operation would reduce 7. Second, a high frequency device,
because of large stiffness would lead to lower drive amplitude, ¢, at a fixed voltage.
Third, scale-factor is proportional to both ¢ and 7 for fixed voltage and gap. Finally,
BI o« f/7. Tt is therefore clear that although increasing f improves ARW, it is
detrimental to the overall sensor performance. Therefore, frequency of operation
should be placed between 5-20 kHz—much higher than environmental frequency
floor and low enough to ensure large deformation and long 7. As a result, the
parameter Q.7 product is more important than Q.f product for high performance
vibratory gyroscopes. For shell resonators in this thesis, Q.7 product of over 410"
is achieved. Figure 3.8 summarizes Q.7 product of shell resonators fabricated at the
University of Michigan and other places over the past few years [18], [28]-[29], [48],
[66], [116].

While obtaining high Q is important, reducing Af is equally important for ap-
plication as gyroscopes as can be seen in Figure 1.21. However due to fabrication

challenges, often the resonators experiences a finite Af (>10 Hz) which should be
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Figure 3.8: Q.7 product for different micro-resonators reported in literature along with the ones
developed at The University of Michigan. C: Coated with metal, UC: Uncoated.

reduced. To mode match, the frequencies can be tuned either by physical trimming
or adding mass to tune mass/stiffness or they can be electrostatically tuned by ap-
plying voltage causing it to soften. Both these techniques have their own limitations.
While physical trimming can match large frequency mismatch but can reliably be
done only on large devices like the HRGs. On the other hand, electrostatic tuning
cannot match a large frequency split. As a result, at micro scale, the best method
is to fabricate an intrinsically low frequency mismatch resonator and tune it electro-
statically. There are two main sources of Af, (i) due to thickness variation along
the rim and (ii) due to acircularity of the resonator as shown in Figure 3.9(a). Two
main causes of thickness variation are identified, one of them is due to angled lap-
ping. During lapping, the 4~ holder experiences TTV nearing hundred microns which
causes a concave down profile. Regions near the edge of wafer are thinner than the
center of the wafer. Such thickness variation means that lapping would removes ma-

terial from embedded shells at an angle which can be a potential source of thickness
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variation and consequently Af. Second source of thickness variation could be due
to non-uniform temperature distribution around the rim during blowtorch molding.
Frequency mismatch can also be caused due to acircularity which could come from
acircular mold or acircularity due to blowtorch molding.

It is important to find and mitigate the dominant source of A f to fabricate resonators
with small Af (<10 Hz) so they can be electrostatically tuned with reasonable volt-
age. To study the effect of thickness variation on frequency mismatch, 7 shells where
blowtorched using a mold. Four shells were blowtorched using the usual setup while
3 of them where blowtorched using a programmable stage which was programmed
to move in circles during blowtorching as shown in Figure 3.9(b). This was done
to ensure a more uniform temperature uniformity along the rim. The shells were
released using lapping/polishing method and the thickness of the rim was measured
at four diametrically opposite locations. Figure 3.9(c) shows the thickness deviation
and frequency mismatch for each device. It is seen that all the 7 shells have about
the same frequency mismatch irrespective of the way they were fabricated. Dithering
the mold during blowtorch reduced thickness variation along the rim as compared
to other non-dithered shells, however, did not improve Af. It can therefore be con-
cluded that thickness variation due to temperature non-uniformity is not dominating
the mismatch in frequency.

To study the effect of other parameters, several resonators were fabricated using
three different molds. These were then singulated using lapping/polishing method
in five different batches. Figure 3.10 shows the measured frequency mismatch for
resonators fabricated using different molds and processed in different batches. From
Figure 3.10, it can be concluded that resonators fabricated using the same mold

exhibit similar Af irrespective of processing batch. For example, resonators made
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Figure 3.9: (a) Two main causes of Af includes thickness variation and acircularity. Thickness
variation can be reduced by improving temperature distribution around the rim by using (b) a
dithering stage which can dither the resonator during torching to improve temperature unifor-
mity. (c) Dithering improved thickness variation however did not affect Af (shown against each
device).

from Mold 1 were singulated in four different batches but all of them exhibited
tight Af. Mold 3 on the other hand did exhibit some variation but they were all
between 10-25 Hz. It can therefore be argued that error due to angled lapping is
not dominating the frequency mismatch. This claim is further cemented by the fact
that resonator placed at the center of the lapping holder exhibited similar frequency
mismatch than the rest of the shells although the thickness variation across the
central shell is much smaller than those placed at the edges. It is therefore concluded
that the acircularity of the resonator due to imperfections in mold is dominating the
frequency mismatch. Although other sources discussed above also plays a part in

inducing asymmetry.
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Figure 3.10: Measured A f from resonators fabricated from three different molds and processed
in five different batches. Resonators fabricated from same molds exhibited similar A f range irre-
spective of the processing batch.

3.3.2 Singulation using HFA Method

The other method of singulation employs wet-chemical etching using 49% Hy-
drofluoric acid to selectively etch off the flat part from a molded structure to sin-
gulate 3D shells. In this section, measurement results of resonators released using
HFA is discussed and compared with lap/CMP method. Figure 3.11 shows shells
singulated using the two approaches. Lap/Polish method yields a resonator with
sharp and well-defined rim whereas the HFA method yields shells with rugged edges
as can be seen in the SEM image. The rugged rim has shown not to impact Q by any
dissipation mechanism and Q more than 8 million has been measured from several
resonators released using this approach. Figure 3.12 shows the measured ring-down
time plot of a shell resonator exhibiting >500 s ring-down time.

To compare HFA and lap/polish method, nine other resonators are released us-
ing HFA method and is compared with twenty-two shells released using lap/polish

method. Figure 3.13(a) shows a comparison of 7 obtained from both the approaches.
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Figure 3.11: Photograph of PSI resonators singulated using lap/polish method and HFA method.
SEM image shows the rough region at the rim caused due to HFA penetration through micro-
voids at the wax-FS junction.

It is clear that the performance of resonators is high irrespective of the method of

singulation.
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Figure 3.12: Measured ring-down time plot for a H-NN type PSI resonator exhibiting more than
500 seconds ring-down time constant. This resonator is released using HFA method of singula-
tion.

Apart from high-Q, frequency mismatch also determines the effectiveness of a
singulation method. While lap/polish method induces angled lapping, HFA method
is affected by non-uniform etch rate across the holder. To study the effect of etch
rate non-uniformity on A f, another 8 devices were blowtorched using the same mold.
Four were singulated with lap/polish method and 4 were singulated using HFA.

Figure 3.13(b) presents the Af for all 8 shells. The Af from both techniques is
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Figure 3.13: (a) Measured ring-down time of nine HF-released devices and comparison with 22
shells released using lap/polish method. (b) To compare Af, eight shells are blowtorched using
the same mold under identical conditions. Four of them are singulated using HFA method and
the other four are singulated using lap/polish method. Af from both the method is comparable
indicating that HFA method is not detrimental to Af.

comparable. Although the average for HFA-released shells (5 Hz) is more than
that from lap/CMP-released shells (3.2 Hz), they are well below ~20 Hz which is
believed to be tunable using trimming. The HFA release method yields both high-
Q and low Af devices. Additionally, this method is low cost and can enable very
high production. This method uses Crystalbond wax and HFA as consumables as
compared to sophisticated tools and machinery in other releasing methods as outlined
in Table 3.1. Moreover, this technique neither require any alignment nor any careful
parameter optimization. Finally, there is no limit on batch-size as several of the
resonators can be put in an HF bath. For every batch of 100 resonators, cost of
fabrication of each resonator is only 4% of the cost from conventional lap/CMP
process. Similarly, time taken to fabricate one device is 43% of the original time.
These advantages of being low-cost, fast and high-throughput along with excellently
high-QQ and low Af makes this a promising technique to fabricate low cost, high

performance micro-gyroscopes.
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Table 3.1: Device Performance and Process Parameters of Lap/CMP, Laser and Chemical Singu-
lation Techniques.

Lap/CMP Laser Cutting | HFA Release
Q]\/Iaa:
(froq. i KHz) 7.9 M (5.1) 153.3k (~7) | 5.8 M (5.3)
Lowest Achieved A f 1.2 Hz 5.1 Hz 3.12 Hz
Alignment Not Required Required Not Required
Throughput 9/ batch Serial Many /batch
Machinery /Tool Lap/CMP Laser Cutting -
Consumables Polishing Slurry - HF Acid

3.4 Test Results of n=3 Modes

Resonators discussed so far have been operating in the n=2 wine-glass mode.
However, higher mode operation like the n=3 mode can also be used for gyroscope
application. Like n=2, n=3 also has two degenerate modes, however, the anti-nodes
are separated at an angle of 30° as compared to 45° separation in the case of n=2
mode. This mode of operation has three anti-nodes in each mode. Figure 3.2 shows
the mode shapes for a shell resonator in n=3 wineglass mode.

Frequency of n=3 mode is nearly 2.8 times than that of n=2 mode which is ad-
vantageous from noise perspective if other parameters either improves or remains
same. To compare noise for gyroscope operating in the two modes, a parameter

k which considers the geometric parameters of the resonator is defined as k =

Ay/(Meppw)(y/mg.rad/s). A higher value of k will lead to a lower ARW and
is therefore desirable. H-NT type PSI resonators (with a rim thickness of ~300 pm)
have simulated value of £=330.13 \/W in the n=2 wine-glass mode and k=
407.22 \/W in the n=3 wine-glass mode. Table 3.2 tabulates the geometric
parameters for the two modes. For a PSI gyroscope with identical drive amplitude
and Q of the two modes, operation in the n=3 mode would give lower noise as
compared to n=2 operation.

PSI resonators in their n=3 mode is also tolerant towards imperfections. Figure
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Table 3.2: Comparison of device parameters affecting noise in the n=2 and n=3 wineglass modes.

Property Values
n=2 Mode | n=3 Mode
Frequency (kHz) 11.479 31.949
Angular Gain 0.3039 0.2588
Effective mass (mg) 16.37 12.34
k 330.13 407.22

3.14 shows the frequency mismatch for both n=2 and n=3 mode for the case dis-
cussed in Section 2.11 with mass imbalance at different locations. It is seen that
frequency mismatch is <50% than those of n=2 mode. In n=3 mode when added
mass is at the rim, it is seen that Af first increases and then continues to decrease
as h increase from 0.7 mm to 0.9 mm and then increase again when h=1 mm. This
is because adding mass at different locations changes the two frequencies by different
amount depending on the position of nodal and anti-nodal points which contribute
differently towards vibrational velocity of the resonator. Numerical results in Figure
3.14 is specifically for the case discussed in Section 2.11 and other type of imperfec-
tions could affect Af of n=2 and n=3 modes differently. Measured Af of n=2 and
n=3 mode of five devices fabricated in a batch is also plotted. It is to be noted that
measured devices have not been investigated for any asymmetry and therefore have
no correlation with h. Except one device, all of them have low Af in n=3 mode.
These devices have exhibited not only low A f but also excellent QQ in n=3 mode.
TED and anchor loss simulations have shown their respective Qs to be on the order
of tens and hundreds of million. Figure 3.15 shows the comparison of Q in the n=2
and n=3 mode. Except one, all shells exhibited Q<1 million in n=2 mode but Q
for the n=3 mode was greater than 7 million. One shell, ID 1 exhibited Q = 10.03
and 3 Million in the two n=2 modes however Q) in the two n=3 mode was 10.02 and

9.98 Million.
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Figure 3.14: (a) Variation of numerically calculated Af in n=2 and n=3 wineglass modes for
cases where imperfection is near the rim and away from the rim as shown in Figure 2.25. (b) Ex-
perimental data for five devices.
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Figure 3.15: Comparison of measured Q in n=2 and n=3 wineglass modes for five devices. Al-
though high-Q have been measured in n=2 mode for other devices, this plot shows that n=3
mode exhibits high-Q irrespective of what n=2 mode Q is. Measured resonant characteristics are
tabulated.

Large Q-mismatch in n=2 mode for ID 1 can be attributed to imperfection in the
device. This however does not seem to affect n=3 mode. High-(Q have been measured
in n=2 mode in other devices like in [86] where Q~10 Million have been obtained,
however low Q for devices shown in Figure 3.15 may be due to subtle imperfection
in the device. It has been investigated that asymmetries can have detrimental effect
on Qunehor and is likely dominating Q) for devices in Figure 3.15. Material or surface
defect if any should equally affect all the modes. Besides, TED simulations for shells

with imperfections in the form of chips on rim have shown to have very little effect on
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Qrep [72]. Though viscous damping reduces with increasing mode number, but these
shells are tested in extremely low vacuum (<10 pTorr), therefore viscous damping is
not dominating Q. The loss mechanism which is prone to asymmetries is anchor loss.
Therefore, anchor loss is likely dominating QQ, however more investigation needs to
be done to better understand damping mechanisms in n=3 mode. Figure 3.15 also
tabulates measured resonant characteristics in n=3 wineglass mode and indicates
their potential for high performance gyro due to their high k, high Q shown in
Figure 3.15 and low A f shown in Figure 3.14. Even higher modes like n=4 and n=>5
have exhibited Q in excess of 4 million and can also be explored for potential gyro
or other application. With Q as high as 10 million at ~2.8x higher frequency than
n=2 mode and A(1/7) of the order of tens of pHz, PSI resonators can be used in the
n=3 mode (or higher mode) for obtaining low noise from a gyroscope, potentially

better than n=2 gyro.

3.5 Test Results for Open Shell Resonators

Application of open shell PSI resonators as a shadow mask has been shown in
Chapter II. Another application of open windows on shell is to increase the me-
chanical quality factor. To obtain high Q, it is necessary to reduce damping due to
different sources. It has been shown that making a resonator symmetric increases
Qanchor- At the same time decoupling the anchor from rest of the shell also im-
proves Qunehor- This can be done by either reducing the dimension of the anchoring
point or by creating a discontinuous path between the region which resonates and
the anchor. For the former case, [79],[81] studied the effect of reducing the anchor
size on the Q and confirmed the dependence of anchor loss on anchor size. Refer-

ence [45] numerically demonstrated an improvement in Q when slots were created
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Table 3.3: Measured resonant characteristics of devices before and after opening windows.

Before Opening Windows After Opening Windows

ID Freq. (Hz) | 7 (s) | Q (Million) | Freq. (Hz) | 7 (s) | Q (Million)
L1 9138.7 0.2 0.0057 7510.9 20 0.472
(n=2) 9151.3 0.5 0.0143 7524.1 45 1.063
M2 8038.8 1.3 0.033 7357.5 18 0.416
(n=2) 8071.3 4 0.101 7435.3 38 0.887
L1 24556.6 8.9 0.686 20241.2 27 1.716
(n=3) 24582.1 1.7 0.131 20268.1 27 1.718
M2 21746.4 1.2 0.079 20004.1 8.7 0.546
(n=3) 21905.7 1.0 0.069 20055.7 4 0.252

near the anchor. Authors attributed the increase in Q to isolation of anchor from
the vibrational stress. Similarly, the work reported in [48] created holes on the top
of a dome-type resonator and observed an improvement in Q. This improvement
is attributed to reduced thermoelastic damping due to limited flow of heat across
the surface during deformation. At the same time, these holes create discontinuity
in the path between regions of high vibration energy and the anchor thus reducing
losses through the anchor. Both [45],[48] used FIB or laser ablation for creating such
discontinuity. This approach limits the size and area of the region, thus limiting the
extent to which anchor loss could be modified. In addition, this approach is slow,
expensive, and is a serial process. The approach to fabricate open shells employing
combination of patterning the initial substrate before reflowing the F'S followed by
wet etching of thin regions after reflowing, allows for the formation of large open
sections in regions of interest. This is a low cost and batch process and allows one
to define both small and large discontinuities (open windows and thin sections) in
3D shell resonators.

To study the effect of open windows on Q, two devices with thin windows are

tested for their resonant characteristics using LDV. Frequency and ring-down time
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is measured in both n=2 and n=3 wineglass modes. Those shells are then etched
in HFA to through etch thin windows to create holes using the process outlined in
Section 2.13 The shells are cleaned and resonant characteristics are measured. Table
3.3 tabulates the resonant characteristics including the frequencies and Q for both
the shells. Figure 3.16 graphically shows the improvement in Q for each resonator in
both n=2 and n=3 modes. In n=2 mode, one device L1 exhibited an improvement
as large as 82 times with Q,,..=1 M. Another device M2 showed an improvement of
13 times with Q... of 0.9 M. Both the device also showed an improvement in n=3
modes reaching Q,q, of 1.7 M (14x) and 0.6 M (7x) for L1 and M2 respectively.
For both the devices improvement in ,—3 was less than that of QQ,—s. This can be
attributed to inherently lower anchor loss in n=3 mode due to the symmetricity of
the modeshape. As already discussed, anchor loss is magnified by asymmetry of the
anchor and the shell. Both L1 and M2 have some mass imbalance due to etching
imperfections and the intrinsic Q is therefore much lower. The same reason can be
attributed to the Q mismatch, AQ = Q1-Q2 of the two shells. This can be improved
by doing a more careful alignment of the patterned substrate over the mold and by
minimizing etch non-uniformity making the device more symmetric and balanced. It
is believed that the final ) from these open shells can be more than 10 million. The
results from two different resonators clearly demonstrates that creating discontinuity
leads to an abruption in the path of vibrational energy reaching the anchor and
improve Q. For the shell with largest improvement, Q increased from 15,000 to more

than 1 million.
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Figure 3.16: Performance improvement in n=2 and n=3 modes for shells with different sized win-
dows before and after etching off the windows. Bars in blue corresponds to performance before
windows are etched and red bars represent QQ after etching off the windows.

3.6 Repeatibility and Uniformity

For PSI technology to be commercially realized, performance alone is not impor-
tant but performance repeatability is equally important. Fabrication of PSI device
using blowtorch molding technique and other singulation and fabrication technologies
developed at University of Michigan has the capability of producing reproducible re-
sults. This is evident from results presented until now where repeatable performance
have been achieved. In this section, discussion on repeatability and uniformity in
performance from devices fabricated in a batch and batch-to-batch is carried out.
Frequency and Q from more than 300 devices fabricated in this thesis and previous
work from our group is analyzed. These devices include both 10 mm diameter PSI as
well as 5 mm diameter Birdbath Resonator Gyroscope (BRG) resonator. To analyze
frequency, the measured n=2 wineglass frequencies for >200 devices fabricated in
different batches is chosen. Each frequency of the two modes is then normalized by

the mean frequency of that batch. Figure 3.17 shows the normalized frequency for
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all these devices in the two modes. It is seen that barring a few devices, most of the

resonators have their frequencies within + 10% of the mean of their batch.
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Figure 3.17: Variation of n=2 wineglass frequency in the two modes for several shell resonators
fabricated at The University of Michigan. Devices are fabricated in several batches over several
years and are normalized to the average frequency of the batch. Variation of frequency is within
+ 10%. Some data is from [83].

To analyze batch-to-batch repeatability of @), Q@ in each mode is normalized by

the maximum @ of that batch and

ij is obtained. This parameter indicates the

value of QQ relative to the highest Q from that batch. To study such variation, >150

azx

resonators each with Q>1 Million is chosen. Figure 3.18 shows the variation of QQ
for more than 150 resonators. It is seen that with improvement in molding and
processing like improvement in singulation methods, cleaning techniques, annealing
etc. tighter spread is obtained meaning the variation of Q) is less scattered . At the
same time, Q from devices came close to the maximum @Q from the batch. Both
these means that a typical batch of resonator fabricated with the optimized methods
discussed in this thesis would yield devices where most of them will have Qs similar

to each other and close to the maximum Q of the batch.
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Figure 3.18: Variation of Q from different batches. Each Q is normalized by Q.4 from that
batch. The data presented shows relative values of Q with respect to the highest @ from that
batch. It is seen that in initial years, spread of Q was more scattered. However, with improve-
ment in fabrication process, the spread became more tight and closer to the maximum value.
This means more devices exhibited Q close to @Qyuq, from the batch. For this graph, 150+ devices
each with Q>1 Million was chosen.

3.7 Fused Silica Annealing and Material Characterization

Adsorption of water molecules is a source of energy damping in FS resonators.
Water molecules can be desorbed by annealing at high temperature. Several groups
have studied the effect of annealing on either fiber [117, 118], rod [119, 120], or bulk
[121]-[123] F'S and have observed improvement in Q. In the fabrication of MEMS sen-
sors and actuators, annealing is not usually the final step and other subsequent pro-
cesses involving dry and wet chemical exposure are inevitable. Therefore, it becomes
necessary to characterize the behavior of FS under these conditions to understand
damping characteristics for resonant sensors. In this section, different processing
conditions like exposure to atmosphere, Acetone, IPA, Plasma, Piranha Solution
(H3SO4 + Hy05), DI Water, are studied and a systematic measurement is done to
investigate the effect of each of these on the Q factor of FS shell resonators.

The bulk of FS has four Si atoms bridged with O-atoms. However, the surface of
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F'S can have several other silanol configurations depending on the number of bridg-
ing O atoms, like isolated Geminal, Vicinal or H-bonded [124]. Isolated silanols are
not inclined towards adsorbing water whereas other silanols have affinity to adsorb
water [125]. Several groups have extensively studied the mechanism and nature of
water /substrate interface on F'S using sophisticated metrology tools [124]-[133]. Asay
and Kim [126] studied the configuration of water molecules on the oxide surface in
a humid environment using attenuated total reflection infrared spectroscopy. They
studied the molecular configuration of hydrogen-bonding on the Si-OH group on ox-
ide surfaces and concluded that between relative humidity (RH) of 0-60% (typical
humidity range), up to 4 layers of hydrogen bonded ice-like structure of water (or
liquid water structure in RH range of 30-60%) is grown. Iler [127], Greg and Sing
[128] reported that at low temperature (~ 150 °C) in atmosphere, the H-bonded
water molecules can be removed. Okkerse [129] further claimed that such low tem-
perature removal of adsorbed water is possible only if the FS structure is free of
micropores. Similar studies have also been done by several other groups all claiming
that temperature < 200 °C is enough for desorption of water molecules. However,
other groups like Fripiat and Uytterhoeven [130] have presented results which suggest
that complete desorption does not happen below 300 °C. Furthermore, Kiselev et al.
[131] and Chuiko et al. [132] have suggested a temperature range of ~400 °C and
~ 650 °C, respectively, for complete desorption of water molecules. Zhuralev’s [133]
review article is an excellent source with all the compiled results. There have also
been several studies pertaining to dehydroxylation of molecules. Dalstein et al. [124]
used vibrational sum frequency spectroscopy to measure isolated surface silanol as a
function of pH of water on 10-mm fused silica hemispheres. They also investigated

the effect when the hemispheres were pre-treated at 1000 °C for 4 hours and Plasma
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Table 3.4: Measured resonant characteristics of devices before and after 450 °C annealing.

Device 1 Device 2
Mode 1 Mode 2 Mode 1 Mode 2
Q1 f1 Q2 2 Q1 f1 Q2 2
(Million) | (Hz) | (Million) | (Hz) | (Million) | (Hz) | (Million) | (Hz)
Before 450 Anneal 4.44 4773.4 4.46 4781.0 4.74 5242.6 4.75 5250.6
After 450 Anneal 6.49 4773.9 6.43 4781.5 6.64 5242.7 6.53 5250.7
Factor Change
(After/Before) 1.46 0.99 1.44 1.00 1.40 1.00 1.38 1.00
Change
(After—Before)

+2.05 +0.5 +1.97 +0.5 +1.9 +0.1 +1.78 +0.1

cleaned. They concluded through their measurements that thermal treatment re-
sulted in complete dehydroxylation causing complete change of silanol to saturated
Si-O-Si. They also witnessed that up to 400 °C, isolated silanol first increased and
then completely dehydroxylated at higher temperatures. Similar observation about
complete dehydroxylation at high temperature has also been made by Gallas et al.
[125]. When the surface is dehydroxilised, it can be rehydroxylized in aqueous envi-

ronments [133, 134].

3.7.1 TUncoated FS Resonators

The presence of water or other organic molecules on the surface of a resonator
causes damping which reduces Q. In this thesis, this has been studied by subjecting
shell resonators to annealing at 450 °C and 850 °C. While 450 °C annealing is done
at 200 Torr pressure in 5% H2-95% Ny gas, 850 °C annealing is done in Argon gas
at atmospheric pressure. An improvement in @ is seen in resonators after 450 °C
annealing which is mainly due to desorption of molecules from the surface. Because
of low temperature, there is no structural or material changes, which is deduced from
the fact that there is no change in the resonance frequency. Figure 3.19 and Table
3.4 presents measured frequency and Q for resonators after 450 °C annealing. An
improvement of 1.5-2 times is observed.

To study the effect of high temperature annealing, other devices were fabricated,
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Table 3.5: Measured resonant characteristics of devices before and after 850 °C annealing.

Device 1 Device 2
Mode 1 Mode 2 Mode 1 Mode 2
o1 f op) 2 Qi 1 Q2 o

(Million) | (Hz) | (Million) | (Hz) | (Million) | (Hz) | (Million) | (Hz)
After 450 Anneal 3.58 6189.3 4.52 6208.9 4.17 6236.1 3.91 6250.2
After 850 Anneal 5.36 6211.1 7.04 6231.7 6.49 6257.5 6.30 6271.5

(AfterFﬁgggg/C[ffjsfi45o}) 1.50 1.00 1.58 1.00 1.56 1.01 1.61 1.00

Change

(After-Before) +1.78 +21.8 +2.52 +22.8 +2.32 +21.4 +2.39 +21.3

annealed at 450 °C and resonant characteristics were measured. They were then sub-
jected to 850 °C annealing for 7 hours and then tested again. A further improvement

of ~1.5x in ) was observed.

M Q:: Q before 450 Annealing A Q,: Q after 450 Annealing 4p Q,/Q,

i (in Million) (in Million)
A A A A
6 =
| |
4. | |
2
L 4 L 2 L 4 L 4
0 T T T T 1
0 1 2 3 4 5
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Figure 3.19: Improvement in Q for four modes of two resonators after annealing at 450 °C. More
than 1.5 times improvement in Q is measured after subjecting to annealing for 8 hours in forming
gas.

Table 3.5 and Figure 3.20 show the measured resonant behavior before and after
850 °C annealing. It is noted that these devices had already undergone a 450 °C
anneal before 850 °C annealing. While there was no change in frequency after 450

°C annealing, an increase in frequency of 20-25 Hz occurs for devices after 850 °C

anneal as seen in Table 3.5.
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Figure 3.20: Improvement in Q) for four modes of two resonators after annealing at 850 °C. More
than 1.5 times improvement in Q is measured after subjecting to annealing for 8 hours in Argon

gas. This improvement is in addition to 1.5x improvement after 450 °C annealing indicating high
temperature annealing improves Q beyond what low temperature does.

This improvement in Q can be attributed to both material relaxation and de-
hydroxylation of molecules from the surface. To further characterize the resonant
behavior of FS resonators, a series of experiments is performed where the resonators
are put through several dry (plasma, gas) and wet chemical processes. These chemi-
cals/gases are commonly used in micro/nano fabrication. @ factor is measured after
each step as before. To eliminate any uncertainty, each measurement is done using
the same substrate at <10 pTorr vacuum. The results of this study are shown in
Figure 3.21.

It can be seen that exposure to atmosphere for more than 5 hours reduced Q by
around 10%. This reduction in Q can be attributed to weakly-bonded physiosorbed
molecules from moisture. These physiosorbed molecules can be removed from the
surface by exposure to vacuum at room temperature. In the second step, same

resonators were placed in Acetone followed by IPA for 5 minutes each. They were
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Figure 3.21: Effect of exposure to different environment on quality factor of fused silica resonator.
Quality factor is the average of three devices and two modes of each device and is normalized.

then dried at 150 °C for 2 hours on a hotplate in cleanroom before testing. Exposure
to solvents led to further reduction in Q resulting in the total drop of ~50%. The
resonators were then kept in the test vacuum chamber with pressure < 10uTorr
for 6 days at which point the Q was measured and shown to increase by ~10%.
Vacuum pumping led to some H-bonded molecules to desorb from the surface as has
also been observed by Iler [127]. This observation is in agreement with assumptions
made by Kiselev et al. [131] that complete removal of adsorbed molecules occurs only
at temperatures > 400 °C at low pressure. In the next stage, the resonators were
placed in Os-plasma for 2 minutes in a vacuum environment. This was to remove
any polymer layer formation due to Acetone and IPA. However, no significant change
in Q (<5%) was observed. In the next stage, the shells were cleaned in 3:1 solution
of HySO, : HyO, for 20 minutes and rinsed in DI water for 20 minute. After this

the shells were dried on a hotplate at 150 °C for 2 hours and put in the testing
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chamber. At this stage, Q dropped significantly by ~70% from its initial value.
This is likely due to complete re-hydroxylation of the fused-silica surface in aqueous
environment. Heating at 150 °C was not enough to remove the adsorbed water.
Finally, the resonators were annealed at 850 °C for 8 hours and put in the test
chamber for testing. Q recovered to about 80% of its initial value, validating the fact
the quality factor is severely affected by attached -OH molecules on the surface. It
is noted that in all these experiments there was no change in resonance frequency
except for the first annealing run where frequency increased by ~20 Hz as shown in
Table 3.5. Subsequent water exposure or another annealing run did not cause any
change in frequency. This confirms that high temperature annealing did cause some
structural or material change, although, Q improvement was mainly due to removal

of silanol.

3.7.2 Pt-Coated FS Resonators

To further explore this, two resonators were coated with ALD Platinum to have
a conformal thickness of 80 A. Q was measured after ALD and then immersed in
Acetone followed by IPA each for 5 minutes. The shells were then dried at 150 °C for
2 hours and their Q was measured. It was observed that the drop in Q was < 20% as
compared to ~50% in the case of uncoated resonators when subjected to the same
exact conditions. In the next two steps, the shells were first kept in Ny environment
for 2 hours and their Q was measured. Then they were kept in room atmosphere for
10 hours and their Q was measured again.

There were minimal changes in the Q between these two steps, with QQ dropping
slightly in atmosphere. This is likely because of the inert nature of the Platinum
surface. Particularly, Ny has almost no adsorption affinity towards Pt while Oy and

other atmospheric gases have little adsorption affinity towards Pt surface. Similar
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Figure 3.22: Effect of exposure to different environment on quality factor of fused silica resonator
coated with ALD Platinum. Quality factor is the average of two devices and two modes of each
device and is normalized.

observations have been made by Morgan and Somorjai [136] on Platinum (100) sur-
face. Finally, the shells were rinsed in DI water and dried on a hotplate at 150 °C
for 2 hours. The measured Q dropped by ~20% its initial value as compared to
~T70% drop in the case of uncoated resonators. These experiments on coated res-
onators provide further evidence that damping due to adsorbed molecules on the
F'S resonator surface is a significant source of damping. Additionally, protecting the
surface with a metal helps reduce any adsorption of water or gas molecules leading
to high quality factor. The result of metal-coated resonators subjected to sequential
experiments is shown in Figure 3.22. It is observed that damping due to adsorbed
molecules on the fused-silica surface is a major loss mechanism limiting mechanical
quality factor. It is experimentally verified that Q drops by as much as 70% after

being exposed to aqueous environments. It is hypothesized that at ~450 °C, water
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molecules desorb from the surface, whereas ~850 °C complete dehydroxylation takes
place. Another set of experiments with resonators conformally coated with ALD
Platinum reveals that exposure to atmosphere and pure Ny gases does not cause any
significant drop in ), unlike uncoated resonators. It is observed that the Q drop is
~20% when the device exposed to DI water. Therefore, it is concluded that when
resonators made from FS are exposed to aqueous and gaseous environments their
Q drops by 70%, but when the same resonators are coated with a thin protective
metal layer such as Platinum, and then exposed to these same aqueous and gaseous
environments, Q does not degrade as much. Consequently, protecting the surface of

fused-silica devices is critical to obtaining high-(Q) resonators.

3.8 Shock Testing

Shock survival is important in harsh-environment applications like gun-launched
munition mission which experiences massive shock. The sensors used in such ap-
plications should survive these high shocks. Different shock survival mechanisms
have been explored in the past. These include using a high frequency operation
which reduces deflection. Other methods include using either mechanical or electri-
cal shock-stoppers which basically restricts the motion of resonator under shock. In
the event of shock, different regions of the resonator deflect creating regions of stress.
This stress when exceeds the maximum tensile stress of material, leads to fracture.
PSI resonators are designed to have an inherent feature of shock survival. This is
done by selective tuning of stiffness to make the resonator thick at the shoulder
region without affecting the operational n=2 wineglass frequencies.

To study the effect of high shock (~20,000g) on PSI resonators, a finite element

model is created in COMSOL where the shell is subjected to horizontal and vertical
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Figure 3.23: Numerical simulation showing displacement of H-TN and S-TT type PSI resonators
under 20000g vertical and lateral shock. H-TN PSI experiences larger displacement due to thin-
ner regions at shoulder and rim than S-TT PSI. The maximum stress is 0.24 GPa which is an or-
der of magnitude smaller than the tensile stress of F'S. Shock testing setup to impart shock upto
6000g.

shock with profile of half sine for 15 ms with peak amplitude of 20,000g. The move-
ment of the shell as well as the maximum stress is calculated. Figure 3.23 shows
the deflections and stresses generated for two PSI resonators. The maximum stress
experienced is 0.24 GPa which is an order of magnitude smaller than the tensile
strength of F'S which is ~2 GPa which makes PSI resonators robust to high shock.
To experimentally verify the robustness of resonators, a drop-testing setup called
Tunable High-G shOck-testing Resource (THOR) was built which could do a drop
test from a height of 2 meter limited by the ceiling height of the lab. THOR consists
of a sled which slides along rails parallel to the wall as shown in Figure 3.23. The

resonator is mounted on the sled using different fixtures to impart either horizontal
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or vertical shock to the resonator. When let free, the sled runs along the rails and

hits a metallic crash plate. The acceleration is given by,

EAgd

Acceleration =
hm

(3.2)

Where, E is the elastic modulus, A is the impact area, g is acceleration due to
gravity, d is the drop distance, h is the height of the object and m is the mass of the
object. When a F'S resonator is dropped from a height of 2 m, it generated a shock
of ~6000g. PSI resonators and PSI gyroscopes (discussed in next chapter) were drop
tested on THOR from a maximum height of 2 m. All the resonator survived multiple
shocks in both horizontal and vertical direction without any damage whatsoever to
the device or attachment. PSI gyroscopes initially suffered damage to the glass

electrode substrate however with design changes the gyro survived 6000g shock.

3.9 Long Term Testing

Long term testing is important to measure reliability and drifts in resonance
characteristics of resonators. Three parameters have been chosen for long term study,
(i) Q variation with continued resonance (fatigue testing), (ii) frequency drift with

time and (iii) frequency mismatch drift with time.

3.9.1 Fatigue Testing

Four PSI resonators with frequencies between 5-6 kHz is chosen for testing their
behavior under continuous resonance. Q of all the shells are first measured under
vacuum and the PZT is then actuated to continuously sweep from 5 to 6 kHz every
1 second for a period of several hours after which the PZT actuation is stopped and

f, Q is measured. Measurements are done using the same technique discussed in
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Section 3.2. After measuring resonance characteristics of all the four devices, the
PZT is actuated again until next measurement. Continuous excitation is carried
out for nearly 30 days and measurement is done in 16 sets. Figure 3.24 shows the

variation of Q with number of cycles.
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Figure 3.24: Measured Q over a span of one month for four devices under continued resonance.
Device 1 and 2 are singulated using lap/CMP method and Device 3 and 4 are singulated using
HFA method.

In the first set of measurement, QQ dropped for #2 while it remained same for
other three devices. In subsequent set of testings, #2 maintained its Q. It is to be
noted that #2 had a lower Q than the remaining three devices to begin with which
maintained and even improved their Q. The improvement in Q can be attributed to
desorption of water molecules under high vacuum as explained in Section 3.7. Q for

device 3 reached a peak then started decreasing after around 15 days of resonance.

Questions which arises here include why Q dropped initially for Device 2 by ~50%
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and why Q for device 3 dropped by ~10% after 15 days of resonance. Likely reasons
include permanant generation of micro/nano cracks which initiated early in device 2
and much later in device 3, or, a temporary loading of particles on surface of these
two devices. To answer these questions, all the four devices were unloaded from
the PZT block after all testings were completed and cleaned in Acetone and IPA
and dried on hotplate at 150 ¢ C. All four devices were then annealed at 450 °C in
forming gas environment for 16 hours (all annealing run in this thesis is done for 8
hours unless mentioned otherwise but due to fixed-hour access to cleanroom due to
COVID-19 pandemic, this run was done for 16 hours). The devices were put back in
vacuum chamber and tested when the pressure reached <10 pyTorr. The performance
for all the four devices increased and became better than their initial performance
as is seen in last data set in Figure 3.25 . This indicates that Q drop for device 2
and 4 was temporary likely due to loading of particles and the devices could survive

more than 2.5 Billion cycles without any degradation in Q.

3.9.2 Frequency and Af Drift

The drift of frequency is another parameter which is important for long term
gyroscope performance. Frequency of the two n=2 wineglass modes is monitored
for 2500 million cycles of continuous resonance in room temperature without any
temperature calibration. Figure 3.26 shows the measured n=2 frequencies for all
the four devices under testing. It is to be noted that uncertainty in measurements
is <0.06 Hz as explained in Section 3.2. Very small fluctuations are measured over
a span of long testing. Although, all four devices experienced one relatively large
dip of ~0.5 Hz. Such fluctuations could be either from device itself by virtue of
device damage, mass loading etc. which is however not the case because frequencies

recovers in the next measurement cycle. Also, the devices under experiments were
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Figure 3.25: Performance of all four devices increased in the last set of measurement after clean-
ing and annealing. Performance exceeded the initial Q because of longer annealing.

kept in vacuum chamber in ultra-low pressure on a vibration isolation table, therefore
it is unlikely that pressure level or disturbance from environment are reasons for
frequency drift. It is believed that such frequency changes are due to temperature
fluctuations on different days. For F'S shell resonators coated with metal, temperature
coefficient of n=2 wineglass mode frequency is between 75-100 ppm/C. Therefore a
1 °C temperature fluctuation can cause the frequency to drift by £+ (0.45-0.55) /Hz
[137]. Drifts due to temperature related effects can be further minimized by oven
control [137]. At the same time, such small changes in frequency can be efficiently
tracked by the phase locked loop.

Figure 3.27 shows measurement result of Af of the four devices under fatigue
testing. Af just like f is measured to be stable with maximum variation of 0.06 Hz
over the testing span of one month. Measured variation lies within the measurement

error explained in Section 3.2. Af stability also indicates that the fluctuations in
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Figure 3.26: Variation of n=2 wineglass frequencies measured over 2500 Million cycles of reso-
nance. Maximum frequency drift measured is ~0.5 Hz.

f was indeed due to temperature related effects and therefore both modes were

uniformly affected (to maintain Af).

3.10 Metal Coating

For capacitive transduction, the resonator should be conductive. FS, however, is
an insulator and therefore should be coated with a conductive layer. This conduc-
tive layer should be thick enough to provide a conductive path between the biasing
region (at the anchor) and the region of deflection (rim). Coating with metal is
however accompanied with loss in energy causing Q drop. This drop is proportional
to thickness of metal. Therefore, it is critical to coat the shell with a thin metal
layer which can provide a low resistance path for the charge to travel. Another way

to reduce the drop in Q is by selective coating of metal only near the rim. Figure
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Figure 3.27: Variation of n=2 wineglass A f measured over a month of continued resonance. A f
drifts by ~0.06 Hz which is within the measurement uncertainty.

2.35 shows selective coating schemes and a shadow mask discussed in Section 2.13
can be used for such selective coating. Effects of metal coating on Q for different
resonators have been explored in the past. These metals/dielectrics include a com-
bination of Cr, Au, Ti, Pt, Al;O3 etc. deposited either through metal sputtering or
atomic layer deposition technique. There are two key requirements from the mate-
rial. One is good adhesion on the surface of resonator and other is good electrical
conductivity. Therefore, materials which do not easily oxidize in atmosphere are re-
quired. Sputtering deposits material by physically removing particles from a source
and depositing on the resonator. This process therefore can be applied to only those
materials which have good adhesion to the resonator material or another adhesion
enhancing layer can be deposited between resonator and target material to promote

sticking. In microfabrication, Cr, Ti and Al have shown to have excellent adhesion
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on FS substrate and are therefore used as adhesion promoter. These however oxi-
dizes in atmosphere and can therefore not be used as standalone conducting material.
Therefore, bilayers like Cr/Au, Ti/Pt, Al,O3/Pt etc. is used. While using bilayer
of metals it should also be ensured that materials do not diffuse through each other
and compromise either adhesion or conductivity. For example, a bilayer of Ti/Au is
not the best choice because Ti would easily diffuse through Gold and gets oxidized
on the surface. Techniques like ALD are driven by chemical reactions and therefore
may not always need an adhesion promoter. For example, Pt can be grown on FS
substrate using ALD without any adhesion layer. It is also understood that films
grown through ALD due to its amorphous nature do not have large grain boundaries
as is the case in physical deposition techniques like sputtering [138]. These grain
boundaries are believed to be a potential source of energy dissipation due to slippage
between grains. Loss of energy due to metal coating is usually attributed to either
TED, material loss or interface loss. Reference [72] numerically studied the effect
of metal coating on Qrgp and observed as much as three orders of magnitude drop
when a thin metal layer (1% of the rim thickness) is added. However, thicknesses
as small as 100 A practically does not affect Qrpp. This is however not the case
in reality and deposition of even 20-30 A metal causes Q to drop by a factor of 2
as reported in [123]. Reference [139] observed grain boundaries for their AIN based
resonators and modified TED simulation to include effect of such grain boundaries
which led to three orders of magnitude reduction in Qrgp. Therefore, TED along
with losses inside the material and interface is believed to be dominating loss in Q
however experiments and modeling needs to be done for complete understanding.
Along with method of deposition, selection of metals has also shown to affect Q

by different extent. For instance, [138] ALD deposited a bilayer of Al,O3/Pt and
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observed 20% less reduction in Q as compared to only Pt. This was attributed to
reduction of interfacial slippage due to surface passivation from Al;O3. Other studies
have also hinted at potential usage of metals with closely matched material property
in particular Youngs Modulus (F) to those of F'S for reducing losses. Reference [140]
numerically studied effect of E of material deposited on F'S and observed that Q7gp
is maximum when the added material has E' close to that of F'S. This can be because
of minimal stress gradient between materials when E is closely matched [140]. A
similar observation has also been made by [141] for NbyO5 which has E close to
that of F'S. Reference [83] studied the effect of a variety of metals on Q of F'S shell
resonators. It was observed that deposition of 15/20 A of Cr/Au (total thickness =
35 A) reduced Q by nearly 40% and additional deposition of Au (total thickness =
155 A) continued to reduce QQ but at a slower rate reducing Q by only an additional
30% making the total drop in Q by 70%. It was postulated that the deposition of
first metal causes a significant stress gradient which continues to increase as metal
thickness is increased although at a reduced rate. Deposition of 10/20 A of Ti/Pt
(total thickness = 30 A) showed a 45% reduction in Q. Subsequent deposition of
Platinum to get 10/60 A (total thickness = 70 A) further reduced Q by 15% making
the total Q drop by ~52%. Other metals like TiN was also explored and it was
observed that 65 A TiN reduced Q by 50-60% of their initial values. Another bilayer
of ALD deposited Al,O4 and sputtered Gold of thickness 10 A and 50 A respectively
was also investigated. It was observed that first deposition of ALD alumna reduced
Q by around 70% and deposition of sputtered Gold further reduced Q leading to a
total drop of 75% which is huge. Finally, Indium Tin Oxide (ITO) was investigated
and it was observed that deposition of 500 A ITO dropped Q by only 30%. Table

3.6 summarizes the metals explored in the past and their effect on Q. While such a
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Table 3.6: Summary of metal layers investigate in the past and their effect on Q [83]. AlyOs3 is
deposited through ALD and other metals are sputter coated.

Metal Layer | Thickness A | % drop in Q
15/20 40
Cr/Au 15,140 70
. 10,20 15
Ti/Pt 10/60 52
TiN 65 50
Al,O4 10 70
Al,O3/Pt 10/50 (0]
1TO 500 30

study is important to find promising metal layers, it is to be noted that these exper-
iments involved different thickness of deposited metals and on resonators of different
diameters. Moreover, some devices were annealed after metal coating. Therefore, a
more systematic study needs to be done to truly compare different metals and their
effect on Q.

In this section, the effect of a combination of different metals is studied and their
effect on drop in Q is investigated. This study is different from the one done in
[83] as same thicknesses for different metals are used and extreme care is taken to
maintain similar device manufacturing and testing process. This includes annealing
all devices right before initial testing and putting for metal coating immediately
after taking them out from the vacuum chamber of LDV. It is also ensured that the
resonators are exposed to atmosphere for the minimum possible time. Four different
metal combinations including Cr/Au, Ti/Pt, Al/Au —all deposited by sputtering
and Pt deposited by ALD are explored. In the case of sputtered metals, thickness
of 25/80 A is maintained for all metals and ALD Pt is deposited to a thickness of
80 A. In the case of sputtered metals, shells are first attached on the silicon pedestal
substrate with glass frit and then annealed at 450 °C. Q is measured and the devices
are put in the sputter tool. After depositing the metals, they are put back in the

vacuum chamber of LDV again ensuring that the resonators are minimally exposed
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to atmosphere (only while bringing it back from cleanroom to testing lab).
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Figure 3.28: Effect of different metals on Q of PSI resonators. Four different combinations of
metals are used, and the Q is measured before and after deposition of metal. For sputtered met-

als, deposition is only on one side but ALD deposition is conformally on both inside and outside
of shell.

When the vacuum level reaches < 10 pTorr, Q of each devices is measured. In
case of Pt deposition by ALD, shells could not be mounted with glass frit due to tool
restrictions. Therefore, the shells after annealing (before coating metal) is mounted
on silicon pedestal substrate with Crystalbond and Q of uncoated resonator is mea-
sured. The shells are then cleaned to remove Crystalbond from anchor area and
annealed again and are then put in the ALD tool for Pt deposition of thickness
80 A. After deposition, the shells are mounted back on same test substrates using
Crystalbond and Q is measured. Figure 3.28 shows the drop in Q due to different
metals. While sputtered metals caused the Q to drop by 30-40%, ALD Pt caused it

to drop by as much as 70%. It is to be noted that metal sputtering was done only
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on one side of the resonator while ALD was done to conformally coat the shell. This
may be a reason for relatively larger drop in case of Pt ALD. It is also seen that
total thickness of 105 A reduces Q by similar amount (<50%) irrespective of metals
used. At the same time deposition of Al/Au metals whose E is around 70 and 78
GPa respectively and are closest to 72 GPa of FS also reduced Q by similar amount
as other metals with relatively higher E. This questions the theory if stress gradient
is dominating the drop in Q or is it losses inside the material or at the interface.
It is believed that a combination of all these are responsible for QQ drop and that
innovative experiments needs to be developed to isolate and study the effect of each

one of them.

3.11 Conclusion

Test results measured using LDV is presented and Q>12.5 Million, 7> 500 second
and Af < 2 Hz is obtained. Such high Q and 7 are unprecedented at this scale and
are record performance reported till date. It is also shown that performance of
devices singulated using lap/polish method and HFA method yield comparable Q
and Af. Many devices are fabricated with repeatable high Q and low Af. Sources
of Af is also investigated and it is found out that A f of PSI resonators is dominated
from acircularity of the mold. It is also believed that even lower Af is possible by
using ultra-precise mold. Both n=2 and n=3 modes are measured, and high Q have
been obtained in both the modes. It is also shown through numerical modeling and
experimental results that Af of n=3 mode is likely more tolerant to asymmetries as
compared to those of n=2 modes. Test results of open shell PSI resonators is also
presented which shows that etching open windows on the surface of shell leads to an

increase in . Fused silica material characterization is studied systematically, and it
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is found that damping due to adsorbed water molecules dominates Q and annealing
process either desorbs or dehydroxylates water depending on the temperature of
annealing. This is further confirmed by observing smaller drop in Q when exposed to
aqueous environment after they are coated with thin layer of ALD Pt. PSI devices
have also shown to withstand shock >6000g. Shock testing is done on multiple
devices and no damage is observed. Fatigue characteristics of shells are also studies
and no degradation in performance is witnessed after 2500 Million cycles. Repeatable
results have been obtained and an analysis of more than 200 resonators is done to
show the variation of f and Q fabricated in a batch. With improved fabrication
and processing methods, it is shown that variation of Q of devices in a batch is
reduced which further indicates that the developed methods are efficient for volume
production of PSI devices. Finally, a systematic study is done to quantify effect of
sputtered Cr/Au, Ti/Pt, Al/Au and ALD Pt on Q. Metal coating is important to
make the devices conductive for electrostatic actuation for gyroscope. It is observed
that irrespective of sputtered metal used, drop in Q is 30-45%. However, for ALD
Pt, drop is between 40-70%. It is also experimentally observed that even metals with
closely matched Young’s Modulus with that of F'S, reduces Q by similar amount as
compared to others with relatively larger mismatch. However, even with a 50% drop,
Q is on the order of several million for PSI devices which is sufficient for obtaining
navigation-grade performance from gyros as will be seen in the next chapter. Once
resonators are fabricated and coated with metal, they are assembled on electrode
substrates for capacitive transduction for gyroscope operation. Next chapter will

discuss the design, fabrication and testing results from different PSI gyroscopes.



CHAPTER IV

Precision Shell Integrating Gyroscope

4.1 Gyroscope Architectures

Different transduction mechanisms of gyroscope have been discussed in Chapter
I. One of the popular method is using capacitive transduction by sensing change in
capacitance in response to external rotation. Capacitive transduction is used in this
thesis. In this mechanism, 3D resonators are actuated to resonance and their reso-
nance pattern is sensed using electrodes that are located close to and separated from
the resonator by a small capacitive gap. For large and symmetric drive/sense signal,
it is desirable to have substantially uniform gap dimensions and conformal overlap of
the electrode with a substantial portion of the resonator to obtain large capacitance.
Similarly, for better tuning capability (matching the drive and sense frequencies),
large electrostatic forces are needed which can be obtained by using large voltages
or by increasing the overlap area between the electrodes and the vibrating resonator.
Two approaches to fabricate 3D shells have been discussed in Chapter II. These are
either by depositing a thin film of device material on sacrificial mold or by micro-
molding. In each case, electrodes are needed to drive and sense the motion of the
shell in resonance. Electrodes for shells made using the thin-film approach can be

formed in or on the substrate before the deposition of the device structural layer.

134
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This approach allows for very small and uniform gaps and at the same time leads
to conformal overlap between the resonator and the electrodes due to the curved
nature of the electrodes. However, gyroscopes fabricated using this approach have
failed to achieve high Q (Q<< 1 Million), due to a combination of factors related to
increased energy loss due to structure, size, and material quality. Moreover, because
of the limited aspect ratio, the intrinsic capacitance is small even though the elec-
trodes are conformal. Gyroscopes fabricated using micro molding approach usually
fabricate resonators and electrodes separately and are integrated together. However,
a few approaches have been explored to either electroplate metal on resonator with
a sacrificial layer [142] or by co-blowing resonator and electrode [143]. These ap-
proaches have the advantage of uniform azimuthal gap but suffers from issues due
to either process complexity or small capacitive overlap. The approach where both
resonator and electrode are fabricated separately and mechanically assembled will
be discussed in this chapter. Three different electrode architectures namely ‘Surface
Electrodes Architecture’, ‘Side Electrode Architecture’ and ‘SiS Conformal Electrode
Architecture’ are discussed. These approaches utilize the deflection of resonator in
the out-of-plane or in-plane directions to sense change in capacitance as shown in
Figure 4.1. Irrespective of electrode architecture, the focus has been to obtain small
and uniform capacitive gaps with large overlap capacitance. Besides, simpler fab-
rication and assembly process is also required. Figure 4.1 compares key aspects of
in-plane and out-of-plane transduction mechanisms. In the next section, measure-

ment technique to evaluate resonant characteristics and gyroscope noise is discussed.
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Figure 4.1: Gyroscope architectures showing surface electrodes where electrodes are placed be-
neath the rim to measure out-of-plane displacement and side electrodes where electrodes are
placed beside the rim to measure in-plane displacement. Advantages and disadvantages of each
architecture is tabulated.

4.2 Test Setup and Measurement Technique

Resonance characteristics of a resonator integrated on electrode substrates are
measured on Lakeshore probe station at < lmTorr pressure using Zurich Instru-
ments HF2LI lock-in amplifier. Needle probes are used to probe electrodes. Three
electrodes are chosen at a time. Bias voltage is applied to the resonator through one
of the four bias electrodes. The remaining two electrodes are used to apply the drive

signal and to sense the motion. Figure 4.2 shows the testing setup.

Bias Bias
Electrode Electrode T
HF2LI Lock-in Amplifier
Drive Signal
Metal coated -« £ ¢
resonator
Bias
Electrode Electrode

Figure 4.2: Measurement technique to measure resonant characteristics.

Drive signal is applied to one of the electrode and sensed from the other which

generates an output current. This is fed to a transimpedance amplifier to convert
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to voltage output. Signal processing inside Zurich instrument lock-in amplifier is
done and measured information in an easy to understand form is outputted. To
test resonance parameters, first, a frequency sweep of sine wave is applied to the
electrode. FFT of the output signal is done to measure the wineglass frequencies.
Once the frequencies are known, the resonator is driven at its resonance frequency to
increase the amplitude of motion. The input signal is then cut-off and the amplitude
decay is measured and recorded. A MATLAB script is used to measure 7 for each
mode.

To test a gyroscope, bonding pads of electrodes are wire bonded to pins of the LTCC
package and mounted on a PCB. Zurich Instrument HF2LI Lock-In Amplifier is
used to implement the control circuitry in the force re-balance mode. An ultra-low-
noise TIA is used. The gyroscope is tested at <1 mTorr at room temperature on a
rotation table. Allan Deviation plot is generated from data collected for less than
a day at room temperature without any temperature control. In the next couple of
sections, gyroscopes fabrication and assembly methodology using each approach will
be discussed and test results will be presented. Pros and cons of each architecture
will be discussed. Following this, a new architecture to develop gyroscopes with
conformal electrodes will be introduced. Design and fabrication method will be

discussed, and test results will be presented.

4.3 Surface Electrode Architecture

In surface electrode architecture, electrodes are placed beneath the rim of the
resonator. This approach measures change in capacitance by virtue of out-of-plane
displacement of rim. In the n=2 wine-glass modes, the deformation of resonator in

out-of-plane direction is shown in Figure 4.1 where it is sensed by electrodes placed
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beneath the rim. Figure 4.3 shows schematic and photograph of PSI gyro with sur-
face electrode configuration. Resonators are fabricated and singulated by processes
described in Chapter IT and electrode substrates are fabricated using lithography as
explained in the next section. They are then assembled with a small capacitive gap.
As will be explained in the following sections, fabrication and assembly of surface
electrode gyros is very simple and fast. However, due to limited overlap (limited
by the rim thickness), such gyros have small capacitance. Besides, due to small de-
flection in out-of-plane direction (as compared to in-plane motion), these gyros have
small sensitivity and frequency tuning capability.

Fused Silica Solder Preform  Drive/Sense/Tune
PSI Resonator

Figure 4.3: PSI Gyroscope with surface electrode architecture. (a) Schematic representation and
(b) photograph of a fabricated and assembled PSI gyroscope wire bonded inside LTCC package.

4.3.1 Fabrication of Electrodes

Fabrication of electrode substrate is simple because of its planar nature. A glass
wafer is cleaned and coated with 1.6 pm Shipley 1813 photoresist. The photoresist is
photolithographically patterned to define electrode patterns for lift-off. A tri-layer of
Ti/Pt/Au = 50/700/3000 A is then deposited using evaporation. The top gold layer
is patterned using 6.5 pm Shipley 1827 resist and is wet etched to define circular
regions near the anchor for eutectic bonding. Then, the wafer is put in Acetone in

an ultrasonic bath to define the electrodes by lift-off of the photoresist layer. Finally,
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the backside of the wafer is coated with Ti/Pt/Au of thickness 50/700/3000 A for
die attach inside the LTCC package. The wafer is finally solvent cleaned and diced

in squares of size 11.5 mm. Figure 4.4 shows fabrication process and photograph of

electrode substrates fabricated on a 4-inch glass wafer.
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Figure 4.4: Fabrication flow to make surface electrode substrates and photograph of wafer with
electrode substrates

4.3.2 Assembly Process

Au-Sn solder preforms are used to attach the shell on the electrode substrate as
well as die attach to an LTCC package. First, a 44 pin LTCC package is placed on
a hotplate and a solder preform followed by an electrode substrate is placed inside
the package. Then another preform is placed at the center on the gold patterned
region of the electrode substrate and 12-15 pm thin silicon spacers are placed on the
electrode substrate as shown in Figure 4.5(a). Finally, the resonator is placed on the
center preform using a semi-automatic arm and aligned using a camera. Once the

alignment is complete, a 1 mm fused silica pressing rod is placed inside the hollow
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stem as shown in Figure 4.5(b). The hotplate is turned on and the temperature is
ramped to 400 °C. As the temperature reaches above the eutectic temperature of

Au-Sn (280 °C), a downward force is applied on the pressing rod.

PSI Resonator

" (metallized)
Ti/Pt/Au i Spacer Downforce . ‘
5 Pressing Gap defined by spacer thickness
Solder i TifPt rod il ;
Preform iElectrode i }
‘ - H .. |.“
v .|
Glass Substrate Glass Substrate
' Feierers? A (c)
(@ 400 °C

Figure 4.5: Assembly process. (a) Solder preform and spacers are placed beneath the anchor and
rim respectively, (b) temperature is ramped up to 400 °C while applying pressure on the shell, (c)
temperature is cooled down and the spacers are removed.

This force ensures that the shell is sitting on the mechanical spacers so that the
capacitive gap is determined by the spacer thickness. The temperature is dwelled
for 10 minutes at 400 °C and then ramped down to 50 °C. The applied force and
the pressing rod are removed, and the spacers are slid out leaving a suspended
resonator attached at the center as shown in Figure 4.5(c). An SEM image of a PSI
gyroscope with narrow capacitive gap is shown in Figure 4.6(a). Figure 4.6(b) shows
the measured capacitance values between the rim of the shell and surface electrode.
Large and uniform capacitance of 0.2-0.3 pF is measured between the shell and each

electrode (parasitic capacitances are zeroed out).

4.3.3 Gyroscope Testing

Three devices are assembled using the approach described above. Table 4.1 lists
resonance characteristics for the three devices all using surface electrodes for driving
and sensing. Device 1 and 2 exhibited Q> 1 Million in both the modes with closely

matched Qs while Device 3 exhibited high Q but a larger Q mismatch but had
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Figure 4.6: (a) SEM image showing resonator, electrode and the capacitive gap. (b) Measured
capacitance (in pF) at all sixteen electrodes for a gyroscope with surface electrodes.

Table 4.1: Measured resonant characteristics of three PSI gyros with surface Electrodes.

Device 1 | Device 2 | Device 3
Freq. 1 (Hz) 5560.23 7473.00 5801.00
Freq. 2 (Hz) 5543.69 7475.69 5803.10

Q1 (Million) 1.04 1.75 1.27
Q2(Million) 1.02 1.42 0.53
Af 16.54 2.69 2.1

the lowest frequency mismatch of the three devices. As discussed earlier, frequency
tuning is a challenge using surface electrodes and very small gap and large voltage is
needed to tune high Af. Therefore device 3 is chosen for operation as a gyroscope.

Device 3 was then wire bonded to the pins of LTCC package and was tested on a
rate table using the method described in Section 4.2. The as-fabricated n=2 wine-
glass modes are measured at 5,801 and 5,803 Hz. Af,—o = 2.1 Hz is electrostatically
tuned to {100 mHz and a quadrature cancellation loop is applied for further tuning.
After mode-matching, Q is measured to be 69.71 seconds (Q;= 1.27 million) and
29.22 seconds (Q = 0.53 million). Figure 4.7 shows PSI gyro on a PC board and
the measured ring-down time.

Allan Deviation is computed from data collected for less than a day at room

temperature without temperature control. An ARW of 0.0062 deg/rt-hr and an in-
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Figure 4.7: (a) The bonding pads are wire bonded to pins of the LTCC package and mounted on
a PC Board with an ASIC. (b) Measured ring-down time plot of one mode.

run BI of 0.027 deg/hr are measured as shown in the ADEV plot in Figure 4.8. The

testing results are also summarized in Figure 4.8.

sz Room Temp. Properties Value
;% No Temp. Control Shell Resonator Radius =5 mm.
“é’ 1{ : e Dimension Rim Thickness ~ 200 um
e Effective Mass, M. ~ 8 mg (simulated)
_E Angular Gain, A, ~0.25 (simulated)
5
8 Frequency Q{Z) 5801. 5803 (Af = 2. 1_)
= i Q (after tuning) 1.27 million, 0.53 million
= ARW (deg/\hr) 0.0062
< In-run BI (deg/hr) 0.027
Scale Factor 158
0.01 27 mdeg/hr (mV/dps)
10t 10° 10! 102
Integration Interval
(s)

Figure 4.8: ADEV plot exhibiting 0.006 deg/rt-hr ARW and 0.027 deg/hr BI and table contain-
ing device characteristics.

A couple of groups have also reported gyroscopes with surface electrode transduc-
tion [62, 91]. This is however the best ARW and BI reported using surface electrodes

for a shell gyroscope of this size.
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4.4 Side Electrode Architecture

Side electrode architecture have electrodes placed around the resonator either in-
side or outside. These electrodes measures change in capacitance due to in-plane
motion of the resonator in its wineglass mode. Figure 4.9 shows schematic and pho-
tograph of PSI gyroscopes with side electrodes. In this architecture, tall electrodes
are fabricated using a combination of micromachining techniques including DRIE,
bonding etc. and therefore makes the approach expensive as compared to surface
electrodes. However, due to larger in-plane motion as compared to out-of-plane mo-
tion alongside larger overlap area, side electrode gyros have much better capacitance,

sensitivity and frequency tuning capability.

Figure 4.9: Schematic diagram and photographs of PSI gyro on a quarter and finger for scale.

4.4.1 Fabrication of Electrodes

Electrodes are fabricated using Silicon-on-Glass (SoG) process. This process starts
with patterning metal connection lines on a glass wafer. In the next step, a 500 pym
Boron doped wafer is bonded to the glass substrate. The bonded wafer is then
patterned lithographically to define sixteen discrete electrodes. Top silicon is then
deep etched to isolate each electrode using Deep Reactive Ion Etching (DRIE). The
backside of bonded wafer is then coated with Cr/Au for die attach. The wafer is the

diced to singulate each electrode substrate of side 11.2 mm.
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4.4.2 Assembly Process

The assembly process starts with placing a metallized resonator facing down on
the electrode substrate. The anchor attachment is made conductive to provides
a path for bias voltage. The integrated device is then die attached on a 44-pin
LTCC package and the electrodes are wire bonded to the pads of the package. To
vacuum package the gyro, another LTCC package is flipped and placed on top and
vacuum packaged. Figure 4.10 shows schematic diagram of an assembled gyro and
photographs of vacuum packaged devices. Details of the assembly process can be

found in [93].

Wire Metal coated shell  Si Electrodes
bonding h~0.5 mm
i Be a

Figure 4.10: Cross sectional view of PSI gyro integrated on electrode substrate and photograph of
vacuum packaged PSI gyros.

4.4.3 Gyroscope Testing

The gyroscope is tested at <1 mTorr at room temperature on Ideal Aerospace
Aero900 rotation table. Zurich Instrument HF2LI FPGA is used to implement the
control circuitry in the force re-balance mode. The as-fabricated n=2 wine-glass
modes are measured at 5,664.9 and 5,668.2 Hz (Af,—o = 3.3 Hz) and are electro-

statically tuned to < 100 mHz and a quadrature cancellation loop is applied for
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further tuning. After mode-matching, the ring-down time is measured by applying
a drive signal at resonance frequency to raise the vibration amplitude. The drive
signal is then cut off and the vibration is allowed to freely decay. Ring down time
is measured by calculating the time it takes for the amplitude to decay to 1/e of its
initial value. Ring-down time for the two modes is measured to be 295.53 seconds
(Q1=5.26 M) and 290.70 seconds (Qo=5.174 M). Figure 4.11 shows the control and

readout circuitry in the force-rebalance mode and ring-down time measurement.
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Figure 4.11: (a) Control and readout system for operating PSI gyro in force rebalance mode and
(b) measured ring-down time of one of the n=2 wineglass modes after reducing frequency split to
<100 mHz.

To generate the ADEV plot, signal is collected for less than a day and ADEV graph
is plotted. ARW is measured by reading the value corresponding to 7=1 second and
Bl is measured by reading the lowest point on the plot. ARW is revealed to be 0.00096
deg/rt-hr and in-run bias stability of 0.0014 deg/hr at room temperature. Figure
4.12 shows ADEV plot generated after room temperature measurement without any
temperature compensation. With temperature compensation, the performance is
likely to improve. The testing results are also summarized in Figure 4.12.

Figure 4.13 compares the reported ARW and BI for different gyroscopes. PSI gyro
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Figure 4.12: Measured ADEV plot generated at room temperature showing navigation-grade
ARW and BI. Other resonant characteristics are tabulated.

with side electrode architecture have exhibited unprecedented ARW even better than

the larger HRGs from Northrop Grumman and SAFRAN. BI of only SAFRAN’s gyro

is better than that of PSI gyro.

4.5 Shell-in-Shell (SiS) Architecture

As discussed, both side and surface electrode architectures have their own advan-

tages and disadvantages. Ideally one wants a gyroscope with

e Large capacitance for better sensitivity and small operating voltage.

e Large capacitance for good frequency tuning capability.

e In-plane sensing mechanism due to larger deflection in-plane.

e Immunity to temperature variation.

Electrode configurations discussed above possess some of these characteristics but
not all. Large capacitance is usually limited due to limited height and lack of geomet-
ric conformality with the shell curvature, that they do not maximize shell-electrode

capacitance. Temperature variations can be minimized by using same material to
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MSRG [61] 8 | 0.877
DRG [29] 8 0.6 0.04
Boeing DRG [28] 8 0.126 0.012
Michigan BRG [137] 5 0.17 0.01
Norﬂf&%ﬁggmm 30 0.018 0.003
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Figure 4.13: Comparison of ARW and BI of reported gyroscopes.

fabricate resonator and electrodes. To overcome limitations listed above, a new type
of gyro device with high aspect-ratio, curved electrodes with nearly conformal profile
following the resonator shell called Shell-in-Shell (SiS) is developed. SiS as the name
suggests consists of two shells of nearly similar curvature. One shell is the freestand-
ing resonator while the other shell is fixed and has electrodes defined on it. They are
assembled together with a small capacitive gap. Figure 4.14 shows schematic and
photograph of a fabricated SiS device. The capacitive gap can be designed in the
range of 10-50 pm. Because the entire SiS device is made from FS, it minimizes gap
change due to temperature variations, which is important for bias and scale factor

stability.
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Figure 4.14: Schematic diagram and photograph of fabricated SiS device.
4.5.1 Design and Fabrication

A SiS device consists of a shell resonator and a shell electrode assembled together.
Both resonator and electrode shells are fabricated using blowtorch molding technol-
ogy using two different molds, mold#1 for the resonator and mold#2 for the electrode
shell which are of different sizes as shown in Figure 4.15. In the next sections design

and fabrication of each component is discussed.

Mold 1: Resonator Mold 2: Electrode
Dia=d+g

d
<+— —» .
Dia=s/ Dia=s2
6]

@: inclination angle
s1, s2: Stem dia

Dia =

—>
6]

d: desired diameter of device
g: compensation for capacitive gap

Figure 4.15: Design of molds to make resonator shell and electrode shell.

Resonator Shell

The shell resonator is fabricated by blowtorching a 240 pm thick, flat fused-silica
substrate using a mold as shown in Figure 4.16(a). This mold (mold#1) is designed

to have (a) an angled sidewall, (b) larger anchor diameter, and (c) smaller outer
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diameter than the electrode shell mold. The angled sidewall on both molds#1 and
#2 ensures that the curvature of both resonator and electrode shells are similar. Ad-
ditionally, the anchor diameter of mold 1 is designed to be larger than that of mold
2 so that the shell can go inside the electrode shell’s anchor. Similarly, the diameter
of the mold#1 is smaller than that of mold#2 for the shell to be dropped inside
the electrode shell. The outer diameter of mold#?2 is dictated by the desired capac-
itive gap. Resonator shell is molded and singulated using the approach discussed in

Chapter II.

Figure 4.16: (a) A mold with angled sidewall is used to blow a flat fused silica substrate to (b)
make the resonator shell which is then (c) lapped/polished to release and cleaned and coated
with metal on both sides.

Post singulation, the resonator shell is cleaned and coated with a thin conductive

metal on both sides. Figure 4.16 shows the fabrication process of resonator shell.

Electrode Shell

The electrode shell is fabricated by blowing a patterned fused-silica substrate using
the approach as outlined in Section 2.10. A fused-silica substrate is etched at sixteen
places to define thin trenches. The thin trenches have thickness of ~100 pym, width
~800 pm, while the remaining unetched regions are 550 pm. The etched substrate is
then diced in squares of side 23 mm and cleaned. A second mold (mold#2) with same
sidewall angle but smaller anchor diameter and larger outer diameter from mold#1
is used to form the electrode shell. During torching, the initially thin regions on

the substrate get further thinned. Post fabrication, these shells are protected with



150

Crystalbond 509 from inside and put in 49% HF acid. This step etches the shell
from the outside etching off the thin regions creating open slots forming isolated
electrodes. The shell is then cleaned and coated with a thick conductive metal layer
to form the electrodes. The open slots naturally isolate the electrodes on the curved
part while the bottom and top isolation is done using a shadow mask. Fabrication

process of electrode shell is shown in Figure 4.17.

rs PR Cr/Au

Pattern metal coated FS wafer

| EE— =
(2) e
Wet etch FS using HF

AL

Figure 4.17: (a) Fused silica substrate is patterned to define 16 thin trenches. (b) It is then
torched to make electrode shell and (c) filled inside with Crystalbond and etched in HF acid to
etch off the thin trenches. (d) The device is then coated with metal.

Assembly

To assemble SiS device, Crystalbond 509 was used for attachment and thin spacers
for alignment. First, the electrode shell is attached using Crystalbond to a base
support structure and Crystalbond is applied to the anchor at ~120 °C on a hotplate.
The setup is then pulled off the hotplate and allowed to cool down. Six spacers are
then placed at the edge of the electrode shell. The resonator shell is then dropped
inside the electrode shell and the assembly is then placed back on the hotplate. A

down force is applied on the anchor of the shell to ensure that it is sitting atop the
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anchor of the electrode shell. The hotplate is then turned off and the assembly is
allowed to cool down. Once it is cooled, spacers are removed. Figure 4.18 summarizes

the entire process of fabrication and assembly of SiS device.

Blowtorch to make shell Release shell using Lap/CMP
or HF Acid and coat metal

Pattern and etch Blowtorch to make Protect and etch in HF to open Support Base
550 pm thick FS shells with selective thin the slot. Then coat with metal
slots

Figure 4.18: Fabrication flow or resonator and electrode shells. They are then integrated together
to form SiS device.

In prototype SiS device discussed in this section, 25 pym spacers were used which
could cause gap non-uniformity. A tighter spacer on all sides would ensure that the
resonator shell is placed symmetrically inside the electrode shell. At the same time,
it is important to ensure that the resonator shell is sitting flat on the anchor of the
electrode shell which could otherwise lead to tilting of the resonator shell causing
gap non-uniformity as well as energy loss. Figures 4.19(a) show photographs of a
complete SiS device, showing the resonator shell mounted inside the electrode shell.
Figure 4.19(b) shows the side view of a resonator shell inside a partially broken

electrode shell.



152

Electrode

Electrode follows the shell’s
profile

b

Figure 4.19: (a) Photograph of an assembled SiS device after removing the spacers and (b) pho-
tograph of a partially broken SiS device showing the profile of resonator and electrode.

4.5.2 Numerical Analysis

Conform electrodes is a key feature of SiS device. However, due to challenges
in fabrication and assembly, it is possible that the electrodes do not conform ex-
actly or only partially conform to the resonator shell. In this section effect of such
non-idealities is numerically studied. Finite element analysis using COMSOL Mul-
tiphysics is used to a develop numerical model. Firstly, capacitance change and
frequency tuning using perfectly conformal electrodes is compared to those of con-
ventional side electrodes. Following this, effect of only partially conforming electrodes
is analyzed. An electromechanical model coupling solid mechanics and electrostat-
ics is used with moving mesh condition. A 10 mm diameter shell resonator and an
electrode separated by a gap of 30 pum is modeled.

Two types of electrodes are used to compare performance, (1) the commonly
used straight electrodes, and (2) the proposed conformal electrodes. The model
is shown in Figure 4.20(a). First, static capacitance (C7) is simulated. Next, a
constant force is applied on the shell facing the electrode to have a maximum lateral
deflection of 13 pm and the capacitance (Cy) is numerically calculated for both

electrode configurations. The difference in capacitance (AC' = Cy — (1) is calculated
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Figure 4.20: (a) Simulation model with straight electrodes and curved electrodes, (b) variation
of capacitance change and frequency tuning as a function of electrode height for both electrode
configuration.

for different heights of the electrodes for both configurations. To calculate frequency
tuning capability, a potential difference is applied between the shell and electrode
which changes its resonance frequency through electrostatic softening. First, no
bias is applied, and it is confirmed that the two wineglass frequencies have zero
frequency mismatch. Then a bias voltage is applied, and the electrode height is
varied and the shift in frequency is determined in both electrode configurations.
Figure 4.20(b) graphically shows the capacitance change and frequency tuning in
both electrode configurations. It can be seen that curved electrodes in SiS are much
more efficient in terms of capacitance as well as tuning frequency than side electrodes.
Also, tuning capability increases until the electrode height reaches 2 mm and then
slowly starts to flatten. Therefore, an electrode height of up 2.5 mm in SiS would
lead to excellent tuning capability compared with side electrodes. Results in Figure
4.20(b) are obtained considering the gap is uniform along the electrode height. This
however may not be practical due to fabrication challenges. To study the effect of gap
non-uniformity along electrode height, another study is done where the gap at the
base of the electrode is same as the previous case but it gradually changes towards

the top of electrode making the gap non-uniform. A non-uniformity parameter («)
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defined as the ratio of the top to the bottom gap is used to study the effect of such
gap variations. a > 1 implies go > g; and a < 1 implies the opposite. For instance,

a = 12 corresponds to gy ~350 pm.

Gap at top, g,
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Figure 4.21: Effect of gap non-uniformity on capacitance and frequency tuning for curved elec-
trode. As the non-uniformity increases, capacitance and tuning reduce and becomes comparable
to that of straight electrode.

Numerical results are obtained for a range of a. Figure 4.21 shows the cross-section
of the model, capacitance and frequency tunability for different . It can be seen that
as the gap non-uniformity, «, increases, capacitance and tuning capability reduces
and starts to become comparable to that of straight electrodes. There can be several
reasons for such non-idealities. Figure 4.22 shows uniform gap obtained in case of
perfectly defined sidewall profile and also cases where sidewall profile is non-ideal due

to either thickness or profile variation which leads to non-uniform overlap. Thickness

variation is caused due to stretching of F'S substrate during torching. This leads to a
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gradually thinning profile which causes a non-uniform gap. However, such variations
can be minimized by using a patterned substrate to make the electrode shell. As
shown in Figure 2.10 and discussed in Section 2.5, patterned substrates can be used
to locally tune the thickness of specific regions. Another way of correcting such gap
variations can be through changes in mold design to correct for the non-uniform
gap. Profile variation can be caused when the shells do not follow the mold’s profile.
Such variations can be corrected by optimizing parameters of blowtorch molding. In
the current SiS devices, maximum estimated total gap variation is ~150 pgm. This
corresponds to o <5 which yields at least twice as good capacitance and frequency
tuning than side electrodes in addition to reducing temperature effects. Besides, with
design changes and optimized assembly methods, such variations can be reduced to
be < 20 pm which would further improve performance in terms of capacitance and

tuning for a SiS device.

Electrode
Shell

Ideal Geometry Thickness Variation Profile Variation

Figure 4.22: Causes of variation in capacitive gap due to thickness or profile variation.

4.5.3 Testing and Evaluation

Two prototype SiS devices are fabricated and tested on the Lakeshore probe
station in vacuum. A bias voltage is applied to the anchor of the shell resonator as

shown in Figure 4.23. Testing is done using the method explained in Section 4.2.
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Figure 4.23: Testing method of SiS device. The attachments are done using Crystalbond and
shell bias is applied through the anchor.

SiS #1 had its wineglass frequencies at 5904.81 Hz and 5906.11 Hz with a fre-

quency split of 1.3 Hz as shown in Figure 4.24.

Freq=5904.81Hz | Af=1.3Hz
T=9.2seconds ~

Q=02M

Freq = 5906.11
T=9.7 seconds
Q=02M

Fa

Figure 4.24: Measured FFT of SiS #1 device showing a frequency mismatch of 1.3 Hz and Q of
0.2 Million.

SiS #2 exhibited the two wineglass modes at 5814.55 Hz and 5820.41 Hz with
a frequency split of 5.8 Hz. The ring-down time constant was measured to be 23
seconds, (Q = 0.4 Million and 11 second, Q = 0.2 Million in the two wineglass modes.
The FFT and ring-down time plot of SiS #2 is shown in Figure 4.25.

To make prototype SiS devices, test resonators were used; as a result, they were
not processed using the optimized processing method which is likely the cause of
low Q. With improvements in mounting conditions and high-Q from resonator, a
high-performance SiS device is possible which could lead to a high-performance SiS
Gyroscope. This work can be pursued further to fabricate high performance gyro-

scopes with large capacitance, better tuning capability and minimized temperature
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Figure 4.25: Measured FFT and ring-down plot of SiS #2 device showing a frequency mismatch
of 5.8 Hz and Q of 0.4 Million.

variations. All these would enable very low ARW, BI and better scale factor stabil-

ity.



CHAPTER V

Conclusions and Future Work

5.1 Summary

Characteristics like small size, low cost, low power have been the motivations for
miniaturizing gyroscopes. These small gyroscopes have provided affordable solution
at the small scale where conventional big and costly gyroscopes cannot be used.
While miniaturization has solved the problem of cost and size, small gyroscopes
have lacked in performance by several orders of magnitude compared to their macro
counterparts. At the small scale, sensors face challenges because of their large me-
chanical losses, large noise, and limited controllability. Challenges have been on all
fronts from obtaining high Q, obtaining small capacitive gap, effective vacuum pack-
aging to maintain low pressure inside the package, designing low noise circuitry to
ensure maximum signal-to-noise ratio, and many others. Research presented in this
thesis solves these challenges and demonstrates that very high performance compara-
ble to larger gyroscopes is possible at orders of magnitude lower cost and significantly

smaller size.

5.2 Conclusions

Research in this thesis is aimed at developments in four main fronts, all of which

ultimately combine to make low noise and high accuracy small gyroscopes. The

158
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four fronts include, (i) design and fabrication of high-performance resonators with
tailored mass and stiffness distribution, (ii) design and fabrication of 3D structures
with discrete open windows on the surface, (iii) process development to enable mass
production at cost much lower than conventional processes, and finally (iv) integra-
tion of resonators with electrode substrates to make gyroscopes with either in-plane
or out-of-plane transduction. Besides, development of a new gyro architecture where
the resonators are integrated with a custom-designed curved electrodes substrate to
enable large overlap capacitance. Following subsections discuss key results on each

front.

5.2.1 High-performance Resonators with Tailored Stiffness/Mass

PSI resonators are fabricated by blowtorch molding of fused silica (FS) substrates.
These substrates can be patterned and etched to define features in the form of disc,
trenches or annulus. Blowtorching of such patterned substrates leads to selective
regions being either thicker or thinner than the rest of the shell on the molded struc-
ture. This local tuning of thickness can tailor mass and stiffness distribution to
modify resonant characteristics. For example, using a patterned substrate, a shell
with thick rim (~350 pm) and thick shoulder (~400 pm) can be fabricated. The
thick rim helps increase modal mass which in turns reduces noise. Thick shoulder
reduces deformation under an event of shock. Application specific PSI resonators
can be fabricated using technologies developed in this thesis. Different types of PSI
resonators with varying rim/shoulder thickness and solid /hollow stems are fabricated
and it is shown that the thickness of localized regions can be controlled. Imperfec-
tions like asymmetry in height or anchor of shell, mass imbalance, acircularity of
shell, misalignment of anchor with respect to shells etc. are also studied. It is found

that asymmetries in/near rim adversely affect frequency mismatch of n=2 wineglass
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modes and this can be reduced by designing appropriate patterns on substrates and
through careful alignment of substrate on the mold. Different sources of energy dis-
sipation are also investigated. They are identified as structural sources like anchor
loss, thermoelastic loss, or material sources like surface loss. Structural sources of
energy loss can be minimized by optimizing design of the resonator and making them
symmetric and free of any imperfection. These losses are numerically estimated us-
ing finite element analysis and are found to be very small for PSI resonators. Energy
loss due to material sources can be minimized by ensuring a good surface quality of
the resonator that is free of adsorbed moisture. It is experimentally observed that
any particles or residue on the shell is detrimental to Q and efficient cleaning should
be done to increase Q. It is also found that desorption and dehydroxylation of water
molecules by annealing at different temperatures also improves Q. This improvement
in QQ is however lost by varying amount when resonators are exposed to gaseous or
aqueous environment. Therefore, the surface of the shell should be protected to
preserve Q. This can be done by keeping the shells in vacuum environment or by
coating them with conductive metal immediately after annealing. With the opti-
mized design/fabrication methods developed in this thesis, PSI resonators achieved
more than 12.5 Million Q, 7 > 500 second, frequency mismatch < 2 Hz at frequency
range of 5-13 kHz. It is also shown that fabrication of high-performance resonators
is repeatable and uniform across devices fabricated in a batch. An analysis of >200
resonators shows that frequency of devices varies within +10% in a batch and Q
varies by <20%. Additionally, the least robust design of PSI resonators has shown
to withstand 6000g shock applied in both lateral and vertical direction. It is also

numerically found that these devices can withstand shock of more than 20,000g.
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5.2.2 3D Structures with Discrete Open Windows

Most of the resonators are simple continuous shells which means there are no
through-etched features on their surface. It is however desired for some applications
where such etched windows are required. A new technology is developed which en-
ables fabrication of these shells with through-etched or open windows on their surface.
Shells with selectively thinned regions are formed by thinning regions on the initial
flat F'S substrate. These substrates are then blowtorch molded to form 3D shells.
Thin regions on the substrate get translated to the surface of shell making certain
regions thinner than the rest of the shell. To fabricate shells with open windows,
shells are protected from inside with Crystalbond 509 and put in Hydrofluoric acid
(HFA) for a timed etch. HFA etches the shell and the thin regions etches off creating
windows. The protective wax is dissolved, and the shells are cleaned. The thickness
and aspect ratio of thin windows can be controlled by modifying the patterning on
the initial flat substrate. Also, patterning the substrate along with the mold design
can enable the fabrication of many types of structures and not only hemispherical
shells. It is shown that through design changes on the patterned substrate, it is
possible to form open windows of different aspect ratio and dimensions on the final
shell. These shells with open windows can improve QQ by reducing thermoelastic and
anchor losses. Open features limit the flow of heat across the surface which reduces
thermoelastic damping. They also reduce energy path to the anchor reducing anchor
loss. Open shells can also be used to define curved electrodes on molded shells or used
as a 3D stencil mask to metal coat on curved surfaces. The developed technology
would enable design and fabrication of several other MEMS sensors like antennas,

lenses, or other opto-MEMS sensors for different emerging applications.
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5.2.3 Hydrofluoric Acid Based Singulation Method

Molding to form 3D structures using either blowtorching or glassblowing leads to
a structure with a desired 3D part and an undesired flat 2D part which needs to be
removed to singulate 3D shells. A new technique which uses HFA to selectively etch
the 2D part and singulate F'S shell resonators is developed. Commercially available
low-cost wax, Crystalbond 509, is used to mask the shell by encapsulating it from
both sides and dipping in an HFA bath. Shells singulated using this approach have
rugged surface near the rim which does not affect performance. Very high perfor-
mance in terms of high Q (>8 Million) and low Af (<3 Hz) is achieved from res-
onators singulated using this approach. While this technique results in performance
comparable to those obtained by singulation through conventionally used lapping
method, it dramatically reduces time and cost of fabrication. Because this process
uses wet-etchant without any sophisticated equipment or process characterization, it
leads to very high throughput and cost reduction by >25x as compared to lapping
method. It is shown through measurement results that this process is superior on
all fronts and will be instrumental in low-cost batch fabrication of high-performance

resonators.

5.2.4 Integration of Resonators to make PSI Gyroscopes

PSI resonators, after they are fabricated and singulated, needs to be coated with
metal to make them conductive for capacitive transduction. Different metal combina-
tions have been explored in this work. It is found that sputtered metals irrespective
of how close their Young’s Modulus is to that of FS, result in similar drop in Q
which is ~50%. Three metal bilayers Al/Au, Ti/Pt and Cr/Au of thickness 28/80

A is deposited on one side of resonators and maximum Q drop of 41%, 43% and 43%
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is measured. ALD Platinum of conformal thickness 80 A leads to 40-70% drop in
Q. It is believed that a combination of loss mechanisms, including loss due to metal
grain boundaries, stress gradient due to Youngs Modulus mismatch, and loss at the
interface dominate Q. However, due to very high Q from uncoated PSI resonators, a
drop of 50% in Q still leads to a final ) on the order of several million. Metal-coated
PSI resonators can be integrated with different types of electrode substrates to enable
either out-of-plane transduction by placing electrodes beneath the rim or in-plane
transduction by placing electrodes on the side of the rim. Both these approaches
are investigated, gyros are fabricated, and their pros and cons are discussed. Surface
electrode gyros are relatively simpler to assemble but they have small capacitance,
limiting frequency tuning as well as scale factor. Side electrodes, though complex
in fabrication, can achieve very low noise and very high accuracy. Gyros with side
electrode architecture exhibited angle random noise of 160 pdeg/rt-hr and bias insta-
bility <1 mdeg/hr. Such performance is unheard of at the small scale and compares
favorably with some of the commercial state-of-the art macro-scale gyroscopes. Fur-
thermore, a novel gyroscope architecture which involves integrating PSI resonators
with a custom-designed curved electrode substrate is developed. Curved electrodes
enable large overlap with the resonator and increase sensitivity and frequency tun-
ing. Moreover, electrodes made of FS also reduce temperature sensitivity. Curved
electrodes which nearly follow the resonator’s profile are fabricated and integrated
with a PSI resonator to make a Shell in Shell (SiS) gyroscope. Numerical analysis
is done to compare capacitance and frequency tuning capability of SiS and side elec-
trode gyro architecture. It is found that SiS device can increase both capacitance
and frequency tuning capability by >5x due to its conformal overlap. Prototype SiS

devices are successfully fabricated and tested. SiS devices with curved electrodes
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improve resolution, frequency tuning, and temperature sensitivity.

5.3 Future Works

Very high performance in terms of Q, noise, accuracy have been achieved in this
thesis. However even better performance is possible from PSI gyroscopes. This

section lists some future directions which can be pursued.

e () from PSI resonators can be further increased by more research towards im-
proving surface quality and device symmetry. At the same time more investi-
gation needs to be done towards understanding loss mechanisms due to metal

coating to reduce QQ drop due to the metal layer.

e Research in this thesis has indicated that frequency mismatch of PSI resonators
is limited by the precision of the mold. Additionally, as the mold degrades
variation in the radius of shells is also observed. These imperfections can be
minimized and even lower frequency mismatch (<1 Hz) can be achieved by using

an ultra-precise mold.

e PSI devices are made from patterned substrates with two thicknesses. It is also
possible to fabricate devices with three thickness by adding a second lithography
step. This would enable even greater level of control in controlling thicknesses
of different regions. Moreover, this would also enable fabrication of shells where

both thin and open windows can be fabricated on the same shell.

e Finally, SiS gyro can be further improved to reduce capacitive gap variation.
This can be done by either changing the inclination angle of resonator mold
or by molding electrode shell using patterned substrate. This will lead to a

uniform thickness electrode shell.
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