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Micromachined Vibratory Gyroscopes Designed for Precision of Measurements
and Environmental Robustness

By
Danmeng Wang
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Professor Andrei M. Shkel, Chair

This Ph.D. dissertation investigates how precision of measurement and environmental ro-
bustness can be addressed simultaneously in designing the Coriolis Vibratory Gyroscopes
(CVGs). Toward implementation of such sensors, this thesis focuses on sensor’s design and
demonstration of functionalities, realizing devices based on Microelectromechanical System
(MEMS) manufacturing techniques. This thesis investigated and demonstrated the following

two different paradigms:

e Realization of precision sensors that are capable of surviving the extreme events of
shock and vibrations while the sensors are not in operation. Toward this objective, we
developed and implemented a capacitive Trap-and-Hold (TAH) concept as an add-on
feature intended to increase survivability of low-frequency MEMS CVGs by immobi-
lizing the proof-mass of the oscillatory system in the event of shock and vibration
and then recovering the sensor’s high-sensitivity operation after the extreme events.
To demonstrate the mechanism, a design of MEMS Dynamically Amplified dual-mass
Gyroscope (DAG) was implemented as the test vehicle. This design was chosen for an
increased amplitude of sensing response to enhance the signal-to-noise ratio and thus
increase the precision of measurements. To accomplish such measurements, we inves-

tigated the effects of resonant mode ordering and energy dissipation with respect to

Xix



the geometrical parameters. We demonstrated that the design is capable of achieving
the noise characteristics of 0.007 deg/rt-hr of Angular Random Walk and 0.08 deg/hr
of in-run bias instability. Two wafer-level fabrication processes using through-wafer-
interconnect (TWI) techniques were investigated in order to realize the TAH add-on
mechanism to DAGs. The TWI technique was experimentally validated to improve the

DAG’s shock survivability under 5g shocks while preserving its noise characteristics.

Realization of precision sensors that are capable of operating through extreme events
of shock and vibrations. Toward this objective, we developed Fused Silica MEMS
Dual-Shell Gyroscopes (DSGs). A Thru-Glass-Vias (TGVs) planar electrode substrate
for electrostatic gyroscope actuation and detection was designed, fabricated, and in-
tegrated with DSG in a single microsystem. Effects of fabrication imperfections and
assembly errors on structural symmetry and sensor performance were analyzed. An
electromechanical tuning model for electrostatic compensation of structural asymme-
try in DSGs was developed, taking into account the effect of assembly errors to realize
near-mode-matched gyroscope operation with frequency matching on the order of 0.1
Hz for high angular rate measurements, followed by an experimental demonstration
of the gyroscope operation with noise characteristics of 0.017 deg/rt-hr of Angular

Random Walk and 0.2 deg/hr of in-run bias instability.

Factors that impact the structural symmetry and energy dissipation mechanisms in MEMS

resonators were also analyzed and implemented to improve gyroscope performance in the

realization of both paradigms. The impact of metallization on quality factor and electrical

conductivity in Fused Silica devices was quantified and linked to the in-run noise perfor-

mance using a developed analytical model. An existing trade-off between metallization and

quality factor was investigated. It was concluded that optimization of the metal coating

parameters was necessary to achieve optimal gyroscope noise characteristics. Finally, the

effects of Electromechanical Amplitude Modulation (EAM) on electrical dissipation, non-
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linearity, scale factor instability, and in-run noise performance of CVGs were investigated.
Analytical models to predict the impact of EAM effect were developed, followed by experi-
mental validation. Optimization of EAM parameters was demonstrated to achieve improved

performance of MEMS CVGs.
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Chapter 1

Introduction

We present in this Chapter the background for realization of environmentally robust Micro
Electro Mechanical System (MEMS) based Coriolis Vibratory Gyroscopes (CVGs). The bulk
of this chapter is the literature review of the prior state of the art. The chapter concludes

with an outline of the dissertation.

1.1 Motivation

Global Positioning System (GPS) based navigation systems have been the ubiquitous solu-
tion, both in civil and military domains. However, unavailability and susceptibility of GPS
signals in complex environments such as indoors, urban canyons, tunnels, and underground
areas, and a slow update rate varying from 1 to 10 Hz motivate the development of high

accuracy, fast dynamics, self-contained navigation systems [1, 2].

Inertial navigation is based solely on inertial sensor (gyroscopes and accelerometers) readouts
that provide an object’s rotation and acceleration information enabling motion tracking [3].

Inertial sensors can achieve an update rate of the object’s trajectory on the order of a few



kHz. Due to fast accumulating errors, ultra-low noise performance of inertial sensors is
demanded to meet the requirements of long-term navigation in many applications. However,
such devices typically cost hundreds of thousands of dollars per axis with a large volume

(500-2000 cm?), for example, Safran PRIMUS 400, [4], and Honeywell HG9900, [5].

Among the inertial sensor technologies, MEMS-based inertial sensors provide unique ad-
vantages in the cost, size, weight, and power consumption (CSWaP) as compared to more
traditional mechanical and optical sensors, making MEMS inertial sensors highly attrac-
tive in many fields [6]. However, due to the relatively low precision of the micro-machining
process over the macro-level, especially for gyroscopes, there is a challenge for MEMS iner-
tial gyroscopes to simultaneously benefit from miniaturization and achieve high-performance

level for the needs of applications due to the complexity in gyroscope development [7].

Over the past years, a number of high-performance MEMS gyroscope designs with increased
proof masses, high quality factors, and relatively low operational frequencies, such as tuning
fork, disk, ring, and multi-mass resonators, have been realized using MEMS technique and
showed a potential for achieving the navigation-grade accuracy. As a result, the resolution
and noise characteristics have been enhanced by approximately a factor of ten every two

years [8].

Despite the remarkable continuing improvement in gyroscope performance, their relatively
poor stability and robustness, due to their weak suspensions, “flat” proof-masses, and tem-
perature sensitivity [9], limit their performance in challenging environments, such as indoor
pedestrian navigation for firefighters and first responders and localization for underground
mining operations where the sensors are subject to high-g shocks, intense vibrations, and
thermal variations. In order to be compatible with such navigation applications, methods
for minimizing the impact of environment on MEMS devices have been recently reported
in literature and typically involve a sacrifice of tunability and sensitivity through modifying

the design parameters, for example, strengthening structures, [10], reducing quality factors,



[11], or employing resilient supporting features, [12]. Strategies utilizing external add-on

mechanisms have been demonstrated [13, 14, 15], but they are generally complex to process.

While there have been efforts to develop mitigation strategies for MEMS CVGs, there are
potential solutions in large-scale CVGs that could scale well and could be realized using
MEMS processes, such as macro-scale Fused Silica (FS) Hemispherical Resonator Gyroscope
(HRG). The HRG incorporates a rugged structure and higher out-of-plane stiffness with a
better than navigation-grade gyroscope performance and exceptional reliability [16]. Despite
the optimistic outlook, the complexity of implementing miniaturized HRGs as a type of CVGs
is a primary challenge in achieving high-resolution operations. Imperfections introduced
by the fabrication process, including the manufacturing of micro-shells, metal-coating, and
assembly between the sensor and electrode substrate, influence the structural symmetry and

degrade the gyroscope noise characteristics.

This dissertation presents developments of sensors and addressing the challenges in the re-

alization of environmentally robust MEMS gyroscopes for precision CVGs.

1.2 Background

This section gives a brief overview of the principle of operation of a CVG and the performance

parameters. The common terms used throughout the thesis are also given in the section.

1.2.1 MEMS Coriolis Vibratory Gyroscope

MEMS CVGs are based on the principle that the Coriolis forces produced by vibration
of the sensing element and rotation of the system result in a transfer of energy between

two vibration modes of a gyroscope [17]. The dynamics of a CVG can be modeled as a



e

(b)

Figure 1.1: Ideal response of a CVG operated in (a) open-loop mode, (b) force-to-rebalance
mode, and (c¢) whole angle mode.

two-degree-of-freedom (DOF) lumped mass-spring-damper model in terms of the primary
(drive) and secondary (sense) modes. The equation of motion in the matrix form can be

represented as, [18],

Z 20 0 iy 0 —2Qf |z w2 0 |z F,/m
+ + + = C
gL o 2wl g |22 o | |g| |o «&||y| |E/m
where wy is the resonant frequency of the degenerate (or mode-matched) mode of the gyro-

scope, 2 is the input angular rate, g is the damping coefficient, and m is the effective mass

of the system. Fj, and F}, are the control forces along the orthogonal axes of the resonator.

CVGs are classified into two main categories: rate gyroscopes, which measure the angular
velocity, and rate-integrating (or whole angle) gyroscopes, which measure the angle of ro-
tation [17]. In the rate mode of operation, the vibration amplitude along the drive axis is
typically actuated at its resonant frequency and stabilized by the Automatic Gain Control
(AGC) and Phase-Locked Loop (PLL) control loops to prevent variations in the amplitude
and phase. The Coriolis acceleration coupling excites the sense mode oscillation when the ro-
tation occurs. The detection schemes in the rate gyroscopes can be divided into two classes:

open-loop and force-to-rebalance (FRB) modes, depending on whether the closed-loop con-



trol is implemented or not, illustrated in Fig. 1.1(a) and (b). In the whole angle mode of
operation, the proof-mass oscillates freely, and the orientation of the vibration precesses due
to the external input rotation. As a result, the output in the whole angle mode is the angle
and has theoretically unlimited mechanical bandwidth. Fig. 1.1(c) schematically illustrates

the whole angle mode of operation.

The concept of CVGs utilizing vibrating elements to induce and detect Coriolis force is
compatible well with electrostatic actuation and detection mechanisms using either parallel-
plates or comb-drives of capacitive electrodes. This configuration scales well and has been
proven to be effectively implemented in the batch micro-fabrication, making the capacitive

CVGs attractive for applications where low CSWaP and high precision are required.

1.2.2 MEMS CVG Performance Parameters

In this section, the performance parameters of MEMS capacitive CVGs are discussed. The
critical design parameters for enhancing performance are pointed out. The general goal is

to increase the gyroscope sensitivity and to reduce the noise sources of the devices.

1.2.2.1 Gyroscope Sensitivity

Mechanical scale factor in the rate gyroscope is a parameter describing the ratio between
the sense axis displacement, Y, and the input angular rate, €). In the presence of asym-
metry caused by the fabrication imperfections, i.e., frequency split, in a rate gyroscope, the

mechanical scale factor, SF,ecn, is [19)]

Y 2A, X Wy
SFmech - 5 = 2 - ) (12)

Pl — )t ()2




where X, is the vibration amplitude along the X-axis (drive mode), A, is the angular gain,
and @, is the quality factor (Q-factor) of the Y-axis (sense mode). Parameters w, and w, are
the resonance frequency along the X- and Y-axis. In the mode-matched gyroscopes, which

Wy = Wy = Wy, the mechanical scale factor is maximized and can be described as

s =¥ 24,X0Q,
max 0 “o .

(1.3)
Angular gain in MEMS CVGs describes the mechanical sensitivity to the Coriolis force.
It is only determined by the geometry of the sensing element. In the whole angle mode of

operation, the precession angle of the oscillation pattern, 6, can be expressed as

0=00—A, /t Q(r)dr (1.4)

to

with

0= —A,0, (1.5)

where 6, is the initial pattern angle.

1.2.2.2 CVG Noise Characteristics

Reduction of the noise sources is key to achieving the high performance of MEMS CVGs.
The noise characteristics of rate gyroscopes are typically represented by Angle Random Walk
and in-run Bias Instability, which can be calculated by the Zero-Rate Output (ZRO) noise
estimation through Allan Deviations and Power Spectral Density (PSD) analysis methods,

illustrated in Fig. 1.2.

Angle Random Walk (ARW) is a kind of noise caused by white mechanical-thermal

noise (MTN) and thermo-electrical noise and describes the random walk of angle estimation
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Figure 1.2: A schematic illustrated of Allan Deviations in log-log scale.

during navigation. It shows a slope of 7%° in the log-log scale Allan Deviations plot (see
Fig. 1.2). Power Spectral Density (PSD) provides information of the signal in the frequency
domain; hence, ARW is characterized by the flat part (slope 0 in the log-log plot) of the
characteristic around the sensor’s mechanical bandwidth (see Fig. 1.3). ARW caused by
MTN typically indicates the theoretical limit of the noise performance of a rate gyroscope,

which can be approximate as the MTN equivalent rate in the form of, [20],

kBTw
Oy = | — b 1.6
mX2w2@Q, (1.6)

where kg is the Boltzmann’s constant, m is the proof-mass, and T is the operating temper-

ature.

Bias Instability (BI) indicates a gyroscope bias fluctuation in the data and shows a curve
on the Allan Deviations plot with a zero slope (see Fig. 1.2). It is usually considered to be
originating from electronics susceptible to random flickering. In the PSD plot (see Fig. 1.3),

the in-run bias instability occurs at a slope of -1.
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Figure 1.3: A schematic illustrated of Power Spectral Density in log-log scale.

Angle drift in the output of a whole angle gyroscope is a parameter describing the accuracy

of gyroscope measurement. The rate of precession can be expressed as, [21],

. 11 1 Q
0 =—A,0+ §A(;) sin2(6 — 6,) + §Aw cos2(6 — QW)E’ (1.7)

where 0., 0,,, E, and () denote the principal axes of damping and elasticity, and the energy
and quadrature error, respectively. Parameters Aw and A(%) are the frequency mismatch
and damping mismatch caused by the fabrication imperfections, where Aw = w, — w, and

A(2) =L — L Thus, the anisodamping and anisoelasticity need to be minimized in order
T T T

z Y

to reduce the quadrature effect and drift of the output measurement.

In conclusion, mass, quality factor, vibration amplitude, angular gain, operational frequency,
and structural symmetry, including damping and stiffness symmetries, are the critical char-
acteristics related to the gyroscope’s sensitivity and noise that contribute to the performance
of both rate and whole angle MEMS CVGs. However, such gyroscopes are typically suscepti-
ble to environmental variations, including shocks, vibrations, temperature, etc., due to their

heavy proof-masses, delicate suspensions, and temperature sensitivity.



1.2.3 Energy Dissipation Mechanisms in MEMS

The quality factor (Q-factor) is a critical parameter that describes the rate of energy loss
in resonating structures and is directly related to sensitivity, power consumption, and noise
characteristics [22]. The Q-factor in MEMS resonators is typically limited by mechanical
losses, including viscous air damping, thermoelastic dissipation (TED), anchor loss, surface
loss, electrical damping, internal loss, losses due to mode coupling, and other losses such as

the Akhiezer damping [23, 24]. The overall Q-factor can be expressed in the form as,

r 1 n 1 . 1 n 1 . 1 n 1 n 1 n 1
Qall Qviscous QTED Qanchor qurface Qele Qinterna,l Qmode Qather '

(1.8)

Viscous Air Damping is one of the major sources of energy dissipation in the micro-
scale level due to the large surface-to-volume ratio and small spacing between the anchored
and movable structures. It is generally classified into two categories in MEMS resonators:
squeeze film damping [25] and lateral damping [26]. It arises the requirement to operate the
devices in an ultra-high vacuum on the order of a few tens of micro-Torr to eliminate the air

damping [27].

Thermoelastic Dissipation is related to the material’s Coefficient of Thermal Expansion
(CTE) [28, 29] and typically defines an upper bound on achievable Q-factors of MEMS
devices in the kHz range [30]. The theoretical Q-factor caused by the TED can be expressed

by the Zener’s standard model in the form of, [31],

Cv 1 + (wo/wR)2
CEQET() (.Uo/wR

(1.9)

QTED =

with
2

T
wo/wr = Xb—2 (1.10)

where «, E, C,, Ty, wy, and wgr denote the CTE, heat capacity of the solid, Young’s mod-



ulus, nominal average temperature, resonant frequency, and the thermal relaxation rate,
respectively. Parameter y is the thermal diffusivity of the solid and b is the width of the
strained beam. Thus, approaches to minimizing the TED are optimizing the design [32],
adding slots to block heat flow [33], reducing the operation frequency, and building devices
using materials with lower CTE, such as Fused Silica (FS) [34] and Ultra-Low Expansion
(ULE) glass [35].

Anchor Loss is the acoustic energy of a resonator dissipated into the supporting substrate
by transmission through its anchor [22]. It is related to the location and geometry of the
anchor, as well as the vibrational mode shape. Thus, anchors are usually placed at the node

of the mode shape to minimize the energy dissipation through the anchor point.

Surface Loss refers to the energy losses due to surface imperfections of a resonator. Many
factors, including surface roughness, surface oxidation, metal coating, dust, moisture absorp-
tion, and sub-surface damage, influence surface condition and reduce the quality factor of

the resonator [36, 37].

Electrical Damping arises from electrical interactions, especially, for capacitive and mag-
netomotive detection of MEMS resonators [38], in which the induced charge flow dissipates

in the resonator body, nearby grounded electrodes, and the measurement circuit.

Internal Loss denotes the energy losses of the devices caused by the imperfections inside
the material, such as defects, impurities, and grain boundaries. Therefore, high material

purity is needed to achieve the high quality factor [39].

Mechanical Mode Coupling in a MEMS resonator would result in energy distribution
from the actuated operational mode to all the nearby parasitic modes [40]. An increase in

the frequency separation between modes is needed to maintain the desired quality factor.

Akhiezer Damping arises from phonon scattering processes within the devices, which is

10



independent of structural geometry and more dominant in the resonators of high frequencies
[41]. For silicon, the product of the resonant frequency and quality factor due to Akhiezer

damping has an estimated order of magnitude of 10'3.

1.3 Literature Review

This section reviews the state-of-the-art in realization of high-performance MEMS CVGs

and mitigation strategies for robustness and stability against environmental variations.

1.3.1 Improvement of Robustness of MEMS Gyroscopes

One active research area in the field of environmentally robust MEMS gyroscopes is to
increase the shock survivability of high resolution gyroscopes for operation in extreme envi-
ronments. This is necessary in military [42] and aerospace [43] applications, which typically
require devices to withstand high amplitudes of vibration and shock. However, conventional
planar high performance MEMS devices fall short of these demands due to their delicate sus-
pensions, heavy proof-masses, and amplified gyroscope sensitivity. Typical failures include
mechanical wear, stiction, fracture in structures, and material fatigue [10]. In this section,

we review different approaches for improvement of shock survivability reported in literature.

1.3.1.1 Structural Approaches

To address shortcoming of gyroscopes of being susceptible to shocks, multiple compensation
strategies with varying levels of complexity have been proposed. The most straightforward
design modification aims to strengthen released structures or increase spring stiffness. One

strategy is to push the operational frequencies of the sensor above 100kHz [44]. The drawback

11



of this implementation is that gyroscope amplitude of response is sacrificed, compromising its
sensitivity and tunability. Alternatively, one may opt to preserve and even improve mechan-
ical properties of gyroscopes by using extremely hard materials (e.g. silicon carbide [45]).
However, the technique not only sacrifices sensitivity and tunability but is also generally

expensive and difficult to process.

Another approach pursued in literature is to increase the degree-of-freedom of an oscillatory
system for achieving wide-bandwidth frequency responses of the vibratory gyroscopes, such
as the wide-bandwidth robust gyroscope, [46] and [47], Fig. 1.4(a), including two intercon-
nected masses with 2-DOF sense-mode. By designing the drive-mode operating frequency
to match the flat region of its sense-mode response curve, robustness against environmental
variations was realized. As a result, the requirement of mode-matching between the drive
and sense modes was spontaneously met. A similar design concept was presented in [48].
The distributed-mass gyroscope, Fig. 1.4(b), utilizes multiple drive-mode oscillators with
incrementally spaced resonance frequencies to enhance mode-decoupling in a drive-mode to
form a wide-bandwidth response in the gyroscope drive mode. Although those approaches
improve sensors’ robustness by relaxing the need for mode-matching during the event of ex-
ternal variations, a reduction of environmental sensitivity would also decrease the precision

of gyroscope measurements.

Three-Dimensional (3D) Fused Silica (F'S) hemispherical resonator gyroscopes (HRGs) are
also good candidates for operation in extreme environments by incorporating a rugged struc-
ture, higher out-of-plane stiffness, and a relatively low operational frequency [16]. This not
only improves the sensor’s integrity and survivability during the events of high-g shocks or
intense vibrations, but it also permits the use of a lower stiffness in-plane mode, such as
the n = 2 and the n = 3 wineglass modes, for high sensitivity angular rate measurements.
This configuration also scales well to the micro-level and has been implemented in MEMS

CVGs, making the sensors potentially robust for operation in harsh environments [49, 50].
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Figure 1.4: Examples of wide-bandwidth robust gyroscopes: (a) dual-mass system with a
2-DOF sense-mode oscillator, [46], and (b) distributed-mass system with up to 8 drive-mode
oscillators, [48].

The fabrication technology was developed at the University of California, Irvine [51, 52, 53].
However, due to limitations in accuracy of micro-machining, achieving a high structural
symmetry, i.e. low frequency mismatch, for realization of navigational-grade performance in

miniaturized HRGs is an ongoing research topic.

1.3.1.2 Shock Survival Mechanisms

Moving away from variations in gyroscope design, several studies approached the challenge
by integrating external add-ons. For example, an active cancellation of vibrations has been

explored as an environmental isolation strategy [13]. The limitation, however, is that the
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technique only works on some specific structures and may not be well suited for high-g
shocks sensors. Some proposed the concepts of micro-machined integrated shock protection
for MEMS devices [14], using either a soft material coating or nonlinear springs as shock
stoppers, to reduce the impact between the proof-mass and stoppers. Nevertheless, the

approach is very difficult to realize: it is a challenge to fabricate these devices.

A high performance MEMS CVG typically has a carefully designed structure with specific
geometry and performance parameters, such as a relatively low operational frequency on the
order of 10 kHz, [54], or demand for special implementation of a certain architecture. There-
fore, even though those shock mitigation strategies mentioned above had their respective
strengths and applications, they are likely incompatible with high-performance low resonant

frequency CVGs.

In addition to the complex and design-dependent add-on mechanisms described above, 3D
encapsulation of the planar MEMS gyroscopes with the aid of the additional out-of-plane
stoppers could be a flexible solution to enhance shock survivability of gyroscopes while
preserving their high sensitivity since the modification of design is eliminated [55, 56, 57].
The method utilizes the out-of-plane stoppers and the added stationary mode, contrary to
the normal gyroscope operational mode, to limit motion amplitude or freeze the proof-mass

during the event of shocks, and can be applicable to a broad class of gyroscope designs.

Fabrication of the 3D encapsulation stage typically involves electrically isolated stoppers
and Through-Wafer-Interconnects (TWI). Various methods for realizing high density and
low parasitic TWIs were widely explored in recent years, such as electroplated copper vias,
[58], magnetically assembled nickel wires [59], and Thru-Glass-Si vias [60]. Instead of filling
the vias using either metal or silicon materials, depositing or electroplating conductive metal
layers on the sidewall of the vias created on a glass substrate wafer as the electrical paths can

significantly simplify the fabrication process and minimize parasitics of interconnects [61].
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1.3.2 Thermal Compensation Techniques

Temperature sensitivity of MEMS CVGs is one of the critical factors limiting the gyroscope’s
performance. Temperature variations due to temperature dependence of Young’s Modulus
and thermal-induced stresses, [9], result in noise, long-term bias, and scale-factor drifts.
Different thermal compensation techniques have been demonstrated in order to improve the
sensor’s long-term stability. In general, the approaches could be classified into two main

categories: temperature control methods and post-processing compensation methods.

The approaches of temperature control techniques have been experimentally implemented
during the phase of MEMS sensor characterization to actively compensate for thermal varia-
tions in the environment, for example by attaching a heater element and a temperature sensor
to the outside of a packaged MEMS sensor, [62], or utilizing a micro-oven co-fabricated with
inertial sensors, [63]. The methods are typically sufficient to eliminate the thermal-induced
drifts at the cost of power consumption and rely on the accuracy of the additional control

tools to execute the action.

The post-processing compensation methods conducted on MEMS resonators were also in-
vestigated to ease the thermal effect. For example, the temperature compensation was
demonstrated by utilizing the drive-mode frequency as a built-in thermometer for temper-
ature self-sensing and the pre-calibrated algorithm for real-time compensation [64]. The
accuracy depends on the repeatability and linearity of the sensors’ temperature dependence

of thermal-induced drifts.

1.3.3 Multi-Mass Gyroscopes

Conceptually, a single-lumped mass-spring structure is required for a single-axis gyroscope

to measure the Coriolis acceleration induced by the input angular rate. Since the 1990s,
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several types of capacitive MEMS CVGs, such as tuning fork and resonant ring gyroscopes
(65, 66], have been produced and have become highly popular designs of their kinds to date.
Recently, a variety of multi-mass designs emerged to seek further improvements, each offering
different advantages with the intention to enhance various aspects of performance, such as

dynamical balance and dynamic amplification.

e Examples of successful dynamically balanced systems, the Dual Foucault Pendulum
gyroscope (DFP) [70] and Quadruple Mass Gyroscope (QMG) [68], Fig. 1.5(a) and
(b), utilize two or more equivalent and mechanically coupled proof-masses. Oscillation
of these masses in the anti-phase motion improves the vibration immunity, and the
dynamically balanced forces and moments in the anchor for both the drive and sense
modes minimize the energy dissipation through the substrate, resulting in ultra-high
quality factor (> 9M) under cryogenic temperature conditions [67] and high quality

factor (> 2M) under room temperature conditions [71, 27].

e As for multi-mass solution utilizing dynamically amplified dual-mass system, gyroscope
performance was improved when an increased gyroscope amplitude of response led to
an increased signal-to-noise ratio, [72] and [73], Fig. 1.5(d). The dual-mass system
consists of a drive mass attached to an anchor and structurally coupled to a sense
mass. The frequency of the driving force is at the first resonant frequency of the
coupled dual-mass system, satisfying the dynamic amplification condition, resulting
in an increased amplitude of the gyroscope. Nevertheless, a Dynamically amplified
dual-mass gyroscope demonstrated an effective angular gain of 0.99 [74], close to an

ideal angular gain of 1, to further increase Coriolis acceleration sensitivity.

However, environmental variations are important factors to consider for a high-performance
multi-mass gyroscope since the impacts of external stimulations can be different for different

masses. Generally, the complex and dedicated suspensions connecting these masses can be

16



Drive mode
Sense mode
m2 :

ml - Frequency
(a)

Amplitude

Drive mode

Sense mode
Sense mode

Drive mode

(b)

m— nner (or drive) mass

= Outer (or sensc) mass

Amplified
amplitude

Amplitude

First resonance

k1l k2

Frequency

(c)
Figure 1.5: Examples of multi-mass gyroscopes: (a) dynamically balanced two-mass system,
[67], (b) dynamically balanced quad-mass system, [68], and (c¢) dynamically amplified system,
[69].
susceptible to high-g shocks and intense vibrations. The different effects of the temperature-
induced stresses and frequency shifts on the multi-mass can lead to long-term bias and

scale-factor drifts to degrade the gyroscope performance. Thus, the mitigation strategies are

needed.
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1.3.4 Compensation of Structural Imperfections of Micro-HRGs

Development of miniaturized FS HRGs with high stiffness symmetry, low energy dissipation,
and inherent structural robustness for implementation of precision rate and rate-integrating
MEMS CVGs has been of high interest in recent years. This section presents the challenges

and efforts in the realization of high resolution FS micro-HRGs.

1.3.4.1 Methods for Frequency Mismatch Reduction

Fabrication of FS micro-shells typically starts with a thermo-elastic “blowing” of FS de-
vice layer, such as a high-temperature micro-glassblowing process [75, 76, 49] or blow-torch
molding process [77, 78], followed by a subsequent mechanical release procedure, such as me-
chanical lapping, chemical-mechanical polishing (CMP) [34, 79], or a laser-assisted cutting
process [80, 81]. Conventionally, structural symmetry is essential to achieve a high precision
CVG. Imperfections during the fabrication of the micro-shell structure can introduce axial
asymmetry and change the mode shapes. These imperfections are caused by the non-uniform
temperature distribution during the glassblowing process, misalignment between the ideal
and actual lapping planes during the release step, and variation of the device layer thick-
ness created during the hydrogen fluoride (HF) wet etching [82]. The imperfections induced
by processing would result in frequency and damping mismatches and quadrature coupling
between the operational mode pairs, which not only degrade the gyroscope sensitivity, but
also contribute significantly to the noise sources of a micro-HRG, thus impacting the random
noise errors, bias instability, and dynamic range. In this section, we review various methods

reported in literature to reduce the frequency split of the device.

Electrostatic tuning is a common active-tuning method to compensate for frequency splits
in MEMS gyroscopes by employing non-linear electrostatic forces to selectively modify the

effective stiffness of a certain operational mode [83, 84, 85]. The compensation accuracy de-
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pends on the precision of control of the tuning voltages. It is challenging for control electrics
to provide a large magnitude of tuning voltage with the required precision. Increasing the
tuning voltage amplitude would also introduce non-linear dynamics in the device and result
in an amplitude-frequency coupling which would degrade the gyroscope’s noise performance

36).

Therefore, to enable reduction of tuning voltages and achieve high accuracy electrostatic
compensation, permanent modifications of HRGs are first engaged for reducing large as-
fabricated frequency splits, followed by relatively low tuning voltages to achieve a mode-
matched operation desirable for high angular rate sensitivity and whole angle mode of oper-

ation.

Methods of passive mechanical trimming techniques of the micro-shell structure are generally
based on a permanent modification of the structure by means of selectively removing material
from the vibrational element, such as using a high resolution micro-ultrasonic machining
[87], ion-beam etching [88], chemical etching [89], or directional lapping [82]. Frequency split
reduction from a few tens of Hz to sub-Hz have been demonstrated in many applications

using these techniques.

1.3.4.2 Quality Factor Improvement of Micro-HRGs

In addition to structural symmetry, the quality factor is another key parameter in micro-
machined HRGs. For example, increasing the Q-factor reduces the energy consumption,
increases the thermomechanical signal-to-noise ratio (SNR), and improves in-run noise per-
formance, such as lowering the threshold of bias instability and Angle Random Walk (ARW)
[21, 90]. Utilizing the ultra-low CTE of FS structural material and the dynamically balanced
degenerate mode pair, such as the n = 2 or n = 3 mode, Qrpp and Qunenor of FS HRGs

are typically on the order of few millions or few tens of millions, to the point where the

19



contribution of surface loss becomes dominant [34, 91].

Methods for surface loss reduction tend to improve surface quality using different post-
processing treatments. Thermal-related polishing, such as flame polishing using either nat-
ural gas [37] or forming gas [36], was reported to increase the quality factor of F'S structures
by removing the surface contaminants and defects. The quality factor of FS Cylindrical
Resonator Gyroscope (CRG) was improved significantly by six times to the order of 25 mil-
lion using NH4HF2 chemical etching for 1h at the cost of increased surface roughness and
reduced resonant frequency [92]. The reason was the removal of sub-surface damage and
micro-cracks introduced during the lapping and polishing of the surface [93]. Annealing in
nitrogen for 9h at 950°C was reported to increase the quality factor by two times [94]. The
increase in quality factor was believed to be the result of the improved surface roughness and

reduced thermal stresses originated from nonisothermal fast cooling after micro-glassblowing

of HRGs.

Due to electrically non-conductive property of the FS structural material, a thin-film metal
coating is deposited onto the sensing element to bias the proof-mass and electrostatically
excite and detect the motion of a F'S micro-shell resonators. Typically, a few tens of nanome-
ters of the metal layer thin films — or a combination of metals, such as Ir, Cr, Cr/Au, or
Ti/Au — are coated onto the FS resonators using a sputter or an e-beam evaporator, [94, 95].
Metallization of the FS results in an increase in surface dissipation and a reduction in the
quality factor [96]. Efforts to minimize mechanical losses by reducing the metal coating
thickness in FS resonators can lead to a significant increase in electrical resistivity of the
coated layer [97] and result in a large electrical resistance in the gyroscope’s signal path.
Metal annealing at 300°C has been experimentally demonstrated to change the stress and
roughness of the metal layers of F'S birdbath resonators, but both quality factor improvement

and deterioration were reported [98].
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(b)

Figure 1.6: Illustration of (a) a FS micro-machined Precision Shell Integrating (PSI) gyro-
scope [103] and (b) a F'S Microglassblown Wineglass gyroscope [76].

1.3.4.3 Control of Capacitive Gaps of Micro-HRGs

To implement the 3D F'S micro-shell structures to operate as a CVG, an assembly procedure is
also needed to rigidly bond the resonator to a substrate for capacitive actuation and detection
using either in-plane peripherally distributed electrodes [99] or out-of-plane planar electrodes
[76], as illustrated in Fig. 1.6. Due to limitations in accuracy of the integration step, assembly
misalignment at any of the six-DOF of the sensor position and orientation would lead to
uneven capacitances of the shell sensors and form a more complex electromechanical system
compared to a 2D MEMS sensor [100, 101]. The nonuniform capacitive gaps caused by the
assembly errors impact the electrostatic actuation efficiency, motion detection sensitivity,
and stiffness adjustment flexibility, thereby influencing the structural symmetry, electrical

noise, and overall gyroscope performance [86, 102].

Approaches of controlled capacitive gaps could be achieved with the aid of a uniform sac-
rificial layer between the movable proof-mass and anchored electrode pads or spacer shims
during the bonding step. In [104], the uniform <5um capacitive gaps between the rim of
the micro-shell and the planar electrodes were demonstrated using the electroplated Nickel
layer as the sacrificial layer, which was selectively formed on the planar substrate prior to

shell attachment. The ratchet mechanisms and rack gears were used to achieve the movable
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electrode mechanism on the substrate [105]. It demonstrated a positioning resolution of 10
pum of the capacitive gap. Various methods have been reported in [106] to control the capac-
itive gaps of micro-shell resonators. The growth of the seed layer deposited onto the in-plane
discrete electrodes to fill the gaps between the sacrificial layer coated onto the micro-shell
resonator and the electrode pads was disclosed. The method of using movable jigs and latch
mechanisms to align the micro-shell with respect to the center of the electrode substrate was
also reported in [106]. However, the limitations of those approaches are that the techniques

are typically restricted to some specific micro-shell resonators or very difficult to realize.

1.4 Research Objective

A technological gap exists in the MEMS inertial sensors between the high-performance low
operational frequency gyroscopes and structural robustness against the environmental vari-
ations. For the high resolution MEMS CVGs, the multi-mass structures with outstanding
performances in various aspects motivate the development of new designs with enhanced
sensitivity, low noise characteristics, as well as environmental immunity to satisfy the re-
quirements in a broad range of applications. This dissertation aims to develop new MEMS
planar high-resolution CVGs with add-on mechanisms to achieve low energy dissipation,

high sensitivity, long-term bias stability, and shock and vibration tolerance.

To achieve high-resolution inertial navigation, the development of planar MEMS gyroscopes
that achieve a high quality factor, large signal-to-noise ratio, and high sensitivity is the
key. Implementation and realization of dynamical amplification concept in designing such
gyroscope is a good candidate to increase the amplitude of vibration, hence, improving
sensitivity and reducing noise. A development of evaluation electronics and analysis of
detection schemes are also studied to further improve the gyroscope’s noise characteristics.

To increase the environmental immunity of the low-frequency MEMS inertial gyroscopes
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against mechanical shocks and vibrations, a shock survival mechanism is developed based

on a wafer-level fabricated TWI cap stage and a developed trap-an-hold strategy.

Another objective of this thesis is the development and realization of micro-machined FS
HRGs for precision operation through environmental variations. The dual hemispherical shell
gyroscope is a good candidate as a potential solution to achieve high quality factor and low
noise performance while providing the high-shock tolerance. However, challenges of realizing
a high accuracy gyroscope performance using the sensor have not yet been addressed. In this
dissertation, the fabrication process of implementing the capacitive actuation and detection
in the gyroscope is first designed and demonstrated. Then, the impacts of metallization
and assembly errors on performance of micro-scale HRG implementations are explored and
addressed to realize a mode-matched gyroscope operation desirable for high angular rate

sensitivity and environmental robustness.

1.5 Dissertation Outline

In Chapter 2, we report on development of a Trap-and-Hold (TAH) concept intended to
increase survivability of high-performance low-frequency MEMS CVGs against mechanical
shocks and vibrations. The TAH concept utilizes out-of-plane electrodes to electrostatically
excite the gyroscope’s proof-mass at resonance in the direction perpendicular to the sub-
strate, trap the proof-mass electrostatically, and then keep the sensor structure locked to
the substrate during the events of shock. To demonstrate the mechanism, a Dynamically
Amplified dual-mass MEMS Gyroscope (DAG) is used as a test vehicle. The design archi-
tecture and optimization are presented for selecting geometry parameters to increase the
modal frequency separation and mitigate energy dissipation through TED and anchor loss
to achieve the desired gyroscope performance. The scaling of the resonant frequency of oper-

ational and parasitic vibrations modes with respect to the device layer thickness, concentric
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ring suspension radius, dual masses, and anchor radius are analyzed using the finite element
parametric modal analysis. We discuss the effects of frequency mismatches and quadrature
errors on gyroscope performance. A noise characteristics of 0.8 deg/hr in-run bias stabil-
ity and 0.007 deg/rt-hr ARW are experimentally demonstrated. Based on the development
of DAGs, we discuss our fabrication process to realize the TAH mechanism on DAGs and
present the initial experimental results to improve the gyroscope’s shock survivability while
preserving its noise characteristics. Additionally, a process for dust-proof cap stage with
both in- and out-of-plane Through-Glass-Vias created by an in-house glass re-flow process is
proposed. The cap stage is compatible with both the in-plane operation of MEMS resonators

and out-of-plane TAH mechanism.

In Chapter 3, we report on development and realization of precision measurements of Fused
Silica (FS) MEMS Dual-Shell Gyroscopes (DSGs). The FS DSG architecture with a fixed-
fixed anchor for double-sided support of the sensing element and an increased bonding area is
capable of providing continuous high-precision gyroscope operation through extreme events
of shock and vibration. To allow for accurate capacitive actuation and detection of motion,
a Thru-Glass-Vias (TGVs) planar electrode substrate is designed and fabricated. We study
the assembly errors introduced by the misalignment of the integration step and propose an
identification method based on static capacitance measurements. We develop an electrome-
chanical model for electrostatic frequency tuning of DSGs taking into account the effect of
assembly errors to realize the mode-matched gyroscope operation for high angular rate mea-
surements. Algorithms for asynchronous and synchronous compensations of the n = 2 and
n = 3 mode pairs are theoretically derived using the proposed model and experimentally

validated on a DSG prototype, followed by the demonstrations of gyroscope operation.

In Chapter 4, we report the effect of metallization on performance of FS Micro-machined
capacitive vibratory gyroscopes. Metal coating provides electrical conductivity to enable

electrostatic actuation and detection of motion, but reduces the quality factor of FS res-
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onators. To achieve high-performance CVG operation, we study the effect of the metalliza-
tion material and its thickness on the quality factor and electrical resistance in FS devices.
We establish a link to the in-run noise performance using a developed analytical electrome-
chanical model. A clear influence of varying coating materials and thicknesses on the quality
factor and electrical resistance is observed. We demonstrate an existing trade-off between
metallization and quality factor to achieve the optimal gyroscope’s noise performance. This
study concludes that it is necessary to optimize metal coating parameters of FS resonators

to achieve optimal gyroscope noise characteristics.

In Chapter 5, a study on the contribution of EAM to the performance of capacitive MEMS
CVGs is presented. The EAM is frequently used to eliminate feed-through signals between
forcer and pick-off electrodes of resonant microstructures. We study the effect of EAM on
dissipation of energy and non-linear dynamics in MEMS CVGs. We present an analytical
model, capturing the effect of AC carrier signal on amplitude-frequency coupling, scale factor
instability, and in-run noise performance of CVGs. We experimentally conclude that the AC
carrier signal in EAM influences the amplitude-frequency couplings along both the drive
and sense modes of the gyroscope through modifying the non-linear electrostatic stiffnesses,
which is also proven to be one of the dominant sources of both scale factor nonlinearity and
frequency instability in the near-mode-matched gyroscope, operating in the open-loop rate

mode.

Finally, Chapter 6 concludes the dissertation with a summary of contributions and future

research directions.
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Chapter 2

Trap-and-Hold Shock Survival

Mechanism

In this chapter, we propose an approach to the realization of precision MEMS CVGs capable
of surviving the extreme events of shock and vibrations while the sensors are not in opera-
tion. In Section 2.1, a Trap-and-Hold (TAH) shock survivability strategy intended for low
frequency inertial devices is developed. We first present the shock survival mechanism by
engaging a modification in sensor fabrication to allow switching from Mode (1), high perfor-
mance gyroscope operational mode, to Mode (2), high shock stability mode. To demonstrate
the TAH concept, a design of MEMS Dynamically Amplified dual-mass Gyroscope (DAG)
as the test vehicle is introduced and implemented, followed by a design optimization and
an electrostatic tuning algorithm for compensating the fabrication imperfections in Section
2.2. The high sensitivity angular rate measurement with low noise characteristics is also
demonstrated in the same section. In Section 2.3, the high-performance DAGs are chosen
for illustration purposes. We present two thru-wafer-interconnects (TWIs) fabrication pro-
cesses with out-of-plane electrodes per the constraints of DAGs to realize the TAH strategy.

Section 2.4 then evaluates the mechanism by applying multiple shocks to the gyroscope.
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Fundamental characteristics of the device are validated before and after shocks. Finally, the

chapter is concluded with Section 2.5.

2.1 Shock Survival Mechanism

MEMS inertial sensors are good candidates for operation in extreme environments due to
their relatively small size and mass. However, it is a challenge for high performance gy-
roscopes to be immune to shocks while preserving sensitivity. In general, high precision
MEMS CVGs are designed for operating at a relatively low operational frequency, on the
level of 5 kHz, for effective electrostatic tunability and high signal-to-noise ratio. The devices
are therefore susceptible to mechanical shock due to their increased proof-mass and weak
suspension. For shock survivability, gyroscope structures need to be stiffened. Devices hav-
ing high operational frequencies (>200 kHz) may capable of withstanding large magnitude
shocks without any protection, [10]. For example in [107], operational frequencies of the
device was increased to >100kHz in an attempt to increase shock resistance, with the cost of
sacrificing the SNR. An increase in stiffness limits gyroscope’s amplitude of response, thus
affecting sensitivity and tunability. The increased stiffness is also a hindrance to implement

the multi-mass structures for precision of measurements [108, 68].

The Trap-and-Hold (TAH) architecture is an add-on mechanism to such architectures to
improve shock resistance of the low frequency devices. It utilizes out-of-plane electrodes
along the non-operational mode to selectively trap the proof-mass before the events of shock,
effectively immobilizing the device in preparation for shocks. The proposed implementation
is similar to the dynamic switching idea used in bistable mechanisms, [109], where the two
stable modes of a device are: a high sensitivity operational mode and a Shock-Lock mode for
shock survival. It should be noted, the shock survival approach presented in this chapter is

intended for switching to the Shock-Lock mode before the events of shock and is not intended
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Figure 2.1: Schematic diagram of TAH concept. (a) Normal position of the dual-mass
gyroscope before and after TAH (Normal Operation). (b) TAH engaged, immobilizing the
sensor throughout the duration of shock (Shock-Lock).

for operation-through-shock.

A typical TAH-engaged operation is demonstrated in Fig. 2.1. At the beginning, the device
is in its neutral position or in the Normal Operation mode, Fig. 2.1(a). Right before the
event of shock, the device is transitioned from the Normal Operation mode to the Shock-
Lock mode. A DC voltage is applied to the out-of-plane electrodes to actuate the proof-mass
perpendicular to the substrate at the out-of-plane resonance frequency, driving the edge of
the proof-mass to make a contact and temporary immobilizing the structure. The device
remains at its Shock-Lock mode throughout the event of shock, Fig. 2.1(b). After the shock,
the electrostatic DC voltage is removed to allow a transition of the proof-mass from the
Shock-Lock mode back to the Normal Operation mode. As the proof-mass is released to
return to its neutral position, the device restores its normal operation of the angular rate

sensing.
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2.2 Dynamically Amplified Dual-mass Gyroscopes

To demonstrate the proposed TAH concept on high performance CVGs, we designed a dual-
mass vibratory gyroscope as the test vehicle. This sensor was chosen for a low operational
frequency, an increased amplitude of sensing response to enhance sensitivity and signal-to-
noise ratio, and thus a capability of precision gyroscope measurement. Toward this goal,
a MEMS Dynamically Amplified dual-mass vibratory Gyroscope (DAG) with a dynamic

amplification concept is introduced, and the design optimization is discussed in this section.

2.2.1 Design of DAG

A dual mass-spring structure of a dynamically amplified system is shown in Fig. 2.2(a). The
structure is comprised of two mechanically coupled proof-masses: a drive mass (m;) and a
sense mass (mg). It utilizes an increased number of degrees of freedom (DOF) to achieve
amplitude amplification between the drive and sense masses. The equations of motion are

derived using a dual mass-spring-damper model [72]:

miZy + c1@y + (k1 + ko)xy — kowoy = F, (2.1)

m2i2 + ngfg + k?QI‘Q = k’gl’l, (22)

where m, and ms represent the drive and sense masses, k; and ko are the respective stiffness
of the first and the second suspension elements, and ¢; and ¢y are damping coefficients
associated with each mass. The parameter x; is the displacement of the drive mass and x5
is the displacement of the sense mass, both along the x-axis. F) is the sinusoidal driving
force applied to the drive mass along the x-axis. The frequency of the driving force is at

the resonant frequency of the coupled dual-mass system, Fig. 2.2(b), where the dynamic
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Figure 2.2: (a) Dual mass-spring structure. By actuating the drive mass, m;, a large am-
plitude of the sense mass, my, is achieved. (b) Frequency response of the architecture with

amplitude amplification.

amplification condition is satisfied. The amplitude amplification factor, A, is expressed as

2
A="2= ) 2.3
T Wi —w?tjuz (23)

Utilizing the amplitude amplified concept in the dual-mass design, we increase the number of
DOF of the system from two to four. In our implementation, the device comprises an inner
drive-mass attached to a central anchor and connected to an outer sense-mass by concentric

ring suspensions, Fig. 2.3. For the dual-mass structure, the equations of motion along the
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drive axes (z; and z5) and sense axes (y; and y») are given as [72]:

.. C . .
xr, + —11‘1 + r4—  —Tyo = — + Qle, (24)
my my my mi
. ca . k k .
To + —QZL’Q + —21‘2 = —2.1’1 + QQyQ, (25)
ma ma mg
. . ki + k k F, .
i+ g+ oy — e = —L — 204, (2.6)
my my my mq
. ca . K k .
o + i+ gy = —yy — 204, (2.7)
mo mo ma

In those equations, F, and [}, are the sinusoidal driving forces applied to the inner mass
and () is a constant input angular rotation along the z-axis. Parameters x; and y; are
displacements of the inner mass (or “drive mass”) and xs and ys are displacements of the
outer mass (or “sense mass”). In the primary and secondary modes, m; and msy represent
the masses of the inner and outer masses, k; and ks are the respective stiffness of the inner

and outer ring suspensions, and ¢; and ¢y are damping coefficients associated with each mass.

The drive frequency of interest is the first resonant frequency of the dual-mass system, as
depicted in Fig. 2.2(b). The two resonant peaks in Fig. 2.2 of the dual-mass system, w; and

Wy, are [72]:

12 72
1 W

DO | —

k 1 ko \>  k
|:W]_2 + (JJ22 + —2:| F —\/<w12 — W22 + —2) + 4—20)22, (28)
mi 2 mq my

where wy =v/k1/my and wy =+/ko/ma.

The drive mass oscillates at the first resonance frequency in response to a drive voltage
provided by the electrodes, and the sense mass follows the drive mass, but responds with
an amplified amplitude. That means the dual-mass system operates in the translational

mode with amplitude amplification at the first resonant frequency along both x- and y-axis,
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Figure 2.3: (a) A dynamically amplified dual-mass vibratory gyroscope fabricated using an
in-house 100 pm SOI process; (b) Nomenclature of a close-up of the quarter of the device.
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Figure 2.4: FEA model of the amplitude amplified dual-mass structure, showing operational
modes along (left) drive-mode direction (x-axis) and (right) sense-mode direction (y-axis).

Fig. 2.4. Thanks to the amplitude amplification, the dual-mass architecture possesses larger
amplitude of response, smaller (more linear) amplitude of actuation, and higher sensitiv-
ity. However, the increase in DOF increases the footprint of the device and therefore its

susceptibility to shock and vibrations.

2.2.2 Design space exploration

Improvement of noise characteristics of DAGs through enhancing the quality factor (Q-
factor) is essential to realize a high-resolution performance. Q-factor is directly related to
sensitivity, power consumption, and noise characteristics [22] that depends on the design
parameters. Scaling of modal resonant frequencies and energy dissipations through Ther-
moelastic Damping (TED) and substrate loss with respect to the operational frequency and
geometry parameters are analyzed using the Finite Element (FE) parametric modal analysis

and presented in this section.
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Num. of ring

Drive mass

Sense mass

Figure 2.5: Schematics of geometry parameters of a DAG architecture. The number and
thickness of the ring suspensions, n., and W,, width of the interconnecting spokes, Wi,
angle between the interconnecting spokes, 6, and anchor radius, r, are indicated on the top
view of the DAG.

2.2.2.1 Effect of DAG Geometry on Modal Frequency Separation

The DAG typically comprises an inner drive-mass attached to a central anchor and connected
to an outer sense-mass by concentric ring suspensions. The main geometry parameters in
the DAG design are illustrated in Fig. 2.5, including the number of outer ring suspensions,
Nout, thickness of the ring suspensions, W,, width of the interconnecting spokes, W, angle

between the interconnecting spokes, 0, anchor radius, r,, and device thickness, W.

Modal frequency separation between the resonant frequency of operational and parasitic
vibrations modes has to be considered during the design of MEMS resonators. A small
frequency separation would result in energy dissipation via nearby spurious modes to reduce

the Q-factor of a MEMS resonator [40]. Fig. 2.6 shows the first six vibration modes of
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Out-of-plane n = 2 mode

Rotational mode
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In-phase tilt mode Out-of-plane mode Out-of-phase tilt mode

Figure 2.6: FEA model of the first six resonance modes of a typical DAG structure. The
in-phase translational degenerate mode, satisfying the dynamical amplification concept, is
preferable to use for rotation sensing due to a higher gain [74].

typical DAG structures anchored at the central stem. For an in-phase translational frequency
of interest, a dual-mass resonator can be obtained from a different combination of design
parameters. The mode separation depends on selection of the geometric parameters. A
parametric FE modal analysis was performed to study the frequency scaling of the spurious
and operational resonant modes, as shown in Fig. 2.7. The result demonstrated a possibility
of achieving a large frequency separation and ordering the resonance modes of a DAG, with
parasitic modes far away from the frequency of the operational mode, to avoid the dissipation

of energy through mode coupling.

2.2.2.2 Effect of DAG Geometry on Thermoelastic Damping

The Q-factor due to Thermoelastic Damping, Q7rgp, in Silicon MEMS resonators is mainly

related to the resonant frequency. The Qrgp of Silicon DAGs were calculated for the in-
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Figure 2.7: Scaling of the resonance frequencies with respect to the geometry of dual-mass
resonators. The order of vibrational modes can switch at certain geometries marked by the
circles. It indicates that the mode order of the operational mode and its closest parasitic
modes changes.
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Figure 2.8: Simulated TED quality factor limit, Q7gp, as a function of operational frequency,
for Silicon DAGs.

phase translational mode from FE simulations using COMSOL Multiphysics. The Qrgp is
plotted as a function of the in-phase translational mode frequency in Fig. 2.8, for a constant
anchor radius of 500 pm, spoke width of 10 um, spoke angle of 45°, ring width of 30 um,
and the device thickness of 100 pm. It was also assumed that the numbers of the inner and

outer concentric rings were both five during the simulation.

The scaling of Qrgp caused by the geometrical parameters is plotted in Fig. 2.9. For a
constant resonant frequency, ring width, anchor radius, and device thickness, Fig. 2.9(a),
the Qrep increases slightly with increasing the number of concentric ring suspension. Fig.
2.9(b), (c), and (d) show the impacts of the ring width, spoke width, and angle between
spokes on the QQ7rp while other parameters were kept constant. The effect of the device
layer thickness on the Qrgp was observed and shown in Fig. 2.9(e). The anchor radius had

a minor impact on the Qrgp, and the results are plotted in Fig. 2.9(f).

2.2.2.3 Effect of DAG Geometry on Anchor Loss

In addition to Qrgp, reduction of the anchor loss is an effective method to increase the

quality factor in the DAGs. Because of the unbalanced force applied to the anchor of the
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Figure 2.9: Scaling of the Q7gp with respect to the geometrical parameters of DAGs.

in-plane translational mode DAG, the anchor loss is highly related to the anchor geometry
and usually smaller than their Q)7gp limit, which becomes the main limitation of the quality
factor. Fig. 2.10 shows the effect of anchor radius on the Qu,chor With a constant operational
frequency and all geometric parameters, including the number of the outer ring suspension,

spoke width and angle, ring width, and the device thickness.

To mitigate the downside and to reduce the anchor loss, we studied the designs with stress
contained both inside of the DAG suspensions and applied to the center anchor. The large
displacement of the mass would create a stress concentration contained inside of the suspen-
sion. The stress would relieve from outer to inner concentric rings and finally reach or apply

to the center anchor. A simulation result of a single mass resonator with 43 concentric rings
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Figure 2.10: Simulated Anchor loss quality factor limit, Q snchor, as a function of the anchor
radius of DAGs.

as its suspension is illustrated in Fig. 2.11(a). The stress contained in each concentric ring
of the suspension decreased from the outer ring to the center ring, as intended by design.
The maximum stress of each ring is concentrated at the area closed to each spoke, which is
the mechanical connection between the rings. Under the 0.5 pm displacement condition, the
maximum stress and the average displacement of each ring are shown in Fig. 2.11(b). The
effect of the gradually decreased stress from the outer to the center rings in the concentric
ring suspension indicates that the minimized stress applied to the anchor could be achieved

by utilizing a large number of rings in the inner suspension design and a small anchor radius.

2.2.2.4 Design Parameters of DAGs

The explored design space in previous subsections provides a set of parameters for the DAG
geometry at the high quality factor and large modal frequency separation of interest. The

analysis of the FE modal simulation results reveals that:

e The modal frequency separation, Qrgrp, and Qunenor scale differently with respect to

resonant frequency and geometrical parameters of the DAG;
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Figure 2.11: (a) Stress contained in a single mass resonator under 0.5 pm displacement
condition with a zoomed-in view on the concentric ring suspension. (b) The maximum
stress and displacement of each ring. The ring number is counted from the outer ring (the
largest ring in diameter) to the center ring (the smallest ring in diameter).

e The number and width of the outer ring suspension, spoke angle, and device thickness

are the main factors impacting the mode ordering of the operational and parasitic

modes and have to be considered during the DAG design;

e The resonant frequency, width of the ring suspension, and spoke angle are the main

factors impacting the Qrgp and have to be optimized during the DAG design;

e Among all geometric parameters listed above, anchor radius and number of inner ring

suspension show a dominant effect on the Qunchor-

Based on the above observations, the different scaling of geometric parameters would allow
achieving a desired Q-factor and operational frequency to mitigate the noise sources in DAGs.

Two optimized Silicon designs of DAGs were presented in this subsection.

The optimized design parameters for increased Q-factor and modal frequency split are de-
signed in coordination with the optimal fabrication parameters to improve yield and reduce
frequency mismatch between drive and sense modes. The parasitic modes, such as tilt and
out-of-plane modes, are all naturally closed to the operational mode. Increasing the mode

splits between operational and parasitic modes to > 1 kHz is first necessary to keep the
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Table 2.1: Design parameters of DAG#1 and DAG#?2 prototypes

Parameter DAG#1 DAGH#2
Operational frequency, f 4.67 kHz 4.68 kHz
Mode split 1.5 kHz 1.3 kHz
QTED 528,000 564,000
Qanchor 1,120,000 1,650,000
Number of outer ring suspension, 7,y 3 5
Number of inner ring suspension, n;, 17 22

Ring suspension width, W, 13 pm 13 pm
Angle between spokes, 0 45 ° 45 °
Spoke width (outer ring suspension), W, 25 um 25 pm
Anchor radius, 7, 225 pm 225 pm
Device layer thickness, W 50 pm 50 pm
Amplification factor 11.6x 21.5x
Total sensing capacitance 13.1 pF 14.8 pF

energy contained in the operational mode and to reduce the energy loss through parasitic
modes. The Qrgp and Qunenor are also optimized to reach levels on the order of >500,000

and >1,000,000, respectively.

To fulfill the above requirements in the DAG designs, the design space was reduced to a
relatively small region. We completed designs and layouts of two DAGs designs, DAG#1 and
DAG#2, shown in Fig. 2.12. The geometric and performance parameters are summarized
in Table 2.1. Both DAGs were designed to have more than 0.5M Qrgp and were projected
to operate at the Qunehor limit, assuming > 1.3 kHz mode split. Besides, the 7 mm footprint
of the devices with carefully designed geometric parameters of the drive and sense masses
were projected to lead to high total capacitances. The parametric drive electrodes were also
included in the designs, which surrounded the sense mass in both sensors, illustrated in Fig.
2.12(a) and (b), enabling the parametric drive capability to further increase the effective

quality factor.

The phenomenon of the stress concentration of the dual concentric ring suspensions can be
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Figure 2.12: Optimized DAG designs for high Q-factor, large mode split, and large ca-
pacitance. (a) Design DAG#1 with 11.6 times and (b) design DAG#2 with 21.5 times
amplification factors.

also demonstrated in the DAGs. Due to the dynamic amplification of displacement between
the two masses, the inner mass will only vibrate in a small amplitude while the outer sense
mass remains in a large amplitude. Hence, the stress of a large displacement of the outer
sense mass will be mainly concentrated in the outer spring and applied to the inner drive mass
instead of spreading the stress into the inner ring suspension and applying it to the center
anchor. The stress concentration of the DAG#2 with amplitude amplified by 21.5x under
0.5 pum displacement condition is illustrated in Fig. 2.13(a). The simulated comparison
results of the stress concentration in the DAG and the single mass gyroscope are shown
in Fig. 2.13(b). There is a sharp decline of the stress between the last ring of the outer
suspension and the first ring of the inner suspension in the DAG. The final stress of the
DAG with a total of 22 rings in the dual-suspension (orange line) is projected to reduce to
50% with the help of 21.5x amplitude amplification compared to the single mass gyroscope
with a 43 ring suspension (blue line). It supports the benefit of stress reduction by utilizing
the dynamically amplified dual-mass structure while avoiding the downside of using a large

number of ring suspensions.
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Figure 2.13: (a) Stress contained in the DAG#2 under 0.5 pm displacement condition.
(b) The maximum stress of each ring of the single mass gyroscope (43 rings), presented in
Fig. 2.11, and the DAG#2 (22 rings) under 0.5 um displacement conditions. The average
element qualities of meshing are all on the level of 0.65 for precise simulation in COMSOL
Multiphysics®. The ring number is counted from the outer ring (the largest ring in diameter)
to the center ring (the smallest ring in diameter).

2.2.3 Fabrication of MEMS SOI DAGs

The designed DAG devices were fabricated using the SOI process, presented in Section 2.3,
with a footprint of 7Tmmx7mm on a 8.7mm X 8.7mm die, shown in Fig. 2.14. The process
used a 4-inch SOI wafer with a device layer of 50 pym, a buried oxide layer of 5 ym, and a
top oxide layer of 1.5 um. After DRIE and dicing, individual dies were attached to 44-pin
ceramic LCC packages and wirebonded for initial gyroscope characterization, as test vehicles

for subsequent evaluation of the TAH concept.

2.2.4 Front-end Electronics

A low-outgassing ceramic PCB was designed and used for front-end electronics, as shown
in Fig. 2.15. The two-stage ultra-low noise transimpedance amplifier circuits were designed

for each sensing channel. The first stage amplification of the gyroscope pick-off signals was
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Figure 2.14: An image of the DAG#1 prototype and a close-up view of a quarter of the DAG
showing the central anchor, dual-mass architecture, concentric ring suspensions, as well as
inner, outer, and parametric electrodes.

executed by dual trans-impedance amplifiers (AD8066) with 200 k2 gain resistors and 2.2
pF capacitors. The outputs of the first stage transimpedance amplifiers were cascaded into
the second stage instrumentation amplifier (AD8429) for differential amplification with a
gain of six. The same instrumentation amplifiers (AD8429) were also used for differential
actuation electronics with a gain of six. AC carrier signal was applied to the DAGs with up
to 4 channels DC tuning voltages to compensate for fabrication imperfections. The electrical
noise was reduced by rejecting a large portion of the power supply noise using low dropout

voltage regulators (TPS7TA3001 and TPS7A4901).

2.2.5 Electrostatic compensation of DAG

Unbalanced suspension springs due to fabrication imperfections are a dominant source of
degrading gyroscope performance and introduce quadrature errors resulting in a frequency
split between operational modes and misalignment of the principal axes of elasticity [110].

The amplitude amplified architecture has a dual-spring suspension system, which is intrinsi-
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Figure 2.15: The balanced low-noise front-end circuit with 2-channel differential drive and
2-channel differential pick-off.

cally challenging to compensate for quadrature errors due to an increased degree of freedom
of the system from two to four. In this section, we implemented a precision electrostatic
frequency tuning method for our dual-mass gyroscope, reported in [111], which involved an

off-diagonal tuning to decouple the operational modes and an on-diagonal tuning to soften

the stiffer mode electrostatically.

The DAG tested had an as-fabricated frequency split (Af) of 17 Hz. To mitigate the
frequency split, an electrostatic compensation was applied along the x-axis, Fig. 5.8. A DC
voltage difference of 7.4 V between TODs1 and TODs2 electrodes, TOD, was first applied
for off-diagonal tuning, followed by a DC voltage of 13.5 V applied on TDs electrodes for on-

diagonal tuning. The frequency mismatch was electrostatically tuned down to <0.1 Hz, Fig.
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Figure 2.16: Configuration of driving, sensing, and tuning electrodes of both the drive and
sense masses of the DAG sensor.

2.17, and the coupling between operational modes was also minimized to reduce quadrature

erTrors.

2.2.5.1 Characterization of DAG

Noises in MEMS gyroscopes have intrinsic and extrinsic origins. The main internal noise
sources in bulk micro-machined gyroscopes with capacitance detection include mechanical-
thermal noise (MTN), electronic thermal noise (ETN), flicker noise (FN), quadrature error,
and parasitic capacitance [112]. MTN and ETN are functions of temperature. FN is a
function of frequency of a feed-through signal from the drive to the sense port. The external
noise signals coupled to MEMS gyroscopes are diverse, and they vary with temperature,
ambient vibration, and pressure within the package. Precision thermal control and vacuum

packaging reduce the external noise sources. The well-designed and balanced front-end circuit

46



T T T T
—slle— 4f=0.1 Hz —— X mode before tuning | |
. A ——X mode TOD=3V
| i ——X mode TOD=7 4V
100 F o ---'Y mode TOD=7.4V |4
bk ____Ymode TOD=74V |]
2 1 & TDs=13.5V
\ 'J Ay
—~ o e 4 s
& ) A& Af=10.5 Hz r .k
é 1 ’./" » % ',’, \\ »
J10F SN T i A E
=} ¥ Bl s
= e T —
? B e P
gl S A
WA, )T -l N
N A
WK,
2| Wk =
107 P R e O
[ Af=17 Hz
1 1 1 1
4330 4335 4340 4345 4350

Frequency (Hz)

Figure 2.17: Frequency response showing an off-diagonal tuning of stiffness, minimizing the
coupling between modes (Af reduced from 17 to 10.5 Hz), and the on-diagonal tuning of
the stiffness, reducing the frequency mismatch to <0.1 Hz.

presented above with low-noise components help to reduce the electronic noise.

The DAG was vacuum packaged with the ultra-high vacuum level on the order of 1e-7 Torr,
[27]. The packaged DAG was assembled on the front-end circuit and tested in a temperature
control chamber mounted on the rate table (Ideal Aerosmith 2102). The employed thermal
chamber with temperature (<0.05 deg fluctuation for 10 hours of recording). Phase-Locked
Loop and Amplitude Gain Control were utilized in the control circuit. The frequency split
was electrostatically tuned down to 0.1 Hz, and 1.2 V,,, AC signal carrier with a frequency
of 225 kHz was applied to the proof-mass. Utilizing advantages of the dual-mass structure
and the parameter optimization, 0.08 deg/hr in bias stability and 0.007 deg/rt-hr in ARW
were experimentally demonstrated for the open-loop angular rate mode of operation. The

root-PSD of the noise characterization is shown in Fig. 2.29.
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Figure 2.18: The PSD of Zero-rate output of the vacuum packaged DAG operated in the

open-loop rate mode.

2.3 Fabrication Process

Based on the TAH shock survival concept and sensor development in the previous sections,
the two fabrication processes are presented in this section. The processes utilize the in-house
developed TWI and glass-reflow techniques to actualize the TAH concept, which includes:
(1) fabrication of a cap stage with out-of-plane electrodes; (2) a modified in-house SOI sensor

fabrication process; and (3) integration of the cap stage onto the gyroscope devices.

2.3.1 Fabrication of TWI Cap Stage

The fabrication process for the TWI cap wafer, shown in Fig. 2.19, includes the following
steps: Step (1): anodic bonding of an 100 pm thick Pyrex wafer to a 500 ym Si wafer; Step
(2): 10% HF wet etching for thru-wafer interconnects (TWI) with 200 nm Au layer as a
hard mask; Step (3): E-beam metalization and patterning of Cr/Au on both sides of the cap

wafer, which serves as top wire-bonding paths and bottom bonding pads; Step (4) and Step
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(5): Deep Reactive Ion Etching (DRIE) of Si on the cap wafer to create out-of-plane gaps
(3 um) and to insulate electrodes. The resulting TWI cap wafer contains the out-of-plane
electrodes to trap and hold the device’s proof-mass against shocks and at the same time to

provide the electrically insulated locking area.

The fabrication process of MEMS sensors wafer is basd on our standard in-house SOI process,
Step (II-IV) in Fig. 2.19. An additional step, Step (I), in the process is required for bonding
of the cap stage to the device: deposition of a Cr/Au layer as bonding pads. The SOI wafer,
which was used for fabrication of devices, consisted of a 50 um thick Si device layer, a 500
pm thick handle wafer, and a 5 pm thick buried oxide layer between them. In Step II, the
positive Shipley 1827 photoresist and conventional contact lithography were used to define
the sensor features on the top oxide layer. In Step III, DRIE etching of the device layer was
then performed in a STS DRIE system with the top oxide layer as the hard mask, followed

by a HF release step using an Idonus Vapor Phase Etcher at 49°C, in Step IV.

The cap wafer was bonded to the SOI wafer using Au-to-Au thermo-compression bonding
process in a AML-AWB 4”7 wafer bonder allowing less than 20 ym between-wafer misalign-
ment in the horizontal direction, Fig. 2.1. The wafer-level bonding process is presented in
Appendix A.5. A prototype of TAH integrated with a DAG contains a total of 8 out-of-plane
electrodes for TAH and a central opening to access in-plane electrodes on the device layer,

necessary for the gyroscope operation, Fig. 2.20(a).
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Figure 2.19: The reported fabrication process for implementation of a gyroscope with TWI
out-of-plane TAH electrodes.

2.3.2 Fabrication of TGV Cap Stage

An improved fabrication process for the cap stage is also demonstrated in this section,
illustrated in Fig. 2.22. The process forms a cap wafer defining Through-Glass-Vias (TGVs)
intended for both in- and out-of-plane electrodes and vacuum packaging of the device wafer
on the wafer-level. The in-house glass reflow process is developed and presented in Appendix
A.5. The demonstration shows a full gap glass filling in 300 um depth Si trench, illustrated
in Fig.2.21.

The process starts with DRIE Si etching of 500 pum thick silicon wafer to a depth of 250
pm, which is a 100 mm in diameter, <1-0-0> orientation, and 1-5 Ohm-cm resistivity, in
Step (a); Step (b): anodic bonding of the etched Si wafer to a 250 um thick Borofloat® 33

glass wafer with AML-AWB 4”7 wafer bonder under pressure <1 mTorr to create vacuum in
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Figure 2.20: (a) A prototype of the dual-mass gyroscope bonded to the cap stage with thru-
wafer interconnects serving as in-situ shock survival mechanism. (b) Close-up of a quarter
of the amplitude amplified dual-mass device.

the encapsulated cavities; Step (c): 4 hours long glass reflow in a 850 °C annealing furnace;

Step (d): lapping of the bonded wafer from the glass side until Si surface is exposed; Step
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Figure 2.21: The cross section of 300um deep vertical glass reflowing in Si wafer.

(e-g): top and bottom metallization and patterning (500 nm Au with 50 nm Cr) for wire
bonding pads (top) and Au-to-Au bonding pads for thermal compression bonding (bottom);
Step (f): DRIE of backside Si to create out-of-plane gap of 3 pm; Step (h): etch through the
remaining 250 pm Si to insulate TGVs. The fabrication process of SOI device wafer with

Au bonding area for encapsulated device and the results of SOI wafer are shown in Fig.2.23.

The process was successfully implemented for forming the cap wafer, shown in Fig. 2.24(a)
and (b), allowing for a dust-free and ultimately for an in-vacuum operating condition, in ad-
dition to providing electrical interconnects. Fig. 2.24(c) illustrates the assembly of the cap
stage to a metallized DAG, Fig. 2.24(a) bottom, using Au-to-Au thermal compression bond-
ing. Initial characterization of the cap stage with a DAG was performed on a probe station
under atmospheric pressure. Frequency sweeps of inner and outer masses were characterized
using a Zurich lock-in amplifier, Fig. 2.25. The experimental test verified an operation of

the 4 DOFs structure with 16 functional in-plane TGV electrodes.
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g) Back gold deposition for bonding pads

h) Etching through 5i for electrical interconnects (d)
(a)

Figure 2.22: The improved fabrication process for dust-free cap wafer with integrated in-
and out-of-plane Through-Glass-Via electrodes.
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1) Etching Oxide for in-plane electrodes and gyro

2) Deposition of top bonding Au pads

(b)

3) Gold deposition on back side

4) STS etching through Si for devices

5) HF releasing devices

(a)

Figure 2.23: (a) SOI wafer in-house fabrication process for encapsulated device; (b) a SOI
wafer after DRIE etching, Step (4), with the top bonding Au; (¢) a zoomed-in view of a SOI
device with Au bonding pads for in-plane electrodes and vacuum sealing.

2.3.2.1 Improvement of TGV Cap Wafer Fabrication

Based on the proposed TGV fabrication process, a simplified process utilizing Au-to-Si eu-
tectic bonding instead of Au-to-Au thermocompression bonding is presented. This new
approach is expected to improve the yield of the wafer-level vacuum packaging. The steps

of the new silicon-in-glass process are shown in Fig. 2.26.
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Out-of-plane electrode

Wire bonding pad TWI for in-plane

TWI

Insulation
Glass

Au-to-Au Thermocompression bonding

Insulation gap Au-to-Au thermal
compression bonding
(b)

TWI for in-plane Thermal sensor

electrode ¢

Out-of-plane electrode

In-plane electrode

I:> I

Dual-mass

(c)

Au-to-Au Thermocompression bonding
(a)

Figure 2.24: (a) Thermal compression bonding of the cap stage (top) to a metallized DAG
(bottom). (b) The back side of the cap stage. Glass on the front side, (a) top, provides
mechanical integrity to the structure and the 500 nm Au layer on the back side defines as
the bonding pads. (c¢) Schematic diagram of the packaging process for device encapsulation.
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Figure 2.25: Frequency sweeps of (a) outer sense mass and (b) inner drive mass of the
DAG prototype in X and Y directions, tested under atmospheric pressure. The device was

encapsulated using the process described in Fig. 2.22

In Fig. 2.26 Step (d), the cap wafer was lapped until about 20 pum glass layer remained,

which protects Si bonding area from scratching, followed by HF etching of glass. The thin
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a) Etching 320 um deep cavity in Si wafer d) Lapping

&) HF etching of glass to expose Si surface

f) Au deposition and pre-etching 4 um of Si

b) Anodic bonding of 300 um borosilicate wafer
under <1mT pressure

c) Glass reflow at 850C for 4 hours g) Etching through Si for electrical interconnects

Figure 2.26: The new TGV cap wafer fabrication process for wafer-level encapsulation of
devices.

glass layer was removed until the Si surface was exposed, in Fig. 2.26 Step (e).

The new TGV cap wafer fabrication process is compatible with our standard in-house SOI
sensor fabrication process, Fig. 2.27(a). Fig. 2.27(b) shows the final step of the wafer-level
Au-to-Si eutectic bonding of the new cap wafer to the SOI device wafer in the AML wafer
bonder under low pressure. The side with metalization will be facing the SOI sensor, creating

a spacer for protecting sensor’s proof-mass.

2.4 Evaluation of TAH Mechanism

2.4.1 Experimental Setup

A prototype with bonded DAG to the cap stage, Fig. 2.20(a), was attached to a LCC package

and mounted on the front-end circuit board presented in Section 2.2. An accelerometer,
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In-plane electrode Out-of-plane electrode

1) Open Oxide for in-plane electrodes and gyro
and gold deposition on backside

I-I Il I
4) Au-to-Si Eutectic bonding in AML for vacuum
.-III-IIIII it
3) HF release
(a) (b)

Figure 2.27: (a) In-house SOI sensor fabrication process. (b) Schematic diagram of the final
step in device encapsulation.

2) DRIE device layer

ADXL356, was affixed on the backside of the front-end circuit to measure the shock applied
to the board, and thus the tested gyroscope. The configuration was tested in a vacuum
chamber assembled on a rate table, which was harmonically driven at an amplitude of 3.75
deg/s. The gyroscope was operated in an open-loop rate mode along the sense axis with
Phase-Locked Loop and Amplitude Gain Control Loop stabilization along the drive axis. The
device was excited at its 3.6 kHz in-plane operational frequency, defined as the gyroscope’s
Normal Operation mode. The gyroscope had an as-fabricated frequency split of 14 Hz, which
was tuned down to 1 Hz using the electrostatic compensation method described in [111]. The

quality factor of the device was 110k with 11x amplitude amplification.

As a preliminary demonstration of the concept, shocks were applied from outside of the
vacuum chamber by a lightweight shock inducing hammer. The shock was transferred from
outside to inside of the chamber reaching the front-end circuit with some energy loss, and
the transferred shock was measured by the accelerometer attached to the circuit board. Due
to safety concerns and for protection of the experimental equipment, the maximum within-
chamber shock was limited to about 5g. Nonetheless, bg shock was sufficient to induce

sensor drifts and alter the fundamental characteristics to the degree where re-calibration of
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Figure 2.28: Initial demonstration of the TAH strategy on a DAG prototype. Orange line is
the measured response from the gyroscope; blue line represents read-outs from the reference
accelerometer monitoring the events of shock.

the sensor would be required. Notably, during our experiments, detrimental collisions of
electrode structures occurred due to shocks as low as 3g, since the design utilized a larger

proof-mass and low operational frequency to achieve a high sensitivity of operation.

2.4.2 Experimental Results

The prototype was in the Normal Operation mode with an initial measured sensitivity to
rotation of 0.73 mV /dps (Fig. 2.28, from 0 to 25 sec). At 25 sec, an out-of-plane electrostatic
trapping force was applied, driving the proof mass at its out-of-plane resonance of 1.91 kHz
to lock and immobilize the structure, activating the Shock-Lock mode. Then, the rotation
stimulus was removed (Fig. 2.28, from 30 to 50 sec), followed by few in-plane shocks up to
4.5g with 8 msec half-sine duration (Fig. 2.28, from 40 to 45 sec). After releasing the proof-
mass (Fig. 2.28, from 53 to 60 sec), the device returned gradually to its neutral position
and continued its normal operation with the sensitivity of 0.72 mV /dps, until the end of the
duration of 130 sec. The process was repeated multiple times. The Angle Random Walk
(ARW) and in-run bias instability (IrBS) characteristics, before TAH and after repeated

TAH operations, are shown in Fig. 2.29. The measured ARW before the shock was 0.048
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deg/rt-hr and IrBS was 0.6 deg/hr. The after-shock measured ARW was 0.0483 deg/rt-hr
and the measured IrBS was 0.69 deg/hr. A slight deviation in bias instability is explained

by uncompensated variations in temperature during experiments.
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Figure 2.29: The Allan Deviation of the DAG prototype (tested in a vacuum chamber) in
the open-loop operational mode before and after TAH.
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Figure 2.30: The experimental illustration of the gyroscope response to a harmonic excitation
amplitude of 3.75 deg/s before and after in-plane shocks. Orange line is the measurement of
gyroscope’s response; blue line is the output of the reference accelerometer.

For comparison, the same characterization procedures were repeated on the same gyroscope
without switching to Shock-Lock mode before the events of shock, Fig. 2.30. Due to the low

operational frequency, the output signal convulsed for the duration of excitation (Fig. 2.30,
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from 70 to 85 and from 150 to 170 sec), and the sensor was not able to recover its performance
after the events of shock (Fig. 2.30, from 85 to 130 and from 180 to 240 sec), emphasizing

the relevance of the TAH concept for augmenting shock performance of gyroscopes.

2.5 Conclusion

The Trap-and-Hold (TAH) mechanism as an add-on shock survival strategy was demon-
strated to improve the gyroscope’s shock survivability while preserving its noise characteris-
tics. To demonstrate the approach, a new type of MEMS Dynamically amplified dual-mass
gyroscope (DAG) is designed for illustration purposes. In designing a DAG, the frequency
scaling of the operational and non-operational (parasitic) resonant modes must be taken into
account to prevent the energy dissipation through the nearby resonant modes and reduce
the noise cross-coupling sensitivity. The effect of the DAG operational frequency and ge-
ometry parameters on Qrgp and Qunenor Was also revealed in the chapter. Thus, geometry
optimization is an essential step in the design of DAGs to achieve both high Q-factor and
larger mode split to achieve the high resolution CVG operation. The explored design space
provided a set of parameters for the DAGs, which were fabricated and experimentally char-
acterized using the in-house developed low-noise front-end circuit. A 0.08 deg/hr in in-run
bias stability and a 0.007 deg/rt-hr ARW in the open-loop rate operation mode was then
demonstrated. Utilizing a proposed fabrication process with a through-wafer-interconnects,
the TAH strategy was then evaluated on a DAG. The Gyroscope switches from its existing
operational mode to survival mode and is stabilized by out-of-plane snapping and holding
sensors proof-mass during events of shock while preserving its noise characteristics before
and after shocks. Additionally, we described a process for dust-proof cap stage with exper-
imentally demonstrated electrical interconnects with both in- and out-of-plane TGVs using

an in-house glass re-flow process.
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Chapter 3

Fused Silica Dual-Shell (Gyroscopes

Three-Dimensional Fused Silica (FS) micro-Hemispherical Resonator Gyroscopes (micro-
HRGs) with remarkable structural robustness are good candidates capable of providing con-
tinuous high-precision gyroscope operation through extreme environmental variations, such
as high-g shock and vibrations [16]. Toward realization of precision gyroscope measurements,
this chapter reports on developments of Fused Silica (FS) Dual-Shell Gyroscopes (DSGs), a
version of micro-machined HRG, in presence of fabrication imperfections. The technologies
of structural asymmetry compensation in micro-HRGs are first discussed in Section 3.1. The
FS DSG is then introduced in Section 3.2 and Section 3.3, describing the fabrication pro-
cesses of the dual-shell structure, followed by a description of the Thru-Glass-Vias (TGVs)
interconnects substrate along with the integration procedure. An electromechanical model
of an integrated DSG system is presented in Section 3.4, capturing the structural asymmetry
of the dual-shell layer, parasitics of interconnects, and assembly errors. An electrostatic fre-
quency compensation algorithm of the n = 2 and n = 3 wineglass modes is also developed in
the same section. An assembly error identification method is developed to support the usage
of the tuning algorithms and is validated experimentally on a DSG prototype, followed by

demonstrations of gyroscope operation in Section 3.5 and Section 3.6. Finally, the chapter

61



is concluded with Section 3.7.

3.1 Introduction

Three-Dimensional macro-scale Fused Silica (F'S) Hemispherical Resonator Gyroscopes (HRGs)
have demonstrated high structural symmetry, low mechanical energy losses, and remarkable
structural rigidity, [50], with better than the navigation-grade gyroscope performance [16].
The success of FS macro-shell structures has inspired developments of 3D micro-machined
HRGs (micro-HRGs) for extreme reduction of size and production cost, while preserving
all benefits of HRG, including the environmental robustness and high accuracy operation
as MEMS Coriolis Vibratory Gyroscopes (CVGs) [49, 113]. Conventionally, structural sym-
metry of HRGs is achieved through a combination of high precision macro-machining and
post-process trimming [16]. However, for micro-scale devices the conventional approaches
are typically not available or restricted due to the nature of lithography-based manufactur-
ing and extremely small size of samples. To achieve a high structural symmetry, i.e. low
frequency mismatch, for realization of navigational-grade performance in miniaturized HRGs
is an ongoing research topic. Compensation of asymmetry in HRGs is essential for reduction
of the frequency split to lower the fundamental noise sources in CVGs, including mechanical

thermal noise and electrical noise [20], thus improving the in-run noise characteristics.

Fabrication of 3D F'S wineglass resonators typically involves a wafer-level Micro-glassblowing
technique. In this process, a FS wafer is first etched by hydrogen fluoride (HF) to create
cavities for glassblowing. Then, it is bonded with another F'S wafer to seal the cavities. The
bonded wafer stack is placed in the high-temperature furnace for glassblowing. This approach
takes the advantage of pressure difference and surface tension driven plastic deformation of
the FS wafer to form 3D symmetrical micro-shell structures. Finally, a mechanical release

procedure, such as mechanical lapping and Chemical-Mechanical Polishing (CMP), [34, 79],
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FS dual-shell structure

Cap shell (fixed)

Metallized device shell
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Eutectic bonding area S \GSignall/O

Figure 3.1: Schematics of a 3D Fused Silica Dual-Shell Gyroscope, fabricated using the
micro-glassblowing technique and assembled on a F'S planar electrode substrate with Thru-
Glass-Vias (TGVs). Bonding of the cap shell and the central stem to a substrate is performed
in a single bonding step and forms a fixed-fixed double-ended anchor for the inner vibrating
shell (the sensing element).

is conducted after the blowing in order to release the devices. However, imperfections during
the processes can introduce structural asymmetry, i.e. frequency splits and deformation of
mode shapes. These imperfections are caused by a non-uniform temperature distribution
during the glassblowing process, misalignment between the ideal and actual lapping planes
during the release step, and variation of the device layer thickness created during the HF
wet etching [82]. The imperfections induced by processing result in frequency and damping
mismatches and quadrature coupling between the operational mode pairs, which not only
degrade the gyroscope sensitivity, but also contribute significantly to the noise sources of a

micro-HRG, thus impacting the random noise errors, bias instability, and dynamic range.

Most methods of matching the operational modes of micro-shells are based on a post-
processing mechanical trimming of the structure by means of selectively removing material
from the vibrational element, such as using a high resolution micro-ultrasonic machining [87],

ion-beam etching [88], chemical etching [89], or directional lapping [82]. Frequency split re-
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duction from a few tens of Hz to sub-Hz have been demonstrated in many applications using
these techniques. However, such passive tuning methods are mainly limited by calibration

accuracy in a laboratory environment.

To enable operation of a micro-shell as a resonator or a gyroscope, a conductive layer on
the sensing element is needed to electrically bias the proof-mass, in cases when electrostatic
actuation and detection are used. The micro-hemispherical shell is also required to be rigidly
assembled on a substrate for electrostatic operation utilizing either in-plane peripherally
distributed electrodes [99] or out-of-plane planar electrodes [76], as illustrated in Fig. 3.1.
Unlike in conventional Silicon MEMS devices, in which the electrodes are co-fabricated
with the sensing elements and capacitive gaps are defined relatively uniformly on the same
plane using photo-lithography and etching, assembly misalignment of micro-HRG at any of
the six degrees-of-freedom (DOF) of the position and orientation relative to the substrate
would lead to uneven capacitances of the micro-shells and angular mismatches between the
principal axes of elasticity of operational modes and directions of electrostatic forcers and
pick-offs defined by the electrode substrate [114, 115]. Therefore, in addition to accounting
for fabrication imperfections of micro-shells, many other factors, including assembly errors
[116], non-uniformity of metallization [117], and parasitics of interconnections [58] may also
influence symmetry and result in a more complex electromechanical system compared to
a more conventional planar MEMS sensor. The asymmetry impacts sensitivity of motion
detection, mechanical energy losses, stiffness adjustment, and the gyroscope’s overall noise
performance [118]. The asymmetry needs to be compensated to achieve a mode-matched, or
near-mode-matched, operation, which is desirable for precision detection of angular rotations

and ability to measure rotations in a wide range of angular velocities.

The passive mechanical trimming techniques described above are often not applicable or re-
stricted to three-dimensional (3D) micro-HRG sensors. In [119], a femtosecond laser ablation

was used to trim assembled T-masses of micro-HRGs. However, the re-deposition of ablation
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debris can potentially cause the proof mass to stick to the substrate or limit the amplitude

of vibration. This approach is typically not available for a broad class of micro-HRGs.

In contrast to the mechanical trimming, electrostatic tuning is a common active-tuning
method to compensate for frequency splits in MEMS gyroscopes by utilizing non-linear
electrostatic forces to selectively modify the effective stiffness of a certain operational mode.
In the assembled micro-HRG type of sensors, the non-uniform capacitive gaps caused by
misalignments during integration step of the sensor and substrate would lead to uneven
electrostatic forces, and thus impact the effectiveness of electrostatic stiffness adjustment and
increase the amplitude of tuning voltages necessary to achieve a mode-matched gyroscope
operation [116]. Increasing the tuning voltage amplitude would also introduce non-linear
dynamics in the device and result in the amplitude-frequency coupling, which would degrade
the gyroscope’s noise performance [86, 120]. To allow for reduction of tuning voltages and
achievement of high accuracy electrostatic compensation, the impact of assembly errors has
to be precisely considered in the tuning algorithm, and an error identification method for a

micro-HRG system is necessary.

The FS Dual-Shell Gyroscope (DSG) is a version of micro-machined HRG, disclosed in
[121], which adopts a two-layer shell structure to form a double-ended anchor architecture
to increase the bonding area, reduce the anchor stresses, and improve structural robustness,
compared to a single stem HRG-type of shell resonator [94], making the sensors potentially
robust for operation in harsh environments, Fig. 3.1. It consists of an inner device shell
as the sensing element for rotation measurements, an outer cap shell for the top anchor
and packaging, and a central stem for the botom structural support of the sensor shell. In
addition to the rugged structure due to the double-sided anchor, the inner device shell utilizes
the low stiffness degenerate modes of vibration, such as the n = 2 and n = 3 wineglass modes,
allowing to potentially achieve a high sensitivity angular rate or direct angle measurements.

A substrate with out-of-plane electrodes as well as inner and outer bonding areas, Fig. 3.1,
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are used for integration with the dual-shell structure for capacitive detection and actuation

[76).

While isotropic gyroscopes, such as micro-HRG, have many operational advantages, achiev-
ing and maintaining structural symmetry is a challenge. The structural asymmetry of an in-
tegrated DSG was initially analyzed in our previous study [115]. An algorithm was developed
and briefly reported in the chapter on how to electrostatically compensate the fabrication
imperfections, capturing the impact of assembly errors. To enable a precise compensation
of imperfections in DSGs, the asymmetry caused by the integration has to be identified.
The identification procedure was not discussed on our previous studies, to fulfill the gap,
this chapter develops a method for identification of assembly errors and presents a frequency

tuning algorithm derived from a detailed electromechanical model.

3.2 Dual-Shell Gyroscope Architecture

The triple-stack micro-glassblowing technique has been developed as an approach to fabricate
F'S dual-shell resonators, reported in [51]. Using this approach, cavities were pre-etched on
the cap and device wafers of fused Silica in the isotropic wet etching process using the HF
solution. Then, the cap and device wafers were aligned and bonded to the substrate wafer
before the glassblowing step. This chapter introduces a modified process, illustrated in Fig.
3.2. The modified process avoids HF etching of the device layer, which is anticipated to
improve the surface quality of the device shell. This is accomplished by pre-etching the cap

and substrate layers before the device layer is added via plasma-assisted F'S to FS bonding.

High-purity FS wafers (Corning HPFS®7980) with the initial thicknesses of 500 pm, 200
pm, and 2 mm were used in fabrication as the cap, device, and substrate layers, respectively.

A layer of 2 um undoped poly-silicon was deposited as a hard mask on the cap wafer,
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Figure 3.2: Process flow for F'S dual-shell architecture fabricated using a glassblowing tech-
nology, performed at 1550 °C. The substrate is removed and planarized by lapping and CMP
for subsequent characterization. The surface roughness of the polished surfaces is on the or-
der of 0.3 nm [49].

Step (a), and the substrate wafer, Step (b), for wet-etching. The cap and substrate wafers
were then time-etched isotropically using HF acid (48 wt.% in water solution) to create
cavities. After the poly-silicon hard mask was removed, the triple-stack wafer bonding
process was executed using plasma-assisted direct bonding, Steps (c¢) and (d). An array
of aligned cavities were diced, and the glassblowing process was performed individually for
each die in a Rapid Thermal Processing (RTP) furnace at 1550 °C. Using the process on the
die-level is optional, and the process is compatible with the wafer-level batch fabrication.

Without any loss of generality, the subsequent process steps of assembly are described on
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Figure 3.3: (Left) A glassblown dual-shell structure, fabricated using the proposed triple-
stack wafer bonding and high temperature glassblowing processes. (Right) An exposed
upside-down view of a released dual-shell resonator after the substrate removal showing the
central stem, outer cap shell, and movable inner device shell.

the die-level. Fig. 3.3(left) illustrates a FS dual-shell structure after the glassblowing. It
consists of an inner shell, an outer cap shell, and a central stem. The inner device shell
of the DSG was released as the sensing element using a parallel back-lapping step utilizing
the Allied HighTech MultiPrep”™™ polisher, Step (f). An upside-down view of a dual-shell

prototype after completing Step (f) is presented in Fig. 3.3(right).

Ideally, the micro-glassblown dual-shells would be manufactured perfectly symmetric, but
this is not realizable in practice. Fabrication imperfections are induced by misalignments be-
tween the cap, device, and substrate wafers during the bonding, temperature non-uniformity
in the furnace during glassblowing, and the offset between the dual-shell and the lapping
plane during the release. These sources of imperfections result in mismatches of operational
frequencies and shift in the principal axes of elasticity. The lab methods for identification
of structural imperfections of micro-shell sensors before metallization are often conducted
using mechanical shakers, such as a piezo-stack shaker, for excitation and optical vibration

sensors, such as a laser Doppler Vibrometer (LDV), for detection [98].

For illustration purposes, two DSG prototypes with different geometries and sizes were man-

ufactured and used as test vehicles in this chapter. The DSGs were characterized in a vacuum
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Table 3.1: Experimentally measured parameters of DSG prototypes

Design parameter DSG#1 DSG#2
Resonant frequency 7.93kHz  13.4kHz
Frequency split, Af 8.2Hz 48Hz
As-fab. Q-factor, X-axis 760k < 50k
n = 2 mode As-fab. Q-factor, Y-axis 680k < 50k
Metalized Q-factor, X-axis 455k < b0k
Metalized Q-factor, Y-axis 372k < 50k
Principal axis of elasticity — 2° -5°
Resonant frequency 15.7kHz  30.6kHz
Frequency split, Af 17.5Hz 30.5 Hz
As-fab. Q-factor, X-axis 1.61M 1.38M
n = 3 mode As-fab. Q-factor, Y-axis 1.56M 1.45M
Metalized Q-factor, X-axis 961k 976k
Metalized Q-factor, Y-axis 836k 985k
Principal axis of elasticity —-8.3° -11°
Total height of dual-shell 3.5 mm 4.5 mm
Stem radius 0.31 mm 0.48 mm
Inner shell radius 3.4 mm 4.2 mm
Outer shell radius 39 mm 5.2 mm
Rim thickness 70 pm 130 pm
Footprint 13.8 mm 13.8 mm

chamber under pressure on the order of 1 pTorr using the LDV setup with piezoelectric ex-

citation. The frequency splits and orientations of the principal axes of elasticity of the n =

2 and n = 3 modes were identified, Table 3.1. The as-fabricated Q-factors along with other

geometric parameters are also listed in Table 3.1.

3.3 Integration with Electrode Substrate

Electrostatic capacitive excitation and detection schemes were implemented in FS DSGs

based on the concept of out-of-plane electrodes for excitation of in-plane wineglass modes [91].

To provide a large bonding area and enable electrostatic detection and actuation, a planar

electrode substrate with through-wafer-interconnects (TWIs) was designed for integration

with release sensor shells (discussed in Section 3.2). Many methods for realizing high density
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a) Deposition of 2um LPCVD doped Polysilicon hard masks

b) Polysilicon hard masks etching for Thru-glass vias

c) Thru-glass-vias etching in HF

d) Capacitive gap and bonding area etching in HF
e) Polysilicon hard masks removal and corners smoothing

f) Metal coating front and back sides

g) Patterning metal layer for bonding and electrical paths
Shadow mask

)  onb e

h) Metal coating on TGVs using shadow masks

Figure 3.4: Process flow for FS TWIs electrode substrate using Thru-Glass-Vias (TGVs).
The TGVs, out-of-plane capacitive gap, and bonding areas were wet-etched in HF solution.
The designated electrical paths and bonding areas were coated with Cr/Au for sensor actu-
ation and eutectic bonding.

and low parasitic TWIs were widely explored in recent years, such as electroplated copper
vias, [58], magnetically assembled nickel wires [59], and Thru-Glass-Si vias [60]. Instead of
filling the vias using either metal or silicon materials, depositing or electroplating conductive
metal layers on sidewalls of vias on a glass substrate wafer can significantly simplify the
fabrication process and minimize parasitics of interconnects [122; 61]. The technique was

adopted in fabrication of planar electrode substrates for DSGs and presented in this section.
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Figure 3.5: Images of the front- and back-side of a TGV planar electrode substrate. The
eutectic bonding areas (outer frame and central anchor) and electrical paths are coated with
Cr/Au thin films.

3.3.1 Fabrication Process

The TWIs and out-of-plane planar electrodes of the substrate are created by wet-etching
TGVs in FS and selectively sputter-coating metal to create conductive layers on both, sur-
face of the substrate and sidewalls of the vias. The simplified wafer-level fabrication process,
presented in Fig. 3.4, produces high density, low parasitic interconnects with minimal mis-
match of the thermal expansion coefficients between the electrode substrate and the resonator

[76).

As shown in Fig. 3.4, the wafer-level fabrication of the TGV electrode substrate started
with a 500 pm thick 4-inch diameter F'S wafer, coated with 2 pum LPCVD doped poly-silicon
layers on both sides in preparation for isotropic wet etching, Step (a). AZ P4620 photoresist
layers were spin-coated on both sides of the FS wafer to pattern the poly-silicon hard masks
for TGVs. The process was performed in a Surface Technology System (STS) Inductively

Coupled Plasma (ICP) system, Step (b). After the photoresist layer was removed, the FS
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wafer was time-etched to remove 250 pum from both sides in an HF 48% solution to define
the TGVs, Step (c). Using another layer of photoresist, the patterns of the central and outer
bonding areas for the fixed-fixed anchor architecture of the dual-shell sensor were defined on
the poly-silicon hard mask on the top side of the F'S wafer. The FS wafer was then wet-etched
to create 40 um cavities to reduce the capacitive gaps between the rim of the inner device
shell and the planar electrodes, Step (d). Using a KOH solution, the poly-silicon hard masks
were removed completely, and then the FS wafer was dipped in an HF 48% solution for
about 5 minutes with stirring to smooth out all corners and sharp angles prior to the metal
coating, Step (e). The conductive layers of 30/300 nm Cr/Au were deposited on both sides
of the F'S wafer using the Denton DV-502M sputter coater, Step (f). The metal layers were
then patterned photo-lithographically for the central and bonding frame areas, out-of-plane
electrode pads, and electrical traces, Step (h). Finally, another metallization with 5 nm Cr
and 50 nm Au was selectively deposited on each side of TGVs using two shadow masks to
improve the yield of TGVs, Step (g). The front and back sides of a TGV electrode substrate

are illustrated in Fig. 3.5 with an array of 24 planar electrodes.

3.3.2 Gyroscope Assembly

Metallization of the 3D FS dual-shell resonator is required for electrostatic operation and
eutectic bonding, shown in Fig. 4.1. A Cr/Au metal layer with the desired thickness was
first used to selectively coat the sensing element, which is the inner sensor shell. The bonding
frame and the central anchor were then coated with 50 nm Cr and 500 nm Au for Au-to-Au
eutectic bonding with the TGV electrode substrate. The assembly process of the metallized
dual-shell structure onto the TGV substrate is illustrated in Fig. 3.7. The eutectic bonding
process was performed in a reflow chamber at 375 °C. A graphite fixture was used to center
the dual-shell structure and substrate, and spacer shims were aided to control the capacitive

gap during the assembly.
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Device shell (2/8 nm Cr/Au) Stem (500nm Cr/Au)

Figure 3.6: Illustration of an upside-down view of a dual-shell resonator metal-coated for
conductivity and eutectic bonding before its assembly with an electrode substrate. The
resonator was sputter-coated with 2/8 nm Cr/Au, while the bonding frame and the central
stem were coated with 50/500 nm Cr/Au layer using a shadow mask.

Cap shell
Devics shol FS dual-shell sensor

/

_~

_—
_—

~ Solder preform

Figure 3.7: Schematic diagram of the assembly process for metallized FS dual-shell gyro-
scope.

Fig. 3.8 shows the two assembled F'S dual shell gyroscope prototypes (DSG#1 and DSG#2)
with different geometries, bonded on two TGV electrode substrates using the proposed

method and electrostatically characterized. The DSGs were coated with 2 nm Cr and 8
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Double-ended anchor Metalized device shell

Cap shell Planar electrode

Thru-glass-via \ Eutectic bonding
(a) DSG#1
Double-ended anchor Metalized device shell

Planar electrode Cap shell

Thru-glass-via N\ Eutectic bonding
(b) DSG#2

Figure 3.8: The assembled FS Dual-Shell Gyroscope prototypes (DSG#1 and DSG#2 in
Table 3.1) with out-of-plane TGV electrode substrates fabricated by the proposed process
flow.

nm Au for sufficient conductivity with a minor impact on DSGs’ noise performance based
on the experimental results on selection of optimal thickness of metallization presented in

[118]. The quality factors after metallization were measured and are presented in Table 3.1.
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3.4 Electrostatic Compensation

The imperfections and structural asymmetry of DSGs result in a frequency split (Af) be-
tween each mode pair and influence the mode shapes of the resonator [82]. These are the
dominant first-order factors that degrade gyroscope performance. These symmetries can be
compensated, for example, electrostatically. The assembly misalignment due to the inte-
gration step leads to an uneven capacitance gap between the rim of the sensor shell and
electrode substrate [102], and has to be considered. In order to fully understand the impact
of assembly errors on the electrostatic compensation of DSGs, an electromechanical model

is developed in this section.

To simulate dynamics of an asymmetric DSG, a 2-DOF lumped mass-spring-damper model

was used. The equation of motion in the matrix form can be represented as

Ty Ty Ty on
+ B + A - , (3.1)

S
n?

where n denotes, in our case, the operational mode of either n =2 orn = 3. =, y;, and

on are the displacements and forces along the principal axes of elasticity for each mode pair
(X- and Y-axis) in the shell coordinate frame, illustrated in Fig. 3.9. Mismatches between
the principal axes of elasticity and damping are typically small and are neglected in the

model. Hence, B; and A} are 2 x 2 matrices describing the damping and elasticity terms

of the corresponding mode of the DSG after metallization, which are given as, [123],

2zn 0 w? 0
B = , A = , (32)

n n

0 2uyn 0 w

where fi,,,; and fi,,, and wy, and w,, are the damping coefficients and resonant frequencies

along the X- and Y-axis of each mode pair.
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Rim of the device shell

Figure 3.9: Mechanical model of DSG, defining the axes in shell coordinate frame: the
principal axes of vibration of n = 2 and n = 3 mode pairs, x] and y;, and the directions of
electrostatic forcer and pick-off electrodes applied by the electrode substrate, x,, and y,,.

For the integrated DSG system shown in Fig. 3.10, the main assembly errors include the
inclination between the line connecting the base of the resonator and the surface of the
substrate, ¢; the misalignment between centers of the dual-shell and electrode stage in the
x-y plane, Az and Ay; and ¢}, the azimuth angle in the shell’s coordinate frame between
the point of minimum gap from the shell to the substrate (¢), the center of the shell (zf, y;),
and the defined X-axis of the electrode substrate (X.). Additionally, 6, and 6,3 are the
angular misalignments between the principal axes of elasticity of the n = 2 and n = 3 modes
with the electrode coordinate frame, X, and Y,. In order to capture the assembly errors in
the dynamics and include the compensation terms of the integrated DSG, described in Eq.

3.1, it is rewritten in the matrix form as, [115],

+ B, + (Ap — Aen) = , (3.3)
Un Un Yn fyn

where B,,, A,, and A,, are 2 x 2 matrices describing the damping, elasticity, and anisoelas-
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Figure 3.10: The assembly errors of DSG: (a) 6 and go are the inclination and vertical offsets;
J is the point where the gap between the shell and the substrate, Agn, is minimum. (b)
(20,Y0), Xe, Ye are the center coordinates and the X- and Y-axis in the substrate frame;

(x5, Yh), Xs, Ys being the equivalence in the shell coordinate frame.

ticity electrostatic compensation terms of the n = 2 or n = 3 mode of the assembled DSG.

Ty Yn, fan, and fy, are the displacements and forces along the X- and Y-axis, which are

determined by directions of their corresponding forcers and pick-offs defined by the electrode

coordinate frame, shown in Fig. 3.9.
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The matrices B,, and A,, can be described as, [114],

25y, + 204 AnCOS 2{1AnSID
B, _ |2t 2 (¢) fiansin(g) | (3.4)
2pAnsin(Q) 2ft5n — 201AnCOS ()
L2 + 102 cos 1,2 ¢in
A, = 2%En T 2% An (¢) 2 An (¢) : (3-5)
%winsin(gb) %w%n — %WQAHCOS(@

with ¢ = 2nb,,, fisn = fan + fyn a0d fian = fan — yn, and w%n = w%n + wfm and win =

The electrostatic stiffness matrix per mass, A.,, can be derived in terms of the electrical
energy stored in the capacitors, U., and can be further written in terms of capacitance

experienced at each shell segment, [124],

T mon - v )el)
A= | T 79U, = : , 3.6
@ = | ; - (3.6)

8yn Oxn 8y$1,

where v,(j) is the DC tuning voltage applied on the jth electrode. For each segment j =
1,...,24, the capacitance accounting for the in-plane misalignment between the dual-shell
structure and substrate, ¢(j), can be calculated as a function of the displacements, x,, and y,,
and by taking the integral along the shell segment from ¢}(j) to ¢}(7), the angles coinciding

with the start and end angles of the jth substrate electrode, ¢;(7) and ¢;(j), [115],

. @3 (7) R, w
() = / dg, (3.7)
2

() 9s(#') — xncos(ng’) + ynsin(ng)

where € is the complex permittivity of air, R,, is the average radius of the sensor shell, and
w is the width of rim of the resonator. gs(¢’) = go — ORmcos(¢’ — ¢f) is the static electrode
gap due to assembly errors, with gy being the vertical gap between the central stem and

electrode substrate.
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The relationship between (¢}(7), ¢;(7)) and (¢i(7), ©:(j)) is given by

_ Ay + Rysin(g,(j))
Az + Rpycos(¢p, (7))

tan(ep, (7)) , ped{lt}, (3.8)

with ¢;(j) = @e(j) — B/2 for the starting angle, ¢;(j) = p.(j) + #/2 being the ending angle,
and ¢.(7) = j X 712 being the angle of the centerline of the jth electrode in the substrate
frame. The variable 5 denotes the width of a single electrode pad. Thus, each of the second

partial derivatives in A, is given by

el i 1 2t (1) 900g2 /
o = e [ 72 ag, 39
0x2 2 @105) 9s(¢")
2.0 2.( 7 A6 Nai /
a C(]) — a C(j) — lng'LU/ 2COS(TL%0 )?lﬁ(n(p )d(p/7 (31())
92c(i 1 ?:(4) 9gin? /
C(j) _ _Eme/ sin (tzf)d@/_ (3.11)
oz 2 at)  9s(¢)

The proposed electromechanical model allows for a precise electrostatic tuning of an inte-
grated 3D DSG by defining the appropriate usage of electrodes as well as providing the
optimal values of the DC tuning voltages to compensate for both diagonal and off-diagonal
terms of the stiffness matrix [111]. As shown in Fig. 3.11(a) and (b), the configurations of
electrodes determined by the model are implemented on the TGV electrode substrate of the
DSG#1 prototype for flexible excitation, detection, and electrostatic frequency compensa-
tion of asynchronous operation using either the n = 2 or n = 3 mode [115]. Fig. 3.11(c)
demonstrates the layout for synchronous operation of the DSG in both the n = 2 and n =

3 modes for, potentially, an in-situ gyroscope drift compensation method [125].
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- X-axis of n =2 mode
- Y-axis of n =2 mode
- X-axis of n =2 mode

- Y-axis of n =2 mode

Figure 3.11: The electrode configurations for differential detection and excitation of (a) n
= 2 mode, (b) n = 3 mode, and (c) synchronous operation of both modes for angular rate
and whole angle measurements. F2x+, F2x-, P2x+, P2x-, F2y+, F2y-, P2y+, P2y-, F3x+,
F3x-, P3x+, P3x-, and F3y+, F3y-, P3y+, P3y- indicate differential detection and excitation
electrodes for X- and Y-axis of n = 2 and n = 3 modes, respectively. The Q1, Q2, Q3, and
Q4 electrodes are for tuning and mode decoupling.

3.5 Assembly Error Identification Method

To enable the electrostatic tuning algorithm for compensating the structural imperfections
of an integrated DSG, the assembly errors have to be identified first. However, it is nearly
impossible to directly measure the assembly misalignments of a bonded DSG sample. There-
fore, an identification method based on static capacitance measurement is presented in this

section.
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Table 3.2: Parameters and assembly errors used for numerical study of accuracy of the
approximate static capacitance model

Parameter Value Parameter Value
Average gap, go 10 pm Py 1.175 x10712
In-plane misalignment, Az 50 pm Do 2.273
In-plane misalignment, Ay -30 pm % 0.6342
Azimuth angle, ¢ 90° ¢ 1.739
Inclination angle, 0 0 to 0.0015 rad 05 37.15
x10713
35 0.03
g 3 0.02
g S 0.01
§ S 001
g -0.02
-0.03
%Of%z

Figure 3.12: (Left) The ideal static capacitances and (right) the relative error of estimated
capacitances of the DSG#1 prototype presented as a function of inclination angle, from 0 to

0.0015 rad, simulated using the approximate model and the parameters and assembly errors
listed in Table 3.1 and 3.2.

As shown in Fig. 3.10, the static capacitance between the jth segment of the device rim and

the jth electrode pad, ¢s(j), due to the assembly errors is given by, [114],

@t(]) ER w
o) = | n 4 (312)
a) 90— OR,,cos(yp’ — ¢f)

where j = 1,...,24. Let 8'(j) = ¢}(j) — #(j) and ¢.(j) = 3(¢4(7) +#(j)) represent the span
and angle of the centerline of the jth segment in the shell coordinate frame. We assume that
the average gap, go, is less than 10 um (defined by the thickness of spacer shims). Thus,

based on geometry of the shells in Table 3.1 and 3.2, the maximum inclination angle, 6,,,.,
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Figure 3.13: Experimental results of the 24 static capacitances of the DSG#1 prototypes,
presented in Fig. 3.8(a), with the estimated static capacitances simulated by Eq. 3.14 and
3.15.

will be less than 0.0015 rad. The total static capacitances of the 24 electrodes, ¢, can be

approximately written as

24

qm::E:c@)%(j%?UE:BXﬁ. (3.13)

j=1 g

By substituting the in-plane misalignment, Az and Ay, into Eq. 3.8, the span '(j) can be

found, thus, the estimated average gap, go, is computed as

24

> BG) (3.14)

=1

- eR,,w
Jdo =

Ctot

Based on Eq. 3.12 and 3.14, the approximation of the static capacitance, ¢(j), can be given

as

o) = BG) { P+ p {1 = Qeos(el(7) — b))’ = 11}, (3.15)
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Table 3.3: Identified assembly errors of two DSG prototypes

Errors due to assembly DSG#1 DSG#2
Vertical gap between stem and substrate, g 17pm 14.5um
In-plane misalignment, Az, Ay (um) 26, 14  -28, 34

Azimuth angle of point 4§, ¢ 112° 78°

Inclination angle between shell and substrate, § 0.057° 0.034°

Principal axis of elasticity of n = 2 mode, 6, 5° 11°

Principal axis of elasticity of n = 3 mode, 6,3 -5.3° 4.5°

with
eRyw 9
P= %0 Q=g+ @b+ g0, (3.16)

where ¢y, ¢, ¢, p;, and p, are the approximate parameters that are design dependent.

3.5.1 Accuracy of Approximate Static Capacitance Model

We determined the accuracy of the approximate static capacitance model by comparing the
ideal and approximate static capacitances of the DSG#1, estimated using the design and
simulation parameters in Table 3.1 and 3.2. The ideal static capacitances of 24 electrodes
and the relative error, dc, defined as dc = (¢(j) — ¢(j))/c(j), as a function of the inclination
angle, are shown in Fig. 3.12. The maximal relative error between the ideal and estimated
values of the 24 static capacitances is less than 3% within the misalignment situations listed

in Table 3.2, which indicates a good accuracy of the developed identification method.

3.5.2 Identification of Assembly Errors

To identify assembly errors of an integrated DSG using the approximate static capacitance
model, Eq. 3.14 and Eq. 3.15, the horizontal offsets of Az and Ay have to be measured
first, and the rest of assembly errors can be then determined by substituting the measured

values of static capacitances into the equations.
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Figure 3.14: Experimentally extracted frequency responses showing electrostatic tuning of
the n = 2 (left) and n = 3 (right) modes of the DSG#1 using the electrode configurations

shown in Fig. 3.11(a) and (b).

For the DSGs listed in Table 3.1, the in-plane misalignments, Az and Ay, were measured
optically using a Leica DM4 B microscope. Utilizing a MEMS characterization platform
(ITMEMS) for static capacitance measurement and the identification method developed
in the chapter, the average gap (go), inclination angle (), and azimuth angle (¢}) were
determined and are listed in Table 3.3. The principal axes of elasticity of the n = 2 and n
= 3 modes of the DSGs after assembly were experimentally measured using the frequency
responses and damping factors, [123], and are also summarized in Table 3.3. Fig. 3.13
presents the experimentally measured static capacitances of the DSG#1. Black markers in
Fig. 3.13 are the experimental results, and the solid red line is estimated by Eq. 3.14 and

Eq. 3.15, which showed a good agreement between measurements and the analytical model.

3.6 Dual-Shell Gyroscope Operation

In this section, we report results on experimentally implemented electrostatic tuning algo-

rithm and closed-loop Force-to-Re-balance (FRB) control with the DSG architecture. The
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DSG#1 with the design parameters and identified assembly errors, reported in Tables 3.1
and 3.3, was tested in a vacuum chamber with a custom-designed Printed Circuit Board
(PCB) to apply differential actuation signals to the DSG and measure the motional current

through transimpedance amplifiers.

Utilizing the electromechanical tuning algorithm in Section 3.4, the frequency responses of
the n = 2 and n = 3 modes of the DSG#1 were simulated, revealing the configurations
of electrode, shown in Fig. 3.11(a) and (b). The frequency mismatches of both modes
were experimentally tuned to a value on the order of 100 mHz for the near-mode-matched
condition, shown in Fig. 3.14, with the following tuning voltages: Fb,=40.9V, (Q2=25.1V,
F3,=61.3V, and QQ4,=40.6V. The closed-loop FRB control was then implemented in the
DSG#1 prototype for angular rate measurements using a Zurich HF2Li lock-in amplifier. In
all the experiments, the vibration amplitudes along the drive axes (higher resonant frequency
mode) of the n = 2 and n = 3 modes were set to 50% of the capacitive gap and were
stabilized by the Automatic Gain Control (AGC) and Phase-Locked Loop (PLL) control
loops to prevent variations in the amplitude and phase. Quadrature nulling and rate control
loops were then implemented on the DSG to suppress motion along the sense axis (lower
resonant frequency mode). The noise performances of the DSG operation using either the n
= 2 or n = 3 mode are shown in Fig. 3.15, presenting Angle Random Walks of 0.017 and
0.053 deg/rt-hr, and in-run bias instabilities (B. I.) of 0.2 and 0.63 deg/hr, respectively.

The array of 24 planar electrodes with the electrostatic tuning algorithm opens up an op-
portunity for flexible usage of multiple pairs of modes of DSGs. As a demonstration, the
frequency splits of both the n = 2 and n = 3 modes of the DSG prototype were compen-
sated concurrently to the order of 0.6 Hz using the predicted tuning voltages derived by the
parameter identification procedure and the tuning algorithm. The following tuning voltages
were applied to the electrodes using the configuration shown in Fig. 3.11(c), Fy, = 91V,
F3, =96V, Q1 = 12V and () = 28V. The frequency responses of the n = 2 and n = 3
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Figure 3.15: (a) The root-PSD and (b) Allan variance characterizations of the DSG’s Zero
Rate Output using either the n = 2 or n = 3 mode as the operational mode.

modes, before and after tuning, are presented in Fig. 3.16, as the first step towards concur-
rent operations to obtain two independent measurements of the same angle of rotation for

in-situ gyroscope drift compensation [125].
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Figure 3.16: Frequency responses of concurrent electrostatic compensation of the n = 2 (left)
and n = 3 (right) modes using the electrode configurations shown in Fig. 3.11(c).

3.7 Conclusion

We introduced in this chapter the 3D FS Dual-Shell Gyroscope (DSG) as a paradigm for
realization of environmentally robust MEMS CVGs that are capable of providing continuous
operation through extreme events of shock and vibrations. The FS DAGs were realized
using the triple-stack glassblowing process, and in-plane actuation by out-of-plane electrodes
realized using the Thru-Glass-Vias (TGVs) fabrication process. This implementation of
Hemispherical Resonator Gyroscopes on micro-scale is reported for the first time. To achieve
high-precision gyroscope operation, an identification method based on static capacitance
measurements was developed for DSGs to extract assembly errors. In this chapter, we
developed an electrostatic tuning algorithms, taking into account the effect of assembly errors
to compensate the n = 2 and n = 3 mode pairs, both asynchronously and synchronously. The
algorithms permit the use of degenerate modes for high-performance gyroscope operation and
also open up an opportunity for flexible usage of a single or multiple pairs of modes of DSGs
for in-situ gyroscope drift compensation. We experimentally demonstrated the asynchronous

gyroscope operations using either the n = 2 or n = 3 mode of a DSG prototype with an aid
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of the proposed identification method and the tuning algorithms, with preliminary results

revealing an ARW on the order of 0.017 deg/rt-hr and in-run bias instability of 0.2 deg/hr.
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Chapter 4

Effect of Metallization in FS MEMS

Resonators

Metallization of Fused Silica (FS) micro-machined capacitive vibratory gyroscopes is nec-
essary to allow for electrostatic actuation and detection of motion. Metal-coating provides
electrical conductivity, but reduces the quality factor of resonators and thus impacts the
noise characteristics. To achieve high-performance CVG operations, this chapter presents
the effect of the metallization material and its thickness on the quality factor and noise
characteristics using FS micro-HRGs as test vehicles. In Section 4.1, we first demonstrate
the experimental results of the effect of metallization on energy dissipation and electrical
resistance and develop an analytical electromechanical model based on the experimentally
extracted impacts in Section 4.2. In Section 4.3, a design space for selection of metal coating
of F'S sensors is investigated. Variations in the noise performance due to metal coating are
verified experimentally on in-house developed FS DSGs. We then propose optimal material
and thickness of metal coating to optimize the quality factor and increase the gyroscope

noise performance. Finally, the chapter is concluded with Section 4.4.
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4.1 Effect of Metallization

A thin-film metal coating is needed on the FS sensor shell to electrically bias the proof-
mass for capacitive electrostatic actuation and detection. To understand the impact of
metallization on gyroscope’s noise performance, variations of the Q-factor and electrical
resistance due to different materials and thicknesses are studied in this section. The impacts
are experimentally validated on in-house developed FS DSG prototypes for demonstration

purposes, reported in Chapter 3.

Typically, a few tens of nanometers of the metal layer thin films — or a combination of metals,
such as Ir, Cr, Cr/Au, or Ti/Au — are sputter-coated onto the FS resonators, [98, 94]. The
type of metals used and their thicknesses have a significant impact on the Q-factor [98]
and electrical resistances of the device [117]. Au as one of the most conductive metals and
with a great oxidation resistance is commonly used to metalize MEMS sensors. To increase
adhesion of Au to a substrate, a thin layer of Cr commonly utilized. Cr is also a highly
conductive metal and can be used as a conductive layer by itself, as a low-cost alternative,
[126]. Therefore, in this chapter, we consider two types of metal coatings, Cr and Cr/Au
with a 1:4 thickness ratio. In all experiments, the thicknesses of Cr/Au metal coatings are

reported as the total thicknesses of both Cr and Au layers, unless otherwise specified.

The metal coatings of Cr or Cr/Au with different thicknesses were sputtered onto the inner
shells of the two test DSGs. The metal layers were deposited using a Denton DV-502M
sputter system with a 20W RF mode and a pressure level of 4.8 mTorr. The deposition
rates were 0.3 A/s for Cr and 0.8 A/s for Au. Due to curvature of sidewalls of the inner
device shells, the actual thicknesses adhered to the curved surfaces were smaller than they
would be on a flat surface [127]. An upside-down view of a DSG with a selectively metalized
inner vibrating shell using a shadow mask as well as the central and the outer bonding

areas forming the anchor are shown in Fig. 4.1. The shadow mask deposition mechanism is
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Device shell (metal coating) Stem (500nm Cr/Au)

Shell rim Bonding frame (500nm Cr/Au)

Figure 4.1: An exposed upside-down view of a released dual-shell resonator metal-coated
for conductivity and eutectic bonding before its assembly with an electrode substrate. The
resonator was sputter-coated with 3/12 nm Cr/Au, while the bonding frame and the central
stem were coated with 50/500 nm Cr/Au layer using a shadow mask.

presented in Appendix A.9.

The experimentally measured Q-factors and electrical resistances of the DSG#1 and DSG#2,
Fig. 3.8(a) and (b), for the two types of metal coating materials are presented in Fig. 4.2(a)
and (b) with thicknesses varying from 5 to 20 nm. The X and Y axes are the principal
axis of damping of the device [82]. The Q-factors were characterized in a vacuum chamber
under a reduced below atmospheric pressure on the order of 1 uyTorr, using a bulk piezo
stack for excitation and a Polytech Laser Doppler Vibrometer (LDV) for detection. In
all the experiments, the mechanical losses other than surface losses were held constant by
controlling the vacuum pressure and contact area between the piezo stack and DSGs. Thus,
the surface dissipation due to metallization was the only remaining factor contributing to
variations in the Q-factors. The electrical resistances were measured through four-point
measurement using a LakeShore FWP6 probe station, with two probes contacting the center
stem and two probes contacting the rim of the DSG. Resistivities of sputter-coated Cr and

Au layers were experimentally measured, Fig. 4.2(c).
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Figure 4.2: Experimental data demonstrating the effects of Cr and Cr/Au metal coatings on
(a) quality factor and (b) average metal electrical resistance. The data is presented for two
prototypes, DSG#1 and DSG#2. The Q-factors of n = 2 wineglass mode of the DSG#1
and n = 3 mode of the DSG#2 were measured at different thicknesses of coating, from 5 to
20 nm. In (c), the measured resistivities with error bars of the sputter-coated Cr and Au
materials are presented. Resistivity values were acquired from flat samples, with thicknesses

measured on a flat surface.

As shown in Fig. 4.2, the Q-factors of both the X- and Y-axis of the measured mode

pairs of the DSGs decreased with increased metal thicknesses for both prototypes.
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as-fabricated Q-factors of uncoated shells decreased by 55% to 60% when a 20 nm Cr/Au
layer was deposited, and the Q-factors decreased by 65% to 71% when a Cr layer of the
same thickness was deposited. The most significant electrical resistances of both DSGs were
measured when a thin (<10 nm) Cr layer was coated. We concluded, the Cr/Au metal layer
is preferred, depicting 100 times less electrical resistance as compared to 20 nm Cr/Au and
20 nm Cr on the DSG#1. The experiments revealed a clear influence of the coating metal
materials and thicknesses on the Q-factor and electrical resistance. An increased resistance
of ultra thin-film metal coatings can be attributed to an increased resistivity of the sputter-

coated metal layers, as demonstrated in Fig. 4.2(c).

Differences in metal electrical resistance and the Q-factor between the two DSGs are primar-
ily due to differences in their 3D geometries. Typically, a poor conductivity of 3D micro-shells
is due to a more pronounced shadow effect of the 3D structure during coating. This difference
is observed between DSG#1 and DSG#2, where thinner and more uneven metal coatings
are found at the near-vertical sidewalls of the rim and the center stem. The metal electrical
resistances at different in-plane azimuth angles of the rims for both the DSGs were measured
experimentally. Uniformity of each group of resistances was represented by the coefficient of
variation (COV), illustrated in Fig. 4.3. Red markers denote the experimental results, R(¢’),
which appeared to be effectively modeled by sinusoidal functions, R(¢') = asin(¢’ +¢)+ R,,
with respect to the azimuth angle ¢’ of the rim, shown as solid blue lines in the figure. «,
¢, and R, are fitting parameters. A considerable variability of resistances was observed for

both DSGs due to an ultra-thin but uneven metal coating, Fig. 4.3.

4.2 Electromechanical Model

The Q-factor significantly impacts the performance of FS micro-HRGs, including sensitiv-

ity of motion detection and the gyroscope’s noise performance [103, 117]. In addition to
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Figure 4.3: Experimental results of the metal electrical resistances of the DSG#1 and
DSG#2 prototypes sputter-coated with 10 nm Cr/Au and 20 nm Cr metal layers.

accounting for the effect of metal coating on the Q-factor, it is also necessary to derive a de-
pendence of the electrical resistance due to metallization on the DSG’s noise characteristics.
An electromechanical model was developed based on experimental observations described
in Section 4.1. The model was used to estimate the contribution of electrical resistance of
interconnects to the gyroscope’s noise performance, followed by an analytical prediction of

the overall noise characteristics.

A sketch and simplified electromechanical schematics of DSG integrated with TGV substrate

are shown in Fig. 4.4. For our description, we used parameters as defined in [115]. Param-
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Figure 4.4: (a) Assembled FS Dual-Shell Gyroscope (DSG) and (b) simplified electrome-
chanical schematics, including dynamics of DSG and parasitics introduced by interconnects
of the electrode substrate and front-end circuit. (c) In-plane and angular misalignments of
DSG is due to assembly errors: (xg, o) are the center coordinates, and X, and Y, are the X
and Y axes expressed in the substrate coordinate frame; (xy,yj), Xs, and Y are the center
and coordinates of the X and Y axes of the shell coordinate frame.

eters C;(x) and C;(x) denote the position-dependent forcer capacitance of the ith electrode
and pick-off capacitance of the jth electrode, while R.; and R.; are the effective metal elec-
trical resistances associated with C;(z) and Cj(x). As illustrated in Fig. 4.4(c), the electrode
substrate contains 24 electrode pads. For each segment, j = 1, ..., 24, the capacitance, C;(z),
accounts for the in-plane misalignment between the dual-shell structure and substrate, xa
and ya, and is calculated by taking the integral along the shell segment from the angle ¢j(j)
to ¢}(7), with both angles coinciding with the start and the end angles of the jth electrode

of the substrate, ¢;(j) and ¢(j).

For electromechanical amplitude modulation of the motional signal, x, an AC bias signal,
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Ve(t) = vecos(wt+P), was applied to the proof-mass of DSG though the central stem. Taking
into account the effective electrical resistance, R.;, the actual potential difference between
movable rim of the shell and anchored jth electrode is Vj(t) at a frequency w.. Therefore,

the total pick-off current, i,, and the motion-induced current, i, can be expressed as, [117],

d

o = lg + e — OPREEZO’ (4.1)
. d
i = L0 ) (12)
with
. d,.
te = Oy (isRej +V;(2)), (4.3)
Vi(t) = Ve(t) — Ry(is +ic) — 1o RE — isRej, (4.4)

where Cy, C,, and R, are the feedthrough capacitance, parasitic capacitance, and parasitic
resistance introduced by interconnects of the TGV electrode substrate and the front-end
circuit. Ry, and Rg are the loading and effective feedback resistances of the pick-off circuit,

[120).

To calculate the effective electrical resistance in the electromechanical model, a method of
approximation was used. Assuming the jth electrode contains n evenly distributed discrete
plates defined by n + 1 nodes from [ to t. The relationship between [ and ¢ can be described
as t = [+ n. The nodes [ and ¢ are given as | = ¢j(j)3~ and t = ¢;(j)5=, when the total

device shell rim is evenly distributed by m nodes. As shown in Appendix B, the effective

electrical resistance, R.;, for the C; electrode can be derived as, [128],

¢ R t —
. Zk:l ﬁ Zi:l Mk,il
ej — Y _
n Zk:l Zi:l Mkz,il

(4.5)

Parameter M, Zl is defined as the inverse of the coefficient matrix in Eq. B.3, and can also
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Figure 4.5: Simulation results of the pick-off informational signal as a function of metal
electrical resistances for different pick-off capacitances and carrier frequencies, calculated
using the electromechanical model in Section 4.2.

be determined using the experimentally acquired resistance, Ry, where Ry = R(¢'|y x) =
asin(27£ + ¢) + R,, as shown in Section 4.1. The details of the calculations can be found

in Appendix B.

The pick-off signal was demodulated with cos(w.t +wgt) and sin(w.t +wyt) and then filtered
by a low pass filter when a single side-band demodulation technique was used, after which
only the w, + wy term would remain. Thus, the amplitude of the w. + wy side-band is the

informational signal in the pick-off current and is given by, [129],

—_

. Zo
Vel 2 5C5 (we + wa) —=—== Vil (4.6)

V11—t

where z( is the amplitude of the device shell normalized to the capacitive gap and wy is
the resonant frequency. Assuming the resonator vibrates with a constant amplitude, the
normalized pick-off signals, ~, at different carrier frequencies and pick-off capacitances are
modeled in Fig. 4.5. Therefore, the informational signal, 7., +.,, was observed to reduce as a

function of the electrical resistance, and the effect is more pronounced with a higher carrier
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Figure 4.6: Noise model of FRB closed-loop system, including the mechanical thermal noise
(Ny,), pick-off circuit noise (N,), feed-through noise (Ny;), and feedback circuit noise (Nyy).

frequency and a larger pick-off capacitance.

The electrical resistance of the metal film affects the pick-off signals along both the drive
and sense modes in a DSG operating under the Force-to-Re-Balance (FRG) mode, especially,
when applying a higher carrier frequency to the proof-mass. The large electrical resistance of
the ultra-thin metal coating, electrical noise of the pick-off circuits, and weak informational
signals would reduce the signal-to-noise ratio (SNR) and further degrade the overall gyro-
scope noise performance. Although an increase in the metal coating thickness would reduce
the electrical resistance and relieve the negative effect of resistance on pick-off signals, a
decrease in the Q-factor would affect the mechanical thermal noise and electrical noise in a

mode-matched, or near-mode-matched, gyroscope operated in the FRB mode [130].

To further study the conflicting contributions of the metal layer on the Q-factor and elec-
trical resistance on gyroscope’s noise performance, an analytical noise model of FRB mode
was developed, illustrated in Fig. 4.6. This model takes into account the mechanical ther-
mal noise (NN,,), pick-off circuit noise (NN,), feed-through noise (Ny;), and feedback circuit
noise (Nyp). In the model, we assume DC electrostatic tuning voltages were applied to ad-
just the frequency split and quadrature coupling between the operational modes to achieve
a near-mode-matched condition and to eliminate the quadrature-induced noise [19, 111].

The equivalent noise represented by the Angle Random Walk (ARW) was calculated as
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Figure 4.7: The estimated ARW limits of DSG#1 due to quality factor and metal electrical
resistance, when device is operated in FRB mode.

V' Sa, (W)|w=o, where Sq, (w) is the power spectral density (PSD). For a DSG operated in the
FRB mode, Sq,(0) is expressed as, [131],

1 S, K2, + Sy
N K} Lo - 4,
Sﬂn(()) 2m2772A:26w§ (SNm + SNfb ’Uf + 472|G(0>’2K5q[(q2v) ( 7)
with
1 .
G(0) = — orty| Qy (4.8)

2m (Wi — wy)® + (watwy/@y)*’
where Sy,,, Sn,, Sn,,, and Sy, denote the PSD of Ny, N,, Np;, and Ny, respectively.
w, and w, are the resonant frequencies along the drive and sense modes. Parameters Ky,
K, K4, and K, are the conversion coefficients from voltage to force, displacement to
charge, charge to voltage, and gain of the pick-off differential amplifier in the FRB closed-

loop system, respectively. Predictions of ARWs at different Q-factors and resistances were

calculated according to the parameters of DSG#1 and the corresponding front-end circuit,
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Table 4.1: Parameters of DSG#1 prototype and conversion coefficients of FRB closed-loop
system

Parameter Value Parameter Value

Effective mass, m 1.08 x107% kg K, 9.6 x1078 N/V
Displacement, A, 6 um Ky, 1.28%x10° pC/m
Gap, g 12 pum Ky 0.65 V/pC
Angular gain, . 0.205 K, 2x10° V/V

Table 3.1 and 4.1.

As shown in Fig. 4.7, the predicted ARW (black line) of the DSG#1 is initially limited by
the electrical noise due to a large metal electrical resistance from an ultra-thin metal coating.
The arrows in Fig. 4.7 indicate the directions of increase in metal coating thicknesses. The
impact of metal electrical resistance on ARW limits was reduced after a certain resistance
threshold was reached, which in our case was about 20 k€2, as predicted by the analytical
noise model. The conflicting effects of metallization on the Q-factor and electrical resistance
on DSG’s noise performance suggest that an optimal metal coating exists for a specific DSG

design.

4.3 Noise Characterization

The contribution of metallization material and thickness on gyroscope noise performance in
the FRB mode of operation was experimentally quantified using fabricated prototypes of
DSG. For illustration purposes, two types of metal layers, Cr and Cr/Au, with thicknesses
ranging from 7.5 to 50 nm were sputter-coated on the device shell of the DSG#1 in each ex-
periment. After each metallization, the DSG was temporarily mounted on a Thru-Glass-Via
(TGV) substrate of electrical interconnects with an aid of 12 um spacer shims to control the
electrode gap between the rim of the device shell and the electrode pad in all the experiments,

as illustrated in Fig. 3.8(a). The assembled DSG was characterized in a vacuum chamber
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with a pressure level of around 1 gTorr. An AC carrier signal with an amplitude of 0.5 V and
frequency of 500 kHz was applied to the rim of the device shell through the conductive layer
and the central stem. The as-fabricated frequency mismatch of 8.2 Hz was electrostatically
compensated to a value on the order of 100 mHz for all runs using the tuning algorithm
presented in [115]. The vibration amplitudes along the drive axis (higher resonant frequency
mode) of the n = 2 mode were set to 50% of the capacitive gap and were stabilized by the
AGC and PLL control loops to prevent variations in the amplitude and phase. Quadrature
nulling and rate control loops were implemented on the DSG to suppress motion along the
sense axis. In this configuration, the gyroscope output in the FRB mode of operation is
insensitivity to variations in the frequency split, temperature, electrostatic nonlinearity, and
amplitude-frequency coupling [86]. Thus, the impact of metal coating parameters on the
Q-factor and electrical resistance were the only two remaining factors contributing to the

DSG’s noise mechanisms.

Utilizing the closed-loop FRB configuration, as an example, the DSG#1 was instrumented
for angular rate measurements. The noise performances represented by ARWs as a function
of metal electrical resistances are shown in Fig. 4.8, revealing impact of the metal coating
material and its thickness on the DSG’s noise performance. The experimentally measured
ARWs of the Cr-coated and Cr/Au-coated DSG#1 (marked by circles and diamonds) de-
creased with increasing metal thicknesses, following the simulation predictions (orange dotted
line) until a certain thickness was reached for each metal material, Fig. 4.8. The ARW lim-
its were predicted using the analytical noise model presented in Section 4.2. A reduction in
quality factor with increasing film thickness was observed impacting the ARWs, as expected,
due to an increased mechanical thermal noise and electrical noise in the near-mode-matched

condition.

As shown in Fig. 4.8, the Q-factors of the drive and sense modes were measured to be

372k and 455k, and ARW was measured to be 0.017 deg/rt-hr, when the optimized Cr/Au
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Figure 4.8: The experimentally measured ARWs (marked by circles and diamonds) of the
DSG#1 at different thicknesses and materials of metal coating. The estimated ARW limits
(orange dotted line) were predicted using the electromechanical model discussed in Section
4.2.

layer with the corresponding thicknesses of 2/8 nm was coated, showing approximately a
two times improvement in both the Q-factor and noise performance, when compared to a
20 nm thickness of the Cr layer. In the latter case, the Q-factors of 201k and 262k and an
ARW of 0.038 deg/rt-hr were measured. Based on our modeling and experimental results,
we can conclude that variations of ARW using different metal coatings are due to changes in
the quality factor and electrical resistance of the device shell. An increase in the electrical
resistance adversely impacted the SNR, which degraded the DSG’s noise performance due to
the reduced informational signal. Therefore indeed, improvements in ARW could be achieved

by selecting an optimized thickness and metal coating material.
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4.4 Conclusion

A thin-film metal coating is needed on Fused Silica (FS) capacitive vibratory resonators
to electrically bias the proof-mass for capacitive electrostatic actuation and detection. To
demonstrate precision measurement of FS CVGs, a study on the effect of metallization on the
quality factor and electrical resistance was presented and supported by experimental results
in this chapter. We established a link to the in-run noise performance using the developed
electromechanical model. The two types of metal coatings, Cr and Cr/Au, with differ-
ent thicknesses were studied using in-house developed FS Dual-Shell Gyroscopes (DSGs), a
miniaturized version of FS HRGs, for illustration purposes. The developed model aligns well
with experimental observations. We observed a clear influence of varying coating materials
and thicknesses on the quality factor and electrical resistance, demonstrating an existing
trade-off between metallization and Q-factor to achieve the optimal gyroscope’s noise per-
formance. We showed that the Cr/Au metal coating is superior to the Cr layer in terms of
a lower impact on the quality factor and electrical conductivity. The experimental results
reported in this chapter confirmed the impact of metallization on the performance of FS
CVGs. The derived conclusions can be applicable to a broad class of FS resonators and are

not restricted to a specific design of the DSGs presented in this chapter.
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Chapter 5

Effect of EAM on Capacitive MEMS

Vibratory Gyroscopes

The Electromechanical Amplitude Modulation (EAM) is frequently used to eliminate feed-
through signals between drive and sense in capacitive MEMS resonators, Coriolis Vibratory
Gyroscopes (CVGs), and other vibratory sensors for improving signal-to-noise ratio and
thus achieving a low noise characteristics. Toward realization of precision gyroscope mea-
surements, there are some undesirable effects of EAM that need to be considered. This
chapter investigates the effect of EAM on dissipation of energy and appeared non-linear
dynamics in capacitive MEMS CVGs. In Section 5.1, the technology of capacitive detection
of motion in MEMS vibratory gyroscopes is first discussed. In Section 5.2, we derive an
analytical electro-mechanical model of the EAM scheme for a resonator with parallel-plate
capacitive detection. Section 5.3 presents an analysis of factors influencing the electrical
dissipation in EAM, including the voltage and frequency of the AC carrier signal and the
feedback resistance in the pick-off circuit. The effect of EAM on electrical damping is then
experimentally demonstrated on a Dynamically Amplified dual-mass Gyroscope (DAG) for

illustration purposes. Utilizing the analytical equations derived from the electro-mechanical
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model of Section 5.3, the non-linear electrostatic softening effect of EAM on the amplitude-
frequency coupling is presented in Section 5.4. The scale factor nonlinearity, amplitude
noise, and frequency noise due to the amplitude-frequency coupling in EAM detection are
studied and verified experimentally on the DAG, in Section 5.5 and Section 5.6. The chapter

concludes with discussion of the results in Section 5.7.

5.1 Introduction

Capacitive sensing is commonly used in MEMS CVGs for detection of vibratory motion
based on measurement of the motion-induced current. Parallel-plates and comb-drives are
the two most common configurations of capacitive electrodes. Parallel-plate capacitors, gen-
erally, provide higher sensitivity compared to comb-drive capacitors for the same footprint
of the device [132]. Due to its advantage in sense density, parallel-plate electrodes have been
widely adopted in MEMS resonator designs [70, 133]. However, unlike linear comb-drive
capacitors, parallel-plate capacitive electrodes create non-linear capacitance with respect to
displacement [134]. Although the non-linear signals limit the use of parallel-plate capaci-
tive detection to operate above a critical amplitude of motion in the open-loop resonators,
methods for a stable above-threshold operation were widely reported in recent years, such

as their use in differential detection [135] and closed-loop operation [136].

When utilizing the parallel-plate detection of motion in capacitive MEMS CVGs, a predefined
bias voltage is required to be applied to the proof-mass, which creates a potential difference on
the variable sense capacitor between the movable proof-mass and anchored electrodes. Fig.
5.1 illustrates a typical schematics of the parallel-plate detection, along both the drive and
sense modes, using the bias signal, vy, to extract the motional amplitude of the proof-mass
from the pick-off signals in MEMS gyroscopes. The actuation voltage, v,.(t) 4 v4e, is applied

to the proof-mass along the drive direction. In such detection scenario, the gyroscope’s
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output signal due to the Coriolis force caused by the angular rate is detected by the parallel-
plate electrodes along the sense direction, which is given by the total motion-induced current

along the sense mode, as shown in Fig. 5.1,

le(t) = = [onCs(t) + (Vac(t) + Vae)pay (1] (5.1)

where cy,, and cy,y, are the parasitic feed-through capacitances from the forcer electrode
along the drive mode to the pick-off electrodes along the drive and sense modes, respec-
tively, usually induced by the capacitance coupling through the substrate, interconnects,

and electrical package of the sensor.

The feed-through driving signal caused by the feed-through capacitance, cf,, mixes with the
output Coriolis signal. The Coriolis force-induced signal is what measured by the gyroscope.
An increase in the voltage amplitude of the bias signal in detection of the motional current
can theoretically enhance the signal-to-noise ratio (SNR). However, an increase in the bias
voltage may affect the quality factor (Q-factor) of MEMS resonators due to an additional non-
linear electrostatic force acting on the proof-mass. This phenomenon is known as electrical
dissipation [137]. Furthermore, the non-linear electrostatic force induced by the bias voltage
in parallel-plate capacitive detection and actuation introduces a non-linear dynamics in CVG,
which aggravates the amplitude-frequency coupling [138]. The amplitude-frequency coupling
in the gyroscope due to nonlinearity is a dominant source of the frequency noise, degrading

gyroscope’s sensitivity and in-run noise performance [139].

Typically, a DC voltage is used as the bias electrical signal applied on the proof-mass of a
resonator. The feed-through current mixing with the informational signal will disturb the
resonance characteristics of the resonator and is difficult to eliminate from the sense signal
when a DC bias signal is used. Methods for eliminating the feed-through current could be

achieved on the design level, such as utilizing a twin resonator [140] or a complete symmetry

106



device [141], which is quite challenging, or on the circuit level, such as implementing exter-
nal trimming capacitors [142] or a gain-tunable feed-through current amplifier [143], which
greatly enhances complexity of the circuit and requirements for evaluation hardware and

calibration procedures.

Electromechanical Amplitude Modulation (EAM) is a widely used technique in capacitive
MEMS CVGs as a mitigation architecture for elimination of feed-through signals. The
complexity of technique based on the amplitude modulation of the motional signal by an AC
bias (carrier) voltage is simpler than the methods mentioned above for achieving a high level
of feed-through rejection. The carrier frequency is often selected to be much higher than the
operational frequency of the devices. Therefore, when the frequency demodulation technique
is used, the carrier signal modulates the informational signal and shifts the frequency to
higher frequencies for subsequent processing in the frequency domain. The technique allows
for frequency domain separation between the informational signals and feed-through of the
parasitic driving signals [144, 129], hence, reducing the contribution of the feed-through
signals in the overall pick-off signal. EAM also avoids interference of the large amplitude and
low frequency background noise and thus improves the SNR of the Coriolis signal in MEMS
CVGs [112]. The motion-induced current in the EAM scheme is proportional to both the
carrier voltage amplitude and frequency [145], which could further reduce the electrical noise
and enhance the SNR in gyroscopes. However, it could be a challenge to achieve low power
consumption interfaces with wide-bandwidth electronics due to the use of high-frequency

carrier signal in the EAM detection.

Conventionally, nonlinearities in a mode-matched or near-mode-matched MEMS CVG are
considered to be originating from the suspension geometry, configuration of capacitive elec-
trodes, and non-linear forces in capacitive actuation. In the later case, the electrostatic
frequency tuning is used to improve the sensitivity by reducing the frequency split between

the drive and sense modes close to the order of the mechanical bandwidth of the gyroscope
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Figure 5.1: Schematics of the parallel-plate detection in a capacitive MEMS CVG.

(146, 147]. For example, the effect of bias voltage on sense electrodes should be also con-
sidered as an additional electrostatic force when studying nonlinearities in capacitive CVGs.
A DC bias voltage generates the non-linear electrostatic forces affecting both the drive and
sense modes. The impact of the DC bias signal on the effective quality factor due to the
electrostatic forces has been previously demonstrated and reported in [38]. The induced
non-linear electrostatic forces also affect the amplitude-frequency couplings, similar to the
effect of electrostatic tuning voltages on non-linear dynamics of the device. Therefore, the
previously derived analytical model of the electrostatic tuning voltage in [138] is applicable

to study the effect of DC bias voltages.

When the EAM capacitive detection is used, similar to the DC bias signal, an AC carrier po-
tential difference applied to the parallel-plate electrodes induces the non-linear electrostatic
forces on a CVG. The AC signal affects the Q-factor through modifying the electrical damp-

ing, which was briefly reported in our previous study [148]. The previous study also noticed
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variations in gyroscope’s output noise due to the frequency and amplitude of the carrier
voltage in EAM detection. Nevertheless, the impact and detailed mechanism of non-linear
electrostatic forces caused by the EAM parameters on the amplitude-frequency couplings
along both the drive and sense modes in CVGs were not covered in the previous study. Con-
sideration of these mechanisms is important due to their effects on the scale factor stability
and gyroscope’s noise performance through modifying the electromechanical nonlinearity in
the sensor. In order to estimate the correlation between the amplitude-frequency coupling
due to the EAM parameters and the scale factor stability and gyroscope’s in-run noise per-
formance, a model capturing those effects of EAM on MEMS CVGs is developed in this

chapter.

5.2 Electro-mechanical Model

Fig. 5.2 depicts an equivalent mass-spring-damper system with capacitive detection and
EAM signal processing. This setup is commonly used to describe an ideal drive or sense mode
of MEMS CVGs. In the EAM detection scheme, an AC carrier signal, V. = v.cos(w.t+ ¢), is
applied to the proof-mass, m. The equation of motion of a linear 1-DOF electro-mechanical

model, in Fig. 5.2, can be presented as

ma + b + kox = fin + fer + feo. (5.2)

The electrical forces in this model, fe; and fe, are induced by the corresponding voltages,
Vi and V5, which are in turn generated by the motion-induced currents, i; and i5. fy, is the
force representing the thermo-mechanical noise. The voltages Vi and V5, in Fig. 5.2, can be
expressed as

Vi avy d

Rt g @@ i-1)) =0, (5:3)
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Figure 5.2: Schematics of a parallel-plate capacitive MEMS resonator with actuation on the
left side and EAM detection of motion on the right side.

R,
R

| | ,_2|
. | IC I
I 75 R}
+ —_

+ I - _V-vout
+
=

Figure 5.3: Schematics of a two-stage transimpedance amplifier which is often used to mea-
sure the motional current. The resistor R, is an effective equivalent resistance load attached
to the sense electrode due to the first stage amplifier.
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Vo — vge dVs d
PR JR— —_— pr— -4
—RL + Cp2 di + di (CQ (.’13)(‘/2 V;)) O, (5 )

where ¢,; and ¢y, are the parasitic capacitances between the forcer and pick-off electrodes,
respectively, and a substrate on which the device is fabricated. Parameters ¢; and ¢, denote

the position-dependent forcer and pick-off capacitances given by

€A €A
Cl(l‘)_g_Iv CQ(x)_gﬂ—I’

(5.5)

where € is the complex permittivity of air, A is the area of capacitors, and ¢ is the nominal
electrode gap between the parallel-plate electrodes of the capacitor. The nominal device

capacitance can be expressed as

€A
Cn = 1(2)]z=0 = 2(T)|z=0 = ? (5.6)

The actuation voltage, vge. + vac(t), is applied to the mass via a resistance load, Ry. The
resistor R. denotes the effective equivalent resistance load attached to the sense electrode
due to the pick-off circuit. The two-stage sensing circuit diagram is shown in Fig. 5.3,
which consists of a low-noise transimpedance amplifier (TTA) with a feedback resistor, Ry,
for collecting the motional current from the pick-off electrode. Therefore, the equivalent

resistance load R, is defined as

1

Aor(H+1 |, 17
Zf +Zm

R. = (5.7)

where Aor(f), Z¢, and Z;;, are the open-loop gain, feedback impedance, and input impedance

of the TIA, respectively. If the resonator is assumed to be a pure oscillator with displacement
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x(t) = x - sin(wgqt), then solutions of (5.3) and (5.4) are given by, [148],

Vi(t) = e1(6)ve{we|fu, 1008 (wet + @) — . 15in(wet + @)] + %wd[(xwhlcos(mt + ¢)

+ Bo,asin(wit + ¢) + ay_asin(w-t + @) + fu_acos(w-t + o)}, (5.8)

Va(t) = co(t)ve{we]Bue2c0s(wet + @) — avy, 25in(wet + @)] — %wd[aw+,2005(w+t + ¢)

+ By 28in(wit 4+ @) + ay_asin(w_t + @) + fu_2cos(w_t + P)]} +va. (5.9)

with

R, Ry

Oy, —_— o, _— 5.10
vl T T R2ctw?’ wol T4 R? cZw?’ (5.10)
By = ReCtle 3 RLcthl (5.11)
wl T T E R W2 T T T REw? '
where ¢;1 = ¢p1 +¢1 and ¢2 = ¢p1 +co. The coefficient w;, where “t” can be “c”, “47, or “=7,

denotes the frequencies of w,., w. + wy, and w. — wy, respectively. The derived voltages result
in forces applied to the mechanical system via the coupling capacitances. The corresponding

forces can be expressed as

(Ve-V1)?  (Ve—V)?
gLt —m)®  (1+z)?

fer + fea = 2 : (5.12)

where x,, = x/g is the normalized displacement.

Expanding (5.12) would yield a constant DC force, f., and a set of harmonic terms of the
applied force that depend on position and velocity. Then, substituting the corresponding

equations for forces in (5.2) yields the equation of motion,

mi + (b+b1)a + kr = kent” = fom + feo, (5.13)

n=1
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with the linear and non-linear electrostatic negative stiffness, k.,, caused by the harmonics

forces, which can be expressed in the form

(n+1)c, (n+2)!c

ken = W(Ui +07) + W(ﬁwc,l + B 2)wevs. (5.14)

Here, b; is the electrical damping, which is given by

1 1
bl - §A1Uc(aw+,1 + Oéwf,l) + QAQUC(OQMQ + Oéw,,Z) (515)
with
12 12
1= 5;1)0, A2 - 5?(”0 + Udc)- (516)

The parameters o, 1, 01, Q. 2, and o, are the coefficients in the solutions that are
expressed by (10). The first term (n = 1) describes how the electrostatic tuning phenomenon
affects characteristics of the resonance frequency. The remained non-linear terms (n >1)

result in nonlinearity in dynamics of the resonator.

5.3 Electrical Dissipation

The quality factor (Q-factor) is a parameter in MEMS CVGs that is used in optimization
of the sensor design. For example, by increasing the quality factor, we can reduce bias
instability and Angle Random Walk (ARW) of the gyroscope [68]. Electrical dissipation can
be one of the contributing energy dissipation mechanisms affecting the Q-factor in MEMS
vibratory devices along with viscous air damping, thermo-elastic damping (TED), anchor

loss, and surface loss.

Methods for manipulating electrical dissipation were widely explored in recent years, [149],

as a Q-factor tuning method in MEMS resonators. Variations in the amplifier feedback
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resistance, DC voltage of bias signal, and parasitic capacitance showed to influence the
electrical damping in [38] on a doubly clamped micromechanical beam resonator. Application
of DC voltages to CVG systems for reduction of the angle drift caused by the Q-factor
mismatch has been already demonstrated in the whole angle gyroscope mode of operation

[150].

The quality factor is defined as a ratio of the energy stored, Fg, over the energy dissipated,
Ep, per vibration cycle of a resonator, Q = 2nEg/Ep. The total dissipated energy per cycle
can be expressed as Ep = fo%w (b+by)zxdt = w(b+ by )wz?, and defined by energy dissipation
sources, including electrical damping, viscous damping, TED, anchor loss, and surface loss.
Electrical dissipation b is a function of the voltage and frequency of the carrier signal in the
EAM detection and the load resistance, as determined by the model in (5.15). The model
suggests that modification of those variables would influence the electrical damping and thus

tune the effective Q-factor of a MEMS resonator.

To demonstrate the effect of different factors on the Q-factor in capacitive MEMS CVGs,
a Dynamically Amplified dual-mass Gyroscope (DAG), with parameters as defined in [148],
was used as a test vehicle, Fig. 5.4. The DAG is a 4-DOF dual-mass spring structure
configured to achieve the mechanical amplitude amplification properties, [72, 73, 69, 122],
and consists of an inner drive mass, m;, attached to the central anchor and connected to
an outer sense mass, ms, by concentric ring suspensions, k; and k. Fig. 5.5 shows an
equivalent electro-mechanical system of a DAG illustrating the configuration of the forcer,
pick-off, and tuning electrodes. V;; and Vi, are the DC tuning voltages representing the

electrostatic compensation method used in the operation of the DAG [111].

The device under test is designed to have the first, in-phase translational mode, Fig. 5.6, and
the resonance frequency at 4.89 kHz. The DAG was vacuum packaged, using the approach
described in [27]. We experimentally measured the quality factors at 180k and 220k along

the drive (X) and sense (Y) axes. The structural parameters of the operational mode of
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Figure 5.4: An image of Dynamically Amplified dual-mass Gyroscope (DAG) and a close-up
view of a quarter of the DAG showing the central anchor, dual-mass architecture, concentric
ring suspensions, as well as inner, outer, and parametric electrodes, [72, 73, 69].

the DAG were experimentally identified using the frequency responses and damping factors
(Q-factors), [151, 123], and are summarized in Table 5.1. The overall designed capacitances
of each inner and outer electrodes and parasitic capacitance are 1.2, 1.64, and 3.3 pF, re-
spectively. The packaged sensor was mounted on a front-end circuit board and tested in a
temperature chamber to provide a stable temperature during experiments (< 0.5°C fluctu-
ation). The DAG was operated at the resonance frequency controlled by the Phase-Locked
Loop (PLL). The drive amplitude during the experiments was set to 1% of the electrode gap
for reducing the effect of the anchor loss on the Q-factor measurements [152]. The Q-factor

was measured using the ring-down method described in [153].

Fig. 5.7(a) shows the measured quality factors as a function of the feedback resistance, Ry,
which was varied from 100k to 2M in feedback of the transimpedance amplifier along the
Y-axis pick-off channel. For all feedback resistor values, a constant carrier signal with the
amplitude of 1 V and frequency of 50 kHz was applied to the proof-mass. We observed
that increasing the feedback resistances from 100k to 2M significantly reduced the Q-factor
along the Y-axis of the DAG. The experimentally measured values are in agreement with

values predicted by the electrical dissipation model in (5.15) based on the device parameters
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Figure 5.5: The electro-mechanical schematics of DAG. An AC carrier signal with voltage,
ve, and frequency, f., is applied to the gyroscope’s proof-mass. Two TIAs with feedback re-
sistances, Ry, and Ry, are used to collect the motional currents from the pick-off electrodes,
P, P,_, Py, and P,_. Parameters R, and R., denote the effective equivalent loads caused
by the feedback resistances and TIAs. R;, Rp,, and Ry, are the loading resistances on the
corresponding tuning and forcer electrodes.

presented in Table 5.1, where b is equal to 2myu,.

Fig. 5.7(b) shows the analytical predictions and experimental results on the impact of
amplitude and frequency of the carrier signal in EAM on the quality factor. For illustration
purposes, a 100 k feedback resistor was used in the TIAs and the response was measured
along the Y-axis. From this measurement, we observed a clear influence of the varying carrier
amplitudes and frequencies on the Q-factor. The Q-factor was decreasing as a function of the
carrier voltage. This behavior is due to increase in electrical damping with increase of the

carrier voltage. At the same time, the Q-factor was increasing with increase of the carrier
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Figure 5.6: FEA model of DAG showing a characteristic motion of inner drive mass and
in-phase dynamically amplified motion of outer sense mass along the (a) drive and (b) sense
directions with the amplification factor A.

frequency. The observed behavior showed a good agreement with the derived analytical

model, discussed in Section 5.2.

We conclude that the quality factor modification arising from the electrical dissipation is
strongly dependent on the feedback resistance and the carrier signal in the EAM detection
scheme. It raises an important consideration in selection of these parameters in capacitive

MEMS CVGs and oscillators.

5.4 Nonlinear Dynamics due to EAM

Variations of the resonant frequency due to electro-mechanical nonlinearities are usually
considered as a negative characteristic of MEMS vibratory devices. The non-linear dynamics
of a MEMS CVG is mainly caused by the structural suspension nonlinearity and electrostatic
stiffness nonlinearity [138]. As a result of non-linear dynamics, the resonant frequency is

coupled to the vibration amplitude, known as the amplitude-frequency coupling.

The electrostatic stiffness nonlinearity is used for electrostatic tuning of resonant structures
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Figure 5.7: (a) Simulation results of the effective Q-factors under different feedback resis-
tances, ranging from 100 k to 2 M, calculated by the electrical dissipation model (black
dashed line) and the experimentally measured Q-factors along the Y-axis (circular data
points). (b) The simulated Q-factors as a function of the carrier frequency for different
peak-to-peak amplitudes of carrier voltages, from 1 to 3 V. The experimental results at dif-
ferent carrier voltages showed a good agreement with simulated trends in the Q-factor as
a function of the carrier frequency, confirming the derived analytical model in Section 5.2.
The maximum error between the experimental and simulation results for all the data sets is
less than 5% of the actual value.

by applying DC tuning voltages across the parallel-plate actuation electrodes and is widely
used in resonators and in mode-matched MEMS CVGs. To realize a mode-matched (or
degenerate mode) CVG, a higher operational resonant frequency (X-axis, in our case) is
matched to the lower resonant frequency (Y-axis) of the same mode by applying the elec-
trostatic tuning voltage along the X-axis, which would subsequently reduce the frequency
split between the drive and sense modes and thus improve the angular rate sensitivity. How-
ever, the tuning voltage would also result in electrostatic nonlinearity that impacts dynamics
along the X-axis, which cannot be ignored. The bias voltage applied to the proof-mass of a
capacitive MEMS CVG would lead to a similar effect of electrostatic stiffness nonlinearity,
in both the drive and sense modes. In this section, we will discuss the amplitude-frequency

coupling in the parallel-plate EAM detection.
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For a planar mode-matched MEMS CVG, with a suspension which is usually composed of
thin beams and arcs, the flexural displacement is much smaller compared to the geometrical
size of the gyroscope’s suspension. Conventionally, up to the 5th order components of me-
chanical non-linear stiffnesses are considered in such systems [146]. Utilizing the X-axis with
a higher resonant frequency as the drive mode and the Y-axis as the sense mode, the main
nonlinearities in CVGs arise from electrostatic forces due to tuning and bias voltages. The
non-linear electrostatic forces can be expanded in a Taylor series and only the odd-order of
non-linear stiffnesses remained in the expansion when utilizing a push-pull configuration of
the parallel-plate electrodes [138]. Keeping up to the 5th odd-order nonlinearity in the sys-
tem and ignoring anisoelasticity and anisodamping to simplify the discussion, the non-linear

equations of motion along the X- and Y-axis of the gyroscope can be described as

&+ 2ptpd + Wi o+ 032 4 152° = fou, (5.17)

U+ 2,y + wiyy + K3y + Ksy® = fop, (5.18)

where fig, fty, Wya, and wy, denote the damping coefficients and resonant frequencies along the
drive and sense modes, respectively. The odd-order of non-linear stiffnesses, the geometric
Duffing nonlinearity (3rd order) terms, 13 and k3, and quintic nonlinearity (5th order) terms,

ns and ks, along the drive and sense modes are included in (5.17) and (5.18).

Based on the analytical equation, (5.12), in the parallel-plate EAM detection with a push-
pull configuration, the electrostatic forces per resonator mass along the X- and Y-axis, f..

and f.,, can be expressed as

o (Valew ) — Vo) (Valen,w) = Vo)?

fea: - 2mg[ (1 _ xn)g (1 +xn)2 ]7 (519)
o Cy (%(Cya y) - ‘/0)2 . (%(any) - %)2

fey - ng[ (1 - yn>2 (1 4 yn>2 ]7 (520)

where m, ¢, and ¢, x,, and y,, are the resonator mass, nominal capacitances, and normalized
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displacements along the X- and Y-axis, respectively. Parameters V; and V5 are the equivalent
voltages applied to the push-pull electrodes along the X- and Y-axis, which were derived in
(5.8) and (5.9). The actuation voltage, vg. + V4, is included in the voltage Vs(c,., z). The vg,.
along the X-axis also serves as an electrostatic tuning voltage. V, is the AC carrier voltage

in the EAM scheme with the amplitude v. and frequency f..

Utilizing the derived equations in the electro-mechanical model in Section 5.2, the non-
linear electrostatic stiffnesses capturing the frequency variations and up to the 5th odd-order

nonlinearity terms can be expanded and then substituted in (5.17) and (5.18) as

&+ 2t + wiw + i + nla® = £, (5.21)
U+ 20,7 + wgyy + Kkyy® + KEy® =0, (5.22)
with
k ketlv,.—
2 el 2 2 el |vge.=0
Wog = W _E7 oy = Why — m )
/ ke3 ke5
773:773—Ea 775—775—E
ke3 ’Udc:D / 55 |Udc=0

Due to relatively slow-varying amplitude and phase during the ring down response [146],
the amplitude of vibrations and amplitude-frequency couplings along the X- and Y-axis are

given by, [154],

ax(t) = agze ™™, a,(t) = ag e ", (5.23)
2k+1 (n— 1)
re ™ 2)lin an 1
= wog + Z i (t), (5.24)
2k+1
n(n— 1k, ,_
wy(t) = WOy + Z 2n+—1woyay 1(t), (525)
n=3
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where ag, and ag, are the original vibration amplitudes during the ring down response.
n,, and k, denote the non-linear electro-mechanical stiffness terms in the drive and sense
modes. The amplitude-frequency relationships derived in (5.24) and (5.25) are represented

as a function of the DC tuning voltage as well as the amplitude and frequency of the AC

carrier signal in EAM.

To study the amplitude-frequency coupling due to the EAM parameters in MEMS CVGs,
nonlinearity in the Dynamically Amplified dual-mass Gyroscope (DAG) was experimentally
characterized. In the electrode configuration of the DAG, illustrated in Fig. 5.4, the drive
and sense modes are all excited using the inner differential electrodes while the electrostatic
tuning voltages are applied to two separated outer electrodes relative to ground. The elec-
trode configuration is presented in Fig. 5.8 and the electrostatic compensation method of
DAGs was presented in our previous publications, [111]. The 4-DOF dual-mass system of the
DAG in EAM detection could be restructured to a reduced-order model. An equivalent 2-
DOF electro-mechanical system, utilizing the approximation method presented in our recent
work, [74], captured an accurate dynamics of the DAG at the operational mode. Therefore,
the derived electrostatic non-linear stiffnesses in (5.14), (5.24), and (5.25) are applicable to
our 4-DOF system. The experimentally derived parameters of the equivalent DAG model

and electrical component values of the front-end circuit are summarized in Table 5.1.

Variations in resonant frequencies in the ring-down measurements as functions of the nor-
malized amplitude of vibrations along the drive (X) and sense (Y) modes in the DAG were

measured using a PLL control loop, shown in Fig. 5.9. The experimental results of the

Table 5.1: Experimentally Extracted parameters for the equivalent model of DAG and the
component values of front-end circuit

wo (rad/s) Woy (rad/s) | po. (1/s) Hoy (1/s)
3.0964¢* 3.0758¢* 0.103 0.085

Mass (k) |_en 0F) | & GF) | Be ()
1.17¢76 1.64 3.3 100

121



. Tuning Diagonal

. Tuning
off-Diagonal 1

Figure 5.8: Configuration of forcer, pick-off, and tuning electrodes in the Dynamically Am-
plified dual-mass Gyroscope (DAG).

amplitude-frequency couplings along the X- and Y-axis are demonstrated at different carrier
voltages and frequencies. The extracted parameters of the 3rd order non-linear stiffnesses
from measurements are shown in Fig. 5.10(a) and (b), and simulation results in Fig. 5.10
are derived using the analytical models presented by (5.24) and (5.25) with the experimen-
tally obtained parameters. Fig. 5.10(c) illustrates the simulated frequency responses of
the DAG along the X-axis at different EAM parameters, which showed a good agreement
with the experimental measurements. Fig. 5.9 and Fig. 5.10 demonstrate the aggravated
amplitude-frequency couplings along both the drive and sense modes in the DAG due to

increase in electrostatic nonlinearity caused by both the carrier voltages and frequencies in

EAM detection.

5.5 Scale Factor Nonlinearity due to EAM

The non-linear dynamics due to electro-mechanical non-linear stiffnesses in MEMS CVGs
would generally degrade sensors’ performance. For example, in the open-loop rate mode

of operation of MEMS CVGs, the X-axis with a higher resonant frequency can be used as
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Figure 5.9: The ring-down responses along the drive axis, (a) and (b), and the sense axis,
(c) and (d), at different carrier voltages, 1 or 3 Vpp, and frequencies, from 50 to 150 kHz.
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mode at different carrier voltages, 1 or 3 Vpp, and frequencies, 50 or 150 kHz.

either the drive mode or sense mode. By utilizing the X-axis as the sense mode, which is
required to be electrostatically tuned to reduce the resonant frequency, that is to match
the resonant frequency, along the Y-axis in a near-mode-matched (low frequency split) or
mode-matched gyroscope, the non-linear dynamics due to the electrostatic tuning will cause

a large amplitude-frequency coupling along the sense axis, which results in mode-matching
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limitation, gyroscope scale-factor nonlinearity, and instability in the sense mode resonant
frequency [86]. On the contrary, utilizing the X-axis as the drive mode of the gyroscope,
even though the configuration avoids a large nonlinearity in the sense mode due to the
eliminated need for electrostatic tuning, the contribution of EAM to the electrostatic non-
linear stiffensses still remains in the gyroscope’s sense mode, which would subsequently result

in nonlinearity of the gyroscope’s scale factor and affect the in-run noise performance.

The scale factor nonlinearity in the open-loop rate mode of operation is mainly caused by non-
linear dynamics in gyroscope’s sense mode, including nonlinearity of suspension geometry,
parallel-plate capacitance, electrostatic stiffnesses due to the tuning voltage [147] and the
EAM carrier signal, derived in Section 5.4, as well as the phenomena of the mode coupling

between the drive and sense modes.

In order to identify the effect of the EAM parameters on the scale factor nonlinearity, it is
necessary to study and quantify each nonlinearity mechanism separately by first isolating

the contribution of EAM from the rest of the contributing factors.

The geometric nonlinearity of both the drive and sense modes in MEMS CVGs could be
identified using the ring-down responses, derived in Section 5.4. Linearization of the non-
linear pick-off signal due to parallel-plate detection can be achieved utilizing the Side Band

Ratio (SBR) method demonstrated in [129].

Utilizing the X-axis (a higher frequency mode, in our case) as the drive axis of MEMS CVGs
in the open-loop rate mode of operation, the X-axis is electrostatically tuned and locked
by PLL and AGC controllers to prevent variations in the amplitude and phase. Therefore,
the nonlinearity due to the electrostatic tuning will only affect the dynamics along the drive
mode. In this configuration of mode-matched or near-mode-matched CVGs, the effects of
EAM parameters and the mode coupling will be the only two remaining factors contributing

to the scale factor nonlinearity.
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The scale factor in mode-matched gyroscopes is strongly dependent on the frequency split
and quadrature coupling between the drive and sense modes. Due to the amplitude-frequency
coupling along the sense axis, the resonant frequency of the sense mode would reduce with
increase in the sense amplitude, which is caused by the large input angular rate, and thus
the scale factor of the sensor would behave non-linearly. The analytical equations describing
the impact of mode coupling on scale factor nonlinearity in the open-loop rate mode of
operation were presented in [138]. Quadrature coupling due to fabrication imperfection in
MEMS CVGs as an error can be decoupled from the angular rate signal using a phase delay

in the demodulation process.

Using the non-linear electrostatic stiffness models presented in Section 5.2 and Section 5.4,
the effect of EAM on non-linear dynamics of the scale factor can be estimated through
the steady-state response of the equations of motion, (B.13) and (5.22), and the vibration

amplitude along the sense direction due to the input rotation can be calculated as

2Xaw0$Q

y —
S =7+ 2nen)?

(5.26)

with
2k+1
n — 1

n—l

Wy = Woy + Z 2n+1w0 ’
where X, is the vibration amplitude along the X-axis (drive axis) and 2 is the measured
angular velocity. Parameter wz’/ is the resonance frequency along the Y-axis described by the

amplitude-frequency coupling in (5.25).

The contribution of EAM parameters on the scale factor nonlinearity in the open-loop rate
mode of operation was experimentally quantified using the DAG architecture. In our exper-
iments, a higher resonant frequency mode (X-axis) was stabilized with a constant vibration
amplitude at 20% of the capacitance gap. The electrostatic tuning voltages were applied

along the X-axis to achieve the frequency split (Af) on the order of 1 Hz for improving
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gyroscope sensitivity and reaching a near-mode-matched condition of all the experiments.
The scale factor nonlinearity due to the mode coupling at Af = 1Hz was simulated and

illustrated by the solid black line in Fig. 5.11.

Fig. 5.11 presented the normalized scale factors extracted along the Y-axis, which was mea-
sured using the SBR method with the rotation rate of up to 270 deg per second. The data
were obtained for different EAM parameters used for signal processing. Our results showed
a good agreement between the experimental results and the analytical results predicted by
the model in (5.26). The experiments demonstrated a clear influence of the selected car-
rier voltages and frequencies on the scale factor nonlinearity. We believe the mechanism is
through modification of the amplitude-frequency coupling along the sense axis, suggesting
that the EAM parameters play an important role in determining the scale factor while op-
erating a MEMS CVG in the open-loop rate mode mechanization under the mode-matching

or near-mode-matched conditions.

5.6 Noise Characterization in EAM Detection

In capacitive MEMS CVGs, a bias voltage is applied on the proof-mass to extract its motional
amplitude and both DC and AC bias voltages generate the electrostatic non-linear stiffnesses
along the drive and sense modes. In the EAM detection scheme, the pick-off signal along

the sense axis (or Y-axis) of an open-loop rate mode CVG can be simplified as, [129],

1 cn
Vere = §R%vcwc(y +€y) + Vi, (5.27)

where Vi, R, cny, y, and Vy are the pick-off signal, feedback resistance, nominal capaci-
tance of pick-off electrodes, amplitude along the sense axis, and equivalent electrical noise,

respectively. Parameters v. and w, are the amplitude and frequency of the carrier signal
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Figure 5.11: The experimentally measured and simulated scale factor nonlinearity of the
DAG at different carrier voltages and frequencies of EAM. The simulated scale factors at 1
Hz frequency split in the open-loop rate mode of operation were modeled using the method
presented in [138]. The maximum error between the measured and simulated gyroscope
angular rates up to 270 deg per second for all the data sets is less than 8%.

in the EAM detection scheme. The pick-off signal is proportional to the EAM parameters,
which affects the SNR between the Coriolis signal and electrical noise. EAM detection also
holds the benefit of reducing the contribution of feed-through noise by shifting the infor-
mational signal to higher frequencies, which allows a further improvement of SNR of the
Coriolis signal and reduction of flicker noise (or 1/f noise) in CVGs. At the same time, the
carrier voltage, and the frequency of EAM specifically, impacts the electrical noise from the
TIA of the front-end circuit [155]. Therefore, it is necessary to study the effect of the EAM
parameters on noise performance and determine the optimized EAM configuration to achieve

the desired noise performance of a gyroscope.

In order to derive the correlation between the EAM parameters and noise performance in

a gyroscope, an accurate model predicting the contribution of non-linear dynamics to the
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gyroscope’s noise contributions is necessary. A gyroscope noise model was derived in our
previous publications, [148], which captured the most dominant sources of noise in capacitive
MEMS CVGs in EAM detection, including the mechanical-thermal noise (MTN), flicker
noise (FN), electronic-thermal noise (ETN), and operational amplifier noise (OAN). Next,

an additional source of noise in capacitive MEMS CVGs, frequency noise, will be discussed.

The frequency noise due to the amplitude-frequency coupling along the drive mode is consid-
ered as a dominant noise in MEMS CVGs. The frequency noise coupled with the quadrature-
induced noise along the sense mode would degrade the gyroscope’s noise performance. The
amplitude-frequency coupling along the drive mode is mainly caused by electro-mechanical
nonlinearities due to electrostatic tuning voltage and bias voltage, especially, while using a
higher resonant frequency mode as the drive axis in mode-matched CVGs. The effect of
both the carrier voltage amplitude and frequency in the EAM detection on the amplitude-
frequency coupling along the drive mode was presented in Section 5.4, (5.24). Due to the
coupling, the frequency noise can be quantified using the vibration amplitude noise along

the drive mode.

The resonant frequency along the drive mode due to the electrostatic non-linear stiffnesses

can be calculated by solving the non-linear equation of motion, (5.17),

kex k€$

~ Wzo

_ 5.28
290‘)10’ ( )

where k., is electrostatic stiffness along the drive mode acquired by the electrostatic force
per mass, fe;, (5.19), which can be rewritten in the form of f.,(t) = keyx,(t). Utilizing the
Euler’s formula and Newton’s binomial theorem, the electrostatic stiffness due to the tuning

voltage, v4., and EAM parameters is derived as

2%k+1 2%k+1
Cna 1 (n+1)! o, c (n+2)! N
koy = —(vsc—i——vf) g — xh 1+—”xvzwfﬁ g o xny L (5.29)
myg 2 & onl(ngd)l () mg L on(nzd)l(nhd)!
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with

R Ctg R%Ctaz
b= 1+ RZCm + 1+ RLCtmw2, Cta = Cna + Cp,

where ¢, ¢, 21, denote the nominal capacitance along the drive mode, parasitic capacitance
associated with the capacitance between the electrode and substrate, and loading resistance,

respectively.

The drive axis amplitude is stabilized by PLL/AGC control loops in the open-loop rate
mode of operation, therefore, the vibration amplitude, z,, can be presented in the form of
T, = T4 + €, where Z, is the steady-state response and e, is the amplitude noise. Then,
substituting (5.29) into (5.28), the correlation between the amplitude noise and frequency

noise, €, , due to the amplitude-frequency coupling in EAM detection is estimated as

H

€x 2mg2wqo

€, (V3 + 30D TN (n—1)(n+1)! gz _ CuaVEel = (0 —1)(n +2)! -
Zzn HEDIEET T 2mgPug, Zm%) (2E0) e

(5.30)
It should be noted that the frequency noise is proportional to the amplitude noise along
the drive axis due to the amplitude-frequency coupling, which is impacted by the EAM
parameters based on the derived equation, (5.24). An increase in the voltage and frequency
of the carrier signal would result in a large amplitude-frequency coupling and an increased
frequency noise along the drive mode based on (5.30), which is later discussed to lead to
increase in quadrature-induced noise along the sense mode and consequently would affect
the gyroscope’s noise performance. The correlation between the quadrature-induced noise

and frequency noise was discussed in [19].

To demonstrate the contribution of EAM parameters on the gyroscope’s noise performance,
the DAG was experimentally characterized and the gyroscope’s equivalent noise represented
by the Angle Random Walk (ARW) is illustrated in Fig. 5.12. The gyroscope was operated

in the open-loop rate mode and the drive amplitude was locked at 20% of the capacitance
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Figure 5.12: The experimentally measured ARWs (marked by circles and diamonds) of the
DAG at different carrier voltages and frequencies. The estimated ARWs were predicted using
the noise model discussed in Section 5.6. The maximum error of 5% between the measured
and predicted ARWs of the DAG is presented. The model included the MTN, FN, ETN,

OAN, and quadrature-induced noise.

gap by using the PLL/AGC control loops for all the experiments. The electrostatic tuning
voltages were applied along the higher resonant frequency mode to achieve the frequency
split on the order of 1 Hz. The experimentally measured and estimated ARWs of the DAG

were performed as a function of the carrier frequency from 50 to 300 kHz at different carrier

voltages.

Without considering the frequency noise due to non-linear dynamics, the predicted ARWs
of the DAG using the noise model in the two cases, v. = 1 and 3 Vpp, were limited by the
electrical noise, shown in Fig. 5.12, black solid and green dotted lines. In both cases, the
predicted ARWs limits are reduced as a function of the carrier frequency due to increase in
the SNR. However, the experimentally measured ARWs (marked by circles and diamonds)

followed the trends in Fig. 5.12, which were predicted using the noise model, including the
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quadrature-induced noise derived in (5.30). It was demonstrated that the noise performance
of the DAG was mainly limited by the quadrature-induced noise generated by the amplitude-
frequency coupling along the drive mode in a near-mode-matched condition. Due to the
constant contribution of the quadrature-induced noise caused by the geometric nonlinearity
at a certain drive amplitude (20% of electrode gap in both cases), we can conclude that
the variation of ARWSs at different carrier voltages and frequencies is due to changes in
the quadrature-induced noise caused by the electrostatic nonlinearity. Increase in the EAM
parameters impacted the electrostatic nonlinearity and aggravated the amplitude-frequency
coupling, which resulted in degrading the DAG’s noise performance due to the large frequency
noise. Considering the improvements in the SNR caused by the EAM parameters, the
experiments also suggested how improvements in ARW could be achieved by incorporating

the optimized EAM configuration in the sensor’s detection architecture.

It should be understood that a standard configuration of the EAM scheme may be underuti-
lized the benefits of SNR and sensitivity improvements of the EAM detection; for example,
the carrier frequency is usually about five to ten times more than the resonance frequency
of a sensor with a carrier voltage on the level of 0.5 to 1 V. In our case of the DAG char-
acterization, the carrier voltage with the amplitude of 1 V and frequency of 50 kHz used
as the nominal parameters of the EAM detection resulted in a sensitivity of 1.83 mV /deg/s
and ARW of 0.2 deg/rt-hr, which is about three times worse than the sensitivity of 5.64
mV/deg/s and ARW of 0.07 deg/rt-hr using the optimized EAM configuration, 1 V and
150 kHz, in Fig. 5.12. On the contrary, misusing the benefits of the EAM scheme for im-
provement of SNR and sensitivity by using a large carrier voltage and frequency may lead
to an aggravated amplitude-frequency coupling and result in degrading scale factor stability
and noise performance of a gyroscope. In our experiments, using a 3 V amplitude of the
carrier signal with a frequency of more than 100 kHz could be considered as the abused EAM
configuration with a significantly degraded ARW and non-linear scale factor of the DAG,

presented in Fig. 5.11 and Fig. 5.12.
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5.7 Conclusion

The Electromechanical Amplitude Modulation (EAM) is an important and commonly used
approach for elimination of feed-through signals between forcer and pick-off electrodes in
capacitive MEMS resonators, CVGs, and other vibratory sensors. However, there are some
undesirable effects of EAM impacting structural symmetry and energy dissipation in MEMS
resonator’s performance that need to be considered. In this chapter, we presented a com-
prehensive work, supported by analytical and experimental analysis, on the effect of the
carrier voltage and frequency in EAM detection scheme on electrical dissipation, scale factor
instability, and in-run noise performance of a CVG with parallel-plate capacitors used for
detection of motion. We predicted analytically and observed experimentally, that the AC
bias signal in the parallel-plate electrodes would induce a set of non-linear harmonic forces
applied to the gyroscope as a result of the front-end circuit. We confirmed that these forces
generate the electrical damping, therefore, affecting the quality factor of the sensor. An
analytical model was derived for studying the effect. The carrier voltage amplitude and
frequency, as well as the feedback resistance of the transimpedance amplifier, were experi-
mentally demonstrated to introduce the electrical damping in the electro-mechanical model
and thus modify the quality factor of the CVG. In this chapter, we used the Dynamically
Amplified dual-mass Gyroscope (DAG) for illustration purposes, however, the phenomenon

is expected to present in other designs of vibratory gyroscopes.

We confirmed that non-linear electrostatic forces also impact the electrostatic negative stiff-
nesses, which results in the aggravated amplitude-frequency couplings along both the drive
and sense modes in the CVGs. Changes in the 3rd and 5th order of the non-linear electro-
static stiffnesses were captured by our analytical equations and the effect of these higher-order
terms where in-line with experimental observations. The experimental results and the an-
alytical models showed how the EAM parameters influence the scale factor nonlinearity of

the system.
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When the EAM scheme of feed-through reduction was used, we also found a correlation
between the quadrature noise and frequency noise due to the amplitude-frequency coupling
along the drive mode. The correlation was theoretically predicted and experimentally verified
using the DAG as a demonstration vehicle. Even though we recognized that an increase in the
carrier voltage and frequency of EAM would amplify the output pick-off signals to improve
the SNR and to reduce the impact of the external electrical noise, our experimental data
and the simulation results suggested that the large amplitude-frequency coupling along the
drive mode of the DAG due to the increased carrier voltage and frequency would lead to
a larger frequency noise and quadrature noise. Thus, bluntly increasing the carrier voltage
and frequency of EAM to separate the operational signal from the feed-through noise and
electrical noise is not justifiable and would effectively limit the gyroscope’s noise performance
in the open-loop rate mode of operation. Therefore, our conclusion is that it is always
necessary to carefully determine the optimized parameters in the EAM detection scheme
to achieve a desired noise performance of the sensor. The optimization is device-specific.
We derived the effect of EAM parameters on noise performance for the DAG architecture
with parameters discussed in this chapter. Following the same approach, an optimization in

selection of EAM parameters can be achieved for other designs of MEMS CVGs.
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Chapter 6

Conclusions

This dissertation presents our research efforts on development and realization of MEMS
Coriolis Vibratory Gyroscopes for environmentally robust and precision measurement of
absolute rotations. Toward this goal, two different paradigms were investigated in this thesis.
A shock survival mechanism was designed for high-performance low-frequency MEMS CVGs
to improve environmental survivability by immobilizing the proof-mass of the device during
the event of shock and vibration. The mechanism was enabled by the developed fabrication
process. Parallel development of a solution utilizing the inherent structural robustness of
Fused Silica Dual-shell Gyroscope (DSG) for continuous gyroscope operation in adverse
environments was also studied. To achieve precision gyroscope operations, efforts to address
the challenges associated with imperfection-induced errors as well as the realization of mode-
matched gyroscope operation were presented in this thesis. Factors, including metallization
and Electromechanical Amplitude Modulation, that impact the structural symmetry and
energy dissipation mechanisms in MEMS resonators were also analyzed and implemented to
improve gyroscope performance in realization of both paradigms. Specific contributions of

this work are summarized below.
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6.1

Contributions of the Dissertation

A shock survival mechanism, Trap-and-Hold (TAH) concept, was developed to increase
the environmental immunity of the gyroscope to mechanical shocks and vibrations. The
proposed method utilizes out-of-plane electrodes to electrostatically trap and keep the
gyroscope’s proof-mass locked to the substrate during the events of shocks to prevent
mechanical fracture of the structure while recovering its noise characteristics and high
sensitivity operation upon releasing the proof-mass after the shock. To demonstrate the
TAH concept, a design of MEMS Dynamically Amplified dual-mass Gyroscope (DAG)
as the test vehicle was implemented. The design optimization and mode-ordering
with respect to geometric parameters were studied using finite element analysis, and
a design of the dual-mass gyroscope was developed to achieve high quality factors and
low noise through design optimization. The high sensitivity angular rate measurement
with low noise characteristics was demonstrated on the DAGs, revealing ARW of 0.007
deg/rt-hr and in-run bias instability of 0.08 deg/hr. Two fabrication processes using
the through-wafer-interconnect techniques to form the TAH out-of-plane electrodes
were developed to realize the TAH add-on mechanism, supported by the experimental
demonstrations. Fundamental characteristics of the device were validated before and

after shocks.

Toward realization of precision operation-through-shock, the developments of Fused
Silica (FS) Dual-Shell Gyroscopes (DSGs) were presented. Fabrication processes were
developed that realized the capacitive detection and actuation of a FS DSG through
integrating with a Thru-Glass-Vias (TGVs) planar electrode substrate. To achieve the
mode-matched gyroscope operation for high angular rate measurements, we developed
an electromechanical model for electrostatic compensation of the structural asymmetry.
The asymmetry is caused by non-uniform temperature during glassblowing, misaligned

lapping of DSGs, and assembly errors caused by the misalignment of the integration
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step. We proposed an identification method of the assembly errors based on static
capacitance measurements. Compensation algorithms for both asynchronous and syn-
chronous tuning of the n = 2 and n = 3 mode pairs were then theoretically derived and
experimentally demonstrated on a DSG prototype. As a result, a near-mode-matched
gyroscope operation was demonstrated using the proposed tuning method, revealing

ARW on the order of 0.017 deg/rt-hr and in-run bias instability of 0.2 deg/hr.

A study on the effect of metallization on the quality factor and electrical resistance of
F'S micro-machined resonators was presented and supported by experimental results.
An analytical model was developed to simulate the impact and link it to the in-run
noise performance. The developed model aligns well with experimental observations.
The two types of metal coatings, Cr and Cr/Au, with different thicknesses were stud-
ied. We observed a clear influence of varying coating materials and thicknesses on the
quality factor and electrical resistance, demonstrating an existing trade-off between
metallization and Q-factor to achieve the optimal gyroscope’s noise performance. Two
FS DSGs with different geometries were used to demonstrate the impact of metalliza-
tion on gyroscope performance, allowing to generalize our conclusions. We concluded
that it is always necessary to carefully determine the optimized parameters in metal-

lization to achieve an optimal noise performance of FS sensors.

Developments of evaluation electronics and analysis of non-linear dynamics of MEMS
capacitive CVGs were studied to further improve gyroscope performance. An analyt-
ical model based on the Electromechanical Amplitude Modulation (EAM) technique
was investigated, capturing the effect of bias signal on electrical dissipation, amplitude-
frequency coupling, scale factor instability, and in-run noise performance of gyroscopes,
followed by the experimental demonstrations. This study concludes the necessity to
optimize EAM parameters of MEMS CVGs to achieve optimal gyroscope noise char-

acteristics.
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6.2 Future Research Directions

6.2.1 On-chip Ovenization of 3D Encapsulated MEMS Sensors for

Temperature Compensation and Vacuum Packaging

In Chapter 2, the process of Through-Glass-Vias (TGVs) utilizing glass re-flow technique
for encapsulating planar MEMS resonators was proposed and explored on MEMS dynam-
ically amplified dual-mass gyroscopes. The additional feature was introduced to improve
structural robustness against mechanical shock and vibrations. Both the in-plane and out-
of-plane electrodes were implemented on the cap stage using TGVs. However, temperature
compensation has not been explored. The developed glass re-flow technique is not only
capable of forming a cap stage for vacuum packaging and in-plane and out-of-plane sensor
operations, but it is also possible to create micro-heaters and thermal sensors for on-chip
ovenization and temperature stabilization to reduce the temperature-induced long-term bias

and scale-factor drifts.

Besides, improvement of vacuum encapsulation might be demonstrated by modifying the
cap wafer fabrication process and wafer-level bonding process. For example, to increase the
tolerance of misalignment between the cap and device wafers, especially for tilt misalignment,
a low temperature and low-pressure bonding method using Au-to-Au eutectic bonding might
be used [27]. The low temperature and pressure could eliminate the undesired diffusion
between the bonding Au and Si devices and electrodes and reduce the stress-induced errors
in MEMS resonators. To implement the bonding method, a modified fabrication process with
micro-heaters and thermal sensors, as an example, is illustrated in Fig. 6.1. The isolation
trenches should be created in the SOI device wafer, from Step (i) to (iV), for preventing the
overflow of Au/Sn eutectic alloy during the bonding process as illustrated in Step (2). This

modified process might simplify the demands of the fabrication process and could potentially
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i) SPTS etching of Oxide for sensor, in-plane electrode
vias, on-chip micro-heater, and thermal sensor

a) Etching 320 um deep cavity in a 500 um Si wafer
Outer tjonding frame In-plalne electrode bonding pad

b) Anodic bonding 300 um borosilicate wafer under i) 50/500nm Cr/Au bonding pads on both sides
<1mT pressure

Photoresist layer

iii) Photoresist layer for protecting Cr/Au bonding
pads and DRIE Si device layer

c) Glass reflow at 850C for 4 hours

Remaining ~30um

In-plane electrode
Proofmass

Heater/T-sensor

d) Wafer-level mechanical lapping

Outer bonding frame

iv) Wafer cleaning and HF release

— Au/Sn solder preform

e) HF etching to expose bonding area and electrode pads

In-plane electrode Out-of-plane electrode

1) Applying Au/Sn solder preform

In-plane electrode ~ Out-of-plane electrode

f) Etching through Si layer for electrical isolation using DRIE
(photoresist layer and dicing tape, blue tape, is need to
protect the glass side during etching)

~40um

i

g) Si etching for capacitive gap and 50/500 nm Cr/Au 2) Wafer-level eutectic bonding in AML at 300C
deposition for bonding

Figure 6.1: Wafer-level fabrication and encapsulation process of planar MEMS SOI devices
with on-chip micro-heater and temperature sensor (T-sensor).

improve the yield of vacuum packaging.
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6.2.2 Laser Trimming Compensation of Structural Asymmetry

Electrostatic compensation of frequency mismatch due to fabrication imperfection is an ac-
tive compensation technique widely used in mode-matching gyroscope operation. In Chapter
3, such a technique was successfully employed for tuning a Fused Silica (FS) dual-shell gyro-
scope (DSG) and taking into account the assembly errors. However, electrostatic tuning of
DSG often requires high amplitudes of the tuning voltage due to large capacitive gaps, which
results in a degraded noise performance and scale factor nonlinearity caused by non-linear
electrostatic forces introduced by the high tuning voltages. In addition, the miniaturized
sensors might not have enough tuning capability to provide the demanded amplitude of
tuning voltages to compensate for large frequency splits electrostatically. Therefore, the
mechanical trimming modification of DSGs might be preferable to reduce large as-fabricated
frequency splits, followed by a relatively low tuning voltage for high accuracy electrostatic
tuning. Methods of mechanical trimming techniques, such as laser ablation, chemical etch-
ing, directional lapping, and selective deposition, have demonstrated the reduction of the
frequency split in many different implementations of micro-machined HRGs. However, the
disturbance of the surface roughness and shell structure caused by those trimming methods

might affect the quality factor of the devices.

Femtosecond laser-induced Chemical etching (FLICE) of Fused Silica materials is a promising
technique for mechanical trimming of structural asymmetry of micro-shell resonators. The
low thermal-induced disruption and high selectivity etching of FLICE make it an attractive

solution for frequency compensation of FS HRGs, which has not yet been demonstrated.

6.2.3 FLICE Release of Micro-Shell Resonators

In addition to FLICE laser trimming of structural asymmetry of FS HRGs, the laser-

associated micro-shell release might also be performed by using the FLICE process. The
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FLICE laser-writing and chemical etching with an ultra-high laser-induced etching selec-
tivity on the order of 855:1 and a high aspect ratio on the order of 55:1 are ideal for
micro-HRGs release to eliminate micro-cracks and control capacitive gaps compared with
mechanical lapping and chemical-mechanical polishing [96], especially for thermo-elastic
“blowing” micro-HRGs, demonstrated in [51, 91]. Using the FLICE release method, the
fabrication process might be simplified due to eliminating the integration step between the
sensor and electrode substrate. Two process flows, for illustration purposes, are designed
for both micro-glassblowen hemispherical shell resonators and dual-shell resonators based on
the FLICE release method, and shown in Fig. 6.2 and Fig. 6.3. By using the processes,
the electrostatic sensor operation might be achieved by the co-fabricated electrodes with a

capacitive gap as small as a single beam-width of the femtosecond laser.

6.2.4 Cylindrical Shell Vibration Gyroscope

The FLICE-associated process might enable the 3D fabrication of FS Cylindrical shell Vi-
bration Gyroscopes on the micro-scale with a diameter on the order of a few millimeters.
A dual cylindrical shell structure might be also created using the FLICE process. The pro-
posed implementation is similar to the FS dual-shell gyroscope. The outer cap cylindrical
shell might contain the in-plane electrode pads with the capability to in-situ vacuum pack-
aging of the inner sensing element. An example of the fabrication process is illustrated in
Fig. 6.4. The co-fabricated electrodes on the cap cylindrical shell might achieve the uniform
capacitive gaps. The process is also compatible with the high vacuum encapsulation using

the passive getter pumping technique.
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a) Device wafer isotropic cavity etching

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

¢) High-temperature glassblowing

d) Back-lapping for substrate removal

Fs-laser

¢) Two sides of FLICE marking of capacitive
gap and electrode pad

f) 5% HF or 8M KOH etching

Biasing electrode
\ In-plane electrode

e) Sputter-coating of thin-film Cr/Au

Figure 6.2: Process flow for F'S thermo-elastic “blowing” micro-HRG using a developed laser-

associated release.
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a) Dicing (optional) of the glassblown DSG

— ¥ N

b) Back-lapping for substrate removal

Fs-laser

“N\AJT

¢) FLICE marking of capacitive gap and
electrode pads

"N\AS

d) 5% HF or 8M KOH etching

Y

e) Sputter-coating of thin-film Cr/Au
for metallization and bonding area

ES substrate wafer Getter

f) Ultra-high vacuum bonding in SST using
AuSn eutectic bonding alloy

¢) FLICE of through-glass-vias

h) Metal-coating of vias for electrostatic operation

Figure 6.3: Process flow for FS glass-blown Dual-shell gyroscope using a developed laser-
associated release. The process is compatible with the high vacuum in-situ encapsulation
and passive getter pumping technique. The details of the fabrication process of the electrode
substrate are illustrated in Fig. 6.5.
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a) FLICE marking of cylindrical shell, capacitive
gap, and electrode pads

Unde
for is

b) 8M KOH etching followed by Smin
5% HF smoothing

Bondin;

¢) Sputter-coating of thin-film Cr/Au
for metallization and bonding area

d) Ultra-high vacuum bonding in SST using
AuSn eutectic bonding alloy

X In-plane electrode

h) Metal-coating of vias for electrostatic operation

Figure 6.4: Process flow for FLICE-associated fabrication process of MEMS dual cylindrical
shell gyroscope. The process is also compatible with the piezo actuation and tuning tech-
niques.
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6.2.5 In-situ Compensation of Drift with Multi-Mode Operation

The angular rate drifts of the n = 2 and n = 3 mode pairs of a disk resonator showed a
strong correlation which had been demonstrated as an in-situ gyroscope drift compensation
method in [125]. Similarly, both the n = 2 and n = 3 mode pairs in a DSG are configured to
yield measurements of angular rate. After the development of the electrostatic compensation
algorithm of simultaneous tuning of both mode pairs of DSGs in Chapter 3, a concurrent
gyroscope operation of both modes might be implemented to extract simultaneous angular

rate measurements from the same DSG to compensate for the long-term thermal-induced

drift.

6.2.6 In-situ Vacuum Encapsulation of Dual-Shell Gyroscope

The eutectic bonding process of FS dual-shell gyroscopes for assembly with vacuum encap-
sulation was proposed in our recent work [94]. The electrode substrate with both the center
and outer bonding frame was fabricated using the glass-in-silicon re-flow process. However,
due to the mismatch of the thermal expansion coefficients between the FS dual-shell and Si
electrode substrate, the thermal-induced stress would result in frequency shifts and increased
energy dissipations. A modified in-situ vacuum encapsulation fabrication process, illustrated
in Fig. 6.5, might ease the issue, simplify the process, and increase the imperfection toler-
ance. The bonding is based on AuSn eutectic alloy with a low re-flow temperature of around
278 °C. The process is compatible with the passive getter pumping technique for achieving a
long-term ultra-high vacuum. The in-plane and out-of-plane electrodes would be fabricated

using a laser-associated through-glass-vias technique after the bonding process.
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a) HF etching for out-of-plane electrode and
bonding frame

Out-of-plane electrode

Bonding frame / Getter In-plane electrode d) FLICE of through-glass-vias
N N NN
b) Cr/Au and getter material deposition Si‘t'Of'plane clectrode  In-plane electrode
Y

e) Metal-coating of vias for electrostatic

¢) Ultra-high vacuum bonding in SST using operation

AuSn eutectic bonding alloy (black area)

Figure 6.5: Process flow of F'S electrode substrate for integrating with FS DSGs using laser-
patterned Through-Glass-Vias. The out-of-plane capacitive gap and bonding areas (about
40 pm) were wet etched in HF solution. The proposed electrode substrate enables both
the in-plane and out-of-plane electrodes, in-situ vacuum packaging, and the getter pumping
technique.

6.2.7 MEMS “Crystal-Ball” IMU

Laser-patterned Through-Glass-Vias fabrication is an integral part of the 3D MEMS Iner-
tial Measurement Unit (IMU). The process proposed in Section 6.2.6 allows for electrical
connection between the front and the back sides of the FS substrate and in-situ vacuum
packaging of FS Dual-Shell Gyroscopes. Hence, a multi-gyroscope unit or IMU with 3-axis
gyroscopes and accelerometers might be formed by assembling the sensors on a 3D backbone
frame, as illustrated in Fig. 6.6. Once “Crystal-Ball” IMU is formed into a 3D configura-
tion, thru-wafer interconnects of the device substrates and 3D backbone enable a path for
electrical signals from inertial sensors on each surface of the “Crystal-Ball” to the network
of metal traces inside of the 3D frame. This creates an opportunity for efficient usage of
the “Crystal-Ball” IMU inner volume by integrating with Application-Specific Integrated

Circuits (ASICs) on the inner side of the IMU structure.
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Figure 6.6: Illustration of Micro “Crystal-Ball” IMU. Double-sided fabrication process and
laser-patterned Through-Glass-Vias enable efficient utilization of the IMU inner volume for
integrating with ASICs and in-situ vacuum packaging of individual inertial sensors.

6.2.8 Thru-Wafer Interconnects for Double-Sided Fabrication Pro-

cess

The design structure of DAG is presented in Chapter 2. The geometrical parameter opti-
mization was explored in order to reduce anchor loss through the central stem to achieve
the high quality factor of the devices. However, due to the unbalanced oscillatory motion of
the in-plane translational mode, improvement of the quality factor is limited. Thanks to the
development of Thru-wafer interconnect techniques in Chapter 2 and Section 6.2.1 and 6.2.6,
fabrication of a double-ended sensor design seems to be a choice to eliminate the unbalanced
motion applied on the substrate. The double-ended sensor consists of two identical sensors
fabricated on both sides of a substrate wafer, as illustrated in Fig. 6.7. The two sensors
could be fabricated separately and then bonded together as the process shown in Fig. 6.8(a)

or marked onto both sides of a single F'S wafer utilizing the developed FLICE-associated
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Figure 6.7: Hlustration of dynamically balanced double-ended sensor concept.

process as shown in Fig. 6.8(b). The central anchors should be aligned, and the two identi-
cal sensors would be actuated using the anti-phase signals with the same frequency in order
to achieve the concept of dynamical balance to effectively preserve the energy loss through
the substrate. Besides, the two processes proposed in Fig. 6.8(a) and (b) are compatible
with in-situ vacuum package, passive getter pumping technique, and in- and out-of-plane

electrodes.

6.2.9 High Shock Resilient of F'S Dual-Shell Gyroscopes

Due to its inherent structural robustness, FS Dual-Shell Gyroscope was proposed as a mitiga-
tion approach for continuous high-precision gyroscope operation through mechanical shocks
and vibrations. The sensor design and implementation were also developed in Chapter 3.
However, the shock resilience and operation-through-shock have not been experimentally

demonstrated.
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Figure 6.8: Process flows of double-sided fabrication utilizing (a) Silicon-in-Glass vias formed
by glass re-flow technique presented in Fig. 6.1 and (b) FLICE-patterned Through-Glass-
Vias technique presented in Fig. 6.5.
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Appendix A

Lab Procedures

The procedures developed to fabricate SOI resonators, FS Dual-shell Gyroscopes (DSGs), as
well as the Thru-Glass-Vias (TGVs) for both the cap stage of SOI sensors, and the electrode
substrates of DSGs are listed in this section. Please acquire training and access of all the

required equipment involved in the whole process first.

A.1 Lithography Recipes and Protocols

A.1.1 Purpose

This process is used in the fabrication of photoresist (PR) hard masks for Si DRIE. Different
recipes would result in various thicknesses of PR layers. Recipes were demonstrated for two
types of photoresists, Shipley1827 and AZ4620, and were optimized for 10W power on MAG6
equipment. Shipley1827 typically forms a PR coating with a thickness of around 2 to 4 um
for high-resolution feature patterning, such as SOI MEMS devices. AZ4620 PR coating, on

the other hand, usually results in a thicker layer with a thickness of around 5 to 12 pm for
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low-resolution and long duration Si etching.

A.1.2 Process

A.1.2.1 Wafer Cleaning

Walfer cleaning is critical for the subsequent process. The PR coating is extremely sensitive
to dust, PR residues, or any contaminants on the surface from previous fabrication steps,
(leftover contaminants are common in SOI MEMS fabrication). Even a small speck on the
proof-mass would destroy the particular SOI sensor on the wafer. Conducting the following
cleaning steps for any re-used wafer to completely remove all possible residue on the Oxide
surface. If the wafer was coated by PR and needed to be recycled or re-conducted, Step 1(a)
and (b) are interchangeable with Step 2(a) and (b) are interchangeable. Otherwise, use Step
1(a) and Step 2(a).

1(a). Solvent clean the wafer with Acetone and IPA followed by DI water rinsing and wafer
blow dry. Blow dry it.

1(b). Use an AZ 400T photoresist stripper bath and rinse under running DI water. Blow
dry it.

2(a). Piranha cleaning. After cleaning, blow dry the wafer and dehydrate the wafer in
a clean dehydration furnace at 120°C for >45 minutes before continuing with subsequent
lithography process.

2(b). Place the wafer in a Plasma-Therm 790 and load a process named “O2ASH200” for
30 mins. Unload the wafer when the process is done and directly conduct the following

lithography processes.

Do not clean a brand new SOI wafer before lithography process. Directly remove the SOI

wafer out of the wafer box and dehydrate it in a clean dehydration furnace at 120°C for >45
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minutes. You can never clean an SOI wafer as well as the vendors did. This is also true for

Si wafers purchased from a reliable vendor.

A.1.2.2 Spin Coating of Hexamethyldisilizane (HMDS)

If the wafer is covered with an Oxide layer, such as a SOI wafer, conduct the following steps.
1. Use Acetone and cleanroom wipes to clean a Laurell spinner before using it.

2. Apply a clean aluminum foil on a hotplate and heat it to 150°C as preparation.

3. Load the wafer onto the spinner and center it. Turn on the spinner vacuum.

4. Set the recipe of the spinner: (Step 1) 500rpm at an acceleration of 3 for 10s and (Step
2) 2000rpm at 5 acceleration for 30s.

5. Blow the wafer using a Ni gun to remove particles. Pour enough HMDS to cover at least
half of the wafer. Close the lid and start the spinner immediately.

6. Bake the wafer for 5 minutes at the prepared hotplate immediately when Step 5 is com-
pleted.

7. Transfer the wafer to a clean wipe to cool it down.

8. Use cleanroom wipes to clean the spinner after using it.

A.1.2.3 Spin Coating of Shipley1827

1. Use Acetone and cleanroom wipes to clean a Laurell spinner before using it.

2. Program the spinner recipe as follows: (Step 1) 500rpm at 3 acceleration for 10s and
(Step 2) 4500rpm at 5 acceleration for 30s. Typically, the parameters of Step 1 of recipes are
kept the same. The parameters of Step 2 would determine the thicknesses and properties
of the PR coating. Several recipes with their exposure and development parameters are

summarized in Table A.1.
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3. Load the wafer onto the spinner and center it. Turn on the spinner vacuum.

4. Blow the wafer using a Ni gun to remove particles. Pour Shipley 1827 directly onto the
center of the wafer to cover 1/3 of the wafer. Close the lid and start the spinner immediately.
5. Open the lid quickly when spinning is done. Cover the wafer with your hand as you open
the lid to prevent PR from dripping onto it.

6. Pick up the wafer with your hand, only contacting the rim. Do not use tweezer as it
leaves a mark into wet PR.

7. Soft bake the wafer in 90°C oven for 20 mins or using a hotplate at 110°C for 5 mins.

8. Use Acetone and cleanroom wipes to clean the spinner after using it.

A.1.2.4 Spin Coating of AZ4620

1. Use Acetone and cleanroom wipes to clean a Laurell spinner before using it.

2. Program the spinner recipe as follows: (Step 1) 500rpm at 3 acceleration for 10s and (Step
2) 2000rpm at 5 acceleration for 30s. More recipes with theirs exposure and development
parameters are summarized in Table A.1.

3. Load the wafer onto the spinner and center it. Turn on spinner vacuum.

4. Blow the wafer using a Ni gun to remove particles. Directly pour AZ4620 onto the center
of the wafer to cover 2/3 of the wafer. Close the lid and start the spinner.

5. Open the lid quickly when spinning is done. Cover the wafer with your hand as you open
the lid to prevent PR from dripping onto it.

6. Pick up the wafer with your hand, only contacting the rim. Do not use tweezer as it
leaves a mark into wet PR.

7. Soft bake the wafer in 90°C oven for 30 mins or using a hotplate at 110°C for 10 mins.

8. Use Acetone and cleanroom wipes to clean the spinner after using it.
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Table A.1: Process parameters for Shipley1827 and AZ4620 lithography

Photoresist Thickness Spinning coating parameters Exposure Development

Shipley 1827 3pum 4500 rpm, accl 5, and 30 secs 20s 20s
Shipley1827 3.5um 3500 rpm, accl 5, and 30 secs 25s 30s
Shipley 1827 4pm 2500 rpm, accl 5, and 30 secs 30s 40s
AZ4620 6pm 2500 rpm, accl 5, and 40 secs 40s 60s
AZ4620 8um 2000 rpm, accl 5, and 40 secs 55s 90s
AZ4620 10pm 1500 rpm, accl 5, and 40 secs 70s 120s

A.1.2.5 Exposure

1. (Optional) Rest the wafer at room temperature with humidity of 40% for 30 mins to
rehydrate the AZ4620 PR. This step is useful for thick PR development. Insufficient PR
film rehydration will need a higher exposure dose and longer development time, or worse,
complete development may not be achieved.

2. Load mask in the Karl Suss MA6 Mask Aligner. Turn on vacuum hold, blow Ni, and
insert mask (protect the mask use your hands during this step). If a plastic mask is used,
stick mask onto an empty glass mask and proceed as usual.

3. Do lamp test for Ch2 until the power stabilizes at 10W. Repeat this step several times.
4. Edit exposure time as listed in Table A.1 and set the contact gap to 25 pum. If using
vacuum contact, set the parameters to 8s, 4s, and 8s. Hard contact can be used for AZ4620.
For Shipley1827, only soft contact can be used.

5. Insert the wafer and blow Ni. Align the mask and wafer using either top-side or back-side
alignment. It is recommended to at least perform a rough alignment before exposure.

6. Start the exposure process. Do not look directly at the UV light. Oversee the output
power during the exposure.

7. Unload the wafer and mask when the process is done.
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A.1.2.6 Developing

1. (Optional) Rest the wafer at room temperature with humidity of 40% for 30 mins to
rehydrate the AZ4620 photoresist again.

2. For AZ4620, prepare a diluted AZ400K developer bath using the water-to-developer ratio
of 4:1 and mix the solution well with a tweezer. For Shipley1827, prepare a pure MF319
developer bath.

3. Prepare a DI water bath.

4. Place the wafer into the developer bath, time the process as listed in Table A.1.

5. When all exposed PR cleared up (especially the center area), quickly remove the wafer
from the developer bath and dip it into the DI water bath. Rinse it under running water.
6. Blow dry the wafer and check complete development under a microscope. The exposed
region should be cleared up without light slash marks, allowing the underlying Si or Oxide
substrate to be seen. Repeat Steps 3 - 6 until the PR is fully developed, especially for a
thick PR coating (>10um).

7. (Optional) Hard bake the wafer after developing at 120°C for 20 mins would round the

edges of the PR features and improve the resistance during DRIE.

A.1.3 Remarks

1. The PR layer’s thickness varies from center to fringes. The center part is always thicker
than the fringes.

2. The thicker PR coating would result in edge-bead on the fringe area. It can be removed
using a razor blade or AZ EBR solvent.

3. Several imperfections of PR coating are shown in Fig. A.1. Fig. A.1(a) shows an off-
centered spinning coating and an off-centered exposure. Fig. A.1(b) causes by over-exposure

or failure to use soft contact mode for Shipley1827. The line marks from the center to fringes
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(c) (d)

Figure A.1: Pictures of the imperfections of photoresist coating.

of the wafer in Fig. A.1(c) are due to over-pouring of Shipley1827. A circular or irregular
mark on the PR coating is typically caused by the residue, dust, or contamination on the
surface of the wafer before applying the PR or due to the air bubbles inside the PR liquid.

An example is shown in Fig. A.1(d).
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4. Over-developing or under-developing is easy to happen if the wafer is immersed for slightly
longer or shorter than needed. It is always better to be conservative and check several times
for optimal PR coating under a microscope. Typically, an over-red developer bath after de-
veloping would indicate the over-developing. On the contrary, a clean developer bath after
developing would indicate the under-developing.

5. It is hard to control the developer time if an old developer bath is used. Do not over-used

the developer bath.

A.2 Standard SOI Sensor Fabrication Process

A.2.1 Purpose

This process is used in the fabrication of SOI inertial devices, which includes the metal-
lization, lithography, hard mask patterning, DRIE of device layer, dicing, cleaning, and HF
vapor release. Please acquire training and access for all the required equipment involved in

the entire process first.

A.2.2 Process

A.2.2.1 Metallization

A 50/500 nm Ti/Au or Cr/Au layer is required on the backside for a SOI sensor in order to
allow for LCC vacuum packaging. The metal coating could be preformed using an E-beam
Evaporator. Load the SOI wafers upside down so that the metal layer would attach to the Si

side of the wafers. Allow the wafers fully cooling down before venting and unloading. Use a
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photoresist layer to define the backside bonding pads and alignment marks. The lithography
process is described in Section A.1. After wet etching of the metal layers, the photoresist
layer needs to be removed using Acetone and IPA method or AZ 400T stripper method as
described in Section A.1. A wafer-level Piranha cleaning is optional at this point, described

in Section A.3.

A.2.2.2 Oxide Hard Mask Etching

The process starts with lithography of the Oxide hard mask. The photoresist mask is spin
coated onto the SOI wafer using the 2um Shipley1827 recipe and following the processes
described in Section A.1. Backside alignment is required during the exposure step using
MAG.

1. Clean the SPTS APS PM chamber using “O2 Clean” recipe for 30 mins before loading
the SOI wafer.

2. Wipe the backside of the SOI wafer (if needed) before place the wafer in SPTS chamber.
Etch for about 8 mins using the “UCI Si0O2 PR” recipe until the unprotected Oxide layer is
removed completely.

3. Remove the photoresist hard mask using Acetone and IPA method or AZ 400T stripper
method as described in Section A.1, followed by a wafer-level wet cleaning using Piranha

solution, described in Section A.3.

A.2.2.3 DRIE of Device Layer

1. Clean STS DRIE chamber using “O2 Clean” recipe for 30 mins before loading the SOI
wafer.

2. Place wafer into STS, gently blow N2 to remove dust particles. Etch using the “Procesam”
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(a) (b)

Figure A.2: Examples of (a) an under-etched SOI resonator with black marks in its capacitive
gaps and (b) a fully-etched SOI sensor. The images were taken by a Leica DM4 B microscope
using 5X lens.

recipe.

3. Time to etch 100 pm Silicon layer using “Procesam” recipe is approximately 45 mins,
but actual value changes over time and depends on the sensors features. Run only 40 mins
of “Procesam” recipe first and unload wafer to observe the gaps. If the etching wasn'’t
complete, add 1 or 2 mins DRIE based on the observation, as shown in Fig. A.2, until all
the gaps are clean and fully etched. Time to etch 50 um Silicon layer using “Procesam”
recipe is approximately 22 mins. Run only 18 mins of “Procesam” recipe for the first time
and unload wafer to observe the gaps. If the etching wasn’t complete, add 0.5 or 1 mins

DRIE based on the observation until all the gaps are clean and fully etched.

A.2.2.4 Wafer Dicing

Wafer dicing in UCI using DISCO DAD3220 requires a protective layer on top of the device

features. This can be conducted by attaching the device layer onto the dicing tape and dic-
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ing from the bottom side, covering the device surface using a layer of dicing tape and dicing
from the upper side, or spin-coating a photoresist layer onto the device surface. If a dicing
tape is attached to the device layer, use an Acetone bath to remove the tape and followed
by IPA and water baths. Do Not rip off the tape directly. It would damage the structures.
However, using a photoresist layer as protection would be preferable for SOI inertial sensors.
1. Dehydrate the SOI wafer in the clean dehydration furnace at 120°C for >45 minutes.

2. Use aluminum foils to build a storage area with a cover. Use aluminum foil to form a
stand to hold the wafer from center point so that the fringes would hang in the Step 8.

3. Apply HMDS as described in Section A.1.

4. Program the spinner recipe as follows: (Step 1) 400rpm at 3 acceleration for 10s and
(Step 2) 400rpm at 3 acceleration for 10s.

5. Load the wafer onto the spinner and center it. Turn on the spinner vacuum.

6. Directly pour Shipley1827 onto the center of the wafer to cover all surface of the wafer.
Close the lid and start the spinner.

7. Open the lid quickly when spinning is done. Pick up the wafer with your hand, only
contacting the rim.

8. Place the wafer onto the aluminum foil stand made in Step 2 and cover it. Let the
wafer stay in the storage overnight so that all the gaps on the device layer would fill with
photoresist.

9. Soft bake the wafer in 60°C for 20 mins using a hotplate, increase the temperature to 80°C
for 20 mins, and then increase the temperature again to 90°C to fully dry the photoresist

before dicing.
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A.2.2.5 Die-Level Cleaning and HF Vapor Release

After dicing of the SOI wafer, an individual die-level wet cleaning has to be conducted. If a
photoresist layer was used as the protection during dicing, use AZ 400T photoresist stripper
bath to fully remove all photoresist first. Place the sensor dies into the new AZ 400T bath
and cover the container. Heat it up to 100°C to speed up the process. It may take about
1 hour of the process. Place the sensors into several DI water baths to clean AZ 400T.
Conduct the die-level Piranha cleaning of the devices as the process described in Section
A.3. Place the cleaned devices into new petri dishes. It is optional to perform a 20 mins
“O2ASH200” using a Plasma-Therm 790 RIE followed by another run of Piranha cleaning.
This step might hypothetically improve quality factor by cleaning polymer residues caused
by the DRIE step.

The oscillatory structure of SOI devices will be then released using a HF Vapor Phase Etcher.
Program the vapor etcher to 49°C and place the sensors onto the sample holder. Place the
holder onto the HF container. Time to release 5 ym Oxide layer is approximately 90 mins.
Add more time if it is necessary. Use IR Microscope to make sure that the moving structures
are fully released. Two examples are shown in Fig. A.3. Do not over-release the anchors

and electrodes. It might lead to damage the structures during wire-bonding.

A.2.3 Remarks

1. Oxide etching in SPTS would burn the photoresist hard mask if you etch longer at a time.
The 1.5 pm Oxide layer should be fully etched in 30 mins. However, the etching program
may fail due to bad condition of the SPTS.

2. For DRIE of Si device layer, “Process b” recipe can also be used. It has a faster etch rate
compared with “Processan” but results in a worse uniformity and surface roughness.

3. Typically, over-etching of DRIE would lead to a large frequency mismatch of sensors, and
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Figure A.3: (a) Example of a SOI sensor after 30 min HF release. There is no difference
between the two anchors and sensor’s proofmass. (b) A under-released device after 80 mins
HF release with the remained Oxide substrate that high lights in a red box.

under-etching would short the testing circuit and no oscillatory behavior may be observed.
4. During STS DRIE, the machine would leave a circular mark on the backside of the wafer.
A handle wafer or blue tape would prevent the mark. If a blue tape is attached onto the
wafer, it is necessary to cut the tape to the size of the wafer size so that DRIE would not

attack the tape during etching.
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A.3 Wafer-level and Die-level Wet Cleaning Recipes

and Protocols

A.3.1 Purpose

Wet cleaning of Wafers and dies is a critical step in inertial sensor fabrication process.
Piranha cleaning and RCA-1 cleaning are the two most common processes that can be con-
cluded for both wafer-level and die-level. Piranha cleaning is typically stronger compared
to RCA-1 and is able to remove dust, photoresist residues, polymer, Cu, and any contam-
inants on the surface from previous fabrication steps. RCA-1 cleaning, on the other hand,
is required for some specific surface treatments. Aqua Regia cleaning is even stronger than
Piranha solution and can attack gold. Please acquire training and access for all the required

equipment involved in the whole process first.

A.3.2 Process

Wet cleaning containers and tools are located in a cleanroom box as shown in Fig. A.6(a).
Only use those containers to conclude wet cleaning process.

1. Place several cleanroom wipes on a wet cleaning bench and rinse the container that would
use in the process. After rinsing them, place the containers upside down on a new wipe be-
fore using them.

2. Prepare a hot-plate and change aluminum foil.
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A.3.2.1 Mixing Solutions

For Piranha cleaning, add 1 to 2 parts of 98% Sulfuric Acid (Orange cap) into a 5 inches
container. Then slowly pour in 1 part of 30% Hydrogen peroxide (in a cleanroom refrig-
erator) into the container. Place the container onto the hot-plate and heat up the solution
to about 120°C. The samples, wafers or dies to be cleaned can be placed in the solution
anytime after the solution has been mixed. The cleaning period is about 15 mins. Only
use metal tweezers in Piranha solution. Do not boil the solution. The portion of Hydrogen

peroxide can not be more than Sulfuric Acid.

For RCA-1 cleaning, add 5 parts of DI water into a 5 inches container. Then add 1 part of
27% Ammonium Hydroxide (green cap) into the container. Place the container onto the hot-
plate and heat up the solution to 70 to 75°C. Then add 1 part of 30% Hydrogen peroxide (in
a cleanroom refrigerator) into the container. Place the samples, wafers or dies to be cleaned,
in the solution and keep the solution around 70 to 75°C during the cleaning. The cleaning

period is about 15 mins.

For Aqua Regia cleaning, add 3 parts of 98% Hydrochloric Acid (blue cap) into a 5 inches
container. Then slowly pour in 1 part of Nitric acid into the container. Place the container
onto the hot-plate and heat up the solution to about 100°C. The under-cleaning samples can
be placed in the solution anytime after the solution has been mixed. The cleaning period is
about 15 mins until no yellow gas is observed. Noted that the Aqua Regia solution is very
strong and dangerous. Only use metal tweezers in Aqua Regia solution. Do not boil the

solution.
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A.3.2.2 Solution Cleaning

1. After the cleaning step is completed, slowly take the samples out of the solution. Imme-
diately place the samples into a DI water bath.

2(a). For wafer-level cleaning, rinse the wafer individually under running DI water and then
place the wafer into another new DI water bath. Rinse the tweezer. Change the water for
the first bath and rinse the water container. Take out the same wafer from the second DI
water bath and then rinse it under running water again. Place it into the new water bath
and rinse the tweezer. This cleaning cycle has to be repeated at least twice before blow
drying the wafer. Two methods can be used to blow dry wafers, as shown in Fig. A.4. Place
the wafers into a wafer holder in a clean dehydration oven at 120°C for 20 mins.

2(b). For die-level cleaning, use a plastic tweezer to transfer the samples to the second DI
water bath for 5 mins. Rinse the tweezer. Change the water for the first bath and rinse the
water container. Place the samples into the new water bath for 5 mins. Repeat this step at
least twice. Prepare a clean container and a lid. Change gloves and use clean aluminum foil
to cover the inner surface of the container and lid. Place the wet samples into the container

and bake them into a clean dehydration oven at 120°C for 20 mins.

A.3.3 Remarks

1. During the wet cleaning of die-level, the samples would move and bump into each other.
Figure A.5 shows two dippers that can be used to clean small samples to prevent the issue.
2. Figure A.6 shows an example of wafer-level cleaning. A wafer holder made out of Teflon
can be used, as shown in Fig. A.6(c). The wafer and holder should be placed in to solution
as shown in Fig. A.6(d). Typically, leave the very bottom level empty and insert wafers

starting from the second slot.
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Figure A.4: Methods of wafer-level blow drying.

Figure A.5: Teflon dippers for small samples wet cleaning.
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Figure A.6: Illustration of wafer-level wet cleaning.

A.4 Fused Silica Sensor Annealing

A.4.1 Purpose

This process is used in the fabrication of Fused Silica (F'S) micro-shell resonators for the
improvement of quality factors. Due to a non-isothermal and rapid cooling of the glass-

blowing process in the fabrication, significant thermal stresses would result in an increase in
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mechanical energy loss. Appropriate thermal annealing would reduce the internal stresses.

Please acquire training and access for the annealing tube furnace used in the process first.

A.4.2 Process

The glassblown shell resonators can be thermally annealed in a Thermco 3000 annealing
tube furnace with controlled heating and cooling rates. Sample cleaning is critical before
this annealing process. Remove all metal coating and other residues first. Piranha cleaning
should then be conducted.

1. Load micro-shell resonators on the sample holder. Two methods could be used as illus-
trated in Fig. A.7(a) and (b). The advantage of the second method is to prevent contami-
nation from the tube by adding a cap wafer on the top of the holders.

2. Load the holder at the middle of the annealing tube.

3. Set the ramp to 950°C with 3°C/min heating rate.

4. Set the annealing at 950°C for 9 hours under continuous N2 flow.

5. Set the cooling rate to 400°C at 0.1°C/min.

6. Turn off the controlled cooling and cool down to room temperature before unloading the

holder.

A.4.3 Remarks

1. Cover the sample holder using aluminum foil to keep it clean. A dirty holder would
contaminate both the annealing tube and the samples.
2. The annealing tube needs to be cleaned regularly. Please contact the staff to conduct this

step if required.
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Figure A.7: Illustration of the setup and sample holder of micro-shell resonators used in the
annealing process.

A.5 Silicon-in-Glass Re-flow Process

A.5.1 Purpose

This process is used in the fabrication of through-glass-vias stages for 3D encapsulation of
FS dual-shell resonators and SOI planar sensors. It is a reverse process of high-temperature
glassblowing. It takes advantage of the drop in viscosity of glass material and the low-
pressure condition or vacuum in the pre-etched cavity to form Silicon-in-Glass vias at high
temperature. Please acquire training and access for all the required equipment involved in

the whole process first.
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A.5.2 Process

A.5.2.1 Deep Etching of Si wafer

The process starts with a double-side polished 500 pm Si wafer with ultra-low resistivity.

1. Attach a handle wafer using a layer of photoresist or thermal oil to the Si wafer. A >6um
layer of Photoresist layer can be used in this step. Using a drop of thermal oil would be
preferable. Set a hotplate to 110°C and place the handle wafer on top of it. Apply a drop
of the oil at the center of the handle wafer. Place the Si wafer on top of the handle wafer
and bake the stack for 5 mins.

2. Apply a layer of photoresist as the hard mask for the Si wafer. The photoresist layer
with at least 15 pum thick would be sufficient to etch about 350 pym in depth for Si wafers. A
double-layer AZ4620 photoresist can be spin coated onto the Si wafer with a short soft-bake
period in between. The photoresist mask is then defined using lithography with a double-
exposure duration described in Section A.1.

3. Load the Si stack into STS DRIE and etch using the “Process B” recipe.

4. Measure the etch depth in the middle and at the edge of the Si wafer using DEKTAK
until the desired etch depth is achieved. The remaining thickness of the Si wafer should be
greater than 120 pm.

5. Remove the handle wafer by placing the wafer stack on top of a hotplate with a temper-
ature of 110°C for about 5 mins. Gently twist the Si wafer to separate the two wafers.

6. Remove the photoresist hard mask using an AZ 400T photoresist stripper bath and rinse

the wafer under running DI water before blow drying it.
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Figure A.8: A picture of the Glass-Si wafer created by the anodic bonding process.

A.5.2.2 Anodic Bonding

1. The Borofloat 33 glass and etched Si Wafers must be thoroughly cleaned before they
are bonded. Piranha cleaning and RCA-1 cleaning should be conducted in sequence. After
cleaning, blow dry the glass wafer and use the dehydration oven to dry the Si wafer.

2. Place the two wafers into two fresh (new) 5 inches petri dishes and load them inside an
AML-AWB wafer bonder. The glass wafer should be loaded on the upper platen.

3. Perform the anodic bonding at vacuum condition and set the contact force to 500N.
Gradually increase the bonding voltage and temperature to 600V and 370°C.

4. Turn off the heaters and voltage supply when the bonding process is completed. The
total charge during bonding is linearly dependent on the contacted area. The total charge
of 4 inches wafers bonding should be around 1500 to 2000 mC.

5. Unload the bonded wafer stack when the temperature is back to room temperature. An

example of a bonded Glass-Si wafer is shown in Fig. A.8.
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Figure A.9: Illustration of the setup and sample holder used in the glass re-flow process.

A.5.2.3 High Temperature Glass Re-flow Process

1. Place the bonded stack on the holder with the glass side face-up, as shown in Fig. A.9(a).
2. Load the holder with the stack to the middle of the annealing tube, as shown in FigA.9(b).
The reverse holding method can be used in this step too, as shown in Fig. A.7(b).

3. Control the tube temperature as the program shown in Fig. A.10.

4. Turn off the temperature control when the temperature is below 400°C.

5. Unload the wafer when the temperature reaches room temperature.

A.5.2.4 Wafer-level Lapping

1. Spin coat a layer of photoresist on the Si-side of the bonded stack after glass re-flow.

2. Place the stack onto a 4-inch wafer holder and let the photoresist layer attach to the
holder, as shown in Fig. A.11(b).

3. Press down the stack with a lightweight and soft-bake the holder on a hotplate at 150°C.

4. Calibrate the Allied High Tech Lapping machine before any wafer-level lapping.
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Figure A.10: The temperature profile of the annealing tube for glass re-flow.

5. Lap the wafer using a 30 um diamond lapping film (green) until the Si surface is exposed.
This step may take about a few hours. Do not press down the lapping holder too much. It
may lead to detach the wafer from the holder.

6. Place the cloth lapping pad on the machine and apply 3 ym diamond slurry on the lapping
pad. Continue lapping the wafer until an obvious change in the surface quality is observed.
7. Use 0.5 pm diamond slurry to perform a fine polish on the wafer.

8. Place the holder in an Acetone bath until the wafer is separated from the holder.

9. Do solvent clean (Acetone and IPA) of the wafer and rinse it under DI water.

A.5.3 Remarks

1. It is key to cool down the tube correctly. Failure to do so would lead to the following
results, as shown in Fig. A.11. The issue shown in Fig. A.11(a) is due to leakage. For
Fig. A.11(b) and (d), the incorrect cool-down step was performed. An annealing step (>30
mins) is needed to be executed around 530°C with a slow cooling rate around 580 to 530°C.
Besides, unloading the wafer too early (>60°C) would result in a broken wafer, as shown

in Fig. A.11(c). An appropriate glass re-flow process would result in a wafer shown in Fig.
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Figure A.11: Pictures of the failures of the glass re-flowed wafers.

A12.
2. Do not use a diamond lapping film with <30 pum diamond size to lap the wafer. It would

detach the wafer from the holder.
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Figure A.12: A picture of the Silicon-in-Glass wafer formed by the proposed glass re-flow
process.

A.6 Wet Etching of Glass Wafer

A.6.1 Purpose

This process is used to wet etch glass wafers to create vias or cavities for through-glass-
vias. Please acquire training and access for all the required equipment involved in the whole

process first.

A.6.2 Process
A.6.2.1 Preparation

For Borofloat or Pyrex wafer, a Cr/Au or Ti/Au metal layer with a thickness of 100/100 nm
is sufficient as a hard mask for a fast and shallow wet etching process. The features on the

hard mask could be patterned using a photoresist layer and metal etchant.
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Table A.2: Process parameters of BOE and HF wet etching of glass

Solution Parameters Etching Rate (pm/hr)
BOE 10 mL + HCL 20mL + DI water 170 mL 2.667
BOE 35 mL + HCL 70mL + DI water 170 mL 7.5
2% HF 200 mL + HCL 50mL 10.5
5% HF 200 mL + HCL 70mL 12
6% HF 200 mL + HCL 70mL 25.5
9% HF 200 mL + HCL 90mL 40

A.6.2.2 Wet Etching

A Pyrex container can perform the wet etching of Borofloat or Pyrex wafer using the thin-
film metal hard mask. Both BOE and diluted HF solution can be used in this process. It
is necessary to work with fresh HF or BOE solutions. The recycled solution will result in a
reduction in the etching rate. Few example recipes are listed in the Table A.2. Adding HCL
solution would help with the uniformity of wafer-level etching. Covering the container with
a lid during the etching could prevent evaporation. DO NOT directly rinse the wafer under
running DI wafer if the wet-etching process wasn’t completed. The running water would
damage the hard mask due to isotropic wet etching. Placing the wafer gently into several
DI water baths could clean the residues of HF solution. DO NOT blow dry the wafer. It
would also break the metal hard mask. Use the dehydration oven to dry the wafers (10 mins

should be sufficient).

A.6.2.3 Hard Mask Removal

1. Dip the wafer into the metal etchant to completely remove all the metal hard masks.
2. Place the wafer into a DI water bath and rinse under DI water.

3. Use the dehydration oven to dry the wafer.
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A.6.3 Remarks

1. Using a metal hard mask would result in micro-trenches and could peel off easily during
a long etching process.

2. The etch rate varies over time.

3. Placing the container onto a shaker during the etching could improve the etching unifor-

mity.

A.7 Wet Etching of Fused Silica Wafer

A.7.1 Purpose

This process is used to wet etch Fused Silica (FS) wafers to create cavities for high-temperature
glass-blowing. This is the first step in the fabrication of F'S dual-shell wineglass resonators.
Please acquire training and access for all the required equipment involved in the whole pro-

cess first.

A.7.2 Process
A.7.2.1 Poly-Si Hard Mask

Poly-Si hard masks for wet etching of F'S wafer are required. A layer of 2 ym undoped Poly-
Si should be sufficient as a hard mask. The features could be defined using a photoresist
layer and followed by RIE Si etching in a Plasma-Therm 790. The unprotected 2 pm Poly-Si
region can be removed by running 3 mins of the process named “SF602SH”. Be very careful

with the Poly-Si hard mask during the entry process. Any damage to the mask would be
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transferred to the FS wafer during the wet etching process. After etching of Poly-Si layer,
the wafer needs to be cleaned, and the photoresist residue has to be removed. Using AZ 400T
photoresist stripper bath would be preferable, followed by DI water rinsing. The alternative

method is to use solvent cleaning (Acetone and IPA).

A.7.2.2 Wet Etching

1. Pour 300 mL 49% HF into the Teflon container about half-full. The solution should be
fresh. Be very careful during the process and Open the DI water valve to keep water running
in case of a splash.

2. It is necessary to protect the back side, mask one side of the FS wafer using one-sided
dicing tape (blue tape). Peel off the blue tape and touch it at one edge of the wafer. Slowly
work your way to the other edge till the whole wafer is covered with blue tape. (If bubbles
form, you can peel back the blue tape a little bit and stick it again to remove the bubbles.
Removing the air bubbles is not necessary. Removal of the blue tape could potentially
damage the Poly-Si hard mask.) Once the blue tape sticks to the wafer nicely, take a razor
blade to trim the tape to the edges.

3. Place the wafer into HF bath. Put the lid on the container and gently transfer the whole
setup into a second container.

4. Etch for required duration. The typical etch rate is about 1.07 pm/min.

5. Remove the wafer gently and place it into several DI water baths.

6. Rinse the wafer under running DI water.

7. If a blue tape protects the wafer, place the wafer into an Acetone bath, and the blue tape
will peel off by itself without damaging the hard mask, followed by IPA and water baths.
8. Blow dry the wafer or use the dehydration oven to dry the wafer.

9. If the etching process has to be suspended, gently remove the wafer and place it into

several DI water baths. DO NOT directly rinse the wafer under running DI wafer and blow
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dry the wafer. Use the dehydration oven to dry the wafers. If a blue tape protects the wafer,
remove the tape first as described in Step 7 before drying it.
10. Measure the etch depth in the middle and at the edge using DEKTAK before the hard

mask removal.

A.7.2.3 Poly-Si Removal

1. Prepare 400 mL 45% pre-mixed KOH solution.

2. Fill 200 mLL KOH into each Pyrex container and mark the containers as #1 and #2. Put
plastic meshes into each glass container, and these will lift the wafer so that the back side
can be etched.

3. Place the containers onto a hotplate and wait for the solution to reach equilibrium
temperature at 80 °C.

4. Perform solvent cleaning (Acetone and IPA) on the wafer and rinse it under DI water.
Place the wafer into the #1 KOH bath. Do not mix solvents and KOH. Ensure that the
wafer is thoroughly rinsed with DI water after the solvent clean.

5. For 2 pm Poly-Si layer, it takes approximately 6 minutes to visibly remove (making the
wafer transparent). Wait for an extra 60 seconds until no dark spots is left on the wafer and
take the wafer out.

6. Prepare the following setup before removing the wafer from the KOH solution: two DI
water baths, an Acetone bath, and an IPA bath.

7. Once the wafer is removed from the first KOH bath, quickly do the following: Dump it
into the DI water baths, rinse under running water, and do solvent clean (Acetone and IPA).
Rinse it under running water and finally place it into KOH #2 bath.

8. Replace all the baths in Step 6.

9. Wait for 5 minutes and remove the wafer out of the KOH bath #2.

10. Repeat the rinsing and solvent cleaning in Step 7.
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11. Blow dry the wafer and place it into a fresh (new) 5 inches petri dish.

A.7.3 Remarks

1. Measuring the etch depth using DEKTAK can damage the Poly-Si thin film. Make sure
you take the measurement from the same point to minimize the damage.

2. The variation of etching depth in the whole wafer is usually as low as 0.1 gm. If you are
seeing significantly higher variation, that means that the amount of HF solution used is not
enough.

3. There are usually broken pieces of Poly-Si thin film inside the containers after this process.
Try to remove them using cleanroom wipes, as they can contaminate future process.es

4. Keep the bonding side faced up during the entry process. Do not flip the wafer over and
contact the cleanroom wipe.

5. If the FS wafers would be followed by plasma-associated bonding in the subsequent
process, add 18 pym in depth during the etching since polishing would remove about 18 pum

thickness from the surface.

A.8 Triple-stack Plasma-Aided Glass-to-Glass Wafer

Bonding

A.8.1 Purpose

This process is used to bond three Fused Silica (FS) wafers to form triple-wafer stacks. This
is a critical step in the fabrication of FS dual-shell wineglass resonators. The advantage
of plasma-associated bonding is that no intermediate material is needed as the bonding

interface. Thus, the triple wafer stack can survive under high temperatures. Please acquire
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training and access for all the required equipment involved in the whole process first.

A.8.2 Process

A.8.2.1 Wafer Cleaning

Wafer cleaning is critical in this bonding process since the process is super sensitive to dust,
Poly-Si residues, photoresist, or any contamination on the surface from previous fabrication
steps. The bonding surfaces of the F'S wafer must be polished and then thoroughly cleaned
before they are bonded. The polishing step should be completed by the wafer vendor. Send
the wafer back to the vendor for fine polishing. Executing the following cleaning steps in

sequence to completely remove all possible residue on the bonding surface.

1. Solvent cleaning (Acetone and IPA)
2. Piranha cleaning

3. RCA-1 cleaning

4. After cleaning, store the wafers separately in clean Teflon wafer holders with DI water.

A.8.2.2 Surface Activation

1. Wipe the bench with Acetone and IPA thoroughly before operating and change gloves.
2. Blow dry one FS wafer by placing it on a clean wipe on the bench. Prepare a clean (new)
petri dish with a cleanroom wipe folded inside the container to prevent stiction. Also, blow
dry the tweezers before transferring the wafer inside the petri dish. Repeat the process for
the second wafer. If it is the second bonding, use the dehydration oven to dry the stack.

3. Place two FS wafers into the chamber of a Plasma-Therm 790 RIE. Load the process
named “O2SHKEL” for 3 minutes. Transfer the wafers back to the Petri dishes after the

process is finished.
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4. Rinse one of the wafers under running DI water for 1 minute in the bench. Then blow
dry it as in Step 2. Place the wafer back into the Petri dish to avoid any dust contaminating

the bonding surface. Repeat the process for the second wafer.

A.8.2.3 Wafer Bonding

1. Change gloves and place one wafer (preferably the thinner one) on a piece of clean wipe
with the bonding surface faced up.

2. Take out the other wafer and flip it so that the bonding surface (activated surface) is at
the bottom.

3. Gently place the second one on top of the first wafer.

4. Press the center of the top wafer with your hand. The bonding area will spread from the
center to the fringes if the surfaces are clean. Work with the bubbles (unbonded area), and
you can press the stack to squeeze and drive the air bubbles into a nearby cavity to improve

the yield of the bonding area.

A.8.2.4 Wafer Bonding with Alignment

The surface activation is valid for about 30 minutes. The bonding step would be performed
in an AML-AWB wafer bonder. Complete the loading, alignment, and bonding as fast as

possible would improve the yield of the bonding process.

1. Change gloves and load two F'S wafers in the AML bonder (preferably the thinner one on
the upper platen). Both the bonding surfaces of the two wafers are faced up.
2. Set the height of the spring pin on the upper platen to about 100 um so that the center

of the upper wafer would contact the bottom wafer first.

196



3. Close the lid and align the upper and lower wafers.

4. After alignment, contact wafers and set the force to 100N. Then, switch to the “control-
ling manually” button.

5. Set the force to 500N and press the “controlling force” button. Then press the “control-
ling manually” button. Keep the wafers under this condition for 1 minute.

6. Unload the bonded wafers from the AML bonder. Noted that the bonding process is not
complete yet.

7. Keep pressing the stack to squeeze the unbonded area manually to improve the yield.

A.8.2.5 Wafer Annealing

1. Place the stack at room temperature for at least one day before annealing.

2. Load the stack on a hotplate or AML wafer bonder. Set the temperature for annealing to
400°C with a ramp-up rate of 50°C/h. It is optional to use the AML wafer bonder for the
first annealing of the triple-stack, but it is recommended to execute the second annealing
process in the AML wafer bonder under the “controlling force” mode with 500N force.

3. Anneal the bonded stack for >1 day before removing it from the heat plate.

A.8.3 Remarks

1. If cavities were formed on the cap and substrate wafers, execute the bonding between the
cap and device wafers first and then bond the stack to the substrate wafer. Otherwise, the
bonding order does not matter.

2. Before surface activation, clean the chamber of the Plasma-Therm 790 using the process
“O2ASH200” for at least one hour.

3. If the yield of bonding is lower than 80% for the first bonding and 40% for the second
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bonding, it is an option to separate the two wafers and bond them again.
4. Perform the entire bonding cycle from wafer cleaning to annealing for the first bonding

and then execute the circle again for the second bonding.

A.9 Selective Metallization of F'S DSGs

A.9.1 Purpose

This process is to assemble a shadow mask to a FS dual-shell gyroscope for selective met-
allization. Please acquire training and access for all the required equipment involved in the

whole process first.

A.9.2 Process

A.9.2.1 Shadow Mask Assembly

The details of the shadow mask assembly are shown in Fig. A.13.

1. Prepare the setup as shown in Fig. A.13(a). The vacuum-compatible tape is required.

2. Cut the dicing tape into two small rectangular shapes and attach them to the edges of
the FS dual-shell resonator, as shown in Fig. A.13(b) and (c).

3. Match the size of the shadow masks to the device shell and place the shadow mask on
top of the dual-shell sample.

4. Tape them together using vacuum-compatible tape. The final result is shown in Fig.

A13(d).
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Figure A.13: Details of the shadow mask assembly.

A.9.2.2 Metal Deposition

The 3D metal coating can be performed using a sputter-coater or Angstrom evaporator. After
the assembly between the shadow mask and dual-shell sample, the bonded stack would be
loaded inside the deposition chamber, as illustrated in Fig. A.14. The vacuum-compatible

tape is required during the process. Reverse the assembly steps to remove the shadow mask.

A.9.3 Remarks

1. After loading the samples in the sputter-coater or Angstrom evaporator before depositing

of each metal layer, a long pre-deposition step is recommended due to oxidized layer and
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Figure A.14: TIllustration of selective metallization of FS dual-shell gyroscopes in a 3D
sputter-coater.

dust attached on each metal source which could contaminate the samples and might lead to
delamination.

2. Allow a sufficient cooling period before venting and unloading the samples. Fast ramping
down of the temperature would lead to delamination of the metal coating too.

3. Using the 20W RF mode recipe in the sputter coater would result in deposition rates of
0.3 A/s for Cr and 0.8 A/s for Au.

4. The deposition recipes of Ti, Cr, and Au are located in the folder named ”Danmeng

Wang” in the Angstrom evaporator.

200



Appendix B

Discrete Electrical Model of

Hemispherical Resonator GGyroscopes

To represent the metal electrical resistance between the stem and the rim of DSGs during the
four-point measurement described in Section 4.2, a discrete electric model of the dual-shell
resonator can be used, illustrated in Fig. B.1(a), [128]. The rim of the device shell is evenly
distributed as m nodes from the 1st to the mth node, where the node m + 1 is equivalent to
the 1st node due to the curvature of the device, that is as m +1 = 1. A voltage of Ej with
current, [y, is directly applied to the kth node by one of the probes during the resistance
measurement. Therefore, the equivalent electrical resistance between the kth node and the

ground (central stem) is defined as Ry = Ey/I}.

A fragment of the electric circuit of the discrete electric model is illustrated in Fig. B.1(b).

The currents induced by the voltage Ej through the distributed resistances p; and r; are
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(a) (b)

Figure B.1: (a) Schematics of the discrete resistance model of a metallized DSG structure
with (b) a fragment of the electric circuit model. A voltage applied on the kth node repre-
senting the resistance measurement in Section 4.2.

defined as ¢, and \; ;. Utilizing Kirchhoft’s current law, the circuit has the form of

| | 0 ifitk
—iz G+ Gk — p;jl Gtk = (B.1)
o ' I, ifi=k
with
=14 2 2 (B.2)
Ti—1 T

Based on measurements of electrical resistance, Ry, in Section 4.1, we assumed that R, and
pr are sine functions as Ry = asin(2r£ + ¢) + R, and pj, = Bsin(2m £ + ¢) + p,, and r, =
is evenly discrete. The discrete electric model can then be described by a linear algebraic

system in the form of

mem * mem = Imx1, (B3)
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where

-2 0 0 (—
R 0 0
0 ' 0
M= 0 Pty P 0
0 0
0 0 e
-2 0 0 0 fmtog,
0 -~ 0 Gup 0 - 0 0]
Cxm = [0 -+ 0 G 0 - 0|sdmx1 = |I|-
0 -+ 0 Cuoage 0 - 0 0

Using the inverse of the coefficient matrix in Eq. B.3, the current, (; is derived as

Ciw = M I

Therefore, the distributed resistance p; can be expressed as

- Ek Rkjk - Rk

_Ck,k_ Ck _Mk_,i

Pk

(B.7)

For an assembled dual-shell system with 24 electrode pads overlapped with the rim of the

device shell, the effective electrical resistance of the jth electrode, R.;, can be derived by an

electric model presented in Fig. B.2(a). The jth electrode from the start and end angles,

©y(7) to ¥i(j), is assumed to be evenly distributed by n plates, from the /th to tth node,

m
21?7

where [ = ¢)(j) 5%, t = ¢i(j) 5=, and t = [ +n.

To simplify the discussion, the voltage, V', current, I, loading resistance, R, and total charge
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of the C; capacitance, ()}, are also evenly distributed for n plates. The relationship of these
parameters is given by
RQ; + @ R,I=V. (B.8)
&
From the fragment of the electric circuit illustrated in Fig. B.2(b), the voltages, loading

resistances, charges, and capacitances for the kth plates are defined as

t t
Vi=V, Ry =nR, Q; = qu =ng, C; = ch = ncy, (B.9)
k=l k=l

where kK =1[,1+1,...,t. The currents through the distributed resistances p; and r; inducted
by the voltage V are defined as 7, and j,. Utilizing Kirchhoff’s laws, the circuit shown in

Fig. B.2(b) has the form

nRqy + ? + prir = Vi, (B.10)
k
Prlk — Prt1ike1 — Tejr = 0, (B.11)
ik + Jk — Jk-1 = Gk (B.12)
From Eq. B.10 — B.12, we find
1 m t

Tk = T_(pkzk — Pr+1ik+1), Zmik =0,1= Zik‘ (B.13)

k k=1 k=1

Substituting Eq. B.10 and Eq. B.13 into Eq. B.8 and matching each current term, the Eq.

B.8 can be rewritten in the form of
t 1 t q 1 t
RS g +-N £ - L=V B.14
;qk+n;%+n;pkzk (B.14)
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(a) (b)
Figure B.2: (a) Schematics of the discrete resistance model of an assembled DSG structure

with a voltage of V' applied to the jth electrode. The model can be represented by (b) a
fragment of the electric circuit model.

Therefore, the effective electrical resistance of the jth capacitance is derived as

R Dkt Pin _ Yt Pri (B.15)
N nl nY ik

By matching the discrete electric models in Fig. B.1 and Fig. B.2, the equivalent relation-

ships can be found as
t t t
=Y Ga=> ML= Ml (B.16)
i=l i=l i=l

By substituting Eq. B.7 and Eq. B.16 into Eq. B.15, the effective electrical resistance of
the jth capacitance is found as
t R t —1
py ﬁ > My

R, = : —. (B.17)
’ n ZZ:Z ZE:I Mk:,z'l
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Appendix C

List of Vendors

Airgas

Location: Santa Ana, CA 92704, USA
Phone: 855-625-5285

Email: wecanhelp@airgas.com

Airgas is a local supplier of laboratory gas equipment.

Allied High Tech Products, Inc.

Location: Rancho Dominguez, CA, USA

Phone: 800-675-1118

Email: info@alliedhightech.com

Allied High Tech Products, Inc. provides the die-level and wafer-level lapping and publishing
instruments for release of Fused Silica shell resonators and all lapping related products, such
as lapping films, slurry, lubricants, and lapping fixtures. Maintenance and repair of the

Multiprep Polishing System are also available in the vendor.

Angstrom Engineering, Inc.

Location: Southern Ontario, Canada
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Phone: 800-695-8270

Email: sales@angstromengineering.com

Angstrom Engineering, Inc. specializes in material deposition equipment and supplies, in-
cluding Physical Vapor Deposition (PVD), Chemical Vapor Deposition (CVD), and evapo-
ration. Relative supplies for Angstrom Engineering EvoVac Glovebox Evaporator at Irvine
Materials Research Institute (IMRI), including crucibles, metal targets, are available from

Angstrom Engineering, Inc.

Coining Inc.

Location: Montvale, NJ, USA
Phone: 201-791-4020

Email: coining.sales@ametek.com

Coining, Inc. provides solder preforms for Au-Sn eutectic bonding.

CAD/Art Services Inc.
Location: Bandon, Or 97411, USA
Phone: 541-347-5315

Email: cas@outputcity.com

CAD/Art Services Inc. provides low-price plastic laser-marked photomask with maximum

resolution up to 25400 DPI (1um).

Electro Tech Machining Location: Long Beach, CA, USA

Phone: 562-436-9281

Email: etm@etm-lb.com

Electro Tech Machining manufactures customized graphite parts. Possible applications in-

clude die-attachment, shell assembly, vacuum packaging, and shadow mask for deposition.

Front Range Photomask Co. LLC Location: Lake Havasu City, AZ, USA
Phone: 928-733-6217
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Email: masks@frontrange-photomask.com
Front Range Photomask Co. LLC provides glass photomask fabrication service with accuracy

ranging from 0.2pm to 1pm.

Kurt J. Lesker

Location: Jefferson Hills, PA 15025, USA

Phone: 800-245-1656

Website: https://www.lesker.com/

Kurt J. Lesker provides supplies for Physical Vapor Deposition (PVD) including deposition

materials, such as Au, Cr, and Ti, and supplies for vacuum chambers and pumps.

Marvell Nanofabrication Laboratory Location: Berkeley, CA, USA

Phone: 510-809-8600

Email: themp@berkeley.edu

Marvell Nanofabrication Laboratory at UC Berkeley is a cleanroom facility providing micro-
fabrication services. Specifically, double-side 2pum doped Poly-Si LPCVD is necessary as the
hard mask during HF wet etching of the Fused Silica wafers. The thickness of the wafers

can be as high as 2mm using the “Old recepit”.

Mark Optics, Inc.

Location: Santa Ana, CA, USA

Phone: 714-545-6684

Email: quote@markoptics.com

Mark Optics, Inc. is a custom optics provider that specializes in glass wafers. Available
materials include Pyrex, Fused Quartz, Borosilicate Glass (BSG), and Ultra Low Expansion
Titania Silicate Glass (ULE TSG). Wafer polishing service for etched wafers is also available

at Mark Optics, Inc.

Photo-sciences Inc.
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Location: Torrance, CA, 90505, USA

Phone: 310-634-1500

Email: JDaniel@plastronics.com

Photo-sciences Inc. offers high-quality glass photomasks with high accuracy features of 2um

+/-0.25um. Masks are typically used in lithography of inertial sensors fabrication.

Plastronics sockets & connectors

Location: Irving, TX 75062, USA

Phone: 972-258-2580

Email: JDaniel@plastronics.com

Plastronics offers complete, reliable burn-in test socket solutions for all the latest packaged
devices, including LCC and PLCC packages. The material is compatible with vacuum con-

dition. For LCC 44 packages, the socket part number is P2044S-B-AU.

Sierra Assembly Technology Inc.

Location: Fontana, CA 92337, USA

Phone: 909-355-5400

Website: https://www.protoexpress.com

Sierra Assembly Technology, Inc. offers high-quality and specialized PCBs. The ENIG sur-
face finish of pads are wire-bondable. Arlon 85N is a polyimide and lamination prepreg
system that provides excellent stability and low out-gassing for ultra-high vacuum applica-

tions.

SST Vcauum Reflow Systems

Location: Downey, CA, 90242, USA

Phone: 562-803-3361

Email: info@sstinternational.com

SST Vacuum Reflow Systems is now part of Palomar Technologies and the manufacturer of

vacuum sealing furnace and supplier of the consumables. Maintenance and repair of the SST
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vacuum sealing System are also available in the vendor.

Ultrasil LLC

Location: Hayward, CA 94545, USA

Phone: 510-266-3700

Email: rduque@ultrasil.com

Ultrasil LLC offers standard silicon wafers SSP and DSP silicon wafers, prime silicon wafers,
SOI (Silicon on Insulator) wafers, and SOI Wafers with Ion implants and coatings. Typically,

each order takes about more than 6 months to arrive.

University Wafer

Location: South Boston, MA 0217, USA

Phone: 800-713-9375

Email: chris@universitywafers.com

University Wafer, Inc. offers highest-quality silicon wafers and other semiconductor sub-

strates and services including thermal oxide, nitride, thin films, dicing and more.
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