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SUMMARY

MEMS gyroscopes are electromechanical devices that measure rate or angle of
rotation. They are one of the fastest growing segments of the microsensor market.
Advances in microfabrication technologies have enabled the implementation of chip scale
monolithic gyroscopes (MEMS gyroscopes) with very small form factor that are
lightweight and consume little power. Over the past decade, significant amount of research
have been directed towards the development of high performance and very small size
MEMS gyroscopes for applications in consumer electronics such as smart phones.

One of the most promising application of MEMS gyroscopes is personal navigation in
the absence of GPS signal. The main limitation of MEMS gyroscope as a navigation device is
its excessive bias drift, which will be integrated over time and cause an angular position error.
This issue will require GPS to kick in every once in a while for position reset and calibration.

Whole angle gyroscopes (WAG), which are also referred to as rate integrating
gyroscopes (RIG) have the ability to output the angle of rotation directly instead of angular
velocity, providing a path to eliminate the integration errors and reduce the drift of the gyro.
Moreover, the dynamic range of a RIG is not limited by the bandwidth of its mechanical system.
In another word, it is a more stable gyroscope with a large dynamic range. However, it requires
a low frequency, ultra high quality factor axial symmetric structure, which is challenging to
achieve in microscale. By shrinking the size of the resonator, resonance frequencies tend to
increase as they are typically inversely proportional to the critical dimension of the structure.
Classic scaling laws also predict a proportional relationship between mechanical quality factor
and critical dimension. Therefore, integrated ultra-high Q RIG microchips have not been
demonstrated in a footprint small (a few millimeters on a side). This work demonstrates a
path towards that goal.

In this dissertation, high aspect-ratio hemispherical shell structure with
continuously curved surface is utilized as the high Q resonator. Being an axial symmetric

structure, the 3D hemispherical shell is able to achieve low frequency (3 ~ 5 kHz) within

XiX



2 mm X 2mm die area. Detailed analysis on energy dissipation also shows its potential to
achieve ultra-high quality factor with the selection of high Q material and proper design of
support structure.

This dissertation presents, for the first time, the analysis, design, fabrication and
characterization of a micro-hemispherical resonating gyroscope (LHRG) that has the
potential to be used as a whole angle micro-gyroscope. A three-dimensional high aspect-
ratio poly- and single crystalline silicon (3D HARPSS) process is developed to fabricate
free-standing, stem-supported hemispherical shell with self-aligned deep electrodes for
driving, sensing and quadrature control of the gyroscope. This monolithic process consists
of seven lithography steps and combines 3D micro-structure with curved surfaces with the
HARPSS process to create capacitive electrodes with arbitrary gaps around the micro-
hemispherical shell resonator (WHSR). Polysilicon is utilized as the structural material due
to its isotropic mechanical properties and the potential of achieving high quality factor.

The fabrication is demonstrated successfully by prototypes of polysilicon yHRG
with diameter of 1.2 mm and thickness of 700 nm. Frequency response and gyro operation
are electronically measured using the integrated electrodes. Quality factor of 8,500 is
measured with frequency mismatch of 105 Hz. Electronic mode matching and alignment
are successfully performed by applying tuning voltages and quadrature nulling voltages.
An open loop rate sensitivity scale factor of 4.42 mV/°/s was measured. Design and process
optimization of the support structure improved the quality factor to 40,000. Further
improvement of quality factor will enable the demonstration of high performance RIG

using polysilicon uHRG.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to Gyroscopes

A gyroscope is a sensor that can measure angular velocity or angular position of
one or multiple axes. German Johann Behnenberger demonstrated the first gyroscope
instrument that was made of a rotating heavy ball in 1810. In 1832, American Walter R.
Johnson invented a similar device based on the principle of a rotating disc. The name
“gyroscope” is given by Leon Foucault in 1852 after he demonstrated the measurement of
the Earth rotation [1]. Since then, with more than a century’s development, traditional
gyroscopes are now widely used in inertial navigation, platform stabilization, unmanned
aerial vehicles, gyro-theodolites in tunnel mining, etc. Modern MEMS/semiconductor
technology enables building a gyroscope on a silicon chip. Nowadays, we are able to find
gyroscopes not only on ships, missiles, airplanes, but in smart phones, gaming consoles,
cameras and other portable devices [2] as well. All gyroscopes falls in three categories:

Mechanical gyroscope, optical gyroscope and Coriolis vibratory gyroscope.

1.1.1 Mechanical Gyroscopes

The conventional mechanical gyroscopes are based on the conservation of angular
momentum of a spinning wheel [3]. As Figure 1.1 shows, the spinning wheel is supported
by gimbal structure and gyroscope frame, allowing rotating about multiple axes. Figure 1.2
illustrates the law of gyroscope, and precession will cause the rotation of the gimbal relative
to inertial space. Considering the wheel is spinning along the axis ss’, and a torque is also
applied on axis tt’. Then the spin axis of the disc will be forced to turn about axis pp’. The
direction of ss’, tt’, pp’ follow right hand rule. By supporting the spinning wheel with

different sets of gimbals, single axis or two axis gyroscope can be made.



Professor C. S. Draper at the Massachusetts Institute of Technology did excellent
work on this type of mechanical gyroscopes. The resolution this type of devices range from
0.001°/hr to 10°/hr depending on the actual design. Also, very high dynamic range of
500°/s is also achieved [4]. However, the disadvantage of spinning wheel mechanical
gyroscopes is that they require relative motion between two mated parts. The friction
between two parts will caused wear and thus affect the long-term stability. Therefore,

manufacturing and maintenance of this device increases the overall cost.

Gyroscope Spin axis

Figure 1.2: lllustration of gyroscope precession [4]
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1.1.2 Optical Gyroscopes

The physical phenomenon of optical gyroscopes are the Sagnac effect [5], which is
named after French physicist Georges Sagnc. It relates interferometer fringe shift to
rotation rate. Fiber optic gyroscopes (FOG) and ring laser gyroscopes (RLG) are two
typical optical gyroscopes. In fiber optic gyroscopes (FOG), two light waves circulate in
opposite directions around a path as figure 1.3 shows. Assuming the light source is rotating
clockwise, so the light traveling in the opposite direction (counter clockwise) will have
shorter optical path compared to the other beam (clockwise). The phase difference between
the two beams causes interference patterns to shift. The sensitivity is proportional to the
total length of the circular fiber, and inverse proportional to the wavelength of the light.

Figure 1.4 shows the latest open loop FOG design by KVH [6]
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Figure 1.4: Open loop design of fiber optic gyroscope [6]
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Ring laser gyroscope (RLG) is another type of optical gyroscope, which consists of
a Fabry-Perot resonator with three or more mirrors. The light is circulating through helium-
neon as the gain medium, generating two laser beams, one traveling in the clockwise
direction and one in the counterclockwise direction. The optical path length of the cavity
is fine-tuned to be an integral multiple of the laser wavelength. When the device is at
stationary, the frequencies of the two beams are equal, forming a standing wave. When the
gyro is rotating about the axis perpendicular to the lasing plane, a difference of frequency
between the two beams is created due to the constant light speed. The frequency difference
will produce a beat frequency, taking the form of a fringe pattern which can be detected by

photodiodes.

FRINGE PATTERN

MIRROR
(1 0F 3)

t=———GAS DISCHARGE
REGION

READQUT
DETECTOR

CATHODE

SORAER  LIGHT BEAMS

PIEZOELECTRIC
DITHER MOTOR
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Figure 1.5: A ring laser gyroscope [8]

The biggest advantage of optical gyroscopes is free of moving parts, thus reduces
the wearing of the device. And starting up the sensor only requires a few seconds [8].
However, these type of gyroscopes require highly precise assembly of lasers, optical
mirrors and detectors, resulting in high assembly and maintenance cost. The requirement

of long optical path for high performance also makes it bulky.



1.1.3 Coriolis Vibratory Gyroscope

Coriolis vibratory gyroscopes (CVG) are based on Coriolis effect, found by French
scientist Gaspard-Gustave Coriolis in 1835. However, it was no until 1948 that people
realized Coriolis effect can be used for gyroscope. Diptera, one kind of flying insect, is
controlling itself with its halteres, which is actually a tuning fork gyroscope [9]. Coriolis
vibratory gyroscope is usually consists of a structure that has two orthogonal resonating
modes, between which energy will be transferred due to Coriolis effect. This type of
gyroscope will be the main focus of this dissertation, and the detailed working principle
will be introduced in next section.

Systron Donner Quartz Rate Sensor (QRS) is illustrated in Figure 1.6. It is an “H”
shaped tuning fork design, which is supported at the middle of the structure. Piezoelectric
quartz material is used to simplify the sensing element, resulting in exceptional stability
over temperature and time. The two tines on the top are driven in resonance out of phase
in the plane of the structure. When there is a rotation along the input axis, the two bottom
tines will resonate out of the plane of the structure. The best product has shown a bias

stability of 0.035°/hr [10].
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axis
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Figure 1.6: Tuning fork gyroscope



Another successful design of Coriolis vibratory gyroscope is the famous
hemispherical resonator gyroscope (HRG) by Northrop Grumman Corporation (previously
Litton Industries, Delco). In 1890, the physicist G. H. Bryan found when he stuck a
wineglass and rotated it about its stem, the tone behaved interestingly and this could detect
rotation [11]. But it wasn’t until 1965 that the idea implemented at Delco. Dr. David Lynch,
the god father of HRG, was leading a group developing this new type of inertial sensor for
navigation. Nowadays, after the research and development of a few decades, HRG is now
widely used for spacecraft stabilization, precision pointing, aircraft navigation, strategic

accuracy systems, oil borehole exploration and planetary exploration [12].

Figure 1.7: Hemispherical Resonator Gyroscope (HRG) Assembly
(Source: Northrop Grumman Corporation)

As figure 1.7 shows, a HRG consists of a precision-machined highly symmetric
hemispherical shell resonator made of an ultra-high-Q material such as fused quartz, with
manually-assembled and fine-tuned electrodes. A zoomed-in view of the resonating part of
hemispherical shell resonator (HSR) is illustrated in figure 1.8. The conventional 130P
HRG which has the case diameter of 2.2 in and weight 0.64 Ib with 64 separate parts,

demonstrates bias stability smaller than 0.0005°/hr. The most latest milli HRG has case



diameter of 1.4 in and weight 0.25 Ib with only 5 separate part. It shows bias stability of
0.00035°/hr [13].

=

Figure 1.8: Fused quartz hemispherical shell resonator (HSR)
(Source: Northrop Grumman Corporation)

1.2 Working Principle of CVG

1.2.1 Coriolis Effect

Coriolis force is a fictitious force that acts on moving objects when it is viewed in

a rotating reference frame. It is named after French scientist Gaspard-Gustave Coriolis in

1835 when he wrote a paper derive the mathematical expression of Coriolis effect [14]. As

figure 1.9 shows, assuming inertial frame A and rotating frame B, the absolute acceleration
of a point mass in A can be written as follows

a=ﬁ+@+ﬁx§+ﬁx(ﬁxﬁ)+zﬁxﬁ (1.1)

The absolute acceleration of a point mass in A can be decomposed into: linear

acceleration of frame B in frame A (/T), linear acceleration of the point mass in frame B

(ag), rotation acceleration (Q x 73), Centrifugal acceleration (Q x (ﬁ X 75), and Coriolis

acceleration (25 X vg). Among these component, the first two terms are linear acceleration,
and can be treated as common mode. And rotation acceleration and centrifugal acceleration

can also be ignored because they are higher order terms. Equation (1.1) introduces the fact



that, if the observer is standing in the rotating frame, he or she should be able to observe a

force whose direction is perpendicular to the angular velocity and relative velocity of the

object with respect to the rotating frame.

Inertial
Frame A

Figure 1.9: Inertial frame and rotating frame [15]

Sense (y)

Inertial Frame

Figure 1.10: Ilustration of a single proof-mass CVG [15]

Figure 1.10 illustrated a lumped parameter model of a single proof-mass Coriolis
vibratory gyroscope. In theory, it is a simplified 2DOF mass-spring-damper system. The
proof-mass is supported by two sets of spring and damper on two orthogonal directions,
respectively. And the system is driven into resonance on x direction which is the drive axis.

When there is an out-of-plane angular rotation, a displacement on y direction which is the



sense axis will be detected. Currently, the electrical transduction of driving and sensing is

performed by either capacitance or piezoelectricity.

1.2.2 Mode of Operation

Coriolis vibratory gyroscopes have two operation mode: rate mode and whole angle
mode (rate integrating mode) [16]. In rate mode, the readout signal is angular rate. In figure
1.10, the proof-mass is driven sinusoidally along drive axis. Coriolis effect will generate a
displacement along sense axis, and the dynamics of the mass can be described by the
following differential equations:

mx + C,x + k,x = Fy sinw,t
my + C,y —2mQx + k,y =0 (1.2)

x(0) = x(0) = y(0) = y(0) = 0

x10°

[10 degss
3|3 degs

% 4 2 0 2 4 6
X (m) x10°

Figure 1.11: Dynamics of a rate mode CVG
Equation (1.2) assumes drive mode and sense mode have the same resonance
frequency, i.e. the CVG is operated at mode-matched condition. The advantage of
disadvantage of mode matching will be introduced in the next section. In equation (1.2),
the term F, sin wt is the sinusoidal drive force, and 2mQx is the Coriolis coupling term
from x axis to y axis. The Coriolis coupling term from y axis to x axis is always three orders
of magnitude smaller, thus it is ignored in equation (1.2). All initial conditions are set to

zero. By solving the system of differential equations, the dynamics of the proof-mass in

9



the response of 3°/s and 10°/s angular rate are plotted respectively in figure 1.11. As we
can see, the Coriolis signal is proportional to angular rate. Thus, integration over time is
needed for angular position. Moreover, it is noticeable that the system need finite time to
respond and stabilize. Therefore, the dynamic range of this type of gyroscope is limited by
the system bandwidth.

Another mode of operation is called whole angle mode or rate integrating mode. In
this mode of operation, proof-mass is given an impulse and allowed to vibrate freely.
Coriolis effect causes vibration pattern to precess. The dynamics of the mass can be
described by the following differential equations:

(ma'c' + CuX + kyx +2mQy =0

{mji+Cyj/+kyy—2mQJ'c=0 13)
x(0)=A '

L %(0) = y(0) = 5(0) = 0

Y (m)

-1 -0.5

0 0.5 1
A m) x10°

Figure 1.12: Dynamics of a rate integrating gyrosocpe (RIG)

As we can see in equation (1.3), the Corolis coupling term is in both equations,
which means the coupling is in both ways. And at time zero, the mass is given a finite drive
amplitude and zero velocity. After that, there is no external force in the system. Usually,
rate integrating gyroscopes (RIG) have a very high mechanical quality factor of resonance.
Thus, the damping term is negligible. The stiffness on two axis is also assumed to be

identical. Figure 1.12 demonstrates the dynamics of a rate integrating mode gyroscope in

response of 50° and 100° rotation. The angle ¢ that the mass rotates is proportional to

10



the angle that the system rotates and can be directly determined from the instantaneous
position and velocity by equation (1.4). The advantage is obvious that no integration error
will be introduced over time, and dynamic range is not limited by the system bandwidth.

2(wnxy + %)
wi(x? —y? + (& —y9))

tan 2¢p = (1.4)

7
x 10
f=4 kHz, Q=10,000, decay time = 796 ms

Simulation time: 10 ms

5

5 0 5 10
X (m) x 107

Figure 1.13: Dynamics of a rate integrating gyroscope with finite quality factor

x 107

‘Frcquency mismatch =5 Hz

0 0.5 1
X (m) x10°

4 0.5

Figure 1.14: Dynamics of a rate integrating gyroscope with finite frequency
mismatch
However, gyroscopes that operated in rate integrating mode have very high

requirement on the performance of the resonator. First, it requires a high ringdown time,
which translates into low frequency and high quality factor. Figure 1.13 shows the
dynamics of a rate integrating gyroscope with finite quality factor. The vibration amplitude

decays as time goes by, so another excitation will be needed more frequently. And this will

11



affect system nonlinearity. Second, it requires a highly isotropic oscillator with fully
matched drive and sense modes. Figure 1.14 shows the dynamics of rate integrating
gyroscope with finite frequency mismatch. The elliptical shape trajectory causes large
quadrature error during gyroscope precession [17]. The angular position information

cannot be solved by equation (1.4), thus the gyroscope is not usable.

1.2.3 Mode Matching

As discussed in previous section, rate integrating gyrosocpes (RIG) need fully
matched drive and sense mode, which means the peak of one of the modes needs to be
within the 3dB bandwidth of the other mode. Since rate integrating gyrosocpes are ususally
with high Q at low frequency, the bandwidth is very small. Assuming the resonator has a
Q of 100,000 at 5 kHz, the bandwidth will be only 50 mHz. This requires highly stable

electronics, which is a big challenge at system level.

of--p-——----- of ——--- g
H( f) [ H( f)
-h'. f I
i : ___..J:kﬁ N / :' .
i -7 f=f=f 7
Mode-Split Mode-Matched

Figure 1.15: Split mode operation and matched mode operation

Rate mode gyroscopes can works at either mode matched condition [18] or split
mode condition [19]. In split mode operation, the sense mode is operated at a different
frequency from the drive mode, resulting in partial energy transfer between the two modes.
The advantage of mode matching is that, the Coriolis signal is amplified not only by drive
mode quality factor, but sense mode quality factor as well, resulting in higher sensitivity.
However, due to fabrication imperfection the two modes are never matched as fabricated.

Thus, a tuning or trimming mechanism needs to be implemented to match the two modes.
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Some mode matched MEMS gyroscopes are intentionally designed with an initial split
between the two modes, and use electrostatic spring softening effect for fine tuning and
mode matching [20]. Figure 1.13 illustrates split mode operation and matched mode

operation.

1.3 MEMS Gyroscopes

Nowadays, most MEMS gyroscopes are Coriolis Vibratory Gyroscope (CVG). The
working principle is as described in the previous section. However, the structural design
could be quite different due to different application and processing technologies. Overall,
the structure of MEMS gyroscope can be divided into two categories: degenerate mode
gyroscope and non-degenerate mode gyroscope. Degenerate mode gyroscope is usually an
axisymmetrical structure with its fundamental modes used as drive mode and sense mode.
The drive mode and corresponding sense mode are of the same order and orthogonal, which
means the nodes of drive mode locate at the anti-nodes of sense mode and vice versa. Thus
they are inherently matched if without fabrication imperfection. Non-degenerate mode
gyroscope usually consists of one or multiple proof-masses which are supported by
carefully designed tethers to allow two-degree-of-freedom motion. Since the tethers at

drive and sense direction are different, they are not degenerate modes.

1.3.1 Non-degenerate Mode Gyroscope

The first batch-fabricated silicon micromachined vibratory gyroscope was
demonstrated by the Charles Stark Draper Laboratory in 1991 [21]. This silicon bulk
mechanical device was a double-gimbal vibratory gyroscope supported by torsional
flexture stuctures. In this design, an outer gimbal was electrostatically excited at constant
amplitude using drive electrodes. In the presence of rotation perpendicular to the plane of
the dvice, this oscillatory motion was transferred to the inner gimbal along the still axis of

the inner flextures. Two years later in 1993, the Charles Stark Draper Laboratory reported
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a silicon-on-glass tuning fork gyroscope [19] fabricated thought the dissolved wafer
process [22]. This gyroscope was electrostatically vibrated in its plane using a comb drive
actuator. The applied rotation signal normal to the drive mode would then excited the out-

of-plane rocking mode of the structure which was capacitively monitored.

Perfaated
masses (tines)

Figure 1.16: SEM of Draper’s silicon on glass tuning fork gyroscope [19]

A first mode matched tuning fork gyroscope was reported by Georgia Tech [18,
20], with high quality factor for both in plane drive mode and sense mode. It is fabricated
on a silicon-on-insulator (SOI) wafer by a backside release technique. As figure 1.14 shows,
the two tines of the tuning fork is driven by comb drive along x axis. In order to balance
the drive mode, four quadrature nulling electrodes are applying a torque to the structure by
DC voltages. Parallel plate capacitor is used for sensing electrodes. The resonance
frequency of sense mode is design intentionally slightly higher than drive mode. Due to
electrostatic spring soften effect on parallel plate capacitors, resonance frequency of sense
mode will shift towards low frequency as polarization voltage increase while resonance
frequency of drive mode is not affected. At some point, the tuning fork gyroscope reaches

mode matched condition. With the mode matched condition, bias drift below 1 °/h, and
scale factor of 88 mV/ °/s is measured. The system bandwidth is usually below 1 Hz in

the mode matched condition of high quality factor at low frequency.
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Figure 1.17: SEM of Georgia Tech mode matched tuning fork gyroscope [18]

The Coriolis signal of a MEMS gyroscope is generally much smaller than drive
mode signal. Due to various cross-coupling mechanisms between drive and sense mode,
the actual mode shape is not perfectly orthogonal. Even smaller amount of offset will
saturate the sense signal. This is called quadrature error. Even though quadrature error is

90 ° phase difference with the Coriolis signal, there is no perfect electronic filter can filter

out quadrature signal. In order to reduce the amount of quadrature signal, decouple mass
design is proposed.

UC Irvine reported a novel micromachined gyroscope design that provides enhance
decoupling of the drive and sense modes, and increased actuation and detection mechanism
minimizes the effects of fabrication imperfections and the resulting anisoelastics, by
utilizing independent folded flexures and constrained moving electrodes in the drive and
sense modes [23]. The post-release capacitance enhancement concept aims to increase the
drive and sense capacitance beyond the minimum trench width limited by photolithography.
Bulk-micromachined prototype gyroscopes were fabricated, and the experimental results

demonstrated a noise floor of 0.25 °/s/vHz with 50 Hz bandwidth in atmospheric

pressure.
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Figure 1.18: UC Irvine’s decoupled gyroscope [23]

Researchers from the Middle East Technical University in Turkey presented
symmetrical and decoupled silicon micro gyroscopes by surface micromachined
polysilicon [24] and bulk micromachined single crystal silicon using a dissolved wafer
process [25]. A 100-um-thick single-crystal silicon MEMS gyroscope based on SOI
processing with an improved decoupling arrangement between the drive and sense modes
was demonstrated in 2008 [26]. The scale factor is 22.2 mV/ °/s, with a composite
nonlinearity as small as 0.6% within the 50 °/s measurement range. The zero-rate bias of
the sensor is less than 0.1 °/s after turning on, while the bias stability is measured to be

14.3 °/h. The rate equivalent white-noise density of the gyroscope is measured to be better

than 6.9 °/h/v/Hz.
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Figure 1.19: The Middle East Technical University’s decoupled gyroscope [27]

1.3.2 Degenerate Mode Gyroscope

The first MEMS gyroscope that is based on energy transfer between two degenerate
modes of vibration was developed by University of Michigan [28]. A circular polysilicon
vibrating ring with supporting tethers were fabricated by High Aspect-ratio Combined Poly
and Single-crystal Silicon (HARPSS) process [29]. The polysilicon ring gyroscope (PRG)
is 80 um in thickness and 1.1 mm in diameter, with 20:1 aspect ratio. An open-loop
sensitivity of 200 uV/deg/s in a dynamic range of 250 deg/s was measured under low
vacuum level for a prototype device tested in hybrid format. The resolution for a PRG with
a quality factor (Q) of 1200, drive amplitude of 0.15 um, and sense node parasitic
capacitances of 2 pF was measured to be less than 1 deg/s in 1 Hz bandwidth. MEMS ring
gyroscopes made out of other structural materials such as electroplated Nickel [30], single
crystal silicon [31] are also reported.

University of Michigan reported a single crystal silicon cylindrical gyroscope,
fabricated by Silicon-On-Glass (SOG) process which can provide deep (>300 um), high
aspect-ratio (>1:15), and narrow-gap (2 um) silicon structures [32]. The gyroscope is
operated at 3 kHz with quality factor of 100,000 in both rate mode and rate integrating
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mode. Measurement result shows initial frequency mismatch of 7 Hz can be matched

within 20 mHz by electrostatic tuning, and decay time is 8.7 seconds. The rate mode angle

random walk was 0.09°/+/Hz with Allan Variance of 129°/hr and an angular gain of 0.011.

Figure 1.20: HARPSS polysilicon ring gyroscope by University of Michigan [28]
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Figure 1.21: SOG silicon cylindrical gyroscope by University of Michigan [32]

(Glass substrate)

Georgia Institute of Technology developed a Bulk Acoustic Wave (BAW) disk
gyroscopes in single crystal silicon [33]. The capacitive BAW disk gyroscopes are
stationary devices operating in their degenerative MHz-frequency bulk acoustic modes
with very small vibration amplitudes (<20 nm). The ability of capacitively drive and sense

these high frequency high stiffness devices is granted by HARPSS process, which can
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generate sub-micron capacitive gap sizes (180 — 250 nm). The high frequency of the modes
results in a large device bandwidth (BW>100 Hz) under very high-Q (Q>100,000) mode-
matched condition. Since the BAW gyroscopes are solid state devices with very large
stiffness, they exhibit superior shock resistance. Another advantage is BAW gyroscopes
can operate at relatively high vacuum pressure or even in atmosphere, reducing the cost of
vacuum packaging. The measurement on a 1200 um diameter (111) silicon disk gyroscopes

demonstates a rate sensitivity of 0.32 mV/ °/s and bias instability of 17 °/hr [34]. Other

BAW gyroscopes based on degenerate modes of vibration are also reported by Georgia
Institute of Technology, such as annulus supported by spoke [35] and piezoelectric square

[36].

Figure 1.22: Bulk acoustic wave (BAW) silicon disk gyroscope by Georgia Institute
of Technology [37]

1.4 Why Hemisphere

As introduced in section 1.1, hemispherical resonator gyroscope (HRG) is one of
the most successful designs for navigation grade gyroscope, which has been widely used
in high value space missions. The physical principle of the HRG is based on the inertial

properties of elastic waves propagating in a solid object. The undisputable advantages of
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these existing instruments are their high sensitivity, environmental stability, and robust
operation over time. A disadvantage is their extremely high cost and large size. With the
latest advances in micro-fabrication technology and the development of MEMS inertial
sensors, there is a possibility that the conventional HRG can be miniaturized down to chip
scale.

One of the advantages of HRG is that it can be operated at rate integrated mode
(RI1G), which is made possible by its low resonance frequency, ultra high quality factor and
extreme axial symmetry. At the range of low frequency, axial symmetric structures such
as circular ring [28], cylinder [32] have been fabricated. However, low frequency
resonators always require much larger structure. For some planar structures, the overall
footprint approaches or exceeds 1 cm X 1 cm [32, 38]. The curved three dimensional
structure of WHRG allows low resonance frequencies (< 8 kHz) at extremely small sizes
with 1/100 area reduction compared to its planar counterparts.

Moreover, the 3D curved structure of hemispherical shell has less coupling between
the vibration mode and the support structure compared to other planar axial symmetric
structures, thus has the potential of higher mechanical quality factor. The structure is also
expected to demonstrate low stiffness, which would enable large reference vibration
amplitudes with large capacitive gaps, resulting in an improved mechanical noise floor and
sensitivity. A large electrostatic tuning range will be another outcome of the low stiffness

of the hemisphere structure.

1.5 Thesis Outline

This work explores the design, fabrication and testing of microscale hemispherical
resonator gyroscopes (LHRG). This thesis is organized as follows:
CHAPTER 1 briefly introduces the background of MEMS gyroscope, reviews the

different type of gyroscopes and their operational principles.
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CHAPTER 2 presents the design of microscale hemispherical shell resonator
(uHSR) for a low frequency, high quality factor axisymmetric resonator. Finite element
analysis for resonance frequency, various energy dissipation mechanism and structure
anisotropy is carried out

CHAPTER 3 introduces the microfabrication process for freestanding, stem-
supported hemispherical shell that is electrically actuated by assembled electrodes. The
fabrication results are also shown.

CHAPTER 4 shows the characterization results of microfabricated uHSR. Quality
factors are measured for different mode at various environment. Frequency mismatch is
measured for different process parameters. The results demonstrate a structure promising
for a high performance gyroscope.

CHAPTER 5 presents the electro-mechanical design and simulation of microscale
hemispherical resonating gyroscope (uHRG). Pull-in voltage, electrostatic tuning range,
drive amplitude, Coriolis sensitivity is simulated for an efficient capacitive transducer
design.

CHAPTER 6 introduces the microfabrication process for polysilicon uHRG with
self-aligned hemispherical shell and electrodes for drive, sense and control of the
gyroscope. This integrated monowafer process consists of seven lithography steps and can
be transferred to foundry for commercialization

CHAPTER 7 presents the testing results of fabricated uHRG. Frequency response
is measured by network analyser, demonstrating a high Q axial symmetric device. Mode
matching is performed by applying tuning voltages and quadrature control voltages. Open
loop rate sensitivity is then measured.

CHAPTER 8 introduces the future direction of this research for a high performance

navigation grade rate integrating gyroscope.
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CHAPTER 2
DESIGN AND SIMULATION OF MICROSCALE HEMISPHERICAL
SHELL RESONATORS (uHSR)

Micro-hemispherical shell resonator (uHSR) is the beating heart of high
performance ptHRG. The uHSR is required to have high quality factor at low frequency (a
few kHz) with high axisymmetry. In designing the uHSR, various parameters will affect
the performance. In this chapter, theory of a vibrating hemispherical shell is firstly
introduced, followed by the simulation and analysis on energy dissipation and structural

anisotropy of uHSR.

2.1 Theory of a Vibrating Hemispherical Shell

The core part of a microscale hemispherical shell resonating gyroscope (WHRG) is
the hemispherical shell resonator (WHSR), which works at its second axisymmetric
vibrating mode. It is very important and necessary to analyze the vibration of the uHSR in
order to design the gyroscope. Figure 2.1 shows the geometric illustration of an inverted
hemispherical shell, x is the central axis, h(¢) is the shell thickness, R is the shell radius,
@, and ¢ are the starting and ending boundary angles, and E, p, p are material Young’s
modulous, Poisson ratio and density, respectively. Assuming that the shell material is

isotropic and homogeneous.

Figure 2.1: Geometric illustration of a hemispherical shell [39]
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In figure 2.1, o, 6 and r are the longitudinal, circumferential and radial coordinates

in spherical coordinate system. So the displacement of the arbitrary point P is
V=up+vd+ws (2.1)
Where u, v, w are the longitudinal, circumferential, and radial displacements

respectively, @, 8 and 7 are the unit vector on each direction.

2.1.1 Strain of a Vibrating Shell

Considering a hemispherical surface z inside the shell with the distance z from the
middle surface, its longitudinal normal strain &, circumferential normal strain € and

the shear strain yf, on z surface can be derived as [40]:

(, & +tzh4
TTT47

/R
&+ zA,

& = —FF7 (2.2)
1+%/p
z _ Y12 + zT
k)/12 1+Z/R

The strain on the neutral surface is:

( Ju
81 —_ (% + W)/R
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{ & = <69+ucos<p+wsm<p>/Rsm<p (2.3)
Ju dv
(Y12 = (69 + sm<pa— — v Ccos <p)/Rsm<p

Other parameters can be written as:

( W 0
/11=< W u)/z
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z sin? 06% sing dp  sing sin ¢ 06 '
v v cos ¢ dw 5

°= 69+smq)%—vcosq) 2<sin<p69 6<p69>l/R sin g

In the case of thin shell with h(¢)/R « 1, equation (2.2) can be simplified as,
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Sf = 81 + ZAI
EZZ = 82 + ZAZ (25)
Yiz2 =Yz t+ 21

2.1.2 Strain Energy and Kinetic Energy
The strain energy of the vibrating shell is:
1
U = Ef (8120'1 + 8220-2 + )/lzzdlz)dV (26)
14

Where V is the volume integration domain. According to Hook’s Law in three

dimension, stress of a vibrating hemispherical shell can be written as,

(01 = = (ef + ue)
E
102 = 1——112(#812 +€3) (2.7)
j— E VA
L 012 = 2(1 +li)y12

The kinetic energy of the vibrating shell is:
=210 +(Z) +(2) ] oar 28
- 2),|\at ot at) |P (28)
2.1.3 Mode Shape

Microscale hemispherical resonator gyroscope usually works at its mth axial
symmetric vibrating shapes, which can be written as [39]

u = u(p) cosmé sin w,t
u = v(¢) sinmé sin w,t (2.9)
w = w(¢@) cosm0 sin w,t

u(e), v(p), w(p) are the vibrating shapes in longitudinal, circumferential and radial

direction, and w,, is the resonance frequency.
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For the flexural modes with relative small vibration amplitude, Lord Rayleigh’s

inextensional theory is satisfied. Therefore, the strain on the neutral surface of the shell is

zero:
& =& =Y12=0 (2.10)
So, together with equation (2.3), (2.9) and (2.10), we can obtain the following
equations:
( du(ep)
w(p) = — 10
du(yp)
s mv(e) + u(ep) cosp — 0 sing =0 (2.11)
mu(p) + v(p) cosp — dv(9) sing =0
\ de

The solution of equation (2.11) is:

( u(ep) = (Cltanm (%) — C,cot™ (g)) sin ¢
\ v(p) = <C1tanm (g) + Cycot™ (g)) sin ¢ (2.12)
(w(@) = = [€:(n + cos @)tan™ (3) + C,(n — cos p)cot™ (3]

Assuming the hemispherical shell is anchored at position ¢ = 0°, with the
following boundary condition:
u(p =07 =v(@=0)=wlp=0°)=0 (2.13)

Then the constant C> must be zero, equation (2.12) is:

( u(p) = C; singp tan™ (f)

2
v(p) = C; sinp tan™ (%) (2.14)
w(p) = —C;(m + cos p)tan™ (g)

The above equation shows the mode shape of a hemispherical shell vibrating at its
mth axial symmetric mode. The constant C; can be determined by the actual vibrating

amplitude.
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2.1.4 Resonance Frequency

Using the expression of mode shape, stress and strain, the strain energy and Kinetic
energy in equation (2.6) and (2.8) can be re-written as:

_ Cisin*wptEm 1
2(1—u?) 12R?

PF h3
f 4(1 — wym?*(m? — 1)2tan2m£#;p)d<p (2.15)
%0 2 sin°@

Cicos’wut PF (sin®@ + 2ncos @ + n? + 1) sin ¢ tan®™ gh((p)dqo
= T(l)nR pT 2
o (2.16)

If assuming shell thickness is uniform across the whole geometry, natural frequency

can then be obtained by Upeak=T peak

_m(@m?-1) E-I1(m,h) 217
“m =g [30+wp-Jon B @17
Where,
B PF tan®™(¢p/2)
I(m, h) = h? f% T (2.18)

PF
J(m,h) = h (m? + 1 + sin?¢p + 2mcos @)tan®™(¢p/2)de  (2.19)
Po

Then the resonance frequency of a vibrating hemispherical shell is found to be
proportional to the thickness of the shell, and inversely proportional to the square of the
radius of the shell. The following relationship will be used as the scaling law for microscale

hemispherical shell resonator gyroscope design.

h

2.1.5 FEA Simulation

Finite Element Analysis (FEA) is done by COMSOL Multiphysics software.
Quadrilateral elements are used for the major body of the structure, and tetrahedral

elements are used at the bottom around the support structure as figure 2.2 shows. A
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polysilicon hemispherical shell with radius 600 pm and thickness 1 um is modeled. In order

000 elements are generated with the need of 9

total of 31

for the accuracy of simulation,

GB of RAM.
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Figure 2.6: m=4 mode at 25.64 kHz for a polysilicon hemispherical shell

Table 2.1: COMSOL eigenfrequency study of a polysilicon hemispherical shell

Mode #1 (Hz) Mode #2 (Hz) Mismatch (Hz)
Rocking 14324.9591 14325.2500 0.2909
m=2 4852.0189 4852.0965 0.0776
m=3 13352.2318 13352.2327 0.0009
m=4 25641.1334 25641.1338 0.0004

Figure 2.3 to Figure 2.6 illustrated the mode shape of the polysilicon hemispherical
shell for rocking mode, m=2 mode, m=3 mode and m=4 mode respectively. Table 2.1
summarizes the simulated resonance frequency by COMSOL multiphysics eigenfrequency

study. The numerical error by FEA analysis will caused a finite frequency mismatch
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between two degenerate modes. This frequency mismatch is calculated, proving a
symmetric meshing algorithm. As can be seen in Table 2.1, higher order modes are less
affected by the meshing asymmetry. The uHRG described in this dissertation works at its
m=2 mode. However, studying and understanding its higher order mode helps improve the

performance.

2.2 Energy Dissipation

Quality factor (Q) of the micro-hemispherical shell resonator (uHSR) is an
important performance for the gyroscope. Higher quality factor always means higher
sensitivity and lower noise. In resonating devices, Q is defined in terms of the energy stored
in the resonator to the energy supplied by a generator, per cycle, to keep signal amplitude
constant at the resonance frequency as equation (2.21) shows.

Energy Stored

Q=2n (2.21)

X
Energy dissipated per cycle

For high values of Q, the following definition is also mathematically accurate [41]

_f
Q=3 (2.22)

Where, f is the resonance frequency and BW is the 3dB bandwidth of the resonance
peak.

In mechanical systems, the stored energy is the sum of the potential and kinetic
energies at some point of time, and the dissipated energy is always related to any work
done by various physical phenomenon. In this section, different energy dissipation
mechanisms such as thermoelastic damping, squeezed film damping, support loss, are
studied. The total Q can be calculated by equation (2.23) once all the damping mechanism

is fully understood.

! = ! + ! + ! + (2.23)
Q QTED QAir qupport .
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2.2.1 Thermoelastic Damping (TED)

TED results from the coupling of the vibrational domain into the thermal domain
and the subsequent dissipation of the thermal energy via irreversible heat flow through
thermal gradients. To quantify this dissipation, one should solve the governing equations
of thermoelasticity distributed over the structure of interest. Hence, for every point in the

structure, one should solve [42-44] (subject to appropriate boundary conditions)

0%u; E 0%y, E  0%u aE 0T -~
P oe2 21+ ) (1 —2p) 0x;0x;  2(1 + p) asz T (1-2w)ox; (2.24)
c oT BZT _ aE T asii 225

PEr ot "axl?_ 3(1—2p) 0 ot (2.25)

where u; represents the displacement inthe x™ direction, t represents time, and o;; and
g;j are the linearized stress and strain components. T, is the ambient temperature of the
device and T is the localized temperature offset from ambient. The remaining material
properties are the linear coefficient of thermal expansion «, the specific heat Cp, and the
thermal conductivity k.

Ultimately, the Q determined by TED of a single relaxation mechanism of the

structure can be well approximated by [44, 45]

07l = Ap—tth (2.26)
TED E 1 + (thh)z .
where Ag is the relaxation strength of the Young’s Modulus defined by
_ BTy 2.27
and the thermal relaxation time constant ., is given by
pCpd?
=—— 2.28
Tth %K ( )

In the above, w is the driven angular frequency and d is the thermal path length

defined by the temperature distribution over the structure, and is a function of the geometry.
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Zener has demonstrated [46] that the geometry-dependent parameter of minimum Qrep that
separates the adiabatic and isothermal modes of operation of a device. In the adiabatic
region, the frequency of operation is high enough to prevent significant thermal diffusion,
thereby reducing the irreversible thermodynamic loss. In the isothermal region, large
thermal gradients do not have a chance to develop. When the resonator is driven in the m™
inextensional mode, w = w,, is assumed to be low enough that the resonator is operated
in the isothermal regime where w,, 7, <« 1, and equation (2.26) reduces to
Qrep = ApwmTen (2.28)
Alternatively, traditional macroscale hemispherical shell resonators typically have
a greater h/R ratio, resulting in high modal stiffness. It is usually safe to assume that they
operate in the adiabatic TED regime, for which

Ag

W Tip

Qrip = (2.29)

COMSOL Multiphysics was used as the finite element software to solve the fully-
coupled system of equations define in equation (2.24) and (2.25). COMSOL is a powerful
finite element suite and allows nearly arbitrary coupling of different built-in physics
domain. Therefore, COMSOL is selected as the platform for all the simulations run in this
dissertation. For TED simulation, the Solid Mechanics module of COMSOL was used with
thermal expansion enabled to account for the left and right hand sides of equation (2.24).
The Heat Transfer in Solids module was used to account for the second term on the left of
equation (2.25), and the first term on the left and the right hand side were co-implemented
as a body heat source. The simulation was run at PACE serve at Georgia Tech with 24
cores and 100 GB physical memory. Figure (2.7) shows the temperature distribution of a
uHSR working at its m=2 resonance mode. It clearly demonstrates a rapid decay from the
rim of the shell to its bottom, with an opposite polarity at its anti-nodes with opposite stress

and room temperature at nodes.
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Figure 2.7: Temperature distribution of a pHSR at its m=2 mode

The uHSR is going to be operated below 20 kHz for longer decay time. At these
frequencies, energy losses due to thermoelastic damping can be expected to be a significant
factor in determining the overall resonator Q. Therefore, extensive thermoelastic damping
simulations of hemispherical shell structures of varying dimensions and materials to
identify some potentially promising structures. Table 2.2 lists the important material
properties of various semiconductor and metal materials. Selected results of some of those
simulations are shown in Table 2.3. The decay time values are calculated under the
assumption that Q = Qrep. Of course, it can be expected that the overall resonator Q will
be less than Qrep because of other energy loss mechanisms, which will be discussed in the
following section. Nevertheless, the goals will be to minimize other loss mechanisms and
get as close to Qrep as possible. As such, the simulation results are helpful in selecting
materials that are more likely than others to have a better performance.

The data in the table confirms that Qvep is affected strongly by the value of the
thermal expansion coefficient of the material. In particular, it can be seen that SiO; easily
outperforms all the other materials listed in the table from the point of view of Qtep. Of
course, the overall Q of SiO- resonators could be significantly lower, because of the effect

of the additional processing steps (conductive coating) needed to make it electrically
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conductive. The other materials listed in the table are all conductors or semiconductors that
can be doped, but their thermoelastic damping is low enough for high Qrep. As it can be
seen, polysilicon shells with thickness of 1um will yield sufficiently high Qtep values and
as such would be one of the best candidates for the uHRG from a standpoint of ease of
fabrication.

Table 2.2: Material properties

Material |Young’s Modulous| CTE | Thermal Conductivity| Mass Density
[GPa] [ppm/C] [W/(mK)] [kg/m3]

PolySi 160 2.6 34 2330
SiO2 70 0.5 1.4 2200
SiN 250 2.3 20 3100
Al 70 23.1 237 2700
Au 70 14.2 317 19300
Cu 120 16.5 401 8960
Pt 168 8.8 71.6 21450

Table 2.3: Selected TED simulation run in COMSOL

Material Diameter Thickness Frequency Qtep Decay Time
[um] [um] [HZ] [s]

PolysSi 1240 1 4803.2 4.33E+06 286.8

SiOz 1240 15 4847.5 1.89E+08 12434.0
SiN 1240 1 5175.4 3.01E+06 184.8
Al 1240 15 4089.5 4.66E+05 36.3
Au 620 1 4270.8 3.98E+06 296.9
Cu 1240 2 3901.7 5.88E+05 47.9
Pt 716 1 4754.7 9.66E+05 64.7

2.2.2 Squeezed Film Damping

If a structure is oscillating near a second surface, the damping effect of the surround
air will be increased due to the squeeze film action of the gas between the surfaces [47].
The squeeze film damping will be more important than the drag force damping of air if the
thickness of the gas film is smaller than one-third of the width of the structure [48].

Therefore, for most MEMS resonance devices which are targeting high quality factor,
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squeeze film damping is an important energy dissipation mechanism due to the narrow
capacitive gap for driving and sensing the device.
In MEMS devices, the behavior of squeeze film is governed by viscous effect only,

while ignoring its inertial effect. Therefore, the reduced Reynolds equation is used [49, 50]:

3 3
) ( h ap>+ 9 < h_@P) _ 1, 00p) 230)

ax\"wox) " ay\" uoy at
Where P is the pressure in the film, p is the density, p is the coefficient of viscosity of
the fluid, h is the thickness of the film.
Furthermore, for MEMS devices, the temperature variation is usually negligible
due to small dimensions. Under the isothermal condition, gas density is directly

proportional to its pressure. Thus, equation (2.30) can be reduced to:

) <P_h3 ap) ) <P_h3 ap) d(hP)

i\ 7)) T\ = 12— (2.31)

In the case of capacitive parallel plate, h and p is not a function of position.
Equation (2.31) can be simplified as

92 92 24u d(hP
9 pp Oy 24u00P)
9x2 dy2 h3 ot

(2.32)

The squeeze film pressure consists of two main components: the viscous damping
force and the elastic damping force. The viscous damping force causes the viscous flow of
air when the air is squeezed out or sucked into the plate region; the elastic damping force
causes the compression of the air film.

In the case of a low frequency resonator, the gas film is not compressed appreciably,
then the viscous damping force dominates. The viscous force is directly proportional to the
speed of the plate. In the case of high frequency resonator, the gas film is compressed but
fails to escape, then the elastic force dominates. The elastic force is directly proportional

to the displacement of the plate.
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Figure 2.8: Illistration of COMSOL squeeze film damping simulation

The microscale hemispherical resonating gyroscope presented in this dissertation
is a low frequency device (< 20 kHz). Thus, squeeze film damping will play an important
role on the mechanical quality factor. Although it can be eliminated by testing the device
in a vacuum chamber with around 10 uTorr vacuum level, the study will be instructive
eventually when performing vacuum packaging of these devices. Current vacuum
packaging technologies are able to seal MEMS device in 100 uTorr to 1 mTorr with the
application of gettering material [51]. In proper designing the capacitive gap size, squeeze

film damping should be minimized at 1 mTorr vacuum level.

Squeezed Film Damping Vs Vacuum Pressure for 2um gap
10 T T T T
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—
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Figure 2.9: Qsqueez_film as a function of vacuum pressure for a 2pm gap device
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Finite element model is built in COMSOL Multiphysics, using the module of solid
mechanics with thin film damping option on. Figure 2.8 illustrates the model in COMSOL.
Surfaces in purple color have thin film damping set up for simulation. The simulation is
run at a 24 core computer node at Georgia Tech PACE server with the usage of 64 GB

physical memory.

;
10 ¢ T T T T T T ;

|-~P = 100 uTorr

- |©-P=1mTorr , ‘ &
6 /
10° , ; : , ‘ , )

Quality Factor - Squeeze Film Damping
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Figure 2.10: Qsqueez_fim @s @ function of capacitive gap size

Figure 2.9 shows the simulation results for a device with 2 um capacitive gap at
different vacuum pressure from 1 uTorr to 100 mTorr. It clearly shows a linear relationship
between quality factor and vacuum pressure, with Q of 5,200,000 at 1 puTorr and Q of 8.3
at 100 mTorr. Another study on how gap size will affect the quality factor is also performed
at 100 uTorr and 1 mTorr, around which is the vacuum pressure of a packaged device.
With a gap size of a few microns, it is impossible to reach very high Q. In order to reach Q
of 1 million, at least 20 um gap size is needed at 100 uTorr vacuum pressure. This
simulation result is challenging the fabrication process flow significantly. Traditional
microfabrication technique create the capacitive gap by a sacrificial layer, whose thickness
defines the gap size. In the meantime, 20 um film could be too thick for any types of

sacrificial layer, if the deposition requires high uniformity and smoothness. Therefore, a
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new process flow which can create scalable capacitive gaps is developed, and will be

introduced in Chapter 6.

2.2.3 Support Loss

Support loss, also known as clamping loss or anchor loss, is the vibration energy of
a resonator dissipated by transmission through its support. During its flexural vibration, the
hemispherical shell resonator will have both vibrating shear force and moment on its
support structure. These shear force and moment will be acting as excitation sources, thus
will excite elastic waves propagating into the support. This mechanism causes some energy
dissipated through the support structure into substrate.

Close form solution of support loss of some particular structures such as beam [52],
circular disk [53] has been reported. A Perfectly Matched Layers (PML) method was also
developed based on finite element method [54]. The PML absorbs incoming waves over a
wide frequency range for any non-zero angle of incidence. A PML model consists of a sub-
domain where the actual equation of interest is dealt with explicitly, and a sub-domain that
produces the desired effect of a far-field radiation boundary condition.

Because of the way the perfectly match medium (PMM) is defined, the size of the
PMM needs to be on same order of the wavelength. This actually creates a difficulty in
simulating low frequency resonant devices by PML method. After calculating the speed of
sound in silicon, one can easily find the wavelength of a 5 kHz resonator is about 2 meters.
It is impossible to model a structure with 2 meter in size, while having another high aspect
ratio hemispherical shell structure. Therefore, the simulation is done at above 350 kHz with
increased shell thickness in order to show the trend of quality factor as a function of support
design.

A hemispherical shell with diameter 1000 um and thickness 50 um with PML
region 2 cm is built in COMSOL as figure 2.11 shows. Since frequency mismatch is not a

concern of this simulation, only one eighth of the shell with symmetric boundary condition
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is modeled in order to reduce the number of elements. The inset is the zoomed-in view of
the resonating shell structure. It can be clearly seen that the PML region is much larger

than the size of the resonating structure?.

Figure 2.11: Hlustration of PML region and resonating structure in support loss
simulation

Quality Factor - Support Loss

\ \
150 200 250 300
Support Radius (um)

Figure 2.12: Qsupport VS. support radius

1 Courtesy of Dr. Vahid Tavassoli on PML simulation
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Figure 2.12 shows the trend of quality factor as a function of support radius. Quality
factor reduces from 100,000,000 to 200,000 as the support radius increases from 150 pum
to 300 um. There is a clear trend that smaller support will give higher quality factor. In
order to further isolate acoustic energy and the substrate which is an energy sink, the
structure can be levitated by a long supporting stem. Figure 2.13 shows the trend of quality
factor as a function of support stem length. By increasing the stem length from 20 um to

200 um, the quality factor increases almost an order of magnitude.
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Figure 2.13: Qsupport VS. support stem length

2.2.4 Surface Loss

For MEMS shell structures with ultra-high aspect ratio, the surface-to-volume ratio
increases dramatically when shell thickness scales down. Then surface loss starts to play
an important role. The surface loss is mostly caused by surface stress, which could
significantly be modified by absorbates on the surface or surface defects. When absorbates
exist on the surface, the charge transfers between the surface and the absorbates, therefore
the Coulomb repulsion of the dipole moments associated with the absorbate atom orbits at

a close distance would modify the surface stress, and lead to surface loss [55]. It has been
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derived theoretically for a sub-micron thick cantilever, the Qsurface is directly proportional
to the film thickness [55, 56] .

However, due to the lack of fully understanding of this type of energy loss
mechanism, there is no report on modeling surface loss for estimation of Qsurface.
Researchers studied experimentally the effect of thermal treatment on surface loss of
silicon cantilever [57, 58], and demonstrated that annealing the devices at high temperature

(600 — 1000 °C) will increase the quality factor by a factor of 2 to 4. By x-ray

photoelectron spectroscopy (XPS) study, significant amount of oxygen and carbon were
detected, showing the necessary to investigate the effects of both oxygen and carbon
adsorptions on the structure. By flash heating the devices, native Oz as well as native oxide
were removed and a monotonic dependence of Q factor on O/Si ratio for submicron thick
cantilevers can be shown. This technique requires elimination of ambient air exposure after
thermal treatment, otherwise oxygen and carbon will re-adsorb on the structure surface. In
order for this, devices need to be vacuum packaged right after thermal treatment without

breaking the vacuum. Proper equipment needs to be developed accordingly.

2.3 Structural Anisotropy

The micro-hemispherical shell resonating gyroscope (WHRG) presented in this
dissertation is the second type MEMS gyroscope that relies on the energy transfer between
two degenerate mode of vibration. This type of MEMS gyroscope consists an axial
symmetric structure with drive and sense electrodes around. The way to quantify structural
anisotropy is to measure the frequency mismatch of two degenerate modes. For example,
without electrostatic tuning the polysilicon ring gyroscope has a mismatch of 63 Hz out of
28 kHz [28]; the bulk acoustic wave disc gyroscope has a mismatch of 300 Hz out of 5.9
MHz [34]. This frequency mismatch directly reflect the degree of symmetry of the
structure, which is required by both rate mode [18] and rate integrating mode [59]

gyroscope.
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In general, the frequency mismatch of micro-hemispherical shell resonating
gyroscope could be created from the isotropic etching of bulk silicon, structural material
growth/deposition anisotropy, support structure misalignment and/or anisotropy. This
section analyze these possible causes of frequency mismatch and instruct on designing the

structure and process flow of the gyroscope.

2.3.1 Isotropic Molding

The hemispherical shape of uHRG is defined by isotropic etching of bulk single
crystal silicon as describe in [60], which will be discussed in detail in following chapters.
In this section, the analysis of the effect of etching anisotropy on the frequency mismatch
between degenerate modes is performed. Single crystal silicon has a diamond structure
with face centered cubic (fcc) lattice as figure 2.14 shows. Each silicon atom has four
nearest neighbors and the lattice constant is 5.431 angstroms. Typical commercial available
single crystal silicon wafers have their cutting plane normal to direction (1,0,0) / (0,0,1)
and direction (1,1,1), which are named 100 and 111 silicon wafer, respectively. If viewed
perpendicular to (100) plane, the silicon structure is showing a four-fold symmetry (figure
2.15), and a six-fold symmetry (figure 2.16) while viewed perpendicular to (111) plane.
Thus, 100 silicon wafer has four-fold symmetry and 111 silicon wafer has six-hold

symmetry, with the most close-packed direction of (1,1,0).
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Figure 2.16: Silicon structure viewed from (1,1,1) direction
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Due to this in-plane anisotropy of silicon wafer, isotropic etching of single crystal
silicon has crystalline dependency. The most close-packed direction is showing the slowest
etch rate because there is more atoms to be etched in this direction. To simulate this type
of crystal dependent anisotropy, geometry model is built in COMSOL Multiphysics to
imitate the shape shown in [61, 62]. For 100 silicon wafer, 1/8 of a hemi-ellipsoid shell is
used to model the continuously varying shell radius. By other body operations such as
mirroring and rotation, a full hemispherical shell with four-fold symmetry can be modeled.
The degree of anisotropy can be tuned by changing the ratio between the maximum semi-
principle axes and minimum semi-principle axes of the hemi-ellipsoid shell. The degree of
anisotropy can then be defined as:

Rmax - Rmin _ d_R

anisotropy =
B T Ruve R

(2.33)

where Rmax is the maximum radius at 45° , Rmin is the minimum radius at 0° , and Rave is
the average radius.

Figure 2.17 demonstrates the geometry model of a hemispherical shell of four fold
symmetry with anisotropy 2.38% (left) and 4.54% (right). Similarly, 1/12 of a hemi-
ellipsoid shell can be used to model a hemispherical shell created out of 111 silicon wafer.

Figure 2.18 demonstrates the geometry model of a hemispherical shell of six fold symmetry

with anisotropy 1.18% (left) and 2.22% (right).

500

Figure 2.17: Hemispherical shell with four-fold symmetry
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Figure 2.19: Simulated frequency mismatch for m=2 mode of 100 wafer
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Figure 2.20: Simulated frequency mismatch for m=3 mode of 100 wafer

Eigen-frequency analysis was run for a polysilicon hemispherical shell with radius
of 620 um and thickness of 1 um. Calculated frequency mismatch was scaled with the
actual frequency to obtain the relative value. Figure 2.19 and figure 2.20 demonstrate the
frequency mismatch of m=2 and m=3 mode for a hemispherical shell created out of 100
wafer, respectively. The frequency mismatch of m=2 is showing a nearly proportional trend
with the anisotropy, while m=3 is showing no dependency on the anisotropy (<0.5 ppm
can be considered as calculation error). Figure 2.21 and figure 2.22 demonstrate the
frequency mismatch of m=2 and m=3 mode for a hemispherical shell created out of 111
wafer, respectively. The frequency mismatch of m=3 is showing a nearly proportional trend
with the anisotropy, while m=2 is showing no dependency on the anisotropy (<50 ppm can

be considered as calculation error).
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Figure 2.22: Simulated frequency mismatch for m=3 mode of 111 wafer

This set of simulation demonstrates the effect of the orientation of silicon wafer on
the frequency mismatch between degenerate modes of m=2 and m=3 modes. The four-fold
symmetry structure produced by 100 wafer will have a large frequency mismatch for m=2
mode but negligible frequency mismatch for m=3 mode. In the meantime, the six-fold
symmetry structure produced by 111 wafer will have a large frequency mismatch for m=3
mode but negligible frequency mismatch for m=2 mode. These conclusion will be proved
experimentally in the next chapter. Therefore, for a uHRG that operated at m=2 mode, 111
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silicon wafer is preferred; and for a uHRG that operated at m=3 mode, 100 silicon wafer

is preferred.

2.3.2 Structural Thickness Anisotropy

The growth rate of silicon dioxide on single crystal silicon has crystalline
dependency. In this section, the effect of thickness anisotropy arising due to crystalline axis
dependency in the wet thermal oxide growth on hemispherical single-crystal silicon molds
is considered?.

After defining the hemispherical silicon mold with an isotropic SFs etch as in [60],
the entire set of silicon crystal planes will be exposed as figure 2.23 shows. Following the
Deal-Grove model [63], the growth of thermal oxide in this mold can be accurately
predicted for specific planes under varied processing conditions using empirically-derived
parameters from growth on (001), (110), and (111) silicon wafers. Rate constants for these
planes generally follow an Arrhenius temperature dependency allowing for prediction over
a wide range of growth temperatures. However, little literature exists on oxide growth
between these crystal planes, and that which does exist presents difficulties in application
such as being limited to thin or native oxide layers [64, 65]. The growth conditions
ultimately determine the structure of the uHSR. To create large and balanced ptHSRs, oxide
layers with a few pm of thickness must be employed to survive the XeF> release process

[60].

2 Courtesy of Dr. Logan Sorenson on structural anisotropy simulation
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Figure 2.23: Schematic diagram depicting a few of the crystal plane normals
exposed during thermal oxidation of silicon hemispherical mold
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Figure 2.24: Interpolation of silicon dioxide growth rate vs. crystal plane index

Therefore, a new method of interpolation of the available growth data through a
dimensionless crystal plane index P is proposed as shown in figure 2.24. Wet thermal
silicon dioixide growth after 20 hours vs. crystal orientation is determined by Deal-Grove
model and interpolated using a plane index P. A maximum of 36 nm (1.08%) difference
was obtained between the 3 crystal planes. This approach can be generalized as knowledge
of oxide growth Kkinetics is improved for uncommon orientations. Figure 2.25 was
generated using the thickness interpolation of Figure 2.24. Figure 2.25 is the top view of
the relative thickness map for 20 hours of wet thermal oxide growth at 1100°C in ideal

hemispherical micromold on (001) and (111) single-crystal silicon wafers, respectively.
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The insets show the corresponding isometric views to illustrate the 3D nature of oxide
growth in hemispherical micromolds. Important silicon symmetry planes are indicated for
reference. The growth of oxide on (001) wafers is expected to show 90° rotational
symmetry, while the (111) wafer exhibits 120° rotational symmetry

These thickness modulations introduce anisotropy into the structure, perturbing the
rotational symmetry of the shell and potentially splitting the frequency of the degenerate
modes. Further, although not considered in detail here, the wafer surface may not be
perfectly aligned to the desired crystal plane in practice, tilting the axis of symmetry of a
thermal oxide shell. To explore techniques to mitigate these thickness anisotropy effects,
finite element modeling was employed to understand the sensitivity of the low-frequency

flexural bending modes of the shell to thickness anisotropy.
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Figure 2.25: Thickness map for 20 hours of wet thermal oxidation at 1100°C

The finite element method is often employed for its ability to work with complex
geometry. However, in the case of small deviations from ideal geometry, especially in the
case of athin shell, it can be difficult or impossible to modify the geometry or finite element
mesh to account for such deviations. For example, one may map the oxide growth
variations onto the mesh by moving each node a few nanometers in the appropriate

direction. However, this would require introduction of an atypical preprocessing step to
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implement the mesh modification algorithm. Shell elements with a variable thickness
parameter could be employed, but this complicates modeling of the shell-support stem
interface. A more convenient option is mapping the oxide thickness variations according
to figure 2.25 onto the Young’s modulus by deriving the resulting effect on the modal
frequencies while maintaining a constant geometric thickness of the shell.

Starting from equation (2.17), it can be shown that at an arbitrary point on the
midsurface of the shell, the contribution to change in the overall frequency of the shell from
a small thickness perturbation (Ah << h) at that point is:

Awp, Ah(gp,0)
Wy h

(2.34)

It can also be shown that there is a similar contribution due to a Young’s modulus

perturbation with an additional factor of Y%:

Aw 1AE(e,0
=3 (;f) ) (2.35)

Thus, there is an equivalency between small perturbations in thickness and Young’s
modulus over the area of the shell, which can be exploited to study the impact of thickness
modulations on the frequency splits without impacting the geometry or mesh of the
resonator. This is achieved by entering the following expression in place of the normal

Young’s modulus of the material in the finite element software:

Ah(@,0)
T) (2.36)

E'=E + AE(¢,6) =E<1+2

It is interesting to note that small radial deviations from the ideal geometry can also

be accounted for in a manner similar to (2.36), but with a factor of -4 instead of 2. Further,
any perturbations to the other variables in (2.17) can be accounted for, or they may be used
as an alternative to modulate the Young’s modulus, providing a flexible and convenient

method to take into account small perturbations to the parameters of the structure over the

area of the shell.
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Figure 2.26: Simulated frequency split on (001) and (111) type substrates

COMSOL Multiphysics finite element software was chosen as the simulation

platform due to its ease in implementing spatially-dependent material parameters by user-
defined functions. Figure 2.26 shows the result of performing modal analysis on the
structure for different assumptions of the initial substrate orientation. These simulations
were controlled against a perfectly isotropic structure. A mesh convergence study was
performed until the degenerate modes converged within 1 mHz. The thickness was then
modulated according to Figure 2.24. For (001) wafers, the m=3 mode shows intrinsically
0 Hz frequency split (within numerical precision) and the m=2 mode shows 0.36 Hz split,
while this situation reverses for (111) wafers, impacting the choice of starting substrate to
achieve frequency-matched oxide shell resonators. Closer inspection reveals that the

nearly-zero m=2 split in the latter case is not intrinsically 0 Hz but instead results as a
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consequence of the nearly circular thickness pattern at the bottom of the hemisphere where
stiffness contributions are most critical. These frequency splits are a direct consequence of
the symmetry of the thickness anisotropy imparted by the underlying wafers, and shows
that mitigation is possible by appropriate choice of the operating mode to eliminate

frequency split along the two principle axes of elasticity.

2.3.3 Support Structure Anisotropy

The free-standing hemispherical shell structure of a ptHRG is usually released by
isotropic XeF. vapor etching of bulk silicon [60] and followed by HF etching of sacrificial
silicon dioxide layer [66] for some cases. The size and shape of the support structure is
fully dependent on the timing and the nature of the etchant. Thus, there could be anisotropy
on the shape of the support structure mainly due to 1) anisotropy transferred from the
hemispherical mold; 2) etching anisotropy from the crystalline dependency. In the
following chapter, it will be demonstrated that for a 100 substrate, a square-shaped support
will be formed [60]. While for a 111 substrate, a triangle-shaped support will be formed
[67]. In this section, the effect of the anisotropy of support structure on frequency mismatch

between degenerate modes will be discussed.
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Figure 2.27: Mesh used to simulate a square support
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Figure 2.28: Mesh used to simulate a triangle support
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Figure 2.29: Simulated relative frequency mismatch between m=2 degenerate modes

with square support Vs. support size

Figure 2.27 and figure 2.28 show the geometric model and mesh created in
COMSOL in order to simulate the effect of square support and triangle support on
frequency mismatch respectively. Fully symmetric mapped mesh is used for the
hemispherical shell, and free tetrahedral mesh is used for the support structure with a
transition region between them. Figure 2.29 — figure 2.32 show the simulation results on
frequency mismatch of m=2 and m=3 mode of square support and triangle support
respectively. As we can see, square support has a large impact on m=2 mode, while has

nearly no impact on m=3 mode. At the same time, triangle support has no impact on m=2
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mode, while has very small impact on m=3 mode. Thus, 111 silicon substrate will give the

best symmetry for m=2 mode while 100 silicon substrate will give the best symmetry for

m=2 mode.

Figure 2.30:
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Figure 2.31: Relative frequency mismatch between m=2 degenerate modes with

triangle support Vs. support size
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Figure 2.32: Relative frequency mismatch between m=3 degenerate modes with
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Figure 2.33: Relative frequency mismatch between m=2 degenerate modes Vs.
support misalignment

Another type of anisotropy of the support of hemispherical shell is the
misalignment between the shell structure and the support structure, because they are
defined in separate lithography step. Usually, a front side alignment step could result in
misalignment up to 5 um, while a backside alignment step could result in misalignment up
to 20 um. Simulation is run for a circular support with radius of 200 um and misalignment
from 10 um to 80 um. Figure 2.33 shows the maximum frequency mismatch between two
m=2 degenerate modes are smaller than 80 ppm, which can be considered as numerical
error. Therefore, m=2 mode is almost immune to the misalignment of the support structure.

Simulation also shows that support misalignment is having even lesser impact on the
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frequency mismatch between m=3 degenerate modes. However, it has high impact on the

rocking mode of the hemispherical shell as figure 2.34 shows.

Figure 2.34:
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CHAPTER 3
FABRICATION OF SILICON DIOXIDE pHSR

Micro-hemispherical shell resonators (WHSR) with high quality factor (Q) and low
frequency mismatch (Af) is the first step of micro-hemispherical shell resonating gyrscopes
(uHRG). However, conventional micro-fabrication techniques are based on
photolithography which is a 2D process. In this chapter, the fabrication process to create
3D micro-hemispherical shell resonators is introduced. Fabrication results and geometric

characterization is also demonstrated.

3.1Introduction

Fabrication approaches for micro-hemispherical shells have been reported by
several literatures. PMMA and boron-doped silicon shells were first fabricated in 1979 for
thermonuclear fusion research [68]. Shells made from gold or oxide were fabricated by a
similar technique [69]. However, the target application of these shells was for packaging
purposes, and they were fully detached from the substrate rather than supported by stems.
Hence, their resonance characteristics were not measured. A blow-molding method based
on thermoplastic forming of bulk metallic glass has been used to fabricate 3D micro shells
[70]. UC Irvine has demonstrated stem-supported hemispherical shells through glass
blowing and laser-cutting of individual glass spheres [71]. However, this method produced
shells with inherently large stem diameters, which resulted in low quality factor resonances.
In addition, laser-cutting is a serial process that is time consuming and difficult to
implement during wafer-level batch fabrication [72]. Due to the finite depth of field of the
laser focusing system, precise alignment is needed between the central axis of the shell and
that of the rotary stage to create balanced shells. The cutting mechanism is laser ablation,
which will produce residual roughness on the edge of the cut and may sputter debris back

onto the shell. These are factors that can lead to asymmetry and cause frequency split
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between the ideally-degenerate flexural shell modes. UC Davis reported polycrystalline
diamond hemispherical shell resonators fabricated by pEDM and micromachining showing
quality factor below 3,000 and frequency split of 870 Hz [73].

Our group at Georgia Tech have recently reported polysilicon hemispherical shell
resonators with integrated capacitive transducers for electrical operation [66]. The
electrodes are created by boron-doping of n-type silicon wafers, forming PN junctions for
isolation. The capacitive gap is defined by the sacrificial oxide layer grown from the silicon
hemispherical mold, and the maximum thickness is a few microns, limiting the achievable
vibration amplitudes. Difficulties in fabricating free-standing, stem-supported micro-
hemispherical shells with fully isolated integrated capacitive transducers have prevented
thorough mechanical characterization of such structures. In this chapter, a novel assembly
method forms electrodes with large capacitive gaps surrounding the shell for rapid
characterization of the thermally-grown oxide shell resonances, enabling full electrical
characterization of microscale stem-supported hemispherical shells with intrinsically-
unlimited support size.

We have developed thermally-grown silicon dioxide hemispherical shells released
from microfabricated single-crystal silicon molds. These hemispherical shells are
subsequently coated with a thin, conformal conductive film by atomic layer deposition
(ALD) for electrical actuation and sensing. Integrated capacitive transducers are formed by
surrounding the coated shell with silicon electrode pillars, which are fabricated from SOI
wafers. These pillars are brought into place by assembly of the electrode and shell dies.
With this approach, the first fully-electromechanical characterization of silicon dioxide

uHSR is performed.

3.2 Fabrication Process

This section introduces the fabrication process flow to produce silicon dioxide

MHSR that are free-standing and stem-supported. To electrically connect the hemispherical
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shell and the substrate for DC polarization, the atomic layer deposition (ALD) conformal
coating technique is used to create conductive coating with thickness on the order of several
tens of nanometers. A subsequent die-level assembly process creates excitation and sensing

electrodes around the fabricated pHSR.

3.2.1 Hemispherical Molding Technique

One of the core technique in developing a high performance UHSR is the mold creating
method. The hemispherical mold is required to be highly symmetric with mirror-finishing
smooth surface. For process compatibility, commercial available silicon wafer is selected
as our starting substrate. A few literatures studied the isotropic etching technique of
different types of silicon substrates. Three types of isotropic silicon echant, HNA [62, 74],
XeF; [62],and SFs plasma [75] was discuss by various literatures. XeF etching is showing
very rough etched surface that is not qualified for our purpose. HNA isotropic etching is
highly dependent on the bath temperature, agitation rate and is difficult to control precisely
with high uniformity over a silicon wafer. SFs plasma isotropic etch is a repeatable process
with good mold symmetry and surface finishing. Therefore, SFe¢ plasma is selected as our
approach to create hemispherical mold.

Isotropic etching of silicon by SFe plasma is done by Inductively Coupled Plasma
(ICP) tool by turning off the passivation step of BOSCH process. This type of blank silicon
etch recipe will result in an isotropic etching of silicon. Silicon dioxide mask is firstly
etched by C4Fs plasma to define the initial starting circular opening. Then, SFe plasma will
perform an isotropic etching of silicon while undercutting silicon dioxide mask. Figure 3.1
shows the mold diameter as a function of etching time in STS HRM for initial circular
opening of 300 um and 400 um, respectively. Figure 3.2 shows the mold depth as a function
of etching time in the same etching tool. For a both initial opening tested, isotropic etching

of 90 minutes will give a three dimensional shape close to a hemisphere. Figure 3.3 shows
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(@) the hemispherical mold cavity etched in a silicon wafer and (b) an inverted silicon

dioxide shell by etching away surrounding silicon.
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Figure 3.1: SFe plasma isotropic etch: mold diameter Vs. etching time
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Figure 3.2: SFe plasma isotropic etch: mold depth Vs. etching time
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(b) An inverted silicon dioxide shell by etching away surrounding silicon
Figure 3.3: Results of isotropic silicon etching

3.2.2 Silicon Dioxide Hemispherical Shell Fabrication

In this section, the fabrication process flow of a stem-supported freestanding silicon
dioxide hemispherical shell is introduced. Figure 3.4 shows an overview of the wafer-level
batch-fabrication process for silicon dioxide pHSR and the assembly with the electrode
die. The process starts with a boron-doped (100 Q-cm) single-crystal silicon wafer. To

permit the die-level assembly, blind holes around the shell are first etched from back side
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of the wafer using the Bosch process. Later in the process, these blind holes will become
through holes for electrode assembly after shell release. A 7 um thick PECVD oxide layer
is deposited on the front side at 300°C, providing enough masking during the hemispherical
mold creation process. A circular opening is then etched into the PECVD oxide mask by a
front side to back side alignment. Silicon is then isotropically etched by SFe plasma to
create a symmetric hemispherical mold. After the PECVD oxide mask is removed in
hydrofluoric acid (HF), oxide is thermally grown at 1100°C using a wet oxidation method.
Enough thickness is needed to safely go through the release step. The thermally-grown
oxide on the wafer surface is removed in CsFg plasma while the hemispherical mold is
protected by photoresist. The remaining photoresist is removed in Piranha, leaving only
oxide in the hemispherical mold. The oxide shell is released by etching the surrounding
silicon in XeF.. Figure 3.5 shows an optical image of an array of released oxide shells.

Figure 3.6 shows the SEM image of a fully-released stem-supported hemispherical shell.
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(b) (h)

. Si Sio, . TiN
(f)

Fabrication and assembly process flow of p-wineglass: (a) etch back side blind holes for electrode assembly;
(b) pattern frontside PECVD oxide mask; (c) isotropically etch silicon mold in SFg plasma and remove oxide
mask; (d) grow thermal oxide; (e) remove oxide on top side and backside while photoresist is protecting
oxide in mold; (f) release p-wineglass by XeF2; (g) atomic layer deposition (ALD) conformal coating of
titanium nitride (TiN) layer; (h) etch electrode pillars on silicon-on-insulator (SOI) wafer; (i) assembly of
two dies with adhesive in between (not shown); (j) three-dimensional view of assembled p-wineglass.

Figure 3.4: Fabrication and assembly process of pHSR
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Figure 3.5: Wafer level fabrication of silicon dioxide hemispherical shells
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Figure 3.6: SEM image of silicon dioxide hemispherical shells

3.2.3 Conformal ALD Coating

To enable electrical testing, the silicon dioxide hemispherical shells must be coated

with a conformal conductive layer that electrically connects the shell structure and the

supporting substrate, providing a path for DC bias. Compared to evaporation and sputtering,

atomic layer deposition (ALD) provides film with higher quality and better uniformity.

Two types of ALD coating are used in this device. Sample #1 and #2 are coated with 30

nm of titanium nitride (TiN) ceramic material at 250°C, while sample #3 is coated with 35
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nm of plantinum (Pt) metal at 250°C, bridging the sharp transition between the oxide shell
and the silicon stem (Fig. 3.6). A resistance of 800 Q was measured between the TiN-
coated shell and substrate, and 50 Q was measured between the Pt-coated shell and
substrate by probing the shell and substrate, confirming that this layer provides sufficient

electrical connection for DC bias.

3.2.4 Assembly Process

Figure 3.7: Microscope image of assembled pHSR

Due to the difficulty of integrating tHSR and electrodes on the same process, a
novel assembly process was developed for electrically exciting and sensing the resonances
of our uHSR. Electrode pillars (500 um wide and 900 um tall) are etched by a high aspect
ratio silicon etcher STS-ICP on silicon-on-insulator (SOI) wafers to ensure electrical
isolation between electrodes. The custom-made SOI wafer has a 900 pum thick device layer
with a resistivity of 0.001 Q-cm, buried oxide layer (BOX) of 1 um, and handle layer of
400 um. The UHSR die and electrode die are carefully assembled under microscope.
Adhesive is dispensed and hard-baked between the two dies to secure them together. Figure

3.7 shows a bird’s eye view of an assembled device with electrodes for testing.
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3.3 Process Characterization

In this section, the geometry characterization of isotropically etched hemispherical
mold and the UHSR is presented. Critical geometric parameters that will affect the
performance of the puHSR are inspected, demonstrating the success of fabricating stem-

supported freestanding hemispherical shells.

3.3.1 Surface Roughness of Silicon Mold

Inductively coupled plasma (ICP) etching consists of both chemical etching and ion
bombardment (physical), which will cause surface roughness. These roughness created
from isotropic etching process will then transfer to the hemispherical shell structure. Our
study of surface loss on pHSR indicates that the roughness of hemispherical shell will
create localized temperature distribution due to thermoelasticity, thus induces surface
thermoelastic damping effect [76].

Hence, characterization of surface roughness is extremely important in high quality
factor resonators. Although it is difficult to measure the shell roughness directly, any
surface roughness of the silicon hemispherical mold will replicate itself (at least partially)
onto the released hemispherical shell structure. Therefore, the surface roughness of the
mold is characterized by a VVeeco atomic force microscopy (AFM) tool. Due to the limited
vertical range of the AFM tip, special preparation of the hemispherical mold needs to be
made to have the tip reach the bottom of the mold. The mold was diced directly through its
center by a numerically-controlled dicing saw. The AFM cantilever could then be fed from
the side and the tip could reach the bottom. Figure 3.8 shows the SEM image of the surface
roughness of a hemispherical mold after isotropic etching. After sample preparation, AFM
measurement on hemispherical mold from the same wafer is done. Figure 3.9 shows an
example 3D plot of the 3 pm by 3 um bottom region of the silicon mold, and surface

statistics show an average roughness Ra of 7.35 nm, root mean squared roughness Rq of
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12.8 nm, and maximum height Rt of 104 nm.

agnification
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Figure 3.9: AFM measurement of the surface roughness of an untreated
hemispherical mold

Thermal treatment of silicon in hydrogen atmosphere at high temperature (>1000°

C) can improve the surface roughness [77, 78]. The surface mobility of silicon atoms is
enhanced by heated hydrogen at temperatures much lower than the melting point (1414°C).

Silicon hemispherical mold etched from the same batch was anneal at 1100°C in hydrogen
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atmosphere with 10 Torr pressure. This was done at Lawrence SQI. Figure 3.10 shows the
silicon surface after hydrogen annealing and figure 3.11 shows the corresponding AFM
measurement of the surface. The smoothened surface is difficult to focus under SEM, thus
a dust particle is found in order for focusing the surface. The surface statistics show an
average roughness Ra of 2.01 nm, root mean squared roughness Rq of 2.47 nm, and

maximum height R of 15.6 nm.

Mold Wall

Dust particle

Figure 3.10: SEM image of the surface roughness of a hydrogen annealed
hemispherical mold
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Figure 3.11: AFM measurement of the surface roughness of a hydrogen annealed
hemispherical mold

3.3.2 Thickness Variation

The thickness variation due to crystalline structure of silicon is introduced in
previous chapter. The thickness variation discussed in this section is introduced by the
finite selectivity of silicon and silicon dioxide in XeFz gas, and it is not disturbing the
axisymmetry of the hemispherical shell. Initially, 3.3 um oxide was thermally grown in the
silicon mold, of which the XeF release consumed 1.7 um, leaving only 1.6 pm at the rim.
Although XeF: is well-known for its high etching selectivity between silicon and silicon
dioxide, the consumption of silicon dioxide is not negligible in this process. Therefore, the
shell thickness is found to vary along the depth of shell. During release, the top part of the
shell is released first and exposed to XeF, from both inner and outer sides. Thus, more
oxide is consumed at the rim than at the unexposed base. By cleaving the released shell,
the thickness variation along the depth of the shell could be measured under SEM. The
thickness smoothly tapers from 1.6 um at the rim to 2.2 pum close to the base as figure 3.12
shows. Thickness variation in the depth direction is tolerable since it has no impact on the

axial symmetry of the shell.
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The shell is found to have a re-entrant extension with a horizontally-projected
dimension of 23 um near its rim (Fig. 8). This is a result of the nature of the isotropic SFe
mold formation. Inductively-coupled plasma (ICP) is used as the dry etching method for
mold formation, during which both chemical etching and physical bombardment take place.
Because it is diffusion limited, chemical etching tends to form an isotropic profile, while
physical bombardment is more directional due to the momentum of the plasma, which
causes the reentrant profile in the mold. Control over platen power, pressure, and etch time
are expected to impact the overall shape of the hemispherical mold, reducing the reentrance,
but even the macroscale HRG has a short cylindrical rim extension with minimal negative

impact
O € 1.6 um

O‘(— 2.0 pm
O‘(— 2.2 pm

Figure 3.12: Thickness variation of silicon dioxide hemispherical shell caused by
XeF: releasing

3.3.3 Re-entrant Extension

The shell is found to have a reentrant extension with a horizontally-projected
dimension of 23 um near its rim (Fig. 3.13). This is a result of the nature of the isotropic
SFe mold formation. Inductively-coupled plasma (ICP) is used as the dry etching method
for mold formation, during which both chemical etching and physical bombardment take
place. Because it is diffusion limited, chemical etching tends to form an isotropic profile,
while physical bombardment is more directional due to the momentum of the plasma,
which causes the reentrant profile in the mold. Control over platen power, pressure, and

etch time are expected to impact the overall shape of the hemispherical mold, reducing the
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reentrance, but even the macroscale HRG has a short cylindrical rim extension with

minimal negative impact.

3.3.4 Capacitive Gap

A smaller gap will give more efficient electrical transduction, lowering the
motional impedance, while a larger gap can allow large drive amplitude. To reach a large
drive amplitude of a few microns (3 to 5 um), at least 30 um capacitive gap is needed to
operate the resonator in the linear region. Figure 3.13 shows the 29.4 um capacitive gap

between the p-wineglass structure and electrode pillar.

Reentrant extension 23 ym

Capacitive gap 29.4 um I
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Figure 3.13: Top view SEM: showing reentrant and capacitive gap

3.3.5 Support Structure

As discussed in previous chapter on support loss and support induced anisotropy,
the size and shape of support structure has a strong effect on the resonance frequency,
quality factor and frequency mismatch. By monitoring the support diameter under
microscope during XeF» release, its size can be precisely controlled and the shape of
support is repeatable from run to run. Figure 3.14 shows an optical microscope image of
the support structure. Interestingly, despite XeF. being well-known for etching silicon

isotropically, the etching on 100 wafer does show crystalline preference evidenced by a
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square-shaped support with 77 um edge length. And on 111 wafer, the support is showing
a triangular shape. Due to the transparency of the uncoated oxide shell, the substrate

surface roughness that is formed during XeF release is also visible in Figure 3.14.

Figure 3.14: Microscopic image of the support structure
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CHAPTER 4
TEST AND CHARACTERIZATION OF SILICON DIOXIDE pHSR

This chapter introduces the characterization of ALD-coated thermally-grown
silicon dioxide micro-hemispherical shell resonators (UHSRs) with capacitive electrodes.
High aspect ratio silicon dioxide pHSRS, uniformly coated with ALD process,
demonstrated quality factor as high as 19,100. An optimized isotropic dry etching recipe
was developed to create highly symmetric hemispherical molds in (111) silicon substrates.
The as-fabricated frequency mismatch between m=2 degenerate modes is achieving 21 Hz
out of 8 kHz. This creates a path for fabricating high Q and highly symmetric hemispherical

shell resonators for micro-hemispherical resonator gyroscopes.

4.1 Resonance Modes

This section details the electrical testing of the resonances of fabricated pHSR that
are assembled with excitation electrodes. Three batches of devices, with titanium nitride
(TiN) coating (batch #1 & #3) and platinum (Pt) coating (batch #2), respectively, were
tested in vacuum (10 pTorr range) as one-port resonators. A 3D optical image of fabricated
silicon dioxide pHSR is shown in Figure 3.7. The geometric parameters of these two
devices are listed in Table 4.1. An Agilent 4395A network analyzer supplies AC drive
voltage that is combined with DC polarization voltage to one electrode pillar, and a sense
current is generated by the change in capacitance across the polarized gaps due to vibration
of the shell. A trans-impedance amplifier (TIA) is used to amplify the signal from pHSR.

As introduced in chapter 2.1.4, the resonance frequencies of a hemispherical shell

can be estimated by

(4.1)

_m(m?*—1) E-1(m,h)
“m =R 30+ mpJmb)

Where,
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E is Young's modulus, r is the radius of the shell, h is the shell thickness, ¢o and ¢r
are the boundary angles in spherical coordinates relative to the zenith axis, v is Poisson's
ratio, p is the material density, and m is the mode number.

Table 4.1: Geometric parameters of measured pHSR

Batch Coating Shell Diameter | Shell Thickness | Support Diameter
# Material (um) (um) (um)
1 TiN 740 1.6 77
2 Pt 910 2.6 82
3 TiN 1240 1.6 90

Eigenfrequency analysis by COMSOL Multiphysics FEA software was also run to
predict the frequency of each resonance mode of the UHSRs. The support structure is also
included in the FEA simulation to give more accurate prediction of resonance frequency.
Table 4.2 illustrates the calculated results by (4.1), simulated results by COMSOL
Multiphysics, and measured frequency results along with the measured quality factor,
showing good agreement between theory and experiment.

Batch #1 and #3 are coated with 30 nm ALD TiN as the conductive layer, while 30
nm ALD Pt is used for batch #2. Batch #2 with Pt coating shows the highest quality factor
of 19,100 at 19.17 kHz for m=2 mode and 14,300 at 55.2 kHz for m=3 mode, illustrated in
figure 4.1 and figure 4.2, respectively. The insets are showing the mode shapes simulated
by COMSOL eigenfrequency analysis. Electrostatic tuning curves for each mode are
shown in figure 4.3 and figure 4.4, proving a mechanical resonance peak instead of

electrical peak from characterization board. Quadratic curve fitting is also performed on
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electrostatic tuning data, showing good agreement between theory and experimental results
[79].

Compared with the measured results of batch #1 and batch #3, quality factor is
showing a dependency on ALD coating material. Platinum coated oxide pHSR is showing
5 times high quality factor compared to titanium nitride coated devices. The higher
Young’s modulus mismatch between TiN-SiO; interface compared to Pt-SiO; interface is
potentially causing additional interfacial loss, and a reduced quality factor [80].

Table 4.2: Comparison of resonance frequency by equation (4.1), COMSOL FEA
and measured results

Mode # | Equation (4.1) FEA Measured frequency Measured quality
(kHz) (kHz) (kHz) factor
Batch #1
m=2 18.99 19.87 19.97 6,800
m=3 56.22 57.28 56.84 5,600
Batch #2
m=2 18.84 18.38 19.17 19,100
m=3 55.76 53.22 55.20 14,300
Batch #3
m=2 6.79 6.67 6.62 5,900
m=3 19.72 20.62 20.51 5,100
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Figure 4.1: m=2 mode resonance peak of silicon dioxide pHSR (inset: mode shape)
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Figure 4.2: m=3 mode resonance peak of silicon dioxide pHSR (inset: mode shape)
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Figure 4.3: Electrostatic tuning curve of m=2 mode resonance of silicon dioxide
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Figure 4.4: Electrostatic tuning curve of m=3 mode resonance silicon dioxide pHSR,
fitted with quadratic equation

4.2 Ring Down Test

One of the operating modes of HRG is rate integrating mode (whole angle mode).
In this operating mode, the resonator is excited by a delta function and allowed to precess
freely without any further excitation as introduced in chapter 1. Due to the way that rate
integrating mode works, long ringdown time of the resonator is preferred. Thus, a time

domain ringdown test is also performed for uHSR.
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Figure 4.5 illustrates the schematic view of ringdown test setup®. A feed-through
cancellation circuit is designed and connected in parallel with the input and output of the
resonator. By tuning the potentiometer Rinz, @ negative capacitance that equals to the feed
through capacitance of the device is created by the feedthrough cancellation block. Trans-
impedance amplifier (TIA) and post amplifier circuit enhance the signal for display on
oscilloscope. Figure 4.6 shows a picture of the prototype of the test boards. The resonance
peak is firstly measured by network analyzer with feed-through cancellation circuit. By
setting frequency span to 0 Hz, the excitation is locked at the resonance frequency. Once
the connection is switched from network analyzer to digital oscilloscope, the transient

waveform can be recorded.

Post Amp.
Feedthrough Cancellation T ('; _(;p;)_ T
| F3
- - - - - - - -7 1 I 1L }
I " I
R (2.2K0) } }
Rina AMA | Re3 (1MQ) |
WAAS | o |
| Rina vy !
| | ko
| | F—o Vour
| \
I I
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| i

* All Opamps are Tl| OPA1641

Figure 4.5: Illustration of electronic setup for ringdown measurement

3 Courtesy of Chang-Shun Liu on ringdown measurement
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Feed-through Cancellation + TIA

Figure 4.6: Prototype of ringdown measurement circuit

Figure 4.7 and figure 4.8 show the measured resonance peak by network analyzer
and corresponding ringdown measurement. For a UHSR from batch #3, a quality factor of
5,900 at 6.62 kHz is measured at frequency domain. The ring down time of the resonance

peak shown in figure 4.7 can be calculated by:

_Q
-

where Q if the quality factor and f is the resonance frequency. Ringdown time of 284.7 ms

. (4.49)

can be calculated by equation (4.4) while the measured result is 292 ms, showing good

agreement between time domain and frequeny domain measurements.
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Figure 4.7: m=2 resonance peak of a batch #3 device
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Figure 4.8: Ringdown measurement of a batch #3 device

4.3 Environmental Behavior

In order to study the loss mechanism on this device, quality factor is measured at
various environment conditions. Figure 4.9 illustrates the measured quality factor of batch
#2 device at different vacuum level. At sub-mTorr range, the quality factor does not show
significant dependency on chamber pressure, while air damping will dominate when
chamber pressure is above 1 mTorr. Therefore, the quality factor is not limited by air
damping at current vacuum level. For resonators that operated at Knudsen region, the air
damping Q is inversely proportional to the air pressure. The proportional constant is
extracted by the data at 30 mTorr (data point at highest pressure), and the air damping Q is
plotted as the dashed line in Figure 4.9. This curve predicts that if other loss mechanism
are all eliminated, vacuum level of 100 pTorr or better is needed to reach Qs in excess of
one million.

The temperature behavior of the SiO, PHSR is measured to understand how
resonance frequency and quality factor change over temperature. Vacuum chamber with

MHSR inside is placed in a temperature oven with both heater and compressor.
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Measurement is done from 10°C to 90°C for batch #2. Four hours stabilization time was
given between two temperature points. As shown in Figure 4.10, a linear and positive
temperature coefficient of frequency (TCF) of 61.9 ppm/°C is extracted by linear
regression of the resonance frequencies at different temperatures. The relatively smaller
TCF value compared to a silicon dioxide resonator is due to the loading of negative TCF
of Pt coating. Theoretical calculation shows a TCF of 59.8 ppm/°C, which matches the

experimental result. Quality factor also shows an inverse trend at temperatures above 40°C.
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Figure 4.9: Quality factor Vs. vacuum pressure
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Figure 4.10: TCF and quality factor Vs. temperature
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4.4 Frequency Mismatch

For axis-symmetric gyroscopes, frequency mismatch between two degenerate
fundamental modes is a critical performance. This mismatch reflects the level of symmetry
of the structure as well as the difficulty in order for mode matching. Single crystal silicon
wafer (100) and (111) are used as the starting substrates. Known as an anisotropic material
with four fold symmetry, (100) silicon wafer shows 4™ harmonics in hemispherical
molding process, while (111) silicon wafer shows 6™ harmonics. As simulated in section
2.3.1, this type of anisotropy significantly affects frequency mismatch between m=2 and
m-3 degenerate modes. Figure 4.11 and figure 4.12 show the measured frequency
mismatch of 320 Hz (Af/f = 4.9%) between m=2 modes and 99 Hz (Af/f = 0.48%) between
m=3 modes of pHSR fabricated out of (100) silicon substrate. Figure 4.13 and figure 4.14
show the measured frequency mismatch of 21 Hz (Af/f = 0.26%) between m=2 modes and
474 Hz (Af/f = 1.95%) between m=3 modes of pHSR fabricated out of (111) silicon

substrate.

£ Af = 320 Hz
| ——>|

iy N

(100) Substrate

110. 0k 4

o

I TAH 0200 B 1M O 3080 [ Pk

Figure 4.11: Frequency mismatch between m=2 degenerate modes for pHSR
fabricated out of (100) wafer
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These testing results on frequency mismatch of m=2 and m=3 modes of silicon
dioxide pHSR fabricated out of (100) and (111) silicon substrate agree well with the
simulation results presented in secton 2.3.1. The additional mismatch is mostly likely due
to the misalignment of the cut of silicon wafer. Therefore, for yHSR that has high degree

of symmetry of m=2 modes, (111) silicon substrate will be selected as the starting substrate.
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Figure 4.12: Freugency mismatch between m=3 degenerate modes for pHSR
fabricated out of (100) wafer
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Figure 4.13: Frequency mismatch between m=2 degenerate modes for pHSR
fabricated out of (111) wafer
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Figure 4.14: Frequency mismatch between m=3 degenerate modes for pHSR
fabricated out of (111) wafer

4.5 Optical Measurement

For silicon dioxide uHSR, one possible loss mechanism is surface loss caused by
additional conductive coating. The difference of Young’s Modulus between two materials
will cause interfacial slip, thus energy loss. In order to eliminate this type of energy
dissipation, uncoated silicon dioxide pHSR is tested by optical displacement probe setup
at Northrop Grumman Corporation. Figure 4.15 shows the schematics of the optical test
setup®. The uHSR is mounted on a PZT stage inside a vacuum chamber with 0.5 mTorr
pressure. To actuate the utHSR, The PZT stage is connected to a function generator that can
perform frequency sweeping. A Philtec D6 optical displacement probe is used to detect the
vibration amplitude of the pHSR. Figure 4.16 shows the actual test setup. Multiple tests
run at 0° and 45° locations. Data is recorded at the frequency of 300 kHz for higher
resolution. Figure 4.17 shows the ringdown curve of multiple runs at different locations.
Figure 4.18 shows the test results of frequency sweep. Table 4.3 shows the statistical
analyses of the results. The highest quality factor of 67,000 is measured with frequency

mismatch of 5 Hz between two m=2 degenerate modes.

4 Courtesy of Northrop Grumman on optical measurement
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Figure 4.15: Schematics of optical test setup (Courtesy of Northrop Grumman)
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Figure 4.17: Optical ringdown test results (Courtesy of Northrop Grumman)
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Figure 4.18: Frequency sweep test results (Courtesy of Northrop Grumman)

Table 4.3 Summary of optical test results

0° 45° Difference
Decay Time (S) 1.077 1.112 0.035
Frequency (Hz) 65,000 67,000 2,000
Quality Factor 19165 19170 5

4.6 Static Stiffness Measurement

Another interesting feature of uHSR is its extremely low stiffness. This will result
in less power consumption and larger tuning range. The static stiffness of this device is
measured by Femtotools FT-S1000-LAT lateral microforce sensing probe °. The
measurement system is shown in figure 4.19. Force versus delection curve of the ptHSR is
recorded, and the mechanical stiffness is extracted as figure 4.20 shows. Mechanical
stiffness of 10 N/m can be calculated by linear regression, compared to stiffness of 800

N/m for conventional tuning fork gyroscope operated at 13 kHz [18].

5> Courtesy of Femtotools on static stiffness measurement
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Figure 4.19 Static stiffness measurement system (Courtesy of Femtotools)
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Figure 4.20: Static deformation measurement (Courtesy of Femtotools)
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CHAPTER 5
ELECTROMECHANICAL DESIGN AND SIMULATION OF
MICROSCALE HEMISPHERICAL SHELL RESONATING
GYROSCOPES (nHRG)

To build a gyroscope out of the hemispherical shell resonator introduced in
previous chapters, capacitive transducer is needed to drive the resonator and sense the
Coriolis effect. For axial symmetric structure that uses m=2 resonance mode, 16 electrodes
are designed uniformly distributed around the hemispherical shell as figure 5.1 shows.
Electrodes at 0°, 90°, 180° and 270° are at the antinodes of the drive mode. They are used
for driving the resonator, or detecting the drive mode. Electrodes at 45°, 135°, 225° and
315° are at the nodes of the drive mode, which is also the antinodes of the sense mode.
They are used for detecting the sense mode, or tuning the sense mode. The remaining
electrodes at 22.5° + n45° are used for balancing the resonance modes, where n is an integer
[81]. The detailed control mechanism will be discussed in detail in Chapter 7. In this
chapter, the effect of the capacitive transducer is studied. Proper capacitive gap size and

electrode structure is designed.

—

Top cap Electrodes

Hemispherical shell

Substrate

Figure 5.1: Schematic diagram of the pHRG
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5.1 Pull-in Voltage

For a parallel-plate capactive transducer actuator, the travel range is limited. Thus
the applied DC voltage is limited by the pull-in voltage. Figure 5.2 shows the lumped

parameter model of a capacitive transducer. The electrostatic potential energy can be

written as:
—1CV2—1SAV2 5.1
YEM T GRS
K Area=A

& 7

Figure 5.2: Lumped parameter model of a capacitive transducer

Then the electrostatic force can be calculated as:

ou 1eAV?
Felectrostatic = ~3d = 2742 (5.2)

The electrostatic force is then independent of voltage polarity. Assuming steady

state condition, for an electrostatically induced deflection x along the gap

1 €AV?
Felectrostatic = Em = Kx (5.3)
Thus,
Kx
2=2—(d—x)? 4
|4 " (d—x) (5.4)

The pull-in voltage can be calculated by setting:

av
=0

= (5.5)

Therefore, the pull-in voltage and the maximum deflection at pull-in voltage is:
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Voltage Vouitin

Figure 5.3: Electrostatic deflection Vs. DC voltage

Figure 5.3 shows the trend of deflection as increasing DC voltage. As DC voltage

is increasing from 0, the deflection is showing a quadratic curve as a function before pulling

in. When the voltage reaches pull-in voltage, the deflection suddenly becomes the same as

the gap size.

Figure 5.4: Electromechanical model of pHRG in COMSOL

90



— |
Electrode

(.59% ~Capacitive Gap

Figure 5.5: Electromechanical model of ptHRG: cross section of single electrode
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Figure 5.6: Simulated hemispherical shell deformation in response of 40 V DC
voltage

The electromechanical model is built in COMSOL Multiphysics with the physics
of eletro-mechnics as shown in figure 5.5. A polysilicon hemispherical shell with radius of
620 pum, thickness of 1 um and circular support radius of 50 um is used as the test structure.
The electrode is 300 um in depth and 20° circumferential span, with minimum capacitive

gap of 10um, 20 um and 30 um. The adjacent electrodes are separated by silicon nitride.
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The hemispherical shell is given a DC potential, and one of the electrodes is grounded
while others are biased at the same DC potential with the hemispherical shell. A stationary
analysis is run at different voltages to find out the static displacement at different DC

voltages.
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Figure 5.7: Simulated static displacement of hemispherical shell Vs. applied DC bias
voltage

Figure 5.6 shows the deformation of hemispherical shell with 20 um capacitive gap
in response to 40 V DC bias voltage. It is interesting to notice that although only single
electrode is used, the deformation is showing the elliptical shape similar to the mode shape
of m=2 mode. Figure 5.7 illustrates the COMSOL simulation results when sweeping the
DC voltage from 10 V to 100 V for three different capacitive gap sizes. It clearly shows a
quadratic forms trend which agree with the theory. For a gap size of 10 pum, the simulation
does not converge when applying a DC voltage larger than 53 V, which means at this
voltage the structure has already pulled in. It is also interesting to notice that at the voltage
right before pull-in, the displacement is 3.68 um which is approximately one third of the
gap size. For gap size of 20 um and 30 um, the structure is not pulling in at DC bias of 100
V. Therefore, it is safe to apply DC voltages below 100 V on this device without pulling

in.
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5.2 Electrostatic Tuning

For parallel plate transducer, the frequency of a resonator can be fine-tuned by the
DC polarization voltage. This phenomenon is also called electrostatic spring softening
effect, which enable mode matching of MEMS gyroscopes [18, 28, 33]. The amount of
frequency that can be tuned is also very important to a gyroscope design. This tuning range
has to be able to compensate for the as-fabricated frequency mismatch in order for mode
matching.

Considering the electrostatic force with DC bias and a small AC component:

1 20C 1 5
Felectrostatic = 2 (Vp + Vac) ax_ 2 (Vp + 2V Ve + VZLC) (5.7)

Where with Tylor’s series, the derivative of capacitance can be written as:
ac_ C G
ox x\2 g(
a(1-3)

Assummng linear operation (x<0.1d) and Vac << Vp:

142 5.8
+Ex+--~> (5.8)

1 2 2 CO 2
Felectrostatic = 2 (Vp + 2V, Voo + Vac)g(l + Ex)

1 .6 Co Co , Co Co 1 ,C
=WtV ﬁx+VVaCd22x+Vacﬁx+VV e 5 Vie— (5.9)

N

In this expanded form, by the assumption that Vac << Vp, the term (1}, V. %Zx +

C . . . 1 C
Vfcd—gx) can be ignored because these are higher order stiffness terms, and EVaZC;" can

be ignored too because this is higher order small force. Therefore, by equating the above
equation with the lumped parameter model of a resonator, we can obtain:

G 1..¢C Co
Mx+Dx+Kx—V2ﬁx 21/,,70 VVaE (5.10)

So, there introduces a electrical stiffness term of —sz %x. The electrode acts as if

an added negative spring at that location. Therefore, the frequency of the resonator

becomes:
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Co

Kinech — I/pZ dz X
Welectro—mechanical = M (5-11)

To simulate electrostatic tuning effect, pre-stressed eigenfrequency analysis is run
on the same electromechnical model in COMSOL Multiphysics. Figure 5.6 shows the
tuning curve from 0 V to 80 V for different capactive gap sizes. The device with capacitive

gap of 20 um is showing a tuning range larger than 200 Hz for 80 V.
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Figure 5.8: Simulated electrostatic tuning curve

In designing a tunable electrostatic resonant device with capacitive transducer,
capacitive gap is designed to have a large full-in voltage with enough tuning range.
Therefore, the gap size of 20 um is selected for this hemispherical resonating gyroscope

design for these considerations.

5.3 Drive Amplitude

During the operation of the uHRG, the hemispherical shell is firstly driven into
resonance by applying a DC bias on the body of the shell and an AC signal on one of the
electrodes. The drive amplitude has a large effect on sensitivity and mechanical noise of

the gyroscope. The drive amplitude can simply be written as:
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Fl t tati Qd
— etec ;OS atic (5.11)
a)oMeff

Where, F,ioctrostatic 1S the electrostatic force, Q4 is the drive mode quality factor, w,

is the resonance angular frequency, M., is the effective mass of that particular resonance

mode.
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Figure 5.10: Simulated resonance peak by frequency sweeping
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Figure 5.11: Simulated drive amplitude Vs quality factor

As can be seen, the drive amplitude is a linear function of the drive mode quality
factor and electrostatic force. The same electrostatic model is run for the simulation of
drive amplitude. The electrode configuration is shown in figure 5.9. Hemispherical shell is
polarized by a DC potential of Vp, a drive electrode is driving the resonator into resonance
by a AC signal with grounded DC potential. A pre-stressed frequency domain analysis with
AC perturbation of 30 mV is carried out to find out the drive amplitude. In order to
precisely simulate the drive amplitude, a frequency sweeping is performed to locate the
peak. Figure 5.9 shows a resonance peak with quality factor of 10,000, DC bias of 40 V.
By keeping the DC and AC level the same, drive amplitude is simulated as a function of
quality factor. Figure 5.11 shows the linear dependency of drive amplitude on quality
factor. It also shows that, with a quality factor of even 10,000, the resonantor is easily
driven in non-linear region when the drive amplitude is larger than 1/10 of the capacitive
gap. With the improvement on Q, gap size needs to be further optimized. Simulation results
show that gap size of 50 um is optimized for Q of 150,000, while gap size of 100 pm is
optimized for Q of 1.2 millions. However, with the gap size of 100 pum, electrostatic

frequency tuning effect will be greatly reduced. Simulation shows only 2.2 Hz can be tuned
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by applying a DC bias of 100 V. This will require an ultra-axisymmetric structure with

frequency mismatch of sub-Hz.

5.4 Sensitivity

While the hemispherical shell is driven into its first degenerate mode (drive mode),
the vibration energy is stored in this mode and slowly decays if there is no rotation. Then
rotation is applied, the Coriolis effect transfers the stored vibration energy between the two
degenerate modes until all the energy is transferred to the second mode (sense mode). The
Coriolis induced vibration will cause a capacitance change at the antinode of the sense
mode, which is also the node of drive mode. By sensing the capacitance change, the angular
rotation can be measured. The sense mode amplitude can be calculated by the following

equation [30]:

Q,
y = 4XAgQSCU_o (5.12)

Where A, is the angular gain, Qs is the sense mode quality factor, Q, is the rotation
rate, and w, Is the resonance angular frequency.

Angular gain is another critical parameter of a Coriolis vibratory gyroscope. When
rotation is applied to the device, the node lines of the vibration pattern lag behind the
rotation of the sensor. The angular gain is defined as the ratio of the change in the vibration
pattern angle to the applied angle of rotation. It depends on the structure of the resonating
structure as well as the resonance mode. Table 5.1 lists the reported value of angular gain
for various axis-symmetric structures.

Table 5.1 Reported value to angular gain for various structures

Ring [28] | Cylinder [32] | Disk [37] | Hemisphere [12]

Aq 0.37 0.013 0.23 0.3
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In the same electromechanical model of uHRG is used by applying a sense
electrode that is 45° apart from the drive electrode as figure 5.9 shows. The rate sensitivity
of uHRG is simulated by applying a Coriolis body force on the hemispherical shell
structure in the pre-stressed frequency domain simulation with AC perturbation. With the
existence on z axis rotation only, the body force is written as:

) —pQ,vy
Feor = { pQ, v, } (5.13)
0

The uHRG is biased at 40 VDC, and driven by an AC signal of 30 mV from one
electrode. The Coriolis signal is detected from one electrode which is 45° apart from the
drive electrode. With a quality factor of 10,000, a rate sensitivity of 400 pA/(deg/s) is

predicted, showing a very sensitive gyroscope response.
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CHAPTER 6
MONOLITHIC FABRICATION OF POLYSILICON pHRG

In this chapter, the fabrication process of polysilicon micro-hemispherical
resonating gyroscope is introduced, and detailed process module is presented. SEM images
of fabricated devices are then demonstrated to show a successful fabrication process. A
few optimization of the process is made in order to improve the yield and the performance

of the device.

6.1 Fabrication Features

6.6.1 Structural Material

High quality factor can help increase sensitivity, decrease noise level and also
reduce power consumption of a gyroscope. Materials that are potentially having high Q
properties should be selected as the structural material of the hemispherical shell.
According the thermal elastic damping simulation in section 2.2.1, silicon dioxide and
polysilicon are showing the highest two Qrep, which are more than a couple of millions.

The requirement of high axisymmetry expects the Young’s Modulus of the
structural material to be isotropic. Although single crystal material such as single crystal
silicon could possibly give higher quality factor, they are actually not preferred due to their
anisotropic properties. Silicon dioxide and polysilicon are both isotropic materials that are
suitable for the structural material of uHRG. The only advantage of silicon dioxide is that
it is potentially giving higher Qvep if the quality factor is TED-limited. However, the
resonator characterization results of silicon dioxide pHSR and polysilicon uHSR does not
show much difference, and both have not yet reached Qep. Since the quality factor is
material-independent, polysilicon is selected as the structural material to eliminate the

conductive coating that is needed for silicon dioxide.
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6.6.2 3D HARPSS

HARPSS process is a single wafer, all-silicon, high aspect-ratio multi-layer
polysilicon micromaching technology that combines deep dry etching of silicon with
conventional surface micromaching to realize tens to hundreds of microns thick, high
aspect-ratio, electrically isolated polysilicon structure with sub-micron air-gaps [29]. It is
developed by Ayazi to fabricate polyslicon ring gyroscope (PRG) [28]. Later on, it is
widely used in MEMS area for various devices, such as star gyroscopes [82], bulk acoustic
wave disk gyroscopes [33], bulk acoustic wave resonators [83, 84]. The fabrication process
of each device was developed based on the original HARPSS process, but with minor
modifications considering the case of each device.

For utHRG, a 3D HARPSS process is developed to create high aspect-ratio,
electrically isolated polysilicon electrode structure, as well as hemispherical shell structure.
The polysilicon electrodes structure is created by high aspect-ratio DRIE etching and
trench refilling process. The three-dimensional hemispherical shell structure is created by
the same process introduced on chapter 3. Compared to the original HARPSS, this 3D
HARPSS creates a three-dimensional resonating structure, which forms extremely

complicated surface topography and is difficult for any photolithography step afterwards.

6.6.3 Self-aligned Structures

Since the electrodes and hemispherical shell are defined in different steps in the
process flow, there will be finite misalignment between different lithography steps which
will cause misalignment between the electrodes and hemispherical shell. In other words,
the hemispherical shell will not be at the center of the electrodes, and will create
imbalanced pre-stress of the hemispherical shell structure. This problem is solved by

designing a process that can make self-aligned electrodes and hemispherical shell structure.
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The first mask defines the trenches for electrodes and the circular opening for the
hemispherical shell at the center of the electrodes. The precision of alignment between
these two features is solely dependent on the precision of mask manufacturing, which can
go down below 0.5 um. During the etching of high aspect-ratio silicon trenches, the circular
opening for hemispherical shell is protected by photoresist that defined in the second mask.
After refilling the trenches with dielectric insulation layer and polysilicon, the electrodes
are protected by photoresist that defined in the other mask during isotropic etching process.
In this way, electrode structure and hemispherical shell structure can be self-aligned by the

additional mask.

6.6.4 Scalable Capacitive Gap

The mechanical noise of a Coriolis Vibratory Gyroscope (CVG) is inversely
proportional to the drive amplitude of the drive mode [37]. For navigation grade high
performance gyroscopes, a few microns’ drive amplitude is usually required [85]. In order
to have the capacitive transducer working in its linear range, gap size needs to be larger
than 10 times of the drive amplitude. In the electro-mechanical model introduced in chapter
5, it is proved that for this type of low frequency, low stiffness, high Q devices, even
capacitive gap of 20 um or above is able to actuate as well as tune the device without
increasing DC bias more than 50 V.

The original HARPSS process defines the capacitive air gap by the thickness of a
sacrificial layer which is always sub-micron in thickness. The sacrificial layer limits the
maximum gap size the process can produce. This new process also gives a tunable
capacitive gap size that is not dependent on the thickness of sacrificial material. The
capacitive gap size in this process is defined by precision timing of isotropic etch. The gap
size is able to go from 5 um to 50 um or even larger, which is desired for low frequency,

low stiffness, high Q devices.
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6.6.5 DC Bias

For capacitive devices, a DC bias (polarization voltage) needs to be provided to the
resonating structure. Because the hemispherical shell is very fragile and cannot survive the
wire-bonding process, two methods of providing DC bias to the hemispherical shell is
developed. One of them is to etch a through hole from the backside of the wafer, then
structural polysilicon is deposited by LPCVD through the hole to the backside. The DC
bias is provided by the backside of the wafer. The second approach is to etch the sacrificial
oxide layer at the center bottom of the hemispherical mold before depositing structural
polysilicon layer, which will be connected directly with silicon substrate for DC bias.

Batches for both process are fabricated and characterized.

6.2 Microfabrication Process Flow

The process starts with a heavily doped (111) silicon substrate (Non-SOI) with
Boron as the dopant and doping level of 10-20 mQecm. Silicon dioxide is firstly thermally
grown on both side of the wafer to reach the thickness of 6 um. This oxide will be used
later on for both silicon DRIE trench etching and silicon isotropic etching for hemispherical
mold. The first lithography is then performed including the feature of electrode trench and
circular opening for isotropic etching. Shipley positive tone photoresist SPR220-7.0 with
thickness of 7 um is used as the photoresist of this step. Then the first oxide is etched in
Plasma-therm ICP by CsFg plasma to create the electrode trenches and circular opening
(figure 6.1a). The second lithography is performed to protect the circular opening in silicon
DRIE etching. Futurrex negative tone photoresist NR9-3000P with thickness of 16 um is
used in this step. DRIE etching in STS-Pegasus is performed to create high aspect-ratio
deep trenches for electrode structure. The trenches are designed to be 8 um in width and
etched to be 300 um in depth with the aspect-ratio close to 1:40. Figure 6.2 demonstrates

the cross-section view of these high aspect-ratio trenches in silicon.
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Figure 6.1: Microfabrication process flow of polysilicon pHRG: Step a) to d)
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Figure 6.2: High aspect-ratio trenches in silicon

Without removing the remaining photoresist, the exposed first oxide mask on both
sides is removed by Plasma-therm ICP, leaving the oxide for circular opening in the center.
LPCVD silicon nitride is then deposited as the passivation layer to insulate electrodes and
silicon substrate as figure 6.1c shows. LPCVD in-situ boron doped polysilicon is deposited

at 588°C to refill the trenches and form the electrode structure. After that, the third
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lithography is performed the separate each electrode and define the bonding pad. Shipley
positive tone photoresist SC1827 with thickness of 3 um is used in this step. A short DRIE
silicon etch in STS-ICP is then to etch away the exposed polysilicon as figure 6.1d shows.
Figure 6.3 shows the SEM image of the cross section view of a refilled trench. The layers

of polysilicon and silicon nitride is clearly seen.
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Figure 6.3: Silicon nitride and polysilicon refilled trench

The fourth lithography step is to remove silicon nitride from center region as figure
6.4e shows. Due to the topography on the surface created by polysilicon etching, a thick
photoresist of AZ4620 is used for thickness of 10 um. Silicon nitride is etched in Vision
RIE by CHFs plasma. The fifth lithography is to protect the polysilicon electrodes and the
silicon substrate, leaving only the circular opening for isotropic etching exposed. The
radius of the circular opening in this mask is designed to be 20 um larger than the one on
the first mask, leaving enough clearance compensating for misalignment. Therefore, the
actual circular opening for isotropic etching is defined by the first mask for the self-

alignment of polysilicon electrodes and hemispherical shell.
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Figure 6.4: Microfabrication process flow of polysilicon pHRG: Step e) to h)

Isotropic etching is then performed in SFe plasma the same way as introduced in
Chapter 3. In order to have the capacitive gap as designed, a very good timing is needed.
Due to the effect of reentrant caused by ICP etching, IR microscope is used to check the
closest gap size which is not on the surface of silicon substrate. Etching is considered to be
completed when the closest gap reaches 20 um. Figure 6.4g illustrates the structure after
removing photoresist mask in hot piranha and oxide mask in HF solution. The sixth
lithography creates a circle with diameter of 40 um right at the center of the hemispherical
mold on the backside of the wafer. This step requires a backside to front side alignment,
after which silicon DRIE is then performed to etch through the wafer. Figure 6.5 shows the
SEM image of a hemispherical mold with self-aligned polysilicon electrodes around it and
a through hole in its center. Figure 6.6 shows the zoomed-in view of the center through
hole from the front side of the wafer. It shows 40 pum in diameter which is exactly the

designed size, proving very good process control of DRIE with minimum footing effect.
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Figure 6.5: Hemispherical mold with polysilicon electrodes and backside hole

Figure 6.6: Through hole viewed from front side for DC bias

After that, 2 um sacrificial silicon dioxide is thermally grown, followed by LPCVD

polysilicon deposition for hemispherical shell structure. For better surface roughness and
smaller crystalline size, undoped polysilicon is deposited at 588°C and then doped and
annealed at 1050°C. Figure 6.8 shows the surface topography of in-situ boron doped
polysilicon and undoped polysilicon measured by atomic force microscopy (AFM). The
in-situ boron doped polysilicon has the surface roughness Ra of 10 nm with maximum

crystal size 200 nm, while the undoped polyslicon has the surface roughness Ra of 1 nm
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with maximum crystal size 10 nm. Therefore, undoped polysilicon is selected for the
structural material for hemispherical shell. To remove polysilicon deposited on the top
surface, photoresist Shipley SC1813 is spun at 400 rpm to fill the hemispherical mold. A
blank etch in Oz plasma will etch away photoresist on the top surface while keeping the
photoresist in the hemispherical mold. With polysilicon in the hemispherical mold being

protected, SFes plasma is used to remove the polysilicon on the top surface.

.l L.

i) Grow thermal silicon dioxide sacrificial layer; k) Dry release to remove silicon between electrodes
LPCVD PolySi, boron dope and anneal; removal of and shell (DRIE + isotropic XeF,)

PolySi on surface

Bl 2.8

j) Grow thermal silicon dioxide liner; 7th lithography to 1) Wet release in HF to fully release the device; remove
pattern release ring (PR coated by spraying); RIE to silicon oxide on electrodes and backside

etch oxide mask.
S Thermal LPCVD
Oxide  Nitride

Figure 6.7: Microfabrication process flow of polysilicon pHRG: Step i) to I)

107



BT o || Qe ] of

1: Height .0 1: Height

Figure 6.8: AFM surface topography measurement of (left) in-situ boron doped
polysilicon and (right) undoped polysilicon

Another silicon dioxide layer is thermally grown on order to protect polysilicon
from the other side and fine tune the thickness of structural layer. The last lithography step
is then performed by patterning spraycoated 10 um AZ4620 photoresist due to the complex
surface topography in the front side. The oxide is then etched to expose the release ring
structure as shown in figure 6.7j. In the device releasing procedure, DRIE dry release is
firstly performed, followed by isotropic silicon etching in SFe plasma and XeF, gas as
shown in figure 6.7k. This step is to clear out the silicon between the hemispherical shell
and electrodes. The DRIE dry release is to reduce the amount of isotropic etching, thus
reduce the undercut to the electrode structure. The last step is to remove the silicon dioxide
on the surface of polysilicon and fully release the device (figure 6.71). Since this is a low
frequency, low stiffness device, super critical drying is needed to dry these released

devices.

6.3 Fabrication Results

In this section, the images of fabricated utHRG at various views are demonstrated,
showing the 3D structure as designed in the process flow. Figure 6.9 shows a picture of a

wafer with processed polyslicon utHRG that is ready for dicing and release. Figure 6.10
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shows a fabricated polysilicon utHRG with 16 self-aligned polysilicon electrodes and
through hole for DC bias. Figure 6.10 shows a cross section view of polysilicon yHRG
with the hemispherical shell remains. In order to further looking at the electrode structure,
the hemispherical shell is removed manually. Figure 6.11 shows a cross section view of
polyslicon nHRG with the hemispherical shell off. The tall electrodes and undercut can be
easily seen. Figure 6.12 shows the zoomed-in view of hemispherical shell. The gap

between hemispherical shell and silicon substrate is the released sacrificial silicon dioxide.

Figure 6.9: Wafer level fabrication of polyslicon pHRG
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Figure 6.10: Bird eye view of a fabricated polysilicon pHRG

AT P A

EHT = 3.00 kV Signal A = SE2 Date '3 Apr 2014
MAG= 84X WD= 8mm Photo No. = 2257 Time '0:26:16

Figure 6.11: Cross section view of a fabricated polysilicon tHRG (with shell on)
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Figure 6.12: Cross section view of a fabricated polysilicon tHRG (with shell off)
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Figure 6.13: Zoomed-in view of a fabricated polysilicon pHRG

6.4. Front Side DC Bias Contact

The process flow introduced in the previous section has already demonstrated
successful fabrication of uHRG structure. However, the existence of through hole is

sometimes causing various problems during fabrication. The through hole will result in
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incomplete coverage of hemispherical mold during mold filling by photoresist, causing
part of the structural polysilicon get etched. The backside through etch is also needed to be
strictly controlled to avoid footing of DRIE, which will cause the though hole to be larger
from the front side. Another process flow which includes a front side DC bias contact is
developed based on the previous process with minor modifications. This process eliminates
the backside alignment and through hole by a front side pattern of spraycoated photoresist.

The first 2/3 of the process is exactly the same as introduced before. The
modification begins after isotropic etching of hemispherical mold (figure 6.13g). After
growing sacrificial oxide layer, photoresist AZ 4620 is spraycoated on the substrate and a
circle is patterned right at the center of the hemispherical shell. Due to the non-contact type
of lithography, the pattern will be larger than the size on the mask and this can be
compensated by designing a smaller circle. Moreover, over-exposal is needed for the larger
actual exposed area. After photoresist development, the exposed sacrificial oxide is etched
and the silicon underneath is also etched by DRIE as figure 6.13h shows. Polysilicon
structural layer is then deposited, doped and annealed. The rest of the process flow remains
the same as the previous process. The final structure is shown in figure 6.13). Figure 6.14
demonstrates the SEM of a fabricated polyslicon uHRG with front side DC bias contact.

The zoomed-in view of the contact is shown in figure 6.15.
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Figure 6.14: Modified process flow for front side DC bias contact
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Figure 6.15: Fabricated polysilicon pHRG with front side DC bias contact
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Figure 6.16: Zoomed-in view on the front side DC bias contact

6.5 Detailed Process Modules

All the steps of the process flows introduced in precious sections are done at
Georgia Tech IEN cleanroom facilities. Detailed process modules are discussed in this

section and processing parameters are given.

6.5.1 Silicon Dioxide Etching

Silicon dioxide is a good etching mask for silicon etching in SFs plasma (DRIE,
isotropic etching) and XeF gas. Oxide etching is carried out in Plasma-therm ICP tool in
IEN cleanroom. The detailed parameters are lists in Table 6.1. Due to the high power of
this tool, it gives a very fast etch and the photoresist mask needs to be hard-baked at 120°C
for 10 minutes. However, this hard-baking could cause photoresist to reflow, and distort
the feature. For oxide etching with minimum feature size smaller than 20 um, Vision RIE
is used for oxide etching at lower power without the need for photoresist hard-baking.

Table 6.2 lists the parameters of oxide etching recipe in Vision RIE.
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Table 6.1: Parameters of oxide etch recipe in Plasma-therm ICP

Parameters Value
Gas Flow Rate CaFs: 15 sccm
Ar: 5scem
CO2: 28 sccm
Pressure SmTorr
Platen Power 40W
Coil Power 800 W
Platen Temperature 25°C
Etch Rate 180 nm / min

Table 6.2: Parameters of oxide etch recipe in Vision RIE

Parameters Value
Gas Flow Rate CHFs3: 45 sccm
O2: 5 scem
Pressure 40 mTorr
Platen Power 250 W
Etch Rate 25 nm / min

6.5.2 Silicon DRIE

Silicon DRIE trench etching is a very important process for this 3D HARPSS
process. As introduced, the trenches for polyslicon electrodes are designed to be 8 um in
width and etched 300 um in depth, with the aspect-ratio close to 1:40. In IEN cleanroom,
STS-Pegasus is the silicon DRIE tool that can reach the highest aspet ratio. It can perform

parameter ramping, which enable the high aspect-ratio etching. Table 6.3 lists the
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parameters of high aspect-ratio DRIE recipe. Several parameters such as etch time and etch

power are ramping either up or down during the etching process.

Table 6.3: Parameters of silicon DRIE in STS-Pegasus

Parameters Start Finish
Etching Time 2.4 3s
Passivation Time 2s 2s

Etching Gas Flow

SFe: 250 sccm

SFe: 250 sccm

Passivation Gas Flow

C4Fs: 150 sccm

C4Fs: 150 sccm

Etching Power

Coil: 2200 W; Platen: 90 W

Coil: 2000 W; Platen: 90 W

Passivation Power 1900 W 1900 W
Etching Cycles 1200
Platen Temperature 0°C

6.5.3 Silicon Isotropic Etching

Hemispherical mold is etched by silicon isotropic etching in SFe plasma. It is
carried out in either STS-ICP tool or STS-HRM tool at Gerogia Tech IEN cleanroom. STS-
HRM is generating more power than STS-ICP, thus provides a faster etching but rougher
surface quality. Table 6.4 and 6.5 list the etching parameter in STS-ICP and STS-HRM,

respectively.
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Table 6.4: Parameters of silicon isotropic etching in STS-ICP

Parameters Value
Gas Flow SFe: 130 sccm
0O2: 13 sccm
Coil Power 600 W
Platen Power 10 W
Platen Temperature 20°C

Table 6.5: Parameters of silicon isotropic etching in STS-HRM

Parameters Value
Gas Flow SFe: 260 sccm
Coil Power 2000 W
Platen Power 30 W
Platen Temperature 10°C

6.5.4 Polysilicon Deposition

In this process, LPCVD polysilicon by Tystar polysilicon furnace is used for the
electrodes structure and the hemispherical shell structure. In both structures, doping is
needed for electrical conductivity. In-situ boron doped polysilicon has a faster deposition
rate and eliminates the doping and annealing step afterwards. Undoped polysilicon has a
slower deposition rate but smaller crystalline size, thus better smoothness. Table 6.6 and
table 6.7 lists the processing parameter for undoped and in-situ boron doped polysilicon,

respectively.
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Table 6.6: Parameters of LPCVD undoped polysilicon in Tystar Furnace

Parameters Value
Deposition Temperature 588°C
Gas Flow SiH4: 100 sccm
Deposition Pressure 250 mTorr
Deposition Rate 319.7 nm/hr

Table 6.7: Parameters of LPCVD in-situ boron doped polysilicon in Tystar Furnace

Parameters Value
Deposition Temperature 588°C
Gas Flow SiH4: 100 sccm
BCls: 30 sccm
Deposition Pressure 250 mTorr
Deposition Rate 453.5 nm/hr
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CHAPTER 7
TEST AND CHARACTERIZATION OF POLYSILICON pHRG

This chapter presents the characterization results of uHRG fabricated using the
process described in chapter 6. Firstly, interface electronics for gyroscope operation is
introduced. Then, frequency response of the resonator is measured, and mode matching is
performed. The mode-matched gyroscope sensitivity is then measured in an open loop

configuration, showing good sensitivity and the potential of high performance gyroscope.

7.1 Front-end Electronics

The front-end electronics for interfacing pHRG is designed collaborately by
Northrop Grumman and Georgia Tech. As figure 7.1 shows, it includes circuitry for
antinode/node forcer, antinode/node pickoff, feed-through cancellation and quadrature
control. Each channel is buffered with a different operational amplifier. Moreover, an on-
board mini vacuum chamber is incorporated onto the PCB. Copper is deposited onto the
area where device will be mounted at, in order for vacuum sealing. Another adaptor board
is also designed for easier access of all functionalities (figure7.2). The interface PCB and

the adaptor board are connected by pin header

, | Feed-through
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Antigode/ Antinod
Node e/Node
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Figure 7.1: Layout of interface PCB
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Figure 7.2: Image of the adaptor board

Fabricated uHRG is wire-bonded onto the interface PCB as figure 7.3 shows. For
stability consideration, none of the electrodes are left floating. This also shows the
mechanical robustness of the polyslicon electrodes. Finally, the interface PCB with device

on is assembled with the adaptor board as figure 7.4 shows.

Figure 7.3: A polysilicon pHRG with all 16 electrodes bonded to the interface PCB
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Figure 7.4: Assembled interface PCB (with device in on-board vacuum chamber)
and adaptor board

7.2 Frequency Response
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Figure 7.5: Frequency response of tHRG showing various resonance modes

Resonator performance is characterized using a network analyzer (E5061B) while
the board is placed inside a vacuum chamber with ~5 pTorr vacuum pressure. Figure 7.5
shows the resonance peaks of the m=2, m=3, m=4 elliptical modes, and the rocking mode
for a polysilicon UHRG with a shell thickness of 700 nm and a shell diameter of 1240 um.
The m=2, m=3 and m=4 resonances are measured to be at 6.7 kHz, 19.1 kHz and 40.2 kHz
with quality factor 8,500, 7,000, and 10,400, respectively. Figure 7.6 shows the peak of

one of the m=2 resonance peak, with quality factor of 8,500.
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Figure 7.6: m=2 Resonance mode of tHRG
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Figure 7.7: Frequency mismatch between two degenerate modes at 10 V DC

Figure 7.7 captures both m=2 degenerate modes at the same screen with the
minimum possible DC bias voltage. It shows at 10 V DC bias, the two modes has a
frequency mismatch of 110 Hz. Figure 7.8 shows the electrostatic tuning curve of two
degenerate m=2 modes. Polarization voltage is applied on the hemispherical shell from
10V to 50V, and resonance frequency is recorded for both modes. The quadratic trend of
the curve demonstrates very good agreement with the theory and simulation. By quadratic
curve fitting, the as-fabricated frequency mismatch without any tuning effect is estimated

to be 105 Hz with Af/f=1.56%.
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Figure 7.8: Electrostatic tuning curve of m=2 resonance modes

Due to the extremely small stiffness of this structure (~1N/m), the drive amplitude
can be as high as a few micrometers even with large capacitive gaps of 20 um as predicted
by the simulation. During frequency sweeping by network analyzer, nonlinearity of
resonance peaks can be easily observed if input RF power exceeds -20 dBm. This
phenomenon is confirmed by COMSOL multi-physics simulation that it is due to the

nonlinearity of the transducer for its large drive amplitude.

7.3 Mode Matching Procedure

Mode matching and balancing of two degenerate m=2 modes is performed on the
same polysilicon tHRG measured in the previous section, using the approach described in
[81]. As figure 7.9 shows, two sets of tuning electrodes (Vr1, V12) and two sets of balancing
electrodes (Vq1, Vq2) are used. Tuning electrodes for the drive mode and sense mode are
at the anti-nodes of both the drive mode and sense mode, respectively. V11 is to tune the
drive mode, while V12 is to tune the sense mode. However, the two modes will not perfectly
matched by the tuning voltages only. When the two modes get very close (Af < 10 Hz),
they will flip with each other suddenly due to the off-diagonal term of stiffness matrix

caused by the quadrature signal [81]. This quadrature signal is eliminated by balancing and
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aligning the resonance modes with their principal axes by electrodes that are at 22.5° to the
drive anti-nodes and its equivalent position. Figure 7.10 shows the two peaks as their being
matched with 27 Hz and 5 Hz frequency split, and figure 7.11 shows the mode matched
resonance peak at 6.5 kHz with an effective quality factor of 11,100. The phase plot

demonstrates 360° shift, proving the existence of two overlapped resonance peaks.
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Figure 7.9: Schematic illustration of the tuning electrodes
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Figure 7.11: Schematic illustration of mode matching of yHRG at 6.6 kHz

7.3 Rate Sensitivity

The rate sensitivity testing of mode-matched polysilicon pHRG is carried out by
the testing setup shown in figure 7.12. The pHRG is mounted inside a vacuum chamber
connect with a pump by long tube, allowing rotation of the vacuum chamber. The vacuum
chamber sits on the rate table that provide a sinusoidal rotation motion that can be
programmed. By specifying the rotation angle and frequency of the sinusoidal function,

the rotation rate can be applied.

Figure 7.12: Testing setup for rate sensitivity
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The mode-matched polysilicon UHRG is operated in an open loop configuration as
shown in figure 7.13 by exciting the drive mode using an external sinusoidal signal at the
exact resonance frequency and an RF power of -35 dBm. The device is polarized at 40V.
The Coriolis-induced signal is then processed by a transimpedance amplifier (TIA) with a
gain of 500 kQ and post amplification of 60 dB. After demodulation with the drive signal
and low-pass filtering, the rotation rate information can be detected. The rate table is
programmed to run at 200 mHz with an incremental rotation amplitude for different
rotation rates. Figure 7.14 demonstrates the transient response to a 14°s rotation rate
measured using an oscilloscope. It shows a very clean and linear sinusoidal output.
Sensitivity is also measured by applying a rotation rate of up to 16%s. By linear regression,

the scale factor of the polysilicon UHRG is extracted to be 4.4 mV/(%/s).
Network Analyzer [ Feedihrough Canceliation | ‘

:go

AC Signal Source
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Figure 7.13: Rate sensitivity measurement circuit architecture
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Figure 7.14: Transient response to a sinusoidal rotation input
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Figure 7.15: Scale factor of a mode matched polysilicon yHRG

7.4 Discussion

A few batches of polysilicon uHRG is fabricated, for both backside DC contact
design and front side DC contact design. The quality factor of m=2 lies between 6,000 and
20,000. However, higher order modes (m=3, m=4) usually shows higher quality factor.
Figure 7.16 shows the quality factor of m=2, m=3 and m=4 of one of the design with front
side DC contact. It shows m=2 mode at 5.58 kHz with Q of 17,600, m=3 mode at 18.4 kHz
with Q of 79,000 and m=4 mode at 32.7 kHz with Q of 61,000. This provides an indication
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that the Q is support loss limited. The reason is that for higher order modes, the motion and
support are better decoupled than m=2 mode. In other word, the motion of higher order

mode is concentrating more at the rim of the hemispherical shell.
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¥ \\ III-' L .__ -\..“
/ ™ Vi N,
%:2 mad& m=3 mode™, / m=4 mode \
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Figure 7.16: Quality factor of different modes of polysilicon yHRG
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Figure 7.17: Strain energy distribution in a long stem that supporting the
hemispherical shell

This means, further energy doupling is needed in order to increase its quality factor.
This can be done by either pushing the energy away from the support or trapping the energy
in a stem. By increasing the mode number, the energy is pushed away further from the
support. However, for better sensitivity and longer ringdown time, the lowest fundamental

resonance mode (m=2) is selected to release the requirement on quality factor. Thus,
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supporting the hemispherical shell with a long stem can improve the support loss by
trapping the energy.

In order to verify this argument, a cylindrical stem is added to a hemispherical shell.
Strain energy density is calculated for m=2 mode in the stem structure. Figure 7.17 shows
the decay of strain energy density along the length of the stem. With the length of 200 um,
the strain energy density reduces to 0.01% of that at the bottom of the shell. To prove this
by simulation, perfectly matched layers (PML) should be used as introduced in Section
2.2.3. However, it is almost impossible for such low frequency devices due to its long
wavelength. Another way of predicting support loss is needed. Considering the definition
of quality factor:

Energy Stored

=2 7.1
Q T Energy Dissipated per Cycle (7.1)

R =0.1*R;

support™

wtntal

W

support

Figure 7.18: Illustration on support loss estimation

Ignoring all other energy dissipation mechanisms, the energy is only converting
between strain energy and kinetic energy. At some point, the energy stored can be the total
strain energy integrated all over the volume of the hemspherical shell, and the energy
dissipated can be the strain energy dissipated through the support. If assuming the strain
energy at the support area is totally dissipated, the lower bound of the Qsupport Can be
estimated. In case there is any energy reflected by the support structure, the Qsupport Can be

higher than the estimated value. Figure 7.18 shows the schematic of the support loss model.
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The size of the support is assumed to be 1/10 of the diameter of the shell. Any strain energy
in this region will be considered to be lost. Then, the lower bound of Qsupport Can be
calculated by equation (7.1). Table 7.1 shows the calculated results for various designs.
The result matches well with the current hemisphere design, showing a lower bound of Q
of 5,372. By increasing the lateral diameter of the hemispherical shell without increasing
the depth, the hemisphere turns into a shallow hemisphere (birdbath). This will increase
the Q to about 54,161. By adding a long stem to support the hemispherical shell, Q will be
increased to 4,800,000. This provides the evidence to add a long stem at the support for
higher quality factors.

Table 7.1: Support loss estimation results for various designs®

@ Hemisoh Shallow Hemisphere
5 emiSphere Hemisphere and Cylinder
G

3

&

R
(m=2) 5,372 54,161 4,800,000

The backside DC contact design has the capability of tailoring the length of the
stem, while the front side DC contact design does not. Longer XeF2 release and HF release
is performed on a polysilicon yHRG with diameter of 900 um and thickness of 1 um. The
polysilicon that deposited on the side wall of the through hole creates a cylindrical tube
that acts as a long stem as figure 7.19 shows. Testing result shows a Q of 40,404 for m=2
modes at 11.1 kHz. However, this will decrease the fabrication yield due to the extremely

compliance structure, especially during transferring sample between different solutions

& Courtesy of Dr. Vahid Tavassoli on support loss estimation
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between supercritical drying. The hemispherical shell has a much larger chance to pop off
from its support.

Silicon
Substrate

Figure 7.19: Support structure optimization: long stem
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Figure 7.20: m=2 mode for a polysilicon pHRG with long stem
The measurement on the frequency mismatch between two degenerate modes
shows a 105 Hz as fabricated mismatch. This is proved to be tunable and matchable in
precious section. Also in section 2.3.1, it has been simulated that the frequency mismatch
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between m=2 degenerate modes should be negligible for 111 substrate. The difference
between the simulation and measurement could come from the error during cutting the
silicon wafer. There is always a slight deviation from the perfect 111 plane that will cause

some finite frequency mismatch.
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CHAPTER 8
SUMMARY AND FUTURE WORK

8.1 Contributions

This dissertation introduces the design, fabrication and performance
characterization of microscale hemispherical shell resonators and resonating gyroscopes.
The research is funded by DARPA MRIG project [86] (Contract #HR0011-00-C-0032) led
by Northrop Grumman Corporation. There is a collaborative effort between IMEMS lab at
Georgia Tech and Advanced Sensors Navigation Systems Division at Northrop Grumman
Coporation. Georgia Tech is in charge of design, fabrication and initial characterization of
uHRG, while Northrop Grumman is responsible for front-end and back-end electronics
design. The contributions delivered by this dissertation are listed as follows:

1. Developed a microfabrication process that can build a freestanding, stem-supported
hemispherical shell that can be assembled with insulated electrodes for capacitive drive
and sense. The frequency mismatch is measured at different processing parameters,
which are optimized to give highly symmetric hemispherical shell with low frequency
mismatch between two m=2 degenerate modes at low resonance frequency. The
measured results of the resonator promises a high performance rate mode gyroscope.

2. Theoretical and experimental study of various energy dissipation of microscale
hemispherical shell resonators (WHSR). Thermoelatic damping, squeezed film damping,
and support loss are studied by COMSOL multiphysics modeling, providing the
baseline on designing of ptHSR and pHRG in terms of material selection, capacitive
gap design, support structure design. Quality factors at various environment for various
designs are measured to support the simulation by experimental results.

3. Electro-mechanical design and modeling of uHRG. Considering a quality factor similar

to what is measured for uHSR, the capacitive gap size is designed accordingly. Electro-
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mechanical model simulates the device performance with the existence of capacitive
transducer. It verifies the static pull-in voltages are large enough, so the DC voltage
can be applied upto 100 V without device failure. The electrostatic tuning range is large
enough so that two degenerate modes can be matched to compensate the as-fabricated
frequency split. The drive amplitude is small enough to keep the resonance within the
linear region of the transducer, and large enough for better sensitivity and less noise.
The Coriolis sensitivity is large enough for a high sensitivity gyroscope.

Developed a 3D HARPSS process for polysilicon uHRG with self-align hemispherical
shell and electrodes. This integrated monolithic process consists of seven lithography
steps, two of which are performed with the existence of complicated surface
topography by the hemispherical mold. Capacitive gaps are scalable from 5 um to 50
um or above, polysilicon electrodes are scalable from 50 um or below to 300 um. The
DC bias contact can be at the front side or backside of the wafer. It is also very
important to mention that all the individual process modules are standard and the whole
process can be transferred to foundry for future commercialization.

Performance characterization of fabricated polysilicon uHRG. Frequency response is
measured by network analyzer to find out the quality factor and frequency mismatch
of m=2 modes. The success of fabrication demonstrated a high quality factor axial
symmetric structure for tHRG. Mode matching is performed by applying tuning
voltages at antinodes of both drive and sense mode, while mode alignment is performed
by applying quadrature nulling voltages at 22.5° or equivalent. The sensitivity of mode
matched uHRG is measured by an open loop configuration with a scale factor of 4.4

mV/°/s, showing a very sensitive device.
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8.2 Future Work

8.2.1 Quality Factor Improvement

As introduce in section 5.4, the sensitivity of the gyroscope is proportional to the
quality factor of the resonance. In addition, the ringdown time, which is required for a rate
integrating gyroscope, is also proportional to the quality factor. Thus, improving the quality
factor can help improve the performance of the rate mode gyroscope and also enable rate

integrating mode operation.
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(d) (h)
Figure 8.1: Process flow for pHRG supported by long stem

As discussed in section 7.4, the quality factor of current device is mostly likely
limited by support loss, which means further decoupling between the motion and support
structure is demanded. By incorporating a long stem at the support structure, the simulation
has shown a dramatic increase in quality factor. The fabrication process can be modified

by adding another lithography step to define the long stem. Figure 8.1(a) shows the same
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procedure as shown in figure 6.1(d). After that, a circular ring is etched to define the long
solid stem. The trenches are then refilled by LPCVD TEOS silicon dioxide as figure 8.1(c)
shows. After isotropic etching of hemispherical mold in silicon (figure 8.1(d)), there are
hemispherical mold and long stem on the structure. Then sacrificial oxide layer is deposited
and patterned for DC bias (figure 8.1(e)). Figure 8.1(f) to (h) show the steps of structural
polysilicon deposition and release, which is very similar to the figure 6.7. Figure 8.2 shows
the fabricated tHRG supported by the long stem. Figure 8.3 shows the structure of
polysilcion electrodes and long stem with the hemispherical shell removed. This process

still needs optimization and characterization to make a fully functional device.

EHT = 3.00 kV Signal A = SE2 Date :13 May 2014
WD= 6mm Photo No. = 2927  Time :11:54:43

Figure 8.2: Fabricated ptHRG supported by long stem
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EHT = 3.00 kV Signal A = SE2 Date :15 May 2014

MAG= 123X |—| WD= 6mm Photo No. = 3055  Time :12:08:09

Figure 8.3: Fabricated pnHRG supported by long stem (shell broken)

8.2.2 Rate Integrating Mode Operation

The purpose of this axial symmetric high Q structure is to operate the gyroscope in
rate integrating mode. Rate integrating gyroscopes have a number of unique advantages as
introduced in section 1.2.2. Of greatest importance to the current research are their high
dynamic range, accuracy due to direct measurement of the angle of rotation, and ability to
operate interchangeably in the rate integrating and angular rate modes. Despite these
noteworthy advantages, rate integrating gyroscope technology has never been
demonstrated on the microscale smaller than 10 mm?,

The control system of a microscale rate integrating gyroscope (MRIG) should
perform four basic functions, including initiating oscillations until the appropriate energy
level is reached, maintaining the reached energy level with feedback loop, active tuning of
the structure to compensate for frequency mismatch along the principal axes of elasticity,
compensating for quadrature-induced perturbations. The MRIG sense function should be

able to derive the angle of rotation from sensing displacements and velocities in a pair of
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orthogonal directions. At the same time, necessary signals to the feedback control system
needs to be provided by the sense function. While the MRIG is operating in rate integrating
mode, all the tasks have to be performed seamlessly without interfering with the free

precession of the gyroscope.
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