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ABSTRACT

Microelectromechanical gyroscopes are readily used in cars and cell phones.
Tactical gyroscopes are available inexpensively and they offer 0.01 to 0.1 % scale factor
inaccuracy. On the other hand, strategic gyroscopes with much better performance levels
are 100,000 times more expensive. The main objective of this work is to explore the
possibility of developing inexpensive strategic grade gyroscopes using
microelectromechanical systems technology.

Most of the available gyroscopes are surface micromachined due to fabrication
issues and misalignment problems involved in multistep fabrication processes necessary
to use the bulk of the wafer as the proofmass in MEMS gyroscopes. It can be shown that
the sensitivity of the gyroscope is inversely proportional to the natural frequency; so if
bulk micromachining technique is used it is possible to decrease the natural frequency
further than current limits of surface micromachining in order to increase sensitivity. This
thesis is focused on proposing a way to use bulk of the silicon wafer in the gyroscope to
decrease the natural frequency to very low levels, such as sub-KHz regime, that cannot be
achieved by single mask surface micromachining processes. It then proposes a solution
for solving the misalignment problems caused by using multiple fabrication steps and
masks instead of using only one mask in surface micromachined gyroscopes.

In our design discrete proofmasses are linked together around a circle by

compliant structures to ensure the highest effective mass and lowest effective spring



constant. By using a proposed double sided fabrication technology the effect of
misalignments on frequency mismatch can be reduced. ANSYS software simulations
show that 20 um misalignment between the masks causes a frequency shift equal to 0.3%
of the natural frequency that can be compensated using electrostatic frequency tuning.
Acceleration parasitic effects can also be a major problem in a low natural frequency
gyroscope. In our design a multiple sensing electrode configuration is used that cancels

the acceleration effects completely. The sensitivity of the gyroscope with 3126 Hz natural

m , or about four times higher than 132 idd ,
deg/sec deg/sec

frequency is simulated to be 574

which was used as a benchmark for a sensitive gyroscope.
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CHAPTER 1

INTRODUCTION

The basics of micro-electromechanical (MEMS) gyroscopes and their different
types are covered thoroughly in [1], [2] and [3] and are not covered again here. After
going through different designs of MEMS gyroscopes it can be seen that most of them
are surface micromachined. The main reason is usually fabrication issues and also
misalignment problems that are involved in multistep fabrication processes necessary to
use the bulk of the wafer as the proofmass in the MEMS gyroscope. In later chapters it is
shown that the sensitivity of the gyroscope is inversely proportional to the natural
frequency; however, if surface micromachining technique is used it may not be able to
decrease the natural frequency a lot. This thesis is focused on proposing a way to use
bulk of the silicon wafer in the gyroscope to decrease the natural frequency to very low
levels such as a sub-kilohertz regime that cannot be achieved by single mask surface
micromachining processes. It then proposes a solution for solving the misalignment
problem caused by using multiple fabrication steps and masks instead of using only one
mask in surface micromachined gyroscopes. MEMS gyroscopes have much lower final
cost compared to conventional optical gyroscopes. In Figure 1.1, the cost and

performance of optical and MEMS gyroscopes are compared.



QOptical gyros/

MEMS gyros

Cost
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Fig 1.1: Comparison of MEMS and optical gyroscopes. Modified from [4].

It can be concluded from Figure 1.1 that if some solutions are proposed to push
the sensitivity and other performance characteristics of MEMS gyroscopes beyond their
current limits, there is a high chance to replace more expensive optical gyroscopes that
have the same performance level with the newly designed MEMS gyroscopes because of
lower cost and weight [4]. In this way the total cost of our designs can be reduced while
keeping the same performance level, which guarantees a good market for the newly
designed sensitive MEMS gyroscopes. There are also some new applications in space and
aviation industry that require very small sizes, low weights or low costs that conventional
gyroscopes cannot be used in. In these applications, MEMS gyroscopes have to be
chosen although they may have worse characteristics. Considering these facts and
applications all research projects on improving the performance characteristic of MEMS

gyroscopes are highly justifiable and reasonable, including this work.



The next step is finding which type of MEMS gyroscopes are the best choice for
performance improvement. It is well known that different types of MEMS gyroscopes
have different typical performance characteristics. The concentration of this work is on
sensitivity improvement, noise levels are not considered. From the review of reference
paper [3], which was published in 2009, the highest sensitivities for different types of
MEMS gyroscopes are selected and plotted in Figure 1.2. It can be seen that the highest
sensitivity, which is 132 mV/%/sec, belongs to a ring type gyroscope fabricated in 2002
[5]. It should also be noted that the total sensitivity of the gyroscope depends on two
things, the sensitivity of the readout circuit and the gyroscope type and dimensions. The
difference in sensitivities between the ring type MEMS gyroscope and other types is so
high that it cannot be only related to more sensitive circuit; so it can be concluded that
MEMS ring type gyroscopes are the best type of gyroscope to focus on for improvements
simply because they have the maximum sensitivity reported. The value of 132 mV/%/sec
is also considered as the benchmark in this thesis for a sensitive gyroscope and the goal is
designing a gyroscope with a better sensitivity. The gyroscopes shown in Figure 1.2 are
discussed briefly below [3], except ring type gyroscopes which are explained in the next

chapter.

Surface Acoustic Wave (SAW) Gyroscopes

In 1997, Kurosowa et al. proposed a completely novel design concept of an inter-
digitated transducer (IDT) SAW gyroscope which includes IDTs, reflectors, and a
metallic dot array within the cavity [6]. The IDTs and reflectors are fabricated through

microfabrication techniques on the surface of a piezoelectric substrate, 128" YX LiNbOs.
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Fig 1.2: Sensitivity comparison of MEMS gyroscopes.

The transmitter IDT creates SAW that propagates back and forth between the
reflectors and forms a standing wave inside the cavity due to the collective reflection
from reflectors. SAW reflection from individual metal stripes adds in phase if the
reflector periodicity is equal to half a wavelength. For the established standing wave, a
substrate particle at the nodes of a standing wave has no amplitude of deformation in the
z-direction; however, at or near the antinodes of the standing wave pattern, particles will
experience larger amplitude of vibration in the z-direction, which serves as the reference
vibrating motion for this gyroscope. In the presence of external rotation dot arrays over
the antinodes will vibrate along the orthogonal direction to the standing wave because of
the Coriolis force and will generate a secondary surface acoustic wave that can be sensed.
Despite fabrication, the Kurosowa gyroscope did not obtain any output signal; the
improvement was from Pennsylvania State University who fabricated the first 1 cm x 1

cm sample gyroscope which has a sensitivity of 705 nV/°/s [7].



Levitated Rotating Ring Gyroscopes

The levitated rotational-gyro/accelerometer consists of a spinning rotor and
stators that maintain the rotor at its null position by applying levitation control. When an
angular rate orthogonal to the spinning axis is applied, a precession torque applied by the
levitation control returns the rotor to the null position. The formula below gives the
magnitude of the precession torque, T, as a function of the moment of inertia, I, the

rotational speed of the rotor w, and the angular rate 6:

T = lwb (1.1)

An electrostatically suspended and sensed micromechanical rate gyroscope is
comprised of a disk-shaped rotor with flange; the active conductive layer of which is
composed of structural polysilicon and separated from the other conductive layers by an
insulating silicon nitride layer and five sets of actuators, required by position control in
both axial and radial directions. Three are for the upper and lower axial suspensions so
that height and tilt relative to the substrate may be set, and two are for radial centering
and driving. The motor drive electrodes transfer the sustaining torque for the spinning
element and sensor electrodes are all placed below the rotor. In a word, the device
consists of three types of electroquasistatic components: the motor drive, position sensors
and the nonrotary actuators for rebalance and suspension. The spinning element of the
gyroscope is a three-phase bipolar variable-capacitance synchronous motor and the
gyroscope is a rebalanced gyroscope that has a control system designed to hold the

gyroscope in a constant position while it is subject to external forces. As with suspended



macroscopic gyroscopes, the rotor is spun by a motor to produce angular momentum,
suspended and controlled by force and torque actuators, and sensed by various position
sensors. The structure is fabricated according to current very large scale integration
(VLSI) micromachining methods. The rotor diameter is 4000 pm, which leads to a

minimum detectable angular rate of 0.05 °/s and the total sensitivity of 6.5 mV//sec [8].

Multiaxis Gyroscopes

The vast majority of research has focused on single input axis rate gyroscopes.
Dual and multi-input axes have the advantage of lowering cost and increasing efficiency.
WACOH corporation is developing a new 5-axis motion sensor fabricated by SOI bulk
micromachining. The whole package is made of glass, silicon on insulator (SOI) and
glass from top to bottom and the chip size is minimized to 5.0 x 5.0 x1.7 mm?. By using
an electrostatic resonant drive at 3.42 KHz and nonresonant capacitive detection mode,
the sensitivities of Qx and Qy are 6.61 mV/°/s and 12.1 mV/°/s, respectively. Cross-axis

sensitivity is reported to be less than 5% and full scale nonlinearity is less than 3% [9].

Decoupling Gyroscopes

Quadrature signal and Coriolis offset are two important factors influencing
performance of vibrating gyroscopes. In fact, ideal drive motion is never achieved and
the drive displacement will have a vector component in the sense direction. Like the
Coriolis motion, this displacement along the sense direction will be at drive frequency.
Hence, this error signal will corrupt the desired Coriolis motion signal. This error is
called quadrature signal since there is a 90° phase difference between quadrature and the

desired Coriolis output. Coriolis offset is another error signal which appears at the output



at drive frequency. Coriolis offset arises when the drive force has a component along the
sense direction. One of the methods to reduce the two errors mentioned above is through
signal controlling. Another elegant solution to suppress the quadrature error in
gyroscopes is through a clever design of mechanical suspension. Mechanical decoupling
structure with different degree of freedoms (DOFs) can effectively lower the quadrature
error and the Coriolis offset. The concept of quadrature error is explained really well in
reference [1].

Middle East Technical University in Turkey reported a novel symmetric
micromachined gyroscope design that provides enhanced decoupling of the drive and
sense modes [10], and increased actuation and detection capacitances beyond the
fabrication process limitations. The novel decoupling mechanism is based on providing
2DOF oscillation capability to the gyroscope proof mass, while the degrees of freedom of
the actuation and detection electrodes are restricted to 1-DOF, as shown in Figure 1.3.
The decoupling mechanism minimizes the effects of fabrication imperfections and the
resulting anisoelasticities by utilizing independent folded flexures and constrained
moving electrodes in  the drive and sense modes. Bulk micromachined prototype
gyroscopes have been fabricated and the experiment shows that over an order of
magnitude of capacitance increase is achieved in the same footprint of the device, without
additional fabrication steps. They fabricated gyroscopes using a standard three-layer
polysilicon surface micromachining process, multi-user MEMS process (MUMPs) and a
nickel electroforming process. The improved gyroscope in 2006 had a 18 pm thick nickel

structural layer with 2.5 um capacitive gaps, providing an aspect ratio above 7

a noise-equivalent rate of 0.095 (°/s)/¥Hz and short-term bias stability better than



. Fixed to the ground

Fig 1.3: Double decoupling. Modified from [3].

0.1%s. The nominal scale factor of the sensor is 17.7 mV/°/s in a measurement range of

+100 °/s, with a full-scale nonlinearity of only 0.12%.

Tuning Fork Gyroscopes

Bosch company reported a yaw rate silicon micromachining sensor in 1998 [11].
This device can achieve amplitudes as large as 50 pm using a permanent magnet
mounted inside a metal package. It was fabricated through a combination of bulk and
surface micromachining processes. It consists of two bulk-micromachined oscillating
masses and two surface-micromachined accelerometers. The sensitivity can achieve
18 mV/°/s. The device resolution is 0.3 °/s at a 100 Hz bandwidth because of the large
amplitude. The large amplitude can increase output signal and power consumption. It also
can cause fatigue problems over long-term operation. The mechanical suppression of the

mechanical crosstalk between the oscillator and the Coriolis sensing accelerometer was



more than 8000. The temperature drift of the offset of the yaw rate sensor is less than

0.5 °/s without any temperature compensation.

Motivation for N-coupled Oscillator Gyroscopes

For the classic N-coupled resonators, equations of motion can be written as:

my, = _kc(Yn - Yn—l) + kc(Yn+1 - Yn) — ky,

(1.2)

where k. is the coupling spring between the resonators, k is the spring constant of each

K K¢
resonator, Wo = _|— and w, = -

myy, + (k+ 2Ke) yn — keyno1 — Keyns1 =0
Y + (Wo? + 2Wc2) ¥y — Weyno1 — We¥ngr = 0
y = ApCos(wt)
After plugging equation 1.5 into 1.4:

Ap—l + Ap+1 _ W02 + WCZ - W2

A 2

p We

To solve equation 1.6, it should be assumed that:

(1.3)

(1.4)

(1.5)

(1.6)
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Ap = Csin(pb)
(1.7)
After replacing 1.7 into 1.6 it will be concluded that the mode shapes should be of

the form of equation 1.8 for 32 coupled resonators:
_ . . (bnm nm
Ap = C.sin (E) & C.Cos (E) (18)

where p is the resonator number and n is the mode shape number. The first mode shape is
uniform motions of all the resonators together, which happens for n=0. After using
equation 1.8 in 1.6 it can be concluded that the modal frequency of the system can finally

be written in the form of:

5 , . T ke . nm
w = |wp% + 4w * sin 37 = Wo 1+4? sin BV (1.9)

This formula also works for n=0 where all the resonators move together. Figure
1.4 shows a plot of the natural frequency versus coupling ratio for different mode shapes.
For n=16 adjacent resonators move in opposite directions.

There are two different methods to design a gyroscope with coupled oscillators.
The first method is using the fact that wave propagation speed changes around a circular
coupler in the presence of an external rotation. Figure 1.5 shows 32 resonators around a

circle that are attached to the substrate from the cantilever. If the system is subjected to a
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n=0 n=4 n=8 n=12 n=16
0 T T T T T T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Kc/K

Fig 1.4: Ratio of natural frequency to the single cantilever natural
frequency versus coupling ratio for five different mode shapes.

pulse from the top electrode, the first peak of vibration will travel gradually around the
circle and the group velocity can be calculated. Figure 1.6 shows the transient response of
the first four oscillators after applying a 1 uN force to the top resonator for 10us.

The group velocity can be calculated from Figure 1.6 to be 12 m/s and it takes
about 355 us for the peak of vibration to reach the two sensors from both directions. At
first, all the vibrational energy will be concentrated in the top resonator where the force is
applied and gradually the vibrational energy will transfer to other resonators. As a wave
until, all resonators will vibrate according a combination of excited mode shapes and then
the vibration will be gradually damped by an energy loss mechanism until the system
reaches an almost fixed position. Then another pulse will be applied and this happens
repeatedly. If the gyroscope is rotated in this process, the peak of vibration reaches the
two sensors at different times and by measuring the time lag, the external rotation can be

cause a time lag and at the end of this time period the average external rotation can be
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Fig 1.5: Coupled resonators subjected to a 10 uN pulse for 10 ps.
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calculated. Following this calculation period there is a damping down period which may
be up to a few seconds. Increasing the effective damping of the system can reduce this
damping down interval but it will not be eliminated completely.

Another way to use coupled resonators as a gyroscope is using them in
combination of a ring type gyroscope. The discrete proof masses of the coupled
oscillators increase the effective mass of the system while the effective spring constant is
kept at low levels, which leads to lower natural frequencies and higher sensitivities. This

method is explained further in the next chapter.



CHAPTER 2

CONCEPTUAL DESIGN

Conceptual Design and Fabrication Method

The gyroscope is comprised of a series of bulk mass oscillators connected
together with a ring coupler. The resonators can be coupled from the top or from the base,
see Figure 2.1. The simulations show the device will have higher sensitivity if the
resonators are coupled together from the end in which they are not attached to the
substrate. The principle of working of this gyroscope revolves around having two mode

shapes with almost the same natural frequency that have 45 degrees difference in

AN ?E‘ﬁ b)

5

ELEMENTS

Coupler

™~ .
. Cantilevers

(TN

Cantilevers

Fig 2.1: Different methods of coupling the resonators. (a) From the top end,
(b) from the bottom end.
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direction, see Figure 2.2. When a rotation around the axis of the gyroscope happens, all
of the resonators contribute to starting a secondary vibration along the other direction
which is 45 degrees tilted from the excitation direction (Figure 2.3). All the proofmasses
cooperate in giving rise to secondary vibrational motion either directly, or by squeezing
the ring coupler, or a combination of these two actions. The difference of this gyroscope

with other hemispherical gyroscopes is that the cantilevers can be accessed and can be

Fig 2.2: Two mode shapes with 45 degrees difference in orientation. Natural
frequency is 52336 Hz for this model’s dimensions.

ANSYS

E18,5
ACBCEMIC

JUL 30 2013
19:40:48

Fig 2.3: Velocity directions are shown with orange arrows and
Coriolis force with yellow arrows around the ring gyroscope.
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improved to increase the quality factor. The mass of the structure can also be increased
without changing the spring constant to increase the sensitivity of the gyro. This gives the
designer open hands to design different gyroscopes for different applications. In order to
microfabricate this complicated structure from silicon, deep reactive ion etching (DRIE)
method should be used from both sides of the wafer. The coupler and cantilevers can be
made out of single crystal silicon, silicon nitride, silicon oxide, nickel and other metals or
polymers and the rest of the structure is made out of silicon. At first the coupler is
deposited and patterned (Figure 2.4.a). Then a Cr layer is deposited on the bottom side
and patterned by lithography to be used as a mask to etch silicon (Figure 2.4.b). Then the
chip is flipped and a Ni layer is deposited on the top surface and patterned to form a
circular opening on it. This is used as a mask to do DRIE from the top side till an opening
is seen on the other side, while anchor cantilevers are still untouched (Figure 2.4.c). Then
Ni mask is removed and from the bottom side the first DRIE etch is continued till the
coupler is reached (Fig 2.4.d). At the end the bottom Cr mask is removed by etchant. In
this way only one side of the proof mass is formed from the top side and the three other
sides will be formed from the bottom side. If there is a misalignment of the top and
bottom mask, the mass of proof masses may change slightly but a fabrication sequence
can be used in which two opposite sides of the proof mass are fabricated from the top and
the other two from the bottom. This minimizes the misalignment effect on the final size
of proof mass. This method is explained later in Appendix A. The bonding to glass step
and fixed electrode formation are not shown in this fabrication sequence. To increase the
sensitivity it is better to increase the size of proof masses and make them as close to

each other as possible. Because of the small gaps between large proofmasses the size of
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b)

< -
d)

Fig 2.4: Fabrication sequence of the device. Only one sector of the device is shown so
that it is easier to visualize the fabrication steps. Next to each step the mask that is used
in that step is shown, with the location of sector region highlighted.

Cantilever

the couplers connecting the proofmasses together will decrease substantially, leading to
high coupling stiffness which is not desirable. To overcome this issue, sacrificial layers
can be used so that the couplers connect the center point of the proofmasses only and do
not touch other parts of the system, Figure 2.5. In this way, the length of the couplers will

be independent of the proofmass size.

Sensitivity Increase Concept

The device that is going to be designed, analyzed and simulated in this work is a
N-Coupled oscillator gyroscope, which has both characteristics of coupled oscillators and
ring-type micro gyroscopes. There is not a similar device to what is going to be

designed, so in order to compare it with previous works it can only be compared
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Coupling
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width

Released

Coupler
coupler

anchor

Fig 2.5: Connection of proofmasses to the couplers from the central points to
decrease natural frequency and increase sensitivity of the device.

separately to coupled oscillators, ring type, disk type and cylindrical gyroscopes.

The first paper that is compared to our design is article [12]. This paper
investigates the main source of acceleration sensitivity of tuning fork gyroscopes. The
frequency response of in-plane coupled resonators is used for investigating the
acceleration sensitivity of a MEMS tuning fork gyroscope (TFG) and a new method of
suppressing the acceleration output is presented. The unbalancing of two sense resonators
in the TFG caused by fabrication errors converted an external vibration into antiphase
mode excitation. To reduce the acceleration output, decoupling between in-phase and
antiphase modal frequencies is crucial and is done by increasing the decoupling ratio
(DR), since coupled resonators may cause large antiphase vibrations from the

acceleration.

anti — fin

bR = fanti (2'1)



19

The main goal of article [12] is canceling the acceleration sensitivity of tuning
fork gyroscopes. TFG has two drive masses vibrating in opposite directions which results
in Coriolis motions to also be in opposite directions. If a differential amplifier is used to
measure the final output of the sensors and two resonators are identical, an external
vibration in the direction of sensing motions will move the sensing elements equally. This
will be eliminated in the differential amplifier. However, if fabrication imperfections are
introduced, small output is added to the Coriolis signal. This is due to the fact that
vibrational output of the system is the weighted sum of different mode shapes and since
the stiffness in the two resonators are not the same in practice, the force needed to
oscillate the system with the same amplitude in the same direction in a way that the
differential amplifier does not sense it, is not equal. So if an equal force because of
external acceleration is applied to both of the resonators, the out-of-phase mode shape
will also be excited. The amplitude of this unwanted motion is related to the decoupling
ratio and how close the frequency of the acceleration is to antiphase frequency. In case of
an external impulse in the sense direction, two sense masses will oscillate with slightly
different periods and amplitudes which gradually give rise to out-of-phase motion until it
is damped out.

The acceleration output model was verified using two coupled resonators with 1
and 5% stiffness unbalance. Finite elements method simulation results show a 25%
reduction in the antiphase vibration by increasing the decoupling ratio from 0.09 to 0.29,
irrespective of the coupled resonators designs. Quantitative analysis of a TFG based on
coupled resonators with 1% stiffness unbalance shows the acceleration output decreasing

from 5.65 to 1.43 °/s/g. The first two mode shapes of a ring gyroscope have 45 degree
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difference in orientation. In Figure 2.6, mode shapes number three and four are shown,
which have 90 degree difference in orientation. In our design, mode shape 1 and 2 are
considered the out-of-phase motion and mode shapes 3 and 4 the in-phase motion.
Natural frequencies are 52336 Hz for mode shapes 1 and 2 and 53843 Hz for mode
shapes 3 and 4. It can be seen, there is a 1.5 KHz difference between natural frequencies.
The frequency difference and also the decoupling ratio can be increased by reducing the
thickness of anchor cantilevers, because in this way the stiffness ratio between the
cantilevers and the couplers will decrease.

The sensitivity in a single mass MEMS gyroscope with perpendicular drive and
sense directions is derived here. For the ring-type gyroscope the same equations are
expected with a different coefficient. The vibration amplitude in the drive direction can

be written as:

U=Q4— (2.2)

In order to increase the drive amplitude, the spring constant should be decreased as much
as possible and the driving force should be increased. To increase the driving force the
gap can be decreased or the area can be increased. Increasing area is a better choice since
by decreasing the gap a limit will be set on the vibration amplitude and the fabrication

process also gets harder. The Coriolis force that drives the sense direction motion is:

F. = —2m Q,Uw, (2.3)
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ANSYS
FL4,5

Fig 2.6: Two mode shapes with 90 degrees difference in orientation. Natural
frequency is 53843 Hz for the model dimensions.

where m, is the resonator mass that moves in the sense direction, (), is the input rotation

and w, is the drive frequency. The sense vibration amplitude in the mode-matched

condition would also be:

0 =Q,—= = 2m.Q,wy;—2F, (2.4)

From formula 2.4, it can be clearly seen that for achieving higher sensitivities the
spring constant of the system should be decreased and the mass and electrode area should
be increased, which is the main approach of this work. In the following pages this work is
compared with three other designs and it is explained how it can be superior to them.

The first design is a simple ring micro gyroscope [5]. The system is comprised of
a silicon ring and radial springs that connect the structure to the central hub. In this paper,

a single crystal silicon (SCS) vibrating ring gyroscope with high aspect ratio, silicon on
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glass structure was designed, fabricated and tested. The ring is 2.7mm in diameter and

150um thick. The gyro has the following measured performance: high Q (12000), good

nonlinearity (0.02%), large sensitivity (132 mV/°/sec), low output noise (10.4°/hr/\/Hz)
and high resolution (7.2°/h). The maximum bias shift is less than +1°/sec over 10 hours
without thermal control. This is a very high performance design, but the driving
amplitude is 0.123 um and can be increased. The sense gap is 8§ um, which is good
enough. The spring constant can be increased further and the mass of the system can be
increased substantially in order to reach lower frequencies and higher sensitivities. To
decrease the spring constant, a low thickness ring can be used on top of our structure and
the thickness of the base anchor cantilevers can be decreased.

One way to increase the mass is using bulk acoustic wave (BAW) sensors. The
second design is a BAW gyroscope sensor [13]. In this paper, a 800um diameter center-
supported single crystal silicon disk gyroscopes operating in high order elliptical bulk
acoustic modes at 5.9MHz is presented. The BAW gyroscope was fabricated on 50um
thick SOI using the high aspect ratio combined poly and single crystal silicon (HARPSS)
process to obtain 250 nm capacitive gaps. It exhibited ultrahigh Q in excess of 200,000.

The Brownian noise of Coriolis vibratory gyroscope is:

1 [akT 2
°=T (HMQ )

where Kj is Boltzmann constant, T is temperature in kelvin and U is drive amplitude. So
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by using a bulk acoustic wave sensor, M, Q and f, can be increased. This leads to lower
noise levels, but there are two draw backs here. Although mass is increased in this design,
spring constant is also increased substantially so according to equations 2.2 and 2.4, U
and sensitivity are decreased although bias instability is decreased. Sensitivity of this
device is reported to be 0.19 mV/°/sec and bias instability is 0.175 °/Sec. Compared to
the previous ring-type gyro, it can be seen that sensitivity is 700 times lower but bias
instability is 6 times better. The main reason for this huge decrease in sensitivity is the
high spring constant of the structure. In this thesis the spring constant is decreased
substantially while large proofmasses are still being used, because they are not coupled
together anymore and the dimensions of each of them can be changed separately.

The last and the third design that will be discussed is similar to disk resonator plus
several round trenches in the structure by which designers tried to decrease the spring
constant of the system while having a large mass [14]. This paper reports the architecture
and operation of a single-crystal cylindrical rate-integrating gyroscope (CING). The
attractive features of the CING include mode stability due to the separation of the
wineglass modes from the in-phase-parasitic modes, self-alignment of sensor components
and fabrication. The CING is built using a silicon on glass (SOG) process using a (111)
Si wafer. It operates at 17.9 KHz and has an average Q of 21,800. It is reported that the
bias stability is 0.16 °/sec, which is slightly better than the previous two designs, but
sensitivity of the gyro is not reported. The proofmass is separated in the radial direction,
but in this thesis it is separated tangentially; thus, it is expected to be more compliant

with a better sensitivity.
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Quality Factor Enhancement Techniques

In a one degree of freedom mass-spring-dashpot system the differential equation

that governs the motion is [15]:

iy : .. _F@®
X+ 2¢wpx + wp“x = (2.6)
Megq
and one can write the quality factor to be:
0= 1 _ Meq®Wn _ VEkmeg 2.7

Based on this formula it might be assumed that it is necessary to increase both the
mass and the spring constant to increase the quality factor. However, what actually
happens is more complicated than that because the denominator also will increase when
the mass and spring constant are increased. When mass is increased, usually the surface
area and air damping are also increased; and when spring constant is increased, a term
named anchor loss is also increased considerably which will increase C,,. The quality

factor can be written as [16]:

LS S (2.8)
QTEDl qupport qurface

1
Q

! Thermo elastic damping
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The support loss damping ratio can also be written as [17]:

h3
(support = 0.23 l_3 (2.9)
So it can be concluded:
—1 2.174 : 3 L (2.10)
= = 2. —)° X — .
QSupport quupport (h) K

There is another formula which shows the same proportionalities with a slight

change in the coefficient [16]:

B 3
Qsupport = [O.(214-(|-1v)1/1/ )] (ﬁn)l(n)z [%] x %

2.11)

Our goal is to decrease the spring constant of the system to reduce the support
loss. Air damping can also be eliminated by reducing the working pressure of the
resonators. It should be noted that equations 2.10 and 2.11 are for a beam that does not
have a proofmass at its end. If we increase the mass of the system the natural frequency
goes down, which leads to higher sensitivity, but the support loss will increase causing a
reduction in the quality factor of the system. To solve this problem, different techniques
can be used on the side to reduce the anchor loss. One of them is using Mesa isolations
[18], which are basically a trench around the anchor area that reflects back the acoustic

waves into the system. A trench can be fabricated around our anchor cantilevers to
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increase the Q. Depending on the distance of the trench from the cantilever base,
reflecting waves can have a constructive or destructive effect which increase or decrease
the Q, respectively. Optimum distance should be found experimentally. A 400% increase
in Q has been shown using this method.

Another method for reducing the support loss is using material mismatch [19]. In
this method to increase the Q the resonator is made from one material and another
material is used for the support or the anchor (Figure 2.7). The different acoustic
velocities of these dissimilar materials create an impedance mismatch at the resonator-

support interface that attenuates energy transfer from the vibrating resonator to the

Surface acoustic waves (SAW) EBulk acoustic waves (EAW)

\
|

Nickel layer

o

AV = Vp¢ + Vyccos(wyt)

Fig 2.7: Acoustic waves propagating away through the anchors of
the resonator causing a leak of energy.
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support, thus, allowing the resonator to retain its vibrational energy and exhibit high Qs.
In contrast, resonators that use identical materials for support and resonator will have a
perfect impedance match between the two. This allows maximum power transfer from
the resonator to the support, thereby allowing significant loss from the resonator, through
the support, to the substrate, resulting in substantially lower Q values. Using SOI wafers
is a good example of this method.

Phononic crystal strips can also be incorporated in designing our anchors to
suppress wave propagation to the support [20]. Some of the pass bands may exist as the
so-called deaf bands in which certain types of incident waves can be nearly totally
reflected by the phononic crystal. In other words, these structures can be used as lossless
anchors if they are used in the right working frequency and place. A series of etch holes
will also show the same blocking effect for acoustic waves in certain frequency bands.
This method is more suitable for high frequency applications in GHz, so probably this
method will not be used in our design.

Figure 2.8 shows a bulk mass resonator that has a series of etched holes near the
anchor to block the propagation of acoustic waves that transfer out the vibrational energy
from the resonator. There is also a mesa isolation which is the step around the etched hole
area that reflects back some part of the acoustic waves to the resonator. The dimensions
of the mesa isolation should be changed experimentally to find out at what distance the
quality factor is higher. SOI wafer can be used to increase the quality factor further, but it
will complicate the electrical connection to the resonator [21, 22]. The structure is
comprised of two rigid fixed blocks and one middle oscillator block that is connected to

one of the blocks by a cantilever beam. Since the DRIE method is used from both sides of



28

Fig 2.8: Proposed bulk mass resonator with driving electrode bonded over a
glass wafer with a trench.

the wafer, the anchor area can be accessed for some changes to reduce the energy
leakage. The gap distance is 10 um and the AC voltage is applied between the two fixed
blocks through the electrical pads. The glass wafer is bonded to a silicon wafer which is
highly doped. The yellow arrows show the oscillation direction of different parts of the

resonator.

The Effect of Using Multiple Resonators with

Resonant Frequency Shifts in the Drive Mode

If in the coupled resonators a slight frequency shift is introduced in each device,

the system response curve will have wider peak in resonance. A very good example is
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reference [23]. Since the Coriolis force, and the sense-mode response is directly
proportional to the drive-mode oscillation amplitude, it is desired to enhance the drive-
mode amplitude by increasing the Q factor with vacuum packaging and operating at the
peak of the drive-mode resonance curve. However, large drive-mode amplitude and
bandwidth cannot be achieved with a 1-DOF drive system at the same time. The
proposed approach explores the possibility of increasing the drive-mode response
bandwidth of micromachined gyroscopes, by utilizing multiple resonators with

incrementally spaced resonant frequencies in the drive mode.

Optimum Number of Resonators

In different systems different approaches should be taken to figure out the
optimum number of resonators. For example, in this thesis design, if a few coupled
resonators are used then each proofmass will have larger dimensions and if lots of
coupled resonators are used, they cannot have big sizes anymore. In a ring gyroscope, at
least eight resonators should be used to balance the system, because separate resonators
are needed in front of the sense and drive electrodes and if the system is rotated 45
degrees a similar structure should be reached to minimize frequency mismatch between
sense and drive. If it is necessary to use more resonators, a multiple of eight resonators
should be used to make sure appropriate driving and sensing resonators are in place. As a
more general rule, if a 4 node mode shape is used for driving and sensing, then a multiple
of eight resonators should be used [5] and if a 6 node mode shape is used, then a multiple
of 12 resonators should be used [13], and so on. Our goal is achieving minimum natural

frequency to gain higher sensitivities. If it is assumed the coupler dimensions, cantilever
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thickness and length are fixed, the width of cantilever and proof mass are equal and the
minimum gap between the corners of adjacent resonators is kept to be a constant value,
e.g., 50 um, as the number of resonators increase by eight increments, from 8 to 64, it can
be expected that the effective mass and effective spring constant of the system, both
decrease. However, it is not evident how the natural frequency will behave. It is a good
practice to use finite element methods (FEM) simulation softwares to find out what the
optimum number of resonators will be. As the number of resonators around the circle
increase the capacitor area will decrease, so multiple resonators may be needed for
driving or frequency tuning. If a lower number of resonators is used because of wider
cantilevers, the sensitivity of the system to the same amount of misalignment between the
masks will reduce. By using larger capacitors, fewer resonators will be needed for driving
and frequency tuning purposes. In this thesis the number of resonators is not optimized
because the frequency of the system can always be reduced by using thinner cantilevers
and couplers, or increasing the diameter of the coupler. Sixteen resonators were used for
initial simulations; then, to find the final dimensions and characteristics, 32 resonators

were used.

The Effect of Coupling

When zero coupling is used the resonators will work separately with respect to
each other and when the coupling is increased very much, a continuous cylindrical
structure will be reached. Between these two extreme cases, where there are discrete
resonators coupled weakly together with a ring coupler from the top end, is our working

point. In this thesis silicon, nickel and SU8 couplers with different dimensions are used in
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simulations. If the stiffness of the coupler is changed, the ratio of frequency of parasitic
mode shapes to the drive and sense frequency will also change, which affects noise level

directly.



CHAPTER 3

MODELING

Frequency of a Single Oscillator Versus Cantilever Thickness

The capacitive actuator that is going to be modeled is shown in Figure 3.1. These
actuators can be used to design low frequency gyroscopes with very high sensitivity. One
single oscillator can be modeled with a spring mass system by assuming the cantilever is
rigid and connected to a rotational spring, as shown in Figure 3.2. The pivot point would
be between 1/2 and 2/3 of the length of the cantilever depending on the loading

conditions from pure moment to pure transverse load.

AV

Substrate
Overhangs for misalignment

Metallic Cantilever compensation
Proof mass

Fig 3.1: Three-dimensional model of the actuator.
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Flexible

Rigid—>

Fig 3.2: Modeling of the resonator with a rotational spring pendulum system.

Frequency Analysis

The natural frequency of the system would be:

1 |K,

fo o |1, (3.1

where Ky and Iy are derived in equations 3.2 and 3.3.

Ky= —- = (3.2)

1 w1 H?
lg = —MW? +H2)+M<(7+§L)2 +—>

12 4 (3.3)

The reason half the length of the cantilever is used for the pivot point in equation
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3.3, is that the loading condition on the cantilevers is a combination of axial force and a
moment without any transverse loading. If the frequency versus cantilever thickness
using equation 3.1 to 3.3 is plotted and then compared to the ANSYS simulation, for a
square proof mass with a width of 140 um, height of 530 wm and a cantilever with the
width and length of 50 um, Figure 3.3 will be reached.

In Figure 3.3, it can be seen that there is a close agreement between the calculated
natural frequency of the resonator and ANSYS simulation which shows that our
analytical model is suitable for predicting the resonator behavior. The difference is about

20%, which is typical in finite elements method simulations.

Electromechanical Analysis

In order to model the system shown in Figure 3.1, the cantilever is replaced with a
rotational spring like Figure 3.2. Then, only one side of the bulk resonator which is in

front of the fixed electrode is considered to reach a two-dimensional model, like Figure

Frequency Vs Thickness

100

Analytical

80 ; -
ANSYS Simulation

60

40 —

Frequency(KHz)

20 =

0 T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Cantilever thickness (um)

Fig 3.3: Natural frequency of the bulk mass resonator using
analytical formulation compared to ANSYS simulation.
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3.4. The in-plane width of the capacitor, which is not shown, is considered as w. As
you can see in Figure 3.4, in this two-dimensional model the position of the pivot point is
shifted from Figure 3.2 to the right corner. In small displacements, especially if the height
of the resonator is much bigger than its width, the vertical motion effect in the
capacitance change is negligible so it can be neglected and the rotational spring can be
moved to the right corner. This assumption is only valid when electrical forces or
moments are being calculated and should not be used for calculating the frequency of the
system since the rotational moment of inertia will change in this way. When a voltage
difference of V is applied between the two electrodes, the moving electrode will start
rotating until it reaches the equilibrium state where the tip of the moving electrode is
moved the distance x. The capacitance of the resonator as a function of x can be

computed as follows:

- fac- [ 2

ewl XY\ |1 ewl
———ln(d—T) o=~ lInd=x) ~Ind]
_gwll ( d )
—x "d—x (3.4)

Now the force and moment in Figure 3.5 can be computed:

dC, swl d ewl(d—x) d ewl x swl (3.5)
0x x2 1n<d >+ n(l——)

- —-x d.x (d—x)%2 le +x(d—x)
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Fig 3.4: Two-dimensional model of the actuator.

Krim,Elec Ftop

¢ C

K9 K@ + KB, Elec

Fig 3.5: Two-dimensional equivalent model of the actuator by replacing
the fixed electrode with a force and a negative spring constant linear
spring, or a moment and a negative spring constant rotational spring.
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0Cy _1 ewl _x ewl 2
FTop ( 0x ) Ve = 2 (x In (1 ) x(d—x)) v (3‘6)
M= F = l <6Cx) 2= 1 ezwlzl (1 x) N swl? V2
— o Tort T 2\ ox —2\ 7z d/ " x(d —x) 3.7)

Fiota1 can be calculated as:

dF, =

& a(dC) V2 9(dC) ox V? 0 [ew.dy\ |  ewV?
2 9f 2 ox ‘of 2 ‘ox 'y_z(

Ftotal:dey
_eszfl dy
2 Jo (d-7y)?
ewVZ(l> 1 ‘l eleZ[ ] swlV? (3.9)
“T2 W _z 0o~ d—x dl 2d(d—x '
(¢-37) (@-x

The moment can be also calculated by integrating the dF,.y over the length of the

moving electrode.

As can be noted, formula 3.10 is identical to formula 3.7. To find G it is only

needed to divide moment by total force as shown in formula 3.11.

The ratio g can be named as the unit less parameter a (0 <a< 1) and equation

3.11 can be written as equation 3.12.

Figure 3.6 shows that when the electrode is not moved yet the resultant force is in
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Center of electrostatic force devided by height versus tip displacement devided by electrode gap
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Fig 3.6: Location of resultant force versus displacement of the electrode tip.

G_

() G 310)
B Ffml - ld(iz_ Din T % (3.11)
%: 1—2a1n(1—a)+a (3.12)
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the center of the electrode because of uniform electrical load profile. As the electrode tip
approaches the other electrode the position of resultant force gradually moves from the
center to the top. This makes sense because as the gap closes the top part will be

attracted to the other electrode with higher forces but dF, on the lower parts does not
change as much. In a similar fashion to G, M and Fr,,, can also be written in terms of the

dimensionless parameter o

v _1(£Wl1 (1 x)_l_ ewl )Vz_eleZ[ll(l )4 1 313
Top = 5\ 52 " d/ " x(d —x) = 2a2 laz " YT ad—a) (3.13)

ewl?V?

1
M = Frop.l = sz[ﬁln(l o)+ (3.14)

el

Formulas 3.13 and 3.14 are both nonlinear and are not suitable for linear
vibrational analysis of the resonator. The two following Taylor series can be used to

simplify these formulas for small displacements.

= an a? o ot
1 — ) = — = R T R T 3.15
n(l —a) En <a+2+3+4+> (3.15)
n=1
1 (o]
= E a*=1+a+ a2+ - (3.16)
11—« 4
n:

Using equations 3.15 and 3.16 the first-order and second-order approximation for
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moment and force around the equilibrium point can be found.

Figures 3.7 and 3.8 show the actual electrostatic force on the actuator versus
displacement. From Figures 3.7 and 3.8, it can be concluded that the behavior of the
system can be approximated by a linear negative spring very well as long as a < 0.1;
however, for a > 0.5, the linear approximation is much different to the actual behavior

of the system.

1 1
F =——|—=In(1- —_
Tor = 242 [az n(—a)+ a(l — a)]

2 2
_ ewlr™11  2a  3a (3.17)
2d2 |27 3 " &
ewl?V2[1 2a 3a?
M=F R Wil 3.18
vl = 2 I2+3+4 G.18)

From equations 3.17 and 3.18 the negative linear and rotational spring constants

in Figure 3.5 can be derived:

ewlV?
Krim,Etec = ~35 (3.19)
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Fig 3.8: Zoomed view of dimensionless moment versus dimensionless electrode
tip displacement.
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ewl3V?

KH,Elec = KyimElec X 1? = 3d3 (3.20)

Pull-In Analvtical Calculations

In order to find out how much the tip of the actuator will displace when a voltage
difference is applied, the nonlinear curve of Figure 3.7 should be intersected with the
linear restraining moment curve of the cantilever that passes through the origin. In low
voltages there are two intersection points. The left one is the stable equilibrium point and
the right one would be unstable. If the voltage is increased the nonlinear moment curve of
the capacitor moves up while the linear restraining moment curve is fixed. In this way,
the two equilibrium points will converge until the voltage reaches the pull-in voltage, in
which the nonlinear curve will touch the linear restraining moment curve at only one
point. At this condition, both stable and nonstable equilibrium points will be coincident.
If the voltage is increased higher than the pull-in voltage the two curves will not have any
intersections and there would be no equilibrium points. In order to calculate the pull-in
voltage, the fact that at this point the value and the derivative value of the two curves are
equal can be used, which is shown in equations 3.21 and 3.22, respectively. If these two
equations are solved simultaneously the tip displacement at pull-in voltage can be found

and then one of the equations, 3.21 or 3.22, can be used to find the pull-in voltage.

ewl?V?711 1 x d
hAAGARAN el — N S A e 3.21
i [azln(l @)+ | = kef = ke = kega (3.21)
ewl?V? -2 1 1 1 d
- ) - — 4= |= — 3.22
2d? [a?’ In(1 = @) a’(l—a) a? * (1- a)z] ko l (322)
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To solve these two equations simultaneously, the lower equation can be

multiplied by a and then the left parts can be equated to reach:

1 1 -2 1 1 a

—l(l-a) +———= —~In(l—a) - 4 (3.23)

a? n(1-a) a(l—a) a? n(l-a al—a) a (1-a)?
3 2 1 a
) G Y . L (3.24)
a? n(1-a) al—a) a (A-—a)?

If equation 3.24 is solved numerically the pull-in displacement would be:
Apyri—in = 0.4404 (3.25)

Now, if this number is plugged into equation 3.21 or 3.22 the V,,,;;_;, would be:

|%

p

(0.82 745)K9 d3
ull-in = (3.26)

ewl3

Equation 3.26 can be used to calculate the pull-in voltage for a square cross
section resonator with 530 um height, 140 um width, which is connected to the substrate
by a cantilever with the length of 100 wm and thickness of 1 um. The electrode gap is
assumed to be 10 um and the cantilever is made out of nickel. Using equation 3.2, Ky

would be:
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o _ EI_Ebh_(219x10)x180x1078 .
0= T T 121 12 x 100 -~ mo (3.27)

Now the pull-in voltage can be calculated using equation 3.26 to be:

%

(0.82745)(2.555 x 10-8) x 103 (3.28)
pull—in = .

(8.85 x 10-12)(140 x 10-)(530)° _ 10.71V

Pull-In COMSOL Simulation

For the same resonator described in the last section a COMSOL simulation is
done. The pull-in voltage was about 11 volts and the electrode tip displacement at
pull-in is about 4.9 um, which is about half the electrode gap as shown in Figure 3.9. The

calculated pull-in voltage and displacement in the last section are 10.71 V and 4.4 um,

Vdc(15)=11.035022 Surface: Total displacement (um)

A 522

Yo

Fig 3.9: Pull-in COMSOL simulation of the microactuator.
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that matches the simulation very well. In Figures 3.10 and 3.11, the capacitance change

and tip displacement versus voltage plots are shown.

Sense and Drive Frequency Versus Misalignment

In this part the effect of misalignment on the sense and drive frequency mismatch
is modeled. Appendix A should be studied at first, to see how the proposed fabrication
technique can reduce the effect of misalignments. The general dimensions of the model
that is used are shown in Table 3.1. Figures 3.12 through 3.15 show the meshed pattern
used in this simulation. After modal analysis two distinct mode shapes for the sense and
drive motions are shown, in Figures 3.16 and 3.17. The drive and sense frequencies are
calculated to be 23460 Hz and 23476 Hz, respectively, which yields 16 Hz frequency
mismatch due to unsymmetrical free meshing of the system. Now, if 20 um misalignment

is introduced between the top and bottom mask some of the resonators move slightly and

90

Capacitance(fF)

80

70

60 T T T T T T T T T T T

Voltage(V)

Fig 3.10: Capacitance versus voltage difference.
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Fig 3.11: Electrode tip displacement versus voltage difference.
Table 3.1: Model dimensions.
Number of resonators 32
Nickel cantilever thickness 5 um
Nickel cantilever width 140 pm
Nickel cantilever length 100 pm
Square silicon proofmass width 140 pm
Silicon proofmass height 530 pm
Nickel coupler gap 5 pm
Coupler round connector diameter 20 pum
Nickel coupler diameter 2 mm
Nickel coupler width 30 um
Nickel coupler thickness 5 um
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Fig 3.12: Overall structure.
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Fig 3.13: Overall structure from the top view.
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Fig 3.14: Nickel coupler and point contact.
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Fig 3.15: Nickel coupler and point contact from another view.
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Fig 3.16: Drive frequency of 23459.6 Hz.
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Fig 3.17: Sense frequency of 23476.22 Hz.
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the two resulted mode shapes are shown in Figures 3.18 and 3.19. The new drive and
sense frequencies are calculated to be 23345 Hz and 23435 Hz, respectively, which
yields 90 Hz frequency mismatch due to unsymmetrical free meshing of the system and
the misalignment. The misalignment effect would be less than 90 Hz, maybe about 70
Hz. This is about 0.3% of the natural frequency for 20 pm misalignment, which shows
the system is almost insensitive to small misalignments. Control methods like using
frequency tuning electrodes can be used to match the sense and drive exactly after
fabrication. Frequency tuning is explained further in the acceleration canceling technique

section of Chapter 4.

ANSYS)
P16

Agademic

DISPLACEMENT

FEB 18 2014

FREQ=23345.4 04:33:59

DMX =2408.43

Fig 3.18: Drive frequency of 23345.4 Hz.
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Fig 3.19: Sense frequency of 23434.6 Hz.
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CHAPTER 4

DESIGN

In this section, a series of steps for finding the final dimensions of the device are
discussed and a finite element simulation tool (ANSYS) is used to compute the
sensitivity of the gyroscope, in each step. A combination of analytical formulas and FEM
simulations are used to change the dimensions of the device to reach the maximum
sensitivity possible. At last, a brief discussion about the readout circuit will be presented

in order to cancel parasitic acceleration modes.

Natural Frequency

In order to have a better frequency mode matching of sense and drive motions, the
model is remeshed in a more patterned way. Figures 4.1 and 4.2 show this new mesh
pattern. The frequency mismatch between the sense and drive mode is not exactly zero
because of the asymmetry of the freely meshed parts but it works fine to take our initial
steps. The natural frequency of the system for each mode shape can be calculated from

this formula derived from energy formulation in vibrational analysis:

f 1 KG I Clz Keff,coupler
0 =—
21 Ig + Elz Meff,coupler

(4.1)
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Fig 4.1: Initial meshed model used in our design
process. There are some parts with patterned
meshing and some parts with free meshing.
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Fig 4.2: Zoomed view on the initial meshed
model used in our design process.
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where the effective rotational spring constant and mass inertia can be derived from

formulas 4.2 and 4.3.

32

Ko = Z AiKG,bending +BiK9,torsion (4.2)
i=1

32
Iy = Z D;Ig; (4.3)
i=1

where Ig; is the mass moment of inertia of each resonator around the rotation axis, which
may not be along the tangential and radial direction according to the mode shape because
the tip of each resonator may have both radial and tangential velocity components.
Ko penaing and Kg torsion are the rotational spring constants in the bending and torsional

movement of the cantilevers. A;, B;, C, D;, E, Kefr coupiers Me r and Ig; are

ff.couple
constants that vary for each mode shape and can be computed from relative maximum
rotations and displacements in different parts of the system and [is the height of the
resonators.

If only a ring resonator is analyzed, then a 4 node mode will have the lowest
frequency, but if a very weak coupler system is used in this gyroscope, the constants
mentioned above would be in such a way that the natural frequency of the four node

mode comes after 6 node modes and 8 node modes.
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Silicon Coupler - 5 um Nickel Cantilever - Q = 200

For the first model the dimensions listed in Table 3.1 are used. The coupler is
made out of silicon <111> with elastic modulus of 168.9 GPa [24] with 5 um thickness,
30 um width and 2mm diameter. Cantilevers are made out of nickel (205GPa) with 5 pm
thickness, 100 um length and 140 um width. The quality factor is considered to be 200
for the first try in this model. If a 20 um thick coupler is used, the sense and drive mode
shapes will have the lowest frequencies among other mode shapes; however, if the
coupler thickness is reduced to 5 um the sense and drive mode shapes will not be the first
mode shapes anymore and they will come after some parasitic mode shapes. The first six

mode shapes are shown in Figures 4.3 to 4.8.
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Fig 4.3: First parasitic mode shape, 11615.9 Hz.



56

NODAL SOLUTION

STEP=1
SUB =2
RFRQO=11623.4
IFRQ=0

MODE Real part
Ux (AVG)
RSYS=1

DMX =2008.89
SMN =-1911.32
SMX =1910.11

-1911.32
-1486.72

-1062.11

-637.508

ANSYS
s

MAR 12 2014
11:53:56

-212.904
211.7

636.303

1060.9

1485.51
1910.11

Fig 4.4: Second parasitic mode shape, 11623.4 Hz.
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Fig 4.5: Drive mode shape, 19600.6 Hz.
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NODAL SOLUTION
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Fig 4.6: Sense mode shape, 19701.1 Hz.
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Fig 4.7: Fifth mode shape, 20374.6 Hz.



58

ANSYS
165

AtAtEmic

NODAL SOLUTION

STEP=1

SUB =6
RFRQ=33281.6
IFRO=0

MODE Real part
Ux (AVG)
RSYS=1

DMX =2539.53

MAR 12 2014
12:02:31

SMN =-2372.27
SMX =2370.78

-2372.27 -1318.26 -264.248 789.763 1843.77
-1845.26 -791.253 262.757 1316.77 2370.78

Fig 4.8: Sixth mode shape, 33281.6 Hz.

Excitation is done with two opposite 1 puN forces on the upper and lower
resonators with assumed quality factor of 200 and excitation frequency of 19700 Hz. In
Figures 4.9 and 4.10, it can be seen that the vibration pattern will rotate slightly in the
presence of external rotation. The simulation results for the first try are shown in Table
4.1. Displacement in the sensing direction and pattern rotation versus external rotation is
shown in Figure 4.11.

Formula 3.17 is restated here for better referencing:

Frop = 7z 313 (4.4)

ewlV?[1 N 2a N 3a?
2 3 4

From formula 4.4 the equivalent electrostatic force on top of the microactuator

can be calculated. In practice a constant voltage is not applied to the electrode and the
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Fig 4.9: Rotation harmonic response for 650 deg/sec.
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Fig 4.10: No rotation harmonic response.



Table 4.1: Simulation results for different rotation speeds for try number 1.

60

Rotational Pattern 45 degre?e 45 degree n ode Maximum
. . node radial tangential .
velocity rotation il o] displacement
(deg/s) (deg) displacement displacement (nm)
(nm) (nm)

0 0 7.52 35.18 72.7
50 0.68 8.57 34.33 71
150 2.07 10.98 34.15 71
250 3.89 13.32 33.79 70
350 5.60 15.57 32.26 70
450 6.99 17.73 32.57 69
550 8.05 19.79 31.70 68
650 8.82 21.72 30.69 67
25 10

et

=20 8
E o0
TE' / -7 %
g 15 6 g
g -
210 4 €
T ]
.§° / Radial sensing Displacement - Left axis | 3 E

g g 2

§ —o— Pattern rotation-Right axis L

0 T T T T T T T T T T T T 0

0 50 100 150 200 250 300 350 400 450 500 550 600 650

External rotation(deg/s)

Fig 4.11: Radial sensing displacement and pattern rotation for up
to 650 deg/s external rotation.



61

voltage difference would be of the following form:
V =V Cos(wt) + Vg, (4.5)
If equation 4.5 is substituted into equation 4.4, after expansion lots of different

terms will be generated. If V;,. is assumed to be about ten times bigger than V., the

prominent parts of the force for small amplitude vibrations would be:

ewlVy 2 ewlV, Wy
Frop = 4_d2C + 2;2 ° Cos(wt) (4.6)

The first term will cause a static deformation while the second term is the
resonating force which causes the actual vibration amplitude which is used later to

calculate the driving force. The negative spring constant on top of the actuator will be:

EWlVdCZ
Krim,glec = — 3d3 4.7)

From equations 3.4 and 3.15, the capacitance C, can be written in terms of

unitless displacement a:

ewlln(1—a) ewl a a* o a*
- = (4=t —F—F+—+-

S R L G i S A

(4.8)

So, AC as a function of tip displacement would be:

(4.9)
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ewl[x x* x3 x*
AM=G-C= ittt teat

In small amplitude vibrations only the first term can be used. In the previous
simulation 1 uN force was assumed. If V;. = 100V and V,, = 5V, the needed gap for

the capacitor to generate that much force will be:

_ ewlVpcVye  8.85x 107" x 140 x 530 X 100 X 5
- 2dz 2 x d2
d=12.81um

=10"°N =

(4.10)

So, if the gap is 128.1 um instead of 12.81 pum, the force would be 100 times less
than 1uN. The quality factor is considered to be 200 in the simulation, so with 128.1 um
gap the quality factor of 2000 is needed so that the displacement values match the
simulation results, because output displacements are proportional to Q?, according to
equation 2.4. This is true, if the vibration amplitude does not go too high and the voltages

are considered to be fixed.

882deg _ 1357« 10229 (4.11)

Pattern rotation sensitivity =
¢ 0 On sens ty 650 deg/s deg/s

So, 100 deg/s will cause 1.357 degrees pattern rotation.

@L7-75)mm _ 5 100 102 (4.12)

Radial displacement sensitivity = 650 deg/s deg/s
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So, 100 deg/s will cause 2.182 nm change in amplitude for a vibration with 7.52
nm initial amplitude without any rotation in the sensing electrode. The zero rate output

will be:

7.52nm

Zero rate output: —————— = 344.64 deg/s (4.13)

_p nm
2.182x10 _deg/s

This means even in the stationary position the sensor will read almost one rotation
per second for the sensor. Zero rate output, which is sometimes called quadrature error, is
considered one of the most common weak points of MEMS gyroscopes. In simulations
this is caused because of meshing asymmetries and in real gyroscopes it is caused by
fabrication imperfections and anisoelasticities.

From [25], it is known that less than aF capacitance changes can be detected using

delta sigma method. If it is assumed that 1 aF capacitance change corresponds to 1 mV of

output signal, then sensitivities of higher than 1 ZI—F can be achieved.

eA

Ac = —=
“Toa2

.Sensing resonator radial displacement =

~ 8.85x 1072 x 530 X 140 X (21.72 — 7.52) X 107°
B 2 X 102

= 46.62 aF 4.14)

Ac  46.62 af af
—=——— " =0.0717
w650 deg/s deg/s

(4.15)
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1

The minimum detectable signal = oD =13.94 deg/s (4.16)

mvV

Total sensitivity = 0.0717
deg/s

(4.17)

It can be seen that there is a large difference between the sensitivity of this design
and previously designed gyroscopes with sensitivity of 132 %gv/s [5]. For a simple

proofmass gyro with driving direction along the x axis and sensing direction along the y

axis, it can be written that:

) F, Q;0Q4 Sense amplitude
Sense amplitude = Q é = 2mQ,w, ﬁFd = o
= 2vVm 0sQa F, (4.18)

The equation above is exact and is in the form of equality relation. For
hemispherical gyroscopes a similar relation holds, but a coefficient should be added to
the formula that should be calculated by simulations or more sophisticated analytical

approaches. For simplicity a proportionality relation is used here instead of equality.

Sense amplitude Q? Q% ewlV,Vpc
(o8 meff —K Fd X meffK 15 (419)

1.5
{2 eff eff 2d?

Merr and K¢ 5 can be calculated as follows:
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32 I
i
Meff = Meff,coupler T 2 A; 2 (4.20)
i=1
K i K .
— 32 0,bending 32 6,tortion
Keff - Keff,coupler + Zi=1 Bi 12 + i=1 Ci 12 (421)

Unknown coefficients can be derived from relative maximum displacements and
rotations for each mode shape. The capacitance change per external rotation can be

derived using equations 4.9 and 4.19:

Ac A QZ EWlVACVDC

According to equation 4.22, if the mass is kept fixed three other parameters are
available to play with in order to increase the sensitivity, Kegr, quality factor and gap
distance. The output voltage to change of capacitance ratio, which was assumed 1 mV/aF
last time, can be improved as the forth parameter. If it is assumed that the quality factor is
going to remain very bad (as 200) and the gap distance is decreased to 1.35 pm, the
highest sensitivity which is reported will be reached without changing other parameters
but it is almost impossible to fabricate a 1.35 micron trench in a 530 wafer. According to
Appendix A, two overhang lengths and at least 2 pm gap are needed and if 4 pum
misalignment is assumed in the best case scenario at least 10 um is needed for the gap so
that it can be fabricated. Remaining options would be playing with the K¢ or the readout

circuit. For the next try the Kq¢ 1s reduced as much as possible, by using SU8 polymer
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couplers and 1 um thick nickel cantilevers. The force is also corrected from 1 uN to the
more exact value of 1.642 uN for 10 um gap size. V;.= 100 V and V. =5 V are kept as

previous values.

Polymer Coupler - 1 um Nickel Cantilever - Q =200

The natural frequencies of the system reduce because the effective spring constant
of the system is decreased. After decreasing the compliance of the system, the sequence
of the mode shapes will remain the same except parasitic mode shape 5, which moves to
a frequency lower than drive and sense mode shapes and becomes number 3. Figures 4.12
to 4.17 show the first six mode shapes.

It can be seen that the drive frequency is about 3125.97 Hz and sense frequency is
3139.74 Hz, which do not match exactly with the difference of 13.77 Hz. The polymer
coupler is considered to be made out of SU8 and the dimensions are the same as before.
The harmonic response for no rotation and 500 deg/s external rotation are shown in
Figures 4.18 and 4.19. It can be seen that the vibration pattern rotates in the presence of
external rotation. The resultant vibrational pattern is constructive addition of two
vibrational modes in the drive and sense mode, which are 45 degrees misaligned. As the
external rotation increases the amplitude of sense vibration increases and will shift the
resultant vibrational pattern from the drive direction towards the sense direction.
However, the pattern rotation cannot exceed 45 degrees no matter how much the external
rotation is increased. Table 4.2 shows the simulation results for the second try.

It can be seen that tangential displacement of the sense resonator is almost half of

the maximum displacement and is about 2.21 um. This will cause unwanted zero rate
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Table 4.2: Simulation results for different rotation speeds for try number 2.
Rotational Pattern 45 degre?e node 45 degree n ode Maximum
i . radial tangential .

velocity rotation . . displacement

(deg/s) (deg) displacement displacement (um)

(um) (um)
0 0 0.056 2.21 4.71
500 37.95 1.486 0.32 2.71

output and in order to cancel it, it is needed to fabricate the fixed electrodes in front of the

sense resonators, slightly bigger from the sides.

Pattern rotation sensitivity =

37.95 deg
500 deg/s

_ —3 deg
=759%x10 Teg/s

So, 100 deg/s will cause 7.59 deg pattern rotation.

Radial displacement sensitivity =

(1.486 —0.056 )yum _

500 deg/s

nm

77 deg/s

(4.23)

(4.24)

So, 100 deg/s will cause 286 nm change in amplitude for a vibration with 56 nm

amplitude without any rotation in the sensing electrode.

_ A
T 2d?

Ac

.Sensing resonator radial displacement
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885 x 1072 x 530 x 140 x (1.486 — 0.056) x 107°
Bl 2 x 102

= 4695.2 af (4.25)

Ac  4695.2 af af
= = 9.39

W 500deg/s  deg/s

(4.26)

The minimum detectable signal = 0.1065 deg/s (4.27)

mV
deg/s

Total sensitivity will also be 9.39 if it is assumed 1 aF capacitance change

mV
deg/s

corresponds to 1 mV output signal. It can be seen that 132 is still not reached and

the sensitivity should still be increased 14 times. By using polymer couplers and 1 pm
cantilevers the sensitivity is increased 131.12 times. Half a um nickel cantilevers can be
used to increase sensitivity, or 1 pum thick silicon cantilevers can be used which have
lower elastic modulus than nickel and maybe a higher quality factor. In this way, SOI
wafers can be used which also increases the quality factor because of material mismatch.
A silicon coupler with a 1 pm thickness can be used instead of a polymer coupler with 5
um thickness. In this way, the quality factor and spring constant will increase but it is not
known if it would have a positive effect on sensitivity or not because they have opposite
effects. In the readout circuit section in this chapter it will be shown that if a Wheatstone
bridge is used the gap distance only affects the driving voltages and not the sensitivity.
The device which is being compared to our device has a ring oscillator diameter

of 2.7 mm. Our device has a 2 mm diameter coupler. If the diameter of the coupler is
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increased to 3 mm diameters it will increase the sensitivity since larger masses can be
used and the effective spring constant will be reduced. This reduces the frequency and
increases the sensitivity. Another option is using multiple adjacent resonators as drive
electrodes to decrease voltage levels. For example, three resonators next to each other can
be used for driving the gyroscope. The circuit can be improved to increase voltage to
capacitance change ratio from 1 mV/aF to higher levels which will affect the sensitivity
directly. The thicker the wafer is, the higher sensitivity the device will have, so using a
wafer which is thicker than 530 pm can increase the sensitivity. For the next try, the

quality factor is increased 100 times to see how it affects the sensitivity.

Polymer Coupler - 1 um Nickel Cantilever - Q = 20000

The formula 4.22 is useful until the maximum displacement does not go too high;
for example, not more than half of the electrode gap, because if it goes higher than that
then there is a chance that the resonators stick to the other electrode. In other words,
equation 4.22 is a fixed voltage equation that shows how parameters will affect the
sensitivity when excitation voltages are fixed. However, it is always necessary to check
the drive amplitude so that it is not enough to cause stiction. A better design approach is
assuming the drive amplitude as fixed, for example, about half the electrode gap, and see
what excitation voltage is needed in each step. In this way, the output sensitivity will not

be that much more sensitive to the parameters, as in the case of the fixed voltage formula.

U, =Q = = (4.28)
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If equation 4.28 is plugged into equation 4.22 then:

T (e = = G5 (4.29)

This is the constant amplitude sensitivity formula. The driving voltages can be

derived from inserting the oscillating force of equation 4.6 into 4.28:

wlVycViac

2
Ud:Q%ff= 2 = VacVpe =

(4.30)

In the constant drive amplitude method excitation voltages change and should be
calculated in each step that the parameters are changed. Equation 4.30 is for drive
amplitude equal to half of the electrode gap. If it is necessary to decrease the drive
amplitude, the coefficient in equation 4.30 will change slightly. In our previous analysis
with Q=200 and F;=1.641 pN the drive amplitude was 4.71 um, which is about half the
electrode gap (10 um). If the voltages are kept as fixed and the quality factor is increased
further in the simulation, the drive amplitude will increase so much that stiction will
occur. Therefore it is necessary to use the constant amplitude formula for predicting the
next simulation results, so as the quality factor is increased to keep the drive amplitude
constant the excitation voltages should be decreased. For example, if the quality factor is
increased from 200 to 20000, V4. can be decreased from 100 to 10 volts and V. from 5
volts to 0.5 volts. In this way, the drive amplitude remains constant but the driving force

will reduce 100 times to 0.01641 uN. In the fixed drive amplitude formula
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proportionality to the quality factor to the power of two is replaced with a linear
relationship. So by increasing quality factor 100 times it is expected the sensitivity to

increase 100 times as well. Simulation results are shown in Table 4.3.

. .o .. 954deg deg
Pattern rotation sensitivity = 25 degls 0.3816 dog/s (4.31)
So, 100 deg/s will cause 38.16 deg pattern rotation.
g oo .. (0293 -0.127)um __ nm
Radial displacement sensitivity 25 deg/s = 6.64 dog/s (4.32)

So, 100 deg/s will cause 664 nm change in amplitude for a vibration with 127 nm

amplitude without any rotation in the sensing electrode.

€A

Ae=rc@

.Sensing resonator radial displacement

885 x 1072 x 530 X 140 x (0.293 — 0.127) X 107°
a 2 X 102

Table 4.3: Simulation results for different rotation speeds for try number 3.

45 degree node

45 degree node

Rotational Pattern . . Maximum
. . radial tangential .
velocity rotation . . displacement
(deg/s) (deg) displacement displacement (um)
(um) (nm)
0 0 0.127 2.210 4.710
25 9.54 0.293 0.493 1.092
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= 545.0361 af (4.33)
E _ 545.0361 af _ 918 af
w 25 deg/s deg/s (4.34)
The minimum detectable signal = 0.0458716 deg/s (4.35)
Total sensitivity will also be 21.8 d:lg\;s if 1 aF capacitance change corresponds to

1 mV output signal. Although V4.=10 V and V,.=0.5 V are being used instead of
V4c=100 V and V,.=5 V, it was expected that the sensitivity of the device would increase
about 100 times because, as can be seen in the formula 4.29, sensitivity is proportional to
the Q which was increased from 200 to 20000. However, the actual increase in the
sensitivity is 2.32 times instead of 100. At first it may be suspected that the resonance
peak is shifting because of rotation. When the response curve around the excitation
frequency is compared to no rotation state it can be seen that the resonance peak is shifted
from 3139.74 Hz to 3140 Hz in 25 deg/s. After calculating the sensitivity in the new peak
frequency almost the same results were reached, so frequency peak shift is not the reason
for low sensitivity. The reason is the 13.77 Hz frequency difference between sense and

drive modes, shown in Figures 4.15 and 4.16. The driving frequency is 3140 Hz, so in the

Q=200 case the bandwidth is about 2= =15.7 Hz, which is slightly more than

13.77 Hz; but in the case of Q=20000, the bandwidth is 0.157Hz which is about 100
times less than the frequency shift between sense and drive. In high Qs the frequency

shift between sense and drive shows up more, while in the low Q mode it is not that
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important. By remeshing the model in a way that the frequency of sense and drive exactly
match or are less than the new bandwidth, the sensitivity should increase. This shows us

going to high quality factors will not result in a good sensitivity without a good frequency

matching of the sense and drive motions.

Polymer Coupler - 1 um Nickel Cantilever - Q = 20000

With No Frequency Shift Between Sense and Drive

Figure 4.20 shows the new mesh pattern. The new frequency for both sense and
drive is 3065.43 Hz. For this new analysis V4.=5 V and V,.=0.5 V are assumed, which
leads to a driving force of 8.2 nN. Table 4.4 shows the simulation results for try number

4. The sensitivities can be computed as follows:

Pattern rotation sensitivity = %::/i = 0.3936 ;%:/S (4.36)
Radial displacement sensitivity = % = 23.008 ngm/s (4.37)

So, 100 deg/s will cause 39.36 deg pattern rotation and 100 deg/s will cause 2.3
pum change in amplitude for a vibration with less than 1 nm amplitude without any
rotation in the sensing electrode. This means more than 400 deg/s cannot be sensed,

because the electrode gap is 10 pm.
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Fig 4.20: New mesh pattern with mapped meshing almost
everywhere except places the coupler is attached to the
resonator.

Table 4.4: Simulation results for different rotation speeds for try number 4.

Rotational Pattern 45 degre.e node 45 degree n ode Maximum
. . radial tangential .
velocity rotation . <l displacement
(deg/s) (deg) displacement displacement (um)
(um) (um)
0 0 3065.432 0.000063473 1.1591
25 9.84 3063.26 0.57525 0.17
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eA

AC:Z_dZ

.Sensing resonator radial displacement

885X 10712 x 530 x 140 x 0.5752 x 10~°

2 x 102
= 1888.6 af (4.38)
Ac 1888.6 af af
—=———=75544 ———— (4.39)
w  25deg/s deg/s :
The minimum detectable signal = 0.013 deg/s (4.40)
Total sensitivity will also be 75.544 %gv/s, if 1 aF capacitance change

corresponds to 1 mV output signal.

Readout Circuit

The most simple circuit to read the signal would be a capacitive Wheatstone
bridge. Figure 4.21 produces a change in differential voltage as a function of change in
capacitance. An AC voltage source must drive the bridge; its frequency needs to be stable
and accurate. R1 can be a digital potentiometer (digi-pot) that is controlled to zero out the
differential voltage or it can be a regular resistor. R3 provides a means to bias the
instrumentation amplifier correctly and to keep the node between the capacitors from
drifting over time, which needs to be much larger than C2's impedance. The divider
equation can be corrected for this resistance, if necessary [26]. The advantages of this

sensing configuration are an excellent common mode rejection ratio and detection of
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CSENSE

out

Fig 4.21: Capacitive readout circuit. Modified from [26].

open or shorted circuit. The disadvantages are power dissipation and the need for AC
driving voltage. The frequency of input voltage to the readout circuit should be at least
10 times the sensor driving frequency in order to have a good understanding of the sensor
mechanical vibrational behavior and also for preventing actuation of the system along the

sense direction. If R3 is neglected, from equation 4.9 for small vibration amplitude:

eA x X
ae =2 () = Cp() (4.41)
d “2d 2d
Co+Ac 1
Vout = AVac—readout (m - E)
X Vac—readout. . X
= AVac—readout(M) ~ A(W) (ﬁ (4.42)
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where A is the gain of the amplifier. The capacitance C, is 65.67 fF in our model. Now if

equation 4.42 is divided by 4.41 then:

Vout _ AVac—readout

Ac 4C, (4.43)

If the gain of the amplifier is considered to be 100 and V,._,eqdour = 10V for

our model, the sensitivity would be 3.8 r:—;/ This shows that with an amplifier gain of 100,

a sensitivity slightly more than what is assumed in our designs which was one TZ—F, is

mV

achievable. By using equation 4.39 the final sensitivity is found to be 287 which

deg/sec’

mV

is twice as high as our target 132 sensitivity, reported in [5]. However, in

deg/sec
commercial gyroscopes delta sigma circuits are mostly used for data acquisition. One

main reason is their lower noise levels and the other reason is their higher sensitivities,

mV
deg/sec’

even much better than one For the purpose of this project a simple Wheatstone

circuit will be used to show the device is working, but delta sigma circuits will be used in
our device eventually. Now, if the two sides of equation 4.29 and 4.43 are multiplied, for

a device with Wheatstone bridge measurement technique the total sensitivity will be:

Vout Q
;;Zl X AVac—readoutW_n (4.44)

This is the most complete sensitivity formula derived so far in this thesis for

Wheatstone bridge readout gyroscope. It is very interesting to note that the total
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sensitivity of the device is not a function of electrode gap or capacitance of the device;
however, this may not be true in delta sigma circuits. In Wheatstone bridge readout
circuits electrode gap affects the driving voltages of the gyroscope or the power
consumption and has nothing to do with sensitivity of the device. For example, if it is fine
to use high voltages, according to equation 4.30, V4.=50 V and V,.=5 V can be used to

increase the gap distance from 10 pm to 46.4 um while keeping the sensitivity at the

mV

deg/sec

same value of 287 . If it is necessary to round the electrode gap to 50 pm,

V4c=62.5 V and V,.=5 V should be used. This will facilitate the fabrication process a lot
and it can be a good practice to start the fabrication of the device with a large electrode
gap and after mastering the fabrication steps, start reducing the electrode gap and deal

with the fabrication problems of high aspect ratio trenches.

mV

The next question that comes to mind is whether 287 is the maximum

deg/Sec

sensitivity possible for this device or not. In deriving this sensitivity it is assumed that
quality factor is 20000, but large offset proofmasses have lower quality factors in
practice. On the other hand, only a simple Wheatstone bridge is used which is less
sensitive to delta sigma. So in practice it should first be seen how much the quality factor
will be and then it can be estimated how much the sensitivity can be enhanced. In
reference [5], the natural frequency of the device is 30KHz and the quality factor is
10000. So, from equation 4.29 it can be said that if the same readout circuit is used the
sensitivity can be increased 10 times by reducing the natural frequency to 3KHz. The
natural frequency can be further decreased to a sub-kilohertz regime by using a 3 mm
diameter coupler instead of 2 mm and using larger proofmasses. The only concern here is

the quality factor. Low quality factors may be achieved at first, but in consideration of



83

having access to the anchor parts, different techniques discussed in previous chapters can
be used to increase it. Even in the presence of a slight decrease in quality factor, the
frequency can be decreased so much that the sensitivity increases in total compared to
previous works. Incorporating the bulk of the wafer in a ring gyroscope in such a way
that reduces the natural frequency and finding solutions for misalignment cancelation
between several fabrication steps was the main goal of this thesis. In future work on
fabrication, practical quality factor enhancement methods and modematching will be
discussed. The only problem in this design is that due to big proofmasses and compliant
cantilevers, lots of parasitic acceleration noise is expected. In the next section a solution
to this problem is offered.

Another problem that should be solved is the decrease of the peak of resonance
for about 2.1 Hz for 25 deg/s rotation, which is 14 times the bandwidth. For high Q
gyroscopes this is a very bad phenomenon because if the driving frequency is kept at the
same frequency all the time the response will drop substantially in the presence of
external rotation or temperature fluctuations. It is a common practice to incorporate a
circuit to detect the peak of resonance at all times and change the driving frequency

accordingly, which is called automatic gain control (AGC).

Acceleration Canceling Technique

The working frequency is 3126 Hz, which is shown in Figure 4.22. The
z-parasitic mode shape frequency is 5641 Hz and is shown in Figure 4.23. The X and Y
parasitic mode shape frequencies are 1440 Hz and are shown in Figures 4.24 and 4.25,

respectively.
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So there are three parasitic mode shapes. Two of them are about half the sensing
frequency in the X and Y direction and one is almost 1.5 times the sensing frequency in
the Z direction. If the gyroscope is working and the structure is subjected to a mechanical
pulse in the Z direction, then the whole structure starts oscillating in the Z direction with
a frequency about 1.5 times the sensing frequency until it is damped out based on the
mode shape in Figure 4.23. If the structure undergoes a pulse in the X or Y direction, the
structure starts to oscillate based on a combination of mode shapes (Figures 4.24 and
4.25) along the excitation direction with a frequency which is about half the sensing
frequency until it is damped out. Since there are two parasitic modes, one below and one
above the sensing frequency, if it is decided to use some kind of a filter to cancel
acceleration a passband filter should be used. However, considering that the frequencies
are very close it may not be a practical choice to use a filter. The simple and more
effective solution is using multiple sensing capacitors along with signal subtraction and
addition techniques.

By going to lower frequencies the sensitivity can be increased; however, as the
spring constant decreases, the acceleration parasitic noise will also increase so a strategy
is needed to get rid of them. With a very simple and effective way to cancel acceleration
effects in three directions lower frequencies can be used to increase the sensitivity
tremendously. More compliant cantilevers need less actuation voltages, which leads to
less power consumption. Lower frequencies like 500 Hz can be achieved by reducing the
thickness of the cantilevers or increasing the diameter of the coupler. This will reduce the
anchor loss and increases the Q. Since the natural frequency of the system decreases six

times, the sensitivity will rise six times. According to the noise formula for gyros
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(equation 2.5) it can be noticed that the spring constant and quality factor are both in the
denominator under the square root. Thus, it is not evident that going to lower frequencies
will increase the noise because the quality factor may increase so much that it cancels the
spring constant reduction effect. Another good thing about going to a sub-kilo hertz
regime is reduction of the spring constant of the system so that the role of spring
softening DC bias on the capacitors will be highlighted more. There are 32 resonators
that DC bias: 12 of them will affect the drive direction more, 12 of them will affect the
sense motion more, and 8 of them have equal effect on drive and sense frequency and
cannot be used for tuning. After placing 40 volts on 4 resonators that affect the drive
direction the most, the mode shape frequency of the drive was decreased about 13 Hz in
simulations for our current dimensions with 10 pm gap. If the effective spring constant of
the system decreases, the same voltage will change the frequency more. Thus, it can be
claimed that this design almost cancels misalignment in the fabrication stage and because
of the low spring constant of the system the remaining unwanted frequency mismatch
between sense and drive can be tuned by DC biasing. If the drive mode has higher
frequency than the sense frequency, 12 resonators along the drive direction can be used
and if the sense frequency is higher the other 12 resonators should be used. The sensing
and tuning capacitors are shown in Figure 4.26. The only drawback for lower frequencies
is slightly slower time response. In order to cancel the acceleration effects, equation 4.45

should hold:

Output « (AC, + AC,) — (AC; + AC,) (4.45)
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Sensing frequency reduction Tuning Capacitor

Driving frequency reduction Tuning Capacitor
® Drive electrode

Sense electrode

Fig 4.26: Multiple sensing electrodes.

An external impulse along the Z direction will change all four AC equally so the
output does not change. In the case of an impulse in the X and Y direction, the response
will be in-plane as a combination of mode shapes (Figures 4.24 and 4.25) along the
impulse direction. In this condition the two values AC; + AC, and AC; + AC, will remain
constant and the output is not affected. In this way, it can be concluded that if equation
4.45 holds, then acceleration effects will be suppressed. For Figure 4.27 the output

voltage can be calculated as:

Vout = ac—-readout 4'CO + ACl + ACZ + AC3 + AC4, 2

(AC; + AC,) — (ACs + AC,)

=AV ._ 4.46
ac-readout g 4 2(AC; + AC, + AC; + AC,) (4.46)

AC = ACl = ACZ = _AC3 = _AC4 (4.47)

Vout — AVac—readout (4 48)

Ac 2C,
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Fig 4.27: Multiple sensing electrode Wheatstone bridge configuration.

It can be noted that sensitivity of equation 4.48 is twice that of equation 4.42. In this way,
by using the configuration in Figure 4.27, not only the acceleration effects can be

canceled but also the sensitivity can be increased twice. The final sensitivity of the device

mV
deg/Sec

using this configuration would be 574 . The problem with Figure 4.27 is that

the left point between the four capacitors, which is connected to the instrumentation
amplifier, is the central hub, which is grounded or has a DC bias in the drive circuit. This
configuration should change in a way that the voltage of the central hub is fixed at all
times. Figure 4.28 is a new configuration with four fixed capacitors numbered from 5 to
8. These fixed capacitors have the same dimensions with gyroscope resonating capacitors
shown in Figure 2.8, with the difference that they do not have a trench on the glass
which they are bonded to so that their capacitance values are fixed. These four capacitors
should be fabricated next to each gyroscope to make sure their value differs as little as
possible with respect to the gyroscope capacitors.

If the sensitivity formulation is written for this new configuration in Figure 4.28:
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Fig 4.28: Multiple sensing electrode Wheatstone bridge configuration with fixed
voltage central hub.

2Co[(AC, + AC,) — (AC; + ACY)]

v 4.49
Vout ac—-readout (4Cy + AC, + AC,)(4Cy + AC5 + AC,) ( )

After applying equation 4.47 to equation 4.49 the final sensitivity will be:
Vout _ AVac—readout (4 50)

Ac 2C,

It can be noted that the sensitivity formula for Figure 4.28 is similar to the
configuration shown in Figure 4.27. This is the final device that is going to be fabricated.
It can be noted that in Table 4.4 the drive amplitude is only 1.15 um, but since the
voltages are modified after increasing the gap from 10 um to 50 pm, the final vibrational
amplitude would be 5.65 pum. This is about 10% of the electrode gap and can be
considered in the linear range. It is strongly suggested to fabricate four fixed capacitors,

near the gyroscope for the sensing circuit to have maximum sensitivity and minimum
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offset bias in the Wheatstone bridge. Using fixed capacitors are considered the final
design of this thesis. However, if off the shelf components should be used instead of
fabricated fixed capacitors on the side of the gyroscope, capacitors 5 to 8 can be replaced
with two trimmer capacitors, shown in Appendix B. The capacitance of each resonator
with 50 pum gap is 13.13 fF, while the capacitance of trimmer capacitors varies between
0.5 to 1 pF. If it is assumed the sum of the capacitors 5 and 6 are 630 fF, their value can
be considered as 48C, while C is 13.13 fF. The sum of the capacitors 7 and 8 is
considered to be 48C+Ac’ because it may not be possible to tune both capacitors to be

exactly the same. The output voltage in this case would be:

48C 48C + Ac’

Vour = AVac-reaoutl 550 X0 AE, T 50¢, + AC, 1 A, *3
After using equation 4.47 the output voltage will be like this:
o = AV 192C,AC + (50C, — 2AC)Ac’
out ac-readout 2500C,” + 4AC? (4.52)
If Ac’ is considered to be zero the output voltage will be simplified to:
ac (4.53)

Vout = AVac—readout [M]

If equation 4.53 is compared to equation 4.50, it can be noted that the sensitivity

is 6.5 times less in this method since fF capacitors are not commercially available. If Ac’
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is considered as C, then the zero rate output voltage will be:

Ac’ AV _readout
Vout = AVac—readout lSOC l = = STSa = (4.54)
0

According to equation 4.53 this output voltage would be equivalent to the signal
for AC = (0.26)C, or x = (0.52)d. It can be concluded that capacitors should be tuned

very carefully to minimize the zero rate output of the sensing circuit.

Stress Analysis

In order to find the maximum stress, the stress in the cantilevers when the tip of

the resonator is touching the opposite electrode can be calculated.

QU

Omax = 3 (4.55)

T

Using equation 3.2, the maximum moment in the cantilever can be written as:

Eld
Mmax = KoOmax = TH (4.56)
By using equation 4.56, the maximum stress would be:
Mpax (b  Edh (219 GPa) x50 x 1 (4.57)
Imax = 7 (E) S2LH T 2x100x530 03 MPa
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It should be noted that the vibration amplitude is about one-tenth of the electrode
gap, and the stress concentration factor, which depends on the geometry of trench near
the corners, can be considered as 10. In order to reduce the stress further according to
equation 4.57, the thickness of the cantilevers can be reduced, which also increases the
quality factor of the system, decreases the spring constant and increases the sensitivity.

The final dimensions of the device are shown in Table 4.5.



Table 4.5: Final dimensions and characteristic of the device.

530 um high — 140 um wide

Proofmass Silicon
Coupler 5 um thick — 30 um wide — 2 mm diameter
SUS8 polymer
Cantilevers 140 pm wide — IOO'um long — 1 pm thick
Nickel
Number of proofmasses 32
Electrode gap 50 um
Drive amplitude 5.65 um
Driving DC voltage 625V
Driving AC voltage 5V
Sensing AC voltage 10V
Sensing amplifier gain 100
Assumed quality factor 20000
Natural frequency 3126 Hz
Final sensitivity 574 deZL/I:ec

Minimum detectable signal

0.00174 deg/sec
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CONCLUSION

The sensitivity of the gyroscope is inversely proportional to the natural frequency;
however, if surface micromachining techniques are used it may not be possible to
decrease the natural frequency of a ring gyroscope a lot. This thesis is focused on
proposing a way to use bulk of the silicon wafer in the gyroscope to decrease the natural
frequency to very low levels, such as a sub-kilohertz regime that cannot be achieved by
single mask surface micromachining processes. It then proposes a solution for solving the
misalignment problem caused by using multiple fabrication steps and masks instead of
using only one mask in surface micromachined gyroscopes.

In this design discrete proofmasses are linked together around a circle by
compliant structures to ensure the highest effective mass and lowest effective spring
constant. By using a proposed double sided fabrication technology the effect of
misalignments on frequency mismatch can be reduced. ANSYS simulations show that 20
um misalignment between the masks causes a frequency shift equal to 0.3% of the
natural frequency, that can be compensated for by using electrostatic frequency tuning.
Acceleration parasitic effects can also be a major problem in a low natural frequency
gyroscope. In this design a multiple sensing electrode configuration is used that cancels

the acceleration effects completely. The sensitivity of the gyroscope with 3126 Hz natural

my , or about four times higher than 132 my
deg/sec

frequency is simulated to be 574 deg/sec ’

which was used as a benchmark for a sensitive gyroscope.



APPENDIX A

MISALIGNMENT COMPENSATION TECHNIQUE

In conventional MEMS gyroscopes, usually attempts to use only one mask are
tried because if several masks are used, because of the unavoidable misalignment of the
masks, the final structure becomes useless, e.g., gap distances may differ in different
parts of the system. Sometimes, in order to use several masks, the gap distances are
defined by a sacrificial layer conformal chemical vapor deposition (CVD) method on the
side walls and etching. The main goal of this research is using the bulk part of silicon
wafer in the gyroscope structure to increase the sensitivity of the device. When the bulk
part of the silicon is used at least two masks are needed based on the design of the
gyroscope. In this design, since there is a ring on top of the structure three main masks
are needed to define the structure. The question is how the misalignment effect can be
canceled out. A simplified version of this gyroscope without the coupler on top of it was
fabricated in order to see the fabrication feasibility of this design. A common method to
fabricate the device was used, in which the cantilever side of the structure was patterned
from the bottom by doing DRIE for about 50 um and from the other side of the wafer the
structure was formed using another DRIE process to reach the cantilever side. As can be
seen in Figure A.1, there are lots of issues with the conventional fabrication method due

to the misalignment of the masks. There would be a discontinuity in the proofmass
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Fig A.1: Fabricated prototype of the structure using the conventional fabrication method.
There is a 55 micron misalignment between the masks on the two sides of the wafer.

sidewalls and the center of gravity of the proof mass changes with respect to the
cantilever around the circle. The cantilever’s dimensions change because sometimes
some part of it is covered by proofmass or a substrate part and at some places cantilevers
are completely covered. At some places two resonators are connected together. If a ring
coupler is added to this system, it would be impossible to match sense and drive
frequency, even by removing materials. Misalignment between the front-side and the
back-side mask is about 55 microns, which can be reduced below 10 um by several tries,
but let us assume the misalignment is going to remain this bad. Even if better tools are
used 3 or 4 um of misalignment is always there and cannot be avoided; that 3 or 4 um
will make the sense and drive frequencies not match. From this observation it is
concluded that the conventional fabrication method is not useful in designing a system
with more than one mask. In a conventional method DRIE is performed from both sides,

but the summation of etching time from the two sides equals the time needed to etch
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entirely through the silicon wafer. In other words, the DRIE is stopped when the etch
front from the second side reaches the etch front from the first side.

To solve the misalignment problem a simple method is proposed. If four lines are
intersected to form a parallelogram in the center and two of the parallel lines are shifted
together with respect to the other two lines in a random direction, then the dimensions of
the internal parallelogram and its area does not change. This is valid only on
parallelograms and not on trapezoids or a shape formed by intersection of four curved
lines (Figure A.2).

In order to show the practical usage of this concept, consider a rectangular feature
is on the top mask over another rotated rectangular feature on the bottom mask. DRIE can
be done from the top side to form a wall shaped structure as shown in Figure A.3. Now, if
another DRIE process is done from the bottom, the final structure would be a column
between the two masks and its dimensions are not related to the direction and amount of
misalignment between the top and bottom masks. Now, it is only necessary to make room
for the column in order to be able to move the parallel lines of the top and bottom

features, at least for 55 pm, which is our expected misalignment.

L 5§\?

Dimensions remained the same Dimensions don't remain the same

Fig A.2: Insensitivity of the dimensions of parallelogram to shifting of two facing edges.
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First DRIE from the top Second DRIE from the bottom

Fig A.3: Uniformity and insensitivity of the dimensions of the column to
misalignment of the top and bottom masks.

This fabrication method has none of the problems of the conventional fabrication
method, like the step in the middle of the structure or changes of the dimensions of the
final structure; however, the total etching time is twice the conventional etching option. A
resonator with a sensing or driving capacitor would have more moving edges in the two
masks. In Figure A.4, the blue lines are for the bottom mask and the red lines are for the
top mask. Lots of these proofmasses are arranged around a circle to form the final
gyroscope structure. One of the features that should be considered in this design and in
this type of fabrication is a room for floating of the structure both in X and Y directions,
because misalignment can be towards any direction. So, some overhangs should be
considered in the gap area of the bottom mask to compensate for probable misalignment.
If the two masks have misalignment along the resonator axis, in the final structure the
overhangs separation in the middle of the gap will move slightly in one direction. Still,

since the thickness of the metallic layer is much less than the thickness of the proofmass
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Substrate Substrate
Capac\'tfve electrode Overhangs for misalignment

Cantilever Capacw’tive gap MetalhcCantlleveprroofmass compensation

Proof mass

Fig A.4: Floating lines on the top and bottom masks and different features
that are finally generated.

the percentage change of mass of the resonator would be almost negligible. It is also
known that overhangs move rigidly with the proofmass and will not affect the spring
constant. Overall, it can be concluded that the natural frequency of each resonator is not
affected by the misalignment in this fabrication method.

To fabricate the whole gyroscope structure, at first polygonal trenches are etched
from the top side and then the fabricated polygonal wall is etched into columns or
proofmasses with another mask from the bottom. In this fabrication method, the width of
the cantilever should be the same as the width of the proofmass, but its thickness and
length can be changed to tune cantilever stiffness. If fixed electrodes slightly wider than
the resonator are needed, then the width of the two overhangs should not be equal
anymore. In Figure A.5, a sample top and bottom mask to fabricate a set of resonators
without the capacitive sensing electrode are shown to demonstrate the concept of
resonator fabrication. The final device will additionally have capacitive sensing
electrodes. These are not shown in Figure A.5 for a better understanding of the

misalignment cancelation technique. The effect of misalignment of the mask on the
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Fig A.5: Two needed masks to fabricate eight resonators.
a) Bottom mask, b) top mask.

movement of proofmasses with respect to the initial position is also depicted in Figure
A.6. It can be seen that because of the misalignment, dimensions of the cantilevers and
the proofmasses and position of each cantilever-proofmass pair with respect to each other
will not change and there would be no step in the proofmasses in SEM images. In other
words, the misalignment completely cancels out for each cantilever-proofmass set, but
the relative position of each set to the others will slightly change. When the position of
proofmasses in the case without misalignment and the case with it are compared, it can be
noticed that, some of the proofmasses move and some of them stay still. When the mass
does not move due to the nmisalignment, the size of overhangs for
misalignment compensation change and when the overhangs for misalignment
compensation does not change size, the proofmass has its maximum displacement. In
Figure A.6, the distance between the upper half adjacent resonators increases while the
distance between the lower half adjacent resonators decreases. If a type of coupler

that connects the edges together is used, then the coupling between resonators will
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Misalignment

Overhang for misalignmen
compensation

Substrate

Cantilever Proof mass

Fig A.6: The effect of misalignment of the bottom mask on the movement of
proofmasses with respect to the initial position. a) Center position, b) Slight
misalignment of the bottom mask towards downward direction.

change a lot and cause a large frequency change between sense and drive mode; however,
if a coupler that joins a point on top of the proofmass to a point on top of the adjacent
proofmass is used, since cantilevers and proofmasses are wide, the drive and sense
frequency will not differ that much. To make sure, FEM simulation software can be used
to see how much the misalignment affects the frequency mismatch, as is done in the last
section of Chapter 3. Fixed electrodes can be added to this design if the wafer is bonded
to a glass substrate. Using this fabrication technique, it can be guaranteed that the
capacitor area and gap is not affected by misalignment. The capacitor gap should be more
than twice the expected misalignment, since two overhangs are needed with at least the
length of the misalignment which should not be connected to each other.

In order to have high sensitivity the frequency of operation should be kept around

1 KHz, which requires a cantilever thickness of around 1 um. A high quality factor which

: : N3 . :
is proportional to (E) is also preferable for the case of a cantilever beam resonator
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without proofmass. Piezoelectric MEMS energy harvesters have the same frequency
range of below 1 KHz and should be studied to understand the behavior of low frequency
oscillators similar to the ones that are used in this design. The difference is that in energy
harvesters low quality factors are needed so that the harvester can absorb energy from a
wide range of frequencies. To decrease the natural frequency in energy harvesters a large
proof mass and long cantilevers for holding them are used, usually. As an example, in
one of the previous works [27], the thickness of the cantilever is 36 pm, its length is 3200
um but the resulting quality factor is only 233, which means in a resonator with a big
proofmass lots of energy is going to escape away from the supports if nothing is done
about it. The best way to have a very thin cantilever is by using SOI wafer or a metallic
cantilever. However, because of fabrication issues it is very hard to make a thin cantilever
by timing the DRIE etch out of silicon from the other side of the wafer. In addition, SOI
wafers and metallic cantilevers decrease the anchor loss because of material mismatch. A
1 um thickness metallic cantilever with 100 um length should be a good start to see what
the quality factor will be. If it is decided to use a metallic cantilever, the fabrication
parameters should be optimized for stress free conditions. Electroplating of a metallic
layer can be a good choice because it is a low temperature and low residual stress

process.



APPENDIX B

TRIMMER CAPACITOR DATASHEET

Table B.1: Trimmer capacitor TZY2Z010A001R00.

Manufacturer |Murata Electronics North America

Manufacturer part number | TZY2Z010A001R00

Description CAP TRIMMER 0.5-1PF 25V SMD

Lead Free ftatus / RoHS status |Lead free / RoHS compliant

Category |Capacitors

Family  Trimmers, Variable capacitors

Series | TZY?2

Packaging Tape & Reel (TR)

Capacitance range 0.5 ~ 1pF


http://digikey.com/Suppliers/us/Murata-Electronics.page?lang=en
http://www.digikey.com/product-search/en/capacitors
http://www.digikey.com/product-search/en/capacitors/trimmers-variable-capacitors/131670
http://www.digikey.com/product-search/en?FV=ffec6dab

Table B.1 continued

Adjustment type

Top adjustment

Voltage

25V

Size

Rectangular - (3.20mm x 2.50mm)

Height - Seated (Max)

0.049" (1.25mm)

Mounting Type

Surface Mount

Features

General Purpose

Dynamic catalog

TZY?2 Series

Other names

490-2009-2

X

Fig B.1: Trimmer capacitor TZY2Z010A001R00.
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