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ABSTRACT

MEMS GYROSCOPES WITH CAPACITIVE ENHANCEMENT

Ersoy, Emre
Master of Science, Mechanical Engineering
Supervisor: Assoc. Prof. Kivang Azgin

February 2022, 95 pages

This thesis reports development of a novel capacitive enhancement approach for
MEMS gyroscopes with in-plane drive motion. The study includes design,
fabrication, post-processing, and test steps of the MEMS device and enhancement
setup. The gyroscope consists of two identical masses which were connected by a
diamond shape coupling mechanism. This coupling mechanism provides mode
ordering in drive mode. The gyroscope is designed to be mode-matched in order to
achieve higher displacements in the sense mode. Therefore, the sense mode
resonance frequency is selected higher than drive mode so that the dedicated
frequency tuning electrodes can adjust the frequencies to match them. Beside from
that, to decrease the mechanical noise the structure is designed to be larger and
thicker than the conventional gyroscopes with a boosted proof mass. Despite the
thicker structure providing larger capacitive area, the aspect ratio in the silicon
etching limits the minimum capacitive gap and obstruct reaching higher signal-to-
noise ratio (SNR) values. Therefore, a post-processing approach is developed to
eliminate the minimum achievable gap limitation. Both drive and sense electrodes

are designed to be within the limits of the aspect ratio and both drive and sense



electrodes are post-processed after the fabrication. The designed structure is verified

by performing simulations in the COMSOL environment.

The fabrication of the gyroscope is conducted in the METU MEMS Center. The
device layer of an SOI wafer is micromachined and bonded to a substrate wafer
which provides bonding regions (anchors) and electrode wiring. The fabricated
devices have a footprint of 48 mm x 21 mm with a 400 pum thickness. The drive
capacitive gaps of the gyroscopes are tested before the post-processing in a vacuum
environment with the constructed read-out electronics. The quality factors are
between 700-800 under 0.075 mTorr for the drive mode. After the capacitive
enhancement, the 25 um capacitive gaps of the sense electrodes are enhanced to 1.4
um and drive fingers are engaged with an average gap of 5.5 um. As a result of the
capacitive enhancement process, the achieved capacitance increase in the sense

mode is approximately 11.5 times with respect to the initial value.

Keywords: Gyroscope, Post-processing, Capacitive enhancement.
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KAPASITIF IYILESTIRILMIS MEMS DONUOLCERLER

Ersoy, Emre
Yiiksek Lisans, Makina Miihendisligi
Tez Yoneticisi: Dog. Dr. Kivang Azgin

Subat 2022, 95 sayfa

Bu tez, diizlem ig¢i tahrik hareketine sahip MEMS déniidlgerleri icin yeni bir kapasitif
iyilestirme yaklasiminin gelistirildigini bildirmektedir. Calisma, MEMS cihazinin
tasarim, lretim, iiretim sonrasi iglem ve test adimlarmi ve kapasitif iyilestirme
diizenegini igermektedir. Doniiloger, elmas seklindeki bir baglasim mekanizmasi ile
birbirine baglanan iki 6zdes kiitleden olusur. Bu baglasim mekanizmasi, siiriis
modunda mod diizenlemesi saglar. Doniidlger, algilama modunda daha yiiksek
deplasmanlar elde etmek i¢in mod eslenebilir olacak sekilde tasarlanmistir. Bu
nedenle, algilama modu rezonans frekansi, siiriis modundan daha yiiksek secilmis,
boylece frekans ayarlama elektrotlari, frekanslari birbirine esleyecek sekilde
ayarlayabilir. Bunun yani sira, mekanik giirtiltiiyli azaltmak i¢in yapi, arttirilmig
sismik kiitlesi ile geleneksel doniidlgerlerden daha biiyiik ve kalin olacak sekilde
tasarlanmistir. Daha biiytik kapasitif alan saglayan daha kalin yapiya ragmen, silikon
asindirmadaki en boy orani, minimum kapasitif boslugu sinirlar ve daha ytiksek
sinyal-giiriilti oran1 (SNR) degerlerine ulagilmasini engeller. Bu nedenle, elde
edilebilecek minimum bosluk sinirlamasini ortadan kaldirmak i¢in bir iiretim sonrasi
islem yaklagimi gelistirilmistir. Hem siiriis hem de algilama elektrotlari, en-boy orani

siirlari i¢inde olacak sekilde tasarlanmis ve iliretimden sonra {iretim sonrasi islem
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gergeklestirilmistir. Tasarlanan yapi, COMSOL ortaminda simiilasyonlar yapilarak

dogrulanmistir.

Déniidlgerin iiretimi ODTU MEMS Merkezi'nde gerceklestirilmektedir. Bir SOI
alttas1 cihaz katmani olarak islenir ve yapistirma bolgeleri (ankorlar) ve elektrot
kablaji saglayan bir alt tabaka alttasina baglanir. Uretilen cihazlar 48 mm x 21 mm
ayak izine ve 400 pum kalinliga sahiptir. Doniidlgerlerin siiriis modu kapasitif
bosluklari, olusturulmus okuma elektronigi devreleri ile vakum ortaminda tiretim
sonrasi islemden Once test edilmistir. Kalite faktorii, siiriis modu i¢in sirastyla 0.075
mTorr altinda 700-800 arasinda bulunmustur. Uretim sonrasi  islem
gerceklestirildikten sonra, algilama elektrotlariin 25 um olan kapasitif bosluklar
1,4 um'ye disiirtilmiis ve stiriis parmak yapilar1 ortalama 5,5 um boslukla devreye
alinmistir. Sonug olarak, algilama elektrotlarinda baslangigtaki seviyeye gore

yaklasik 11,5 kat kapasitans artis1 gézlemlenmistir.

Anahtar Kelimeler: Doniidlger, Uretim sonrasi islem, Kapasitif iyilestirme.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Capacitive Enhancement Processes

Within the past few years, increase in the demand of the miniaturized products boosts
the popularity of MEMS devices. It is desired smaller, lighter, less power consuming,
and more reliable devices especially in consumer products, navigation and guidance
applications. Although MEMS devices are small in size, low cost and have low
power consumption, they exhibit relatively low performance to their competitors in
the market. Therefore, improving the accuracy of these devices is one of the main

motivation sources of the literature.

Capacitive enhancement is one of the methods to improve the performance of the
devices. It is achieving higher capacitances by extending the capabilities of the
fabrication processes. Having high capacitances suppress the electro-mechanical
noises which lead to increase in the SNR. The performance of the device is highly
influenced by the capacitance so that increasing the capacitance enables to enhance

the performance. The capacitance formula for a simple parallel plate is,

Area
1.1

C = SO Gap

As it can be seen in Equation 1.1, there are several ways to increase the capacitance
of a device. These terms are designed for maximizing the capacitance to increase the
efficiency of the device. In most cases, the permittivity of the ambient is preferred
vacuum which is as closest as the free space, so that better quality factors can be
achieved. The second term, the area of the plates is designed to increase the
capacitance in the boundaries of structural strength and design criteria. For the in-

plane working designs, it is also possible to enhance the area by increasing the



thickness of the device layer. The thickness of the device will also increase the proof
mass which leads to a decrease in the mechanical noise as indicated in [1]. Generally,
that kind of bulk structures are formed by deep reactive ion etching (DRIE). While
the dry chemical etch cycle which is combined with the ion bombardment etches the
silicon, a protective polymer layer is deposited on the sidewalls to protect them in
the passivation cycle. That etch and passivation cycles provide deep silicon etches
[2]. However, there is a limit for aspect ratio, which is the minimum achievable gap
with respect to depth of it. Although having thicker devices supply better mechanical
noises and wider plate area, due to aspect ratio limitation, the gap of plates needs to
be wider for them. That blocks the third them in Equation 1.1 which is the capacitive
gap. However, the performance of a system can be increased enormously by
decreasing the capacitive gaps while having a thicker device. Therefore, there are
many kinds of research in the literature that will exceed the aspect ratio limitations

and obtain better results.

Realizing submicron gaps is desired for a long time. It is difficult to achieve sub-
micron gaps with the standard microfabrication techniques and control the gap
resolution. There are different approaches to overcome that topic. These researches
can be grouped in two categories which are “Post-Process Methods” and “In-Process
Methods”. In-process methods contain the optimization of the fabrication process or
adding another step to decrease the capacitive gaps. On the other hand, post-process

methods include after-fabrication improvements.

In 1991-92, Hirano and Furuhata comes up with the idea that consist of both in-
process and post-process methods. They proposed to adjust the finger gaps with a
method which is called as oxidation matching. The structure of fingers is designed
not engaged in the beginning and with zero or negative gaps. The gaps were then
achieved with the ability of consuming silicon in thermal oxidation. Growing and
removing thermal oxidation enables to control the width of the gap in a high
resolution. The fingers can be positioned after the oxidation matching as engaged
with an actuator. Figure 1.1 illustrates the overall oxidation matching process. In this
way, the need for high driving voltage reduces while keeping the output force high



so that the integration of these chips to the circuits will be much easier. Hirano
achieved up to 0.2-0.4 microns gaps by applying negative gaps to the non-engaged
structure. Hirano and Furuhata also proved that sub-micron gaps can be achieved
beyond lithography and etch capabilities [3], [4].

fixed electrodes
suspended
electrodes

(a)

-
="

Operational Gap

— =\
1 g
=

—_—

=

(c)

Figure 1.1. Oxidation matching. (a) After etching. (b) Oxidation of electrodes. (c)
Removal of electrodes. (d) Obtaining sub-micron gaps [4].

1.1.1 In-Process Methods

In 2000, Ayazi proposes a new fabrication method that defeats the previous high
aspect ratio technologies [5]. High aspect ratio combined poly and single crystal
silicon (HARPSS) is a polysilicon trench fill operation that allows thick (hundreds
of microns) devices to have sub-micron capacitive gaps. Sub-micron gaps can be
achieved by low-pressure chemical vapor deposition (LPCVD) of sacrificial layer
oxide and polysilicon. Ayazi achieved 1.2 microns capacitive gaps in 80 microns
thick device. Later, Reuter et al realized a gap reduction by creating compressive

stress on a bistable mechanism. The compressive stress is generated by the



deposition of thermal oxide, tungsten, and aluminum. Reuter obtained 1 micron gap
which leads to 9 times greater capacitance than the DRIE limit of 3-micron gap for
that structure with nearly same size of chip area [6]. In 2007, Pourkamali and Ayazi
realize 1:460 aspect ratio with the HARPSS and prove that up to 10x larger aspect
ratio than the state of art DRIE tools [7]. In the same year, Abdolvand improves the
anisotropy of the DRIE in narrow trenches up to 1:40 ratios by inserting the argon
de-passivation step [8]. The capacitance of a device can be improved by integrating
the idea into the process steps. Although that can be possible by implementing a new
step or optimization of process steps, structural modification of design can also be a
method. In that manner, Pyatishev proposed a novel comb finger design which has a
wavy side profile. The wider gaps in the profile, 5 microns, etches faster and helps
to etch the near narrow gaps, 2 microns. The results show that there is a 60% increase
in capacitance with respect to conventional variable drive fingers [9]. In 2012, Owen
and Najafi optimize the DRIE process parameters. By ramping pressure, step
duration, and bias power, they achieved up to 97.3 aspect ratios for 3-micron trenches
[2]. That proves that optimization of process parameters can increase the achievable
aspect ratios which leads to minimization of deep trench widths. Later, Ng reaches
ultra-high aspect ratios which are beyond 1:500. After the DRIE operation, an
epitaxial gap tuning process is realized. That combination of DRIE and epitaxial
growing can obtain 100 nm width capacitive gaps without the loss of trench depth
[10].



(@) (b)

(©)

Figure 1.2. Some of the in-process methods. (a) Epitaxial gap tuning [11]. (b) High
aspect ratio DRIE [2]. (c) Drive comb fingers with wavy gaps [10].

1.1.2 Post-Process Methods

Capacitive trenches can be improved also after the fabrication of the device. In that
sense, trenches are designed and manufactured within the limits of the DRIE aspect
ratio. However, with the post-process methods the capacitive gaps can be decreased.
Obtaining such a feature necessaries a movable electrode which will be fixed later.
After the fabrication processes are done, the capacitive trenches are adjusted to the
working position which will be narrower gaps than the processed ones. To adjust the



gaps there should be an actuation mechanism to push the movable electrodes and a

lock mechanism to fix these electrodes in the working position.

In 2003, Galayko proposes to decrease the initial fabricated gap by applying the pull-
in voltage and using stoppers to adjust the working capacitive gaps. By using that
method capacitive gaps are reduced from 3 microns to 0.2-0.4 microns for a 15
microns thick device with electrostatic pull-in voltage, ~24V [12]. The method
provides better resolution than the lithography resolution and compensates structural
layer over-etching errors. However, there will be also alignment and over-etching
issues which result in 0.2-micron gap to 0.27 and 0.4-microns gap to 0.57 microns.
After one year, Acar tries to enhance the capacitance by using a thermal actuator
with the help of a ratchet mechanism [13]. The implemented system can reduce the
10 microns gap to the 1-2 microns gap. That leads to 7.22 times higher force in the
drive mode compared to the conventional structure. Similarly, in 2009, Pyatishev
realized a capacitive enhancement with a bistable mechanism. DRIE trenches are
decreased from 5 microns to 2 microns [14]. Pyatishev did not use a fix mechanism.
Although the bistable drive vibrates, the amplitude of it is much smaller than the
primary oscillations. Later, Chen reports that after pull-in voltages the boundary
conditions of the structure tend to change which provides an opposite frequency
capability [15]. A different post-process approach was carried out by Nowack with
the idea of permanent locking without the need for an extra force mechanism.
Applying 50-70V pull in voltage the structure’s position is adjusted to be permanent
locking. The welding process to fix the electrodes is obtained by an electrical
discharge with the help of a capacitor (10 megaohms, 100-300V). As a result, the
initial electrode gap width between vertical comb electrodes was reduced to 385 nm
from 4500 nm, with a final aspect ratio of 150. Beside from the gap reduction,
Nowack utilizes a scallop removal technique which will lead to smoothing and
paralleling the sidewalls [16]. As it can be seen in Nowack’s method, electrostatic
actuation is a convenient way for post-assembly structures. In 2013, Kuppireddi
suggest decreasing the capacitive gap with the power of pull-in voltage and arranging

the position with the help of the mechanic stoppers [17]. In the same manner, Ng,



Toan, Li reports narrow capacitive gaps can be achieved with an electrostatic pull-
in beyond lithograph / etch capabilities [18]-[20]. Later, Pyatishev implements a
bistable mechanism to the electrostatic actuator and acquire 2.5 times better actuator
capacity compared to similar actuators. Lastly, in 2019, Elsayed achieved 870000 Q-
factor by using a pull-in mechanism and the applied pull-in voltage also allows 10
times wider range for tuning the working frequency rather than the traditional
electrodes [21].

Figure 1.3. SEM image of post-processed comb fingers [13].

1.2 Gyroscope Studied in This Thesis

Mechanical noise is one of the major noises in the gyroscope which limits the
performance of it. Therefore, while designing the gyroscope it is desired to keep the
mechanical noise as low as possible. The mechanical noise of a mode-matched
gyroscope can be expressed as [22],

mSWS

Qs 1.2
ZmmedXd

4kgT

Dpecn =

Equation 1.2 states that increasing the proof mass, vibration frequency, and
amplitude suppress the mechanical noise, substantially. Therefore, it is aimed to have
a larger and thicker gyroscope which will provide a massive proof mass to decrease

the mechanical noise. However, when it is tried to increase the size of the structure,



the minimum achievable capacitive gap also increases due to aspect ratio limitation.
In METU MEMS Center, that ratio is nearly 1:40 which leads a minimum achievable
gap for a 40 um thick device nearly 1 um. When the size of the structure increased
ten times, the minimum achievable capacitive gap also increases ten times and
becomes 10 um. Figure 1.4 illustrates the minimum achievable capacitive gap with

respect to 10x scaled up structure.

40 thick device 400  thick device
[ x
Hm large device Km large device

L

]|
Minimum achievable Minimum achievable
gap >1 pm gap >10 pm

Figure 1.4. Comparison of minimum achievable capacitive gap 10x scale up of a
gyroscope.

Although designing a ten times bigger structure provides a massive proof mass, the
aspect ratio limits the potential improvement of the capacitance values despite
having larger capacitive areas. For that reason, a post-process capacitive
enhancement process is planned for the designed gyroscope to overcome the aspect
ratio limitation. Table 1.1 summarizes the post-processed researches in the literature
with proposed methods, electrode types and features. As it can be seen (Table 1.1),
the proposed approach investigates capacitive enhancement for such a thick and



large structures for the first time. Beside from that, the post-process method is also a

novel method to satisfy the force requirements of such a thick device.

Table 1.1. Comparison of post-process methods in the literature.

Device Post- Electrode Capacitive
Thickness Process Tvpe Ga Features
Method P P
Thermal (Fomb 10 um = . .
Fingers 1um 7.22 times larger driving
[13] 100 pm Act.
ratchet Parallel 10 um = force
Plates 1-2 um
Elec. Act.
Parallel 4.5 um - ..
[16] 57 um M—a.rc Plates 385 nm 13x larger driving force
welding

Elec. Pull Parallel 25um >

[17] 4 um Stoppers Plates 250 nm 45 dBincrease
21 dB increase
18] 5 um Elec. Pull Parallel 400 nm -  Motional-R decrease 200x
H Stoppers Plates 100 nm Q-factor (0.01 Pa): 64 000
- 49 000
Elec. Pull Parallel 2 um > 23 dB increase @20V
[20] 25 um Stoppers Plates 0.5 um Q-factor decreased from
PP K 970 000 to 27 000
Elec. Pull Parallel 900 nm >
el 40 pm Stoppers Plates 200 nm i
Increased capacity factor
Elec. Act. Comb 12 um - 2.5
14
(4] 90um o iable  Fingers 2 um Q-factor: 60 000
(0.12mTorr)
Elec. Pull Parallel 2 um > Q-factor (1mTorr):870 000
[21] 10 um S Plates 200 hm 60x decrease motion R
PP -33 dB insertion loss
Comb 12 uym = 8x increase
This 400 um Ext. Act. Fingers 2 um in the drive force
Work W Epoxy Parallel 25 um > 12.5x increase
Plates 2 um in the sense capacitance

Figure 1.5 shows the designed gyroscope that is studied in this thesis. Two identical

masses are connected with a diamond shape coupling mechanism. The device is



designed to be 400 microns thick with a 48 mm x 21 mm footprint which is quite
bigger than the conventional gyroscopes. The reason behind the massive gyroscope
IS suppressing the mechanical noise by enhancing the proof mass. Beside from this,
the gyroscope will have also higher capacitance due to large proof mass with deep
thickness. However, the DRIE aspect ratio problem limits the achievable minimum
gap that will create huge capacitances. Therefore, capacitive fingers of the device are
designed to be not engaged in the mask. These fingers will be engaged after the
fabrication with a post-process capacitive enhancement. To carry out this process
normally fixed masses are designed to be suspended for the enhancement process.
That masses are fixed with epoxy after the enhancement process. There are four

sense and two drive masses that will be engaged with post-process.
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Figure 1.5. The designed gyroscope that is studied in this thesis.
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The device wafer is formed with an SOI wafer and then bonded to the substrate wafer

which is for metal lines and anchor points. In Figure 1.5, the blue paint indicates the

anchor points while the red one stands for metallization.

13

Research Objectives and Thesis Organization

The main objective of this work is realizing capacitive enhancement in the drive and

sense electrodes that will reach huge capacitances beyond the fabrication limitations.

Parallel to that, side objectives can be listed as follows:

1.

Designing a gyroscope with a thicker and larger mass. Since the mechanical
noise of the gyroscope can be suppressed with a larger proof mass, that will
decrease overall noise. That device should also be compatible with the
capacitive enhancement process.

Modelling the gyroscope mathematically so that the effect of each parameter
can be visualized. Realizing FEM analysis for the verification of the designed
gyroscope whether it matches with the mathematical model. That will also
provide useful information for the designing part.

Planning and performing a suitable fabrication procedure for the larger and
thicker gyroscopes. The process steps require optimizations to achieve such
devices.

Realizing a post-process method that will enhance the capacitance of the
device. Achieving narrow capacitive gaps, balancing the fingers with respect
to each other, and then fixing them with a suitable method.

Performing frequency response tests for the characterization of the devices.
The performance of the devices is analysed and compared with the designed

parameters.

The summary of the content and organization of this thesis are presented below:

11



Chapter 2 includes the mathematical model of the gyroscopes. Drive and sense mode
equations are derived. Moreover, electrostatic actuation and sensing mechanisms are

expressed in detail.

Chapter 3 describes the design parameters of the gyroscope. Flexion elements,
electrostatic force compensation, and tuning electrodes are summarized. FEM
simulations of the designed drive and sense mode frequencies are presented. Finally,
detailed fabrication steps, optimizations, encountered problems, and possible

solutions to them.

Chapter 4 presents the overall capacitive enhancement processing. Proposed
capacitive enhancement methodology, designed capacitive enhancement mechanism

is explained. The enhancement process of the sense and drive mass is expressed.

Chapter 5 describes the characterization and post-process tests setups which are used
for the fabricated gyroscopes. Designed PCB assemblies, frequency response test
setup, and results of the fabricated devices are shown. Besides, capacitive

enhancement process setup and improvement results are presented.

12



CHAPTER 2

VIBRATORY MEMS GYROSCOPE THEORY

In this chapter, the mechanical and electrostatical models of the gyroscope are
presented. Section 2.1 introduces the schematic view of a gyroscope. In Section 2.2
and 2.3, it is presented the mechanics of drive mode and sense mode, respectively.
Section 2.4 demonstrates the electrostatic actuation and sensing methods. Lastly,

Section 2.5 briefly summarizes this chapter.

2.1 Mechanical Model of Gyroscope

In all resonating gyroscopes, it is essential that a driving mechanism for continuous
vibration of the proof mass and a sensing mechanism to pick the Coriolis coupling
[23]. Since there is a need for a vibration mechanism on both the drive and sense
axis, an appropriate suspension system is also required. That suspension system is
designed to isolate the drive mode vibration of proof mass from the sense mass so
that, the decoupled sense mechanism does not be affected and the cross-talk between
the modes is minimized. Otherwise, there would be an offset generated by the
gyroscope itself even without any angular output. In Figure 2.1, a simplified
perspective view of a gyroscope structure is shown. Clearly, the proof mass has 2
DOF so that the Coriolis coupling can be generated between two modes. The other
two masses, the drive and sense mass, are decoupled. Although that decoupling
seems to be realized with rollers, it is designed with flexible beams to avoid friction.
That flexible beams will be discussed in CHAPTER 3.
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I sense Mode (1-DOF)
I Drive Mode (1-DOF)
- Proof Mass (2-DOF)

Figure 2.1. A schematic view of a vibratory MEMS gyroscope.

2.2 Mechanics of Drive Mode

Y,

L, C

Figure 2.2. Simple mass-spring-damper representation of drive mode.

In order to exert Coriolis force, the proof mass must be in a motion otherwise the
Coriolis force will be zero. This motion can be provided by the continuous vibration
of the proof mass with the movable drive blocks together [24]. Therefore, the overall

drive mode can be modelled as a vibrating mass, spring, damper system.

ma¥ + cqx + kqx = Fy sin(wt) = Im[ Fze™"] 21
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Mgx + cgX + kgx = Fye™t 2.2
Here in Equation 2.1, m, is the drive mode mass which consists of drive mass and
proof mass because they both vibrate together. The overall spring constant is kg,
structural and air damping in the drive mode is ¢, and t stands for time. Lastly, F; is
the driving force acting on the system along the x-axis and w is the frequency of the
applied force. The applied force is assumed to be a harmonic sine function for
simplification of the response but, it is written in the equations in a general form.

Assuming the solution is in the form of,

x(t) = XeWt 2.3
by putting the Equation 2.3 into Equation 2.2,

—w?myXe™t + iwc  Xe™t + kyXeWt = FyeWt 2.4
and arranging the Equation 2.4 into regular form,

(—w?mgy + iwcy + kg)XeWt = FyeWt 25
then the response can be found as,
Fq

X = 2.6
kd - Wzmd + iWCd

Also, the response can be separated as static deflection and complex response,

Fa/kq Fy
X= w? . w. H(W)E 2.7
1- W—dz) + (244 W_d)
where,
H(w) -
w) = 5
, w 2.8
1-— — + lZ(d W_d
C k
(=—2t—&w, = |-% 2.9
2, /mawy mq

The above equation, w, represents natural frequency and {; is the ratio of effective
damping to the critical damping of the drive mode. The frequency response

magnitude and phase can also be found,
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1

|[Hw)| =
w? w 2.10
\/(1 - w_dZ)Z +(20ay, )"

25
¢ = tan™I( 7 2.11

LT

Then, the response can be expressed as,
F; .
x(t) = = |H(w)|etWat=#) 2.12
d

Note that, the solution that has been found in Equation 2.12 is the steady-state
solution of the drive mode. The transient part of the solution is not important because
in the drive mode a steady vibration is required. In the response, F;/k, term is the
static deflection part and that is the solution of the constant DC force excitation.
|H (w)] is the magnification factor of the system and ¢ is the phase of the response.

If the excitation force is a sine function as indicated in the beginning,

F
x(t) = élH(w)l sin(wgt — ¢) 213
X

When drive mode excited at its resonance frequency (w = w,), magnification turns

into,

1
|[HW)| = T 2.14

where Q is the quality factor and it can be expressed as,

Vmaka 2.15

d Ca

at resonance frequency, phase can be expressed as,

2
¢ =tan( o{od) — 90° 216

Then, the response at resonance frequency,
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FqQq
kq
X

x(t) = Xgwg sin(wgt) 2.18

x(t) = sin(wgt —90°) = —X cos(wyt) 217

The drive mass is assumed to be driven at its natural resonance frequencies because
at resonance frequency the magnification factor is maximized. That provides the
system largest vibration amplitude with lower power consumption. However, in that
case, {4 has a significant effect. Mostly, {; < 1 case is desirably due to the need for
continuous vibrations in the drive mode. Beside from that, Equation 2.18 implies that

there is a 90 ° phase shift between actuation force and response.

2.3 Mechanics of Sense Mode with Coriolis Coupling

/

L.,

Figure 2.3. Simple mass-spring-damper representation of sense mode.

In in-plane gyroscopes, the manoeuvres of the body are assumed to occur with a
planar motion. In that way, the sense mode can also be simplified as a different mass,
spring, and damper system. However, this time instead of driving force it is under
the effect of Coriolis, Centrifugal, and Tangential forces which are self-induced

fictitious forces to simplify the system.

The principle of the gyroscope is detecting the angular velocity so that the overall

body can be supposed to be on a non-inertial reference frame F, (A) with an angular

17



velocity W, soWith respect to the inertial reference frame F, (0). If the center of mass
of the sense mode is assumed to be on the point P, the position of the body can be
written as,

7 =7+ 7° 2.19

The relations of these vectors can be seen in Figure 2.4.

=
I

.P

F,(0) : Inertial reference frame with

origin O.

F,(A) : Non-inertial body-fixed

reference frame with origin A.

Figure 2.4. Relations of position vectors with respect to the inertial and non-inertial
reference frames.

To achieve the velocity and acceleration information about the body, the time

derivative of the Equation 2.19 can be taken,

D0F = DAFl + WA/O X Fl + D0F0 2.20
Note that, there are additional terms in the Equation 2.20. That is because of the
F,(A) frame is actually rotating with WA s0 and the point P is defined in that frame.

By taking another time derivative for achieving the acceleration of the body,

Do?# = Da[DaT* + Wiso x 7] + Wiajo x [DsT" + W0 x 7] 991

+ Dy’7°
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DOZ? = DAZFl + (DAWA/O)XFl + WA/O (DAFI) + WA/O.X(DAFI) 2 22
+ WA/OX(WA/OXFl) + DOZT_ZO

Making the necessary arrangements,

DOZ? = DAZFl + (DAWA/O) X Fl + WA/O (DAT_ZL) + WA/O X (DAFI) 2 23
+ WA/O X (WA/O X T_n) + DOZT_ZO

Rearranging the Equation 2.23 and using WA/O = for simplification,

Apro oy = AP + Z"vaP(Fa(A)) + .erp/.A
Acc. of P Coriolis Acc. of P Tangential

w.r.t. inertial Acc. of P
frame(A4)

Lo % 2.24
+0x(Qx7py)+ QA 5,0y
Centripetal Acc. of

Acc. of P Non—inertial
ref.frame(A)
w.r.t.
inertialframe(0)

In Equation 2.24, all the acceleration terms of the particle P moving on a non-inertial
frame with respect to an inertial frame are summarized. Those acceleration terms can
be used as fictitious forces as if they are acting on the body. However, different from
the overall sense mass, proof mass (mpy) should be considered because all the

fictitious forces are directly coupled with the proof mass.

MpMAP o0y — MPMAP 4 ay) — MPM [anrP(Fa(A))]

) 2.25
+ Mpy [QxTp /4] + Mpp [2x(QxTp/4)] = 0
where,
FCOTiOliS = _szM (QXFP(FCL(A))) 2.26
FTangential = _mPM(ﬁx?P/A) 2.27
Fragiat = —mpy2x(QxTp ) 2.28

Notice that, among all the terms of Equation 2.26-2.27-2.28 only the Coriolis force
is linearly proportional with the applied rotation. Centripetal acceleration terms are

dependent on the position vector 7. That results in position-dependent response in
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the sense mode. On the other hand, the tangential acceleration term is proportional.
In that case, sensing the time-invariant rotations would not be possible. Therefore,
to construct a more reliable sense mechanism preferring the Coriolis acceleration
terms will be wise. Moreover, the cross product of the Coriolis acceleration term
results in a vector that is perpendicular with rotation and velocity vectors. That idea
is the fundamental principle of vibratory gyroscopes [23]. However, it is needed to
reject the centripetal, tangential forces and utilize the Coriolis force for the complete
gyroscope. Visualization of these three forces with respect to a stationary observer
can be seen in the Figure 2.5. Elimination of the unwanted accelerations (linear
accelerations inc.) could be realized by driving two separate masses out of phase and
reading them differentially. Therefore, from this point, other acceleration terms will
not be included in the equations.

b

Stationary

observer  Coriolis Radial Tangential
Force Force Force

Figure 2.5. Visualization of three fictitious forces on two out of phase masses.

msy + sy + ksy = Feoriotis 2.29
As in the drive mode equations, m is the sense mode mass, c,is structural and air
damping in the sense mode and k is the overall spring constant along with the sense
mode. Coriolis force is expressed as,

Feoriolis = _zmpmﬂzx 2.30

where,

My Proof mass
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mg : Proof mass + Sense mass
Excitation of the sensor can be assumed in the form of,
Fd(t) = _Fd Sin( Wdt)
X(t) = X4z cos(wyt)
0,(t) =02, cos(wy,t)
by putting above equations into Equation 2.30,
Fcoriolis(t) = Zmpm-QszWd (Sin( wgt) cos(w,t))
and using sine multiplication formula,
Feorionis(t) = Mpmld, Xwqy (sin((wg + w,)t)
+ sin((wg — wy)t))
by re-arranging Coriolis force in the exponential form,
Fcoriolis(t) = Im[E?(ei(Wd-'—WZ)t + ei(wd_WZ)t)]
The response of the sense mode will be as in the drive mode,
Fcoriolis/ks
B w2 oy W
(1- W_s,Z) + (1245 Ws)

but, Coriolis force cause response with two different frequencies,

Y(wg +w,) = s /ks

(1 - Wt ey, (g, (et v
Y(Wd - WZ) = k /k

(1 - Wz ey 4 (g, a0y

2.31
2.32
2.33

2.34

2.35

2.36

2.37

2.38

2.39

Those two frequencies are equally separated from w, by w,. In this case, there are

two different options to operate the vibratory gyroscopes which are mode-match and

miss-match. While in the mode-matching frequencies of sense and drive modes are

matched, in miss-matching there is an arranged frequency split between them. Both

of the methods have their advantages. The mode-matching method tries to maximize

the mechanical output of the system. That leads to suppress the electrical noise
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significantly which plays an important role when determining the system
performance [22]. In miss matching, sense displacement is not as high as in mode
matching. However, generally, it is more stable and preferred for wide bandwidth

requirements. In this thesis, a mode-matched case is preferred due to high sensitivity.

Drive Sense
mode mode

-

Sense-mode
»displacement due
to Coriolis Force

1 »
P>

Displacement Amplitude,
Xdrive O Ysense

Worive=WcCoriolis Wsense Freq uency, w
’

(a)

Drive Sense
mode mode

>

Sense-mode
» displacement due
to Coriolis Force

Displacement Amplitude,
Xdrive OF Ysense

1 .
>

Worive=Wcoriolis~Wsense Frequency, w

(b)

Figure 2.6. Sense mode displacement due to Coriolis Force in (a) miss-match and
(b) mode-match cases [25].

If we make assumptions w; =~ ws and w,; >> w, = w, = 0. Solution turns into,

Y=Yw;+w,)+Y(w; —w,) 2.40
MymXgdd,w
Y = ZWQS sin(wgt — ¥) 2.41
S
where,
2
Y = tan‘lé =90° 2.42

by using Equations 2.41 & 2.42,
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My, Xqd,w
Y = ZWQS sin(wgt — 90°) 2.43
S
My Xg0,W
Y =— WQS cos(wyt) 2.44
S
. Moy X g2, W42
y = ZWstin(wdt) 2.45
S

One can notice that the quality factor term (Qs) exists as in the drive mode equations.
Quality factor amplifies the sense mode deflections so that sensitivity is magnified.
Beside from that, the Coriolis force is directly proportional to the drive response (X),
so having high-quality factor in the drive will boost the Coriolis force. Increasing
Coriolis magnitude will also increase the sensitivity, significantly. As in Equation
2.15, the quality factor is inversely proportional to the damping factor. A small value
of damping coefficient will cause a higher quality factor. The fewer air particles will
provide a lower damping coefficient. Therefore, operating the gyroscope in the

vacuum ambient will be assure the best quality factor.

2.4  Electrostatic Actuation and Sensing

The basic principle of electrostatic actuation lies on the neutralization tendency of
the two parallel plates. The parallel plates are repelling each other when they are
biased at different potentials. The attraction force is used to generate a motion on the
plates if at least one of them have one or more degree of freedom in the direction of
the generated force. On the other hand, the change in the capacitance can also be
monitored with the electrostatic sensing.

Although electrostatic forces are not often used for macroscopic operations, they are
really popular in micro-scale operations. Having large surface-to-volume ratios and
sub-micron gaps forms huge capacitances with respect to their small masses. That is
why they are used widely for actuation and sensing in MEMS technology. Beside

from that, the simplicity of the implementation, low power consumption rates, low
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drift, low-temperature sensitivity, and fast response also plays an important role on

the popularity of electrostatic methods [26].

%

H
ZT<:y ______
______ Fringin;.
Field
Figure 2.7. Capacitance for parallel-plates.
Capacitance for parallel plates as in Figure 2.7 can be expressed as,
Area L(x)H(z)
C =¢ga Gap ea ) 6
and the motion of each direction can be assumed as,
L(x) =Ly +x 2.47
H(z)=Hy—z 2.48
Gy)=Go—y 2.49

In the above equations (Equations 2.47-2.48-2.49), while L(x) & H(z) represents
overlap length & height of the parallel plates, G(y) stands for the capacitive gap
between two plates. In addition to that, L, H, and G, terms state their initial values,

respectively. Lastly, &, is the permittivity of the free space and « is the fringing field
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factor. Although the fringing field effect is changing slightly with the displacement,
it is assumed constant to simplify the further equations. The attraction force that is
created by two parallel plates can be derived from the energy equation for a capacitor.
The energy equation for a capacitor,

E :%CV2 2.50

By taking the derivative of Equation 2.50, electrostatic force can be found as,

0E _10C

Fetectrosatic = or > or v? 2.51
_aE_laCVZ_l HOV2 250

©X T 9x 2 0x _ZagoDo :

JE 10C 1 HyL

F = — 2 = - VZ 2
oy " 29y 2% D —yy >3
E _0E_10CV2_ 1 LOVZ 554

©Z 7 9z 20z B 2a€0D0 '

In the derived equations, it can be seen that while x & z-directions are independent
of position, the y-direction is inversely proportional with the attraction force. That is
because the rate of change of capacitance in the x and z-directions are constant but
not in y-direction. This means sensitivity along y-direction is higher compared to
other directions, but worse linearity is the trade-off [24]. Using the capacitive parallel
plates in y-direction called as varying gap type electrodes. Beside from this, in the x
and z-directions, the situations are vice versa. While the linearity is high, sensitivity
is low. This type of usage is called as varying overlap area electrodes. That difference
may help to construct a high-performance gyroscope. Although the varying gap type
has a nonlinearity, which is a challenging problem, since the displacement in the
sense mass is in the order of a few angstroms, the nonlinear graph can be assumed
as linear in such a small portion. On the other hand, in the drive mode, major concern

is linearity so that using varying overlap type for that will be more reasonable [22].
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For both types, the capacitors are designed with comb fingers which have a large
length to width ratio to be compact. Most of the time, the fingers are rectangular

shape but they can be changed with respect to the application purpose.

In the varying-overlap area type electrodes, the capacitance is,

C= 2ne(Lg + x)h

2.55

Movable Electrodes
- Fixed Electrodes

Figure 2.8. Varying overlap type fingers.

and by using Equation 2.52, electrostatic force can be shown as,

JE neh
=y = 7V2 2.56
In Equation 2.56, V represents the applied potential and n is the number of engaged
fingers on the one side of the electrodes. As stated before, the proof mass should be
in a continuous motion to acquire the Coriolis force. In the vibratory gyroscopes that
motion is the vibration of the drive mode in the resonance frequency. Normally,
applying a potential difference to the electrodes provides a unidirectional force that
is insufficient for the vibration of the body, continuously. However, if the drive axis
of the gyroscope is driven sinusoidally, the speed and amplitude must be reputable
and insensitive to environmental factors [26]. Therefore, applying DC voltage to
movable electrodes and fixed electrodes AC voltage will provide these sinusoidal

movements as in Figure 2.9.

26



Movable Electrodes

e - Fixed Electrodes

Figure 2.9. Driving of varying overlap area type electrodes.

If it is applied DC voltage to movable electrodes and AC voltage to fixed electrodes,

the force equation in Equation 2.56 turns into,

0E neh 5
x = a = 7(VAC - VDC) 2.57

where,
Vac = Vg sin(wt) 2.58

Then, the obtained force is,

neh v,.2 ,. neh )
Fx = 7 (T + VDC ) - 7 ZVDCUaC sm( Wt)‘
DC Term Sinusoidal (at w) Term
1neh 2.59

- 57 cos(2wt)

Double Freq.
(at 2w) Term

Notice that, in Equation 2.59, there are two more terms other than desired frequency
of the force which is the sinusoidal (at w) term. To obtain a fine and neat vibration
in the drive mode these terms can be eliminated with a differential drive by applying
the two movable electrodes out of phase signals. This type of application can be

visualized from Figure 2.10.
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Movable Electrodes

Fixed Electrodes

Figure 2.10. The differential drive of varying overlap area type electrodes.

For the differential drive application, the force created by comb fingers,

neh 5 neh 5
E = 7 (Vpe = Vae)* — 7 (=Vbe = Vac) 2.60

If the Equation 2.60 is written in an explicit form,

neh (v,.2 5 neh ]
Fx = 7 + VDC - I:? ZVDCUAC Sln(Wt)]

2
neh (v,.2 5
— +V,
g ( 2 PC 2.61
[nsh

) 1neh
7 2Vpcvac sin( Wt)] + [57 cos( 2Wt)]

1neh St
275 cos(2wt)

By executing necessary cancellations, the Equation 2.61 turns into,

dnehVp v
F, = —%sin(wt) 2.62

X

In the derived equation, not only the DC and double frequency terms are canceled

out but also the force is doubled at the desired frequency. That provides a neat

vibration in the drive mode.
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For the actuation of electrodes, it is mainly more advantageous to use varying overlap
area type fingers because one can easily notice that it is more linear than varying gap
types. However, while increasing the linearity, the sensitivity is reduced. On the
other hand, in the sense mode, varying gap type electrodes are more advantageous.
The displacements that are occurred in the sense mode should be able to be detected
by the electrodes. Since the established displacement is really small, the sensing
ability should also be able to detect such a small displacement. That is why it is
desired to have varying overlap area type electrodes in the sense mode because they
are more sensitive as can be seen in Equation 2.54. Although the non-linearity
behavior of this type of electrodes is challenging, the occurred displacement due to
Coriolis force is in the order of a few Angstroms. That is much smaller than the
capacitive gap. So that, it can be behaved as a linear in such a small portion of a non-
linear graph. Figure 2.11 demonstrates the varying gap type electrodes that are used

in the sense mode.

Movable Electrodes

Fixed Electrodes

Figure 2.11. Visualization of varying gap type electrodes.

The capacitive sensing mechanism is relayed on converting the displacement of
capacitive electrodes to voltage output. The current passing through due to the
change of the capacitance between the movable and fixed electrodes can be
monitored and that current can be converted to voltage with an op-amp. That
conversion will be discussed in CHAPTER 5. The general expression of the current

passing through the linear capacitors is,
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q=CV 2.63
. 0q 0(CVpe) aC Vpe
T P P e
In Equation 2.63-2.64, q is the charge in the capacitors, C is the capacitance, and V

2.64

is the potential difference between the capacitor plates. In this case, V is inserted as
Vpc because it is applied to the proof mass as indicated in Figure 2.10. Note that, the
second portion of the equation can be denied since the time derivative of the V. is
zero. So that, the current is directly related to the change in the capacitance. Then the

equation turns into,

i =—xVpc 2.65

Since the movable mass is also a vibrating mass,

x = Asin(wt) 2.66
The output current then,
ac
i = aAWVDc cos(wt) 2.67

Equation 2.67 shows that the output current amplitude is a function of the vibration
frequency of the sense mass and there is a 90° phase between x and i. It can also be
noticed that the magnitude of the capacitance change with the physical displacement
amplifies the output current. These are all help to increase the sensitivity of the
gyroscope. Beside from these, designing the two plates with gap and anti-gap lets
the system have a reduced capacitance per length but, otherwise the chance of
capacitance in each side would cancel each other. Therefore, the capacitors are
designed to be closer to one side to decrease the anti-gap capacitor effect. It can also
be understood with the force equation of the varying-gap type electrodes. Equation
2.54 can be simplified by assuming y < Dgqp,
1

1
Fy,net = Fyl - Fyz = E(ZSOTIHOLO 5 = > VD(;2 2.68
DGap DAnti—Gap

Equation 2.68 shows that it is generated a net force between the capacitors and that

force can be adjusted with the V.. This force helps to adjust the drive and sense
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oscillating frequencies to the mode-match case as discussed before. The generated
force can be modelled as an electrostatic spring. That phenomenon is called as
“electrostatic spring effect” or “negative spring”. It can be achieved by taking

derivative of the Equation 2.54 with respect to y,

oF goHoLo "
k =—=————7V 2.69
e(y) ay (GO _ Z)3 DC
Note that Equation 2.69 is very non-linear. However, it can be linearized for small y
displacements with respect to gap, G,.
k.(y) = Ev o Vpe 2.70

The reason of the electrostatic spring is also called as negative spring is the negative

sign in the equation. Unlike the ordinary mechanical springs, it tries to pull each
other electrodes and tends to increase with the increasing y. Since the electrostatic
spring also affects the total spring coefficient and resonance frequency of the sense
mode also, the resonance frequency can be calculated with respect to the effective
spring constant. The effective spring constant equals to,

keff = kmecn — Ke 2.71

keff = kmecnh —
[ 1 1 2.72
- VDCZ
(DGap - y)3 (DAnti—Gap + _')7)3
Then the sense mode resonance frequency can be expressed as,

agonHyL,

k
W = |
. 1 2.73
Komech — a€qnHoL [ - ]V z
mech 0 00 (DGap - y)3 (DAnti—Gap + _')7)3 be

ms

It should be noted that in the sense mode the static electrostatic force will cause a
deflection on the structure. Moreover, there is a specific V. at which the

electrostatic spring reaches the mechanical spring at magnitude. After that point, the
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electrodes can be collapsed onto each other which is called pull-in. That voltage can
be calculated by equating the mechanic and electrostatic spring constants force to

each other. It is expressed in [24],

Fy + Froen = 0 2.74
3

Vorn s = |—sDoap” 2.75
27aggHyLy

2.5 Summary

In this section, the working principles of the drive and sense mode are presented. The
overall acceleration terms and method of rejecting the unwanted ones are explained.
Moreover, electrostatic actuation and sensing methods are analysed. Electrostatic
forces, their effects on the body are shown. The electrostatic spring effect and its

advantages are explained.
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CHAPTER 3

DESIGN OF VIBRATORY MEMS GYROSCOPE

In this chapter, the design parameters of the gyroscope and fabrication steps are
presented. In Section 3.1, flexure elements that are used in the gyroscope are
examined. Their use of advantages and equations that will help to model the
gyroscope is clarified. In Section 3.2, electrostatic force compensation and tuning
methods and their function in the gyroscope are explained. In Section 3.3, FEM
analysis of the primary modes and near mode shapes that can affect the drive and
sense modes are shown. In Section 3.4, the overall fabrication process is presented
step by step. Parameters that are used and problems encountered in the fabrication

are explained, in detailly. Lastly, Section 3.5 briefly summarizes this chapter.

3.1 Flexure Elements

Flexure elements provide suspension for the gyroscope to vibrate in the desired
directions. They are one of the main decision elements of the sensitivity, operational
frequency, and many others. There are so many options for a flexure element in terms
of its shape and connection types in the literature. However, double-folded single-

sided flexures are preferred due to their linearity in a wide working range.

Beside from that, flexure elements also provide decoupling of the sense and drive
electrodes. It behaves like a roller and isolates the drive and sense mode from each
other. So that, while the proof mass has 2 degrees of freedom movement capability,

sense and drive electrodes have only one.
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I suspended Regions

- Fixed Regions

Figure 3.1. The double-folded single-sided flexure element.

The double-folded single-sided flexures can be seen in Figure 3.1. All four beams
are connected to an upper truss which is assumed to be rigid. That means, under an
applied force, four beams are presumed to have the total deflection. While there is a
series connection between inner and outer beams, each pair are connected parallel to
each other, k,//ks — k,//k5. In that way, the overall spring constant can be

calculated as,

Assumingk, =k, =k; =k, =k 3.1

1 1 1!
N P

Although the overall spring constant is equal to the spring constant of a single beam,
the spring constant calculation of that single beam is a little tricky. In Figure 3.2 the
shape of a double-folded single-sided flexure can be observed while deflected. Every
single beam can be modelled as two beams which have a fixed-end beam with
concentrated load boundary conditions. That means every single beam on the spring

consists of a two-unit beam connected serially.
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- Suspended Regions

- Fixed Regions

Figure 3.2. Deflected double-folded single-sided flexure element.

In Figure 3.3 a cantilever beam with a concentrated load boundary condition is
illustrated. For a cantilever beam that is loaded at the end of its length, the deflection

can be calculated as [27],

Fx?
_Fxt 3.3
y E] (x —3L)

In the above equation (Equation 3.3), y stands for the amount of deflection with
respect to distance from the fixed point which is represented by x. F is the applied
concentrated force, E is the elastic modulus of the material, which is silicon in this
case, and | represent the area moment of inertia. The maximum deflection occurs at

the end of the beam so that,

x =1Ly, 3.4

FL?

Ymax = — 3E] 3.5
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Figure 3.3. Cantilever beam with a concentrated load boundary condition.

The spring constant of a concentrated end load cantilever beam can be calculated as,

F
kynic = F 3.6
max
_ 3EI .
unit — Lu3 .

Since every single beam on the double ended single-sided flexure element is consist

of two-unit beams which is connected serially,

k.. -
kbeam,x =ky = ur;t,x 3.8
3E1
= —s 3.9
2L,

Total length of the unit beam is L,, = L/2 then,

_12E1,

x = T3 3.10
The overall spring constant is equal to the spring constant of the beam as proved in
Equation 3.2,
12E1
tx = 3 X 3.11
where,

36



1
=—hw3 3.12
I, 12hW

Note that, the spring constant in the z-direction is depend on the same mechanics as

in the x-direction. Only the area moment of inertia should change with respect to the

related axis.
12E1
te =3 z 3.13
where,
I, = 1 h3 3.14
2= 12" '

However, in the y-direction, the calculation of the spring constant is different. Every
single beam spring constant of an axially loaded beam is [27],

=— 3.15
k L

where A represents cross section area of the beam,

A= hw 3.16
The overall spring constant of the double-folded single-sided flexure element in the
y-direction is again equal to the spring constant of the single beam as in Equation
3.2. Then, the spring constant in the y-direction is,

Ehw
Koy =1

3.17

Notice that, the overall spring constant along y-direction is much larger than in the
other directions. Therefore, it is assumed that the double-folded single-sided flexure
elements behave like a roller in the system because deflection in the y-direction is
nearly zero. That property allows designing of a decoupled drive and sense
mechanisms. So that, the continuous vibration of the drive mode affects the sense
mode in a minimized way. Besides from that, this type of flexure element is free to
move in the y-direction. That means the beams can expand freely and can relieve the
thermal stress on the flexure elements. This property is also as important as the

decoupling. The operational frequency will be steadier.
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3.2  Electrostatic Force Compensation and Tuning Electrodes

In the layout of a device, although every unit is placed as if perfectly matching, there
will be fabrication imperfections that will cause an imbalance in the structure.
Despite the advanced optimization of process parameters, non-uniform etch is
always present in the fabrication process. Beside from that, the change in the
environmental conditions influences the characteristics of the device. These may
lead mismatch in the resonance frequencies, unbalanced forces on the device and etc.
Therefore, there is a need for correcting these errors and tuning the frequencies of

the structure to maximize its performance.

3.21 Forced Feedback Electrodes

The main idea of the forced feedback electrodes is generating a force that counteracts
the sense mode displacement due to Coriolis force. The displacement of the sense
body is suppressed so that the sense mass cannot move. That feature improves the
scale factor of the rate output [24], [28]. Since the potential voltage that is required
to generate the stopping force is proportional to the Coriolis acceleration on the body,
it is used as an output of the system. Therefore, the overall sense mass is controlled

in a closed-loop system.

3.2.2 Quadrature Cancellation Electrodes

In MEMS fabrication, unfortunately, the processes are rarely perfect despite the best
human efforts. The pattern transfer may not be proper, mask generation may lead to
some errors, sidewalls of the DRIE process will not be perfectly vertical or smooth
[26]. Consequently, the manufactured body may suffer from these fabrication errors.
In the drive mode, the continuous unbalanced vibration of the body may couple into
sense mode. Figure 3.4 illustrates this coupling due to uneven suspension in each

side. That is called quadrature error and it is one of the main obstacles for better
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gyroscope performance especially for bias instability and angle random walk (ARW)
[24]. Therefore, quadrature cancellation electrodes are designed to decrease these

errors as soon as possible.

- Sense Mode (1-DOF)
I Drive Mode (1-DOF)
B Proof Mass (2-DOF)
B rabrication imperfections

Figure 3.4. Visualization of quadrature errors.

Quadrature cancellation electrodes work as varying gap electrodes and generate an
electrostatic force against the quadrature error. That force helps to correct the drive

mode vibration and reduces the coupling to the sense mode.

3.2.3 Sense Frequency Tuning Electrodes

A negative spring effect can be used for tuning the structure to operate the system in
the desired frequency which is most probably natural frequency for gyroscopes. The

negative spring effect can be considered as softening the total stiffness. Therefore,
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changing the applied voltage of the frequency tuning electrodes will change the total
stiffness so that it will change the whole system’s natural frequency. In this way,
electrodes can be tuned. Generally, the stiffness of the springs is designed for natural
frequencies, perfectly. However, due to fabrication errors, unpredictable damping or
etc., these frequencies deviate and change the behaviour of the structure. Frequency
tuning helps to regain the operational frequency to operate in designed frequency by
adjusting the attraction force of the electrodes. For these reasons, operational
frequencies are designed above the desired operational frequency. That is because
the tuning electrodes only soften the springs. Therefore, the sense frequency tuning

process also plays an important role to increase sensitivity.

Sense frequency tuning electrodes are used mainly tuning the sense mode frequency
to the drive mode frequency for mode matching. Actually, it is also possible to match
these frequencies by adjusting the proof mass voltage. However, changing proof
mass voltage is undesired because it will also affect the characteristics of the system
[22].

3.24 Drive Frequency Tuning Electrodes

The electrostatic spring effect can be modelled as stiffness by taking the derivative
of the electrostatic force as in Equation 2.70. However, taking the derivative of
electrostatic force in x and z-directions equals zero. That means for varying overlap
area electrostatic spring effect is not found [24]. Unfortunately, using varying gap
types is not desired for drive mode due to excessive vibration displacements.
Designing the drive frequency electrodes as a comb triangle that provides varying
finger lengths may be a solution for that problem [29]. The triangular shape of comb
arrays allows varying the number of fingers which is provided by the varying lengths
of fingers. That feature enables to generate a force in the drive frequency tuning

electrodes that provides tuning ability to the system.
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3.3 Finite Element Analysis

The finite element analysis of the designed structure is simulated in a COMSOL
environment. The primary resonant mode shapes are analysed and optimized,
iteratively. The analyses are realized excluding the finger structures due to the
simplicity of the model. However, their masses are added to the bodies where they

are attached to for the accuracy of the analyses.

Figure 3.5 illustrates the drive mode shape and the frequency of the designed
gyroscope. Drive mode frequency is designed as the first mode shape with the lowest
frequency. The double mass is coupled with a diamond spring in the drive mode to
equate their motion. That coupling also ensures out of phase motion has a lower
frequency than the in-phase motion. As stated in CHAPTER 2, the gyroscope is
designed to be operated in out of phase due to rejecting feature of acceleration terms

other than Coriolis acceleration.

Eigenfrequency=7756.8 Hz Surface: Total displacement (um)

z
Yol ox 0

Figure 3.5. Drive mode shape of the gyroscope.

In Figure 3.6, the sense mode shape of the gyroscope is shown. Due to the lack of
coupling mechanism in the sense mode shapes are two separate modes in the

analysis. Although both masses are designed to be identical, little differences in the
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node analysis made a small difference in their frequencies. The sense mode
frequency is designed to be a little bit higher than the drive mode for operating the
gyroscope in mode matched. That difference will disappear with the electrostatic
spring back effect and the frequency tuning electrodes will make the fine-tuning.

Eigenfrequency=8037.4 Hz Surface: Total displacement (um)

z
Yot ox 0

Figure 3.6. Sense mode shape of the gyroscope.

The mode shapes that are close to operational frequencies are also studied. Figure
3.7 shows the near mode shapes to the operational frequencies. They are designed to
be far enough to the operational frequencies. Notice that, in Figure 3.7 (b) the

delayed in phase mode due to the coupling mechanism can be seen.
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Eigenfrequency=10817 Hz Surface: Total displacement (um)
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Eigenfrequency=13054 Hz Surface: Total displacement (um)
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Yix 0
(b)

Figure 3.7. Near mode shapes to the operational frequencies, (a) out of plane mode
shape and (b) in-phase mode shape of the gyroscope.
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3.4 Fabrication

The overall fabrication process of the gyroscope can be summarized in Figure 3.8.

The fabrication process starts with a piranha cleaning (1:1, Sulfuric Acid: Hydrogen

Peroxide, H2S04:H202) so that contamination is minimized.

1. SOl Wafer

2. SOI Device Etch

3. Substrate Anchor Etch

4. Substrate Bump Etch

5. Substrate Isolation Layer

Deposition

6. Substrate Metallization
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7. Substrate Through Hole Etch 8. Eutectic Bonding

oy e

10. Handle Layer Removal &

9. Dicin
J Releasing

Device Layer/ Silicon

Handle Layer / Silicon II\Z‘:I:;IIOIZL:E?E/]'E::WI Oxide
Substrate Layer / Silicon y

Figure 3.8. The overall fabrication process of the gyroscope.

Later, a 400 um device layer (<0.005 Q-cm, p++ type, <111>), 1 um buried oxide
and 100 um handle layer (<0.005 Q-cm, p++ type, <111>) SOI wafer is used to form
the device. However, achieving a 400 um deep silicon etch is not an easy task. While
forming the deep structures, the wafer is exposed to plasma long time so that a thick
hard mask which consists of 1 pum thermal oxide and SPR 220-7 PR (Photoresist), is
used on the device side. Then, the wafer is etched by DRIE (Deep Reactive lon
Etching) with a high aspect ratio recipe. In the DRIE process, the width of the
trenches affects the etch rate. While wider gaps etch faster, narrow gaps make it slow.
That is called DRIE Lag [30]. 1 um buried oxide in the SOI wafer provides an etch
stop layer so that, the narrow gaps can reach the wider gaps by means of depth. In
Figure 3.9, the visualization of the buried oxide underneath the device layer is

illustrated after the device etch is completed.
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Achieving 400 microns depth etches is another issue for the gyroscope. Unlike the
conventional gyroscopes, the gyroscope that is used in this thesis needs nearly 10
times deep etches. A new recipe that can handle this requirement is developed and
optimized for that reason. However, while achieving such deep etches, the platen
power of the DRIE needs to be higher than 150 W which also leads poor side wall
scallop profile and buried oxide etch of the SOI wafer. Those problems will be

discussed, later.

Figure 3.9. The visualization of buried oxide after 400 microns device etching.

The third step begins with a DSP (Double Side Polished) substrate wafer. It
IS a p-type, standard low resistive (<0.005 Q-cm), <111> oriented wafer. A substrate
wafer is used for fixing the required structures and carrying the necessary electrical
connections. The substrate wafer is coated with PR as a masking layer. Around 8 um
anchor height is etched by DRIE so that, while maintaining the fixed structures on

the anchor points, the suspended masses would move freely. With the fourth step, 2-
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3 microns substrate bump etch is realized in the same manner. The bumps provide a
higher surface from the metallization which will be deposited in the sixth step.
Therefore, in the bonding step, if the suspended body deflects, the possibility of the
stiction to the substrate wafer is minimized because the bumps will keep away the
suspended mass from the metal lines. In Figure 3.10, an SEM image of the substrate

wafer after anchor and bump are etched can be seen.

METU MEMS 1.0kV 12.1mm x30 LM(UL) 11/26/2021 16:49 1.00mm

Figure 3.10. SEM image of the substrate wafer after anchor and bump are etched.

Later, a thermal oxide is grown as the isolation layer. Before it, an additional
cleaning process is also required. This cleaning step includes RCA1 and RCA2
solutions. At 1000 °C thermal oxidation step is applied to grow 1.5 um SiO2. This
layer provides isolation between the metal lines that will be formed in the next step.
The thermal oxide also grows on the surface of the bumps so that the stiction of the
suspended mass to the bumps can be prevented. Au is used as a metal connection
line but, the adhesion of the gold on the silicon oxide is not reliable. Therefore, before
the 300 nm Au deposition, 50 nm Cr is deposited to increase that bond strength. The
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deposition process is made with a sputtering system. However, since the anchor step
is formed by DRIE, there will be perpendicular 8 um steps for the metal connections.
The metal deposition must cover all the anchor topsides and maintain the connection
with the contact pads. Therefore, in the metal mask that lines are designed wider in
the points of the anchor joints to prevent electrical disconnections. In the fabrication,
anchors could also be formed via a wet etch process. That provides the metal line a
sloping road, not a steep one. On the other hand, the metals could be deposited with
an evaporator. That would also compensate the disconnection probability because
despite sputtering, evaporation has better sidewall coverage due to non-directional
deposition. However, in the fabrication step, it is more practical to use DRIE for the
anchors and sputter technique for the metallization in the METU MEMS Center.
After the deposition of the metals, the metal mask is used to give form the required
metal lines. SPR 220-7 PR is patterned on the surface of the wafer and hard-baked
at 120 °C for about 30 minutes with the ramp-up time is included. That step is
essential to increase the durability of the PR mask because a wet etch is realized to
the wafer. First, the Au deposition and then Cr is etched in the beakers with
commercial Au and Cr etchant, respectively. Then, the PR masked is cleaned with
02 plasma and PRS 2000 solution. Figure 3.11 illustrates the metallization of the

substrate wafer.
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METU MEMS

(b) (©)

Figure 3.11. Microscope image (a) and SEM images (b) & (c) of the substrate wafer
after metallization.

The last mask that will be implemented on the substrate wafer is for forming the
through-holes. 2000 um x 1600 um rectangle holes are required for the capacitive
enhancement pins to reach the device layer from the bottom side of the wafer. Again,
an SPR 220-7 PR mask is patterned for this step. Then, the wafer is etched thoroughly
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which is around 500 pm thickness with the DRIE. The DRIE machine cools the
wafer from the bottom side with helium gas while performing the etches. Otherwise,
the wafer etch uniformity would be decreased. However, in the through-hole step
sealing the helium gas at the bottom side of the wafer is not applicable due to
through-holes. Therefore, an alumina wafer is placed under the substrate wafer for
the conservation of the helium pressure. After the through holes are formed, the PR
mask is cleaned with O2 plasma and PRS 2000 solution. In Figure 3.12, the through-
hole etch on the substrate wafer can be visualized.

SFT-1/1 = FE=1¥]

Figure 3.12. Substrate wafer after through-hole is formed.

That was the last step for the substrate wafer preparation and the wafers are ready to
bond. Both SOI and substrate wafer are cleaned with a piranha solution (1:1 Sulfuric
Acid: Hydrogen Peroxide, H2SO4:H202). However, while the SOI wafer is held in
the solution for 30 minutes, the substrate wafer is held for around 10 minutes because

the piranha solution attacks the metallization even if the etch rate is low. Later, the
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SOI wafer is dipped into the BHF solution (1:5, HF: Peroxide) to remove the oxide
on the surface of the wafer. BHF solution also reaches the buried oxide that is
exposed after the second step (device layer etch). However, if the oxide on the SOI
wafer surface is less than the buried oxide, the duration of the etch would not be
enough to complete the etch all of the buried oxide. In the eighth step, Figure 3.13,
the SOI and substrate wafer are aligned with EVG 6200 Aligner Machine and
transported to the EVG 520 IS Wafer Bonder Machine. Au/Si eutectic bonding is
applied at 400 °C with 1.7 MPa.

Figure 3.13. The eutectic bonding process.

After the bonding step, the stack wafer is cut to the die sizes. Dicing before the handle
layer removal provides better uniformity. Later, handle layer removal must be
performed. 100 um handle layer is etched with DRIE thinning recipe. Again, an
alumina wafer is used for helium sealing. Then, the buried oxide of the bonded stack

is removed with a BHF solution for releasing the suspended masses on the device.
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In that step, BHF will also etch the isolation layer on top of the substrate wafer but,
it is not enough to etch all the isolation layer because the isolation layer is thicker
than the buried oxide. Moreover, since the buried oxide will cover the isolation layer,
it will take time for BHF to reach the isolation layer. However, this process is a wet
etch step that will cause stiction problems in the suspended mass. Therefore, after
the releasing process, the drying part needs additional steps. When the rinse of the
wafer is done, the wafer is washed with the isopropanol alcohol and then with the
methanol. After that, the methanol will be evaporated on the hot plate at 80 °C. After
all these fabrication steps, the chip is ready for the capacitive enhancement process

and then testing.

Before post-processing and characterization, the problems in the fabrication
processes and possible sources of it will be discussed. Although the fabrication
processes are tried to optimize for the best output, there are some problems due to
the nature of the fabrication process itself. First of all, a DRIE recipe that can handle
400 microns deep etch is optimized (Figure 3.14). Different etch and passivation
cycles, pressures, coil, and platen powers are ramped for the best output. The main
problem behind this task is a complete etch up to the buried oxide for the 12 microns

gaps without corrupting the sidewalls of the critical gaps.
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Figure 3.14. DRIE deep narrow etches optimization.

However, after some point realizing deep etches is really hard without sacrificing the
aspect ratio. To maintain that ratio, platen power is ramped with a trade-off
selectivity. Since the wider gaps etch faster, they reach the buried oxide before the
narrow ones. When the high platen powers are exerted, the ions in the plasma are
accelerated so powerful that the mechanical etching part starts to etch the buried
oxide at the bottom. In Figure 3.15, the end-off buried oxide in the wider gaps after
the device etch is completed can be observed. This issue causes a problem in the
thinning step. Normally, the buried oxide protects the device from etching while
performing thinning. However, if the buried oxide is removed, the device starts to be
etched. That may lead to deviations of the designed parameters, even a failure in the
device. In Figure 3.16, protection of buried oxide difference in the sense fingers can
also be observed. While the upper fingers are thicker due to buried oxide protection,

the lower fingers are got thinner in the handle layer removal step.
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Figure 3.15. End of buried oxide in the wide gaps after the device etch is
completed.

Figure 3.16. Protection of buried oxide difference in the sense fingers.

Beside from end of the buried oxide problem, realizing deep etches requires extended
etch durations. After some point, the ramped etch cycles start to defeat the protection
layer of the deposition cycle. As a result of this, the side walls break down and the
capacitive gaps get wider than designed. Figure 3.17 shows an SEM image from the
drive fingers which has designed 20 microns thickness and 24 microns gap before
the enhancement process. The sidewall breakdowns can be seen clearly, also.

Moreover, in Figure 3.18 a cross-section view of a bonded stack can be visualized.
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The designed value for the width of the drive mode springs is 50 microns. These
thinned structures lead to deviations in the resonance frequencies and loss of

performance due to widened and damaged sidewalls in the capacitive gaps.

) B D

10.0um

METU MEMS 1.0kV 10.0mm x4.50k SE(UL) 09/03/2021 16:31

Figure 3.17. An SEM image from the drive fingers.
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Figure 3.18. A cross-section view of a bonded stack.

Another problem for the fabricated gyroscope is being large in terms of footprint. To
have higher proof mass, the structure is designed to be bigger than the commercial
gyroscopes. However, that is another source of the problem. The crack propagation
is usual for such large devices especially in the high-temperature change steps which
are eutectic bonding and handle layer removal steps. That leads to decrease in the
yield which is, in turn, failed gyroscopes. Therefore, an optimization in the bonding
step is realized because it has a great impact on the distribution of temperature and
stress. Au/Si eutectic bonding is selected for having low process temperature, low
resultant stress, high strength of bonding, being less sensitive to the particles, and
surface roughness [31], [32]. The bonding process is analysed in terms of material
composition and thickness, adhesion layer, deposition technique, and pressure. Table
3.1. summarizes trials of bonding with different parameters. The bonding regions of
all these trials were investigated by splitting the samples with a razor blade. The
sputtering deposition technique is preferred due to being practical and spitting issues
in the evaporation. TiW is tried for being a good adhesion layer of the gold. However,
TiW act as a great diffusion barrier, also and that leads to discontinuities in the metal
connections. The thickness of the materials is decided as 50/300 nm Cr/Au by
investigating the overflows in the Au/Si eutectic alloy. The presence of bond
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pressure is advantageous because it increases the bond uniformity [33]. However, a
decrease of it is unavoidable from 3.5 MPa to 1.7 MPa because of having a relatively
thin handle layer. Since the SOI wafer has only 100 microns thickness in the handle
layer, high contact forces propagate cracks on the handle layer which leads to failure
in the device. Besides from these, it is experienced that surface pre-treatments also
play an important role in the bond quality. The native oxide on the surface of the
silicon substrates is removed with fresh a BHF (1:5) solution which is in turn high
improvements in the bonding process [34].

Table 3.1. Bonding trials with different parameters.

Thickness Dep. Temperature Duration
Material (nm) Technique (°C) (min) Pressure
Cr/Au 30/200 Sputtering 400 20 3.5 MPa
Cr/Au 50/300 Sputtering 400 20 3.5 MPa
Cr/Au 60/400 Sputtering 400 20 3.5 MPa
Cr/Au 30/200  Evaporation 400 20 3.5 MPa
TiW/Au 50/400 Sputtering 400 20 3.5 MPa
Cr/Au 50/400 Sputtering 400 20 3.5 MPa
Cr/Au 50/400 Sputtering 400 20 2.5 MPa
Cr/Au 50/300 Sputtering 400 20 1.7 MPa

In Figure 3.19, quality of the bonding process is shown after the razor blade test. The
fracture point of the bonded stack indicates the quality of the process. The fracture
point should be silicon itself, not the bond region, to have a better-quality bonding.
Moreover, the devices that are processed with the developed bonding recipe are
tested in Dage 4000 Bond Tester by applying a shear force to one of the bonded
wafers. Figure 3.20 illustrates the quality measurement setup of the bonding process.
The result of the selected recipe bonding strength is up to 26.88 MPa which points

to a low-quality bonding and needs further optimization.
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Figure 3.19. Different fracture points after the razor blade test, (a) indicates a
stronger bond and (b) indicates a weaker bond.
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Figure 3.20. Quality measurement setup of the bonding process.

All these problems can be solved with a change in the fabrication process or further
optimization of them. A new SOI wafer that has a thicker handle layer and a buried
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oxide layer can solve the thinning capacitive fingers and bonding uniformity
problems. Moreover, the DRIE recipe can be reoptimized for narrow deep etches to
decrease the sidewall breakdowns. The frequencies and widened capacitive gaps can
be designed again by considering the undercuts in the DRIE device layer etch.

Although all of these solutions are possible, they all need extra time and effort.

3.5 Summary

In this section, the design parameters of the gyroscope and fabrication steps are
presented. The use of double-folded springs, the idea behind using them is explained.
Electrostatic compensation and tuning electrodes are described. The necessity of the
gyroscope to fine-tuning the frequencies is presented. Moreover, FEM simulations
of the modal analysis of the gyroscope are shown with the related results. Besides
from that, the overall fabrication steps are explained in a detailed way with their

problems in it.
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CHAPTER 4

CAPACITIVE ENHANCEMENT PROCESSING

In this chapter, the capacitive enhancement process is presented. In Section 4.1 the
capacitive enhancement methodology is explained with the designed mechanism.
The enhancement method for the drive and sense mode capacitances are discussed
and presented with the schematics. Finally, Section 4.2 summarizes the capacitive

enhancement processing.

4.1  Capacitive Enhancement Methodology

As it can be understood from CHAPTER 1, in-process methods consist of additional
fabrication steps or some advanced fabrication methods. That may lead to further
complexity in the process flow or compatibility problems for the fabrication
processes. On the contrary, optimization of DRIE processes can be more convenient.
However, this time the reachable aspect ratio is much more limited. Besides from
these, post-process methods require additional functional elements which are an
actuator and a fix mechanism. These elements may cause an increase in the chip
footprint. Moreover, fixed electrodes need to be movable temporarily to enhance
them later. This time the structure will suffer from stability and insertion loss
problems. Furthermore, although electrostatically pull-in structures seem functional
and practical, there will be floating potentials that may lead the approach to be used
in limited fields. That problem can be solved with a fix mechanism, most probably
micro-welding, but, this time the need for high voltages in the device again
constrains the available fields. Hence, a novel method is tried to realize a capacitive
enhancement process which can be applied in broad regions. Different from MEMS
actuators, an external actuator which is joined with a lever mechanism is used for the

capacitive enhancement procedure. Figure 4.1 illustrates the capacitive enhancement
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methodology. While a holder gripping the device with vacuum, movable electrodes

are pushed via suspended capacitive enhancement pins.

CAPACITIVE GAPS BEFORE
| | CAPACITIVE ENHANCEMENT | |}
L] [}

VACUUM

CAPACITIVE GAPS AFTER
i1 CAPACITIVE ENHANCEMENT ;}

METALIZATION LAYER
DEVICE LAYER
I sUBSTRATE LAYER
SUSPENDED CAP. ENC. PIN
I CAPACITIVE ENC. HOLDER

VACUUM

Figure 4.1. Capacitive Enhancement Methodology.

In Figure 4.2, external actuators which are used in the mechanism can be seen.
Physik Instrumente N-565 linear stages are selected in terms of design requirements.
Their 3 nanometers minimum incremental motion and 0.5-nanometer encoder
resolution provide the system highest precision. Moreover, it can travel up to 26
millimeters (+x13 mm in both directions) and supply a maximum of 10 Newton force
[35].

Figure 4.2. Physik Instrumente N-565 Linear Stage [36].
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The connection between the piezo actuators and movable electrodes is realized with
a lever mechanism. Figure 4.3 shows the designed lever mechanism. Similar to the
gyroscope design, the mechanism has double-folded springs which limits the
direction of motion. As stated in CHAPTER 3, flexures behave like a roller due to
their different stiffness in different axes. Three pivot points which are formed by
weakening the material, are designed to be bendable for the mechanism. While
anchor and two carts are fixed in the middle, the remaining parts are suspended. The
length of the lever beam and position of the pivot connections to it provides the
system additional resolution which is nearly 1:18. Although that feature decreases
the total generatable force, the resolution of the system increases to the order of

Angstroms.

- Suspend Mass

- Fixed Mass

Figure 4.3. Designed lever mechanism.

The motion of linear stages is transferred to the one cart by contact. The other cart
transmits the reduced displacement with a 0.8-millimeter diameter pin which is in
contact with the movable electrodes. As it can be seen in Figure 4.4, all movable
electrodes have two contact points. Two independent lever mechanism is connected
on the same electrode and manipulated from different points. That feature not only
provides a stable engagement but also allows to rotate the fingers so that their
position can be adjusted in 2-DOF. That two-point assembly is mirrored to the other
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side of the device so that two enhancement processes can be done at the same time
while positioning them with respect to each other. The overall designed system can

be seen in Figure 4.5.

I 1 - Fixed Mass

Figure 4.4. A simplified version of the designed gyroscope showing the contact
points.

Figure 4.5. The overall assembly design of capacitive enhancement mechanism.
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The lever mechanism is manufactured by wire electrical discharge machining
(EDM). 5 millimeters thick aluminium 7075 plates are used for that. Figure 4.6
illustrates the overall manufactured system with the assembled piezo motors.

0000

LD Thely SN -
% ]

Figure 4.6. Overall manufactured system.

The capacitive enhancement process also includes the fix mechanism. Thermally
conductive and electrically isolative epoxy is used to anchor the movable electrodes
after the positioning. Loctite Staycast 2850ft black epoxy with CAT24LV is selected
for that purpose [37]. The properties of low viscosity and fast cure time in the room

temperature play a major role right after the conductivity parameters.

4.1.1 Sense Mode Capacitive Enhancement

The capacitance change is inversely proportional to the square of the capacitive
trenches for the varying gap-type fingers. Therefore, the performance of the sensor
is dependent quadratically on that trench. Similarly, the electrostatic spring effect is
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inversely proportional to the capacitive trenches, but this time with a degree of three.
Therefore, the frequency tuning capability range can be arranged by increasing or

decreasing the capacitive gaps.

Capacitive gaps are designed to be 25 microns so that long varying gap electrodes
with 400 microns deep etches can be ensured. Otherwise, the etch can be stopped
before reaching buried oxide due to the aspect ratio limit. That capacitive gaps are
designed to be pushed 23 microns so that the working capacitive gaps can be 2

microns.

Positioning adjustment of the electrodes is carried out by capacitance measurement
as can be seen in Figure 4.7. For that purpose, two fixed adjustment electrodes are
located on each movable electrode. A signal generator supplies to that fixed
adjustment electrodes a 40 kHz sine wave which is far away from the primary natural
frequencies of the structure. After pushing the movable electrodes, the capacitance
value of movable mass is observed. At that moment, epoxy can be applied for fixing
the movable electrodes. While epoxy is curing, a fine adjustment can be performed
by equalizing the right and left capacitances. Reading two different points of
capacitance allows to correct the rotation of engagement. Therefore, whether the

engagement procedure is straight can be assured.
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Figure 4.7. Capacitive enhancement positioning adjustment for sense mode.

It is also possible to correct opposite movable electrodes that are attached to the same
proof mass. In that way, capacitive imbalances which are originated from the non-
uniform trench gaps can be improved. DRIE leads to the issue of capacitive
imbalance because trench widths of the structure cannot be etched uniformly. That
problem is amplified in thicker devices. Fabricated capacitive gaps become wider
than the designed values. As a result, the electrostatic spring effect operates stronger
in one direction. That leads to pulling the proof mass stronger in that direction
constantly and creating asymmetrical results. Therewith, adjusting the opposite
movable electrodes enables to improve capacitive imbalance which has an
unavoidable impact on the performance of the gyroscopes. Besides, the Angstrom
level adjustment resolution is far better than the traditional lithography and etch
resolutions. Micromachining tolerances are quite poor especially for the deep trench
etches. Achieving better than %10 tolerances are quite difficult [25]. That leads to

poor performances due to wider capacitive gaps and resonance shifts owing to
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different spring beam widths. The capacitive enhancement method can also

compensate these errors up to some level.

4.1.2 Drive Mode Capacitive Enhancement

The enhancement of the drive mode provides the system to generate superior forces
as the capacitive gaps are decreased. Therefore, the system can reach the designed
vibration amplitudes with much lower drive signals. Coriolis signal is a weak signal
which is generally lower than the drive signals so lowering the drive signals
decreases the feed-through capacitances which in turn provides better noise
performances [38]. Besides from that, the number of fingers that can be fitted in the
designed structure can be increased due to the finger gaps can be much narrower.
That feature allows locating nearly 1.35 times greater number of fingers in the

current design.

The capacitive gaps after the enhancement process are designed to be 2 microns. On
the other hand, the maximum achievable aspect ratio is nearly 1:40 for the MEMS
CENTER Facilities. That ratio is much lower in the deep etches which is 400-micron
depth in this thesis because of that reason the minimum etchable capacitive trenches
are designed to be 12 microns which is 6 times wider than the enhanced gaps.

Therefore, the total force can be increased up to 8 times.

Position adjustment of the drive fingers are similar to the sense mode enhancement.
However, this time the displacement of the movable fingers is greater which is nearly
60 microns. Figure 4.8 illustrates the capacitive enhancement positioning adjustment

for drive mode.

68



Signal Generator
40 kHz (~

IE:IJ

] Vout

A
b o

- Movable Electrodes I

B Fixed Electrodes _L—D_
—

Figure 4.8. Capacitive enhancement positioning adjustment for drive mode.

4.2 Summary

In this chapter, it is presented the methodology of capacitive enhancement process.
The designed lever mechanism that will help to enhance the capacitance is shown.
Besides from that, the enhancement process in the drive and sense mass is presented.
It is shown that, while the generated force in the drive mode can be increased up to
8 times, in the sense mode the capacitance values can be increased 15 times.
Moreover, the difference between electrodes due to poor tolerances can be

suppressed up to some level.
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CHAPTER 5

TEST RESULTS

In this chapter, test setup preparations and performed test and improvement results
are presented. In Section 5.1, the preparation of the device after the fabrication step
is shown. The test setup of the characterizations of the device is explained and the
result of frequency responses of the devices are plotted. In Section 5.2, capacitive
enhancement application of the devices is demonstrated with the constructed setup.
The improvements of the results after the capacitive enhancement process are
investigated. Lastly, in Section 5.3, frequency response tests after capacitive

enhancement process is presented.

5.1  Read-out Electronics and Characterization Test Setup

The fabricated devices are attached on a PCB with a Loctite EA 1C white epoxy on
a 110 °C hot plate. That PCB has pins for each metal connection and also through
holes on it to enable capacitive manipulation. The surface finish of the PCBs is
electroless nickel immersion gold (ENIG) so that the wire bonding process can be
realized with Delvotec 5610 Ball Bonder. Figure 5.1 illustrates the fabricated device

and PCB connected to each other with the wire bonder.
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Figure 5.1. Fabricated device connected to the device PCB.

The most effective method for the system characterization of the resonant devices is
realizing a frequency response test [39]. Therefore, another PCB that can be attached
directly to the device PCB is designed for the frequency response tests. Figure 5.2
shows the designed PCB with integrated LF353 opamps, 1MQ resistors, and 150 nF
capacitors. These electronic circuit elements form trans-z circuits on the PCB and

are directly connected to the related drive and sense electrodes.

Figure 5.2. Characterization PCB and related electronic circuit units on it.

Figure 5.3 clarifies the constructed test setup for the resonance characterization with
a schematic. Keysight E5061B network analyzer connected to the drive and drive

pick electrode after the trans-impedance amplifier. At the same time, the Agilent
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E3631A power supply supplies the proof mass voltage. The device is excited with a
selected frequency range as a result, capacitance is changed due to the response of
the system. That change is amplified and converted into voltage output by trans-
impedance amplifiers [39]. That setup is also applicable for the sense mass which
can be exited via parallel plates. The drive and pick of the drive can be carried out

by the two oppositely oriented sense mass.
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Figure 5.3. Schematic view of a characterization setup.

The constructed characterization setup can be seen in Figure 5.4. The device PCB
which is connected to the characterization PCB placed in a vacuum chamber so that
the response of the system can be visualized better. Two power supplies that are
connected in series run the opamps on the characterization PCB and supply the proof
mass voltage which is in the range of 0-100V. The network analyzer draws the phase
and magnitude graphs by using the drive and drive pick signals.
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Figure 5.4. Characterization setup.

The frequency response tests are realized in the range of 0.075 mTorr with 40 Volts
proof mass voltage. The drive resonance frequencies of the fabricated devices
deviate between 5578-6265 Hz. Figure 5.5 illustrates the drive mode frequency
response of device-2 gyroscope-2. The resonance frequency of the related mass is
5930.625 Hz. As indicated in Figure 3.5, the designed drive mode frequency is
7756.8 Hz. The difference between designed and fabricated frequencies is nearly 2
kHz. That is mostly due to the thinning of the spring beams while performing DRIE
etches. The undercut is nearly 6-8 microns thinned the beams which lead to such a

dramatic decrease in the resonance frequencies.
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Figure 5.5. Drive mode frequency response of Device-2 Gyroscope-2.

Besides from that, the quality factors of the tested devices are between 700-800
which is quite lower than expected. The main reasons behind this issue are low-
quality eutectic bonding, lack of coupling with the other mass, temporary bonding
of the device to the device PCB. It should be noted that, the designed double mass
gyroscope suffers from lack of coupling mechanism due to a mistake in the
lithography mask. Therefore, the eutectic bonding step should be optimized, a new
mask with the updates should be designed and a strong bond to the package should

be performed to achieve higher values of quality factor.
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5.2  Capacitive Enhancement Application

Figure 5.6. Designed capacitive enhancement PCB with the related electronic
component attached.

The capacitive enhancement process is realized right after the primary
characterization results. This time a dedicated capacitive enhancement PCB is
connected to the device PCB. Figure 5.6 shows the capacitive enhancement PCB
with the related electronic components attached. Notice that, there are six trans-
impedance amplifiers for each enhancement process for a double mass gyroscope.
The middle of the PCB is cut out for the visualization of the enhancement process
under the microscope. Figure 5.9 shows the overall capacitive enhancement setup.
The capacitive enhancement mechanism is placed on a microscope table to visualize
the enhancement process. DC power supply runs the trans-z circuits on the capacitive
enhancement PCB which is directly connected to the related movable masses and
picks. Keysight 3300B Series waveform generator applies the same AC signal to the
right and left picks and the capacitance is read from the movable masses. The
capacitance value is generated on the Hewlett Packard 35665A dynamic signal
analyzer screen with a power spectrum. It can also be observed from the Pintek PS-
200 oscilloscope. Piezo motors are controlled by a computer with the help of their
controllers. The position of the enhancement pins increased step by step with the
piezo motors and capacitance is increased as a result of this. That capacitance

increase can be monitored with the DSA.
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Figure 5.7. Overall capacitive enhancement setup.

The capacitive enhancement process is realized with the help of the constructed
setup. Figure 5.8 shows that the capacitive gap decreases in the sense mass. The
movable mass is pushed with piezo motors and increases in the capacitance are
recorded. Later, epoxy is applied on top of the movable mass springs. Loctite EA 1C
white epoxy is applied to the device because of having a faster cure time rather than
Loctite Staycast 2850ft black epoxy. Then, a fine adjustment with minor

displacements is realized to balance right and left sense picks.
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Figure 5.8. Capacitive enhancement of the sense fingers. (a) before capacitive
enhancement, (b) after capacitive enhancement.

Figure 5.9 illustrates the increase in the capacitance of a sense mass. The capacitance
between the sense picks and movable mass is increased from -11.0581 dBVrms to -
3.6381 dBVrms which results in nearly 11.5 times increased capacitance with

approximately 1.4 microns engaged capacitive gap.
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Figure 5.9. Capacitance increase visualization of the sense mass. (a) Before the
enhancement process, (b) after the enhancement process.

Despite the increase in the capacitance, the enhancement process also generates an
unbalanced capacitance between the fingers. Therefore, a balance step is also
realized right after the enhancement of the capacitance. For that purpose, the
waveform generator supplies inverted AC signals to the related picks and the current
that is generated due to capacitance kills each other. If one of the picks has a higher

capacitance, the voltage that is generated by the capacitance will increase and point
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out the capacitive unbalance between the electrodes. Figure 5.10 shows the
elimination of unbalanced capacitance. As it can be seen, the capacitance difference
is decreased from -26.2914 dBVrms to -35.2678 dBVrms which is very close to the
initial balance of the electrodes before the enhancement process. The overall power

spectrum results of the capacitive enhancement process can be seen in Table 5.1.
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Figure 5.10. Balance of capacitive enhancement. (a) After the enhancement process
unbalanced capacitance, (b) after balancing operation.
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Table 5.1. Capacitive enhancement results of the sense mass 2/1 with 40 kHz, 0.1
Vpp AC signal.

Power Spectrum (dBVrms)

Process Steps Applied AC Signal
Identical Inverted
Before Cap. Enc. Process -11,05 -36,78
Capacitive Enhancement -4,21 -26,29
Capacitive Balance -3,63 -35,26

The drive mode capacitive enhancement is similar to the sense mode. However, this
time the displacement is nearly 50 microns. The enhancement of the drive mode can
be seen in Figure 5.11. Initially not engaged drive fingers are pushed and engaged

their working position.

Drive Movable

Pick Mass
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Figure 5.11. Capacitive enhancement of the drive fingers. (a) before capacitive
enhancement, (b) after capacitive enhancement.

Although it is expected to have 2 microns capacitive gap after the engagement
process, excessive undercut leads to increase in the capacitive gap which limits the
capacitance between the drive fingers. Figure 5.12 illustrates the difference of
designed and fabricated drive mode comb fingers. Therefore, the capacitance
increase monitored barely, due to wider capacitive gaps and higher parasitic

capacitances in the structure.

Figure 5.12. The difference of designed and fabricated drive mode comb fingers.

5.3  Characterization After Capacitive Enhancement

The characterization tests are realized after the capacitive enhancement process.

These tests also ensure the suspended masses are still working after the enhancement
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because application of the epoxy may lead undesired stictions. Figure 5.13 shows
that the drive mode frequency response test results under 40 V proof mass and 0.225
mTorr. The results show that output signal increase nearly 16.5dB. However,
comparing these results in the drive mode may not be proper because the before

enhancement process fingers are not engaged and the actuation mechanism behaves

completely different.
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Figure 5.13. Drive mode frequency response test results after capacitive
enhancement process under 40 V proof mass and 0.225 mTorr.

Figure 5.14 shows that the frequency response test results of the sense mode after
capacitive enhancement process under 25 V proof mass and 0.345 mTorr. Since the
capacitive gap is really wide before capacitive enhancement process, the frequency
response test cannot be applied because of the weak signals. Therefore, there are not

any available comparison in terms of frequency response test.
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Figure 5.14. Sense mode frequency response test results after capacitive
enhancement process under 25 V proof mass and 0.345 mTorr.

In conclusion, test setup preparations, performed tests and improvement results are
presented in this chapter. It is achieved that the capacitance increase in the sense
mode is approximately 11.5 times than the initial capacitance. Moreover, after the
enhancement process the fingers are balanced by checking right and left sense picks.
Besides from these, the capacitive enhancement is realized in the drive electrodes,
also. However, excessive undercut in the fingers limits the maximum achievable
capacitance in that mass. That undercut is tolerated in the sense fingers by increasing
the displacement of the sense movable mass. It can be overcome with further
optimization for the drive mass. First of all, excessive undercut can be solved with
increasing the buried oxide in the SOI wafer as stated in CHAPTER 3 fabrication
steps. The current buried oxide cannot endure the power of 400 microns etching as
a result of this, the whole body is exposed to the etch gas during the handle layer
removal step. That creates a huge problem in the spring beams and the finger widths.
Secondly, the fingers of the drive can be designed with zero or even negative gap by
analysing the nominal undercut [3]. Therefore, the capacitive gap can be arranged
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even if lower than the 2 microns. To sum up, Table 5.2 summarize the achieved
parameters of the gyroscope. Moreover, it also compares these values with specific
works in the literature. Ref. [40] shows the fabricated parameters of a double mass
gyroscope which is similar to this work. On the other hand, in the third column, there
is a capacitive enhanced work (Ref. [6]) which has nearly the same capacitance value
in the sense electrodes while having 5 times smaller footprint rather than the Ref.
[40]. The forth column averages standard parameters of a double mass gyroscope
from Ref. [40] to be able to make a comparison of achieved parameters in this thesis.
The fifth column shows the parameters if these standard dimensions are scaled up 10
times. This time while the proof mass increases 1000 times, the capacitance value is
limited with the capacitive gaps and increased 10 times. Lastly, the sixth column
proves the capacitive enhancement improvements by showing the achieved
parameters. As it can be seen (Table 5.2), the achieved gyroscope has far more
capacitance and proof mass than literature works by having a larger structure with
capacitive enhancement. However, that massive structure also increases the footprint

of the device.

Table 5.2. Comparison of achieved parameters.

This Work
Ref. [6] Stapdard Scaled Is tor
Ref. . Dims. . 10X
Parameter with Cap. Dims. .
[40] Enc (Averaged (10X) with Cap.
) from [40]) Enc.
Device
Thickness 30 um 25 um 40 pm 400 pm 400 pum
Chib area ~7.5 1.5 10 1000 1000
P mm? mm? mm? mm? mm?
Sense Cap. 4.82 pF 4.9 pF ~5 pF 50 pF ~ 240 pF
Sense finger
1.1 ym 1pm 1pm 12 ym ~1.4 um
gap
. ~5.5 um
D
:ve comb 1.1 um - 1um 12 um (ex.
gap thinning)
Weight of PM  0.27 mg - 0.20 mg 200 mg ~86.5 mg
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CHAPTER 6

CONCLUSION AND FUTURE WORKS

This research reported a novel capacitive enhancement process to achieve higher
capacitance values by overcoming the aspect ratio limitations. Capacitive
enhancement is realized in both drive and sense fingers and their improvements are
demonstrated. Firstly, a double mass gyroscope which is coupled with a diamond
shape coupling is designed. A mathematical model is generated to decide the
parameters of the gyroscope. Then FEM analyses are studied and compared with the
mathematical model. The design of the gyroscope is optimized according to that
FEM results. The designed gyroscope is fabricated in METU MEMS Center with the
available devices. Later, the fabricated devices are attached to the designed PCBs
that will enable the post-processing and characterization. Capacitive gaps are
reduced to the operating positions by post-processing and the improvements of the
gyroscope are examined. Based on the results from this research can be summarized

as follows:

1. The dynamics of the gyroscope are investigated. As a result of this, a
mathematical model is generated and design parameters are decided.
Decreasing the mechanical noise was the objective. This leads to an increase
in the proof mass. To increase the proof mass larger footprint, 48 mm x 21
mm, with a 400-micron thick device is designed. The design is supported and
optimized with FEM analyses.

2. The necessity of a thicker device limits the capacitive gaps which create the
need for capacitive enhancement. The gyroscope design is adapted to post-
processing. Therefore, normally fixed electrodes are designed suspended and
the substrate wafer is etched thoroughly to enable the manipulation of the

electrodes.
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3. 400 microns thick device require optimization for the deep structure etches.

A new DRIE recipe is generated for that purpose. For achieving such deep
structures platen power is increased as a result of this, the selectivity of the
etch decreased, and buried oxide could not endure. That creates excessive
undercut in the handle layer removal step so that the performance of the
gyroscope is affected, negatively. The equivalent undercut is calculated 6-8
microns by comparing the results with the FEM analyses.

The capacitive enhancement processing setup is constructed and the post-
process is performed. As a result, sense finger capacitive gaps are decreased
from 32 microns to 1.4 microns with 11.5 times increase in capacitance. In
the drive mass, initially not engaged drive fingers are pushed up to 50
microns which provides higher than 34 microns overlap area. However, the
improvement in the drive fingers is really low due to the excessive undercuts.
That problem is obviated in the sense fingers by pushing further than
designed. Besides from these, those fingers are capacitively balanced after
the enhancement in case of skewed displacement in the enhancement process.

Although the capacitive enhancement of the device is performed, the drive mode

enhancement needs further research for the improvement of the performance of the

gyroscope. Beside from these, to achieve further improvement in the following

topics should be performed:

1.

The excessive undercut can be solved with a new SOI that has a thicker
buried oxide layer. Moreover, the fingers of the drive mass can be designed
with zero or even negative gaps by analysing the nominal undercut.

The capacitive enhancement process is not easy to apply on all of the masses
without trouble because it is highly dependent on the user. The overall
enhancement mechanism can be optimized with the minimization of user
contact. An alignment mechanism can be attached to the system and the
epoxy application can be changed with the fixing mechanisms in the

literature.
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3. For the improvement of the performance of the gyroscope quality factor
should be increased. For that purpose, low-quality eutectic bonding should
be optimized, the coupling mechanism between the drive masses should be
connected with the new mask and packaging should be performed to achieve
higher values of quality factor.

4. The electrostatic compensation and tuning electrodes should be activated to
achieve higher sensitivity of the device.

5. DRIE recipe should be optimized further for the minimization of sidewall
breakdowns. Scallop removal operations can be further performed for better

improvement.
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