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Abbreviation table

Abbreviation table:

Abbreviation Description

AC Alternative current

AD Analog-to-digital

Al Aluminum

BHF Buffered hydrofluoric acid

Co Cobalt

CvD Chemical vapor deposition/deposited
DC Direct current

DIL Dual in line socket

DSP Digital signal processing

FEM Finite element modeling

HF Hydrofluoric acid

HNO, Nitric acid

1C Integrated circuit

IMT Institute of Microtechnology

KOH Potassium hydroxyde

LPCVD Low pressure chemical vapor deposition/deposited
MEMS Microelectromechanical system
NH,F Ammoniuvm fluoride
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Abbreviation table

Abbreviation Description

Polysilicon Polycrystalline silicon

RIE Reactive ion etching

SEM Scanning electron microscope

Si Silicon

SisN, Silicon nitride

Si0, Silicon dioxide

SUB Subminiature

n-TAS Miniaturized total analysis system
rms Root mean square




Symbols and Units

Symbols and Units:

Symbol  Description Units
Af Bandwidth at -3 dB Hz

G Stress Pa

R Piezoresistance coefficient Pz’

v Noise A%

W Angnlar frequency (see f: @=2nf) rad/sec
f Rescnance frequency Hz
dB Decibel: 20:log(Vu/Vin) dB

Q Quality factor: Q=f/Af

Qg Sheet resistance Q

k Boltzman constant (1.38066 10°° J/K) WK

L Length of the driving metallic line m

I Current amplitude A

B Magnetic induction T

o Lorentz force N

F. . Coriolis force N

m Mass kg

v Velocity m/sec
Q Angular rate rad/sec
X Amplitude of vibration m

R Resistance Q
AR Resistance change Q




Symbols and Units

Symbol  Description Units
Vs Voltage over the Wheatstone bridge v

AV Differential output voltage v

T Temperature K

TCE Thermal expansion coefficient ppm/K
TCO Temperature coefficient of offset uv/VIK
TCR Temperature coefficient of resistance ppm/K
ZRO Zero rate output rad/sec
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Résumsd

ésume

Ce résumé en frangais de la présente thése répond & deux nécessités.
D’une part, ce projet s'inscrit dans le cadre PICS (Prejet International de
Coopération Scientifigue entre des institutions francaises et suisses de
recherche en microtechnique) et fait Vobjet d'une cotutelle de thése entre
PUniversité de Franche-Comté de Besangon et I'Université de Neuchitel,
Comme cette thése est rédigée en anglais, elle doit comporter un résumé en
francais pour satisfaire les exigences de la cotutelle. I’ autre part, ce résumé
devrait permettre au lecteur non familiarisé avec la langue de Shakespeare de
connaitre les grandes lignes de ce travail.

Ce projet s'inscrit dans le cadre général de recherche des limites en
microtechnique. La microtechnique fait appel au savoir faire de la
microdlectronique qui intervient dans le domaine des microprocesseurs
d'ordinateurs, des téléphones sans fil, des cartes @ puces...Son but est de
réaliser des microcapteurs qui mesurent une grandeur physique (température
pression} et qui transforment cette derniére en signal électrigue, des
microactionneurs qui effectuent une opération précise comme le ferail un
micromoteur ou une microvalve. Si on arrive 4 combiner capteurs et
actionneurs afin qu'ils agissent de fagon autonome et intelligente, on forme
alors un microsysiéme. '

Pour estimer les limites de la microtechnigue, un démonstrateur a été
choisi. Il s'agit d'un microsystéme de navigation. Certaines voitures sont déja
équipées d'un systéme de navigation qui permet de guider un véhicule dans une
ville sans chauffeur: un ordinateur de bord suit la position de la voiture et la
guide grdce & des cartes enregistrées sur CD Rom. Ce dispositif est non
seulement cofiteux mais présente aussi certaines limites: ces cartes nécessitent
une mise & jour constante car des travaux ou des déviations ponctuelles ne
Sigurent pas dessus. Le GPS (Global Positionning System) donne la position
{latitude et longitude) en quelques minutes grace & des repérages par satellites.
En cas d'obstacles (immeuble, tunnel, montagne) entre le récepteur GPS et les
sarellites, le signal électromagnétique n'est plus transmis. Il faudrait lui
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assocter une plate-forme inertielle. Cette derniére grdce a trois captenrs
d’accélération et 1rois capteurs de vitesse angulaire délivrerait une position
suivant les trois axes de coordonnées dans 'espace.

Dans ce projet, les capteurs de force (accélération et vitesse angulaire)
utilisent les techniques de la microtechnique. En effet plusieurs capteurs
peuvent étre fabrigués en grand nombre (taille micrométrigue) et a faible colit
sur un méme substrat en silicium. Le capteur d’accélération micro-usiné en
silictum intervient déja dans les systémes de coussin gonflant dans les voitures.
Il transforme, grdce au corps d’épreuve, une force (accélération} en une
contrainte mécanique gui & son tour sera transformée en un signal électrigue
grdce & des jauges de contraintes appelées piezorédsistances. Ces derniéres
changent une contrainte mécanique en variation de résistance électrique.

Ce principe de mesure a été repris pour les deux capteurs de vitesse
anguldaire réalisés dans cette thése. Ce n'est pas une accélération que I'on
mesure mais la force de Coriolis. Cette force agit sur tout corps en mouvement
contenu dons un plan qui tourne & une vitesse donnéde L2 Par exemple
lorsqu’on vide 'eau d’une baignoire, un tourbillon se forme dans le sens des
aiguilles d'une montre. Dans Uhémisphére sud, le tourbillon tournera dans le
sens inverse et cect grdce & la rotation de la terre sur elle méme. Dans le cas
d'un capteur de vitesse angulaire, le corps d’épreuve est constitué par un
diapason dont les deux branches vibrent en antiphase (toujours dans des
directions opposées). Ce dispositif a déja été réalisé avec succés en guartz et
intervient dans les systémes de stabilisation des caméras.

Dans cette thése, deux capteurs de vitesse angulaire basés sur une
structure vibrante ont é1é congus, fabriqués et caractérisés (chapitres 2 et 4).
Dans les deux cas, les deux branches du diapason ont été remplacées par deux
accélérometres, c’'est a dire, deux masses suspendues par quatre poutres
chacune. L'excitation en antiphase se fait grdce aux forces électromagnétiques
Un afmant permanent collé sur le capot supérieur de protection des masses
vibrantes interagit avec un courant alternatif qui circule dans un conducteur
métallique placé sur les masses. Lorsqu'on fait tourner le capteur, les masses
ne vibrent plus dans un méme plan mais hors de ce plan dans des directions
opposées. Cecl induit des contraintes mécaniques dans les poutres gui sont
détectées par des piezoresistances. Chacun des capteurs nous a permis de
mesitrer des vitesses de plus d’un tour par seconde (400 deg/sec) ainsi que le
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sens de rotation. Le deuxiéme prototype de capteur de vitesse angulaire
présente plusieurs améliorations par rapport au premier design. En particulier,
un signal de sortie beaucoup moins bruité et surtout beaucoup plus stable dans
le temps, ce qui est particuliérement important pour un capteur de vitesse
angulaire destiné a la navigation car il devra mesurer un signal pendant
plusicurs minutes sans subir de dérive causée par exemple, par une variation de
température.

Un paragraphe supplémentaire (chapitre 3) traite d’un probléme commun
aux deux prototypes de capteur de vitesse angulaire: encapsulation.
L'utilisation de masses vibrantes nécessite une protection pour éviter tout choc
important et faciliter sa manipulation. Pour cela, nous avons mis au point une
technique particuliére d’usinage du verre. La structuration du verre fait appel
aux technigues de photolithographie et d'usinage chimigue comme pour la
microélectronigue. Les capots de verre sont ensuite fixés sur les chips en
silicium et le capteur est prét pour les mesures.

Pour conclure, j'aimerais souligner I’enrichissement gue m’a procuré ce
travail par la diversité des techniques utilisées et la variété des probiémes
abordés. Ce travail a aussi suscité un intérét certain dans quelques
conférences. De nombreux efforts restemt a fournir pour envisager une
commercialisation d'un de ces protorypes. Cependant, parmi les objectifs
atteints, un des plus importants réside dans la formation du doctorat, la
maniére d’appréhender des nouveaux problémes, résoudre ces derniers avec un
maximum d’'efficacité et savoir gérer Vinformation et les movens a sa
disposition. Pour ma part, ces objectifs sont atteints et I'intérét qu’a suscité ce
travail dans différents domaines constitue déja une trés grande récompense.



Chapier 1

1 m |ntroduction

1.1 Inertial sensors:

1.1.1 Accelerometers.

Micromachined inertial sensors, consisting of accelerometers and
gyroscopes, are one of the most important types of silicon-based sensors.
Microaccelerometers alone have the second largest sales volume after pressure
sensors. This is due to their automotive applications where they are used to
activate safety systems, including air bag, to implement vehicle stability
systerns and electronic suspensions [1.1].

An accelerometer generally consists of a proof mass suspended by
compliant beams anchored to a fixed frame. External acceleration displaces the
support frame relative 1o the proof mass, which changes the internal stress in the
suspension beam. Both this relative displacement and the suspension-beam
stress can be used as a measure of the external acceleration. A variety of
transduction mechanisms have been wused in  microaccelerometers:
piezoresistive, capacitive, tunneling current, resonant frequency, thermal,
optical, electromagnetic and piezoelectric [1.2, 1.3, 1.4].

Accelerometers are typically specified by their sensitivity, maximum
operation range, frequency response, resolution, full-scale non linearity, offset,
off-axis sensitivity and shock survival. Since micromachined accelerometers are
used in a wide range of applications, their specifications are also application
dependent and cover a rather broad spectrum. For instance, for microgravity
measurements devices with a range of operation greater than 20.1g, a resolution
of less than 1 pg in a frequency range of 0 Hz to 1 Hz are desired, while m
ballistic and impact sensing applications, a range of more than 10 000g with a
resolution of less than 1 g in a 50 kHz bandwidth is required.

Today microaccelerometers with low and medium sensitivity are in large
volume production with prices under $3 and it is believed thar gyroscopes will
soon be mass produced at similar volumes [1.2, 1.3, 1.4].
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1.1.2 Gyvroscopa applications:

The successful commercial impact of microaccelerometers opens new
application domain for another micromachined sensor: the angular rate sensor
or gyroscope for measuring the angular velocity. The needs for small and
inexpensive gyroscopes are constantly increasing, while new automotive and
consumer applications emerge (Table 1.1)[1.5, 1.6, 1.7, 1.8, 1.9, 1.10, 1.11].

Area Examples of applications | Range Resolution
automotive improved controls for 200 10 deg/sec
safety airbags, anti-skids deg/sec 1 deg/sec
100
deg/sec
consumer anti-jitters compensation 50 0.5 deg/sec
for video camera deg/sec
industrial machine control 10 0.01 deg/sec
deg/sec
medical monitonng of body- 100 1 deg/sec
movement deg/sec

Table 1.1. some new applications which need small or inexpensive
micromachined gyroscopes, including estimates of typical performances [1.5].

Like the microaccelerometers, the micromachined gyroscopes can be used
in a wide range of domains, their required specifications are also application
dependent. Resalution (accuracy), drift, zero-rate ontput (ZR0O) or bias and
scale factor are important factors that determine the performance of a gyroscope
[1.1]. Due to the main comimercial impact of the automotive market, many
micromachined gyroscopes have been developed for this field {1.12, 1.13, 1.14,
1.15, 1.16, 1.17}. An other promise application for micromachined gyroscope is
the autometive navigation system. Studies on automotive navigation systems
began in the late 1960’s, antonomous inertial navigation technologies as well as
radio-aided ones have been developed to locate vehicles positions [1.18]. One
of the most promising system is the Global Positioning System (GPS) combined
with inertial sensors. Satellites with an orbit time of about 12 hours
(corresponding to a satellite distance from the earth's surface of about
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20 000 km) transmmit an electromagnetic signal that travels at the speed of light.
These transmitted microwave signals are received by a high gain receiver on
board the vehicle. The range between satellite and vehicle can be calculated
from the signal’s traveling time multiplied by the speed of light. The traveling
time is the time difference measured by two precise clocks, one in the satellite
another in the vehicle (1.19]. This system requires a minimum of three visible
satellites and updates of the position can only be obtained at a few minutes
interval. Ground interferences from tall buildings, mountains, tunnels can
prolong this time. There is a need for an additional inertial navigation system
(INS) which gives the position in-between the updates. Micromachined
accelerometers and angular rate sensors will make such systems economically
realistic [1.5, 1,18, 1,20, 1.21, 1.22,1.23, 1.24, 1.25, 1.26, 1.27].

1.2 The concept of the vibrating gyroscope:

1.2. 1 _Coriolis force:

Almost all reported micromachined gyroscopes use vibrating mechanical
elements to sense rotation. They have no rotating parts that require bearings and
hence they can be easily miniatarized and batch fabricated using
micromachining techniques (1.1]. All vibratory gyroscopes are based on the
transfer of energy between two vibration modes of a structure caused by
Coriolis acceleration. Coriolis acceleration is an apparent acceleration that
arises in a rotating reference frame and is proportional to the rate of rotation. To
understand the Coriolis effect, imagine a particle traveling in space with a
velocity vector v. An observer, sitting on the x-axis of the xyz coordinate system
shown in Figure 1.1, is watching the particie. If the coordinate system along
with the observer starts rotating around the z-axis with an angular velocity €2,
the observer thinks that the particle is changing its trajectory toward the x-axis
with an acceleration equal to 2v X Q2 [1.1, 1.21].

1.2.2 The tuning fork gyroscope:

A number of vibratory gyroscopes have been demonstrated including
tuning forks, vibrating beams and vibrating shells [1.5, 1.28, 1.29, 1.30, 1.31].
The tuning fork design, as illustrated in Figure 1.2, is operated by vibrating two
tines in antiphase in one plane. A rotation around the axis, which is parallel
with the tines, will generate a vibration ont of this plane due to the Coriolis
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force. The out of plane deflection of the tines will allow the Coriolis force and
thus the rotation rate to be measured.

oX vl B> /—» v
2,=2VX0
-
Y
X
Figure 1.1 the Coriolis effect.
Coriolis force principle Tines trajectory

e ‘F_% e -

Fe EXCITATION FORCE WITHOUT ROTATION

&7 4 Q{ﬁ? ~ > >

Fc CORIOLIS FORCE DUE TO ROTATION

Figure 1.2: the tuning fork principle. The amplitude of the Coriolis force (Fc)
depends on the tine mass (m), the velocity of the antiphase vibration (v) and the
speed af the rotation (£2). The oval vibration pattern of the tines trajectory
indicates that the fines are vibrating out of the rotating plane.
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The vibrating bar can be considered as a half tuning fark and be built-up
with an accelerometer [1.32] or a clover-leaf-shaped resonator {Figure 1.3)
(1.24]. For the tuning fork also, the two tines can be teplaced by two
accelerometers to combine proof masses with flexible suspension beams (Figure
1.4) [133). In this work, the tuning fork design built-up with two
accelerometers has been chosen,

Not only tuning forks can sense rotation with the Coriolis forces, the
vibrating ring concept can be used for a vibrating gyroscope. The ring is
vibrated into an in-plane elliptically shaped primary flexural mode. When it is
subjected to rotation around its normal axis, Coriolis forces canse energy ta be
transfer from the primary mode to the secondary flexural mode, which is located
45° apart from the primary mode (Figure 1.5).

These different vibrating gyroscope concepts have been successfully tested
and their performances will be compared in chapter 5.

Figure 1.3: the clover-leaf shaped gyroscope design. The leaves I and ? are
vibrating in antiphase while the leaves 3 and 4 are sensing the Coriolis force
effect {1.24].
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froo mass videation Corlolis arctkeretion response

Figure 1.4: the two accelerometers design for a vibrating gyroscope {1.31].

Top view of wine glass

21.0°

90407

Initial vibrition patierm Vibraiion panem afte
0" roaxtion

Figure 1.5: vibrating ring gyroscope concept illustrated by a wine glass [1.31].

1.3 Excitation and detection principles:

1.3.1 Motivations:

The application domain will be an inertial navigation system with three
gyroscopes and a three axis accelerometer coupled with a GPS. Microsystems
or microelectromechanical systems (MEMS) are promising devices because
they should integrate all the know-how of the microtechnology: realization of
sensors with high performances and a high level of integratior (4 sensors with
electronics combined with a data processing system). Moreover, navigation
microsystems are dedicated to automotive applications thus robustness, low cost
and reliability are the main criteria, The whole study of the navigation
microsystem has been divided between four Ph. D. students [1.34].

This work is dedicated to the design, the fabrication and the realization of
a micromachined silicon gyroscope. As already mentioned, the vibrating
concept of the tuning fork has been chosen. For the silicon micromachined
gyroscope, the limits in the microtechnology were investigated in the following
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way: the micromachining of silicon through a wafer and the piezoresistive
effect of silicon [1.35, 1.36, 1.37, 1.38].

At the starting point of this work, some relevant devices have been already
published and we tried also to find a new combination of excitation and
detection principles (Table 1.2).

citation Capacitive - R Piczoresistive
[Principle] Detection Detection

e e L A —— |
f=smaE et s B s

Eictiromagneticl  11.39) j  OuR

& APPROACH |

(131,132,
1.33]

Table 1.2: principles of excitation and detection of several micromachined
gyroscopes.

1.3.2 Lorentz forces:

The silicon micromachined gyroscope should be driven dynamically to
sense a rotation rate by the Coriolis forces. Due to the tuning fork design,
common mode signal due to a linear acceleration can be canceled by exciting
both tines in antiphase.

Many devices are relying on electrostatic forces but these forces are
depending from the position of the vibrating structure and the levitation effect
can induce in the sensing direction an output without any rotation [1.40]. Thus
we preferred the electromagnetic forces or Lorentz forces [1.36]. When a
constant magnetic induction (B} is interacting with a mesallic conductor (length
L) with an AC current {I) flowing through the conductor, Lorentz forces are
moving the conductor in a direction perpendicular to the plan formed by the
conductor and the magnetic induction direction.

F=I*LxB [1.36]



Introduction

AC current is required for the dynamic driving because the magnetic
induction B will be provided by a permanent magnet. An appropriate design in
U shape of the metallic conductor will allow the antiphase excitation of the
tings of the tuning fork. Driving silicon tuning forks with electromagnetic
forces has been successfully tested [1.41]). The excitation of about one
millimeter long tuning forks was performed with a power of 20 pWatts.
Moreover the metallic line is not necessary on both faces of the tines. One
metallic line on the top side of the tines is efficient [1.41).

1.3.3 Piezoresistors:

Piezoresistivity is a material property where the bulk resistivity is
influenced by the mechanical stresses applied to the material. All materials have
a piezoresistor effect o some extent, but it is particularly important in some
semiconductors like monocrystalline silicon [1.36, 142, 1.43]. Using the
piezoresistivity of silicon to sense stress in a membrane highlights several
advantages: the integration of the gauges on the membrane ensures a perfect
transfer of the strain, the resistors are limited 1o the surface of the bending
elements in where the stress is maximal, moreover mass fabrication techniques
can be used [1.36]. This technique has been successfully used for pressure
sensors [1.37] and accelerometers [1.38].

The piezoresistivity of silicon can be characterized by the longitudinal T
and the transverse T, piezoresistor coefficients, For the first one, the current and
the mechanical force directions are the same, for the second one, the current and
the force directions are perpendicular. Then the resistor change AR from

stresses that are longitudinal {G)) and wansverse (Gy) is given by:

%=0‘,*x,+a,*m [1.36]

For (100) silicon wafer, the membrane or beam direction will be (110), thos (p)
type resistors will be preferred because Ty and 7, are maximum. As silicon is a
cubic crystal, Tj and f; can be described by several coefficients Ty, T2 and
Tiq [1.36].
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1
T =E*(n” +r,+7,) [1.36]

1

7 =g*(x, 47, 7,) [1.36]

For p-type piezoresistors, Ty is by far more important than the other two
coefficients [1.36). Moreover, by an appropriate design of the resistor (U
shape), the transverse term can be canceled [1.37].

AR & n
— =M% -C )= —2x{(0o 1.36
i (0,-0) > (c,) [1.36]

for (p) type resistors with a resistivity of 7-8 Q.cm;
Tlas = +138.1 107" pa’! [1.36]

With the tuning fork design, the stress induced in each tines by the Coriolis
forces will be of opposite sign and then the resistors changes also. Thus the
Wheatstone bridge configuration can be used and it converts the resistor change
directly to a voltage signal (Figure 1.6). The differential output voltage (AR} of
an ideally balanced bridge with assnmed identical (but opposite in sign) resistor
changes is given by:

AV =%*m [1.36]

where R is the zero stress resistor and Vy, the bridge supply voltage.
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AV=AR/R*Vb

Figure 1.6: Wheatstone bridge configuration of four resistors.

1.4 Outline of the thesis:

This chapter gives a short description of the vibrating gyroscope design
and some examples of concept. The principles of excitation and detection of the
sensor are presented and motivated in view of their application in two
prototypes gyroscopes. The fabrication and the characterization of two angular
rate sensor designs will be presented in chapter 2 and 4 respectively. Chapter 3
describes the packaging techmique nsed for both prototype gyroscopes. In
chapter 5, the performances of each angular rate sensors will be discussed and
compared with other published devices. Finally the conclusion of this work and
an outlook will be given.
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2 n First gyroscope design

2.1 Introduction:

Low cost silicon micromachined gyroscopes (angular rate sensors) are
promising devices for automotive (airbag systems, antomatic breaking systems)
and consumer applications (anti-jitter compensation for video cameras) [2.1].

Several means of excitation and detection have been demonstrated for
angnlar rate sensors. Different types of actuation have been reported
piezoelectric [2.1,2.2], electrostatic [2.3, 2.4, 2.5) or electromagnetic [2.6],
while for detection piezoelectric [2.1] or capacitive [2.2, 2.3, 2.4, 2.5, 2.6] are
usually employed.

In this chapter, a new silicon resonant gyroscope with piezoresistive
detection [2.7] and electromagnetic excitation [2.8] is presented. Piezoresistive
detection has been chosen becanse it is the most common sensing principle for
silicon based sensors (pressure sensors and accelerometers) [2.7, 2.9]. The
fabrication process of this device is also compatible with the industrial one used
for pressure sensors and accelerometers, including wafer scale packaging.

The following paragraphs explain the chosen design, then describe the

main technical steps of the fabrication and finally give a full characterization of
prototype gyroscopes including dynamic, temperature and rotation tests.

2.2 Design:

This new gyroscope is based on the tuning fork principle. It is operated by
vibrating two tines in antiphase in one plane. A rotation around one axis which
is parallel with the tines will generate a vibration out of this plane due to the
Coriolis force. The ont of plane deflection of the tines will allow the Coriolis
force and thus the rotation around the working axis to be measured. The
amplitude of the Coriolis force (F.) depends on the tines mass (m}, the velocity
of the antiphase vibration (V) and the speed of the rotation (£2).

F =2%m¥vx§) [2.6]
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The design of the resonator has been chosen in order to achieve an optimal
trade-off between the mass and the spring constant of the flexures. It can clearly
be seen that the amplitude of the Coriolis force is directly proportional to the
tines mass.

Thus a dual accelerometers gyroscope has been designed with two seismic
masses each supported by a four-beam bridge-type suspension [2.5, 2.71.

When rotating the gyroscope, the out of plane vibration of the proof
masses due to the Coriolis force ts sensed by means of four p-type
piezoresistors centered on top of the external suspensions and connected in a
Wheatstone bridge (Figure 2.1). This configuration presents some advantages.
As the two seismic masses are driven in antiphase, the variation (AR) in the
piezoresistors will be always of opposite sign for the two masses, Thus common
mode signal like a linear acceleration in the sensing direction will be canceled
in the Wheatstone bridge. The piezoresistors centered on the suspension beam
on the frame side have been designed as U shapes to cancel the transverse
sensitivity of the strain gauges and they should measure only longimdinal stress
due to the out of plane motion of the proof masses.

Vb bridge
voltage supply

AV ditferential
output voltage

N 2

AV = Vb*AR/R

Figure 2.1 schematic of the detection principle: the two tines of the tuning fork
design are replaced by two seismic masses suspended by four beams.
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Figure 2.2 illustrates the excitation principle of this sensor. When an AC
current (1) flows along the metallic conductor (length L) placed on top of the
proof masses, the interaction of this current with a perpendicular magnetic
induction (B) results in Lorentz forces. The U-shaped design of the excitation
current line results in antiphase vibrating forces. Electromagnetic forces have
been chosen because on one hand, the driving amplitude is independent from
the position of the mass and on the other hand, large excitation amplitude can
be obtained with a relatively low driving current (less than 10 mA) [2.6, 2.8].
The permanent magnetic induction is 0.07 Tesla near the reference surface of
the AINiCo magnet .

To test this first prototype gyroscope, 3 different designs have been
fabricated (Figure 2.3). Each concept is characterized by the size of the proof
masses (M1 design: (0.6%0.6%0.36 mm?), M2 design: (1*1%0.36 mm?’), M4
design: (2*1*0.36 mm")), while the suspension beams are (20*20*500 pm®).

ﬁLorentz force | AC current amplitude
L Metallic conductor length
FI=I1L.B B Magnetic induction

) ANTIPHASE VIBRATION MODE

Figure 2.2: schematic of the excitation principle to initiate the antiphase
vibratiorn mode.
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[um]) length width thickness
frame 7000 7000 380
mass 2000/1000/600[1000/1000/600 360
beam 500 20 20

Figure 2.3: drawings of the 3 different designs of the first prototype gyroscope.

2.3 FEM analysis:

The Finite Element Modeling (FEM) analysis is dedicated to the
calculation of the resonant frequencies of a vibrating structure {i.e. the proof
mass suspended by four beams). The driving mode should be an in plane
translation (horizontal direction) and the sensing mode a translation
perpendicular to the previous one (vertical motion). For the gyroscope design,
we tried to match the first and the second resonant frequencies, with the square
cross section of the suspension beams, to benefit in each case from the
mechanical amplification and for an efficient energy transfer from the driving
mode to the sensing mode. Figure 2.4 illustrates the first 3 resonant frequencies
of a gyroscope prototype with the M4 design (proof mass size: 2*1*%0.36 mm®).
The sensing and the driving modes are closed due to the guasi square cross
section of the beams and the third resonant frequency (rocking mode) is rejected
o higher frequencies. On one hand, matching both frequencies is difficult due
to the technology and on the other hand, with a perfect matching, the cross
coupling between the excitation part and the detection part will be maximum
[2.10, 2.11). These aspects will be discussed later with the resonant frequency
measurements.
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z:m-.-:%\.-lmrm-- .

4

detection mode F=3333Hz

H

SRR SOV WPN——

. .

excitation mode F=3466Hz

rocking mode F=6843Hz

Figure 2.4: Mode shapes and resonant frequencies of the first 3 modes of a
prototype gyroscope (design M4: (2%1%0.36 mm’)). The beam thickness is 16.5
um and its width 18.6 pm. The simulation was performed with the Ansys 5.3™
FEM program,
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2.4 Optical measurements:

Optical measurements have been performed with test structures (vibrating
proof masses without the electrical paths) to compare with the previous
simulation. A structured wafer was fixed to a vibrating table and both were
placed in a vacuum chamber. The laser beam of an interferometer was focused
on the center of the seismic mass and the interferometer output was connected
to the input of a lock-in amplifier [2.12]. Figure 2.5 shows the vertical
displacement of a seismic mass (design M4} versus the excitation frequency.

With the same measurement set-up, we could estimate by changing the
pressure in the vacuum chamber, the quality factor of a vibrating mode and its
dependency versus the pressure. High quality factor (Q) couid enhance the
gyroscope performance (2.1, 2.8). In Figure 2.6, the resonance peak variation
versus the pressure is illuswrated while Figure 2.7 illustrates the quality factor
evolution versus the pressure.

[ P=0.02 mbar
0.8
E I
é L
E 0.6 ‘
g
g 04
-3 L
]
a X
0.2
0
3.41 3415 342 3.425 3.43
Frequency (kHz)

Figure 2.5: vertical displacement versus excitation frequency for a seismic
mass with the M4 design (2*1%0.36 mm’). The beam width and thickness are
respectively 16.8 pum and 16.9 um. The nitrogen pressure in the vacuum
chamber is 0.02 mbar.
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Figure 2.6: the .}éson.ance peak shift versus the pressufe for a prototype
gyroscope (design MI: 0.6%0.6%0.36 mm’). The normalized amplitude is
calculared with the ratio between the vertical displacement for a given pressure

and the vertical displacement at the ammospheric pressure.

3000

2500 | b

1500 | . ]

Quality Factor

1000 ]

Q.01 0.1 1 10 100 tG00
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Figure 2.7 quality factor versus the pressure for a M1 prototype gyroscope
(0.6*0.6%0.36 mnr’).
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The quality factor (Q} has been estimated at -3dB. For a pressure of
0.1 mbar, the quality factor is maximum. Lower pressure would not allow
higher Q values due to the energy dissipation inside the vibrating structure
{2.8].

These preliminary tests underline that the performances of a prototype
gyroscope are strongly dependent on the vibrating structure geometry. Thus we
have to pay attention to the realization of the prototype gyroscope in particular,
of the proof masses and suspension beams,

2.5 Fabrication:

2.5.1 KOH etching:

New developments in the field of micro electro mechanical systems
(MEMS) have been essentially determined by the progress made in the
micromachining. As batch anisotropic etching of silicon in potassium hydroxide
(KOH) allows the structuring of silicon in the third dimension, new devices
could be realized (2.8, 2.9, 2.13]. KOH etching of silicon has been required in
our process to define the proof mass with an etching depth of 360 um. Particular
attention has to be taken on the definition of the convex carner of the seismic
mass. Compensation structure has {o be added in the mask layout to avaid the
convex comer undercutting. Several designs of compensation Structures have
been proposed for (100} silicon wafer. The most efficient is the (010} bar, which
preserves the convex comer from underetching and leaves the silicon membrane
without any ronghness [2.7, 2.8, 2.13, 2.14, 215, 2.16]. The (010) bar
compensation structure takes a huge place in the mask layout and sometimes
can not be used due to space consideration. Thus new compensation structures
with bars in the (110) direction have been proposed [2.13, 2.17, 2.18, 2.19]. Not
only the corner undercutting but also the ronghness of the sidewalls and the
etched membrane can be an important criteria for some applications[2.19].
Different wet etching solutions (KOH or TMAH/IPA) can also be chosen to
obtain wished results {2.20].

For the prototype gyroscope, a (110) compensation structure with an
asymmetric T shape has been chosen [2.17]. Figure 2.8 illustrates the T
compensation structures. For the smallest mass design M1 (0.6%0.6%0.36 mm’),
a special double T compensation structure has been tested.
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a) b)

Figure 2.8: schemutic of compensation structures in {110) direction for KOH
etching of a (100) silicon wafer. a) the asymmetric T compensation structure
and b) the double T comipensation struciure.

The T shape is characterized by 3 dimensions: B, L; and L. We fixed B
at 20 um and L at 155 pm. The (110) bar widih (B) was chosen as thin as
possibie 1o avoid large imprints of the commpensation structure in the membrane
[2.17, 2.18], L, was fixed for the M2 design by a minimum spacing of 90 ym
between the two (110) bars of the T compensation for two mass comers on the
same side of the scismic mass. Then L, is calculated with the following

equations:
L,=L+L +283%B [2.17]
L, =h*2] [2.17]

Legr is the effective length of the T conpensation structure and corresponds
to the straight moving distance of an etching front along the (110) direction
when the compensation structure is completely consumed. As the etching front
proceeds along the (1140 direction at a rate 2.7 times the vertical rate for a (100)
wafer, the equation gives the relationship between Ly and the etching depth
(h). Table 2.1 resumes the dimensions for 3 different etch depths of the T

compensation siructure.
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2.5.3 Packaging:

Packaging of the prolotype gyroscope is an important step because on une
hand. n will allow us to handle the silicon chip without damaging the vibrating
struciures and on the other hand, it can be an efficient protection during the
dicing of the chips. Many encapsulation techniques have been reported [2.21].
The anodic bonding has been chosen because 1t can provide a pood overrange
protection by the glass micromachining and it reguired no glue or very high
temperature treatment, which can deteriorate the sensor performances.
Mareover anodic bonding has been successfully employed for silicon sensor
packaging and even high vacunm encapsnlation could be realized [2.22, 2.23].
First attemnpt of anodic bonding was performed chip by chip but the poor yield
(less than 20%) convinced vs of choosing the wafer scale packaging. This wafer
scale packaging consists in an anodic bonding of two 500 pm thick glass wafers
(#7740 baorosilicate Pyrex).

The top glass wafer is structured, a 20 pm deep cavity is etched [2.24]. The
etching depth was fixed to 20 um becanse for 14 pm 1he device would be
critically damped at room temperature [2.7]. The bottom glass waler is not
recessed because the proof masses was thinned to insure the same spacinig of
20 pm on the bottom side of the cavity. The anodic bonding is performed at
500°C and by applied 4 negative voltage of 80V on the glass wafer. The
bottom glass is directly bonding on silicon bui for the top glass a polysilicon
frame was designed to ensure a good adhesion of the Pyrex glass to the silicon
substrate (Figore 2.12). Figure 2.16 illostrates the top glass masking layout for
the 20 pm recessing. For a wafer scale packaging, 20 pm deep tubes have been
designed to enable further access to the bonding pads. This lube will be opened
by a partiul dicing of the top glass wafer before the dicing of the encapsnlated
chip. After the chips have been diced, they are glued on an IC socket and a
permanent magnet is centered and glued on top of them to provide a constant
magnetic induction. Vacuum anodic bonding has been performed in a vacuum
chamber with a pressnre of 0.001 mbar. The vacoum packaged prototype
gyroscopes were not further tested doe to the bad partial dicing of the top glass.
This critical step will be optimized for the second prototype gyroscope.
Chapter 3 will give more informations on all these packaging problems
incloding, glass micromachining, anodic bonding and chip dicing.
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Figure 2.16: mask lavout of the top glass wafer for the encapsulation of the first

rototype gyroscope.
R ype &

Figure 2.17: optical picture of a packaged prototype gyroscope before the

gluing of a permanent magnet. This is a M4 design with proof masses

dimensions of 2*1*%0.36 mm’. The overall size of the chip is 7 mm by 7 mm with
. / .

da thickness of 1.5 mm.
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To perform the measurements, the top glass cap has to be thinned until
200 pum (whole thickness: 500 1m) to obtain an efficient interaction between the
permanent magnet and the AC current flowing though the metallic lines on the
silicon chip.

2.6 Characterization:

2.6.1_Resonant frequency cheracterization:

First, the prototype gyroscopes have been electrically tested withont
rotation. Figure 2.18 shows the measurement set-up. The excitation circuit is
represented by a resistor. Electromagnetic excitation is provided by a constant
magnetic induction B of about 0.07 Tesla. A sinusoidal voltage is delivered by
the lock-in amplifier which provides the reference for the phase sensitive
detection as well as the excitation voltage. The ontput signal of the Wheatstone
bridge is amplified by an instrumentation amplifier INA110 (Burr Brown) and
is connected to the lock-in amplifier input. Figure 2.19 and Figure 2.20
illustrate respectively the resomance curves for a M1 design prototype
gyroscope and for a M4 design prototype gyroscope.,

LOCK-IN AMPLIFIER
S

o
©
= S
7]

Input

Reference

Figure 2.18: measurement set-up for the resonant frequency characterization,
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Figure 2.19: frequency response of a MI design prototype gyroscope
(0.6*0.6%0.36 mm’). The AC driving current is 1.8 mA, the magnetic induction
is 0.07 Tesla and the amplification gain is 500.
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Figure 2.20: frequency response of a M4 prototype gyroscope (2*1%0.36 mm’).
The AC driving current is 2.7 mA.
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In Figure 2.19, we can observe two resonance peaks. By replacing two
piezoresistors of one proof mass by two fixed resistors in the Wheatstone
bridge, we can check that each resonance peak corresponds to each seismic
mass. For the M1 design, the two proof masses have been underetched doring
KOH etching (Figure 2.10), thus it was not possible to match perfectly the two
resonant frequencies. However, for the M4 design, the superposition of the
individual signals gives a single amplitude peak and the phase change
corresponds to the addition of the individual signals (360 deg). The KOH comer
compensation has been properly defined and thus the shape of each seismic
mass is the same, giving the same resonant frequency (Figure 2.12).

-60 N T T ] 1 T 0
-65 peos ]
£ 1-200
p— - -
-2
2 :
= o=,
- a
3 &
95 e e e T -1000
3 4 5 6 7 8
Frequency (kHz)

Figure 2.21: gain-phase diagram of a M4 proiotype gyroscope showing the two
first rocking modes (2*1*0.36 mm’).
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This measurements confirm the previous simulated results, where the
driving mode was not a perfect in plane movement but a rocking mode (Figure
2.4). With electromagnetic forces, the two proof masses are already moving ont
of plane without any rotation and this can be sensed by the Wheatstone bridge.
The latter doesn’t reject all the commoen motions of the proof masses. The
resonance peaks detected by the Wheatstone bridge are not related to the
sensing mode (pure vertical translation mode) but to the driving mode (rocking
mode). With a M4 design prototype gyroscope, further measurements with a
gain-phase analyzer show the next rocking mode about 7 kHz as simulated
(Figure 2.21).

These measurements without any rotation point out the drawbacks of the
matching of resonance modes (driving and sensing) and some limitation of the
Wheatstone bridge detection. Nevertheless, these drawbacks will not prevent us
from rotation measurements [2.25]. The angular rate senscr will be tested for a
given temperature range and in rotation. The next paragraph will present the
main results of the prototype gyroscope versus the temperature.

2.6.2 Temperature measurements:

The temperature have been performed with a M2 design prototype
gyroscope (1#1*0.36 mm’) [2.26]. Temperature dependency of an angular rate
sensor is not only conceming silicon sensors. Ceramic gyroscope should also
take the temperature dependency in to account {2.27].

The temperature characterization has been realized with the previous
measurement set-up (Figure 2.18). But the small circuit board with the angular
rate sensor and the differential amplifier was placed in a climate chamber
(Heraeus Vaotch VMT 04/35). The output signal of the angular rate sensor is
amplified and connected to the lock-in amplifier input, which in the same time
provides the AC excitation voltage. We performed for a M2 prototype
gyroscope the same electrical measurements without rotation for different
temperatures. Figure 2.22 shows the resonance curves we obtained. By
increasing temperature, the resonance peaks are shifted to higher frequencies
and the resonance amplitude becomes smaller. From Figure 2.23, we can draw
the variation of the zero-rotation offset versus the temperature. It is decreasing
as a parabolic function with temperature.
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Figure 2.22: frequency response of a M2 prototype gyroscope versus
temperature (1%1%0.36 mm’).
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Figure 2.23: variation of the zero-rotation offset as a function of temperature
and the parabolic least-square approximation for a M2 prototype gyroscope
(1%1%0.36 mn?’).
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The temperature ccefficient of offset (TCQ) for the M2 prototype
gyroscope was 325 pV/V/K [29]. This temperature dependence is not
negligible and can be explained because the temperature coefficients of the
piezoresistors are not equal and because stress is introduced by thermal
expansion of the different layers which constitute the sensing resonators [2.9].
Morecver, on cne hand, the thermal stress in the supporting beams, and on the
other hand, the different thermal expansion coefficients of silicon and glass
required for the anodic bonding packaging at 500 °C can explain the
temperature dependence of the resonant frequency [2.21, 2.22]. From Figure
222, we can draw the resonant frequency variation versus the applied
temperatore. During the electrical measurements, the equivalent resistor of the
Wheatstone bridge was calcolated from the fixed veltage applied to the
Wheatstone bridge and the corresponding DC current. Figure 2.25 illustrates the
temperatore dependence of the resistor. A temperatore coefficient of the resistor
(TCR) of 1520 ppmvK at 20 °C was calculated. This value was obtained with a
p type impurity concentration of 2 10'* at/em® and was higher than the
previously reported value [2.9}. It can be partially explain by the fact that the
piezoresistors in the Wheatscone bridge are not only sensitive to the temperature
but to the stress induced in the suspension beams. These effects can not be
separate during the temperature measurements. Moreover, for p type impurity
concentration below 10atfem’, © is increasing as well as its temperature
sensitivity [2.9].

The temperature coefficient of the sensitivity (TCS) was not investigated
because this will require a sophisticated measurement set-up with a rotation
table including a temperature chamber. This temperature characterization
vnderlines the importance of the temperature dependency of the prototype
gyroscope. For improved performances of this device, a temperataore
compensation system should be added to the detection electronics.
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Figure 2.24: resonant frequency variation versus the applied temperature for a
M2 prototype gyroscope (1*1%0.36 mm’).
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Figure 2.25: variation of the equivalent resistor of the Wheatstone bridge as a
function of temperature for a M2 prototype gyroscope (1%1%0.36 mm’).
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2.6.3 Rotation measurements:

Three prototype gyroscopes have been subjected to rotation. As shown in
Figure 2.26, the board with the encapsulated sensor and amplification circuit
has been fixed on a rotating table (ACUTRONIC AG single axis position rate
table 120). The experimental set-up is the same that the one used for the
resonant frequency (Figure 2.18). By means of rotating contacts, the amplified
output signal was fed to the lock-in amplifier and analyzed. Their measured rate
responses are shown in Figure 2.27,

Figure 2.26. picture of the rotating rable with a prototype gyroscope fixed on
an elecironic board. The rotating axis is in the vertical divection.
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The three curves presented in Figure 2.27 illustrate that the sensitivity of
the sensors increases with the size of the proof masses, which points ont the
possibility of covering different ranges by an appropriate scaling of the sensor.
Moreover, the sign (+ for clockwise and - for counter clockwise) can be
detected. It can also clearly be seen that the three prototype gyroscopes show a
good linearity. A non-linearity between 0.04 % and 0.19 % has been observed,
while a 4 nV/deg/sec sensitivity has been obtained with the M4 design
(2*1#%0.36 mm”). These measurements have been performed by subtracting the
zere rate output (ZR0O) after each measurement due to the ZRO drift. The time
constant of the lock-in amplifier was fixed at 3s, which corresponds to a
bandwidth of less than 1 Hz. With these parameters, a resolution of 20 deg/sec
was achieved with the M2 (1*1%0.36 mm”) prototype gyroscope.

Te perform the rotating measurements, we should apply not only an AC
current but also a DC current. This bias current should stabilize the vibrating
structures by reducing the misalignment between the driving force and the
center of inertia. For each prototype gyroscope a bias voltage of 5V was applied
at the driving port. Moreover, the angular rate measurements can not be
performed at the resonant frequency but 100 Hz before becanse as already
mentioned, this resonance peak corresponds to the driving mode and not to the
sensing mode and shadows the rotating signal when the sensor is driven at this
resonant frequency.

Nevertheless, the sensitivity of a prototype gyroscope shonld be also
proportional to the velocity of excitation v:

v=wrX,, [24]

with @ the driving angular frequency and X, the peak amplitude of vibradon
[2.4]. The Lorentz force excitation X ., should be linearly dependent of the AC
driving current for a given vibrating structure and a constant magnetic
induction. A M2 prototype gyroscope has been tested with different AC
excitation currents for a fixed angular rate of 200 deg/sec. This feature is shown
in Figure 2.28 and as expected the sensitivity is higher for larger AC excitation
currents.
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Figure 2.27: the output signal of 3 prototype gyroscopes (M1, M2 & M4 design)
at different angular rates.
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Figure 2.28; variation of the output voltage as a function of the AC driving
current for a M2 prototype gyroscope (1*1%0.36 mnt’).
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2.6.4 Long term measurements:

Long term measurements have been performed with a M4 prototype
gyroscope to estimate its output drift. The sensor output voltage is fed to the
lock-in amplifier and then to a digital signal processing (DSP) card using a 16
bits analog-to-digital (A/D) converter [2.28]. As shown in Figure 2.29, the
sensor output of a M4 prototype gyroscope is recorded during 35 minutes. In
the middle of the experiment, the angular velocity is changed from 0 deg/sec to
100 deg/sec. This signal exhibits a large offset drift. After an appropriate
correction by Kalman filtering, the high frequency noise is attenuated and the
DC drift is removed [2.28). However a low-pass effect appears when the signal
is suddenly changed. Thus, a trade-off has to be found between the drift
attenuation and the filtering of the output signal. For more details, please refer
to the Ph. D. Thesis of Ms. C. Marselli, which will be published later this year
[2.29].

with correction  —— without correction
500 ————— T

Rotation rate (deg/sec)

0 5 10 15 20 25 30 35
Time (min}

Figure 2.29: Outpuz drift for a M4 (2%1%0.36 mn?’) prototype gyroscope and its
correction by Kalman filtering {2.29].

45



First gyroscope design

2.7 Conclusion:

Several prototype gyroscopes with electromagnetic excitation and
piezoresistive detection have been successfully tested under rotation. As
expected, the sensitivity of the angular rate sensor is depending from the proof
mass size and from the AC driving current. A maximum sensitivity of
4 nV/deg/sec has been obtained with the largest gyroscope prototype with a
bandwidth of less than 1 Hz and a resolution of 20 deg.sec”’ has been measured.

Temperature measurements have been performed to characterize the
variation of the sensor output versus the temperature. The prototype gyroscopes
should be compensated in temperature for further industrial applications.

The resonant frequency of the driving mode can not be used to enhance the
excitation amplitude becaose the latter induced a parasitic signal at the device
output. A second prototype gyroscope, which will be presented in a next
chapter, will try to overcome the previous disadvantages of this first gyroscope
design.
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Chapter3

3 = Packaging of microsensors

3.1 Introduction:

Packaging of mticrosensors refers to the first-level packaging, i.e., enough
encapsulation to permit device handling, performance evaluation and actual use
in at least some applications [3.1]. As the microsensor technology is issued from
the Integrated Circuit (IC) one, the 1C packaging can also be used. But the
microsystems encapsulation can not provide only moisture and mechanical
protections, it has to let the microsensor interacting with the environment in
which it is placed [3.2]. Thus the packaging is an essential part of the
microsensor and should be designed at the same time. For commercial
applications, the packaging becomes the critical point because many
applications are dedicated to aggressive media [3.3]. Finally the commercial
impact of the packaging is not negligible and is for many sensors the most
costly part of their construction. On cone hand, the encapsulation can not always
take advantage of the baich fabrication and on the other hand, carefully
calibration is still necessary after the packaging.

This introduction will underline some of the factors influencing the
package reliability and referred different encapsulation technologies. The
material for the package has to be chosen very carefully. Plastic caps are cheap,
meld in batch but can induce high residual stress in the sensor because their
mechanical properties are different from the sensor one. Moreover, residnal
stress is one of the main cause of instability and drift in sensor packages. The
temperature of packaging can also drastically influence the residual stress and
has to be chosen as low as possible. Finally the permeability and the chemical
stability are two main aspects for the long term stability of the packaged sensor
[3.2]. Packaging can be even useful during the fabrication of the sensor by
providing an efficient protection during sawing of the chips. Particles generated
during the dicing are known to cause defects and to reduce the yield. Thus ihe
choice of a chip by chip or a wafer level packaging has to be carefully
considered. Several materials (metal, epoxy, glass, silicon...) can be required
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for the encapsulation and thus several techniques of bonding can be employed
[34, 3.5, 3.6]. W. H. Ko reported in 1985 eleven assembling methods for
micromachined devices [3.4]. The gluing, the low temperature giass bonding,
the eutectic bonding, the fusion bonding and the anodic bonding are some of
them. These sealing methods get different characteristics like the substrates
involved, the need of an intermediate layer, the temperature, the applied
voltage, the applied pressure and the patterning of the bonding area [3.5]. These
parameters have to be controlled because the permeability, the stability and the
quality of the package will directly rely on them. Furthermore clean rcom
conditions are almost always required to avoid dust contamination during this
step 13.6]. Choosing one of these encapsulation techniques depend on the type
of micro device, the influence on its performances, the cost and the equipment
required.

For the micromachined gyroscope, the packaging should fulfill the
following requiremnents. First, it shonld provide an overrange protection for the
proof masses and a controlled gap for the damping. It was already the case for
some micromachined accelerometers (3.7, 3.8, 3.9, 3.10]. Then it should be the
intermediate layer between the silicon chip and the permanent magnet. This
induces a controlled thickness of the cap and the centering of the magnet versus
the seismic masses for a better efficiency [3.11). Finally, wafer scale packaging
should be possible to protect the vibrating structures during the sawing. Two
materials can be chosen silicon or glass but for an easier alignment with the
silicon sensor, glass will be preferred. To avoid the dust contamination and the
sticking of the proof mass, no glue will be used. Thus anodic bonding will be
preferred because it answers all the demands and can give some advantages like
a vacoum sealing and a stress control [3.12].

In this chapter, some aspects of the package influence on the sensor
performances [3.13], the glass micromachining [3.14, 3.15, 3.16, 3.17, 3.18,
3.19, 3.20, 3,21, 3.22, 3.23, 3.24, 3.25, 3.26], the anodic bonding [3.27, 3.28,
3.29, 3.30, 3.31, 3.32, 3.33, 3.34, 3.35, 3.36, 3.37, 3.38, 3.39, 340, 3.41] and
the electrical leadthrough as well as the dicing (3.10, 3.20) will be presented.
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3.2 Packaging influence:

3.2.1_introduction:

Micromechanical gyroscope packaging has to be carefully controlled due
to the sensor package parasites. But earlier gyroscopes sensors also required
thermal control and vibration isolation [3.13]). The encapsnlation influence on
the sensor performances is well known in the gyroscope domain but the scaling
down of the sensor increases this phenomenon. Two kinds of encapsulation can
be performed for the angular rate sensor, rather the packaging of the sensor chip
or of the sensor chip and the integrated electronic. In this thesis both options
will be realized. The simplest one for the first prototype gyroscope (chapter 2)
and the other one for the second prototype gyroscope {chapter 4). One particular
point is the magnet integration in the device. Thermal and vibration aspects are
not specific to gyroscopes, pressure sensors and accelerometers are also
concerned [3.27, 3.32, 334, 3.36, 3.40]. But the choice of electromagnetic
forces for the gyroscope design requires a particular attention for the permanent
magnet handling,

3.2.2 Magnet position:

Permanent magnets have been used because they can be scaled to the
sensor chip size (less than 1 cm’), they are inexpensive and they can provide
relatively high flux density {magnetic induction). Two kinds of magnet have
been tested, the first one (chapter 2) an AINiCo type providing 0.075 Tesla near
the pole face and the second one (chapter 4) a rare-earths and cobalt type
providing (.3 Tesla near the pole surface (trade name Vacomax 225HR). Both
magnets exhibit a cylindrical shape with a Stam diameter and a height between
2 (Vacomax 225HR) and 10 (AINiCo) millimeters. They are polarized along the
symmetric axis of the cylinder and perpendicular to the pole face.
Electromagnetic (Lorentz} forces are drastically influenced by the permanent
magnet position. On one hand, the magnetic induction is decreasing with the
square of the distance along the symmetry axis and on the other hand, the
direction and the intensity of the magnetic induction 1s modifying outside the
direction of the symmetric axis.

Figure 3.1 illustrates the principle of the packaging for the first prototype
gyroscopes (chapter 2). The silicon resonant structure is encapsulated between a
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top glass cap and a bottom glass cap. The sealed chip is fixed on an IC socket
and wire bonded for electrical connections. The permanent magnet is glued on
the top face of the upper glass.
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Figure 3.1: schematic of the encapsulated gyroscope prototype (chapter 3).
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First prototype gyroscope chips have been tested before gluing of the
magnet to show its handling importance [3.42). To perform the measurements,
the output of the sensing Wheatstone bridge was fed 1o a differential amplifier
(INA110 Burr Brown) and then to the input of a lock-in amplifier (Stanford
Research SR 850) (figure 2.18). The sine wave output of the lock-in amplifier
gives the AC voliage for the driving Lorentz forces and also the internal
reference of the lock-in amplifier. Figure 3.2 illustrates the influence of the
lateral positioning of the permanent magnet versus the vibrating structures.
From the top view, the magnet was moved on the surface of the top glass cap
from the right hand side to the left hand side. For each case, a sweep in
frequency was done to visualize the change in the resonance peaks (amplitude
and resonant frequency) of the two proof masses. The vertical position of the
permanent magnet has been also tested by placing a spacer with a control
thickness between the top glass cap and the pole face of the magnet (Figure
3.3).
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Figure 3.2: the resonance peaks shift due to the lateral position of the
permanent magnet. The magnetic induction is 0.25 Tesla, the driving AC
voltage is 0.5 Vrms and the amplification gain is 100. The proof mass is
1000 um long, 1000 pm wide and 360 pom thick.
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Figure 3.3. the resonance peaks amplitude is decreasing with the increasing
distance between the proof masses and the magner (without spacer d=0 mm and
with a spacer d=0.375 mm). The magnetic induction is 0.25 Tesla, the driving
AC voltage is 0.5 Vrms and the amplification gain is 100. The proof mass is
1000 tuom long, 1000 ym wide and 360 tim thick.
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Figure 3.4: the resonance peaks shift due to the permanent magnet fixing on the
top glass cap. The magnetic induction is 0.25 Tesla, the driving AC voltage is
0.5 Vrms and the amplification gain is 500. The proof mass is 1000 um long,
1000 pm wide and 360 jom thick.

The magnet handling in the horizontal and vertical directions can influence
the gyroscope cutput, thus the packaging should integrate the magnet centering
and the thinning of the top glass for a better efficiency of the Lorentz force
driving. Finally for the rotation rate measurements, the magnet has to be fixed
to the package. Figure 3.4 shows the resonance peaks shift induces by
compressive residual stress in the encapsulated sensor chip after the gluing of
the magnet [3.9].

3.2.3_Conclusion:

Packaging of a micromachined gyroscope has to be undertaken carefully.
In particular, for electromagnetic force driving, the handling of the permanent
magnet is important. Residual stress induced by the package required at least a
dynamic calibration of the sensor due to the resonance peak shift. Stress can
result from the difference in the mechanical and thermal properties of the
materials involved in the fabrication process, the anodic bonding and the gliing
with other materials [3.22, 3.27, 3.30, 3.32, 3.34, 3.36, 3.37, 340, 3.41).
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This paragraph explains the importance of the packaging for the
microsensors and underlines some specific aspects of the microgyroscope
encapsulation. The technique of the packaging will be exposed in two steps, the
micromachining of glass for the resonant structures and the anodic bonding,

3.3 Glass micromachining

3.3.1 Introduction:

Glass is extensively used in the microsystems technology thanks to its
numerous qualities [3.25), It can be microstructured in any direction because of
its amorphous structure, it is transparent in the visible wavelength bandwidth, it
has a good chemical stability and a high electrical resistivity. Two different
glasses can be distinguished: the borosilicate type (trade name Pyrex} and the
photosensitive type (trade name Foturan) [3.14, 3.15, 3.25]. As the latter one is
not suitable for anodic bonding, it will not be selected.

Pyrex can be patterned with several techniques like the drilling and the wet
etching [3.9, 3.17, 3.20, 3.21, 3.23, 3.24, 3.30]. Drilling holes in glass substrates
are dedicated to the microfluidic system to achieve a fluid flow through weii
defined holes [3.21, 3.23] or to the electrical feedthrough of a packaged
microsensor [3.17, 3.30]. Wet etching is preferred for the micromachining of
shallow cavities to protect vibrating microstructures [3.9, 3.20, 3.30]. In both
cases, several drawbacks have t0 be underlined. Drilled holes by ultrasonic
drilling, sand blasting and laser machining have to be chemically smoothed and
for the latter polishing of the substrate surface is necessary before the anodic
bonding [3.21, 3.23]. Wet etching of borasilicate glass can be realized with
many different fluoride solutions, from concentrate hydrofluoric acid (HF) to
buffered solutions of hydrofivoric acid (BHF) with ammonium fluoride (NH,F).
A compromise has to be observed between the etching rate and the undercutting
ratio [3.171.

57



Packaging of microsensars

With a higher NH,F concentration, the etching rate gets smaller and the
undercut rate larger. Moreover due to the masking layer, photoresist [3.20) or
metal (Cr-Au) [3.9, 3.17, 3.30], the etching depth is limited because, on one
hand, the photoresist peels off soon when it is immersed in the concentrate HF
solution and on the other hand, the Cr-Au masking layer gets rapidly porous due
to pin-holes defaults [3.17].

The latter has been tested for the first prototype gyroscope encapsulation
(chapter 2) to recess 20 pum deep cavities in a 7740 Pyrex glass wafer. After the
removing of the Cr-Au (500 A Cr / 5000 A Au) mask the protected area is
filled with pin-holes, which reduces the bonding area (Figure 3.5). The
micromachining of glass for the encapsulation of microgyroscopes should at the
same time, protect efficiently the bonded area for vacoum packaging and allow
deep etching of glass for the magnet handling {83.1 and §3.2). Thus a new
masking material has been investigated to enable the etching of a glass wafer
deeply on one side with the other side still suitable for the anodic bonding.

- cavity

.| bonding area

¥ . » ’}‘

- * . ¥

Figure 3.5: Optical picture of the bonding area of a 7740 Pyrex glass chip with
a 20 um deep cavity. The bonding area contains a lot of pin-holes (black
points).
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3.8.2 Technology:

To combine the deep etching of glass with a perfect area for the anodic
bonding, a Low Pressure Chemical Deposition (LPCVD) polysilicon mask 1is
propased. 1t has been already used for the micromachining of synthetic quartz
(fused silica) substrates [3.43, 3.44]. Due to the lower softening point of the
glass versus the quariz this masking material was not considered at first,
becanse the bending of the giass wafer can be induced by the high temperature
during the polysilicon deposition and the glass wafer will not be anymore
suitable for the anodic bonding. But by choosing an appropriate deposition
temperature [3.20] and with the relatively high softening point of the 7740
Pyrex glass also called hard glass [3.14]), polysilicon layers have been
successfully deposited without damaging the flatness of the glass substrates.

To illustrate the advantages of the polysilicon mask for the
micromachining of borosilicate glasses, capillary tubes with lateral inlets and
outlets have been fabricated [3.45, 3.46, 3.47, 3.48]. Several microtubes with
widths from 340 to 940 um have been realized as well as different section
shapes, which can be circular, elliptic or quasi-rectangnlar. The main fabrication
steps and SEM characterizations are reported [3.24). The capillary tubes are
realized by the assembly of three structured glass wafers (500 pm thick).
Figure 3.6 shows an exploded cross-section of the capillary tubes, where the
middle glass wafer is pattemed on both sides while the two others are only
structured on one side.

The micromachining of the different glass wafers has been performed in
50% HF at ambient temperature with an LPCVD polysilicon mask (5000 A
thick). As the glass wafers are held vertically in the furnace, a LPCVD
polysilicon layer is deposited on both sides. A standard photolithography
followed by a reactive ion etching (RIE) plasma allows to pattern the LPCVD
polysilicon mask. The fabrication of the capillary tubes consists in two different
levels: first the structuring and second the assembly of the glass wafers. The
glass micromachining begins with the fabrication of the access holes (2™ & 3"
glass wafers). A partial etching is performed in 50% HF to obtain 350 pm deep
grooves. Then the process continnes with the definition of the capillary tubes
(1" & 2™ glass wafers). The final size of the access holes (420 pm) is obtained
while 170 pm deep capillary tubes are etched in the glass wafers.
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Figure 3.6: Exploded cross-section of the capiliary tubes with inlet and outlet
access holes just before bonding.

The capillary tubes are obtained by the assembly of the three different
structured wafers, which are joined together by anodic bonding technology at
about 450 °C and 700 V. The adhesion of the two Pyrex glasses is ensured by
the remaining LPCVD polysilicon layer on one wafer side. The capillary tubes
are assembled by fixing of the first and second glass wafers, then the lateral
access holes are formed by the bonding of the third glass wafer to this glass
sandwich. The unnsed polysilicon layers have been removed by RIE plasma
etching before the bonding steps.

With the same technology, several capillary tubes have been realized by
changing their length and their width. Figure 3.7 illnstrates four widths of
capillary tube cross-section. The widths are, from left to right, 340 um, 440um,
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For the encapsulation of the microgyroscope, the same masking material
was successfully used. For the first protoiype gyroscope (chapter 2), only the
top glass was micromachined (20 pm). Figure 3.1 shows the cross section of the
packaged gyroscope. But for the second prototype gyroscope (chapter 4), the
top and the bottom glass will both be recessed and the top one will combine
deep etching (380 pm) on one side to ensure the magnet alignment with a
shallow cavity (20 um) on the other side.

Figure 3.10 illustrates the several processing steps for the top and the
bottom glass. Two 7740 Pyrex glass wafers (500 pm thick) are covered with a
0.2 pm thick LPCVD polysilicon layer on both sides. The LPCVD polysilicon
mask is pattemed by RIE plasma. The first etching step in HF (50%) at ambient
temperature is the deeper one with 360 um, The etching rate is drasiically
depending of the homidity, Moreover, as the HF solution is viscous, to insure a
regular etching rate of 10 pm/min even for long recessing times, the wafer has
been shaken every 5 min for a beuter etching bath homogeneity [3.16]. The
second face of the top glass has to be protected by a negativ resist like the
OMR 83 ( Tokyo Ohka Co.) [3.17]. Then the protection layer is removed in a
nitric acid HNO; (100%) bath and the remaining 20 pm can be recessed. The
top and the bottomn glass wafer are etched in the same time to ensure the
symmetric depth of the top and bottom cavities.

Figure 3.1]1 shows the top glass wafer with the LPCVD polysilicon mask
patterned on both sides. The circular hole for the magnet has a diameter of
5 mm and is aligned with the cavity containing the vibrating structures. After
the glass micromachining, the LPCVD polysilicon mask is removed in 30
seconds in a 40 % KOH bath at 60 °C. Then the glass wafers are carefully
risened and dried before the anodic bonding.

Figure 3.12 illustrates the deep etching in glass substrates with different
prototype gyroscopes. Details of the fabrication of second generation prototypes
will be given in chapter 4.
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Figure 3.10: cross sections of the top and the bortom glass caps for the
encapsulation of the second prototype gyroscope {chapter 4).
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For the first prototype gyroscopes (chapter 2), the partial dicing has been
performed by subtracting 400 pum to the whole thickness of the sandwich
(glass/silicon/glass). Thus a 100 pm membrane should be easily broken to
release the bonding pads. This technique was employed 2 times: for one (Figure
3.14) it worked, for the other not (Figure 3.16). This results can be partially
explained by the precision of the substrates thickness (for the glass wafer:
500 um £ 5 pm) and by the precision of the dicing tool itself, Thus to achieve
100% of yield, another method has been investigated, which consists in pre-
dicing the top glass substrate before the anodic bonding {3.20]. Figure 3.17
illustrates the pre-dicing process of the top glass wafer.

500 pm

I—

@ 1" cutting: 50 um

R

@® 2"cutting: 330 um

5]
“

-/ e—20pum

S0 pm —=ylle=

ES silicon [ | #7740 Pyrex

Figure 3.17: pre-dicing process for the top glass wafer of the gyroscope
encapsulation.
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After the micromachining of the top glass substrate, the glass wafer is
partially diced (50 um) to move the cut interface further from the silicon
substrate. Then the wafer bonding is performed and the top glass wafer is
partially cut (330 pm). The remaining 100 pm glasses are broken to release the
metallic bonding pads without damaging the silicon substrate. Figure 3.18
shows the marks of the saw cuts in the glass membrane. The top width of the
saw cut is 400 pm. Figure 3.19 illustrates the depth of the saw cut in the glass
membrane.
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Figure 3.19: alphastep profile of the saw cut performed in the 20 um deep glass
membrane.
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3.5 Conclusion:

In this chapter, different aspects of the encapsulation of microsensors have
been presented. The glass micromachining, the anodic bonding and the dicing
techniques have been described. The packaging steps can significantly change
the device performances, thus the packaging process has to be prepared at the
same time as the silicon micromachining. Both prototype gyroscopes presented
in this thesis are packaged and the respective consequences for each of them
have been studied (chapter 2 and chapter 4).
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4 n Improved gyroscope design

4.1 Introduction:

Micromachining is one of the most important emerging technologies for
inertial sensors (accelerometers and gyroscopes) because it offers small size and
low cost. Commercial issves are not negligible: the microelectromechanical
systems (MEMS) world wide market in 1995 was § 2.7 billion (US) of which
the automotive market comprised 41% for pressure sensors and inertial sensors
(4.1, 4.2). Thos research and development activities in micromachined
gyroscopes are intensively undertaken both in industry and in university [4.3].

In chapter 2, a first silicon micromachined gyroscope with electromagnetic
excitation and piezoresistive detection has been presented. Several prototype
gyroscopes have been tested and have shown promising results in a range of
+700 degfsec [4.4]. Unfortunately further measurements have shown an
important bias drift, which makes the sensor unsuitable for real applications
4.5, 4.6].

To overcome these drawbacks, a new design of the silicon micromachined
gyroscope was realized. The sensor was modified to have increased syminetry
and less parasitic vibrations induced by any misalignment of the suspension
beams and the center of inertia of the proof masses (Figure 4.1}. The resonant
frequency of the first mode and the resonant frequency of the second mode have
been separated to avoid cross-coupling between both modes. Thus the out of
plane maotion due to the rotation will be sensed at the first resonant frequency
and uncoupled from the vertical vibrations due to the second resonant frequency
[4.7,4.8,4.9].

In chis chapter, a new design of silicon micromachined gyroscope with the
above mentioned mode decoupling, piezoresistive detection and
electromagnetic excitation is presented. The design and the main fabrication
steps are described. Results of the dynamic behavior and the temperature
dependence will be presented. Also results of rotation measurement and the
sensor stability will be given.
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4.2 Design:

4.2.1 Principle:

For the typical requirements in the automotive market, despite the
shortcomings of miniaturizing, the inertial sensors have to achieve outstanding
performances, low power requirements and mechanical robustness [4.1, 4.2].
Several designs for micromachined gyroscopes exist [4.3). The gyroscope
design in this study is based on the tuning fork principle. It is operated by
vibrating two tines in antiphase in one plane. A rotation around the axis which
is parallel with the tines will generate a vibration out of this plane due to the
Coriolis force. This out of plane deflection of the tines can be used to determine
the rotation around the working axis [4.10).

Both bulk micromachining and surface micromachining have been
investigated to realize angular rate sensors [4.11, 4.12, 4.13]. For the detection
path, piczoresistors are well suited to the mechanical strain sensing [4.14, 4.15].
For the antiphase driving, Lorentz forces provide large displacements with
relatively low currents (< 10 mA) and are independent of the proof mass
position [4.16).

4.2.2 Previous gyroscope design:

Figure 4.1 illustrates the previous gyroscope concept.

I_:'l Lorentz torce

AV = Vb*AR/R

Figure 4.1: schematic of the previous gyroscope design (chapter 2),

78



Chapier 4

The two tines of the tuning fork were replaced with two proof masses
suspended by four beams [4.4]. When an AC current (I) flowed along the U-
shaped metallic conductor (length L) placed on top of the proof masses, the
interaction of this current with a perpendicular magnetic induction (B) resulted
in an antiphase Lorentz force [4.4]. When rotating the gyroscope, the out of
plane vibration of the proof masses due to the Coriolis force was sensed by
means of four piezoresistors centered on top of the external beams and
connected in a Wheatstone bridge configuration. As the beam cross section had
a square shape, the detection path was both sensitive to the Coriolis force and
the mechanical coupling of the driving mode in the sensing direction. Excitation
of the gyroscope at its mechanical resonant frequency was not possible and a
large zero rate output (ZRO) drift was measured [4.4, 4.6). Finite Element
Modeling (FEM) of the first prototype gyroscope confirmed that the matching
of the driving and the detection frequency led a large output without any
rotation because the driving mode was not a pure in plane movement but a
rocking mode with a non negligible component in the sensing direction [4.4,
4.17, 4.18). Moreover, the detection path was unable to separate the signals of
the driving motion from the sensing one because the piezoresistors implanted
on the external beams could sense the out of plane vibration of both modes
[4.4).

4.2 .3 New improved gyroscope design:

The new design was reached after a critical analysis of the shortcomings of
the previous design. The design of the proof masses has been changed to give
improved symmetry and to reduce the out of plane movements due to the
excitation [4.7, 4.8, 4.19]. The first excited mode should be the horizontal one,
pure or quasi-pure translation, then the vertical mode, pure translation
orthogonal to the previous one and the rocking mode far away from the two
other ones [4.4, 4.17). As the beams cross section is no more square, the
resonant fiequency of the mode in the horizontal (excitation) direction and the
resonant fiequency of the second mode in the vertical (detection) direction are
not matched thus avoiding mechanical cross-coupling [4.7, 4.8]. Moreover, the
gyroscope is operated at the resonant frequency of the first mode and the
detection performed at the same frequency.
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Both the mass and the suspension beams are 400 pum thick (Figure 4.2).
The beam’s width is 40 pwm and its length is 2000 pm so allowing large
horizontal displacements. Both beams on one side of the proof mass are
connected to the silicon frame by a thinner plate (o achieve a better compromise
between the mode separation and the sensitivity of the gyroscope.

FEM analysis of the resonant frequencies of the gyroscope has been
performed first with a simple design: the proof mass was directly connected to
the silicon frame by the suspension beams. This simplest design was rejected
since high aspect ratio of the suspension beam dimensions (1:10
width/thickness) led to a high stiffness in the vertical mode and would
drastically limit the sensitivity of the gyroscope. The first resonant frequency
(horizontal motion) and the second resonant frequency (vertical motion) were
respectively found about 6 kHz and 60 kHz,

mm thickness 400 pm
thickness 20 um

Figure 4.2: schematic of the new gyroscope design with the thickness of the
different parts (proof mass, suspension beam and detection plate). The proof
mass is 1000 pm long, 2000 pm wide and 400 um thick. The suspension beams
are 2000 um long and 40 pm wide. The detection plate is 20 um thick and its
fength can be either 250 pim and 500 pm.
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For the improved design, the same frequencies were about 6 kHz and
25 kHz with a detection plate thickness of 20 um and length of 250 pm. Three
different designs of the detection plate have been chosen (Figure 4.3).

; I Lp

Figure 4.3: 3 differemt designs of the center part of the detection plate: the
simple plate, the pyramid (P) shape and the beam (B) shape. The spacing width
between the plate and the center part (W,,) is 20 ym and the width of the center
part (Wy,) is 120 pm.

Special central part (beam (B) or pyramid (P)), where the piezoresistors for
the Coriolis force will be implanted, have been patterned in the plate to
uncouple this central part from the whole plate. Table 4.1 resumes the six
different designs of the new gyroscope, which will be realized on the same
wafer. For each type of detection plate (plate, beam and pyramid), two plate
lengths (230 pn and 500 um) will be used.

Plate design Plate length (lm) 250 500
{center part)
simple reference 250 500
beam reference 250B 500B
pyramid reference 250P 500P

Table 4.1: the six different designs of the new gyroscope with 3 center part
shapes and 2 lengths for the detection plate.
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Thanks to the plate design, the piezoresistors for the Coriolis force
detection can be moved from the edpe to the center of the mass where the
vertical displacement due to the driving mode is smaller (Figure 4.4). In
addition, piezoresistors are dedicated to the measurement of the excitation
amplitude and also to the measurement of the detection amplitude. Each proof
mass driving motion is sensed by the combination of a fixed piezoresistor on the
silicon frame and a sensing piezoresistor implanted on the plate in the
continuation of the suspension beams,

AL L

plate

B
—

>: detection r< >: mass :<

T o] 00

Figure 4.4: top view of the new gyroscope design. The arrows are pointing out
the different piezoresistor locations depending of their purpose (temperature,
driving and Coriolis force sensing).
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The doping concentration has been measured with the sheet resistor in a
test cell included in the mask layout. For each doping type, five resistors with
different number of squares have been designed (Figure 4.11) [4.40]. The sheet
resistor was calcnlated by the slope of the resistor curve versus the number of
squares (Figure 4.12).

After polysilicon anneal
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Figure 4.10: the simulated doping profile for the piezoresistor implantation.
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Figure 4.11: the mask layout for the sheet resistor measurement.
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Figure 4.12: the CVD doped p-type connector (CONP+} resistor versus the
number of squares.
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4.3.3_Silicon micromachining:

Double side polished silicon on insulator (SOI) n-type wafers are used for
the fabrication of the gyroscopes. The ADRIE process requires SQOI substrates
for the etch stop technique [4.32, 4.38). The high aspect ratio (1:10) of the
suspension beams is obtained by backside etching through the whole thickness
of the base silicon layer of the SO1 wafer (380 um) and the topside etching of
the top silicon layer (20 um), while the 1 pm thick silicon dioxide layer is used
as a buried etch stop. The main processing steps are explained in Figure 4.13
with a cross section along the suspension beams and the proof mass in the
longitudinal direction.

The first processing steps concern the top side of the wafer. The boron
doped (p™) connectors are diffused. They connect the inside metallic lines and
the piezoresistors with the outside metallic pads. A silicon dioxide (700 A)
layer, a LPCVD (Low pressure chemical vapor deposition} silicon nitride
(2000 A) layer and a LPCVD polysilicon (5000 A) layer are deposited. Both
LPCVD layers are removed on the back side. The LPCVD polysilicon layer is
patterned on the front side to realize a frame for the packaging. The silicon
dioxide and the LPCVD silicon nitride are opened to connect the diffused layers
with a thick alominum (1 pm) layer evaporated and patterned (o build the
excitation line and to connect the piezoresistors together.

Then the proof masses and the beams are shaped out of the silicon, using
the ADRIE process with a photoresist mask, first from the back side with a
380 um etch depth and then from the front side with a 20 pum etch depth to
define at the same time the thin detection plates. Finally the vibrating structure
18 completely released by the wet etching of the 1 pm thick buried silicon
dioxide. Two shapes (beam B and pyramid P) have been designed in the
detection plate, where the piezoresistors would be implanted (Figure 4.3).
Figure 4.14 illustrates the pyramid design for a detection plate length of
250 pm. Figure 4.15 is a SEM picture of a suspension beam attached on one
side at the edge of a seismic mass (left hand corner).

The whole process for the new gyroscope design is described step by step
in the following tables (Table 4.3, Table 4.4). The mask name as well as the
thickness of the deposited layers are mentioned.
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. Substrate diffusion and silicon dioxide

@ LPCVD nitride, LPCVD polysilicon and aluminum
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@ Dry etching of silicon and wet etching of silicon dioxide
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Figure 4.13: process cross-section for the suspension beams and the proof mass
in the longitudinal direction.
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The two last steps in Table 4.4 are conceming the packaging of the
prototype gyroscopes and are explained in more details in the following
paragraph.

4.3.4 Packaging:

The encapsulation of the sensing elements was performed before chip
dicing. This wafer scale packaging consists in the anodic bonding of two
500 tm thick Pyrex wafers (#7740 borosilicate glass) [4.41]. First the tep glass
wafer is bonded to the polysilicon frame to ensure a better electrical contact.
Bonding glass with silicon nitride is possible but cequires high bonding
temperature and can increase the residual stress in the mechanical struciure
[4.42]. Then the bottom glass was directly bondad to the silicon.

Both glasses have te be micromachined to ensure an overrange protection
of the seismic masses (chapter 3). 20 pm deep cavities are etched in the
hydrofluoric acid (HF 50%) using a LPCVD polysilicon mask (5000 A} [4.43].
Moreover the top glass was etched from the top side to produce a 380 pm deep
cavity which reduces the distance between the magnet and the proof mass.
Finally, the LPCVD polysilicon mask is removed in KOH (40%, 60°C) before
the ancdic bonding.

The anodic bonding is performed in a clean rocm environment to aveid
any dust contamination at 400 °C and by applying a negative voltage on the
glass wafer (800 V). To survive the saw cutting, a minimum bonded area width
of 900 {m has been designed. More details about the bonding process as well as
the dicing of the chips are described in chapter 3. Figure 4.16 and Figure 4.17
shew a packaged prototype gyroscope from the top side and from the bottom
side.

After the chips were diced, they were glued in an metallic housing (Figure
4.18). The permanent magnet (an axial rare earths and cobalt magnet YVacomax
225 HR) was suspended in the cavity by a metallic cap. It was not fixed to the
chip to allew further observations of the gyroscope to be made, The metallic cap
with the glued permanent magnet is held on to the metallic housing by four
SCTews,
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Figure 4.18: pictures of a packaged gyroscope and of a permanent magnet both

in titanium housings.

4.4 Characterization:

4.4.1 Resonant frequency characterization:

First the prototype gyroscopes have been electrically tested without
rotation. Figure 4.19 shows the measurement set-up. Each proof mass of the
gyroscope can be separately driven. The Lorentz force is the result of the
interaction of the AC current with a constant magnetic induction
(B = 0.3 Tesla). The excitation resistors have been designed at 200 Ohm for all
the gyroscopes, the piezoresistors at 2000 Ohm for the 250, 250B and 250P
gyroscopes and at 3000 Ohm for the 500, 500B and 500P gyroscopes (Table
4.1).

A sinusoidal voltage is delivered by the lock-in amplifier and gives the
reference for the phase sensitive detection as well as the excitation voltage. For
each seismic mass, the driving amplitude can be measured by two
piezoresistors, one located on the frame, which is fixed and the other at the edge
of the detection plate (Figure 4.4).
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By driving the seismic masses in antiphase, the two variable piezoresistors
will vary the same way and can be combined into a Wheatstone bridge. This is
possible thanks to the slight out of plane motion of the excitation mode and the
external position of the piezoresistors. As already explained the driving mode 1s
not a pure in plane translation but a small rocking effect is present which hag
been used for this purpose. The output signal is amplified by an instrumentation
amplifier INA110 (Burr Brown) and is connected to the fock-in amplifier input.
The amplitude of the driving forces (Lorentz forces) can be quantified with the
above measurernent set-up. Figure 4.20 shows the voltage amplitude versus the
frequency for a 250P prototype gyroscope.

LOCK-IN AMPLIFIER
8 =
§ § A =

G=5

Vb AV

AV=1/2*AR/R*VDb

Figure 4.19: the measurement set-up for the resonant fregquency
characterization.
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Each resonant peak corresponds to each mass. The frequency mismatch is
100 Hz and the amplitude mismatch is a 1:3 ratio due to the technology limits.
As the homogeneity of the etching in the ADRIE tcols is given with an error of
+ 5% from the edge to the center of a wafer, the position of each sensor chip is
of importance in its behavior [4.32). For this prototype gyroscope located at the
edge of the wafer, the suspension beams of one of the two proof masses were
underetched. Thus the driving forces are less efficient for moving the proof
mass (lower driving amplitude) and the resonance frequencies of the driving
mode are not exactly the same (100 Hz frequency mismatch). To check that
each resonant peak characterizes each seismic mass, the excitation was switched
to drive separately each mass. This characteristics resalt in the plots of Figure
4 21 and Figure 4.22.

0.04 —— 200
0.035 150
. 0.03 i 100
3 L,
E 0025 | 5, 50 ¥
e : B
s 002 o &
£ : 2
g 0015} 50 &
< 01} -100
0.005 § | | -150
0 L 1900
232 236 24 244 248 252

Frequency (kHz)

Figure 4.20: the driving amplitude and phase of a 250P prototype gyroscope.
The AC excitation current amplitude is 9.6 mA and the magnetic induction is
0.3 Tesla. The amplification gain is 500.
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Figure 4.21: the driving amplitude for a 250 P prototype gyroscope when the
right excitation resistor is disconnected (Figure 4.19). The AC excitation
current amplitude is 9.6 mA and the magnetic induction is 0.3 Tesla. The
amplification gain is 500,
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Figure 4.22: the driving amplitude for a 250 P prototype gyroscope when the
left excitation resistor is disconnected.
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For this prototype gyroscope (250P), the quality factor (Q) at - 3 dB was
366 with a vacuum packaging (Figure 4.22). The pressure during the anodic
bonding was set at 1 pbar. For a 500B prototype gyroscope, the driving
amplitude was measured by exciting the both masses (Figure 4.23). The
measured quality factor at -3 dB was 185 with an air packaging. The two
resonant frequencies are 10 Hz one from the other for this prototype gyroscope
chosen at the center of a wafer.
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Frequency (kHz)

Figure 4.23: the driving amplitude for a 500 B prototype gyroscope versus the
Jrequency. The AC excitation current amplitude is 8.8 mA and the magnetic
induction is 0.3 Tesla, The amplification gain is 500.
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4.4.2 Linearity of the excitation:

With the same prototype gyroscope (500B), the dependency of the
resonant amplitude versus the excitation current has been investigated. In
Figure 4.24, a linear variation has been measured as the Loreniz force is directly
proportional to the driving current,

80 ——— T .
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'-E‘ 70 1
> ‘ i
E 60} T
3 [ ]
E 50} :
= L 1
g i ]
‘? 40 : —1
E i ]
& 30 ]
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2 3 4 5 6 7
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Figure 4.24: the linear dependency of the voltage amplitude ar the driving port
versus the excitation AC current for a 500B prototype gyroscope. The
amplification gain is 500 and the magnetic induction is 0.3 Tesla.

4.4 3 Measurement of the temperature influence:

To perform the temperature measuremenis, the same set-up as for the
previous characterization was employed but with a heater included in the
metallic cap. This was realized with two warming resistors in contact with the
metallic housing containing the gyroscope chip. The power supply of the heater
is controlled by a calibrated platinum sensor (Pt 100) placed under the sensor
chip. In Figure 423, the metallic cap including the heater is illustrated.
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The temperature coefficient of the piezoresistor (TCR) was estimated by a
temperature sensor designed on the frame near the detection path (Figure 4.4).
The measured TCR was 870 ppm/K. The sensing piezoresistor could not be
characterized because it was not possible to separate the temperature effect from
the stress effect {4.5]. These temperature effects are well-known drawback for
piezoresistor detection and can be compensated by appropriate active or passive
electronics [4.44, 4.45, 4.46). With a 250 P prototype gyroscope, the same
measurement of the driving amplitude versus the excitation frequency is
performed. Figure 4.26 illustrates the resonant curves obtained for several
temperatures. By increasing the temperature, the resonant peaks are shifted to
higher frequencies and the resonant amplitudes become smaller. This
temperature dependence is not negligible and can be simulated with a FEM
analysis of the gyroscope including the packaging. With Memcad™, the static
bending at ambient temperature (20°C) was simulated for a gyroscope bonded
at 400°C [4.47]. This static bending is due to the mismatch of the thermal
expansion coefficients (TCE) of the silicon and the glass [4.42, 4.43, 4 48],

Figure 4.25: the metallic cap including the magnet and the heaters for the
teimperature measurements.
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Figure 4.26. the driving amplitude of a 250P prototype gyroscope for several
temperatures. The AC excitation current amplitude is 3 mA and the magnetic
induction is 0.3 Tesla. The amplification gain is 15610,

With a sample line, the static displacement along the longitudinal axis of
the package gyroscope on the bottom face of the bottom glass cap can be
displayed. This simulated svatic displacement along a symmetric axis of the
gyroscope has been compared with the static deflection at 20°C of the bottom
glass surface along the same axis measured by an optical profilometer (UBM)
and both curves agree very well (Figure 4.27). The same simulation has been
performed for several temperatures and this static bending has been applied 1o
the FEM model of the gyroscope before calculating the first resonant frequency.
Figure 4.28 illustrates the first resonant frequency shift for both the simulation
and the measurements for several temperatures ranging from 35°C to 70°C. The
simulation and the measurements are in good agreement with less than 1% of
error.
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Figure 4.27: the static defleciion of a 250P gyroscope simulated and measured
at 20°C along a longitudinal axis on the bortom glass surface.

L' Measurements L] Simulatigl

101 e

5

Normalized frequency
2 3

g

3% 40 45 50 55 60 65 M0
Temperature (°C)

Figure 4.28: the first resonant frequency shift versus the temperature for a
250F gyroscope sinudated and measured at 20°C along a longitudinal axis on

the bottom glass surface.
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4.4.4 Rotation measurements:

The rotating table is a one axis table ( model DC 120 Acutronic S.A) with
a maximum velocity of 1000 deg/sec and a resolution of 0.0001 deg/sec. To
perform the angular rate characterization, both the prototype gyroscope and its
electronic are placed on the rotating table. With the previous design, the
gyroscope has to be driven 100 Hz before its first resonant frequency and
needed to be stabilized with a bias current at the excitation [4.4]. For each
rotation rate, the zero rate output value was subtracted because it was slightly
changing with time and the time constant of the lock-in amplifier has o be fixed
at 3 sec,

With the new design, the gyroscope prototypes are operated by fixing the
excitation frequency to the first resonant frequency. No further bias current has
to be added at the driving part. Two gyroscopes (500B and 250P), which have
been already characterized in a previous paragraph, were successfully tested
(Figure 4.20, Figure 4.23). Figure 4.29 illustrates the gyroscope outputs versus
the anguolar rate. Both prototype gyroscopes show excellent linearity. A
sensitivity of 1.2 nV/deg/sec is obtained with the 500B prototype gyroscope
compared with 0.8 nV/deg/sec for the 250P prototype gyroscope. This higher
sensitivity corresponds to the longer detection plate (500 pm for the 500B
design and 250 pm for the 250P).

Moreover, the time constant of the lock-in amplifier can be reduced to
100 ms. Thus the new design gyroscope bandwidth is 10 Hz , which represents
an improvement by 30 times [4.4]. Within the 10 Hz bandwidth, the minimum
angular rate is measured at 50 deg/sec for both prototype gyroscopes, although a
20 deg/sec angular rate was also detected with a 1 Hz bandwidth.
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Figure 4.29: the outputs of two prototype gyroscopes (500B and 250P) for
several angular rates. The AC excitation current amplitude is 6 mA, the
magnetic induction is 0.3 Tesla and the amplification gain is 500,

The minimal angular rate was decreased by changing the measurement
bandwidth. As the angular rate resolution is limited essentially by the noise
level, we estimated the thermal noise level versus the measurement bandwidth
and compared it with the experimental noise level for a fixed angular rate
(200 deg/sec) (Figure 4.30). The thermal noise level for one piezoresistor can be
roughly estimated by the following equation:

V = V45 k* T+ R* Af [4.49]
with: v noise level (V) 4kT(23°C) = 1.66 10°C.V
R = 3000 chm Af bandwidth
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Figure 4.30: comparison between the measured and calculated noise levels for
a sensing piezoresistor of u 500 B gyroscope prototype.

The previous noise level is depending from the chosen bandwidth and
defines the resolution. The latter depends from the white noise and can be
expressed in terms of the standard deviation of equivalent rotation rate per
square root of bandwidth of detection [deg/sec/ vHz]. This is the angle random
walk in [deg/ Vsec] [4.50, 4.51). From the previous graph, we can calculate the
slope of the noise level versus the square rate of the bandwidth and the
calculated random walk is 4 deg/Vsec for the S00B prototype gyroscope.

4.4.5 Long term measurements:

Due to the chosen application domain namely, a navigation microsystem,
the long term Jrift of the gyroscope should be characterized [4.51, 4.52]. With
the new design, the stability of the angular rate sensor output has been improved
but for long term measurements, an important drift was still observed. Figure
4,31 illustrates the sensor output for the 500B prototype gyroscope in two cases.

109



Improved gyroscope design

First the excitation frequency was fixed at the driving resonant frequency
(open loop) and secondly the excitation frequency was locked by a PLL (Phase
locked Loop) electronic to the driving resonant frequency (closed loop). The
comparison of both curves shows how the effect of the PLL control on the
driving mode frequency reduces the long term drift of the prototype gyroscope

[4.53, 4.54, 4.53].
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Figure 4.31: the output voltage for a 5008 prototype gyroscope, versus the time
Jor two configurations: closed loop and open loop. The magnetic induction is
0.3 Tesla, the driving AC current amplitudes are 4.1 mA (closed loop) and
5.9 mA (open loop) and the amplification gain is 500.
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4.5 Conclusion:

A new design of a silicon micromachined gyroscope has been successfully
tested. Temperature, rotation and long term measurements have been realised to
give an overview of its performances. A sensitivity of 1.2nV/deg/sec has been
measured and all tested prototype gyroscopes showed an excellent linearity. A
minimuim angular rate of 20 deg/sec was measured and a 10 Hz bandwidth was
obtained. With an improved electronics, closed loop excitation of the prototype
gyroscope displayed promiging results.

The main novelty in this new gyroscope design consists in a better stability
of the zensor output. A higher symmetry of the device reduced the mechanical
cross coupling, which induced a large output without any rotation. The proof
mass and the suspension beams are at identical thickness. The separation of the
resonant frequency of the first mode (excitation) from the resonant frequency of
the second mode (vertical motion) allowed the driving and sensing of the
rotation rate to be made at the same frequency (resonant frequency of the first
mode) without including large parasitic vibrations due to the second mode. The
cross section of the suspension beams was not square but had a high aspect ratio
of 1:10. Finally the better performances stemmed not only from the improved
concept but also from the control electronics and both were designed
simultaneously.
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Chapter 5

5 . Conclusion

5.1 Introduction:

This conclusion will summarizes the work which was done from 1994 to
1998 during this Ph.D. Thesis focusing on the design, the realization and the
characterization of two prototype gyroscopes. Chapter I explains the principle
of a silicon vibrating gyroscope, as well as, the chosen principles of excitation
and detection (respectively electromagnetic and piezoresistive). Chapter 3
points out the importance of a technical step: the packaging. Chapters 2 & 4
give a detatled description of the design, the fabrication and the characterization
of the two prototype gyroscopes.

Before giving the conclusions and the outlooks of this work, the
comparison of the realized devices with other angular rate sensors is presented
to place this work in an wider framework. Performance characteristics of
commercial gyroscopes have been already listed and only gyroscopes presented
in conferences or in scientific publications will be referred (5.1).

5.2 Comparison with other devices:

From 1991 to 1998, several gyroscopes have been presented and their main
characteristics are compared with the sensors realized in this Ph.D. thesis. We
choose the following parameters: the number of sensing axes, the design, the
excitation and detection principles, the range, the sensitivity, the resolution and
the bandwidth. Only one 3 axes gyroscope [5.19) and three 2 axes gyroscopes
{5.16, 5.22, 5.33] were reported. Considering the gyroscope design, the muning
fork (tn) design was chosen 9 umes [5.5, 5.6, 5.7, 5.9, 5.17, 5.18, 5.19, 5.21,
5.30], as well as, the 1 accelerometer (1 acc) design [5.3, 5.12, 5.15, 5.16, 5.24,
5.26, 5.27, 5.29, 5.35] then the 2 accelerometers (2 acc) design 7 times [5.4,
5.10, 5.11, 5.12, 5.20, 5.22, 5.23, 5.25] and the vibrating shell (v.s) design 6
times (5.7, 5.22, 5.27, 5.31, 5.33, 5.34]. These designs are explained in
chapter 1.
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Table 5-1: main characteristics of some prototypes gyroscopes.

1 acc: 1 accelerometer
2 acc: 2 accelerometers

bm: bimorph
¢: capacitive

em: electromagnetic

es: electrostatic

(521 [331) (54 [B551] 1561 [ 11| Units
Year 1991 | 1991 | 1993 | 1993 | 1993 | 1993 year
Axes 1 T ] ] 1 1 nb
Design bar lacc | 2acc tn tn t.a
Excitation; pe Ces 1 es pe pe pe
Detection | pe c ¢ pe c pe
J o -
Material | metal |silicon | polySi | quariz | silicon | quartz,
Range {150 [NA +270  |£50  |£1000 [x400 deg/sec
Sensitivity |33mV [NA 1.57mV5uv  |0.35mV|[50pA
Resolution [30 4 019 0.1 5.7 0.1 deg/sec
BandwidthNA [T | KA |NA 140 Hz

FOG: fiber optic gyroscope

I light

pe: piezoelectric
pr: piezoresistive

polySi: polysilicon

s.e: sagnac effect
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v.5: vibrating shell
N.A: not available
fq: frequency

t.n: tuning fork
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Table 5-2: main characteristics of some prototypes gyroscopes

1 acc: 1 accelerometer
2 acc: 2 accelerometers
bm: bimorph

¢: capacitive

em: electromagnetic
es; electrostatic

I: light

pe: piezoelectric
pr: piezoresistive
polySi: polysilicon
s.e: sagnac effect
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(581 [T3T] (5100 [BT0 1512 [BT] mis
Year | 1954 | 1994 1995 1595 year
I Axes 1 1 nb
Design v.s . __ 1 acc
Exutahon €s Tﬁ em € es
Detection | ¢ _. pe c c c
Mater:ial nickel ﬁ silicon m polySi [FOG,
Range INA :100 +400 deg/sec
Sensiiivlty NA 0_3.§._.._ 6fF
Rez.;t').lution 0.3 10 '.:_..:} 50 deg/sec
Bandwidthi 10 NA.. NA Hz

FOG: fiber optlc g.).zroscope v.§: Qibrating sheli

N.A: not available

fq: frequency
t.n: tuning fork
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Table 5-3: main characteristics of some prototype gyroscopes.

(5.14] | [5.15) | [5.16] J [5.17] | [5.18] { [5.19]| Units

Year 1996 | 1996 | 1996 | 1996 | 1996 | 1996 year

Axes y T 2 PO 3 | nb

Design | 2acc | lacc | lacc | tn tn tn
Excitation| es [ es es pe pe pe
Detection c ¢ c pe c pe

Material | polySi |siticon | polySi [ metal | silicon [LiTaGy

Range [NA e:300 12100 [£100  jx500 300 deg/sec

PR R— | T Ca———

Sensitivity[NA  [[5pv J2mV [NA ]100uv [G.5mV |

—_

Resolution 15 1.2 3.01 |3 NA deg/sec

= = S o

100 }25 100 30 INA" Hz

1 acc: 1 accelerometer FOG: fiber optic gyroscope v.s: vibrating shell

—

Bandwidth

2 acc: 2 accelerometers 1 light N.A: not available
bm; bimorph pe: piezoelectric fq: frequency

¢! capacitive pr: piezoresistive t.n: tuning fork
em: electromagnetic polySi: polysilicon

es: electrostatic s.e: sagnac effect
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Table 5-4: main characteristics of some prototypes gyroscopes.

Chapter 5

1 acc: 1 accelerometer
2 acc: 2 accelerometers

bm: bimorph

C: capacitive

em: electromagnetic
es: electrostatic

pe: piezoelectric
pr: piezoresistive
polySi: polysilicon
s.e: sagnac effect
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FOG: fiber optic gyroscope
I: light

15.20) | 15.21] | Thesis | [5.22] | [5.23] { 15.24] Units
Chap.
2
Year 1996 | 1996 | 1996 | 1997 | 1997 | 1997 year
Axes l l 1 2 l l nb
Design | 2acc | tn | 2acc [ 2acc| vs | lacc
Excitation| es [ os | em [ bm ] em [ e |
Detection c c pr c em c
Material | silicon [silicon | silicon [ nickel | silicon [ silicon
Range [£500 [£1000 |+400 |£1000 [£100 [£300 | deg/sec
Sensitivity[NA ~ 0.75mVidnV i 7dpv]20mv [NA |
Resolntion|0.04  INA 20 180 0.15 1 deg/sec
iBandwidth|60 NA 0.33 NA 30 100 Hz

v.§: vibrating shell
N.A: not available
fq: frequency

t.n: tuning fork
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Table 5-5: main characteristics of some prototype gyroscopes.
[5.25) | [5.26) | [5.27) | {528 | [529] | [5.30) | [5.31)

Year 1997 | 1997 | 1997 | 1997 } 1997 | 1997 1997

Axes 1 1 1 T 1 1
Design | 2acc | lacc | lacc | vs 1 ace Ln tn
Excitation] em es | es [ e | e [ pe | pe
Detection c c c c c pe pr

Material | silicon | polySi | polySi nickel | silicon quart silicon

Range (+100 100 }+90 100 (21000 100 |£1000

Sensitivity[18mV 250V [NA AV [24mV figuv | 2500V

Resolution|0.5 0.1 0.1 0.5 0.02 10 NA

{Bandwidth|NA 4 JNA PBs  INa  NA NA

1 acc: 1 accelerometer FOG: fiber optic gyroscope  v.s: vibrating shell

2 acc: 2 accelerometers [ light N.A: not available
bm: bimorph pe: piezoelectric fq: frequency

¢: capacitive pr: piezoresistive t.n: tuning fork
em: electromagnetic polySi: polysilicon

es: electrostatic s.e: sagnac effect
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Table 5-6.: main characteristics of some prototype gyroscopes.

{532 [F [5.34) [15.351 | (5.36] [Thesis] Unirs
Chap.
4 :
1997 1998 | 1998 | 1998 { 1998 year
| R | I
1 2 |11 1 1 nb
s.e V.S v.s lacc | 2ace
p—=r s P — T
1 €s es pe ent
pd c c c .pr
silicon |, polySi {silicon | silicon silicon
+800 NA | £200 | £200 | =400 | deg/sec
NA NA [0 | 2.5mV [10V
1 " NA 20 20 . deg/sec
=T e
NA s [NA] Na [[10 ] Hz

1 acc: 1 accelerometer - .FOG: fiber oﬁtic gyroscope  v.s: vibrating shell

2 acc: 2 accelerometers 1 light N.A: not available
bm: bimorph pe: piezoelectric fq: frequency

c: capacitive pr. piezoresistive t.n: tuning fork
em: electromagnetic polySi: polysilicon

es: electrostatic s.e: sagnac effect
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From 1991 to 1995, the best resolution (0.01deg/sec) was only achieved by
fiber optical gyroscopes (FOG) [5.13]. The latter can achieve small size but still
in the centimeter scale. Micromachined fiber optical gyroscope are not yet
available. This is the reason why vibrating micromachined gyroscopes have to
be still improved. In 1996, some micromachined angular rate sensors can
measure rotation rate smaller than 0.1 degfsec (520, 523]. Further
improvements should open for the best devices wide application domains
including the automotive one, where the highest level of production is expected
[5.37].

For the prototype gyroscopes, realized and fabricated in this Ph. . Thesis,
an industrial application can not yet be investigated. But some improvements
have been brought in particular, a larger bandwidth and a reduced drift of the
sensor thanks to the design improvements and to the phase locked loop driving
(chapter 4). The main drawback of both prototype gyroscopes is their bad
resolution limited by a large noise. The principal source of noise can be
explained by the thermal noise of the piezoresistance [5.38]. With the latter, we
can estimate a random walk noise of 4 deg/vsec for the second prototype
gyroscope (chapter 4). For a further gyroscope design, the piezoresistive
detection should be investigated more carefully to find the way to reduce this
thermal noise. Moreover by comparing with other referred devices, a capacitive
detection should also be investigated.

5.3 Conclusion:

This work was realized in the framework of the research of the limits in the
Microtechnology with a2 demonstrator: a three axes navigation microsystem
based on micromachined sensors {5.39]. In particular, the technical limitations
in the fabrication of a silicon micromachined angular rate sensor were
investigated. Micromachined gyroscopes required accurate mechanical
structures even perfect shapes and a very sensitive mean of detection {5.40].
The deep etching of silicon technique should be further optimized to ensure a
better homogeneity through the wafer and to obtain a better sidewalls quality.
With the first prototype, the poor resolution was attributed to the parasitic
vibration modes of the device but with the second prototype gyroscope, the
main noise source was identified to be the thermal noise of the piezoresistances.
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With an improved electronics, closed loop excitation of the prototype
gyroscope shows promising results. The zero rate output was stabilized and
absolute rate measurements were possible. Moreover improved long term
stability was demonstrated. This points out the importance of operating an
angular rate sensor in a closed loop configuration.

Silicon  micromachined gyroscopes illustrate very well the
Microtechnology limits because they regroups several complex aspects like
dynamic actuation, high resolution and sensitivity, temperature and shock
reliability, careful packaging and reliable electronics. Their application domains
require high performances and would like to take advantages of the
miniaturization (high production level, low cost) [5.40]. Moreover, great
emulation between institutions and industries is present, because everybody is
expected the same success for angular rate sensor as for pressure sensors and
accelerometers.

The main motivation for this work was to study the whole aspects (design,
fabrication and characterization) present in the realization of a sensor, Moreover
the great impact of this field in the conferences was challenging. As the
performances for indusirial applications were known, it revealed the difficulties
to pass from a demonstrator to an industrial prototype. Several developments
like the glass micromachining for the packaging and the improved front end
electronic were successful, in particolar the collaboration with Professor
Ch. Meier and Mr. S. Gempeler from the Engineer School (ETS) of Biel, as well
as, the collaboration with Ms. Catherine Marselli from IMT for the sensor errors
correction [5.41].

5.4 Outlook:

To improve the prototype gyroscopes, the following domains have to be
investigated. On one hand, simulation tools for MEMS should help for the
design of the sensor by including the vibrating structure with the technical
parameters (residual stress in the deposited layers), the sensing means (stress or
displacement conversion in voltage) and the packaging (temperature and
pressure) [{5.42]. And on the other hand, the electromics design should be
investigated before the complete realization of the sensor to ensure a better
efficiency in view of its integration [5.43, 5.44, 5.45, 5.46, 5.47, 5 48).
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The electronics can provide a useful treatment of the sensor output by
canceling some drawbacks like power supply and temperature drift errors [5.50,
5.51).
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