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Abbreviation table

Abbreviation table:

Abbreviation Description

p-TAS Miniaturized total analysis systcm
Al Aluminum

Au Gold

BHF Buffered hydrofluoric acid

BC Boundary condition

Cr Chromium

CAD Computer aided design

CvD Chemical vapor deposition/deposited
DIL Dual in line socket

FEM Finite element modeling

H>0O; Hydrogen peroxide

H,80, Sulfuric acid

HF Hydrofluoric acid

HNO; Nitric acid

IC Integrated circuit

IMT Institute of Microtechnology
ISFET lon sensitive field effect transistor

K;Cr,O Potassium dichromate
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Abbreviation table

Abbreviation Description

LOCOS Local oxidation of the silicon

LPCVD Low pressure chemical vapor deposition/deposited
NMQOS n-channel MOSFETs

MEMS Microelcctromechanical system

MIT Massachusetts Institute of Technology

MOSFET Metal-oxide-semicondnctor field effect transistor
Polysilicon Polycrystalline silicon

RIE Reactive 1on etching

SEM Scanning electron microscope

Si Silicon

SiyNy Silicon nitride

Si0, Silicon dioxide

SWAMI Side-wall masked isolation

UniNe University of Neuchétel
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Symbols and Units

Symbols and Units:

Symbol  Description Units
A3 Bandwidth at -3 dB Hz
Qg Sheet resistance Q

B Gain of MOSFETs ANV?
psft’ Density of a beamn kg/m’
M Alr viscosity kgf(m-s)
o, Residnal stress Pa
aih)yt”  Gap dependent stress Pa

v Poisson’s ratio

® see f: 0=27f rad/s
dB Decibel: 20-log(Vou/Vin) dB

E Yonng modnlas Pa

fa Resonance frequency Hz
Fp Damping forces N

Fg Electrical forces N

h Gap between a beam and the substrate m

1y Drain current of a transistor A

K] Matrix of the spring constant N/m
[Kq) Generalized spring constant

L Length of the transistor channel m
M] Matrix of the mass for each coordinate ke
[Mq] Generalized mass

n Subthreshold slope of MOSFETs
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Symbol  Description Units
Py Pressure due to the damping Pa
Q Quality factor: Q=fy/Af.;an

R, Contact resistance Q
R, Load resistance Q
R Resistance Q
t Time s
t Beam thickness m
fq} Modal coordinates

Upc D. C. Voltage v
Uac A. C. Voltage: Usc= Ugcos(omt) v
Vi Voltage of the microrelay actuation port (diffusion) \Y
Vom Voltage of the microrelay actuation port {microbeam) V
Vs Drain-source voltage of a transistor v
Vis Gatc-source voltage of the transistor \Y
Vi Ofiset voltage v
Viein Pull-in voltage v
Vpeout Pull-out voltage A%
V. Substrate voltage \%
V, Threshold voltage of MOSFETs v
Vi Voltage of the microrelay working port (terminal 1) v
V2 Voltage of the microrclay working port (terminal 2) AY
{x} Position vector m
{z} Acceleration vector s
W Width of the transistor channel m

Vi
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esume

Ce paragraphe devrait donner qux lecteurs francophones une idée de ma
thése. Parmi mes proches qul m ‘ont soutenu tout au long de ce travail, tous ne
parlent pas la langue de Shakespeare.

Cette thése dont le titre peut se traduire par “Relais électrostatiques en
polysilicium” présente la réalisation de mécanismes de taille micrométrigue
fun micrométre: 1 ym correspond o un millieme de millimérre: 0.001 mm). Ces
structures sont fabriquées grdce a des technigques similaires a celles qui sont
utilisées dans la micro-électronique (photolitographies et gravures chimiques).
Ces procédés ont permis de réduire la taille des composanits tels que
résistances, transistors el capacités afin de réaliser sur des plaquettes en
silicium des circuits électronigues de pius en plus complexes oppelés puces. Ces
puces se irouvent dans nos ordinateurs, télévisions, téléphones, cartes
banquaires, ...

La fobrication de microméconismes comme des poutres, des microponis ou
des membranes fait appel g des motériaux tel que le silicium polycristellin
{polyvsilicium), le nitrure et 'oxyde de silicium. Ces couches sont utilisées rant
pour leurs qualités électriques que mécaniques. Elles sont déposées dans des
Sours ¢ haute température. Leur structuration se fait a l'aide de procédés
photolithographigues et de gravures chimigues. Grdce a ces technigues nous
ovons pu réaliser des microrelois.

Le Chapitre I rappelie brievement les motivations qui nous ont guides
dans notre travail. Il présente d'une part les avantages de la miniaturisation.
réduction de o masse, vitesse plus élevée, intégration de plusieurs structures en
méme temps. D'autre part comme cette nouvelle technologie permet de trés
bien contréler les dimensions des structures, elle a ouvert de nouvelles
perspectives pour la réalisation de structures commandées por des forces
électrostatiques. En effet lo courbe de Paschen, qui définit la tension nécessaire
pour tirer un arc électrique entre deux électrodes, posséde un minimum pour
une distonce entre les électrodes de 9 pm (3 pression ambiante, sous
atmosphére d'azote: Figure 1.1). Ainsi pour des structures dont les dimensions
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sont inférieures 6 9 pm, nous nous trouvons dans une situation trés favorable
de ce point de vue puisqu G ancun moment nous ne passous par ce minimum, ce
qui est le cas par contre pour des Structures macroscopigques.

Le Chapitre 2 explique !'usinage de surfoce du silicium ainsi que certains
aspects de l'encapsulotion de structures méconiques. Differentes technigques
sont présentées comme, l'usinage de surfuce de petits couvercles sur des
résonateurs, 'usinage de capiflaires en verre et encopsulation de capteurs de
vitesse angulaire.

Basé sur le développement de structures résonantes en multicouche, nous
avons congu el fobrigué des microrelais dont les quatre terminoux sont
complétement solés électriquement. Le concept et la réalisation de ces
Structures somt expliquées dans le Chapitre 3, qui présente égolement leur
coracterisation. Ces structures ont permis de demontrer la quolité du silicium
polyeristollin comme couche mécanique. En effet le microrelais dont la partie
mécanique octive (actionneur) est formée par une poutre multicouche en
silicium polyveristallin et en nitrure de silicium a permis de faire des tests de
durée de vie. Il a été possible de les octiomner 1P fois sons demmage. Ce
résultat est trés prometteur et laisse présager 'utilisation de ce matériau pour
des micro-actionneurs industriels.

Le Chapitre 4 expose les simulations realisees ¢ Boston au
“Mossachusetts Institute of Technology” dans le groupe du Professeur Steve
Senturia. Ces travaux ont été réalisés lors d'un stage de trois mois durant |'été
1996. fls consistent en lo combinaison de différents outils de simulotion qui
permettent de prédire le comportement des relais lorsqu’on les octionne. Ces
predictions ont &6 confrantées aux mesures.

Pour conclure, je peux dire que cefte thése nt’a beancoup aidé dens la
Jacon d’oborder un nouveau probiéme. Grdce d cette expérience, chaque
itouveau projet parait plus focile ¢ entreprendre. J 'espére que dans le futur, de
port les nouveaux outils de simulation qui apparaissent maintenont sur le
marché, nous aurons la possibilité de concevoir de nouveaux produits de haute
techinologie plus rapidement el ainsi d améliorer la qualité de vie des gens.

VIII



Chapter 1

1 » Introduction

1.1 Short history of sensors, actuators and microsystems:

The miniaturization of mechanical devices has always been a goal of
mechanics. The area of Neuchatcl has a long experience in watch factories
where onc target was to make complex but small watches. With fine mechanics
these people were able to do very flat wrist watches with a thickness in the
order of a coin [1.1]. The history of this field of activity illustrates well the
tendency of decreasing the size of the components and increasing the
complexity of the devices. Many mechanical watches are fabricated with very
sophisticated mechanics to give the date. Some of them include the perpetual
calendar, others indicate the phase of the moon. All these functions which
where available on Church astronomical clocks (as in the cathedral of
Strasbourg in France) have been miniaturized to take place in a wrist watch.

The technological revolution of the quartz technology has allowed more
precise and stable watches to be made. Combined with electronics it has begun
the age of the “computer-watch” which has induced a diversification of the
watches to include new functions like calculators, altimeters, etc.

Based on the clectronics technology, the silicon sensors field has started 35
years ago, around 1960 when a light detector was made in silicon. At about the
same time articles on the Hall [1.2, 1.3] and piczoresistive [1.4, 1.5] effects have
been published. These works allowed the integration of the first physical and
chemical sensors in the seventies [1.6, 1.7]. Inspired by the success of these first
silicon sensors, a myriad of smart sensors has been developed in many
laboratorigs around the world [1.8, 1.9, 1.10, 1.11, 1.12]. The first surface
micromachined device was the resonant gate transistor presented by Nathanson
et al. in 1967 [1.13]. Mechanical switches have been reported by Petersen in
1979 [1.14]. The golden age of thc surfacc micromachining has begun in 1983
[1.15]. Since then, many interesting surface micromachined devices have been
developed [1.16, 1.17, 1.18, 1.19, 1.20, 1.21, 1.22, 1. 23, 1.24, 1.25, 1.26, 1.27,
1.28,1.29,1.30, 1.31, 1.32, 1.33, 1.34, 1.35, 1.36, 1.37, 1.38, 1.39, 1.40, 1 41].
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1.2 Modeling of microsystems:

The evolution of the sensors, actuators and microsystems field is toward
developing systems with many functions in a small volume. The integration of
different devices requires that their characteristics are well known. For this
purpose there is a growing need for morc and more accurate systems to simulate
these devices. As electromechanical coupling is highly nonlinear, the modeling
of such devices is not very accurate with analytical formulas, so new computer
based approaches are cmerging [1.42, 1.43, 1.44, 1.45, 1.46, 1.47, 1. 48]. These
allow, in particular for elcctrostatic devices, to get their main working
parameters, Based on finite element modeling (FEM) quasi static simulations
are performed. To simulate the dynamics of electromechanical devices, a
macro-model approach is thc best way to get results in accordance with
measurcments [1.49, 1.50, 1.51, 1.52].

Nevertheless, it is very important to extract the mechanical propertics of
cvery layer which make up the device to insure a good accuracy between the
simulation and the measurements [1.53, 1.54, 1.55, 1.56, 1.57]. Moreover the
effects of the residual stress [1.58, 1.59] have to be taken into account for the
modeling of such microelectromechanical systems.

1.3 Advantages of the miniaturization:

The use of batch fabrication techniques enable the reduction of the size of

the integrated devices which offer many advantages: high speed, the possibility
to fabricate many devices at the same time, the possibility of building arrays of
devices, etc. [1.60, 1.61]. As the mass and the stiffness do not scale down the
same way, the reduction of the size allows to build devices which have a small
inertia and which support large accelerations and shocks. Thanks to the surface
micromachining technology, it allows to build thin and long beams which
thickness is 1 pm and which Jength is up to 500 pum.

Moreover the surface micromachining allows to realize well controlled
gaps between the device and the counter electrode in the substratc. This was
used in some capacitive accelerometers to define the sensing capacitance with a
good aceuracy [1.32]. Elcctrostatic forces can also be used to drive
micromachined devices [1.13]. As the gaps are small and well controlied a good
reproducibility can be achieved with this technology. Moreover, it allows to get
a high density of energy to drive the devices and thus a relatively low driving
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voltage. As indicated in Figure 1.1, the minimum of the Paschen law is at about
9 pm for Nitrogen at ambient pressure [1.62,1.63]. For the microrelays
presented in this Thesis the gaps were about 1.5 um, being under this limit. For
driving voltages up to 80V, no breakdown current has been observed, which
points out that such a configuration is promising for electrostatic microrelay

applications.
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Figure 1.1 Paschen law for Nitragen at 25 °C [1.63].
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1.4 Objectives and outline of this work:

1.4.1 Objectives:
The first objective of this Ph.D. Thesis is to demonstratc the fabrication,

the characterization and the modeling of electrostatic polysilicon microrelays. A
relay is a four terminals switching device which controls the connection
between two conductors. Two terminals are used for the driving port also calied
the input while the two other ones are intended for the contact port also called
the output or the working circuit in this Ph.D. Thesis. A key point of such a
device is that its terminals have to be fully isolated. A multilayer moving part is
a solution to build such a device. This particular configuration will be described
in this Ph.D. Thesis.

The main publications which have influence the microrelays design are
given in Table 1-1. Some features such as the driving principle as well as the
actuator and contact materials are compared with the approach which will be
detailed in this Ph.D. Thesis.

The relays presented here are fabricated with the surface micromachining
tcchnique which uses a sacrificial layer to define the gap between the structure
and the substratc. Thanks to the well controlled gaps under the actuator beams,
this work has confirmed the possibility to use elcctrostatic forces to drive
microrelays. Moreover it was possible to operate these devices for a large
number of cycles and thus to test the mechanical stability of the polysilicon-
nitride multilayer beam. These results have confirmed the low wear of the
polysilicon-nitride multilayer beam which occurs when it is operated for a long
period. An other interesting parameter investigated in this Ph.D. Thesis is the
high switching speed of these microrelays which confirms the intercst of the
miniaturization.

A comparison between basic measured properties of the microrelays
(switching voltage, resonant behavior and switching speed) and corresponding
quasi-static and dynamic models is presented. The models presented here offer a
good insight into the behavior of the polysilicon microrelay, including the
squeeze film effect due to the air under the beam and the compliant beam
supports.
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Table i-1: References which have influenced the relays design:

-

Driving Actuator Contact

Petersen {1.14]  ©  Electrostatic GoldfSilicon Gold

dioxide beamn

p—
References

J—— 3 - a p—
[Sakata [1.64] ' Electrostatic | Silicon plate Gold _
I | r " . 1 N 0
Hosaka et al.[1.65] . Electromagnetic , Pennallt?y spiral Gold, S]]\.rer and
_i, spring ] Palladium
- r ‘ . . p it ii: i i :i .y
This Ph.D. Thesis  Electrostatic Polysilicon/Nitride Polysiticon

beam

1.4.2 Qutline:

Chapter 1 is a brief introduction of the silicon micromachining. It gives the
ohjectives and the outline of this work.

Chapter 2 starts with a description of the basic processing steps of the
surface micromachining technology. 1t deals also with the encapsulation of
microelectromechanical systems. The surface encapsnlation and the glass
micromachining are described. Some basic concepts of the encapsnlation are
explained including the fact that it has to be investigated at the beginning of the
project, explaining the position of this chapter in this Thesis.

Chapter 3 explains the fabrication and the characterization of electrostatic
polysilicon microrelays. These devices offer a high off-state to on-state
impedance ratic. As the micromachining allows a reduction of size, these
devices can be operated faster (100 kIz) than conventional mechanical relays
(1 kHz).

Chapter 4 explains the modeling of the electrostatic microrelay which is
prescnted in Chapter 3. These simnlations have been done at the Massachusetts
Institute of Technology (MIT) in the group of Professor Stephen Senturia.
Chapter 4 describes the nonlinear behavior of the mnltilayer beam capacitor.
The quasi-static and the dynamic behavior of these devices are investigated,
including the pnll-in voltage, the operate time versus the applied voltage, the
resonance frequency as well as the spring softening effect.

Chapter 5 is the final conclusion which highlights the work performed in
this Ph.D. Thesis and compares it to the main publications found in the
literature on this topic.
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Chapter 2

2 m Surface micromachining and

packaging technologies

2.1 Introduction:

This chapter presents some aspects on the packaging of silicon
micromachined devices [2.1]. It has been placed before the microrelay
fabrication, becaunse it is a very important point which has to be investigated at
the beginning of the work, Many papers published in the hiterature describe
interesting devices, giving a lot of fabrication details but don’t explain the

encapsulation procedure uvsed to test the devices, or simply test them on a test
bench with prabe needles [2.2, 2.3]. These kind of devices are interesting fram
an academic point of view, to test the feasibility of the process as well as some
particular physical propertics. But to push products on the market, it is cvident
that it is necessary to consider the packaging at the beginning of the project.
Otherwise the time necessary to find an encapsulation will be too long and thus
the costs will stop the project at the prototype level.

This chapter will deal with two packaging techniques: surface
encapsulation and glass micromachining. The surface encapsulation is the
combination of different sacrificial layers to obtain a free standing
microstructure completely encapsulated by small polysilicon [2.4, 2.5, 2.6, 2.7,
2.8,29,210,2.11, 2.12,2.13, 2.14, 2.15, 2.16), silicon [2.17, 2.18] ar silicon
nitride [2.14, 2,19, 2.20] caps. This technology allows vacuum encapsulation,
but is not strong enough to provide a mechanical protection. Thus it is often
necessary to have a stronger way to package the devices {2.21]. Another way to
encapsulate micromachined devices is the bonding of different wafers together
[2.22,2.23,2.24,225,2.26,2.27,2.28)]. Particular attention will be given to the
glass micromachining. Combined with anodic bouding, this technology allows
vacuum packaging of different sizes of devices [2.29, 2.30]. 1t has been
demonstrated with the fabrication of capillary tubes [2.31, 2.32] aud has been
applied to the encapsulation of a silicon resonant gyroscope [2.33].
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2.2 Surface micromachining:

2.2.1 Introduction:

Surface micromachining is a well known technology to realize sensors and
actuators. Usvally it vtilizes low pressure chemical vapor deposited (LPCVD)
polycrystalline silicon (polysilicon) as the building material and silicon dioxide
(§10;) as the sacrificial layer [2.34, 2.35, 2.36,2.37, 2.38, 2.39, 240, 2.41, 2.42,
243, 244, 245, 246, 247, 248]. A famous example of a surface
micromachined commecrcizlly available device is the accelerometer of Analog
Devices, which is build usiag this technique and integrated together with the
sénsing electronics [2.49, 2.50, 2.5]]. Some work has also been realized at the
Institute of Microtechnology (IMT) of the University of Neuchatel (UniNe)
where the mechanical structure is a single layer of polysilicon [2.52, 2.53, 2.4].
The latter has excellent mechanical properties which are similar to those of
single-crystal silicon.

As the working circuit and the actuation circuit of mierorelays have to be
electrically insulated, the realization of multilayer beams is essential to build
such devices,

This section will briefly describe the surface micromachining which will
be used for the realization of microrelays. Some aspects such as the stress of the
polysilicon as well as the metallization of released structures will be discussed.

2.2.2 Main processing steps of the surface micromachiniq:

The surface micromachining technology developed at the IMT [2.4] uses
silicon dioxide as the sacrificial layer. Figure 2.1 shows two approaches; the
first one consists in the chemical vapor deposition (CVD) of a silicon dioxide
layer at low temperature (400 °C), while the second one uses the local oxidation
of the silicon (LOCQS) at high temperature (1100 °C) [2.54]. The masking
material for the LOCOS process is a LPCVD silicon nitride (Si3N,) layer.

The mechanical structure is then deposited and patterned on top of the
sacrificial layer. Finally it is released by the etching of the sacrificial silicon
dioxide layer in buffered hydrofluoric acid (BHF) or in 50% hydrofluoric acid
(50% HF). The etching rate of the latter depends on the type of silicon dioxide
{(CVD or thermal), on the annealing temperature and on the doping.
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Figure 2.1: Key processing steps for the fabrication of free standing polysilicon
beams a) using CVD silicon dioxide; b) using local thermal dioxide as

sacrificial layer {2.52].
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For phosphorus doped CVD silicon dioxide (= 4 wt.%) [2.52], the etch rate in
BHF [7:1] is 0.3 um/min while it is 0.1 um/min for undoped thermal oxide.

The process using a CVD silicon dioxide as sacrificial layer is interesting
because it allows the doping of the substrate to fabricate an elegtrode under the
structure. 1t will be used in the realization of the polysilicon microrelays.

2.2.3 Polysilicon doping and residual stress:

The anncaling and the doping of the polysilicon layer is very important to
obtain free standing structures with good mechanical properties {2.34, 241,
2.55,2.56, 2.57]. The deposition condition of LPCVD polysilicon layers at IMT
are 600 °C and 200 mTorr. This deposition temperature is close to the transition
temperature (380 °C at 200 mTorr [2.55]) from amorphous to polyeristalline
layers. To control the residual stress, the polysilicon layer is annealed 30 min at
1050 °C under nitrogen atmosphere [2.58, 2.52]. Undoped LPCVD polysilicon
layers deposited at the IMT laboratory have a very small tensile residual stress
(o) of 1.7MPa after the annealing step. However the electromechanical
structures are working with eleetric fields, thus it is necessary to reduce their
charging time (RC effect) by redocing their impedance. Figure 2.2 shows the
influcnce of the doping on the residual stress for phosphorus doped pelysilicon.
The stress values have been obtained by measuring the curvature of the silicon
wafer on which the layer was deposited. The thickness of the characterized
polysilicon layer was 0.75 um. An optimum has been obtained for n-doped
polysilicon layers having a sheet resistance of about 850 C} per square with a
8MPa tensile residual stress. As a comparison French et al. [2.57] found. 17
MPa compressive stress which is in the same order of magnitude. At smaller
sheet resistances, the residual stress becomes compressive resulting in the
breakage of the microstructures.

To dope the polysilicon layers the doping atoms are either deposited on top of
the LPCVD polysilicon in a doped CVD silicon dioxide layer or directly
implanted in the LPCVD polysilicon film. The implantation technique is more
accurate and more reproducible than the CVD technique where the influence of
the flow rates is very important on the characteristics of the deposited {ayer. The
implantation parameters for the phosphorus impurities to give a sheet resistance
of about 850 Q per square are 1-10'° atoms-cm™ and 80 keV [2.57].
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Figure 2.2: Graph of the residual stress [MPa] versus the sheet resistance of
the phosphorus doped polysilicon layers after 30 min. annealing at 1050 °C
under nitrogen atmosphere. The five left hand side points are obtained with the
CVD doping method while the two right hand side points are obtained by
implantation of phosphorus impurities. (boron doped polysilicon layers where
not developed in our laboratory). The LPCVD polysilicon layer was deposited
at 600 °C and 200 mTorr. Tensile residual stress is positive and compressive
negative.

2.2.4 Melallization of relesased structures:

The final steps of the surface micromachining technology are to release the
microstructures by removing the sacrificial layer. The etching of the sacrificial
layer silicon dioxide is problematic, since the BHF attacks also other materials
such as aluminum which is used for metallization, In order to avoid this effect,
three different possibilities exist. The first approach consists in protecting the
patterned metal by photoresist during the release of the beams [2.52]. However,
one more mask is necessary. In addition, the protection by the photoresist is
limited in time, thus restricting the width of the mechanical structures. The
second possibility 18 to increase the selectivity of the aluminum etching
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compared to the silicon dioxide by adding some chemicals {a polyhidric alcohol
like glycerol or potassiumn dichromate) to the BHF [7:1] solution, but this
protection is also limited in time and gives relatively rough aluminum surfaces.
Details of this technique are given in [2.53]. The third technique, developed
here, starts by the lateral etching of the sacrificial layer (220 minutes in BHF
[7:1] for 40 um wide beams), followed by the deposition of a thick aluminum
layer. As shown in Figure 2.3, this alominum layer must be thick enough 10
completely cover the mechanical structures (e.g. 1.5 pm). Thus it holds them
during the subsequent photoresist spinning for the patterning of the aluminum.
With this technique the lateral etching hardly affects the standard 1C
metallization process and, in addition, the width of the beams is not limited as
in the case of the photoresist protection.

After each wet processing steps following the release of the microbeams, a
particular attention has to be given to their rinsing and drying to avoid sticking
phenomena {2.59]. The method used herc consists in the rinsing of the devices
in deionized water and in isopropanol alcohol (1 hour). Finally they ar¢ dried
15 minutes in an air pulsed aven at 200 °C [2.53].

"
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Figure 2.3: Cross sectian of the structure after the alumimum deposition. Note

that the aluminum halds the free standing beam during the spinning pracess.
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2.3 Surface encapsulation of polysilicon microresonators:

2.3.1 Introduction.

In this section a brief description of the surface encapsulation will be
given. This surface encapsulation does not provide mechanical protection of the
devices. Nevertheless, it protects the resonators from dust particles or other
contamination during the packaging. Moreover it allows a vacuum sealing of
these devices and thus the increasing of the quality factor of the resonators.

2.3.2 Technology:

Surfacc encapsulation is possible by extending sacrificial layer technology,

described in section 2.2, After the deposition of a second sacrificial layer which
covers completely the polysilicon resonator, a polysilicon cap can be deposited.
Thin silicon dioxide channels underneath this second polysilicon layer allow the
sacrificial silicon dioxide to be etched in hydrofluoric acid and thus release the
resonators. The final steps consist in the sealing of the microcavity. This can be
performed by a re-oxidation [e.g. 2.6, 2.7] or by a LPCVD silicon nitride
deposition [e.g. 2.10, 2.11, 2,12}, A schematic of the process is given in
Figore 2.4, while the SEMs pictures of Figuore 2.5, Figure 2.6 and Figure 2.7
show examples of encapsulated respnant beams.

Polysilicon cap

Access holes Polysilicon resonator

/

Sacrificial silicon dioxide

Figure 2.4: Schematic of the surface encapsulation.
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2.4 Fabrication of glass micromachined capillary tubes

[2.31, 2.32]:

2.4.1 Introduction:

In this section a new method for the micromachining of glass is presented.
It is illpstrated for the fabrication of borosilicate glass capillary tubes. As the
inferest of miniaturized Total chemical Analysis Systems (p-TAS) is increasing,
the need of fluidic paths is growing and thus the stndy of microchannels,

microtubes and microcolumns is an important topic of the microfluidic area. p-
TAS have been developed to fulfill the following requirements: reduction of
sample size, response timc and reagent consumption [2.61]. On one hand,
microtubes arc necessary for the interconnection of the different modules
{pumps, valves, flow sensors, chemical detectors...) of such complex systems
[2.62, 2.63]. On the cther hand, the fabrication of well defined capillary tubes is
required for chemical analysis [2.64]. Different types of capillary tubes have
been reported, which are realized in silicon [2.64] or quartz substrates [2.65,
2.66). The capillary tubes, presented here, are fabricated by structuring and
bonding three borasilicate glass wafers {7740 Coming Pyrex®). This material is
usnally cmployed for the encapsulation of silicon micromechanical systems
because it allows anodic bonding to silicon [2.67]. The glass is also an
interesting material for capillary tubes because it is transparent, hydrophilic and
impermeable to oxygen. Some new photostructurable glass materials are
emerging which are easy to define bot have thermal expansion coefficients
whieh are not compatible with the anodic bonding to silicon [2.21, 2.22, 2.23,
224,2.25,2.26,2.27,2.28,2.29,2.30, 2.68].

Here the fabrication and microscopic characterization of microchannels
with lateral inlets and outlets wilt be presented. LPCVD polysilicon mask has
been used to protect the glass surface during the etching in 50 % hydrofluoric
acid (50 % HF), allowing well defined size and shape of the capillary tubes
[2.69]. This mask allows also deeper etching than conventional chromium-goid
mask [2.70, 2.71]. Several capillary tubes with widths from 340 to 940 um have
been realized as well as different section shapes, which can be circular, elliptic
or quasi-rectangular. The main fabrication steps and SEM characterizations are
reported. This technology can also be used for the packaging of silicon devices
which need to be cncapsulated in a controlled atmosphere or in vacoum.
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2.6 Conclusions:

In this chapter, different aspects of the encapsulation of mechanical

devices have been presented as well as some technological aspects. A
description of the surface micromachining technelogy was given as well as the.
polysilicon doping and the metallization of released structures.

The surface encapsulation of resonant beams has been briefly described as
well as the realization of well defined capillary tubes with lateral inlets and
outlets. Their realization has shown the possibility to etch 400 pm deep holcs in
Pyrex® glass by nsing polysilicon as the masking material. This glass etching
technique has been applied to the encapsulation of a silicon gyroscope. Thanks
to this work it has bcen possible to demonstrate its use for the encapsuiation of
micromechanical systems.

In Chapter 3, electrostatic polysilicon microrelays will be presented. These
devices need to be operated in a nitrogen atmosphere. The encapsulation
technique presented here could be used for this purpose.
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Chapter 3

3 . Polysilicon microrelays

3.1 Introduction:

Micromechanical relays are promising components for electronics as well
as for microelectromechanical systems (MEMS), which require the ability to
control and select a transmission path for an electrical signal. They have the
same advantages as conventional mechanical relays over transistor-based
switches, in that they exhibit a high off-state to on-state impedance ratio and
have four-terminals with fully isclated input/output lines [3.1]. Thus it is an
interesting component for signal switching applications [3.2]. The mechanical
relays exhibit some advantages but the transistor based devices will remain
better in term of lifetime and reliability, thus the choice of a mechanical or a
transistor based relay will depend on the reqnired application.

Different types of micromachined relays have been presented which nse
either electrostatic [3.1, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, 3.9, 3.10, 3.11, 3.12],
electromagnetic [3.13, 3.14, 3.15, 3.16, 3.17] or thermal [3.18, 3.19, 3.20]
actuation. The switching principle based on the deflection of a movable
structure has also been nsed for transducer applications for exampls in pressure
and acceleration switches [3.21, 322, 3.23, 3.24].

Just as with transistor based switches, it is possible to integrate arrays of
micromechanical relays. These matrix of relays allow maltiple switching which
is very interesting for telecommunication applications [3.25].

This chapter describes the operation principle, the fabrication and the
characterization of an IC compatible electrostatically driven microrelay,
consisting of a polysilicon/silicon nitride/polysilicon beam fabricated with
surface micromachining technology. 1t has become possible to bnild these
polysilicon microrelays due to the progress made in the surface micromachining
of mnltilayer structures [3.26, 3.27, 3.28,3.29, 3.30, 3.31, 3.32].
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3.2 Operation principle:

As indicated in the cross section (Figure 3.1), the electromechanical part of
the microrelay consists of a polysilicon/silicon nitride/polysilicon microbridge.
The different active polysilicon parts of the beam are insnlated by a nitride layer
[3.32]. On the right side of Figure 3.1, the actnation of the relay is performed by
the electrostatic force between the upper thick polysilicon and the phosphorus
doped n-type region in the substrate [3.33]. On the left side, the working circuit
(contact) 1s formed by the lower polysilicon of the beam and a polysilicon lane
on the substrate which goes underneath the micro-bridge.

When the switching voltage is applied to the actuation port, the beam is
deflected downwards by the electrostatic force until it touches the substrate. The
two polysilicon electrodes of the working circuit are electrically contacted: the
relay is an. When the driving voltage is removed, the restoring spring force
returns the beam to its free-standing position: the relay is off.

Micro-bum Spring force

SIS IS TIPS TSLS

i

p-type silicon substrate

AN
[Electrostatic forcef

$i02/813N4
double passivation layer

p-type region
n-type region
aluminum

LPCVD silicon nitride

1st & 2nd phosphorus doped
LPCVD polysilicon

3rd phosphorus doped
B LPCVD polysilicon

Figure 3.1: Cross section of the polysilicon microrelay with on the left side the
working circuit (contact) and on the right side the actuation port.
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3.3 Fabrication:

The polysilicon microrelays have been fabricated with an 1C compatible

surface micromachining process. The main processing steps explained in the
following section are summarized in Figure 3.2. As the microrelays fabrication
begins with the patterning of the actuation electrodes In the substrate, it has
been necessary to define alignment marks with a first photoresist mask and the
reactive ion etching of the silicon (4000A). These small features arc clearly
visible with the mask-aligner even after several depositions.

The doping of the driving electrode has been performed by the diffusion of
the impurities contained in a doped CVD silicon dioxide. First the deposition
and the patterning of a boron doped silicon dioxide layer (doping of a channel
stop region} is performed, and followed by the deposition of a phosphorus
doped layer on the apertures defined in the latter to dope the driving electrodes.
Each doped layer is about 1000A thick and is covered by a 3000A thick
undoped layer to protect the furnace from back diffusion. Then an oxidation-
diffusion step is performed at 1100 °C and the doping oxides are removed. This
process has been developed for the realization of ion sensitive field effect
transistors ISFETs at the IMT [34].

A silicon dioxide and a LPCVD silicon nitride are deposited to ensure the
electrical passivation. These layers are open to contact the snbstrate and the
diffusion driving electrodes.

The first polysilicon layer is deposited, doped, annealed and patterned, to
obtain the first electrode of the working circuit. At this point of the process the
drain and the source as well as the polysilicon gate electrode of the metal-oxide-
semiconductor field effect transistors (MOSFET) which has been fabricated to
show the 1C compatibility of the process are formed. By opening windows in
the silicon nitride, the underlying thermal oxide is nsed as gate insnlator for the
MOSFETs (Figure 3.3). The first polysilicon of the working circuit of the relay
serves as gate electrode. As indicated in the cross section of the MOSFETs
{(Figure 3.3), the first polysilicon is also employed as interconnection layer for
sonrce and drain,

The subsequent processing steps concern the deposition and the patterning of
the sacrificial layer which is 1.5 pm thick. A particular attention has been given
to the patterning of the contact. Thus partial holes have been etched in the
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Py Substrate diffusions, silicon dioxide, 1st LPCVD silicon nitride
and 1st LPCVD polysilicon

p-type silicon substrate

@ Sacrificial silicon dioxide and 2nd LPCVD polysilicon

p-type silicon substrate

@ 2nd LPCVD silicon nitride and 3rd LPCVD polysilicon

.................

p-type silicon snbstrate

@ Sacrificial layer etching / release of the microrelays

T ptypere ion CVD Si-dioxide &
L) Prpers - dry thermal Si-dioxide

Ist & 2nd P-doped LPCVD
polysilicon

n-type region

aluminum

Q o 3rd P-deped LPCVD
RNy LPCVD Si-nitride B polysilicon

Figure 3.2: Main processing steps of the polysilicon microrelays fabrication.
The IC compatibility is demonstrated by integrating MOSFETS together with
the microrelays.
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Figure 3.3: Cross section of the MOSFETs fabricoted to prove the IC
compatibility of the process.

sacrificial layer to define a micro-bump (Figure 3.1) providing a good contact
between both conductors of the working circuit.

The layers of the micro-mechanical structure (Figure 3.2) are then
deposited and patterned on top of the sacrificial layer. The first one is a 2500 A
thick doped polysilicon layer {second conductor of the working circuit)
followed by a 2000 A thick insulating silicon nitride layer and the main
polysilicon layer (7500 A thick), The whole mecbanical structure is then
released in BHF [7:1] and the final metallization is deposited and patterned the
same way it has been explained in section 2.2.4. A thick aluminum layer
(1.5 pm) is deposited and completely covers the free-standing microbridges.
Thus it holds them during the subsequent photoresist spinning for its patterning.

Particular attention has to be given to the manipulation in lignids as well as
to the rinsing of surface micromachined microstructures since the viscous forces
in liquids are large compared to the other forces. For theses small structures, the
forces are about equivalent to a man swimming in honey. Thus it is very
important to slowly move the wafers in the etching solutions while releasing the
structures otherwise they will break or nndergo some plastic deformations. At
this point of the process, it is also not yet possible to dry the wafers with the
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nitrogen blow-gun. To ensure a through rinsing of the structures and to be sure
that no acid remains under the structure, the wafers are rinsed in deionized
water. The impedance of the bath is measured until it has decrease to that of
deionized water. Then they are rinsed minimum one hour in isopropancl alcohol
and dried 15 minutes in an air pulsed oven at 200 °C [2.27].

The dicing of a wafcr containing free-standing structures was considered a
major problem. A solution to this has been found by applying a thick sprayed
resist, the micromechanical components are fairly well embedded in this resist
layer and are therefore sufficiently protected to withstand 1C sawing and in
patticular the water jet which cools the saw. Finally the resist is removed in
acetene and again the chips are rinsed in isopropanol alcohol for 1 hour and
dried 15 minutes in an air pulsed oven at 200 °C.

Figure 3.4 shows a schematic cross section of the final structure which is
not symmetric (three layers on the working circuit side and two layers on the
actuation port side). Scanning electron microscope (SEM) investigations have
been performed to show some details of the microrelays. (Figure 3.5, Figure 3.6
and Figure 3.7). An optical micrograph of fabricated microrelays integrated
together with MOSFETSs is shown in Figure 3.8.

g 7 6) 5)
4)
) e

A

p-type silicon substrate

1

Figure 3.4. Cross section of the microrelay: 1) diffusion 2) $iQ; (1000 A),
3) SisN, (2000 A), 4) polysilicon (2500 A), 5) SiO; (1.6 um): sacrificial layer
which is underetched before the deposition of the aluminum (41), 6) polysilicon
(2500 A), 7) SizN, (2000 A), 8) polysilicon (7500 4), 9) Al (1.5 pm).
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3.4 Design considerations:

Several sizes of polysilicon microrelays have been fabricated. The length

of the mechanical micro-bridges vary from 250 um to 350 pm. The width is
either 22 um or 30 pm. As the working circuit is on one side of the relay beam,
it has been necessary to integrate the actuation port on the other side. To get the
maximum actuation strength, the driving electrode in the substrate has been
designed to be a little bit longer than half of the beamn length, Thus it overlaps
slightly the middle of the beam and gives a reasonable pull-in voltage for the
microrelays. The Figure 3.9 shows the mask set printout. It gives a good idea of
the topeology of the polysilicon microrelay as well as the optical micrograph of
Figure 3.8. To reduce cross-talk phenomena, 1he actuation port and the working
circuit have been placed on opposite chip sides. Thus the corresponding
connections will also be on opposite sides of the dual-in-line IC socket,
resulting in a maximum attenuation of this undesirable phenomena.

cr

_PIT-HAG

Figure 3.9: Printout of the mask set, each different pattern corresponds to one
mask. The actuation and the working circuit are on opposite chip sides
resulting in a high attenuation between both ports.
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3.5 Measurements:
In this paragraph the characterization of the MOSFETs which have been

integrated to show the IC compatibility as well as the measurements performed
to characterize the polysilicon microrelays are presented.

The transistors have been characterized by measuring their output and
transfer characteristies.

Initial measurements of the polysilicon microrelays have been performed
in the air. The polysiticon electrodes of the contact were oxidized by the air
oxygen resulting in contact wear. Thus it has been necessary to operate the
microrelays in a nitrogen atmosphere. The latter has allowed to increase the
switching speed of the polysilicon microrelays up to 100 kHz and to improve
the life time of this device to more than 10° cycles. This demonstrates once
more that polysilicon is a suitable and reliable material to be integrated in
MEMS having relatively large displacements [3.26, 3.27, 3.35, 3.36].

3.5.1 MOSFETs characterization:

The measured ontput and transfer characteristics of the n-channel
MOSFETs (NMOS transistors) shown in Figure 3.10 and Figure 3.11
correspond to typical transistor behavior [¢.g. 3.37]. In the drain characteristics
of Figure 3.10, no short channel effect is observed; this is due to the rather large
gate dimensions of the MOSFETs having a length of 10 pm and a width of
30 pm. Furthermore, Figure 3.11 shows that the leakage current for Vgs=-0.5V
is about 75 pA being very low when considering the three polysilicon anneals

that the p-n junctions in the substrate had to undergo.

The subthreshold slope (n), the gain {B) and the threshold voltage (V)) are
good ways to characterize the quality of MOSFETSs [3.37]. This characterization
was realized in the frame of a Diploma work at the IMT [3.38]. The results of
this study are summarized in Table 3-1.

Table 3-1: Measurements and modeling of the MOSFETs {3.38]

Measurements ] S ationy """ 'Errors
4.01 172%

@ 88.110°Av' I MTog 21%
% 0.890 V | 9% |
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Figure 3.10: Ouiput characteristics (I; versus Vy for different V) of a
MOSFET (W=30 mm / L=10 o) integrated with the microrelays.
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Figure 3.11: Transfer characteristics (1, versus versus Vg, with Vi=5V) of a
MOSFET (W=30 um / L=10 um) integrated with surface micromachined

microrvelays.

49



Polysilicon microrelays

This example of integrating MOSFETSs with the same technological steps
as the MEMS highlights the limits of performing a coprocessing of electronics
with a mechanical structure. The comparison of predicted values and measured
valucs of Table 3-1, shows that the measured values are far away from the
predicted ones. The subthreshold slope (n), is much too high. [t should be
around L.5. This points out that these transistors are slower than equivalent ones
built with an optimum MOS process [3.37]. Some trade-off where made in their
destgn to ensure a minimal number of masks. The silicon nitride was etched to
define windows over the gate oxide resulting in trapped charges in the gate
oxide, Long high temperature thermal anneals were necessary to ensure the
stability of the mechanical structures making the doping concentrations difficult
to control. For all these rcasons, the design of good transistors integrated with
MEMS is a hard task, thus it may be ofien better to choose hybrid solutions and
to connect twao specialized chips with well defined characteristics together (e.g.
sensor chip and it’s front end electronics).

Nevertheless, these NMOS transistors have been used successfully by
T. Akiyama et al. [3.39] to build a small inverter intended for the measurements
of stress changes on cantilevers.

3.5.2 Electrical circuit:

To be able 10 describe the measurements which have been done with the
microrelays, it is necessary to define the names of the different applied
potentials. Figure 3.12 gives an electrical equivalent circuit of the microrelay.
When it is compared to the technological cross-sections (Fipure 3.1 and
Figure 3.4) it shows how these potentials are applied to the different layers
which form the structure.

For the working circuit, the potentials are:

Vi @ the voltage applied to the first polysilicon layer,
V.2 ¢ the voltage applied to the second polysilicon layer,

and for the actuation port, the potentials are:

Vunm : the voltage applied to the third polysilicon layer which forms
the micro-bridge,

V; : the substrate voltage,

Ve :  the voltage applied to the diffused area in the substrate.

These names will be nsed during the whole thesis also for the modeling of
the microrelays which will be presented in the Chapter 4.
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3.5.4 First measurements in nitrogen:

By operating the microbridge relays in a nitrogen atmosphere, it was
possible to considerably increase the lifetime and to enhance the ontput current
capability. An output current of 0.5 mA has been obtained, by taking a load
resistance (Ry) of 1 k€ and applying a DC bias of 10 V on the working cirenit
{V.1). Moreover, the use of a small resistance load enabled higher switching
speeds due to the shorter RC time constant. Figure 3.15 shows the output
voltage of a microrelay at 20 kHz measured over such a 1 k€ load. When the
switching frequency is further increased, cross-talk between the actuation and
the working circuit more and more influences the output signal. Figure 3.16
shows the output voltage at 75 kHz. This cross-talk is mainly due to the
measurement setup. Figure 3.17 shows the signal on the working circuit due to
the actuation voltage for a DIL socket without a microrelay. It reveals the
importance of the capacitive coupling between the ports. Improved
measurements will be presented in Chapter 4 (Section 4.4.3 Puoll-in time
simulation). They are realized with relays packaged on TO sockets where the
connections are shorter, thus giving a much smaller cross-talk. In order to
prevent the cross-talk phenomena appropriate shielding conld also be nsed
[3.31,3.32].
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Figure 3.15: Switching behavior at 20 kHz of a 350 wum long microrelay
measured in a nitrogen atmosphere
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the measurement setup. Ta perform this

measurement, a DIL sacket without a chip has been placed on the measurement
setup while the voltages usually used to drive the relay have been applied,
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3.5.6 QOperste time and release time:

Two time constants are important in the microrelay characterization: the
tum-on or operate time and the release time. Both limit the maximum speed at
which the device can be operated. The operate time is measured from when
power is applicd to thc driving port until the contact is settled. It gives
particularly good informatien en the electromechanical conpling and allows the
mechanical part of the relay to be characterized with a high accuracy
(cf. Chapter 4). The release time gives an idea of the capability of the relay to
open the contact, ]t is measured from the time when the power is removed on
the driving port until the contact is open. It gives some information on whether
the beam remains deflected on the sobstrate due to sticking phenomena.
Figure 3.18 shows the operate time of a relay having a 250 um long
microbridge. 1t can be scen that the contact is made about 4 ps after the
actuation voltage is applied, which is one order of magnitude faster than in
[3.1], two orders than in [3.13] and three orders than in a conventional relay
[e.g. 3.13]. As indicated in Figure 3.19, the opening time over a | k(2 load is
about 1 us. This shows the good behavior of these microrelays since clearly no
sticking phenomena were observed.

Both curves show that no bounce was present for these polysilicon
microrelays. Due to the hysteresis behavier of the beam capacitor, when the
microrelay touches the substrate, the actuation force is high and does not allow
the beam to bounce. Moreover, as these devices are operated at atmospheric
pressure, their guatity factor is very small due to air damping. This helps also to
rednce bounce effects of these devices.
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Figure 3.18: Switching behavior of a 250 pm long microrelay a few
microseconds after the driving voltage has been applied to the actuation port.
The operate time is about 4 us.
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Figure 3.19: Opening of the microrelay contact, the release time is about 1 us
Jor this 230 unt long microrelay.
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3.5.7 Life time tests:

Some life time tests have been performed with the microrelays. This

characterization was made under nitrogen atmosphere. A 350 um long
microrelay has been operatcd at 20kHz, while the output voltage was measured
over a 1k load. The relay has been operated 1.2:10° cycles before noticing
critical changes in the signature of the output signal. Figure 3.20 shows the
signal at the beginning of the test. Figure 3.21 shows the signal after 1.2:10°
cycles (16h45 of operation) when the first signs of wear of the contact were
obscrved. The test has been prolonged but after only 1-10% cycles the contact
was definitively damaged and some soldering of the contact has been observed.
The relay was closed and it was not yet possible to open it.

This test has pointed out that the critical part in a microrelay is the contact.
No change has been obscrved in the mechanical structure wherc an actuation
voltage of 70 V peek-to-peck was applied during the wholc test.
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Figure 3.20: Switching behavior at 20 kHz of a 350 um long micrarelay
measured in a nitrogen atmosphere, starting point of the life time tests.
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Figure 3.21: Switching behavior afier 1.2-10° cycles, note the changes in the
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3.5.8 Meaximum switching speed characterization:

Further expetiments operating the relay in the AC mode have been carried
ont by driving the substrate electrode with an AC switching voltage with peak-
to-peak in the range of V-V ,u. A negative offset voltage V¢ has been
apphed to the polysilicon drive electrode of the microbridge while the substratc
was grounded.

Due to the negative offset voltage (V) the microrelay is slightly deflected
and smaller driving signals are possible than the which ones presented in
section 3.5.3 to 3.5.6. Thus it has been possible to use the driving electrodes
diffused in the substrate, As the diodes between the driving electrodes and the
substrate have to be polarized, the maximum voltage that can be applied to the
driving electrode is about 18 V to 20 V, which corresponded to the reverse
breakdown voltage of the diodes. The offset voltage remains in the 30 10 45 V
which is still high for some applications and should be improved by a design
update.

The output voltage has been measured over a resistance load, applying 5 V
to the working port. Figure 3.23 shows a schematic of this measurement setup,
which allows reduction of the transients of the driving signal and thus reduction
of the cross talk betwcen the excitation and the working port.

Several driving signals at different frequencies have been nsed to
characterize the relays (Figure 3.24, Figure 3.25 and Figure 3.26). In particular,
when driving the relays at high frequencies, as shown in Fignre 3.26 for
100 kHz, the AC actuation voltages have to greatly exceed Vi.in-Vpou, in order
to overcome damping effects. In addition, cross-talk between the actuation and
the working circuits as well as interference from the mechanieal resonance
frequency of the microbnidges must be taken into account. The latier determines
the cut-off frequency of these relays, wbich has been observed at abont
200 kHz. For higher frequencies the relay is either on or off, since the
mechanical strueture is no longer able to follow the driving voltage. This also
shows that the measured signal of Figure 3.26 is not cross-talk but the switched
signal of the mechanical device. Due to their small masses, these relays offer a
much larger frequency range than traditional mechanical relays.
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Figure 3.25: Switching behavior at 10 kHz for a 350 um long microrelay where
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Figure 3.26: Switching behavior at 100 kHz for a 350 pm long microrelay
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3.5.9 The effact of the micro-bump:

By applying an offset voltage near V., and an AC-driving signal of about
1V, a special behavior of the microrelay was observed. (Figure 3.27). This
particularity consists in the fact that the relays could be operated with a signal
smaller than the difference between the pull-in and pull-out voltages. The
possibility to drive the relay with such a small net switching voltage is due to
the microbump. When the voliage applied to the driving port just exceeds Vi.iq,
the beam is deflected until both electrodes of the working circuit touch and the
beam may be held by the microbump, which provides an air gap between the
driving electrodes. Therefore the dynamic pull-out voliage is much closer to the
pull-in voltage. This interesting effect has been used by Zavracky et al [3.40] to
determine an optimum size for the microbump and designing devices without
hysteresis.
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Figure 3.27: Switching behavior at 1 kHz for a 3150 pm long microrelay where
Vogis -41V.
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3.5.11 DC & AC isolation:

The DC isolation of mechanical microrelays is a key point of such devices.
As shown in Figure 3.28 a leakage current of about 120 pA was measured when
10 Volts where applied to the working port of a 300 jun long polysilicon
microrelay. This gives an impedance of 83 G when the relay is open. For
electromechanical devices 1 G£) was rcported in [3.2]. Compared to the contact
resistance of 10 kQ for the tested device, it makes an off-state to on-state
impedance ratio of 8-10°,

The maximum voltage which could be applied to the working port for a
350 um long microrelay before noticing failure of the DC isolation was 60 V.
This failure was due to the deflection of the microbeam. This value could be
improved by an appropriate design update which would also be necessary in
term of coupling capacitance.
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Figure 3.28: DC isolation of the microrelay. V, corresponds to the voltage
applied to the actuation port of the polysilicon microrelay, 1, corresponds to the
current measured over the contact port of the microvelay. The off-state 1o on
state impedance ratio of this device is 8 10°.
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3.6 Conclusions:

The fabrication of polysilicon/silicon nitride multilayer microbridge relays
have been demonstrated using a {fully 1C compatible sacrificial layer
technology. This prototype generation has been successfully tested and has
shown rather promising features such as low net AC driving voliages in the 1 to
10 V range, an operation at frequencies up to 100 kHz and a lifetime of more
than 10° cycles. These relays have an output current limitation of a few mA due
to the relatively low conductivity of the polysilicon used for the working circuit.
Mereover, their typical contact resistance which 1s abount 22 k(2 is too high for
switchiing applications. Thus it will be necessary to use other contact materials
to improve this feature of the microrelays [3.42, 3.43].

The characterization presented here explains many features of the
microrelay. Nevertheless, 1t has been foond interesting to get a better
understanding of these microrelays, by performing a special characterization of
the non linear actuator. This work will be presented in chapter 4, with the
simulation which has been performed at the Massachusetts Institute of
Technology (MIT) in the group of Professor Stephen Senturia during a three
month stay as a visiting scientist. Thus the reader will find more details about
the resonance frequency as well as the pull-in time in the next chapter.
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Chapter 4

4 n Characterization and modeling of a

non linear actuator

4.1 Introduction:

This Chapter describes simulation performed at the Massachusetts Institute
of Technology (MIT), in the group of Professor Stephen Senturia to whom 1 am
grateful for giving me the opportunity to be a visiting scientist in his laboratory
over three months during the Summer 1996, The measurements described here
have been made with the microrelays presented in Chapter 3. They have been
performed at the Institute of Microtechnology (IMT)

The simulation of the nonlinear electromechanical behavior of an
electrostatically actuated microbeam, fabricated as the moving part of the
polysilicon microrelay will be reported. The electrical performance of the relay
has been presented in Chapter 3 as well as in [4.1, 4.2]. This Chapter
emphasizes a comparison between the basic measured properties (the pull-in
voltage, the resonance frequency, the quality factor, the switching speed and the
electrostatic spring softening). It presents simulations obtained with the
correspouding quasi-static and dynamic models. The combination of different
simulation tools (MEMCAD [4.3]}, Abaqus™ and MIT’s macro-models [4.4,
4.5, 4.6, 47)) offer good insights into the bchavior of the polysilicon
microrelay, including the squeeze-film effects due to the air under the beam
[4.8,49,4.10,4.11,4.12].

This work was presented at Trausducers *97 in Chicago in two different
papers. One paper discusses the details of the squeeze film damping simulation
using macro-models [4.7] while the other presents the behavior of the nonlinear
actuator [4.13].
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4.2 Mechanical device:

As explained in Chapter 3, the mechanical part of the microrelay consists
of a polysilicon/ silicon-nitride/ polysilicon microbridge realized by sacrificial-
layer technology. Figure 4.1 shows a schematic cross section of the microrelay.
The actuation circuit is formed between the polysilicon layer of the microbridge
(3" polysilicon electrode) and the n-doped region in the substrate (counter
electrode). The working circuit consists of two polysilicon layers: the first one
is on thc substrate (1% palysilicon) and the second one is under the beam
(2™ polysilicon). Figure 4.2 shows a SEM of a 350 um long microrelay. More
dctails about the realization and first characterization of these microrelays are
given in Chapter 3 and in [4.1,4.2].

p-type silicon substrate

CVD Si-dioxide &

p-type region LPCVD Si-nitride
n-type region e 1t & 2nd P-doped
B aluminum : == LPCVD poly-Si

; I o 3rd P-doped
LPCVD Si-nitride LPCVD poly-Si

Figure 4.1:Cross section of the polysilicon microrelay with the working civcuif
on the right side and the actuation port on the left side.
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in the process editor and builds the model. At this point a particularly important
task has to be done: the mesh of the model. This work takes z certain time,
because the mesh needs to be optimized. A too fine mesh will slow down the
computation time and thus penalize the model. A too rough mesh can be far
away from the physical reality and thus will give wrong results. A solution to
control the quality of the mesh is to use the Finite Element Modeling (FEM)
software (in MEMCAD it is Abagqus™) and 10 follow the cvolution of the
resonance frequency. The resonance frequency is calculated for a particular
mesh and for another one where the number of elements is divided by two. If
both resonance frequencics match together, either mesh can be used. In case the
mismatch is too big, a finer mesh has to be investigated and tested with the
samec method. Only the mechanical part of the device and the electrodes in the
substrate are meshed.

The inter-electrode capacitance is calculated with Fastcap. This module
finds the charge distribution to match the applied potentials. At this point of the
modeling it is also important to nse different meshes to look if the aspect ratio
of the panels doesn’t generate numerical errors,

The coupled electro-mechanical simulation at this point is controlled by
CoSolve. This module evaluates the couvergence of the solution. While it
considers it has not yet converged with a cerfain accuracy, it continues to switch
between Fastcap, which calculates the charges and the corresponding forces,
and Abaqus™, which calculates the mechanical solution.

MEMCAD allows cvalnation of several peints for a defined variable. For
example the applied voltage between the microbridge and the substrate
electrode can be varied. Thus it is possible to get a quasi-static modeling of the
pull-in voltage of the microelectromechanical device. Moreover it allows
changes in the size of the device by cnlarging the element size providing results
for different sizes of devices, without having to mesh it again.
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Process
: Editor

Process staps

Layout Editorg
(KIC) _

CIF Mask set

Translate to IGES masks
and process text file

-
=3--

. Selid modeling,
MemBuilder Visualization,
Meshing

Process emulation

MemBase

FASTCAP

Electrostatic simulation

ABAQUS

Mechanical simulatian

CoSolve-EM

Figure 4.3: Schematic of the different modules of MEMCAD 2.0 {4.14, 4.15];
note that a new version of MEMCAD is now gvailable {4.16]
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Figure 4.6: Comparison of the effect af the boundary conditions on the pull-in
voltage (E = 200 GPa and g, = {30 MPa)
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Figure 4.7: Simulation of the pull-in voltage. The values are close to the
measured values of 48.7 V for the 300 um long relay and 42.8 V for the 350 um
lang relay (E = 200 GPa and o, = 145 MPa).
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Using the same mechanical properties as in the pull-in voltage simulation,
a modal analysis was performed with Abaqus™ to get the resonance frequencies
as well as the shapes of the five first modes. An error smaller than 5% has been
obtained for the first resonance frequency. The five first modes are shown in
Figure 4.9.

This pull-in voltage simulation shows that the measurement of this value
allows to get an approximately consistent set of constitutive material properties
of the multilayer electromechanical device [4.21, 4.22, 4.23]. Nevertheless,
some details like the boundary conditions of the supports as well as the
geometry of the devices must be considered with a particular attention.
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Table 4-1: Summary of the simulation results

) Pull-in ’ Resonance frequency
Length ] 300 pum 350pum | 300 pm 350 pum
Measured =~ 487V 428V 1 360kHz 316 kHz
Simulated | 48.5V 410V - 3785kHz  3206kHz
Errors <1% <4.5% ,-: 499 14 %

—

1527 kHz T

Figure 4.9: Abaqus ™ plots of the five first modes with their frequency. This
kind of simulation is very usefid to realize a dynamic macro model {4.6, 4.7].
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4.4 Dynamic modeling:

The dynamic behavior of these devices has also been simulated, but

because of various approximations, the dynamic models are less accurate than
the quasi-static models used for the pull-in and resonance frequency. Two
different models have been investigated [4.4, 4.5]. They differ only in the
numerical treatment of the beam mechanics. Both include squeeze-film air
damping by solving the Reynolds (4.1) equation using finite difference
methods.

The Reynolds equation is given by:

d(hPp) _ V(P,h*VPy)
ot 12

@.1)

Where
oh is the gap between the beam and the substrate
oP}; is the pressure due to the damping
ot is the time
1 is the air viscosity: 1.82 x-10-5 kg/(m-s)

4.4.1 Macro-mode! based on modal analysis [4.6]:

The first simulation for the pull-in time uses a modal analysis which
includes the step boundary conditions but not the stress-stiffening in large
deflection [4.6].

The modal analysis start from the Newton equation:

[MIx}+ [KJ{x} = Fo({x} {5+ Fs({x}) w2
Where
#[M)] is the matrix of the mass for each coordinate
#[K] is the spring constant matrix
*{x} is the position vector and {&} the acceleration vector
oF)y is the term for the damping forces and

oFg for the electrical forces.
By changing from the normal {x} to the modal {q} coordinates:

{x}=[SHa} @.3)
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(4.2) becomes (4.4):

[MisKa}+ [K]SKa}=Eo((SHahSHa}) + Ee(SKal) @

Where [S] is a matrix whose columns are mode shape vectors.

By applying [S]" to the whole equation we get:

[S'[MIISHa} +[s]'[KHSHa} = [S]' (Fo([SHa}[SHa}) + Fo((SHa})) 45)
This results in a system of equations that is completely uncoupled on the
left hand side of the equation because [S]'[M][S] and [S]'[K][S] are diagonal

matrixes.

Thus this equation becomes:

(M K} + (Ko Ka} =T (Ep(SHatisHa}) + Fe((SHal))| ca6)

Where [Mg] and [Kg] are generalized matrixes for mass and stiffness with
the eigenvalues in the diagonal.

4.4.1.1 Approximations used in the mode! based on modal analysis:

1) Under the assumption that the higher modes have negligible effect on
the system, the first three mode shapes were derived from Abaqus™
modal analysis with residual stress and the stepped-up beam ends.

2) Electrostatic force is given by the parallel-plate approximation.

3) Finite difference for Reynold’s Equation (26 x 11 nodes) with slip flow
model which is the same as the model used for small amplitude
oscillation simulation [4.7]

4) No stress-stiffening effect.

3) The stiffness was choosen for the model parametric adjustment.
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4.4.2 Mscro-model based on the Euler wide beam [4.5]:

The second model solves the two-dimensional (2D) finite-difference
equation of motion for a uniformly-flat Euler wide-beam (4.7} with stress

stiffening, but with fully elamped beam ends [4.5].

2*h
ot’

Et!}
(1-v7)12

V'h+6,(h)V?h=P,(h)+P,(h,h)-p, @.7)

Where
» E is the Young’s modulus and v is the Poisson’s ratio (v=0.3).
e t’is the beam thickness.
* h is the gap between the beam and the substrate.
s o(h)/t’ is the gap dependent stress.
s Py is approximated by the nonlinear electrostatic pressure due to a
parallel-plate.
» Py is the pressure due to the damping.
s {is the time.
o pdt’ is the density of the beam: 2300 kg/m’.

4.4.2.1 Approximations used in the Euler wide beam madel:

1) The beam has been discretized into 2D grid (50 x 50 nodes)

2) Electrostatic force is the parallei-plate approximation.

3) Damping pressure from compressible Reynold’s Equation (no slip flow)

4) o(h)/t’ includes the stress-stiffening effect and residual stress for h
equal to the nominal gap between the beam and the substrate.

5) The residual stress has been chosen as the parametric adjustment.
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4.4.3 Pull-in time simulstion:

As described in Section 3.5.4, it has been necessary to perform improved
measurement with devices packaged on TO sockets to get useful data for the
pull-in time simulation, These data are given in Figure 4.10. Compare to
previous operate time presented in Section 3.5.6, the cross talk between
actuation and working circuit was considerably reduced. On this Figure, an
arrow shows how the pull-in time was measured. It is measured from when
power is applied to the driving port until the output voltage start to increase.
Thus it is not exactly the same as the operate time which would be measured
from when power is applied to the driving port until the contact is settled.
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Figure 4.10: Data for the switching time versus voltage characterization
(300 um long microrelay). The actuation voltage is the voltage between the
driving electrode in the substrate and the polysilicon microrelay. The resistance
load was 10 k$2
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Both models (cf. § 4.4.1 and § 4.4.2) required parametric adjustment to fit
the pull-in voltage. The stiffness was selected for the first modc] adjustment,
while the residual stress was selected for the second onc. Figure 4.11 shows the
experimental switching time versus actuation voltage for a 300 pm long relay,
together with several simulations. Once the pull-in voltage is matched by
adjusting respectively the stiffness or the residval stress, the curves fit the
measured variation of pull-in time with voltage very well. It should be
emphasized that the residual stress and the stiffness adjustment used here is to
provide compensation for the unmodeled effects in the two models, and does
not mean that the physical values have changed from the previous values.

10“‘_...,...,1..,...!

@

Pull-in time [s]

106 L . e l I S TR
46 48 50 52 54 56
Actuation Voltage (V]
—*—Measurements

—— Euler wide beam: residual stress=116MPa
--a--Euler wide beam: rcsidual stress=100MPa
—+— Stepped-up bean: residual stress=145MPa
--e--Stepped-up beam: residual stress=145MPa,
8 % increased stiffness

Figure 4.11: Switching time versus valtage for a 300 pum long micrarelay. Two
different madels have been used to simulate the behavior of this device. The
residual stress has been adjusted to match the pull-in voltage as explained in

the text.
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4.4.4 Quality factor modeling:

The quality factor and the frequency shift have been extracted from the
transfer function of the microrelay for different ambient pressures. This
measurement has been realized with a laser interferometer in a vacuum
chamber. The pressure has been measured with a Pirani gauge. The quality

factor is defined as:

f
Q=—2 4.8
Af, “o

-3dB

Where
» fj is the value of the resonance frequency.
* Af.a4g is the bandwidth measure at -3 dB from the maximum of the
curve.

Transfer function of a 300 pm long microrelay

108

--------- 15 mbar
=— 10 mbar
— — 5 mbar

==-= 0.1 mbar
— 0.05 mbar

IWRYIT

Amplitude [m]

10—10 R ’ N . . . . " N

300 320 340 360 380 400
frequency [kHz]

Figure 4.12: Optically measured transfer function of a 300 gan long microrelay.

These measurements have allowed extraction of the resonance frequency shift

and the quality factor versus the ambient pressure.
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The simulation of these measurements has been performed with the macro
madel approach based on modal analysis which is described in § 4.4.1. Thus it
has been possible to simulate the effect of air pressure on the resonance
frequency and the quality factor. These simulations have been presented in
detail in [4.7]. Figure 4.13 shows the measured and simulated data for a 300 um
long microrelay, Such simulation has also been realized for a 350 um long
microrelay (Figure 4.14). By using the material properties used in the pull-in
and resonance frequency modeling presented in § 4.3.2 an error within about
5% has been obtained. Tn order to demonstrate the perturbation of the resonance
by the air damping spring force, the modal stiffness in the simulation was
arbitrarily reduced slightly so that the low pressure resonance frequency agreed
with the experiment vahe,

This simulation has pointed out the possibility to get a maodel for relatively
complex systerns where the external forces are dependent on the position of the
mechanical structure.

e C-ICASUTEMents — fomeasurements[kHz]
—+—Q-simulation —— f-simnlation[kHz]
T ——rrm 366
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Figure 4.13: Small amplitude simulation of the effect af air damping for a 300
um long microrelay [4.7] Becanse no intrinsic mechanical damping was
included in the modeling. the quality factor measurements and the simunlation
diverge far presswres less than I mbar.
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Figure 4.14: Small amplitude simulation of the effect of air damping for a
350 pm long microrelay [4.7] Because no intrinsic mechanical damping was
included in the modeling, the quality factor measurements and the simulation

diverge for pressures less than 1 mbar.
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4.4.5 Spring softening effect:

The model presented in § 4.4.4 also includes the spring softening effect.
This effect occurs when an external nontinear force is applied to a resonator.
The cxtemal force modifies the spring constant of the whole system and thus a
change of the resonance frequency is visible. In our case the nonlinear force 1s
due to the applied voltage between the telay and the substrate. When this
voltage is increascd, the resonance frequency decreases and would be zero at
the pull-in voltage of the microrelay beam. This small paragraph is here to show
this effeet separately from the squeeze film damping. The spring softening
effect shown in Figure 4.15 is given for a 300 yum long microrelay. A change of
about 2% has been observed for 15V applied to the beam [4.24].
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Figure 4.15: Spring softening effect: measurements and simulation for the 300
iom long microrelay.
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4.5 Conclusions:

Thanks to Professor Stephen Senturia who invited me in his laboratory and
to Professor Nico de Rooij who let me go to Boston for three months, I was able

to simulate these polysilicon electrostatic microrelays.

Thanks to this stay, full modeling of the nonlinear dynamic behavior of an
electrostatic microrelay has been demonstrated. The pull-in voltage, the
switching time, the resonance frequency and the quality facter of such
compliant structures have been simulated. Squeeze-film damping has been
included for the dynamic simulations. This modeling illustrates the potential for
predicting the behavior of such micro electromechanical systems with good
accuracy.

Some particularly interesting aspects of such modeling have to be
emphasized. The first one is the potential of the simulation to find an equivalent
set of mechanical properties for these multilayer microrelays. The second one is
the possibility to simulate the dynamics of a nonlinear device with a good
accuracy (less than 3% error). The latter allows to get a good nsight in the
external forces applied on the device, which can be produced by the damping
and the squeeze film damping due to the air under the beam [4.7].

Such modeling approach has to be developed in the sensors, actuators and
microsystems field to get smarter devices in a shorter time. It will also shorter
the time to push new prototypes on the market, with better controlled
specifications.
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5 n Conclusion and outlook

5.1 Technologqy and microrelays:

This conclusion will emphasizes the work which was done from 1993 to
1997 during my Ph.D. Thesis, focusing on the realization, the characterization
and the modeling of microrelays. A comparison of the main publications related
to micromechanical microrelays is given in Table 5-1 and Table 5-2. Their main
characteristics are compared with the IMT microrelays described in this Ph.D.
Thesis.

Chapter 2 gives a summary of the surface micromachining technology
which was used for the realization of these polysilicon based microrelays. It
describes also some aspects of the packaging. The surface encapsulation and the
glass micromachining are detailed. The example of the packaging of a silicon
vibrating gyroscope illustrates the usc of glass micromachining.

The increase of the number of laboratories working on microrelays can be
seen on Table 5-1 and Table 5-2. The work of Petersen et al. [5.1] published in
1979 remains as the main reference of this field of activity. Nevertheless, the
different approaches presented since that first contribution are interesting.
Different points have to be highlighted. The electrostatic actuation is often too
high to integrate these microrelays with standard electronics circuits available
on the market. There is one contribution from Schimkat et al. [5.4] which
obtains a relatively low pull-in voltage of 15 V. The configuration used in this
paper (wedge actuator) is of interest but does not allow fast switching
(maximum 35 Hz). The IMT contribution exhibits a switching voltage of 40 V
to 55 V. The DC switching voltage could be reduced by applying a constant
offset voltage on the microrelays but the latter remains in the 30 V to 40 V
range. A trade-off has to be found which would keep relatively high restoring
spring force with low switching voltage. As explained in section 3.5.11 a better
design could improve this feature.
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For the electromagnetic actuation the driving voltage is smaller but the
power consumption is still high. A power consumption of 33mW to 350mW
was reported in [5.11], thus this solution is not the best for low power
applications.

The switching time is relatively fast for all the relays mentioned here. 1t
vary from 2.6 ps to 2.5 ms. For electromechanical, dry reed and mercury wetted
devices it is in the 0.1 ms to 100 ms range [5.12]. This points out the interest of
the miniaturization of mechanical relays. It is the same for the frequency which
is also relatively high, the IMT relay being one of the fastest with 100 kHz
switching frequency.

These miniature microrelays have the same problem as traditional ones in
that their lifetime is limited by the contact wear. The miniaturization of these
devices induces also a limited cuirent capability. There will certainly be a trade-
off hetween the size, the speed and the current capability of micromechanical
relays. .

The modeling presented in Chapter 4 was of great interest. 1t has allowed
to understand some features of these microelectromechanical devices. 1t has
been possible to simulate the microrelays pull-in voltage, pull-in time and
resonance frequency with a good accuracy (less than 5 % error). The geometry
of this microrelay was enough complex to be a good test for these emerging
simulation tools which offer new paossibilities in the development of MEMS.

As a final conclusion, 1 would say that this Ph.D. Thesis is complementary
to the other contributions in the world. It has demonstrated the vse of
polysilicon layers for the mechanical part of such a device. Some interesting
behavior could be measured and simulated such as the dependence of the
switching time in function of the actuation voltage.

5.2 Outlook-future of MEMS:

] think that the future of microclectromechanical systems will be the

integration and the combination of more and more sophisticated devices. Thus
the modeling will take a big place in the development of these new devices
which will have to fulfill certain requirements. This modeling will not only
concern the design of the new devices bul will also be a complement for the
characterization of the technologies. | think that every laboratorics and
foundries working in this field of activity should create lists of the physical
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properties of the layers they are able to deposit with the tolerances they can
achieve. Thus people who are developing prototypes could design them by
knowing theses specifications and could shorten the time necessary to the
industrialization of the prototypes. This aspect is very important and will be the
only way to realize accurate modeling of MEMS and thus to umprove their
behavior. This effort of processing steps qualification has been done for the IC
technology, why not for MEMS technology? This approach should improve
globally the quality of the devices as well as their reproducibility which is the
only way fo interest industrial partners to integrate MEMS in their
products [5.13].

The silicon micromachining offers certain advantages like the precision of
the layer patterning which allows a certain level of miniaturization.
Nevertheless the product and its market have to be chosen properly. First the
number of pieces has to be evaluated. This number is often in the 1000 to
10°000 and rarely in the 100°000 pieces per Year. Compare to the 1Cs it is
relatively low and thus the price of each device will never be comparable to
electron devices. Successful devices will be those which take advantages from
the 1C compatibility of the technology as well as from its precision. Thanks to
the effort which is dove in this freld of activities since 35 Years, | hope more
and more devices will pass from the prototype level to industrial products.
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