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Modélisation et optimisation des actionneurs électrostatiques basés sur la membrane

Introduction générale

MEMS est I’abréviation de microsystémes électromécaniques. Ces sont des dispositifs
de taille micrométrique qui intégrent des composants électriques et mécaniques (poutres,
diaphragmes, ponts, ressorts, etc..) fabriqués en utilisant les microtechnologies.

La technologie MEMS est utilisée presque partout. Elle est le plus populaire pour le
marché automobile des capteurs (airbags, systémes de sécurité, suspension, échappement).
Elle est utilisée aussi pour le marché industriel (détection des tremblements de terre,
perception de choc, robots, etc.), le marché domestique (ordinateurs, portables, systémes de
navigation, etc.) et militaire (chars, avions, équipements des soldats). Le domaine le plus
promoteur concerne les applications biomédicales. Les capteurs peuvent étre utilisés pour
mesurer la pression, ou les contraintes comme dans les instruments chirurgicaux. Les
actionneurs comme les micro-pompes sont utilisées en dosage des médicaments et les
analyseurs de DNA existent méme sur le marché. La liste des applications est trés longue.

De nombreux MEMS intégrent des micro-actionneurs pour actionner des piéces
mobiles. De nombreuses méthodes existent générer cet actionnement parmi lesquelles
I’actionnement électrostatique est le plus utilisé a cause de sa simplicité de mise en oeuvre. Il
suffit juste d’appliquer une tension entre deux électrodes dont une est mobile. Alors, I’énergie

¢lectrostatique est simplement transformée en mouvement.

Ce mémoire porte sur 1’étude d’un actionneur €lectrostatique pour 1’auto-calibration in
situ d’un capteur de pression. Ces travaux ont été réalisés au LAAS (Toulouse, France) dans
le cadre d’un projet de I’ Agence nationale de la Recherche (CAPTAM :CApteur de Pression
Télémétrique Auto-étalonnable Miniature pour la mesure de fonctions physiologiques sur
I'homme). L’objectif de ce projet était de développer un capteur de pression fortement
miniaturisé¢ utilisable aussi bien pour la mesure de la pression artérielle que de la pression
intracranienne, intégrant la mesure de température, auto-étalonnable in situ et utilisable a
terme sur ’Homme. Le projet était réalisé en collaboration avec Hemodia (Labeége, France),
le Centre Hospitalier Universitaire de Toulouse (CHU Toulouse, France) et I’Université de
Picardie Jules Verne (UPJV, Amiens, France). La tache réalisée par le LAAS concernait le
développement de la cellule sensible a la pression et la température. En raison de
I’application, les dimensions de cellule étaient fixées a 2400 um x 740 um. Cette cellule
comprend une membrane avec quatre jauges de contrainte implantée en configuration de pont

de Wheatstone. Le principe de fonctionnement est présenté sur la Figure 1. La membrane est
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Résumé de thése

placée au-dessus d’une cavité, obtenue par la soudure de deux plaquettes de silicium. La
pression constante dans la cavité est la pression de référence (P,.,). La différence entre la
pression extérieure (P,y) et la pression de référence entraine la déflexion de la membrane
(Aw). Une contrainte mécanique (Ao) apparait alors dans la membrane et est transformée en
signal électrique (AV,,) en raison du changement de résistance des jauges (R+AR). Le
matériau utilisé pour fabrication de la membrane était le silicium de type N dans le plan (100).
La membrane est fabriquée dans la direction <110> pour obtenir la plus haute valeur de
coefficient de piézorésistivité. L’épaisseur de la membrane était fixée a 5 um en prenant en
compte la sensibilité du capteur, les limites technologiques et la disponibilité¢ des plaquettes
SOI au marché. Les dimensions de la membrane était fixées a 300 pm x 300 pum ou
900 um x 300 um. Le générateur de pression ¢€lectrostatique intégré est obtenu par une contre
¢lectrode déposée au fond de la cavité. L’ ¢lectrode est simplement obtenue par utilisation de
silicium comme le substrat. La tension disponible, qui permettra 1’auto-étalonnage, est limitée

a4 6 V maximum.

I Vout

f \

/ \

membrane jauge
Pext
Wi
\/

Pref (Pext _Pref) - Aw - Ao - AR - AVout

Figure 1: Schéma du capteur de pression et son principe de fonctionnement.

La premicere partie de ce mémoire porte sur la théorie des actionneurs électrostatique a
membrane dans laquelle nous présentons les modeles analytiques développés. Dans la
seconde partie nous exposons ’outil de simulation développé pour réaliser 1’optimisation de
I’actionneur et I’analyse statistique des performances. Le troisi¢éme chapitre porte sur la

fabrication et la caractérisation des structures de tests.
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Modélisation et optimisation des actionneurs électrostatiques basés sur la membrane

Chapitre F-1 Modélisation actionneur électrostatiqu e

Comportement mécanique de la membrane

Nous considérons la plaque mince avec le rapport longueur-épaisseur (a/h) de 10 a 80.
Cette plaque sera appelée la membrane. La déformation dune membrane rectangulaire sous
I’action d’une pression hydrostatique est donnée par 1’équation Newton-Lagrange en
coordonnées cartésienne :

D 64w1(x,y) +2a,64wl()c,y) +64w1(x,y) _p
ox* 0x20y° 't )
Y Y

Equation 1

ou w; est la déflexion de la membrane en raison de pression appliquée P, a est le coefficient
d’anisotropie, Dy est la rigidité de la membrane et D est la rigidité¢ a la flexion décrit par
I’Equation 2:

D =D,h’, D, = £ Equation 2

12(1-v?)

ou E est le module d’Young et v le coefficient de Poisson. En réalité la membrane est stressée
initialement. Ces contraintes s’appellent les contraintes résiduelles et elles sont causées
usuellement pendant le procédé technologique. Ces contraintes en cas de compression
peuvent causer la déflexion initiale de la membrane. Puis, en prenant sur compte les
phénomenes mentionnés, I’Equation 1 prend la forme suivante :

DAA(w(x, y) —w, (x, y)) +0,hAw(x,y) = P Equation 3
ou wy est la déflexion initiale de la membrane, o) est la contrainte résiduelle (la valeur
négative et positive indique la compression et la tension, respectivement), A est 1’operateur

Laplacien et AA est I’operateur suivant :

4 4 4
AA = a 4 +2(X ? 2 + a 4
Ox Ox~dy~ Oy

L’Equation 3 est solutionnée en utilisant la méthode de Galerkin en prenant la solution sous la
forme suivante :
__22(_2)2}7 20 2) .
w(u,v) = (1 u ) 1-v ZK,-,“ v Equation 4
i,j=0
ou u et v sont les coordonnées normalisées a la longueur a et a la largeur b de la membrane,

respectivement. Les coefficients inconnus K;; sont calculés a partir de I’équation suivante :

16

4 -1
K :(DWA1 +0’0hEA2j (P+P,)B Equation 5
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Résumé de thése

ou Py, est la pression qui provoque la déflexion initiale de la membrane, Ay et A, sont les
matrices des éléments constants qui sont calculées analytiquement.

La dépendance de la déflexion de la membrane a la pression appliquée est linéaire.
Donc, on peut réduire le modele de la forme linéaire suivante :

kow._ =P+P k =012+c20b¢2h

mem "~ max w0_ max > mem b4

ou C; et C, sont les constantes qui dépendent du rapport R=b/a de la membrane et C; du

Equation 6

coefficient d’anisotropie. Ce modele réduit utilise juste la déflexion maximale de la
membrane. Donc, il ne donne pas d’information sur la forme de la membrane et la forme
normalisée doit étre utilisée. Les simulations ont montrés que la forme de la membrane
dépendait de la contrainte résiduelle. Donc, le modeéle réduit est précis juste pour des

contraintes résiduelles relativement faibles.
Actuation électrostatique

L’équation d’équilibre de la membrane sous la pression ¢électrostatique générée par
I’application de la tension V entre la membrane et 1’électrode parallele a la membrane est

donnée par :

2

2(d = w(x, y))

ou d est la distance entre la membrane et 1’¢lectrode. La solution de cette €équation est la

DAA(W(x, y) —w,(x, y)) +0,hMw(x,y)=P+¢ Equation 7

méme que pour la pression uniforme. Donc, la méthode de Galerkin méne a 1’équation

suivante :
_ 16 4 o 2 .
K=|D 272 Al +Uoh_Az (P+PW0)B+£—B1 Equation 8
ab ab 2
ou By est le vecteur donné par :
1
— @, dudv Equation 9
,[2_[ (d _ W)Z 2J

Il n’y a pas de solution analytique pour ces intégrales. Il faut donc les calculer numériquement
ce qui prends beaucoup de temps. Puis, comme ces ¢léments sont dépendants de la déflexion
de la membrane, la solution doit étre itérative. Ainsi, 'usage du modele réduit est intéressant
car il réduit les temps de calcul :

VZ

k =P t+e—F—o
Mo = S )

mem max

Equation 10

Les simulations ont montrés que ce modele n’est pas tres précis (Figure 1).
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Modélisation et optimisation des actionneurs électrostatiques basés sur la membrane

L —— e

—-=--Modg¢le classique
Modele réduit

o
[}

o ¢
[
w hO
DT

Déflexion normalisée (w/d)
o o
1S

; . F
0 20 40 60 69 8084
Tension [V]

Figure 1: Comparaison entre le modéle réduit et classique pour ’actuation électrostatique.

Afin de corriger ce modele réduit nous avons introduit deux termes supplémentaires dans
I’Equation 10 :
V2

k -
2(d - aw,,.)

=P, +Be Equation 11

mem wmax

Les coefficients 4 et B sont calculés a partir du modele classique et permettent une premicre
correction. Toutefois, la forme de la caractéristique w=f(}) n’est pas correcte et elle doit étre
corrigée aussi. Ceci est obtenu en introduisant les fonctions de correction de la Figure 2 qui
dépendent du rapport Py/P,.. (P est la pression hydrostatique qui cause la déflexion de la

membrane égale a la profondeur de la cavité d).

1,00 — I S Po /P05

P /P =0

1,02 R A — P, P =05 |-

1,01 Hreeeeeeeees 1

[N
o o
w
|

-
o
o

T T

T T
0,2 0,4 0,6 0.8 1,0

Valeur de correction de déflexion générée
o
°

Tension normalisée (V/Vpull-in)

Figure 2: Fonction de correction de la déflexion générée.

Les simulations FEM ont montrées que la correction du modele réduit pour 1’actuation
¢lectrostatique est précis et que les résultats sont comparable avec les résultats obtenues avec
la simulation FEM. De plus, le temps de calcul du modéle développé est beaucoup plus faible

que celui obtenu avec la simulation FEM (environ 50 ms au lieu de 6 minutes pour tracer la
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Résumé de thése

pleine caractéristique qui comprend 50 points). C’est le grand avantage, spécialement en
phase d’optimisation. Toutefois le modele développé, a des limitations (le plus importante est

I’encastrement idéal de la membrane) qui limitent I’'usage de ce modgle.



Modélisation et optimisation des actionneurs électrostatiques basés sur la membrane

Chapitre F-2 Optimisation et approche statistique

La phase d’optimisation d’un capteur est trés importante parce qu’elle affecte la
réussite d’un projet (durée, coit, ...). Cette phase doit donc utiliser des simulations pour
diminuer le nombre de vérifications expérimentales. Le mod¢le analytique développé, qui
simple et rapide, permet ainsi de mener a bien cette phase d’optimisation. La possibilité
d’effectuer de nombreuses simulations dans un temps trés court permet également d’estimer
I’influence de proceéde technologique sur la performance des capteurs.

Des simulations FEM sont réalisées uniquement a la fin de cette phase pour vérifier les
résultats obtenus. La procédure d’optimisation qui a été développée sous MATLAB® est

décrite sur la Figure 1.

Définition des)
conditions J A

A 4

Modg¢le analytique

Simulation Résultats
FEM : OUI satisfaits?
4
_____________ Vérification Design
expérimentale optimal

Figure 1: Procédure d’optimisation.
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Chapitre F-3 Fabrication et caractérisation des str  uctures

de test

Les actionneurs électrostatiques ont été fabriques en utilisant deux plaquettes de
silicium. La premiére (Figure 1a), est une plaquette de type P oxydée (Figure 1b). Les cavités
sont formées par gravure chimique de I’oxyde (Figure 1c). Puis, le fond de la cavité est oxydé
pour éviter les courts circuits (Figure 1d). La plaquette est ensuite soudée avec une deuxieme
plaquette SOI de type N (Figure le). La soudure est réalisée sous vide pour assurer une
pression nulle dans les cavités. La partie massive du SOI (Figure 1f) et I’oxyde (Figure 1g)
sont supprimés pour libérer les membranes. Apres, les cellules sont séparées par gravure RIE
du SOI (Figure 1h). L’implantation N++ du contact est réalis¢ (Figure 1i), et ’acces a la
contre électrode de Silicium inférieure est obtenue par gravure RIE (Figure 1j). Finalement les
contacts électriques sont métallisés (Figure 1k).

La caractérisation du procede se concentre sur :

- la mesure de la courbure des plaquettes avant soudure en utilisant le
profilometre mécanique. Ce parameétre est important car il conditionne la
qualité de la soudure. La vérification du procédé de soudure est réalisée en
utilisant une camera infrarouge.

- la mesure des dimensions des cavités et de 1’épaisseur des membranes en
utilisant le profilomeétre optique. La sensibilit¢ de [D’actionneur

¢lectrostatique est en effet trés sensible a ces parameétres géométriques.

La méthodologie de caractérisation des performances des actionneurs est décrite dans ce qui
suit. Au début, la déflexion initiale de la membrane est mesurée en plagant 1’échantillon une
enceinte & vide pour obtenir une pression différentielle nulle. Puis, la déflexion de la
membrane sous pression hydrostatique est mesurée pour estimer la contrainte résiduelle en
faisant varier la pression dans I’enceinte. Finalement, la réponse sous la pression
¢lectrostatique est mesurée et est comparée avec le modele analytique. Les mesures se basent
sur la mesure de la déflexion de la membrane en utilisant le profilométre optique ou sur la

mesure de la résistance de jauge implantées dans la membrane.
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Modélisation et optimisation des actionneurs ¢électrostatiques basés sur la membrane

a)

b)

d)

2

l h) Séparation
des cellules
Oxydation
thermique l
l I'7's
1) Implantation
Gravure N+
de cavité
l Wafer SOI
Oxydation
du fond de
cavité
Accés ala
contre
Soudure ¢électrode
l Métallisation
Gravure du
substrat
@ Silicium
l ] Oxyde
B N++ diffusion
Gravure
d’oxyde Hl Métallisation

Figure 1: Procédé technologique.
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Les structures de test ont été fabriquées sur cinq plaquettes en utilisant différentes

conditions présentées dans le Tableau 1 :

Tableau 1: Conditions de fabrication des actionneurs sur différentes plaquettes.

Wafer 1 2 3 4/5
Courbature Si [um] | 7\ 17.7 | M\ 12.5 ) 5.8 U 0.7/08
Compensation Si aucun aucun aucun aucun

Courbature SOI [um] | A\ 163 | M\ 332 M 825 M\ 83.3/81.2

Compensation SOI aucun aucun Si0O; (coté bulk) | SiO, (coté bulk)
’ - o U 12 U 3/25

Température de
soudure [C] 150 20 150 150

Température de
traitement 1000 1000 1200 1000
d’implantation ["C]

Profondeur de cavité

1.25 1.25 2 2
[wm]

Plaquette 1

Les membranes carrées ont été caractérisées. La déflexion initiale varie de -291 nm a
126 nm (la valeur négative indique que la membrane est gonflée). La membrane n’est pas
flambées ce qui a été vérifié par la mesure sous la pression hydrostatique. De plus, la

contrainte résiduelle varie de -5 MPa a -33 MPa.

Les caractéristiques w=f(V) obtenues sont présentées sur Figure 2. Les résultats sont
similaires pour toutes les structures. Le mod¢le analytique surestime de 13% maximum la
déflexion pour les grandes tensions. Pour les faibles tension la différence est plus grande (de -
16% a 18%) car I’incertitude de mesure est plus grande. De plus, il n’a y pas d’influence de

déflexion initiale et la contrainte résiduelle sur le comportement de I’actionneur.
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C3705 6 C3705
1,20 Modele analytique — 1
= Mesure X 41
g 1,05 = ol H -
= =
g 0204 & 4]
1 [ [ ] =
5 - 8
= 075 5 -8 :
N 5 .
[
A 0,60 = 12
A
0,45 164 "
0 15 30 45 60 75 0 15 30 45 60 75
Tension [V] Tension [V]
C3202 C3202
1,31
]
Modé¢le analytique =18+ .
—_ 124 = Mesure §
g h= .
=1 = .
g 2 .
'g 104 . ;5 12
A 09 RalCE
- A
0,8 S 64 .
0 10 20 30 40 0 10 20 30 40
Tension [V] Tension [V]
Figure 2: Caractéristiques w=f(}) et les différences relatives des structures de wafer 1.
Plaquette 2

La déflexion initiale varie de -480 nm a 290 nm. La contrainte résiduelle est reproductible
(environ -25 MPa). Les caractéristiques w=f(})) sont présentées sur Figure 3. Pour cette
plaquette, nous avons obtenu une sous-estimation de 10% maximum. Pour une structure la
différence entre les mesures et le modele est de 14%, ce qui peut étre causé par une zone de
soudure incorrecte. Pour les faibles tensions, la différence peut étre beaucoup est plus grande

(60%) a cause de I’incertitude sur la mesure de la déflexion.
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Figure 3: Caractéristiques w=f(V) et les différences relatives des structures de wafer 2.
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Plaquette 3

Pour cette plaquette, nous avons obtenu une déflexion initiale dans une seule direction (de -
153 nm a -260 nm). Ceci indique que la soudure est plus reproductible pour cette plaquette.
De plus, la contrainte résiduelle est reproductible (-93 MPa a -127 MPa). Les caractéristiques
w=f(V) sont présentées sur Figure 4. Le modéle analytique surestime de 20% maximum les
déflexions. Pour les deux structures (C0806 and C0205) pour laquelle la contrainte résiduelle
est plus faible, la différence est plus petite (7%). Il faut souligner que la contrainte résiduelle
plus grande est probablement causée par les conditions du procédé de fabrication. Toutefois,

le mode¢le analytique est toujours comparable avec les mesures.
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Figure 4: Caractéristiques w=f(}) et les différences relatives des structures de wafer 3.

Plaquette 4

Cette plaquette a permis de mesurer des membranes carrées et rectangulaires. Toutes les
membranes carrées sont gonflées (environ de -100 nm). Pour les membranes rectangulaires
les résultats ne sont pas reproductibles. Ils varient de -180nm a 80nm. La contrainte résiduelle
est reproductible pour les deux types de membranes (-30 MPa et -50 MPa pour les
membranes carrées et rectangulaires respectivement). Les caractéristiques w=f(}) sont
présentées sur Figure 5. Les résultats obtenus pour les membranes carrées sont tres proche des
modeles analytiques (surestimation de 5%). Pour les membranes rectangulaires ils sont

surestimés de 12%.
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Figure 5: Caractéristiques w=f(}) et les différences relatives des structures de wafer 4.

Mesure de résistance

La plaquette 5 a été caractérisée par la mesure de résistance implantée sur la
membrane. C’est la méthode qui sera utilisée pour 1’auto-étalonnage du capteur. De plus, cette
méthode est plus précise pour les petites tensions que la mesure de la mesure de déflexion.
Nous avons mesuré deux structures avec la membrane carrée. La déflexion initiale est égale a
-100 nm et la contrainte résiduelle environ de -50 MPa. Les variations de la résistance en
fonction de la tension appliquée sont présentées sur Figure 6. Pour les tensions importantes la

différence entre le modele analytique et les mesures est plus petite que 3%. Pour les faibles

tensions, elle est plus grande et arrive a 14%.
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Figure 6: Caractéristiques A R=f(V)) pour la structure de wafer 5.

F-20



Modélisation et optimisation des actionneurs électrostatiques basés sur la membrane

Chapitre F-4 Conclusion

L’objectif de ce mémoire était de développer un modele complet pour simuler et
optimiser un actionneur ¢électrostatique. La voie choisie a consister a privilégier un modele
analytique qui est beaucoup plus rapide et qui permettra ainsi de réaliser une phase
d’optimisation plus facilement et de produire des analyses statistiques pour estimer le
rendement de fabrication en fonction des dispersions technologiques.

Le modele analytique est basé sur 1’équation Newton-Lagrange qui a ét¢ modifi¢e
pour prendre en compte les contraintes résiduelles et la déflexion initiale de la membrane qui
sont souvent présentes dans les microstructures. Apres, ce modele a été réduit pour €liminer
les calculs intégraux complexes. La comparaison avec la simulation FEM a monté que le
modele donne les résultats corrects et qu’il est beaucoup plus rapide. La plus importante
source des erreurs est I’hypotheése d’encastrement parfait. Il produit une erreur de 10% en
déflexion et de 20% en contrainte.

Le modele analytique complet a été développé sous MATLAB. Il comprend un
module d’optimisation et d’analyse statistique.

Des structures de test ont été¢ fabriquées pour vérifier le modele analytique. Ces
structures sont basées sur I’assemblage d’une plaquette de silicium présentant une cavité en
Si02 et d’une plaquette SOL

La caractérisation de ces structures de tests a ét€¢ menée en mesurant la déflexion des
membranes au profilométre optique. La différence entre le modele analytique et les mesures
est globalement inférieure a 20%. Les erreurs sont surtout importantes pour les faibles
tensions a cause de ’incertitude sur la mesure de la déflexion. Dans des conditions de mesure
plus favorables, 1’écart est généralement inférieur a 10%% ce qui correspond aux limites du
modele qui considére un encastrement parfait de la membrane.

Les modéles présentés dans ce mémoire seront utilisés dans le projet CAPTAM.
L’objective de ce projet est I’optimalisation du capteur de pression qui intégre le générateur
de pression électrostatique. Ainsi, I’optimisation doit étre couplée pour obtenir la sensibilité
désirée du capteur et la performance désirée du générateur. Donc, le modéle analytique

développé sera tres utile dans cette tache complexe numériquement.
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I ntroduction to MEMS

The term MEMS is the abbreviation of Micro Eleci@chanical Systems. They are
small devices in range of millimetre to nanometegel that integrates mechanical and
electrical components. These systems extend threcétibn techniques in order to combine
the electrical components with the mechanical osiesh as beams, gears, diaphragms,
bridges, springs etc.

The invention of the transistor in 1947 began fgebwing of microelectronic
technology. In 1958 the first integrated circuitsaauilt by Jack Kilby that consisted of one
transistor, three resistors and one capacitor. ,Ttrenfirst MEMS device was published in
1967 [1], which was a gold resonating MOS gatecstime. The evolution of micromachining
owed also to the silicon as an electronic matetialwide abilities from sand (SR high
Young modulus and no mechanical hysteresis resuitgumbtentially lower costs and better
properties than other semiconductors. In orderatwrifate the integrated circuits, several
techniques were developed. The first one is thie butromachining [2] in which the crucial
process is etching, which allows forming the desgeometries. Two kinds of etching were
developed, isotropic in 1960s and anisotropic i6719Subsequently, various etch-stop
techniques were developed to provide further fldikytof the process. In the same decade the
sacrificial layer technique was demonstrated in51E, which initiated the development of
the surface micromachining. In 1982 the term mi@ohining came into use to describe the
fabrication of micromechanical parts such as diaghnrs and suspension beams. The turning
point was reached in 1987 when the techniquesrimgrated fabrication of mechanisms
using volume and surface micromachining were detnatesl. Then, the term MEMS saw the
light.

The MEMS technology is used almost everywhere. They most popular in
automotive market as various kind of sensors (gsbdoor locks, lights, security systems,
suspension, exhaust etc.). They are also useddirstiry market (earthquake detection, gas
shutoff, shock and tilt sensing, robots etc.), comsr market (domestic appliances,
computers, mobiles, navigation systems etc.) anlitanyi (tanks, planes, equipment for
soldiers). The most promising domain concerns thmédical applications. Sensors are used
in pressure monitoring, strain gauges may be helpfautomatic surgery, actuators such as
micro-pumps are used in drugs dosage and even Didlysers exist on the market. The list
is very long. The shortened classification of MEMBplications by type and domain is

presented in Figure 1:
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MEMS

sensors actuators switches
temperature sensorg micro-pumps RF MEMS switches
pressure sensors micro-valves MOEMS switches
gyroscopes micro-mirrors resonators o
accelerometers micro-motors application
optical sensors micro-grippers by type
resonators
strain sensors
automotive market | biomedical biomedical <
aeronautics robotics telecommunication application
aerospace watches mobile phones by domain
biomedical computers automotive market
industry )

Figure 1: MEMS applications sorted by type and doman.

The MEMS market is very open. From day to day, MEM#® theirs applications appear into
the new domains of our life. Thus, more and moreneyois allocated for development of
MEMS technology. The growth of the market marks petv challenges and requirements

that concern the reliability and precision.

Actuation methods

MEMS often integrate the micro-actuators. In otverds they involve movable parts.

They can rotate, vibrate, translate etc. Howewergdt the movement of the actuator, an

energy needs to be provided. There are a lot dfiodstto provide it, namely:

- pneumatic actuation — The pneumatic energy camdagght by a gas under pressure. This
method is used in various kinds of membrane-basesspre sensors [4][5]. However, in
these applications the external pressure is a mehstalue. In other cases, when a
specific actuation needs to be performed, we neeabply a pressure provided with a
pump what could be inconvenient.

- piezoelectric actuation — When a piezoelementaseu under the electrostatic field, the
strain is induced within it. This effect is usefohly in a microscale. It has excellent
operating bandwidth and generates large forces eompact size. However, its small
generated displacement, nonlinear working zonegh hemperature sensitivity and

-8-
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hysteresis are serious drawbacks [13]. Examplesppfications are beam actuation [6]
and actuation in microscopy [7].

- thermal actuation — The current, passing througtaterial, generates the heat according
to the Joule’s law. Then, due to thermal expanstbg, element becomes bigger and
proper design of a structure allows the movememehents [8][12]. However, there are
some difficulties with isolating the temperatureanpes to a fixed area and interferences
with control electronics.

- electromagnetic actuation — This kind of actuaiperformed by generating a magnetic
field by the current flow. Then, the magnetic eletis deformed. The applications are
limited due to the construction difficulties [9]fosome applications exist [10][11].

- shape memory alloys — The materials with the spepibperty that they can “remember”
their shape. They are deformable at low temperstaral they return to their original
shape when heated [14].

- optical actuation — The actuation is achieved kg aptical pressure phenomenon [15].
Although some working devices exist [16], the fahtion is very difficult due to the
necessity of integrating the light source and bogdhe reflecting surface.

- electrostatic actuation — This is the most inténgsinethod because it avoids all above-
mentioned problems. It needs only to apply a veltagtween two elements, from which
one is movable. Then, the electrostatic energyniply converted into the motion [17].
Furthermore, the realization is very simple as nuestices are powered electrically and
any other electronic circuits can be easily integtavith MEMS technology. The main
drawback of electrostatic effect is that it is irsady proportional to the square of distance
between two charged bodies. However, this progsatysmaller influence in microscale,
because most structures have much smaller gapndéstam relation to their surface.
Nevertheless, the list of applications is very lomge electrostatic actuation is used in
resonators [18], optical switches [19], micro-gepp [20], micro force gauges [21],
micro-pumps [22], gyroscopes [23], pressure seng@vd, RF switches [25] and

microscopy [26].

Design methods

The choice of proper design method is very imparfan the project. It affects on
crucial factors such as project duration, cost eneh its success. The main steps performed
in the project are calculations and experimentaifigation. Nowadays, when cost and time

to market are crucial factors, the calculationsusthdoe as precise as possible limiting the

-9-



Introduction

number of experimental verifications. In 1943 fnélement analysis (FEA or FEM) was first
developed by R. Courant. It was a turning pointhien numerical analysis. It uses a system of
nodes forming elements, which imitate an analyzZedcsire. These elements contain the
material and structural properties, which definevhbe structure will react to certain loading
conditions. This allows the simulation of structuoé almost every size and shape.
Furthermore, it combines many domains (mechane&attrical, thermal etc.) and it allows
performing various kinds of analysis (structurabrational, transient, thermal etc.). Thank to
these advantages, the FEM is commonly used in mejeqd design and in refining the
existing product or structure. Moreover, continugrswth of computer market gives an
opportunity of FEM use for everyone without possesssupercomputer. However, is it
always necessary to use the FEM? The answer iSMhen the structure is simple (basic
shapes), there is no need to perform meshing aalytemal model can be used. Then, the
solution reduces to solving one or a few equatievtgch significantly shortens calculation
time. Moreover, the results are usually similatitose obtained with FEM. These features of
analytical modelling are especially useful in optiation phase in which several single
simulations need to be performed. The above-mesdidiacts indicate that the analytical

modelling may be a good alternative to the FEMpecsfic cases.

CAPTAM project

The work presented in this dissertation was redlineLAAS laboratory (Toulouse,
France) within the framework of the CAPTAM proj¢tCApteur de Pression Télémétrique
Auto-étalonnable Miniature pour la mesure de fardiphysiologiques sur 'homme”). The
aim of this project was to develop a highly miniaad pressure sensor usable for
measurement of arterial and intracranial pressureai human, which integrates the
temperature sensor and has a feature of autodadibraThe project was realized in
collaboration with Hemodia (Labege, France), Cehtospitalier Universitaire de Toulouse
(CHU Toulouse, France) and Université de Picardies]Verne (UPJV, Amiens, France).
The task realized in LAAS concerned the developnoérat cell sensitive to the pressure and
the temperature. Due to the specific applicatibe,dell size was set to 240 x 74Qm. It
consists of a membrane with four implanted straanggs in configuration of Wheatstone
bridge. The principle of operation is very simpkeglre 2). The membrane is placed above
the cavity, which is formed by the bonding of twafers. The constant pressure inside the
cavity is used as the reference presstg)( The difference between extern&l.{) and

reference pressure is converted into the changeeaibrane deflectiom\{v). The stressAp)
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induced within the membrane is converted into tleetacal signal AV,u) due to change of
gauges resistancR{AR).

I VOUt
/ \
/ \
membrane gauge l
Pext
Wi
\/
Pret (Pext - Pref) - AW - Ao - AR - AVout

Figure 2: Schema of the pressure sensor and its pidiple of operation.

The material used for membrane fabrication waspé-tsilicon in (100) plane. The membrane
was fabricated in <110> direction, which gives thghest value of piezoresistivity
coefficient. The membrane thickness was set pon5taking into consideration the sensor
sensitivity, technological limits and availabiliof SOI wafers on the market. The membrane
size was set to 300m x 300pm and 90Qum x 300pum. The integrated electrostatic pressure
generator, which will allow the autocalibration, isnited on applied voltage to 6V
maximum. The generator is obtained by placing tleetede under the membrane. The
electrode is simply obtained by using the silicenaasubstrate. The work in the field of
pressure sensor development concerned its optionzah order to satisfy the project
requirements such as minimal pressure sensitivity generated electrostatic pressure. This

dissertation focuses only on the electrostaticquesgenerator.

Thesislayout

The objectives of this dissertation are to invesggthe analytical methods of
modelling the electrostatic membrane-based actsiatoterms of precision and calculation
time and develop the complete model that takes @atosideration all basics phenomena
induced during the fabrication process. This shalilolw a fast simulation and optimization
of this type of structures. The dissertation idaid into three main parts.

In the first chapter, the analytical description membrane behaviour under the
hydrostatic and electrostatic load is analyseduticlg the residual stress and initial deflection

-11 -
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of the membrane. According to the project assumpti@nly thin plates in range of small
deflection will be taken into account. The develbp@alytical model is also compared to the
FEM simulations in terms of precision and calcaatiime.

The second chapter concerns the optimization. dtrilges the possible design paths
and principles of optimization using analytical rebthg. Next, the statistical approach is
presented in order to characterize the fabricgirocess.

The last chapter focuses on the experimental wehich will allow the validation of
analytical results. It describes the realizationtedt samples: the technological process,
process characterization and techniques of measmterNext, it presents the experimental
results obtained from measurement of membraneatactelectrostatically. These results are

compared with the theory and mismatch hypothesedescribed.

-12 -



Chapter 1

Electrostatic
membrane-based

actuator theory







Modelling and optimization of electrostatic memledrased actuators Cezary MAJ

1.1. Electrostatic actuator principles

The fundamental phenomenon used in electrostativates is an electrostatic
attraction between electric charges. This phenomeves first observed by ancient Greeks.
However, until XVIII century there was no scientifdescription of it. In 1780 Charles
Coulomb has developed the law describing the @lsiEtic force. It says that the magnitude
of electrostatic forcé&. on a charge); due to presence of a second chaggé-igure 1-1) is
directly proportional to the product of the magdi#s of the charges and inversely
proportional to the square of the distance betwkercharges. The relation describing the law

is as follows:

F, = keql—(jz, k, = 1 Equation 1-1

r ¢ 4,

e

wherer. is a distance between the two chardesis proportionality constant (Coulomb

constant) andp is a vacuum permittivity.

Fe ‘ ‘ Fe
Fe Fe
: re :
- >

Figure 1-1: Interaction of electric charges.

When talking about a structure, this force can tmelpced by applying the voltage between
two elements which cause the mutual attraction éetwthem. Furthermore, the force can be
used in actuation when one element of the strucsumnet fixed.

Let us consider the simplest model of the eleatasactuator (Figure 1-2) [1], where
the bottom electrode of surfaes fixed and the top electrode is attached toregp

- 15 -



Chapter 1: Electrostatic membrane-based actuatoryh

Figure 1-2: Model of electrostatic actuator.

When the voltag¥ is applied, the electrostatic force is producetvben the electrodes. This
force can be calculated using Equation 1-1. Howewemeeds to know the charge
distribution. It is easier to use the eneigytored in the structure [28] expressed with the

following formula:

E-= 1CV2, C=¢g, § Equation 1-2
2 d
where C is the capacitance. The magnitude of figrtieen:
_0E _ V?®S _
Fe =—=¢ > Equation 1-3
0z 2d

As electrostatic force cause attraction of ele@spdhe initial distance between electrodes
reduces tad-w, wherew is the electrode displacement and the spring féeges trying to
counteract the electrostatic force. The equatiatl@ing the system is as follows:

Fo=F

V?2S Equation 1-4
E———7 =KW
2(d - w)

As one can see, the spring force is proportiongihéodisplacement and the electrostatic force
Is inversely proportional in square. Thus, the eysis not linear and we need to study the
equilibrium positions. Figure 1-3 shows the exempldependence between the spring force

and electrostatic force for various voltages:
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F(V,)

G

Forces

Figure 1-3: Dependence between electrostatic andrsyg force

When the voltag®/; is applied, there are two equilibrium positionkeTirst one (1) is stable
because at each position around it the reactingefr directed into the stable position. The
second one (2) is unstable because the reacting ferdirected inversely. When the voltage
increases up t&>,, only one equilibrium position exists (3) and stthe maximal applied
voltage when the system is stable. When this veltey exceeded\g), there are no
equilibrium positions and the movable electrod@ufied down to the fixed electrode. This
effect is called the pull-in effect and occurs whba applied voltage is higher then pull-in
voltage ¥pui-in). In the above example the pull-in voltage is éqoid/>. To avoid short circuit
when the pull-in effect occurs, the bottom electrdwds to be insulated. The value of pull-in
voltage is calculated from Equation 1-4 that catréesformed into following form:

2
w(d -w)* = é’v S Equation 1-5
2k

sp

The graphical representation of this equation isgmeed in Figure 1-4:

w(d-w)?
N unstable
%\ region
N
0 i\\\\\ T T T T T T 1
w d

Figure 1-4: Graphical representation of equilibrium equation
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The pull-in occurs when the function on the leftesof Equation 1-5 has a maximum, which
leads to the following relations [29]:
1

0 .
a—WW(d -W)?=0 = Wy, = gd Equation 1-6

8 k.d® _
Vouii-in = 2_7 £ S Equation 1-7
0

When the electrodes stick together, the electiostatce raises to very large value, as the

distance between electrodes is equal to oxide ek Thus, to separate the electrodes the
voltage has to be reduced to pull-out voltaggilou) [30]. This situation is shown in Figure
1-5:

Forces

s( Vpul!—out)

0 - : ,
0 w d

Figure 1-5: Dependence between electrostatic andrspg force for pull-out state

For voltages higher than pull-in voltage, the elestitic force is much greater than spring
force (this stable point is not shown in the figuend is expressed with the following
formula:

Vs
"

To separate the electrodes, the voltage has todoeed to the level wherein the electrostatic

F,=¢ V >V i Equation 1-8

force is not greater than the spring force (posi2p. Then the system goes to stable position

(3). The pull-out voltage is calculated from follawirelation valid for pull-in state:

I:el = Fsp
V2 S
pull-out™~ __
£0x2t—2 - ksp(d _tox)
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- 2kspt§x(d _tox)
pull -out SOXS

Equation 1-9
/2k t’d
\ ll—out ~ ﬂ’ d>>tox
pull—ou SOXS

Summarizing, we can determine four cycles of opanatwhich form the hysteresis
loop, presented in Figure 1-6:

d
d-tox

discplacement

0 = } t >
0 Vpull—out Vpull-in

Voltage
Figure 1-6: Cycles of electrostatic actuator operadn
normal operation\(<Vpyi.in) — €lectrode position varies with applied voltage
pull-in effect >Vpuir.in)
movable electrode touches the oxide layer on fededtrode V>Vpui-ou)
pull-out effect ¥<Vpui-ou)

A

Actuator, presented above, is the simplest stracb@cause both electrodes are flat.
This simplifies the modelling due to fact that #lectrostatic force is constant at each point of

electrode. In next sections, we will focus on mooenplex structure, in which the movable
electrode is made of a membrane.
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1.2. Membrane mechanical behaviour

1.2.1. Material properties

In further discussion, we will take into considewata membrane made of silicon, a
material that is commonly used in microsystems. &¥sume that the material is linearly
elastic, which is usually true for relatively smd#éformations and that body is homogeneous
and continuously distributed over its volume. Agen is an orthotropic material, one has to
precise the crystallographic orientation of the rbeame. In technology, silicon cut in plane
(100) aligned in two basics directions <100> andG=lis commonly used. Additionally, in
model description, an isotropy will be taken intmsideration. Basics of linear elasticity and

mechanical properties of silicone are describediRPENDIX A.

1.2.2. Membrane bending

Before we start describing the membrane bendindpave to define what exactly the
membrane is. Generally, a structure of a cuboigheiveith dimensions of length, width b
and constant thickne$s which is relatively small compared to other dirsiens, is called a

plate (Figure 1-7).

] /

a

A
\ A

Figure 1-7: Scheme of plate.

There are three kinds of plates, which are deflmed ratioR;, of the length of the shorter side
to the thickness [36]:

a
R, = E' a<b Equation 1-10

1. thick plates — 8R,<10

2. thin plates — 10R.<80

3. membranes R,>80
This classification results from bending propertiagich depends on rati®, When it
becomes larger some assumptions can be appliedh whlify the calculation. From this

moment we will use the theory of thin plates and asembrane we will mean a thin plate.
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A lot of work has been done in investigation oétpl bending starting from Euler
(1766) and Bernoulli (1789) [37]. Germain (1826)\veleped a plate differential equation,
which was corrected by Lagrange (1828) and nameGeasain-Lagrange equation [38].
Then, Kirchoff (1850) published his thesis, whersome assumptions, valid for small
deflections, were made (Kirchoff’'s hypotheses), alihéire fundamental in the theory of thin
plates [39]. Timoshenko (1913) provided a booghts theory. He gave a solution for large
deflection of plates, circular plates and he cosrgd the elastic stability problems [40]
resulting in a textbook written together with Woiveki-Kreiger (1959) that is fundamental in
plates bending analysis [41]. The assumptionsexdrhof thin plates are as follows [43]:

- There is no deformation in the middle plane of pege. This plane remains neutral
during bending.
- Points of the plate laying initially on a normalttee middle plane of the plane remain
on the normal to the middle surface of the platerdfending.
- The normal stresses in the direction transversbhd@late are small in relation to the
others and can be neglected.
Then, using the two dimensional function of deflativ(x,y), which satisfies the differential
equation and boundary conditions, one can defihsti@ss components at any point of the
plate. It must be emphasized that above-mentiossdnaptions are valid only when the
deflection of the platev is small in comparison with the thickness of tHateph (small
deflection,w/h<0.3 [42]). In other case (large deflection) [41f first assumption is not valid
and supplementary stresses must be taken into @tccoderiving the differential equation of
the plates. However, we will use only the theoryttoh plates for small deflections. In next

sections we will describe the bending of the cacand the rectangular membrane separately.
1.2.3. Rectangular membrane

1.2.3.1. Membrane bending by laterally distributed load

Let us consider a rectangular membrane with dineessof lengtha, width b and
thicknessh, placed in Cartesian coordinates system withrigiro (0,0) in the middle of the

membrane, as shown in Figure 1-8:
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NN

v
X

(0,0)

s

Z

P .
il Lt

b

Figure 1-8: Definition of geometric parameters. Topview is on the left and section on the right.

We assume that widtinis smaller or equal to the lengiland we introduce a membrane ratio
R:

R= B' R>1 Equation 1-11

The external pressur is distributed over the whole membrane. Taking iobnsideration
the anisotropy [44], the equation of equilibriumtloé loaded membrane for small deflections
is as follows [41] (derivation of this equationsisown in APPENDIX B.1):

D(a“wl(x, V), 0 0°W(XY) | 0*Wi(x, y)J _p

PV 6x26y2 0y4 Equation 1-12

wherew; is a change of membrane deflection due to apptiad, Dy is a membrane rigidity
andD is a membrane flexural rigidity described with Btjon 1-13:
E
D=D.h3 D, = Equation 1-13
° ° T 12— 1?) ?
whereE is a Young Modulus andis a Poisson ratio. To simplify the notation, w&aduce

the following operator:

4 4 4
AA204-'-20C (2) 2+a4
0x ox“oy- oy

and Equation 1-12 takes the following form:

DAAw, (X, y) =P Equation 1-14
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1.2.3.2. Residual stress

In theory, when no external forces are acting am riiembrane, there is no stress
within it. However, in many cases, the membranmiigally stressed. This kind of stress is
called residual stress. By definition the residstadéss remains in the material after the cause
of external stress (external force, heat gradisng@moved. Residual stresses occur for variety
of reasons. In case of microsystems, the main sasra technological process in which the
heat treatment is performed. Basic technologicalsph when the residual stress can be
introduced are deposition, oxidation or plasticodefation. There are two kinds of residual
stress:

- compressive — stress resulting in compaction ofriaterial (decrease of volume)
- tensile — stress resulting in stretching of theemat (increase of volume)

In modelling of the residually stressed rectanguembrane, we assume that this
stress is uniformly distributed within the membramel has equal values of components in
andy axis [45]. Thus, the residual stress can be egpteas a result of a force acting

transversally and uniformly on the membrane edgeshawn in Figure 1-9:

compression tension

SRTRRTTIeLT] Trtteeteeet:

T
[

AL

T
retttetet

TITTTTTTTTT ARRARRRRNY

Figure 1-9: Compressive and tensile residual stress in rectangular membrane.
The term describing the residual stress in the mangbis [45]:

%%f%umw+a%uij

Equation 1-15
x> ay?

or in the simplest form by introducing the Laplageerator:
9>  0°
o.hAW, (X, Y), A=—r+— Equation 1-16
0 l( y) axz ayz
whereog is the residual stress. Its negative value coomdp to compression and positive to

tension.
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1.2.3.3. Initial deflection

There is another phenomenon, which can be obsenveeal microstructures. As it
was presented before, the membrane can be residtrassed. In case of tensile stress when
the membrane is stretched, there is no reason hdynmembrane could not be flat. If the
membrane is compressed, it can be proved (by equtte term from Equation 1-15 to zero)
that the membrane remains flat if a critical realdstress is not exceeded (it will be precisely
described in paragraph 1.2.5). However, real sirest are not usually symmetric so that
membrane deflects, producing the initial deflectign(Figure 1-10) [46]. The direction of the

initial deflection of the membrane depends on thengetry of the structure.

Figure 1-10: Membrane with initial deflection.

The initial deflection of the membrane has no éffean bending moments meaning that the
change of the deflection due to external load rem#he same. Thus, Equation 1-14 is still
valid and the total deflectiomw of the membrane is a sum of initial deflectiog and
deflectionw; induced by applied load. If lateral loads areragtoin the membrane (e.g. due to
residual stress), the initial deflection produceddigonal forces acting in the middle of plane.
Then, this effect has to be taken into account fipguthe total deflectiom in the term in
Equation 1-15 [45]. This implies the assumptiorattthe curvature of an initially deformed

membrane is the same as for a membrane deflecti tive load of uniform pressure.

1.2.3.4. Classical equation of equilibrium

Combining the equation of membrane bending, the téescribing the existence of
residual stress and taking into account the indt&flection of the membrane, we get the final
equation of equilibrium:

DAAwW, (X, y) + g,hAw(X, y) = P Equation 1-17
To simplify the calculations, the deflection is replaced with the deflectiom

W, =W—W, Equation 1-18
Then, the equation of equilibrium has only one wviknw:

DAA(W(X, y) = W, (X, Y)) + o,hAw(x, y) = P Equation 1-19
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1.2.3.5. Solution for rectangular membrane

We consider a rectangular membrane under the wamiyodistributed pressure (e.qg.
hydrostatic pressure) as shown on Figure 1-8. Timegration Ilimit Q is
[-a/2, al2]x[-b/2, b/2]. We assume that the membrane is perfectly obahgm its edges. Thus,

the boundary conditions are as follows [47]:

w(0Q) =0
a_vv -0 Equation 1-20
0z|,,

where d are points on the membrane edges. First equatthoates that membrane edges do
not move vertically, the second one indicates thiedction of membrane edges is always
horizontal.

Using Vashy-Buckingham theory [54], Equation 1-88n be expressed without

dimensions, using the following transformation:

_2x
a
V= % Equation 1-21
R=2
a

The integration limitQ becomes non-dimensional [-1, 1]x[-1, 1] and Edquaii-19 takes the
following form:

0 16 (e 04(W—W0)+2aa4(W—WO) +i64(w—wo) .

a’b? u* du’ov> R* oV’

2 2

4(R6 W+16 W]:P

Equation 1-22

+o0,h— —
“"abl au® RV

wherew andwy are functions of variablasandv. To simplify the calculation we assume that

the initial deflectionvg can be expressed as an additional presiure

4 4 4
P =D 16( 26W0+2 0w, +i6woj

= o Equation 1-23
"0 T a?h? ou* ouv?  R? ov*

Equation 1-22 is then:

4 4 4 2 2
516 (Rza W, 0w 1 awj+aohi(Ra W+%ZWJ=P+%

a’b? ou* du’ov® R? av’
Equation 1-24
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Choice of approximation function

To solve Equation 1-24 we need to know the funciuxy) describing the membrane
form which fits the boundary conditions. Howevéere is no simple analytical solution [55].
Thus, the approximated solution has to be usedutrdiscussion we take into consideration
the rectangular membrane with raRaup to 3 (see paragraph 1.2.3.6). Many works haea b
done to find the best function. The approximatiosing trigonometric functions was
presented by Timoshenko [41] and used by Allen.[$36]s membrane form was not optimal
[57] and Maier-Schneider presented the expanded @drthis function [58]. The other form
of trigonometric approximation was presented byr&er [59]. The other way is to use a
polynomial approximation. The simplest form wassgrged by Ko [60], the other form was
presented by Vlassak [61] and the extended funetias presented by Naciri [62]. All above-
mentioned solutions are listed in Table 1-1, whekeiare coefficients to be determinad,

andv are coordinates normalized to membrane leagthd widthb, respectively.

Table 1-1: Functions describing the membrane form

Author Function
Timoshenko | w(u,v) =K, co{%} co{%) Equation 1-25
Maier-
_ w(u,V) = [KO + Kl(u2 +v2)+ Kz(uzvz) co{ﬂj co{ﬂj Equation 1-26
Schneider 4 4
1 i + j +
w(u,V) = (1— uz)2 (1—v2)2 D K, cosz(Mj cos{wj
Kerrour 520 4 4
Equation 1-27
Ko w(u,v) = Ko{1-u?JL-v?) Equation 1-28
Vlassak w(u,Vv) = (1— uz)(l—v2 )[KO + Kl(u2 +v2)J Equation 1-29
- 2\2 2\2 % 2i.,2j .
Naciri w(u,v) = [L-u?f{L-v?) D K u?v? Equation 1-30

i,j=0

The simplest functions (Equation 1-25 and Equatie@8) are valid only for square
membranes. The functions from Equation 1-26 andako 1-29 have not enough terms and
cannot model correctly edges of rectangular menasr@lrigure 1-11).
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Figure 1-11: Comparison between membrane forms obtaed from analytical solutions and FEM
simulation (1) for membrane ratio R=3.

The last ones (Equation 1-27 and Equation 1-30¢ haviable number of terms, so they are
applicable for membranes with almost any membratie R. Theirs comparison show that

the polynomial function is closer to the form obtd by FEM simulation (Figure 1-12).

normalized deflection

—FEM
Naciri
---- Kerrour

] T T T T
-1,0 -0,5 0,0 0,5 1,0
normalized section along x axis

Figure 1-12: Comparison between membrane forms obtaed from analytical solutions and FEM
simulation (2) for membrane ratio R=1.

Finally, for further calculations we have chosea thinction from Equation 1-30. The number
of coefficients was limited to $€3), which is suitable for rectangular membranet watio

R up to 3 [65]. In [63] it was shown that the fulctifrom Equation 1-30 is not an ideal
solution. If we analyze all terms of this functiame can clearly see that not all space is filled
(Figure 1-13) what can cause erroneous resulteofgpensate this lack of functions, one can
introduce other types of functions what was showf63]. However, the comparison from

Figure 1-12 shows that the differences are natafiand can be neglected.
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Figure 1-13: Terms of polynomial function forn=3.

Galerkin method

Equation 1-24 is a differential equation whose $angolution does not exist. In
solving such problems, Galerkin method [64] is usdtdch converts a continuous operator
problem to a discrete problem and transform theaggu into the weak formulation. This
leads to a system of linear equations.

Let us transform Equation 1-30 into the followirggrh:

n

w(u,v) = z K, @ Equation 1-31

i,j=0
where:
¢ = (l—uz)zu2i (1—v2)2v2j Equation 1-32

Then, the system of Galerkin equations can beewris follows:

4 4
J:[D 2( Xk W+ 20 ow +—16 Wjgo..dudv+
a’b !

ou’ o0V RV

ﬂ% ab(RgL\.,zv ;g\;vj dudv—ﬂ (P+ By)gdudy i j=0,1,2

Equation 1-33
Substituting Equation 1-31 into Equation 1-33 aaltwalating the integrals, we get the system
of linear equations in matrix form (see APPENDIXLE.

DﬂAlK +aohibA2K =(P+P,)B Equation 1-34
a

a’b?
whereK is a (9x1) vector of unknown coefficierig, A;, A, are (9x9) matrices aril is a

(9%1) vector. Coefficients of matricds, A, and vectoB are calculated analytically and are
presented in APPENDIX D.1. The vectoris calculated as follows:
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(16 h4 ° _
K=|D aZb? A, +0, %Az (P+ Pwo)B Equation 1-35

The last unknown term is the pressig, which can be calculated from Equation 1-23.
Knowing the normalized coefficientk; (coefficients K normalized toKgy - see next
paragraph) and the coefficieligo (equal towg) we have all coefficients of matrik and one
can easily calculate,, from transformed Equation 1-34:

16

P z—bzAlKB * Equation 1-36
a

w0

=D

1.2.3.6. Membrane deflection

The typical graphical representation of the membrateflection described by

Equation 1-30 for various membrane ratios is prieseim Figure 1-14 to Figure 1-16:
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Figure 1-14: Membrane topography forR=1.
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Figure 1-15: Membrane topography forR=2.
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Figure 1-16: Membrane topography forR=3.

The most important parameter is the maximal deflactwhich exists in the membrane
centre. Let us go back to Equation 1-31 and caieule maximal deflection of the membrane
Wmax Whenu=0 andv=0 (membrane centre), we get:

W = Koo Equation 1-37

Then, we can transform Equation 1-31 into the form:

w(u,v) = wmax(l— u2) (1—v2) > ku?v? Equation 1-38
i.j=0
where:
_ Kij .
kj =— Equation 1-39
K
00

First, we will analyse the deflection of the squarembrane without residual stress due to

various values of pressure.

0,81
0,7 4
0,6 1

0,5

W [um]

0,41
0,3

0,21

0,14

0,0 T T T T 1
-1,00 -0,756 -0,50 -0,25 000 025 050 0,75 1,00

normalized section along y axis

Figure 1-17: Square membrane deflection under thearious pressures.
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It can be seen that the maximal deflection is diyeproportional to the pressure and the
membrane form is always the same. Thus the coefisk; from Equation 1-38) describe the
normalized membrane form, which is dependent onlyaoisotropy coefficient [66]. Values
of these coefficients for isotropic material, ic <100>, silicon <110> and various
membrane ratios are presented in Table 1-2 andiaméar to those found in the literature
[67][66][65]. However, simulations showed that thembrane form is also dependent on
residual stress, more precisely on ratigh)/D. Figure 1-18 illustrates this difference between

membrane forms:

normalized deflection

—— o,VD=0
---- o /D=340e+6
--------- o,[/D=-340e+6

d . . T § N\
-1,0 -0,5 0,0 0,5 1,0
normalized section along x axis

Figure 1-18: Square membrane forms for various valas of residual stress.

In the example a 30@m x 300um x 5um silicon membrane with 100 MPa of residual stress
in tension and compression was simulated. Therdifige between the forms is significant,
but the stress value is relatively high. In stroesuin which the residual stress is not desired,
its value is often much smaller. Then, the nornealiform of the membrane can be used.
However, one should not omit this phenomenon, ealpeevhen the membrane is less rigid
or when the stress distribution within the membrasneery important (it will be explained in
section 1.2.3.7).

As it was shown earlier, the membrane respondbddoad depends on membrane
ratio R. When this ratio increases, the membrane surfisoarecreases which results in larger

deflection of the membrane. Figure 1-19 shows #arasting dependence:
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membrane ratio
Figure 1-19: Membrane deflection versus the membramratio R.

It can be seen that the deflection stabilizes femfrane ratio close to 3. Thus, the use of
membrane with greater ratio is not effective. Thksals of membranes are called long

rectangular membrane and as a limit one assumeattheequal to 4 [68].
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Table 1-2: Values of coefficientsk;.

Material Isotropic Silicon <100> Silicon <110>

Membrane|  rep R=2 R=3 S R=2 R=3 =1 R=2 =3
Koo 1 1 1 1 1 1 1 1 1
Kio 0.2604 0.026176 0.0058198  0.30804 0.04206 0.0@8748 0.21394 0.013422 0.005002
koo 0.0061114| -0.0043596 0.00011688 0.02363 -0.007497#4200050118] -0.0062246 -0.0012725 0.00041]
Ko1 0.2604 1.2398 1.7158 0.30804 1.1778 1.541¢ 0.213P4 1.3025 1.9056
ki1 0.23313 0.23099 -0.13122 0.21464 0.27828 -0.0518710.27005 0.16597 -0.22366
Ko1 0.17577 0.035689 -0.039898 0.25236 0.098709 -Q0b3| 0.097826 -0.020533 -0.02322
Koz 0.0061114 0.56294 3.0631 0.02363 0.71585 3.1008 006Q246 0.41328 3.0122
K2 0.17577 0.56157 1.4007 0.25236 0.470183 1.3129 7810 0.69938 1.5084
Koo -0.41853 0.0031656 0.13207 -0.72156 -0.08051 0216, -0.10302 0.080058 0.0506217

5%
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1.2.3.7. Stress distribution

Having calculated the membrane deflection, onedstarmine the stress distribution
within the membrane. Using the Hooke’s law (Equa#e10), definition of strain and taking
into consideration the assumption of thin platest there is no displacement maxis, the

stress components are expressed with following dicam

WX, y) 0*W(X y)J

O-X(X’ yi Z) == (1_Ej2) [

x> ay>
_ Ez °wW(x,y) = 9°w(x,Y)
ay(X, y,2) =- - vz) (v PV + 6y2 Equation 1-40
°w(X, y)
X V,2) =-262———=
(X ¥:2) oxoy

It can be seen that the maximal absolute valudre$s is found on the membrane surfaces
and stress is changing linearlyziaxis. The middle plane is not stressed as a resthie thin
plate theory assumption. In estimating the totedsst within the material, one uses the von

Mises stress which is a weighted mean of stresgpoaants:

1
Ty = \/E [(Ux -0,)°+(0,~-0,)’ +(0,~-0,) +6(c;, +O,, + afx)] Equation 1-41

Discarding nulls;, o, anday, components, we get:

1
O = \/E [(ax —ay)2 +0 + 0)2/ + Gny] Equation 1-42

The von Mises stresses for various membrane rat@presented in Figure 1-20 and Figure
1-21:

Figure 1-20: Stress distribution for square membrae.
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Figure 1-21: Stress distribution for rectangular menbrane with R=3.

In square membrane the maximal stress is in thelmof edges and in the membrane centre
is by about half time smaller. For the membranéwatio higher than 1, the maximal stress is
in the middle of the longer edge. In the membraer@re, the stress is also by about half time
smaller but it is comparable with the maximal vatighe stress for square membrane. This
fact is very important in piezorezistive membram@asda sensors in which gauges are placed
in the centre of the rectangular membrane instéadg@es of square membrane.

Let us now consider an existence of the residuesst Its value is simply added to the

x andy components of the stress:

2 2
o3 == TN PN |,
@-ve) 0x oy
Equation 1-43
o(xy.2)=-EF L, OWGY) L W Y) ),
e 1-v?) ox> ay? °

As it was mentioned earlier, the residual stressnghs the membrane form on which the
stress of the deflected membrane depends. Tordlesthis, in Figure 1-22 we plotted the
distribution of ox along x axis resulting from square membrane bending (wdhditions
which allow obtaining the same maximal deflectidaj various values of ratios¢h)/D

(which correspond with Figure 1-18):
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6,0x10" ,
4,0x107 e
2,0x10" '

0,0
-2,0x10" 4
-4,0x107
-6,0x10"4

o [Pal

X

-8,0x10" — o, /D=0 .
-+ oxt0] ---- o,VD=340e+6 ‘
azaotl [ 0,//D=-340e+6 \

-1,4x10° . . ; .
-, -0,5 0,0 05 1,0

normalized section along x axis
Figure 1-22: ¢, in square membrane for various values of residuadtress.

One can remark, that the difference reaches 16#teircentre and 22% on the edge. Even if
the residual stress is relatively high in this ¢ake deviation can be significant for much
smaller values of residual stress. The influenceesidual stress increases with the membrane

ratio. The same characteristic was plotted fomtieenbrane witliR=3 (Figure 1-23).

6,0x10°
3,0x10°
0,0

-3,0x10°

—— o D=0
-~ ¢ /D=340e+6
....... o, /D=-340e+6

T T
-0,5 0,0 0,5 1,0
normalized section along x axis

Figure 1-23: 6, in rectangular membrane with R=3 for various values of residual stress.

The difference is about 14% in the membrane ce@meits edge for tensile stress remains the
same. However, in case of compression the deviatimes up to 47%. If we compare the
stress along the shorter section (Figure 1-24)difference reaches 20% in the centre and
30% on the edge. It has to be remarked that theedor the membrane in tension is incorrect
from the centre to the maximal value. It is caubgdnsufficient number of coefficients;.

However, the values in the centre and outsidertinge are correct what was verified with
FEM simulation.
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—— o D=0
-~~~ 0,/D=340e+6
------- o,/D=-340e+6 \

T T T
-1,0 -0,5 0,0 0,5 1,0
normalized section along x axis

Figure 1-24: 6, in rectangular membrane with R=3 for various values of residual stress.
We can summarize, that the residual stress hasisag influence on the stress value
especially for high membrane ratios. Even if theideal stress is relatively small, the

deviation might be significant and the use of tloenmalized coefficienk; will produce a

serious error.

1.2.4. Circular membrane

Remark: The theory, solution and behaviour of l@mular membrane are similar to
the rectangular membranes. Thus, some points witldscribed shortly or omitted. For more

information refer to the paragraph 1.2.3.

1.2.4.1. Membrane bending by laterally distributed load

In modelling of circular membrane of radi&s, we use cylindrical coordinates with

origin placed in the middle of the membrane (FigLH25):

L

\U,Y)

Zy

Figure 1-25: Definition of geometric parameters. Tp view is on the left and section on the right.
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The external pressufeis distributed over the whole membrane. The equoatif equilibrium
of the loaded membrane for small deflections, assgitihat the deflectiow does not depend
on angley, is as follows [48]:

D O'wi(r) 2 0°wy(r) 1 0°wi(r) , 1 ow(r) _p
o* R, o® R o R o

Equation 1-44

It can be seen that Equation 1-44 is not depenalemhaterial anisotropy. One assumes that
anisotropy has influence only on maximal membraa#edtion and in case of orthotropy
Equation 1-44 takes the following form [49]:

3+aD 64W1(r)+£63W1(r)_iazwl(r)Jriawl(r) _p
4 or* R, or’® R} or? R or

Equation 1-45

or using Laplace operator in polar coordinates:[50]

3+a

DA*w,(r) =P Equation 1-46

1.2.4.2. Residual stress

The residual stress can be expressed as forceg acimsversally and uniformly on the

membrane edge (Figure 1-26):

compression tension

4
o

F F A

77 “/J]

Figure 1-26: Compressive and tensile residual stress in circular membrane.
Thus, the force is independent on angle and tha tiscribing the residual stress is as

follows [50]:

2
Uoh(a ;vlz(r) L L ow(r)
r R, or

j = 0,hAw, (r) Equation 1-47

1.2.4.3. Initial deflection

For circular membrane, the same rules take effedbarectangular membrane (see

paragraph 1.2.3.3).
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1.2.4.4. Classical equation of equilibrium

Combining the equation of membrane bending, the t@escribing the existence of
residual stress and taking into account the ind&flection of the membrane, we get the final
equation of equilibrium:

+
BTa DA W, (1) + o ,hAw(r) = P Equation 1-48

To simplify the calculations, the deflectian is replaced with the deflectiom
W, = W—W, Equation 1-49
Then, the equation of equilibrium has only one wvanw:

3@ by (W(r) = w, (r)) + o,hAw(r) = P Equation 1-50

1.2.4.5. Solution for circular membrane

The solution of Equation 1-50 is similar as fortegxgular membrane. The integration
limit Q is [0,r]x[0, 2z]. We assume that the membrane is perfectly clangreds edge.

Thus, the boundary conditions are as follows [47]:

W(R,) =0
ow|  _ 0 Equation 1-51
0zl

Equation 1-50 can be expressed without dimensiomguke following transformation:

r
=— Equation 1-52

Ro

Then, the integration limi£2 becomes non-dimensional [0, 1]x[G]2and Equation 1-50

takes the following form:

+

3+a D 04(W—W0)+303(W—W0)_iaz(w—wo)+i0(w—wo)
4 RS ou* u oau’ u®>  ou’ u®  au

oh(0*°w  ow) _
+ +— |=P
R* | ou® du

We assume that the initial deflectiog can be expressed as an additional pres3ure

Equation 1-53

3+0 D (64W0 20°w, 10°w, 1 awoj .
- = += - +— Equation 1-54

P =
o4 R ou* uoaud u?au® Ul du
Then, Equation 1-53 is:
3+a D(a“w 20°w 1 9°w 1 6w] aoh(azw ow
— + + |+

£ - — +— | =P+ P, ,Equation 1-55
4 R ou* uou® u?au* udu) R?(au’ 6uj wo =
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We predict the solution in cylindrical coordinagsilar to this as for rectangular membrane:
n .
w(u) = z K@, ¢ =(@-u?)’u? Equation 1-56
i=0

limiting the number of terms to two£1). Then, the system of Galerkin equations reads:

J-I3+aR o'w 20°w_19°w 1w
g 4 Rilou* uou® u?ou® uPou

o,h(0°w  ow
e (

+ —
ou® du
Substituting Equation 1-56 into Equation 1-57 aaltwalating the integrals, we get the system

]¢iudud9 +
Equation 1-57

}Audude = [[(P+Ry,)pududs, =01

of linear equations in matrix form (see APPENDIXE.
+ o,h
3 4”%A1K +%A2K =(P+P,)B Equation 1-58

Coefficients of matriceé\1, A, and vectoB are presented in APPENDIX D.2. The vedtor

is calculated as follows:

-1
+

K = 3—a£4A1+J—‘)2hA2 (P+P,)B Equation 1-59
4 R R

The unknown pressur®,, is calculated using the normalized coefficiekis(see next

paragraph) and solving Equation 1-54, which is ceduo the following form:

_3ta D

0 PR A KB™ Equation 1-60

1.2.4.6. Membrane deflection

The typical graphical representation of the membrateflection described by
Equation 1-56 is presented in Figure 1-27:

Figure 1-27: Circular membrane topography.
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The maximal deflection is calculated from Equatieh6 substitutingi=0 (membrane centre):
W = Kg Equation 1-61

Then, we can transform Equation 1-56 into the form

W(U) = Wiy (1— uz)zzn: k,u® Equation 1-62
i=0

where:

K, - K Equation 1-63

K0

The membrane behaviour is the same as for rectanmémbrane. The maximal deflection is
directly proportional to the applied pressure. Then coefficientd describe the normalized
membrane form. Furthermore, calculations of thesdficients for the membrane without the
residual stress showed that the coefficienis equal to 0 and the function of membrane

deflection takes the following form (the same afbitl):
w(u) =w,. (l— uz)Z Equation 1-64

However, the residual stress changes the membaamednd the coefficierit; is necessary
unless the stress is relatively small (see par&gtap.3.6).

1.2.4.7. Stress distribution

In cylindrical coordinates, according to the Hoak&w, the stress can be expressed

with the following formula:

Ez 9°wW(r)
a-v?® or?

The stress is independent on the angle, similarihé deflection. As the stress has only one

o(r,8,z)=- Equation 1-65

component, the von Mises stress can be expressad absolute value of this component.

The typical stress distribution is shown in Figlr28:
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Figure 1-28: Stress distribution in circular membrane.

The maximal stress is at the membrane edge anbeircéntre is about half time smaller
similarly than for square membrane.
The existence of residual stress is taken intesidenation by adding it to the stress
induced from membrane bending:
Ez 9°wW(r)
2 > 10,
@-v°) or

It changes the membrane form and has similar infleeon stress distribution as for square

o(r,0,z) =-

Equation 1-66

membrane (see paragraph 1.2.3.7).

1.2.5. Membrane buckling

Buckling is a phenomenon when the body undergoeditplacement transverse to
the load. In case of a membrane, the buckling @cdue to compressive stress (Figure 1-29).

—_— — _»/\4_
> < —> —

o0< O¢r 00< O¢r

Figure 1-29: Membrane buckling due to compressiveesidual stress.

In investigation of membranes buckling, the enemggthod can be used [45]. If the work
done by compressive forces is smaller then thens&raergy of membrane bending for any
form of lateral bending, the flat form of the membe is stable. If this work becomes larger,
the flat form is no more stable and the membrarkbwckle producing an initial deflection.

Equation 1-67 allows the calculation of criticahtbr,,:
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- %” o, hAw(x,y) = % J' j Dh®AAW(X, Y) Equation 1-67

According to [70], the thin plates theory for smadiflections cannot be used in calculation of
the deflection of buckled membranes. Thus, we warly focus shortly on the behaviour of
buckled membranes and on finding the critical laduch defines the model limitation.

The behaviour of the buckled membrane can be igatst using the theory for large
deflections. The pressure response remains the sathethe exception of the switching
effect. The buckled membrane has two stable positiav andw. The initial membrane
position depends on structure asymmetry. The apjpliessure changes the membrane strain
energy [70]. When the pressure exceeds the critighle, only one stable position exists.
Because of this fact, when the critical pressurapplied in opposite direction than the
membrane deflection, it jumps to the stable pasi{leigure 1-30). This phenomenon, used

e.g. in switches [71], may be used in verifyinthé membrane is buckled.

P<P¢

SERY LT

— «— — «—
— «— — «—
00< Ocr \/ 00< Ocr

Figure 1-30: Switching effect of buckled membrane.

1.2.6. Reduced model

The classical model is not convenient in use. kdsecalculation of elements in
matrices. Furthermore, it is highly dependent oncfion describing the membrane form,
which should contain appropriate number of terntenl this number determines the size of
matrices. Finally, each change of resulting functiseeds the recalculation of matrix
coefficients. Thus, it is desirable to use someiwsmpler model. Many works has been done
in this field, especially during investigation adsidual stress using the bulge test technique
[74][75]. The idea is to use the membrane prop#rat its deflection depends linearly on
uniformly applied pressure. If we analyze Equatleh7, one can see that the term describing
the residual stress is similar to the one desagilie membrane rigidity and should also be
linear. Then, the relation maximal deflection verapplied pressure can be expressed as
follows [76]:

o,h

2 Wl_max

=P Equation 1-68

D
Cl F Wl_max + Cz
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wherew; maxis the maximal change of membrane deflection duapplied pressuré&;; and
C, are coefficients of proportionality. Both coefBaits are dependent on membrane rgtio
and the first one also on coefficient of anisotroplye similar equation for circular membrane

can be written:

3+a . D o,h
C,— +C, W, 0 =P Equation 1-69

4 Rg Wl_ max R02

where in this case, the coefficients of proportltyaare constants. In calculation of

coefficient C1 and C2, the classical model is usedhe precision depends on the function of
membrane deflection. We have performed the calounisitusing the function from Equation
1-31 and Equation 1-56 for rectangular and circati@mbrane, respectively. The results are

presented in Table 1-3:

Table 1-3: Values of coefficienC; and C,.

Coefficient C C,

Material | Isotropic| S eo" | Sticon
P <1005 | <110>

1 792.449 | 866.36 728.75 15.35
15 455.894 | 488.32 427.76 1142
b/a 2 394552 | 41058 380.48 10.34
2.5 382.591| 389.44 376.51 9.88
3 380.325| 38198 378.3b 9.5b
Circular 64 4.45

Values correspond to those found in the literatiae isotropic square membrane [77],
rectangular membranes [78] and circular membrab&s (5oing further, we can simply take
into the consideration the initial deflection oétmembran&g max

D o,h

Cl F Wl_max + C2 F (Wl_max + WO_max) =P Equation 1-70

Then, one can introduce the total deflection inddetre of the membrang, .y

h
Cl b_D4 Wmax + C:2 JO

=P+P

w0 _ max

W

2 max

Equation 1-71

where Puo maxiS the pressure producing the maximal initial eetflbn and is calculated as
follows:

_~ D .
=C— Wy max Equation 1-72

P 0

w0 _max
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The same procedure can be applied to the circutanbmane, which yields:

3+a . D o,h
4 Clgwmax + C2 _Ozwmax =P+ PwO_max Equation 1-73
_3+a D

I:)wo_max - T Cl E Winax Equation 1-74

It has to be remarked that the reduced model aggertly on the maximal deflection.
Thus, it is not possible to obtain the membranenfand normalized membrane form has to
be used. As it was mentioned earlier, the residtralss can significantly affect the results
(e.g. stress calculation), so the reduced modebeamsed for relatively small residual stress.

In other cases, it should be verified with the sieas model.

1.2.6.1. Membrane buckling

The reduced model can be also used in finding ticat load, which causes
membrane buckling. If we go back to Equation 1-f4,left-hand side has to be always
positive. Thus, the buckling occurs when this mdrequation is equal to zero. The critical
residual stress is calculated as follows:

_ C D

Oy =<5

C, hb?

Calculating the critical load for isotropic squameembrane we get similar value as in

Equation 1-75

[72][73]. For circular membrane the critical resadigtress is equal to:

3+a D

2 Equation 1-76
4 hRy

o, =-1438
and is similar to the formula obtained in [45][79].

1.2.6.2. Model normalization

To simplify the further notation, we will introduca membrane constaiem
(equivalent of spring constant) given by:

K =c,2+c, 2l

mem 2
b* b?

for rectangular membrane and:

Equation 1-77

_3+a . D ooh

kmem TC:LE + Cz Rg Equation 1-78
for circular membrane. We introduce also a presBgiggven by:
Ph =P+ PwO_max Equation 1-79
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Then, the normalized equation in reduced modes i®kows:

KierWeax = Py Equation 1-80

mem” "max

1.2.7. Classical vs. reduced model

To prove that the reduced model gives accuratdtsesucomparison with the classical
model for various conditions was performed. Figuré1 presents the characteristics
Wmax=f(P) for a silicon square membrane without and witmpeessive and tensile residual

stress:

Classical model c,=-100 MPa
1,2| - m-- Reduced model

E

= 084

2 =0 MPa

8 06 %™

% Y ’ //.

S 044 i /./,-
021 5,=100 MPa

OYO T M T M T M T
0 20000 40000 60000 80000 100000

pressure [Pa]

Figure 1-31: Comparison between classical and redad model.
The differences are negligible and are caused Inyengal rounding. Similar results can be
obtained for other membrane forms and materialntateons. Thus, the approximation of

membrane equation by linear functions is a gooerrditive especially when only maximal

deflection is needed.
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1.3. Electrostatic actuation

1.3.1. Rectangular membrane

1.3.1.1. Classical equation of equilibrium

Now, we will consider a rectangular membrane witlhahsions of lengtla, width b
(b>a) and thicknes#, placed in Cartesian coordinates system with thgino(0,0) in the

middle of the membrane and an parallel electrodgapfspacingl as shown in Figure 1-32:

YA

(0,0)

7
é
7
%

< [

i b i

Figure 1-32: Definition of geometric parameters. Tp view is on the left and section on the right.

The external pressui is distributed over the whole membrane and theedsions of the
bottom electrode are the same as for the membY&hen the voltag®/ is applied between
the electrodes, the membrane deflects due to edtpnessure and electrostatic pressure.
Then, using Equation 1-19 and definition of elestatic pressure [80], the equation of
equilibrium takes the following form:
V2

2(d - w(x, y))’
It can be seen, that the electrostatic pressurentdispon the position of the membrane. It is

DAA(W(X, Yy) =W, (X, y)) +o,hAwW(x,y) =P+¢ Equation 1-81

uniformly distributed only when the membrane id.fM/hen, the membrane is deformed in
the direction of the electrode, the electrostatiespure is the highest in its centre and the

smallest on its edges.
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1.3.1.2. Solution

The integration limitQ is [-a/2, a/2]x[-b/2, b/2]. We assume that the membrane is
perfectly clamped on its edges. Thus, the boundangitions are as follows [47]:

w(0Q) =0
6_W _o Equation 1-82
0z|,,

where d2 are points on membrane edges. Equation 1-81 cargressed without dimension,

using the following transformation:

_2x
a
V= % Equation 1-83
R=2
a

The integration limiQ becomes then non-dimensional [-1, 1]x[-1, 1] agddfion 1-81 takes

the following form:

5 16 (Rz 64(W—W0)+2a64(W—W0)+ 1 64(W—W0)j+

ou* uzv: R v
Equation 1-84
0°w , 19°w V32
+aoh R—-+— te——
abl ox® Ry’ 2(d -w)
Replacement of the initial deflectiow with the pressurBy,o (Equation 1-23) yields:
4 4 4
D%GZ R26\1v+2a 62W2+i26\‘/1v h— 6w+16w
a‘b ou ouov- R® ov abl du® Rov?
VZ

2(d - w)?

Equation 1-85
=P+P,te&

Method |

We predict the solution with the function describeg Equation 1-31. Then, the
system of Galerkin equations can be written agvast

16 R? 9'w o'w 1 0*w
J'J'D ( o0 +2a 07V +— W j¢ududv+

j o, h— o W+ 19°w ¢, dudv Equation 1-86
S ab au R ov?

jj P+P, ¢,Jdudv+jjg ¢, dudy i,j=012

)

-48 -



Modelling and optimization of electrostatic memledrased actuators Cezary MAJ

Substituting Equation 1-31 into Equation 1-86 aaltwalating the integrals, we get the system
of linear equations in matrix form (see APPENDIXLE.

2
D a]z-sz AK +Uoh%AzK = (P"' Pwo)B "‘5\/7 B, Equation 1-87

Coefficients of matricesA;, A, and vectorB are the same as in solution presented in
paragraph 1.2.3.5 and are presented in APPENDIX Th#& vector matriX is calculated as
follows:

2

-1
K :(Dl—GAl +aohibA2j ((P+ Pwo)B+£V7BlJ Equation 1-88
a

a’b?

As the initial deflection is not an effect of elexdtatic force, the pressui®,, can be
calculated from Equation 1-36 using the normalizedfficientsk; from Table 1-2 and the
coefficientKoo (equal towg).

The last unknown is the matrBq which consist of following elements:
H% ¢, ;dudv Equation 1-89
Q (d - W)

As one can see, this integral is dependent on nameldeflection (it partially represents the
electrostatic pressure). Thus, to solve this ineamence, the solution has to be iterative. In
the first iteration the membrane is deformed duextiernal pressure and/or initial deflection
(K(1)), the electrostatic pressure is calculated rftggration of Equation 1-89 and new
membrane position is obtaingd(f+1)), which is the new starting position. This procelis

repeated until the solution converges. The proaedticalculation is shown in Figure 1-33:
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Wo=0? —1 CalculatePyo
NO
YES
P+P,,=0? » CalculateK;(1)
NO
lYES
Kij(1)=0

\ 4

CalculateB; [+

CalculateK;j(n+1)

Figure 1-33: Procedure of calculation for electrogtic pressure.

The most inconvenient step in this procedure isdhleulation of matrixB;. There is no
analytical solution for integral from Equation 1;88us it has to be calculated numerically.
As the membrane function is the complex polynonfiaiction, it takes a lot of time.

Therefore, an alternative solution method may leguls

Method 11

The right-hand side of Equation 1-85 has inconv@néenominator. To simplify the
calculation of this equation, the denominator cenrédmoved (what is usually used e.g. in

FEM method) by transforming the equation into thiéfving form:

16 (L2 0%'w d'w 1 d'w 2
D R + 20! b= d _wi +
aZbZ( ou? aucov:  R? av* ( ) |
SR R Ty PR S S e S A
i ab au2 R aV2 wo 2

Then the solution is similar as in first method,iebhyields to Equation 1-88. Unfortunately,
due to transformation of equation of equilibriutme tmatrice\;, A, and vectoB have to be
recalculated. Furthermore, each of their elementains an integral of deflection function in

square what makes the calculations difficult analyital solution is difficult to derive.
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1.3.1.3. Membrane deflection

Firstly, we will analyze the influence of appliedltage on maximal membrane
deflection without external pressure. Figure 1-Bdvgs exemplary characteristics for various

membrane ratios:

= pull-in
3 o8
S ,
c
2 R=3]| |[R=2] [R=1]
g 06+ -
2 pull-in of
g parallel plate
- actuator
o 04
N N\
T 033 N
£
o 02
c
) T T 1
0 10 20 30 40 50 60 70 80 90

voltage [V]

Figure 1-34: Membrane deflection versus applied vtdge.

It can be seen that the pull-in effect occurs farcimlarger deflection than for parallel plate
actuator (see paragraph 1.1). Square membranesiahle for normalized deflections larger
than 0.46. For rectangular membrane it slightlypdrand forR=3 is 0.44. As the membrane
deflection increases with membrane ratio, the pultoltage consequently lowers. One can
also see the stabilization of this voltage.

As it was mentioned earlier, the distribution acfattostatic pressure over the deflected
membrane is not uniform. Thus, the applied voltsigeuld have an effect on the membrane

form. Figure 1-35 presents the forms of square nmangbfor various voltages:

0,81
0,6 1

0,44

normalized deflection

0.2

0,0 '/ T M T M T T T M T T T M 1

-1,0 -08 -06 04 -02 00 02 04 06 08 10
normalized section along x axis

Figure 1-35: Square membrane forms for various vo#ges.
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The membrane form changes with applied voltage,evewthe difference is not relatively
large and can be neglected, thus one can use thealwed coefficients; from table Table

1-2 to describe the membrane form. When the memshratio increases, the influence of the
voltage is more significant, especially along tlmgder dimension. Figure 1-36 shows

membrane forms for ratiB=3:

0,8
0,6

0,4-

normalized deflection

024/ —— V=05V
/2 S S V=V

pull-in

Ovo d T T T T T T T T 1
10 -08 -06 -04 -02 00 02 04 06 08 10

normalized section along y axis

Figure 1-36: Membrane forms forR=3 and various voltages.

Comparing the forms along the longer section, ome see that the difference cannot be
neglected and normalized coefficiekfsshould not be used.

Let us now take into consideration the externasguee. The membrane is then closer
to the bottom electrode and the electrostatic fascéarger. Thus, the operational range

shortens what is shown in Figure 1-37:
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Figure 1-37: Membrane deflection versus applied vedge with applied external pressure (atmospheric).

As the range of voltages that can be applied idlemé#he influence of electrostatic force on
membrane form is reduced. However, it is still gigant what is shown in Figure 1-38:
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Figure 1-38: Membrane forms forR=3, external pressure and various voltages.

1.3.1.4. Stress distribution

In the previous paragraph, it was shown that teetedstatic pressure has a significant
influence on the membrane form. Thus, the stressilolition within the membrane will be
also different than for uniform pressure. Followirgmparisons show the difference between
stress distributions calculated for normalized r{gscoefficients from Table 1-2) and real
form of the membrane for pull-in voltage. In theseaof a square membrane, the stress is
overestimated by 11% on the edge and underestirbgt8éo in the centre as shown in Figure
1-39. For the membrane with raf=3, the difference reaches 46% on the edge anébo t2

the centre. Furthermore, the shape of the strese zino longer the same (Figure 1-40)
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T
-1,0 -0,5 0,0 0,5 1,0
normalized section along x axis

Figure 1-39: 6, in square membrane for pull-in voltage.
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Figure 1-40: 6y in rectangular membrane with R=3 for pull-in voltage.

Summarizing, the function describing the membramenfwith exact coefficientk; has
crucial influence on calculation of stress withite tmembrane actuated electrostatically. The
use of normalized coefficient leads to seriousrsrrespecially for high membrane ratios.

1.3.1.5. Capacitance

The electrostatic actuator has another importardrpater, which is the capacitance.
By definition, the capacitance of a parallel platgpacitor is expressed with the following
formula:

S .
C= é’a Equation 1-91

whereSis a surface of the platd,is a distance between the plates amithe permittivity of
the space between the plates. In case of membemestactuator, the distance varies and

Equation 1-91 takes the following form:
1
C=¢||———=0x0y Equation 1-92
Lj (d-w(x.y))

Usually, the bottom electrode is insulated by a thide layer. When its thickness is much

smaller than the distance between the electrodedptal capacitance can be approximated by
Equation 1-92. The typical function of the capaut& versus the applied voltage is shown in
Figure 1-41:
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Figure 1-41: Typical capacitance function versus ggied voltage for square membrane.

The similar function can be plotted for other meant ratios. It is worth to remark that the
capacitance is almost independent from functiorcri@ag the membrane form. Several
simulations have shown that the use of normalizeefficient k; produce the difference
smaller than 1% in the worst case. Thus, if onlyac&ance has to be calculated, one can use

the normalized membrane form without precision.loss
1.3.2. Circular membrane

1.3.2.1. Classical equation of equilibrium and its solution

In case of electrostatic actuation, the equatiorapfilibrium of circular membrane
(Equation 1-50) takes the following form:
V2
2(d -w(n))’

The integration limitQ is [0, r]x[0, 2z]. We assume that the membrane is perfectly

3+a

> DA? (W(r) — w,(r)) + o,hAw(r) =P+ ¢ Equation 1-93

clamped on its edge. Thus, the boundary conditiomas follows [47]:

W(R,) =0
ow|  _ 0 Equation 1-94
0zZ|g

Equation 1-93 can be expressed without dimensiamgukie following transformation:
=— Equation 1-95

Then, the integration limi2 becomes non-dimensional [0, 1]x[G]2and Equation 1-93

takes the following form:
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3+a D 64(W—W0)+263(W—W0)_iaz(w—wo)_l_ia(w—wo) .
4 R} ou* u ou’ u>  oau’ u®  au
o,h(0? w_ ow V?
=P+e——
R0 o ou 2(d - w)?
Replacement of the initial deflectiow with the pressurBy (Equation 1-54) yields:

Equation 1-96

3+a D a4w+ga3w 1 aw 1w,
4 Rau* uou® u®au? T au
o,h(0°w  ow V?

+ +— _
RZ {ou® ou 2(d - w)?

We predict the solution with the function descridgdEquation 1-56. Then, the system of

Equation 1-97

j P+PB,+&

Galerkin equations reads:

2
”3+aD 6\:v+26w 120\/2v+i6_wu¢udud0+
uodu® u?ou u® du

” (6 Wi 6WJ¢ ududd = Equation 1-98
Ju

= [[(P+P,)pududs + [ e gududd, =01

V2
2(d - w)?
Substituting Equation 1-56 into Equation 1-98 aaltwalating the integrals, we get the system
of linear equations in matrix form (see APPENDIXE.

+ 2
3ta D p k+ 9N K =(P+ F>W0)|3+5V7Bl Equation 1-69

4 R
Coefficients of matrice®\;, A, and vectorB, B; are presented in APPENDIX D.2. The

matrix K is calculated as follows:

-1

+ o,h 2

K = (3—GR4A1 +—°2A2j ((P +P,)B+ eV Bl] Equation 1-100
4 RS 2

The unknown pressur®,, is calculated using the normalized coefficiekis(see next

paragraph) and solving Equation 1-54, which is ceduo the following form:

_3+a D 2 AKB™ Equation 1-101

w0

As the initial deflection is not an effect of elexdtatic force, the pressui,, can be
calculated from Equation 1-54 using the normalifgatction of membrane deflection from

Equation 1-64 and the coefficieidgo (equal towy).
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The procedure of calculation of the matkxis the same as shown in Figure 1-33 and the
unknown matrixB; has to be also calculated numerically. Howevegkes less time than in

case of rectangular membrane due to simpler fumctionembrane form.

1.3.2.2. Membrane deflection, stress distribution and capatance

The influence of electrostatic pressure on behawdwircular membrane is similar as
for square membrane. Thus, we will only define ¢hpacitance in cylindrical coordinates.
For more information refer to paragraphs 1.3.13115.

The capacitance for electrostatic actuator basedironlar membrane in cylindrical

coordinates is given with Equation 1-102:

r
C=¢||+———0rod Equation 1-102
=)

1.3.3. Membrane pull-in

Very often, information about the stable range (opoull-in point) of operation is
needed. There is no direct method for calculatimg pull-in voltage and deflection using
classical model. Thus, one has to perform an itergirocedure in which the starting point
(V) is set and the convergence of solution is exawhito determine the direction of voltage
sweeping (Figure 1-42). The key is to choose tlopgr starting point and to use a good
algorithm to calculate the new point. However, bdain desired precision, several iterations
has to be performed which is usually very time comsg, especially for rectangular

membranes.
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result’

Figure 1-42: Procedure of pull-in point calculation
1.3.4. Electrode modelling

In previous paragraphs, we have assumed that thlienbcelectrode has the same
dimensions as the membrane and is flat. Very oftdren the bottom electrode is deposited
on the substrate (e.g. electrode made of aluminiut®)dimensions are smaller than the
membrane. Furthermore, the electrode could takerotbrms in order to increase the
electrostatic force. Both these features will balyred in terms of modelling using classical
model.

Let us consider the actuator from Figure 1-32 boiv,nthe bottom electrode has
dimensions of lengtl. and widthb, and is placed under the membrane as shown ind-igur
1-43:
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Figure 1-43: Electrode dimensions and its placemeninder the membrane.
where K, Ye) indicate the coordinates of one electrode corfieen, the electrostatic pressure

is acting only on the part of the membrane locateove the electrode. On the other part, the
electrostatic pressure is equal to zero. Thenngpkito consideration the system of Galerkin
equations (Equation 1-86), the terms describingrifieence of electrostatic pressure change
their integration limits [81]. For the electrodesdebed above, the new non-dimensional
integration limitQe is:

Q. = [g Xe,g(xe + ae)} X[E xe%(ye + be)} Equation 1-103

Now we will modify the electrode shape. Let us take actuator from Figure 1-32
with the bottom electrode having variable heighslaswn in Figure 1-44:
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\\ o X \\\vh .......
6;0) Y
Zy
dl d2

o S

%¥) 3

Figure 1-44: Actuator with bottom electrode havingvariable height.
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Then, the electrostatic pressure has different evadepending on the position on the
membrane, consequently the terms of Equation 1W&8&cribing the influence of electrostatic

pressure, have to be divided into two terms asvil

V? V2 _
gem i'dedV+£‘!gm ;. dudv Equation 1-104

where non-dimensional integration limits are:

0, 20 2 +a) || 2.2 +n)

a a
Q,=0-0,

Equation 1-105

In general case, the classical model allows soluimg system for any electrode
dimensions and shapes. This reduces only to picgeulation of matrixB;. Furthermore, it

does not affect the calculation time as maBjhas to be always calculated numerically.

1.3.5. Reduced model

It has been mentioned earlier that the classicaahis inconvenient in use. In case of
electrostatic actuation, it is also very time cansgwy. So, a good idea would be to use the
reduced model, which is much faster because itaseth on solving a simple algebraic
equation. The principle is the same as the oneepted for uniform pressure. The model
neglects the membrane shape and operates onlyg onakimal deflection. Then, using the
definition of electrostatic pressure and EquatieB01we get:

V2
2(d = W, )*

The solution of this equation is quite simple. Oaa eliminate the denominator, which leads

KnenWinax = Py +&

mem” "max

Equation 1-106

to the third-order equation, or use an iterativieitsan, which is more convenient in use. We
assume that the deflection on the right-hand ssdlenbwn. At first iteration it is equal to
Wo_max Then, the new value of deflection is calculatenrfilinear equation, which is the new
starting point at the next iteration. This procedsreepeated until the solution converges. To
verify the precision of this approach, we compaitedith the classical model for square
membrane without external pressure by plotting de#lection versus applied voltage. The

results of this comparison are presented in Fige4é:
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Figure 1-45: Comparison between classical and redad model for electrostatic actuation.

It can be seen, that the reduced model overestntla¢edeflection, which causes that the pull-
in voltage is smaller than the one obtained witk ttassical model. Furthermore, the
normalized pull-in deflection is equal to 1/3 thatthe same value as for parallel plate
actuator. This value can indicate the reason dafethresults. Let us analyze the term from
Equation 1-106 describing the electrostatic presdis value corresponds to the electrostatic
pressure in the centre of the membrane. As theceethodel assumes that the load is uniform
over the whole membrane, the electrostatic pressutben constant independently from
position on the membrane. This condition is truly dor flat membrane. When the membrane
is deformed, the electrostatic pressure is smalkgpending on how close it is to the
membrane edge. Thus, the effective value of elsiEtic pressure is overestimated. It is
worth to remark that the reduced model gives aatdptresult only for very small voltages in
relation to pull-in voltage. However, due to itsnglicity, it is often used in membrane

actuation [82].

1.3.6. Calculation time

In previous paragraphs, we have compared the cddsand reduced model for
electrostatic actuation in term of precision. Itsv&own that the reduced model could be used
only for specific conditions (actuation voltage rwmaller than pull-in voltage). Generally,
its precision is poor (usually 30% of mismatch) wsoobtain an unacceptable result. It seems
that this model should be rejected. However, it tras very important feature, which should
be taken into consideration. In this paragraph v eempare both models in terms of
calculation time.

Both model were used in MATLAB® environment, whialows time measurement

of procedure execution. We will analyze the caltoiatime for uniform pressure and for
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electrostatic pressure. In the case of electraspagissure one has to check if the convergence
is dependent on applied voltage. Table 1-4 predbetaumber of iterations needed to obtain

the precise result.

Table 1-4: Number of iteration for various conditions.

Membrane V<<Vpullin V=Vpuli-in
R=1 5 53
Rectangular
R=3 5 142
Circular 5 37

Thus, to obtain a reliable result of comparisore bias to consider the worst case. Firstly, we

will measure the execution time of one point. Tésuits are presented in Table 1-5:

Table 1-5: Calculation time in seconds of one poirfor various conditions.

Classical model Reduced model
Membrane
V=0 | V<<Vpuin | V=Vpuliin =0 | V<<Vpulin | V=Vpuliin
R=1] 0.011 0.934 4.012
Rectangular
R=3 | 0.011 0.965 20.191 <0.001
Circular 0.001 0.011 0.128

It can be seen that the classical model is highdpeddent on simulation conditions.
Simulations for uniform pressure are fast and Esbut 10 milliseconds. When iterative
process is executed, the time calculation rapidtydases. Although for circular membrane
the simulations are quite fast due to simpler drtlly description, in case of rectangular
membrane they need several seconds, especiallythee@ull-in voltage. The reduced model
iIs much faster because in each case the time ailatibn was not larger than 1 millisecond.
Going further, the advantage of reduced model ieemoticeable when the full characteristic
is needed. Table 1-6 presents the calculation Bm80 points, which allow plotting the

membrane deflection versus applied voltage in rdrage 0 toVyi.in.

Table 1-6: Calculation time in seconds of 50 point®r various conditions.

Membrane Classical model Reduced model|
R=1 65.283 0.048
Rectangular
R=3 145.843 0.056
Circular 1.697 0.042
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The classical model needs more than one minutasa of rectangular membrane as opposed
to the reduced model that performs the calculating@bout 50 milliseconds. The last

comparison concerns the calculation of pull-in ag# (Table 1-7).

Table 1-7: Calculation time in seconds of pull-in @ltage for various conditions.

Membrane Classical model Reduced model|
R=1 152.789
Rectangular
R=3 145.843 ~0
Circular 1.697

As it was mentioned earlier, using classical modek has to use the iterative procedure.
Thus, the calculations take a lot of time contriaryhe reduced model, which uses the simple
analytical formula. Of course, the algorithm whigdes classical model might be much faster,
however it will still be slower than the reduceddrb

All above-mentioned facts indicate that the claasicodel is very slow in comparison
to the reduced model and may be very inconvenmnthie designer. Let us consider e.g. the
optimization, where the number of points necesdaryfind the optimal value reaches
thousands or even more. Then, this phase woulds&asral hours, which is not promising
result. Therefore, much faster reduced model wbelé good alternative if its precision was
similar to the one of classical model. In the neatagraph, the methodology of the classical

model correction will be presented.

1.3.7. Correction of reduced model

It was shown that the reduced model provides ecameesults due to the assumption
that the electrostatic pressure is uniformly diustted on the membrane. Thus, we will start
with correction of this parameter.

Let us take the term describing the electrostatesgure from Equation 1-106. This
term correspond to the average electrostatic pres$ten, if the electrostatic pressure varies
depending on the membrane position, its averageeWal o, should be smaller that the value

used in reduced model:

P = ljjgv—zaxay Equation 1-107
- 8% 2(d-w)

It is intuitive to introduce the effective membradeflection wes, Which will correct the

electrostatic pressure value (Figure 1-46):
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Werr = AW,y Equation 1-108

whereA is a coefficient of correction.

Wmax Weff

Figure 1-46: Definition of effective membrane defletion.

Then, the electrostatic pressure is as follows:
V2
P=¢ Equation 1-109
= " old-w, P
As the average electrostatic pressure highly dependnembrane form, firstly, we will focus
on the pull-in point. Then, combining Equation 1618nd Equation 1-109 and knowing the
exact value of pull-in deflection from the classicaodel, we can easily calculate the
coefficientA using the following relation:
_ Ko
3K, oW - 2P,

mem" " pull =in

Equation 1-110

It can be seen that this coefficient has to beviddally determined for each membrane shape
(circular and rectangular), each value of anisgtropefficient and each value of pressie
normalized to the maximal applicable uniform pres$t.xdefined by Equation 1-111:
Prax = Kiend Equation 1-111
Then, we verified the effectiveness of this colmtiby plotting the deflection curve versus
the applied voltage for square membrane (Figuré)1-4
"0 1 o

--------- Cléssical model
—— Reduced model

0,8

pull-in

Normalized deflection (w/d)

0,0 : i i =
0 20 40 60 8084

Voltage [V]

Figure 1-47: Comparison between classical and redad model corrected with coefficientA.
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It can be seen that now the reduced model matchibshe classical model for the value of
pull-in deflection. However, the pull-in voltage s$ill different. Thus, the model has to be
corrected by using another coefficient. Considerihg fact that the normalized pull-in
deflection is dependent only on value of coeffiti@nwe can introduce a coefficieBt as
shown in Equation 1-112 non-affecting the pull-afldction.
V2
P.=BeF7——— Equation 1-112
2(d - AWmax)
Substituting this term into Equation 1-106 and krmyvthe exact value of pull-in voltage
from classical model, the coefficieBtcan be simply calculated as follows:
B= i (kmemd ~ I:)h A)3
27 ¢k*AV?

pull=in

Equation 1-113

Similarly as coefficientA, the coefficientB depends on membrane shape, coefficient of
anisotropy and pressuif®, normalized to the maximal pressuPgax The results of this
correction are presented in Figure 1-48:

1,04 —

--------- Classical model
Reduced model
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0,6

0,46 oo Y
0,4

0,2 1

Normalized deflection (w/d)

0,0 : . ; ——
0 20 40 60 80 84
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Figure 1-48: Comparison between classical and redad model corrected with coefficient#\ and B.
Comparison shows that the correction is sufficiéing pull-in voltage and deflection fully

correspond to the values from classical model. H@mneone can see some discrepancy
between the curves below the pull-in point. It isedfect of changing membrane form with
applied voltage. Then, the average electrostatisspire is not exactly inversely proportional

to (d—V\éﬁ)Z. As a result, the electrostatic pressure has todégendent on voltage

normalized to pull-in voltage. One can achieve thieugh the modification of coefficiel

or direct correction of the membrane deflectionegated with electrostatic force. We used
the second method. Fortunately, the simulationswshizat the function correcting the
deflection does not depend on membrane shape aificeant of anisotropy. It varies only
with pressurd®, normalized td®maxas shown in Figure 1-49.
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Figure 1-49: Function correcting the deflection geerated electrostatically.

1.3.7.1. Complete corrected reduced model

In the previous paragraph, we developed the awalytmodel of electrostatic
membrane-based actuator, which is the combinatidheoreduced and classical model. To
summarize, we will gather all information neededise this model.

The corrected reduced model uses the followindiocgla

V2

k =P, +Be——— s
e =0 - A )

mem” "max

Equation 1-114

wherekmnemis the membrane-spring constant described with #aua-77 or Equation 1-78
and coefficients from Table 1-3, andB are the coefficients of correction (Table 148),is
the sum (Equation 1-79) of the uniform pressurethedoressure corresponding to the initial
deflection (Equation 1-72 or Equation 1-74) aRgd.x is the maximal applicable uniform
pressure (Equation 1-111). The solution of Equatiohl4-may be iterative. In the first
iteration one assumes that the deflection on tj&-hand side of the equation is known and
one calculates the new value of the deflection,clvhs the starting point in next iteration.
This process is repeated until the solution conwergle last step is to correct the obtained
deflection using the function from Figure 1-49. Tunplete procedure is presented in Figure
1-50:
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Figure 1-50: Procedure of calculation for electrositic pressure using corrected reduced model.

The pull-in voltage and deflection are calculateeéatly using following formulas:

_ 3
Voui-in = \/E (kmemd th A) Equation 1-115
27 ABk‘e
_1d 2 P, _
+ Equation 1-116

Yn T3 A 3k
Going further, the reduced model operates onlyhenmaximal membrane deflection. Thus,
to get the membrane form and stress distributitve, function from Equation 1-38 or
Equation 1-62 with coefficients from Table 1-2 daused. In fact, the normalized function
of membrane deflection may produce serious ermrspecific conditions, so the results

should be verified with classical model.
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Table 1-8: Values of coefficient®\ and B for various conditions.

Material Isotropic Silicon <100> Silicon <110>
P, E ks bl/a ks bl/a ks b/a
§ (5] 1 15 2 2.5 3 ) 1 1.5 2 2.5 3 (5] 1 1.5 2 2.5 3
0 A| 0.75| 0.724 0.725| 0.739| 0.752| 0.760| 0.751| 0.725| 0.726| 0.738| 0.751| 0.758| 0.747| 0.719| 0.727| 0.739| 0.757| 0.776
B | 0.936| 0.941| 0.959| 0.979| 1 1.015] 0.937| 0.943| 0.959| 0.976| 0.991| 1.004| 0.933| 0.944| 0.955| 0.983| 1.005| 1.01
0.25 A | 0.801|0.773| 0.774| 0.79 | 0.803 0.812] 0.803| 0.774| 0.776| 0.788| 0.802| 0.81 | 0.799 0.768| 0.777| 0.79 | 0.809 0.829
B | 0.870| 0.874| 0.891| 0.91 | 0.929 0.943] 0.871| 0.876| 0.891| 0.907| 0.921| 0.933| 0.866| 0.878| 0.888| 0.914| 0.934| 0.938
0.5 A | 0.863] 0.833| 0.834| 0.851| 0.865| 0.875] 0.864| 0.834| 0.836| 0.849| 0.864| 0.873| 0.860| 0.827| 0.837| 0.851| 0.871| 0.893
B | 0.748] 0.752| 0.766| 0.782| 0.799| 0.811] 0.749| 0.753| 0.766| 0.78 | 0.792 0.802| 0.745| 0.755| 0.763| 0.786| 0.803| 0.807
0.75 A | 0.942| 0.909| 0.91 | 0.928 0.944| 0.955] 0.944| 0.910| 0.912| 0.927| 0.943| 0.952| 0.937| 0.903| 0.913| 0.929| 0.951| 0.974
B | 0.517| 0.519| 0.529| 0.54 | 0.552 0.560| 0.519| 0.520| 0.529| 0.538| 0.547| 0.554| 0.513| 0.521| 0.527| 0.543| 0.555| 0.557
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1.3.7.2. Limitations

It has to be emphasized that the corrected reduncedel has some limitations.
Starting at the beginning, the model is based erthbkory of thin plates for small deflections.
The ratioR; is then limited in range from 10 to 80 and théorath should not exceed 0.3.

Second, the next limitation results from the assionghat the membrane is perfectly
clamped on its edges. The real clamping is notidensd in analytical models due to
difficulty of finding the exact function of membrandeflection and the dependence of
substrate surrounding the membrane on the reJiiesinfluence of clamping conditions will
be analyzed in next paragraph in which the compariwith FEM simulation will be
discussed.

Third, the most important limitation of the reducedel is that it operates only on
maximal membrane deflection. Thus, it is not pdssib calculate the function describing the
membrane form. The normalized function can onlyused in specific conditions e.g. for
respectively small value of residual stress. Thha, error is relatively small and does not
exceed 10% in stress distribution in the worst cdfehe residual stress is larger, the
calculated membrane form significantly differs frahe real form producing more than 50%
discrepancy in stress distribution in some caskas;Tthe normalized function should be used
with caution and one should verify the results wité classical model.

Fourth, it should be remarked that the model héisméation concerning the initial
position of the membrane. If we look at Table IbBe can see that the coefficients are given
for positive values of rati®/Pmax This means that the membrane, due to uniformspres
should be flat or deformed towards the bottom ebelet. In other words, the total deflection
(including the initial deflection) of the membrammder the uniform pressure (without
electrostatic pressure) has to be positive or eguakro. In other case, the correction of the
model is no longer valid and the results may bererous.

Finally, the last limitation concerns the electrad®pe. As the reduced model does
not use an integration limit, there is no direcsgbility to change the electrode shape. It can
be taken into consideration indirectly by introdugia coefficient correcting the term
describing the electrostatic pressure. In paragéapt?2.2 we will try to determine the values

of this coefficient.
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1.4. Analytical model vs. FEM simulation

In previous paragraphs we presented the analytncadel of electrostatic actuator.
Now, we will focus on an other, commonly used apphy which is a simulation using finite
element method (FEM). We will present the principlenodelling using this technique. Then
we will point to its advantages and drawbacks. Nex will compare both methods in order
to verify the developed analytical model. Finallge will present the dedicated tool written in
MATLAB® which allows the complete simulation on eteostatic membrane-based actuator
using the reduced model. As a FEM simulator we wgk ANSYS® environment.

1.4.1. FEM model

Modelling of electrostatic membrane-based actuatxgsires two domains to be taken
into account: mechanical and electrical. In meat@lindomain a membrane as a solid
structure with applied mechanical loads is simualate FEM there is no restriction in shapes.
One can simulate a circular or rectangular membagigeother more complex shapes. In our

case, the typical model for square membrane is showigure 1-51.:

Figure 1-51: The FEM model of a square membrane. Tédistance between the membrane and the
substrate was enlarged to obtain legible image.

As one of the FEM features is symmetry, one canaedhe model to only one quarter of the
membrane. In structure meshing we used the ele8@htD186 that supports the anisotropy.

As one can see the division of the structure wadema obtain the best precision in weak
points of the membrane such as its edge and cénirthermore, the membrane division was
set experimentally through the recurrent decreasié the results remain stable. This allows
obtaining the division as small as possible whatl$eto reduction of calculation time. To

obtain trustworthy results, the model consists wbstrate surrounding the membrane. Its
dimensions are comparable to the membrang toordinates but its thickness is a few times

-70 -



Modelling and optimization of electrostatic memledrased actuators Cezary MAJ

larger. This should correspond fairy well to thalreonditions. Substrate division was
maximally decreased, as the results in this regr@nnot necessary. The most important part
in FEM simulation is the choice of clamping conaits. The proper clamp of the structure has
to correspond to those in real structures. Onespatify the following types of clamping
(Figure 1-52) [83]:

a) Perfect clamping — the membrane is fixed on itseedg

b) Real clamping 1 — the structure is fixed on theédyotsurface of the substrate

c) Real clamping 2 — the structure is fixed only ireqoint

= =

>

=

\/

Figure 1-52: Types of structure clamping.

The first one is the same condition, as the ond usanalytical model. It is the worst case of
all because it does not exist in real devicesart @anly be used to verify the analytical models.
The second one is much more reliable because tingbraee is not directly fixed and the
substrate reacts to the applied load. In the third the substrate is free and bends with the
membrane. For further simulation we will use thefgxet clamping to verify and estimate the
accuracy of the analytical model and the real clagft to estimate the influence of clamping
conditions. The chosen real clamping type matchest the clamping observed in fabricated
samples.

The electrical domain is used to simulate the stinreacunder the electrical load. In case
of electrostatic force, we need a virtual elemevitjch realizes the coupling between the
mechanical and electrical domain. This feature uppsrted by the transducer element
(TRANS126) which allows applying the electrical tagle V on edges of mechanical gap
distanced with permittivity ¢ [84]. Then, this element coupled with nodes of Hutom

membrane surface produces the electrostatic fatoegaon the membrane, which depends on

-71 -



Chapter 1: Electrostatic membrane-based actuatoryh

element voltage and gap distance (Figure 1-53). arka, which contains the nodes linked
with transducer element, forms the electrode. Thos,can easily change the electrode shape
and gap distance.

Figure 1-53: The FEM model of a square membrane wht transuder elements (EMTO0). Membrane
division was decreased and the substrate beneathettmembrane was removed to obtain legible image.

The complete FEM model seems to be simple. Howewvshould be remarked that
the model has to be reconstructed each time whem#mbrane and electrode dimensions
change. The only parameter whose variation doeseuoplire the model reconstruction is the
voltage. When the exact structure dimensions aocsvkpone can simply change the voltage
and perform the simulation once again. Howeverggsgn process usually needs finding the
optimal dimension of the structure and then the F&iulation becomes more complicated
resulting in larger calculation time.

1.4.2. Comparison

We performed the simulations of a rectangular (@®0x 300um x 5um) and square
(300 pum x 300pum x 5um) silicon membranes with a bottom electrode of dispance gm.
We will investigate the influence of uniform pressuresidual stress and voltage using the
perfect clamping of the membrane (marked as FEM@raphs) to verify the analytical model
and the real clamping (FEM2) to investigate thduigrice of clamping conditions on the
membrane behaviour. All results will be comparedhwhose obtained with the analytical
model (AM) with the remark that we will not use thermalized membrane form. Finally, we
will compare the simulation time. In comparison weitted the circular shape of the
membrane, as it is very similar in behaviour toghaare membrane.
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1.4.2.1. Uniform pressure

We will now compare the results for the load offarn pressure. Figure 1-54 and

Figure 1-55 show the curves of maximal deflectiersus applied pressure.
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Figure 1-54: Comparison of deflection for square mmbrane loaded with uniform pressure.
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Figure 1-55: Comparison of deflection for rectangudr membrane loaded with uniform pressure.

The analytical model gives almost the same reslitEEM using the perfect clamping. The
real clamping has significant influence on membrdefection, which is 8% larger for both
membranes. It indicates that the stress withinntleenbrane will also be different. However,
one should verify the membrane form as the sulestah also deform. Figure 1-56 and
Figure 1-57 show the stress distribution alongldmger section for square and rectangular

membrane.
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Figure 1-56: Comparison ofe, for square membrane loaded with uniform pressure.
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Figure 1-57: Comparison ofe, for rectangular membrane loaded with uniform pressire.

Comparison between the analytical model and FEMgauperfect clamping shows that the
results match almost perfectly. The differenceessIthan 1%. It proves that the analytical
approach is correct and the function describingnieenbrane form has sufficient precision.
The influence of real clamping is not significantthe middle of the membrane where the
difference does not exceed 5%. Near the membrage #& membrane form is different
resulting in up to 22% overestimation in stresswggieal clamping. This shows the most

important drawback of the analytical model, whitlowd not be ignored.

1.4.2.2. Residual stress

Now, we will compare the results from simulatiorigtee membrane with 100 MPa in
tension and compression. The maximal deflectiothefsquare membrane is shown in Figure
1-58 and Figure 1-59:
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Figure 1-58: Comparison of the deflection for squag membrane in tension loaded with uniform pressure.
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Figure 1-59: Comparison of the deflection for squag membrane in compression loaded with uniform
pressure.

In case of tension, the results are similar asttiermembrane without residual stress. The
analytical model gives comparable results to tHos®m FEM with perfect clamping and are
underestimated by 8% in comparison to real clampingcase of compression for small
pressures the dependence is quite the same. lger laalues the characteristic obtained with
FEM is no longer linear. It is caused by the usardlysis applicable for large displacements
(it is needed to perform the simulation with apglresidual stress) as the ratth is close to
0.3. The simulations of rectangular membrane werited, as the influence of residual stress

is quite the same.

1.4.2.3. Voltage

In comparison of electrostatic actuation, we walcdis on the maximal deflection of
the membrane. Figure 1-60 and Figure 1-61 shovchiaeacteristics of the deflection versus

applied voltage.
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Figure 1-60: Comparison of the deflection versus agied voltage for square membrane.
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Figure 1-61: Comparison of the deflection versus ggied voltage for rectangular membrane.

The results from analytical model are very clos¢htwse from FEM with perfect clamping.
They are underestimated by 1% for square membrade3& for rectangular. The real
clamping has moderate affect on the deflection. Auikin voltage is smaller by about 4% for
square membrane and 10% for rectangular membraoenmparison with perfect clamping.
One can state that the influence of clamping is tegnificant for electrostatic actuation that
for the hydrostatic one. Thus, we plotted the sama&racteristics for membranes initially
deflected by hydrostatic pressure (Figure 1-62Fgdre 1-63):
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Figure 1-62: Comparison of the deflection versus ggied voltage for square membrane initially defleced.
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Figure 1-63: Comparison of the deflection versus agied voltage for rectangular membrane initially
deflected.

For square membrane the characteristic for reatilag is more flattened which causes that
the initial underestimation turns into the ovemastiion of pull-in voltage by 5%. In
rectangular membrane the curves shapes are goitlersand 10% underestimation remains
the same in the wide range of applied voltages Worth to remark that in both cases the
analytical results match those obtained from FEMwerfect clamping.

The last thing worth to compare is the stress itigiion in the worst case, which occurs for
the pull-in voltage and without the hydrostatic gmere. We plottedy the along the central
section of the longer side:
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Figure 1-64: Comparison ofe, for square membrane and pull-in voltage.
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Figure 1-65: Comparison ofe, for rectangular membrane and pull-in voltage.

In both cases one can observe conformity betweatytasal model and FEM with perfect
clamping where the difference is less than 3%. fga clamping has significant influence
near the membrane edge where the use of perfenpirlg overestimates the stress by 20%
for square membrane and 26% for rectangular merabran

All shown comparisons prove that the results olet@iwith the analytical model are
comparable with those from FEM simulator. The défece in maximal deflection is less than
3%. Furthermore, comparison of stress distribusioows that the function chosen to describe
the membrane form has good precision. In some cas=s produce some artefacts that can
be neglected. Going further, the influence of i®@amping depends on initial conditions. In
some cases the difference is relatively smalltiveis is significant. Thus, it should be always

taken into consideration and the analytical moteu$d be verified with FEM simulator.
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1.4.2.4. Simulation time

As we performed all needed simulations to verifg #nalytical model and estimate
the incertitude of several assumptions on reswhg;h simplify the model, let us compare the
simulation time. We will compare the mechanicaldemion and coupled electro-mechanical
simulation separately. The time obtained for FERMdations concerns the script execution
(creating 3-D model, meshing and solving). The ltssof measurements are presented in
Table 1-9:

Table 1-9: Comparison of simulation between analytial model and FEM simulation (time in seconds).

) | Mechanical Electro-mechanical
Type of simulatio . : _ : :
One point One point 50 points Pull-in point
Analytical model ~0 <0.001 0.048 ~0
FEM simulator ~5 =27 ~357 ?

The mechanical simulation is relatively fast arketaa few seconds. The electro-mechanical
simulation lasts longer due to fact that some tisneeeded to create transducer elements and
calculation procedure is iterative. It needs alb@lt a minute. It is not much considering that
the FEM simulation is very precise. However, simiolatime is getting more significant if
we need a full characteristic of the device. Thahleast six minutes needed by FEM
simulation are incomparable to 50 milliseconds eéad analytical calculations. Moreover, if
we would like to perform an optimization, we woulded several hours to accomplish this
task. Thus, it would be desired to perform suckdagith analytical model in tens of seconds
with similar results. The last comparison dealshwiimding the pull-in point. Using the FEM
simulator one has to perform an iterative simutatguessing each new starting point.
Therefore, we did not measure the time for thik tad it is sure that it takes much more time

than simple calculation using analytical model.

1.4.3. Dedicated simulation tool

All above-mentioned facts prove that the analytivaldel is a good alternative for
simulating membrane-based actuators. As this apprazonsidering all specified features,
assumptions and limitations, will be used inste&BM simulator, it is desirable to create
some graphical interface, which will be simple amditive in use and will give the results in
a clear form. In order to create such a tool, a engal computing environment and
programming language MATLAB® was used. The maindein of written tool is presented
in Figure 1-66:
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Figure 1-66: Main window of the simulation tool iIn®@MATLAB GUI.

It can be divided into three main parts. The uppet is dedicated to define the following
parameters of:
- membrane — its shape (circular and rectangular wi#gmbrane ratio up to 3),
dimensions and initial deflection
- surroundings — pressure above and below the membran
- bottom electrode — its gap distance and permitivitspace
- material — its kind such as silicon <100>, <1104 &rily definable isotropic, residual
stress including the calculation of the maximatssr(buckling).
The parameters such as the membrane dimensiortsydrabtatic pressure can be set without
any restrictions concerning the specific ratiostha tool all coefficients and other functions
were approximated using the MATLAB® built-in curvdting tool. All functions are
presented in APPENDIX E.
The second part is dedicated to the results. Onepacify the most important characteristics
which are plotted in figures:

- capacitance versus the applied voltage
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stress distributiona, oy, ovon_mise} Within the membrane (top surface) in 3-D plot or
2-D plot along the central section of each side

form of the deflected membrane in 3-D plot or 2dDt@long the central section of
each side

total membrane deflection versus applied voltage

membrane deflection generated electrostaticallguseapplied voltage

pressure generated electrostatically versus apptikdge

pressure generated electrostatically versus applidstatic pressure

Furthermore, the tool allows extracting the exaalug from the curves. The left part is

dedicated to the results calculated for one usenatkvoltage, which are useful in estimating

the device performance.

As one can see, the presented tool is very simplsé. The user needs only to specify

the basic parameters and all results are autortigticsted and plotted. Furthermore, all

results can be transformed to the other form astdbkis written in numerical computing

program. Finally, its most important advantagehis ¢alculation time, which usually takes no

more than a few seconds including data processidgysualization.
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2.1. Optimization

The previous chapter fully described the methodplofymodelling of electrostatic
membrane-based actuators and related issues toltteascomplete model allows estimating
the device performance from defined input pararsetier design phase, the most important
question is: what values of these parameters shmilthken into account to obtain desired
performance of the device? It is more critical & vake into the consideration the fact that its
proper definition affects the number of cycles rm®kdo experimentally verify the
assumptions and the project time needed to fabridche device which fulfils the
requirements. In this chapter we will focus on ahmd allowing shortening of the project
duration, which is the optimization. Next, we widkcus on the issues related to the fabrication
with the help of statistical analysis.

2.1.1. Design path

Let us focus on the design path of a device (Fi@Qulg. The main tasks remain still
the same. At the beginning, the project requiresmant defined and verified if it is possible
to carry out the project. Then, the simulations pegformed and verified experimentally. If
the result meets the requirements the processishéd. In other case (what usually happens),

the second step has to be performed once agairthetiesults are satisfactory.

Requwement% Experimental

verification

Simulation

4

definition J

Optimized
design

Satisfactory
results?

Figure 2-1: Classical design path.

As one can see, the simulation and verificatiorcgss can be named, as an optimization loop
that is critical is whole design path. Each repmtiresults in increase of project duration and
its costs. Therefore, many works have been domeder to increase the effectiveness of the
design path. The most inconvenient phase is expatsh verification which is time
consuming and expensive. It would be desirableetfopm the fabrication only once. Today,

it is possible thanks to FEM simulators, which aomstantly improved providing us with
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more and more reliable results. Then, the optindrabop consists only of simulation phase

and the number of experimental verifications camdakcally decreased (Figure 2-2).

N
Requirements
definition A

y :

FEM simulation

\ 4

Experimental
verification

Optimized
design

Satisfactory

Figure 2-2: Optimized design path.

Let us consider our electrostatic actuator. As aswnentioned in the previous chapter, the
FEM simulation is not relatively fast if we arekimlg about the repetitive simulation. The
optimization loop can last several hours assumimgf nothing goes wrong. Thus, the
simulation phase is now a bottleneck in the dep@gih. Let us analyse the use the analytical
model instead of the FEM simulator. We are ablpadorm on optimization phase in a few
minutes obtaining accurate results taking into antoall phenomena supported with
analytical model. Then, we can simply perform omautation using FEM to verify the
results, as the analytical model does not suppertdal clamping. Even, if the results are not
satisfactory, we can simply tune up input paranseterd repeat the procedure “wasting” a
few minutes, not a few hours. In next sectionswitedescribe the optimization phase more

precisely and we will show how to use the analytcadel (Figure 2-3).

Requirementq

A 4

Analytical model

definition J A
FEM Satisfactory
simulation results?

Optimization loop

\ 4

Experimental
verification

Optimized
design

Figure 2-3: Design path using analytical model.
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2.1.2. Principles

In mathematical sense, the optimization referdheostudy of problems in which one
seeks to minimize the function by systematicallgaging the values of variables from within

an allowed set. Let us consider the funcief(x) from Figure 2-4:

2

XV

Figure 2-4: Exemplary function.

The x value is an argument of functiorxf(which is optimized in order to find its minimal
value. As the function has one variable, the om#aton is one-dimensional. If the set of
argument is undefined (all real values), the valuargument that we are looking for is equal
to xz. This type of optimization is called unconstrairj88]. The optimization algorithms are
not perfect. They always need a starting point fueimich they start the procedure [86]. If one
set the proper starting point, one will find thelgAl minimum of the function. In other case,
the local minimum can be found such as the painin our example. In engineering
applications, the unconstrained, one-dimensionahagations are rare. Usually, they depend
on many parameters whose sets are defined by mppcp requirements or technological
process. In solving of this type of problems, ausedial quadratic programming can be used
[87][88][89], which is supported by MATLAB® environent.

Now we will focus on optimization of electrostatictuator. The optimization process
can be simply performed as the device is descnfadd a mathematical function using the
analytical model. This function need to be optirdizeet us then define the actuator output

parameters and discuss its input parameters, wiaichbe used in optimization.

Output parameters

- Generated deflectiorwgen) — the change of the membrane deflection due fwiep
voltage.
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Generated pressurBy,) — the equivalent of hydrostatic pressure, whighses the same
membrane deflection as the applied voltage.

Generated stressgty) — the change of the stress within the membrares tduapplied
voltage. We will be operating on differenée oy in the membrane centre and on its edge
what is mainly used in piezorezistive pressure @esn§9].

Generated capacitanc€yt,) — the change of the capacitance between the naem@land
the bottom electrode due to applied voltage.

Generated volume/plyer) — the change of the volume due to applied voltégs a basic
parameter used in description of micro-pumps [90].

Pull-in voltage Vpuiin) — The voltage that causes the collapse of thebr@me. The main
parameter which defines the device operationaledfd)]. However, this parameter may
be considered as the input parameter when it define gap distance (see paragraph

below).

I nput parameters

Note that not all of actuator parameters, may kertan optimization process.

Material propertiesH, v, a) — The choice of material is usually made at tagitning of
the project and is conditioned by project requiretee So, they will not be taken into
consideration in optimization.

Hydrostatic pressureP] — The pressure between the membrane and theoelecis
conditioned by technological process and type dbliegtion. The external pressure
depends on environment in which the device willused. Simulations showed that the
best performance of an actuator is obtained whemtimbrane is initially flat. Thus, it is
desirable to design an actuator without appliedrdstetic pressure. Due to this fact, this
parameter will not be taken into account in furtbptimization.

Membrane initial deflection wp) — this parameter depends on fabrication process
(excluding buckling). Similarly to the above, tiparameter will be omitted.

Residual stresss) — this parameter also depends on fabricationgscAlthough there
are methods to apply the specified value of residirass [70], this parameter will not be
taken into account. Generally, the compressive duasi stress results in better
performance, as the membrane is less stiff. Tlessin tension has the opposite effect.
Voltage {) — the influence of this parameter on the deviegfggmance is obvious
(according to the definition of electrostatic presy. The larger voltage is applied, the

better performance is obtained. Thus, this parametiebe omitted in optimization.
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- Membrane shape — the choice between the circuthreastangular membrane depends on
the designer needs.

- Membrane dimensionR§, b, R, h) — in optimization, the radius, the length of dbor
edge, the membrane ratio and thickness will bentaki® consideration.

- Gap distance d) — the most important parameter. According to thedinition of
electrostatic pressure, the distance between etkxtrshould be as small as possible.
Usually, there is no one value, which will be omlnfior each case. As the membrane
stiffness depends on its dimensions, the same eapploltage produces different
membrane deflections. Thus, the gap distance shoeildecalculated every time what
causes that the use of computer is required. Iimaptcase, the distance should be such
that the pull-in voltage is a little bit larger ththe voltage operational range.

Having all parameters defined, we can visualize dphgmization process for electrostatic

actuator as shown in Figure 2-5:

Not optimized parameters
[E v a P w o V]

_b B l Wgen
_|al® i
Optimized Analytical o
parameters| h model ’ Cgen
gen
VoIgen
L - _Vpull—in_

Figure 2-5: Model of electrostatic actuator used iroptimization.

The function describing the actuator has threecitar membrane) or four (rectangular
membrane) independent parameters and seven castnt output it generates seven
parameters describing the actuator behaviour. Ratdly, if we look closer at the output
parameters, we can see that all of them are de@vaf the deflection. Furthermore, usually
only one of these parameters is important for acgewsed in a specific application. Thus, we
can look upon them as independent, so the optiraizaémains as a one-objective problem.

2.1.2.1. Optimization tool

All above-mentioned facts were used to construetttiol performing the optimization
process. The tool uses the same features of MATLAB&ronment as the simulation tool.

The main window of the tool is presented in FigeH&:
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Iol
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Module d"Young 190 GPa
Coefficient de Poisson 0278
Permittivite 8854 Pfim
OPTIMISATION
POINT DE DEMARAGI BAS LIMIT HAUT LIMIT VALEUR OPTIMALE
Rapport Longueur / [ 1] 1 1 1
Largeur / Rayon I 300 | 300 | 600 [301.0478 um
Epaisseur I 5 | 5 | 5 | 5 um
Pression a 'exterieur 1013 hPa
Pression a l'interieur 1013 hPa
Cavite I 1] 1 ] 1 | 1 um
I~ Reglage automatique 0 Olum -
Tension appliquee 5V ‘
Contrainte residuelle 0 MPa
Deflexion initiale 0 um
Cptimisation pour la valeur Deflexion |0.000785 um Volume 21.8794 um*3
IPFESS\DH generee j PFESS?DH 111.1484 Pa cgnatLa::thdx, 0.089271 MPa
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Capacite [0.000193¢ pF au centre 0 MPa

Figure 2-6: Main window of the optimization tool in ®MATLAB GUI.

The use of the tool is very simple. One has tongethe constant parameters, set the lower
and upper boundries of design variables and chtwseutput parameter, which is to be
optimized. Then, the optimization procedure camii@lized and in a few second the results
are presented on the screen. Furthermore, theliools manually defining the starting point
for each variable. It has to be remarked that gmobedure should be repeated for different
starting points to verify if the optimization pratege has stopped at the global minimum for
defined variable sets.

The last important matter concerns the performantethe tool. The typical
optimization phase including all variables for eewjular membrane lasts about a few
seconds. This value corresponds to the averagevefa runs performed for different starting
points. If we take into consideration the fact teath procedure should be verified with FEM
simulation and a few repetitions will be performéal get the exact results, the total
optimization phase should take a few minutes. Wtmmpared to several hours needed for
the optimization using FEM simulations, it is fgidbvious that the analytical model is more
convenient in such task.
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2.1.2.2. Electrode dimensions

In previous paragraphs we concerned on an actuatoch consists of flat bottom
electrode with the same dimension as the membianeas caused by limitations of the
reduced model i.e. the inability to change thetebele parameters. In this paragraph, we will
try to estimate how much we can gain or loose byifgimg the electrode. Firstly, we will
analyze the influence of its size. According to tledinition of electrostatic force, the larger
electrode is, the larger force is. Thus, one shdekign the actuator with an electrode of the
same dimensions as a membrane. Sometimes, dulerimateon process it is not possible e.g.
when the electrode is deposited on a substraten, The electrode “covers” less then 100% of
membrane surface. Figure 2-7 shows the loss iropednce versus the electrode surface

normalized to the surface of the square membrane:
1,01
0,81
0,6

041

Performance loss

0,2

0,0 T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Normalized electrode surface

Figure 2-7: Performance loss versus normalized elzode surface.

It can be seen that for electrodes, which cover 80%e membrane surface or more, the loss
in performance is less than 3% and can be negletfitédr some reasons the electrode is
smaller, the performance significantly decreasesthis fact has to be taken into account.

Now, let us consider the electrode form. When thedlectrode is placed in optimal
distance from the membrane, the maximal electriogtaéssure occurs only in the centre of
the membrane. The optimal case is when the elextiad the same form as the membrane in
the entire operational range. Such a form is diffito fabricate, so we will simulate also the
simpler design, which is a 3-steps electrode asvshia Figure 2-8 (steps width ratio is
4:3:3).

-91 -



Chapter 2: Optimization and statistical approach

[ 3-steps electrode

@ Perfect electrode

Figure 2-8: Electrode designs.

We performed the simulations for the square men#bmaithout hydrostatic pressure and
under the atmospheric pressure. In both casesléitérode centre was placed at the same

level. The gain in performance in the ratio to flaéelectrode is shown in Table 2-1.:

Table 2-1: Gain in actuator performance in the ratp to the flat electrode.

Electrode| Pw=0 | Pp=Pam
Flat 0% 0%
3-steps 34% 46%

Perfect 123% 524%

One can see that the electrostatic actuation isirtarger than for flat electrode, even for the
3-step electrode. Of course, the simulated gainmwmye than 100% is hard to obtain.

Nevertheless a good design can significantly imertne performance. It has to be remarked
that obtained values are valid only in shown exagsid might be different in other cases.

The idea was only to show the possible benefits fnaodifying the electrode form.

-92 -



Modelling and optimization of electrostatic memledrased actuators Cezary MAJ

2.2. Statistical approach

In previous chapter, we described the optimizagbase, which gives us the optimal
values of input parameters. If we fabricate the@eusing these values, we should obtain the
desired device performance. Is it really possiblé® answer is no if we take into the
consideration the fact that the fabrication prodessot perfect. The desired results may not
be achieved as the equipment has some inaccuratya@ne errors could be made by a
human. Furthermore, some specified number of strestis fabricated at the same time. As
the equipment does not have perfect reproduciptlity performance of each structure will be
different. Thus, one should take into account al$gible uncertainties and errors. In this

paragraph, we will show how to use the analyticatiet to perform such an analysis.

2.2.1.1. Principles

Let us consider a simple function of one variablewhich we found an optimal value.
If we know its uncertainty, we can simply estimtte dispersion of the function value from
derivative calculation [92]. However, this infornmat is useless because it determines only
the range in which the function value varies. Fsy thhe most important information is its
distribution, which allows estimating the number dévices having some specified
performance. Thus, we need to define the distoutf input parameter, in other words to
define the probability of occurrence of values frtma specific range. For further discussion,
we will use a uniform distribution and the most onjant in theory of probability the normal

(Gaussian) distribution [93]. Both distributiongahown in Figure 2-9:

025

normal
0.2k

Probability

o

uniform

Figure 2-9: Uniform and normal distribution.

The probability function for uniform distributiorek following form:
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1 X< X, X, >
fFO)=9x,-x 172 Equation 2-1
0, X< x, andx > x,

and for normal distribution:

f(x) =

pn 127T exr{—%], —00 < X< 00 Equation 2-2
where o IS a standard deviation andis an expected value. As one can see the normal
distribution is determined in the whole set of nreaimbers. If we would like to set the range,
we can use the three-sigma rule and set the liastsy —30,u+30 >. Then, almost all
(99.7%) of the values lie within this range. Nowe need to specify the number of values in
the set to get the reliable results. Figure 2-1dshthe expected value of the set versus the

number of elements:

Expected value

0 20 40 BO 80 100 120 140 160 180 200
Number of elements

Figure 2-10: Expected value for different number oflements in set.

One can state that the expected value stabilizesbfout 40 elements in set using the built-in
MATLAB® function.

Having defined the distribution function, we carwndescribe the methodology of
performing the statistical analysis. If we haveimed the distribution of input parameters, we
need to calculate the output values for each vihra the set of input parameters to obtain
the information about its distribution. Thus, itdssired to use a tool which is relatively fast.
In case of our electrostatic actuator, the idedlitsm is to use the developed analytical
model, which can perform such an analysis in |béss tone second. Furthermore, we can
significantly increase the number of elements m $bt of input parameters and the analysis

will take only a few seconds. This fact is very ongant e.g. when we need to estimate the
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performance of structures fabricated in one cydewhich their amount is counted in

hundreds or thousands.

2.2.1.2. Sources of uncertainties and errors

To determine the distribution of actuator input graeters, more precisely their
maximal possible deviation, we need to study the@®of this phenomenon. First, we will
take into the consideration the membrane thickniessur fabrication process, we use SOI
wafers. The advantage of this solution is that vaae choose the exact value of silicon
thickness, which creates the membrane. Then, wesiogply remove the bulk and the oxide
using selective etching. Nevertheless, the wafeaiable on the market are also imperfect.
The SOl wafer fabrication needs some specific astithat induce some uncertainties
resulting in non-uniform thickness of silicon layehs an example we will show the
specification of wafers delivered by a vendor. Tipeyformed the thickness measurement in
seven points on each of 11 SOI wafers. The regidltsuch measurements are shown on
Figure 2-11:
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LN [&] m ~1 m
T T T T T
|
1
[
1
1
|
1
[
1
|

Number of occurences
o
I

L1 Y

45 4.8 5 52 5.4 56 58 5]
Thickness

o - ra
T T
—

Figure 2-11: Histogram of thickness (um) distributon on SOl wafers.

All wafers were specified as 5 um £ 0.5 um. Fromasueements, we obtained the expected
value of 5.11 pum with standard deviation of 0.18 {rhis fact cannot be neglected as the
membrane stiffness highly depends on its thickifessube). Then, the performance of the
device on one wafer will be dependent on its positand the device might even be not
operational. This shows why the statistical analisso important.

The next problem concerns the membrane length adthwrhey may vary due to
inaccuracy during the masks fabrication and thetgtioography used in transferring the

membrane pattern into the wafer. The machines usddese processes are not perfect an
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have some precision which may induce a dispersiahmensions of transferred shapes. One
has to be remarked that the alignment in photdlithphy made by a human has no affect on
membrane dimensions. The photolithography is peréar only once during membrane
fabrication, so the alignment inaccuracy causeg th@ position shift of the membranes on
the wafer.

The next factor, which has an effect on the actua¢oformance, is the gap distance.
The cavity is formed by thermal oxidation on thikcen substrate. Although this process is
well known and controllable, obtaining the exacsice thickness of the oxide layer on the
whole wafer is not possible.

The last parameters, which cause the dispersioactfator performance, are the
residual stress and the initial deflection of thenmbrane. However, it is very hard to estimate
the dispersion of these parameters as they strafgpgnd on quality of processed wafers,
conditions during the fabrication and other factdr€an be determined only experimentally
for each process separately.

Taking into consideration all above-mentioned faats have estimated the dispersion
of all parameters for the fabrication process perta in LAAS. The values are presented in
Table 2-2:

Table 2-2: Dispersion of input parameters in fabri@tion process.

Input parameter Maximal errof
Membrane length +dm
Membrane width +2im

Membrane thickness +016n
Cavity depth +0.00um
Residual stress +5 MPa
Initial membrane deflection +0.06n

Having all parameters defined, it is desirable tww which parameter has the
strongest influence on the actuator performanceoftain such information, we performed
the simulations with one parameter that varies riabrdistribution) and others set as
constants for each above-mentioned parameter. Xjected valugt and standard deviation

o of generated pressure are presented in Table 2-3:
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Table 2-3: Expected value and standard deviation ajenerated pressure for each input parameter.

Input parameter w[Pa] o [Pa]
Membrane length/width 47.48
Membrane thickness 953.53
Cavity depth 1859.21| 11.68
Residual stress 52.35
Membrane initial deflection 54.15

As one can see, almost all input parameters maghtblichange the performance (standard
deviation smaller than 3% of expected value). Miestices should fulfil the requirements
even if the restrictions in performance are highe Tost critical parameter is the membrane
thickness whose standard deviation is almost 50%xpected value. It has to be remarked
that in case of electrostatic actuator the graatlyeased performance is also undesirable. As
the cavity depth is uniform on whole wafer, the ganof applied voltage will shorten
significantly resulting in uselessness of the devithus, it is safe to say that the production
yield will be very low and one has to use the S@fexs because of high uniformity of their
thickness. Of course, the results might be diffefen other conditions. The aim of this
simulation was only to show how strong may be ttirience of parameter dispersion on the

actuator performance.

2.2.1.3. Statistical tool

Consequently, the tool allowing the statistical @imtion was written in ® MATLAB

environment. The main window is presented in Fidle2:
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Figure 2-12: Main window of statistical tool in MATLAB® GUI.

It allows defining the desired value of each inpatameter and their maximal dispersion and
type of distribution. The results are shown on #tddal figures, which consist of the
histogram and its basic parameters: the expecte (&X) and standard deviation (STD).

The histograms are created for all input and oufmrameters. The typical histogram is
shown in Figure 2-13:
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Figure 2-13: Typical histogram of generated pressu obtained from statistical simulation.

Let us describe a little bit the information contd in the histogram. The above histogram
results from simulation performed for the set ok dhousand elements, the number which

corresponds to the quantity of devices on one wates expected value of generated pressure
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(667 Pa) gives us the information about the “avefrggrformance of the device. It has to be
remarked that this value may not correspond tontlest probable value. In our case, 160
devices generate about 615 Pa. The standard aevid@scribes the dispersion of output
parameter. A low standard deviation indicates #iatdata points are very close to the
expected value, while large standard deviationcaugis that the data are spread out over the
large range of values. In our case a value of EB&Relatively high as it is equal to about
one third of the expected value. One can suppoae rniost of devices will have a
performance in range of EX+STD. This informationuseful in estimating the number of
devices, which fulfil our requirements. E.g. weidefthat the minimum generated pressure
should be 500 Pa and the minimum pull-in voltageust be higher than 40 V. Then, we get
approximately 740 devices that meet these requmessndhus, we can easily estimate the
production yield and calculate the production céstrthermore, the distribution of output
parameters and knowledge of the influence of igawameters allows improving the design.
The important point concerns the time needed ttopara statistical simulation. The
typical simulation for the set of one thousand eleta lasts about 30 seconds thanks to the
analytical model. The same simulation with FEM lobseol will take about 6 hours. The
difference is significant so the use of analyticaddel is beneficial for the designer. Going
further, we can compare the total time needed timpe complete simulation, which consists
of behavioural analysis, optimization and statatianalysis. Using the tools based on
analytical model, we need about ten to twenty nasumcluding all necessary repetitions and
verification with FEM simulation needed to obtaletdesired results. This proves that the
analytical model is a better solution than the F&Mulation (in presented and similar cases),
which needs about one day to perform the same Fasthermore, the tools are easier in use,
they need only to define input parameters and #heutations including the visualization of

results are performed automatically.
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3.1. Technological process

In order to verify the developed analytical modetctibed in previous chapters, we
will present the experimental work. Firstly, we hdkscribe the technological process used in
fabrication of electrostatic actuator. Then, welwdlscuss methods of measuring and
consequently, the measurement setups will be piexeRinally, the experimental results will
be compared to those obtained with analytical madel possible sources of mismatch will
be indicated.

3.1.1. Fabrication steps

The complete process was performed in clean rotuated in LAAS laboratory. It
has to be remarked that, according to the projequirements, only structures with
rectangular membranes with rafequal to 1 and 3 were fabricated. To validatentioglel
for circular membrane, the capacitive pressurem@efabricated earlier in LAAS, was used.
The process for this type of structure will be dixsx separately.

Firstly, we will focus on the square and rectangut@mbranes. The overall chip size
was set to 2000 um x 720 um. The membrane dimensie then limited and for the first
design (not optimized) was set to 300 um x 300 pon the square membrane and
900 um x 300 um for the rectangular membrane. Ige caf electrostatic actuator, the
membrane cannot be fabricated using the typicabduprocess such as KOH etching [94]
and DRIE etching [95]. To allow the generation lgicérostatic force, one needs the electrode
beneath the membrane. Thus, one has to fabricatemmbrane with a sealed cavity

(vacuum) as shown in Figure 3-1.

membran

cavity

Figure 3-1: Membrane with sealed cavity.

The cavity can be formed by etching of sacrifidayer [96][97] or using the bonding

technology [98]. In our case, when the membrameade of silicon, the bonding technique is
required. The most commonly employed techniquesacglic, intermediate-layer and direct
bonding. In our work we will focus on the last tacjue. The important information is what

kind of materials we will use in bonding.
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The membrane will be made of silicon with thicknes$ to 5um. It was shown in
previous chapter that the variation of membranektiess has a critical effect on membrane
behaviour and should be as close as possible wetfieed value. The membrane liberation by
etching of silicon wafer is not a good idea asdtahing process has to be well-controlled and
even minor mistakes might be destructive. The bettgy is to use the ion-cut layer transfer
[99], which allows fabricating the membrane withodothickness uniformity and small
roughness of the surface. Nowadays, this processbeaomitted thanks to SOI wafers
available on the market that are fabricated witffiecent thickness of silicon layer. In their
production a wafer bonding technology such as smarf100](similar to ion-cut layer) and
SIMOX [101] technology are used which allows fabting uniform, thin and smooth layers.
Then, the membrane liberation is performed by rangpthe bulk (KOH or DRIE etching)
and the buried oxide layer (HF etching). Both psses are highly selective, so they can be
well controlled.

The choice of material used to form the bottomtetele depended on several factors.
There are two possibilities: the silicon and thasgl (PYREX 7740® or SD2). In case of
silicon, which is a conductive material, there @ésneed to deposit the electrode. Furthermore,

access to the electrode is easier and no canaeéded as for the glass substrate (Figure 3-2).

silicon silicon
cana _
oxide —1* access to the

electrode

glas:\\ eledrode |

Figure 3-2: Designs for glass and silicon substrate

The next problem concerns the thermomechanicassse The bonding process is performed
at high temperature. As each material has diffezeafficient of thermal expansion, when the
bonded structure returns to the ambient temperatine materials shrinks resulting in
appearance of undesired stress distribution withenstructure. When the membrane is thick
this stress may affect significantly the device raien. This problem was solved by
development of the different type of the glass (ich has similar coefficient of thermal
expansion to the silicon resulting in significaetluction of the thermomechanical stresses
(Figure 3-3). The only drawback of the silicon e tnecessity of insulation between the
membrane and the substrate. This induces a paresfiacitance between the electrodes (Si-
SiO,-Si), which may hamper the measurement of the desapacitance.
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Figure 3-3: Coefficient of thermal expansion for dicon, pyrex® and SD2 glass.
All above-mentioned facts decided the choice of@il as a substrate. Thus, the hydrophilic
bonding between the silicon and oxide layer hdsetperformed which was studied in details
in [102]. It has to be remarked that the wafersehi@vbe as flat as possible and the total bow
of the wafers should not exceed 5 um [103]. Atllleginning, the silicon wafer is covered
with an oxide layer that contains the Si-O-Si anéD8 (silanol) bonds. The amount of
silanol groups determines the hydrophilicity of tisairface. One can enhance the
hydrophilicity by the most popular warm SC-1 in tealution of NH:H,0,:H,O in 1:1:5
ratio. Then, the wafers are placed in the bondirghime and the contact between them is
established. The weak bonding is then created leeivlee water molecules (Figure 3-4a).
The strong bonding is obtained by applying the equng) force and initial annealing, which
causes the release of water molecules, and theibamdated by Van der Walls forces [104]
(Figure 3-4b). After further annealing more wateslecules are released and Si-O-Si bond is
formed according to the following reaction (Fig®c):

Si-OH + Si-OH - Si-O-Si + H,O Equation 3-1
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Figure 3-4: Hydrophilic bonding: a) bonding via intermediate water molecules, b) bonding between two
OH groups by Van der Walls forces, c) formation ofSi-O-Si bonds.

Now we can describe the whole fabrication procéssdextrostatic actuator presented
in Figure 3-5. The process starts with the P-tyf@#0]) low resistivity (0.00%2m - 0.03Qm)
silicon wafer (a). After the cleaning, the therndibxide is grown (1.28m or 2um
depending on sample) (b). The cavities are formgaxde etching process (c), which is
sufficient for cavity up to 2am [105]. Then, the cavity bottom is protected agathe short
circuit with 500A thermally grown oxide (d). Due to project requiesnts, the edges of
cavities are oriented in <110> direction that ie thost efficient for piezorezistive sensors
(ma4 has the highest value in P-type silicon [106]hafly, the wafer is thermally treated in
plasma Q before the bonding. The second one, N-type (18§} resistivity (3Qm - 6 Qm)
SOl wafer, is cleaned and warmed with SC-1 soluttomake the surface hydrophilic. Both
wafers are then bonded in AML-AWB bonder using dineafer bonding (e). The process is
performed in vacuum under the force of 2000 N @mehtannealed for 2h at 1150°C to
complete the bond. The backside oxide is etcheld BiHF (buffer HF) [107], the silicon bulk
is removed in KOH (f) and buried oxide is etchedhvBHF (g) what leads to the membranes
release. It has to be remarked that the membrareesieflected under the atmospheric
pressure, as there is vacuum inside the cavitiest,ach cell on the wafer is separated by
top silicon layer etch (h). Then, the boron impédian on top surface is performed to obtain
good electrical contact (i). Openings to the swstare created (j) and metallic contacts to
both electrodes in lift-off process are made (K)isTcompletes the whole process and the
wafer is ready to cut. The complete mask usedarptbcess is shown in APPENDIX F.
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Figure 3-5: Fabrication steps of electrostatic actator.
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3.1.2. Process characterization

During the fabrication process, some parameters tabe controlled to be sure that
the process is performed correctly and measurddcibtate the characterization. Now, we
will focus only on the actuator based on rectangui@mbranes. The capacitive pressure
sensor will be omitted as it was described pregige[51] and it will be used only to validate

the analytical model.

Wafer curvature

As it was mentioned earlier, the wafer curvatureesy important during the bonding
process. To obtain a strong and correct bond, thieres should be as flat as possible. The
measurement of the wafers curvature before theibgrallows estimating correctness of this
process and taking the actions to reduce too lamgeatures. The measurement is performed
using the mechanical profiler (Tencor stylus pesfi[52] used in LAAS) along the wafer

diameter as shown in Figure 3-6:

Profiler |—

X
wafer

Figure 3-6: Wafer curvature measurement principle wing mechanical profiler.

The typical obtained profile with the marked wabew is shown in Figure 3-7:
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Figure 3-7: Wafer curvature obtained from mechanic# profiler.
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If the wafer bow is too large, it can be compend&tg deposition of a compressive layer (e.g.
silicon dioxide) or tensile layer (e.g. siliconmde) on the proper side of the wafer:

/'
\

compressive compensation

tensile compensation

Figure 3-8: Compensation of wafer curvature using @mpressive or tensile layer.

Cavity depth and membrane dimensions

After the cavity etching, one can simply measure depth and the membrane
dimensions as they correspond to the cavity sizzan be performed with mechanical profiler
or optical profiler (Fogale Zoomsurf 3D [53] usad lLAAS). The typical 3-D view and
corresponding 2-D section of the square cavith@s in Figure 3-9:

800.00 nm

o 1 ] —
| |
\
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| |
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300,00 im | ‘
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™ 2378Sum 26406 um 28022 um 31639 um 3431 8 um 36935 um 38552 um 4216.9um

L

Our

Figure 3-9: 3-D view of square cavities and its cogsponding section obtained by optical profiler.

It has to be remarked that optical profiler does altow measuring the cavity depth, as the

reflectivity of the oxide layer depends on its Kmess. Thus, the cavity depth has to be

measured with mechanical profiler. Of course, ladlse measurements can be performed on
the complete structure. However, at this stage aare stop the process if something went

wrong avoiding unnecessary costs and wasting the. ti

Bonding

The proper bond is required to fabricate fully wogk device. Thus, the
characterization of bond process in required. S#vwaethods were developed such as the
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bond imaging, cross-sectional analysis and borehgth measurement. In our case, the first
method is the most convenient because it is nard#we and can be used as in-process
monitor. One of the imaging methods used in LAASsinfrared transmission [109]. The
typical image obtained from IR camera is preseitdegure 3-10:

Figure 3-10: Images of bonded wafers obtained fronR camera.

The image of the perfectly bonded wafers shoulcehaviform contrast (wafer on the left).

Any imperfections can be found as changes in cen{elges of both wafers). Furthermore,
large unbonded regions (voids) appear as an inéemiée pattern “Newton’s ring” (wafer on

the right). The resolution of this method is onamer of the wavelength of the IR camera,
which is smaller than the resolution of other teghas such as X-rays or ultrasonic.
However, the IR method is very simple and can leel ukrectly before and after annealing.
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3.2. Measurement set-up

In order to validate the analytical model of elestatic actuator, some specific
measurements have to be performed to verify theasmt performance. According to
Equation 1-81 and Equation 1-93, the initial deftat and the residual stress has to be known
to calculate the actuator performance. The expeiahevalues can be obtained from
measurements in three ways. The first one is a unmeaent of the mechanical response that
is the deflection of the membrane. The value ofimakdeflection is sufficient to obtain the
values of generated deflection and pressure. Haar qiarameters (generated stress, volume
and capacitance), the membrane form is needed. cneuse the calculated function
describing the membrane form. However, we will dlgoto validate it experimentally. The
second one is based on measurement of electrgyabmee. The measurement of capacitance
is much simpler but it does not give the informatabout the membrane form. Thus, the
actuator performance has to be estimated usingc#heulated function describing the
membrane deflection. The third one is a measuremmieahange in resistance. This method
allows only to obtain the value of generated stheske area, where gauges are placed. In this
section, we will describe all these methods théithve used in experimental work. It has to be

remarked that we performed on-wafer measuremeiys on

3.2.1. Initial deflection measurement

The measurement of initial deflection has to bdgoered in the environment of the
pressure equal to this inside the cavity. In owecdhere is a vacuum inside the cavity. To
make the measurement possible, the wafer is platede the chamber (vacuum box) in
which the vacuum is created using the pump. Thes,membrane deflection is measured
using optical profiler as the chamber does not mpéssible to measure the electrical
response (Figure 3-11). The precision of opticafifar is smaller than 10 nm, however, it is

very fragile to the external vibrations, which nsgnificantly affect on the precision.
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optical

wafer profiler

N

A
4

pump

vacuum chamb:

Figure 3-11: Initial deflection measurement: the slecema on the left, the photo on the right.

The vacuum precision depends on pump performangdigintness of connections. In some
cases, the proper vacuum could not be establighads, the initial deflection was estimated
assuming that the membrane deflection is lineadgethdent on applied pressure using the

following formula:

P WPext_max - WPO_max

ext P PO

ext

WO_max = WPext_max - Equation 3-2

where Wpex: maxiS the membrane deflection under the atmospheesspre wpg maxis the
membrane deflection inside the chami®y, is the external pressure aRd is the pressure

inside the cavity. The convention of sign for ialtdeflection is shown on Figure 3-12.

/\

\/

Wo_maxOsitive Wo_maxnegative
Figure 3-12: Convention of sign for initial deflecton.

3.2.2. Residual stress measurement

The measurement of the residual stress is perfointicectly. One assumes that the
membrane deflection is linearly dependent on th@ieg pressure. Then, we can measure the
membrane deflection under two different pressures wse Equation 1-81 or Equation 1-93
for residual stress calculation. One can simplythsenitial deflection of the membrane and
measure the deflection under the atmospheric piresbumost cases this procedure is valid.
It can give incorrect results when the membrarmuckled. To avoid this, if the membrane is
initially pumped (the membrane is bent into thea@gfe direction than the electrode), one can

observe the membrane behaviour when increasingrtgsure inside the chamber. If the
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deflection is changing linearly, the membrane ismeckled and estimation of residual stress
can be performed. If the switching effect occurse dlas to choose two points in which the

membrane is bent towards the electrode.

3.2.3. Mechanical response measurement

The measurement is simply performed using an dpticdiler. Firstly, the thickness
of the membrane and cavity depth are measured ubmgopenings made on each test
structure. Then, the voltage is applied using theb@s placed on the specific plots. The
external pressure is equal to the atmospheric presso the membrane is already bended due
to hydrostatic pressure difference. The photo efptofiler and view of the sample is shown
in Figure 3-13:

contact to the substrate

. membrane
substrate opening

| contact to the oxide
membrane opening

Figure 3-13: Optical profiler on the left and teststructure with marked connections on the right.

Using obtained 3-D view of the structure, one cemp$/ extract the maximal membrane
deflection and the membrane form needed for caiomaf the actuator performance.

3.2.4. Capacitance response measurement

The measurement of capacitance is performed ubm@ripedance analyzer (Agilent
4294A). Using the probes, the sample contacts @maected to the analyzer, which measures
the parallel capacitance of the equivalent cirtyitapplying the sinusoidal voltage (Figure
3-14). The analyzer allows applying the bias vatégat is used for the membrane actuation.
The maximal bias voltage is 40 V, which may nosb#icient to plot the full characteristic of
the actuator. In this case, a partial charactensilli be plotted only. It has to be remarked that
any parasitic capacitance will also be measuree. I@xs to take this fact into account in case

of test structures fabricated on silicon substrasethey have a parasitic capacitance Si-SiO
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Si. Thus, this measurement will be performed foucdtires with circular membrane only, as
they have no parasitic capacitance (see paragrdph 3

e é») =JIE

Figure 3-14: Capacitance measurement set-up and iexjuivalent circuit.

3.2.5. Resistance measurement

This method is the most important for the projastjt will be used in final product in
autocalibration mode. The membrane is bent dubea@tessure difference (external pressure
equal to the atmospheric pressure). The voltaggpmied using the probes placed on the
specific plots. Then, the change in resistanceaasured using ohmmeter (Figure 3-15). It
has to be remarked that this measurement will bmpeed on specially designed samples
with open Wheatstone bridge, which allow resistamzasurement of one gauge. In final
product, the output value will be the voltage, vhis proportional to the resistance change of
all gauges in the bridge. The gauges are placeddges of square membrane and in the
centre of rectangular membrane. Their dimensioagt@um x 4um x 0.5um and they have
nonuniform doping profile in depth due to fabricatiprocess. For more information refer to
[111].

ohmmeter

membrane gauges

Figure 3-15: Resistance measurement schema.
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3.3. Actuator performance

As it was mentioned earlier, the test structurabri€ated during this work, consist of square
and rectangularR=3) membranes. Thus, we will focus mostly on thesectures. The
structures with circular membranes will be desaibeparately. All results obtained during
measurements will be compared to those obtainetl d&veloped analytical model by
calculating the relative difference between thers.the comparison of deflection in unstable
zone is not reliable, the difference is calculated voltage, which generates the same
deflection or capacitance, according to the follugwelation:

AV — _Vani|/_ Vmeas’ W(\/anal) - V\:( Vmeas)’ q Vana) = C( Vmeal Equation 3-3

meas

whereVana andVpeasare voltages obtained from calculation and measeings, respectively.
Negative and positive values of the difference egpond to underestimation and
overestimation, respectively. In measurements sfstance, the difference is calculated
between the measured and calculated values oftalesés for the same applied voltage,
according to the following relation:

AR - _ Rinal (V) B Rneas( \0
Rneas(v)

In calculations of resistance, two analytical msedelll be used: the first one, described in

Equation 3-4

this dissertation, which allows calculation of #teess distribution within the membrane and
the second one, described in [111], which allowlsutation of resistance change in gauge

due to applied stress.

3.3.1. Square and rectangular membranes

The structures were fabricated on five wafers usirggdifferent conditions. Firstly,
the wafers have different curvatures. Some of tiveame compensated to obtain the surface as
flat as possible. Secondly, the different bondingditions were checked in order to obtain
the best bonding strength. Finally, the temperatofeannealing during the phosphor
implantation may also have the influence on actugtrformance. The conditions of all

wafers are presented in Table 3-1. The wafersheilllescribed separately.
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Table 3-1: Conditions used in actuators fabricatiordepending on wafer.

Wafer 1 2 3 45
Si bow [um] M 177 M\ 125 5.8 U/ 0.7/0.8
Si compensation none none none none

Solbowpm] | ™ 163| ™ 332 M 825 |\  833/812
SiO, (bulk side) | SiO; (bulk side)

SOl ti
compensation none none J 1.2 J 3/25
Temperature 9f bong 150 20 150 150
squeeze [ C]
Temperature of
implantation 1000 1000 1200 1000
annealing [°C]
Cavity depth jum] 1.25 1.25 2 2
Wafer 1

The cavity depth was set to 1.2 (measured values were in range from 1 2450
1.26um). Unfortunately, the cavities were to shallow afidectangular membranes touched
the electrode. Thus, only square membranes wersuresh The wafer was not perfectly
bonded (the characterization with IR camera wagpedbrmed) and measurement of only its
one half was possible. Six structures were comigleteasured. Their initial deflections are

presented in Table 3-2:

Table 3-2: Measurement of initial deflection for wder no. 1.

Structure | wp [nm] | Structure | wp[nm]

C3204 -291 C3802 109
C3705 -227 C3302 -23
C4402 126 C3202 -74

The negative and positive values indicate thatmntlieenbrane is initially pumped or deflected
towards the electrode, respectively. It can be sbanthe values differ significantly which
may indicate that the membranes are buckled. Tdyvéris, the external pressure was
gradually increased for pumped structures. Theedgfin was changing linearly without the
switching effect what proved that the critical tegl stress was not achieved. Thus, this
phenomenon has to have some other source. Prohablyn effect of improper bonding
caused by inappropriate conditions or too largeatures of the wafers. Then, the membrane
thickness was measured and the values of resitteaksvere calculated (Table 3-3).
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Table 3-3: Membrane thickness and residual stres®f wafer no. 1.

Structure| h[um] | oo[MPa] | Structure| h[um] | oo [MPa]
C3204 4.78 -18 C3802 4.96 -29
C3705 4.9 -5 C3302 4.75 -21
C4402 5.17 -6 C3202 4.8 -33

For all structures, the membrane was in compregsvbat was expected), as the membranes

are initially deflected (in case of tension the rbeame should be initially flat). The

dispersion in values of residual stress is not laigtl it may have a connection with bonding

precision. Next, the structures were measured uth@eapplied voltage. Figure 3-16 presents

characteristicsw=f(V) obtained from measurements and calculation

relative difference (Equation 3-3).

1,354

1,20+

1,05+

0,90

0,754

deflection [um]

0,60+

C3204

Analytical model

= Measurement

deflection [um]

09

T T T T T
10 20 30 40 50
voltage [V]

C4402

Analytical model
= Measurement |

T
60

T
70

08

0,7

0

T T
10 20

T T
30 40

voltage [V]

T
50

C3204

andesgoonding

8-
[ |
4
= 0
8
C
O -4
£
T 8
[
=
® -124
Q
o
-16 4
-
-20 T T T T T T T
0 10 20 30 40 50 60 70
voltage [V]
C4402
6 .
£ 4
g
o 24 -
£
el
o 041 n
=
kS|
C -2
- L]
-4 T T T T T
0 10 20 30 40 50
voltage [V]

-117 -



Chapter 3: Fabrication and characterization ofsastples

C3802 C3802
1,301 9,01
1,25+ | Analytical model - "
1,204 = Measurement _ 75
X
g 115 =
":3 1,10 %6,0-
il 5]
e~} ] £
é 1,05 .- ES
g 100 245
©
0,95+ / :
L]
0,90 30
0,85 T T T T T T ) T T T T T 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
voltage [V] voltage [V]
C3302 C3302
1,34 124
Analytical model ™
1.2 = Measurement 114 .
- S
E -
ENER § 10
s 5 :
L 10 . o
..q_’ [ ]
o° = [}
[ E 84
0,94 L} &
7
08 T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 0 10 20 30 40
voltage [V] voltage [V]
C3705 8 C3705
1,201 Analytical model : 4 1
= Measurement i
E 0,90 g 4. .
= kel
% 075 o 8 !
° 2 .
0,60 3
60 [0] J
& 12
0,45 -16 -
T T T T T T T T T T
0 15 30 45 60 75 0 15 30 45 60 75
voltage [V] voltage [V]
C3202 C3202
1,34
-
Analytical model 18 .
1,24
= Measurement —_
—_ X .
E 11 g 154
=] c L] .
5 o
*§ 104 n ;ng) 124
kel
&= L ]
s 2
0,9 T 9
. 2
0,8 e 64 .
T T T T T T T T
0 10 20 30 40 0 10 20 30 40
voltage [V] voltage [V]

Figure 3-16: Characteristicsw=f(V) and corresponding relative difference of structues from wafer no. 1.
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The results for all structures are quite similaor Feach structure, analytical model
overestimates the results for voltages close thipwloltage (maximum 13%). The difference
in the middle range depends on structure and vdrms -16% to 18%. It has to be
emphasized that for small voltages, which genesadall deflection, the measurement error is
more significant. There is no dependence of intieflection or residual stress what means
that the actuator behaviour remains still the samcan be described with analytical model
with good precision.

Wafer 2

The second wafer was processed similarly as theique one except the bond
squeeze that was performed in room temperatur€j2The wafer was characterized with IR
camera after the bonding what is shown in Figul& 3-

Figure 3-17: Image from IR camera for wafer no. 2.

The wafers were not properly bonded in the topagwhich caused the destruction of the
membrane layer during further processing. The gblaer seems to be well bonded except the
wafer edge. The structures with rectangular mengveere immeasurable as the cavity depth

was too small. The values of initial deflection gguare membranes are shown in Table 3-4:

Table 3-4: Initial deflection of structures for wafer no. 2.

Structure| wo[nm] | Structure| wo[nm] | Structure| wo[nm]
C1001 250 C2404 -330 C5102 195
C1201 247 C2402 290 C3306 214
C1805 -316

C0705 -480 C3606 156
C1804 -306
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One can observe the same effect as for previousrwBiie membranes are initially deflected

in both directions and are not buckled what wasedrgentally verified. For further

measurements only four structures were choseneasttters broke down during actuation.

The membrane thickness and calculated residuaissare shown in Table 1-1:

Table 3-5: Membrane thickness and residual stres®f wafer no. 2.

Structure| h[um] | oo[MPa] | Structure| h[um] | oo [MPa]
C0705 4.6 -55 C3306 5.02 -27
C5102 5.5 -24 C3606 5.12 -26

The residual stress has good reproducibility fomioene with positive initial deflection. The

one initially pumped has residual stress two tifaeger what may be correlated together.

However, the result from one sample is not suffici® draw such a conclusion. Next, the

characteristicsv=f(V) obtained form measurements and analytical modelcrresponding

relative difference (Equation 3-3) were plottedFigure 3-18 in order to investigate the

behaviour of actuators. The cavity depth variethimge from 1.278m to 1.291um.
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Figure 3-18: Characteristicsw=f(V) and corresponding relative difference of structues from wafer no. 2.

For this wafer we obtained the opposite result® Galculations are now underestimated by

about 10% maximum. Only for the structure with &rgesidual stress (C0705) the

calculations are overestimated by 14% that mayalised by localization of the structure in a

region of corrupted bond. For small voltages thiéedence is more significant and reaches

60% what is caused by higher influence of measunéereor.

Wafer 3

The next wafer was designed to allow measuremergaséngular membranes. Thus,

the cavity depth was increased tqud (measured values were in range from L®6to

2.02um). The wafers were quite well bonded except thgeeshd a few voids in the middle

(Figure 3-19). The SOI wafer had to be compenshyedxide deposition on the backside, as

its bow was higher than 80um.
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Figure 3-19: Image from IR camera for wafer no. 3.

Unfortunately, all rectangular membranes were deéal, as shown in Figure 3-20
(membranes under the atmospheric pressure), probdid to higher temperature of

annealing. Thus, the measurement was not perfoasi@dvould be incorrect.
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Figure 3-20: Deformation of rectangular membranes de to higher temperature of annealing.

Thus, only square membranes were measured. Thesvafuinitial deflection are shown in
Table 3-6:

Table 3-6: Initial deflection of structures for wafer no. 3.

Structure| wp[nm] | Structure| wo[nm] | Structure| wp [nm]
C0403 -252 C0404 -260 C0506 -208
C0503 -240 C0811 -243 C0806 -173
C0204 -254 C0306 -222 C0205 -153

It can be seen that the results are quite reprbtiucdhll membranes are initially pumped and
the value of initial deflection oscillates in ranffjem -150 nm to -260 nm. The measured

structures were placed close to the centre of thkenmwhere the bonding should be proper.
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Then, the membrane thickness was measured ancesidual stress was calculated. The

results are shown in Table 3-7:

Table 3-7: Membrane thickness and residual stres®f wafer no. 3.

Structure| h[um] | oo[MPa] | Structure| h[um] | oo [MPa]
C0503 5.3 -117 C0306 5.3 -127
C0204 5.1 -103 C0506 5.25 -114
C0404 5.34 -105 C0806 5.19 -103
Cco0811 5.2 -109 C0205 5.22 -93

The dispersion of residual stress is very smallclwhmay prove that the bonding is correct

and the structures are reproducible. It has toebearked that the value of residual stress is

three times larger than for previous wafers. Iprigbably caused by annealing performed at

higher temperature (at 1200°C). Next, the strustuwere measured under the applied voltage.

Because the results were very similar, we will precharacteristics only for four structures.
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Figure 3-21: Characteristicsw=f(V) and corresponding relative difference of structues from wafer no. 3.

The characteristics are quite similar to those iobth for wafer no.1. The calculations are
overestimated by 20% maximum. For two structure88(& and C0205) whose residual
stress is a little bit lower, the difference isrsfigantly lower and is about 7%. It has to be
remarked that even if the structures have muchehigesidual stress and are probably much
more deformed due to conditions of fabrication pss; the analytical model is still

comparable to the measurements.

Wafer 4

The last wafer was fabricated using the same comngitas the previous one except the
temperature of annealing, which was 1000°C. THsnald the measurement of rectangular
membrane whose form seemed to be correct. Thetgualibonding was the best of all

measured wafers as shown in Figure 3-22:
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Figure 3-22: Image from IR camera for wafer no. 4.

As usual, the edge of the wafer is unbonded. Howelre middle of the wafer is well bonded
except one visible void. The results of initial ldefion measurement are shown in Table 3-8
(the first letter in the structure name indicatsstype: C — square membrane, R — rectangular

membrane):

Table 3-8: Initial deflection of structures for wafer no. 4.

Structure | wo [nm] | Structure| wo[nm] | Structure| wo[nm] | Structure| W, [nm]
R0401 -31 R0504 7 C0101 -132 C0308 -11p
R0301 -183 R0404 71 C0201 -104 C0203 -92
R0102 -112 R0304 -12 C0301 -116 C0103 -9F
R0202 -136 R0204 6 C0401 -115 C010b -7¢
R0302 -30 R0104 -120 C0501 -101 C0205 -88
R0402 11 R0103 -147 C0601 -102 C0305 -110
R0502 79 R0303 -118 C0603 -107 C0405 -81
R0602 64 R0503 13 C0503 -113 C050pb -108
R0604 -25 R0603 79 C0403 -108 C060pb -10p

All square membranes are pumped and theirs irtdigdlections are close to -100 nm. For
rectangular membranes the results are not reprolducOne can find the membranes
deflected in both directions whit deflection vanyifrom -180 nm to 80 nm. Probably, it is

caused by higher influence of technological procgsgity on rectangular membranes i.e. due
to plastic deformations (higher local stress valueectangular membranes than in square

ones). Next, the residual stress was calculateddione structures (Table 3-9):
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Table 3-9: Membrane thickness and residual stres®f wafer no. 4.

Structure| h[um] | oo[MPa] | Structure| h[um] | oo [MPa]
R0102 5.28 -32 C0101 5.16 -48
R0604 5.35 -29 C0201 5.19 -47
R0504 54 -28 C0103 5.31 -53
R0103 5.39 -33 C0105 5.29 -49
R0603 54 -30 C0605 5.34 -50
R0503 5.4 -31 C0505 5.34 -52

The dispersion in results is very small, even & ithitial deflection is not reproducible, which

may indicate that all structures are placed inaegf uniform bond. The higher value of

residual stress for square membranes may be caysedsmaller surface on which the stress

is distributed. Next, the characteristief(V) were plotted for six structures (Figure 3-23):
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Figure 3-23: Characteristicsw=f(V) of structures from wafer no. 4.
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The results obtained for square membranes are elese to the analytical model. The

calculations are overestimated by only 5% for sguaembranes. In case of rectangular
membranes, the results are not so accordant. Teaynaderestimated by 12% maximum what
is acceptable in engineering calculations. Furtloeem the characteristics obtained for
structure R0603 agrees with calculation almostgutisf (only 2% of overestimation). Thus,

one can state that analytical model is precise gimalso for rectangular membranes. For
small voltages, the same as for structures fronvipue wafer, the differences are more

significant and reach up to 50% due to higher grflce of measurement error.

Membrane form

In order to verify the membrane form, we analyzke membrane without applied
voltage and under the voltage close to the puailtage. In Figure 3-24, we plotted the forms
for square membrane (C0605 — wafer no.4):
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Figure 3-24: Comparison between calculated and meaed forms for square membrane.

The forms are quite similar. The visible mismatcaiynbe caused by use of ideal clamping in
calculations. Next, we analyzed the form of rectdagmembrane (R0503 — wafer no.4). The

comparison is shown in Figure 3-25:
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Figure 3-25: Comparison between calculated and meaed forms for rectangular membrane.

The measured forms are not flat in the middle asdtobtained from calculations. Probably,
it is caused by some phenomena evolved in faboicgirocess that will be described in
paragraph 3.3.2. In Figure 3-26, the comparisowéet measured forms without and with
applied voltage for both types of membranes is show
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Figure 3-26: Comparison between measured forms withut and with applied voltage for square and
rectangular membrane.

As one can see, the influence of voltage is nabksfor square membrane because the
membrane is initially deflected under the atmosjghpressure. For rectangular membrane,
the difference is visible what proves that the wim@l model correctly calculates the

membrane form.

Resistance measurement

It can be seen in previous sections that the measants of deflection are not precise
enough for small voltages, as the generated deftecere comparable with the precision of
measurement equipment. Therefore, we performedndesurements of resistance change in
order to validate the model for small voltages. Theuctures, which allow such

measurements, were fabricated on fifth wafer usimglar conditions as for wafer no. 4
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(Table 3-1). Two structures with square membraneeweeasured. Firstly, the values of

initial deflection and residual stress were cal@daTable 3-10), which are similar to those

obtained for wafer no. 4.

Table 3-10: Membrane thickness, initial deflectiorand residual stress for wafer no. 5.

Structure| h[um] | wo[nm] | oo [MPa]
C0203 5.25 -97 -46
C2411 5.28 -108 -51

Then, the resistance change was measured for esltag range of OV to 60V. The

characteristics for both structures and correspancklative difference between the analytical

model are shown in Figure 3-27.
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Figure 3-27: CharacteristicsdR=f(V) of structures from wafer no. 5.

As one can see, the results are quite similarhkggr voltages, the difference is less than 3%,

so it can be neglected. For small voltages (therzimothis range is presented in Figure 3-28),

which are the most interesting for the project, dispersion is higher due to higher influence

of measurement error and reaches up to 14%. Itchbs emphasized also that the analytical

model incorrectly calculates the stress distributwithin the membrane (especially at the

edge) due to unreal clamping conditions. However difference is usually smaller than 10%
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what proves that this measurement method is modiable than the measurement of
deflection and shows that the analytical modelexily describes the membrane behaviour

for small voltages also.
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Figure 3-28: Zoom of characteristicsdR=f(V) of structures from wafer no. 5 for small voltages

3.3.2. Sources of errors

The results obtained during the experimental waakehgood agreement with the
calculation for most of measured structures. Now, will discuss the possible sources of
errors for the structures with square and rectarguembranes. The first one is the precision
of measuring equipment. However, the measuremdmwes] that it is not very important
when plotting the full electrical characteristittsaffects significantly only for small generated
deflections which are comparable to the equipmeatipion. This kind of error may affect
significantly on the initial deflection of the menalbe also. The next one concerns the
assumption that the residual stress does not chaitgedepth of the membrane. In fact the
residual stress is the highest near the borderdmtvthe materials and lowers with depth.
When the membrane is thin (as in our case), oneasanme that the stress is uniform. In
other cases, this assumption may produce incorestiits. The most significant source of
errors is the fabrication process. The first phemoom, which may occur, are plastic
deformations of silicon. In our case, after thehatg of SOI bulk, the membranes are bent
due to pressure difference (vacuum in the cavithe maximal value of von Mises stress is
usually higher than 100 MPa and 200 MPa for squarel rectangular membrane,
respectively. These values are smaller than theevalf yield stress given for room
temperature. However, when we analyzed the falwitateps, the structures were annealed
at high temperature. According to the [110] thedyistress lowers with the temperature as

shown in Figure 3-29:
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Figure 3-29: Yield stress of silicon versus tempetare for various value of dislocation density.

Then, during annealing, the stress within the mambdrexceeds the maximal stress in elastic
zone producing the local plastic deformation of timembrane, especially for rectangular one.
This may change the membrane form and responsetlmad producing serious errors. The
consequences of this phenomenon were especialigeabte in rectangular membranes
fabricated on wafer no. 3 and no. 4. The last ingyarfactor is the bonding process. Each
imperfection may change the membrane form or incwitktional residual stress. In our case,

inexact bonding was observable at the membranessgdg shown in Figure 3-30) for several

structures:
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Figure 3-30: Exemplary profile of square membrane \ith marked imperfection of bonding on the edges.

Nevertheless, all above-mentioned sources of edorsot disqualify the analytical model.
The results are comparable and describe the membedraviour well enough. Of course, the
model cannot take into account all the technoldgdb@nomena. Thus, its precision could be
increase only when fabrication process performedapipropriate conditions, which eliminate

or reduce the influence of undesired phenomena.
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3.4. Circular membranes

Technological process used in fabrication of capecipressure sensor based on the
circular membrane was a little bit different. Abase of the sensor, the glass PYREX® 7740
was used, in which the cavities were formed (radigsal to 175@m). Then, the metallic
electrode was deposited on the cavities bottomgtendontacts to the electrode were created.
To avoid the short circuit, the plots were madéhim glass during the cavities etching instead
of oxide deposition on the electrode [108]. Thesglaubstrate is bonded with the silicon
wafer, which was next etched in KOH to liberate thembranes and create access to the
electrode contacts. The thickness of the membrarsess well controlled as it was set to
30um - 40um. Finally, the metallization was performed to ¢eedahe contacts to the
membranes. The sensor has also a canal, whichscthesethe pressure inside the cavity is
equal to the external one. Some sensors have sealéy with vacuum inside. For more

information please refer to [51]. The whole struetis presented in Figure 3-31.:
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Figure 3-31: Schema of the capacitive pressure sems

In order to validate the model for circular memigratihe capacitance of test structures
was measured (see paragraph 3.2.4). This metHedsigesistant to errors than measurement
of maximal deflection as the capacitance depersts @ membrane form. The measurement
of membrane deflection was not precise enough dukigh roughness of the membrane
surface what is shown on the profile in Figure 3-32
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Figure 3-32: Profile of bent circular membrane.
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In this case, the error, which is made when extrgdhe value, may be equal even to
580 nm. If we compare it to cavity depth, which about 4um, this may produce
unacceptable errors. Thus, the measurement of naemlaeflection was not performed. Due
to the same problem, the measurement of initidedebn was not possible. Furthermore, as
the structures have open canal, it was not postbheeasure the membrane response to the
applied hydrostatic pressure, making impossible dleulation of residual stress. As the
membrane thickness is about @30 to 40um, the average residual stress within the
membrane should be much smaller then in caseuwdtstes with rectangular membrane. One
can predict the tensile stress from coefficientttidrmal expansion for silicon and pyrex
(Figure 3-3). Then, the membranes should be ihyjitiéit. Four structures were measured

whose basic parameters are presented in Table 3-11:

Table 3-11: Parameters of structures with circularmembrane.

h d Co measured| Cjcalculated| Error old measurements O“f
Structure 0 Co [51]
[um] | [um] [pF] [pF] [%]
[pF]

p2c2-S 32 3.4 23.796 23.200 2.6 23.022
p5b10-L| 28 4.4 18.619 17.927 3.9 17.869
p5b6-XL | 39 4.1 20.201 19.239 5 19.165
p5e9-S 37 4.4 19.127 17.927 6.7 18.151

One can see that the measured initial capacitadgedq about 2.5% to 7% higher than the
calculated one. For comparison, the results of oreasents, performed in a short time after
the fabrication (about 3 years ago), were showffable 3-11 in the last column. These
results agreed with the calculation. Thus, thigpelision may be caused by ageing of the
material, improper storage or humidity inside thavity. Next, the characteristics of

capacitance versus the applied voltage and comelampy relative difference (Equation 3-3)

were plotted (Figure 3-33). To reduce the influeaterror made during the measurement of

initial capacitance, the generated capacitancebeiliaken into account.
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Figure 3-33: CharacteristicsCye,=f(V) for measured circular membrane.
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The dispersion in results depends on the struckoe.structure p2c2-S, we obtained good
accordance (overestimation of 5%). For the oth@spthe error is much higher and is 16%,
24% and 36% of underestimation, respectively. Foalsvoltages, the difference is more
significant and reaches up to 80% what is causdudher influence of measurement error. It
has to be emphasized that all these structurescargew and the membranes behaviour might
change in time. Moreover, the initial deflectiontbe membrane (if it exists) and residual
stress were not taken into account, which mightu@ederrors in calculations.- Although the

results are not sufficiently precise, one can asstimat the analytical model is correct.
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The MEMS market grows rapidly since several yeldmsyadays, it is hard to imagine
life without such a technology. It is used in hdudd devices, industry, transport and many,
many more. We have a contact with it each day, ook kt it and we use it, often without
realizing it. Plurality of applications forced higiompetition on the market. The quality and
functionality do not guarantee the sure success. Vidty important determinant is time to
market. Therefore, the proper method of modellihg&MS devices is needed in order to
shorten the project duration. One can specify tasidomethods: most commonly used FEM
simulation and analytical calculations. The objextof this dissertation was to develop the
complete and fast analytical model in order to glesind optimize the electrostatic actuators
and to compare it to the FEM simulation and to expental results.

In the first chapter, the principle of electrostadctuator was presented basing on the
simplest structure made of two parallel plates.sTdystem is nonlinear so one can observe
distinctive cycles of operation that form the hysses. The analytical description of such
system was shown also. Next, we focused on morgleonstructures based on a membrane
(this word was used to describe a thin plate) ofutar and rectangular shapes. Firstly, we
described the membrane behaviour under the unifoach in terms of small deflection using
the Lagrange-Newton differential equation. We taak account the phenomena such as the
residual stress and initial deflection of the meame; which usually occur during the
fabrication process of MEMS devices. It has to bwleasized that these phenomena have
significant influence on membrane behaviour andukhaot be omitted in modelling what is
frequently suggested in literature. The analysithefmembrane deflection allowed reducing
the model by normalizing its form. Then, one carerage only on maximal membrane
deflection what simplify the calculation. Next, va@alyzed the membrane behaviour with
applied voltage. Using the differential equatiorg wbserved some inconvenience in the
method of solving and calculation time. In specdanditions, the calculation may last a few
seconds, especially for rectangular membranes, haisicot suitable if optimization phase
should be short. Therefore, the reduced modelgsaa alternative, as it does not require the
time-consuming calculation of integrals. Howevdre tsimulation showed that this model
produces serious errors because it is valid onlyp&oallel plate actuator. Nevertheless, the
calculation time was the priority for us, so we ided to improve this model. Two
coefficients and one correcting function were idtrced into the membrane equation, which
were calculated using the classical model. Themptbdel generatedprovided with the correct
values of maximal membrane deflection. As this nhodes some simplifications, it has some

limitations. Simulations showed that the form adattostatically actuated membrane changes

- 139 -



Conclusions

with voltage. Thus, the use of normalized membramas may produce significant errors.
We assumed that the membrane is initially flat eftettted towards the bottom electrode. In
other cases the results may be erroneous. Nextdeteoped model was compared with the
FEM simulations performed in ANSYS® environment. V@btained good conformity
between these two methodologies using the assumpiiat the membrane is perfectly
clamped on their edges. In order to obtain theltesloser to reality, we performed the FEM
simulation of membranes using the real clampingh\substrate). The membrane deflection
is then up to 10% higher and the stress up to 28igher than the prediction of analytical
model. Going further, we compared the time of dalions between both analytical models
and FEM simulation. The reduced analytical modelmach faster, especially when a
characteristic containing several points is need@dr method perform this task in time
smaller than one second, as opposed to classicdélnamd FEM simulation which need
dozen of seconds and a few minutes, respectivelyre®er, we described the electrode
modelling and its possibility of adaptation in eanbthod. Finally, we created the simulation
tool based on developed analytical model in MATLAB®vironment that allows simulating
the user-defined electrostatic actuator made dfap@ material and commonly used silicon
in <100> and <110> directions. The tool provided makcessary parameters and
characteristics, which fully describe the actugterformance. It has to be remarked that
although this tool is a good alternative to the FEIvhulation, it should not replace the
classical approach. Thus, each time the resultgldto® verified with FEM simulation.

In the second chapter, the design paths of actwetoe described. We started from
classical path, which is based on hand-made cdilcnland experimental verification. As this
method is inconvenient and requires high costs,cthraputer-based modelling became a
standard. This approach significantly reduces tiogept duration and cost, as the number of
runs of experimental phase was significantly limhitelowever, the execution time of FEM
simulation is still a bottleneck, which may affgebject duration. Therefore, we proposed to
use the developed analytical model that allows goering several simulations in a few
seconds providing accurate results. Then, the damion phase, which usually needs
hundreds of runs, lasts no more than a few minusad of many hours when using FEM
method. Finally, the tool that performs the optiatian phase in fully automated way was
written in MATLAB.

Next, the advantages of developed analytical mageé used in order to simulate the
fabrication process. It is almost impossible toi@eh an ideal conformity between analytical

simulation and experimental results. The wafersdusefabrication are not identical, the
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equipment has limited precision, the process iniced some uncertainties and some errors
could be made by a human. All these facts causssthie fabricated structures might have
different performance that may not meet projecuimegnents. Thus, the statistical simulation
is very helpful especially in estimating the protie yield, which has direct influence on
project costs. As this simulation also requiresesalvruns, the use of analytical model is
desired. Consequently, the statistical tool wasteniin MATLAB.

In the last chapter, the experimental results werapared to the analytical model in
order to verify them. Firstly, we described therfedtion process used in LAAS laboratory
and the methods of its characterization. Next, tfeasurement set-up and methods of
estimating the basics parameters of actuator therte wised in estimation of actuator
performance were shown. Finally, the experimengalits were presented. The structures
were fabricated on five wafers under different dbods. Each wafer was characterized in
order to verify the correctness of bonding. Thdm électrical characteristics of structures
with square and rectangular membrane were plottedcampared with the results obtained
from analytical model. We have obtained good ageremvith the theory. The difference
depended on structure and did not exceed 20%. lysitalvas oscillating around 10% and
for some structures the results were very closéhéotheory. Several factors might have
caused this mismatch, such as the model inaccupsollems during fabrication and some
undesired phenomena e.g. plastic deformation. Eurtbre, the higher dispersions for small
voltages were effect of higher influence of measweet error what was proved by performing
the measurement of resistance change. Additiontily, capacitive pressure sensors with
circular membrane were measured in order to vaitad model for this kind of membranes

The work presented in this dissertation showed tti@tnalytical modelling is a good
alternative to the FEM simulation. Due to its sifopy, it is much faster what can be
especially noticeable during the optimization phasewever, its simplification causes that
the range of use is significantly limited. Some itsf limitations could be removed by
increasing the number of parameters, but it wiltofirse increase the calculation time. As a
future work, one can envision add the possibilitysnulation for large deflection of the
membrane and the possibility of changing the edeletform. The most significant limitation
of the developed model are the clamping conditiofise comparison showed that the
difference might reach up to 20% what cannot béeaggd. Thus, it is desirable to implement
the real clamping into the analytical model. Onenca forget that some phenomena cannot
be described using this approach. It concerns edjyethe thermomechanical stresses. The

developed model takes into consideration only éselt of thermal treatment, i.e. the value of
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average residual stress remaining in the matexaltrary to the FEM method, which allows
the simulation of thermal treatment process. Tlig, analytical model should not be the
indispensable tool in the design process. It mayus$ed as a basic method. However, all
results should be verified with the FEM simulatibfevertheless, the analytical modelling is
a powerful simulation method of MEMS devices.

The benefits of the work presented in this dissertawill be exploited in CAPTAM
project. The aim of the project is to optimize tphezoresistive pressure sensor, which
integrates the electrostatic pressure generatass,Tilme optimization has to be coupled in
order to obtain the desired sensitivity of the senand performance of the generator.
Therefore, the developed analytical model will leywhelpful in such numerically complex

task.
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APPENDIX A. Material properties

A.1 Mechanical properties

The main property of all solid materials is theiasticity [31]. When some external
force, producing stress, is applied on the material, it deforms in suchvay that after
removing this force, the material returns to itggioial shape. The amount of deformation is
called straine. Elasticity comes from atomic interaction in astal structure of the body.
When there are no external forces, atoms are adang such a way, that the energy is

minimal. The energy between two neighbouring atanshown in Figure A-1:
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Figure A-1: Energy between two neighbouring atomsersus the distance between them.

The distancex, between atoms corresponds to the equilibrium stdtere the energy is

minimal. When some external force is applied onltbdy, atoms are rearranged as shown in

Figure A-2:

Figure A-2: Crystal structure: a) without external force applied, b) with external force applied.

The change of distance between atoms results imgehaf interaction energy. If the strain is

relatively small, the energy is proportional in atpito the distance between atoms (Figure

A-1). Then, the energy can be expressed with thewong formula:
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—x (32
E(x) = E(x,) + (Xl XO) (0 EJ Equation A-1
2 0x
Xo
The force of atoms interaction (spring force) inipos x; is:
_ 0E(x) _ 0°E) _ .
Fo = _6—)(1 = —2(X1 =%, )(W ) = —ksp(x1 - Xo) Equation A-2

whereks, is a spring constant. Thus, the external forcegrsely directed to the spring force
of atoms, is directly proportional to the atomspthsement.

If we consider a body with applied external forcedaintroduce the stress and strain

definitions:
F .
g= = Equation A-3
Al .
&= I_ Equation A-4

where4l is an elongationl, is a body length an8 is a transversal section of the body, the
relation between the stress and strain can be esguieoy a Hooke’s law:

o=Ee¢ Equation A-5
This is the fundamental expression describing theali elasticity of material assuming that
the elastic body is homogeneous and continuoustyilolited over its volume.

In general case, when working in three-dimensisietss state (Figure A-3), the

Hooke’s law takes the following form:

O =Ci€u> i, k1 =123 Equation A-6
where g is a tensor of a 9x9 stiffness mat@xg; is a tensor of a 9-elements veascandey

is a tensor of a 9-elements vector

033
A

032

3
031/ 032
031

P 022
021 y

012

011

Figure A-3: The components of stress acting on th&des of the element.

Due to symmetry of stress tensgr strain tensogy and stiffness tensajjq:
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O; =0
& = & Equation A-7
Cik = Cjir G = G » Gja = Cyy

and introducing the following change of indexes:

11 1
22 2
33 3 _
= Equation A-8
2332 |4
1331| |5
112,21| |6
Equation A-6 reduces to the following equation:
g, =C &, i,j=1.6 Equation A-9

U

A.2 Silicon properties

Silicon is a common material used today in consimacof electronic devices due to
its great electrical properties. However, the mailvantages of silicon are its mechanical
properties that allow its use in fabrication of rimechanical systems [32]. We can list the
following silicon properties:

- high Young’'s modulus comparable to steel

- low density

- wide range of linear elasticity

- high yield stress

- low thermal expansion

- melting point at 1410°C
The other important feature is that the atoms ystatline silicon are arranged in a diamond
lattice structure. The cubic symmetry simplifieg ttalculations because the stiffness matrix
from Equation A-9 has 12 nonzero elements and time differently valued elements [33].

Then, the matrix form of Hooke’s law for silicorkes the following form (stiffness form):

Jl Cll C12 C12 O O O ‘91
02 C12 C11 C12 O O O 82

o C 0O O O E
e G2 G2 Cu e Equation A-10
g, O 0 O ¢, O O]]eg
o, O 0 0 O c, O0]]&

gl |0 0 0 0 0 cull|&
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where:
1-v
- -E—M
T )i-2v)
C, = Em Equation A-11
v\1-2v
Cu =G

E is a Young’s modulusy is a Poisson ratio an@ is a shear modulus. Poisson ratio

determines the ratio of the relative transversarsto the relative axial strain:

py==-23=-22 Equation A-12

& Su S, 8, 0 0 0}jg
€3 S, S S, O O O]jo,
%= % S S 0000 al %3 Equation A-13
&, O 0 0 s, O O]]jg,
&g O 0 0 0 s, O]]og
] O 0 0 0 0 s,]|06]

where:
1
S = E
S, = —é Equation A-14
s =1
44 G

As the crystal structure of silicon is not isotogFigure A-4), its properties depend on a

direction.
(.-‘ &L O 0 l2 _. 0
B (Y] z . 0 3 z
oo O Ny
O (W) T 0 - 2

Figure A-4: Arrangement of the silicon atoms in a uit cell. Numbers indicate the height of the atom
above the base of the cube as a fraction of the lcédimension.

Then, a coefficient of anisotropycan be introduced [34]:
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2G|L—v?
a=v +J—) Equation A-15

E
Usually, silicon is cut in (100) plane. The valu#sYoung’s modulus, shear modulus and

Poisson ratio, depending on crystallographic dioagtare shown in Figure A-5, Figure A-6
and Figure A-7 [35]:
<010> .

130.2GPa . N\ <110>

(001)
substrate

1\ =450
130.2GPa

<100>

Figure A-5: Young’s modulus in silicon cut in (100plane.
A <010>

79.4GPa

p
Ve
e

<110>

79.4GPa

L 50.91GPa (001)

substrate

A 794GPa |
<100>

Figure A-6: Shear modulus in silicon cut in (100) lane.

- 149 -



Appendices

<010>

70.064
X =45°

77 (001)
" substrate

0.279

<100>

Figure A-7: Poisson ratio in silicon cut in (100) [ane.

As one can see, the anisotropy of silicon has 8pdeature that mechanical properties are

the same in perpendicular directions (e.g. <10ak<di0>). This kind of anisotropy is called

orthotropy. The basic mechanical properties otaili for the most popular directions are

shown in Table A-1.

Table A-1: Mechanical properties of silicon in plare (100) for different directions.

Direction E [GPa] G [GPa] \Y a
<100> 130,2 79,4 0,279 1,403
<110> 168,9 50,9 0,064 0,664

A.3 Isotropic material

If the material is isotropic (mechanical propertsgs the same in all directions), the

coefficient of anisotropy is equal to 1. Then, giements of stiffness and compliance matrix

in Hooke's law are as follows:
1-v

- 2)

% =B )’
_E

Cas = 2(1+ v)’

s, _1
Y E
\%
S12__E
211+
= 2200
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APPENDIX B. Derivation of equilibrium equation of

membrane bending

B.1 Rectangular membrane

We consider a thin plate made of anisotropic maltefine relation between the stress
and strain components can be represented by tlogvfiog equations:

o, =E,e, + Euey

o, = E;,ey +E'e, Equation B-1

Oy = Gsxy
whereE,, E,, E, G are constants needed to characterize thecefasiperties of a material.
We assume that linear elements perpendicular tartigelle plane Xy plane) of the plate
before bending remain straight and normal to tHked@on surface of the plate after bending.

Hence the strain components are expressed witlolibeving relations [41]:

__0*w
e, =-2Z
x>
. _d%w _
€, =-Z 6y2 Equation B-2
2
€y =22 ow
oxoy
The corresponding stress components are:
2 2
0, =4 E I W 0w
0x ay
2 2
o, == E;, 9 \;v+ E 9 \;v Equation B-3
ay 0X
2
o, =262 W
oxay
The bending and twisting moments are then:
h/2 2 2
|\/|X: ZO-X:—(DXG_\Q/+D16_\;VJ
2 0X ay
h/2 2 2
M, = J-Zz)'y = —(Dya—\;v+ Dla—\;vJ Equation B-4
o ay 0x
h/2 2
M, = [z, =-2D, %
I oxay

- 151 -



Appendices

where:

.3 E'h3 "3 3
D, :%, D, —#, D, = Eh , D= Gh Equation B-5

12 Y12
The differential equation of equilibrium of platader the load is as follows [41]:

0°M, _ZOZMXy +62My _
ox® oxdy oy’

-P Equation B-6

Combining Equation B-4 and Equation B-6 we get:

9'w 9*w 0'w _ _
x T -, +tD,— =P Equation B-7
0x ox“oy ay
where:
H =D, +2D,, Equation B-8
In case of orthotropy we have:
. _ E . _ E ._ VE (a-v)E
E = . E, = , E = : G= Equation B-9
*1-y? Yoo1-y2 1-v? 2‘1—vzj q

which leads to the final equation describing thenbene bending:

4 4 4
p| I W_p, W LOW)_p
0x ox“oy- oy

Equation B-10
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APPENDIX C. Solution of equilibrium equation

C.1 Rectangular membrane

We start with Equation 1-85:
16 (., 0%'w o'w 1 d0*w 4 ( _0°w 10°w
D R +2a +— +o,h—| R +— =
a’b? ( ou’ du?av®? R av*) ° 2 R
V2
2(d - w)?

We predict the solution as follows:

=P+P,+¢

w(u,V) = ZK” $,, @ = (1_u2)2u2i (1_V2)2sz

i,j=0

Then, the system of Galerkin equations reads:

16 R? 9'w 9'w 1 90'w
J-J.D ( ou’ +206u26v2 TR v )¢"dUdv+”U° ab(

02W+ 1 0%w
ou> Rov?

J¢,j dudv=

:J;I(P+ PW0)¢idedV+ [)jgmqﬁudud\g i,j =012

Substituting Equation C-2 into Equation C-3 we get:

Equation C-1

Equation C-2

Equation C-3
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16 o' 9*d 1 96 16 ‘¢ F, 1 9
Dazb2 Kll”(Rz aujl +2a6u261112 R 6v411 P+ D e a’b? K33~U R 6ujs +2a6u26§2 R av433 y dudv
Q Q
4 02¢ll 1 a¢11 a ¢33 1 a¢33 —
+aoh§)}<njgj[R sur P o [idudvagh— Kgsﬂ s T g fidudv=
=(P+P, ”¢“dudv e ﬂ ¢,Jdudv i,j =012
Then, we can rewrite the above equation into thigixi@rm:
16 4 V?
D5 7AK +JOhEA2K =(P+ Pwo)B+£7Bl
where matriceé\;, A, and vector®, B; have following form:
| A o',  10% ‘9 ., 1 03% |
RP—l+2g—riL+ —— Tl g dudv (D R—84+2g—38 + 134 dud
”( ¢ e R oav )™ N R d 2 rme mat ™
N (1) (I (I
L il il il
9% o', 1 9% 9%4 %9, 1 0%
RE—L 42—+ ——Tlg dudv (D R—2+20 2+ —_""2 g dudv
QI( ou’ s R av )% Lf o d ol TR av JP |
oo 0% 1az¢j (P«w 10¢J |
R—L+=—"1 ¢ dudv [ 3 + 3¢, dud
QI ( X Ray )" [J Ray )™
N (1) (1) I
2 (I (I il
0°¢, , 10°¢, ‘P, 10°0s,
dudv I +——== dud
{!( X’ ROy P [J X ROy P ]

Equation C-4

Equation C-5

Equation C-6

Equation C-7
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[[ ¢ duav]

B= Equation C-8
_ ij ¢33dudv_
| jgj ﬁ 4. dudv
B, = Equation C-9

C.2 Circular membrane

We start with Equation 1-97:

3+a D(0*w 2d°w 10°w 1 0dw)| og,h({d*w ow) _ V? _
i el B i el > +t—|=P+P,te > Equation C-10
4 Ri\ou* uau® u?au® uldu) RZ(au® au 2(d-w)
We predict the solution as follows:
w(u) =ZKi¢i, ¢ =(@-u?)’u® Equation C-11
i=0

Then, the system of Galerkin equations reads:
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J-J-3+ 0W+20W 16W 10W¢dd6’ J-J- aw 6W¢dud9—
Q4R06u uou® u? ou’ uau ou

= [[(P+P.o)g,uduch + ”52«%2

g.ududd, =01
w)

Substituting Equation C-11 into Equation C-12 we ge

Equation C-12

Q

3+a D ”(0 @, 263¢1 _i02¢1 +i0¢1J¢iudud¢9+

uou®* u?ou®* udadu
[6 i +6¢2 jqﬁ ududd =

o %0, 9, )5 g O
”[ ]¢”” Ro

:(P+P ”¢udud€+g ” ¢udud6’ i =01

Then, we can rewrite the above equation into thigixi@rm:

2
%TG%A K+ %N A K =(P+ PWQ)B+£V751

where matriceé\;, A, and vector®, B; have following form:

3 2 3
”6¢1 26¢31_i26¢21+i36¢1 $,uducd ”6¢2 26¢32_16¢22+16¢2
A u ou u‘ ou u® du u ou u‘ du u
LT Ha¢1 20%, 199, 194, 4 ”6¢2 20°¢, _10°¢, 1094,
uow® uou? e au udu® u? au? u 0

]¢1udud9
u

”(a 4, ,20°, 10°¢, 1 a¢2j¢_udud9+
u I

*uodu®  u? au?

u3

Equation C-13

Equation C-14

Equation C-15

]¢2udud6’
u
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s

0 ¢1+a¢1j pruducd ”(a 2 +a¢2j¢ludud9
ou

A, = ou* 9 Equation C-16
”-[6 2R O%J ¢,ududd ”(aa ¢22 + aa¢2 J¢2udud6’
[[ #.uduas

= ﬁ¢2udud0 Equation C-17

Q
j j ¢1udud6’

B, = Equation C-18
j j ¢2udud6’

Remark: the integration of variabfeis not necessary as for all terms in Equation Gtias the same value of.2In further calculation this

integration will be omitted.
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APPENDIX D. Coefficients of matrices A1, A, and vector B

D.1 Rectangular membrane

111 a'l3311
A=l e ey aly =aly
a11133 a13333
_ 327684aR? +TR* +7
1 1102t R2

_ 32768 7R* +11
2121270 R?

32768 520R* - 63R* -143

a13111 =

 472972! R?
32768 52aR? +429R* +21
al,, = | 2
157657 R

_ 3276813R* +1
2212 gop5ot  R?

32768 52aR? +297R* +33
5202697! R?

a13212 =

32768 612aR? +1093R* +147

A3 = 8040532 R?

_ 32768 1093R*+231
213 88445857 R?

_ 3276811R* +7
212127 R?

_ 32768 R*+1
212127 R?

32768 9R* +13

alSle =

472972! R?
_ 32768 560R? + 689R* + 21
als, = | 2
472972! R

_ 32768 689R*+33
212 52026970 R?

32768 56aR*+477R* +33
15608092 R?

_ 32768 13R* +9
234720720 R?

32768 52aR* +99R* +99
15608092 R?

a13312 =

a13113 =

_ 32768 520R* -143R" +63
472972! R?

_ 32768 13R* +9
B 4729720 R?

32768 52aR*+99R* +99
15608092 R?

_ 32768 R* +1
22 12127t R?

32768 9R* +13
472972' R?

a11311 =

alSSll =

alSllZ =

_ 32768 68R‘+33
213 5202697 R2

32768 -56aR’ +477R" +33
15608092 R?

a13213 =
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Al = - 32768 265X1R* -3279R* -1001
33 1149796145 R?
_ 32768 R* +13 _
2221 525525 Rz 2321

_ 32768 56aR? +21IR* + 689 _
A = A72972! R? A =

_ 32768 520R* +99R* +99 _

2222 1734232! R2 2322

_ 32768 56aR?+99R* +159 _
Az = 5202697 R2 Az =

_ 32768  26520R’ +1093R‘ +3003 ol =

2323 383265382 R? 123
ol = 32768 285&R2 +1093R* + 4823
331149796145 R?

32768 231R*+10931 _
Ao = 88445857 R2 Ao =
al, = 32768 2652R? +300R* +10931 . =

22 383265382 R? 332
ol = 32768 183&R? +4501R* + 4501
33 1149796145 R?

32768 520R? + 21R* + 429

2121 —

157657! R?
32768 —52aR? +33R* +297
5202697! R?
32768 33R* +689 al = 32768 -56aR? +33R* +477
5202697 R? %1 15608092 R?
32768 56aR? +159R* +99 ol = 32768 33R*+689
5202697 R? 225202697 R?
32768 7840R?* +2067R* + 2067
202905202 R?
32768 -56aR%+33R* +477 al, = 32768 784aR’ +2067R* + 2067
15608092 R? 223 202905202 R?
o, = 32768 6120R? +147R* +10931
31 8040532 R?
32768 26521R* -1001R* -32793
1149796145 R?
32768 285&R? +482R* +10931
1149796145 R?
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azllll e a'233ll
A=l |,

a21133 e a23333

_ 65536R? +1
A2un="3307 R

65536
8221 = " 353801

4. = 65536 -13R?+9
111418917 R

, __ 65536 13R? +3
%22 =" 0972 R
, __ 65536
82212 = " 4002071
a9 = 65536 -3R?*+1
125202697 R
, __ 65536
82113 = 1500622

4y = 05536 R%+1
135202697 R

4o —_ 65536 3R*+13
22472972 R

P 65536 3R’ +14
21 1418917 R

az,=ag;

, 655361
821~ 36382t R

a2,,,=0

= 65536 1
¥ 1200622/ R

4p = _ 65536 14R? +3
B2 14189170 R

, ___65536

B2 = T 5559727

a9 = 65536 —42R*+13
12 202905202 R

, ___65536

A1 = " 5009707

4y = 065536 —42R? +13
%13 902905202 R

, . _ 65536 1
82 = T 400207 R

= 65536 2
2L 9229727'R

4o —__ 065536 13R*+9
B 14189177 R

, __ 65536
821~ 15600622

a0 = 65536 R*+1
¥ 5202697 R

825, =0

= 65536 1
12 1200622' R

4o = 05536 51R* +7
B3 8040532 R

, ___65536
8215 = " 1734230

4y = 05536 - 459R? +91
%13 3449388445 R

a2 = 65536 R*-3
221 5202697' R

4y = 065536 13R? - 42
%21 202905202 R
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4o = _ 05536 R* +1
222 1734232 R

4y —_ 05536 13R? +14
%2 67635067 R

a2 = 65536 13R?-42
32202005202 R

4y = _ 065536 7R? +51
380405320 R

4 = 65536 91R? +153
332 1149796145 R

b,

B= . b=k
b,
256 _ 256
by, = 25E b, = 157¢F

D.2 Circular membrane

64 64
A= 6 24 A, =
64 64

24 15

4o —__ 05536 14R? +13
222 67635067 R

o . 65536 2(R’+1)
228986457 R

o 65536 2R’ +1)
23 28086457 R

o = 65536 1
331 1734232'R

4y —_ 65536 98R? +153
%2 3449388445 R

256 256
= b, =
b, 472¢ 2 1102¢
4 1
60 5=| ©
4 1
60 24

65536 2

a2, =-———>- <
22 2229727 R

65536 153R*+91

a2,.,.=—
2823 1149796145 R

65536 153R* +98

a2y, =~
%22 3449388445 R

65536 91R* -459

a2.... =
%31 3449388445 R

65536 R*+1

a2.... = —
¥3 54752197 R

256 256

b,. = b.. =
2 3307¢ % 9922¢
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APPENDIX E. Approximations used in simulation tool

E.1 Rectangular membrane

Remark: The values of coefficiemdsandB correspond t&,=0.

| sotropic material

Ci =-0.0000465%R° +0.000378R"* -0.000757R* —0.00132R* + 0.00630R - 0.003293

1

C - 99 4%—3.072R+11 4e—0.05925R
2 d “

A=0.01355R° -0.127R* +0.4468R° -0.716 R* + 0.525R+0.5818
B =0.00395R® —0.0354R"* +0.1047R> -0.0949R? + 0.00325+ 0.6995

Silicon <100>

Ci =-0.00066015R° + 0.000450R* -0.00125R* +0.000216R* + 0.00419R - 0.002406
1
C, =85.16%%+11.02 %%

A=0.0144R° -0.14R* +0.5309R° -0.927R? +0.7631R +0.4852
B =0.00347R® - 0.0327R* +0.1063R* -0.1298R* +0.06518+ 0.6706
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Silicon <110>

Ci = -0.000B95FR° + 0.000268R* —0.000365R° - 0.00321R* + 0.008744R - 0.004296
1
C, =126.3°%%+12.0% 0%

A=0.00981R° -0.10R* +0.40R*-0.7563R? +0.693R+0.472
B=0.00152R° -0.0121&R* +0.0151R*®+0.0806R* -0.1638R+0.7576

E.2 Factors taking into consideration P,/P,.x ratio for coefficients A and B

B 3 2
P, P, P,
A=A 0.08702{ 5 h J + 0.04879{ 5 h j + 0.25611€ 5 h J +1}

4 3 2
P P P P
B=B|-131689 —" | +1.36291—" | -09221 —" | -0.11704 —" |+1
Pmax Pmax Pmax Pmax

E.3 Approximation of function correcting the deflection

4.015L —0.04965V7+O.0673

2I.4.55i 0.3964i
w= (w-w, )[1+ {— 0.000605@ '™ +0067% ‘o J[o.oooomom P 4@ oo H +w,, V <0978/

pull=in

VvV >0.978/

pull=in
pull=in

1455i 0.3964i
+ Wy,

154.7
w = (w—wp) 1+[— 0.03447{ v j + 0.03447%[0.000001072 Froc 4@ P
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APPENDIX F. Mask used in fabrication of electrostatic

actuator
contacts to structures used thermal
P+ diffusion in process .
the gauges I characterization resistance

e

fembrane Cages

- Vot -

B e

!

/ 14 \
metallization gauges square contact to contact to
membrane the substrate the membrane

structures used

thermal : contacts to
- IN process auges P+ diffusion
resistance  characterization JAR / the ga\uges

\or—r/
4

fembrane Rec)

!

contactto  contact to rectangular [
the membrane the substrate membrane metallization

Figure F-1: Masks used in fabrication of samples wh square (top) and rectangular (bottom) membranes.
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Cezary MAJ thesis

Modelling and optimization of electrostatic membrane-based actuators

Abstract. This dissertation is concerned with an analytical modelling and optimization of
electrostatic membrane-based actuators. An analytical model of a thin, perfectly clamped,
silicon membrane bending described with Lagrange/Newton equation for small deflections is
presented taking into account parasitic phenomena like residual stress and initial deflection of
a membrane. Responses for uniform pressure are obtained with Galerkin method and are
studied in order to describe the membrane’s behaviour with a reduced model. Both models are
analyzed in the case of electrostatic actuation and are compared in terms of precision, range of
use, calculation time and easiness of use in the optimization process. The reduced model is
then corrected to be fully applicable for hydrostatic and electrostatic actuation without
significant precision loss and is compared with FEM simulations performed with ANSYS®.
Obtained results allow defining the model advantages and disadvantages. Next, the analytical
model is used to determine the influence of input parameters on actuator behaviour and to
perform an optimization phase for various applications. Furthermore, statistical simulations
are presented which are useful in the estimation of the influence of parameters dispersion,
resulting for example from the technological process, on the device behaviour. All
simulations are performed using dedicated tools written in MATLAB®. Finally, the
fabrication and the characterization of test structures performed in LAAS-CNRS are described
which allows the validation of the developed analytical model.

Keywords. MEMS, electrostatic actuation, modelling, optimization

Thése de Cezary MAJ

Modélisation et optimisation des actionneurs électrostatiques basés sur la
membrane

Résumé. Ce mémoire concerne la mod¢lisation analytique et 1'optimisation d’actionneurs
¢lectrostatique basés sur une membrane. Le modele analytique de fléchissement de la
membrane mince de silicium, parfaitement encastrée, décrit par 1'équation Lagrange/Newton
pour les petites déflexions est présentée en prenant sur compte des phénomenes comme les
contraintes résiduelles et les déflexions initiales de la membrane. Les réponses pour la
pression uniforme sont obtenues grace a la méthode de Galerkin et sont étudiées pour décrire
le comportement de la membrane avec un modele réduit. Les deux modeles sont analysés
pour I’actionnement électrostatique et sont comparés sur le plan de la précision, le gamme
d’usage, le temps des calculs et le facilit¢ d’usage en phase d'optimisation. Puis, le modele
réduit est corrigé pour étre complétement applicable pour un actionnement hydrostatique et
¢lectrostatique sans perte de précision et est comparé avec la simulation FEM réalisée dans
I’ANSYS®. Les résultats obtenus permettent de déterminer les avantages et les inconvénients
du mode¢le. En suite, le modéele analytique est utilisé pour développer un outil d’optimisation
et de statistique sous MATLAB®. Ce dernier permet d’estimer ’influence de la dispersion
des parametres technologiques sur le comportement des actionneurs. Finalement la fabrication
et la caractérisation de structures de tests ont été réalisées au LAAS-CNRS et ont permis la
validation du mode¢le analytique.

Mot clés. MEMS, actuation électrostatique, modélisation, optimisation



Rozprawa doktorska Cezarego MAJ

Modelowanie i optymalizacja mikrosystemdw sterowanych sita elektrostatyczna
opartych na membranie

Streszczenie. Niniejsza rozprawa doktorska dotyczy modelowania analitycznego i
optymalizacji mikrosystemow sterowanych sila elektrostatyczng opartych na membranie.
Zaprezentowany zostal model analityczny ugigcia idealnie zaczepionej, cienkiej, krzemowe;]
membrany opisany rownaniem Lagrange’a/Newton’a dla matych wychylen, ktoéry uwzglednia
zjawiska takie jak naprgzenie rezydualne oraz ugigcie poczatkowe membrany. Odpowiedzi
dla jednolicie rozlozonego cis$nienia zostaly otrzymane dzigki metodzie Galerkin’a oraz
przeanalizowane w celu opisu membrany modelem zredukowanym. Oba modele zostaly uzyte
do opisu membrany pod ci$nieniem elektrostatycznym i poréwnane ze wzgledu na
doktadnos$¢, zakres uzycia, czas obliczen oraz prostote¢ wykorzystania w fazie optymalizacji.
Nastgpnie model zredukowany zostal skorygowany tak, by byt catkowicie uzyteczny dla
wymuszenia hydrostatycznego i elektrostatycznego bez utraty doktadnos$ci i zostal porownany
z symulacja FEM wykonanga w §rodowisku ANSYS®. Otrzymane wyniki pozwolity okresli¢
zalety 1 wady opracowanego modelu. Dodatkowo, model analityczny zostal wykorzystany w
dedykowanych narzgdziach napisanych w $rodowisku MATLAB® do symulacji
strukturalnej, optymalizacji 1 symulacji statystycznej. Ten ostatni pozwala na oszacowanie
wplywu rozrzutu parametréw technologicznych na wydajno$¢ mikrosystemu. Ostatecznie, w
laboratorium LAAS-CNRS, zostaly wyprodukowane i scharakteryzowane struktury testowe,
co umozliwito zweryfikowanie opracowanego modelu analitycznego.
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