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AbstractMEMS are electromechanical system that have a micrometric scale including sensors aswell as actuators (micro motor, micro mirrors, micro switches...) manufactured using theconventional micro-electronics techniques (growth of oxide, material deposition, lithogra-phy). The majority of RF MEMS switches are actuated using the electrostatic forces tovary the distance between the two electrodes to cut or transmit the signal. This type ofactuation, despite its advantages, has a major drawback which is the dielectric chargingwhich leads to the failure of the switch. To solve this problem, we worked in parallel intwo directions. The �rst direction consists of changing the type of actuation, which is themain reason for charging and failure, to piezoelectric while the second consists of keepingthe electrostatic actuation while improving the behavior of the structures by increasingthe restoring force used to overcome this charging phenomenon without increasing theactuation voltage. This work has succeeded a major step which is the numeric platformvalidation before using it to simulate the structure.
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1. General introductionThe widest domain of application foreseen for RF MEMS switches is the mobile phones,also known by the "cell phone billion unit market". This explains the news aboutramping-up its production and the interest of big companies existing on the cell phonemarket to develop a reliable RF-MEMS switch [19]. In this orientation, our group de-cided to work in the direction to obtain a reliable RF MEMS switch and capable to ful�llcertain criteria.The interest of using RF-MEMS switches is their high linearity, low loss, high Q factorand especially for mobile phones their negligible power consumption. In addition to thesecharacteristics, The design of any RF-MEMS switch for mobile phones should lead to acomponent with low actuation voltage and less sensitive to temperature variations withthe simplest process for mass production. An actuation voltage of less than 5V is needed,so we chose to �x it to 3V in this study, while the temperature conditions vary from -40°Cto 85°C.Most RF MEMS switches use electrostatic force to actuate the structure, as to createthe variable capacitor needed. Despite the negligible power consumption and the highcontact force of electrostatic RF MEMS switches, this type of actuation has a majordrawback which is the dielectric charging causing stiction. Stiction now is the main re-liability issue in order for RF MEMS to hit the market. For this reason, our study willbe done on two axes to solve the stiction problem; the �rst is changing the actuationmethod in order to reduce charging while the second consists of keeping the electrostaticactuation but proposing a design to overcome stiction.The thesis is organized as follows; The �rst chapter of this PhD thesis gives a generaloverview about the MEMS. It shows the historical backgroung about the MEMS and howit developed to become interesting to almost all the industriel domaines. We will thentalk about the interest of using RF MEMS held by a market study. In the last part of thesame chapter, we present brie�y the challenges facing the MEMS which will introduce usto the work presented in this thesis.As already stated, the two axes that we will follow in order to solve the stiction issueare, either changing the actuation type or propose a design to reduce stiction in elec-trostatic switches. For this purpose, chapter II is devoted to the state of the art of theactuation methodes existing for MEMS as well as some solutions used to reduce the stic-1



PhD H.ACHKAR CHAPTER 1. GENERAL INTRODUCTIONtion in electrostatic switches. The �rst part of the chapter describes di�erent actuationmethodes with their advantages and drawbacks with respect to our application and ourspeci�cations. A second part presents the solutions to reduce stiction either by controllingthe actuation signal (Bipolar actuation), a dielectricless switch or actuating a liquid drop.Before begining our study, we shall validate the numerical platform and test the capac-ity of di�erent softwares, which is what will be presented in chapter III. Speci�c modelsare used to test the contact problem due to its importance when used to simulate thecontact of the deformable membrane with the electrode. For this reason, a contact modelbuilt on COMSOL is compared to analytical results and to numerical results simulatedusing ANSYS. Piezoelectric actuation are also validated using two di�erent models, asimple model for validation with analytical results and a more complicated one to com-pare with ANSYS. Finally, we validated the electrostatic actuation using a bridge modelon COMSOL and Coventor.We are interested in studying capacitive switches. An initial gap of 1.5µm is neededto respect the list of speci�cations. The value of the down state capacitance will de�nethe dimensions of the moving membrane forming the capacitance.Once the softwares are chosen, chapter IV deals with the study of feasibility of a switchwith piezoelectric actuation. First, we study the simple actuator which will consist thecommon part of the three designs. Three di�erent designs of piezoelectric switch arethen presented. A study is realized on the de�ection of each structure under a bias of 3Vin order to compare between the designs for a better performance. The time responseas well as the Eigen frequencies are calculated and serve only for comparison betweendesigns because the damping parameters we have are not precise. In a later part of thischapter, we veri�ed some important points relative to capacitive switches, like the �at-ness of the membrane after actuation, the initial de�ection (due to initial stress gradientand temperature variations) and the way to solve them.On the other hand, we carried a study of a new concept for the reduction of the stic-tion e�ect on the reliability of the electrostatic RF MEMS switch. In this part we didntrespect the design speci�cations of the capacitance and actuation voltage, we focuse onthe validation of the new concept. The actuation voltage that we tolerate is 10V to stayin low voltages. Chapter V deals with this new concept consisting of a variable sti�nessthrough the actuation. Firstly, we explain the principle and the interest of having thedouble sti�ness state obtained by adding stoppers. An analytical mechanical model of theswitch is presented, which is used for predesign of the stoppers position. Finite elementsimulations are then done to complete the design phase and �xe the �nal parameters,as well as, verifying the e�ect of the initial stress on the de�ection. Finally we presentthe design of the test structure and the fabrication process permitting us to obtain theswitch with stoppers.
July 2009 2



PhD H.ACHKAR CHAPTER 1. GENERAL INTRODUCTIONThe softwares are validated, and were classi�ed as a function of application. Thefeasibility study of a piezoelectric actuator shows a good results but with a signi�cantcomplexity in fabrication. The study of the electrostatic switch with the stopper designis promising, especially that we decoupled the pull-in from the pull-out.
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Vu d'ensemble sur les MEMSLe nom de MEMS est une abréviation pour Systèmes Micro Electro-Mécaniques (MicroElectro Mechanical Systems). Comme leur nom indique, ils sont des machines ou desstructures mécaniques ayant de très petites dimensions, allant de 0.1µm jusqu'à l'ordrequelques millimètres. Ces systèmes électromécaniques comprennent des capteurs ainsique des actionneurs (micro moteurs, micro miroirs, micro relais...) fabriqués avec lestechniques de la micro-électronique conventionnelle (croissance d'oxyde, dépôt de matéri-aux, lithographie).Feynman, pendant son discours le 29 décembre à CALTECH, il a tiré l'attention deschercheurs sur la petite échelle quand il a écrit sa phrase célèbre " il y a assez d'espaceau fond ". Il était le premier à parler des micro-machines et à comprendre leur intérêtet les problèmes reliés à la physique aux très petites dimensions. Au mois de Mars 1967citeNATHANSON67, le premier papier sur un composant MEMS a été publié concernantla structure de port de MOS en or résonnant (�gure 2.3). Pourtant le terme de MEMSn'existait pas à l'époque. De nos jours, MEMS est devenu un terme largement utiliséet résume une grande variété de composants variant des microcapteurs aux microaction-neurs. Les européens préfèrent le terme Microsystems alors que les Japonais préfèrent leterme micromachines. [20]L'intérêt d'utilisation des MEMS réside principalement dans leur poids, leur taille,et leur coût. S'ajoute à cela le fait que ces systèmes peuvent avoir des applicationsspéci�ques comme RF-MEMS dont l'intérêt est le suivant :� Leur faible masse fait d'eux un bon candidat pour plusieurs d'applications surtoutdans le domaine spatial. Ceci a été con�rmé par les discours de multiples partic-ipants Pendant l'atelier de CANEUS qui a pris lieu au CNES (Centre NationalSpatial) au mois de mai 2008, cet intérêt lié à la masse a été con�rmé par mul-tiples participants comme ASC (Agence Spatiale Canadienne), DGA (DélégationGénérale verse l'Armement), Airbus, ThalesAlenia space et autres.� Leur miniaturisation (volume réduit) permet leur intégration et augmente la �abilitéd'un système via la redondance de microsystèmes multiples. Par exemple, pendantl'atelier de CANEUS (Toulouse, mai 2008), ThalesAlenia space a montré l'intérêtd'utilisation de technologie MEMS grâce à son rôle de réduction de la taille del'antenne par satellite frontale. 5



PhD H.ACHKAR CHAPTER 1. GENERAL INTRODUCTION� La réduction de coût, en lançant la fabrication en chaine ou en masse. Cette qualitéest intéressante pour toutes les applications industrielles et constitue la clef de lacommercialisation des MEMS.Les avantages énumérés ci-dessus ont donné au MEMS leur billet pour beaucoupd'applications. Le RF-MEMS utilisés dans di�érents domaines comme la communicationsans �l (la télécommunication et l'industrie mobile), les systèmes de radar, les satelliteset la radio militaire. Le commutateur de RF-MEMS est à la base des fonctions complexescomme les antennes recon�gurables, les capacités variables et le "signal rerouting".RF-MEMS sont des Micro structures mécaniques conçues pour réaliser les fonctionsélectriques dans les systèmes de radiofréquence. L'objectif d'utilisation de RF-MEMSest de remplacer les composants électroniques et quelques fonctions réalisées par les cir-cuits intégrés par un composant de MEMS o�rant un meilleur fonctionnement (moinsde perte, facteur Q élevé, faible consommation et haute linéarité). Ils sont fabriqués parl'utilisation de 5 à 8 étapes de photolithography (5 à 8 masques), ce qui leur confère unavantage technologique par rapport au MMIC (Circuits intégrés de Micro-onde Mono-lithiques) qui a besoin de 13 à 25 étapes de lithographie citewikipediarfmems.Les commutateurs RF-MEMS sont des microstructures mobiles actionnées par accou-plement électromécanique a�n de créer un court-circuit utilisé pour le traitement designal (�ltrant et/ou déviant le signal). Les structures les plus communes utilisées sontdes ponts et des poutres. Ces structures remplissent la tâche souhaitée et sont faciles àmodéliser. Elles sont divisées en deux types : capacitif et résistif.� Le type capacitif, surtout utilisé en con�guration shunt, sont des structures ac-tionnées pour former un condensateur variable entre la ligne de signal et la masse.Contrairement au commutateur résistif, la structure actionnée forme la premièreélectrode en ayant alors un contact métal avec le diélectrique (voit la �gure 2.8(a)).Quand elle est actionnée, la valeur de capacitance formée entre la structure et lesignal revêt des changements pour court circuiter le signal ou lui permettre depasser (voir la �gure 2.8(b)). Le rapport de la capacitance entre les positions �-nale et initiale est une propriété importante du commutateur ainsi que sa tensiond'actionnement. Ce type de commutateur est utilisé pour changer des signaux dansune gamme de fréquence entre 6 et 120 GHz citeRebeiz1.� Le commutateur résistif, utilisé en con�guration série, aussi connu par le commuta-teur à contact métal-métal et fonctionne selon le même principe que le commutateurcapacitif. Quand la structure est actionnée le signal est laissé passer re�été. Cetype de commutateur est utilisé surtout pour changer le signal de basse fréquencevariante de DC à 60 GHz citeRebeiz1 (voir la �gure 2.9).July 2009 6



2. Overview on MEMS2.1. Introduction to MEMS2.1.1. De�nition of MEMSMEMS is the abbreviation for Micro Electro Mechanical Systems. As their name indi-cates, they are mechanical machines or structures having very small dimensions rangingfrom sub micron level (0.1µm) up to few millimetres (�gure 2.1). The understandingof this de�nition for Europeans di�ers from that of the Americans. Starting by theAmerican de�nition, the MEMS is an electro mechanical system in the micrometric scalecontaining sensors as well as actuators fabricated using the conventional techniques ofmicro-electronics (growth of oxides or dielectrics, metal deposition, lithography, wet ordry etching).

Figure 2.1.: Scale giving an idea about the Microsystem sizeConcerning the European de�nition, microsystems are intelligent miniaturized systemscombining sensors and actuators to some functions of signal treatment.As already cited, these systems use the fabrication techniques developed for integratedcircuit industry in order to combine electrical components with mechanical elements7



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMSsuch as beams, bridges, diaphragms, gears and springs. It is a combination of materialdeposition at controlled thickness, with selective etching in speci�c regions using masksand photolithography �nishing by sacri�cial layers removal in order to built a threedimensional micro structure.

(a) Pressure sensors versus a thinneedle [2] (b) A MEMS switch developed byMEMSCAP (c) The smallest mite on the topof micro gears developed by Cour-tesy Sandia National LaboratoriesFigure 2.2.: Comparing the size of MEMS to a macro object2.1.2. HistoryEach year, after the meeting of the American Physical Society, new ideas come out andnew axis for research is opened. Year 1959 was di�erent. Feynman, during his talkon the 29th of December at CALTECH, opened the eyes of researchers on the smallscale when he spelled his famous sentence "There's plenty of room at the bottom".He was the �rst to talk about micro machines and understood their interest and theproblems rose by the physics and mechanics of very small dimensions. This talk tooksome time before it began giving its e�ect. Maybe it stayed for some people a crazyidea that might be good for science �ction movies specially when he asked "Why cannotwe write the entire 24 volumes of the Encyclopedia Britannica on the head of a pin?"until the late sixties. In March 1967 [1], the �rst paper on MEMS device was publishedand it was a gold resonating MOS gate structure (�gure 2.3), in that period the termMEMS didn't exist yet. This very �rst use of mechanical structures in an electronicdevice showed the possibility to use the microelectronic fabrication techniques to buildmicromechanical structure. The use of such micro structures began after the mentionedpaper in a very shy way and people used a sacri�cial layer to separate the microstructurefrom the substrate which is then removed in the release etch step to free the structurallayer to move relative to the substrate but these structures were limited in motion. Whatpushed people more to develop micro mechanics was the excellent mechanical propertiesthat the micro electronics material possess for their application. In fact, poly siliconJuly 2009 8
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(a) The �rst MEMS geometry (b) The �rst MEMS equivalent modelFigure 2.3.: Gold resonating MOS gate structure, the �rst MEMS [1]and silicon have a very high Young modulus (160 and 190 GPa respectively) and theywork mostly in the elastic domain that is no plasticity and by consequence no mechanicalhysteresis. In 1987 a turning point was reached in micromachining demonstrating, for the�rst time, techniques for integrated fabrication of mechanisms using volume and surfacemicromachining which is the selective etching of di�erent materials. This turning pointwas the spark for the development of research on MEMS and after three workshops onmicrodynamics in 1987, the term MEMS saw the light. It's only in the year 1990 thatMEMS began to �nd industrial application with the appearance of multi-users fabricationwhich gave access to this technology at a cheaper rate. Nowadays, MEMS became a termwidely used and summarizing a wide variety of components from microsensors arriving tomicroactuators even though European people prefer the term Microsystems and Japaneseprefer micromachines.[20]2.1.3. Interest and applicationsWhy to use MEMS and develop a new technology if electronics works well? This is aquestion that is posed by many people specially those who are not involved in the domain.Sure if everybody is investing there and pushing this technology to advance, that meansit has a lot of advantages and can solve many problems faced with electronics.The interests of using MEMS are mainly weight, size, and cost. In addition to that,there are some interests for speci�c applications such as RF-MEMS.� Their low mass makes them a good candidate for many applications, especiallyinteresting for space applications. This was con�rmed through the talks of multipleJuly 2009 9



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMSparticipants during the CANEUS workshop held at the CNES (Centre Nationald'Etudes Spatial) in May 2008 for example the Canadian space agency as well asthe DGA (Délégation Générale pour l'Armement), Airbus, ThalesAlenia Space andmany others for whom mass plays an important role.� Miniaturization, that is their reduced volume, permits their integration and increasethe reliability or capability of a system via redundancy of multiple microsystems.For example, ThalesAlenia Space during the CANEUS workshop (Toulouse, May2008), showed an interest of using MEMS technology for its role in reducing thesize of the satellite antenna front-end.� Cost reduction, by running batch fabrication. This quality is interesting for allindustrial applications and is a very important key to commercialization of MEMS.The advantages and interests listed above gave MEMS their way to many applications.The de�nition of MEMS applications is not as simple as it seems. In published papers,some lists the application of MEMS following its type, for example MEMS sensors, whileothers de�ne their application following the domain of use or in better words follow-ing their market for example MEMS in automotive industry. Figure 2.4 lists di�erentapplications of MEMS sorted by type and by domain of application.

Figure 2.4.: Applications of MEMS sorted by type and by domain
July 2009 10



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMSSince their appearance to date, sensors are the major domain applying MEMS tech-nology. These sensors are used in di�erent domains or applications in order to monitorand control di�cult access spaces.Sensors, with all their varieties, �nd an important court of application in automotiveengineering ranging from the system of security to the e�ciency and pollution control.For example for real time monitoring of the pressure in the tires, pressure sensor witha wireless system to communicate data can be used. Accelerometers and gyroscopes areused to monitor the movement and stability of the car in order to know when to deploythe airbag or the anti slip braking system. Concerning pollution reduction and e�ciencyamelioration, chemical sensors (arti�cial nose) are used to measure the quantity of gazes(CO2, CO, NOx ...) at the exhaust in order to step in on the fuel-air mixture. For surein cars, we will not forget the application of temperature sensors used for the protectionof the motor and the material. Moreover, vibration sensors are used for active suspension.Biomedical application is another important and promising market that uses almostall types of MEMS. Sensors are used to monitor blood pressure in the vessels, urine pres-sure in the bladder, etc... While strain gauges can be used to control the movement ofthe scalpel through the tissue (Figure 2.5). MEMS DNA analysers also exist and are apractical application of MEMS in medicine. Actuators such as micro pumps are usefulto inject drugs or pump out unfavourable liquids. A micro actuator could be as wellthe cutting element for surgery, a micro gripper or a micro positioner. When integratingthese di�erent functions it becomes a micro robot, in other words a micro surgeon. It canwalk inside our body and repair what is de�cient for example the scalpel fabricated byVerimetra, Inc.[2] which classi�es the tissue touched using the combination of pressuresensor together with a force sensor and an electrical properties analyser. With all thesefunctions integrated in a micro surgeon (Figure 2.5(a)), we might need a way to commandthe tool and read the feedback from the sensors without bringing inside the body a bunchof wires (Figure 2.5(b)).Then, we will call for the wireless communicating systems and RF MEMS will �nd theirway into medicine. Aeronautics is also concerned with the technology of MEMS sincethey search for low mass and cost components and products that are easy to integrate.This is another domain where the sensors RF MEMS switches are widely used. In planesfor example we can �nd sensors that are used for inertial sensing such as accelerometersand gyroscopes, also pressure sensors are widely applied there. RF MEMS play a role incommunication and navigation systems. This giant domain makes room for new potentialresearch, like those developed by the research program on micro and nano satellite, by�nding for example a new micro system of propulsion (micro propulsion).MEMS are not only limited to the above mentioned application, but they are promis-ing to have a very open market. In addition to what was mentioned, MEMS �nd theirJuly 2009 11
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(a) A micro surgeon as expeted to be (b) MEMS applied to fetal heart surgeryFigure 2.5.: Example of medical application of MEMS [2]way to military applications such as tanks, planes, detection systems, radars... Someother civil applications are the earthquake detectors. Concerning the applications of RFMEMS switches, we will detail it in paragraph "About RF MEMS switch".The more the applications for MEMS, the wider the market becomes. This pumpsmore money in the �eld and leads to mass production which reduces the fabrication cost.For this reason, we are living nowadays a very dynamic period for MEMS where each daya new application is found and we have a potential to apply MEMS to all the domainsthat uses electronics. With this growth of the market, especially when it touches to hu-man's life, we have bigger challenges to solve and more requirements concerning precisionand reliability.The �rst serious program for research on MEMS was funded by the DARPA (DefenseAdvanced Research Projects Agency) in the USA in order to develop an RF MEMSswitch for defense and military applications. Now MEMS is targeting a wider market inbiomedical and telecommunication applications. The MEMS manufacturers revenue hasevolved from 100M$ in 2004 to 430M$ in 2008 [3][21] as we can see in �gure 2.6. Thisgrowth could be explained by three reasons, the continuous increase in the activities ofthe companies, increase of the Asiatic MEMS foundry activities mainly linked to Asiaticmarket and the most important is the entrance of new players to the market targeting thehigh volume applications like silicon microphones[21], inertial sensors... and the MEMSmarket forecast expects an increase of this market once reliability issues of RF MEMSswitches is solved in order to enter the mobile phones applications.
July 2009 12
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(a) MEMS market forecast

(b) MEMS forecast per unitsFigure 2.6.: Forecast for MEMS market [3][4]2.1.4. RF MEMS and RF MEMS switchesRF MEMS are Micro mechanical structures designed to do an electrical function in theradiofrequency systems. The goal of using RF MEMS is to replace the electronic compo-nents and some functions realized by integrated circuits by a MEMS component o�eringa better performance (Less loss, high linearity, high Q factor and less power consump-tion). They are fabricated using 5 to 8 photolithography steps (5 to 8 masks) giving themthe technological advantage over the MMIC (Monolithic Microwave Integrated Circuits)that needs 13 to 25 lithography steps [22]. RF MEMS consists of switches, varactors,inductors, resonators, �lters and phase shifters. They found their way between the micro-July 2009 13



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMSelectronics after the development in the telecommunication technology that resulted inthe jamming of the frequency spectrum and by consequence favoured systems functioningat higher frequencies. The RF MEMS are applied to di�erent domains such as wirelesscommunication (telecommunication and mobile industry), radar systems, satellites andmilitary radio. The RF MEMS switch is the corner stone to realise complex functionssuch as recon�gurable antennas, variable capacitors and signal rerouting.The RF MEMS switches are movable microstructures actuated using electromechanicalcoupling in order to create a short circuit used for signal processing (�ltering and/orrerouting). The most common structures used are bridges and cantilevers, since theyare easy to model and they do the work very well. They function over a wide range offrequencies going from DC to tens of GHz. They are now competing with microelectronicssince the later is increasing in frequency as Gabriel REBEIZ said during his talk at the"9th international symposium on RFMEMS and RFMicrosystems"(MEMSWAVE 2008).There are two designs under which RF MEMS switches exists, depending on the contacttype to deal with the signal, a capacitive switch and an Ohmic switch each of which canbe used in a shunt con�guration and a series con�guration (see �gure 2.7).
(a) Capacitive shunt con�guration (b) Resistive shunt con�guration
(c) Capacitive series con�guration (d) Resistive series con�gurationFigure 2.7.: Shunt and series con�guration for resistive and capacitive switchCapacitive switchThe capacitive switches, mostly used for shunt con�guration, are structures actuated toform a variable capacitor between the signal line and the ground. Unlike the resistiveJuly 2009 14



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMSswitch, the actuated structure itself forms the top electrode and having then a metalto dielectric contact (see �gure 2.8(a)). When actuated, the capacitance value formedbetween the structure and the signal line changes in order to ground the signal or letit pass (see �gure 2.8(b)). The ratio of the capacitance between the �nal and initialposition is an important property of the switch as well as its actuation voltage. Thistype of switches are used to switch signals with a frequency range between 6 and 120GHz[23].Resistive switchResistive switch, used in both shunt and series con�guration, also known by the metalto metal contact switch and work by the same principal as the capacitive switch. Whenthe structure is actuated it either re�ects the signal or let it pass. They are mostly usedin series with the signal line to cut it then link it, and are used to switch low frequencysignal varying from DC to 60GHz [23] (see �gure 2.9).

(a) RF MEMS switch in the up state (b) RF MEMS switch in the down (actuated) stateFigure 2.8.: A RF MEMS switch scheme in both states, on and o�2.2. Challenges facing RF MEMS switches andsolutionsThe challenges facing RF MEMS are very diverse and of di�erent levels. On the reli-ability level, as was discussed during MEMSWAVE 2008, it is a wide issue especiallyfor European researchers who are willing to fabricate not only a functioning switch, butJuly 2009 15



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMS

(a) RF MEMS resistive switch in the up state (b) RF MEMS resistive switch in the down stateFigure 2.9.: A RF MEMS resistive switch schemes.also a switch with a long life time. On the packaging level, the high cost, the goodhermitic package and the losses are in optimization phase so that MEMS can attack theharsh environment market. Manufacturing is a major domain for the development ofMEMS, with all the uncertainties and di�culties to control the process. The two linkedkey points helping in the development of MEMS and for e�cient MEMS modelling arematerial characterisation and simulation tools.2.2.1. Will RF MEMS switches �nd their way to the market?The �rst commercialized RF MEMS switch, outside DOD (Department Of Defence) pro-grams, was when Teravicta and Magfusion announced their samples in 2003 but verysoon they failed to supply all the demands that poured from all around the world. For-tunately, after the down that RF MEMS switches went through in 2003, it gave MEMScompanies a good lesson to reach in 2006 to the enlightening phase with the new man-agement team and good funding rounds at Teravicta. These achievements by Teravictaand some competitors (MEMSTRONICs, Advantest,MEW)[24][19] show that MEMS isgaining momentum specially that meanwhile Radant and MEMtronics have done impor-tant advances on reliability and they attained the 100 Billion cycle switch. The issueof reliability is very important in this period. After the success of obtaining a function-ing switch it is fundamental to understand the causes of failure and design switches toovercome it. The question of reliability is the centre of attention since its commercializa-tion is dependent on that point precisely to �nd applications in the mobile phones andin defence the thing that all the MEMS consumers (EADS, DGA, AIRBUS, Astrium,CNES, FREESCALE, TRONICS, THALES ALENIA SPACE) showed in the CANEUSworkshop.Until nowadays, RF MEMS switches are used for defence applications in the UnitedStates and their sales is restricted to the US market [19]. Their prices vary from 6 to 60Euros depending on the speci�cations and volume. The widest domain of application forJuly 2009 16



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMSRF MEMS switches will be the mobile phones, also known by the "cell phone billion unitmarket" which explains the news about NXP ramping-up its production [19]. NXP havea clear roadmap to the success of its capacitive switch and worked a lot on the reliabilityof RF MEMS in a view to invade the cell phone market.

Figure 2.10.: Forecast for the usage of RF MEMS switches in mobile phones technology[5]2.2.2. ReliabilityThe reliability is the ability to rely on a component before failure. This issue is discussedwidely and is a key for the entrance of MEMS in the market. Many failure modes arede�ned for which scientists are trying to �nd a mathematical model. Some of these failuremodes appears at low cycles (example: stiction) and others related to the high numberof cycles (example: mechanical fatigue). In what follows a list of the failure mechanismsthat researchers de�ned:� Dielectric charging and stiction� Temperature e�ect and induced deformation� Metal pitting� Hardening of metalJuly 2009 17



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMS� Plasticity� Stiction due to adhesive surface forces� Auto actuation� Electrical breakdown� Mechanical fatigue and crack propagation� Aging� Creep2.2.3. PackagingSince MEMS switch moves in small cavities and because of their fragile nature, it isnecessary to be packaged. Humidity, corrosive liquids and dust must be isolated fromthe MEMS component in order to �nd application in harsh environments. Although thepackaging techniques are in continuous development, the cost per package is still veryhigh in the order of 5 times the components cost. Many e�orts are done to reduce thepackage cost in order to reduce the global MEMS components cost to be ready for themarket.2.2.4. ManufacturingMany e�orts are to be done in this direction. Until nowadays, we are still facing problemson the process stability and repeatability. As an example, the piezoelectric materialsshow di�erent piezoelectric coe�cients for the same process �ow. Moreover, the step ofsacri�cial layer removal is very critical even with super critical drying.2.2.5. Material characterisationUnderstanding the material is necessary to understand the behaviour of any system. Con-cerning MEMS, special methods for material characterisation are still under developmentdue to di�culties to fabricate the test structures. The existing methods lead to a highuncertainty level due to the dependence of the parameters on each others.2.2.6. Modelling and simulationModelling is of great importance for designing MEMS and for developing it. It partic-ipates in the understanding of some problems, the understanding of the structures be-haviour and will participate in the cost reduction. Developing simulation and modellingtechniques, permits us to model for example the e�ect of the geometrical parameters onJuly 2009 18



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMSthe initial de�ection. A good simulator will help obtaining a precise model of our com-ponent which will be used for virtual prototyping in order to optimize a certain functionwithout passing through fabrication.
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Etat de l'artUn des majeurs problèmes de �abilité dans les micro systèmes électromécaniques (MEMS)est la stiction, l'adhérence des deux surfaces en contact dû aux forces de surface. Cesforces apparaissent quand la distance entre deux surfaces devient, accidentellement ouintentionnellement, très faible. La stiction a lieu quand la force de rappel de la structuren'est pas su�sante pour surmonter les forces d'adhérence.Le papier [25] présente un modèle pour prédire quantitativement l'énergie d'interactionde deux surfaces en contact en tenant compte de la rugosité des surfaces et les condi-tions ambiantes (humidité et température). L'énergie d'interaction de surface est décritecomme fonction de la distance entre les surfaces qui est en réalité une distribution dedistances. Il est montré que, si nous savons cette distribution, nous pouvons calculerl'énergie d'interaction de surface. Ces forces ou énergies d'interaction sont compliquéesà évaluer parce qu'elles sont d'origines di�érentes mais la modélisation nous aidera àcomprendre sur quels paramètres nous avons besoin d'agir pour réduire le phénomène decollage.Les forces jouant un rôle important dans l'interaction entre deux surfaces est la con-densation capillaire, les forces moléculaires de Van der Waals, les forces électrostatiques,le " H-bridging " et " solid-bridging " [26]. Bien que les scienti�ques essaient d'utiliser lastiction comme un avantage pour l'auto assemblage des microstructures [27], la stictionreste un inconvénient majeur contre la �abilité des commutateurs RF-MEMS. Il y a deuxtypes de stiction : le premier apparait après la libération des structures dû au liquidepiégé dans les écarts et la seconde a lieu pendant l'usage des MEMS appelé IN USESTICTION fondamentalement en raison du chargement du diélectrique.La problématique principale est d'améliorer la �abilité de PENDANT-USAGE (IN-USE) et de réduire le collage. La source de stiction la plus importante dans les commu-tateurs RF-MEMS électrostatiquement actionnés est le chargement du diélectrique. Lescharges prises au piège dans le diélectrique, créent une force de surface attrayante quitiendra le commutateur dans son état actionné si l'énergie d'interaction de surface estsu�sante pour surmonter l'énergie élastique emmagasinée dans la structure déformée.Pour réduire la stiction liée au chargement du diélectrique, on doit réduire le chargementdu diélectrique ou augmenter la force de rappel de la structure. De ce point de vue,l'étude a été menée sur deux axes: la première porte sur la réduction du chargement dudiélectrique et la seconde porte sur l'augmentation de la force de rappel. 21



PhD H.ACHKAR CHAPTER 2. OVERVIEW ON MEMSRéduire le chargement du diélectrique peut être fait soit en réduisant la zone de contactentre les deux électrodes, soit en réduisant le champ électrique à travers le diélectrique.La réduction de la zone de contact est faite en ajoutant des plots dans la zone de contact.Ceci mène à la diminution de la surface chargée et à la réduction du champ électrique.Le champ électrique élevé à travers le diélectrique est principalement dû à la tensiond'actionnement du commutateur électrostatique. La réduction de ce champ pourrait êtrefaite en changeant la méthode d'actionnement. Ce chapitre est dédié à la description desméthodes d'actionnement et de quelques concept pour réduire le chargement du diélec-trique.Pour augmenter la force de rappel on pourrait augmenter la raideur. La raideur a�ecteen même temps la tension d'actionnement et la tension de relâchement. Par conséquent,si on augmente la raideur pour améliorer la force de rappel, on augmente automatique-ment la tension d'actionnement, ce qui n'est pas souhaitable. Ce concept sera discutédans le chapitre 6 avec plus de détails.Résoudre le problème de stiction doit respecter les spéci�cations gardant les com-mutateurs de MEMS intéressant pour l'application de téléphone mobile. Le choix den'importe quelle solution doit prendre en considération les critères suivants : une faibletension d'actionnement, une haute dé�exion, un faible temps de réponse, une faible con-sommation et une faible sensibilité aux variations de température.Dans ce chapitre, on présente les di�érentes méthodes d'actionnement possibles commealternatives de l'actionnement électrostatique. Ensuite, le choix d'une méthode d'actionnementconvenable à l'application est fait. D'une autre part, les solutions utilisées pour réduirel'e�et du collage (stiction) sont présentées. Finalement on introduit un nouveau conceptpour réduire le collage.
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3. Approaches for solution3.1. IntroductionOne of the most important reliability problems in micro-electromechanical systems (MEMS)is stiction, the adhesion of contacting surfaces due to surface forces. These forces showsup when two surfaces come into contact intentionally or accidentally, forming a very lowinterdistance between them. Stiction occurs when the restoring force of the structure isnot enough to overcome the adhesion forces.Paper [25] present a model to predict quantitatively the surface interaction energy ofsurfaces in contact including the roughness of the contacting surfaces and the environmen-tal conditions (humidity and temperature). The surface interaction energy is describedas a function of the distance between the surfaces which are actually a distribution ofdistances. It is shown that, if we know this distribution, we can calculate the surfaceinteraction energy. These interaction forces or interaction energies are complicated toevaluate because they are of di�erent origins but the models will help us understand onwhich parameters we need to act in order to reduce the stiction phenomena.The forces playing an important role in the interaction between two surfaces are cap-illary condensation, molecular van der Waals forces, electrostatic forces, H-bridging andsolid bridging [26]. Although scientists are trying to use stiction as an advantage for selfassembling microstructures [27], stiction remains a major drawback on the reliability ofMEMS switches. There are two types of stiction, �rst one occurring after the releaseetch due to liquid stuck in the gaps and the second occurring during the use of MEMSso called IN-USE stiction basically due to dielectric charging.Our main concern is to ameliorate the IN-USE reliability that is reduce the IN-USEstiction. The most important stiction source in electrostatically actuated RF-MEMSswitches is the dielectric charging. The trapped charges in the dielectric, create a surfaceattractive force which will hold the switch in its actuated state if the surface interactionenergy was enough to overcome the elastic energy stored in the deformed structure. Toreduce stiction due to charging, one should either reduce the dielectric charging or in-crease the restoring force of the structure. From this point of view, the study went intwo axes: The �rst is to reduce the dielectric charging and the second is to increase therestoring force. 23



PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTIONReduce the dielectric charging can be done either by reducing the contact area betweenthe two electrodes, or by reducing the electric �eld across the dielectric. Reducing thecontact area is done by adding bumps in the contact zone, this leads to less chargedsurface and also will reduce the electric �eld. The high electric �eld across the dielectricis majorly due to the actuation voltage of the electrostatic switch. The reduction of this�eld could be done by changing the actuation method. This chapter is dedicated to thestate of the art on the actuation methods and on some ways to reduce the dielectriccharging.Concerning the increase of the restoring force, this can be done by increasing the sti�-ness. The sti�ness a�ects at the same time the pull-in and the pull-out voltage, that'swhy increasing the sti�ness to ameliorate the restoring force will increase the pull-in volt-age which is unfavorable. This concept will be discussed further in chapter 6.Solving the stiction problem must respect the speci�cations keeping MEMS switchesinteresting for the mobile phone application. The criteria for the choice of any solutionmust take into consideration to have: A low actuation voltage, a high de�ection (highde�ection for capacitive switch while we need high contact force or low resistance forresistive switch), a high speed of response, a low power consumption and, last but notleast, a low sensitivity to temperature variations.3.2. Actuation methodsTo get reduce the stiction problem, we will study the possibility to replace the electrostaticactuation by another actuation method. The de�ection of the micro structures in orderto vary the capacitance or to contact the metal pads, is obtained using an external forcecoming from an electromechanical coupling. Di�erent methods of actuation exist varyingfrom �eld forces to molecular forces [18] as shown in �gure 3.1 and are described in thissection.3.2.1. Electrostatic actuationOne of the most used way for actuating MEMS is the electrostatic actuation, speciallywhere the gap is very small. It is a mode of actuation using the attraction force betweenopposite charges following Coulomb's law, so called electrostatic force or Lorentz force.This attraction force is the most used for actuating micro switches for its high contactforce, nearly zero consumption power, their high speed of actuation and their simplicityof use. There are two ways to use electrostatic actuation, parallel plate actuation (asin �gure3.2(a)) resulting in a more compact component or lateral actuation (as in �gure3.2(b)) resulting in a large size component.
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PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTION

Figure 3.1.: Actuation methods divided into molecular forces and �eld forces.

(a) RF MEMS out of plane actuation or parallelplate.[6][28] (b) RF MEMS in plane actuation or combdrive.[6][29]Figure 3.2.: Di�erent ways to use the electrostatic actuationParralel plate actuationFor the parralel plate actuation (also known by out of plane actuation), the electrostaticforce between the electrodes is proportional to the applied voltage and inversly propor-tional to the square of the gap between them. A restoring force, due to the structuresti�ness acts on the structure so for a given bias we can �nd an equilibrium position forthe two forces. Increasing the voltage will decrease the gap and the electrostatic forcewill increase quadratically while the restoring force increases but linearly. At a certainbias, we reach a point of unstability between the forces where the electrostatic force over-July 2009 25



PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTIONcomes the restoring force and the mobile electrode will be pulled down to the bottomelectrode. This mode of actuation is used for out of plane displacement as shown in �gure3.2(a). Figure 3.3 shows the electrostatic forces acting from one electrode to another.Figure 3.3(a) shows the forces acting by the charges of the bottom electrode on one pointcharge of the top electrode. The forces are then projected on the horizontal and verticalaxis showing an equilibrium in the horizontal forces due to symmetry as shown in �gure3.3(b). The total resulting force is vertical as described in �gure 3.3(c).

(a) Electrostatic forces acting by one electrode onthe other. (b) Projection of the electrostatic forces along Xand Y axis.

(c) The resultant electrostatic force acting on bothelectrodes.Figure 3.3.: The electrostatic force in the case of out-of-plane actuation.In-plane actuationLateral actuation is another way to use the electrostatic force, in this case the movementis parallel to the surface of the electrodes. It is called combe-drives and used for inplane movements but due to technological constraints (thickness of the material, andinter �ngers distance...) a large number of �ngers is needed to obtain an importantelectrostatic force resulting in a large size component. The lateral force is proportionalJuly 2009 26



PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTIONto the number of �ngers, on the actuation voltage and the inter �ngers gap but it isconstant all through its displacement. This actuation mode is very used to actuateMEMS in-plane resonators as shown in �gure 3.2(b). Figure 3.4 shows the electrostaticforces acting from one electrode to another. Figure 3.4(a) shows the forces acting by thecharges of the bottom left electrode on one point charge of the top right electrode. Theforces are then projected on the horizontal and verticcal axis showing a resultant nonzero horizontal forces as shown in �gure 3.4(b). The total resulting force is horizontaland vertical. If the �ngers of actuation are symetrical from both sides of the electrode,a vertical equilibrium will be acheived and we will �nish by a pure horizontal force asdescribed in �gure 3.4(c). One of the applications of in-plane actuation is shown in thepaper [30].

(a) Electrostatic forces acting by one electrode onthe other. (b) Projection of the electrostatic forces along Xand Y axis.

(c) The resultant electrostatic force acting on bothelectrodes.Figure 3.4.: The electrostatic force in the case of lateral (or in-plane) actuation.
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PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTION3.2.2. ElectroMagnetic actuationThis actuation method is classi�ed as �eld actuation or contactless actuation. Bringing anferromagnetic material into a magnetic �eld will creat an attraction force between them.The same if we deposit a permanent magnetic material on the structure to be actuatedand put it inside an electromagnetic �eld obtained from a solenoid, the attraction orrepulsion can be obtained by controlling the sense of the curent in the solenoid (see �gure3.5(a))[31][32][33]. This method needs a small distance for actuation as any �eld forceactuation (Electrostatic). Eventhough this method o�ers a high force and low responsetime, it stays limitted in MEMS actuation because of its complicated fabrication process.The high curent for actuation leads to high disipation and �nally the heating of thesystem which is tolerated but to a certain limit.

(a) Electromagnetic coil to atract the permanent magnet[6]. (b) Magnetic actuation by passing acurent in a magnetic �eld[17].Figure 3.5.: Electromagnetic actuation.3.2.3. Piezoelectric actuationPiezoelectricity is a property that is found in some cristaline materials. These materialshave a certain cristal orientation which gloably shows a neutral charge. When a forceJuly 2009 28



PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTIONis applied, the orientation of these crystals changes with the strain induced and chargesappear on the surface of the �lm in the form of potential di�erence. Using the reversee�ect, by applying an electric �eld (electric potential) across the �lm a deformation inthe piezoelectric �lm is obtained. For each piezoelectric material, we can measure theelectromechanical coupling coe�cients which gives us the relation linking the componentof the electric �eld applied across the �lm and the deformation in each direction of the�lm.If we consider that our piezoelectric �lm is polarized in the thickness direction and thatthe applied electric �eld E is in the same direction we obtain a deformation (contractionor elongation) in the plane. The in-plane deformation is linked to the electric �eld bythe coe�cient d31 as shown in �gure 3.6. If the piezoelectric �lm is sandwished betweentwo electrods on the top of an elastic layer, the deformation in the active �lm will inducea bending moment due to the deformation gradient and an out-of-plane de�ection isobtained. The piezoelectric actuator functions in the same principal as the thermal andmagnetostrictive methods. A piezoelectric material can be neutralized if the applied �eldin combination with temperature where high enough to modify the crystal orientationand though loose its piezoelectric property. The advantage of this type of actuation isthe fast response of the material and its high force [34]. The major disadvantage is beinga multilayered actuator which makes it very sensitive to temperature changes. Anotherdisadvantage is the degradation of the piezoelectric properties with time beside sometechnological di�culties in elaborating PZT thin �lms.3.2.4. Electrothermal actuationThe electrothermal actuation also widely used in MEMS actuation because for smallvolumes, the temperature variations are faster. This actuation is much less used in RFMEMS due to its sensitivity to temperature and its slow response time with respect toother actuation methods as well as their high energy disipated during actuation. It is usedfor appications that needs large displacements and permits to obtain relatively huge forcein the order of mN. From the principle of thermal expansion, when any material heated toa certain temperature it needs to react to absorb this energy and therefor their atoms areexcited and the intermolecular distance increases consequently inducing the expansion ofthe object. A beam having originaly a length L at a temperature T, after being heatedto a temperature T+∆T, it will undergo an expansion of a value ∆L=α.L.∆T. Where
α is the coe�cient of thermal expansion. By the means of a controlled heat source forheating the structure, we can obtain an actuator using thermal expansion phenomena togenerate displacement. A word should be said on the repeatability of the thermal actua-tion which is not stable because material changes their behaviour when cycles under hightemperatures. More applications of thermal actuation to micro switches can be found in[35][36][37].
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Figure 3.6.: The piezoelectric actuation mechanism [6][7].Like electrostatic actuation, we can have thermal actuators either working in planeusing directly the elongation of the actuator or out of plane by using a multilayeredactuator.In-plane actuationThe in-plane actuation is obtained using two basic geometries, either a V-shaped structureas in �gure 3.7(a) or a U-shaped as in �gure 3.7(b). For the V-shaped structure [38], thisspeci�c geometry is used to amplify the thermal expansion into large de�ection. Passinga current in the structure material, it will heat up and the opposite sides of the actuatorpushes in one direction.The U-shape actuator functions in a di�erent way but always in-plane. A thermalexpansion gradient is needed in order for one side of the U structure to push the other(see �gure 3.7(b)), that's why we need to have one hot arm and one cold arm [39]. The hotand cold arms could be obtained either by changing the resistivity of each arm so that thecurrent passing in the U heat a side more than the other or by modifying the geometryleading to a smaller current density and a higher cooling coe�cient which creates thetemperature gradient (consequently expansion gradient).
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(a) The V-shaped design also known as Chevron-shape design[17]. (b) The U-shaped design[17].Figure 3.7.: The in-plane modes of thermal actuation.[8][9]Out-of-plane actuationFor the out-of-plane actuation, a multilayered beam is the most used. A similar principleas the in-plane actuation but this time the expansion gradient is in the thickness direc-tion. The multilayer is composed of layers with di�erent coe�cient of thermal expansion(CTE). When the structure is heated, each layer will expand proportionaly to its respec-tive CTE. For a bilayered beam, as the one showed in �gure 3.8, the top layer having aCTE greater than the bottom one will undergo an expansion ∆L1 ∆L2. This mismatchin the deformation of each layer will generate a bending moment due to the continuityat the interface, causing the beam to de�ect downwards.3.2.5. Magnetostrictive actuationThe magnetostrictive actuation is very similar to the piezoelectric phenomena. In piezo-electricity, a deformation is obtained by subjecting the �lm to an electric �eld whilein magnetostrictive the crystals direction are sensitive to a magnetic �eld. The mag-netostrictive material is deposited on the top of an elastic passive layer. When theelectromagnet is activated a magnetic �eld causes the contraction or expansion of theactive �lm leading to a deformation gradient (equivalent to a stress gradient)[40]. Everytime we have a magnetic coil, we have high energy dissipation for actuation and a certaincomplexity of fabrication.3.2.6. Shape memory alloys (SMA)As all the molecular force actuation methods, the shape memory alloy is sensitive to aphysical �eld which is the temperature. These type of alloys changes their deformation,resistance and �exibility after a certain temperature limit. The deformation obtainedJuly 2009 31
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Figure 3.8.: The out-of-plane thermal actuation mode [6][10].from this phenomena is much more important than the classical thermal expansion. Weuse the two way e�ect where the material remembers two di�erent shapes, one at lowtemperatures and one at high temperatures [41]. We can make use of the reversibilityof this phenomena in order to control the movement and form an actuator [42][43][44].Thin �lm shape memory alloy mico actuators exists an can cycle at a frequency up to100 Hz due to the rapid heat transfer rates associated with thin �lm devices [45]. Theseactuators are very dependent on the conductivity of the material, it depends a lot on theambient temperature and like electrothermal actuators it dissipate a lot of energy.3.2.7. Comparision of actuation methodsIn our application, a low actuation energy dissipation is needed, a fast response and ifpossible high forces for Ohmic switches. Table 3.1 below summarizes the list of char-acteristics for di�erent actuation methods. The conclusion drawn from this table is tofocus our research on the electrostatic and piezoelectric actuation which are the mostconvenient for our application.
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PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTIONElectrostatic Electromagnetic Piezo Thermal SMA Mag stricContact force High Low (initially) Low High Low HighConsumption ' 0 High ' 0 High High HighDe�ection Low Low High High High HighSpeed High High High Low Low HighTable 3.1.: Summary of the actuation methods characteristics.[17][18]3.3. Solutions for charging problem in electrostaticactuationThe thin dielectric layers causes a high electric �eld in the down position of the switch.These high �elds causes the injection of the charges in the dielectric layer. There aremany mechanisms of charging like charges transfer due to the contact of the bridge withthe dielectric, contactless charging [46], charges trapped in voids etc...The charge quantity and the charging time depends on the applied voltage, the typeof material, the time of application of the voltage (time in the down state) and of coursethe temperature. When the charge density trapped in the dielectric reaches a certaincritical value where the electrostatic force is enough to keep the switch down, we obtainstiction or in other words failure of the switch.3.3.1. Bipolar actuation and HOLD-ON voltageThe charges sign depends on the electric �eld direction. A method to reduce the inducedcharges, is by injecting opposite charges by reversing the electric �eld. The actuation isthen made on the pull-in voltage but one actuation cycle in the positive and the nexton the negative as shown on the diagram in �gure 3.9(a). Since the value of the appliedvoltage plays a role in charging, another method of actuation is used. The switch isactuated with the pull-in voltage then it is decreased to a value higher than pull-out,so called HOLD-ON voltage, but signa�cantly lower than the pull-in [11]. Figure 3.9(b)shows the diagram of actuation as a function of time.The charge injection rate depends on many factors and specially on material of the di-electric [47][11]. The rate of injection is not the same for all �eld directions or when the di-electric is already charged [48] therefore the supression of induced charges is incomplete[49][50][51].A new method called the "Intelligent bipolar actuation" is developed in 2008 at the uni-versity of Pennsylvania [51] a little bit complicated but e�cient. It consist of measuringthe residual �eld in the charged dielectric and as a function of the �eld direction theyapply a positive or a negative voltage. The comparision between all actuation methodsJuly 2009 33



PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTIONis presented in �gure 3.10 showing that bipolar actuation gives a longer life time withrespect to unipolar but failure is postponed with the intelligent bipolar actuation.

(a) Simple bipolar actuation. (b) Bipolar actuation with HOLD-ON voltage.Figure 3.9.: The bipolar actuation method to reduce charging.

Figure 3.10.: Lifetime measured at 85°C for di�erent actuation signal methods[11].3.3.2. Liquid contactThe liquid contact is a solution for resistive RF-MEMS switches where the high contactresistance is a major drawback. Usually in contact switches (solid to solid contact) a highcontact force is needed in order to increase the contact surface and by that decreasingJuly 2009 34



PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTIONthe contact resistance. The high contact force will need a high actuation voltage and asa consequence we obtain dielectric charging and stiction problem. The high resistance isdue to airgap created between two rough contacting surfaces as shown in �gure 3.11(a).The liquid to solid contact o�ers a package of advantages such as:-Low contact resistance (less than 0.1Ω [52]) due to higher contact surface gener-ated from intimate contact between the liquid droplet and the rough surface (see �gure3.11(b)).-Naturally bistable operation due to surface tension forces dominating the inertial force(only in micro scale) facilitating the comutation between lines.-The wear and friction degradation is eliminated unlike the solid to solid contact whichdegrades the performance of the switch.Unlike the classical resistive switches, the contact to connect the inlet and the outletof the signal line is done through a liquid metal, Mercury. The actuation of the Mercurymicro drop, in order to establish the connection or cut it, is done by di�erent methodes.Thermally, either we heat the layer on which the Mercury drop is deposited and by thischanging the surface tension pushing the drop to move or we heat locally a closed reservoir�lled with DI water forming a vapor bubble and generating a �ow which forces theMercury drop to creat a conductive path for the signal [12](�gure 3.13). Electrosaticallywe have also two methods to attain contact, either by actuating the cantilever to contacta �xed mercury drop on the signal line [53] (�gure 3.12(b)) or actuate directly the drop[52] as shown in �gure 3.12(a) which reduces the charging e�ect. The Mercury drop isdeposited on the line by condensation of the Mercury vapor on a seed point of gold.
(a) Contact between two rough surfaces. (b) Contact between a rough surface and a liquiddrop.Figure 3.11.: The contact state for solid-solid and solid-liquid contact.
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(a) Actuation of the Mercury drop by electrostaticforce [52]. (b) Electrostatic actuation of the cantilever tocontact the �xed Mercury drop [53].Figure 3.12.: Actuation using electrostatic force for liquid contact.

Figure 3.13.: Actuating the Mercury drop by heating [12].3.3.3. Dielectricless switchAs we already presented on stiction, its main reason comes from the dielectric charg-ing. To reduce charging occuring in the dielectric, scientists tried to reduce the contactbetween the membrane and the actuation electrode, or by fabricating a dielectric lessswitch. For dielectric less switches the only dielectric used is air. The bridge is fabricatedwith dimples which will stop it from touching the bottom electrode and short circuitingthe actuation circuit. Figure 3.14 shows the up and down state of a dielectric less switchdesign with the actuation electrodes at the center [13]. When the bridge is pulled down,the dimples touches the substrate keeping an air gap td=0.3µm between the electrodeJuly 2009 36



PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTIONand the bridge. The membrane is 7.86µm thick to keep it �at after actuation, while thebridge is thinned to a thickness t=360nm along a distance L=300µm near the anchorageso that the sti�ness of this thin part of the bridge will dominate on the overall sti�ness.The switch with an electrode width Wf=20µm and a dimple interdistance W=40µmneeds around 60 to 80V to actuate it.Figure 3.15 presents a design with the dimples on the active zone (zone forming thecapacitance) and they touches the actuation electrode. In this case, we either depositlocally dielectric to avoid the short circuit or we deposit what is called islands in thecontact region to seperate it from the actuation electrode [16]. The up and bottom statesof this design is shown in �gure 3.15 for the global view and for a zoom on the membrane.These designs can reach the 100 millions of cycles under unipolar actuation.Even with dielectric less switch, studies and experiments showed that we have chargingin the substrate under the contact zone [14] [15] as we can see in �gure 3.14. Theseswitches have a drawback which is a small capacitance ratio because of the air gap. Theair gap also a�ects the behavior by increasing its hold down voltage (Voltage slightlyhigher than the pull-out).3.3.4. Side actuationThis method consists of actuating the bridge outside the contact zone as shown in �gure3.16. Basically, this design reduces charging because there is no contact at the actuationpads. Despite this advantage, there is an air gap created between the bridge and thesignal line where the capacitance is formed due to the absence of the electrostatic forcein this zone. This air gap reduces the capacitance in the down state that is decreases theperformance.3.4. ConclusionThis litterature review permitted us to summarize in table 3.1 the advantages and draw-backs of each of the actuation method. Table 3.1 classi�es the actuation method withrespect to our criteria de�ned in the introduction of this chapter. The selection of ouractuation method is done by elimination. Electromagnetic actuation was rejected fortwo reasons, the �rst is due to the complexity of the process to fabricate the actuationsolenoid and the second is due to the high power consumption due to the current passingin the solenoid. The high power consumption to heat the actuator together with the lowactuation speed makes from thermal actuation a weak candidate in front of the othertypes so it is rejected as well. The shape memory alloy similar to the thermal actuationand the magnetostrictive method similar to electromagnetic actuation consumes a lotof power for actuation. The actuation methods must o�er a high contact force to beJuly 2009 37
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Figure 3.14.: Dielectric switch in both states up and down with a schematic view ofsubstrate charging (XLIM laboratory) [13] [14] [15].interesting for resistive switches and/or they must undergo a high de�ection in order tobe interesting for the capacitive switch application.Concerning the reduction of the dielectric charging, the proposed designs have a com-mon drawback which is the air gap in the contact zone. This air gap is responsible forthe low capacitance value at the down state. The liquid contact design o�ers a very lowcontact resistance with almost no charging in the actuation region but stays complicatedto process and works for low frequencies as all resistive switches. This was at the designlevel, now on the actuation level, the bipolar actuation with HOLD-ON voltage can be in-teresting but since the pull-out voltage shifts with time due to charging it will be di�cultto choose the value of the HOLD-ON voltage. In addition to that, the di�erent charginglaws for di�erent dielectrics make it di�cult for scientists to de�ne the parameters forthe bipolar actuation.
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Figure 3.15.: RF MEMS switch with dimples on the contact area of the membrane (IMEClaboratory) [16].We choose the piezoelectric actuation as an alternative actuation method due to itslow consumption, high speed of response and the high de�ection for a small actuationvoltage. We keep the option of electrostatic actuation and designing a switch with ahigher restoring force without increasing the actuation voltage.
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(a) Before actuation. (b) After actuation.Figure 3.16.: Electrostatic actuation with the actuation pads di�erent than the contactelectrode.
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Validation du plateforme numériqueMEMS, comme a�rmé dans sa dé�nition, sont des systèmes un grand facteur d'échèleoù les di�érents physique interfère faisant la modélisation un peu di�cile. Les logicielsmultiphysique d'élément �nis de nos jours trouvés dans le marché sont limités à seulementdeux, COMSOL et ANSYS. Coventor peut être placé dans un mi-chemin entre les logicielsde multiphysique et les logiciels classiques puisque il est limité à seulement quelques ap-plications de multiphysique. Les autres logiciels, comme IDEAS et ABAQUS, dédié auxproblèmes non linéaires mécaniques sont utilisé pour un problème mécanique spéci�quedans le champ de MEMS surtout dans la caractérisation. Même avec les logiciels de mul-tiphysique, touts problèmes ne sont pas complètement résolu. Quelques codes sont pluscommodes pour résoudre un certain type de problèmes que d'autres peuvent pas. Avecle développement des outils de modélisation globaux, les chercheurs préfère maintenantavoir des modèles comportementaux pour l'intégrer dans VHDL-AMS, Matlab simulinkou AMESIM pour obtenir une simulation de système, mais la méthode des éléments �niesera toujours nécessaire pour étudier chaque partie du système.Pour les raisons énumérées ci-dessus et puisque les codes ne sont pas dédié aux sim-ulations de MEMS avec leur haute facteur d'échèle, bien qu'ils o�rent un outil de mul-tiphysique, une étape de validation de logiciel et de capacité de logiciel est essentielled'être fait avant de modéliser nos composants. Les structures utilisées dans la validationsont déformé en fonction d'un phénomène physique que nous rencontrerons dans notreapplication. Ces e�ets peuvent être des forces électrostatiques, l'e�et piézoélectrique,l'e�et de température ou la contrainte initiale. Le logiciel que nous cherchons doit o�rirun temps de calcul rapide et nous permet de construire des modèles paramétriques pourles buts d'optimisation.Le mécanisme d'actionnement piézoélectrique sera étudié pour l'appliquer aux micro-commutateurs ou les condensateurs variables. La simulation de la dé�exion en fonctionde la tension appliquée est un problème principal pour la simulation de l'ensemble c'estpour ca qu'une validation de ce phénomène physique doit être faite. Pour commencer, unmodèle d'actionneur piézoélectrique simple est construit sur COMSOL pour être comparéà un modèle analytique. Pour valider COMSOL avec ANSYS, un modèle plus compliquéd'un commutateur, consistant d'un actionneur connecté à une membrane, est choisis pourque nous puissions être le plus proches possible au cas de notre application.Continuer dans le voyage de validation des modules qui sont utilisés pour notre étude41



PhD H.ACHKAR CHAPTER 3. APPROACHES FOR SOLUTIONest notre prochain arrêt. Le contact est d'une grande importance dans nos applica-tions puisque il dé�nira l'état de planéité entre deux surface échangeant des paramètresphysiques (ex : la qualité de capacitance, la résistance de contact...). Pour ces raisons,un problème de contact d'HERTZ a été simulé sur COMSOL et donc comparé à ANSYSet au modèle analytique.Pour �nir, nous avons validé l'actionnement électrostatique résolu sur Coventor, avecCOMSOL et les valeurs analytiques. A la �n, une synthèse est faite sur la capacité destrois logiciels pour résoudre chaque type de problème voire �gure ci après.

Figure 3.17.: Résumé de la capacité des di�érents logiciels à résoudre des problèmesmultiphysiques.
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4. Numerical platform validation4.1. IntroductionMEMS, as stated in its de�nition, are systems with high aspect ratio where di�erentphysics interfere making the modeling a bit di�cult. The real multiphysics �nite elementsoftwares found in the market nowadays are limited to only two, COMSOL and ANSYS.Coventor can be placed in midway between multiphysics softwares and classical softwaressince it is limited to some multiphysics applications. Other softwares, such as IDEAS andABAQUS, dedicated to mechanical nonlinear problems are used from time to time for aspeci�c mechanical problem in the MEMS �eld especially in characterization. Even withmultiphysics softwares, all problems are not solved completely. Some codes are moreconvenient to solve a certain type of problems that others cannot. With the develop-ment of the global modeling tools people prefer now to have behavioral models in orderto integrate it in VHDL-AMS, Matlab simulink or AMESIM to obtain a system simula-tion, but �nite element method will be always necessary to study each part of the system.For the reasons listed above and since the codes are not dedicated to MEMS simulationswith their high aspect ratio, even though they o�er a multiphysics tool, a step of softwarevalidation and software capacity is essential to be done before modeling our components.The structures used in validation are deformed due to the physical phenomenon that weare going to meet in our application. These e�ects can be electrostatic forces, piezoelec-tric e�ect, temperature e�ect or initial stress. The software we are searching for musto�er a fast calculation time and permits us to build parametric models for optimizationpurposes.Piezoelectric actuator will be studied in order to apply it for micro switches or variablecapacitors. The simulation of the de�ection as a function of the applied voltage is a mainissue for the simulation of the whole switch thus a validation of this physical phenomenonhas to be done. To begin, a simple piezoelectric actuator model is built on COMSOLin order to be compared to an analytical model. To validate COMSOL with ANSYS, amore complicated model of a capacitor plate switch, consisting of actuators connected toa membrane, is chosen so that we can be nearer to the case of our application.Continuing in the trip of validation of the modules that are used for our study contactis our next stop. Contact is of a big importance in our applications since it will de�ne thestate of �atness between two surface exchanging physical parameters (ex: capacitance43



PhD H.ACHKAR CHAPTER 4. NUMERICAL PLATFORM VALIDATIONquality, contact resistance...). For these reasons, a HERTZ contact problem was testedon COMSOL and then compared to ANSYS and its analytical model.To �nish, we validated the electrostatic actuation solved on Coventor, with COMSOLand the analytical values. At the end a synthesis is done on the capacity of the threesoftwares to solve each type of problem.4.2. Contact models4.2.1. Model descriptionThe model under investigation consists of a cylinder in contact with a plane surface.The plane surface can be considered as an arc of radius in�nity. For this model, Hertzhas already written the equations describing the contact length and the contact pressuredistribution. The cylinder is made of Gold while the block is made of steel with thegeometrical and material properties as described in �gures 4.1(a) and 4.1(b)respectively.

(a) Geometrical details and dimensions (b) Material properties of the contact modelFigure 4.1.: Contact model description4.2.2. COMSOLWe used a 2D model to de�ne the problem using the PLANE STRAIN hypothesis andfriction was neglected between the two surfaces. Due to geometrical and load symmetry,we modeled the half of the geometry (�gure 4.1(b)) with symmetry boundary conditions(�gure 4.2(a)) to reduce the calculation time. The load is a vertical pressure of 500MPa,July 2009 44



PhD H.ACHKAR CHAPTER 4. NUMERICAL PLATFORM VALIDATIONapplied on the longitudinal half section of the cylinder, squeezing the two solids on eachothers. The geometry was meshed using free triangular linear mesh with an element sizeof 10 mm while the mesh in the contact zone was re�ned to an element size of 0.2 mm asshown in �gure (�gure 4.2(b)). We faced some di�culties with COMSOL's contact solverdue to convergence problems. The parameters that a�ected the convergence were the loadstep size and the mesh size near the contact zone as well as some contact parameters thathad to be tracked manualy to �nd the right value. The results of the simulation are shownin �gure 4.3 displaying the the contact pressure distribution in the cylinder and the block.

(a) Boundary conditions for contact model (b) Mesh distribution near the contact zoneFigure 4.2.: Finite element model for the contact between a cylinder and a plane4.2.3. ANSYSA 2D model was built on ANSYS10. The element used is PLANE182 with the optionPLANE STRAIN hypothesis and friction was neglected between the two surfaces. Dueto geometrical and load symmetry, half of the geometry was considered with symmetryboundary conditions (�gure 4.4(a)). The geometry was meshed using free triangularlinear mesh with a mesh concentration in the contact zone as shown in �gure 4.4(b). Theconvergence di�culties faced with COMSOL was solved using ANSYS10 with the di�erentcontact routines that are propose. The Results are displayed in �gure 4.5 showing thecontact pressure distribution along the contact length.
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Figure 4.3.: Contact pressure using COMSOL 3.4.

(a) Boundary conditions for contact model on AN-SYS10 (b) Mesh distribution near the contact zone inANSYS10Figure 4.4.: Finite element model, as built on ANSYS10, for the contact between a cylin-der and a plane
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Figure 4.5.: Contact pressure as simulated using ANSYS10.4.2.4. Analytical resultsHertz analytical formulation for this problem gives the expression of the contact pressuredistribution as a function of the contact length b and the maximum contact pressure
Pmax. The expressions are given by:
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) (4.2)Where F is the total applied vertical load which in our case is F = 2.R.l.500.106

R the cylinder radius (the block is considered as a cylinder with radius in�nity)
E1, E2 the Young modulii of the cylinder and the block respectively
ν1, ν2 the poisson's ratio of the cylinder and the block respectivelyand �nally l is the length of the cylinder and the block (the length of the cylinder andthe block is equal).
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PhD H.ACHKAR CHAPTER 4. NUMERICAL PLATFORM VALIDATIONand the contact pressure distribution Pr along the contact length is given by,
Pr(b) = Pmax
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)2 (4.3)Where x is the distance from the center of the contact length (on the plane of symmetry)to any point on the contact arc.4.2.5. ComparisonIn order to have e�cient validation, we compare the critical values of the parametersdescribing the contact which are the maximum contact pressure and the contact length.The analytical maximum contact pressure has a value of 4446 MPa with a di�erence of2% from the 4380 MPa obtained by simulation on COMSOL. The contact length showed1% di�erence between the 7.3 mm obtained from COMSOL simulation and the 7.2 mmcalculated analytically. The contact pressure distributions for the three cases, COMSOLsimulation, ANSYS simulation and analytical results, are compared in graph 4.6.Comparing the maximum contact pressure of 4410 MPa obtained on ANSYS10 and the4380 MPa obtained on COMSOL, presented an o�set of about 0.5% which is negligible.4.3. Piezoelectric modelsFor Piezoelectric models validation, we will �rst validate an analytical model of the actu-ator with COMSOL simulation, then a switch model will be used to compare COMSOLto ANSYS.4.3.1. ActuatorModel descriptionAn actuator consisting of a 500 µm long cantilever, multilayered to compose the piezo-electric stack is our case study for this physics validation. The multilayer is composed of 4layers: A thick elastic layer made of polysilicon,an isolation layer of Silicon nitride (SiN),a piezoelectric (active) layer of Zinc oxide (ZnO) and a top electrode made of Platinum.The geometrical details are shown in �gures 4.7(a) and 4.7(b) while the material proper-ties and the electromechanical coupling coe�cient of ZnO are as shown in �gure 4.8. Inreality, the elastic layer is wider than the rest of the layers due to fabrication concerns.For this reason, two geometries were simulated to check the e�ect of the di�erent widthson the de�ection of the beam. The �rst one considers that the elastic layer is wider thanthe rest of the stack while the second model considers that all the layers have the samewidth. The mechanical material properties as well as the geometrical parameters for eachlayer of the piezoelectric stack are summarized in table 4.1.July 2009 48
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Figure 4.6.: Contact pressure as a function of the arc distance for COMSOL, ANSYS andanalytical results.Material Width Thickness Yound modulus (GPa) Poisson's ratio d31Pt 26µm 0.2µm 250 0.25ZnO 26µm 1µm 161 0.36 2.3pC/NSiN 26µm 0.2µm 290 0.28Poly Si 30µm 1.7µm 162 0.23Table 4.1.: Material properties and dimensions for the piezoelectric stack layers.COMSOLWe used a 2D model to de�ne the problem using the PLANE STRESS hypothesis. InCOMSOL, we combined the structural mechanics PLANE STRESS stress with PIEZO-ELECTRICITY. The cantilever is clamped at the �rst end and kept free on the otherend. The source of deformation comes from the stress induced by the piezoelectric layerunder the e�ect of an electric �eld. The piezoelectric layer is polarized between two elec-trodes subjected to a potential di�rence of 3V. The boundary conditions are presentedon �gure 4.9. The geometry was meshed with quadrilateral elements of 4 µm in size. Theinitial stress in all layers is set to zero. Two simulations were run for the same model butJuly 2009 49
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(a) Geometrical dimensions of a piezo actuator, �rstmodel (b) Geometrical dimensions of a piezo actua-tor, second modelFigure 4.7.: Contact model description

Figure 4.8.: Material properties of the piezoelectric stack in the actuator model.di�erent geometrical parameters.Di�erent width The �rst model have an elastic layer width of 30 µm and the rest ofthe layers 26 µm. This model represents the real dimensions as the structure should beJuly 2009 50
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Figure 4.9.: Mechanical and electrical Boundary Conditions (B.C) for Piezoelectricmodel.fabricated with the piezoelectric stack thinner that the elastic layer. The Results of thesimulation is shown in �gure 4.10(a) displaying the vertical displacement of the cantileverwith a maximum of 223 nm.Same width The second model simpli�es the modeling and considers all the layers ofthe same thickness with a value of 30 µm. Figure 4.10(b) shows the vertical de�ectionobtained by �nite element simulation, with a maximum of 224 nm at the tip.Comparison for width e�ect The error that we might commit by simplifying themodel and considering the whole stack with the same width is 0.5%. This negligibleerror permits us to simplify our models in all our studies.Analytical resultsThe analytical formulation given by Smits [54] for the de�ection of a piezoelectric het-erogeneous bimorph as a function of the cantilever length is of the forme below:
δ(x) =

x2d31EF (te + tp)AeEeApEp

(te + tp)2AeEeApEp + 4(AeEe + ApEp)(IeEe + IpEp)
(4.4)Where:� x is the distance of the point of interest from the clamp of the cantilever.July 2009 51
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(a) Simulation results for the model with di�erentwidths (b) Simulation results for the model with the samewidthFigure 4.10.: Finite element simulation results� EF is the electric �eld (in the thickness direction) in the piezoelectric layer givenby EF = V
tp
.� d31 the electromechanical coupling coe�cient for the piezoelectric material used.� Ee, Ep the Young modulus of the elastic layer and the piezoelectric layer respec-tively.� te, tp the thickness of the elastic layer and the piezoelectric layer respectively.� Ae, Ap the cross section surface of the elastic layer and the piezoelectric layerrespectively.� Ie, Ip the cross section moment of inertia of the elastic layer and the piezoelectriclayer respectively.To simplify our model to a bimorph, the thickness of the Platinum and that of SiN wasadded to the thickness of the elastic layer. The negligible e�ect of the layers width on theactuation results, as presented in paragraph 4.3.1, permits us to simplify and considerthat the elastic layer as well as the piezoelectric stack, has the same width We = Wp = W .

Ae, Ap, Ie, Ip and EF can be then replaced by their values as a function of te, tp and W.The expression of the de�ection becomes:
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PhD H.ACHKAR CHAPTER 4. NUMERICAL PLATFORM VALIDATIONIf L is the length of the cantilever, the de�ection on the tip is then given by:
δ(L) =
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(4.6)ComparisonTo validate the simulations with the analytical results, we compared the de�ection at thetip of the actuated cantilever. At the tip, the o�set between the two de�ections is 5%,0.22 µm obtained from simulation and the 0.23 µm calculated analytically. The de�ectionalong the cantilever length for both cases (simulated and analytical) are illustrated in�gure 4.11.
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Figure 4.11.: De�ection along the cantilever for simulated and analytical results.4.3.2. SwitchModel descriptionTo compare the two softwares, COMSOL to ANSYS, we can choose a complicated struc-ture, near to the reality unlike the analytical models which exists only for simple actuator.The deformation of a piezoelectric switch with four actuators linked to a membrane isJuly 2009 53



PhD H.ACHKAR CHAPTER 4. NUMERICAL PLATFORM VALIDATIONnow considered. The dimensions of the model used, windmill design, are as presented in�gure 4.12.The actuator is composed of a bilayer, an elastic layer and a layer of piezoelectricmaterial whose properties are presented in table 4.2. This model serves only to studythe de�ection of such a switch under the piezoelectric actuation, the e�ect of the top andbottom electrode is neglected. The membrane and its connectors to the actuator is formedof one layer and of the same material as the elastic layer. Each actuator is clamped fromone end and connected to the membrane from the other end. The piezoelectric materialis actuated under 3V.Material Yound modulus (GPa) Poisson's ratio d31(pC/N)ZnO 70 0.25 274Poly Si 162 0.23Table 4.2.: Material properties of the piezoelectric stack layers for the windmill design.COMSOLThe element size used in COMSOL simulation is 10µm. Figure 4.13(a) shows the de�ec-tion of the windmill design obtained by simulation on COMSOL.ANSYSThe elements type used in ANSYS simulations is SOLIDE5 in order to induce the piezo-electric e�ect with the mechanical e�ect. A mapped meshing has been used with elementssize varying from 1.6µm to 10µm. The de�ection obtained by simulation on ANSYS foran element size of 1.6µm is presented in �gure 4.13(b).Comparison of COMSOL to ANSYSFor an element size of 10µm on COMSOL, we needed to re�ne the mesh until 1.6µmin ANSYS to obtain a �t of results in terms of de�ection and Von-Mises stress. Table4.3 summarizes the simulation results obtained on COMSOL and ANSYS for di�erentelement sizes. From the table we can see that in order to obtain the same results on AN-SYS and COMSOL, we need to re�ne the mesh in ANSYS 6 times more than COMSOLinducing an increase in the time of calculation 30 times more.
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Figure 4.12.: The geometrical parameters of the switch model, windmill design, used tocompare COMSOL to ANSYS.Software Mesh size Max de�ection Max Von-mises stress Calculation timeANSYS10 5 µm 0.793 µm 73 MPa 33 secANSYS10 1.6 µm 0.821 µm 123 MPa 690 secCOMSOL 10 µm 0.817 µm 129 MPa 22 secTable 4.3.: Simulation results of the windmill design for di�erent element size.4.4. Electrostatic models4.4.1. Model descriptionTo validate the electrostatic actuation, we took a simple bridge whose geometrical andmaterial properties are given in table 4.4 and 4.5 respectively. The bridge is clamped atboth ends and actuated at its center with an electrode 100µm wide as shown in �gure4.14. The model is not done on ANSYS due to the complexity to apply the electrostaticforce on the structure. A transducer element should be created between each node of theJuly 2009 55
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(a) Results of simulation on COMSOL for elementsize 10µm (b) Results of simulation on ANSYS10 for elementsize 1.6µmFigure 4.13.: Finite element simulation results for windmill design, for ANSYS and COM-SOL comparisionbridge surface with the nodes of the electrode surface.Length Width Thickness Gap1000 µm 60 µm 3 µm 2.5 µmTable 4.4.: Geometrical dimensions of the bridge material.Material Initial stress Young modulus Poisson's ratioGold 10 MPa 70 GPa 0.23Table 4.5.: Material properties of the bridge material.4.4.2. COMSOLWhen simulating the electrostatic problem on COMSOL, we needed to mesh the air gapbetween the bridge and the electrodes. This additional meshing increases the degrees offreedom and the memory needed to run the simulation. No hysterisis can be obtained,the pull-in can be deduced from the value of the applied voltage at the step where thecalculation diverge. The pull-in was found to be 34V.July 2009 56
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Figure 4.14.: The electrostatic model geometry.4.4.3. CoventorOn Coventor, the simulation of electrostatic problem is easier to de�ne. No meshing isneeded in the gap, and we can use the GDS �le to construct our model by de�ning theconvenient process. The pull-in detection is done automatically and the software staysstable even when pull-in is detected. The hysterisis cycle can be detected in the formof capacitance as a function of voltage or displacement as a function of voltage. Thesimulated pull-in is 36V and the pull-out 2V.4.4.4. Analytical resultsThe analytic equations of the simple bridge are described in the appendix A. The pull-involtage was calculated to be 31.5V and the pull-out was found to be 1.7V.4.4.5. ComparisonThe di�erence in the actuation voltage between the analytical result and Coventor isaround 14% while it is only 8% between the analytical value and COMSOL. The di�erencein the results between the two softwares is 5% which is acceptable but keeps CoventorJuly 2009 57



PhD H.ACHKAR CHAPTER 4. NUMERICAL PLATFORM VALIDATIONin advantage on COSMOL for the facility to build the model and for the hysterisis cyclethat COMSOL can't simulate.4.5. ConclusionFigure 4.15 summarizes the capacities of ANSYS and COMSOL as well as COVENTOR.The smiley face signi�es that the software is capable to do this and the empty case isto say that it is di�cult or impossible to do. In the following lines, we will list brie�ythe advantages and inconvenience that we have faced on each of COMSOL, ANSYS andCOVENTOR during our application.COMSOL COMSOL o�ers a wide palette of advantages summarized in:- Unlimited coupling of any physics.- Reduced computing time.- Any simulation parameter (Material properties, initial stress, forces ...) can be writ-ten as a function of simulation variables or exterior variables.- We can integrate initial stress gradient through the thickness of any material.- Possibility to build a model in SCRIPT format, communicate with matlab and addloops for optimization or for parametric study.- Possibility to import STL �les which are useful for the reverse engineering studies.While COMSOL's major drawbacks are:- The out of memory error, when modeling large models with many couplings. Thiscan be ameliorated by using larger memory or a 64 bits computer.- Drawing complicated geometries (circular geometries) is not simple. This issue wassolved by drawing the geometry on AutoCAD and exported as DXF �le which is thenread by COMSOL.- Di�culties to build contact models, and to �nd the appropriate parameters for thesolver convergence.- Simulation of electrostatic actuation could be run until pull-in. No hysteresis curvescan be obtained.July 2009 58



PhD H.ACHKAR CHAPTER 4. NUMERICAL PLATFORM VALIDATIONANSYS ANSYS also knows many advantages even if the simulation is time consuming,these are summarized in:- Very e�cient in solving contact problems and in the convergence of the solver.- Possibility to build a model in a text �le format, and add loops for optimization orparametric study.- Possibility to import STL �les which are useful for the reverse engineering studies.The drawbacks of ANSYS are:- Simulations are time consuming.- Some complications for electrostatic actuation modeling. We need to create a forceas a function of displacement between the nodes of two opposite surfaces.COVENTOR Coventor is a software dedicated to MEMS and circuit simulation, it hasmany advantages that are listed below:- Very e�cient for the electrostatic actuation simulation, specially the pull-in and pull-out voltages (hysteresis simulation).- Use of the Mask �le (GDS or CIF �les) in order to build the geometry of the model.- Possibility to export the geometry from ANSYS under the IGES format or DXF for-mat.Being very dedicated to a speci�c domain, Coventor has many drawbacks with respectto our application that can be summarized in:- Simulations are time consuming.- No 2D models can be simulated. The 2D mesh is only used in order to extrude themesh into a 3D structure.- Flat surfaces are only simulated, since it functions in layers to build the model. Thisdrawback can be solved by exporting any geometry from ANSYS under a IGES format.- No script �le for the model, making it very di�cult for multi parametric simulations,optimization or reverse engineering studies. (For reverse engineering, we need to build thegeometry in ANSYS, export it into IGES format, and then import it into COVENTOR)July 2009 59



PhD H.ACHKAR CHAPTER 4. NUMERICAL PLATFORM VALIDATION

Figure 4.15.: Summary of di�erent software capacities for multiphysics problems.In this study, we validated the results of simulation for the physics that we are going touse for modeling and solving our problems. COMSOL showed a good agreement with theanalytical values which gives a �rst degree of certainty on the results. The comparisonof COMSOL with ANSYS had a double goal, the �rst was to validate the results withwell known reliable software and the second was to compare their performances andadvantages with respect to each others. In paragraph 4.3.2, we can see that ANSYS needsabout 30 times more time for calculation. Nevertheless, ANSYS o�ers a wider optionof routines than in COMSOL for the contact problem solving which make of ANSYSexcellent software for contact problems convergence. As a result, we used COMSOL forpiezoelectric, initial stress and thermal problems as well as for the pull-in simulationto validate the analytical design. ANSYS is used for the contact models, where themembrane contacts the electrode in the piezoelectric switch. Coventor was used �nallyto simulate the hysteresis curve of our electrostatic switch design.
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Actionnement piezoelectriquePour résoudre le problème de stiction lié à l'actionnement électrostatique, nous étudieronsd'autres méthodes d'actionnement. La méthode d'actionnement piézoélectrique sembleêtre un bon alternatif, surtout qu'il est promettant d'une grande dé�ection et faible con-sommation d'énergie. Pour cette raison il est intéressant pour nous de faire une étude defaisabilité d'un commutateur piézoélectrique. Des di�érents topologies du commutateuront été étudié et les di�érents modes de connections de la membrane a l'actionneur ontété simulée.Tout d'abord, l'actionnement était sous l'investigation. La dé�exion et le temps deréponse des di�érents modèles ont été étudiés pour avoir une idée de la meilleur modede connecter l'actionneur à la membrane. Les fréquences propres ont été calculées maisils servent seulement pour comparaison. La membrane a montré une déformation impor-tante suite à l'actionnement, donc sa planéité après qu'elle touche l'électrode a été véri�é.Quelques problèmes ont fait face a notre étude quand il s'agit de la dé�ection initialede l'actionneur a cause du déséquilibre dans les contraintes initiales de chaque couche.Le même problème est confronté pour la variation de la température ambiante. Les co-e�cients de dilatation thermiques des di�érentes couches induisent un déséquilibre quicause une dé�exion initiale signi�cative. Pour cette raison, nous avons essayé di�érentessolutions pour compenser ce déséquilibre mécanique. Dans un premier lieu nous allonséquilibrer les coe�cients de dilatation thermique et dans une deuxième étape nous avonscompensé le gradient des contraintes mais la solution semble compliquer la fabrication.Les critères pour comparer les modèles sont la dé�exion maximale sous l'actionnement,la raideur, les fréquences de résonance mécaniques et le temps de commutation.Le concept consiste de déplacer une membrane vers une électrode �xe avec laque-lle elle va créer une capacitance variable en fonction de la position de membrane. Lescritères comme déjà expliqué sont d'obtenir une membrane plate quand elle vient con-tacter l'électrode. Une tension d'actionnement de 3V est imposée par l'application auxtéléphones mobiles. Il aussi devrait résister aux variations de la température de -40°C à85°C.Nous sommes intéressés dans l'étude des commutateurs RF capacitive. Les valeurs de
Con/Coff = 30 dé�nissent l'écart initial qui est imposé par l'application pour avoir unbon isolement. Un écart initial d'au moins 1.5µm est nécessaire pour obtenir l'isolement61



PhD H.ACHKAR CHAPTER 4. NUMERICAL PLATFORM VALIDATIONnécessaire. Des valeurs de la fréquence de résonance électrique, nous concluons la valeurde Con qui nous mène ensuite à calculer la surface de notre membrane (les dimensionsde la membrane). Une surface de 4.10−8m2 est nécessaire, donc la membrane carrée auraun côté de 200µm.En premier temps, le mécanisme de positionnement est étudié (Modèle I) alors cemécanisme de positionnement est connecté de di�érentes façon à une membrane. Lesdi�érentes façons de connexions mènent à 3 concepts di�érents (Modèle II, Modèle III etModèle IV).N'importe quelle force de déséquilibre ou la déformation est l'origine de dé�exion. Leproblème de dé�ection initial des structures multicouches vient du déséquilibre dans lescontraintes initiales dans les di�érentes couches ou du déséquilibre dans la déformationinduite par la dilatation thermique de chaque couche. Pour cette investigation nous avonschoisi le modèle I puisque s'il est compensé ca implique la compensation de l'autre mod-èles.La rotation du bout du mécanisme d'actionnement est transmise à la membrane in-duisant une poche d'air entre la membrane et l'électrode. Courbes 5.25, 5.26 et 5.27montrent la distribution de dé�exion sur la membrane des modèles II, III et IV respec-tivement. Cet écart d'air cause une perte importante dans la valeur de capacitance quia�ecte la qualité de commutation. Pour étudier la planéité de ces membranes, c'est néces-saire de modéliser leur contact avec l'électrode pour véri�er si l'énergie d'actionnementest assez pour aplatir la membrane contre l'électrode.
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5. Piezoelectric actuation5.1. IntroductionTo solve the problem of stiction related to electrostatic actuation, we shall study otheractuation methods. Piezoelectric actuation seems to be a good alternative, specialy thatpiezoelectric actuators promises with a high de�ection and low energy disipation. For thisreason it is interesting for us to do a feasibility study of a piezoelectric switch. Di�erenttopologies for the switch were studied and di�erent modes of connecting the membraneto the actuator was simulated.First of all, the actuation was under investigation. The de�ection and the responsetime of the di�erent models were studied in order to have an idea of the better mode ofconnecting the actuator to the membrane. The Eigen frequencies were calculated but itwill serve only for comparision. The membrane showed an important deformation due tothe actuation, so its �atness after contacting the electrode was checked.Some problems were faced when it comes to the initial �atness of the actuator dueto disequilibrium in the stress of each layer. Same problem is faced with the temper-ature variation. Thermal expansion coe�cients of di�erent layers induces deformationdisequilibrium causing a signi�cant initial de�ection. For this reason, we tried di�erentways to compensate this disequilibrium. In a �rst place we equilibrated the coe�cientsof thermal expansion and in a second step we compensated the stress gradient but thesolution seems complicated.The criteria to compare the models and those investigated in these models are the maxi-mum actuation de�ection, sti�ness, mechanical resonance frequencies and switching time.5.2. Design study5.2.1. IntroductionThe concept consists of moving a membrane towards a �xed electrode with which it willcreates a variable capacitance as a afunction of the membrane position. The criteriaas already explained is to obtain a �at membrane when it comes into contact with the63



PhD H.ACHKAR CHAPTER 5. PIEZOELECTRIC ACTUATIONelectrode. An actuation voltage of 3V imposed by the application to mobile phones. Itshould also withstand the temperature variations from -40°C to 85°C.We are interested in studying capacitive switches. The values of Con/Coff = 30 de�n-ing the initial gap is imposed by the application in order to have a good isolation. Aninitial gap of at least 1.5µm is needed to get the needed isolation. From the values ofthe electric resonance frequency, we deduce the Con value leading to calculate the surfacearea of our membrane (the dimensions of the membrane). An area of 4.10−8m2 is needed,so the square membrane will have a side of 200µm.First, the actuator is studied (Model I) then this actuator is connected in di�erent waysto a membrane. The di�erent ways of connections leads to 3 di�erent designs (Model II,Model III and Model IV).5.2.2. Simple actuator design (Model I)Model I descriptionFirst, the isolated actuator is studied (Model I) since it is the only source of de�ection andis common for all the designs. It consist of a cantilever formed of four layers composingthe piezoelectric stack: an elastic layer of silicon nitride, two platinium electrodes, and aPZT piezoelectric layer. The layers thickness of the actuator and the width are imposedby the process while the length value is a tradeo� between obtaining a high de�ection atactuation and low initial de�ection due to initial stress and temperature variation. Thedimensions are presented in table 5.1 and the material properties are shown on the �gure5.1.Neither initial stress e�ect nor temperature variation e�ect are considered in this para-graph and they will be treated in paragraphs 5.3.1 and 5.3.2 respectively.Layer Thickness (nm) Width (µm) Length (µm)Pt 100 20 275PZT-5H 100 20 275Pt 100 20 275SiN 500 20 275Table 5.1.: Dimensions of the piezoelectric stack of the actuator model I.
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Figure 5.1.: Geometrical description of Model I and its material properties.Model I simulationFor 3V actuation voltage we obtained a very high de�ection which is normal because theactuator is not connected to any structure absorbing the deformation or blocking it. Themaximum de�ection obtained at the tip is 72µm as shown in �gure 5.2(a).The stabilization time for the cantilever to run the 72µm is from 4 to 6 mSec obtainedfrom the graph in �gure 5.2(b). A cut along the actuator is shown in �gure 5.3.The eigen frequencies starts from 8KHz and stays in the range of hundreds of KHz.Figures 5.4(a), 5.4(b) and 5.4(c) shows the 4th, 5th and the 6th vibration modes obtainedin simulation for 207.3, 218.1 and 281.4KHz as a representation of the important modeswe can meet.5.2.3. Windmill design (Model II)This model consist of the actuator presented in paragraph 5.2.2, attached to a membranewith torsion arms. The material properties of the stack are already presented in paragraph5.2.2 and we consider that the membrane is made of the same material as the elastic layerof the actuator.
July 2009 65



PhD H.ACHKAR CHAPTER 5. PIEZOELECTRIC ACTUATION

(a) The de�ection simulation of Model I due topiezoelectric actuation. (b) The time response of the tip of Model I.Figure 5.2.: Finite element simulation results for model I
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Figure 5.3.: Cut along the actuator (Model I).Model II descriptionModel II is a cantilever as the one described in model I, and connected to the membranewith what we call torsion arms. The silicon nitride forming the elastic layer is 500nmJuly 2009 66
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(a) Simulated vibration mode at207.3 KHz for model I (b) Simulated vibration mode at218.1 KHz for model I (c) Simulated vibration mode at281.4 KHz for model IFigure 5.4.: Simulated vibration modes for model I.thick and forms at the same time the membrane as well as the connections (torsion arm)between the actuator and the membrane. The connectors dimension a�ects the torsionat the corner of the membrane and the total de�ection. A stress study on the connectorsshowed that the minimum value for the connectors width Wtor = 5µm. The length ofthe connectors a�ects the transmission of the actuator rotation at the tip as a bendingmoment to the membrane. It is then chosen to be Ltor = 20µm a compromise betweenthe surface occupied by the switch and the �atness of the membrane. The membranedimensions is a square of side Lm=200µm. The design parameters Lm, Ltorand Wtor areshown on �gure 5.5.Model II simulationActuated under 3V, we obtained a de�ection which is smaller than what was obtainedfrom the cantilever since the actuator is connected to a structure absorbing the deforma-tion.The maximum de�ection obtained at the tip of the actuator is 36.7µm as shown in�gure 5.6(a), while at the center of the membrane 32.7µm. The center of the membraneis de�ected less than the tip which creates an air gap between the membrane and theelectrode translated to a loss in the capacitance value. This deformation in the membraneis due to the rotation of the section at the tip inducing a torsion moment at the cornersof the membrane leading it to bend.The stabilization time for the membrane and cantilever to run the 36.7µm is between4 to 6 mSec obtained from the graph in �gure 5.6(b) showing the de�ection of the tipand the center of the membrane as a function of time. The cut along the actuator ispresented in �gure 5.7.July 2009 67
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Figure 5.5.: Geometrical description of Model II.

(a) The de�ection simulation of Model II due topiezoelectric actuation. (b) The time response of the tip of Model II.Figure 5.6.: Finite element simulation results for model IIThe eigen frequencies starts from 5KHz and stays in the range of few KHz. Figures5.8(a), 5.8(b) and 5.8(c) shows the 4th, 5th and the 6th vibration modes obtained inJuly 2009 68
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Figure 5.7.: Cut along the actuator of the windmill design (Model II).simulation for 23.3, 34.5 and 42.6KHz as a representation of the important modes wecan meet. The sti�ness of the stack was simulated to be 0.131 N/m, relatively high withrespect to model I.

(a) Simulated vibration mode at23.3 KHz for model II (b) Simulated vibration mode at34.5 KHz for model II (c) Simulated vibration mode at42.6 KHz for model IIFigure 5.8.: Simulated vibration modes for model II.5.2.4. Circular design (Model III)A circular model was tested consisting of a curved geometry of the actuator presented inparagraph 5.2.2, attached to a membrane with torsion arms. An equivalence of the areaJuly 2009 69



PhD H.ACHKAR CHAPTER 5. PIEZOELECTRIC ACTUATIONand the actuator length between this model and model II was done in order to obtainthe same functioning speci�cations.Model III descriptionModel III is a curved cantilever of average perimeter L=275µm and width Wcant=20µmin order to keep the equivalence with a straight actuator for comparison reasons. Thepiezoelectric stack of the actuator is the same as for model I. The actuator is connected tothe membrane with the torsion arm of length Ltor=20µm and width Wtor=5µm. Similarto model II, the silicon nitride forming the elastic layer is 500nm thick and forms at thesame time the circular membrane and the connections (torsion arm). The membrane isa circular of radius R=113µm, to have an equivalence on the surface area as the previousmodel. The geometric details are shown in �gure 5.9.

Figure 5.9.: Geometrical description of Model III.Model III simulationActuated under 3V, we obtained a de�ection which is the smallest among the three othermodels.The maximum de�ection obtained at the tip of the actuator is 20.6µm as shown in�gure 5.10(a), while at the center of the membrane 14.7µm. The center of the membraneis de�ected less than the tip which creates an air gap as for the case of model II.
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PhD H.ACHKAR CHAPTER 5. PIEZOELECTRIC ACTUATIONThe stabilization time for the membrane and the cantilever to run the 20.6µm is be-tween 4 to 6 mSec obtained from the graph in �gure 5.10(b) showing the de�ection ofthe tip and the center of the membrane as a function of time.The eigen frequencies are in the same range as for model II. Figures 5.11(a), 5.11(b)and 5.11(c) shows the 4th, 5th and the 6th vibration modes obtained in simulation for34.3, 40.6 and 40.7KHz as a representation of the important modes we can meet for thismodel. The sti�ness of the stack was simulated to be 0.206 N/m, relatively the highestwith respect to the other models listed here.

(a) The de�ection simulation of Model III due topiezoelectric actuation. (b) The time response of the tip of Model III.Figure 5.10.: Finite element simulation results for model III5.2.5. Cross design (Model IV)The cross design was studied in order to check di�erent connection methods. In thismodel, the actuator of length L = 275µm presented in paragraph 5.2.2, is connectedto the membrane in a �exion mode. The material properties of the stack are alreadypresented in paragraph 5.2.2.Model IV descriptionModel IV is the cantilever already described in model I, and connected to the membranewith �exion arm. Here also, the elastic layer forms at the same time the membraneas well as the connections (�exion arm) between the actuator and the membrane. TheJuly 2009 71
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(a) Simulated vibration mode at34.3 KHz for model III (b) Simulated vibration mode at40.6 KHz for model III (c) Simulated vibration mode at40.7 KHz for model IIIFigure 5.11.: Simulated vibration modes for model III.membrane is a square of side Lm=200µm, the �exion arm has a length Lcon=20µm andwidth Wcon=5µm as shown in �gure 5.12.

Figure 5.12.: Geometrical description of Model IV.Model IV simulationActuated in �exion mode, the 3V actuation voltage gives the highest de�ection amongthe models with moving membranes. The maximum de�ection obtained at the tip ofthe actuator is 46.4µm as shown in �gure 5.13(a), while 52.3µm at the center of theJuly 2009 72



PhD H.ACHKAR CHAPTER 5. PIEZOELECTRIC ACTUATIONmembrane. The center of the membrane in this model is de�ected more than the tipwhich leads to a better �atness after the contact of the membrane with the electrode.The stabilization time for the membrane and the cantilever to run the 52.3µm is between4 and 6 mSec obtained from the graph in �gure 5.13(b) showing the de�ection of the tipand the center of the membrane as a function of time.

(a) The de�ection simulation of Model IV due topiezoelectric actuation. (b) The time response of the tip of Model IV.Figure 5.13.: Finite element simulation results for model IVThe eigen frequencies are in the same range as for model II. Figures 5.15(a), 5.15(b)and 5.15(c) shows the 4th, 5th and the 6th vibration modes obtained in simulation for27.5, 35.3 and 39.8KHz as a representation of the important modes we can meet forthis model. The sti�ness of the stack was simulated to be 0.11 N/m, higher than thecantilever model but keeping the high de�ection property.5.2.6. Comparision of di�erent designs and conclusionA summary of the studied criteria for di�erent models is shown in table 5.2.The simple actuator presents the highest de�ection which is very appreciable but thisde�ection decreases when the actuator is connected to the membrane and very signi�-cantly in model III. Model IV shows very interesting results at all levels, good de�ection,good sti�ness and a de�ection at the center of the membrane larger than that of theactuator tip. Having a de�ection at the center more important that the actuators tipimplies that the center of the membrane touches the electrode before the actuator whichJuly 2009 73
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Figure 5.14.: Cut along the actuator of the cross design (Model IV).

(a) Simulated vibration mode at27.5 KHz for model IV (b) Simulated vibration mode at35.3 KHz for model IV (c) Simulated vibration mode at39.8 KHz for model IVFigure 5.15.: Simulated vibration modes for model IV.is interesting for the contact quality in order to obtain a �at surface. The percentagedi�erence of de�ection between the center and the tip for models II and IV are of 11%while it is 29% for model III, thats why a further study on the �atness of the membranewill be done only for models II and IV. The �atness problem will be treated in the nextparagraph.The eigen frequency of the moving sructure must be far from the functioning frequencyin order to prevent it from autoactuation. The models shows approximately the sameJuly 2009 74



PhD H.ACHKAR CHAPTER 5. PIEZOELECTRIC ACTUATIONorder of eigen frequencies far from the GHz level. The damping e�ect being di�cult tocharacterize and very dependent on the packaging cavity, we used approximative param-eters for modeling.The response time is the same for the 4 models but this doesn't mean that they havethe same response. All models are responding with the same time but to cover di�erentde�ections which implies that the cantilever has the fastest response time.5.3. Initial de�ection problemAny disequilibrated force or deformation is the origin of de�ection. Initial de�ectionproblem in multilayered structures comes from the disequilibrium of initial stress in thedi�erent layers or from the disequilibrium in the deformation induced by the thermalexpansion of each layer. For this investigation we chose model I since if it is compensatedand straight will implies the compensation of the other models.5.3.1. Initial stress disequilibriumThe initial de�ection due to the initial stress gradient is in the order of 9µm upwards.To compensate this gradient in the layers, a layer with variable stress should be induced.Two solutions was proposed, either add a Pt layer underneath the SiN or study anothercombination of layers with variable initial stress state. In the case of compensation withplatinum, the stack has the properties shown in �gure 5.16, where Γi is the initial stress inthe layer. A study was done on the sensitivity of the actuator de�ection to the platinumand nitride thicknesses. Figures 5.17, 5.18 and 5.19 show the initial de�ection of thecompensated stack described in 5.16 as a function of the platinum compensation layerthickness and the initial stress in the layers.In �gures 5.17, 5.18 and 5.19, the Y-axis is limited to 1µm de�ection (upwards ordownwards) as a criteria for compensation.The sensitivity to the platinum thickness is high when the slope of the curves is high,while the sensitivity to the stress value in SiN is high when the distance between thecurves is high. We can see from �gure 5.17 that the initial de�ection, in the case whereSiN thickness is 500nm, is very sensitive to the uncertainties on the platinum thicknessand on the initial stress in SiN. The sensitivity decreases when the thickness of SiN in-creases to 1000nm and it reaches a good value for a SiN thickness of 2000nm. The valuesof the de�ections as shown in 5.19 are limited to 0.5µm, which is acceptable, for anyuncertainty obtained from fabrication.
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Table 5.2.: Summary of the studied criteria for the di�erent models.The 2000nm of SiN is very big and it a�ects the de�ection under the piezoelectricactuation while the 1000nm makes the stack sensitive to fabrication uncertainties. Inaddition to that, the stack is not at thermal equilibrium so an alternative was chosen.The alternative for this stack will be the the one presented in 5.20, which compensatesthe thermal and the initial stress disequilibrium at the same time. The advantage in thisJuly 2009 76
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Figure 5.16.: Geometrical description of the stack with platinum as compensation layer.

Figure 5.17.: De�ection of the stack described in 5.16 as a function of platinum thicknessand the initial stress in SiN, for SiN thickness 500nm.con�guration, is that we can deposite two layers of SiN with two di�erent and variablestress states. The initial stress in the top platinum layer is dependent on the annealingtemperature and can vary from 500MPa to 1100MPa. Figure 5.21 shows that the de�ec-July 2009 77
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Figure 5.18.: De�ection of the stack described in 5.16 as a function of platinum thicknessand the initial stress in SiN, for SiN thickness 1000nm.

Figure 5.19.: De�ection of the stack described in 5.16 as a function of platinum thicknessand the initial stress in SiN, for SiN thickness 2000nm.tion changes from downward to upward when varying the Platinum initial stress from500 to 1100MPa. This means we can control the initial de�ection due to intial stress bycontroling the curing temperature in order to obtain a �at actuator.July 2009 78
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Figure 5.20.: Geometrical description of the stack for stress and thermal compensation.5.3.2. Thermomechanical disequilibriumThe ISO for a certi�ed RF switch to be marketed is to pass the reliability test and tofunction in a range of temperature between -40°C and +85°C. Simulations done on thestack of �gure 5.1 showed de�ections 3 times higher than the gap as �gure 5.22 shows.The reference temperature taken 20°C, the increase in temperature till 85°C leads to a de-�ection of 9.2µm downwards and the decrease to -40°C leads to 8.5µm de�ection upwards.Using the alternative stack presented in �gure 5.20, the structure will be compensatedthermally. Figure 5.23 illustrates the de�ection, after thermal compensation, of the beamunder the temperature variation from -40°C to 85°C with a reference temperature of 20°C.The total de�ection for the temperature variation moves from -550nm to +600nm whichis acceptable.The measurments of the de�ection of the test cantilever tip as a function of the anneal-ing temperature is shown in �gure 5.24. We can see that the de�ection goes from negativevalues to positive values as a function of the annealing temperature, that is we can �nda value of annealing temperature giving a Pt stress value convenient to compensate theinitial stress disequilibrium.
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Figure 5.21.: De�ection of the actuator for Pt initial stress of 500 and 1100MPa.5.4. Membrane �atness problemThe rotation of the actuator tip is transmitted to the membrane inducing an air gap be-tween the membrane and the electrode. Figures 5.25, 5.26 and 5.27 shows the de�ectiondistribution on the membrane of models II, III and IV respectively. This air gap causesan important loss in the capacitance value which in its turn a�ects the switching quality.To study the �atness of these membranes, it is necessary to model their contact withthe top electrode in order to verify if the actuation energy is enough to �atten the mem-brane on the electrode. Contact simulation was run for models II and IV using ANSYS.The contact zone is the membrane and the electrode seperated by 3µm gap. The sim-ulations showed that the actuation energy is su�cient to obtain a good �atness. The�atness is obtained after a voltage equivalent to a de�ection of 20µm of the switches. Asdisplayed in �gures 5.28 and 5.28, the cut view after contact of the membranes showsa complete �atness face to the electrode at 3µm from the initial position. The frictioncoe�cient between the two surfaces was varied from 0 to 0.5 to check their e�ect on the�atness, and no e�ect was observed.
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(a) The initial de�ection due to an increase in tem-perature to 85°C with respect to 20°C. (b) The initial de�ection due to a decrease in tem-perature to -40°C with respect to 20°C.Figure 5.22.: The actuator initial de�ection due to thermal mismatch.5.5. ConclusionPiezoelectric actuation was under investigation in order to study if it can replace theelectrostatic actuation and get rid of its drawbacks. Di�erent models were simulated instatic, transient (time dependent) and Eigen frequency analysis in order to have a tableof criteria for our choice.Model I showed the highest de�ection among all the models but it had a very lowsti�ness. All other models consisting of a membrane connected to the actuator, showeda lower de�ection but it was enough to �ll the gap and cause the �atness of the membrane.The high initial de�ection problem due to stress and thermal disequilibrium was treatedin two ways. The �rst solutions, where Platinum layer was added under the elastic, cancompensate the stress in the stack but not the thermal mismatch. In addition to that the�rst solution, presented in �gure 5.16, needs a high thickness of the elastic layer whichreduces also the de�ection due of the actuation. For that reason a second solution wasconsidered consisting of adding Titanium layer with SiO2 as presented in �gure 5.20.The second solution is more interested since it compensates the thermal mismatch andthe initial stress, though it is more complicated in terms of fabrication.The contact simulation, of designs model II and model IV with the �nal compensatedstack, of the contact between the membrane and the electrode demonstrate a �at mem-July 2009 81
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Figure 5.23.: De�ection of the actuator for temperture variation from -40°C to 85°C witha reference temperature of 20°C.brane. Even for high values of the coe�cient of friction the �atness is not a�ected.The present study showed that it is feasible to obtain a piezoelectric switch functioningwith the de�ned speci�cations but it needs a complicated process. Searching for a simplerprocess will motivate us to go back to electrostatic switches and try solving the stictionproblem.
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Figure 5.24.: Experimental measurments of the cantilever de�ection with the stack of�gure 5.20 as a function of the annealing temperature of Pt.
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(b) A cut of the local �atness of model II.Figure 5.25.: The membrane �atness of model II.
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(b) A cut of the local �atness of model III.Figure 5.26.: The membrane �atness of model III.
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(b) A cut of the local �atness of model IV.Figure 5.27.: The membrane �atness of model IV.
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(a) The membrane �atness of model II after con-tact. 0,0 5,0x10-5 1,0x10-4 1,5x10-4 2,0x10-4 2,5x10-4 3,0x10-4
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(b) The cut view of �gure 5.28(a) after contact.Figure 5.28.: The membrane �atness for model II after contact.
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(b) The cut view of �gure 5.29(a) after contact.Figure 5.29.: The membrane �atness for model IV after contact.
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Actionnement electrostatiqueLe processus compliqué pour obtenir un commutateur piézoélectrique, ainsi que le pro-cessus relativement simple du commutateur électrostatique nous a poussés à étudier unesolution pour le problème de stiction dans les commutateurs électrostatique.Pour réduire la stiction, les chercheurs essaient de réduire le chargement du diélectriqueutilisant des méthodes di�érentes énumérées ci dessous :� Actionnement bipolaire.� Actionnement sur les cotés pour séparer l'actionnement de la zone du contact.� Commutateur sans diélectrique.Toutes les solutions énumérées sont discutés dans chapitre 3 et ils présentent beaucoupd'inconvénients surtout sur le niveau de la qualité de capacitance dans l'état actionné.Notre solution s'agit donc d'augmenter la force de rappel.Une grande raideur implique directement une grande tension d'actionnement pendantqu'une faible tension d'actionnement implique une faible raideur équivalente à dire unefaible force de rappel. La faible raideur est traduite par une faible tension de relâche-ment qui est la tension minimal pour maintenir le commutateur à l'état actionné. Sinous véri�ons le mécanisme d'échec d'un commutateur à actionnement électrostatiquesous cyclage, nous voyons un décalage de la tension de relâchement vers zéro en raison dechargement. L'échec du commutateur est quand la tension de relâchement atteint zéro,cela signi�e que le commutateur est plaqué d'une façon permanente en bas dû à la forceélectrostatique produite par les charges prises au piège dans le diélectrique.Un exemple du décalage de la tension de relâchement en fonction du cyclage est trouvédans �gure 6.1. Il montre la courbe d'hystérises C-V d'un commutateur testé montrantle glissement dans cette courbe vers l'axe Y. Ceci explique le besoin d'une haute tensionde relâchement pour éloigner de zéro le point d'échec et par cela l'augmentation de ladurée de vie.Examiner l'expression de la tension d'actionnement (donné par équation (6.1)) et la ten-sion de relâchement (donné par équation (6.2)) pour un pont simple (montré dans la �gure6.2). Nous nous rendons compte que quand nous diminuons l'écart initial, nous pouvons87



PhD H.ACHKAR CHAPTER 5. PIEZOELECTRIC ACTUATIONaugmenter la raideur tout en gardant la même valeur de la tension d'actionnement.L'écart est réduit en fonction de la dé�ection du pont, nous avons trouvé que c'estintéressant si nous pouvons augmenter la raideur aussi en fonction de l'actionnement.Le dé� est maintenant de trouver une structure ayant une raideur variable, augmentanten fonction de la dé�ection (en fonction du déplacement). Pour garder la même tensiond'actionnement, la raideur doit respect la condition que la force de rappel soit toujoursau dessous de la force électrostatique.En traçant les forces qui s'applique au pont (la force et rappel et la force électrosta-tique) en fonction de la distance entre le pont et l'électrode, nous pouvons conclure latension d'actionnement en trouvant la courbe de la force électrostatique tangent à laforce de rappel selon la �gure 6.3. Figure 6.4 montre la force de rappel qui s'applique aupont avec un comportement non linéaire où la raideur de structure change en fonctionde l'actionnement.Le comportement non linéaire d'une structure est obtenu par contacte ou �ambement. Unpapier publié déjà dans MEMS 2008 parle d'une processus de fabrication d'un commuta-teur a actionnement électrostatique avec un comportement non linéaire utilisant le �ambe-ment [55]. La fabrication est compliqué à établir puisque ils utilisent l'actionnement dansle plan et donc des électrodes verticales.Une autre façon pour obtenir une raideur non linéaire est d'avoir le contact mécaniqueentre la structure qui se déforme et une partie �xe. Pour avoir un changement spéci�quede la raideur, nous ajouterons deux plots que nous appellerons des bouchons pour per-mettre ce contact. Le concept est de permettre au pont un certain déplacement avantqu'il atteint un certain point où nous imposons un contact à une certaine hauteur précalculé d'une façon à respecter la condition que la force de rappel reste plus petit que laforce électrostatique.Les paramètres à étudier pour ce concept sont la hauteur des bouchons et la distanceentre eux qui dé�nira le rapport entre les deux états de raideur. Le pont aura la formecomme montré sur la �gure 6.5. Figure 6.5 montre le concept, avant le contact, quiest utilisé à obtenir les deux états de raideur. Figure 6.6 montre l'état du commutateuraprès le contact qui permet pour nous avoir une plus haute raideur quand le gap est réduit.
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6. Electrostatic actuation6.1. IntroductionThe complicated process needed to obtain a piezoelectric switch, together with the rela-tively simple process of the electrostatic switch made us study a solution for the stictionproblem in electrostatic switches.To reduce the stiction people try to reduce the dielectric charging using di�erent meth-ods listed below:� Bipolar actuation.� Side electrodes to seperate the actuation from the contact zone.� Dielectricless switchesAll of the listed solutions are discused in chapter 3 and they present many drawbacksespecially on the level of the capacitance quality in the actuated state. Our solution isto increase the restoring force.A large sti�ness implies directly a high actuation voltage while a low actuation voltageimplies a low sti�ness equivalent to a low restoring force. The low sti�ness is translated bya low pull-out voltage which is the minimum voltage to maintain the switch in the downstate. If we check the failure mechanisim of an electrostaticaly acutated switch undercycling, we see a shift in the pull-out voltage towards zero due to charging. The failure ofthe switch is when the pull-out voltage reaches zero, that means the switch is permanentlystuck down due to the electrostatic force generated by the traped charges in the dielectric.An example of the shift can be found in �gure 6.1. It shows the C-V hysterises curveof a tested switch showing the shift in this curve towards the Y-axis. This explains theneed of a high pull-out voltage in order to move away from zero the point of failure andso gain in terms of life time.Examining the expression of pull-in (given by equation (6.1)) and pull-out (given byequation (6.2)) voltages given for a double clamped simple bridge (shown in �gure 6.2),we realize that when we decrease the initial gap we can increase in the sti�ness while89
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(6.2)where g0 is the initial gap, K is the sti�ness of the bridge. W , Wa and td are respec-tively the width of the bridge, the width of the actuation pad and the dielectric thickness.

ε0 and εr are the permitivity in vaccum and the relative permitivity of the dielectric re-spectively. With t the thickness of the bridge that a�ects the sti�ness K.The gap is reduced as a function of the actuation so we found it interesting if wecan increase the sti�ness also as a function of actuation. The challenge now is to �nda structure having a variable sti�ness increasing as a function of the actuation (as afunction of the displacement). In order to keep the same actuation voltage, the sti�nesshave to respect the condition that the restoring force be always below the electrostaticforce.Plotting the forces acting on the beam (electrostatic force and restoring force) as afuntion of the distance between the bridge and the electrode, we can deduce the actuationvoltage by �nding the corresponding electrostatic force curve tangent to the restoringJuly 2009 90
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Figure 6.2.: The geometrical parameters of an electrostatic switch.force as shown in �gure 6.3. Figure 6.4 shows the restoring force of a beam with anonlinear behaviour where the structure sti�ness changes during the actuation.The non linear behavior of a structure is obained by either contact or buckling. A paperalready published in MEMS 2008 proceeding talks about fabricating an electrostaticalyactuated switch with a nonlinear behavior using buckling [55]. The process is complicatedto establish since they use in plane actuation and so they use vertical electrodes.Another way to obain a nonlinear sti�ness is to have mechanical contact between thedeforming structure and a �xed part. In order to have a speci�c sti�ness change, we willadd two pads that we will call stoppers in order to permit this contact. The concept isto permit for the bridge a certain displacement before reaching a certain point where weimpose a contact at a certain height calculated in a way to respect the condition that therestoring force stays lower than the electrostatic force.The parameters to be studied for this concept are the height of the stoppers and thedistance between them which will de�ne the ratio between the two states of sti�ness.The bridge will have the form as shown in �gure 6.5. Figure 6.5 shows the concept beforecontact used to obtain a two states of sti�ness. Figure 6.6 shows the state of the switchafter contact which permits for us to have a higher sti�ness when the gap is reduced.
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Figure 6.3.: Graph of the applied forces on the beam as a function of the distance betweenthe bridge and the electrode.6.2. Finite element modeling6.2.1. IntroductionIn the frame of studying the feasability of the stopper and its e�ect on the behaviorof the switch, di�erent mechanical simulations were run. In this paragraph, we verifysome hypothesis taken in the analytical model, like the e�ect of the stopper on the ini-tial sti�ness. Then we present a study on the initial de�ection due to initial stress andgeometrical discontinuities.The stopper is molded into a hole, etched into the photoresist so it will take the shapeof this later. The photoresist will be annealed after development in order to relax thestresses and give it its �nal shape. The walls after relaxation will be inclined and themeasurements showed that they will form an inclination of 12° with the horizontal asshown in �gure 6.7.The nonuniformity must be added to the studied geometry, with di�erent stopperwidth. We �xed the stoppers interdistance ls to 500µm and studied three di�erent widthpossibilities 5, 10 and 20µm and their impact on the initial sti�ness. The goal is to seeif the stopper size has any in�uence on the sti�ness before touching the ground plane.July 2009 92
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Figure 6.5.: Representaion of the concept to have non linear sti�ness.What we need for our application is a sharp stopper just to make the contact possibleand increase the sti�ness after contact. The values of the stopper width comes fromJuly 2009 93
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Figure 6.6.: Representaion of the concept after contact.technological constraints since we can't go below 5µm and we would like to verify ifits feasible with 20µm. The geometries are drawn on AutoCad and then imported intoCOMSOL3.4.

Figure 6.7.: The geometry of the stopper and di�erent dimensions.
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PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATION6.2.2. Tuning the mesh sizeBefore starting simulations, a sensitivity study of the e�ect of the element size on theresults is necessary. COMSOL3.4 is the software used for the �nite element analysis.Since the length of the beam is much greater than the width, a simpli�ed 2D model isused using the hypothesis of plan stress. The model consists of a �xed-�xed straightbeam loaded at its center along 100µm as in �gure 6.8. The load is uniformly distributedalong the actuation distance in a way to be equivalent to the electrostatic force that isused in our application. The result of the simulation is presented in �gure 6.9.The de�ection of di�erent models with di�erent element size is calculated and theresults are shown in �gure 6.10. On the right of the vertical reference line, the e�ect ofthe element size becomes important so we manage to mesh our models in a way to stayinferior to this value. Parameter Value Descriptionl 1330µm Beam length
Wa 100µm Distance of actuationW 80µm Beam widtht 3µm Beam thicknessE 70GPa Young modulus
ν 0.23 Poisson's ratio
σ no Initial stressTable 6.1.: Simulation parameters for mesh size tunning.6.2.3. Real geometry simulationsDuring the fabrication phase, we did topography measurments after each step in orderto control the structure growth. The reverse engineering method described in Part I.permitted us to regenerate the real topography obtained by measurments. This realgeometry will help us understand the importance of the non-uniformities on the behaviorof the switch. We used two geometries, the �rst without stoppers and the other withstoppers. The simulation parameters used are listed in table 6.2. The Regeneratedgeometries are shown in �gures 6.11 and 6.12.6.2.4. E�ect of initial stress on initial deformation.Initial deformation are induced from initial stress which impacts the functionning of theswitch. This initial deformation may tend to either reduce the gap between the bridgeand the electrode or increase it. In both cases there are inconvenients, if the gap isJuly 2009 95
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Figure 6.8.: Geometry of the model used for simulation.

Figure 6.9.: Simulation of the straight �xed-�xed beam on COMSOL3.4.reduced we will loose in terms of capacitance ratio while if the gap is increased the actu-ation voltage will increase.The initial stress is a result of depositing di�erent layers at di�erent temperature andfrom the induction of dislocations. The value of this initial stress is linked to the processparameters and to the material used.In this section we will deal with two main problems. The �rst is the e�ect of theJuly 2009 96
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Figure 6.10.: Graph of the displacement at the center of the beam as a function of theelement size.Parameter Value Description
Wa 100µm Distance of actuationW 80µm Beam widthE 70GPa Young modulus
ν 0.23 Poisson's ratioTable 6.2.: Simulation parameters for real geometry simulation.direction of the initial stress in the non uniform geometry on the initial deformation.The second is the e�ect of the position and size of the non uniformity on the initialdeformation. Most non uniformities are unvoluntary and they come as a result of thetopology underneath the sacri�cial layer while some are voluntary and are fabricated todo a certain function for example the stoppers. Usually the large deformation are dueto stress gradient in the structures but in our case, since we are working on �xed-�xedcantilever and since we reduced a lot the gradient, we will be interested in the meanstress.
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Figure 6.11.: The regenerated geometry for a switch without stoppers.

Figure 6.12.: The regenerated geometry for a switch with stoppers.Creat a local coordinate system for initial stress inplantationAll the �nite element analysis softwares, specially those dedicated to solve mechanicalproblems, can deal with the initial stress and include it in their simulation. This is goodwhen we have a straight geometry with no non-uniformities and no curvature because theinitial stress is applied in the global coordinate system (as in �gure 6.13(a)). In reallity,the initial stress direction follows the topology of the structure so we have to change thecoordinate system as a function of the topology (as in �gure 6.13(b)).If the structure is simple, that is it is formed of only few subdomains, we can createcoordinate systems manually and apply it to each case. This is not the case for us,since the structure that we want to simulate has a random shape and with unpredictablecurvatures. For this reason, we need a universal and automatic method to creat the cor-responding coordinate system coherent with any structure at each point of it. To solvethis problem, we use COMSOL3.4 with the multiphysics option and adding a problem ofJuly 2009 98
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(a) A non uniform geometry with the globalaxis representation (b) A non uniform geometry with the globalaxis representationFigure 6.13.: Photos showing the direction of the stress direction.di�usion to the mechanical problem.The di�usion problem added to our analysis is only used to obtain at each point avector perpendicular to the surface. In �gure 6.14(a) we show the boundary conditionsfor the di�usion problem. Since we insulate the sides of the geometry, we impose thedi�usion to happen in one direction perpendicular to the surfaces. Applying a concen-tration of 1 mol/m3 on the �rst face and 0 mol/m3 on the opposite face, we will obtainthe gradient of concentration between the two faces which will de�ne the Y-axis direc-tion. The components of the concentration gradient are used to de�ne the X-axis andthe Y-axis direction as displayed in �gure 6.14(b).We veri�ed this method on the geometry of the beam with stoppers, and the X-axisdirection obtained can be seen on �gure 6.15. Now we can de�ne a new local coordinatesystem in the mechanical design coupled to the di�usion simulation in order to de�nethe appropriate coordinate system following the topology. The new X-axis will have ascoordinates (cy,-cx) where cx and cy are the concentration gradient component alongthe x and y direction respectively in the global coordinate system. This will permit usnow to de�ne the initial stress in a non uniform geometry in a correct way following thetopology of the surface.With and without changing the coordinate systemIn this paragraph, we will check if it is necessary to do the changement of the coordinatesystem. We took the model of the beam with a 5µm stopper and an inter-distance of500µm. Figure 6.15 shows the X-axis direction in the stopper model as simulated usingthe method described to generate a local coordinate system. The simulation was run for10 MPa initial stress and the results are shown in �gures 6.16 and 6.17. In �gure 6.17 wedisplay the de�ection of the beam as well as the lines showing the direction of the newcoordinate system. The relative di�erence in the de�ection between a simulation withJuly 2009 99
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(a) Boundary conditions for the di�usion sim-ulation (b) the results of the simulation showing thedirection of the X-axis as simulatedFigure 6.14.: Model simulated to �nd new coordinate systems following the topology.initial stress in the global coordinate system and initial stress in local coordinate systemis only 1%. The e�ect of changing the coordinate system is negligible but it will be testedlater on the real geometry obtained from the measurments.

Figure 6.15.: the X-axis direction shown by arrows for the geometry with stoppers inorder to validate the method.De�ection of real geometry due to initial stressThe initial deformation is an important issue and impacts also the pull-in voltage sincethe deformation can increase or decrease the gap. Evaluating the initial deformation ofthe real geometry will help understand if it is mandatory to fabricate a �at beam, andJuly 2009 100
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Figure 6.16.: The de�ection of the beam due to 10MPa initial stress as simulated in theglobal coordinate system.

Figure 6.17.: The de�ection of the beam due to 10MPa initial stress as simulated in thelocal coordinate system.to understand if there are ameleorations that should be done to the process.Figure 6.18 shows the simulated initial de�ection of the beam without stoppers underan initial stress of 10MPa. The maximum de�ection at the center is about 209nm fora 3µm thickness of gold beam and 195nm for a 3.4µm and a cut view comparing bothcases is presented in �gure 6.20.July 2009 101



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONThe simulated de�ection of the real geometry with stoppers is presented in Figure 6.19showing a de�ection of 261nm for a 3µm thickness of gold beam and 235nm for a 3.4µm.The cut view of the real geometry with stoppers for both thicknesses is presented in�gure 6.21 with respect to the non deformed reference geometry. The real geometry withstoppers deformes more with respect to the one without stoppers which is expected.

(a) The initial de�ection for a 3µm gold beam without stoppers.

(b) The initial de�ection for a 3.4µm gold beam without stoppers.Figure 6.18.: The De�ection due to initial stress of the real geometry for a switch withoutstoppers.
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(a) The initial de�ection for a 3µm gold beam with stoppers.

(b) The initial de�ection for a 3.4µm gold beam with stoppers.Figure 6.19.: The De�ection due to initial stress of the real geometry for a switch withstoppers.Straight beamFor most of the people, a perfectly straight beam will stay straight even if there are initialstress. The reality is di�erent, even if we succeed to obtain a straight beam, there willbe the e�ect of the anchor which will exist always. Figure 6.22 shows the simulation of aperfectly straight beam with the e�ect of the anchor and for an initial stress of 10MPa.The de�ection is 142nm downward which is 6% of the initial gap. The anchor can thenbe considered as a non uniformity in the upward direction.July 2009 103
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Figure 6.20.: The cut view of the de�ection of the real geometry without stoppers due toinitial stress.
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Figure 6.21.: The cut view of the de�ection of the real geometry with stoppers due toinitial stress.The de�ection is due to a bending moment generated from the tensile force. Figure6.23(a) presents the anchor isolated with the forces applied on it due to the initial stress.The equivalence of this force is a bending moment dependent on the height of the anchorand causing its de�ection as shown in �gure 6.23(b). The stopper or any non uniformityinduces in the structure a moment. Figure 6.23(c) is the isolated stopper (non uniformity)with the applied tensile force on both ends. The forces are at equilibrium but the momentat the tip of the stopper will not be zero, it will have a value dependent on the height ofthe non uniformity as shown in �gure 6.23(d). The deformation due to the non uniformitymust be local since the moment acts only in the non uniform zone and is zero in the restJuly 2009 104
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Figure 6.22.: The de�ection of a straight beam under the action of 10MPa initial stressdue to the anchor.E�ect of the stoppers size on the initial deformationThe non uniformity in the geometry due to the stopper fabrication, as any other nonuniformity, ampli�es the initial de�ection caused by the initial stress. In this part we willstudy the e�ect of the stopper size on the initial deformation. The stoppers interdistanceis �xed to 500µm and the subjected initial stress is 10 MPa. The width of these stoppersis the only parameter studied in this paragraph.� De�ection for 5µm wide stopper In this paragraph we show the simulated de�ectionof a switch with 5µm wide stopper. We will give the results for a model with anchorand another without in order to validate the necessity of adding the anchor to mod-els studying the initial stress e�ect. Figure 6.24(a) displays the simulated de�ectionobtained on COMSOL3.4 for the model without anchor while �gure 6.24(b) showsa de�ection of 134nm for the model with anchor. An important di�erence in theresult can be seen, which means that the model cannot be simpli�ed by neglectingthe anchor e�ect.� De�ection for 10µm wide stopper For the rest of this section, we will always addthe anchor on the models used to study the initial de�ection due to initial stress.The stoppers interdistance and the initial stress values being �xed, this simulationis for a stoppers width of 10µm. Figure 6.25 displays the de�ection as well as thelines de�ning the direction of the initial stress for the beam. The de�ection is foundto be 129nm downward.July 2009 105



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATION
(a) The forces due to the initial tensile stress at the an-chor (b) The equivalent bending moment at theanchor due to the tensile force

(c) The forces due to the initial tensile stress at the stopper (d) The equivalent bending mo-ment at the bottom of the stopperdue to the tensile forceFigure 6.23.: isolated parts of the structure with the forces acting on them.� De�ection for 20µm wide stopper The simulation results of a 20µm wide stopperare presented here. The display of the deformation as well as the lines de�ning thedirection of the initial stress are presented in �gure 6.26. The de�ection was foundto be 120nm downward.E�ect of the stoppers position on the initial deformationThis part deals with the e�ect of the stoppers position on the initial deformation due toinitial stress. The stoppers interdistance beacame now our variable, the width is �xed to5µm and always subjected to an initial stress of 10 MPa.� De�ection for stoppers with 800µm inter-distance This part presents the de�ectionof a switch with an inter-distance of 800µm. The display of the deformation as wellas the lines de�ning the direction of the initial stress are presented in �gure 6.27.The de�ection is 142nm downward.� De�ection for stoppers with 200µm inter-distance The inter-distance is now 200µm,the simulation results showed 134nm de�ection downward as displayed in �gure6.28.July 2009 106
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(a) The de�ection of the model neglecting the anchor.

(b) The de�ection of the model with anchor.Figure 6.24.: The de�ection of a beam with 5µm wide stoppers and 500µm inter-distance,under the action of 10MPa initial stress.Summary on initial deformation and conclusionFrom this study we can conclude that any non uniformity in the beam will cause a de�ec-tion in the opposite direction of this non uniformity. This means, since the stopper is anon uniformity downwards, it will induce a de�ection upwards. The de�ection due to theanchor a�ects the whole beam, since the moment will rotate the whole structure leadingto a global de�ection as �gures 6.29 and 6.31 shows. Figures 6.29 and 6.31 presents onlyhalf of the structure since it is symmetrical with respect to the center. A zoom on theJuly 2009 107
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Figure 6.25.: The de�ection of a beam with 10µm wide stoppers and 500µm inter-distance, under the action of 10MPa initial stress.

Figure 6.26.: The de�ection of a beam with 20µm wide stoppers and 500µm inter-distance, under the action of 10MPa initial stress.stoppers zone of �gure 6.29 is presented in �gure 6.30 showing that the stoppers or anynon uniformity induces a local deformation around it and nothing elsewhere since thepro�le tends to �t the straight beam de�ection. The de�ection of the beam far from thenon uniformity zone only depends on the de�ection induced by the anchors.Moreover, we know that to study the initial deformation due to initial stress, it isJuly 2009 108
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Figure 6.27.: The de�ection of a beam with 5µm wide stoppers and 800µm inter-distance,under the action of 10MPa initial stress.

Figure 6.28.: The de�ection of a beam with 5µm wide stoppers and 200µm inter-distance,under the action of 10MPa initial stress.obligatory to include the anchor in the model since it is a major and dominant sourceof de�ection. Table 6.3 below summarizes the de�ections obtained by simulation for thedi�erent positions and di�erent widths for the stoppers.The 35% di�erence in de�ection, between the 134nm de�ection presented for ideal ge-ometry in table 6.3 and the 209nm found for real geometry, is due to the non uniformitiesJuly 2009 109



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONStopper width Stopper inter-distance anchor included Initial de�ection (nm)No stopper No yes 142 downwards5µm 200µm yes 134 downwards5µm 500µm No 87 upwards5µm 500µm yes 134 downwards5µm 800µm yes 142 downwards10µm 500µm yes 129 downwards20µm 500µm yes 120 downwardsTable 6.3.: Summary of the initial de�ection for di�erent stopper size and positions.size and quantity which add a de�ection downwards that were not considered in the pre-vious model.
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Figure 6.29.: A cut view of the de�ection due to initial stress along the beam for di�erentstoppers width with respect to a �at beam.6.2.5. E�ect of stoppers size and position on the initial sti�nessThe stoppers will induce discontinuities in the geometry as shown in �gure 6.53 in para-graph 6.4.1 on fabrication study. In this objective, we ran simulations to compare thesti�ness of a beam with a stopper and a perfectly straight one. Di�erent forms and size ofthe stoppers were considered in order to have an idea on the sensitivity of this parameterJuly 2009 110
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Figure 6.30.: A zoom in the stoppers zone for cut view presented in �gure 6.29.
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Figure 6.31.: A cut view of the de�ection due to initial stress along the beam for di�erentstoppers position with respect to a �at beam.on the sti�ness. The method consists of loading the beam at its center with a uniformlydistributed load (equivalent to the electrostatic force). From the Force-displacementcurve we deduce the sti�ness for di�erent models.July 2009 111



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONStraight beamWe begin with a simpli�ed �nite element model, always using COMSOL 3.4, of a straightbeam �xed at both ends, loaded at the middle and with the same parameters as the mod-ele treated before in �gure 6.8. This simpli�ed geometry will be our reference model.Figure 6.32(a) shows the geometry of our simpli�ed reference model while �gure 6.32(b)shows the results obtained by �nite element simulation of the beam and displaying thedisplacement under a force of 10 µN. Since there are no nonlinearities, the sti�ness of thereference model is deduced to be 1.0344 N/m calculated from the value of the force andde�ection simulated.
(a) The geometry of the straight beam (b) The Finite element model of the straightbeamFigure 6.32.: Modeling of a straight beam to calculate its mechanical sti�ness.E�ect of stoppers size� Sti�ness for 5µm wide stopperIn this paragraph, the 5µm wide stopper is modeled with an inter-distance 500µmbetween them. It is reasonable that the sti�ness here be lower than that of astraight beam, due to non uniformity, and this is what we see in �gure 6.38. In�gure 6.33(a) we can �nd the geometry of the model while in �gure 6.33(b) thesimulated displacement is displayed. The di�erence between this model and thereference model is only 0.003%. This is the minimum width of the stopper that wecan obtain due to technological constraints.� Sti�ness for 10µm wide stopperThe stoppers height are well controlled and the process is developed for a stopperwidth of 10µm so we need to check what will be the beam behaviour at this stopperswidth. This model simulates the mechanical behavior of the beam with a 10µmwide stopper and a distance of 500µm between them. The geometry is shown in�gure 6.34(a) and the simulation results can be seen in �gure 6.34(b) in an unequalaxis frame.July 2009 112



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATION
(a) The geometry of the beam with 5µm widestopper (b) The Finite element model of the beam with5µm wide stopperFigure 6.33.: Simulation of the beam with 5µm wide stopper and inter-distance of 500µm
(a) The geometry of the beam with 10µm widestopper (b) The Finite element model of the beam with10µm wide stopperFigure 6.34.: Simulation of the beam with 10µmwide stopper and inter-distance of 500µm� Sti�ness for 20µm wide stopperIn order to test the �exibility of the design, we are interested to study the caseof a 20µm wide stopper. In this paragraph we present the geometry of a beam20µm wide stopper and an inter-distance of 500µm as shown in �gure 6.35(a). Themechanical simulation results are presented in �gure 6.35(b).
(a) The geometry of the beam with 20µm widestopper (b) The Finite element model of the beam with20µm wide stopperFigure 6.35.: Simulation of the beam with 20µmwide stopper and inter-distance of 500µm
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PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONE�ect of stoppers positionIn this part we have the objective to check the e�ect of the stoppers position on the initialsti�ness value. Since we have found negligible e�ect of the stoppers size on the results,we �xed for this study the width to 5µm and varied the inter-distance.� Sti�ness for 200µm stopper inter-distanceAfter we have studied the e�ect of the stopper width on the initial sti�ness, we haveto verify that the design of the initial sti�ness is independent of the position of thesestoppers. The minimum distance we can have used between the stoppers is 200µmsince the signal line width (100µm) and the (50µm) gap between the line and theground plane imposes it. Figure 6.36(a) shows the geometry of the model with 5µmwide stopper and an inter-distance between them of 200µm. Figure 6.36(b) showsthe displacement of the switch as simulated on COMSOL3.4.
(a) The geometry of the beam with 5µm widestopper inter-distance of 200µm (b) The Finite element model of the beam with5µm wide stopper inter-distance of 200µmFigure 6.36.: Simulation of the beam with 5µm wide stopper and inter-distance of 200µm� Sti�ness for 800µm stopper inter-distanceThe maximum inter-distance we may have in order for the stopper design to bee�cient is 800µm. Figure 6.37(a) shows the geometry of the model with 800µminter-distance between the stoppers and keeping their width 5µm. Figure 6.37(b)shows the displacement results as simulated on COMSOL3.4 and displayed on un-equal axis.
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(a) The geometry of the beam with 5µm widestopper inter-distance of 800µm (b) The Finite element model of the beam with5µm wide stopper inter-distance of 800µmFigure 6.37.: Simulation of the beam with 5µm wide stopper and inter-distance of 800µm
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PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONInitial stress e�ect on the sti�ness.It is usual in MEMS domain that the initial tensile stress have an important impact onthe sti�ness of non relaxed structures. We mean by non relaxed structures, the doubleclamped structures (bridges, membranes...) that are not free to move in the stress direc-tion to relax the axial tensile stress. It is mandatory for us to evaluate the e�ect of theinitial stress on the sti�ness before and after contact. The initial stress measured on thewafer for the gold layer is 10MPa. The corresponding model presented previously gavean initial sti�ness K of 7.7 N/m and a sti�ness after contact Ks of 29.6 N/m. The modelused to calculate the sti�ness after contact Ks is the "Constraint model".The ratio Ks/K decreased to 3.85 while it was 10.4 for the model without initial stress.From these results we can deduce that our concept of double sti�ness state works betterfor cantilevers where the initial stress have no impact on the sti�ness. When designingour switch, we will take the critical value of the ratio Ks/K which is the highest one.The stoppers designed for a high ratio will work for smaller value of Ks/K but the gainin the restoring force will not be optimal.Comparision of the sti�nesses and conclusionFigure 6.38 compares the Force-Displacement curves for the models of the stoppers withdi�erent widths. The max relative error between the two extreem curves is 0.06% meaningthe e�ect of this parameter on the initial sti�ness are negligible. Table summarizes theo�set of the initial sti�ness for di�erent stoppers width with respect to the straight beammodel. Stopper width Stopper inter-distance Shift5µm 500µm 0.003%10µm 500µm 0.02%20µm 500µm 0.06%Table 6.4.: Summary of the relative shift for di�erent stopper width with respect to astraight beam.Figure 6.39 compares the Force-Displacement curves for the models of the stoppersat di�erent positions on the beam. The max shift between the two extreem curveswith respect to the straight beam model is 0.03% meaning there are negligible e�ect ofthis parameter on the initial sti�ness. Table 6.5 summarizes the relative o�set of theinitial sti�ness obtained for di�erent stopper inter-distance with respect to the straightbeam model. The design become simpler since the initial sti�ness is independent of thestoppers width and its position so the sti�ness can be calculated from a simple straightbeam model.July 2009 116
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Figure 6.38.: Graph of the displacement at the center of the beam as a function of theapplied force for di�erent stopper width and an inter-distance between thestoppers Ls=500µm.Stopper width Stopper inter-distance Relative error5µm 200µm 0.03%5µm 500µm 0.003%5µm 800µm 0.006%Table 6.5.: Summary of the relative error for di�erent inter-distance between the stopperswith respect to a straight beam.6.2.6. Simulation of the force-displacement curveAs shown in paragraph 6.3, the key for the design is to know the sti�ness state before thestoppers touche the wafer and after touching. For this purpose, we need a rapid way tosimulate the beam behavior to obtain the load-displacement curve (to deduce sti�ness).The initial sti�ness, before the contact, can be easily obtained by a fast simulation of thestructure double clamped with a distributed load at the center. A model on COMSOLwill be used to simulate the sti�ness with initial stress befor and after contact. Anycontact simulation is heavy and time consuming so the goal is to simplify the model theJuly 2009 117
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Figure 6.39.: Graph of the displacement at the center of the beam as a function of theapplied force for di�erent stoppers inter-distance.most possible. For this reason, two models for simulating the sti�ness after contact areconsidered. First model is using the classical method by de�ning a contact area betweenthe stopper and the wafer. The second model consist of applying a constraint on thepoint of contact.Contact modelAs a basic model, no simpli�cation will be done. A beam with stoppers is modeled anda contact problem is de�ned between the two surfaces, the bottom of the stoppers andthe top of the ground lines. The structure is loaded at its center with a distributed loadalong a distance Wa and no mechanical constraints are applied at the contact point, onlythe contact de�nition is applied. The beam will initially de�ect with an initial sti�nessand this state will change after the detection of a contact between the stoppers and thewafer in order to pass to a new sti�ness state. The model parameters are shown in table6.2.6, the model geometry is displayed in �gure 6.40 showing how the contact surfacesare de�ned while the simulation results are shown in �gure 6.41. The load-displacementcurve for the two sti�ness states obtained from the same simulation is as shown in �gure6.42.July 2009 118



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONParameter Value Descriptionl 1330µm Beam length
Wa 100µm Distance of actuationW 80µm Beam widtht 3µm Beam thicknessE 70GPa Young modulus
ν 0.23 Poisson's ratio
σ no Initial stress
g0 2.5µm Initial gap
ts 1.5µm Stopper height
Ls 500µm Distance between stoppersTable 6.6.: Simulation parameters for sti�ness extraction by constraint method.

(a) The model used to simulate the sti�ness state by contact method. (b) A zoom showing the de-�ned surfaces of contact.Figure 6.40.: Contact modelConstraint modelThis model consits of a beam with stoppers by simplifying the contact between thestopper and the wafer as a point contact. The model parameters are similar to those ofthe contact model that are listed in table while the constraints at the contact zone arelisted in table 6.7. The contact can then be reduced by a constraint in the de�ectiondirection leaving a free rotation at this point. Considering the beam presented in �gure6.40 and by blocking the displacement in the vertical direction as shown in �gure 6.43we obtain the sti�ness after contact Ks to be 10.306N/m. This model considers that thestoppers are initialy in contact and the beam will not undergo any displacement beforeJuly 2009 119
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(a) Deformation before contact. (b) Simulation results when the stoppers touche.

(c) Deformation in the second sti�ness state (afterstopper contact). (d) When the beam touches the electrode.Figure 6.41.: Simulation results for the contact model at di�erent stages.passing to the second sti�ness state. The model gives only the sti�ness for the state aftercontact. To obtain the load-displacement curve for both sti�ness states this simulationneeds to be run two times, �rst for a double clamped beam and second for the same beamwith a constraint in the de�ection direction.Comparison of modelsComparing the two models studied above, we conclude that they give very close results.Even though the constraint model needs two simulation to obtain the needed results. Thecalculation time for the constraint model is 8 seconds that means for two simulations thecalculation time stays inferior to that of the contact model which takes 704 seconds.The results for both models are also summarized in table 6.8. Figure 6.44 presents theJuly 2009 120
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Figure 6.42.: Graph of the load-displacement curve of the beam for contact model.Parameter Value Description
Ux Free Displacement constraint along X
Uy Fixed to 0 Displacement constraint along Y
Rx Free Rotation constraint about X
Ry Free Rotation constraint about Y
Rz Free Rotation constraint about ZTable 6.7.: Mechanical boundary conditions for the constraints model to extract thesti�nessKs after contact.load displacement curve for both models showing a di�erence at the largest shift of 4%.From this study, we deduce that we can simplify our contact model to a constraint modelwithout loosing precision on the sti�ness value.
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(a) The model used to simulate the sti�ness stateafter contact using the costraint method (b) The simulation results.Figure 6.43.: Constraint modelResult Description Contact model Constrains model o�setK Sti�ness before contact 1.0343N/m 1.0343N/m 0%
Ks Sti�ness after contact 10.767N/m 10.306N/m 4%t Calculation time 704 sec 8 secTable 6.8.: Results summary for both methods.6.2.7. Analytic validationAnalytical sti�ness validationWe used equation (A.36) to calculate analytically the sti�ness due to bending of the beamdeveloped in paragraph A.2 which excludes the initial stress e�ect. For the initial sti�nesswe should consider that the distance between the stoppers equal to the length of the beam(the stoppers are considered at the anchor) so the equation gives KB=1.03N/m. The ana-lytical sti�ness after the contact is calculated using equation (A.35) givingKsB=10.6N/m.If we add the initial stress e�ect, using equation (A.56) we obtain the initial sti�ness

KIS=5.8N/m and the sti�ness after contact KsIS=16.4N/m. The total sti�ness will bethen the summation of the two sti�nesses (Due to bending and due to initial stress)
K = KB + KIS=6.8N/m before contact and Ks = KsB + KsIS=27N/m after contact.Table 6.9 below summarizes the results of the sti�ness for analytical and numericalmodels. We can see that when the initial stress is zero, the analytical model before andafter contact, �ts well with the simulation while the two models have a more signi�cantJuly 2009 122
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Figure 6.44.: Graph of the load-displacement curve comparing the two studied models.o�set when the initial stress is included. The di�erence obtained when we add the initialstress e�ect may be due to the hypothesis that the bridge behaves as a string. The bridgeactually undergoes bending which induces some uncertainties due to the estimation of theangle formed between the tension force with the vertical. This explains why the shift issmaller after contact, since the bending is reduced and we are nearer to the conditions ofthe string theory. The di�erence between the analytical values and the simulated valuesare reasonable and then analytical model can be used for sti�ness calculation.Actuation voltage of real geometryIn the frame of study of the real geometry e�ect on the actuation voltage, the pull-involtage simulation was run on the regenerated geometry. The material properties beingpresented at the begining of this paragraph in table 6.2.� Without initial stress, 2.5µm gap and 3µm gold This section presents the pull-involtage for the real geometry, without initial stress. This will help us compare thee�ect of the non uniformities near the actuation region, on the pull-in value. Thereal geometry is regenerated with a thickness of 3µm gold and and initial gap of2.5µm. The simulated pull-in is 8.69V with an o�set of 1.5% with respect to the�at beam model.July 2009 123



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONSti�ness Stress Model Value (N/m) Di�erence (%)K No stress Numerical 1.03 0Analytical 1.0310MPa Numerical 7.7 11Analytical 6.8
Ks

No stress Numerical 10.8 2Analytical 10.610MPa Numerical 29.6 8Analytical 27Table 6.9.: Comparing analytical to numerical values of sti�ness (K) before contact and(Ks) after contact.� 10MPa initial stress, 2.5µm gap and 3µm gold In this simulation, we added the10MPa initial stress on the previous model, while keeping a gap of 2.5µm and agold thickness of 3µm. The pull-in voltage was found to be 20.1V, with an o�setof 12% with respect to the �at beam.� 10MPa initial stress, 2.8µm gap and 3µm gold This model aproaches more fromthe reality since we used a gap of 2.8µm as measured on the real process. Theinitial stress is set to 10MPa as the previous models and the gold thickness to 3µm.The pull-in voltage increased to 23.8V due to the increase of the initial gap. Weobtained 16.5% error on the pull-in due to the 11% fabrication uncertainty on thegap. The o�set between this model and its corresponding model of a straight beamis 12%.� 10MPa initial stress, 2.8µm gap and 3.4µm gold Simulating the reality can bethe title of this section, since all the parameters entered to the simulation are asmeasured. The real geometry, with 2.8µm gap, 3.4µm gold thickness and an initialstress of 10MPa was fed to the simulator to give a pull-in voltage of 27.9V. Weobtained the same o�set of 11% from the straight beam model.Pull-in voltage for the ideal geometryIn this section, we will study, by simulation, the pull in voltage of an ideal beam (uniformbeam) for di�erent model parameters. This parametric study permits us to evaluatedthe impact of each parameter on the actuation voltage. The measured parameters usedin the simulation will be presented in paragraph 6.4.3. The varied parameters are theinitial stress, gold thickness and the initial gap while the rest of the parameters are �xedand are the same used in paragraph 6.3.� Pull-in voltage without initial stress, 2.5µm gap and 3µm thick gold In these nu-merical models, we use the geometrical parameters calculated previously in theJuly 2009 124



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONdesign. This model simulates ideal case of a switch, without any initial stress andwith the designed parameters. A 3µm thick gold beam with an initial gap of 2.5µmis modeled. Due to the geometrical and load symmetry, we will consider half ofthe geometry with symmetry boundary conditions. The simulated pull-in voltageis 8.6V with an o�set of 4% with respect to the analytical value.� Pull-in voltage with 10MPa initial stress, 2.5µm gap and 3µm thick gold In thissection, we added only the sti�enning due to initial stress. This gave a pull-involtage of 22.9V with an o�set of 6% from the analytical value. To be noted here isthat the sti�ness was calculated using the numerical models and only the pull-in iscalculated using the analytical formula. This huge e�ect of the initial stress on thesti�ness (pull-in voltage), leaded the scientists to use cantilevers instead of bridges.We didnt use cantilevers in our design because there will be a problem of initialde�ection to be controlled. Once the concept will be validated, the study will beapplied to cantilevers in the same way as for the bridge.� Pull-in voltage with 10MPa initial stress, 2.8µm gap and 3µm thick gold The mea-surments done during the fabrication showed an o�set with respect to the designedvalues. One of the measured parameters that a�ects the pull-in and that has animportant o�set is the initial gap. The initial gap g0 was measured to be 2.8µminstead of 2.5µm, that is 11%. Simulating this e�ect, the pull-in voltage was foundto increase to 27V and an o�set of 5.5% with respect to the analytical value. Thesensitivity of the pull-in voltage on this parameter is 17% which is near to what isobtained by equation (6.9) that is ∆Vin

Vin
= 3

2

∆g0

g0

= 16.5%.� Pull-in voltage with 10MPa initial stress, 2.8µm gap and 3.4µm thick gold Anotherparameter a�ecting the pull-in voltage by a�ecting the sti�ness is the thickness ofthe gold layer forming the bridge. It is measured to be 3.4µm instead of 3µm. Thislast model includes in it all the measured parameter in order to be the nearestpossible to the real case. A 10MPa initial stress, 2.8µm gap and a 3.4µm beamthickness as measured. The pull-in voltage is now 31.7V showing a huge o�setbetween what we designed and what we obtain due to fabrication uncertainties.Hysteresis behavior of the design and 10 MPa initial stressThe designed switch with stoppers is simulated using Coventor in order to obtain thehysterisis curve. To make it simple for simulation, the stoppers were placed on the linesand not on the bridge as shown in �gure 6.45. We are aware that the pull-out voltagewill be lower than designed because the initial stress sti�ness is included here. Figure6.46 shows the hysteresis curve for both cases of a switch with stoppers and withoutstoppers. The ameleoration in the pull-out voltage is signi�cant while keeping the samepull-in value. The pull-in value of 21.5 V is only 6% di�erent than the 22.9 V simulatedon COMSOL. The degradation of 10% in the capacitance value is acceptable and is dueJuly 2009 125



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONto the higher restoring force which reduces the contact quality between the bridge andthe electrode.

Figure 6.45.: The model used to simulate stoppers on coventor.
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Figure 6.46.: The hysteresis behavior for the design with and without stoppers.Analytical values of pull-in voltageFrom the sti�ness calculated by analytical model, we calculate analytically the pull-involtages using equation (6.1). The results are summarized in the table 6.10 as a functionof the used parameters.
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PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONPull-in voltage (V) Stress (MPa) sti�ness (N/m) Gap (µm)8.4 No stress 1.03 2.521.7 10 6.8 2.525.6 10 6.8 2.8Table 6.10.: Pull-in voltage calculated by analytical formula.Comparision ideal geometry with real geometryThe models shown above helped us to understand the e�ect of each parameter on the pull-in voltage and the results are coherent with previous analysis. The models we have runwithout including the initial stress e�ect was to understand the e�ect of the deformationnear the actuation zone on the pull-in voltage. We found that the �atness in the actuationzone has 1.5% e�ect on the pull-in voltage while its impact on the down state capacitanceis important but not yet quanti�ed. We can see clearly that the pull-in voltage for thereal geometry, in all the cases, is lower than that of the ideal straight geometry exceptfor the case without initial stress. This is explained by the initial downward de�ectiondue to initial stress (not existing for the �at geometry) which reduces the gap and bythat reduces the pull-in voltage. The 12% o�set between the real model and the straightmodel is not due to the deformation in the actuation zone. This is validated by a simplecalculation of uncertainties. The downward de�ection due to initial stress for the realgeometry is 9% of the gap value, which reduces the pull-in voltage by a percentage of
∆Vin

Vin
= 3

2

∆g0

g0

= 13.5%. If we consider the 1.5% increase in the pull-in value due to thenon �at actuation zone we will �nish by obtaining the 12% o�set between the models.The table below summarizes the pull-in voltages obtained for the real geometry and thestraight beam geometry.Initial stress Initial gap Gold thickness Vin(real geom) Vin(ideal geom) O�setNo stress 2.5 µm 3 µm 8.69 8.6 1%10 MPa 2.5 µm 3 µm 20.1 22.9 12%10 MPa 2.8 µm 3 µm 23.8 27 12%10 MPa 2.8 µm 3.4 µm 27.9 31.7 11%Table 6.11.: Pull-in voltage obtained for real geometry and for perfectly straightgeometry.
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PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATION6.3. DesignTo design the concept, we combine certain equations describing the behavior of the switch.From the list of speci�cations we have the values of Vin and Vout and some other param-eters �xed from the process like the initial gap g0, the dielectric thickness td, the relativepermittivity of the dielectric εr, the bridge width W and the actuation pad width Wa.From Vin we can deduce the value of the initial sti�ness K using equation (6.1). From theequality of pull-in voltages for both cases, (K and g0) for the �rst case and (Ks and g0s)for the second case, we can deduce the equation (6.3). Equation (6.3) together with theexpression of the pull-out shown in equation (6.2) we deduce the values of Ks and g0s.With g0s being the equivalent initial gap of a switch with a sti�ness of Ks and having thesame pull-in voltage as the switch with a sti�ness K and an initial gap g0. The sti�ness
Ks will be used to deduce the value of ls, the distance between the stoppers, by applyingequation (6.4) calculated analytically in appendix A.

g0s = g0
3

√
K

Ks

+
td
εr

(

3

√
K

Ks

− 1

) (6.3)
Ks = KsB + KsIS (6.4)With KsB and KsIS are the sti�ness after contact due to bending and initial stressrespectively, given by the expressions (refer to appendix A):

KsB =
−32EWt3(2l − 3b)

W 3
a (3b − 2l) + W 2

a (4l2 − 12bl + 8b2) + l(−4l3 + 24l2b − 48lb2 + 32b3)
(6.5)

KsIS =
8σ(1 − ν)tw

2l − 4b − Wa

(6.6)We will call gs the intersection point of the force-displacement curves for sti�ness Kwith sti�ness Ks. Physically, it is the gap at the center of the beam when the stopperstouch the ground as shown in �gure 6.47. This parameter is basic to de�ne the height ofthe stopper and its expression is given by equation (6.7) below.
gs =

K.g0 − Ks.g0s

K − Ks

(6.7)Once gs is known, we now know at which point we need to have contact in orderto change the sti�ness state. When the gap at the center of the beam reaches gs, thegap at the position of the stoppers will de�ne the stoppers height. To formulate thisstep, considering the origin of a coordinate system at the left anchor we can say thatthe gap between the bridge and the lines is a function of X, g(X). We can then writeJuly 2009 128
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Figure 6.47.: Scheme of the stopper design parameter shown on a deformed bridge.when g( l
2
) = gs then we obtain the height of the bridge ts = g( l−ls

2
) or ts = g(b) whereb is the distance of the stoppers from the anchor and ls is the distance separating thestoppers as shown in �gure 6.47. Figure 6.48 shows the di�erent points of the actuationcurves corresponding to g0, g0s, gs and the restoring forces. This design procedure is alsodescribed in a �ow chart presented in �gure 6.49.As already said, we will need to know the value of the initial sti�ness K and the sti�nessafter contact Ks for the predesign of the stoppers position. The values of K and Ks canbe calculated analytically and numerically (by simulation). For the predesign, we use theanalytical expression of K and Ks as a function of ls. These values of the sti�ness arethen validated with �nite element models.This paragraph describes the design of the test structures. After studying the processand its limitations to fabricate the switch, test structures have to be designed in orderto validate the concept that we have studied. Some design parameters are �xed such as

Vin, Vout, g0, td, εr, W, Wa representing the actuation voltage, the pull-out voltage, the ini-tial gap, the dielectric thickness, the relative permittivity of the dielectric, the beam widthand the actuation pad width respectively. Table 6.12 gives the values of these parameters.Since the Ratio Ks/K is a critical parameter for the design which impacts the calcu-lation of the stoppers height, we will design our switches for the worst case which is thehighest ratio. As seen in section 6.2.5 about the sti�ness due to initial stress, the initialstress increases the sti�ness which becomes more linear as a function of the length of theJuly 2009 129
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Figure 6.48.: Graph showing the di�erent points used for the design.beam and by that decreasing the sti�ness ratio. We design the switch without initialstress (For the higher value of sti�ness ratio) which assures the functioning of the switchfor any stress value.The pull-in voltage of the electrostatic switch was chosen to be 10 V in order to stayin the low acuation voltages limits. The pull-out voltages is �xed to 0.67 V designedin a way to get double the pull-out voltage of the switch without stoppers. For designconditions, we will ameleorate the voltages choice by 20% in order to foresee the cal-culation errors and be safe. Ameleorating the voltage consists of decreasing the pull-involtage and increasing the pull-out voltage of 20% leaving an uncertainty interval. Forthe design, the pull-in voltage becomes 8 V and pull-out 0.75 V.The design parameters are summarized in table 6.12 and the scheme in �gure 6.50shows the corresponding parameters.From the pull-in voltage of 8 V we deduce an initial sti�ness K = 1N/m from whichwe calculate analytically the length of the beam l = 1330µm. We use the two equations(6.2) and (6.3) in order to calculate g0s and Ks. The value of g0s = 1.12µm and thatof Ks = 10.6N/m. Using the analytical equation (6.5) permits to deduce the stoppersinterdistance ls = 500µm. Applying equation (6.7) we deduce gs = 0.97µm leading toJuly 2009 130



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONParameter Value Description
Vin 8V Actuation voltage
Vout 0.75V Release voltage
Wa 100µm Distance of actuationW 80µm Beam widtht 3µm Beam thicknessE 70GPa Young modulus
ν 0.23 Poisson's ratio
σ no Initial stress
g0 2.5µm Initial gapTable 6.12.: The �xed parameters for the design.the stopper height ts = 1.47µm. Table 6.13 lists the calculated design parameters.Parameter Value Description
l 1330µm Beam length
ls 500µm Stoppers inter distance
ts 1.5µm Stoppers heightTable 6.13.: The calculated design parameters.6.4. FabricationThe fabrication of the electrostatic switch uses the classical process of MEMS alreadyexisting at LAAS. To add stoppers, we add one mask to the process of 7 masks. The stepfor fabricating the stoppers needed to be developed and stabilized in order to control thedepth of the stopper.6.4.1. Stopper developementWe had many choices for the stopper fabrication depending on its compatibility withthe process we want to use and the �atness of the �nal structure. The �atness of thestructure is of big importance regarding its impact on the actuation voltage and on thequality of the capacitive contact. For this purpose, we used �nite element modeling toinvestigate these e�ects (refer to chapter 6.2).The stoppers can be either deposited on the dielectric which is the �xed part (�gure6.51) or on the movable bridge itself (�gure 6.52 and 6.53). Depositing the stoppers onJuly 2009 131



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONthe �xed part, will add a non uniformity in the topology under the sacri�cial layer. Sincethe photoresist is conformal to the surface underneath, it follows the bumps and gapsand thus adding non uniformity to the bridge.Two other existing options are both for the stopper fabricated on the moving beam.Either we can use two layers with di�erent photoresist thicknesses as a sacri�cial layer oruse one layer with partial screening in the stoppers zone. The option with two photoresistlayers showed problem of adhesion between them. The bad adhesion causes bad �atnessas well as pealing of the layers during processing so this choice is rejected.One last option that was studied is the partial screening of the photoresist. Thismethod consist of a photolithography step where the exposure time is controled in a waythat the radiation only a�ects a certain depth of the photoresist. The time of exposurefor a stopper of 1.5 micron heigh is 5 seconds. This time is not �xed, it varies with surfaceexposed as well as the photoresist thickness. A reproducibility test was done on the heightof the stopper (depth of the hole in the photoresist) for a circle of 10µm in diameter anda thickness of 2.5µm. The photoresist used is the AZ1529. The measurments obtainedby mechanical pro�ler, for di�erent tests, are shown in �gure 6.54. The stopper heightobtained for 5 seconds exposure is 1.5µm∓100nm.
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PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATION6.4.2. Switch processStep Description Param Scheme
]1 High resistivity silicon substrate 250µm
]2 RCA cleaning
]3 Thermal Oxide?? 800nm
]4 Metalization Ti/Cu (seed layer) 50nm
]5 Spin coating of AZ4562 10µm
]6 Lithography of CPW mold Mask1
]7 Gold electroplating 2.5µm
]8 Metalization Ti (adhesion layerfor SiN) 50nm
]9 Spin coating of AZ1529 2.8µm
]10 Lithography for CPW gap etch-ing Mask2
]11 Ti/Au/Cu/Ti etching 90sec
]12 Dielectric deposition LF SiN 400nm
]13 Spin coating of AZ1529
]14 Lithography for dielectric etching Mask3
]15 RIE for dielectric 180sec Continue on the next page . . .
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PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONContinued from previous pageStep Description Param Scheme
]16 Wet etching (Bu�er HF) of Ti
]17 HMDS for photoresist adhesion
]18 Spin coating of AZ1529 2.7µm
]19 Soft baking 105°C 60sec
]20 Lithography for gap �lling Mask2
]21 Developement
]22 Post baking 150°C 120sec
]23 Spin coating of AZ1529 2.5µm
]24 Soft baking 105°C 60sec
]25 Lithography for anchors Mask612sec
]26 Lithography for stoppers Mask85sec
]27 Developement 28sec
]28 Post baking 150°C 60sec
]29 Metalization Au 100nm
]30 Gold electroplating 3µm
]31 Spin coating of AZ5214
]32 Lithography for bridge
]33 Gold etching
]34 Photoresist protection for dicing
]35 Dicing
]36 Bridge release (Acetone) 10min
]37 Bridge release (AZ100 remover) 2days
]38 Critical dryingTable 6.14.: The MEMS switch process (LAAS).
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PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATION6.4.3. Geometrical measurmentsTo veri�e the reproducibility of the process, we measured the thicknesses of the importantlayers. The table below sumarizes the measured values and the targetted value of eachparameter. Description targetted value Measured valueHigh resistivity silicon substrate 250µm 253µmCPW line thickness (step7) 2.5µm 2.4 to 3µmDielectric thickness 400 nm 395nmSacri�cial layer thickness 2.5µm 2.7 to 2.8µmStopper height 1.5µm 1.7 to 1.88µmBridge thickness 3µm 3.5µmTable 6.15.: Measured geometrical parameters versus targetted valueThe uncertainties in the fabrication will be reconsidered in our design in order toestimate the shift in the results due to this o�set in dimensions. The analytical expressionof the pull-in voltage gives us [56]:
Vin =

√

8Kg3
0

27ε0WaW
(6.8)A relative error study on the parameters of this expression will give the expression:
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− ∆W

W
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) (6.9)Where W is the bridge width, Wa is the Actuation length (The same dimension as thesignal line width), g0 is the initial gap and K is the mechanical sti�ness. The relativeerror on the bridge width comes from an over etching of the gold in step 33 of the process.The value of this over etch is estimated to the thickness of the etched gold that is 3µmfrom each side, giving a relative error of -7.5%. From measurments using the mechanicalpro�lometer, we found that the actuation length is reduced from 100µm to 94µm due tothe line over etching. The relative error on the actuation length is -6%. Always with amechanical pro�lometer, we measured the initial gap g0 to be 2.8µm instead of 2.5µmas designed. This error coming from the uncertainty on the sacri�cial layer thicknessleads to a relative error on the initial gap of 11%. The error on the sti�ness is a bit morecomplicated to �nd, since it depends on the material properties which is already a di�cultissue as well as the dimensions of the beam and the initial tensile stress. If we consider theonly uncertainty on the sti�ness is due to the bridge thickness, we have a relative errorof 40%. Replacing the obtained values in the uncertainty equation we obtain a relativeerror in the pull-in voltage of 43%. If we neglect the e�ect of the actuation length andJuly 2009 135



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONthe bridge width, we have a relative error of 36% which explains the 30% o�set between22.9V and 31.7V for the models in paragraph 6.2.7.
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Figure 6.49.: Flow chart of the stopper design parameters.July 2009 137
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Figure 6.50.: Scheme of the design parameters.

Figure 6.51.: First choice, depositing stoppers on the �xed part.
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Figure 6.52.: Second choice, creating the stoppers in the bridge using two sacri�cial layers.

Figure 6.53.: Third choice, creating the stoppers in the bridge using partial screening.
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Figure 6.54.: Pro�le of the etched hole in the photoresist for stopper deposition.
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Conclusion et perspectiveDans cette thèse, nous avons étudié les méthodes pour réduire l'e�et de stiction dans lescommutateurs RF MEMS capacitive a actionnement électrostatiques. Nous avons prisdeux directions pour faire cela, premièrement changer la méthode d'actionnement tandisque l'autre s'agit d'ameleorer la force de rappel. Après avoir fait un aperçu général surles méthodes pour améliorer la force de rappel, nous avons proposé un concept qui a étéétudiée d'être e�cace. Nous avions étudié aussi des possibilités di�érentes pour actionnerle commutateur, et nous avons tirés la conclusion la plus commode à notre application,en termes de consommation de capacité et de vitesse de commutation, qui utilise unactionneur piézoélectrique.Le di�érent simulateurs multiphysics ont été validé. Un modèle de contact construitsur COMSOL est comparé aux résultats analytiques et aux résultats numériques simulésutilisant ANSYS qui montre une di�érence négligeables. Ceci mène à une conclusiond'utiliser ANSYS pour toutes simulations de contact puisque il converge plus facile queCOMSOL et contient plus de méthodes de résolution. L'actionnement piézoélectrique aété aussi validée en utilisant deux modèles di�érents, un modèle simple pour la validationavec les résultats analytiques et un autre plus compliqué pour le comparer à ANSYS.La conclusion tiré de cette étude est que COMSOL est plus commode pour résoudre desproblèmes d'actionnement piézoélectriques car il est plus rapide dans le calcul qu'ANSYS.En�n, nous avons validé l'actionnement électrostatique en utilisant un modèle de pontsur COMSOL et Coventor donnant des résultats tres proche et adoptant de cette façonCoventor pour ces études puisque c'est le seul logiciel qui o�re l'option de calcul de latension d'actionnement et obtenir l'hysteresis.Dans la partie qui traite le changement de la méthode d'actionnement en actionnementpiézoélectrique, nous avons fait une étude de faisabilité. Les di�érentes façons pour con-necter la membrane à l'actionneur ont été étudié pour choisir la meilleure con�guration.Les modèles II et IV était les plus intéressant en terme de la dé�exion et vitesse de commu-tation. Le problème de planaéité de la membrane a été simulé montrant que l'actionneurest assez puissant pour plaquer la surface de la membrane contre l'électrode pour obtenirune surface plate. La dé�exion initiale du a la variation de la température et au gradientdes contraintes initiales a été equilibré en ajoutant une couche de compensation et envariant la température de recuit mais cela complique le processus de fabrication.D'autre part, une conception pour améliorer la force de rappel dans les commutateursélectrostatique a été étudiée. Une structure o�rant un double état de raideur a été obtenu,une raideur basse dans la phase d'actionnement et une haute raideur dans la phase derelachement. Ces deux état de raideursont été obtenue en ajoutant des plots qui change141



PhD H.ACHKAR CHAPTER 6. ELECTROSTATIC ACTUATIONla raideur une fois ils sont en contact avec la masse. Les plots ont eu un petit impactsur la dé�exion initiale pour n'importe quelle position et n'importe quelle taille d'eux.Simulant ce concept sur Coventor, nous avons obtenu la courbe d'hysteresis montrantl'amélioration dans la tension de relachement qui augmente la force de rappel.Dans la perspective à ce travail, nous avons l'intention de faire le suivant :� Etudier l'application des plots conçu sur les cantilevers pour se débarrasser de l'e�etdes contraintes initiales sur la raideur.� Etudier la possibilité de mettre plusieurs plots sur le même pont pour avoir lesmulti états de raideur (plus que deux) et bien d'augmenter plus la force de rappel.� Etudier la profondeur de la hauteur du plot en fonction de temps d'insolation de laresine.� Utiliser le polyimide comme couche sacri�ciel.� Mesurer le concept de switch a actionnement electrostatique bien que le piezoelec-trique.
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7. General conclusion andperspectiveIn this thesis, we studied the ways to reduce the stiction e�ect in electrostatic RF MEMScapacitive switches. We went in two directions in order to do that, �rst was changing theactuation method while the other was by ameliorating the restoring force. After having anoverview on the methods used to ameliorate the restoring force, we have proposed a designthat was studied to be e�cient. We had also studied di�erent possibilities to actuate theswitch, and we came out with the conclusion that is convenient to our application, in termsof power consumption and speed of switching, which is using piezoelectric actuation.The di�erent multiphysics sowftwares were validated. A contact model built on COM-SOL is compared to analytical results and to numerical results simulated using ANSYSand the results showed negligible di�erence. This leads to a conclusion to use ANSYS inorder to run contact simulations since it converges easier than COMSOL and containsmore resolution methods. Piezoelectric actuation was also validated using two di�erentmodels, a simple model for validation with analytical results and a more complicated oneto compare with ANSYS. This study lead to deduce that COMSOL is more convenient tosolve piezoelectric actuation problems since its faster in calculation than ANSYS. Finally,we validated the electrostatic actuation using a bridge model on COMSOL and Coventorgiving very near results and thereby adopting Coventor for these studies since it's theonly software that o�ers the option to calculate the pull-out voltage and obtaining thehysteresis.In the part dealing with changing the actuation method to piezoelectric actuation,we made a feasibility study. Di�erent ways to connect the actuator to the membranewere designed in order to choose the best con�guration. Models II and IV were themost interesting in terms of de�ection and switching speed. The �atness problem ofthe membrane was simulated showing that the actuator have enough energy to push themembrane face to the electrode in order to obtain a �at surface. The initial de�ectiondue to temperature and due to initial stress was equilibrated by adding a compensationlayer and varying the annealing temperature but complicating the fabrication process.On the other hand, a design to improve the restoring force in the electrostatic switchwas studied. A structure o�ering a double state of sti�ness was obtained, a low sti�nessin the pull-in cycle and a high sti�ness in the pull-out cycle. This two state sti�ness wasobtained by adding stoppers that changes the sti�ness once they are in contact with theground. The stoppers had a small impact on the initial de�ection for any position or sizeof them. Simulating the design on Coventor, we obtained the hysteresis curve showing143



PhD H.ACHKAR CHAPTER 7. GENERAL CONCLUSION AND PERSPECTIVEamelioration in the pull-out voltage that is increasing the restoring force.In perspective to this work, we planned to do the following:� Study the application of the stoppers design on cantilevers in order to get rid ofthe e�ect of the initial stress on the sti�ness.� Study the possibility to put multiple stoppers on the same bridge in order to havemulti sti�ness states (more than two) and though increase more the restoring force.� Study the depth of the height of the stopper as a function of exposure time.� Use the polyimide as sacri�cial layer.� Test the electrostatic design as well as the piezoelectric designs.
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A. Analytical modelA.1. IntroductionThe mechanical structures deform under a certain load in order to store the work trans-mitted into potential energy. To simplify the model, we can replace the structure by aspring model, weather its sti�ness is linear or not depending on the bending momentdistribution and the structural behavior. Di�erent parameters a�ects the sti�ness of astructure such as, the Young mudulus, dimensions of the structure (thikness, length,width) and the point of application of the force. In microstructures, another factor be-comes signi�cant and increases the sti�ness, it is the initial tensile stress.In what follows, we present the equations governing the behavior of the structure,shown in �gure A.1, used to deduce the expression of the total sti�ness before contact(K) and after contact (Ks). The subscript s signi�es that this sti�ness state is aftercontact. Each sti�ness state is a result of two sources, �rst the bending sti�ness KB ofthe structure and the seccond is the sti�ness induced by the initial tensile stress (KIS).Then we can write K = KB + KIS and Ks = KsB + KsIS. Once we have the analyticalexpression of the sti�ness before and after contact, it is then used to predesign thestoppers position and the bridge size.A.2. Sti�ness due to bendingStarting with the bending sti�ness after contact KsB, we will consider few hypothesis.To model the structure with stoppers, we replace the contact of the stoppers by a reactionforce at the same place as the stoppers. The loads acting on the beam are shown in �gureA.1.First, we will divide the forces into two groups (refer to �gure A.2) and then by super-posing the behavior of the beam respectively to each case, we obtain the overall behavior.First group is the reaction forces, R, replacing the contact of the stoppers and they are atthe same distance from the anchor as the stoppers. Since the structure and the load aresymmetrical, the stoppers reaction forces R are also equal and symmetrical with respectto the middle of the beam. A second group of forces is the actuation distributed load ofintensity ξ symetrical with respect to the middle of the beam.We start by writting the equations of a beam loaded with one concentrated charge P atany distance "a" from the anchor as in �gure A.3. We consider that the stoppers beforetouching the ground, they don't a�ect the initial sti�ness of the beam, this hypothesis145
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Figure A.1.: Forces diagram acting on the beam with stoppers

(a) The �rst group of forces, distributed loaddue to the actuation (b) The second group of forces, two concen-trated forces due to stoppers contactFigure A.2.: The two load cases used for superposition.
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PhD H.ACHKAR APPENDIX A. ANALYTICAL MODELwhich is validated by simulation in paragraph 6.2.5.

Figure A.3.: Scheme of the concentrated load.The expression of the deformation of the beam at any point of distance x from the leftanchor is given by:
δ1(x) =

−Pa(l − a)2x2

2l2EI
+

P (l + 2a)(l − a)2x3

6l3EI
0 6 x 6 a (A.1)

δ2(x) =
−Pa2(l − a)(l − x)2

2l2EI
+

Pa2(3l − 2a)(l − x)3

6l3EI
a 6 x 6 l (A.2)Now considering a beam, like in �gure A.4, loaded with two equal loads symetricalwith respect to the middle of the beam.Using equations (A.1) and (A.2) and the symmetry conditions , we can deduce theexpression of the de�ection due to the symetrical load by simply replacing x by (l-x). Weobtain:

δ3(x) =
−Pa2(l − a)x2

2l2EI
+

Pa2(3l − 2a)x3

6l3EI
0 6 x 6 l − a (A.3)

δ4(x) =
−Pa(l − a)2(l − x)2

2l2EI
+

P (l + 2a)(l − a)2(l − x)3

6l3EI
l − a 6 x 6 a (A.4)By superposing the two loads, we will obtain the de�ection of the beam in the di�erentintervals:

δ5(x) = δ1(x) + δ3(x) 0 6 x 6 a (A.5)July 2009 147
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Figure A.4.: Scheme of the two symetrical concentrated loads.
δ6(x) = δ2(l − x) + δ3(x) a 6 x 6 l − a (A.6)

δ7(x) = δ2(x) + δ4(x) l − a 6 x 6 l (A.7)We deduce the expression for δ5(x), δ6(x) and δ7(x):
δ5(x) =

−Pax2(1 − a
l
)

2EI
+

Px3

6EI
0 6 x 6 a (A.8)

δ6(x) =
−Pa2(l − a)

(

(l − x)2 + x2

)

2l2EI
+

Pa2(3l − 2a)
(

(l − x)3 + x3

)

6l3EI
a 6 x 6 l − a(A.9)

δ7(x) =
−Pa(l − x)2(1 − a

l
)

2EI
+

P (l − x)3

6EI
l − a 6 x 6 l (A.10)To model the stoppers now, we replace their contact by two concentrated loads. Ifthe stoppers are at a distance "b" from each anchor, then we write the expression of thede�ection due to the reaction force of the stopper by replacing P by -R and "a" by "b"in equations (A.8), (A.9) and (A.10).

δ8(x) =
Rbx2(1 − b

l
)

2EI
+

−Rx3

6EI
0 6 x 6 b (A.11)

δ9(x) =
Rb2(l − b)

(

(l − x)2 + x2

)

2l2EI
+

−Rb2(3l − 2b)
(

(l − x)3 + x3

)

6l3EI
b 6 x 6 l − b(A.12)July 2009 148
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δ10(x) =

Rb(l − x)2(1 − b
l
)

2EI
+

−R(l − x)3

6EI
l − b 6 x 6 l (A.13)

Figure A.5.: Superposition of two groupes of forces.For the calculation of sti�ness, we only need the value of the de�ection at the center.For the boundary condition in order to solve for R, we need de de�ection at the positionof the stoppers. Now supperposing both e�ects to obtain the complete model as in �gureA.5, we will add the expressions only on the points of interest. In our application, wehave always the condition that:
b 6 a 6

l

2With the corresponding expressions we obtain:
δComplete(b) = δ6(b) + δ9(b) (A.14)

δComplete(
l

2
) = δ5(

l

2
) + δ8(

l

2
) (A.15)At x=b, the displacement is blocked by the stoppers. As a boundary condition we canwrite:

δComplete(b) = go − ts (A.16)So we can deduce the expression of R function of P.July 2009 149
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R = P

(a − a2

l
− b

3
)

b(2

3
− b

l
)

+ 2(go − ts)EI (A.17)Replacing R obtained from (A.17) in (A.15)
δComplete(

l

2
) =

P

24EI(2l − 3b)
(Term1 + Term2 + Term3 + Term4) + D (A.18)

Term1 = a3(8l − 12b) (A.19)
Term2 = a2(12b2 − 6l2) (A.20)
Term3 = a(9l2b − 12lb2) (A.21)
Term4 = (4b3l − 3l2b2) (A.22)With D being a term constant independant from the charge P, coming from the dis-placement before reaching contact and given by:
D =

b2(go − ts)(3l − 4b)

12
(A.23)Going back to the real problem, we have a uniformly distributed load of intensity ξcentered over a distance Wa. The load is then ξda and we'll integrate this force over thehalf of the actuation width in order to get the total de�ection.

δT (l/2) =

∫ l
2

l−Wa
2

ξ

24EI(2l − 3b)
︸ ︷︷ ︸

Cst

(Term1 + Term2 + Term3 + Term4)da + Dda (A.24)
∫ l

2

l−Wa
2

Term1.da =
Wa(2l − 3b)

16
(−W 3

a + 4lW 2

a − 6l2Wa + 4l3) (A.25)
∫ l

2

l−Wa
2

Term2.da =
4Wa(2b

2 − l2)

16
(W 2

a − 3lWa + 3l2) (A.26)
∫ l

2

l−Wa
2

Term3.da =
6Walb(3l − 4b)

16
(−Wa + 2l) (A.27)

∫ l
2

l−Wa
2

Term4.da =
8Wab

2l(4b − 3l)

16
(A.28)July 2009 150
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∫ l

2

l−Wa
2

Dda = D
Wa

2
(A.29)

δT (l/2) =
ξWa

24EI(2l − 3b)
(Term5 + Term6 + Term7) + D

Wa

2
(A.30)

Term5 = W 3

a

(3b − 2l)

16
(A.31)

Term6 = W 2

a

(4l2 − 12bl + 8b2)

16
(A.32)

Term7 =
l(−4l3 + 24l2b − 48lb2 + 32b3)

16
(A.33)

KsB =
−dP

dδT (l/2)
=

−dξWa

dδT (l/2)
(A.34)We can see that the sti�ness is independent from the displacement before reachingcontact.

KsB =
−24EI(2l − 3b)

Term5 + Term6 + Term7
(A.35)The expression, given by [56], of the sti�ness of a clamped-clamped beam withoutstoppers, or in other words before contact is:

KB =
32EWt3

W 3
a − 2lW 2

a + 2l3
(A.36)With

I =
Wt3

12
(A.37)When b=0, the beam will behave as if there are no stoppers and the sti�ness obtainedis that of a beam without stoppers, that is before contact. Equation (A.35) will thenbecome the same as equation (A.36) as shown below in equation (A.38).

KB = −384EI2l
1

−2lW 3
a + 4l2W 2

a − 4l4
=

32EWt3

W 3
a − 2lW 2

a + 2l3
(A.38)
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PhD H.ACHKAR APPENDIX A. ANALYTICAL MODELA.3. Sti�ness due to initial stressThe model of the sti�ness due to initial stress, KIS, is derived from the wire theory. Weconsider that the beam when de�ected, it behaves like a stretched wire as shown in �gureA.6. The biaxial initial stress, σ, in the wire will act as a stretching force S pulling onboth ends and is related to poisson's ratio, ν, of the material [57]. The expression of S isgiven by equation (A.39) obtained by multiplying the stress by the cross section area.

Figure A.6.: Modele of a beam like stretched wire with a concentrated load.
S = σ(1 − ν)tw (A.39)When we apply two vertical concentrated loads symetrical with respect to the centerof the beam and at a distance "a" from the extrimity, the structure will be de�ected byan amount of U as shown in �gure A.6. Due to the de�ection, the wire is streched andthe axial stress in the structure is increased by an amount of E∆/l. Where ∆ is theelongation of the wire calculated by equation(A.40):

∆ = 2
√

a2 + U2 − 2a = 2a

√

1 +
U2

a2
− 2a (A.40)Since we are in small de�ections, equation (A.40) becomes:

∆ = 2a(1 +
U2

2a2
) − 2a =

U2

a
(A.41)Considering the case just before the contact of the stoppers, like the case in �gure A.6,we have for a load P1 a de�ection U1. The structure is at equilibrium when the sum offorces at any point is zero with |−→T1| = |−→T3|. If we isolate the point of application of theload and write the equilibrium equations we obtain:

Σ
−→
F =

−→
P1 +

−→
T1 +

−→
T2 =

−→
0 (A.42)since we are in small de�ections and small angles, we haveJuly 2009 152
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sin(θ1) ' tan(θ1) =

U1

a
(A.43)Now projecting (A.42) the forces on the vertical and neglecting the stress increase dueto elongation, we obtain:

P1 = S
U1

a
(A.44)

U1 =
a.P1

S
(A.45)we have a uniformly distributed load of intensity ξ centered over a distance Wa. Theload is then ξ1da and we'll use the symmetry to integrate this force over the half of theactuation width in order to get the total de�ection.

U1T (l/2) =

∫ l
2

l−Wa
2

a.ξ1

S
da =

ξ1Wa

8S
(2l − Wa) (A.46)

KIS =
ξ1Wa

U1T (l/2)
=

8S

(2l − Wa)
=

8σ(1 − ν)tw

(2l − Wa)
(A.47)In the case where we have contact of the stoppers, we have a sti�ness KsIS, the casewill be as shown in �gure A.7. We have for a load P2 a de�ection U2. The structure isat equilibrium, by projecting the equilibrium equations along the vertical and neglectingthe e�ect of elongation, as we have done previously, we obtain:

P2 = S sin(θ2) (A.48)

Figure A.7.: Model of a beam as a stretched wire with stoppers and two symetric con-centrated loads.Staying in the case of small de�ections and small angles, we have:July 2009 153
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sin(θ2) ' tan(θ2) =

U2 − U1 + U3

a − b
(A.49)where U3 is shown on the red dotted triangle to the left of the �gure. Using Thalestheorem, or the property of similar triangles we have:

U3

U1
=

a − b

a
⇒ U3 = U1

a − b

a
(A.50)

sin(θ2) ' aU2 − bU1

a(a − b)
(A.51)and the expression of P2 becomes

P2 = S
aU2 − bU1

a(a − b)
⇒ U2 =

P2(a − b)

S
+

b

a
U1 =

P2(a − b)

S
+

bP1

S
(A.52)now we will integrat the expression of U2 as we did for U1 by replacing P1 by ξ1daand P2 by ξ2da to obtain.

U2T (l/2) =

∫ l
2

l−Wa
2

(
ξ2(a − b)

S
+

bξ1

S
)da (A.53)

U2T (l/2) =
ξ2Wa

8S
(2l − Wa − 4b) +

bξ1Wa

2S
(A.54)We deduce the expression

U2T (l/2) − U1T (l/2) = (ξ2Wa − ξ1Wa)
2l − 4b − Wa

8S
(A.55)The sti�ness due to initial stress after contact will be

KsIS =
ξ2Wa − ξ1Wa

U2T (l/2) − U1T (l/2)
=

8σ(1 − ν)tw

2l − 4b − Wa

(A.56)
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Abstract FrançaisMEMS est un système électromécanique à l'échelle du micron comprenant des capteursainsi que des actionneurs (micro moteurs, micro miroirs, micro relais...) fabriqués avec lestechniques de la micro-électronique conventionnelle (croissance d'oxyde, dépôt de matéri-aux, lithographie). Les plupart des commutateurs RF MEMS sont actionnés à l'aide desforces électrostatique pour faire changer la distance entre deux électrodes pour couper outransmettre le signal. Ce type d'actionnement, malgré ces avantages, il a un inconvénientmajeur qu'il s'agit du chargement du diélectrique qui mène à l'échec de ce commuta-teur. Pour résoudre ce problème, on a travaillé en parallèle sur deux axes di�érents. Lepremier axe s'agit de changer le type d'actionnement qui est la raison du chargementen actionnement piézoélectrique tandis que le deuxième consiste à garder l'actionnementélectrostatique mais en améliorant le comportement des structures utilisées en augmen-tant la force de rappel pour surmonter le phénomène du collage sans changer la tensiond'actionnement. Une étape a succédé ce travail qui s'agissait d'une validation de laplateforme numérique avant de l'utiliser à modéliser nos structures.
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