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Abstract

This paper presents the advances done in thediedomulation and design applied to MEMS. It
will be discussed some techniques to link differfamte element softwares, especially COMSOL
and ANSYS, in order to profit from all the advargagffered by each finite element code. Then, an
explication is done on how we piloted ABAQUS usiagMatlab routine. In a third and very
important section, the use of reverse engineeriethad is described and applied to RF-MEMS
(Radio Frequency-Micro Electro Mechanical Systemitches. The applications for each of these
methods will be explained.

1 Introduction

The MEMS are micro electromechanical systems wbahdo different jobs such as sensing, actuating or
doing an electrical function. More specifically, RFEMS characteristics have demonstrated during the
last ten years a very attractive potential to allibw introduction of intelligence in the RF fromde
architecture [1] through analogue signal processingniques. Nevertheless, those micro devices with
moveable mechanical structures still have someesssa be solved before they can be successfully
introduced in the industrial level and availabletie market.

First the reliability issue that is related to tigpe of degradation and to the actuation methoadsil U
nowadays, cantilevers and membranes are actuatem) edectrostatic, thermal, magnetic and/or
piezoelectric energy with all what every type ofuation brings in terms of advantages and incorareni
It is to be mentioned that today, even that moghefpeople are turning to piezoelectric actuasioce
it's actuated at a very low voltages, electrostatituators offer the best trade-off [2] [3] [4] [®] this is
if we exclude hybrid (electrostatic and piezoeletctuation.

Second is the MEMS process flow simulation whichirigil these days not complete and need to be
developed more in order to become reliable andigged his process flow simulation is very important
since it drives the development of new devices einclits. For that issue, a good knowledge of the
material properties and specifically the mecharicaperties is needed.

Third issue comes from the lake of efficient, coateland easy to use simulator covering the totality
of the MEMS design procedure, from individual MEM®mponent design to complete system
simulation. On the component level, finite elemamalysis (FEA) methods, offers high efficiency amed
widely used in modelling and simulating the behavief MEMS. Since MEMS are multiphysics
coupling thermal, mechanics, piezoelectricity, ®lestatics, initial stress, mechanical contact and
electromagnetic, it is difficult to find softwarempetitive in all the fields.

As for us, we are interested to ameliorate theabdity of our components and to develop the
simulation platform in order to reduce the triabagrror loops in the V shape conception flow shamvn
figure 1. Reducing the number of experimental stegsices the cost, while developing the simulaocs
the simulation tools ameliorate the design phasebgirconsequence reduces the time to market.
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Figure 1: V shape design flow, the time taken mdsfi this cycle is called time to mar}

In this paper we will explain our contribution ira@h of the above issues using the developed
simulation techniques. At the beginning we will Eip the work done on piloting software using Mhtla
especially Abagus (COMSOL is already piloted by lslatand we are trying to apply it to ANSYS). This
work came as a result of the need in material darigation, specifically in nanoindentation testsere
number of simulations on Abaqus is needed and paatel depends from the results obtained from the
previous simulation and its offset from the expenial results. A Matlab code will compare experitaén
results to the simulation; modify the parametersunbasic model, then runs a new simulation. Thide
can be used to optimize structures in Abaqus. Gairag reliability, the reverse engineering methed i
described. This method enabled us to regenerate#hsurface of two metals in contact in ordesttaly
the impact of the surface roughness on the faildirdhe component, it will also permits us to aptoa
from the reality of the contact in capacitive sWwiés to analyse the good quality of the capacitéamtiee
down state and to study the effect of the initlatrfess of the bridge on the actuation voltage thed
initial deflection. Finally, since there is no sefire expert in all the fields at a time we haveeligped,
always using Matlab for programming, a method mé the softwares that we find useful for us that ar
ANSYS and COMSOL. An ongoing work in our lab isdting how to link HFSS to other thermal finite
element software.

2 Piloting ABAQUS

This section is divided into two parts; the firatbsection will explain briefly the technique of
nanoindentation test, its interest and the probleat alerted a necessity to control the model ifile
ABAQUS as well as the result file. In a second sgkisn we will explain the method and the codes we
used to solve the problem.

2.1 Nanoindentation technique and problem

The basic idea of the nanoindentation test is tml@emicro structure, usually a membrane that idamd
the material that we want to characterise and edabd under known fabrication conditions.[7][8]



A nanoindenter equipped with a precise system tasore the deflection and the force at the centthreof
tested membrane will give us the experimental atarstic curves as figure 2.b shows. A charadieris
curve (figure 2.a) of a membrane is the graph efdisplacement at the centre as a function of pipdied
force at the same place. This characteristic caivi@mined experimentally will be fitted to simulated
results in order to bring out the mechanical charigtics such as Young's module, initial stresshie
membrane and the ultimate stress. Since the meedee very delicate and have a thickness of ther or
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Figure 2: a) Experimental characteristic curve imaaoindentation test. b) Experiment apparatus.

of 1um and the area of the surface not more thanrefy we need precise equipment for measurement in
order to do an accurate fitting of the experimenith simulations. The problem of fitting is thas itime
consuming due to iterations and the long simulatioe.

2.2 Pilot ABAQUSusing Matlab

After experiments, we usually run simulations wdtfferent values of the parameters to be charaetdri
which are Young modulus and the initial stress imay to bound the experimental curve with two
numerical curves, as in figure 3.a, then intergothe values of the parameters. The initial stiess
calculated from the initial slope of the charactécicurve since for small deflections the stiffnesostly
depends on the stress state in the membrane [8]pfiblem is here; a small error on the value ef th
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Figure 3: a) Experimental and simulated charadteigsirves. b) Zoom of 3.a in the high
deflection zone.

initial stress will change the shape of the chamstic curve for large displacement and induces an
additional error on the measurement of Young maglulhich is measured in the large displacement zone.
This error due to initial stress comes from a ltithd) of the curves using the classical way of
interpolating the Young’s modulus from the two €ope curves.



A Matlab code was wrote for this issue in ordefittovell the two curves using optimization
techniques and to reduce the time of convergentieahodel to the experiments since additional
iteration costs us the time of an additional sirtiaia

The code used for this service consists of subinesitcalled functions, that the fitting loop wakll
one after the other in order to analyses the dadaaat on the model to modify it. Figure 4.a shties
flowchart of the code while figure 4.b is the gragttonvergence for the fitting algorithm used. Tdea
is to automate the process of characterization thgtminimum intervention of the user. After rurmihe
program, we have to enter the ABAQUS model file aahen once the simulation is turned on, the user
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Figure 4: a) Flowchart of the fitting routine. byaph showing the relative error with respect to
the number of iterations for the complete method.

will be asked about the algorithm of fitting. Foetfitting, we programmed two algorithms, a preciee
that we called complete algorithm but it is timesoming and a fast algorithm that we called fasn§
but less precise. For the complete algorithm ctingi®f the minimization of the distance betwee tw
curves using the probabilistic method issued froomta carlo method called “simulated annealing”, we
converged to the experimental curve with 5 iteratiand a final relative error of 0.86%. The fatsinf
consisting of only 4 steps method that varies éfifst 2 steps the first parameter (initial streskulated
from the initial stiffness of the characteristia\ee) and in the next 2 steps the second paramétemng’'s
modulus), we converged after 4 iterations withlatiee error of 0.71%. These results showed thafaist
algorithm was better than the complete one sintie inethods converged with a relative error lesa tha
1% which is excellent while it took more time ftietcomplete method. In terms of results, even thoug
the relative error for both methods was almosistmae, the values of the parameters were diffeoént,
about 5% on the initial stress and of 13% on Yoomuglulus. We kept the choice of the algorithm far th
user who knows better which is nearer to the realit

3 Reverse Engineering method

The basic idea is really simple; reverse engingdasra method to create a 2D or 3D virtual modedrof
existing physical part for use in CAD software. Theerse engineering process involves measuring the
real object and then reconstructing it as a fieleanent model with the real geometry. The objentla



measured using any scanning technology like oppiczfilometer or Atomic Force Microscopy (AFM) or
mechanical profilometer. The measured data alaelly represented as a point cloud, lacks topoidgi
information and is therefore processed and modétkeda more usable format such as a stereolitiphgra
format which is an ASCII file used in standard CAdftwares.

3.1 Application in capacitive switches

In capacitive switches, the value of the down stafgacitance plays an important role in the dédinibf
the passive frequency band and the isolation ofwitch. Usually, the measured value of the dowtest
capacitance is lower than that calculated the@iyiby considering a zero air gap between theteldes
and a perfect contact between the two surfacesvalue of this capacitance is affected by the serfa
roughness and the dielectric charging [10]. We mididel analytically the real capacitance by adding
capacitance with air in series to the theoretiaplcitance in order to consider the air gap effeotr
calculation as shown in figure 5.
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3.2 Application to calculate capacitance

This analytical model is validated using numerteghnique for simulation. The measurements done
on the surface roughness of the dielectric andbtitige in the contact zone were regenerated ir8D a
model as shown in figure 6. We used an opticalilprokter (VEECO) to capture three-dimensional (3D)
data points of the dielectric surface. Then, uditajlab functions we insert the generated surfacthas
top surface of a block. For CAD modelling, the segted data are further transformed into individual
surfaces. Several mathematical schemes for repilegeyeometrical shapes are available. We choose to
convert the closed surface into stereolithograptrynéit because this is an ASCII file used in most
standard CAD softwares. Moreover, generated solidleh are described by a list of the triangular
surfaces which can be easily implemented on Matl&le. last step is to import the generated solid int
CAD software (COMSOL) to make the down-state capace analysis.

Figure 6 illustrates the full method and data flowielectric roughness is scanned by the optical
profilometer (A) to generate an ASCII file (B) regentative of 3D coordinates points of the surfaben
solid model (C) and object file (E) as STL, VRML@omsol geometry can be obtained using Matlab. To
enhance the shape, one can use (D) some filtdterZfifor MatLab or a CAD software, CATIA for
example). After this, the model is ready to be inpd to finite element software (F). We used
multiphysics software provided by COMSOL, to settlp electrostatic model (materials and boundaries
conditions (F) - meshing (G), results and post @ssing (H)).
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Figure 6: The description of the data flow for tegerse engineering method.



The value of the capacitance obtained by simulaimhthe one obtained analytically are about 4%
which is very good while it showed far values witempared with the measurements. This difference can
be explained with the charging effect of the digieand neglecting of the deformation of the aijssr
during the contact. The table below summarizesdhelts obtained.

Simulated Calculated Measured Theoretical

0.999335 pF | 0.9571255 pF |  1.41 pF 3.03 pF

3.3 Application to calculate resistance

The reverse engineering method is also used tdaienthe contact between two rough surfaces inrorde
to calculate the contact area and by that dedwcedhtact resistance. The methodology used to
regenerate the model is the same as for the capeaeisimulation but this time we will model the
roughness in contact with a flat plate and usindSA1S. The contact resistance is a very importaneiss
to solve in DC contact RF MEMS. It has been idédithat most of the limitations are related to the
quality and the repeatability of the contact thia¥elthe RF performance (insertion losses, isatatio
power handling) and the reliability.

Rigid plate as target
element (170)

Flexible block with
roughness as contact
surface (174)

Figure 7: a) The regenerated model in ANSYS fortactrresistance simulation. b) Simulation results.

This numerical method is used to predict the reatact area as a function of the contact force
between rough surfaces starting from real shapleec$urfaces that come in contact, and then use
analytical expressions to extract the electricaktact resistance. The novel approach relies onexse
engineering method to generate the real shapeafutiace. The post—processing generates the
distribution of the contact pressure on the corgadiace as shown in figure 7.b. From the pressure
distribution and size of each contact spot it isgiidle then to use an analytical expression t@elthe
electrical contact resistance.

4 Linking Ansysto COM SOL

To have a complete simulation platform in ordepttedict in a good way the behaviour of a design, we
are interested to link different software in ortteprofit from the advantages offered by each drtbem.
We will explain in what follows the method flow iok COMSOL to ANSY'S using Matlab.

4.1 Explication of the linking method

As already stated, we need to link ANSYS and COM$0D4 way to exchange deformed geometry and
treat it in the convenient software. This sectiesatibes the full method in order to regeneratergtoes
starting from the deformation obtained from a meétel simulation.
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Figure8: flow chart of linking ANSYS to COMSOL.




COMSOL 3.3 appeared as software that is capalie fmezoelectric simulations combined to
mechanical structure and contact problems, witfargetting thermal and initial stress effects. The
problem appears here, when we need to simulatelmatgul contact problems and where COMSOL
solver fails most of the time.

When talking about contact in COMSOL, it is somehwitical and difficult to converge the
simulation specially that we have to vary the conparameters and it’s still not sure to conveiide
convergence of the contact model using COMSOL daibme have then to find a way to link both
ANSYS and COMSOL in order to use ANSYS contact nimdgy exchanging the deformed geometry
between them and then running the convenient stinalasing the appropriate tool, some simulation
problems can be solved.

A very practical way to run simulations on two difént softwares, is to pilot it using Matlab. To
achieve our purpose, we created in Matlab somaifumecwhich make the piloting and the link between
the softwares easier. In what follows, the flowrtlsiiows the key steps of the method by using alsim
membrane of 200x200freubjected to constant pressure and blocked ediitger. We can begin the
cycle from where we want, either from ANSYS or fr@@MSOL. In the flow chart, we began from
COMSOL, with a simple membrane under pressure pisieed in figure 8. The geometry is drawn, and
then the loads and boundary conditions are appliedechanical simulation is run in order to obttia
deformation of the membrane. Considering that damranalysis is needed after the deformation®f th
membrane, so we export the deformation of the manginto a text file. In the text file there wik bhe
displacement of each node of the chosen surfagesést as well as some data that we don'’t need.
Matlab will treat this file to clean unneeded infation and to reorganize data in the file. Theteadile
will be used then to create a cloud of keypoinyscieating it one by one, and then generating sagfa
from the keypoints. In ANSYS now, we will mesh tiegenerated geometry, we will define the physics
that we need to study (in our case it's the cohtautl then run a new simulation. The deformaticrmise
again output in a text file, giving the displacernesue for each node of the surface of interesbther
treatment and organization of the output data lilfore being injected in the function that we tedan
Matlab which regenerates the surface and exptwtGOMSOL. The geometry is ready to be used in
COMSOL, new objects can be added to it, for exarefdetrode, before going into meshing and then
boundary condition, to finish into a new simulatidie loop can turn as much times as we need,q@assi
from software to another, until we attain our goal.

5 Conclusionsand perspective

This paper showed the modelling technigues thatseel to advance the MEMS simulation and to
ameliorate the reliability of the components byrelaterizing the material with higher precision and
modelling the contact state of the switch usingréheerse engineering method.

Piloting ABAQUS permitted us to save time in nandentation tests since the curves fitting method
is done automatically and it increased the pregisicthe characterization. As perspectives, thet joi
ABAQUS can be integrated on a production line ofe&n room in order to automatically characterize t
material. A profilometer can detect the dimensiohhie membrane in order to create the first méafel
the fitting loop, then the nano-indentor will be@matically positioned to perform the test, the
experimental results will be used then by the paogin order to give the mechanical characteristics.

The reverse engineering method was described avasiused to simulate the capacitance in the
down state of a capacitance in order to validaeatialytical formula for the air gap effect on the
capacitance loss. It was also applied to contamtilsition in order to extract the electrical contact
resistance. Simulating the contact resistance ceglthe expensive tests that needed to be done for
different materials in contact and for differentfase roughness. This method will be used later to
simulate the effect of the real initial shape & bridge on the deformation due to initial stres3d an the
actuation voltage as well as the capacitance gualthe down state.

Finally we showed a method to link COMSOL to ANSMSrder to profit of the advantages offered
by different simulators. In a previous paper wealstudy on the numerical platform validation ared w



offered a table that lists the advantages and drelkghof the softwares, this will help understany wie
needed the link. In a future step, we seek to daukomatic link between the softwares and getfrith@®
user’s assistance in order to reduce the lost thrmeew need in our group of work is to link thetimal
results obtained from HFSS with ANSYS or COMSOL.
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