Lehrstuhl fir TechnischeElektr ophysik

Compact Modeling of Micr osystems

Peter Voigt

VollstandigerAbdruckdervon der Fakult@t fur Elektrotechnikund Informationstechnik
derTechnischetJniversitit Miinchernzur Erlangungdesakademischeradesines
Doktors-Ingenieu(Dr.-Ing.)

genehmigtemissertation.

Vorsitzende: Univ.-Prof. Dr. rer. nat. D. Schmitt-Landsiedel
Prufer derDissertation:
1. Univ.-Prof. Dr. rer. nat. G. Wachutka

2. Univ.-Prof. Dr.-Ing. habil. G. Gerlach,
TechnischaJniversitat Dresden

Die Dissertationvurdeam 05.06.200Ibei der TechnischeniversitatMiinchen
eingereichunddurchdie Fakult@atfir Elektrotechnikund Informationstechnik

am22.03.200Zzangenommen.






Abstract

Guidedby the methodsof Thermodynamicsa systemdescriptionby meansof General-
izedKirchhoffian Networkscanbefound. For this purposeagenericform of therequired
compactmodelsis derived, which is consistentwith the conseration laws in suchnet-
works.

Typical examplesdemonstratéhe usefulnessf this genericmodelform for microsystem
modeling. For the presentedanalyticaland physically basedmodels,an adequateand
efficient parameteextractionmethodis presented Sometypical microsystemsene as
demonstratorso discusghe advantagesanddravbacksof variousmethodsor compact
modeling.Guidelinesfor a suitableselectionof modelingapproachearepresented.

Kurzzusammenfassung

Ausgehendvon den Prinzipien der Thermodynamik,wird mit den Methodeneiner
Systembeschreimg durch GeneralisierteKirchhoffsche Netze eine dazu konsistente
generischeForm fur Kompaktmodelleabgeleitet. An typischenBeispielenwird die

EignungdiesergenerischerFormulierungfur Anwendungenin der Mikrosystemtech-
nik demonstriert. Fur derart entwickelte analytische,physikalischbasierteModelle

wurde eine effiziente Parameterngtraktionsmethodedaigestellt. Anhand einer Reihe
von Beispielenausverschiedenemereichender MikrosystemtechnikwerdenVor- und

Nachteileverschiedenekethodender KompaktmodellierungermlichenundRichtlinien

fur derengeeignetéduswahl je nachAnwendungherausgearbeitet.
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1. Intr oduction

A simulationapproacHor microsystemshouldfulfill threerequestsFirst, it shouldal-
low a detailedanalysisof all systemcomponentspamelythe transducingelementsand
theelectroniccircuitry. Secondijt mustallow theanalysisof systemblocks,upto asimu-
lation of the entiresystemyequiringhigh numericalefficiency, especiallyif atransducer
or actuatoris embeddedhn alarge systemor if a hugeamountof transducersr actuators
is containedn the systemunderconsideratiorl].

Third, it shouldbe consistentvith the CAD-ervironmentusedin thedesignof integrated
circuits.

To this end, a hierarchicalapproachhasto be pursued[2, 3]. This hierarchycan be
derived by distinguishingthreelevels of discretizationof a problem,which in reality is
continuous.

Firstlevel of abstractionThediscretizations quasi-continuous time, spaceandphys-
ical variables. This is called the level of physicalmodelingand allows for a detailed
analysisof smallpartsof a system.An exampleis the Finite ElementAnalysis.

Secondlevel of abstraction: The discretizationis quasi-continuousn time and physi-
cal variables but discretein space.Herethe systemis partitionedinto blocks(devices),
whicharemodeledby auniform*“generic” mathematicatlescriptiorin termsof conjugate
thermodynamictatevariablesandthe pertinentcurrents(“fluxes”, “through quantities”)
anddriving forces(“affinities”, “acrossquantities”)suchas,e.g.,massflow andpressure
gradientor electricalcurrentandvoltagedrop. The internalbehaior of eachof thein-
dividual systemcomponentss describedoy a specific“tailored” versionof the generic
model. The full microsystemis assembledy linking the individual sub-modelf the
constituentpartsthroughflux-conservingnterfaceconditionsfor the respectre pairsof
conjugatestatevariablesin adjacentomponentsThe resulting“Kirchhoffian Network”
modelis governedby generalizedneshrulesandnoderulesfor eachpair of conjugate
statevariablesand, thus, constitutesa naturalapproachfor analogsystemsimulation,
becausehe couplingbetweerthe differentenegy domainss governedby basicconser
vation laws for enegy, particle numbers,mass,chage, etc. An exampleis the analog
SPICEsimulationin theelectricaldomain.

Third level of abstraction: The discretizationis discretein time, spaceand physical
variables. This leadsto the level of digital systemsimulation. An exampleis VHDL-
modeling.

At thelevel of physicalmodelingmary softwaretools are available which addressub-
problemsrelatedto a specificphysicaldomain(thermal,mechanicalgtc.). A numberof
directcouplingscheme®etweendifferentenegy andsignaldomainshave beenrealized
(e.g. thermo-mechanicanalysis) but moreoftenthe only available solutionis the (not
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necessarilyconsistentuseof a simulatorsimulatorcoupling. The dravbacksof this ap-
proacharethe high numericaleffort andinstabilities,which may in particularoccurin
the caseof strongcouplingbetweerthe subsystemsGenerallythis approachs limited to
relatively smallpartsof a system typically to a singledevice suchas,e.g. a micro valve
[4].

At the level of analognetwork simulationanddigital systemsimulation,compactmod-
els for all devicesinvolvedin the systemfunction needto be developed,startingfrom
a detailedanalysisby meansof physicalmodeling. Following the approachof tailored
modeling[5] leadsto a consistentdescriptionof the systemin termsof a Generalized
Kirchhoffian Network. VHDL-AMS [6] is agenericsoftwarerepresentatioof thismod-
eling approachgonstitutingthe couplingbetweenanaloganddigital systemsimulation,
and providing the requiredintegrationinto the CAD ervironmentof integratedcircuit
design.

Compactmodelshave beensuccessfullyusedfor mary years,especiallyin the designof

electronicsystemsandintegratedcircuits. A powerful suiteof methodsandtheir corre-
spondingsoftware-toolshasbeendevelopedfor thatpurposewith analognetwork simu-

lationbasednKirchhoffiannetworksbeinganessentiapartof it. Hencejt makesalot of

senseo utilize this profoundknowledgebaseandeventhis software pool for microsys-
tem modeling. This is additionally motivatedby the fact, that microsystentechnology
hasmary of its rootsin silicon-basectlectronictechnologyandthata closeintegrationof

transducerandactuatorsith advancedcontrolelectronicss in thefocusof microsystem
development.

Theaim of thiswork is to derive someguidelinesfor thedevelopmenif compacimodels
of microsystemsn sucha way, that the designmethodologyand designsoftwaretools
from microelectronicanbe madeavailablefor the growing field of microsystentech-
nology.

In chapter? of thiswork, somebasics§rom thermodynamicwvill berecalledwhichareof

importancefor the developmentof physicallybasedcompactmodels. Startingfrom this

point, it will be shovn how the methodof Kirchhoffian network models,which is well

establishedor electroniccircuits, canbe generalizedo otherphysicaldomains. Some
guidelinesfor the developmentof compactmodelsanda genericstructureof a compact
modelwill bederived.

In chapter3, threedifferentmethodgor compacimodelingarepresentedThesemethods
are illustrated by exampleswhich highlight advantagesand disadwantagesof eachap-
proach.A specialfocuslies on analytical,physicallybasednodelsandtheir capabilities
for designstudiesandstatisticalmodeling. Someconclusiondor the properselectionof

amodelingapproachn agivenrequessituationwill bedravn.

In chapter4, a parameterextraction methodfor analytical, physically basedcompact
modelsis presentedyhich takesinto account,that mostmodel parameterave a dis-

tinct physicalmeaningandthatthe resultingmodelparametesetscould contritute to a

databaséor statisticalmodeling,yield/failure analysisor statisticalprocesscontrol.

In chaptel5, examplesllustratethe power of compacimodelingbeingappliedto complec
microsystemsExamplel shovs how theinteractionof anelectro-mechanicalevice with
anelectroniccontrol circuit canbe modeledin caseof a strongnon-linear bi-directional



couplingbetweerboth. Example< to 4 shav, how comple deviceswith non-linearand

discontinuoubehaior (incl. hysteresigffects)canbe successfullydescribedy analyti-

cal, physicallybasedcompacimodels.Thesemodelswill becompiledto themacromodel
of amicropump,allowing to analyzethe pumpoperation.it will beillustratedthatthese
compactmodelscanbe usedto performdesignstudiesnot only on device- but alsoon

system-lgel. Example5 shows the capability of physically basedcompactmodelsto

supplyprocessontroltasksby investigatinghe impactof procesdolerance®n thesys-
temperformance.
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2. GeneralizedKir chhoffian Networks

2.1 Intr oduction

Thedescriptionof electricalcircuits asKirchhoffian networks andtheir subsequergim-
ulationin ananalognetwork simulatorhasprovento be very successfullt wasonepre-
requisitefor the developmentof large integratedcircuits. Especiallyfor circuits built by
discretecomponentshe Kirchhoffian network modelis quite intuitive: theinterconnects
betweerdeviceshave neggligibly smallresistanceand,therefore canbe characterizety
a singlepotentialvalue,usuallymeasuredsvoltagewith referenceo the groundpoten-
tial. The conserative natureof the electricalpotentialdirectly leadsto the Kirchhoffian
meshrule for voltages. Chage conseration, on the other hand, yields the noderule
for the currentsthroughthe interconnects.The connectingwires of the devicesappear
asterminalnodesin the model,anddetermineanintuitive partition of the full systemin
lumpedelementdevice modelsor compacimodels.Thedevice modelequationgelatethe
nodepotentialgo theelectricalcurrentshroughthedevice betweemeighboringerminal
nodes.Thus,eachterminalnodegetstwo variablesassignedo it: the nodepotentialand
acurrentflowing throughit.

Althoughthis kind of modelingtraditionallyfocuseson the electricaldomain,it hassuc-
cessvely beenextendedo includealsootherphysicaldomains.Dueto the strongdepen-
denceof device propertieson temperaturethe temperaturavasincludedinto the device
modelsasa parameterBut importanteffectssuchasself-heatingof devicesandthermal
couplingbetweemeighboringdevicescould not be modeledwith this approachthough.
Sothe next stepwasto includetemperatureasan internalvariablein the device model
equationsin thisway, the self-heatingof a device couldbe modeled palancingheinter-
nal heatgeneratiorrateto the heatflow towardsa heatsink andto the thermalcapacity
of the device. However, this approachis limited to simple structureswherethe thermal
problemcanbe describedn termsof a lumpedthermalresistvity andcapacity A sys-
tematic,generabpproacho theself-consisteninclusionof thermalandothernon-electric
effectsin analogelectricalnetwork simulationis hencerequired.

Theanalognetwork simulationbasedn Kirchhoffian network modelsturnedoutto beso
powerful thatmary successfuhttempthave beenmadeto adoptit to othersthanelectrical
problemsmostlyby describinghon-electricablementdy anelectricalanalogueTypical
casesarethe descriptionof mechanicabr hydraulicproblemsby analogRLC electrical
networks. A major drav-back of this approachis the limitation to linear effects. To
include nonlineardevice behaior requiresto settingup new device models. This next
necessargtepwasdoneby introducingbehaioral modelsand makingtheir simulation
possiblein theanalognetwork simulationtools.

The aim of this chapteris to investigatethe problemhow to systematicallyadoptKirch-
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hoffian network-basednodelingto other non-electricaproblems.Moreover, we will try
to establishcertainguidelinesfor the developmenif therequiredCMs.

2.2 Thermodynamic models

Irreversiblethermodynamicgrovidestheproperframavork for aunifiedphenomenolog-
ical descriptionof physicaleffectsandprocessem systems.Thereforeit is bestsuited

to modelmicrosystemswhich typically containtransducingdevicestogetherwith elec-

tronic elementsand, therefore,by their very natureinvolve variouscouplingsbetween
multiple physicaldisciplines. Thermodynamianethodshave beensuccessfullyapplied

to describdransporiprocesses semiconductorf/] andtransducingffectsin microsys-

tems[8, 5, 9, 10, 11].

In this section,somefundamental®f thermodynamicarerecalledfrom [12, 13], asthey
constitutethe basisfor microsystenmodeling.

2.2.1 Thermodynamic equilibrium

Local thermodynami@quilibrium statesaregovernedby a potentialfunction,which de-
pendson the extensve statevariablesonly andsatisfiethe maximumentrogy principle.
This potentialfunction may be chosenasthe internalenegy U containedin a control
volumeV

U(7,t) = U(EL (7 t), ..., Ex (7, t), V(T,t), S(F, t)) (2.1)
whereS denotegheentropy andEy, - - - , E;, asetof furtherextensve statevariables.

The total differential of the internalenegy U is assumedo exist andis called Gibbs
relation

k
dU = Y LdE; - pdV +TdS (2.2)
i=1
aef QU
I, = 3F, (2.3)
def oU
p = _W (2.4)
aef  OU
T = — 2.5
55 (2.5)

The quantitiesl;, p andT arecalledintensve statevariablesandare evidently, by their
definition, functionsof all extensve statevariables.Theintensve variables(Z;, p andT)
andthe correspondingxtensie variables(E;, V and.S) occuringin the partial differen-
tial form (2.2) constitutepairs of conjugatevariables. U (7, t) actsasa thermodynamic
potential but by meansf Legendretransformationstherpotentialscanbefound,which
maybe moreappropriatg¢o describinga givenproblem.

Only N = k + 2 of the setof intensve and extensve statevariablesare indepen-
dentvariables. With a view to a more compactnotation,V, S, p andT are written as
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Eyx 1, En, Iy 1 andly, respectiely. If all intensve variablesl; areassumedo depend
on all extensve variablesE;, it follows thatthe following matrix expresseshe relations
betweenntensve andextensve variables:

L Q11 - QN E,
Iy QN1 -t QNN En
aef Ol
J

The matrix (2.6) is symmetricand expressesasicequilibrium transduceeffects. Any
partial or completeinversionof this matrix describesadditionaltransduceseffects, be-
causeother constraintsapply, i.e. anothersetof independentariablesis selected.It is
importantto notethatthe coeficientsa;; arestill functionsof theindependentariables.

Thefirst law of thermodynamicstatesthat the total enegy of a closedsystemis con-
sened. In thefollowing formulationit expresseshattheinternalenepgy of a systemcan
be increasedy addingeitherunorderecenegy (heat)d@ or orderedenegy (=physical
work):

k
dU =dQ+ Y LdE; — pdV (2.8)
i=1
A comparisorwith the Gibbsrelation (2.2) revealsthat the heatmay be representecs
dQ =TdS.

2.2.2 Non-equilibrium effects
a) Affinities and fluxes

Thermodynamimon-equilibriumprocessesanbedescribedy fluxesof extensve quan-
tities, which aredriven by affinities. The flux vector.J; canbe intoducedasthe amount
of anextensve quantity F; which passesninfinitesimalcontrolareaperunittime, while

the associateaffinitiy f; is the spatialgradientof the conjugateintensie statevariable
FE;. Thefluxesareassumedo be functionalsof all affinities and of all intensve state
variables A simplifying assumptions thatthe fluxesdependn theinstantaneousalues
of the f; and; only:

o= T fs Dy Iy) (29)
f_;. o gradl; (2.10)
J,-da-dt o dE; (2.11)

Expanding2.9)in aTaylor serieswith respecto the ﬁ theconstantermsvanishbecause
all fluxesarezeroin the absenceof ary affinity. A next simplificationis to neglectall
secondand higher ordertermsin the Taylor expansion,thus assumingthat the fluxes
dependonly linearly on the affinities. This yields the following matrix relationbetween
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fluxesanddriving affinities:

- —

Jy Ly - Lin f
J_]’V Lyi --- Lnn f;v
L, < 9% (2.13)
df;

The matrix elementdL;; areknown asthe kinetic coeficientsor Onsages phenomeno-
logical coeficientsanddependevidently onall intensve parameters;. TheL;; arecalled
the primary or principal coeficients, becausehey relatea flux to its conjugateaffinity.
Thenon-diagonalL;; (for i # j) arethe couplingcoeficients. Somestatementganbe
madeaboutthe coeficientsL;; of thesupematrix (2.12):

Li; > 0 (2.14)
L; = LJTZ. (2.16)

Relationg2.14)and(2.15)follow from the secondaw of Thermodynamicsyhich states
thattheentropy productionrates cannotbe negative in anisolatedsystem

N
o= Ji-[;>0, (217)
i=1

whichmeanghatthematrix L in (2.12)ispositivedefinite. Therelations(2.16)arecalled
the Onsagesymmetryrelationsandhold trueif the statevariablesareevenfunctionsof

thevelocity of theatomisticelementonstitutingthe consideredhermodynamicystem.
In caseof the presencef a magneticfield B, somestatevariablescanbe odd functions
of the particlevelocities,and(2.15)changego

L;;(B) = L% (-B) (2.18)
ThecoeficientsL;; cannotbedeterminedy meanf thethermodynamitheory but ad-

ditional physicallaws governingtherespectre physicalenegy domainmustbeinvoked.

Anotherimportantassumptiorin the theory of irreversiblethermodynamicss that the
Gibbsrelation, given by equation(2.2), still holdstrue in non-equilibriumsituations,if
thesearenottoo far from (local) thermodynami@quilibrium.

b) Stationary processes

In mary practicalsituationsa systemis in a stationarystate.This meanghatall thermo-
dynamicstatevariablesare constantn time, thoughnot necessarilyat their equilibrium
values.

If in asystemwith N independenstatevariablesa numberof £ < N affinitiesis exter-
nally forcedto constanwaluesf; = const. # 0, thenthesystemis in a stationarystate jif
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theentropy productionhasa minimum. In thatcase all fluxeswhich arenot conjugateto
ary of theforcedaffinities mustvanish.Theentrogy productionrateis thengivenby

o= Jifi. (2.19)

If we now assumehatoneof thenotforcedaffinities experiences perturbatiory f:n from
its stationaryvalue,thenthis causes flux

— —

Jm = Lyym0 fm - (2.20)
Because¢he Onsagematrix L is positive definite,it canbe shavn that
Joy - 0fm >0 (2.21)

and o .
00 = 6fm LymOfm >0 (2.22)

This impliesthatary perturbationcausesa flux which is directedin sucha way thatthe
perturbingexcitationis reducedandthe systemmovestowardsits stationarystateagain.
In the specialcasethat no external affinities areforced,i.e. £ = 0, the systemreturns
from an excited statebackinto its thermodynamiequilibrium state,while the entrogy
productionapproachegero.

c) Relaxation phenomena

So far we consideredsituationswherethe entire systemcan be describedoy assuming
local thermodynamicequilibrium. Now this needsnot to be the case,but it is assumed
thatthe systemcanbe dividedinto two subsystemsgachof thembeingin local thermo-
dynamicequilibrium,andbothfilling the samevolume.A mixture of differentspecieof
particlessuchaselectronsandionsin a plasmacouldsene asanexample.

Both systemsanbe describedy theirrespectie temperatureg” and7T” andseparately
fulfill their Gibbsrelations

748" = dU' —p/dV' + ) IldE] (2.23)
=1
T'dS" = dU"—p"dV" +) II'dE] . (2.24)
=1
Thetotal changen entropy is
dS =ds' +ds". (2.25)

Assumingthat the total enepgy is consered (adiabaticprocess:0 = dU’ + dU"), no
volumechange®f the subsystemsccut andnoneof the otherextensve parameters;,
E! change(i.e. norecombinatiorbetweenelectronsandions takesplacein the above-
mentionedexampleof a plasma)thenfollows

dS = dU'(1/T" — 1/T") . (2.26)
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Theentrogy productionrateis then

_g_dU’ TI/_TI
T @ @ TT

(2.27)

This hasthe form of entropy productionrate = flux - affinity, with the flux variablebe-
ing the temporalchangeof an extensve statevariable. Therefore,a phenomenological
relationbetweerflux andaffinity canbeintroduced:

T T

7 = Trn (2.28)
Fromthe phenomenologicatateequation
dv' =" -dT’ (2.29)
with C' beingthe specificheatcapacitancepnegets
a7’ L
T T (T" -T"). (2.30)

If thetemperaturd” denotegheequilibriumtemperaturevhichbothsystemsvouldattain
afterthey have relaxed,then,with A7 = T" — T andAT" = T" — T, equation(2.30)
canberewrittenas
dAT" L
a o177

(AT" — AT"). (2.31)

In the casethatthe heatcapacitancef onesubsystenftheions,e.g.)is muchlargerthan
theother meansC” > C’, thenit followsthat AT’ > AT", andthereforewe arrive at
thefamiliar equatiorfor arelaxationprocess:

dAT 1
T = AT (2.32)

r = -C'-T?*/L. (2.33)

This equationshaws thatthe rate of changeof a quantityis proportionalto its deviation
from theequilibrium,whichis in correspondence equation(2.22).

The relationsrecalledin this chapterwill be usedto describethe thermodynamidasis
for thefrequentlyusedgeneralizatiorof the Kirchhoffian network rulesto otherphysical
domainsbesideghe electricalone. Additionally they guide the deviation of a generic
form of a compactmodel, which is consistentwith generalizedirchhoffian network
modeling.
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2.3 Compactmodels

Assumingthat a continuousfield model (CFM) hasbeensuccessfullydevelopedfor a
microsystenandcanbedescribedy meanof irreversiblethermodynamicsiow thetask
canbe performedto derive compactmodels(CMs). A first importantstepis the division
of themicrosystemnto smallersubsystems;alleddevices,suchthateachdevice canbe
modeledby arelatively simplecompactmodel. Sometimesghis is fairly simple,because
the microsystenconsistsof functionalunits, which arewell separatedrom eachother
More often sucha naturalseparatiorcannoteasily be found. If the devicesarechosen
too large, thenthe effectsinside might be too complex andit is difficult to modelthem.
If the devicesaretoo small, it might not be possibleto separateeffectsin neighboring
devicesproperly Thefollowing considerationsry to give someguidlineshow to find an
appropriatgartition of a systeminto devices.

2.3.1 Kir chhoffian network rules

If asystems separatethto two subsystemsheinteractionbetweereachotheris effected
by the distributedflow of n thermodynamiquantitiesacrosstheir commoninterfacerl .
Thisflow is drivenby the correspondingffinities:

-T n T
Ji =) Ly f; . (2.34)
j=1

Not necessarilall N existing thermodynamiguantitiesbut only n < N quantitiesare
exchangedacrosd'. A containemwith metallicwalls maysene asanexample:only heat
andelectricchage canbeexchangedavith adjacenbthersystemsbut nogasor liquid can
flow. However, in the volume of the devices,still all N thermodynamiajuantitiesmust
beconsidered.

Now, anessentiahssumptiorwill be madeabouttheinterface:the spatialdistribution of
ﬁ and.J; alongtheinterfacel is not decisve for describingthe device behaior. There-
fore, theinteractionof neighboringdevicesacrosgheir commoninterfacel’ canbechar
acterizedby onesimple,“lumped” variablefor eachthermodynamiguantity Thus,the
following lumpedvariablescanbeintroduced:

ARGV (2.35)
gradl, = f| — &. (2.36)

Thisis illustratedin Fig. 2.1 below.

Theinteractionacrosgheinterfacerl is thereforedescribedoy n pairsof lumped,conju-
gatevariablesyV; and&;, whichhavetheircorrespondende thedistributedfield variables
of thermodynamiconjugatdluxesandaffinities. Theinterfacebetweeradjacentievices
is callednode.

Becauseextensve thermodynamiqquantitiessatisfy balanceor conseration laws, the
correspondindgumpedvariablesV; mustalsoobey thesdawswhenexpressedn integral
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Fig. 2.1: Schematicview of a system,separatednto two devices by an interface,and
the schematiaepresentationf the correspondinggompactor lumpedelement
model.

formulation. They canthereforebefoundto be

W, = / JdAa. (2.37)
r

Theaffinity f,-r = gradl; dependsotonly onthevalueof theintensive thermodynamic
variable7; alongthe interfacel’, but alsoon its spatialdistribution in the vanity of the

interface. The descriptionof the interfaceusing affinities fir leavesthe intensve state
variablesI] undetermineavithin anadditive constantThereforetheinterfacel is better
describedasapproximataso-surticeof anintensve variablel; ratherthanby its affinity
fi= gradl;. Hencewe introducelumpedinterfacevariabless;. The ¢; arerepresenting
the stateof theinterfaceandarederivedfrom the I} accordingto

J rah)da

Fo) =g

(2.38)

whith thefunction f chosenin suchaway thatimportantsystempropertiesarecorrectly
reproducedy theresultingmodel. An examplewill beshavnin section2.3.4.

Now two importantconsequencdsllow immediately:

i): BecausetheW still fulfill the balancelaw for thermodynamiextensve quantities
divJ; = E; — m; (with m; beingthe productionrateof quantity ; perinfinitesimalcontrol
volumedV’), the currentsat a nodesumup to zero,andthe sumof all currentsentering
a device equalsthe neggative productionrate II; = fv m;dV  of this quantityinsidethis
device, asillustratedin Fig. 2.2.

ZWk / L) dV =@ — 1, . (2.39)

ii): From rotgradl; = 0, it follows that § gradl; dr = 0. Therefore for anarbitrary



2.3. Compactmodels 13

Fig. 2.2: Schematioziew of a systemwith threeinterfaces.The conseration of the flux
musthold true for ary integrationsurface A’ or A”, thusmakingthe noderule
for currentsobvious.

Fig. 2.3: Schematiwiew of asystemwith threeinterfaces.Any integrationof anaffinity
alongan arbitrary but closedpathmustvanish,thus makingthe meshrule for
potentialsobvious.

numberK of interfacesconnectedn seriesby asequencef adjacentdevices,it follows

K-1

D (o8 —oF) = ¢f — ¢; . (2.40)

k=1
Thisis sketchedn Fig. 2.3.

In the electricaldomain,thesearethe Kirchhoffian network rulesfor voltageandcurrent
[14]; but now we have generalizedhis conceptto ary pair of conjugateintensve and
extensve lumpednodevariables. This reveals,why the applicationof analogelectrical
network simulation,which is basedon a Kirchhoffian network description,could be so
successfullyappliedto otherphysicaldisciplines.In Fig. 2.4 it is sketchedhow different
devicesareswitchedtogetherthusforming a systemmacro-modelbasedn a Kirchhof-
fian network description.
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/ fluidic domain

L[ P, W
(u B1 B2
. @ p=0
electrical;
domain;/
- Zw=0 B3

Fig. 2.4: Schematiwiew of aKirchhoffian network, couplingdifferentphysicaldomains.
The conserationlaws for massflow w andhydrostaticpressurep arereflected
in sumrulesonthenodesandalongclosedmeshloops.

2.3.2 Genericmodel

Now the questionariseshow the currents)V; arerelatedto the nodalpotentialse;. Be-
causeghe Onsagematrix is positive definiteandsymmetric,it canbeinvertedandequa-
tion (2.12)canbewritten as

N

fi = ) Ry-Jj (2.41)
j=1

R = L. (2.42)

Integratingthis equationalongan arbitrary pathacrosshe device from oneinterfacel’;
to anotheiinterfacel’, gives

T . rs N N
ﬁ@:/'Ejmfgmn (2.43)
IN]

Iy ]:1

Now let us assumehat all interface currentsof the device are keptto zeroapartfrom
thoseat theinterfacesl’; andT',, wherethe potentialsaresetto ¢} and¢?, respectiely.
By changingthe orderof summatiorandintegrationonegets

N Ty
¢ — ¢ = Z R;;- J;dr. (2.44)

j=1 71

Assumingnow, that an additionalphysicalanalysisbesideshermodynamiaonsidera-
tions(i.e.,solvingthetransportequationsfi = Z?Zl L;; - f; in theinterior of thedevice
for the given boundaryconditions)resultsin expressiondor the matrix coeficientsR;;
in termsof the nodalpotentials? and/orof the terminalcurrentsW¥, andadditionally
assuminghattheintegralin equation(2.44)couldbe expressedn theform W»' - R} *',
thenequation(2.44)couldbewritten as

N
¢ — ) =Y RYT W, (2.45)
j=1
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whereW?' = W? = — W, arethe commonterminalcurrentsthroughT’; andT',. The
matrix RM is anaveragedne,describinghe device asawholeinsteadof alocal volume
elementbonly. Invertingthe matrix R 2! to LM 2! allowsto rewrite equation(2.45)as

N
W2 =Y LY (45 - ¢)) . (2.46)
j=1
Adding now the currentcontritutionsfrom all K — 1 interfacenodesl'y, - - - , 'y, andthe

productionratell; to the currentsthroughinterfacel’;
K
W =Y W Qi -1, (2.47)
k=2

onefinally getsthefollowing expressiorfor thecurrentsatinterfacel’; (now lumpedinto
asinglevalueatthedevice nodel):

K

N
W=D LR (gE -6l + Qi — T, (2.48)

k=2 j=1

This equationexpressesa nodal currentof one extensie quantity as a function of the
potentialdifferencegrom all othernodedo thisnode notonly for the conjugatepotential
to the current,but for all otherpotentialsaswell.

Becausehe matrix L is a function of the intensie statevariablesl;, alsothe matrix L
mustbe dependenon the stateof the device. In a CM the statecannotbe describedy
distributedfield variablesput averaged|umpedvariablesmustbe usedinstead.

A next, importantassumptions, thatthe stateof the device canbe uniquelydescribedy
a setof averagedjntensve statevariables:

_fy ) av
fle") = W : (2.49)

Oneimportanttaskof compactmodelingis it to find anappropriatgunction f suchthat
relationslik e (2.46) hold true. Their conjugate averagedextensve statevariablesare

QM = /V E;dV . (2.50)

This is the obvious way of averagingan extensve quantitywhich hasto fulfill a conser
vationlaw.

Theintensve andextensve statevariablesareassumedo satisfyarelationcorresponding
to the stateequation(2.6) for thethermodynami@quilibrium

N
o' =D alQ), (2.51)
j=1

andwith the generalizedtapacitymatrix C = o' onegetsthefollowing capacityrela-
tion

N
QY =Y _Cle). (2.52)
j=1
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Fig. 2.5: Schematicview of a systemwith threeinterfacesand an internal node. The
consenrationof theflux mustholdtruefor ary integrationsurfaceA’ or A”, thus
makingthenoderule for currentsobvious.

Again, the raisedindices M indicateaveragedvalues,describingthe stateof the entire
device, not of aninfinitesimally smallvolumeelement.

In the casethat the coeficients of LY are constantor can be explicitly expressedas
functionsof thenodepotentialsp? and,additionally neitherQ); norII; occug thevariables
oM and@ do notenterthe CM andequation(2.48)simplifiesto

K N
W=D LR (e - 4, (2.53)
k=1 j=1
andequation(2.53)becomeghegenericform of a quasi-staticCM.

If however suchan explicit expressioncannotbe found, the variabless;” and@}" enter
the CM asinternalnodevariables(Fig. 2.5). To be moreprecisely not Q¥, but QM is
used,andthereforethe conserationlaw for the quantityQ); is written as

K
S WE=-QM +11;, (2.54)
k=1

with TI; beingthe productionrate of quantity @); inside the device. Equation(2.45)

changedo
N

oM — ¢l ==Y RM'. W] (2.55)
j=1
andcanbeinvertedto
N
W= LM - ¢)) (2.56)
j=1

This meansthata currentat a nodeis expressedisa functionof the potentialdifference
betweerthis nodeandthedevice internalnode(Fig. 2.6). Now theequation(2.56)for all
nodesandall quantitiestogethemwith (2.54)and(2.52)establistthe genericCM.
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Fig. 2.6: Schematicview of a systemwith threeinterfacesand an internalnode. Any
integration of an affinity alongan arbitrary but closedpath mustvanish,thus
makingthemeshrule for potentialsobvious.

For the changein internalenegy of the device dueto a changeof the quantity @ one
getsin analogyto equation(2.2)

dUM = ¢}" - dQ;)" . (2.57)

Replacingy by usingequation(2.51)yields
dUM =) (@) - o)) dQM . (2.58)

Thismeansthatthecapabilityof adeviceto storea quantity); is relatedto thecapability
of storingenenpy.

Theentropy productioninsidethe deviceis correspondingo (2.17):

K N

S==2.D Wi (@ ) (2.59)

k=1 j=1

2.3.3 An additional affinity for inertial effects

If thechangeof aflux W¥! in adevice causesnadditionalaffinity f* = KMkl . )kt
to occut thenequation(2.45)mustbe modifiedin thefollowing way:

N
oF —op — KW =3 REFLW (2.60)
j=1
andcanbeinvertedto
N
Ly Fr - KME R - WE =N LR (gh - ¢)) (2.61)

=1
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For device CMs with aninternalnodethe correspondinghangeo equation(2.55)is

N
oM — ¢t + KM W = =) R W) (2.62)
j=1
andthisrelationcanbeinvertedto
N
LY KM W W= = LM (g — ¢l (2.63)
j=1
In anothemotificationequation(2.62)reads:
al 0
6 =6 = — DRy + K S0 W; (2.64)
7j=1

with K beinga diagonalmatrix, i.e. K;; = 0 V¢ # j. This matrix operatorrelates
the potentialdifferencebetweera terminalnodeandtheinternaldevice nodeto all nodal
currents. Togetherwith the capacityrelation (2.52) andthe conseration law (2.54) for

currentsgequation(2.64)is ageneralgenericCM of a device, thatcouldbe derivedfrom

irreversiblethermodynamicsnd,therefore leadsto a generalizedirchhoffian network

descriptionof theembeddingsystem.

Correspondingo (2.17)the contritution of theaffinity f* = KM'.W! to theentrory
productionin thedeviceis

Using dU = T'dS onegets:
Uk = 1. fFow! (2.66)
dUf = T-fF-wW'dt (2.67)
t
AUF = / T -KM'.W! Wt (2.68)
to
W)
_ / T KM W AW (2.69)
W (to)
KM KM
= ZT(WS(t))Q - zT(W?(to))2 (2.70)

This is the amountof enegy AUF storedin the currentW}! and meansthat a current,
which itself storesenenpy, leadsto the effect thatchangingthis currentrequiresan addi-
tional affinity of the sametype asthe one,which drivesthe current.

2.3.4 Simple examples

In Table2.1,intensveandextensvethermodynamiwariablesandthecorrespondingon-
jugateaffinities (driving forces)andfluxesarelistedfor severalphysicalenegy domains.
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domain intensve | affinity | flux | extensve
guantity guantity
I f; Ji | E
electrical o/T | =V(¢/T) | Ju Qul
mechanical 7/T | V(@/T) | F 7
thermal 1T | V(1/T) | Js S
fluidic p/T Vp/T | Jp, m

Tab. 2.1: Intensve andextensve statevariablesandthe correspondingonjugateaffini-
tiesandfluxesfor severalphysicaldisciplines.

Table2.2 shaws the across-andthrough-quantitiegn compactmodelswhich correspond
to the affinities andfluxesin CFMsin Table2.1. The quantityheat(Q;, in Table2.2)is
relatedto theentropy S in Table2.1by dQy, = TdS .

domain across | through | consered
quantity | quantity| quantity
electrical U 1 Qe
mechanical A7 F 7
thermal AT /T Iy, Qi
fluidic Ap Wiy m

Tab. 2.2: Nodalquantitiesin a generalized&irchhoffian network descriptionfor several
physicaldisciplines.

It is quite usualto chosethe across-andthrough-quantitiesuchthattheir productshave
the dimensionof a measurablg@hysicalquantity namelypower, insteadof entrogy pro-
ductionasin equation(2.17). Therefore the affinities in Table2.1aremultiplied by 7" to
yield the correspondingcross-quantities Table 2.2, motivatedby the relationfor the
heatproduction

_dQu - dS

=T -—. 2.71
dt dit ( )

g

a) A resistorwith self-heatingeffect

As averysimpleexample,anelectricalresistoris consideredhow. It is assumedo consist
of a cylinder of thelength/ andthe cross-sectiom, contactedat both sidesthermallyas
well aselectrically but electricallyandthermallyisolatedat the outercylinder surface.
Therefore,all quantitiesare one-dimensionain spaceand dependon the z-coordinate
only (Fig. 2.7).

Theresistorcannotstorechage,andno chageis generatednside. Additionally, thecon-

ductivity of thematerialis assumedo beindependenof the electricalstateof the device,
i.e. no explicit dependencentheelectricfield or the currentdensityis consideredThat
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Fig. 2.7: An electricalresistor contactedhermallyandelectricallyat bothsides.

meangthat no internalnodeis necessaryo modelthe electricalbehaior, andequation
(2.53)canbeusedto describeherelationbetweerelectricalcurrentandappliedvoltage.
If we supposédhatthetemperatureat both sidesof theresistoris keptat the samevalue,
it canbesimplifiedto

—I = Ly - Uy - (2.72)

Thebalancesquation(2.47)for currentdeadsto I, = —1I;.

The coeficient L., is still a function of the device temperature Sinceall quantitiesare
one-dimensionah spacetherelation j = o - E caneasilybeintegrated jf additionally
thetemperaturénsidethedevice is assumedo be constant.Thisis nottruly thecase put
anaveragedvalueT™ is usedto describethe thermalstateof the device. This resultsin
thewell-known formulafor the electricalconductancef a device

Lag=0o(T")-A/l. (2.73)

Applying equationg2.59) and (2.71), the Joule heatinginside the device calculateso
IIo = U - I . Thisvalueappearsisproductiontermin thethermalbalance.

To describethe thermalbehaior of the device, constanthermalconductvity and heat
capacityareassumedEquations2.56), (2.54) and (2.52) mustbe appliedto setup the
thermalmodel:

—Ir = MMM -Ty), k=12 (2.74)
Iy = QM 4U-T (2.75)
AQM = cM (™ -T) . (2.76)

Equationg2.72)to (2.76)arethe CM for theresistor Usingthe device symmetryAM =
A =AM andthe boundaryconditionT; = Ty, it canbesimplifiedto

I = o(T™)-(A/l)-U (2.77)
—rh = —qth = A\M . (TM _T) (2.78)

d(T™ —T,)

2-A
dt l

Ciy - +2- MM (T —Ty) = o(TM)- U2, (2.79)

It still remaingto determinethe averageccoeficientso (7"), AM andC}).
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The governing equationdor the local, distributed-fieldvariablescan be found by con-
densing(or tailoring, se€[8]) thegenericthermodynamienodel,describedn section2.2:

97

=0 (2.80)
oz
j = o(T(z))-E() (2.81)
—%% = —Qum+j E@) (2.82)
ju = 2.2 (2.83)
ox
ch = Cth‘T($)- (2.84)

Sincethe problemis assumedo be one-dimensionaand,becausef (2.80) onecanre-
placej by I/A. Somemanipulatiorfinally leadsto the one-dimensionainhomogeneous
heat-flav equation

0 0T () : I’
— T . T(x) — ——=——=0. 2.85
Ox (A( @) "5 >+C“1 @)= om@) " (259
If A canbeassumedo be constantijt furthersimplifiesto
0T (x) - I?
] .T L ——— 2.
A 927 + Cy, - T'(x) - o(T()) 0 (2.86)
Now letsconsiderequation(2.81). A directintegrationgives
! I 1 dzx
Ez)dze == | ————. 2.87
fp@as=3 | s @50
Thatleadsto z
v 1 dx
=== — 2.
=73 s (2:69)
andmakesthefollowing definitionfor 7™ obvious:
l / Lodg
—_— = —. (2.89)
o(TM)  Jo o(T(z))

The ideabehindthis definitionis: the electrical propertiesof the resistorare the most
importantonesand mustbe modeledas accurateas possible. Therefore the measured
materialpropertyo (T") shouldbe used.Thedetailedthermalpropertiesareconsideredo
belessimportantin this exampleandcanbe modeledby approximatgarameters.

Thegenerateghower dueto Jouleheatinginsidetheresistoris
l

P=U-1 = /A-j-E(:c)dac
0

I? Lodg

A, 70(T($)) . (2.90)
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Comparingthis to (2.89)shaws, thatthe above definitionfor the averagedl™ yieldsthe
correctgenerategbower dueto Jouleheating.

Integratingthe stationarypartof the heat-flav equation(2.85)andusing(2.89)gives

/;%(A(T(:;:)agff))) dr = i_z. Ol%

T I
Oz ‘0 A2 o(TM) (2.91)

If now the gradientdT'(z)/dz is replacedby the difference(T™ — T1)/(1/2), MNT(x))
mustbereplacedy \M, andonefinally getsanequationto determine\:
(T™ -T7) I

M —
SN = (2.92)

AT (x))

In summarywe find: if acurrentthroughtheresistoris given,theparameten™ in (2.92)
must be adjustedsuchthat the resultingtemperaturel’™, wheninsertedin o(7T*) in
equation(2.77),yieldsthe correctvaluefor thevoltagel/, comparedo measurementsr
FEM-simulations A similar fit-proceduremustbe appliedto the parameteC} to match
the measuredr simulateddynamicbehaior of the resistor The materialproperties\
andCy, canbeusedasinitial guesdor thefit-procedure.

b) A capacitor

Theelectricalcapacitoris assumedo be a two-terminaldevice with eachterminalbeing
connectedo oneof thetwo parallelplates.At eachplate,electricalchage canbe stored,
but the device itself doesnot storeary netchage. To modelthis device correspondingo
the methodoutlinedin section2.3, it is usefulto considerit astwo sub-de@icesoneand
two, assketchedn Fig. 2.8. TheresistorsRk; andR,, connectingheplatesto theterminal

o'

I I
LR | bR 2
¢, R )

¢ g

Fig. 2.8: An electricalcapacitormodeledastwo sub-deices(indicesl and?2).

nodesareassumedo be zero,thusleadingto ¢, = ¢}/ and¢, = ¢)'. TheresistorR; is
infinitely large,makingI; to vanish.The CM, derivedfrom the genericCM, describedn
section2.3,equation(2.56),(2.54)and(2.52),is thereforefairly simple:

L= =C ¢, k=12 (2.93)
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Becausehedevice itself mustremainneutral it mustalwaysbe Q)Y = —QJ, andthere-
forealsol; = —1I,. By eliminating/,, equation(2.8) canbe simplifiedto

2-1; =CM (¢ — o), (2.94)

whichindeedis thecorrectformulafor ancapacitoyif I = I, U = ¢, — ¢y andCM /2 =
Cisused:

I=C-U. (2.95)
The storedenegy canbecalculatedcorrespondingo equation(2.58)to be
dW—QQLdQ—QdQ (2.96)
el — CM = C . .
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2.4 VHDL-AMS modeling language

In the past,mary attemptshave beenmadeto simulatenon-standaratlectricaldevices
andnon-electricacomponent$n analogelectricalnetwork simulatordik e SPICEandits
NUMErousuccessors.

Oneapproachwasto build a network of standardccomponentdo resemblehe behaior
of the device to be modeled. This methodis well known asmacio-modeling[15]. One
drav-backof this methodis its lack of flexibility, becausehe standardcomponentsio
not provide all therequiredfunctionaldependencieBetweercurrentsandvoltages.The
parameterizations tricky, becausehe standarccomponenmodelsareabused far avay
from their usualapplication. The resultingmodelis difficult to interpretewith respect
to the physicalmeaningof the usedbuilding componentandtheir parameters.Model
documentatiorand maintenancearethereforefull of problemsaswell. Becausdghe im-
plementationof componentss differentin varioussimulatorsnot only for diodesand
transistors put even for simple elementdlik e resistors,the resultingmodelscannotbe
re-usedn othersimulationervironments.

Anotherapproachs calledbehavioal modeling Here,into the simulatora setof compo-
nentsis implementedwith certainparameterizedunctionaldependenciebetweenvolt-

agesandcurrentd16, 17]. Thatgivesthemodeldeveloperthe possibilityto build models
in nearlythefashionof theoriginal modelequationsTheresultingsimulationmodelof a
deviceis a (usuallysmall) network of componentsvith therequiredfunctions.Therefore
it shouldbetterbecalledbehavioal macio-model If the providedsetof functionsis suffi-

cientlylarge,thisapproachs well suitedfor compacmodeling.Somedrav-backsremain
though. The setof functionsandtheir syntacticakepresentatiorns not standardizedBe-

causeno new quantitiescanbedefined thedifferentnaturesll appeaasbeingelectrical
ones,thusmakingthe simulationresultsdifficult to interpreteandthe modelsdifficult to

delug andmaintain.Additionally, all quantitiesmustbe scaledto the sameorderof mag-
nitudeascurrentsandvoltagesypically have. Otherwisethe corvergencepropertiesand
theaccurayg of theresultssuffer. Electromechanicatxamplescanbefoundin [18, 19],

electrothermabnesin [20, 21].

VHDL-AMS [6] is quite comparabldgo behaioral modeling,but overcomesomeof its
limitations. Someimportantadvantagesre:

— StandardizationlEEE standardlL076.1assureshe portability of all VHDL-AMS
modelcodewith only minorwork required(mostlyrelatedto differencesn numer
ical algorithms)

— Self-documenting: The high-level hardware-descriptiolanguagesupportshier-
archical designsas well as nhamedentities (devices) and quantitiesand human-
readablekeywords.

— A comprehensie set of pre-definedfunctions is available, including time-
derivativesandtime-integrals. Internalnodesaresupported.

— Conditionalstatementandmary othercontrolstatementsareavailable.
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— It is a supersebf VHDL [22]. Therefore,mixed digital and analogmodelingis
fully supportedmakingit possibleto modellarge systemsfficiently.

Variousexamplesof microsystemmodelingby meansof VHDL-AMS canbe foundin
[23].

No detailedintroductionto VHDL-AMS will be given here,but insteada fairly simple
exampleis presentedywhich demonstratesomeimportantfeaturesof the modelinglan-
guageVHDL-AMS. The exampleis the electricalresistorwith thermalself-heatingas
describedn section2.3.4,andis structuredasfollows:

First,therequiredquantitiesaredefined andtoleranceattributesaregivento them.These
toleranceattributesareusuallysimulatordependenandmustbe adjustedif the modelis
portedto anothersimulationernvironment.

Next, an entity is defined,describingthe external structureof the device, namelythe
numberof its terminalnodesandtheir natureandtheparametersyhich canbetransferred
to themodelduringinstantiation.

Finally, thearchitectureof themodelis describedThatincludesthe definitionof internal
nodesandtheformulationof themodelequationsThe modelequationselatetheacross-
andthrough—quantitiesf the nodesto eachother The modelcompilerchecksthatonly
oneof the conjugatepair of quantitiesat eachnodeis setin the model. The otheroneis
determinedy applyingtheKirchhoffian rulesin the network, the device is connectedo.

PACKAGEpvo IS

CONSTANTtemp_tol STRING = "ABSTOL=1.0e-9;
CONSTANTheatflow_tol : STRING := "ABSTOL=1.0e-12 ;

SUBTYPET IS REAL TOLERANCEtemp_tol,
SUBTYPEW IS REAL TOLERANCEheatflow_tol;

/

NATUREthermal IS y

/

T ACROSS 7
w THROUGH eIectrthermaJ .
_ U, heater \ T.Q
NATURE-electrical IS i
voltage ACROSS :
current  THROUGH /
electrical domain thermal domain
END PACKAGEpvo;
ENTITY heater IS
GENERIC(R : REAL := 1.0;
tk . REAL := -3.0e-3;
c_th . REAL;

r_th . REAL;
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);

PORT(TERMINALvV_in, v_out : electrical,
TERMINAL T_in, T_out : thermal);

END heater;

ARCHITECTUREDbasic OF heater IS
QUANTITY T_M: REAL TOLERANCEtemp_tol;

QUANTITY U ACROSS

I  THROUGH v_in TO v_out;
BEGIN

U==R* (1.0 + tk * T _MReference) * I,

T_inContributi on == (T_MReference - T_inReference)/ r_th;
T_outContribut ion == (T_MReference - T_outReference) /r _th;
(T_MReference - T_inReference) /r th

+ (T_MReference - T_outReference )/ r_th

== U*l - c_th*T_MReferen cedot;

END basic;

Thereexist otherhardwaredescriptiolanguagesvith moreor lessthesameunctionality.
Non-standargroprietrylanguagesreSpectreHDL[24], Mast[25], HDL-A [26], Analog
Insydeq27] andotherswheread/erilog-A, theanalogextensionto Verilog,aimstowards
standardization.For a first overview and somehistoricalbackgroundsee[28]. In this
work, mostlySpectreHDLand,to acertainextend,HDL-A have beenused.Somemodels
(the valve, section5.2, andthe completegyroscopemodel,section5.5, e.g.) have been
portedto VHDL-AMS and could be successfullytested. It turnedout that, dueto the
comparabldunctionality, a transferbetweendifferenthardwaredescriptionlanguagess

simplebut time-consuming.
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2.5 Conclusions

In this chaptemwe describecamethodologicabpproactof developingCMs, startingfrom
athermodynamidescriptionof the systemunderconsiderationA setof equationsvas
derived, which establisha genericCM. Besidesthe assumptionthat the device canbe
describedy meanof thermodynamicghefollowing four fundamentahssumptionad
to bemade:

1. Thecompletesystemmodelcanbe dividedinto devices. The interactionof those
devices can be describedas an exchangeof thermodynamiagxtensve quantities
acrossnterfaces.

2. An interfacebetweenadjacentdevices canbe describedoy a pair of lumped,av-
eragedvariables(node potentialand node current), being averagedvaluesof the
thermodynamidéntensive parameteandtheflux of the conjugateextensve param-
eter Theirlocal distribution alongtheinterfacecanbe neglected.

3. An averagedmatrix canbefound,thatrelatesthe differenceof theintensive nodal
parameters$o the nodalcurrents.This averagedmatrix is still symmetricandposi-
tive definite,asthe correspondin@nsagematrixis.

4. The stateof the device can be describedby a setof averaged,lumpedintensive
statevariables.Theselumpedintensve parametersanberelatedto theintegrated
extensve parametersn stateequations.The matrix, which relatesthe intensve to
the extensve lumpedparameterss positive definiteandsymmetric.

It seemswvorth spendingmoreresearctwork to answeringhe questionwhatconditions
mustbe fulfilled, thatthe above assumptionsrevalid. An answeron how to find the
averagedmatrix, mentionedn item 3, would be mostdesirable.Up to now, it is left to
the’physicalintuition’ of themodeldeveloperto find a solution.
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3. Compact modeling approaches

3.1 Intr oduction

In a productdevelopmentycle quite differentrequestdave to be satisfiedoy CMs used
for system-leel simulation.

During the conceptualwork, the feasibility of the projectedsystemdesignneedsto be
verified. Differentsystemconceptsareto be comparedto find the optimal approach.
So, system-lgel simulations basedon CMs of the useddevicesare strongly needed.It
is very likely, however, thatdevice CMs arenot availableyet, becausehe development
of the devicesthemselesor the technologyfor their manufcturingis not finalizedyet.
Measuremendatamight berarely availableeithet

Onepossibilityfor CM developments thena roughanalyticaldescriptionof the opera-
tional principles,basedon simple physicalmodels,ignoring mary second-ordeeffects,
crosscouplingsetc.

A seconcconsistsn characterizinghe device behaior by FEM-simulationsandthesub-
sequengeneratiorof CMs by meansof curve fitting proceduresThis approachs espe-
cially useful,if CAD- andFEM-modelsof the device arealreadyavailable. A changen
thedevice designhowever, requireso rerunthe FEM-simulationandthe curve fitting for
theCM.

Whenthe conceptof the systemis found, it needgo be designedHere,a detailedquan-
titative analysisof the systemperformancendits robustnessgainsiprocessluctuations
hasto be carriedout. Issuedik e reliability, designcenteringmanufcturabilityetc. must
be addresseR9]. This meanghatmary systemsimulationswith systematicallyaried
CM input parametersnustbe run. It is obvious that analytical, physically basedCMs
arerequiredhere explicitly expressinghedependenciesf thedevice behaior ondesign
parameterdgechnologicabndmaterialparametergtc.

During productionthe manufcturing processneedsto be monitored. If besidespro-

cesgparameteralsodevice CM parameteraremeasuredoutinely, correlationsetween
processandgeometryparametersgevice CM parameteraindsystemparameterganbe

analyzed30, 31]. This allows to performstatisticalmodeling,to build yield models,to

performfailure analysis,statisticalprocesscontrol etc [32, 33]. This requires,besides
analytical,physicallybasedCMs, a very efficient parametemeasuremerdandextraction

strateyy, which allows to build up a statisticaldatabase.

In this chaptey threedifferentmodelingapproachesrepresentednamelythefinite net-
work modeling(FNM), thecompacmodelingby meansf basisunctions,andphysically
basedcompacimodeling,usinganalyticalequations.
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FN modelingand basisfunction modelingcan, to a certainextend, be automated put

are not very powerful with respectto changingdevice parametersike geometriese.g.

Analytical, physicallybasedmodeling,on the otherhand,is very powerful with respect
to parametestudiesandhasgoodextrapolationcapabilities. However, it requiresalot of

experienceandtime duringmodeldevelopmentandcanhardly beautomated.

3.2 Finite network models

Thesimulationof sensosystemsvhich containnon-electricatomponentss anon-trivial
task.Frequentlythe sensingelementf suchsystemsarecontrolledin afeedback-loop,
thus making a coupledsimulation necessary One approachis the coupling of FEM-
simulationtoolsfor the non-electricapartwith a circuit simulationtool for the electrical
partof thesystem[34, 35]. Sincethe controlunit of thesystemis realizedelectronically
the electricalsimulationis indispensable.The correspondingsoftware is an analogor
mixed analog-digitalsystemsimulationtool.An alternatve is the Finite Network model-
ing.

The methodof Finite Network modelingreproduceshe FEM approach.The governing
partial differential equationsare discretized,using appropriateansatzfunctionsin the
discretizationgrid elements.This leadsto a large systemof linear or nonlinearordinary
differentialequationd ODES). Pawerful softwaretools are availableto solve suchlarge
systemsof nonlinearODEs. If analognetwork simulatorslike Spectre Eldo, Saberor
Hspiceare used, linear elementODESs can be representecs RLC equivalent circuits,
whereasonlinearelementamustbe written as behaioral models,using VHDL-AMS,
e.g.. Theseelementsare then compiledinto a netlist, thus establishingthe simulation
model.

Thefinite network modelinghassomeadwantagesmakingit very attractve for microsys-
temmodeling.First, the finite network simulationmodelcanbe generatedutomatically
from a FEM-mesh. To this end, a softwaretool called ANTOS hasbeendeveloped. It
convertsFEM modelsfrom ANSYS, basedon brick elementsjnto a SPICEnetlist of a
finite network model(FNM). Secondthe elementformulationis fully flexible, allowing
the userto include nearlyarbitrary coupling effects, which might not be includedin the
usualFEM-tools. Finally, the combinationof a FN modelwith CMs is possibleandal-
lows the simultaneousolutionof the completesystemmodel. Especiallyin the caseof
strongbidirectionalcouplingbetweerthe partsof thesystemmodeledoy meanof FNMs
andCMs, thatleadsto muchbettercorvergencepropertieshana successie couplingbe-
tweenFEM solver andsystemsimulator[36, 37, 38]. Sinceanalogsystemsimulatorsare
usedto solve the resultingcoupledproblems,one benefitsfrom the fact that thosesim-
ulatorsarewell tunedtowardsa robust, efficient solutionof stiff transientproblemsand
additionallygetsaccesdo all their built-in analysismethodgquasistatioperatingpoint,
DC sweeptransientsmallsignalAC ...).

To make simulationson systemlevel possible FNMs canbe combinedwith CMs. This
meansthatthe partsof the systemmodeledby CMs andthosemodeledoy FNMs inter-
faceto eachother Theinteractionatsuchinterfacesmustbe describedy asinglepair of
conjugatevariables Basicallythesameconsiderationasin section2.3for lumpinganin-
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terfaceinto asinglenodecanbeappliedto theinterfacenodesof FNMs. Two possibilities
arefoundto beuseful:

— Theacrossvariablesatthe FNM interfacenodesareforcedto be constantequalto
the correspondinghodal value of the CM. The nodalthroughvariableof the CM
is the interface-intgral of the correspondindlow densityof the FN model. This
possibilityis recommended ageneralizegotentialis forcedfrom the CM to the
interface(the CM actsasa generalized/oltagesource).

— Thenodalthroughvariableof the CM is usedto forceaconstanflow densityatthe
interfaceto theFNM. Thenodalacrossrariableof the CM is thenanaveragedralue
of thecorrespondingnodalvaluesattheinterfaceto the FNM. Insteadof averaging
overtheinterface,it is alsopossibleto intentionallyselecta nodeasthetypical one
to describethe interface,thereforeusingits FNM acrossvariablealsoasthe nodal
CM acrossvariable. This possibilityis recommended the CM drivesa flow into
theinterfaceto the FNM (the CM actsasa generalizeaturrentsource).

Onemajordisadwantageof this modelingapproachs the large amountof degreeof free-
domin the FN model,usuallya multiple of the network nodecount. This makessimula-
tionsvery time- andmemory-consumingsomparedo suchsimulationswhich useonly
CMs. Additionally, geometryvariationsusuallyrequireto rekuild the FN model,starting
from a modifiedFEM model. Thesetwo pointsarethe reasonwhy FN modelingis not
well suitedfor designstudies.

Exampledor FN modelingof thermalproblemscanbefoundin [39], mechanicaprob-
lemsaresolvedby meansf FNin [40,41,42,43, 44], andacomplicatedcoupledprob-
lem canbefoundin [45]. Theapplicationto self-heatingeffectson chip-level, including
asemi-automatigeneratiorof the FN modelfrom layoutdatais shovn in [46].

Sincethe manualsetupof the large systemof ODEsis impractical,it is helpful to utilize
CAD-tools for solid modelingand meshgeneration.All requiredinformationlike grid
nodecoordinatescell volumes,elementattributes,surfaceflags,neighboringnodesetc.
can be exportedfrom the CAD-tool. A softwaretool is thenrequired,that builds the
requirednetlistfile from theseexporteddata.

For the examplepresentedhext in this work, the interfaceprogramANTOS wasusedto
build the Spicenetlistof athermalFN model,basedon a brick elementmesh,generated
in ANSYS. This FN modelallows to specifyvariousboundaryconditionslike clamped
temperatureheatcorvection or radiation. Body loads (heatgeneratiorrate, e.g.) can
be appliedaswell. Two alternatve approachesvere used: First, the relationsbetween
the quantitiestemperatureand heatflow-rate betweenneighboringnodesare expressed
usingthe simulatorbuilt-in linear electricalR and C elements.Second thoserelations
arewritten in VHDL-AMS, thusfeaturinga more generalapproachwhich allows for
morecomple relationslik e nonlinearitiesn materialpropertiesetc.

3.2.1 The demonstrator: a thermo-electro-mechanicalmicrosystem

An essentiafunctionalfeatureof microsystemss theability to verify their functionality,
i.e. the possibility to performself-tests.In the caseof an acceleratiorsensoy one pos-
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sibility of a self-testis the controlledexcitation of oscillationsof the seismicmassand
the evaluationof the resultingsensoroutputsignal. One excitation method,which can
relatively easilybeimplementedn thesensosystenis athermalactuation.This method
is usedin anacceleratiorsensorwhich wasdevelopedatthelFT in the publicly founded
projectASIS-1lI [47].

The ASIS acceleratiorsensolis manugcturedin bulk silicon micro-machiningechnol-
ogy. A seismicmassasthick asthesiliconwaferwhichit is madefrom, is attachedo the
silicon frameby four suspensiomeamgFig. 3.1). The beamshave integratedresistors,
whichexplorethepiezo-resistie effect of crystallinesiliconto detectabeambendingdue
to accelerationsf the sensor The geometryof thebeamsaswell asthe placementf the
resistorsvasoptimizedto getmaximumsensitvity to accelerationg the senselirection
andminimum sensitvity in the otherspatialdirections. Additionally, the piezo-resistors
areswitchedtogetherin a bridgecircuit in sucha way, thatotherthanthe desiredsignals
canceleachotherout. Thebeamsalsocontainresistordor heatingpurposesA heatingof
thebeamsauses thermalexpansionandsubsequently deflectionof the seismicmass,
giventhatthe frame staysat ambienttemperature.The resultingdeflectionof the seis-
mic masscanbe detectedso thatfinally the functionality of the sensorcanbe verified.
Althoughthe piezo-resistorsouldsene asheatersaaswell, the usageof separatdeating
resistorgurnedout to bebetterthanto reusethe ppiezo-resistors

To developa completeself-testregime, simulationson device level aswell ason system
level hadto be performed.A coupledthermo-electro-mechanicalstemsimulationhad
to clarify, if the electricalresponséo a heatingpulsewould provide enoughinformation
aboutthe device to sene asself-test.To this end,CMs for all functionalpartsof the sen-
sorhadto bedeveloped.For themechanicabndelectricalbehaior, the CM development
wasmoreor lessstraightforward andwill be describedn section3.2.3. For thethermal
behaior, in thegivencasat would have beenpossibleto build CMs, becaus¢hethermal
time constant®f the constituenparts(beamsframe,seismicmass)arefairly well sepa-
ratedfrom eachother makingit possibleto modelthemseparatelyaslumpedelements.
Frequentlyin thermalproblemsthe oppositeis the case:heatsourcesandheatsinksare
notwell localized,but spatiallydistributed,makingit difficult to lump theminto CMs. A
Finite Network modelis anattractve alternatve in suchsituations.

In orderto demonstratéhata FNM workswell andefficiently in combinationwith CMs,
deliberatelya FN descriptionwaschoserfor thethermalmodelof theacceleratiorsensor

3.2.2 The finite network model

In section3.2, a methodfor the FN modelingwasdescribed.This methodwasapplied
to the thermalsimulationof the ASIS acceleratiorsensor To this end,a FEM mesh
was generatedn ANSYS (Fig. 3.1). The ANSYS input deckis fully parameterized,
thusallowing for parametestudiedik e designmodificationse.g. TheresultingANSYS
FEM mesh,consistingof brick elementsonly, is thenexportedto the software package
ANTOS, which generateshe desiredFNM for thermalmodeling. The FNM has2450
nodes,which leadsto 2440 capacitve elementsand 7860resistive elementsn the final
netlist. The FNM takesinto accountthe thermalconductvity, the thermalcapacitance
and heattransferacrossthe surfacedueto corvectionandradiation. The corvectionis
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Fig. 3.1: Finite-Elementmodelof the sensor:seismicmassandsuspensiomeams(top)
anddetailedview of a suspensiomeam(bottom). The samemeshis usedfor
mechanicahndthermalsimulationsaswell asthe exportto the FNM generator
ANTOS.Theframeis notmodeled Instead hesuspensiobeamsaregivencon-
stanttemperatur@ndzerodisplacemenboundaryconditionsat the connecting
pointsto theframe(indicatedby arrows).

modeledasa linearthermalresistorfrom eachsurfaceelementto areferencej.e. to the
ambienttemperatureThe heattransferto the environmentdueto radiationis modeledto
beproportionalto 7.

A transienthermalanalysisof the sensomwarm-upwasperformed.Two oppositebeams
areheatedby a power of 3.61mW The simulationwasperformedin the analognetwork
simulatorSpectre[24], usingthe generatedhetlist. The advancedtimestepsizecontrol
in the analognetwork simulatoris ableto resole transienteffectson very differenttime
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scales. This lets the simulationrun very efficiently. To simulatethe curves shown in
Fig. 3.3 takes approximately30 secondson a HP9000/785 but still the fasttransient
temperatureaiseof the suspensiotveamgyetscorrectlyresohed. The simulationof this
problemin ANSYS takes70 secondon the samemachine.Notethatin both casesonly
the thermalproblemis simulated,neglecting the coupling of the thermaleffectsto the
electricalandmechanicabehaior of the sensor A comparisorof the simulationresults
shaws negligible differencedetweerthe FEM andthe FN simulations asexpected(see
fig 3.3).

The alternatve approachusing VHDL-AMS written elementsinstead of using the
simulatorbuild-in resistve and capacitve elementsyields exactly the sameresultsand
no significantdifferencein simulationtime, which basicallyhighlightsthe efficient solu-
tion algorithmsin Spectrfor VHDL-AMS models.

R102

131 R103 1 R101 |28

R105

Rc
e 271

| ! <

Fig. 3.2: Finite-Elementmodel of the sensorandand sketchof the correspondindinite
network. RclrepresentthesurfacecorvectionandC1thethermalheatcapacity
of thevolumeassociatedo nodel.

Below, a partof theinput netlistof the FN is givenin SPICEformat. A sketchis shavn

in fig. 3.2. The thermalconductvity betweenneighboringnodesis modeledby linear
resistve elements.The heatcorvectionat the surfaceis modeledby linearresistve ele-
mentstoo, usingthe namingcorvention Rec < node >. The heatcapacityof the volume
belongingto anodeis modeledasalinearcapacitve element.Theactualvaluesfor those
elementsarecalculatedrom the FEM-discretizatiordata(nodedistancesglementareas
andvolumes)by the softwaretool ANTOS.

R101 1 28 80.839
R102 1 3 7426.8
R103 1 131 25.514
R104 1 271 164.98
R105 1 1683 7426.8
Rcl 1 0 3.3746e+07
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C1 1 0 3.6348e-08

R201 2 8 1856.7
R202 2 10 646.71
R203 2 129 191.34
R204 2 270 1200.4
R205 2 481 275.18
Rc2 2 0 2.5307e+08
C2 2 0 4.8468e-09

Thesamepartof thenetlistis shavn below, but SpectreHDLis usedto modeltherelation
betweernthetemperaturat grid nodesandresultingheatflow rate. TheprogramANTOS
writesonly thegeometricatiataof all elementof theFEM-modelinto thenetlist,namely
thedistanceir betweemodestheelementross-sectionareaA, theelementwolumeV

andits materialindex mi. The actualcalculationof the network elementdakesplacein

theFN-elementode.ThecorrespondingpectreHDLmModelcodeis presentegustbelov

thenetlist. Theheatradiationis modeledasa nonlinearrelationbetweertemperaturand
resultingheatflow rate.

Yl11s 1 3 genmod dx=0.00016085 A=6.8976e-11 V=3.6984e-15 mi=2
Y12s 1 28 genmod dx=1.361e-05 A=5.3618e-10 V=2.4325e-15 mi=2
Y1 3s 1 131 genmod dx=1.3333e-05 A=1.6643e-09 V=7.3968e-15 mi=2
Y1_4s 1 1683 genmod dx=0.00016085 A=6.8976e-11 V=3.6984e-15 mi=2
Y1.5s 1 271 genmod dx=2.7776e-05 A=5.3618e-10 V=4.9643e-15 mi=2
Yl 6s 1 0 genmod dx=0 A=1.6643e-09 V=0 mi=0
Y2_11 2 481 genmod dx=4e-06 A=2.2683e-11 V=0 mi=0
Y2 1s 2 481 genmod dx=4e-06 A=4.6293e-11 V=6.1724e-17 mi=2
Y2_21 2 10 genmod dx=1.361e-05 A=6.6667e-12 V=0 mi=0
Y2_2s 2 10 genmod dx=1.361e-05 A=6.7023e-11 V=3.0406e-16 mi=2
Y2_3s 2 129 genmod dx=1.3333e-05 A=2.2192e-10 V=9.8632e-16 mi=2
Y2_ 4s 2 8 genmod dx=4.0214e-05 A=6.8976e-11 V=9.246e-16 mi=2
Y2_5s 2 270 genmod dx=2.7776e-05 A=7.369e-11 V=6.8226e-16 mi=2
Y2 6s 2 0 genmod dx=0 A=2.2192e-10 V=0 mi=0
module genmod (n1, n2) (dx, A, V, mi)
node[T,Qp] nl, n2;
parameter real dx = 0.0; // distance to neighbor node
parameter real A = 0.0; // area
parameter real V = 0.0; // volume
parameter real mi = 0.0; // material index (if 0, then surface)
{

real c_th, vy th, vyecv, yrd
1 Model parameters, to be set in a model file
1 (or during instantiation)

parameter real T_ref = 300.0;

parameter real lambda = 157.0;

parameter real cw = 2330.0*703.0;
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Fig. 3.3: Transientsimulationof the sensorwarm up, comparingFEM and FN model.
Two oppositebeamsareheatedy apowerof 3.6mW Thetemperaturés shavn
at the heatedbeamsand at the centerof the seismicmass. Right handside:
detailedview of thefirst millisecondafterthe power hasbeenapplied.

parameter real alpha = 25.7/5.0;
parameter real a rad = 1.0e-3;
initial {
y th = lambda * A/ dx;
cth =cw* V;
y cv = alpha * 2.0 * A;
yrd =arad * 20 * A;
}
analog {

if ( (mi >00) && (dx > 0.0) ) { // inner node
Qp(nl) <- c_th * dot(T(nl));
Qp(n1,n2) <- y th * T(nl,n2);

} else { /I surface  with convection
Qp(nl) <- ycv * T(nl);
Qp(nl) <- yrd * pow(T(nl)+T_ref,4) - pow(T_ref,4) );
}

Theeffect, thatthe suspensiolbeamsvarmup tenthousandimesfasterthanthe seismic
massjedto theideato performa dynamicinsteadof a staticself-test.A pulsedheating
regimewassimulated(Fig. 3.4), shoving the expectedresult, thatthe temperaturef the
suspensiobeamdollowsthe heatingpulseswhereaghe seismicmassgemainsnearlyat
aconstantemperatureThisis animportantinputfor thedevelopmenibf compacimodels
for themechanicabehaior of the sensorwhich will be describedext.
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Fig. 3.4: TransientN simulationof the sensomwarmup. Two oppositebeamsareheated
by a pulsedpower of 3.6mW pulsewidth 1ms,pulseperiod10ms.Thetemper
atureis shavn atthe heatedbeamsandat the centerof the seismicmass.Right
handside: detailedview of a singlepower pulse.

3.2.3 The compactmodel

To develop a CM for the mechanicabehaior of the sensora FEM analysiswas per
formed. Thefirst stepwasa modalanalysis,yielding the resultsgivenin table 3.1 and
Fig. 3.5. Thesimulationmodelis thesameastheoneshown in Fig. 3.1. It turnedoutthat

Mode | Frequeng (Hz)

8395
26576
40205
49620

177310
212020
932360

~NOo ok, WN PP

Tab. 3.1: Mechanicalresonancdrequenciesof the seismicmassas a resultof a FEM
modalanalysis.

theseismicmassdoesnotshow ary significantdeformationsand,therefore canbetreated
asalumpedmass.Themechanicabehaior of thesuspensiobeamscanbe describedy
ananalyticalformulafor clampedbeamdrom [48]:

— 9.F (?f/?l); 3.1)
E-w-h
D = Gty (3.2)
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Here, F, standsfor the force actingon the beamin the sensors sensalirection,andz,
w, h andl arethe displacemenof the seismicmassandthe width, heightandlengthof
thesuspensiomeam respectiely. F andv arethe modulusof elasticityandthe Poisson
ratio.

A quasi-statid~EM analysisandits comparisorto themodalanalysisshavsthatit should
be possibleto selectvely excite eigenmode$y selectingthe appropriateoeamdor heat-
ing. However, one canreadfrom Fig. 3.6, thatit is not possibleto stimulatethe first
modeseparatelybut modeswo andfour would beexcitedaswell. Still, sincethedesired
motionin sensalirectionis causedthis heatingregimeis choserfor the sensorself-test.

A transientFEM analysismustbe performedto find out whatkind of deflectionsof the
seismicmasswould be causedby the selectecheatingregime. It shows that a heating
pulsestimulatessignificantoscillationsonly in the sensemode(Fig. 3.7), which is very
desirableandintentionallycausedy a correspondin@spectatio of the cross-sectiof
the suspensiobeams(heightmuchlarger thanwidth). The deflectionout of the wafer
plane(z-direction)canbeneglected becauseéhepiezo-resistors thesuspensiobeams,
whichdetecthebeambendingareswitchedtogetherasabridecircuitin suchaway, that
theresultingsignalsdueto a z-deflectioncancelout eachother Thereforeijt is sufficient
in the CM to model deflectionsin sensedirectiononly. The sensordeflectiondueto
a temperaturehangein the heatedsuspensiorbeams(thermalexpansion)is taken into
accounin theCM by aforcetermactingontheseismicmass.Thisforcetermis assumed
to dependlinearly on the temperaturechangeof the suspensiobeamsandthe seismic
massandis fitted to FEM simulationresultsto yield the correctdeflections.

Thepiezo-resistoraremodeledby thefollowing equations

R = Ro'(1+TPK'.T+TTK'AT) (33)
P = R'IQ, (3.4)

whererp describeghe changeof resistvity dueto a beamdeflectionxz andis subject
to calibrationby measurementsAT is the temperaturalifferenceof the piezo-resistor
to areferenceaemperature.P is the Jouleheatingdueto an electricalcurrent!, either

a heatingcurrentor a measurementurrentthroughthe piezo-resistar In this manney

the piezo-resistoCM describeghe couplingbetweemmechanicalglectricalandthermal

domains.

In the FEM simulations,no dampingdue to the air was taken into account. Instead,
a small, but arbitrary value for structuraldampingwas used. In the CM, a damping
forceproportionalto thevelocity of the seismicmasswasintroduced.The corresponding
dampingparameteneedgo beadjustedo matchmeasuremenesults.

Advancedmodelsfor squeezdilm dampingareavailable,usingeithera FN approactor
aCM [49, 45,50, 51], andcanbereadilycombinedwith the presentedgensomodel.
3.2.4 Simulation results

The CMs are composedo build a macro-modebf the entire acceleratiorsensor The
couplingbetweemmechanicalthermalandelectricalbehaior occursin thebeamswhich
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Fig. 3.5: FEM modalanalysis:modeshape®f thefour lowestandthe sixth eigenmodes.
Top left: thefirst modeis atranslationin the sensedirectionof the sensor Top
right: the secondmodeis a translationout of the wafer plane. Middle and
bottom:the highermodesarerotationalones.

containthe heatersandthe piezo-resistorandactasmechanicaspringsbetweerseismic
massandframe(Fig. 3.8).

A small signalmodalanalysisof the completesensorsystemwas performed,sweeping
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Fig. 3.6: FEM quasi-statidchermo-mechanicanalysis. A temperaturegaiseof suspen-
sion beamsis forced andthe resultingmechanicableflectionshovn. Top: the
two beamson theright areheated Bottom: all four resp.two diagonallyoppo-
sitebeamsareheated.

thefrequeny of theheatgeneratiorratein the piezo-resistorsf two oppositesuspension
beamsfrom 1Hz to 1MHz. Theresults,presentedn Fig. 3.9to 3.11, shav thatabove
afew Hertz the temperaturef the seismicmasscannotfollow the input heatingsignal.
The massof the suspensiorbeamshowever is much smallerthan that of the seismic
mass,making it possiblefor the temperaturdo follow the forced heatgenerationrate
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Fig. 3.7: FEM transientthermo-mechanicanalysis. A heatgeneratiorrate of 3.6mW
is appliedto two suspensiotbeamsandthe resultingmechanicateflectionin
x andz directionis shovn. Right: detailedview of the first two milliseconds,
showing oscillationsonly in the z direction.

up to a frequeng of approximatelylkHz. The resultingmechanicaldeflectionof the
seismicmassshows aresonanc@eakat 8.4kHz,which correspondso the groundmode
of themechanicasystem(seetable3.1). Thosefindingsshow thatathermalexcitationof
mechanicabscillationsis possibleandcanbe exploredto develop a self-testregime for

thesensor

A transientsimulationof the self-testwasperformedusingthe developedmacro-model.
A heatingpulse of 1ms durationcauseghe expectedoscillationsof the seismicmass
(Fig. 3.12). Theresultingbendingof the suspensiotheamscauses correspondingnod-

ulation of the piezo-resistorsywhich againleadsto a cross-wltagein the bridge circuit

formedby the piezo-resistorgFig. 3.13). Additionally that causesa modulationof the

heatgeneratiorrate, providing a couplingfrom the mechanicabia the electricalto the

thermaldomain. To modelthis in a FEM tool, thoughpossible would be a challenging
task.

Sinceit would requirea significanteffort to develop andto manufcturea circuit which
performsthe switchingfrom heatingto measurementegime asit would be requiredif

the piezo-resistorsvere re-usedfor heatingthe beams,it was decidedto realize sepa-
rateheatingresistorsat the suspensiofeams.The layout problemto placethe required
connectingvireson the narrav suspensiotheamsurnedout to be solvable.
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Fig. 3.8: Macro-modelof the ASIS-acceleratiosensor Only oneheaterandtwo of the
four piezo-resistorglabeledbeamlandbeam4)areshovn. The piezo-resistors
couplethe thermal, mechanicaland electricalbehaior. Electrically they are
switchedto abridge.
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Fig. 3.9: CoupledFNM andCM thermo-mechanicaimulation. A smallsignalanalysis
is performed sweepinghefrequeng of theresistve beamheatingfrom 1Hz to

1MHz. It shawvsthatfor frequenciesbove 1kHz thetemperaturef the seismic

masscannotfollow thetransientf the heatgeneration.
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Fig. 3.11: CoupledFNM andCM thermo-mechanicaimulation.A smallsignalanalysis
is performedsweepinghefrequeng of theresistve beamheatingfrom 1Hzto
1MHz. A plot of imaginaryversusreal partof the deflectionshovs thetypical
pictureof anoscillatorysystemwith multiple time constants.
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Fig. 3.12: Coupled=NM andCM thermo-mechanicaimulation.A heatingcurrentpulse
from 1 to 2 ms(left) anda step-like increaseof the heatingcurrent(right) is
appliedto the piezo-resistorsn two suspensiofbeams,correspondingo the
choserself-testregime. Thepresentednechanicatleflectionin sensalirection
shaows the expectedoscillations.
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Fig. 3.13: Coupled=NM andCM thermo-mechanicaimulation.A heatingcurrentpulse
of 1 milliseconddurationis appliedto the piezo-resistorsn two suspension
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3.3 Basis-functionsapproach

A crucialproblemfor the simulationof systemss the generatiorof efficient device mod-
els,whichstill captureall relevantinformationaboutthe device behaior. A FEM device
modeltypically hastherequiredaccurag but suffersfrom high numericaleffort required
duringsimulation,makingits usagampossiblein mostsystemsimulationapplications.

Sincefor thesystemaspecbnly very few parametersf adevice arerelevant,thequestion
riseshow to generate device modelthatdescribeshedevice behaior in termsof avery

small setof statevariables. Oneapproachis to startfrom a FEM device modelandto

look for away to reduceits large amountof degreeof freedom.

A frequentlyusedway for modelorderreductionis to performa linear modalanalysis
andto expressthe spatialvariation of the statevariablesin termsof a small seriesof

modaleigenfunctiong52, 53, 54]. For alimited setof electro-mechanicgiroblemsthis

approachthasbeenautomated55]. Someproblemscanbe seenwith this method.Espe-
cially for coupledproblems,modaleigenfunctionsare not readily available. In the case
thatthe mechanicalomaincoupleswith others(fluidic, electrostatietc.),it is attractve

to usea modal analysisof the un-coupledmechanicalkub-problem[56]. This should
work well if the coupledproblemis dominatedoy the mechanicaktructuralandinertial

forces,i.e. the couplingto the otherdomainsis only weak. If, however, the coupling
forces(fluidic dampingor electrostatiattraction)areasstrongasor even strongerthan
theinertial ones theactualstructuraldeflectionshapewould differ significantlyfrom any

modeshapethusrequiringalong seriesof modaleigenfunctiongo approximatet. The
efficiengy of theresultingmodelwould be low.

Anotherway of modelorderreductionis presentechow, which triesto applythemethods
aswell asthe software of anotherdiscipline to the field of compactmodeling. That
disciplineis statisticalmodeling. The parametersf mary devicesaremeasuredIt turns
out that, due to the underlyingphysics,not all of thoseparametervary independently
from eachother A Principal ComponentAnalysis (PCA) canbe usedto significantly
reducethedimensionalityof the parametespace In thefield of IntegratedCircuit device
modelingthis methodis well establishe@ndsoftwaretoolsareavailable.

3.3.1 Pricipal componentsanalysisfor modelorder reduction

It is obviousthatthevariationsof differentstatevariablesof a systemwith time or dueto
the changeof a control parameteare notindependenfrom eachother but are moreor
lesscorrelatedo eachother This directly leadsto theideato usePrincipal Components
Analysis(PCA) to find asmallsetof component®r factorswhich canbeusedto express
the variationsof all statevariables. Thatgivesa reductionof the problemsizefrom the
numberof statevariableso the numberof component$oundby the PCA. Thisapproach
is very similar to the Karhunen-Loge decompositiorchosenby Hung [57, 58], but has
the advantagethat powerful software tools for PCA are commerciallyavailable. The
PCA-toolSFAYN [59], originally designedor statisticalanalysisof Spice-parameterss
usedin thiswork.

The sequencef necessargtepsfor developinga compactmodel by meansof PCA is
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outlinednow.

a) Quasi-staticmodels

Run a variety of FEM simulations: The relevant control parametersrevariedin the
desiredangeto provide thedatafor thesubsequer?CA. All relevantFEM modeldegree
of freedomfor all simulatedoperatingpoints must be storedin a database.This step
requiresalot of hardwareresourcespamelyCPU-timeanddisk space.

Physical analysisof a simplified model system: In orderto getthe qualitative relation
betweenthe control parameter&nd somevariables,which canbe usedto describethe
device behaior, a simplified model systemmust be found and describedanalytically
In caseof anelectrostaticallyactuatedoumpmembranee.g.,the control parametersire
the appliedhydrostaticpressureand electricalvoltage, whereagshe variable of interest
is the displacedvolume. The simplified modelsystemcould be a rigid plate,suspended
by linear springsandactingasan electricalplate capacitor Thatwould leadto a linear
relation betweenpressureand volume, but to a parabolicrelation betweenvolume and
appliedvoltage.

Transform the control parameters: Correspondingo the resultsof the physicalanaly-
sis,control parameterandFEM modeldegreeof freedomshouldbetransformedn such
away thatthe transformedvariablesexhibit linear correlations at leastin the simplified
modelsystem.

Run the PCA: All FEM modeldegreeof freedomandall control parametersre just
equallyweightedinput datato the PCA. Settingweightfactorsto the input datacanadd
previously gainedphysicalknowledgeto the mathematicaformalism. The PCAyieldsa
distinctnumberof factors,which arenecessaryo reproducdhe variationsin the dataof
the FEM simulationsof all operatingpointswithin a givenaccurag. All degreeof free-
domin the dataandthe control parametersrecorrelatedinearly to their corresponding
factors.Higherordertermsandmixedtermscanbeusedin the correlationsaswell.

Changefrom factor representationto dominant parameters: To make the resultsof

thePCA physicallymoretransparentt is possibleto usethedominantparametermstead
of thefactors.Thedominantparameterarethosewhich have the strongestorrelationto

afactor andthey areautomaticallyidentifiedby the PCA-tool. Alternatively they canbe
chosermanually Thatis recommendedndcanbeguidedby theresultsof thepreviously

performedphysicalanalysis.The control parametersvhich have beenvariedduring the
FEM simulationsshouldbe usedasdominantparametere ary case.

The result of the describedsequenceof stepsis a quasi-staticCM, that containsvery
few degreeof freedomandthereforecanbe simulatedvery efficiently. Most stepsof the
modelgeneratiorcanbe automatedIf oneomitsall stepswhich requireuserinteraction,
i.e. doesnot performparametetransformationanddoesnot apply any weight factors,
themodelgeneratiorcanbefully automatedHowever, thelossof physicalmodelcontent
thatcomesalongwith this, causeseducedxtrapolationcapabilitiesof theresultingCM.

One major dravback of CM generatiorby meansof PCA is, thatin caseof discontin-
uousor non-monotoniaelationsbetweencontrol parametersand FEM modeldegreeof
freedom this methodwill notyield areasonabl€M.
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b) Dynamic models

Thejust describednethodof developingquasi-staticCMs by meansof PCA canbe ex-
tendedo develop CMs for dynamicmodeling. The new aspectsvill beoutlinednow.

Run transient FEM-simulations: The dynamicresponseof the device to changesn
control parameterss simulated. The transientbehaior must be sampled,storing the
vectorof all importantmodeldegreeof freedomfor eachtime point into a databasdor
thesubsequerPCA.

Physical analysisof a simplified model system: The dynamicbehaior of the device
underconsideratiormustbe describedy ODEsin termsof very few variables.Theidea
is to simplify the modelto suchanextendthatananalyticaldescriptioncanbe found.

Run the PCA: Thetime-variablemustbe excludedfrom the PCA. Besideghis theanal-
ysisrunsvery similar to the quasi-staticase yielding a setof factors,which describethe
variationof the data.

Changefrom factor representationto dominant parameters: Thedominaniparameter
in eachfactorcanbefoundautomaticallyby the PCA-tool. A manualselectionmight be
necessarpbecauseitherthefactorsor theirdominantparametersnusthave acorrespon-
denceto thevariablesof the analyticalmodelof the simplified system.

Describethe dynamic behavior: ODEsmustbefoundwhich describethe dynamicbe-
havior of the factorsor their dominantparameters.Thereforea correspondencto the
variablesof theanalyticalmodelis required.Thenthe ODEsof this analyticalmodelcan
beused.The parametersf thoseODESs(lik e resonancérequencie®r dampingparame-
ters,e.g.)canbe extractedfrom thetransient~-EM data.

The deviation of the differentialequationdor the factorsis difficult andrequiresinsight
into thedynamicbehaior of thedevice. It is thekey stepin the developmeniof dynamic
CMs. TheotherstepscanbeautomatedAs in thequasi-staticase discontinuouslevice
characteristiceannotbe modeledby this method.

3.3.2 Quasi-staticexample: membrane

Electrostaticallyactuatednembranesanbeusedasdrive unitsin micro-pumpgsee[60]
and chapter5.4). They canbe manugcturedrelatively easyby surfaceor bulk micro-
machiningtechnology[61], usingonly CMOS-compatiblenaterials,and they have no
static power consumption. Other actuationprinciplesrequire additionalmaterials,like
piezo-ceramic.g.,0r consumasignificantamountof power (thermo-pneumatidrives,
e.g.). Thedisadwantageof anelectrostati@riveiis thevery highrequireddrive voltageand
still limited achievablestroke volume. The latter makesself-primingandbubbletolerant
pumpsfor liquids nearlyimpossible. Still the electrostatigopump membranesxhibits a
veryinterestingoehaior like multiple snapeffectsandhysteresisn the staticcharacteris-
tics. Thisis thereasornwhy it is anattractve benchmarlexamplefor compactmodeling.

Thepreviously outlinedmethodof developinga quasi-staticCM by meansf PCAwill be
exemplifiednow by modelingan electrostaticallydeflectedmembranelt will be shovn
thatthe CM canbe obtainedeasilyandthatthis methodis bestsuitedfor automatization,
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but hasvery limited extrapolationcapabilitiesand cannothandlediscontinuitiesin the
device characteristicsTo handlethoseproblems physicallybasedanalyticalmodelingis
apowerful, thoughelaboratve approachandwill bedescribedn section3.4.

a) Operation principle

A thin membranesomemicrometerghick andwith lateraldimensionof approximately
amillimeter, is separatedrom arigid substratdy anair-gapof somemicrometerswidth.
Membraneand substrateare electrically isolatedfrom eachother so that an electrical
voltagecanbe appliedbetweerthem(seesection3.4.2for moredetailsanda schematic
drawing). Additionally, a hydrostaticpressuraifferencebetweenair-gapandsurround-
ing medium(air or waterin a pumpchambere.g.) actson the membrane.The device
characteristicsf interestis thevolumedisplacemenasafunctionof pressurendapplied
voltage.

To maximizethe volumedisplacementwhich correspondso the achievzablestroke in an
applicationaspumpmembranethe voltageis choserhigh enoughto pull the membrane
towardsthe substrateeounterelectrode This electrostatiqull-in is adiscontinuityin the
quasi-statia@evice characteristicsvhich is inherentto mary MEMS.

b) PCA and CM generation

To generatéhe datathatdescribeshe device operationa seriesof coupledelectrostatic-
mechanicaFEM-simulationshadto be performed varying the control parametergres-

sureandvoltagein awiderange.TheFEM analysisyieldsthedeflectionof themembrane
towardsthe substrateat all FEM-nodedor eachdatapoint. Thedisplacedvolumecanbe

calculatedby integratingthe deflectionover the membranearea. The nodal deflections
togethemwith the controlparameterpressure andvoltageV arestoredin a database.

A simplifiedmodelof theelectrostaticallyactuatednembranavasderivednext. It is well

known, thatfor smalldeflectionsandconstanpressurdoadthe membraneleflectionde-
penddinearly onthe appliedpressure Dueto the large aspectatio betweerair gapand
lateral membranadimensions for small deflectionsw the electricfield betweenmem-
braneandsubstrateeanbe assumedo be homogeneousThe electrostatidorce between
themcanthereforebe approximatedisingthe formulafor the electrostatigpressurdoad
betweerparallelplates:

Pel = €+ V2/(dgap - w)2 . (3.5)

Thatleadsto theideato useV? insteadof V in the PCA.

A softwaretool hadto be developedto convert the outputdataformat of the FEM-tool

into the input dataformat of the PCA-tool. The PCA canthenbe performedand gives
the resultthat two factorsare necessaryo expressmore than 99% of all variationsin

the FEM-data. Pressurep and transformedvoltage V2 are found to be the dominant
parametersf factoroneandtwo, respectrely. Shovn below aretheresultsof the PCA,
namelythenodaldisplacementdz; asafunctionof thedominantparametersHere,only
linear termsare usedfor the correlations,but asshown in figures3.14to 3.16, higher
ordertermscanbe usedfor increasedccurag.
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Fig. 3.14: Secondorder polynomialfit betweenappliedpressureand membranecenter
displacemengnodel in the FEM net).

p =31

sgr(V) = $2

dzl = 1.468e-06 - 1.842e-09%$1  + 1.000e+03) - 2.076e-10%$2 - 1.308e+03)
dz2 = 1.460e-06 - 1.833e-09*($1 + 1.000e+03) - 2.066e-10*($2 - 1.308e+03)
dz3 =

1.438e-06 - 1.805e-09*($1 + 1.000e+03) - 2.035e-10%*($2 - 1.308e+03)

A partof thefinal CM, writtenin SpectreHDL js shavn below. Here,secondrderterms
and mixed termsof the two dominantparameterg andV? are usedto modelthe dis-

placementsiz;. Thedisplacedvolumewvol appearsasan internalvariable(callednode)
in the model. The terminalthroughvariable,i.e. the volumeflow rate W is calculated
asthe time derivative of vol. The electricaldisplacementurrentdueto changesn the

appliedvoltageor varying electricalcapacitancés modeledaswell, usingthe nodaldis-

placementsndalocal platecapacitorapproximation.
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Fig. 3.15: Secondorder polynomial fit betweenapplied voltage and membranecenter
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Fig. 3.17: Secondorder polynomial fit betweenthe squareof the appliedvoltageand
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c¢) Simulation results

Ontheleft handsideof figure 3.18,the CM simulationresultsarecomparedo the FEM-

simulationsusingthe samerangeof datawhich wasusedfor the PCA (—2k Pa to 0k Pa

and0V to 50V). As expectedthe CM matchesheFEM perfectlywell. Theextrapolation
outsidethis pressurgangegivesfairly poorresultshowever. Thatis notonly the casein

the pressurgangeabove 0k Pa, wherethe device characteristicare discontinuougsee
chapter3.4.2below for a detailedexplanationof this effect), but alsobelov —2k Pa, as
canbe seenin the right part of Fig. 3.18 andin the left of Fig. 3.19. Using a larger
pressuregangefor the PCA (—4k Pa to 0k Pa) would extendtheaccuratenodelingrange
(right partof Fig. 3.19),but still themodelcannotbe usedto extrapolateoutsidetherange
usedby the PCAto fit the correlations.
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Fig. 3.18: Displacedvolumeversusappliedpressurecomparing-EM andCM data.Left:
pressurgangefrom -2kPa to OkPa wasusedin the PCA to generatéhe CM.
Right: extrapolationof the CM fails outsidethe pressurerange,which was

usedin thePCA.
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Fig. 3.19: Displacedvolumeversusappliedpressurecomparing=EM andCM data.Left:

extrapolationfails outsidethe pressurerangeusedfor the PCA. Right: ex-
tendedpressuregangedown to -4kPawasusedfor the PCA.

Only if by meansof a physicalanalysissomeinformationaboutthe physicalbasisof the
device behaior is incorporatednto the model, it canbe usedfor extrapolation. This is
illustratedin Fig. 3.20: on the left handside,an extrapolationoutsidethe voltagerange
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Fig. 3.20: DisplacedvolumeversusappliedpressurecomparingcFEM andCM data.The
appliedvoltagesareabovethoseusedfor thePCA. Left: untransformedoltage
usedin the PCA. Right: quadratidransformatiorwasusedin the PCA.

usedfor the PCA wasperformed usingthe non-transformedoltagein the PCA. Onthe
right of this figure, however, the transformedvoltageu? was usedinstead,thus using
previously acquiredknowledgeaboutthe device behaior. The extrapolationcapabilities
of this model are significantly better althoughthe discontinuousbehaior, namelythe
pull-in effect, still cannotbe modeled.

3.3.3 Dynamic model example: accelerationsensor

To demonstratéhe generatiorof a dynamicCM using PCA, the thermalself-testof an
acceleratiorsensotis used. This sensorandits dynamicbehaior wasalreadydescribed
in section3.2.

a) Dynamic FEM modeland PCA

To studythedynamicpropertieof asystemits responséo steplike change®f inputstim-
uli canbeanalyzedln thegivencaseof theacceleratiorsensotheresponseo a steplike
changeof the heatingcurrentthroughtheresistordocatedon the suspensiobeamss an-
alyzed. To this end,a coupledthermo-mechanicdfEM-simulationwas performed.The
heatgenerationn the resistorswas appliedto the FEM-modelasa constantioad (heat
generatiomrate(),), thusneglectingthe dependencef the piezoresistorsonductvity on
thetemperature.

Theresultsof the FEM-simulationare sampledn a time-intenal from zeroto two mil-
lisecondsafter the heatingcurrentwasapplied. The solutionvectorfor eachtime-point
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wasstoredin adatabaseThe PCA, whichwasperformedonthis data,gave theresultthat
thevariationin the datacanbe expressedisingthreeindependentactors. The dominant
parametersn thosefactorsare the displacemenu8 andthe temperaturé/’14 of nodes
locatedin the middle of the suspensioleamsandthetemperaturd’17 atanodein the
centerof the seismicmass. The dynamicresponsenf thosedominantparameterso a
stepl-like increasen the heatingpower is plottedin theleft of figures3.21and3.22.

All othernodaldegreeof freedomcanbe expressedy thesedominantparametersWwhen

only lineartermsareused then95%of thedatavariationis modeled By addingquadratic
andmixedtermsthis valueis increasedo morethan99%.

ug = %1

T14 = $2

T17 = $3

ul = -3.419e-10 + 1.574e+00*($1 1.896e-11)
- 8.186e-11%($2 5.939e+00)
- 2.900e-10%($3 3.310e-02)

u3 = -2.450e-10 + 1.545e+00*($1 1.896e-11)
- 5.934e-11%($2 5.939e+00)
- 2.074e-10%($3 3.310e-02)

u4 = -1.676e-10 + 1.483e+00*($1 1.896e-11)
- 4.112e-11%($2 5.939e+00)
- 1.391e-10%($3 3.310e-02)

Tl = 1.589e+00 + 9.339e+07*($1 1.896e-11)
+ 3.091e-01%($2 5.939e+00)
+ 1.586e+00%($3 3.310e-02)

T3 = 3.807e+00 + 7.777e+07*($1 1.896e-11)
+ 6.559e-01%($2 5.939e+00)
+ 1.277e+00%($3 3.310e-02)

T4 = 5.816e+00 + 5.399e+07*($1 1.896e-11)
+ 9.656e-01%($2 5.939e+00)
+ 3.310e-02)

1.094e+00*($3

b) Dynamic modelfor the factors

The type of the dominantparameterstheir location and their dynamicresponsecalcu-
latedin the FEM malke it possibleto identify physicaleffectswhich determinetheir dy-
namicbehaior. The parameterd’14 and7'17 show the typical behaior of two systems
with thermalresistvity and capacitancewhich are coupledthrougha commonbound-
ary. Thatcanbe describedoy two coupledordinary differentialequationsof first order
(eqns.(3.6),(3.7)). Thecoeficientsof this setof equationanbe easilyextractedfrom
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the FEM data.

Cyl T14 +7rp1- T = —fo-Tir+Qp (3.6)
cw2 T+ 1w Tz = —fr-Tu (3.7)

The parameten8 canobviously be describedby the differentialequationof a damped
harmonicoscillator (egn.(3.8)). Importantfor the resultingmodelis the fact that both
otherdominantparameterd’14 and7'17 appeain theforcetermof this differentialequa-
tion, motivatedby thefact,thatatemperaturéncreaseof the beamsandthe seismicmass
causegheir thermalexpansionand, subsequentlya mechanicateflection. The oscilla-
tion frequeng caneitherbe determinedanalytically calculatingthe size of the seismic
massandusingformulaefor beambendingto describethe suspensiotbeamspr canbe
extractedfrom FEM data.

m'ﬁs-i'd'?ls-i‘k'us=fv'T14+fu'T17+fp'Qp (3.8)

Sincethe dampingof the sensordueto air friction was not modeledin the FEM, but
just mimicked using structuraldamping,a simplefit of the dampingparameteis suffi-
cient. The parameterg theforceterm,which actuallydescribehecouplingbetweerthe
thermalandthe mechanicaproblems have beenextractedfrom the FEM dataaswell.

TheresultingCM, writtenin SpectreHDL js shavn here:

/I acceleration sensor: thermo-mechanical CMbased on PCA
/I P.Voigt

module mafethe (n_thl, n_th2, n_mech) ()
node[T,Qp] n_thl, n_th2;
node[X,F]  n_mech;
{
node [X, F] u8, u8p;
node [T,Qp] T14, T17;
/Model  parameters, to be set in a model file (or during instantiation)

parameter real Kk = 1.0e3; /I spring constant
parameter real d = 2.0e-3; /l damping constant
parameter real m = 0.365e-6; /I seismic mass

parameter real fitp = -0.45e-9;

parameter real fitu = -1.36e-6;

parameter real fitv = 2.0e-9;

parameter real fitc = -0.1le-3;

parameter real fitr = -0.54e-3;

parameter real rwl = 1.9*1.9e-3/6.24;// beam: thermal cond.
parameter real cwl = 0.05e-6; /I beam: thermal cap.
parameter real rw2 = 0.29e-3; /I mass: thermal cond.
parameter real cw2 = 0.12e-3; /I mass: thermal cap.

analog ({
F(u8) <- fitp * 0.25 *dot(Qp(n_th1)+Qp(n_th2));
F(u8) <- fitu * T(T17);
F(u8) <- fitv * T(T14);
F(u8) <- k * X(u8);
X(u8p) <- dot(X(u8));
F(u8) <- d * dot(X(u8));
F(u8) <-m *dot(X(u8p));



3.3. Basis-functionsapproach 59

Qp(T14) <- -0.25 * (Qp(n_th1)+Qp(n_th2));
Qp(T14) <- fitc * T(T17);

Qp(T14) <- rwl * T(T14);

Qp(T14) <- cwl * dot(T(T14));

Qp(T17) <- fitr * T(T14);
Qp(T17) <- rw2 * T(T17);
Qp(T17) <- cw2 * dot(T(T17));

/T4 - position of heating resistor 1

T(n_th1) <-  9.656e-01*T(T14) + 1.094*T(T17);

/IT15 - position of heating resistor 2

T(n_th2) <-  7.970e-01*T(T14) - 0.030*T(T17);

/lul7 - center of seismic mass

X(n_mech) <- -1.1e-10*T(T14) + 1.556e+00*X(u8) - 2.0e-10*T(T17);
}

}

The device terminalnodesn,,; andng,, arerepresentinghe thermalpropertiesof the

piezoresistorsHere,the Jouleheating,generatedn the piezoresistorsis forcedinto the

compacimodel,andthetemperatureatthis nodeis fed backto the electricalmodelof the

piezoresistoto accountfor the temperaturelependencef the conductvity. The device

terminalnoden,,.., representthe mechanicaktateof the seismicmass. It is usedto

couplethe mechanicatleflectioninto the electricalmodelof the piezoresistoto account
for the stressdependencef the conductvity.

c¢) Simulation results

The CM was usedto simulatethe responseof the sensorto a steplike changein heat-
ing power andto a heatingpulseof 1msduration. The resultsare comparedo coupled
thermo-mechanicd#fEM-simulations.As canbe seenin figures3.21and3.22,the FEM
resultsarematchedverywell. TherequiredCPU-timeis only afew secondsomparedo
somehoursfor the FEM.

ThePCA-basedCM reacheshe sameaccurayg asthe FN modeldescribedn section3.2.
A comparisonis givenin figures3.23to 3.25. The numericalefficiengy, however, is
muchbetter ThePCA-basedM is atleastanorderof magnituddasterthanFN-models,
dependingon theactualnumberof grid nodesin the FN model.

Becausehe simulationswith PCA-generatedompactmodelsrun very efficiently, com-
paredto FEM simulationsor FNM simulations,presentedn section3.2, also detailed
simulationscovering a long time-spancan be performed,taking only a few secondf
CPU-time.In Fig. 3.24and3.25thedevice responséo along seriesof heatingpulsesis
shawn. It turnsoutthatthe beamsheatup andcool down very quickly, causingmechani-
cal oscillations whereaghe seismicmasswarmsup very slowly, causinga slight shift in
its mechanicakquilibrium position.
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Fig. 3.21: Simulatedtransientresponseo a steplike (left) andpulsed(right) heatgener
ationrate. The resultingdynamicbehaior of the dominantparametemns8 is
shown, comparinghe PCA basedCM against~-EM-data.
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Fig. 3.22: Simulatedransientesponseéo asteplike heatgeneratiomate. Thetemperature
raiseof the heatedsuspensioleams7'14) andthe seismicmass(7'17) (left)
andtheresultingdeflectionof the seismicmasg(right) is shavn.
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Fig. 3.23: Simulatedtransientresponséo a steplike heatgeneratiorrate. The resulting
deflectionof the seismicmassis shavn, giving a detailedview on the right.
A comparisorof threedifferentmodelingapproacheshows very goodagree-

mentbetweerthem.
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Fig. 3.24: Simulatedransientresponséo a pulsedheatgeneratiorate. Thetemperature
raiseof the heatedsuspensioteam(left) follows thethe heatgeneratiorrate,
whereaghe temperaturef the seismicmass(right) remainsnearly constant.
Theresultof aFN modelbasedsimulation(seechapter3.2)is comparedo the

PCAbasedCM.
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Fig. 3.25: Simulatedtransientresponsdo a pulsedheatgeneratiorrate. The deflection
of the seismicmassis causedy thetemperatureaiseof both,the suspension
beamsandthe seismicmass.Theresultof a FN modelbasedsimulation(see
chapter3.2)is comparedo the PCAbasedCM.
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3.4 Analytically derivedmodels

As shown in the previoustwo sectionsfinite network modelingandmodelingbasedna
basis-functionspproachare usefulmodelingmethods but cannotaddressertainprob-
lems. They cannotbe efficiently usedto modeldesignand processvariationsand they
have very limited extrapolationcapabilities.And finally, they canhardly be usedfor sta-
tistical modeling,yield analysisandrelatedtasks.It will beshovn next, thatanalytically
derived,physicallybasednodelsprovide a meango efficiently addresshosequestions.

3.4.1 Physically basedmodels

For statisticalmodeling,yield analysisetc.,thecompacimodelmustexplicitly expressall
relevantphysicaleffects,which determinghe device behaior. A continuoudield model
for thosephysicaleffectscanbe usedto determinea setof nodevariablesdescribingthe
interactionof the device with otherdevices of the systemandthe ervironment. If the
methodoutlinedin chapter2 is followed, that yields a setof nodevariablesthat fulfill
consenrationlaws, namelythe noderule for thethroughvariablesandthe meshloop rule
for theacrossvariablesthusforming a GKN.

Thefinal resultof the modeldevelopmentprocesss a compactmodelthatdescribeghe
dynamicdevice behaior in termsof a setof ODAESs. The numberof internalstatevari-
ablesof the CM, which needto beiteratedduringthe simulationof themodel,mustbeas
smallaspossible.Theinput parametersf the CM aredesignparameterandtechnology
parametersExamplesarephoto-maskdimensionslayerthicknesseandmaterialparam-
eters.ldeally, nofit parameterareused but in mostcasest will benecessaryo simplify
therealdevice,until ananalyticaldescriptionof the physicaleffect underconsideratiors
possible.Thatmeansthatfit parametersnight be necessaryo compensatéor theerror
madeby the analyticalapproximations.Otherwise the accurag of the resultingmodel
couldbeinsufficientfor theapplicationst is intendedfor.

It is importantto mentionherethatthosefit parametersrenot globalfit parameterdyut

arerelatedto a well understoodcapproximationof a certainphysicaleffect. Thatmeans
thatit is obvious on what datafor what device operationconditionsto extract thosefit

parametersThatallows to setup alocal extractionstrateyy for thefit parameters.

Sincethe dependenciesf the device behaior on device geometryoperatingconditions,
materialandprocesgarametersirecontainedn the modelequationsthefit parameters
shouldonly weakly dependon them. If thatis nottruly the case sucha dependencevas
not explicitly modeled,but maybeoverlooked and pushedinto the fit parametersThat
would meanthatthe device modelneeddo beimprovedto correctlymodelthoseeffects.
The resultingmodel hasgood extrapolationcapabilities,as long asthe range,wherein
theanalyticalapproximationsrevalid, is notleft. The knowledgeaboutthis rangeis an
essentiapartof themodelitself.
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Fig. 3.26: Schematiosziew of anelectrostaticallyactuatednembranesit canbe usedas
pumpmembranean micro-pumps.

Fig. 3.27: FEM-simulatednembranealeflection.A voltageof 150V is applied.lIt is pos-
sibleto distinguishthreeregions:theapproximatelysquareshapedouch-davn
area(darkgrey), theedgesandthecorners.

3.4.2 Example: an electrostatically actuatedpump membrane

Electrostaticallyactuatedpumpmembranesypically consistof a flexible membrane-like
top-electrodeandarigid bottom-electrodeWhenan electricvoltageis appliedbetween
theseelectrodesthe electrostaticattractingforce deflectsthe pump membrane.If the
appliedvoltageis sufiiciently high, the membranesnapstowardsthe counterelectrode,
thusmaximizingthe achiezablestroke volume[62]. To avoid anelectricalshortagethe
electrodesnustbecoveredby isolatinglayers.The quasi-staticharacteristicef anelec-
trostaticallyactuatednembranarepresentedn Fig. 3.28.

Whena voltageis appliedto the membraneand additionally anincreasinghydrostatic
pressuré moves the pump membranetowardsthe counterelectrode, then at a certain
pressureandresultingmembranedeflectionthe electrostaticattractingforce overcomes
the restoringmechanicaforce, thus pulling in the membrane.The bendingshapeof a
pulled-in membrands shown in Fig. 3.27. To releasehe membranea lower pressure
is required sothatthe pressure-controllequasi-staticharacteristicexhibit a hysteresis
(seeleft of Fig. 3.28).

1 In the context of pump-membranegpressuralwaysmeanshe pressuralifferencebetweerbothsides
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Fig. 3.28: FEM-simulatedstaticcharacteristicef amembraneTheleft figureshovsthe
volumedeflectionvs. appliedhydrostatigoressureTheright figure shavs the
resultingpressureywhenthe volumeis the controlledparameterA voltageof
150V is appliedto the membranecausingthe snapeffects.

Fig. 3.29: FEM-simulatedmembranealeflection. A voltageof 150V is appliedandthe
displacedvolumeis fixedto be 20nl, whichis next to the shapesnappoint.

To accessthe instable part of the volume-\ersus-pressureharacteristicspne hasto
changefrom pressurecontrol to volume control (Fig. 3.28, right). Thesecharacteris-
tics alsoshav a discontinuity causedyy anabruptchangan the shapeof the membrane
deflection.A FEM-analysigeveals,thatthe shapesnapeffect appeardo be a redistriku-
tion of displacedvolumeunderthe conditionthatthe total displacedvolumeis constant.
Figures3.29 and 3.30 illustrate this effect. The volume redistritution is driven by the
inhomogeneitiesf the electrostatidoad.

The compleity of the membranebehaior is comparableto the breakdevn phenom-
enaof multi-layer CMOS structures.Fig. 3.31shows the simulatedlatch-upof a lateral

of themembranei.e. betweermpump-chambeandair-gap.
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down, whenthe voltagedropsto a smallvalue,hasit’s correspondencm the
shapesnappingof anelectrostaticallyactuatednembrane.

nt pnpt structurg63], whichis verysimilarto thequasi-staticharacteristicef amem-
brane.Thelatteris shovn in Fig. 3.28. Theright handsideof this figure shavs the case
thata hydrostaticpressuras the resultof a controlledvolumein presencef anapplied

voltage.In thatcasetheinstablepartof
theleft of Fig. 3.28,canbeaccessed.

the pressurecontrolledcharacteristicsshavn at
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3.4.3 The compactmodel

To find a physicallybasedcompactmodel,thatdescribeshe behaior of the membrane,
the statusof the membranenustbe describedby analyticalexpressionsn termsof as

few aspossiblestatevariables.As afirst step,the membranealeflectionw causediy an

appliedhydrostatigoressure is expressednalytically[48] by:

p-l
Wmez = 0.00126 %’"” (3.9)
w(Z,Y) = Wmaee c0s( T )cos(;T Y ) (3.10)
memb memb
E-d
D = 2 mem_ (3.11)
12-(1—-v)

Here,lemy andd,,..,p areedgelengthandthicknessof the membraney andy arethe
distancerom the membraneenterpointin the correspondinglirections whereast’ and
v aremodulusof elasticity and Poissonratio, respectrely. For large deflections,even
thoughanalyticaldescriptiongareknown [64, 65], asimplefit functionis deliberatelyused
to accounfor theresultingnon-linearities Thecorrespondindit parametewasextracted
from comparisorwith FEM-simulations.This approachpresereshigh accurag evenin

theregion of large deflection(region of large negative pressuren Fig. 4.2).

As soonasthemembran@oucheghe counterelectrodeanotherpproximatiorcomeso
play. Themembranes consideredo consistof threedifferentkind of regionsassketched
in Fig. 3.33. A comparisonto the resultsof a FEM-simulationin Fig. 3.27 shows, that
this approachs well justified. A comparableapproaclcanbefoundin [66]. Thetouch-
down region 4, is excludedfrom the force balanceand thereforethe areasA,, canbe
approximatedoy formulaefrom [48] for rectangulaTmembranesvith one edgemuch
longerthanthe other(2D approximation):

p'lgff
Wmazx — 00026T (312)
w(z) = wmawcos(}rm). (3.13)
eff

The effective membrandength!,.;; is the edgelengthof the membraneeducedby the
edgeengthof thetouch-davn aread;. ThecornerareasA, areassumedo behae similar
to onequarterof a squaremembranavith theedgelengthl, s s, modifiedby afit factor

As aresultof theseanalyticalexpressionsthe stateof the membranecanbe described
by two variables,namelythe centerdeflectionw,,., andthe effective membrandength
less. For deflectionssmallerthanthe gapbetweermembraneandcounterelectrode/.
is constantequalto the geometricaimembrandength/,,...,. Whenthe membranehas
snappediowvn andtoucheghecounterelectrodeyw,,,, staysconstantvhile /. s, decreases
with increasingpressurefollowing approximatelya oneover four power law, according
to equation(3.12).

Oncethe bendingshapeof the membranas known, the electrostatiattractingforce be-
tweenmembraneand counterelectrodecan be calculatedas well asthe corresponding
electriccapacitanceDueto theverylarge aspectatio betweenateralmembranalimen-
sionsl,,em» andgapwidth d,, the approximatiorof ahomogeneouslectricfield is well
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Fig. 3.33: Top view of a membraneindicatingdifferentregions: A; - counterelectrode
touched,A, - 2D approximationof the deflectioncurve, A, - a cornerfill fit
applies.

justified. This leadsto a simple formula for the local electrostatigoressuredue to an
appliedvoltageV:

Pa(T,y) = €-V?/(dgap — w(z, y))* . (3.14)

A formulafor themembrandendingwhich considersion-uniformpressurdoadswould
be difficult to obtainbecausdhe electrostatiqoressurdtself dependson the membrane
bending.To keepthemodelingprocessimple,theelectrostatipressures averagedising
equation(3.14)andthemembrandendingshapegivenin equation3.9)and(3.12). The
resultingaveragecklectrostatiqpressurenow addsto the appliedhydrostatigpressure.

As describedabove, underthe condition of a controlleddeflectionvolumethe bending
shapeof themembraneansnapfrom oneinto anotherstate.An analyticaldescriptionof

themembrandehaior undersuchconditionswould be extremelydifficult to develop. In

orderto still accuratelycapturethe correctsnapconditions fit parametersreintroduced
in the model, which can be determinedby meansof parametemextraction from FEM-

simulateddata. Theachievedaccuray is illustratedin Fig. 4.9.
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Fig. 3.34: Symbolof the membraneCM, asit couldbeusedin a schematieditor.

In contrastto the fit-parametersntroducedbefore,the latter onesare not well basedon
a solid physicalanalysis,but use coarse,qualitatve approximationspnly basedon an
empiricalinsightinto the shape-snappingffect, asit could be gainedfrom investigating
theresultsof theFEM-analysis.Thisstill doesnotharmtheoverallquality of theresulting
model, becauseonly a separateghysicaleffect is involved, which occursonly under
certainoperationconditions.

The membranebendingshapeis finally usedto calculatethe displacedvolume. This
resultsin a compactmodelfor the electrostaticallyactuatednembranewhich hastwo
internal statevariablesl,;; andwy,q, andfour terminals. Two terminalsbelongto the
electricaldomainandthe remainingtwo have afluidic nature with pressureandvolume
flow rateasthe assignedjuantitieg(Fig. 3.34).

The CM wascodedin SpectreHDL thusallowing the simulationon systemlevel in an
analogcircuit simulator Themodelsourcecodés shovn in appendixB.

3.4.4 Extrapolation capability of the compactmodel

To testthe extrapolationcapabilitiesof the developedmembranenodel,a designparam-
eter— namelythe gapwidth betweemmembranendcounterelectrode- wasvariedfrom
3 to 5um. Usingthe samephysicalmodelparametesetfor the modifieddevice onestill
finds the modelto be very accuratgFig. 3.35), corroboratingthe aforementionedtate-
mentthata physicallybasednodelingstratey is bestsuitedfor designstudies.lt is worth
to mentionherethat the gapwidth hasa highly nonlinearimpacton the behaior of the
membranewhich causesa simplelinear extrapolationof certaindevice propertieso be
insufficient.

It shouldbe mentionedhere,that the accurag of the modelis reasonablygood, even

if all fit-parametersresetto unity, which meansthatno parameteextractionhasbeen
performedyet. Thatallows qualitatve analysissuchastheverificationof systenconcepts
to beperformedevenif no device measuremerdatais availableyet.

Both the optimized3;m gapmodelandthe extrapolatedbum gapmodelhave beenused
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to simulatethe frequeng-dependenpumprate of an electrostaticallydrivenmicropump
asreportedin [60]. It shows that both modelsaccuratelydescribethe device operation
(seesection5.4).
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is appliedto the membranecausingthewell known

snapeffect. Thefitting parameter®f the device modelare extractedfrom a
membraneawvith 3;m gapwidth (top), thenappliedto a membranawith 5um

gap width (bottom). Th

e achieved accurag for the 5um device shows the

extrapolationcapabilitiesof the underlyingdevice model.
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3.5 Summary

Threedifferent methodsof developing device modelsfor system-lgel modeling have
beenpresentedThedemonstrateéxampleof modelingthe self-testof the ASIS acceler
ationsensordemonstratethe capabilitiesof a hybrid modelingapproachmixing FNMs
and CMs to build a systemmacro-model. The simulationefficiency is high, compared
to FEM-basedapproachesandall relevantcouplingeffectsaretreatedin a simultaneous
manner Thus,theusualcornvergenceproblemsyelatedio successie couplingapproaches
in the caseof strongcouplingeffects,canbe avoided.

Oncethe requiredinterface software betweenCAD-tool and analognetwork simulator
is available, the simulationmodelcanbe setup easilyand quickly. The advancedtime
integration algorithmsimplementedn circuit simulationtools are available. Addition-
ally, all kind of numericalanalysis(OR, DC, AC, transientnoise,sensitvity etc.) which
areimplementedn suchtools, canbe performedevenif differentphysicaldomainsare
coupled.This givesmoreflexibility andnumericalefficiency thanis typically availablein
FEM tools,while maintainingthe samelevel of accurag asthe FEM analysis.

The experiencegainedfrom the presente@gxampleshaws thatit is worthwhile to extend
theFN modelingto othersthanthethermaldomain.It seemgossibleto usethisapproach
as an very flexible, userprogrammabldool to simulatesystemsthat couple different
physicaldomains. The finite elementwhich expresseshe coupling betweendifferent
physicaldomains,canbe written in VHDL-AMS, whereaghe discretizationgrid is set
up in a CAD-tool. An specialsoftwaretool, asa generalizedsersionof ANTOS, then
compilesthe netlistfor the circuit simulator representinghe systemof ODEsthatneeds
to besolved.

Two dravbacksof this approachshouldyet be mentionedhere: First, the simulation
time is still quite long comparedo simulationsbasedon CMs, becauseghe numberof
equationsthat needto be solved is very high. Second,this methodis inflexible with
respectto variationsof geometryand other parametershecausehe full procedureof
modelgeneratiormustbere-runwith eachvariation,startingfrom the solid modelin the
CAD-tool.

To summarize,The FN modelingapproachprovidesa flexible, userprogrammableou-
pledFEM plusCM simulationtool.

A PCA of adatabasewhich wascreatedrom a setof FEM-simulationscanbe usedto
generate quasi-staticCM of a device andyieldsvery goodresults,aslong asthedevice
characteristicarecontinuousandthe datarangeusedto generateéhe databaseés notleft.
If someknowledgeaboutthe device physicsis incorporatedy transformingparameters,
limited extrapolationcapabilitiescanbeaddedo the CM. Thecompletenodelgeneration
procedurecan be automatedthusrequiring nearly no userinteraction,but — dueto the
FEM-simulations- alot of computeresources.

Sincethedependenciesnthedevice geometryprocesgparametergtc. arenotexplicitly
expressedn the CM, the completemodel generatiormustbe rerunfor eachdesignor
processnodification,startingfrom anupdated=EM model.

PCA-basedCMs canbe usedto modelthe dynamicbehaior of systems.Comparedo
FEM- or FN-modelsthe numericalefficiency is muchbetter while still the sameevel of
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accurag canbe maintained.The setupof the dynamicequationdor theresultingfactors
of the PCA respectiely their dominantparameterss a complicatedtaskand cannotbe
automatedAdditionally, all thedraw-backsof quasi-statid® CA-basedCMs hold true.

Analytical, physically basedmodelscan be usedto efficiently simulatedevices, which
exhibit very complex behaior, including hysteresiseffectsand multiple discontinuities.
A quasi-statiexamplewaspresentedn section3.4. A dynamicexamplewill begivenin
section5.2.

Thismodelingmethodcanbe usedfor statisticaimodeling,yield/failureanalysisetc.,be-
causeall modelparametersllow for a physicalinterpretationthusmakingit possibleto
establishandsubsequentlyo interpretecorrelationdetweervariationsof procesgparam-
eters,designparametersnaterialparametersn the onehand,andtheresultingchanges
in device andevensystemperformancen theotherhand.

The remainingfit parametersre closely relatedto certainphysicaleffects, which are
approximatedy the device modelequationslt will beshowvn in sectiond.2,thatavery
efficientlocal parameteextractionstrategy for thoseparametersanbe established.

It could be demonstratedhattheresultingCM hasgoodextrapolationcapabilities thus
makingpredictive simulationgpossiblenot only on device level, but alsoon systemlevel
(shovn below in section5.4).

The disadwantageof this very powerful modelingmethodis that building suchmodels
requiresa profound understandingf the physicsof the device operation. Analytical
modelingis averyinvolvedtaskandrequiresalot of engineeringime. It is notseerhow
thismodelgeneratiormethodcould be automated.

Sofinally thedecisionfor oneof thepresentednodelingmethodsiepend®ntherequests,
whichtheresultingmodelmustfulfill, requiringa carefulevaluationof the prosandcons
of eachapproachin light of the given circumstancedike engineeringresourcestime

constraintshardwareresources.
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Modeldevelopmentannotbeconsideredndependentlyf modelvalidationandparame-
ter extraction. Eachmodelingapproachrequiresanappropriatesxtractiontechniqueand,
in return,the limitations of differentextractionmethodsmayinfluencethe decisionfor a
specificmodelingstratayy.

Of speciaimportances the caseof parameterizatioof analytical physicallybaseccom-
pactmodels.Giventhatthe modelis constructedn suchaway, thatphysicalparameters
and fit-parametersan clearly be distinguishedfrom eachother an efficient parameter
extractionstrategy canbe setup. Theresultingmodel(includingthe extractedparameter
set)cansene for importantpurposesuchasdesignstudiesor statisticalprocesscontrol,
e.g.,thusjustifying the usuallylarge effort for the modeldevelopment.

4.1 Parameter extraction methods

4.1.1 Fit-basedmodels

In caseof amodelingstratey purelybasedndatafitting, themodelverificationis simply
atestif thesimulateddatareproduceshe input datafrom measuremerndr CFM simula-
tion within therequiredaccurag. Theappropriateextractiontechniquevould beaglobal
optimizationalgorithm. The advantagds a very fastsetupof the extraction,but onepays
with typically lengthyoptimizationruns.

Additionally, onefacesall thewell-known problemsof globaloptimizationschemesThe
optimizationcanbetrappedin alocal minimum. Theresultof an optimizationtherefore
candependon theinitial guessof the parametersandit may be very sensitve to small
fluctuationsin thetarget data,dueto measurememoise,e.g. The extractedparameters
canhardlybeusedfor statisticalprocessnonitoringanda physicalinterpretations quite
oftenimpossible.

4.1.2 Finite network models

Assumingthatall informationto build the FNM (geometrydataandmaterialparameters,
e.g.) wasreadily available, no parameteextractionis necessary Sincea modification
of any parametersn FNMs is difficult, and the simulationis not very efficient due to
the large numberof internalvariables(grid nodes)of the FNM, a usageof FNMs to fit
insufficiently well known parametersannotbe recommended.

Themodelverificationis still animportantstepthough. Thecritical pointswhich mustbe
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checledcarefullyarethe meshquality andtheinterfacesto the outerpartsof the system,
wherethe interactionis lumpedinto a singleexternalnode(asdescribedn section3.2).
Suchadwancedoolslik e errorestimatorgor themeshquality arenot availablefor FNMs.
Therefore the testfor the meshquality mustbe performedby optical inspectionby an
adwancecdengineeror a FEM tool mustbe usedfor this purpose.

4.1.3 Basis-functionmodels

The PCA is basicallya methodbasedon datafitting. Therefore,here no additional
parameteextraction is required. If however ODEs are usedto describethe dynamic
behaior of the device (asin section3.3.1),thenthe parameter®f theseODEs canbe
determinedisingparameteextractionmethodsThetargetdatafor the parameteextrac-
tion cancomefrom measurementsr FEM simulations.Sincethe deviation of the ODEs
is basedn a physicalanalysisof thedevice operationthe sameapproacheto theextrac-
tion of their parameterganbe usedasasto analytical,physicallybasedmodels,which
will bedescribedn thefollowing section.

4.1.4 Analytical, physically basedmodels

If thedevelopedmodelis basedon the physicalanalysisof thedevice, aglobaloptimiza-
tion schemecould easilyerodethe physicalcontentof the modelparametersTherefore,
anextractionschemautilizing directextractionstepsandcarefully tunedlocal optimiza-
tion needgo beemployed[67]. Model validationbecomes very challengingtasksince
it mustbeverified,if themodelreproducesll relevantphysicaleffectstogethemith their
processaandgeometrydependencen thatcase both steps modelvalidationandextrac-
tion setup,arevery time consuming put the resultingmodelparameterganbe usedfor

physicalinterpretationyield analysis procesanonitoring,etc. Thetime requiredfor an
actualparameteextractionrun s typically short,thusallowing the processingf alarge
amountof dataasit is requiredfor statisticalanalysig68].

The parametersvith a physicalmeaningare (moreor less)independentrom an actual
device structure,thus allowing to measurghem using dedicatedtest structures.A pa-
rameterdatabasenay be establishedmakingsimulationsin an early developmentstage
possible peforerealdevicesexist yet.

At the beginning of a parameteextraction,a decisionhasto be madewhich parameters
to extract. As mentionedefore,normallythe materialparametergjevice geometrieand
procesgarameterareknown. Only thefit parametersnustbe extractedto improve the
accurag of themodel(seeFig. 4.1 for aschemati@icture). If however someof the just
mentionedso calledphysicalparametersrenot available,or if their measuremeris as-
sumedto betoo inaccuratethey canbe extractedusingmeasuredievice characteristics.
Anotherreasorfor extractingphysicaldevice parameterss, thatthey canexhibit fluctua-
tionsfrom device to device. A measuremendf thosefluctuationsandtheir correlationto
known procesdluctuationsandto obseredvariationsin systenperformanceanbeused
for statisticalmodeling,for building yield modelsfor designcenteringetc.

Oncethesetof parameterthatneedgo beextractedhasbeenset,asequencef extraction
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Fig. 4.1: Parameteextractionprocedurdor physicallybasedcompactmodels:with the
physicalparameterasinput, the extraction sequencdor the fit-parameterss
iterated,until the device characteristicerematched.Theresultingmodel(incl.
the parameteset)allows for extrapolations.

stepanustbefound. It is importantto startwith thebasicparametersyhichimpactmost
operatingregions of the device. Parametersyhich impactonly very limited operating
regions,canbeextractedaterin theextractioncourse.ldeally, only oneparameteshould
be extractedatonce.

For eachparameterthe operatingregion mustbe determinedyhereinthis parametehas
the strongesimpacton the device behaior. If all other parameterdave significantly
lessimpactin this region, thenthe parametercanbe determinedno matterif the other
parameterarenotaccuratelydeterminedset.

Now the parameteunderconsideratiorcanbe extracteddirectly. Thatmeansthatmea-
sureddatapointsare substitutingnodalvariablesin the modelequationsandthe result-

ing equationsystemis solved for the desiredparameterAll otherparametersppearing
in thoseequationshave eithertheir default valuesor their previously extractedvalues
if available. Hereit becomesbviously that the parameteextraction sequenceaisually
mustbeiterated(assketchedn Fig. 4.1): the extractedparametewalueis — althoughnot

strongly— still dependentn otherparametersyhich arenot extractedaccuratelyenough
yet. Giventhatthis dependencés really not strong,very few parameteextraction cy-

cles(typically notmorethanthree)yield a stable accuratenodelparameteset. Another
pointis importantwith directextractions:sinceonly very few datapointsarenecessary
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the measurementsf the device datacanbe performedvery efficiently (example:if the
principalshapeof a curve is well known, the slopecanbe determinedy measuringpnly
two datapoints). Making point measurements much fasterthan sweepingoperation
conditions. That makesdirect extractionapplicablefor routinely measurements pro-
duction(for statisticalprocesscontrol (SPC),e.g.).

If directextractionis not possible becausef transcendentodelequationse.g.,local
optimizationcanbe used. Local optimizationusesa very small subsewf all parameters
to matcha very narrav, carefully selectedangeof the measuredlevice data. To reduce
the measuremengffort, alreadythe rangeof measuredlevice datacanbe limited to the
regionswherethe parameterso be extractedhave their strongestmpact.

The parametersvith a physicalmeaningare (moreor less)independenfrom an actual
device structure,thus allowing to extract them by measuringdedicatedtest structures.
A parameteidatabasanay be establishedthat makes simulationspossiblein an early
developmenttage peforerealdevicesexist.

Powerful softwaretool are available for the parameteextraction. To make thosetools
availablefor MEMS device CMs, somework is required,though. First, the interfaceto
analognetwork simulatorsmustbe extendedin sucha way, that VHDL-AMS models
canbesimulated.Secondspecialextractionroutinesmustbe createdwhich performthe
parameteextractionstepsrequiredfor all devicesunderconsideration.

In this work, a softwareinterfacehasbeencreatedbetweenUtmostand Spectre which
allows to run SpectreHDLmodels. Utmost-routineshave beencreatedwhich allow the
extractionof parameters$or non-electricafour-terminaldevicesin a quasistatiaswell
asin transientoperationrmode.

4.2 Quasi-staticexample: electrostatically actuated
membrane

The quasi-staticCM of an electrostaticallyactuatedmembranewas presentedn sec-
tion 3.4.2. Now the parameteextractionsequencdor this CM will be explained. The
sevenfit-parameter®f this modelwill be extracted whereaghe othermodelparameters
(the physicalones)are kept constant. They areassumedo be known from othermea-
surementslinsteadof really measurediata, FEM-simulateddatais usedto performthe
extractions.

Thebasic-mosparameteof themodelis theone,whichfits thestiffnessof themembrane
for small deflections.Many effectscanbe hiddenby this parameterinaccuratematerial
parameterdik e elasticity module,inaccurategeometryvalueslike membraneliametey
inaccuratgprocesparametersik e membraneghickness.The parametecanbe extracted
by local optimization,usingthe datarangein therectangulabox, shavn in Fig. 4.2. All
otherparametersarestill attheir defaultvalues.

Alternatively, adirectextractioncanbe applied. Two datapointsin the markedregionin
Fig.4.2areusedo determingheslopeof thecurve. Fromthisslope thefit parametecan
be directly calculated usingthe modelequationfor small deflections correspondindo
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Fig. 4.2: Firststep:membranestiffnessto befittedin thebox region.

formula3.9. Thatillustrates thatfor adirectextractiononly few datapointsarenecessary
insteadof a sweepthussignificantlyreducingthe measuremergffort.

Theresultingsimulatedcurve is comparedo measuredlatain Fig. 4.3, shaving a per
fect fit for small deflections. The nonlineareffectsfor large deflectionsare fitted next,
optimizingthe correspondingparameteon the datarangein theboxin Fig. 4.3.

In the next step,the parameterdor cornerand edgefilling are optimizedin the box,
shavn in Fig. 4.4. Becauséheseparameterfiave someweakimpacton otheroperating
regions as well, namelyfor large negative pressurethe accurag of the modelin this
region is slightly reduced,as canbe seenin Fig. 4.5. Re-adjustingthe parameterfor
nonlineareffectin caseof large deflectiondeadsto high accurag in this region aswell
(Fig.4.6). Thisconfirmstheabove statementthattheparameteextractionsequencenust
beiterated but very few iterationsaresuficientusually(only two cyclesin the presented
case).

Finally, the parameterdor voltage-causegull in and shapesnappingare extracted
(Fig. 4.7 to Fig. 4.9). The resulting model reproducesthe device behaior accu-
rately and canbe usedto extrapolatefor modified designparametersas shown in sec-
tions3.4.4and5.4.4.



80 4. Parameter extraction

Run by : P. Voi gt Lot: 1
Process: MEMB waf: 1
Tenp. :27 MacroModel Die: 1
100
T T T
FEM
CM
0.0 L .
£ 100 | .
-}
© -200 | J
>
-300 b dntint ittt stepV step= 150.00
B S stepV star= 0.000 7
constVarl = 0.000
MODEL: MACRO- MODEL
- 400 1 1 1
-0.80 -0.40 0. 00 0.40 0. 80
16:55:52 ressure (bar)
JAN/21/0 v.14.12.0 p )
SILVACO International

Fig. 4.3: Secondstep:nonlinearityof membranestiffnessfor large deflectiongo befitted
in thebox region.

4.3 Transientexample: flap valve

Theconstructiormndoperatingprinciple of a flap valve aswell asits compactmodelwill
be describedn section5.2. The mechanicapartof the modelbasicallyis a mechanical
oscillatorwith strongdamping. The compactmodelof the valve flap wasimplemented
into a systemsimulator[24], usingVHDL-AMS. The systemsimulatorwascalledfrom
a parameteextractionsoftware packagg69], thusallowing the optimizationof the pa-
rametersof the compactmodelto matchthe measuredr FEM-simulateddata. Most
parameter®f the modelcanbe extractedon dataof quasi-statialevice operation(some
resultsin Fig. 5.12). The parameterso fit the size of the moving massandthe damping
parametersequireto usedataof thedynamicbehaior of theflap. Thetransientresponse
of the valve flap to an step-like increaseof pressurevasusedto this end. The required
extractionroutinewasimplementedn Utmost. An intermediateresultof the parameter
extractionis shavn in Fig. 5.16. To extractthe parametersa sequencef optimization
stepswasapplied,whereeachstepusesa smallpartof the measurediata.

The extractionof modelparameterslescribingthe dynamicbehaior of devicesis quite
importantfor PCA-generatedompactmodels becausehe ODEsdescribingthe dynam-
ics of thefactorsarebasedon analyticalmodels,containingapproximation@ndthe cor-

respondindit-parameters.
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Fig. 4.4: Third step: membranestiffnessat edgesandcornersto be fitted in the box re-
gion.

4.4 Summary

It couldbedemonstratethatthe methodgor parameteextractionandthe corresponding
softwaretools,which areusedin microelectronic$or device modelparameteextraction,
cansuccessfullype adoptedo MEMS device compactmodeling. It shovedthatparam-
etersetsfor analyticallyderived, physicallybasedcompactmodels,which containonly
few, well understoodit parameterscan be extractedvery efficiently. Sinceno global
optimizationstepsare involved, the resulting parameteisetscan be usedfor statistical
modeling.
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Fig. 4.5: Fourthstep re-iteratingsteptwo: nonlinearityof membranestiffnessto befitted
in thebox region.
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Fig. 4.6: Final resultof the first part of the parameteextractionsequencegealingwith
themechanicapropertiesonly.
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Fig. 4.7: Final resultsof a parameteextractionfor the pressure-controllequasi-static
membraneharacteristicsThe appliedelectricvoltagecauses hysteresis.
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Fig. 4.8: Volume-controlledjuasi-statiaenembraneharacteristics-it-parametergor the
shapesnapeffect have to be extractedon this data.
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Fig. 4.9: Final resultsof a parameterextraction for the volume-controlledquasi-static
membraneharacteristicsk-it-parameteror the shapesnapeffect areextracted
by meansof anerrorminimizationagainst-EM-simulateddata.
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In this chapterfive examplesarepresentedwhich illustratevariousapplicationsof com-
pactmodelingfor microsystems.The first exampledemonstratethe integrationof me-
chanicalelementsn anelectricalcircuit andthe goodperformancef the chosersimula-
tion approachn this caseof strong,nonlinearcouplingbetweemechanicadndelectrical
behaior.

The secondexampleis the analyticalmodelof a flap valve. Combiningit with thefinite
network modelof tubes presenteédsexamplethree,andwith thephysicallybasednodel
of anelectricallyactuatednembranewhich wasalreadydevelopedin chapter3.4.2,the
macro-modelbf a micropumpcan be compiled. This is shavn in detail in the fourth
example.

The lastexampleshowns how to useanalytical,physicallybasedmodelsto studytheim-
pactof procesdluctuationsonthe performancef acomple, electro-mechanicaystem.

5.1 Electro-mechanicalsystem:oscillator

5.1.1 Intr oduction

Therearetwo reasonsvhy the micro-electro-mechanicdlip-flop structurewasselected
for presentatiom thefollowing section.First,in themembraneapacitoroccursastrong,
highly non-linearcouplingbetweenmechanicalndelectricalphenomenaThis requires
an efficient simultaneousimulationof both partsof the problem,ruling out mostother
simulationapproache$esidesa commonsimulationof both problemsin an electrical
network simulator includingthe mechanicapartby especiallyderived compacimodels.
Secondthereexistsa potentialpracticalapplicationof the presentedtructure.

The ideabehindthe presentednicrosystemdesignis to extract the mechanicakigen-
frequeny of a membrandyy analyzingthe electricaloutputsignal of the circuit. That
couldbeaninterestingalternatve to opticalandothermeasurementg0], especiallyfor

routinelymeasuremenis a productionernvironment[71, 72]. This easyto measurdest-
structurewe suggesftor the extractionof mechanicaparametersf thin layers[73]. An

applicationto the extractionof dampingpropertiesseemgossibleaswell.

5.1.2 Description of the teststructure

Thestructureunderconsideratioms anelectro-mechanicalscillator, realizedasaflipflop
with the capacitorsC1 and C2 in the feedbackioops (Fig. 5.1). The resistvity of the
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transistordvrll to Mr22 canbe variedin a very wide rangeby the control voltagesV,
andV,,, thusallowing for a flexible control of the chage/unchage time constanif the
capacitorsTheresultingoscillationfrequeny of theflipflop rangedrom severalkHz up
to somelOMHz.

The above capacitorsare polysilicon membranesvith an areaof 50um x 150um, sep-
aratedfrom a silicon substrateby a 0.5um wide air gap. Togetherwith the nt—doped
substrateas counterelectrodethey form the two feedbackcapacitorsof the flipflop cir-
cuit. Themembranestructureallows for mechanicabscillations excited by theelectrical
voltageacrossthe capacitor The capacitanceariesdue to the changein the distance
betweenmembraneand counterelectrodeand, therefore,is responsiblefor the strong
feedbackbetweerthe mechanicabndthe electricalpartof the system.

Suchmembranesreusedin pressuresensorsmicrophonestc. andcanbe producedn
astandardCMOS processwith additionalfacilitiesfor suriacemicromachiningd74].

5.1.3 The simulation model

As mentionedabove, a simulationapproachwhiclis well applicablefor the givenflipflop
structurejs theanalognetwork simulation.Thereforea compacimodelof themembrane
capacitorhadto be developed.A FEM analysisof the mechanicamembraneroperties
resultedn the oscillationmodesandtheir eigenfrequenciesSincean electrostati@actua-
tion preferablystimulateghebasicoscillationmode thehighermodescouldbeneglected
in the compactmodel. The mechanicaktatusof the membranas describedy a single
parameterthe centerdeflection.

Subsequentlythe membranecould be modeledasa simpledampedoscillator The elec-
trostaticattractionof the membrandowardsthe counterelectroddueto the appliedvolt-
ageactson the oscillatorasan externalforce, dependingon the appliedvoltageandthe
actualgapbetweermembranendcounterelectroderl his gapvariesdueto themembrane
deflection.

The coupling betweenthe electricaland mechanicalubsystemsppearsn two ways:
First, the attractingforce dependson the distanced betweenmembraneand counter
electrodeandon the appliedvoltage. Secondthe electriccapacitancef the membrane
capacitordependson d also, thusimpactingthe electric circuit behaior. Especiallyif
the mechanicabeflectionof the membranas large, a significantchangen the electrical
capacitanc®f the membraness expected |eadingto a strong,non-linearbi-directional
couplingbetweenthe mechanicalnd electricalbehaior of the system. In sucha situ-
ation, an efficient, simultaneoussolution of both sub-problemss required. Successie
iterationalgorithmswould definitelyfail.

The resultingcompactmodel of the membranesvasimplementedn HDL-A [26] and
lateronin VHDL-AMS.
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Fig. 5.1: Schematioview of theflipflop oscillator C1 andC2 aremembraneapacitors,
allowing for mechanicabscillations.
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Fig. 5.2: Transientbehaior of the flipflop oscillator: deflectionrelative to the gapdis-
tance(membranel: dx1, membrane: dx2) andoutputvoltage. The flipflop
oscillationfrequeng is belov the mechanicatesonancérequeng.

5.1.4 Simulation results

An analysisof the transientbehaior of the flipflop structure(Fig. 5.1) was performed
usingthe analognetwork simulatorSpectre.

First,thecontrolvoltages/,,, andV;, areadjustedo suchvaluesthattheflipflop oscillates
well below the mechanicalesonancérequeny of the membraneDuring operationthe
membranesre exposedto steplike voltagechangedrom nearQV to approximatelythe
supplyvoltageV,, andvice versa.The attractingforce dueto the appliedvoltagebends
themdown, leadingto amembranescillation(Fig. 5.2).

If now the control voltagesV;,, andV,, areadjustedto suchvaluesthatthe flipflop os-
cillation frequeny matcheghe mechanicatesonancdrequeny of the membranesthe
amplitudes/,; andd,, of themembranescillationsenlage significantly(Fig. 5.3). The
oscillatingmembranemodulategheir capacitancewhich resultsin a modulationof the
flipflop oscillationfrequeng, which, in return,leadsto a modulatedmembraneexcita-
tion. This effect becomesespeciallypronouncedf theflipflop initially oscillatesabove
the mechanicakesonancdrequeny of the membraneas canbeeseenin Fig. 5.4. An
oscillationof the membraneincreasests averagecapacitancetherebyreducingthe os-
cillation frequeng of theflipflop, shiftingit closerto themechanicatesonancéequeng.
This againincreaseshe excitation efficiency andthereforethe oscillationamplitudesof
themembranegherebyfurtherincreasinghemembraneapacitancesl his goesonuntil
theflipflop oscillatesat the mechanicatesonancérequeng of themembranes.

Thus,by analyzingthe outputsignalof theflipflop, it is possibleto determinanechanical
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Fig. 5.3: Transientehaior of theflipflop oscillator:membraneleflectionrelative to the
gapdistanceandoutputvoltage.Theflipflop oscillationfrequeny is very close
to themechanicatesonancéequeng.

propertiesof membranes.

If the oscillationfrequeng of theflipflop is furtherincreasedno significantmechanical
oscillationcanbe excited (Fig. 5.5). A reductionof the damping,which canbe achieved
by reducingthe air pressurejncreaseshe oscillationamplitude. This makesit possi-
ble, thatagaina reductionof the flipflop frequeng togetherwith the resultingincrease
in mechanicabscillationamplitudecanoccut until the systemlocks into the mechani-
cal resonancdrequeng (Fig. 5.6). This effect could eventuallybe exploredto measure
dampingpropertiesof microstructuresin the caseof low dampingthe systemappearso
beveryinstable leadingto a behaior thatlooks”chaotic” (Fig. 5.7).

All simulationspresentedhererun very efficiently, takingno longerthan15 second®na
HP9000/785.

5.1.5 Conclusion

A flipflop circuit with two integratedmembranegsa teststructurewaspresentedwhich
exhibits strong coupling betweenthe mechanicaland electricaldomains. We demon-
stratedthat compactmodelingis a powerful approacho the modelingof microsystems,
especiallyin the caseof sucha strongcoupling. We do not seeary other simulation
approachwhich would allow for acompleteanalysisof the transientsystembehaior.

By meansof systemsimulationit was possibleto modelthe behaior of the abore mi-
crosystem.The strongelectromechanicalouplingleadsto the peculiareffectsof modu-
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Fig. 5.4: Transientehaior of theflipflop oscillator:membraneleflectionrelative to the
gapdistanceandoutputvoltage.Theflipflop oscillationfrequeng is above the
mechanicatesonancérequeng.

latedoscillationsin the outputsignalandto thelock-in of theflipflop into themechanical
resonancdrequeng, which shouldenableto determinethe mechanicaresonancdre-
gueny of themembrandy apurelyelectricalmeasuremenilhereforethis microsystem
is proposedasateststructurdor a micro-electromechanicagst-chip,allowing to extract
themechanicapropertiesof thin layers.
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Fig. 5.5: Transientehaior of theflipflop oscillator:membraneleflectionrelative to the
gapdistanceandoutputvoltage. Theflipflop oscillationfrequeny is far above
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Fig. 5.6: Transientehaior of theflipflop oscillator:membranealeflectionrelative to the
gapdistanceandoutputvoltage. Theflipflop oscillationfrequeny is far above
themechanicatesonancérequeng. Thedampingis reducedy afactorof five.
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Fig. 5.7: Transientehaior of theflipflop oscillator:membranealeflectionrelative to the
gapdistanceandoutputvoltage. Theflipflop oscillationfrequeng is far above
themechanicatesonancé&requeng. Thedampingis reducedy afactorof five.
Detailedview.
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5.2 A microfluidic flap valve model

5.2.1 Intr oduction

Active and passve checkvalves are an essentialpart in fluidic systemsto control a
fluid flow [75, 76]. In combinationwith an actuationunit they can be usedto build

pumps[60 77]. Comparedo dynamicnozzlevalves,flap valveshave the advantageof

negligible leakageflow andthereforea high directionvalue[78, 79]. Disadwantagesre,
however, the complicatedmanufcturingprocessandthe sensitvity to particles,espe-
cially of the reverseleakageflow. The transientbehaior of the valve flapsin the sur

roundingliquid canstrongly determinethe behaior of fluidic systemsjeadingto such
peculiarphenomenasreversepumping[4].

Theflap valve modeledherewasdevelopedby R. Zengerleandis describedn [60, 80].
It is madefrom threewafers(seeFig. 5.8) by meansf selectve, anisotropiowvet etching
of crystallinesilicon andsubsequentvaferbonding. The bottomwafer containsheinlet
openingandthe valve seat the middle wafer establishes partof the pumpchamberand
is usedto build thevalve flap, whereaghetop wafercapsthe pumpchamberconnectso
theoutlet,andmayalsobe usedto build a pumpmembrane.

top |
wafer |
pump chamber

rl

middle il
wafer

|
‘,
-}
il

S -—-

il
|0

P
]
valve flap

bottom
wafer

Fig. 5.8: Schematicview of aflap valve, madefrom threesilicon wafersby anisotropic
wetetching.

5.2.2 The compactmodel

Sincethe systembehaior of the entire micropumpis very sensitve to the propertiesof
the valves[4], specialattentionhadto be paidto the developmentof an accuratevalve
compactmodel. To this end, quasi-staticand transientcoupledFEM simulationsusing
ANSYS and FLOTRAN [81] were performedby G. Schrag[36, 82, 83] to analyzein
detail the interactionof the valve flap with the fluid flowing aroundit. The coupling
betweenthe structuralanalysistool and the hydrodynamicsimulatorwasrealizedin a
similarway asdescribedn [50] and[4].

The desiredresultof a CM developmentfor the flap valve is an analytical expression
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p outlet

Pinlet

Fig. 5.9: Simulatedquasi-statiqressuralistribution (left) andfluid flow velocity distri-
bution (right) in aflap valve, whenthevalveis operatedn forwarddirection,i.e.
anappliedpressur@rop Ap = pinier — Poutier > 0 Openghevalveflap. It shovs
thatthe pressuren the pumpchambeiis nearlyconstantkeepingthe fluid flow
velocity low there.

describingthe transientrelation betweenpressuredrop acrossthe valve and flow rate
throughit.

At first, the displacemenof the valve flap due to an applied pressureis modeled. A
FEM analysisof this problemhasshavn thatthe pressureactson the flap mostlyin the
region directly above the valve openingand, therefore,canbe lumpedto a force at the
flap mid point. Theresultingbendingof theflap canbe approximatedeasonablyvell by
ananalyticalformulafor beambendingfrom [48]:

B
Ymid = AP'A3m—g (5.1)
3
p - 2 hw (5.2)
12-(1—v)

Here, A standsfor the crosssectionalareaof the valve, andy,,;q andl,,;; arethe flap
displacemenatthe centerof A andtheflap lengthmeasuredrom the flap suspensiomo
the centerof A, whereast andrv aremodulusof elasticityandPoissorratio of the flap
material,respectrely. Therefore the stateof the flap canbe describecapproximatelyby
asingleparametemamelytheflap displacemen,, ;4. In thisway; y,,:4. entersheCM as
aninternalstatevariable. WhenAp changed$rom positive (valve open)to negative values
(valve closed),the membranéhits the valve seat,andthe stiffnessof the flap increases
significantly This causesa discontinuityin the derivative of the functiony = y(Ap)
(seeFig. 5.13). It shouldbe notedherethatevenin reversedirectionthe flap canbend,
i.e. negative displacemenvaluesare possible.This is animportantfactorfor the model
stability, becausehe bendingin reversedirectionallows to storeenegy (kinetic enegy
of theliquid is storedaspotentialenegy of the deformedfiap).

To getan analyticalexpressionfor the quasi-statidlow ratethroughthe valve, only the
region is consideredo be of importancewheremost of the pressuredrop occurs(see
Fig. 5.11). Becausat would be difficult to describethe fairly complex behaior of the
fluid in this region, an approximatiorfor the quasistatidluid flow w,, througharectan-
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Fig. 5.10: Simulatedquasi-statigpressuralistribution (left) andfluid flow velocity dis-
tribution (right) in aflap valve, detailedview. It canbe seenthatthe pressure
dropsmostlyin the proximity of the valve seat.

Fig. 5.11: Simulatedquasi-statigpressurdaistribution (left) andfluid flow velocity distri-
bution (right) in the proximity of the valve seatof a flap valve. The pressure
dropoccursin thevicinity of thevalve seat.

gularslit is used[84]:

2-Ap
Wys = lperim * Ymid ° Tdro (53)
p (A2 1 15)
A = 96/Re (5.4)
Re = U-2ymia/V. (5.5)

Herev is thekinematicviscosityof thefluid, I, standdor the perimetedengthof the
valve seat,andl, 4, is thewidth of the rangewhereinmostof the pressuredrop occurs.
The latteris assumedo be equalto y,,,;4 timesa fit parameterThis valueis usedin the
CM againto modify theareaatwhichthepressureappliesto thevalveflap. Thecomplete
compacimodelcodecanbefoundin appendixA.

The involved model parametersan be obtainedfrom a comparisonto FEM simulated
data(Fig. 5.12). A comparisorof the compactmodelwith measurementsom [80] and
with FEM resultsis presentedh Fig. 5.13anddemonstratethe validity of thisapproach.

A transientFEM analysisof the valve flap behaior shows that the flap can perform
dampedoscillationsin the fluid. The mechanicarestrictiondueto the valve seatis ne-
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Fig. 5.13: Staticcharacteristic®f a valve (flap displacementmassflow andfluidic ca-
pacitancevs. pressure).The simulationresultsof the compactmodelarerep-

resentedy solid lines.

glectedin thissimulation.Theoscillationfrequeng in wateris by afactorof 6 lowerthan
in vacuumandstrongdampingis obsened(Fig. 5.14). An inspectionof thevelocity dis-
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Fig. 5.14: FEM simulationof anoscillatingflap (valve seatignored)without (dottedline)
andwith (solid line) dampingdueto surroundingdiquid. Theflap is initially
displacedby 50um andthenreleasedo oscillation.In the presencef a liquid

the oscillationfrequeng is decreasetby a factorof 6 and strongdampingis
obsenred.
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Fig. 5.15: TransientFEM simulationof the fluid velocity in a valve chamberdueto a
closingvalve flap. Theflap is initially displacedby 50um andthenreleased
to closethevalve. Thefluid velocity causedy the moving flap rangedrom 0

to 1m/s. Theverticaldimensionsf the valve arestretchedy a factorof 2 for
bettervisibility .

tribution arounda moving flap asshavn in Fig. 5.15revealsthata significantamountof
liquid is draggedby the moving flap, thusaddingto the inertial massanddecreasinghe
resonancérequeng. Additionally onefindsthatthe moving flap causesa displacement

flow throughthevalve,andthata swirl occursatthetip (i.e. edgesn athree-dimensional
considerationpf theflap.
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To incorporateall theseobsened phenomenan the CM, in afirst stepaninertial force
wasaddedto the force balancebetweenappliedpressureandmechanicalestoringforce
of thebentflap. It is assumedo actonthe samepoint of themembranesthe hydrostatic
pressurédoaddoesnamelyatthecenterof theareaA. Theinertialmasausedn theCM is
themassof theflap plusalayerof liquid abose andbeneaththeflap, whichis draggedy
themoving flap. Althoughthereexist proposal$iow to analyticallymodeltheaddednass
over a moving plate[85], we decidedto usethe thicknessof this layerasa fit-parameter
in the compactmodel, which is determinedoy comparisorto FEM simulateddata(see
sectiord.3), suchthattheresonancéequeng of 1.2kHz (in water)is matched It shavs
thatthe thicknessof this layeris approximatelytentimestheflap thicknesswhich looks
reasonablevhen analyzingthe FEM simulationresultsin Fig. 5.15, and appearsamore
likely thanvaluesof 1020- 2360asgivenin [4].

Next, thedisplacementiow w, dueto themoving flapis calculatedand,togehtemwith the
quasi-statidlow rate(eqn.5.3), contributesto thetotal flow ratew throughtheflap:

Wi = A dymiafdt (5.6)
w = qu—i—wd. (57)

Thecorrespondindfluidic capacitance”
Cy = dV/d(Ap) (5.8)

with V' beingthe volumedisplacedoy the moving flap membranas shown in Fig. 5.13.
Pleasenotethediscontinuityat Ap = 0, whentheflap toucheghe valve seat.

Finally, the dampingwasmodeledby aforcetermproportionatto the velocity of theflap
andby asecondermproportionako thesquareof theflap velocity. Thelatteris motivated
becaus®f the swirl atthe flap’s edges.Both dampingtermsaddto the force balanceof
the valve flap. The dampingcoeficients could be extractedfrom FEM simulateddata
(Fig. 5.16).

5.2.3 Simulation results

When the valve switchesfrom reverseto forward flow underthe action of a steplike

pressurehangetheflap startsoscillatingin thefluid (Fig. 5.17,left). Ontheotherhand,

whena steplike pressurechangeforcesthe valve from forward to reversedirection, the

valve flap hits the valve seat,bendsdown a only little bit dueto the largely increased
stiffnessin reversemode,andthengetsbouncedback,leadingto a chattermotion. This

typeof adampedbscillationis highly inharmonic(Fig. 5.17,right), makingit impossible
to assigndiscreteresonancérequenciego it. A detailedanalysisof this effect basedon

FEM appeardo be very involved dueto the numericalcompleity andwasbeyond the

scopeof thiswork.

A small signal analysisof the valve behaior in caseof a sinusoidalpressurestimulus
shovstheexpectedtypical pictureof adampedsecondrdersystentor theflapdisplace-
ment(Fig. 5.18,top). Theflow ratehastwo contritutions. Thedisplacemenfiow, caused
by the moving flap, is in phasewith the flap motion. It dominatesabove the resonance
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Fig. 5.16: Transientrespons®f aflap valve to a steplike pressurestimulus.A parameter
extractionfor the compactmodel mustbe performedusing FEM simulation
resultsastarget data,to determineparametersesponsiblgor the resonance
frequeny andthe damping.

frequeny. The othercontribution is driven by the pressureanddependson the pressure
andontheflap displacemenfeqn.5.3). It dominatedelown theresonancérequeng.

Thecompactmodelof the flap valve contributesto a macro-modebf anelectrostatically
driven micropump(seechapters.4 for details). It shaws that the dynamicbehaior of
the flap valve, namelythe phaseshift betweenpressureand flap displacemenat drive
frequenciesbore theresonancérequeny is responsibldor the peculiareffect of reverse
pumping[62, 60]. A variationof the squaredampingparameteof theflap CM showsit’s
strongimpactonthesystembehaior, especiallyin theregimeof highdriving frequencies
(Fig. 5.19).
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Fig. 5.19: Simulatedpumprate for differentdampingpropertiesof the valve flaps. As
expectedthe dampingof the valve flap motionimpactsmostlythe pumpoper
ationat higherdrive frequencies.



5.3. A micro-fluidic tube model 103

5.3 A micro-fluidic tube model

5.3.1 Intr oduction

Connectingtubesare an essentiapart of mostfluidic systems.In variousengineering
disciplinesandevenin medicine,effort hasbeenspentto investigatestaticanddynamic
fluid flow phenomenan tubes[86, 87, 88, 89]. Of specialinterestare resultsfrom re-
searchfor the medicine,becausehe fluid flow and pressurepulsepropagationn tubes
with compliantwalls is investigated90, 91, 72,92, 93]. In mircrofluidic systemsthe
elasticityof the connectingubesmustalsobe considered.

In the recentyears, investigationsof fluidic flow through capillaries[94] and micro-
channeld95, 96, 97] have beenpublished.They dealwith staticflow phenomenaTran-
sienteffectsin tubes,however, cansignificantlyimpactthe systemperformance Accu-
rate,yet simpletubemodelsfor systemlevel simulationarethereforerequired.

5.3.2 The analytical model

The Navier-Stokesequationfor incompressibldluids, usingthe notationin [98], readsas

v 1
% + (9V)7 = —;gradp + VAT (5.9)

For systemsexhibiting a cylindrical symmetryequation(5.9) canberewritten as

ov, ov, ov, 10p v, 0*v, 10v, v,
9or _ . L AN
ot + o or t ox por * V( or? 0x? r Or 7"2) (5.10)
0vy Ov, 0V, 10p v, 0%v, 10v,
Ro | L2 g, T = =P =% 5.11
ot " or Tt ox pOx V( or? + 0x? r Or ) ( )

Now we considera tube with an inner diameterR,. A cylindrical coordinatesystem
is definedin sucha way, thatthe z-axis is alsothe length axis of the tube, whereas-
describeshedistancdrom thez-axis(fig. 5.20). Thetubeis extensible sothata pressure
changep = py + Ap causes changeof thetuberadiusR = Ry + £ andthelumen(inner
crosssectionalarea)S = Sy + 2w Ry&. For thelattertherelationé < Ry wasused. A
linearrelationbetweerpressurandradiuschangeas assumeadavith aconstank describing
thetubeelasticity:

p(:v, R()) = po(CU, Ro) + Ap(x, Ro) = p()(.??, Ro) + f(.’L’),O -k (512)

We investigatethe propagatiorof pressuravavesinsidethetube. The deviationis based
on a few approximationsand follows mainly the deviation of the equationfor surface
gravity wavesin liquids [98]. Especiallyit wasusedthat\ > R, anddv/dt > (7V)v.

The latter means(as shown in [98]) that the wavelength\ of all pressureoscillations
in the tubeis large comparedo the amplitudeof the correspondindiquid motion. The
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Fig. 5.20: Tubewith innerdiameterR?, andaslice of thetubewith thethicknessAz.

assumptiorthat A > R, impliesthatall radial derivativesd/0r canbe neglected.Then
equation(5.10)canbedroppedandequation(5.11)simplifiesto

v 19dp 0%v

Usingequation(5.12)to substitutep in equation(5.13)yields
ov 9 0%v
Themassconserationlaw canbe expresseds
v S 25
- — 5.15
o ?iv d*r ( )

If thevolumeunderconsiderationms asliceof thetubewith thelengthAz, thenthevolume
is SAz. Theflow into thevolumecanonly occurfrom thecircularsides but notfrom the
periphery andthe surfaceintegral canbe written asv(x)S(z) — v(z + Az)S(z + Ax).
Thenequation(5.15) canbe transformedn the following way, performinglim Az — 0
in thesecondstepandusingS = Sy + 27 Ry€ in thethird step.

w = v(z)S(z) —v(z + Az)S(z + Ax)
os _ 9(Sv)
ot ox
o 0 2
=Ry = —a—x(wRo v+2mRo €v)
o 0 (R
= il ax( 5 ¥ + fv) (5.16)
Becaus€ < Ry, equation(5.16)canbesimplifiedto
85 . R() ov
%= 2 5m (5.17)

A partial differentiationof equation(5.17) versusz andt resultsin the following equa-
tions:

2 0% 0%
" RyOtdr  0x? (5.18)
2 2
_2 0% _ O (5.19)

Ry 0t? O0zxot
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Substitutingequation(5.18)into equation(5.14)gives
ov /3 2 0%

ot~ “or "R,0x0t

(5.20)

Partial differentiationof equation(5.20) versusz and sub-sequentialisageof equation
(5.19)to eliminatewv in theresultingequationyields

82¢ Rok 82¢ 0%

2 = 2 92 Vo042
o2& &2 /Rok o¢
= e = @(Tf +”a) (5.21)

By usingequation(5.12),thefollowing expressiorfor the pressurgropagatiorin atube
canbederwved

o o2\ 2 P
The equationdescribeghe propagatiorof a dampedpressureavave alongthetube. The
dispersiorrelationreadsas

62p_ 0? (Rok @) (5.22)

w AU | Rok  \212

P 2= 2

o 2! 2 1 (.23)
It is worthwhileto notethatboththe propagatiorvelocity andthedampingdependnthe

tubeelasticityandthatthey area functionof thewavelength\.

5.3.3 The numerical model

We will shav now that the problemof the propagatiorof a voltagewave in the circuit
givenbelow is equialentto the fluidic problemdescribedn section5.3.2above. Each
elementarycell is arepresentatioof a slice of thetubewith athicknessAz. Theresistor
R, representshe staticflow resistancef sucha slice, L accountdor the inertia of the
fluid, whereas” modelsthe elasticity of the tube and possiblyalsothe local compress-
ibility of thefluid. R, modelslocal dampingeffectsdueto thefluid viscosityandavoids
non-physicalocal oscillationsin the model. This resultingmodelof a tube actuallyis

R1 L R1 L
R2 ... X times ... R2

Fig. 5.21: Equivalentcircuit model(or finite network model)of atube. EachR; LCR, -
elementrepresents slice of thetubewith a certainthicknessAz.

a one-dimensiondinite network model,comparablgo othersuchmodelsdescribedn
chapter3.2.



106 5. Examples

Accordingto [99], anequivaglentnumericalrepresentatioof the abore modelof atube
slicecouldbe expressedsfollows:

R1 delay

Whetheror notthis secondealizationis moreefficientfor numericalsimulation,depends
sensitvely onthe actualimplementationn the usedsimulationtool.

Thefollowing equationgor thevoltageandcurrentin anelementarycell of the presented
circuit canbe gatheredrom the Kirchhoffian network rules.

u(z) —u(z+ Az) = j(z)Rs + Laja—(tx) (5.24)
j(z) — j(z + Az) = C%(Mx+Am—Juﬂ@—ju+A@U (5.25)

ThetransformatiomAz — 0 allowsto write

u(z) — u(r + Ax) R Ou(x)

lim

Az—0 Ax ox
i j(x) — j(z + Ax) R 7 (x)
Az—0 Ax ox
andequation(5.24)and(5.25)canberewritten as
Qu(z) _ . 9j ()
o = Jj@)Rs+ L Y (5.28)
9j(z) _ ,0u(z) 0%j(x)
o = CT +RC% (5.29)

ThetermsRs/Az, RAz, L/ Az andC/Az arereplacedby the correspondinglensities
Rs, R, L and(C, respectiely. If the frequeng w is high enoughthen Ry <« Lw, and
thereforethetermin (5.28)which containsRg, canbe dropped.Partially differentiating
(5.28)versusr and(5.29)versust, andeliminatingj(x) in bothequationgields

@Ji(i + Ry
oz o \cc' T L ot

A comparisorto equation(5.22)shows, thatthetwo problemsareequialentandthatthe
following correspondencdwld true

(5.30)

11
HE S

o
h|§h‘Hb. N
)

Thereforethe given electricalcircuit canbe usedto modelthe fluidic problem. The ap-
proximationusedabove, that Rs < Lw, is goodfor the micro-fluidic caseof very small
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tuberadii, becauseRs, representinghe staticlaminarflow resistanceis proportionalto
thetuberadiusRy, but £ o< 1/R2, andsubsequently?s < Lw for very low frequencies
already Theparameter$or theelectricalanalogorcanberelatedto fluidic parameters
thefollowing way

2R,
C _ =
Tk
X UV
1
E X R—(Q)

The presentectircuit is very similar to an electricaltransmissiordine modelandcanbe
implementedn an analognetwork simulator using numerically efficient ways as pre-
sentedn [99], e.g.

The numericalimplementatiorof tubemodelsinto an analognetwork simulatorcanal-
ternatvely be performedusing VHDL-AMS. This has, besideothers,the advantageof
describinghetubein termsof purelyfluidic variablesthusavoiding thetranslationfrom
fluidic into electricalvariablesandvice versa. All the otherfluidic systemcomponents
canbedescribedn asimilarway, asdescribedn [100], thusyielding aconsistenmacro-
modelfor theentiresystem.

5.3.4 Simulation results

If a step-like increasean pressuras appliedto oneside of a tubewith compliantwalls,

the pressurewvave travels throughthe tubewith a velocity, which is muchsmallerthan

thespeedof acoustiovaves(Fig. 5.22). The sameholdstruefor a pressurgulse.At the

openendof thetube(constanpressureesenoir) the pulseis beingreflectedwith aphase
shift of 180° (Fig. 5.22).

The performedAC analysisof the tube responsao an harmonicpressurestimulusis
showvn in Fig.5.23. The appearancef standingwavesaswell asthe increasedlamping
with higherfrequenciess clearlyvisible.

Theimpactof transienteffectsin tubeson the behaior of a micropumpaspresentedn
[10Q] is shown in Fig.5.25. Somefluctuationsof the pumprate with increasingdrive
frequeng canbeexplainedby standingwave effectsin thetubes.It shouldbenotedhere,
thatnot only the total lengthof inlet andoutlettubes,but alsothe relationbetweerboth
valuesis important.A possibleexplanationwill be givenin section5.4.4.

5.3.5 Conclusions

A modelfor tubeswith compliantwalls could be derived, which is simple,intuitive and
a naturalextensionof the familiar RLC-model. The structureof this modelis quite sim-
ilar to a modelof lossytransmissiorlines, thus makingadwancednumericalalgorithms
employable,which have beendevelopedfor VLSI-interconnect499]. It simulatesvery
efficiently, thusallowing to modellargefluidic systems.
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Fig. 5.22: A steplike pressurechangefrom 0 to 1mbaris appliedto thetube. Theresult-
ing pressuralistribution alongthe tubeis shavn at differenttime points,thus
illustratingthe propagatiorof the pressurehange.
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Fig. 5.23: Performingan AC analysisof the tube behaior shows a significantdamping
of thesecondesonanc@ointat 390Hz.
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Fig. 5.24: A pressuregulsefrom 0.5to 1.5baris appliedto thetube. Theresultingpres-
sureoscillationsat a position of 10, 50 and 90% of the full tube length are
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5.4 A micro-fluidic systemmodel

5.4.1 Intr oduction

Micro-fluidic systemshave variousapplicationse.g. in medicine[101], in biology and
chemistryaspartof microanalysisystemsetc. [102, 77,103 104, 105. Variousactua-
tion prinziplesareknown: piezoelectrig106], thermo-pneumatifl07], electromagnetic
andothers.At the Fraunhofeinstituteof Solid StateTechnology(IFT) therewasdevel-
opedan electrostaticallyactuatednicropump[80]. For an analysisof the systemoper
ationandin orderto performdesignoptimization,an dedicatedsoftwaretool PUSIwas
developedat the IFT [108]. It will be shavn herethatthe modelingof the micropump
usingcompactmodelsfor its constituenpartsyieldsthe sameresultsbut is not restricted
to the givenmicropumpanddoesnot requirethe effort of maintaininga specialpurpose
simulator

After explaining the operationalprinciple of the micropump,the compactmodelsof its
partswill bedescribedandfinally theresultsof the systemsimulationwill be presented.

5.4.2 Construction and operational principle

The micropumpdescribedn [60] consistsof a pump chambemwith an electrostatically
displacednembranesdriving element,aninlet andan outlet passve checkvalve, and
externally attachedconnectingtubes(Fig. 5.26). The membraneas separatedrom a
solid counterelectrodeby an air-gap and an isolating oxide, which preventselectrical
shortcircuiting whenthe membrandouchesthe counterelectrode. Construction,oper
ating principle andcompactmodelof an electrostaticallyactuatednembranénave been
describedn section3.4.2

membrane counterelectrode
\\ valvel valve2
\ arrgap

membrane

valves © | Newo...

H\ /H P, w(t) P, w()

inlet and outlet tubes

Fig. 5.26: Schematiovziew of the micropump(left) andits macro-model(right), consist-
ing of anelectrostaticallyactuatednembranendthe voltagesupplycircuitry,
thevalvesandtheconnectingubes.Thedottedline indicategheinterfacese-
tweenthe valve compactmodelregion, pumpchamberandconnectingubes,
respectrely.
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During operation,a voltageis appliedbetweenmembraneand counterelectrode. The
resultingattractve force betweerthe two electrodesausesinderpressuran the pump
chamberthusforcing the inlet valve to open. Whenthe voltageis switchedoff again,
the membrangyetsreleasedrom the counterelectrode,causinga pressurancreasen

the chamberandforcing the outlet valve to openandthe inlet valve to close. In order
to obtain a large membranedeflectionand, consequentlya large pumpedvolume, the
appliedvoltagemustbe high enoughto make the membrandouchthe counterelectrode.

To drive the pump, a squarewave voltageis appliedbetweenmembraneand counter
electrode. The pumprate canbe controlledby the frequeng of the input voltage. An
applicationof micro-pumpsin micro-dosingsystemsrequiresa precisecontrol of the
pumpedvolume. Therefore to designsuchsystemsan accuratedynamicmodel of the
pumpoperations required.

5.4.3 Compactmodelsof the micropump elements

For the analysisof the systemoperation,an appropriatesetof dynamicvariableshasto
be determinedandthe entiresystemhasto be decomposethto elementaryparts,which
thenwill be describedby compactmodels.The naturalsetof conjugatevariablesfor the
merelyfluidic systemcomponentsonsistsof pressureand massflow rate. For the ap-
plication consideredthe fluid canbe assumedo be incompressible Thereforewe may
usethevolumeflow rateinsteadof the massflow rate. The systemis partitionedinto the
following parts: tubes,valves,andpumpchambemwith membranealrive. Theinterfaces
which separatehe valvesfrom the membranereshown in Fig. 5.26. Theassumptions
underlyingthis selectionof theinterfacesare,correspondingo the consideration sec-
tion 2.3.1,asfollows: Thepressurealistributionin thepumpchambeis spatiallyuniform,
andthe flow ratesthroughthe interfaces(i.e. the surfaceintegralsof the flow density
alongtheinterfaces)areadequateo describethe operationof the systemparts. This im-
pliesthatall local fluid redistritutionsinsidethe pumpchamberoccur’instantaneously”
on the time scaleof interest(i.e., quasi-statically) so that the uniform pressurecondi-
tion is maintainedall the time. Fig. 5.26 displaysthe resultingequivalentgeneralized
Kirchhoffian network.

5.4.4 Simulation of the micropump operation

The responseof the pumpto a single 200V voltage pulseis shavn in the left part of
Fig. 5.27. Theresultsarein good agreementvith the measuredlatagivenin [80]. In
particular we find evidencefor pressureoscillationsarisingfrom the inertia of the fluid
in thetubes.It is importantto notethatthe systembehaior is stronglyinfluencedor even
dominatedby the "parasitics”,i.e. theinertia of the fluid andthe elasticity of the tube
walls.

In the right part of Fig. 5.27, the flow rate and the pumpedvolume (time integral of
flow rate)areshawvn, with the pumpoperatecat 200V and500Hz. It takesapproximately
50msfor the pumpto reachthe full pumprate. The reasonis asfollows: During the
first phaseof a pumpcycle, only alimited amountof liquid canbe drawvn into the pump
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Fig. 5.27: Transientpulseresponsef the pump. The pressureat the inlet, at the outlet
andin the pumpchambemearthe membranas shavn in theleft figure, with
a single pulseof 200V appliedfrom 0 to 60ms. The flow rate and pumped
volumearedisplayedat theright, with the pumppulsedat 200V and500Hz.

chamber Theinlet valve andtheinlet tubelimit theflow rate. If the frequeng is higher
thanacertainvalue(approx.100Hzin theconsideredase)theliquid changen thepump
chambeis too smallto allow themembrando touchthe counterelectrode In thesecond
phaseof a pumpcycle, thelimited flow throughoutletvalve andtubedoesnot allow the
membranéo reachits equilibrium position. Whatfinally happenss anoscillationof the
membranaroundanmedianposition. It takesa coupleof pumpcyclesfor themembrane
to reachthis medianposition. The value of this medianpositionsensitvely dependon
theratio of inlet to outletflow resistance Becausehe electrostatidorce, andtherefore
the generategressuran the pump chamber strongly dependson the distancebetween
membraneand counterelectrodethe pumprateitself is very sensitve to changesn the
connectingubes.

The pumpratewasinvestigatedasa function of the driving frequeng. Theincreaseof
the pumpratewith increasingfrequenyg is muchwealer thanthe theoreticallinear de-
pendencéFig. 5.28). Themainreasons thereducedoumpstroke for higherfrequencies,
asdescribedabove.

Theeffectof reversepumping,reportedn [60], couldbecorrectlyreproducedFig. 5.28).
It turnedout to be causedoy the phaseshift betweenthe pressuran the pumpchamber
dueto the appliedvoltageandflap displacement.That s illustratedin Fig. 5.29. At
afrequeng belov the resonancef the valve flap, pressureandflap displacemenarein
phaseand,thereforealsotheresultingflow isin phasdo thepressureAt afrequeng well
above the resonancef the flap, the phaseshift betweenpressureandflap displacement
increasegseefFig. 5.18).
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Fig. 5.28: Frequeng-dependenpumprateof a micropumpwith a 3um (left) resp.5um
gapwidth (right) of the drive membraneln both caseghe samesetof fitting
parameter$or the membrananodelwasused.
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Fig. 5.29: Transientsimulatedflap displacemenandflow rate at inlet and outlet valve
andmeanpressuren the pumpchamber The pumpis operatechearthe fun-
damentakesonancdrequeng of the valve flap (left) or above the resonance
frequeng (right). A singlepumpcycleis shovn in bothcases.

Also the flow rate exhibits a large phaseshift comparedto the appliedpressure. The
resultingnetflow becomesegative,i.e. thepumpworksin reversedirection.
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5.4.5 Conclusions

We have demonstratedhatall constituentpartsof a micropumpcanbe modeledon the
baseof a descriptionin VHDL-AMS. Therefore,the resultingmacro-modelf the en-
tire microsystemcan easily be passedo ary corventionalelectroniccircuit simulator
yielding quick andaccuratecalculationsof the pumpoperation.

All thetypical effects,which werefoundin measure@haracteristicendpreviously ana-
lyzed usinga specialtool exclusively dedicatedo micro-pumpg80], could be obtained
hereaswell in amuchmoregenerakontet andapproactj109].

Following our methodologyof describingand implementingmodelson the base of
VHDL-AMS [100] makesit possibleto simulateary micro-fluidic componentby the
useof any systemsimulatorwhichis capableof understandiny HDL-AMS.

As aconsequencandfuture perspectire,thenon-electricapartsaswell astheelectronic
circuitry in amicrosystenmay be simultaneoushsimulatedusinga uniform andconsis-
tent descriptionlanguageand CAD ervironment,thusallowing us the easydesignand
optimizationof evencomplex microsystem$110].
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5.5 Electro-mechanicalsystemmodel of a gyroscope

5.5.1 Intr oduction

Micromachinedgyroscopesre very attractve: dueto their small dimensionsandlow

weight,dueto the possiblecloseintegrationwith controlelectronicsforming acomplete
systenmonachip,anddueto their potentialof cheapmassproduction.Thedrav-backsare
thedimensionalnaccurag dueto productiontolerancesndthesmallnoisemaigin dueto

thesmallseismicmasq111]. Especiallythecloseintegrationwith thecontrolelectronics
createsa strongneedto simulatemechanicaland electronicalparts simultaneouslyon

system-lgel [112], including procesdluctuationsandnoise.

Now, themacro-modebf agyroscopewill bepresentedThegyroscopavasdevelopedat
InfineonTechnologieAG andat the University Paderborn113]. It senesasatestcase
to demonstrat@ consequentlphysicallybasedanalyticalmodelingapproach.

Thedervedcompacimodelswhich establisithegyroscopanacro-modelhave physical,
geometricahndtechnologicalnput parametersVery few fit parameterareintroducedo

improvethemodelaccurayg, wheretoo crudeapproximationsn theanalyticaldescription
hadto bemade.Still, thesefit parameterarecloselyrelatedto the physicaleffect, which

approximatiorthey have to improve. Thatmadeit straight-forwardto extractthemfrom

databasedn FEM-simulations.

It will be showvn that the resultingmacro-modelkcan be usedto analyzethe impact of
technologicalvariationson systemproperties,making it possibleto usethis modeling
approactfor yield/failure analysis statisticalmodelingetc.

Thecompacimodelswerecodedin VHDL-AMS andsimulatedn Spectreandin TITAN.
It will be shaovn, how the gyroscopemacro-modelworks togetherwith a real electric
circuitry, namelythe controlcircuit for the electrostaticombdrive.

5.5.2 Construction and operational principle

Whenarigid body is moving in a rotating (non-inertial)systemi,it experiencesnertial
forces,alsoknown asCoriolis-force:

—

Fo=m #xa (5.31)

This effect canbe usedto detectandmeasureotationalmotions.

In the presentedaseof a surface-micro-machinetealizationof a gyroscopea polysili-
conlayeris depositedstructuredandthenreleasedlt is attachedo the silicon bulk due
to two springs(Fig. 5.35)in sucha way, thatit canbe tilted aroundthe z and z axes.
Rotationaroundthe y-axis,aswell asary translatorymotionis unwantedandshouldbe
suppressetly choosinga correspondingspectratio of the suspensiorsprings. It turns
out thatthis is not possible but during normaloperationof the gyroscopeonly the two
motionsmentionedirst arestimulated.Therefore only thoseareconsideredn the com-
pactmodel.

The movable partsare coveredby a polysilicon cap. Inside this encapsulatiorthe air
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sense-rotation)

Fig. 5.30: Layout of a gyroscopewith an electrostaticombdrive and capacitve signal
readout.

pressures reducedo minimizeair dampingeffects. A high Q-factoris neededo achieve
sufficient sensitvity of the gyroscope. The polysilicon capaswell asthe bulk silicon
underneaththe senseelectrodesare structuredin sucha way, that they form a set of
electricalplatecapacitorswith the senseslectrodes.

The polysilicon structure,acting as proof mass,is driven into a rotational oscillation
aroundthe z-axis by the forcescreatedin electrostaticcomb drives. If the systemis
rotatingaroundthe y-axis, the resultinginertial forcescausea torsionaroundthe z-axis,
whichthenis detectecdcapacitvely. Fig. 5.30shavs thelayoutanda sketchof the opera-
tional principle.

To achieve a large sensitvity while still maintainingCMOS-compatibledrive voltages,
theincreasan theoscillationamplitudedueto mechanicatesonanceffectsis exploited.
Therefore,the frequenciesf drive and senseoscillationsneedto be controlledduring
thedevice operation.This leadsto manifoldinteractiondbetweerncontrol electronicsand
sensingelementthuscreatinga strongneedfor coupledsimulationson systemlevel.

5.5.3 The compactmodels

Thedevelopmentof physicallybasedcompacimodelsis stronglymotivated,because¢he
resultingmacro-modebf the gyroscopemustreflectall relevantphysicaleffects,includ-
ing thedependencttom someimportantprocesyariationsaspolysiliconlayerthickness,

e.g.
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Fig. 5.31: Modal analysisof the gyroscope:The first eigenmodas anin-planerotation
aroundthe z-axisandis usedasdrive mode.

a) Springs and seismicmasses

Themechanicapropertiesof the springsaremodeledusingthe well known formulaefor

the bendingand torsion of beams. Specialcare needsto be taken becausehe pivotal

point for the drive motionis differentfrom the clampingpoint. All the otherpartsof the
gyroscopeare assumedo berigid. Sothey actasseismicmassonly. A modal FEM-

basedanalysigustifiesthis approximationthefive lowestnaturalfrequenciestemfrom

bendingandtorsionof the springs with neglectabledeformation®f the otherpartsof the

gyroscope.Sinceduring normaloperationof the gyroscopeonly the lowesttwo eigen-
modesareexcited,which areain-planerotationaloscillation(drive mode,Fig. 5.31)and
a rotationaloscillationalong the z-axis (sensemode, Fig. 5.32), only thosetwo modes
are consideredn the compactmodel. The highermodesare not modeled,becausdor

ideally shapedsuspensiorbeamsand fully symmetricalseismicmassesio mechanical
modecouplingoccurs.

Theinput parameters$or theresultingcompactmodelareonly geometricatlatafrom the
layout, materialparameterandtechnologicalata(layerthicknessg.g.). The simulated
device behaior correspondwery well to resultsfrom FEM-simulations,asshavn in a
tableof resonancdérequenciegtah 5.1). In the FEM-simulationsa modalanalysiswas

FEM FEM CM
2D 3D

drive | 7.3kHz 7.0kHz 7.2kHz
sensel 8.9kHz 9.2kHz 9.4kHz

Tab. 5.1: Mechanicaresonancéequeng of thegyroscopen drive andsensalirections.
2D-FEMsimulationgshellelements)3D-FEM simulationsandthe CM results
arecomparedo eachothet
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Fig. 5.32: Modal analysisof the gyroscope:The secondeigenmodes an out-of-plane
rotationaroundthe x-axisandis usedassensanode.

Fig. 5.33: Modal analysisof thegyroscopeThethird eigenmodes anout-of-planerota-
tion aroundthe y-axis.

performed,using either 2D-shell-element®r 3D-elements. For the compactmodel, a
smallsignalanalysiswvasperformed.The correspondenceetweenFEM andCM is very
good,makingtheintroductionof ary fit-parametersuperfluous.

b) Electrostaticcombdrive

Sincethe photolithographidolerancesaremuchsmallerthanthe minimum/line spacing,
thecombfingerscanbedesignedo have steps(seeFig. 5.36). Thereducedyapbetween
the combfingersincreaseghe electrostatiattractingforce. The resultingnonlinearities
in thedriving force of the gyroscopeareof noimportancepecausét is operatedn reso-
nanceandis only weakly damped.

Two effectsof the combdrive aremodeled:

1. thetorqueM (¢, V') dueto the electrostatidorcesasa functionof theappliedvolt-
ageandtheangularposition.
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Fig. 5.34: Modal analysisof the gyroscopeThefourth eigenmodes anin-planetransla-
tion in they-direction.
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Fig. 5.35: Layoutof the springsandFEM—model.

2. theelectriccapacitanc€’(¢) betweerthefingersasa functionof theangularposi-
tion.

Two regions of operationare considered:the combfingersare in sucha position that
eitherthelarge or the small gapis effective. In eithercasea homogeneouslectricfield
betweenthe fingersis assumed.Strayfields at the edgesare neglectedas well asfield
inhomogeneitiem thetransitionregion betweernarge andsmallgaps.

Theabruptchangan themodelfor torqueandcapacitancattheangleg,, whenthecomb
drive is moving from a large gappositioninto a small gap position,is finally smoothed
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Fig. 5.36: Layoutof anelectrostaticombdrive.

outby antanh-function:
C(gp) = Co+Ci-tanh(priu(d— ¢r)) - (5.33)

Here,afit-parametepy;; is introducednto the model. It modelshow smooththe transi-
tionis. Thisfit-parameteeffectsonly alimited operatiorregion, is physicallytransparent
andcan,therefore gasilybeextractedfrom acomparisorto measurear FEM—simulated
data.Fig. 5.37shavstheresultof a parameteextractionperformedn the parameteex-
tractiontool UTMOST [69]. Theelectriccapacitancasafunctionof theangulamposition
is presentedhn Fig. 5.38. Thecompacimodelcodeis shovn in appendixC.

The dampingeffects of the drive motion are mostly relatedto slip flow [114, 115] and
requirelarge modelingefforts. Becausean the early designphaseno measurementfor
modelcalibrationhave beenavailableyet, a fairly simple modelis usedto describethe
damping,adoptedrom [98].

c) Senseelectrodes

Structuredpolysilicon electrodesunderneatlihe senseelectrodesthe senseelectrodes
themselesandstructuredop electrodesadditionallyservingassealingcap,form a pair
of differentialcapacitors.

Becauseof the large aspectratio betweenthe lateral dimensionsand the gap distance
betweenthe senseelectrodeandtop and bottom electrodesit is well justified to usea
homogeneouBeld approximatiorto modelthe electrostatidorcesaswell asthe electric
capacitances.

Whenavoltageis appliedbetweerthe senseelectrodeandthetop andbottomelectrodes,
theresultingelectrostatidorcescanceleachotherout. If however the senseelectrodeas

tilted by an angle¢ (seeFig. 5.39), then, becauseof the 1/d* dependencef the elec-
trostaticforce, theforcesfrom top andbottomelectrodebecomedifferentandthe sense
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Fig. 5.39: Schematicview of the differential capacitorsformed by the movable sense
electrodeandthe bottomandtop electrodes.

electrodesxperiences torquewhich hasthe oppositedirectionthanthe restoringtorque
of the mechanicabkprings. This way the effective spring constantandtherebythe reso-
nancefrequeny of the sensemotioncanbereducedy applyingavoltage.

The dampingeffects of the sensemotion are mainly causedoy squeezdilm damping.
Becausehesenseelectrodes perforateddenselyandtheoscillationamplitudeis low, an
additional’air spring’ dueto compressio49, 45,116 canbeneglected.A very simple
dampingtermis used.To improve the modelingof dampingeffects,theincorporationof
advanceddampingmodels[51], whichincludethe effectsof etchholesin membraness
possible.

5.5.4 The modeledsystembehavior

In this sectionit is demonstratedhatphysicaleffectswhich arerelevantto the operation
of thegyroscopearereproducedy thedevelopedmodel.

Whenthegyroscopexperiences steplike changen torquein sensalirection,it is mov-
ing into anew equilibriumposition,performingafew dampedscillations(Fig. 5.40). An
voltageappliedto top and bottomelectrodeseduceghe effective spring constantthus
leadingto anincreasedleflectiondueto the sametorqueandto alower frequeng of the
oscillations.Both effectscanbefoundin Fig. 5.40.

Thoseeffectscanbeanalyzedmorein detailby performingan AC smallsignalanalysis,
asshavnin figures5.41and5.42. Thequadraticdependeng of theresonancéequeny

ontheappliedvoltagecanclearlybe seenaswell asthetypical resonanceurvesfor the
magnitudeandphaseangle.

In orderto maximizethe sensitvity of the gyroscopewhile maintainingthe CMOScom-
patibility of the drive voltagefor the combdrive, the drive frequeng is tunedto the me-
chanicalresonancérequeng, thusmaximizingthe oscillationamplitude.Dueto thetol-
erance®f the manufcturingprocessheresonancérequeny cannotbe predetermined,
but hasto bemeasuredby thecontrolelectronics Eitherphaseandamplitudeinformation
areavailablefor this purpose.

Theresonanceffect is usedfor the sensemotion also. Sincethe torquein sensedirec-
tion dueto a Coriolis force dependsn the drive motion (seeequation(5.31)),the sense
resonancérequeny needdo beshiftedto thedrive frequeny. Becausef technological
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Fig. 5.41: AC small signal analysisof the sensemotion of the gyroscopefor a given
frequeng. Thevoltageon top andbottomelectrodess variedfrom 0 to 0.8V,
thusmodifying theresonancérequeng of the sensemotion.

toleranceghis hasto be doneadaptvely by the control electronicsexploiting the afore-
mentionedeffect of the electrostaticspringsoftening.Fig. 5.43illustratestheincreasen
amplitudeof the sensanotionif resonanceffectsareused.

An importantquestionduring a systemdesignis aboutthe manufcturability Oneissue
hereis how the systemperformancedependson technologicaltolerances. Becausen
the describedcompactmodelsrelevant technologicaland geometricaldatais explicitly
usedas input, this questioncan be answeredlirectly, without retuilding the compact
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Fig. 5.42: AC smallsignalanalysisof thesensemotionof thegyroscopdor four different
voltagesappliedto top andbottomelectrodesThe frequeny is sweptfrom 5
to 15kHz. A quadraticdependengof the resonancdérequeng on the applied

voltagecanbeseen.
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Fig. 5.43: Simulatedresponsef the gyroscopeo aninput signal (rotation). Left hand
side: no resonanceffect used(1), only drive resonancg2), drive andsense
resonanceeffect used(3). Right handside: phaseshift betweendrive and
senseoscillation. The senseoscillationfrequeny is just belov or above ((1)
and(3)) andexactly atthedrive frequeng (2).

modelsfrom newly measuredr FEM-simulateddata. Figures5.44 and5.45 shaw the
dependencef drive and senseresonancdrequencien a variation of the thicknessof
thepolysiliconandonavariationof theline width of polysilicon(poly CD). Theresultsof
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FEM-basedcsimulationsaregivenfor comparisondemonstratinghe goodextrapolation
capabilitiesof thecompacimodels.

Theunderstandingf the simulatedresultscanbe supportedoy the following qualitatve
considerations:

In drive mode,the stiffnessof the springs(springconstant:) canbe approximatedising
aformulafor beambending
k (g wgoly . tpoly .

Theresonancéequeny canbeestimatedo be

k

Wdrive ™ )
m
wherethe effective massis m ~ t,,,. Thisyieldsa constantdrive resonancérequeny
warive Whenthepolysiliconthickness,,q, is varied. Whenthe polysiliconlinewidth wy,,
is varied,theresultingchangen the effective masscanbe neglected giving therelation

3/2
Wdrive ™~ tpoly .

The sameconsiderationssfor the drive modehold truefor thefourth mode,whichis an
in-planetranslatoryoscillationin y-direction(Fig. 5.34).

In sensemodehowever, the springstiffnesscanbe approximatedy a formulafor beam
torsion
kE~bd-h,

whereb is theshorterandh thelongeredgeof thebeamcrosssection.For thethin beams
on bothsidesof the springthisyields

k ~ w;l?;oly ) tpoly ’
but for the central,wide partof the springonegets

3
k [ tpoly . wpoly .

Sincethe stiffnessof the central,wide partis muchlargerthanthatof thethinnerbeams,
onefinally obseresanonly weakdependeng of w,.,,. onthe polysiliconthicknessput

anapproximateaelation
3/2

Wsense ™~ wpoly -

for it' sdependengon the polysiliconwidth.
The third modeis a rotationaroundthe y-axis (Fig. 5.33). The spring stiffnesscanbe
approximatedy theformulafor beambending

3
k ~ poly Wpoly -

This leadsto wiedes ~ tpoiy- Dueto its lengththe middle, wide partof the springdeter
minesthe total springstiffness. This resultsin a weakdependeng wyodes ~ /Wpoly Of
theresonancé&equeng onthe polysiliconwidth.
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Fig. 5.44: Theimpactof a variationof the polysilicon linewidth andlayer thicknesson
thegyroscopesoscillatorybehaior: Thelowestfour naturalfrequenciesf the
gyroscopeasaresultof a FEM-basednodalanalysis,andthe two oscillatory
modesof thecompactmodel.

Finally, the macro-modebf the gyroscopes usedto verify the functionality of the elec-
trical control circuitry of the electrostaticcombdrive. This circuit was designedat the
University of Paderborn113] andis shavn in fig. 5.46. To generate sufiiciently large
forcein the combdrive, a voltageof 12V is required,which meansthata chage pump
is needed becausdahe completesystemis supposedo operatewith a bias voltage of

5V. Theshown circuit usesa square-vave input signal(V11) to generatdwo alternating
square-vave signals(in circuit block an3lodQ to drive both statorsof the combdrive.
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Fig. 5.45: Theimpactof avariationof thepolysiliconlinewidth andlayerthicknesonthe
gyroscopes frequenyg responseThe AC smallsignalanalysisof the compact
modelfor drive andsensamotion. The polysiliconthicknessds variedby +5%
andthepolysiliconlinewidth by +0.2um.

Therequiredsignallevel of 12V is generatedn thedriver stagean3lobil

As mentionedabove, the comb drive control circuit generateswo alternatingsquare-
wave voltages,which areappliedto the two statorsof the combdrives,thusdriving the

rotor into oscillation. The voltagesat the two statorsareshawn in Fig. 5.47,aswell as
the deflectionanglein drive directionof the gyroscopeaotor. Theincreasingoscillation
amplitudeis a typical resonanceffect. Additionally, onenoticesa significantdeviation

of thevoltagewaveformfrom a squareshape.Thereasons, thatthe moving combdrive

rotor causes large changein the electricalcapacitancef the combdrive, thuscausing
large displacementurrentsto flow. This, in turn, lets the drive voltagesdrop down.

Possiblecausesf an excessve voltagedrop can be identified by the simulation: high

accesgesistancelow outputconductancef the driver stage,too small capacityof the

chage pump. This is a valuableinput to a circuit designerhelpinghim to improve the

circuit design.

5.5.5 Conclusions

Startingfrom a FEM-descriptionof a gyroscopefully parameterizedphysically based
analyticalcompactmodelsof its constituentpartshave beendeveloped. Only very few
fit-parametersvere necessaryo achiese very accuratesimulationresults,comparedo
FEM data. Due to their closerelationto certainphysical effects, thosefit-parameters
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Fig. 5.46: Schematicview of the driver circuit for the electrostaticcomb drive of the

gyroscope. The compactmodel of the gyroscopes connectedo the nodes
UdrlandUdr2.

couldbe easilyextractedfrom FEM-simulateddevice characteristics.

It couldbeshaown, thatthedevelopedmacro-modeis bestsuitedto analyzetheimpactof
processnodificationsandtechnologicalariationson the systembehavior.

Themechanicapartandelectricalpartsof thesystemweresimulatedandusefulfeedback
to the circuit designcould be derived.

Physicallybasedanalyticallyderived compactmodelsprovedto be very useful,power-
ful andefficient, thoughelaboratve during modeldevelopment. The building blocks of
the gyroscopgcombdrives,seismicmass suspensiofbeamsplate capacitorsarecom-
monto variousothersystemdq117, 118,119, 12(. The developedcompactmodelscan
thereforeeasilybe adoptedo modelthosesytems.
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Fig. 5.47: Transientsimulationof the driver circuit andthe gyroscope.Top: The gyro-
scopestartsoscillatingin resonanceMiddle/bottom: The drive voltageat the
combdrive statorsdecreaseduring a drive pulse,becausé¢he changinginter-
digital capacitancef the combdrive causesa currentflow, which in return
causesa voltagedrop dueto the outputresistanceand connectingline resis-
tanceof thedriver.
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6. Summary

Thermodynamicgprovides a unifying phenomenologicatlescriptionto physicaleffects
and processesn systemsandis, therefore,well suitedto model microsystems.Some
fundamental®f thermodynamicswhich appearedo be importantin this context, have
beenrecalled.Also thegeneralizatiorf thewell known concepbf Kirchhoffian network
modelingto non-electricalphysicaldomainswas broughtto the focus. This provided
the basisfor the following developmentof guidelinesfor the partitioning of complec
systemsnto devices. A list of assumptiongvhich mustbefulfilled for asuccessfusystem
partitioningwasestablished.

Thesedevicesarethe subjectof compactmodeling. Startingfrom a thermodynamiae-
scription,a genericstructureof a compactmodelcould be found. Two simpleexamples
(electricresistorwith self-heatingeffect and electric capacitor)demonstratedthat the
applicationof this genericmodelfinally leadsto well known compactmodels,but addi-
tionally somerulesfor the determinatiorof the modelparametersouldbederived.

Next, threedifferentmodelingapproache$iaze beencompared namelyfinite network
modeling,basisfunction modelingand analytical,physicallybasedmodeling. Someof
their advantagesand disadantagesave beenidentified, leadingto the conclusion that
no generalpreferencecould be found, but the bestchoicedepend®n the requestsvhich
mustbe fulfilled. This list of requestshouldnot be limited to technicalproblems,but
commercialaspectgengineeringime) have to be consideredaswell. The mostpower-
ful, but alsothe mostelaboratve approachduring modelsetuphasbeenfoundto bethe
analyticalmodeling. The mostimportantaspectarethe ability to supportdesignstudies,
processcontrol tasksand statisticalmodeling. Examplesfor eachapproachhave been
givenfor illustration. For thefinite network modeling,a softwaretool for thetransforma-
tion of a CAD modelinto a finite network modelhadto be developed,whereador the
basisfunctionmodelinganinterfaceto acommercialPCA-toolhadto becreated.

Parameteextractionhasbeenidentifiedasan essentiapart of compactmodeldevelop-
ment, especiallyfor analytical, physically basedmodels. It could be shown, that well

establishednethodsof electronicdevice modelinglik e direct extractionandlocal opti-

mizationcanbe successfullyappliedto microsystendevices,despitesuchparticularities
of microsystendevicesasdiscontinuitiesandhysteresi®ffects,e.g.. An softwareinter-

facemadea commerciaparameteextractiontool for electronicdevicesavailablefor the
parameterizatioof compactmodelsof microsystendevices.

A suiteof exampledfinally illustratedthe aforementionednethodsof compactimodeling
of mircosystemsilt couldbedemonstratethatimportantquestiongluringsystenmdesign,
productdevelopmentand productionof microsystendevelopmentcan be addressedby
meansof analytical physicallybasedcompactmodeling.

Although (or maybeeven - becausejhereremainmary openquestionsit is worthwhile
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to spendmoreeffort in thisfield in orderto fully integratemicrosystendevice modeling
in the designflow of electronicsystems.A little steptowardsthis aim hasbeendonein
thiswork. A longway hasto begoneyet.
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D. List of symbols

For betterorientation,the list of symbolsis groupedby chapters. Symbolsare listed
correspondingo the chaptemwhereinthey appearfirst.

Chapter 2.2

symbol description

area
elementof statematrix

magnetidield

specificheatcapacity

extensie statevariable(percontrolvolumedV’)
affinity

intensve statevariable

flux quantity
Onsagephenomenologicatoeficients
pressure

heatenepgy

spacevector

entrogy percontrolvolumedV

entropy productionrate

temperature

time

relaxationtime constant

internalenegy percontrolvolumedV

volume

SN TN R UOT NN QWS S
S e =~ <
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Chapter 2.3

symbol description

A interfacearea

C generalizectapacitymatrix

&; averagednterfaceaffinity

d; averagednterfacepotential

r interfacebetweeradjacensub-systems

KM couplingcoeficient

IT; productionrateof quantity&;

e productionratedensityof quantity&;

Q; extensie quantity&; containedn systemvolumel

Ry coeficientsof inverseOnsagematrix

W, averagednterfaceflow rate

Chapter 2.3.4

symbol

description

NS~ Q Qe
>

Q
~

SEN
>

area
electriccapacity
heatcapacity

electricfield
electriccurrent
electriccurrentdensity
electricconductvity

length

thermalconductvity

power

heatenepgy

electricchage
specificelectricconductvity
voltage



149

Chapter 5.3

symbol

description

IR >TSS AQQ

£

=3
8

J

ggaagemMnD

electriccapacity
electriccapacityperunit length
electriccurrent

tubeelasticity
electricinductivity
electricinductivity perunit length
wavelength
cinematicviscosity

pressure

electricresistance
electricresistancerunit length
innertuberadius

cylinder coordinates

fluid density

fluidic crosssection

changeof tuberadius

voltage

volume

velocity

flow rate

circularfrequeny



150 D. List of symbols




Bibliography

[1]

[2]

[3]

[4]

[5]

[6]
[7]

[8]

[9]

[10]

[11]

[12]

K. Bohringer B. Donald,N. MacDonaldG. T. A. Kovacs,andJ.W. Suh,“Compu-
tationalmethoddor designandcontrolof MEMS micromanipulatoarrays;, IEEE
CSE pp.17-29,1997.

S. SenturiaN. Aluru, andJ. White, “Simulating the behaior of MEMS devices:
Computationamethodsandneeds, IEEE CSE pp. 30-43,1997.

S. Senturia,"CAD Challengedor Microsensors Microactuatorsand Microsys-
tems; Proc.of thelEEE, vol. 86, pp.1611-16261998.

J. Ulrich andR. Zengerle,"Static anddynamicflow simulationof a KOH-etched
microvalve using the finite-elementmethod;, Sensos and Actuatoss, vol. A53,
pp.379-385,1996.

G. Wachutka,"Tailored modeling: a way to the ‘virtual microtransducefab’?;
Sensos and Actuatoss, vol. A46—-47,pp.603—-612,1995.

IEEE, New York, Standad VHDL Analog and Mixed-SignaExtensions1999.

J. Parrott, “Thermodynamictheory of transportprocessesn semiconductors,
IEEE Trans.Electron Devices vol. 43, pp.809-826,1996.

G. Wachutka, Tailored modelingof miniaturizedelectrothermomechanicalys-
temsusingthermodynamianethods, in Micrometanical SystemsDSC-\6l. 40
(D. Cho, J. PetersonA. PisanoandC. Friedrich,eds.),pp. 183-198,The Ameri-
canSocietyof MechanicaEngineersNew York, 1992.

G. Wachutka,“Problem-orientednodelingof microtransducersStateof the art
andfuturechallenge$, Sensos and Actuators, vol. A41, pp.279-2831994.

D. van Duyn and S. Middelhoek, “Information transductionn solid-statetrans-
ducers: A generalthermodynamicsystemsapproachi, Sensos and Actuators,
vol. A21-A23, pp.25-32,1990.

K. Aflatooni, R. Hornsg, andA. Nathan,“Thermodynamidreatmeniof mechan-
ical stressgradientsn coupledelectro-thermo-mechanicalstems, Sensos and
Materials, vol. 9, pp. 449-456,1997.

H. Callen, Thermodynamicand an Introductionto Thermostatistics New York:
JohnWiley & Sons,1985.



152 Bibliography

[13] S.deGrootandP. Mazur, Non-EquilibriumThermodynamicsAmsterdam:MNorth-
Holland,19609.

[14] R.BoiteandJ.Neirynck, TheoriedesReseauxieKirchhof. CH-1813St-Saphorin:
EditionsGeoqgi, 1976.

[15] J. Conelly and P. Choi, Macromodelingwith Spice Englevood Cliffs, NY:
Prentice-Hall1992.

[16] M. Zaman,S. Bart, V. Rabinwich, C. Ghaddar|. Tchertlov, and J. Gilbert, “A
Techniquefor Extractionof Macro-Modelsn SystemlLevel Simulationof Inertial
Electro-MechanicaWlicro-Systems, in Proc.of MSM’99, (SanJuan PuertoRico),
pp.163-167 Apr. 19-21, 1999.

[17] H. PhamandA. Nathan, Circuit modelingand SPICEsimulationof mixed-signal
microsystems$,Sensaos and Materials, vol. 10, pp.435—-460,1998.

[18] G. Fedderand R. Howe, “Multimode digital control of a suspendegbolysilicon
microstructuré, J. of Microelectometanical Systemsvol. 5, pp. 283—-297,1996.

[19] E. Cretu,M. Bartek,andR. Wolffenhuttel, “Spectralanalysisthroughelectrome-
chanicalcoupling, Sensos and Actuatoss, vol. 85, pp.23—-32,2000.

[20] J.-S.Shie,Y.-M. Chen,M. Ou-Yang,andB. Chou,“Characterizatiorand model-
ing of metal—filmmicrobolometef J. of Microelectomehanical Systemsvol. 5,
pp.298-305,1996.

[21] M. Latif andP. Bryant, “Multiple equilibrium pointsandtheir significancen the
secondanpreakdaevn of bipolartransistors, IEEE J. Solid-StateCircuits, vol. SC-
16,pp.8-15,1981.

[22] IEEE, New York, IEEE Standad VHDL Languae RefeenceManual 1993.

[23] M. CarmonasS.Marco,J.Sieriro,O. Ruiz,J. Gomez-CamaandJ. Samitier “Mod-
elling of microsystemsvith ananloghardwaredescriptionanguage$,Sensosand
Actuatoss, vol. 76, pp.32—-42,1999.

[24] CadenceSanJoseCA, SpecteHDL RefeenceManual 1995.
[25] AnalogyInc., Bearerton,OR, MASTRefeenceManual 1995.
[26] Anacad,UIm, HDL-A User’'s Manual 1995.

[27] ITWM, KaiserslauternGGermaly, Analog InsydesTutorial, 1998.

[28] D. Rhodes,“A designlanguagefor analogcircuits; IEEE Spectrum vol. Oct.,
pp.43-48,1996.

[29] E.Boskin,C. SpanosandG. Korsh,“A methodfor modelingthe manufcturability
of ic designs, in Proc. IEEE Intl. Conf Microelectr TestStructues (Barcelona,
Spain),pp. 241-246 Mar. 1993.



Bibliography 153

[30] J.Poweretal., “An approactfor relatingmodelparametewariabilitiesto process
fluctuations, in Proc.of ICTMS p. 63,1993.

[31] J. Pawer, B. Donnellan,A. Matheavson,andW. Lane,“Relating statisticalMOS-
FET model parametewariabilitiesto IC manufcturing processfluctuationsen-
abling realistic worst casedesign, IEEE Trans. SemicondManufact, vol. 7,
pp.306-318,1994.

[32] C.SpanosandS. Director, “Parameteextractionfor statisticallC procescharac-
terization; IEEE Trans.ComputerAidedDesign vol. 5, pp.66—78,1986.

[33] T. KoskinenandP. Cheung, Statisticalandbehaioral modelingof analoguente-
gratedcircuits; Proc.Inst. Electr Eng, vol. 140,pt. G, pp.171-176,1993.

[34] A. Schroth,T. Blochwitz,andG. Gerlach,"Simulationof acomplex sensosystem
using coupledsimulationprograms, in Dig. of Tech. Papers of Transduces’95,
(Stockholm) pp. 33-35,1995.

[35] R.-C.EccardtandM. Knoth,“BerecnungvongeraeltenSensorenlurchKopplung
vonANSY S mit einemSchaltkreis-Simulatgrin CAD-FEMUser'sMeeting (Bad
Aibling), 09.-11.0ct.1996.

[36] G. SchragP. Voigt, E.-R.Sieber U. Wiest,R. Hoppe,andG. Wachutka,'Device-
andsystem-le@el modelsfor micropumpsimulation; in Micro Mat'97 (B. Michel
andT. Winkler, eds.),(Berlin), pp.941-944 April 16-18,1997.

[37] K. Park,“Partitionedtransientanalysisproceduresor coupled-fielgoroblems:sta-
bility analysis, Transactionsof the ASME vol. 47, pp.370-376,1980.

[38] E. Ngoya, J. Roussetand J. Obreggon, “Newton-Raphsoriteration speed-upal-
gorithm for the solution of nonlinearcircuit equationsin general-purpos€AD
programs, IEEE Trans.ComputerAidedDesign vol. 16, pp.638—-644,1997.

[39] M. Jalovljevic, P. Fotiu, Z. Mrcarica,andH. Detter “A system-lgel simulation
of complex multi-domainmicrosystemdy usingananloguéardwaredescription
languages$,Sensos and Actuatoss, vol. 82, pp. 30—39,2000.

[40] S.WunscheP. Schwarz, U. Becler, andR. Neul, “Ein Modellierungsansatzur
EinbeziehungnechanischeMikrosystemlomponentern die Systemsimulatio,
in 1. MIMOSY S-StatussemindPaderborn) pp. 23-29,05.-06.Dec.1996.

[41] R. MacNeal,“The solutionof elasticplate problemsby electricalanalogies, J.
Appl. Medhanics pp.59-67,1951.

[42] A. Klein, Modellierungund Simulationvon Mikromembanpumpen PhD thesis,
TU Dresden)nst. fur Festlorperelektronik Dresden,1999.

[43] A. Klein, A. Schroth,G. Gerlach,and S. Kurth, “Anwendungder Methodeder
Finiten Netzwerle zur Modellierung mechanischeBiegeplattenin Mikrosyste-
men; pp.156-162.



154 Bibliography

[44] J.Bielefeld,G. Pelz,andG. Zimmer, Electrical networkformulationsof metani-
cal finite-elementodels pp. 239-247.SouthamptonUJK, Boston,USA: Compu-
tationalMechanicsPublications1997.

[45] T. Veijola, “Finite-differencelarge-displacemengas-film model; in Proc. of
Transduces’'99, (SendaiJapan)pp.1152-11551999.

[46] B. Krabbenbag, A. BosmaH. deGraaf, andA. Mouthaan,'Layout to circuit ex-
tractionfor three-dimensionahermal-electricatircuit simulationof device struc-
tures; IEEE Trans.ComputerAidedDesign vol. 15, pp. 765—-774,1996.

[47] P.VoigtandG. Wachutka, SimulationdesthermischerSelbsttestan Beschleuni-
gungssensoremittels VHDL-AMS,” in Bericht zumAbsdlul3seminaidesASIS-
2S Verbundpiojekts, Fraunhoferinstitut fur Festlorpertetinologie, (Minchen),
23.0kt. 1998.

[48] S.Timoshenl, Theoryof Platesand Shells New York: McGraw-Hill, 1959.

[49] T. Veijola,H. Kuisma,J. Ladenpe#, andT. Ryhanen,“Equivalent-circuitmodelof
thesqueezedasfilm in asiliconaccelerometer Sensos and Actuators, vol. A48,
pp. 239-2481995.

[50] H. Reuther M. Weimann,M. Fischer W. von Muinch,andF. Assmus,‘Modeling
electrostaticallydeflectablanicrostructuremndair dampingeffects; Sensos and
Materials, vol. 8, pp.251-269,1996.

[51] G. SchragP. Voigt, andG. Wachutka,'Squeezdilm dampingin arbitraryshaped
microdevicesmodelledby anaccuratenixedlevel schemé,in Proc.of MSM’2001,
(Hilton Headlsland,SC),p. acceptedor presentationMarch19-21,2001.

[52] L. D. GabbayJ. E. Mehner andS. Senturia,'Computeraidedgeneratiorof non-
linear reduced-ordedynamicmacromodels- I: Non-stress-stienedcasé€, J. of
Microelectomedtanical Systemsvol. 9, pp.262—-269.2000.

[53] J.E. Mehner L. D. GabbayandS. Senturia,'Computeraidedgeneratiorof non-
linear reduced-ordedynamicmacromodels- II: Stress-stienedcasé€, J. of Mi-
croelectomedanical Systemsvol. 9, pp. 262—2692000.

[54] N. Aluru andJ. White, “A multi-level Newton methodfor staticand fundamen-
tal frequeng analysisof electromechanicaystems, in Proceedingf SISFAD,
(CambridgeMA), pp.125-128Sept.1997.

[55] N.Swart,S.Bart,M. ZamanM. Mariappan,J. Gilbert,andD. Murphy, “AutoMM:
Automatic generationof dynamicmacromodeldor MEMS devices; in Proc. of
MEMS’98 (Heidelbeg), pp.178-183,1998.

[56] M. Vamghese)y. Rabinwich, andS. Senturia,’'Reduced-ordemodelingof Lorentz
forceactuatiorwith modalbasisfunctions; in Proc.of MSM’99, (SanJuan Puerto
Rico), pp.155-158 Apr. 19-21, 1999.



Bibliography 155

[57] E.Hung,Y.-J.Yang,andS. Senturia,’'Low-ordermodelsfor fastdynamicalsim-
ulation of MEMS microstructures, in Dig. of Tedh. Papers of Transduces’97,
(Chicago),pp.1101-1104Junel6-19,1997.

[58] E. Hung andS. Senturia,“Generatingefficient dynamicalmodelsfor microelec-
tromechanicabystemsrom a few Finite-Elementsimulationruns; J. of Micro-
electomedtanical Systemsvol. 8, pp.280-289,1999.

[59] Silvacolnternational SantaClara,SpaynUser’s Manual 1994.

[60] R.Zengerle,J.Ulrich, S.Kluge, M. Richter andA. Richter “A bidirectionalsilicon
micropump; Sensos and Actuatorss, vol. A50, pp.81-86,1995.

[61] E. Yang,S. Yang,S. Han,andS. Kim, “Fabricationand dynamictestingof elec-
trostaticactuatorswith p* silicon diaphragms, Sensos and Actuatoss, vol. A50,
pp.151-156,1995.

[62] P. Voigt, G. Schrag,and G. Wachutka, “Microfluidic systemmodeling using
VHDL-AMS and circuit simulation; MicroelectonicsJ., vol. 29, pp. 791-797,
1998.

[63] Silvacolnternational SantaClara, TCAD ExamplesManual, 1997.

[64] D. Maier-SchneiderJ. Maibach,andE. Obermeier“A new analyticalsolutionfor
the load-deflectiorof squaremembranes,J. of Microelectomedtanical Systems
vol. 5, pp.238-241,1995.

[65] H. Elgamel, “Closed-form expressiongfor the relationshipsbetweenstress,di-
aphragmdeflection,andresistancechangewith pressuran silicon piezoresistie
pressuresensor$, Sensos and Actuators, vol. A50, pp. 17-22,1995.

[66] D. Peters,S. Bechtold,andR. Laur, “Optimized behaioral modelof a pressure
sensorincluding the touch-davn effect; in Proc. of MSM’'99, (SanJuan,Puerto
Rico), pp.237—240Apr. 19-21, 1999.

[67] P. KarlssonandK. Jeppson;Direct extractionof MOS transistormodelparame-
ters;] Analag Integr. Circuits SignalProcess.vol. 5, pp.199-212,1994.

[68] M. QuandM. Styblinski, “Parameterextractionfor statisticalic modelingbased
onrecursveinverseapproximatior, IEEE Trans.ComputerAidedDesign vol. 16,
pp.1250-12591997.

[69] Silvacolnternational SantaClara,UtmostUser’s Manual, 1996.

[70] A. Gutierrez,S. Aceto, M. Simkulet,D. Patti, M. Liendhard, T. Krawczyk, and
A. Lundgren,'MEMS/MST modelverificationandmaterialsparameteextraction
usingMEMSPEC-2000, in Proc. of MSM’99, (SanJuan,PuertoRico), pp. 1-4,
Apr. 19-21, 1999.

[71] P. Osterbeg andS. Senturia,"M-TEST: A testchip for MEMS materialproperty
measuremenisingelectrostaticallyactuatedeststructures, J. of Microelectome-
chanical Systemgsvol. 6, pp.107-1181997.



156 Bibliography

[72] D. WangandJ. Tarbell, “Nonlinear analysisof flow in an elastictube (artery):
steadystreamingeffects; J. Fluid Med., vol. 239,pp.341-358,1992.

[73] P. Voigt, G. Schrag,and G. Wachutka, Design and Numerical Analysisof an
Electro-MedanicalMicrosystenior Material ParameterExtraction, pp.209-218.
SouthamptonUK, Boston,USA: ComputationaMechanicsPublications1997.

[74] M. Biebletal.,“Micromechaniczompatiblewith an0.8m CMOSprocess, Sen-
sorsandActuatos, vol. A46—-47,pp.593-597,1995.

[75] N.Vandelli,D. Wroblewski, M. Velonis,andT. Bifano,“Developmenbf a MEMS
microvalve arrayfor fluid flow control; J. Microelectometanical Systemsvol. 7,
pp.395-4031998.

[76] M. Stehr S.MessnerH. SandmaierandR. Zengerle,; The VAMP —anew device
for handlingliquidsor gase$, SensosandActuatoss, vol. A57, pp.153-157,1996.

[77] A. Meckes,J. Behrens,0O. Kayser W. Benecle, T. Becker, and G. Mller, “Mi-
crofluidic systemfor the integrationandcyclic operationof gassensors, Sensos
andActuatoss, vol. 76, pp.478-483,1999.

[78] T. GerlachandH. Wurmus,“Working principle and performanceof the dynamic
micropump; Sensas and Actuators, vol. A50, pp.135-140,1995.

[79] M. Heschel M. Mullenborn,andS. Bouwstra,“Fabricationand characterization
of truly 3-D diffuser/nozzlemicrostructuresn silicon;” J. Microelectomedtanical
Systemsvol. 6, pp.41-46,1997.

[80] R. Zengerle,Mikro-Membanpumperals Komponenterur Mikro-Fluidsysteme
PhDthesis,Univ. derBundeswehVerlagShaler, Aachen,1994.

[81] SwansonAnalysisSystemsHouston,PA, ANSYSJser’'s Manual,Rev. 5.0, 1992.

[82] P. Voigt, G. Schrag,and G. Wachutka,“Electrofluidic full-systemmodelingof a
flap valve micropumpbasedon Kirchhoffian network theory” Sensos and Actua-
tors, vol. A66, pp.9-14,1998.

[83] G.WachutkaH. Pavlicek, A. Horn, G. SchragP. Voigt, G. Schrag,F. Wittmann,
T. FeudelandN. Strecler, CAD toolsfor MEMS NeuchatelFSRM,1998.

[84] W. Bohl, Technisdhe Strohmungslele. Wirzburg: Vogel-Bucherlag,1967.

[85] E. KalvestenL. Lofdahl,andG. Stemme; Analytical characterizatiof piezore-
sistive square-diaphragnsilicon microphon€, Sensos and Materials, vol. 8,
pp.113-136,1996.

[86] J.Womerslg, “An elastictubetheoryof pulsetransmissiorandoscillatoryflow in
mammaliararteries, Tech.Rep.56-614,Wright Air DevelopmentCentre, 1957.

[87] D. Ludewig, “Beitrag zur mathematischeModellierungder Druckstosserschein-
ungenin Rohrleitungerund Rohrsystemeih WWT, vol. 20.11,pp. 376-381,1970.



Bibliography 157

[88] D. Voigt, “Die Niederschlagsintengit bei der Impulsbergnung;,
Grundl. Landtetnik, vol. 38.3,pp.97-100,1988.

[89] J.Womerslg, “Oscillatory flow in arteries:the constraineclastictubeasamodel
of arterial flow and pulsetransmissiori, Phys.Med. Biol., vol. 2, pp. 178-187,
1957.

[90] M. Taylor, “The input impedanceof an assemblyof randomlybranchingelastic
tubes, Biophysicall., vol. 6, pp.29-51,1966.

[91] P. LaroseandJ. Grotbeg, “Flutter andlong-wave instabilitiesin compliantchan-
nelscorveying developingflows;” J. Fluid Med., vol. 331,pp.37-58,1997.

[92] H. AtabekandH. Lew, “Wave propagatiorthrougha viscousincompressibldluid
containedn aninitially stresseclastictube’ Biophysicald., vol. 6, pp.481-503,
1966.

[93] R. Prud’homme, T. Chapman,andJ. Bowen, “Laminar compressiblelow in a
tube’ Appl. Sci.Res, vol. 43,pp.67-74,1986.

[94] H. vandenBer, C. SeldamandP. Gulik, “Compressibldaminarflow in a capil-
lary,” J. Fluid Med., vol. 246,pp.1-20,1993.

[95] E.Arkilic, M. Schmidt,andK. Breuer “Gaseousslip flow in long microchannels,
J. Microelectometanical Systemsvol. 6, pp.167-178,1997.

[96] J.Harley, Y. Huang,H. Bau,andJ. Zemel,“Gasflow in micro-channels,J. Fluid
Med., vol. 284,pp.257-2741995.

[97] I. Papautsl, J.razzle,T. Ameel, and A. Frazier “Microchannelfluid behaior
usingmicropolarfluid theory’ in Proc. of MEMS’98 (Heidelbeg), pp. 544-549,
1998.

[98] L. LandauandE. Lifschitz, Lehrbuch der TheoetishenPhysik vol. VI (Hydrody-
namik). Berlin: Akademie-Verlagl1971.

[99] R. Gupta,S. Kim, andL. Pileggi, “Domain characterizatiorof transmissiorine
modelsandanalyses$,IEEE Trans.ComputerAidedDesign vol. 15, pp. 184-193,
1996.

[100] P. Voigt andG. Wachutka, Electro-fluidic microsystenmmodelingbasecdon Kirch-
hoffian Network theory’ in Dig. of Tech. Papers of Transduces’97, (Chicago),
pp.1019-1022Junel6-19,1997.

[101] K. Fluri, E. Verpoorte andN. de Rooij, “Micro-fluidic chipsfor heterogeneouss-
saysin clinical diagnostics,in Proc. of Transuces’99, (SendaiJapan)pp. 1338—
1339,1999.

[102] B. vande Schoot,S. JeanneretA. vandenBerg, andN. de Rooij, “A silicon in-
tegratedminiature chemicalanalysissystent, Sensaos and Actuatorss, vol. B 6,
pp.57-60,1992.



158 Bibliography

[103] D. Binz, S. Keeping,andA. Vogel, “’Lab on a chip’ for multi parametemwater
analysis, in Proc. of Transuces’99, (SendaiJapan)pp.684—687,1999.

[104] S. Shoji, S. Nakagava, and M. Esashi, “Micropump and sample-injectorfor
integratedchemicalanalyzingsystems, Sensos and Actuatoss, vol. A21-A23,
pp.189-1921990.

[105] T. Lammerink,M. ElwenspoekandJ. Fluitman,“Integratedmicro-liquid dosing
systems, in IEEE Microelectomed. SystemsAbrkshop (Fort Lauerdale,FL),
pp.254-259Feh 7-10,1993.

[106] H. vanLintel, F. vandePol,andS.Bowstra,“A piezoelectrianicropumpbasecbn
micromachiningof silicon; Sensos and Actuatoss, vol. 15, pp.153-167,1988.

[107] F. vande Pol, H. van Lintel, M. ElwenspoekandJ. Fluitman, “A thermopneu-
maticmicropumpbasedn micro-engineeringechniques$,Sensos and Actuatoss,
vol. A21-A23, pp. 198-202,1990.

[108] M. Richter Benutzerhandlch zu PUSL  Fraunhofeifinstitut fur Festlorper-
technologieMiinchen,1994.

[109] P. Voigt, G. SchragandG. Wachutka,"Micropump macromodefor standarctir-
cuit simulatorsusingHDL-A,” in Proc. of the 10th EuropeanConf on Solid-State
Transduces (EuroSensas X) (R. Puers,ed.), (Leuven), pp. 1361-1364,Timshel
BVBA, Leuwven,1996.

[110] P Voigt, G. SchragandG. Wachutka,'Methodsfor modelgeneratiorandparam-
eterextractionfor MEMS,” in Simulationof SemiconductoProcesseandDevices
1998 (Leuven),pp.149-152 Sept.02-04,1998.

[111] O.Degani,D. SeterE. SocheyS.Kaldor, andY. Nemirovsky, “Optimal designand
noiseconsideratiorof micromachinedibratingrategyroscopeavith modulatedn-
tegrative differentialopticalsensing, J. of MicroelectomedtanicalSystemsvol. 7,
pp.329-338,1998.

[112] M.-S.Kang,S.-K. Youn,Y.-H. Cho,andK. Lee,“Dynamic modelingof atunable
microgyroscopé,Sensos and Materials, vol. 10, pp.413-424,1998.

[113] P.Voigt, R. Sattler P. Sasse$S.Hoffmann,R. No&,andG. Wachutka, Parametene-
traktion fur Mikrosystemeam Beispiel einesGyroslopes, in Mikrosystemtdt
nik’99, (Chemnitz) pp. 156-1590ct. 12—-13,1999.

[114] X. ZhangandW. Tang,“Viscousair dampingin laterally drivenmicroresonators,
Sensos andMaterials, vol. 7, pp.4-15,1995.

[115] A. Beslok and G. Kardianakis, “Simulation of slip-flows in comple< micro-
geometrie§, ASME,DSC vol. 40, pp. 355-370,1999.

[116] D. Greywall, P. Busch,andJ. Walker, “Phenomenologicainodelfor gas-damping
of micromechanicastructures, Sensos and Actuatoss, vol. 72, pp.49-70,1992.



Bibliography 159

[117] L. Lin, R. Howe, and A. Pisano,“Microelectromechanicdlilters for signal pro-
cessing, J. of Microelectomehanical Systemsvol. 7, pp. 286—-294,1998.

[118] R. Howe, W. Yun, andP. Gray, “Surfacemicromachineddigitally force-balanced
accelerometewith integratedCMOSdetectiorcircuitry,” in Dig. IEEE Solid-State
SensorlandActuatorWorkshop pp. 126-131,1992.

[119] K. lkeda,H. Kuwayama,T. Kobayashi,T. Watanabe . Nishikawa, T. Yoshida,
and K. Harada,"Silicon pressuresensorintegratesresonantstrain gaugeon di-
aphragni, Sensos & Actuatorss, vol. A21-A23, pp. 146—-150,1990.

[120] T. Veijola, H. Kuisma,andJ. Ladenpea, “Dynamic modelingand simulationof
microelectromechanicaleviceswith acircuit simulationprogrant, in Bookof Ab-
stractsof MSM’98 (SantaClara,CA), pp.245-250April 06—08,1998.



