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ABSTRACT

The mammaliancochleaachieves excellentacoustictrans-
ductionthoughthe useof mechanicakignalprocessingThede-
vice presentedn this papermimics the structureof the cochlea
with a micromachinedarray of nearly 30000.34 pm thick sili-
con beamssuspendedbetweentwo waferhigh ducts. Piezore-
sistive straingaugesareincorporatednto the beamso produce
38 channelof realtimefrequeng information. Device mechan-
ical andelectricalmodelsarepresentedlinitial mechanicamea-
surementén air demonstratgoodagreementvith predictedtre-
gueng sensitve andresponsemplitude. Device sensitvity in
air is tentatvely measuredo be 30 mm s of beamcenterve-
locity responseper Pascalof input pressurecorrespondingo a
predictedpiezoresistosensitvity of 7000 ppm Pa. This gives
an expectedachievable resolutionof 250 pPayms in @ 100 kHz
bandin air. Note thatthis differs from the intendedoperating
modeof thetransducerwhichisin uid overa20kHz band.

INTRODUCTION

The mammaliarcochleatheinnerpartof the ear, functions
as a realtime mechanicalsignal analyzey separatingncoming
acousticenegy into frequeny componentdgor transmissiorto
the brain. The mechanicaktructureprovidesa compactandro-
bust mechanisnfor delivering approximately3000 channelsof
frequeng information. The humancochleaoperatesover a 3
decadebandin frequeng, 120 dB of dynamicrange,and can
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distinguishtoneswhich differ lessthan0.5%. Partly dueto these
excellenttransductioncharacteristicsits mechanicshave been
extensvely studied bothmathematicallyandexperimentally

Physically the cochleaconsistsof a seriesof curved, uid-

lled ductsseparatedy membranesOneof the cochleamem-
branes,the basilar membrane has mechanicalpropertiesthat
varygraduallyalongthelengthof theduct,giving riseto aslowvly
varyingacoustidmpedance Dueto this varyingimpedancean
incomingacousticwave inducesampli ed membranemotion at
a speci ¢ location, dependenbn the frequeny of the excita-
tion. Theinducedmotion,through uidic interaction stimulates
inner hair cells that sendinformation to the brain. A simpli-
ed modelof this structurehasbeenextensively studiedusing
Wentzel-KramesBrillouin (WKB) asymptotictechniquesSuch
cochlearmodelingmethodsare appropriatefor the uid-loaded
systemwhereatravelingwaveis produced Modeling of thesys-
temresponséo normallyincidentplanewavesin theabsencef
a traveling wave canbe more accuratelyaccomplishedy con-
sidering the membraneas an array of uncoupled uid-loaded
beams. Sucha modelis more applicablefor the experimental
resultsshavn in this paper Thecochlearmodelachiezesamuch
sharpeffrequeng cutoff thanthebeamoscillatorarray

Microfabrication technology allows these cochleaflike
structurego be mimicked at the sizescaleof the biological sys-
tem. We presenta designfor a silicon cochleathat extendspre-
vious work by utilizing a micromachinediquid- lled two-duct
structureandabeamarraywhich capturesheorthotropicproper
tiesof the basilarmembranen the biological cochlea.A micro-
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Figure 1. SCHEMATIC OF COCHLEAR TRANSDUCER GEOMETRY

fabricationprocessor producingsuchastructurehasbeendevel-
opedandimplemented.The active structureis a 3400A thick
siliconmembraneomprisedf aserieof parallelbeamswhose
lengthvariesfrom 70 umto 1.8 mm Thesebeamsaresuspended
betweerntwo waferthick through-etchedlucts. Transductiorof
mechanicamotionto an electricalsignalis accomplishedising
boron-dopedsilicon piezoresistie elementsintegratedinto the
mechanicaktructure.Modeling,design fabrication,andexperi-
mentalresultsfor the structurewill bediscussed.

Modeling

The mechanicalstructureof the cochleatlike sensorcon-
sistsof two uid- lled rectangularcross-sectiorductsof con-
stantheightbut varyingwidth, separatedtby a closely-spacedr
ray of parallelbeamsasdiagrammedn Figurel. Thefunctional
dependencef the beamarray width on longitudinal position,
b x , producesa varying acousticimpedancewith x, andgives
rise to the acousticlocalizationphenomenomwhich we are at-
temptingto produce. The beamwidth, w, is kept much larger
thanthebeamgap,g, to keepthe beamarrayassimilar aspossi-
bleto acontinuousnembraneTo achievelogarithmicfrequengy
to linear positionmapping,an exponentialduct width function,
b bpe** L, ischosen.

Tendifferentdevice designswerefabricatedon eachwafer.
All ductsare3 cmlong (L=3 cm) andwafer high (h=0.5mm).
Additional geometrigparameterasgivenin Tablel.

Wentz el-Kramer -Brillouin  Cochlear Modeling

The modeling problem can be broken into two domains.
We assumean incompressiblgacousticwavelengthsare much
longerthanstructuraldimensions)jnviscid uid in the bulk of
the uid domain,with aviscoudayerprovidingdampingcloseto
thebeamarray Thestructurallayeris modeledasanorthotropic

Device Designed Gap | Beam | Membrane
Bandwidth Width | Width | Prole

1:4A-1 | 20Hz-20kHz | 2pm | 20pm | 70- 1800um
2:4A-2 | 20Hz-20kHz | 4pm | 15pm | 70- 1800um
3:4A-3 | 20Hz-20kHz | 3pm | 10pm | 70- 1800um
4:4A-4 | 20Hz-20kHz | 3pm | 20pm | 70- 1800um
5:4B-1 | 100Hz-5kHz | 2pm | 10pm | 140- 1000pum
6:4B-2 | 100Hz-5kHz | 4pm | 15pum | 140- 1000pm
7:4B-3 | 100Hz-5kHz | 3pm | 10pm | 140- 1000pm
8:4B-4 | 100Hz-5kHz | 3pm | 20pm | 140- 1000pum
9:4C-1 | 200Hz-10kHz | 3pm | 15um | 100- 800um
10:4C-2 | 200Hz-10kHz | 2pum | 15um | 100- 800um

Table 1. DETAILS OF DESIGN GEOMETRY

Kirchoff plate(Graff, 1975;J.T. OdenandE.A. Rippeiger, 1981).
In the caseof a beamarray the orthotroyy is takento the limit,
with zerolongitudinalstiffness. (Ex Ey) Couplingbetween
the domainsoccursvia pressurdoading of the structure,anda
correspondingelocity boundaryconditiononthe uid domain.

A techniquewhich hasbeenappliedto solve the equations
arisingfrom this systemis theWentzel-KrameiBrilluoin (WKB)
technique.Thisis a usefultechniqueor solving systemsawith a
slowly spatially varying parameterand an oscillatory solution,
wherethe varying parameteis almostconstantover one wave-
lengthof the solution. In our case the beamarraywidth, b x ,
is the slowly varying parameter We assumea solutionfor the
beamarrayresponsavith aslowly varyingamplitudeW x , and
phaseQ x . A singlestructuralcross-modey y is utilized to
simplify computation.The displacemenof the beamarrayis a
functionof x, y andt:

W x ixty y
ke X dx wt

uxyt
where g xt (1)

With this in hand,an expressioncanbe derived for the en-
ergy in the system,which canbe minimizedto obtainsolutions
for the slowly varying amplitudeand phaseof the beamarray
responseWork by otherauthors(C. R. SteeleandL. A. Taber,
1979; A. A. Parthasarathet al., 2000) describethe derivation
in muchgreaterdetail. The modelusedfor our computationis
identicalto thatgivenin Steele.

Cochleamodelsshav thatanincreasen orthotropy leadsto
anincreasen the strengthof acoustidocalization,thusa mem-
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branewhich is much stiffer in the trans\ersedirectionthanin
the longitudinal directionis desired. For this reasonwe usea
beamarrayratherthana continuoussotropicmembrane (Mid-
orthotropicmaterialssuchascompositesrenotreadilyavailable
at the microscale.) In previous macroscalexperimentalwork
(R.D. WhiteandK. Grosh,2002),it hasbeendemonstratethat
WKB modelsassuminga strongly orthotropiccontinuousplate
modelcorrectly predictthe frequeng responsef a beamarray
systemalthoughthey over-predicttheabsolutenagnitudeof the
response.Thus, it is admissibleto usethe continuousmodelto
investigatedbeamarrayfrequeng response.

The cochlearsystemis drivenby arigid piston,correspond-
ing to thephysiological'Stapes”atx 0. Thisplanewaveinput
producesa traveling wave solutionwhich propagatesiown the
duct, interactingwith the membraneto somelocationof maxi-
mummembraneesponseAfter thislocation,thewave becomes
evanescentrapidly decayingin amplitude. This hastwo major
adwantages.First, it producesa very sharpcharacteristicutoff
frequeng ateachlocation. Secondlyashigh frequengy compo-
nentslocalizeat low x, closeto theinput, they do not propagate
down to thewide endof theductwherethey couldexcite higher
structuralmodes.

For aspeci c example,considettheresponsef Design4A-
1 (se€eTable1) in siliconeoil with a densityof 962kg m® anda
viscosityof 0.02Pa s, andtakingthe mechanicapropertiesof
silicon asE=162 GPa, r =2330kg me. Figure 2 givesthe fre-
queng respons®f the centerdisplacementf the beamarrayat
threedifferentlocationsalongtheduct(x ~ 5mm 15mm 25mmj.
Responsas referencedo pressureat the “Stapes”rigid input
pistonatx 0. Notetheextremelysharpcutoff in the Iter char
acteristicsat eachlocation,andalsonote how the bandwidthof
eachlter movesaslocationis changed.

Isolated Beam Model

An alternatve modelto the full two-ductWKB modelis to
treateachbeamasanisolatedoscillatoruncoupledrom all other
beamsn the system.Sucha modelis moreappropriatefor the
casestudiedexperimentally wherethe beamarray was excited
by a normallyincidentplanewave in air. This modelwould not
be appropriatefor a mid-orthotropicmembranewvherethereis
communicatiorthroughthe structure. Nor is it appropriatefor
usein a uid systemwherethereis signi cant communication
betweeradjacenbbeamghroughthe uid. However, in the case
of a beam-arraydevice operatingin air, communicatioramong
adjacentbeamsis minimal. In this situationit is reasonabl¢o
considethemasuncoupledandisolated.

The traveling and evanescentvave charactempredictedfor
atruly cochleatlike systemis lost. This reduceghe sharpness
of the Iter , andalsomeanshat higherstructuralmodescanbe
excited, asall the beamsare now exposedto all component®f
theinputwaveform.

WKB Results, Design 4A 1
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Figure 2. FREQUENCY RESPONSE OF THREE DIFFERENT LOCA-
TIONS ALONG BEAM ARRAY CENTERLINE, REFERENCED TO INPUT
PRESSURE AT STAPES, WKB RESULTS FOR DESIGN 4A-1 IN SILI-
CONE OIL
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Figure 3. SCHEMATIC OF ISOLATED BEAM MODEL

Following the work by Kirstein et al. (1998) on modeling
atomicforce microscopg AFM) cantilesers,resultsareobtained
for anisolatedclamped-clampetkectangulacross-sectiobbeam
loadedby anin nite viscousuid. Equation(2) givesthe partial
differentialequatiorthatarises.

Fye'
m My

Pu G G _El T
2 m mTt m my*

(2)

The uid hasthe effect of addingboth effective massand
effective damping reducingtheresonanfrequeng of operation
signi cantly from the in vacuocase. The added uid massand
dampingparametergre

me 1WA H R )
C, riw’wA H R¢ (4)
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whereu is membranealisplacemenin the z direction,m rwa
is beammassperunit length,E is Young'smodulus| wa® 12
is cross-sectionadireamomentof inertia, w is circular excita-
tion frequeng, r ¢ is uid density Cs is a structuraldampingpa-
rameterandF yt is forceperunitlengthdueto animpinging
acoustiovave, harmonicin time with frequeng w. Ry ww? n
is thekinetic Reynoldsnumber(n is kinematicviscosity),andthe
comple valuedfunctionH is givenin equation(5) for anin nite

viscousmedium. (Ko andK; arethe modi ed Besselfunctions
of thezerothand rst order, secondkind.)

4Ky iR

H Re Rko TR ®)

Eachbeamrespondsasa secondorderharmonicoscillator
ateachof its modalfrequenciesTheresultsshovn canbeeasily
extendedo includetheshift of naturalfrequeny dueto residual
tensileor compressie stressef thebeam(RD. Blevins, 1984).
With thisextensionthenaturalfrequeny anddampingfactorfor
eachharmonicoscillatoris

Elk4 SregVa
Wn b4 m rna H) 1 (6)
1 Cs Cv
2w, m my’ (/)

where b is the duct width (And hence the beam length),
and syes is the residual stress. For the clamped-clamped
case, B,  4p2%El b? is the buckling load, and ki,

4730 7853 10996 14137 17279 arethestructural
eigervalues. When consideringthe responseof eachmode,we
mustselectonly modalforcing by integratingthe spatialfunction
of theimpingingforce perunit lengthtimesthe n' modeshape,
andthensummingover all modes,

1 b2 1
bl Y Fydy W2 2zwhjw W2
(8)

NotethatF y isforceperunitlength,soit is pressuratthe
interfacemultiplied by the beamwidth w. Also notethatfor a
symmetridmpinging pressurevave, only symmetricnodeswill
beexcited.

The resultfor Design4A-1 is givenin Figure 4, using 5
modesand for an impinging unit planewave (i.e. Fy 1).
Residualstressis zero(sres 0). Notethatthe cutoff is notas
sharpasthe cochlearmodelwith the incomingtraveling wave.
Thelocationof thecutoff frequeng ateachlocationis similarto
thecochleamodel.
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Isolated Beam Results, Design 4A 1
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Figure 4. RESPONSE OF BEAM ARRAY CENTERLINE TO IMPING-
ING UNIT PRESSURE PLANE WAVE, ISOLATED BEAM MODEL RE-
SULTS DESIGN 4A-1 IN SILICONE OIL

Piezoresistive Strain Gauges

In orderto sensebeamarray motion, piezoresistie strain
gaugesrefabricatedy shallov dopingof boroninto thesilicon
beamaearthebuilt-in ends.Thepiezoresistie effect causeshe
resistvity of silicon to shift proportionalto the strainevolvedin
thebeam,

r ro 1 Epey (9)

WhereEp_ is the longitudinalgaugefactorof silicon. The
variationof thepiezoresistie coefcients for siliconwith dopant
concentratiorandcrystallographiorientationarediscussedn a
work by Kanda(1982). Polysiliconpiezoresistie propertiesare
discussedby Gridchinetal. (1995)Optimizationof dopantpro-

les andconcentrationss discussedully by Harley andKenry
(2000).1n orderto balancelohnsomoiseeffectsagainspiezore-
sistive coefcient, adopantdepthof 1/3thebeanthicknesg0.11
um) andaboronconcentratiorof 1 10'°%m 2 aredesired.

For a clamped-clampetteamin bending,usingthe Euler
Bernoulli beam model, and assuminga simpli cation of the
modeshapdhestrainin thebeamis a functionof positionalong
thebeamy, anddistancdrom theneutralaxis, z,

ux  dsir? X—;) (10)
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Figure 5. Piezoresistor geometry.

2 2
8y X Z % z d%cos% z (11)

wherex y b 2, bis beamlength,andd is the centerdis-
placemenbf the beam. Computationof the full piezoresistie
sensitvity becomedlif cult, asthe strainis a function of depth
andpositionalongthe beam andthe dopantpro le is afunction
of depth,which mustboth beintegrated.(Harley, 2000;M. Tor-
tonese1993).Insteadfollowing Tortoneseinitially assumehat
the piezoresistie effectis occurringcloseto the surface,andso
usethestrainatthe surfaceto computethe unstrainedesistance,
R, andtheresistancehangedueto bending DR,

2r Olleg
12
Wi (12)
[
DR lg roEpLEeyy Xz a2 dx (13)
0 Wl
roEpLpa .
d bwed, sin 2pligg b (14)

wherew is thewidth of the piezoresistotrace,|l o is thelength

thatthe traceextendsonto the beam,andd, is the depthof the
dopedlayer. Equations(12) and(14) give the unstrainedesis-
tanceand changein resistanceassuminghhat the strainis con-
stantatits surface(maximum)valuethroughthethicknesf the
piezoresistar It also assumes sharpconstantdopantpro le.
The errorsintroducedby thesesimplifying assumptionganbe
correctedby useof a parameteb (0 b 1). Thenthetotal
fractionalresistance&hangds

DRtotal DR
b— 15
Rtotal R ( )

In Harley (2000),the parameteb is givenasa function of

diffusionlength, Dt, andcantilever thicknessa. For our case,

Dt 1 10 Scm for borondiffusing at 1000°C for 10 secs,
anda=0.341m Thus,we shoulduseb 0 6. Also from Harley,
we canretrieve a piezoresistie factorfor single crystal silicon
dopedwith boronto 1 10%m 3 of Ep.  60.

In orderto maximizesensitvity, DRigtal  Rigtal Mustbemax-
imizedby appropriatehoiceof thetwo remainingdesignparam-
eterd g (thelengththatthepiezoresistoextendsontothebeam)
andN (the numberof beamsspannedy a singlepiezoresistor).
For our device, the optimal choiceof theseparameterslepends
on positiondown the duct,dueto changingbeamlengthandthe
changingvavenumbeof theacoustiaesponseAn optimization
procedurehasbeencarriedout for the designsn question.The
optimal numberof beamsper piezoresistovariesfrom 2 to 14,
andthe optimallengthvariesfrom 5% to 15% of thetotal beam
length. (With the smallestlength fraction and smallesthumber
of beamgerchannehtthewide endof thedevice).

Using the above analysis,the expectedsensitvity of the
piezoresistie channelsjn ppmresistancehangeper micron of
beamcenterdisplacementanbe computed. For Device 4A-1,
channelsensitvity varieslogarithmically from 40 ppmfum for
thelongesthbeamdo 21,000ppm pmfor theshortbeamgwhere
strainis higherfor a givendisplacement)However, the shortest
beamgespondatthe highestfrequenciesandthelongestbeams
atlow frequencies.So, dividing by the modalfrequeng (in ra-
dians/s)of eachbeamto get responsén termsof velocity, we
producean almostconstantscalefactorof 180 (shortbeams)-
290(long beams)pm mm s.

Fabrication

Deviceshave beenfabricatedout of both singlecrystalsil-
icon and polysilicon. For the single crystalsilicon devices, the
startingwafersare100 mm 525umthick 100 SIMOX SOI
wafers,with a 3400A thick device layerand4000A buried ox-
ide. Both the handleanddevice layerareinitially p-typewith a
resistiity of 14-22W cm Thepolysilicondevicesarefabricated
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on500pumthick 100 100 mmsinglecrystalsilicon wafers
initially dopedp-typeto aresistvity of 13W cm

Piezoresistor Fabrication

The rst stageof the fabricationprocessle nesthe electri-
cal portion of the device. The mostcritical goal of this process
is the productionof shallon (0.1 um) junctionsfor the piezore-
sistors.Thespeci csof thefabricationprocesdollow. Thereare
mary similaritiesbetweerthis processandthatusedby Ried, et
al to fabricatepiezoresistie AFM cantilevers.(1997)

Figure 6. FABRICATION PROCESS FOR PIEZORESISTORS

ProcessSteps

1. For polysilicon devices, deposit4000 A LPCVD oxide at
920 °C, 400 mtorr. Deposit3400 A LPCVD low stress
polysilicon,588°C, 100mtorr.

2. Forall wafers,depositl000A LPCVD oxideat920°C, 400
mtorr.

3. Implant Phosphorusthrough oxide with dose=3.410'!
ionskn?, andenegy=150keV to createn-typebackground
for piezoresistoisolation.

4. LPCVD 1000A oxideat920°C, 400 mtorr. Total time at
temperaturés approximatelyl hr. 30 minsincludingpump-
down andback Il time. The depositionsenesasananneal
for thephosphorusandalsoasathicker passvationandim-
plantoxide.

5. Spinon 1.3um thick photoresistandpatternto exposecon-
tactregions.Etchin BHF for 40 secdo thin oxidein contact
regionsto 1000 A. This will sene asa featureto align to
lateronin the processimplantboronfor p++ contactswith
dose=110% ionstn?, andenegy=40keV. Strip hardened
resistin oxygenplasma.

6. Spin on 1.3 pym thick photoresist,and patternto expose
piezoresistorregions. Implant boron with dose=410%°
ionskn?, andenegy=50keV. Strip hardenedesistin oxy-
genplasma.

7. Rapidthermalanneal,12 secrampup from room temper
atureto 1050°C. 10 secsoakat 1050°C. Rampdown to
belov 400 °C in 13 secs. The ramp times are somavhat
variable,within a few seconds.This activatesthe dopants
andannealsomeof the damagecausedy theimplant. We
desirea shallov junction,soanneatimesareshort.

8. Spinon 1.3 um thick photoresistexposeand develop for
oxide de nition pattern. Etchin BHF for 2.5 minsto open
contactgo p++regions,andclearoxideoff thetopsideof the
regionswherethe mechanicastructurewill befabricated.

The piezoresistorfabrication processis very sensitve to
both the thicknessof the implant oxide depositedin step 4,
and the length and temperatureof the rapid thermal anneal.
TSUPREM4processsimulationsoftware availablefrom Avant!
was usedto simulatethe piezoresistofabricationprocesswith
threedifferentthicknesse®f implant oxide. For 100 nm, 150
nm, and200 nmthick oxides,sheetresistancés 290W sqg, 560
W sg and4500W sqrespectiely. The sensitvity of sheetre-
sistancdo procesgparameterss indicative of thecarefulcontrol
thatis requiredin orderto fabricatefunctioning piezoresistors.
Similar large shiftscanbe seenif therapidthermalanneals not
well controlled.

Mechanical Structure Fabrication

Oncethe piezoresistorhiave beenfabricated the mechani-
cal structuremustbe produced.Thedetailsandchallengessso-
ciatedwith fabricationof the mechanicaprocessarediscussed
fully in anothemwork (R. D. WhiteandK. Grosh,2002).In brief,
fabricationproceeddy etchingthe beampatternusingRIE, then
sputteringon 500 A of Cr, followed by 3000 A of Au. This
is patternedoy liftoff. Polyimideis thenspunon, photode ned,
andusedto adhesiely bondto anoxidizedsilicon wafer Deep
reactieion etching(DRIE) is thenusedto etchthroughfrom ei-
therside,stoppingonthe oxide,to de ne theducts.Final device
releaseoccursin 1:1 DI:HF etch.SeeFigure?.

Etching of the beamstructureis successfulasis the met-
alization step. The Cr/Au hasgood adhesiorto the oxide. A
scanningelectronmicroscopepictureof theetchedoeamsporon
dopedpiezoresistoregion,andCr/Au metalline makingcontact
to the piezoresistois givenin Figure8.

Dicing the wafersafterreleaseof the beamss challenging.
Coolantwatercanleakinto the structure despiteattemptdo seal
and protectthe beamarray and causedamage.The polyimide
waferbondsometimedails dueto sheaduringdicing, removing
the upperwaferandupperduct. In future designiterationsdice
lineswill beincorporatedntotherearductDRIE mask.The nal
through-vaferetchwill separatehe dies,leaving themattached
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Figure 7. FABRICATION PROCESS FOR MECHANICAL STRUCTURE

Figure 8. SEM PICTURE OF BEAMS, PIEZORESISTOR, AND METAL-
IZATION FABRICATED ON AN SOI WAFER

to the handlewafer with resist. This will greatlysimplify nal
packagingsteps.

Sealingof the duct structuresby epoxyingon Pyrex cov-
erswasunsuccessfullattempted Siliconeoil leaksthroughthe
epoxybond,andthereareproblemswith air bubbles. It will be
necessaryo redesigrthe uidic interfacein orderto accomplish
this featureof the designsuccessfully

Figure 9. PHOTOGRAPH OF A PACKAGED DEVICE IN THE 40 PIN
CDIP PACKAGE, WITH WIREBONDS

Packagingn the 40 pin hybrid ceramicdualinline package
(CDIP) packageand wirebondingis successful.A photograph
of a packagedievice is shavn in Figure9. It may be possible
to Il the packagetself with siliconeoil andsealit, ratherthan
continuingwith thedif cult epoxy/Pyre procesonthewafer

Piezoresistor Characterization

In orderto achiere high sensitvity from thepiezoresistorst
isimportantto keepthedopantcloseto thewafersurface.Dopant
pro les weremeasuredy spreadingesistancanalysiqYSRA)at
SoleconLaboratoriesResistvity asa functionof depthis deter
minedby beveling the surfaceat a shallov angleandmeasuring
the spreadingesistancet variouslocationsdown that beveled
incline. From the resistvity data,dopantconcentratiorcanbe
extrapolated.

Dueto the costof SOl wafers,a single-crystalsilicon test
waferwasusedfor dopantpro ling in singlecrystal. Oneof the
polysilicon device waferswasusedfor pro ling the polysilicon
devices.lIt is veryimportantto notethattheresistvity of polysili-
conis muchhigherthanthatof singlecrystalsilicon, particularly
atlow dopinglevels. At 1 10%cm 3, theresistuity of polysili-
conis two ordersof magnitudehigherthansinglecrystalsilicon.
Fromdatatakenfrom Ghannan{1988)andGridchin(1995),an
estimateddependencef dopantconcentratioron resistvity is
made. This dependencés usedto interpretthe SRA resultsfor
thepolysilicondevices.

TheSRAresultsfor thesinglecrystalsiliconwaferaregiven
in Figure 10, the resultsfor the polysiliconwaferin Figure11.
The Avantl TSUPREM4 model very accuratelycapturesthe
dopantpro le in the single crystal test wafer However, the
dopantpro le in thepolysilicondevice hasdiffusedmorerapidly
thanin the single crystalsilicon, producinga at prole. This
will greatlyreducethe sensitvity of thepolysilicondevices.The
dopantpro le for the p++ highly dopedcontactregion is also
givenin the gure.

The static resistancevaluesare of interestfor comparison
with the measureddopantpro les, and are also importantfor

Copyright & 2002by ASME
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Figure 11. SRA PROFILE WITH MODELS FOR POLYSILICON WAFER

nal sensorapplications.Table 2 givesa summaryof staticre-
sistancemeasurementsResultsfor probestatiormeasurements
of net staticresistanceare givenin the rst row. Sheetresis-
tanceestimatesare madefrom thesestatic resistancaneasure-
mentsusingthe known planargeometryof the resistors.These
computedsheetresistancearegivenin thesecondow. There-
mainingrows give 4-pointprobesheetesistanceneasurements,
andsheetresistanceneasurementsomputedby integrating ei-
therSRApro les or TSUPREM4simulationsasnoted.Thelarge
rangegiven for the SOl wafer TSUPREM4sheetresistancas
dueto the previously discussedincertaintyintroducedby such
procesgparameterastheimplantoxidethickness.
Piezoresistonoisemeasurementsave alsobeenconducted

SOl SCSTest | Polysilicon
Net Resistance 50-90kW 400-800kW
DerivedSheetW sq) || 300-350 2900
4-pt. Probe(W sg) 160 2500-3700
SRAProle (W sg 480-530 | 3700
TSUPREM4(W sq) 290-4500| 520 2500

Table 2. STATIC RESISTANCE AND SHEET RESISTANCE MEASURE-
MENTS

at the wafer level prior to device releaseusinga probestation.
Measurementmdicatea noise oor whichis consistentvith that
measuredor discretecarbon Im resistorsof the samevalueas
thepiezoresistochannelsfor bothsinglecrystalandpolysilicon
devices. 1/f noisecharacteristicslominateat frequenciedelon
5 kHz At high frequenciesthe noise oor approacheshe ex-
pectedJohnsomoiselimit. For a 100 kW resistor(SOI devices
arein this range)at roomtemperaturethe Johnsomoise oor,
V2.s 4KTRDf,is approximateh40nv  Hz

Mechanical Characterization

Mechanical characterizatiorof the MEMS structure has
beencarriedout usinga laserDopplervelocimetry(LDV) sys-
tem. This systemmeasureghe velocity of a point from the
Dopplershift in there ected laserlight. Our systemis a Poly-
tec OFV-303 sensothead,utilizing a classll He-Nelaserwith
a 633 nmwavelengthanda 10 pm minimum spotsize. For our
purposesthisis coupledwith a computercontrolledtwo dimen-
sional micropositioningstagefrom Newport Corporation. The
automatedstageis actuatedoy a VM25.4CCErolled leadscray
seno motorwith 25.4mmfull rangeof travel, 6 umon-axisac-
curag/, and 0.05 pm encoderresolution. Thereare manualmi-
crometerdor courseadjustmentallowing an additional50 mm
of travel in eachdimension. Computercontrol of the systemis
accomplishedising Labview software. A National Instruments
PCIl-6110dataacquisitionboardwith 4 12-bit, 5 MS s analog
inputs,togethemwith aBNC-2110brealoutbox, is usedfor data
collection. A Larson-Dais 25200.25inch (6.4 mn) diameter
microphonewith a4 Hz to 100 kHz 3dB bandwidthis usedfor
reference. A schematicof the experimentalsetupis showvn in
Figurel2.

Mechanicameasurementsave beenconductedn air. Dif -
cultieswith intendeduidic packaginghave precludedestingin
siliconeoil. Theresonanfrequenciesf thedevice shift from the
as-designedudiobandto ultrasonicfrequenciesiueto theloss
of the mass-loadingharacteristicef a heavy uid. This poses
challengedor testing,asit is more dif cult to deliver a well-
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Figure 12. EXPERIMENTAL SETUP FOR LDV MEASUREMENT OF
MECHANICAL RESPONSE

characterizedxcitation at ultrasonicfrequenciesvhere wave-
lengthsare short, and whereacousticpropagatioris highly di-
rectional. Thebestresultswereobtainedoy looking atdevicere-
sponsdo ambientervironmentalnoise whichis non-directional
and uncorrelated.Figure 13 givesthe power spectrumof four
differentlocations(x=16 mm 20 mm 24 mm 28 mm) alongthe
centerlineof the device. Resultsarereportedin dB, referenced
to spectrakontentof theacousticambientasmeasureavith the
Larson-Dais microphone. The particularcurvesshavn in the
gure arefor device 4B-4 on an undicedSOI wafer. This de-
vice wasfabricatedfor mechanicatestingonly, anddid not go
throughthe piezoresistofabricationprocess.

Device 4B 4, Response to Ambient Noise
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Figure 13. EXPERIMENTAL RESULTS SHOWING RESPONSE OF
FOUR LOCATIONS ALONG THE CENTERLINE OF SOI DEVICE 4B-4
OPERATING IN AIR

Thesedevicesare operatingin air with acousticexcitation
impinging normal to the surface. As discussedoreviously, it
is thereforemore appropriateto usethe isolatedbeammodel
for comparison. Comparisonof the measurecheamresonant
frequeng alongthe duct with this model (seeequation(7)) is
shawvn in Figure14. Mechanicalpropertiesof air weretakento
ben 152 10 n? s r; 12kg me. Mechanicabproperties
of silicon weretakento be E=162GPa, r =2330kg m®. Thege-
ometrywasasdescribedn Table 1, with beamthicknessof 0.32
pm (Measuredim thickness)

Responsef thesecondnodeof beamoscillationcanalsobe
seenin Figure13. Theratio betweerthe rst andsecondmodal
frequencieddeterminedexperimentallyis 3.3. For a clamped-
clampedbeam thepredictedratiois 2.8.

Adding 1.3MPa of tensileresidualstressnto themodelim-
provesagreemenbetweerpredictedandmeasuredesonanfre-
guencies. Any remainingdiscrepanciebetweenthe predicted
andmeasuredesonanfrequenciesould be dueto variationin
residualstresswith position. It seemdikely thattherearesmall
variationsin residualstresswith position, sincea small tensile
residualstresds usedto shift the modelinto agreementvith ex-
perimentyetmary beamdongerthan500pumbuckle,indicating
asmallcompressie residualstressn someregions.

Experimental Results for 4B 4 on SOI2, Ambient Room Noise
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Figure 14. COMPARISON OF EXPERIMENTALLY DETERMINED RES-
ONANT FREQUENCY AS A FUNCTION OF X WITH ISOLATED BEAM
MODEL FOR 0 AND 1.3 MPA OF TENSILE RESIDUAL STRESS

The amplitudeof the responsés alsoin reasonablegree-
mentwith the isolatedbeammodel. The modelpredicts35-40
dB re 1 mm s Pa. Experimentindicatesapproximately28-33
dBrelmms Pa.
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Conclusions

Device modelingdemonstrateshat a cochleaflike system
with uid loadedbeamsanda duct systemenforcinganincom-
ing travelingwave producesnechanicalltering with very sharp
cutoff. The Itration characteristicaresigni cantly betterthan
thataccomplishedby anarrayof isolated,uncoupledbeamsex-
citedby normallyincidentacoustiaadiation.

Piezoresistormodeling has allowed optimal choice of
piezoresistogeometryat eachlocation alongthe length of the
transducerThe expectedsensitvity for device 4A-1 varieslog-
arithmically from 40 ppm resistancechangeper pum of center
displacementor the longestbeamsto 21,000 ppm pm for the
shortestbeams. For responseat their resonanfrequeng, this
translatego 180 (shortbeams)- 290 (long beams)ppm resis-
tancechangepermm s of centervelocity.

Fabricationof the piezoresistorandthe suspendedechan-
ical structurein air have beencompletedsuccessfully Device
sealingand uidics hasproveddif cult andhasnotyetbeenac-
complished Buckling of beamdongerthan500 pmoccurs,and
thereareissuesof stiction for the longestbeams.Dicing oper
ationsare dif cult with the fragile structurereleasedthusit is
advisableto designthe processn sucha way asto avoid me-
chanicaldicing afterrelease.

Dopantpro les indicatethat TSUPREM4simulationswere
very accuratein predictingdopantpro les producedin single
crystalsilicon by ion implantationandsubsequemntapidthermal
annealingHowever, thepro les arevery sensitveto procesga-
rametersuchasimplantoxidethicknessandanneatime. Also,
boron diffusionin polysilicon was obsered to be much more
rapidthanin singlecrystalsilicon, creatinga at pro le which
will notbesensitve to bendingstrain.

Mechanicameasurementsf structuremechanicatesponse
in air, conductedwith a laser Doppler velocimetry system,
demonstratgoodmodelingof deviceresonanfrequenciesising
theisolatedbeammodel. 1.3 MPa of tensileresidualstressm-
provesagreemenbetweerthe modelandexperiment.Response
magnitudes 28-33dB relative to 1 mm s Pa, whichis closeto
that predictedby theisolatedbeammodelwith a normallyinci-
dentplanewave. (35-40dB re1 mm s Pa predicted)

The experimentallyand theoreticallydeterminedresponse
magnitude jn conjunctionwith the predictedpiezoresistosen-
sitivity, suggestshatdevice sensitvity in air will be 7000 ppm
resistancehangeperPascalof incidentacoustigpressure With
10 Volts of excitationto a Wheatstondridge, andthe Johnson
noise oor of a 100kW resistorof approximately40nv ~ Hzat
roomtemperaturethis translate$o a predicteddevice resolution
of 250 puPa;ms acoustigpressuren a 100kHz bandin air.

Futurework will continueto characterizedevice response.
Additional measurementsvill be madein air, including har
monic excitation of structuralresponseand an examinationof
structuraimodeshapér-luid loadeddeviceswill alsobetestedn
siliconeoil andcomparedvith models.Piezoresistotestcircuits
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will be constructecandusedto measurdhe frequeny response
of eachpiezoresistie channel.

A seconddesign iteration will utilize low-stressnitride
beamswith depositedpolysilicon strain gauges. This will ad-
dresgheissueof bucklingdueto Im residualstressasresidual
stresseproducediuringnitride depositiorwill betensile.In ad-
dition, the polysiliconpiezoresistorsanbeuniformly dopeddue
to thelayeredstructure removing the stringentrequirement®n
theimplantationandannealingprocess.
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