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ABSTRACT
The mammaliancochleaachievesexcellentacoustictrans-

ductionthoughtheuseof mechanicalsignalprocessing.Thede-
vice presentedin this papermimics thestructureof thecochlea
with a micromachinedarrayof nearly30000.34 µm thick sili-
con beamssuspendedbetweentwo wafer-high ducts. Piezore-
sistive straingaugesareincorporatedinto thebeamsto produce
38 channelsof realtimefrequency information.Device mechan-
ical andelectricalmodelsarepresented.Initial mechanicalmea-
surementsin air demonstrategoodagreementwith predictedfre-
quency sensitive andresponseamplitude. Device sensitivity in
air is tentatively measuredto be 30 mm

�

s of beamcenterve-
locity responseperPascalof input pressure,correspondingto a
predictedpiezoresistorsensitivity of 7000 ppm

�

Pa. This gives
an expectedachievableresolutionof 250 µParms in a 100 kHz
bandin air. Note that this differs from the intendedoperating
modeof thetransducer, which is in �uid overa 20kHz band.

INTRODUCTION
Themammaliancochlea,theinnerpartof theear, functions

as a realtimemechanicalsignal analyzer, separatingincoming
acousticenergy into frequency componentsfor transmissionto
thebrain. Themechanicalstructureprovidesa compactandro-
bust mechanismfor deliveringapproximately3000channelsof
frequency information. The humancochleaoperatesover a 3
decadebandin frequency, 120 dB of dynamicrange,and can

�

Addressall correspondenceto thisauthor.

distinguishtoneswhichdiffer lessthan0.5%.Partly dueto these
excellent transductioncharacteristics,its mechanicshave been
extensively studied,bothmathematicallyandexperimentally.

Physically, thecochleaconsistsof a seriesof curved,�uid-
�lled ductsseparatedby membranes.Oneof thecochlearmem-
branes,the basilar membrane,has mechanicalpropertiesthat
varygraduallyalongthelengthof theduct,giving riseto aslowly
varyingacousticimpedance.Dueto this varyingimpedance,an
incomingacousticwave inducesampli�ed membranemotionat
a speci�c location, dependenton the frequency 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-Kramer-Brillouin (WKB) asymptotictechniques.Such
cochlearmodelingmethodsareappropriatefor the �uid-loaded
systemwhereatravelingwaveis produced.Modelingof thesys-
temresponseto normallyincidentplanewavesin theabsenceof
a traveling wave canbe moreaccuratelyaccomplishedby con-
sidering the membraneas an array of uncoupled�uid-loaded
beams. Sucha model is more applicablefor the experimental
resultsshown in thispaper. Thecochlearmodelachievesamuch
sharperfrequency cutoff thanthebeamoscillatorarray.

Microfabrication technology allows these cochlear-like
structuresto bemimickedat thesizescaleof thebiologicalsys-
tem. We presenta designfor a silicon cochleathatextendspre-
vious work by utilizing a micromachinedliquid-�lled two-duct
structureandabeamarraywhichcapturestheorthotropicproper-
tiesof thebasilarmembranein thebiologicalcochlea.A micro-
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Figure 1. SCHEMATIC OF COCHLEAR TRANSDUCER GEOMETRY

fabricationprocessfor producingsuchastructurehasbeendevel-
opedandimplemented.The active structureis a 3400 	A thick
siliconmembranecomprisedof aseriesof parallelbeams,whose
lengthvariesfrom 70µmto 1.8mm. Thesebeamsaresuspended
betweentwo wafer-thick through-etchedducts.Transductionof
mechanicalmotionto anelectricalsignalis accomplishedusing
boron-dopedsilicon piezoresistive elementsintegratedinto the
mechanicalstructure.Modeling,design,fabrication,andexperi-
mentalresultsfor thestructurewill bediscussed.

Modeling
The mechanicalstructureof the cochlear-like sensorcon-

sistsof two �uid-�lled rectangularcross-sectionductsof con-
stantheightbut varyingwidth, separatedby a closely-spacedar-
rayof parallelbeams,asdiagrammedin Figure1. Thefunctional
dependenceof the beamarray width on longitudinal position,
b � x� , producesa varying acousticimpedancewith x, andgives
rise to the acousticlocalizationphenomenonwhich we are at-
temptingto produce. The beamwidth, w, is kept much larger
thanthebeamgap,g, to keepthebeamarrayassimilaraspossi-
bleto acontinuousmembrane.To achievelogarithmicfrequency
to linear positionmapping,an exponentialduct width function,
b � b0ea � x� L, is chosen.

Tendifferentdevice designswerefabricatedon eachwafer.
All ductsare3 cm long (L=3 cm) andwafer high (h=0.5 mm).
Additionalgeometricparametersasgivenin Table1.

Wentzel-Kramer -Brillouin Cochlear Modeling
The modeling problem can be broken into two domains.

We assumean incompressible(acousticwavelengthsaremuch
longer thanstructuraldimensions),inviscid �uid in the bulk of
the�uid domain,with aviscouslayerprovidingdampingcloseto
thebeamarray. Thestructurallayeris modeledasanorthotropic

Device Designed Gap Beam Membrane

Bandwidth Width Width Pro�le

1: 4A-1 20Hz - 20kHz 2 µm 10µm 70 - 1800µm

2: 4A-2 20Hz - 20kHz 4 µm 15µm 70 - 1800µm

3: 4A-3 20Hz - 20kHz 3 µm 10µm 70 - 1800µm

4: 4A-4 20Hz - 20kHz 3 µm 20µm 70 - 1800µm

5: 4B-1 100Hz - 5 kHz 2 µm 10µm 140- 1000µm

6: 4B-2 100Hz - 5 kHz 4 µm 15µm 140- 1000µm

7: 4B-3 100Hz - 5 kHz 3 µm 10µm 140- 1000µm

8: 4B-4 100Hz - 5 kHz 3 µm 20µm 140- 1000µm

9: 4C-1 200Hz - 10kHz 3 µm 15µm 100- 800µm

10: 4C-2 200Hz - 10kHz 2 µm 15µm 100- 800µm

Table 1. DETAILS OF DESIGN GEOMETRY

Kirchoff plate(Graff, 1975;J.T. OdenandE.A. Ripperger,1981).
In thecaseof a beamarray, theorthotropy is taken to the limit,
with zerolongitudinalstiffness. (Ex ���

Ey) Couplingbetween
the domainsoccursvia pressureloadingof the structure,anda
correspondingvelocityboundaryconditionon the�uid domain.

A techniquewhich hasbeenappliedto solve theequations
arisingfrom thissystemis theWentzel-Kramer-Brilluoin (WKB)
technique.This is a usefultechniquefor solvingsystemswith a
slowly spatially varying parameterand an oscillatory solution,
wherethe varyingparameteris almostconstantover onewave-
lengthof thesolution. In our case,thebeamarraywidth, b � x� ,
is the slowly varying parameter. We assumea solutionfor the
beamarrayresponsewith aslowly varyingamplitude,W � x� , and
phase,Q � x� . A singlestructuralcross-mode,y � y� is utilized to
simplify computation.The displacementof thebeamarrayis a
functionof x, y andt:

u � x � y� t ��� W � x� eiq 	 x 
 t � y � y�

where q � x � t ���
� kx � x� dx � wt
(1)

With this in hand,an expressioncanbe derivedfor theen-
ergy in thesystem,which canbeminimizedto obtainsolutions
for the slowly varying amplitudeand phaseof the beamarray
response.Work by otherauthors(C. R. SteeleandL. A. Taber,
1979; A. A. Parthasarathiet al., 2000) describethe derivation
in muchgreaterdetail. The modelusedfor our computationis
identicalto thatgivenin Steele.

Cochlearmodelsshow thatanincreasein orthotropy leadsto
anincreasein thestrengthof acousticlocalization,thusa mem-
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branewhich is much stiffer in the transversedirection than in
the longitudinal direction is desired. For this reasonwe usea
beamarrayratherthana continuousisotropicmembrane.(Mid-
orthotropicmaterialssuchascompositesarenotreadilyavailable
at the microscale.) In previous macroscaleexperimentalwork
(R. D. WhiteandK. Grosh,2002),it hasbeendemonstratedthat
WKB modelsassuminga stronglyorthotropiccontinuousplate
modelcorrectlypredictthe frequency responseof a beamarray
system,althoughthey over-predicttheabsolutemagnitudeof the
response.Thus,it is admissibleto usethecontinuousmodelto
investigatebeamarrayfrequency response.

Thecochlearsystemis drivenby arigid piston,correspond-
ing to thephysiological“Stapes”,atx � 0. Thisplanewaveinput
producesa traveling wave solutionwhich propagatesdown the
duct, interactingwith themembrane,to somelocationof maxi-
mummembraneresponse.After this location,thewavebecomes
evanescent,rapidly decayingin amplitude. This hastwo major
advantages.First, it producesa very sharpcharacteristiccutoff
frequency at eachlocation.Secondly, ashigh frequency compo-
nentslocalizeat low x, closeto the input, they do not propagate
down to thewideendof theductwherethey couldexcite higher
structuralmodes.

For aspeci�c example,considertheresponseof Design4A-
1 (seeTable1) in siliconeoil with a densityof 962kg

�

m3 anda
viscosityof 0.02Pa � s, andtaking themechanicalpropertiesof
silicon asE=162 GPa, r =2330kg

�

m3. Figure2 givesthe fre-
quency responseof thecenterdisplacementof thebeamarrayat
threedifferentlocationsalongtheduct(x � 5mm� 15mm� 25mm).
Responseis referencedto pressureat the “Stapes” rigid input
pistonatx � 0. Notetheextremelysharpcutoff in the�lter char-
acteristicsat eachlocation,andalsonotehow thebandwidthof
each�lter movesaslocationis changed.

Isolated Beam Model
An alternative modelto thefull two-ductWKB modelis to

treateachbeamasanisolatedoscillatoruncoupledfrom all other
beamsin thesystem.Sucha modelis moreappropriatefor the
casestudiedexperimentally, wherethe beamarraywasexcited
by a normally incidentplanewave in air. This modelwould not
be appropriatefor a mid-orthotropicmembranewherethereis
communicationthroughthe structure. Nor is it appropriatefor
usein a �uid systemwherethereis signi�cant communication
betweenadjacentbeamsthroughthe�uid. However, in thecase
of a beam-arraydevice operatingin air, communicationamong
adjacentbeamsis minimal. In this situationit is reasonableto
considerthemasuncoupledandisolated.

The traveling andevanescentwave characterpredictedfor
a truly cochlear-like systemis lost. This reducesthe sharpness
of the �lter , andalsomeansthathigherstructuralmodescanbe
excited,asall thebeamsarenow exposedto all componentsof
theinput waveform.
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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
atomicforcemicroscope(AFM) cantilevers,resultsareobtained
for anisolatedclamped-clampedrectangularcross-sectionbeam
loadedby anin�nite viscous�uid. Equation(2) givesthepartial
differentialequationthatarises.

¶2u
¶t2

�

Cs
�

Cv

m
�

ma

¶u
¶t

�

EI
m

�

ma

¶4u
¶y4 �

F � y� ejwt

m
�

ma
(2)

The �uid hasthe effect of addingboth effective massand
effectivedamping,reducingtheresonantfrequency of operation
signi�cantly from the in vacuocase.The added�uid massand
dampingparametersare

ma � r f w2Â � H � Rk ��� (3)

Cv � � r f w2wÁ � H � Rk ��� (4)
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whereu is membranedisplacementin thez direction,m � r wa
is beammassperunit length,E is Young'smodulus,I � wa3 �

12
is cross-sectionalareamomentof inertia, w is circular excita-
tion frequency, r f is �uid density, Cs is a structuraldampingpa-
rameter, andF � y� t � is forceperunit lengthdueto an impinging
acousticwave,harmonicin time with frequency w. Rk � ww2 �

n
is thekineticReynoldsnumber(n is kinematicviscosity),andthe
complex valuedfunctionH is givenin equation(5) for anin�nite
viscousmedium. (K0 andK1 arethemodi�ed Besselfunctions
of thezerothand�rst order, secondkind.)

H � Rk ��� 1
�

4K1 ��� iRk �

� iRkK0 ��� iRk �

(5)

Eachbeamrespondsasa secondorderharmonicoscillator
ateachof its modalfrequencies.Theresultsshown canbeeasily
extendedto includetheshift of naturalfrequency dueto residual
tensileor compressivestressesin thebeam(R.D. Blevins,1984).
With thisextension,thenaturalfrequency anddampingfactorfor
eachharmonicoscillatoris

wn �

�

EIk4
n

b4
� m

�

ma �

� 1
�

s reswa
Pb

� ; (6)

z �

1
2wn

Cs
�

Cv
m

�

ma
; (7)

where b is the duct width (And hence the beam length),
and s res is the residual stress. For the clamped-clamped
case, Pb � 4p2EI

�

b2 is the buckling load, and kn �

� 4 � 730� � � 7 � 853� � � 10� 996� � � 14 � 137� � � 17� 279� � � � are the structural
eigenvalues.Whenconsideringthe responseof eachmode,we
mustselectonly modalforcingby integratingthespatialfunction
of theimpingingforceperunit lengthtimesthenth modeshape,
andthensummingoverall modes,

G � jw � � å
n

1
m

�

ma �

b� 2

� b� 2
y n � y� � F � y� dy �

1
� � w2 �

2zwn jw
�

w2
n �

(8)
NotethatF � y� is forceperunit length,soit is pressureat the

interfacemultiplied by the beamwidth w. Also notethat for a
symmetricimpingingpressurewave,only symmetricmodeswill
beexcited.

The result for Design4A-1 is given in Figure 4, using 5
modesand for an impinging unit planewave (i.e. F � y� � 1).
Residualstressis zero(s res � 0). Note that thecutoff is not as
sharpasthe cochlearmodelwith the incomingtraveling wave.
Thelocationof thecutoff frequency ateachlocationis similar to
thecochlearmodel.
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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 order to sensebeamarray motion, piezoresistive strain

gaugesarefabricatedby shallow dopingof boroninto thesilicon
beamsnearthebuilt-in ends.Thepiezoresistiveeffectcausesthe
resistivity of silicon to shift proportionalto thestrainevolvedin
thebeam,

r � r 0 � � 1
�

EpLeyy � (9)

WhereEpL is the longitudinalgaugefactorof silicon. The
variationof thepiezoresistivecoef�cients for siliconwith dopant
concentrationandcrystallographicorientationarediscussedin a
work by Kanda(1982).Polysiliconpiezoresistivepropertiesare
discussedby Gridchinet al. (1995)Optimizationof dopantpro-
�les andconcentrationsis discussedfully by Harley andKenny
(2000).In orderto balanceJohnsonnoiseeffectsagainstpiezore-
sistivecoef�cient, adopantdepthof 1/3thebeamthickness(0.11
µm) anda boronconcentrationof 1 � 1019cm� 3 aredesired.

For a clamped-clampedbeamin bending,usingthe Euler-
Bernoulli beammodel, and assuminga simpli�cation of the
modeshape,thestrainin thebeamis a functionof positionalong
thebeam,y, anddistancefrom theneutralaxis,z,

u � x � � dsin2
�

xp
b

� (10)
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Figure 5. Piezoresistor geometry.

eyy � x � z� �

¶2u
¶x2 � z � d

p2

b2 cos�

2xp
b

� � z (11)

wherex � y � b
�

2, b is beamlength, and d is the centerdis-
placementof the beam. Computationof the full piezoresistive
sensitivity becomesdif�cult, asthestrainis a functionof depth
andpositionalongthebeam,andthedopantpro�le is a function
of depth,which mustbothbeintegrated.(Harley, 2000;M. Tor-
tonese,1993).Instead,following Tortonese,initially assumethat
thepiezoresistive effect is occurringcloseto thesurface,andso
usethestrainat thesurfaceto computetheunstrainedresistance,
R, andtheresistancechangedueto bending,DR,

R �

2r 0l leg
wtdl

(12)

DR � 2
�

l l eg

0

r 0EpLeyy � x � z � a
�

2�

wtdl
dx (13)

� d
r 0EpLpa

bwtdl
sin� 2pl leg

�

b� (14)

wherewt is thewidth of thepiezoresistortrace,l leg is thelength

that the traceextendsonto the beam,anddl is the depthof the
dopedlayer. Equations(12) and(14) give the unstrainedresis-
tanceandchangein resistanceassumingthat the strain is con-
stantat its surface(maximum)valuethroughthethicknessof the
piezoresistor. It also assumesa sharpconstantdopantpro�le.
The errorsintroducedby thesesimplifying assumptionscanbe
correctedby useof a parameterb (0

�

b
�

1). Thenthe total
fractionalresistancechangeis

DRtotal

Rtotal
� b

DR
R

(15)

In Harley (2000),theparameterb is givenasa functionof
diffusionlength, � Dt, andcantilever thickness,a. For our case,

� Dt � 1 � 10� 6cm, for borondiffusing at 1000 oC for 10 secs,
anda=0.34µm. Thus,we shoulduseb � 0 � 6. Also from Harley,
we canretrieve a piezoresistive factor for singlecrystalsilicon
dopedwith boronto 1 � 1019cm� 3 of EpL � 60.

In orderto maximizesensitivity, DRtotal
�

Rtotal mustbemax-
imizedby appropriatechoiceof thetwo remainingdesignparam-
etersl leg (thelengththatthepiezoresistorextendsontothebeam)
andN (thenumberof beamsspannedby a singlepiezoresistor).
For our device, theoptimal choiceof theseparametersdepends
on positiondown theduct,dueto changingbeamlengthandthe
changingwavenumberof theacousticresponse.An optimization
procedurehasbeencarriedout for thedesignsin question.The
optimalnumberof beamsperpiezoresistorvariesfrom 2 to 14,
andtheoptimal lengthvariesfrom 5% to 15%of thetotal beam
length. (With the smallestlengthfraction andsmallestnumber
of beamsperchannelat thewideendof thedevice).

Using the above analysis,the expectedsensitivity of the
piezoresistive channels,in ppmresistancechangepermicronof
beamcenterdisplacementcanbe computed.For Device 4A-1,
channelsensitivity varieslogarithmically from 40 ppm/µm for
thelongestbeamsto 21,000ppm

�

µmfor theshortbeams(where
strainis higherfor a givendisplacement).However, theshortest
beamsrespondat thehighestfrequencies,andthelongestbeams
at low frequencies.So,dividing by themodalfrequency (in ra-
dians/s)of eachbeamto get responsein termsof velocity, we
producean almostconstantscalefactorof 180 (shortbeams)-
290(longbeams)ppm

�

mm
�

s.

Fabrication
Deviceshave beenfabricatedout of both singlecrystalsil-

icon andpolysilicon. For the singlecrystalsilicon devices,the
startingwafersare100mm, 525µmthick

�

100 � SIMOX SOI
wafers,with a 3400 	A thick device layerand4000 	A buriedox-
ide. Both thehandleanddevice layerareinitially p-typewith a
resistivity of 14-22W � cm. Thepolysilicondevicesarefabricated
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on 500 µm thick
�

100 � 100mmsinglecrystalsilicon wafers
initially dopedp-typeto a resistivity of 13W � cm.

Piezoresistor Fabrication
The�rst stageof thefabricationprocessde�nes theelectri-

cal portionof thedevice. The mostcritical goalof this process
is theproductionof shallow (0.1 µm) junctionsfor the piezore-
sistors.Thespeci�csof thefabricationprocessfollow. Thereare
many similaritiesbetweenthis processandthatusedby Ried,et
al to fabricatepiezoresistiveAFM cantilevers.(1997)

Figure 6. FABRICATION PROCESS FOR PIEZORESISTORS

ProcessSteps

1. For polysilicon devices, deposit4000 	A LPCVD oxide at
920 oC, 400 mtorr. Deposit 3400 	A LPCVD low stress
polysilicon,588oC, 100mtorr.

2. For all wafers,deposit1000 	A LPCVD oxideat920oC,400
mtorr.

3. Implant Phosphorusthrough oxide with dose=3.4� 1011

ions/cm2, andenergy=150keV to createn-typebackground
for piezoresistorisolation.

4. LPCVD 1000 	A oxideat 920 oC, 400mtorr. Total time at
temperatureis approximately1 hr. 30minsincludingpump-
down andback�ll time. Thedepositionservesasananneal
for thephosphorus,andalsoasathickerpassivationandim-
plantoxide.

5. Spinon1.3µm thick photoresist,andpatternto exposecon-
tactregions.Etchin BHF for 40secsto thin oxidein contact
regions to 1000 	A. This will serve asa featureto align to
lateron in theprocess.Implantboronfor p++ contactswith
dose=1� 1016 ions/cm2, andenergy=40keV. Strip hardened
resistin oxygenplasma.

6. Spin on 1.3 µm thick photoresist,and patternto expose
piezoresistorregions. Implant boron with dose=4� 1015

ions/cm2, andenergy=50keV. Strip hardenedresistin oxy-
genplasma.

7. Rapid thermalanneal,12 secrampup from room temper-
atureto 1050 oC. 10 secsoakat 1050 oC. Rampdown to
below 400 oC in 13 secs. The ramp times are somewhat
variable,within a few seconds.This activatesthe dopants
andannealssomeof thedamagecausedby theimplant. We
desireashallow junction,soannealtimesareshort.

8. Spin on 1.3 µm thick photoresist,exposeand develop for
oxidede�nition pattern.Etch in BHF for 2.5 mins to open
contactsto p++regions,andclearoxideoff thetopsideof the
regionswherethemechanicalstructurewill befabricated.

The piezoresistorfabricationprocessis very sensitive to
both the thicknessof the implant oxide depositedin step 4,
and the length and temperatureof the rapid thermal anneal.
TSUPREM4processsimulationsoftwareavailablefrom Avant!
wasusedto simulatethe piezoresistorfabricationprocesswith
threedifferent thicknessesof implant oxide. For 100 nm, 150
nm, and200nmthick oxides,sheetresistanceis 290W

�

sq, 560
W

�

sq, and4500W
�

sq respectively. The sensitivity of sheetre-
sistanceto processparametersis indicativeof thecarefulcontrol
that is requiredin order to fabricatefunctioningpiezoresistors.
Similar largeshiftscanbeseenif therapidthermalannealis not
well controlled.

Mechanical Structure Fabrication
Oncethepiezoresistorshave beenfabricated,themechani-

cal structuremustbeproduced.Thedetailsandchallengesasso-
ciatedwith fabricationof the mechanicalprocessarediscussed
fully in anotherwork (R.D. WhiteandK. Grosh,2002).In brief,
fabricationproceedsby etchingthebeampatternusingRIE, then
sputteringon 500 	A of Cr, followed by 3000 	A of Au. This
is patternedby liftof f. Polyimideis thenspunon, photode�ned,
andusedto adhesively bondto anoxidizedsilicon wafer. Deep
reactive ion etching(DRIE) is thenusedto etchthroughfrom ei-
therside,stoppingon theoxide,to de�ne theducts.Finaldevice
releaseoccursin 1:1DI:HF etch.SeeFigure7.

Etchingof the beamstructureis successful,as is the met-
alizationstep. The Cr/Au hasgood adhesionto the oxide. A
scanningelectronmicroscopepictureof theetchedbeams,boron
dopedpiezoresistorregion,andCr/Au metalline makingcontact
to thepiezoresistoris givenin Figure8.

Dicing thewafersafterreleaseof thebeamsis challenging.
Coolantwatercanleakinto thestructure,despiteattemptsto seal
andprotectthe beamarray, andcausedamage.The polyimide
waferbondsometimesfailsdueto shearduringdicing,removing
theupperwaferandupperduct. In futuredesigniterationsdice
lineswill beincorporatedinto therearductDRIEmask.The�nal
through-waferetchwill separatethedies,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-
erswasunsuccessfullyattempted.Siliconeoil leaksthroughthe
epoxybond,andthereareproblemswith air bubbles.It will be
necessaryto redesignthe�uidic interfacein orderto accomplish
this featureof thedesignsuccessfully.

Figure 9. PHOTOGRAPH OF A PACKAGED DEVICE IN THE 40 PIN

CDIP PACKAGE, WITH WIREBONDS

Packagingin the40 pin hybrid ceramicdual inline package
(CDIP) packageandwirebondingis successful.A photograph
of a packageddevice is shown in Figure9. It may be possible
to �ll thepackageitself with siliconeoil andsealit, ratherthan
continuingwith thedif�cult epoxy/Pyrex processon thewafer.

Piezoresistor Characterization
In orderto achievehighsensitivity from thepiezoresistors,it

is importanttokeepthedopantcloseto thewafersurface.Dopant
pro�les weremeasuredby spreadingresistanceanalysis(SRA)at
SoleconLaboratories.Resistivity asa functionof depthis deter-
minedby beveling thesurfaceat a shallow angleandmeasuring
the spreadingresistanceat variouslocationsdown that beveled
incline. From the resistivity data,dopantconcentrationcanbe
extrapolated.

Due to the costof SOI wafers,a single-crystalsilicon test
waferwasusedfor dopantpro�ling in singlecrystal.Oneof the
polysilicondevice waferswasusedfor pro�ling thepolysilicon
devices.It is veryimportantto notethattheresistivity of polysili-
conis muchhigherthanthatof singlecrystalsilicon,particularly
at low dopinglevels. At 1 � 1018cm� 3, theresistivity of polysili-
conis two ordersof magnitudehigherthansinglecrystalsilicon.
Fromdatatakenfrom Ghannam(1988)andGridchin(1995),an
estimateddependenceof dopantconcentrationon resistivity is
made.This dependenceis usedto interprettheSRA resultsfor
thepolysilicondevices.

TheSRAresultsfor thesinglecrystalsiliconwaferaregiven
in Figure10, the resultsfor the polysilicon wafer in Figure11.
The Avant! TSUPREM4 model very accuratelycapturesthe
dopantpro�le in the single crystal test wafer. However, the
dopantpro�le in thepolysilicondevicehasdiffusedmorerapidly
thanin the singlecrystalsilicon, producinga �at pro�le. This
will greatlyreducethesensitivity 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 important for

7 Copyright ã 2002by ASME



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
10

14

10
15

10
16

10
17

10
18

10
19

10
20

Depth Into Silicon (mm)

B
or

on
 C

on
ce

nt
ra

tio
n 

(io
ns

/c
m

3 )

SRA Profile and TSUPREM4 Results, SCS Test Wafer

Gaussian As�Implanted
TSUPREM IV
Solecon SRA Results

Process:                      
1. Start with 1e15 B substrate
2. Deposit 1000A LPCVD oxide  
3. Implant 2e14 30 kev Boron  
4. 10 sec 1050C RTA           

Figure 10. SRA PROFILE WITH MODELS FOR SINGLE-CRYSTAL

SILICON TEST WAFER

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
10

15

10
16

10
17

10
18

10
19

10
20

10
21

10
22

Depth (mm)

D
op

an
t C

on
ce

nt
ra

tio
n 

(c
m

�3
)

SRA Profile and TSUPREM4 Results, Polysilicon Wafer

SRA Profile, Piezoresistor
SRA Profile p++ Region
Gaussian As�Implanted
TSUPREM4 Model

P++ Region, SRA 

TSUPREM4  

Piezos, SRA 

Gaussian
As�Implanted 

Figure 11. SRA PROFILE WITH MODELS FOR POLYSILICON WAFER

�nal sensorapplications.Table2 givesa summaryof staticre-
sistancemeasurements.Resultsfor probestationmeasurements
of net static resistanceare given in the �rst row. Sheetresis-
tanceestimatesaremadefrom thesestatic resistancemeasure-
mentsusingtheknown planargeometryof the resistors.These
computedsheetresistancesaregivenin thesecondrow. There-
mainingrowsgive4-pointprobesheetresistancemeasurements,
andsheetresistancemeasurementscomputedby integratingei-
therSRApro�les or TSUPREM4simulationsasnoted.Thelarge
rangegiven for the SOI wafer TSUPREM4sheetresistanceis
dueto the previously discusseduncertaintyintroducedby such
processparametersastheimplantoxidethickness.

Piezoresistornoisemeasurementshavealsobeenconducted

SOI SCSTest Polysilicon

Net Resistance 50-90kW 400-800kW

DerivedSheet(W
�

sq) 300-350 2900

4-pt. Probe(W
�

sq) 160 2500-3700

SRAPro�le (W
�

sq) 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.
Measurementsindicateanoise�oor which is consistentwith that
measuredfor discretecarbon�lm resistorsof thesamevalueas
thepiezoresistorchannels,for bothsinglecrystalandpolysilicon
devices.1/f noisecharacteristicsdominateat frequenciesbelow
5 kHz. At high frequencies,the noise�oor approachesthe ex-
pectedJohnsonnoiselimit. For a 100kWresistor(SOI devices
arein this range)at room temperature,the Johnsonnoise�oor ,
V2

rms � 4kTRDf , is approximately40nV
�

� Hz.

Mechanical Characterization
Mechanicalcharacterizationof the MEMS structurehas

beencarriedout usinga laserDopplervelocimetry(LDV) sys-
tem. This systemmeasuresthe velocity of a point from the
Dopplershift in the re�ected laserlight. Our systemis a Poly-
tec OFV-303 sensorhead,utilizing a classII He-Nelaserwith
a 633nm wavelengthanda 10 µm minimumspotsize. For our
purposes,this is coupledwith a computercontrolledtwo dimen-
sionalmicropositioningstagefrom Newport Corporation. The
automatedstageis actuatedby a VM25.4CCErolled leadscrew
servo motorwith 25.4mmfull rangeof travel, 6 µmon-axisac-
curacy, and0.05µm encoderresolution. Therearemanualmi-
crometersfor courseadjustment,allowing an additional50 mm
of travel in eachdimension.Computercontrol of thesystemis
accomplishedusingLabview software. A NationalInstruments
PCI-6110dataacquisitionboardwith 4 12-bit, 5 MS

�

s analog
inputs,togetherwith a BNC-2110breakoutbox, is usedfor data
collection. A Larson-Davis 25200.25 inch (6.4 mm) diameter
microphonewith a 4 Hz to 100kHz 3dB bandwidthis usedfor
reference.A schematicof the experimentalsetupis shown in
Figure12.

Mechanicalmeasurementshavebeenconductedin air. Dif �-
cultieswith intended�uidic packaginghaveprecludedtestingin
siliconeoil. Theresonantfrequenciesof thedeviceshift from the
as-designedaudiobandto ultrasonicfrequenciesdueto the loss
of themass-loadingcharacteristicsof a heavy �uid. This poses
challengesfor testing,as it is more dif�cult to deliver a well-
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Figure 12. EXPERIMENTAL SETUP FOR LDV MEASUREMENT OF

MECHANICAL RESPONSE

characterizedexcitation at ultrasonicfrequencieswherewave-
lengthsareshort,andwhereacousticpropagationis highly di-
rectional.Thebestresultswereobtainedby lookingatdevicere-
sponseto ambientenvironmentalnoise,which is non-directional
anduncorrelated.Figure13 gives the power spectrumof four
differentlocations(x=16 mm, 20 mm, 24 mm, 28 mm) alongthe
centerlineof thedevice. Resultsarereportedin dB, referenced
to spectralcontentof theacousticambient,asmeasuredwith the
Larson-Davis microphone.The particularcurvesshown in the
�gure are for device 4B-4 on an undicedSOI wafer. This de-
vice wasfabricatedfor mechanicaltestingonly, anddid not go
throughthepiezoresistorfabricationprocess.
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Figure 13. EXPERIMENTAL RESULTS SHOWING RESPONSE OF

FOUR LOCATIONS ALONG THE CENTERLINE OF SOI DEVICE 4B-4

OPERATING IN AIR

Thesedevicesareoperatingin air with acousticexcitation
impinging normal to the surface. As discussedpreviously, it
is thereforemore appropriateto use the isolatedbeammodel
for comparison. Comparisonof the measuredbeamresonant
frequency along the duct with this model (seeequation(7)) is
shown in Figure14. Mechanicalpropertiesof air weretaken to
ben � 15� 2 � 10� 6 m2 �

s, r f � 1 � 2kg
�

m3. Mechanicalproperties
of silicon weretakento beE=162GPa, r =2330kg

�

m3. Thege-
ometrywasasdescribedin Table1, with beamthicknessof 0.32
µm. (Measured�lm thickness)

Responseof thesecondmodeof beamoscillationcanalsobe
seenin Figure13. Theratio betweenthe�rst andsecondmodal
frequenciesdeterminedexperimentallyis 3.3. For a clamped-
clampedbeam,thepredictedratio is 2.8.

Adding1.3MPa of tensileresidualstressinto themodelim-
provesagreementbetweenpredictedandmeasuredresonantfre-
quencies. Any remainingdiscrepanciesbetweenthe predicted
andmeasuredresonantfrequenciescouldbe dueto variationin
residualstresswith position. It seemslikely that therearesmall
variationsin residualstresswith position,sincea small tensile
residualstressis usedto shift themodelinto agreementwith ex-
periment,yetmany beamslongerthan500µmbuckle,indicating
asmallcompressiveresidualstressin someregions.
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Figure 14. COMPARISON OF EXPERIMENTALLY DETERMINED RES-
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The amplitudeof the responseis also in reasonableagree-
mentwith the isolatedbeammodel. The modelpredicts35-40
dB re 1 mm

�

s
�

Pa. Experimentindicatesapproximately28-33
dB re 1 mm

�

s
�

Pa.
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Conc lusions
Device modelingdemonstratesthat a cochlear-like system

with �uid loadedbeamsanda ductsystemenforcingan incom-
ing travelingwaveproducesmechanical�ltering with verysharp
cutoff. The �ltration characteristicsaresigni�cantly betterthan
thataccomplishedby anarrayof isolated,uncoupledbeamsex-
citedby normallyincidentacousticradiation.

Piezoresistormodeling has allowed optimal choice of
piezoresistorgeometryat eachlocationalongthe lengthof the
transducer. Theexpectedsensitivity for device 4A-1 varieslog-
arithmically from 40 ppm resistancechangeper µm of center
displacementfor the longestbeamsto 21,000ppm

�

µm for the
shortestbeams. For responseat their resonantfrequency, this
translatesto 180 (short beams)- 290 (long beams)ppm resis-
tancechangepermm

�

sof centervelocity.
Fabricationof thepiezoresistorsandthesuspendedmechan-

ical structurein air have beencompletedsuccessfully. Device
sealingand�uidics hasproveddif�cult andhasnot yet beenac-
complished.Buckling of beamslongerthan500µmoccurs,and
thereareissuesof stiction for the longestbeams.Dicing oper-
ationsaredif�cult with the fragile structurereleased,thus it is
advisableto designthe processin sucha way as to avoid me-
chanicaldicingafterrelease.

Dopantpro�les indicatethatTSUPREM4simulationswere
very accuratein predictingdopantpro�les producedin single
crystalsilicon by ion implantationandsubsequentrapidthermal
annealing.However, thepro�les areverysensitiveto processpa-
rameterssuchasimplantoxidethicknessandannealtime. Also,
boron diffusion in polysilicon was observed to be much more
rapid thanin singlecrystalsilicon, creatinga �at pro�le which
will notbesensitive to bendingstrain.

Mechanicalmeasurementsof structuremechanicalresponse
in air, conductedwith a laser Doppler velocimetry system,
demonstrategoodmodelingof deviceresonantfrequenciesusing
the isolatedbeammodel. 1.3 MPa of tensileresidualstressim-
provesagreementbetweenthemodelandexperiment.Response
magnitudeis 28-33dB relative to 1 mm

�

s
�

Pa, which is closeto
thatpredictedby the isolatedbeammodelwith a normally inci-
dentplanewave. (35-40dB re1 mm

�

s
�

Pa predicted)
The experimentallyand theoreticallydeterminedresponse

magnitude,in conjunctionwith the predictedpiezoresistorsen-
sitivity, suggeststhatdevice sensitivity in air will be7000 ppm
resistancechangeperPascalof incidentacousticpressure.With
10 Volts of excitation to a Wheatstonebridge,andthe Johnson
noise�oor of a 100kWresistorof approximately40 nV

�

� Hz at
roomtemperature,this translatesto apredicteddeviceresolution
of 250µParms acousticpressurein a 100kHzbandin air.

Futurework will continueto characterizedevice response.
Additional measurementswill be madein air, including har-
monic excitation of structuralresponseand an examinationof
structuralmodeshape.Fluid loadeddeviceswill alsobetestedin
siliconeoil andcomparedwith models.Piezoresistortestcircuits

will beconstructedandusedto measurethefrequency response
of eachpiezoresistivechannel.

A seconddesign iteration will utilize low-stressnitride
beamswith depositedpolysilicon strain gauges.This will ad-
dresstheissueof bucklingdueto �lm residualstress,asresidual
stressesproducedduringnitridedepositionwill betensile.In ad-
dition, thepolysiliconpiezoresistorscanbeuniformly dopeddue
to the layeredstructure,removing thestringentrequirementson
theimplantationandannealingprocess.
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