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Abstract—Methodsforimprovedenergytrappingofthethick-
nessshearmode(TSM)inquartzcrystalmicrobalances(QCMs)
underlateralfieldexcitation(LFE)arepresented.Thedepen-
denciesofTSMresonantintensityandspuriousmodepresence
onsurfacecurvatureandelectrodegeometryareanalyzedfor
improvedLFEQCMresponse.TSMresonancetrenddataare
givenfor6 MHzplano-convexuncoatedwafersandelectroded
devicesupto6diopters(D).Theenergytrappingconceptisalso
extendedtoincludeelectricalenergyredistribution,whichalters
theactiveacousticmodesinLFEdevices.Aspectsofdataonnewly
discovered metal-loadedLFEshear modes moreintensethan
knownLFETSMsarepresented.Variationsofthesemetal-loaded
deviceresponseswithsurfacecurvatureandmetallayerthickness
arereported.Butterworth-Van Dyke(BVD)equivalentcircuit
parametersareextractedforair-and metal-loadedresponse
comparisons.Theobservedinfluencesofacousticandelectrical
energytrappingexpandknowledgeontheextentofLFEdevice
capabilitiesandrevealimplicationsforresonatorapplications.

IndexTerms—lateralfieldexcitation,quartzcrystalmicrobal-
ance,energytrapping,bulkacousticwavesensor

I.INTRODUCTION

Thicknessfieldexcited(TFE)AT-cutquartzcrystalmicrobal-
ances(QCMs)arebulkacousticwave(BAW)devicesusedina
widerangeofsensingapplications.Thesesensorsareusedwith
oscillatorstunedonlytothepuretemperature-compensated
thicknessshearmode(TSM),wheretheoscillationfrequency
shiftswithmechanicalloading(thickness/massorviscosity).
CommercialTFE QCMelectrodeplacementalsoprovides
strongcentralconfinementofelectricalandacousticenergy,
allowingexcellentsensingsystemintegration.

TFEQCMs,however,areunabletodetectelectricalchanges
(conductivityorpermittivity)withoutasignificantreduction
insensingsurfaceelectrodecoverage.Incontrast,lateralfield
excited(LFE)QCMsalreadyexhibitsuperiorelectricalsensing
capabilities[1]asgreaterelectricfieldpenetrationintothe
targetlayeroccurs.ForTFEQCMs,thedrivingfieldisdirected
throughtheQCMthickness,whereasthefieldcanbeoriented
inanydirectioninthelateralplaneforLFEQCMs.Theactive
BAWmodesthendependonthisfieldorientation,ratherthan
justcrystalcut.Certainmodesmayormaynotbeuniqueto

onlyoneoftheseexcitations.ForAT-cutquartz,thepureTSM
canbeisolatedinbothLFEandTFEQCMs.
Thoughmoreversatile,LFEQCMsarecurrentlyinferiorto
TFEQCMsduetohighmotionalresistances,lowcoupling,
andlesserenergytrapping. UsualLFEelectrodes[2]are
incompatiblewithacousticenergytrappingwithoutelectrode
modification[3]orQCMsurfacevariation.Electrodegeome-
trieshavebeenstudiedforbetteracoustictrapping[4]and
modeexcitation[5],butlittledataexistforsurfacevariation
ofLFEQCMs.ForLFEdevices,differentloadingshavealso
introducednewenergytrappingmechanismsbasedonelectric
fieldredistribution[6],expandinguponknownenergytrapping
aspects[7].However,onlyrecentlyhavemetallayersbeen
explored[8],withAT-cutquartzdatacurrentlyunavailable.
Thepresentworkinvestigatestheimpactsofsurfacecur-
vatureandelectrodegeometryonspuriousmodesandboth
shearmodeintensitiesof6MHzAT-cutquartzwafers.Thin(<
1.5µm)metallayerinfluenceonmodegenerationandenergy
trappingisalsostudied.TheButterworth-VanDyke(BVD)
model[2]isusedtocompareelectricalparameters.Suggestions
forfutureAT-cutLFEQCMsensingmethodologiesandmetal-
loadedLFEdeviceapplicationsarealsodiscussed.

II.THEORY

A.LateralFieldExcitationofAT-CutQuartz

TheBAWmodecharacteristicsofthe(yxl)35.25°AT-cutof
left-handquartz[9]wereobtainedwithconstantsfrom[10].An
x−y−zsystemrotatedrelativetothecrystallographicx−y−z
systemdefinestheplate.Thedrivingfieldisappliedthrough
theplatethicknessalongyforTFEandinthexzplanefor
LFE.ThepureTSMdisplacementisalongxwhilethequasi
modesdeviateapproximately3.4°fromthepurelongitudinal
yandshearzdirections.
QCMmodeshavecharacteristicseriesandparallelresonant
frequenciesandovertonesbasedontheirimmittances,which
containtermsknownastheelectromechanicalcouplingcoeffi-
cients,k2.Asshownbythek2valuesnotidenticallyzero[11]
inFigure1,TFEexcitesonlythepureTSM,butallmodescan
beexcitedviaLFE.ValuesinFigure1dependonlyoncrystal
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Figure1.TFEandLFEmodeelectromechanicalcouplingsforAT-cutquartz.

parameters,butthemeasuredvaluesmayvarydependingon
theelectricalinterrogationoftheresponse.

B.AcousticandElectricalEnergyTrapping

BAWTSMsdependonlyonplatethicknessascut-offsof
laterally-varyingthickness-shear(TS)andthickness-twist(TT)
modes,whichcoupletoflexural(F),extensional(E),andface-
shear(FS)platemodesdependentonthelateraldimensions
[7].SpuriousmodesneartheTSMsincludetheF,E,FS,and
undesiredTSandTTmodes.TSandTTmodepresencecan
beadjustedbyvaryingthecut-offfrequenciesalongtheplate
thoughmasslayersorvariablecrystalthickness,buttheplate
modescanonlybeeliminatedforspecificplateaspectratios.
Acousticenergyofanair-loadedLFEdeviceis mostly

confinedbytheelectrodegap,butthedrivingelectricfield
canextend wellbeyondthesurface,dependingoncrystal
permittivity[12].Electricallayerstrapandredistributethis
energywithinthecrystal,whichaltersmodegenerationasseen
forwater-loadedpseudo-andquasi-LFE[13]modes.Bound
chargesindielectricslikewaterpolarizenearthegaptooppose
theelectrodecharges,augmentingthethicknesselectricfield
component.Resonantenergythenpassesasmutualcapacitive
couplingbetweentwoTFEregions[14].Directenergytransfer
throughthecrystal(pureLFE)persiststoalesserextent.
Mainlycentralizedredistributionhasbeenobservedwithwater,
butmetallayerscanrelocatechargeawayfromthegap.

III.DEVICEFABRICATIONANDMEASUREMENTSETUP

Circular13.97 mm(0.55́́)6 MHzAT-cutplano-convex
blankquartz wafers withflatsindicatingthez-axis were
obtainedfromFil-Tech,Inc.(Boston,MA).Surfacecurvatures
variedfrom0(plano-plano)to6diopters(D)inunitsteps.
Half-moon[2]electrodeswereconsideredwith9,11and13
mmdiametersincombinationwith0.5,1.5,and2.5mmgaps.
Electrodesconsistedof200ÅCrand2000ÅAu.Electroded
deviceswerefabricatedonlyforslowTSMexcitation.
Allmeasurementsweretakenwithinacontrolledcleanroom

environmenttoeliminatepotentialextraneousfactors.Printed

Figure2.(Fromlefttoright)PCBs,electrodeddeviceconfigurations,andLFE
QCMsingleportmeasurement.

circuitboard(PCB)electrodes,electrodeddevices,andasingle
portmeasurementviaPCBexcitationwithanE5071Cnetwork
analyzerareshowninFigure2.Noextraphysicalloadingwas
appliedduringmeasurement,andallsampleswerecenteredon
thePCBelectrodestoensuremaximalcentralexcitation.For
uncoatedwafers,theactivemodesvariedbyrotatingthecrystal
onthePCB.Admittance(Y)datawereobtainedforuncoated
wafersandallelectrodecombinationsforeachdiopter.
The magnitudeandphaseshiftsofdata wereusedto
determineresponseintensity.The magnitudeshiftindicated
resemblanceoftheresponsetoanideallosslessresonator,while
phaseshiftnecessaryforstandardoscillatorcircuitintegration
is180°.TheBVDmodelwasusedtoextractequivalentcircuit
parameters.Additionally,6 MHzTFEQCMsweremeasured
withathinfilmdepositionsystemsensingarmforreference.

IV.RESULTSANDDISCUSSION

A.Air-loadedLFEResponse
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Foruncoatedwafersratedat6.02-6.04MHz,thequasimode
fundamentalfrequenciesarebetweenroughly6.8575-6.8803
MHz(fastTSM)and12.7252-12.7675MHz(quasilongitudi-
nal).Modeswereactiveinthepredictedfrequencyrangeswhen
thePCBwasrotated.Quasilongitudinalmoderesponsewas
weakwithseveraladjacentspuriousmodes,makingthemode
unsuitableforsensing.The0DTSMresponsesweresimilar,but
1DcurvaturefocusedtheresonancesforbothTSMs.Excluding

Figure3. DiopterandgapwidthimpactonspuriousmodesforbothTSMsin
(a)2Dand(b)6Duncoatedwafers.Increasinggapwidthfromtoptobottom.
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Figure4. Magnitude(dashedlinewithdiamond)andphaseshift(solidline
withcircle)dioptertrendsforelectrodegapwith9mmdiameter.

0D,thepureTSMhadnospuriousmodesbothbelowresonance
andatleast80kHzabove.ForthefastTSM,spuriousmodes
werepresentbelowandabovethemode,witharobustspurious
modeappearingveryclosetothemainmodefor5D.
ForbothTSMs,spuriousmodesvanishedforlargerPCB

electrodegaps,asshowninFigure3.Increasingdiopteralso
reducedspuriousmodes,asshownfromthecomparisonof
Figures3(a)and3(b).BothTSMintensitieslargelyincreased
withdecreasingelectrodegap(Figure4)asgapfieldintensity
rose.Weakestresponsesconsistentlyoccurredfor5Dand6D.
Only9mmdiameterPCBdataareincludedinFigure4as

PCBelectrodediameterdidnotimpactprevioustrends.The
sameholdsforattachedelectrodesasthecurvaturehadgreater
impactthantheelectrodelateralextent.However,electroded
devicesdidnotproducethetrendsinFigure4duetocon-
flictingacoustictrappingofelectrodedregionsandcurvature.
Thoughelectrodeddeviceswereonly3%weakerinintensityon
average,thestandarddeviationinelectroded-uncoatedresponse
ratiowasroughly18%.The9 mmdiameter,0.5 mmgap
electrodepatternwaschosenforsuccessivedepositionandPCB
excitationforstrongestresponsesandlesselectrodepresence.
Withlesserspuriousactivity,onlypureTSMBVDpa-

rameters werereliablyextracted. Withpeakcoefficientof
variationof0.119,theaveragemotionalresistanceRm ,static
capacitanceC0,motionalcapacitanceCm ,andk

2were1.84
kΩ,2.65pF,0.0658fF,and0.00306%,respectively.Thebest
TFEQCMhadRm andk

2as15.8Ωand0.0210%.Thebest
air-loadedLFEQCMmagnitudeandphaseshiftswere32.0dB
and146°,comparedtotheTFEQCMvaluesof55.8dBand
171°.Accordingly,sensorfeasibilityofair-loadedLFEQCMs
islimitedwithoutmoresophisticatedresonancetracking[15].

B. Metal-loadedLFEResponse
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Resonancesstrongerthanobservedforair-loadedLFEmodes
(Figure5)occurredwith20nmthin,6.35mm(0.25́́)diam-
eterCrcirclescentrallyappliedtoelectrodeddevicesensing
surfaces.TheseresonanceswerenotatTSMfrequencies,but
within100kHzabovetheslowTSM.InFigure5,theaverage

Figure5. Air-andmetal-loadedresponsesfor2D(dot-dashedcurves),3D
(dashedcurves),and4D(solidcurves)electrodeddevices.
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crystalthicknessimpactedresonance,aswiththicknessmodes.
Theresponseswerealsoconsistentlylarger(minimum62.8dB
and175°shifts)thanforusualLFEandTFEQCMs.
FromFigure6,asimilarmodearoselessthan20kHz(in
2Dwafers)higherthroughrotationonthePCB.Themodes
weredesignatedas0°and90°LFEmodes(Figure6(a)).For
the0°/90°mode,thecrystalflatisparallel/perpendicularto
theelectricfielddirection. Whenexcitedat45°(Figure6(b)),
energyissharedbetweenthesemodesequally.Withlowmass
impactof20nmCr,theusualLFEmodeswerefoundstill
activeattheirrespectivefrequencies.HFSSsimulationindicates
electricalpathsthroughtheelectrodegapandthemetallayer
boundary,inducingboththicknessandlateralfieldcomponents.
FromproximitytotheslowTSMandnospuriousmodesbelow
resonance,thenewmodesarelikelypredominately-puremixed
shearmodes,asbothsheardisplacementscanbegenerated.
Crthicknessfor0Dand1Dsampleswasincreasedtoobserve
themetallayereffectatthelimitofcurvaturenecessaryfor
acoustictrapping.Usualmassfrequencyshiftsresulted,but
variationinloadcenteringgeneratedspuriousmodesforboth
the0Dmodesandthe1D90°mode.Themainresonance
ofa0DwaferimprovedwithincreasingCrthickness,but

Figure6. Energytradingofmetal-loadedmodesat(a)0°(dot-dashedcurve)
and90°(dashedcurve)and(b)energysharingwhenat45°(solidcurve).
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Figure7. Approximatetrendsofmotionalresistanceandmodeseparationvs.
(a)&(c)Crthicknessand(b)&(d)diopterfor1300nmCrload.

substantialmodeisolationonlyappearedwith1300nmthick-
ness.Thus,itispossibletofocusthe0Dresponsewithmixed
massandelectricalloading.Theminorspuriouspresencenear
the1D90°modecouldbeattributedtoLFEmodecoupling
differencespreviouslyseenfortheusualLFETSMs.Increasing
diopterremovestheseminorspuriousmodes,confirmedfrom
observationsof2D,3D,and4Dwafersloadedwith1300nm
Cr.WithspuriousmodespresentforlowerCrloadsat90°,Cr
thicknesstrendsforjustthe0°modewereexamined.
Rm variedsignificantlywithCrthickness.AsCrthickness

increased,Rm approached50Ω,asshowninFigure7(a).
MinimumRm of47.6Ωoccurredfor2D(Figure7(b)).Csand
Cm wereabout0.360pFand0.378fF,respectively,expressing
greaterelectricfieldtrappingandacousticwaveactivity.k2

valueof0.130%wasalsoclosertotheoreticalAT-cutquartz
values. Withgreatimprovementfromthinmetallayers,there
isobviousutilityforLFEQCMsincontactlessmetallayer
sensing[8].Observedtrendscouldalsobeincorporatedinto
sensing,alongwiththeusualfrequencyshifts.Withnearly180°
ofphaseshift,conventionaloscillatorscanbeusedaswell.
IncreasingCrthickness wasalsodiscoveredtoseparate

the0°and90°modessigmoidally(Figure7(c)).Themode
separationlinearlyincreasedwithdiopterforwafersloaded
with1300nmCr(Figure7(d)),asexpectedfromreduced
averagecrystalthickness. Withhighcouplingintandemwith
adjustable modepresenceandseparation,fewerresonators
couldbeusedforRFfilterapplications.

V.CONCLUSIONS

Energytrappingandmodegenerationaspectsofair-and
metal-loadedLFEAT-cutQCMshavebeenreported.Both
TSMswereofsimilarintensitywithdistinctspuriousmodeac-
tivity.Surfacecurvatureandelectrodegapshowedthegreatest
acoustictrappingimpact,withattachedelectrodespresenting
adverseacoustictrappingbehaviorforthediameterstested.
Trade-offbetweenspuriousmodepresenceandexcitationin-
tensityfromtheelectrodegapoccurred.Increasedsurfacecur-
vaturealsoreducedspuriousmodepresence;however,diopters

largerthan4Dproducedweakerresponsesandgreaterdevice
fragility.BVDparametershardlyvariedforair-loadeduncoated
wafers,withpoorcouplingandhighmotionalresistance.
ThinmetallayerpresenceproducednewLFEmodeswith
tunable motionalresistanceand modeseparationdependent
onmetalthicknessanddiopter,withpreservedhighcoupling.
Metal-loadedresponsesalsosurpassedTFEQCMresponses,
improvingLFE QCMsensorsystemfeasibilitynear metal
layers.FromthetrendsforCrthickness,therearenewpossible
methodologiesfortrackingthesensorresponseofaQCM.
Withmetal-loadedmodesrevealedforAT-cutquartz,therealso
existopportunitiesfordiscoveryordesignofsimilarmodesin
highercouplingpiezoelectricmaterialsforresonatorapplica-
tions.Furthermore,differentLFEresonantpropertychanges
fromsensingsurfacemetalgeometrymaybeinvestigated.
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