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Abstract

Prism-coupled,waveguiderefractometrywas utilizedto independently

monitorelectricfield-inducedchanges inthe extraordinaryand ordinary refractive

indicesof a Pb(Zro.53T_).47)O3(PZT 53147)thin film. Underan electricfield,

appliednormalto the filmplaneand correspondingto saturationof the electric

polarization,the ratioof the extraordinaryto ordinary refractiveindexchange

(Ane/Ano)isfoundto be -411,contributingto a net birefringencechange (&(ne-no))

of -0.021. The technique,thus,accessesboth diagonalandoff-diagonal

elementsof the electroopticresponsetensordescribingthe macroscopicbehavior

of the polycrystallinefilm. In addRion,the widthsof waveguidemodereflectivity

minimawere sensitiveto variationinthe microstructureof severalPZT (40160)

filmsindicatingthat the refractometrytechniquecan provideinformationhelpfulin

evaluatingopticalquality inthese fi_ms.

1. Introduction

Optical phenomena in ferroelectric oxide materialsbased on the lead

zirconatetitanatesystem(PZT) havebeen the focusof intenseinterestin recent

years. With advancesin the fabricationof highquality,polycrystallinefilms

exhibitingenhanced electricaland ferroelectricalpropertiesovermore



conventionallyproducedbulkceramics,the opportunityto usethese materialsin

applicationsrequiringhighdeviceareal densitiesand integrabilityof active

elementsnowexists. Indeed,non-volatile,opticalmemoriesbased on electro-

opticand photosensitiveprocessesinthesematerialsare beingpursued

extensively. PZT filmsto be usedfor opticalmemories,for example,must

providea sufficientchangein birefringencewithelectricfieldmodulationto

facilitatereliableread-outof the devicestateafterwriting. In addition,the optical

qualityof the thinfilms,e.g. opticallossandpropertyhomogene_, mustbe

carefullycontrolled. Characterizationof the opticalandelectroopticpropertiesof

thesefilmsis, therefore,extremelyimportantin providingfeedbackfor

optimizationof filmcompositionand synthesisfor a givenapplication.

Previousmeasurementsof the electroopticpropertiesof ferroelectricthin

filmsdemonstratedbehaviorcomparableto bulk(Pb,La)(Zr,Ti)O3 (PLZT)

ceramics[1-4]. Thesestudiesutilizedellipsometrictechniquesto monitor

changes.!nthe materialbireffingence,A(ne-no),underthe applicationof a Iow-

frequen_ biasfield. A majorlimitationof thesemethodsis the inabilityto

separatelymeasurefield-inducedrefractiveindexchangesalongthe principal

opticaxes of the materialand, thus,theircontributionsto the totalbirefringence

change. Thisprecludesa determinationof diagonaland off-diagonalelementsin

the electrooptictensordescribingthe materialresponsewhichis essentialin

developingan understandingof the microscopicmechanismscontributingto the

behavior.

Refractometry,basedon prismcouplingintothin-filmwaveguidemodes, is

an alternativemeasurementtechniquewhichallowsthe individualcontributionsto

the total,field-inducedbirefringencechangeto be determined. Thisapproachhas
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been used previouslyto obtainferroelectricoxide film refractiveindicesunder

conditionsof zero electricfielu i5,6]. Measurementsperformedusingboth

transverseelectric (TE) and transversemagnetic(TM) polarizationsallowelectric

field inducedchangesinthe ordinary(no)andextraordinary(ne) refractiveindices

to be independentlyaccessed.

In the presentwork,a waveguiderefractometrytechniquewas used to

independentlydeterminefield-inducedrefractiveindexchangesalongthe

pdndpal opticaxes of a polycrystalline,PZT thin film. Initialinvestigationswithin

the waveguidinggeometryalsoIndicatethat the relativeopticalqualityof a film

(taken to correspondto the degreeof scattering)may be evaluated.

2. Electrooptic Measurement
=ll

The waveguide refractometry technique was used to determine the

electrooptic response of sol-gel derived Pb(Zro.s3Tio.47)O3 (PZT 53/47) films.

The filmswere depositedon Pt-coatedsiliconsubstrates(Pt/T'¢SiO21Si)and were

roughly800 nm thick. A detaileddiscussion,ofthe sol-gelfabricationprocesshas

been presentedpreviously[7]. These sampleswere single-phaseperovskiteand

exhibiteda columnarmicrostructurewith a lateralgrainsize of 100-150 nm.

Figure la depictsthe generalsampleconfigurationusedin thisstudy. The

top electrodesconsistedof semi-transparent,evaporatedAg films(thickness=

10.5 nm) whichdefinethe Ag/PZT/Ptcapacitiveelementsusedfor evaluation.

The samplewas clampedto the hypotenuseof a right-anglerutileprismwith the

topelectrode (Ag) in opticalcontactwiththe prism. The beam froma HeNe laser

(632.8 nm) was focusedthroughthe prismontothe couplingspot. TE and TM

incidentpolarizationstateswere used,allowingmeasurementsto be performed
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with polarizationorientedperpendicularto and in the planecontainingthe applied

electric field.

As showninthe refractometerschematicof Figure1b, the sample/prism

arrangementwas thenmountedontoa computer-controlledrotationstage to

allowthe angleof incidenceto be varied. A Si photodiode(PD2) monitoredthe

reflectedbeam intensityas functionof incidenceangle. A mechanical

chopper/lock-inamplifierarrangementprovidedphase-sensitivedetectionof the

reflected signal• The retro-reflectedbeam intensity,measuredat PD1, was used

to determinethe zero incidenceanglepositionbeforescanning. Reflectivity

scanswere collectedundervariousapplied-fieldconditions.Polarization

saturationof thesePZT filmswas achievedwitha dcvoltageof :1:10V (E _ 125

kV/cm).

Sharp minimainthe reflectedintensitywerea_sociatedwith waveguiding

modes in the PZTlelectrodefilmstack. The angularpositionsof theseminimaare

determinedby the opticalconstantsand layergeometrypresentinthe sample

and can, thus,be usedto findthe refractiveindicesandthicknessof the PZT film.
• o

Using known optical constantsand thicknessesfor the Pt,Ag and prism[8,9], the

reflectivityresponsecan be modeledfor variousPZT indicesandthicknesses

[10]. An iterativeprocedurewas adoptedto fit the observedreflectivityminima

positionsto thosecalculatedusingthe unknownPZT refractiveindexand

thicknessas adjustableparameters.The deviationbetweenthe calculatedand

experimental reflectivity minima positionswas minimized by visual inspection of

the reflectivity curves, with refractive index and thickness intervals as small as

0.001 and 1 nm, respectively, causing discernible changes in the degree of fit.

Where possible, at least 3 modes were used during the process in an effort to

overconstrain the problem and generate a unique fit to the data. This
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requirementnecessitatedthe examinationof filmswiththicknessesof 700 to 800

nm.

3. Results and Discussion

Figures2 and 3 containreflectivitydata obtainedin both TE and TM

polarizations,respectively,forsampleswithand withoutan appliedelectricfield.

Notethat the x-axisvaluescorrespondto incidenceangleswithinthe prism.

At zero remanentpolarization(Pr ==0), the refractiveindicesparalleland

perpendicularto the film planewere foundto be 2.544 and2.547, respectively.

These values indicatethatthe film was neady opticallyisotropicpriorto poling.

The zero polarizationstatewas achievedby applyingan appropriatevoltageto

give the filma remanentpolarizationhalfwaybetweenthe positiveand negative

saturationvalues. The initialindiceswere determinedusingboth electrodedand

non-electrodedareas of the sample,with goodagreementobtainedfor both sets

of measurements. The filmthicknessesobtainedfrom the TE andTM fits,which

were 0.828 and0.825 i_m,respectively,were in gooclagreementwiththe

thicknessdeterminedusinga Dektakstylusprofilometer:t = 0.81 + 0.01 i_m. The

refractive indicesobtainedare also similarto thosepreviouslyreportedfor filmsof

thiscomposition[5,6].

Underan appliedelectricfield,a polycrystallineferroelectricoxidewill

behave, macroscopically,as an opticallyuniaxialmaterialwiththe opticaxis

alignedalongthe fielddirection.With the presentgeometry,the extraordinary

index(ne),whichis perpendicularto the filmplane (parallelto the appliedfield)

decreased by0.017 from2.547 to 2.530. At the sametime, the ordinaryindex

(no),whichis parallelto the film plane, increasedby 0.004 from2.544 to 2.548.

Consequently,the appliedfieldcausedthe film to becomenegativelybirefringent,
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as expectedfor anABO3,perovskite-typematerial[11]. The measuredfield-

inducedchangein birefringenceof A(ne-no)= -0.021 is alsosimilarto values

recentlyreportedforother PZT and PLZT films[4]. In a polycrystalline,multi-

domainfilm,the observedindexchangescorrespondto changesin the

macroscopicpolarizationof the sampleand,thus,the indicesmeasurethe

averagealignmentof domainsdue to the appliedfield. As such,the measured

birefringenceat saturationis lessthan the birefringenceof a singledomain

region.

In addition,the Waveguidemeasurementindicatesthat the ratioof Ane/Ano

is roughly-411. A theoreticalexpressionfor this ratiomaybe obtainedby

consideringthe electric-field-inducedreorientationsof the individualdomainsand

by assumingeachdomainexhibitssinglecrystalbirefringence.Inthe unpoled

state, the domainsare assumedto be randomlyorientedleadingto optically

isotropicbehavior. Electricfieldpolingtendsto alignthedomainsparallelto the

electric fieldwhichresultsinnegativebirefringenceat remanence,withAne/Ano=-

2/1 [12]; In the presentcase, however,the measurementof refractiveindexis

made underan appliedfieldwhichis likelyto modifythe ratiodue to tl_elinear

electroopticeffectcharacteristicof the individualdomains. In addition,strain-optic

effectsare also likelyto affectthe ratio,particularlyunderlowfrequencyapplied

fields. Thus, measurementsof this typecan provideinformationaboutthe

contributionto the electroopticresponseby mechanismsotherthansimple

domainreorientation.

Sincethe accuracyof the refractiveindexandthicknessvaluesdetermined

for a PZT filmdependon the valuesof the opticalconstantsand thicknessesof

the otherlayersinthe filmstack,the sensitivityof the fitto variationsinthese

parameterswas examined. Itwas foundthat the valuesof no,he,and t derived
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fora PZT film were onlyslightlydependenton a preciseknowledgeof the
i

electrodeparameters. Forexample,withchangesof :!:10%in bothn and k of the

Ag and Pt, a changeof <0.2% was obtainedforthe opticalconstantsof the PZT

film. More importantly,the valuesof Ane and Anoare even lesssensitiveto

comparableuncertaintiesinthe electrodeparameters,whichlendseven greater

confidenceto the valuesobtainedforthe field-inducedindexchanges.

Opticalhysteresiseffectswere alsoobservedby rotatingthe samplestage

to the inflectionpointon the lowangleside of the centerTE mode(Fig.2) and

applyinga 10V, sawtoothvoltage(30 Hz). The modulationin the reflected

intensityat that incidenceangle,correspondingto a shift incouplingangle for the

waveguidemode, was monitoredusingan oscilloscope.The variationin nowith

applied field, obtainedusingTE polarizedlight,isgivenin Figure4. The

maximumchange in nodue to the ac field was within0.0005 of that observed in

the dc measurement. A similarresponsewas alsoexhibitedusingTM

polarization,althoughthe effect issomewhatreduceddue to the broader

reflectivitycurvesobserved.

The hysteresisin the no-E curve is consistentwiththe electrical(P-E)

hysteresisexhibitedbythe sample. Infact, previousstudieshaveshownthatthe

birefringenceand, thus,Aneand Anoare essentiallysingle-valuedfunctionsof the

electricalpolarization,where A(ne-no)ocp2 [13]. Consequently,the opticalindex

vs appliedfieldresponsecan be usedas an alternateway of characterizingthe

hysteresisof PZT films. The slightasymmetryinFig.4 can, therefore,be

interpretedas a slightreductioninthe saturationpolarizationfora negativebias

as compared to a positive one. This type of asymmetry could not be determined

" simply by measuring the electrical polarization vs applied field response, since

these measurements do not determine the absolute value of the polarization.
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Sincethe opticalindicesprovidean absolutemeasureof the polarizationstate,

electroopticcharacterizationmayalso be veryusefulforevaluatingphenomena

suchas fatigueandpolarization-stateimprinting.

4. Optical Quality

The widthsof the waveguidemodesobservedin Figures2 and3 are

dependentupona numberof factors,including:waveguidecoupling_nditions,

guidingand boundarylayeropticalconstantsandgeometry,andopticalscattering

withinthe filmstackcausedby bothinterfacialandvolumescatteringsources

originatingfromthe PZT microstructure.Waveguidemodewidths,therefore,can

provideinformationregardingthe relativedegreeof opticalscatteringwithinthe

filmstack whencare is takento minimizethe influenceof the othercontributions.

In the presentcase, althoughcouplingconditionscan be controlledduring

the measurement,the presenceand identityof highextinctioncoefficient

boundarylayers, i.e. the metallicelectrodes,can havea largeeffectonthe width

of the waveguidemodesobserved. Forexample,Figures5 and6 depictmodel

reflectivitycurvescalculatedusingappropriatematerialopticalconstantsfor a

PZT filmon MgO (a lowextinctioncoefficientdielectric)withandwithouta Pt

base electrodefor bothTE andTM polarizations.Itcan be seenthat,whenthe

highextinctioncoefficientPt layerisincluded,the overallmodewidthis

increased,withlowerangle (higherorder)modesexhibitingbroaderwidthsdue to

increased interaction with the metal boundary layer. The effect is particularly

dramatic for TM polarization where optical field penetration into the Pt will be

even greater. An increased sensitivity to the effects of optical scattering on mode

widths is therefore expected in samples which are free from metallic electroding

layers.
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Consequently,severalPb(Zro.40Tio.60)O3(PZT 40160) samples,deposited

directlyon a (100) MgO substrate,were subjectedto differentannealing

schedulesafter spin-coatinginan effortto examinethe effectof microstructural

evolutionon waveguidemodewidths. The filmswere approximately0.5 I_mthick

and sampleswere cut fromthe same MgO substrateafter deposition. Figure7

showsreflectivityscansfrom samplesinan as-depositedstate (driedto 300 C),

after rapidthermalprocessing(RTP) at 650 C for 10 minutesand after a fumace

anneal at 650 C for 30 minutes. Immediatelyevidentin the data is a significant

increasein mode widthafter any post-depositionannealcomparedto the as-

deposited, amorphousfilm. (Theaccompanyingchangesinthe angularpositions

of the modes are associatedwiththe change infilmrefractiveindexas

crystallizationoccurs.) Given the presenceof a lowextinctioncoefficient

boundary layer,the MgO, and the insensitivityof the mode widthto extinction

coefficientchangesin the PZT, the widthincreasewiththermaltreatmentis most

likelyattributableto increasedscatteringresultingfrom the evolvingPZT

microstructure.Crystallizationof the film introducesdiscontinuitiesin refractive

indexat grainboundaries,inclusionsand poresaswell as increased.surfaceand

interfacialroughnessthusformingscatteringcentersinthe filmstack. Preliminary

scanningelectronmicroscopy(SEM) analysesof the RTP and furnaceannealed

specimens,infact, revealan abnormallyhighdegree of crackingwithsignificantly

roughersurfacetopographyinthe furnaceannealed samplewhencomparedwith

the characteristicmicrostructureof the RTP sample. Thistendsto supporta

microstructuralexplanationforthe broadermodewidthsobservedin the furnace

annealed sample. It is apparent,therefore,that modewidthcanbe sensitiveto

changes infilmmicrostructure,enablingthis aspectof the refractometrydata to

furnishinformationimportantinevaluatingthe relativeopticalqualityof a film.
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5. Conclusion

The opticalconstantsandelectroopticalresponsesof PZT thinfilms have

been determinedusingwaveguiderefractometry.Throughproperchoiceof

polarizationconditionsanduse of a waveguidecouplinggeometry,the unknown

filmrefractiveindexandthicknessvaluesweredeterminedwithinformation

regardingonlythe incidenceangledependenceof the amplitudeof the reflected

opticalfield. Thiscontrastsellipsometricapproachesinwhichthe relative

amplitudeand phaseof the reflectedpolarizationcomponentsmustbe measured

to uniquelydeterminethe opticalconstantsof the film.

The refractometrytechniquehas been usedto independentlydetermine

electric-field-inducedchangesinthe refractiveindices,bothparalleland

perpendicularto the appliedfieldina PZT 53/47 film. Inthe unpoledstate,the

film is nearlyopticallyisotropicwhileunderan electricfieldsufficientto induce

polarizationsaturation,a negativeuniaxialbirefringenceof A(ne-no)= -0.021 is

produced. In addition,the ratioof the extraordinaryto ordinaryrefractiveindex

change(Ane/Ano)isfoundto be roughly-4/1, whichimpliesthat mechanisms

otherthansimpledomainreorientationcontributeto the electroopticresponse.

Since the opticalindicesare single-valuedfunctionsof the electricpolarization,

electroopticcharacterizationmayalso be very usefulforevaluatinga varietyof

polarizationrelatedphenomenainferroelectricfilms.

In addition,usinga sampleconfigurationfree of metallicboundaryl_yers,

the widthsof the waveguidemodeshavebeen associatedwithvariationsin the

microstructuralattributesof PZT 40/60 filmssubjectedto differentpost-deposition

thermalanneals. Thisillustratesthe utilityof the refractome.trytechniquein an

initialevaluationof thinfilm opticalquality.
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FIGURE CAPTIONS

Figure1, Sample configuration(a.) and experimentalapparatus (b.) for

waveguiderefractometry.

Figure2. ReflectivitydataobtainedunderTE polarizationconditionswith and

• withoutan applieddc electricfield.

Figure3. ReflectivitydataobtainedunderTM polarizationconditionswith and

withoutan applieddc electricfield.

Figure4. Opticalhysteresisobservedinthe PZTfilmrefractiveindexunder

an appliedac fieldat 30 Hz. The y-axisrefersto the ordinary

refractiveindex,inthe filmplane.

Figure5. CalculatedreflectivityunderTE polarizationconditionsfor PZT on

MgO withandwithouta Pt baseelectrode.

Figure6. CalculatedreflectivityunderTM polarizationconditionsfor PZT on

IVIgOwith andwithouta Pt baseele_rode.

Figure7. ReflectivitydataobtainedunderTE polarizationconditionsfor PZT

(40/60) filmson MgObothinthe as-depositedconditionandafter

twodifferentpost-depositionthermaltreatments.
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