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Abstract:Polymer-assistantpolyvinylpyrrolidone (PVP-K30)wasintroducedtothesol-gelprocessing
route,andmultilayerednanocompositefilmsofPb(Zr0.52Ti0.48)O3-(Ni0.5Zn0.5)Fe2O4(PZT-NZFO)were
fabricatedonPt/Ti/SiO2/Sisubstratessuccessfullybyspin-coatingatlowfiringtemperatures600℃.
StructuralcharacterizationbyX-raydiffractionandelectronmicroscopytechniquesrevealsgoodsurfaceand
well-controlledcross-sectionalmorphologiesofthesefilms.Coexistenceofferromagneticandferroelectric
phaseswithobviousferromagneticandferroelectrichysteresisloopsareobservedatroomtemperature.An
appropriatedielectricconstantwithlowlosstangentisobtainedinlowfrequencyexhibitingexcellentdie-
lectricproperties.Thedielectricpropertiesofnanocompositethinfilmshowsat1kHzandroomtempera-
ture,thedielectricconstantandlosstangentforthenanocompositefilmsareabout165and0.02.While
theroom-temperaturemagnetizationvalues(Ms)isabout2.6×104A/m,andtheintrinsiccoercivity
(Hci)isabout1.19×104A/m,respectively.Thecombinationofhighpermeabilityandpermittivityin
thenanocompositefilmspresentspotentialapplicationsinofthefieldsofmicroelectronicdevicesandinte-
gratedunits.
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优化的溶胶-凝胶法制备多层铁电-铁磁纳米复合薄膜

王梦影1,袁 佳1,侯 芳1,姜玉琳1,张红芳1,唐木智明2

(1.苏州科技大学 数理学院,江苏 苏州215009;2.日本富山县大学,射水 富山939-0398)

摘要:在溶胶-凝胶的前驱体中加入高聚物聚乙烯吡咯烷酮(PVP-K30),可以在烧结温度600℃成功制备沉积在

Pt/Ti/SiO2/Si基片上多层结构的Pb(Zr0.52Ti0.48)O3-Ni0.5Zn0.5Fe2O4(PZT-NZFO)纳米复合薄膜。采用X-ray衍

射仪测定纳米薄膜的相结构,扫描电镜与原子力显微镜观察纳米复合薄膜的表面形貌。相结构分析表明:铁电相

与铁磁相共存在PZT-NZFO纳米复合薄膜中;微观形貌表明:表面微观形貌致密,无裂纹;此外,PZT-NZFO中

PZT层与NZFO层相互交替,并且层与层之间的厚度可以得到较好地控制。PZT-NZFO纳米复合薄膜呈现明显
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的电滞回线与磁滞回线,进一步证明了PZT-NZFO复合纳米薄膜中同时存在着铁电相与铁磁相。介电性能显示:

室温在1kHz,相对介电常数和介电损耗分别为165和0.02。磁性能结果显示:室温时,PZT-NZFO纳米复合薄膜

的饱和磁化强度为2.6×104A/m,内在矫顽力为1.19×104A/m。加入高聚物后改进的溶胶-凝胶制备的PZT-

NZFO复合纳米薄膜实验结果表明,这种致密的、无裂纹的、介电损耗低,并同时具有铁电与磁电的纳米复合薄膜

在微型器件与集成电路中具有潜在的应用。

关键词:纳米复合物;高聚物辅助;溶胶-凝胶;磁滞回线;电滞回线

Ferroelectric-ferromagneticmaterialsareparticularlyappealingbecausetheyhavethepropertiesof
bothparentcompounds,butalsobecauseinteractionsbetweenthemagneticandelectricpolarizationslead
totheirmultifunctionality[1].Moreover,theyhavehighdielectricpermittivityandmagneticpermeability,

andcouldthereforereplacetheinductorandcapacitorinresonantcircuitswithasinglecomponent,further
miniaturizingportablecellulartechnologies[2].Recently,theFerroelectric-ferromagneticcompositemateri-
alswerefoundthatelasticdeformationispotentialapplicationsinactuators,transducers,fieldsensorand
datastoragedevices[3-6].Importantly,motivatedbyon-chipintegrationinmicroelectronicdevices,nano-
structuredcompositesofferroelectricandmagneticcompositeshaverecentlybeendepositedinafilm-on
substrategeometry[7-10],however,theavailabilityofhigh-qualitynanostructuredcompositesispremium
importance,whichmakesiteasiertotailortheirproperties,offeringatechnicalwaytostudythephysical
mechanisminnano-scaleandpotentialapplicationsinmicroelectronicdevices[11].Additionally,asforinte-
gratedcircuitinthecaseofsiliconsubstrates,itwouldbebettertomaintainthefiringtemperatureofthe
filmslowerthan750℃inordertoavoidapparentchemicalreactionsbetweenthefilmandthesiliconsub-
strate.Unfortunatelythemultilayermultiferroicthinfilmsreportedintheliteratureswasfiredatleastor
over750℃bysolutionprocessing,whichisabsolutelystricttothefilmsapplicationfurthermore[5,7].

TheobjectiveofthepresentworkistofabricatemultilayeredstructurednanocompositesfilmsofPb
(Zr0.52Ti0.48)O3(PZT)and(Ni0.5Zn0.5)Fe2O4(NZFO)onPt/Ti/SiO2/Sisubstratesviaasol-gelprocess
modifiedbypolymer-assistantpolyvinylpyrrolidonecofiringatlowtemperatureannealingof600℃.Piezoe-
lectricPZTceramicshavingthecompositionatthemorphotropicphaseboundary(x=0.52)normallyhave
ahigherpermittivity,largerlossesandmuchhigherpiezoelectriccoupling.Andinversespinelnickelferrite
NZFOhasgoodmagnetostrictivepropertieswhicharedependentoncompositionandpreparationmeth-
od[12].Duetoitsproperties,thissystem ((Ni0.5Zn0.5)Fe2O4)wasoftenusedasmagneticcomponentin
magnetoelectriccomposites[13-14].andalsochoseninthisworktoformferroelectricandferromagneticnano-
compositethinfilms.

Wehaveachievedlevelsofthecrystallinephasethatarehigherthananypreviouslyreportedwitha
dense,crack-freemicrostructureofanano-scalemultilayeredstructuredfilmswithathicknessofabout
1μm .Theprocessingroute,crystallizationbehaviorandmicrostructures,dielectricproperties,magnetic
propertiesandferroelectricityareinvestigatedindetailinthefollowingsections.

1 Experimental

1.1 Processingrouteforpreparingpolymer-assistantsolprecursor

ThePb(Zr0.52Ti0.48)O3(PZT)and(Ni0.5Zn0.5)Fe2O4(NZFO)solprecursorsolutionsweremodified
by polymer-assistant polyvinylpyrrolidone (PVP-K30 with number-average molecular weight of
10000)[15-16].PZTfilmswerepreparedfromsolutionsofmolarcompositions,n(Pb(CH3COO)2)∶
n(Zr[CH3C(O)CHC(O)CH3]4)∶n(Ti(OC4H9)4)∶n(PVP)∶n(C3Hi7OH)=1∶0.52∶0.48∶1∶20,where
molesofPVPrepresentthoseofthemonomer(polymerizingrepeatingunit)ofPVP.Theprocedurefor
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preparingthestartingsolutionsisdescribedasfollows.PVPwasfirstlydissolvedinC3Hi7OHthoroughly;

then,theTi(OC4H9)4solutionchelatedbyamixtureof2-Methoxyethanolandacetylacetonewasaddedto
thePVP-C3Hi7OHsolutionsuccessivelyunderstirringatroomtemperaturefor30min.CommercialPb
(CH3COO)2·3H2OandZr[CH3C(O)CHC(O)CH3]4powdersinpropermolarratioweredissolvedinhot
2-Methoxyethanol.Then,thePb(CH3COOH)2-Zr[CH3C(O)CHC(O)CH3]4solutionwasaddedindrop
wisetotheTi(OC4H9)4-PVP-C3Hi7OHsolutionundervigorousstirringat80℃for2h,theconcentration
ofthePZTsolprecursorwas0.4mol/L.Alightyellowishandtransparentsolutionwasthenobtained,and
servedasthecoatingsolution.

Similarly,NZFOfilmswerepreparedfromsolutionsofmolarcompositions,n(Ni(CH3COO)2)∶
n(Zn(CH3COO)2)∶n(Fe(NO3)3)∶n(PVP)∶n(C3Hi7OH)=0.5∶0.5∶2∶1∶20,inthisexperiment,asmall
mountofTi(OC4H9)4wasemployedinorderthatthepolymer-assistant(PVP)canbeintroducedinthe
NZFOsolprecursor.AndthemassratiooftheTi(OC4H9)4tothePVPwas0.1%togiveabalancebe-
tweentheprocessingbehaviorandpropertiesoftheresultingthinfilms.PVPwasfirstlydissolvedin
C3Hi7OH,then,theTi(OC4H9)4 wasaddedtothePVP-C3Hi7OHsolutionthoroughly.Commercial
Ni(CH3COO)2·6H2O,Zn(CH3COO)2·4H2O,andFe(NO3)3·9H2Opowdersweredissolvedinhot2-
Methoxyethanolfor2h,then,thePVP-C3Hi7OH-Ti(OC4H9)4solutionwasaddedindropwisetothe
Ni(CH3COO)2-Zn(CH3COO)2-Fe(NO3)3withvigorousstirringat50℃for2h.Theconcentrationofthe
NZFOsol-gelprecursorwas0.4mol/L.ThePZTandNZFOsolprecursorsweresealedinglasscontainers
atroomtemperature,respectively,whichwasreadyforfurtherprocesses.

1.2 Synthesisofmultilayerednanocompositesthinfilms

ThemultilayeredPZT/NZFOnanocompositethinfilmsweredepositedwithasimplespin-coatingdeposition
onthePt/Ti/SiO2/Sisubstrateat3000r/minfor20salternatively,andeachlayeroffilm(thepurePZTandpure
NZFOthinfilmssuccessivelyaccordingtothedesignedfilmpatterns)waspreheatedat110℃,400℃for5minto
removeorganiccomponents.Thespincoatingprocesswasrepeatedbycoating9layersuntildesiredthicknessabout
1μmwasreached.Theresultantfilmswerethenfiredat500-600℃for30minatairinmufflefurnacetocrystal-
lizethefilms.Thestructureofthenanocompositefilmsis2PZT/CFO/2PZT/CFO/2PZT/CFO(denotedasPZT-
NZFO),referringtothePZTasthefirstlayerdepositedonthesubstratewithdoublelayers,subsequently,the
NZFOasthesecondlayerwithonelayerdepositedonthepreheatedPZTlayeralternatively.)Moreover,forcom-
parisonwiththenanocompositefilms,thepurePZTandNZFOthinfilmswerealsodepositedonthePt/Ti/SiO2/

Sisubstratebyspin-coatingwiththeabove-describedPZTandNZFOsolprecursorswiththethicknessofabout1

μmrespectively.

1.3 PropertyMeasurements

TheX-raydiffraction(XRD)patternsofthefilmsatroomtemperaturewerecharacterizedusinganX-
raydiffractrometer (PhilipsX􀆳Pert-Pro MPD)withCuKα1radiation (0.15406nm,40kV,30mA).
Atomicforcemicroscopy(AFM,NanoscopeIVdiDigitalInstruments)andafield-emissionscanningelec-
tronmicroscope(SEM)(JEOLJSM-6335F)wereusedforobservationofthefilmmicrostructures.Differ-
entialScanningCalorimeterandThermal-GravimetricAnalysis(DSC-TGA,NetzchSTA449C,Jupiter)

wasintroducedtoanalyzethesolprecursors(i.e.theprecursorsolutionsofPZT& NZFO)ataheating
rateof10℃/min.

Themagnetization-magneticfieldin-planehysteresisloopsweremeasuredusingavibratingsample
magnetometer(VSM)(Lakeshore7300series)atroomtemperature.Thesampledimensionis10mm×
10mmwiththethicknessof1μm.
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Allsampleswerecoatedbyatopgold(Au)electrodewitha0.5mm×0.5mmsquareforelectrical
performancemeasurements.Thedielectricpropertiesdependenceonthefrequencyweremeasuredwith
Agilent4294Aimpedanceanalyzer.ATFAnalyzer2000(aixACT,Co.)wasemployedtoinvestigate
thepolarization-electricfield(P-E)hysteresisloopsatafrequencyof1kHzatroomtemperature.

2 ResultsandDiscussion

2.1 Crystallizationbehaviorandmicrostructure

Figure1showstheDSCandTGAplotsofthePVP-containing(a)PZTand(b)NZFOprecursorgel
driedat120℃intheair,respectively.InFig.1(a),twoexothermicpeaks(DSC)wereobservedatround
250℃and475℃,respectively.Theexothermicpeakat250℃reflectsthedecompositionoftheorganic
products,includingpolymericPVP,carbondioxideandnitrogendioxide[17].Atthesametime,compared
withthefinalresidualmass(%)showninplotofTGA,alargemasslossof28% wasoccurred.Andthe
exothermicpeakobservedat475℃isthecrystallizationtemperatureofPZTprecursorgel,alongwiththe
minormasslossof4%,andnoweightlossisobservedabove500℃,suggestingthatPVPdecompositionis
completedatthistemperature,whenthePZTcrystallizationstarts.Therefore,thecrystallinePZTphase
canbederivedfromthePZTfilmsolprecursoratalowtemperatureannealingof500℃.

AsshowninFig.1(b),threeexothermicpeakswereobservedatabout250℃,300℃and430℃,re-
spectively.Similarly,theexothermicpeakof250℃ isrecognizedasthedecomposition PVPand
combustionofboundorganics,andtheexothermicpeakof300℃isattributedtothermoxidativedegrada-
tionofandferricnitrate[18],andthecrystallizationtemperatureofNZFOisoccurredat420℃ withthe
masslossof0.33%,andabove450℃,practicallyweightlosscouldnotbeobservedanymore.Hence,the
annealingtemperatureisselectedat500℃,whichisenoughfortheformationofspinelstructureNZFO
crystalphasefromtheNZFOsolprecursor.

Fig.1 TheDSCandTGAcurvesofthePVP-containinggeldriedat120℃,respectively

Figure2showstheX-raydiffraction(XRD)patterns:Fig.2(a)purePZTfilmsannealingat600℃,Fig.2(b)

pureNZFOannealingat500℃,togetherwithFig.2(c)thePZT-NZFOnanocompositethinfilmsannealingat
600℃.AsshowninFig.2,thecrystallizationbehaviorobservedbyXRDagreeswithDTA-TAGresults.Forex-
ample,inFig.2(a),allthepeaksindicatethepresenceofpurePZTfilmwithaperovskitestructure,andinthe
curveofFig.2(b),thepureNZFOthinfilmischaracterizedasapure,crystallineNi-Znferritewithaspinelstruc-
tureexceptforthe2thetaequalto46°,wecontributetotheintroductionoftheminormountofTi4+intheNZFO

precursorsolution[12].InFig.2(c),allthepeaksaresuperimposedfrombothPZTphaseandNZFOphase.The
resultindicatesthemultilayerednanocompositefilmscanbeobtainedfiringat600℃viathesolsolutionsmodified
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Fig.2 TheXRDpatternsofPZT,NZFOandPZT/NZFO
films,NotethatP,N,Pt,andSPsymbolPZT,

NZFO,Pt-substrateandStray-phasephasepeaks,

respectively

bythepolymer-assistantPVP.Therefore,thepreparation
ofPZT-NZFO multilayerednanocompositeissuccessful
usingthepolymer-assistedsol-gelprocessingroute.

Figure3showsthenaturalsurfacemorphologies
forthetypicalPZT-NZFOnanocompositethinfilms
firingat600℃.AsshowninFig.3(a),ahighdense,

uniform,andcrack-freenanocompositesfilmsareob-
tained,theaveragegrainsizeinthesurfaceNZFO
layerisabout35nmandtheroughnessisabout80nm
showninFig.3(b).

AsshowninFigure4,thewell-controlledandu-
niform nanocompositefilms withthethicknessof
1200nmareobserved.ForPZT-NZFOnanocomposite
thinfilms,thethicknessofdoublePZTphaselayers
isabout300nm(i.e.eachlayerofabout150nm),andthethicknessofoneNZFOphaselayerisabout
110nm.Notethatthethicknessofonelayercanbereproducibleandcontrolledinasimpleandeasyway,

whichisonemeritofthesol-gelprecursorsmodifiedbythepolymer-assistant.Wecontributetothepoly-
mer-assistantPVP-K30employedintheinvestigation,whichenhancestheadhesionofthePZTandNZFO
filmsdepositingonthesubstratewithanoptimumviscosityofPZTandNZFOfilmsolprecursorsolu-
tions,respectively.

Fig.3 TheSEMandAFMimagesofthesurfaceofPZT-NZFOfilmsfiringat600℃

 Fig.4 Thecross-sectionalbackscatteringelectronimages
ofPZT-NZFOfilmfiringat600℃

Figure4showsthecross-sectionalbackscattering
electron(BSE)imagesforthenanocompositefilms
firingat600℃.Becausetheaverageatomicnumberof
PZTislargerthanthatofNZFO,therefore,inthe
BSEimagesthePZTlayerappearslighterincolorthan
theNZFOlayer.

2.2 Magneticproperties

Figure5showsthemagnetic-hysteresisloopsof
thepureNZFOfilmandmultilayerednanocomposite
filmsfiringat(a)500℃,and(b)600℃respectively,

measuredbyapplyingmagneticfieldsparalleltothe
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 Fig.5 Magnetichysteresisloopsofthepure
NZFOfilmsfiringat500℃ andthe
multilayered structured PZT-NZFO
filmsat600℃,respectively

filmplanesatroomtemperature.
ShowninFigure5,allthefilmsamplesexhibittypicalfer-

romagnetichysteresisloops,indicatingthepresenceofordered
magneticstructureinthefilms.Itisobviousthatthemagneti-
zationvalues(Ms)ofthemultilayeredfilmsarelowerthanthe
counterpartofthepureNZFOfilmsduetotheeffectofthe
nonferromagneticPZTlayers,forexample,forthepureNZFO
filmat500℃,theMsis1.81×105A/m,and2.6×104A/mfor
nanocompositefilmsrespectively.Whilefortheintrinsiccoerci-
vity(Hci),4.69×103A/mforthepureNZFOfilm,and1.19
×104A/mforPZT-NZFOfilms,whichisattributetothePZT
grainsizelayerexistingin the nanocompositefilms.As
comparedwiththepureNZFO,themagneticpropertiesofthe
PZT-NZFOnanocompositethinfilmsaredecreasedillustratingtheeffectofthelayerthicknessofPZT.In
fact,asshowninFigure5,itdenotesthatthefiringtemperatureof500-600℃ishighenoughforthe
multilayerednanocompositesfilmstoobtaingoodmagneticproperties.

 Fig.6 Polarization-electricfieldhysteresisloopsofmulti-
layeredstructuredPZT-NZFOfilms,togetherwith
thepurePZTfilmsfiringat600℃

 Fig.7 Frequencyvariationofdielectricconstantofmulti-
layeredstructuredPZT-NZFOfilms,andtheloss
tangentintheinsetfiringat600℃

2.3 Ferroelectricproperties

Figure6showstheferroelectricloopsofthese
multilayerednanocompositefilms,togetherwiththe
purePZTfilmfiringat600℃at1kHzandroomtem-
perature.

As shown in Figure 6, well developed
ferroelectricloopsareobservedinthepurePZTand
thenanocompositefilms.ForthePZT-NZFOthin
films,theremnantpolarizationPrandsaturatedpo-
larizationPsare15.7and20.95μC/cm2,respectively.
However,forthepurePZTfilm,thevaluesofPrand
Psare24.02and35.4μC/cm2,respectively.Because
oftheeffectofthenonferroelectricNZFOlayers,the
polarizationvaluesforthenanocompositefilmsarerelativelylowerthanthosepurePZTderivedbythe
sameprocessing.

2.4 Dielectricproperties

Figure7showstheroom-temperaturedielectric
propertiesasafunctionoffrequencybetween1kHz-
10MHz for the multilayered PZT-NZFO
nanocompositefilmfiriedat600℃,includingtheloss
tangentshownintheinset,respectively.Asshownin
Figure7.

InFigure7,thedielectricconstantdecreases
withtheincreaseofthefrequency,revealingwithdie-
lectricdispersion,atthesametime,withincreasing
frequency,thelosstangentremainsnearlyconstant
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valueduringthefrequencyrangeof100Hzto1MHz.Thehighdielectricconstantsmeasuredatlowfre-
quenciesmightbeattributedtotheinterfacesbetweentheferroelectricandferromagneticphaseswhich
havesignificantlydifferentconductivities.Theseinterfacescauseanadditionalpolarization,theinterfacial
polarization,whichbooststhedielectricconstantandisinagreementwithKoop􀆳sphenomenologicaltheo-
ry[19].Andtheconstantvalueoflosstangentisassumedtobecausedbythedipolescontributingtothepo-
larization,indicatingthereisnodiffusionphenomenonoccurredinthinfilmsfiringat600℃[20].InFigure
7,at1kHzandroomtemperature,thedielectricconstantandlosstangentforthenanocompositefilmsare
165and0.02,respectively.

3 Conclusion
MultilayeredPZT/NZFOnanocompositefilmshavebeenpreparedsuccessfullyusingthepolymer-as-

sistantPVP-K30sol-gelroute,andthecrystallizationofthefilmscanberealizedfiringat600℃ witha
denseandwell-controlledmicrostructure.Coexistenceofferroelectricandferromagneticpropertiesatroom
temperatureisconfirmedbytheP-EhysteresisloopandM-Hhysteresisloop,respectively.Moreover,the
appropriatedielectricconstantwiththelowlosstangentat1kHzandroomtemperatureisobtainedforthe
PZT/NZFOnanocompositefilmsfiredat600℃.Moreimportantly,withthehelpofthePVP-K30,the
phasecompositionofthemultilayeredstructuredmultiferroicfilmscanbeeasilycontrolledatnanoscale,

offeringatechnicalwaytostudythephysicalmechanisminnano-scaleandpotentialapplicationsinmicro-
electronicdevices.
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