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AmorphousAmorphous dipoledipole and and semicrystallinesemicrystalline
ferroelectric polymer ferroelectric polymer electretselectrets
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Basic Basic conceptsconcepts forfor amorphousamorphous dipoledipole electretselectrets
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AmorphousAmorphous piezopiezo-- and pyroelectric and pyroelectric 
dipoledipole electretselectrets
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DielectricDielectric propertiesproperties of of 
amorphousamorphous dipoledipole electretselectrets II
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: high: high--frequencyfrequency dielectricdielectric constantconstant
: : dielectricdielectric relaxationrelaxation strengthstrength

: : dipoledipole densitydensity

)(Tατ
qp,

µ
: : temperaturetemperature--dependentdependent relaxationrelaxation timetime
: : shapeshape parameterparameter of of thethe dielectricdielectric relaxationrelaxation peakpeak

: : dipoledipole momentmoment
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DielectricDielectric propertiesproperties of of 
amorphousamorphous dipoledipole electretselectrets IIII

αα--relaxationrelaxation
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: time : time factorfactorA
: : activationactivation temperaturetemperatureB

2T : : glassglass transitiontransition temperaturetemperature
: : fictivefictive temperaturetemperaturefT
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DielectricDielectric propertiesproperties of of amorphous amorphous 
sideside--chainchain dipoledipole electretselectrets
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FrozenFrozen polarizationpolarization in in 
amorphousamorphous dipoledipole electretselectrets

PolarizationPolarization at T>at T>TgTg
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pE : : polingpoling fieldfield

PolarizationPolarization at T<at T<TgTg

pEP ∞= εε0
FrozenFrozen polarizationpolarization
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PiezoPiezo-- and and pyroelectricitypyroelectricity: Definition: Definition
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: : mechanicalmechanical strainstrain
: : mechanicalmechanical stressstressασ

: : dielectricdielectric displacementdisplacement

: : electricelectric fieldfield
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PiezoPiezo-- and and pyroelectricitypyroelectricity in in 
amorphousamorphous dipoledipole electretselectrets
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ν : : PoissonPoisson ratioratio

xβ : linear : linear compressibilitycompressibility

xα : linear thermal : linear thermal expansionexpansion coefficientcoefficient
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Pyroelectric Pyroelectric coefficientcoefficient of an of an amorphous amorphous 
dipoledipole electret vs. electret vs. polingpoling fieldfield

FluorinatedFluorinated poly(2,3 bis poly(2,3 bis tritri fluoromethylfluoromethyl) ) norbornadienenorbornadiene
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SemicrystallineSemicrystalline dipoledipole electretselectrets
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Single-crystalline and liquid crystalline
pyroelectric polymers
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MolecularMolecular, , chainchain and and crystalcrystal structurestructure of of thethe
ferroelectric ßferroelectric ß--phasephase of PVDFof PVDF
•• PolyvinylidenePolyvinylidene fluoridefluoride (PVDF)(PVDF)

••molecularmolecular structurestructure

••chainchain structurestructure

••crystalcrystal structurestructure
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PreparationPreparation of ferroelectric PVDF of ferroelectric PVDF filmsfilms
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TemperatureTemperature--dependentdependent dielectricdielectric constantconstant εε’ ’ 
of a 65/35 P(VDFof a 65/35 P(VDF--TrFETrFE) ) copolymer  copolymer  
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DielectricDielectric constantconstant εε’ of 70/30 and 56/44 mol% ’ of 70/30 and 56/44 mol% 
P(VDFP(VDF--TrFETrFE) ) copolymerscopolymers versusversus temperaturetemperature

firstfirst--order order phasephase transitiontransition secondsecond--order order phasephase transitiontransition
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Phase Phase diagramdiagram of (PVDFof (PVDF--TrFETrFE) ) copolymerscopolymers

anti-ferroelectric
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ferroelectric
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Tm melt

anti-ferroelectric
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ferroelectric
phase
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Tm melt
: : meltingmelting temperaturetemperature
: : crystallizationcrystallization temperaturetemperature

: Curie : Curie temperaturetemperature on on heatingheating
: Curie : Curie temperaturetemperature on on coolingcooling
: : ferroelectricferroelectric--antiferroelectricantiferroelectric

transitiontransition
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Ferroelectric hysteresis Ferroelectric hysteresis looploop in asin as--castcast and and 
annealedannealed 56/44 P(VDF56/44 P(VDF--TrFETrFE) ) filmsfilms

•• ImprovedImproved crystallinitycrystallinity in in annealedannealed films films 
increasedincreased remanent remanent polarizationpolarization

B. Ploss and B. Ploss, B. Ploss and B. Ploss, IEEE Trans. Diel. IEEE Trans. Diel. ElectrElectr. . InsulInsul.. 55, 91 (1998), 91 (1998)
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CompositionComposition dependencedependence of of thethe remanent remanent 
polarizationpolarization PPrr forfor P(VDFP(VDF--TrFETrFE) ) copolymerscopolymers

•• HighestHighest crystallinitycrystallinity betweenbetween 6060--80 mol% VDF 80 mol% VDF 
largestlargest remanent remanent polarizationpolarization
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Polymer Polymer structurestructure withwith ferroelectric ferroelectric 
crystallitescrystallites

crystallitecrystallite withwith compensationcompensation charges  charges  
at at thethe interfacesinterfaces betweenbetween amorphous amorphous 

and and crystallinecrystalline regions

semicrystalline semicrystalline 
polymer polymer structure structure 

regions
symmetrysymmetry classclass:: mmmm∞∞ , C, C∞∞ vv

piezopiezo-- and and pyroelectricitypyroelectricity in in chargedcharged polymerspolymers??
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Pyroelectric Pyroelectric relaxationrelaxation in PVDFin PVDF
•• Pyroelectric Pyroelectric relaxation relaxation 

timetime-- oror frequencyfrequency--dependentdependent pyroelectric pyroelectric coefficientcoefficient

B. Ploss and A. B. Ploss and A. DomigDomig, , FerroelectricsFerroelectrics 159159, 263 (1994), 263 (1994)
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Thermal Thermal stabilitystability of of pyroelectricitypyroelectricity in PVDF in PVDF underunder
cycliccyclic increaseincrease and and decreasedecrease of of thethe temperaturetemperature

•• Irreversible Irreversible decreasedecrease of of thethe pyroelectric pyroelectric response response 
well well belowbelow thethe Curie Curie transition transition 

•• DetrappingDetrapping of of compensationcompensation chargescharges reducesreduces polarizationpolarization

S. Bauer and S. Lang, S. Bauer and S. Lang, IEEE Trans. Diel. IEEE Trans. Diel. ElectrElectr. . InsulInsul. . 33, 647 (1996), 647 (1996)
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Thermal Thermal stabilitystability of of thethe remanent remanent polarizationpolarization in a in a 
70/30 P(VDF70/30 P(VDF--TrFETrFE) ) copolymercopolymer

•• High High crystallinitycrystallinity of of thethe film film 
smallsmall irreversibilitiesirreversibilities of of thethe pyroelectric pyroelectric responseresponse

A. A. WickerWicker et al., et al., J. J. ApplAppl. Phys. . Phys. 6666, 342 (1989), 342 (1989)
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MicroscopicMicroscopic ferroelectric ferroelectric properties properties 
of P(VDFof P(VDF--TrFETrFE))

DisplacementDisplacement D and D and strainstrain S hysteresis S hysteresis loopsloops

Experimental setExperimental set--up up forfor measuringmeasuring thethe locallocal
strainstrain in a ferroelectric polymerin a ferroelectric polymer

Microscopic Microscopic 
hysteresis hysteresis loopsloops

in in filmsfilms withwith differentdifferent
crystallinitycrystallinity

LiLi--JieJie et al., et al., PhysicaPhysica BB 204204, 318 (1995), 318 (1995)
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CompositesComposites of ferroelectric of ferroelectric polymerspolymers and and 
ferroelectric ferroelectric ceramicsceramics

PoledPoled ceramicceramic inclusionsinclusionsPoledPoled polymer polymer matrixmatrix

BothBoth phasesphases poledpoled antiparallelantiparallelBothBoth phasesphases poledpoled parallelparallel

B. Ploss et al., B. Ploss et al., AppliedApplied PhysicsPhysics LettersLetters 7676, 2776 (2000), 2776 (2000)
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RelaxorRelaxor ferroelectric ferroelectric copolymerscopolymers

•• Hysteresis Hysteresis looploop beforebefore and and after after 
irradiationirradiation withwith 3MeV 3MeV electronselectrons

•• DielectricDielectric constantconstant and and 
lossloss of an of an irradiatedirradiated filmfilm

Q. M. Zhang et al., Q. M. Zhang et al., ScienceScience, , 280280, 2101 (1998), 2101 (1998)
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PreparationPreparation of ferroelectric polymer of ferroelectric polymer bimorphsbimorphs
byby twotwo--stepstep poling poling 
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TwoTwo--stepstep polingpoling in in 
amorphousamorphous polymer polymer electretselectrets
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ImprovedImproved ferroelectric ferroelectric polymerspolymers??

ReplaceReplace C C byby B and N B and N increasedincreased piezoelectricpiezoelectric coefficients coefficients 

still still awaitsawaits experimental experimental verificationverification
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SummarySummary

•• smallsmall piezopiezo-- and pyroelectric and pyroelectric coefficientscoefficients

•• frozenfrozen quasipermanent quasipermanent polarizationpolarization

AmorphousAmorphous dipoledipole electretselectrets
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SummarySummary

•• piezopiezo-- and pyroelectric and pyroelectric relaxationrelaxation

•• interplayinterplay betweenbetween volumevolume chargescharges and and 
ferroelectric ferroelectric polarizationpolarization

SemicrystallineSemicrystalline, ferroelectric , ferroelectric dipoledipole electretselectrets

•• large electrostrictive large electrostrictive responseresponse

RelaxorRelaxor ferroelectric ferroelectric polymerspolymers
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