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Abstract

Thebasicgoalof ourapproachs to setup atool whichis ableto reproducehe macroscopidehaior
of aferroelectricdevice by calculatingcurrent,voltageandchage at the contactscorrectly To reach
this severalmodelswereincludedinto our simulatorMINIMOS-NT, which allow a generakransient
two-dimensionasimulationof arbitrarydevice structures.

1 Introduction

During recentyearsferroelectricmaterialshecamenoreandmoreattractve for usagan norvolatile

memorycells. Increasingclock frequenciedeadinto a regime wherethe frequeny dependencef

basicmaterialparameters$ik e coercve field andremanenpolarizationcanno longerbe neglected.
At high frequenciesthe hysteresisvidensandthe coercve field increaseswhich is of fundamental
interestfor the extractionof parameteror write andreadcycleslik e appliedvoltageor pulselength.

2 HysteresisModel
MINIMOS-NT offersarigorousapproacho treatthestatichysteresipropertie§1][2] of ferroelectric
materialswhich wasrecentlyextendedto the exactcalculationof subgycles.

Usingthebox integrationmethod the third Maxwell equation
divD =p 1)

is solved. To bring in hysteresiswe separatehe electricdisplacemeninto alinearanda nonlinear
part

ThenonlineampartP holdsthe hysteresigndis modeledby

The parameterk and Py are necessaryor the simulationof the subgcles of the hysteresisthe
function f is theshapéunctionfor the subgcles,E. is the coercve field.

By now two differenttypesof shapefunctionsareimplementedn the simulator the tanh andthe
arctan function. Theimplementatiorfor thetanh shapedunctionis

P: k'Psat' tanh(W(E:l:Ec))+Poff (4)

Psat IS the saturationpolarization. w is a shapeparameteandthe samefor eachlocuscurve. This
functionis agoodapproactfor the materialpropertiesof PZT(PKZr, Ti)Oy).

2

Kk
P= F[-k-Psat-arctan(Z-(E:i:Ec)'V—V)"‘Poff- ©)
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Fig. 1. Simulatedhysteresisncludingmultiple subgcles

is the implementatiorfor the arctan shapefunction. Again, w is the shapeparameter The arctan
function coversthe physicalpropertiesof SBT(SrBbTapOg) in a very accuratevay. A dravbackof
this methodis thatthe parametersf thelocuscurveshave to be calculatechumerically This leadsto
aslightincreasenf the numericalafford andaccordinglyof the computatiortime.

Using thesesubg/clesthe whole history of the ferroelectricmaterialis simulated. The necessary
parametersre calculatedaccordingto Preisachhysteresig3][4]. This allows the simulationof the
following effects:

e Locuscurveshit lastturningpoint: Closedsubg/clescanbe simulated

e Memorywipe out: A turningpointerasesll informationof previous smallerturning points

A completesetof subgclesis plottedin Fig. 1, shoving the simulationresultsfor a planarcapacitor

3 Two-DimensionaModel

Expansiorof hysteresisnto two dimensionseadsto adrasticincreasef thecompleity in thenumer
ical andphysicalproperties.However the effectsconcernindfield rotationdemandhe development
of atwo-dimensionahlgorithm. It hasto take into accountthe remanentpolarizationcomponents
orthogonato theelectricfield, respectinghefactthatthereis anupperlimit to thenumberof dipoles
aswell.

The genericmethodimplementedn our device simulatorMINIMOS-NT canhandlebothisotropic
andanisotropiomaterialsyespectrely. Dueto our genericapproachour algorithmis capableo deal
with materialswith one,two or threeanisotroly axeswith arbitraryorientations.

A typicalimplementatiorof anorvolatile memorycell areintegratedcapacitorsvith commonground
plate(= fingerstructure).Theresultinghysteresiss outlinedin Fig. 2.

4 TransientModel

Accordingto the conceptof our device simulatorMINIMOS-NT we tried to find an analyticmodel
basedon differential equationsinsteadof an approachbasedon statisticalphysics[5] in orderto
modelthetransientproperties.
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Fig. 2: 'One-dimensionaltapacitoiversudinger structure

We extendeda commonapproaclti6] for thefrequeng dependencef lineardielectricmaterials We
startwith the static,nonlinearequation

P = f(E(t)). (6)
Following our approactwe addatransientermto the electricfield
dE
E(t) = Estat+ Tef - s (7)

where Egtat IS the static componentof the electricfield and t a materialdependentime constant.
The actualelectricfield is calculatedandcanbe enterednto (6), thusforming the first termfor the
transientequation

Pet = F(E(1)). (8)
Basically this termsshifts the hysteresisurvesandincreaseshe coercve field. Still following the
approactfor linearmaterialswe adda transienterm stemmingfrom the changeof the polarization

dP
Pool = —Tpol - at 9

Again 1y is atime constant.Aside from increasingthe coercie field aswell, this termflattensthe
hysteresisExperimentadatashows thatthesetwo termscanbefitted into the physicalpropertiesn
alimited rangeof frequencie®nly. In orderto improvethis,

P= I:)pol + Phonlin (10)

athird term,representinghe nonlinearityof the material, wasadded,

dE(t
Pnonlin = € Knonlin* (P — Pef) - % (11)
Thistermallows alsoa physicalinterpretatiorasit increasesvith the offsetbetweerthe polarization
componenstemmingrom theelectricfield andtheactualpolarization.knoniin is amaterialdependent

constant.
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Fig. 3: Chageandcurrentresponsef a voltagejump

Both transientequationy7) and (10) are discretizedwith a forward Euler schemewhich offers a
reasonablstability.

With ourmodel,theanalysisof ferroelectriomemorycellsfor arbitraryvariationof thecontactoltage
is now possible.Fig. 3 shavs thetime dependingcurrentandchage whena voltagejumpis applied
to a capacitor

Conclusion

Theapplicationof the new simulationtool to circuit simulationis very promising.It canimmediately
beusedfor theextractionof specificationgor thereadandwrite cyclesof ferroelectricmemorycells.
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