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Abstract

Thebasicgoalof ourapproachis to setupatool which is ableto reproducethemacroscopicbehavior
of a ferroelectricdeviceby calculatingcurrent,voltageandchargeat thecontactscorrectly. To reach
this severalmodelswereincludedinto our simulatorMINIMOS-NT, which allow a generaltransient
two-dimensionalsimulationof arbitrarydevicestructures.

1 Introduction
During recentyearsferroelectricmaterialsbecamemoreandmoreattractive for usagein nonvolatile
memorycells. Increasingclock frequenciesleadinto a regime wherethe frequency dependenceof
basicmaterialparameterslike coercive field andremanentpolarizationcanno longerbe neglected.
At high frequencies,thehysteresiswidensandthecoercive field increases,which is of fundamental
interestfor theextractionof parametersfor write andreadcycleslikeappliedvoltageor pulselength.

2 HysteresisModel
MINIMOS-NT offersarigorousapproachto treatthestatichysteresisproperties[1][2] of ferroelectric
materials,which wasrecentlyextendedto theexactcalculationof subcycles.

Usingthebox integrationmethod,thethird Maxwell equation

div �D � ρ (1)

is solved. To bring in hysteresis,we separatetheelectricdisplacementinto a linearanda nonlinear
part

�D � ε ���E ���P � (2)

Thenonlinearpart �P holdsthehysteresisandis modeledby

P � k � f � E 	 Ec 
 k ��� Poff � (3)

The parametersk andPoff are necessaryfor the simulationof the subcycles of the hysteresis,the
function f is theshapefunctionfor thesubcycles,Ec is thecoercivefield.

By now two different typesof shapefunctionsare implementedin the simulator, the 
������ andthe
������
���� function.Theimplementationfor the 
������ shapedfunctionis

P � k � Psat ��
�������� w ��� E 	 Ec ����� Poff � (4)

Psat is the saturationpolarization. w is a shapeparameterandthe samefor eachlocuscurve. This
functionis agoodapproachfor thematerialpropertiesof PZT(Pb� Zr 
 Ti � O3).

P � 2
π
� k � Psat ��������
������ 2 ��� E 	 Ec ��� k

w
��� Poff � (5)
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Fig. 1: Simulatedhysteresisincludingmultiplesubcycles

is the implementationfor the ������
���� shapefunction. Again, w is the shapeparameter. The ������
����
functioncoversthephysicalpropertiesof SBT(SrBi2Ta2O9) in a very accurateway. A drawbackof
thismethodis thattheparametersof thelocuscurveshave to becalculatednumerically. This leadsto
a slight increaseof thenumericalafford andaccordinglyof thecomputationtime.

Using thesesubcycles the whole history of the ferroelectricmaterial is simulated. The necessary
parametersarecalculatedaccordingto Preisachhysteresis[3][4]. This allows the simulationof the
following effects:

# Locuscurveshit lastturningpoint: Closedsubcyclescanbesimulated

# Memorywipe out: A turningpoint erasesall informationof previoussmallerturningpoints

A completesetof subcyclesis plottedin Fig. 1, showing thesimulationresultsfor aplanarcapacitor.

3 Two-DimensionalModel
Expansionof hysteresisinto twodimensionsleadsto adrasticincreaseof thecomplexity in thenumer-
ical andphysicalproperties.However theeffectsconcerningfield rotationdemandthedevelopment
of a two-dimensionalalgorithm. It hasto take into accountthe remanentpolarizationcomponents
orthogonalto theelectricfield, respectingthefactthatthereis anupperlimit to thenumberof dipoles
aswell.

The genericmethodimplementedin our device simulatorMINIMOS-NT canhandleboth isotropic
andanisotropicmaterials,respectively. Dueto ourgenericapproach,our algorithmis capableto deal
with materialswith one,two or threeanisotropy axeswith arbitraryorientations.

A typical implementationof anonvolatilememorycell areintegratedcapacitorswith commonground
plate(= fingerstructure).Theresultinghysteresisis outlinedin Fig. 2.

4 TransientModel
Accordingto theconceptof our device simulatorMINIMOS-NT we tried to find ananalyticmodel
basedon differential equationsinsteadof an approachbasedon statisticalphysics[5] in order to
modelthetransientproperties.
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Fig. 2: ’One-dimensional’capacitorversusfingerstructure

Weextendedacommonapproach[6] for thefrequency dependenceof lineardielectricmaterials.We
startwith thestatic,nonlinearequation

P � f � E � t �(��� (6)

Following our approachweadda transienttermto theelectricfield

E � t �)� Estat � τef � dE
dt

(7)

whereEstat is the static componentof the electric field and τ a materialdependenttime constant.
Theactualelectricfield is calculatedandcanbeenteredinto (6), thusforming thefirst termfor the
transientequation

Pef � f � E � t ����� (8)

Basically, this termsshifts thehysteresiscurvesandincreasesthecoercive field. Still following the
approachfor linearmaterials,weadda transienttermstemmingfrom thechangeof thepolarization

Ppol �+* τpol � dP
dt

� (9)

Again τpol is a time constant.Aside from increasingthecoercive field aswell, this termflattensthe
hysteresis.Experimentaldatashows thatthesetwo termscanbefitted into thephysicalpropertiesin
a limited rangeof frequenciesonly. In orderto improvethis,

P � Ppol � Pnonlin (10)

a third term,representingthenonlinearityof thematerial,wasadded,

Pnonlin � c � knonlin ��� P * Pef �,� dE � t �
dt

� (11)

This termallowsalsoaphysicalinterpretationasit increaseswith theoffsetbetweenthepolarization
componentstemmingfrom theelectricfield andtheactualpolarization.knonlin is amaterialdependent
constant.
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Fig. 3: Chargeandcurrentresponseof avoltagejump

Both transientequations(7) and(10) arediscretizedwith a forward Euler scheme,which offers a
reasonablestability.

With ourmodel,theanalysisof ferroelectricmemorycellsfor arbitraryvariationof thecontactvoltage
is now possible.Fig. 3 shows thetime dependingcurrentandchargewhena voltagejump is applied
to acapacitor.

Conclusion
Theapplicationof thenew simulationtool to circuit simulationis verypromising.It canimmediately
beusedfor theextractionof specificationsfor thereadandwrite cyclesof ferroelectricmemorycells.
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