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Abstract

The introductionof alternatve gatedielectricsinto advancedCMOS devices has
quite animpacton the device performanceln this work transientanalysef this
type of devicesaremadefor thefirst time. The analysesaremadeby mixed-mode
simulationof aring oscillator It is shavn thatthis methodallows a deepetinsight
into thedevice propertiegshanmerestaticanalysis.Utilizing theresultsfirst design
rulesfor advancedCMOS devicesareextracted.

1 Introduction

Accordingto the InternationalTechnologyRoadmapfor Semiconductorgl TRS) [1],
the gate oxide becomesne of the critical issuesfor shortchanneldevices. If SiO,
is usedthe proposedoxide thicknessesre getting smallerthan 1nm thusleadingto
massve directtunnelingfrom the gateinto the substrateTo reducethis parasiticeffect
alternatve materialswith higherk valuesandconsequentliyigheroxidethicknesshave
to beinvestigated.

2 Analysisof Ultra Short MOSFETSs

Thefirstbasicanalyse®f theeffectsof theincreaseaxidethicknessverecarriedoutin
recentyearsby investigationof thetransfercharacteristicef CMOS devices[2][3][4].
Basicallya degradationof the device performancestemmingfrom an increaseof the
parasiticcapacitancewasobsened. In this papertheseanalyse®f the device proper
tiesareextendedo thetransientehaior of ultrashortdevices.

2.1 Transient Simulation Approach

At first a usefulcriterionthatallows the qualificationof thetransientdevice properties
hasto befound. Themostinterestingquantityconcerninghetransientehaior of ary
CMOS circuit is its delaytime t4. The usualdefinition of the delaytime is the time
differencebetweerthe 50% pointsof theinputandoutputwaveforms[5][6]. This defi-
nition shouldbe usedwith carebecauseheresultstronglydepend®n input waveform
andoutputload[7]. Thereforethe designof the experimentshouldguarantee similar
waveformto the oneexpectedat actualcircuit operation.This canbe achiezed with a
ring oscillator, i.e., aninverterchainwith anodd numbern of stageswherethe output
of thelaststageis fed backto theinput of thefirst stage.This structureis schematically
outlinedin Fig. 1.

This circuit will oscillateat afrequeny f = 1/(2nt4). Consequentlyhe delaytime
readsasf = 1/(2nf) = tosc/(2n), Wheret,. is theperiodof theobsenedoscillation.
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Fig. 1: Ring Oscillatorwith Five Stages

This experimentalsetupcan be straightforwardly simulatedutilizing the mixed-mode
capabilitiesof MINIMOS-NT [8][9]. Thering oscillator usedfor the calculationsis
identicalto the oneoutlinedin Fig. 1 andconsistof aninverterchainwith five stages.
The PMOStransistorof the inverterwasassumedo be symmetricto the NMOS tran-
sistor

2.2 Resaults

For our researcladvancedCMOS structureswith a gatelengthof 50nmwas chosen.
Geometryanddopingwaschoseraccordingo the ITRS specificationsFor our analy-
sesthreedifferenthigh-k device structuresall of themwith an equivalentoxide thick-
nessof 0.7nmwere used. A device with SiO, as gatedielectric was consideredas
a reference.The high-k structureswere chosenwith respectto their simplicity in or-
derto malke the resultsasmeaningfulaspossible. Structurel is the simplestof these
structuresin which the high-k materialcompletelyreplaceghe SiO,. Structurell is a
device which hasa planarhigh-k layer on top of the Si-substrateutlinedin Fig. 2. In
Structurelll the high-klayeris only underthe gate,asshavn in Fig. 3. Typically, this
structureis processedy removing the gatedielectricand subgateoxide andregrowth
of the high-k material.

Z__

Fig. 2. Structurell Fig. 3: Structurdll
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2.3 Static Analysis

At first, staticanalysesverecarriedoutwith Structurd, asthisdesignshovsthebiggest
deviationfrom thelow-k device [4]. Thedifferentgeometryof the high-k structurehas
a significantimpacton the transfercharacteristicef the device, which canbe seenin
Fig. 4. Theincreaseof parasiticcapacitiedeadsto a reductionof the channelcontrol.
Dependingon the k value of the high-k dielectrictwo effectscanbe obsened, which
will beanalyzedn thefollowing: A reductionof theslopeof thetransfercharacteristics
andadecreasef thethresholdvoltage.

An increaseof the k-valueincreaseghe drain to channelcapacitancewhich addsan
additionalchageto the channelindependentlyfrom the appliedgatevoltage. The ad-
ditional chage causes shift of the transfercharacteristicso the left. This effect can
be compensatetly othermeasuredik e workfunctionengineeringn the gateor mod-
ification of the channelprofile. So materialswith an 'only-shifting’ k value can be
consideredhsalternatve gateoxides.

The decreasef the slopecanbe interpretedas a generalloss of channelcontrol by
the gateasthe fringing fields and consequentiythe gateto drain/sourcecapacitance
increaseThis effect canonly be compensatelly a variationof the stackgeometry

Fig. 5 shows the slopeasfunction of k valuesfor the IRTS device. The slopewas
extractedat an operatingpoint with Vgate = 1.0V. The degradationlimit liesin the
rangeof k = 50.

2.2e-03

. 21e-031- 4

Vi
J AN

10°F 7/ o k=39 * 2.0e-03 - ]
Ry — k105

8 T O B IN ROR B 1.96-03 . | . | . .
10 0.0 0.2 0.4 0.6 0.8 1.0 12 © 0 50 100 150 200
k

Fig. 4. TransferCharacteristics Fig. 5: SlopeasFunctionof k-Value

24 Transient Analysis

Thequestiorof interests, if theanalysisof thetransfercharacteristicss significantfor
thetransientdevice performancer not. Thek-valueusedfor thefollowing simulation
is 19.5. Thedevianceof thetransfercharacteristic$s negligible in this case.

Thedelaytimeis closelylinkedto the contactcapacitie®f thedevice, consequentlan
influenceof the geometryon the obtainedresultis expected.Theresultsshav thatthe
gategeometryhasa significantimpacton the delaytime (Fig. 6), which increasedy
about30%for Structurel. This resultis remarkableasit cannotbe expectedfrom the
statictransfercharacteristicsyhich shovedalmostno deviation betweertheresultsfor
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Fig. 6: NodeVoltagefor Differentk-Values

thetwo devices(Fig. 4). It canbe explainedby anincreaseof the capacitiedhetween
thegatecontactandthedrain/sourcelopingdueto the higherk-valueof the gateoxide.

Due to the high computationatime, the analysedor the othertwo structureswere
stoppedat thefirst time step,but still the slopeof the nodevoltagecurve givesa clear
indicationof thedevice performanceTheresultsof thereplacedjatestructureareiden-
tical to thesimulationsof theSiO, device (AV/At = 70.78V / us), buttheplanarstruc-
turealreadyshovs acleardecreasef theperformancéAV /At = 67.82V /us), which
is still comparatiely highto theslopeobtainedor Structurd (AV/At = 51.28V/us),
thusmakingStructurdl andStructurdll interestingcandidate$or theactualdesignof
adwancedCMOS devices.

3 Conclusion

It wasshavn thattransieninalyse®ffer adeepeinsightinto advancedCMOSdevices
comparedo the static extraction of transfercharacteristics First analysesave been
performedandit is expectedthatthis methodcansene asa powerful supportfor the
developmenbf future device generations.
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