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Abstract

The introductionof alternative gatedielectricsinto advancedCMOS deviceshas
quiteanimpacton thedevice performance.In this work transientanalysesof this
typeof devicesaremadefor thefirst time. Theanalysesaremadeby mixed-mode
simulationof a ring oscillator. It is shown thatthis methodallows a deeperinsight
into thedevicepropertiesthanmerestaticanalysis.Utilizing theresults,first design
rulesfor advancedCMOSdevicesareextracted.

1 Introduction
Accordingto the InternationalTechnologyRoadmapfor Semiconductors(ITRS) [1],
the gateoxide becomesoneof the critical issuesfor shortchanneldevices. If

�������
is usedthe proposedoxide thicknessesare gettingsmallerthan1nm thus leadingto
massivedirecttunnelingfrom thegateinto thesubstrate.To reducethis parasiticeffect
alternativematerialswith higherk valuesandconsequentlyhigheroxidethicknesshave
to beinvestigated.

2 Analysis of Ultra Short MOSFETs
Thefirstbasicanalysesof theeffectsof theincreasedoxidethicknesswerecarriedoutin
recentyearsby investigationof thetransfercharacteristicsof CMOSdevices[2][3][4].
Basicallya degradationof the device performancestemmingfrom an increaseof the
parasiticcapacitanceswasobserved. In this papertheseanalysesof thedevice proper-
tiesareextendedto thetransientbehavior of ultrashortdevices.

2.1 Transient Simulation Approach

At first a usefulcriterionthatallows thequalificationof thetransientdeviceproperties
hasto befound.Themostinterestingquantityconcerningthetransientbehavior of any
CMOS circuit is its delay time 	�
 . The usualdefinition of the delaytime is the time
differencebetweenthe50%pointsof theinputandoutputwaveforms[5][6]. Thisdefi-
nition shouldbeusedwith carebecausetheresultstronglydependson input waveform
andoutputload[7]. Therefore,thedesignof theexperimentshouldguaranteeasimilar
waveformto theoneexpectedat actualcircuit operation.This canbeachievedwith a
ring oscillator, i.e.,aninverterchainwith anoddnumber� of stages,wheretheoutput
of thelaststageis fedbackto theinputof thefirst stage.Thisstructureis schematically
outlinedin Fig. 1.

This circuit will oscillateat a frequency 
�������������	�
�� . Consequentlythe delaytime
readsas 
������������ 
��!�"	�#%$�&'������� � , where	�#($)& is theperiodof theobservedoscillation.
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Fig. 1: RingOscillatorwith Five Stages

This experimentalsetupcanbe straightforwardly simulatedutilizing the mixed-mode
capabilitiesof MINIMOS-NT [8][9]. The ring oscillatorusedfor the calculationsis
identicalto theoneoutlinedin Fig. 1 andconsistsof aninverterchainwith five stages.
ThePMOStransistorof the inverterwasassumedto besymmetricto theNMOS tran-
sistor.

2.2 Results

For our researchadvancedCMOS structureswith a gatelengthof 50nmwaschosen.
Geometryanddopingwaschosenaccordingto theITRS specifications.For our analy-
sesthreedifferenthigh-k device structures,all of themwith anequivalentoxidethick-
nessof 0.7nmwere used. A device with

���*� �
as gatedielectric was consideredas

a reference.The high-k structureswerechosenwith respectto their simplicity in or-
der to make the resultsasmeaningfulaspossible.StructureI is the simplestof these
structures,in which thehigh-k materialcompletelyreplacesthe

���*���
. StructureII is a

device which hasa planarhigh-k layeron top of theSi-substrateoutlinedin Fig. 2. In
StructureIII thehigh-k layer is only underthegate,asshown in Fig. 3. Typically, this
structureis processedby removing thegatedielectricandsubgateoxideandregrowth
of thehigh-kmaterial.
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2.3 Static Analysis

At first,staticanalyseswerecarriedoutwith StructureI, asthisdesignshowsthebiggest
deviation from thelow-k device [4]. Thedifferentgeometryof thehigh-k structurehas
a significantimpacton the transfercharacteristicsof thedevice, which canbeseenin
Fig. 4. Theincreaseof parasiticcapacitiesleadsto a reductionof thechannelcontrol.
Dependingon the k valueof the high-k dielectrictwo effectscanbe observed,which
will beanalyzedin thefollowing: A reductionof theslopeof thetransfercharacteristics
anda decreaseof thethresholdvoltage.

An increaseof the k-valueincreasesthe drain to channelcapacitance,which addsan
additionalchargeto thechannelindependentlyfrom theappliedgatevoltage.Thead-
ditional chargecausesa shift of the transfercharacteristicsto the left. This effect can
becompensatedby othermeasureslike workfunctionengineeringin the gateor mod-
ification of the channelprofile. So materialswith an ’only-shifting’ k value can be
consideredasalternativegateoxides.

The decreaseof the slopecanbe interpretedasa generallossof channelcontrol by
the gateas the fringing fields and consequentlythe gateto drain/sourcecapacitance
increase.Thiseffect canonly becompensatedby a variationof thestackgeometry.

Fig. 5 shows the slopeas function of k valuesfor the IRTS device. The slopewas
extractedat an operatingpoint with <>=�?(@)AB�C�ED F�< . The degradationlimit lies in the
rangeof GB�IH�F .
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2.4 Transient Analysis

Thequestionof interestis, if theanalysisof thetransfercharacteristicsis significantfor
thetransientdeviceperformanceor not. Thek-valueusedfor thefollowing simulation
is 19.5.Thedevianceof thetransfercharacteristicsis negligible in this case.

Thedelaytime is closelylinkedto thecontactcapacitiesof thedevice,consequentlyan
influenceof thegeometryon theobtainedresultis expected.Theresultsshow that the
gategeometryhasa significantimpacton the delaytime (Fig. 6), which increasesby
about30%for StructureI. This resultis remarkableasit cannotbeexpectedfrom the
statictransfercharacteristics,whichshowedalmostnodeviationbetweentheresultsfor
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the two devices(Fig. 4). It canbe explainedby an increaseof the capacitiesbetween
thegatecontactandthedrain/sourcedopingdueto thehigherk-valueof thegateoxide.

Due to the high computationaltime, the analysesfor the other two structureswere
stoppedat thefirst time step,but still theslopeof thenodevoltagecurve givesa clear
indicationof thedeviceperformance.Theresultsof thereplacedgatestructureareiden-
tical to thesimulationsof the

���*���
device( JLKM�EJN	O�QP�F�DRP�SE<T��UWV ), but theplanarstruc-

turealreadyshowsacleardecreaseof theperformance( JLKX��JY	Z�\[]P�D S]��<^��UWV ), which
is still comparativelyhighto theslopeobtainedfor StructureI ( JLKM��JY	_�`H��EDa��SE<T��UWV ),
thusmakingStructureII andStructureIII interestingcandidatesfor theactualdesignof
advancedCMOSdevices.

3 Conclusion
It wasshown thattransientanalysesoffer adeeperinsightinto advancedCMOSdevices
comparedto the staticextractionof transfercharacteristics.First analyseshave been
performedandit is expectedthat this methodcanserve asa powerful supportfor the
developmentof futuredevicegenerations.
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