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Abstract

We presenta novel methodologyfor characterization
of sub-quartermicronCMOS technologies.It involves
processcalibration,device calibrationemploying two-
dimensionaldevice simulationandautomatedTechnol-
ogyComputerAidedDesign(TCAD) optimization,and,
finally, transientmixed-modedevice/circuit simulation.
Theproposedmethodologywastestedon0.25 � m tech-
nologyandappliedto 0.13 � m technologyin orderto es-
timatering oscillatorspeed.Thesimulationresultsshow
anexcellentagreementwith availableexperimentaldata.

1. Intr oduction

Themanufacturingprocesswith shrinkingtechnologyis
becomingsocomplicatedthatusingsimulationin apre-
dictive mannerhasbeenrecognizedasan integral part
of any advancedtechnologydevelopment. In order to
satisfypredictive capabilitiesthe simulationtools must
capturethe processas well as device physics. Before
goingto final productionrunsonecanoptimizethepro-
cessstepsandestimatedevice performancecharacteris-
ticssuchasthresholdvoltage,saturationcurrent,leakage
current,andcircuit speed.
Several tools for simulation of semiconductortech-
nology (e.g. [1, 2]) as well as semiconductordevices
(e.g. [3]–[6]) are well establishedfor device engineer-
ing applications. The two-dimensionaldevice simu-
lator MINIMOS-NT is equipped with an extensive
mixed-modecircuit capability including modeling of
distributed devices [7]. It works in an automatedde-
vice optimizationframework [8]. This allowedcreation
of a novel methodologyfor deepsub-microntechnol-
ogy characterization.In the following two sectionsthe
methodologyis explainedandthesimulationresultsare
presented.

2. Methodology

Thetechnologycharacterizationsystemimplementedat

LSI Logic hasbeensuccessfullyusedfor 0.25 � m and
0.18 � m technologies. This systemincluded previ-
oustechnologyprocessanddevice calibration,creation
of new technologyextrapolationandoptimizationwith
TSUPREM4[1] and MEDICI [3], respectively, sensi-
tivity analysisandMonteCarlostatisticalanalysis,and,
finally, gatedelayestimationusinga physicalcompact
model in HSPICE [9]. For 0.13 � m technology, the
HSPICEphysicalmodel failed to fit the I-V character-
isticsextractedby MEDICI andit wasimpossibleto es-
timate the gatedelay characteristicof that technology
usingtheold methodology.
In our new approachthe processcalibration part was
kept the samewhile device simulationwas performed
by MINIMOS-NT in the SIESTA optimizationTCAD
framework [8]. The samedistributeddevicesare then
employed in transientmixed-modedevice/circuit simu-
lation to predict circuit performance. The calibration
procedureinvolveddevicesof gatelengthsin the range
from 0.2 � m to 1 � m for 0.25 � m technologyandfrom
0.115 � m to 0.7 � m for 0.13 � m technology, while the
circuit simulationwasperformedwith the nominalde-
vices.

2.1DeviceFabrication and ProcessCalibration

Theprocesssimulationstartsfrom theblankwaferto the
final device andreflectsrealdevice fabricationasaccu-
rately aspossible. All implant profiles,e.g. LDD, ��� -
adjust,source/drainpocket implantsaswell asanneal-
ing stepswerecalibratedto one-dimensionalSIMS pro-
files. Processcalibrationis completedwhenthethresh-
old voltage– gatelengthcharacteristic( � � - ��� ) matches
experimentaldata which indicatesthat the simulation
includesadvanceddevice behavior suchas the reverse
shortchanneleffect (RSCE).It is necessaryto include
the ��� - � � characteristicinto theprocesscalibrationloop
becauseany changein processconditionswould affect
theelectricaldata( �	� ) of thedevice.A MonteCarlopro-
cedurewasusedfor accuratesimulationof thelargean-
gle low doseimplantsandTSUPREM4wasinvokedfor
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thethermalandtopologicalsteps.Thethresholdvoltage
simulationwasperformedby MEDICI. Thegatelength� � , gatewidth � � , opticalgateoxidethickness��
�� , and
appliedvoltage����� for theinvestigatedtechnologiesare
summarizedin Table1.

Table1: Key parametersfor thetechnologiesconsidered
in this work

Technology ��� ��� �	��� �����
0.25  m 0.2-1.0 m 20  m 4.7nm 2.5V

0.13  m 0.115-0.7 m 10  m 2.3nm 1.5V

2.2DeviceCalibration

We usedthe SIESTA TCAD framework to performan
automateddevice calibrationoperationwithout userin-
teractionduringtheoptimizationprocess.Ouroptimiza-
tion strategy is basedon an iterative methodwherethe
performancemetric is graduallyimprovedusinggradi-
entinformationof thedesignparameters.Thegoalis to
find acombinationof physicalparameterswithin aspec-
ified rangethatdeliversthebestperformancemetric.
The physical models in MINIMOS-NT are well cali-
brated[11], especiallyfor silicon-baseddevices. There
areonly a few technologydependentmodelparameters
thatcanbeusedfor calibrationpurposes.Oneparameter
is the gateworkfunctiondifference!#" which depends
on theinterfacechargesat theSi/SiO$ interfaceandthe
propertiesof thepolysilicongate.Otherparametersare
from themobility models(1)-(2),whichstronglydepend
on thequality of theSi/SiO$ interfaceandelectricfield
distributionin thechannel.Thehigh-fieldmobility mod-
els (2), must be usedcarefully, becausetheir parame-
ter values,e.g. thecarriersaturationvelocitiesat 300K,%'&)( �* , cannotgenerallybeusedasfitting parameters.The
mobility modelsusedare,��+-,/.* 0 ��13254*7698 � +:,*<; ��1=254*?>A@-8)B#;DCE83F	>�>BG6HCE8=F	>I@ JHK *K 13254*MLONQP RTS 0VU R=W

(1)��+:,X.ZY* 0 [ @ � +:,X.*BG6]\^BG6 J [ @ � +:,X.* @QC *% &)( �* L#_ Pa`cb�d _ PAe (2)

Here � +:,* incorporateslattice mobility reductiondueto
ionized impurity scattering,� +:,X.* addssurfacescatter-
ing, and � +:,X.ZY* givesthe final mobility including high-
field reductioneffects. CE83F	> is a function giving the
depthdependence,C * arethe driving forcesfor carrier

S , and
K * arethepressingforcesequalto themagnitude
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Figure 1: Calibrationof the thresholdvoltageV � (a)
andthe saturationcurrentI ikj l3m�n (b) for NMOS devices
createdwith 0.25� m technology

of thenormalfield strengthat theinterfaceif thecarriers
areattractedby theinterface,otherwisezero[11].
Thephysicalparametersusedin theoptimizationproce-
dureandtheir final valuesaresummarizedin Table2.

Table2: Mobility modelparametersfor the0.25 � m and
0.13 � m technologies

0.25  m 0.13  m
Parameter NMOS PMOS NMOS PMOSoGp

[eV] -0.372 0.551 -0.433 0.407 rq/s=tu [cmv /Vs] 582 78 573 82w q/s=tu [V/cm] 5.4e5 6.6e5 6.3e5 6.2e5x u 7.1 8.0 6.0 8.7y u 1.18 1.06 1.1 1.1z:{}|�~u [cm/s] 9.8e6 9.8e6 1.2e7 1.18e7

After readingagivensetof parametersfor optimization,
thesimulationsareperformedby MINIMOS-NT to ob-
tainI ikj l3m�n (I i @V ��� ) andI ikj � (I i @V � ) for all devices
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Figure 2: Calibrationof the thresholdvoltageV � (a)
andthe saturationcurrentI ikj l3m�n (b) for PMOSdevices
createdwith 0.25 � m technology

of differentgatelengths(seeTable1). The resultsare
thencomparedto experimentaldata.Thesaturationcur-
rent is adjustedto theexperimentaloneat appliedvolt-
ages(V � =V � =V ��� ), while thethresholdvoltageis fitted
implicitly. BecausethresholdvoltagesV � aremeasured
at calculatedcurrentI ikj � 0�8�� e B�@ � �:� � � > � A, the op-
timizer adjuststhedraincurrentto this valueat applied
V � =V ��� and V � =V � . This approachturnedout to be
moreeffective in two aspects.Thematrix solvedfor the
devicesimulationaremuchbetterconditionedwith volt-
ageboundarycondition.Additionally it givescompara-
tively smallrelativeerrorsfor thethresholdvoltage.We
found errorsof 10-15%in I ikj � correspondto errorsof
lessthan2%in V � .
TheSIESTA setupallowsasimultaneouscalibration,us-
ing the samemodelsuiteandsetof modelparameters,
of I i @ V ��� andI i @ V � to the measuredvaluesfor
several devicesof differentgatelengthswith minimum
globalerror[10].
The proposedmethodologyof device calibration was
testedon0.25 � m technology. 11 NMOSand11PMOS

devices,respectively, weresimulatedatV ��� andV � . The
NMOS andPMOSdevice calibrationis performedsep-
arately, becausethemodelparametersaredifferent.The
parameterrangesarevariedwithin 50% of the default
values.In Fig. 1 theNMOS calibrationresultsarepre-
sented.Fig. 1(a) actuallyshows thresholdvoltagecali-
brationresultsby presentingthedraincurrentat V � ver-
susgatelength. Fig. 1(b) illustratesthesaturationdrain
currentfor differentgatelengths. The samedependen-
cies for PMOS are shown in Fig. 2. The agreement
achievedis within 2%for V � andI ikj l3m�n .
2.3Cir cuit Simulation

High speedoperationis a key challengefor devices
for the rapidly growing portableelectronicsmarket. In
CMOSdigital circuitswith staticlogic, theaveragegate
delaytime of a simple inverterchainprovidesa useful
metric for the overall circuit speed. On a test chip a
ring oscillatorcircuit, consistingof afinite inverterchain
with the outputfed to the input (seeFig. 3 for a circuit
with five stages),is oftenused.By determiningthe os-
cillation frequency ��� of sucha ring circuit theaverage
gatedelaytime ��� of oneinverterstagecanbecalculated
using, � � 0 B[ @QU�@ ��� (3)

with U beingthenumberof stages.
Our device simulatorMINIMOS-NT is equippedwith
extensive mixed-modecapability including distributed
devices.This allows insight into theperformanceof de-
vicesunderrealisticdynamicboundaryconditionsim-
posedby acircuit. However, circuit simulationwith dis-
tributeddevices is ratherdemandingon computational
resources.Thereforeusingthedevice simulatorfor cir-
cuits becamenecessaryonly for the deepsub-micron
technologieswherethephysics-basedcompactmodelin
HSPICEis not effectiveanymore.

dd

N1

N2 N3 N4 N5

LC CL CL CL CL

V

Figure3: Circuit diagramof a fivestagering oscillator.

The I � -V � characteristicssimulatedby MEDICI and
MINIMOS-NT were compared. Excellent agreement
(seeFig. 4) shouldprovidecomparablegatedelaytimes
obtainedby HSPICEandMINIMOS-NT. In Fig. 5 the
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Figure4: Comparativesimulationof a 0.25 � m NMOS
Id-Vg characteristicsusingMEDICI andMINIMOS-NT
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Figure 5: The simulatednodevoltagesof a five stage
ring oscillatorcreatedwith 0.25 � m technology
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Figure6: Comparativesimulationof a 0.13 � m NMOS
Id-Vg characteristicsat V � . =0.1V andV � . =1.5V us-
ing MEDICI, HSPICE,andMINIMOS-NT

MINIMOS-NT simulationresultsof the 0.25 � m ring
oscillatorcircuit with five stagesareshown. The inter-
connectcapacitances��� are5.11fF. Thesimulationwas
carriedout in transientmixed-modeusing basicdrift-
diffusion (DD) equations.As onecanseein Fig. 5 the
gatedelayis 29.5ps/stagewhichis in averygoodagree-
ment with the experimental32 ps/stageand with the
28.6ps/stageextractedby theHSPICEphysicalmodel.
To explorehow many stagesaresufficient to guarantee
accurateresultsatminimumcomputationalcost,ring os-
cillator circuitswith three,five,andseveninverterstages
weresimulated.As shown in Table3, a simulationwith
fivestagesis sufficientto achievethesameresultsfor the
circuit speedasin simulationswith morestages.Table3
also includesthe computerresourceexpensesfor vari-
ousnumbersof ring oscillatorstagessimulatedonaSun
Ultra2 workstationwith a clock frequency of 450MHz.

Table3: Comparisonof calculatedgatedelaysfor adif-
ferentnumberof inverterring oscillatorstages

stages delaytime time steps matrixsize CPUtime
3 26.0ps 120 28140 7 hours
5 29.5ps 120 46900 12hours
7 29.6ps 120 65660 19hours

3. Characterization of the 0.13 � m
Technology

As statedabove, for 0.13 � m technologythe HSPICE
physicalmodel failed to fit the I-V characteristicsex-
tractedby MEDICI and it was impossibleto estimate
the gate delay characteristicof that technologyusing
the old methodology. Fig. 6 shows a comparisonbe-
tween device simulation results from MINIMOS-NT
andMEDICI, which are in comparatively goodagree-
ment,but very differentfrom the bestfit achievedwith
HSPICE.
Thus, a new approachwas applied, in which the pro-
cesscalibration part was kept unchangedand the de-
vice simulation and calibration were performed by
MINIMOS-NT in the SIESTA optimization TCAD
framework. The samedistributeddevicesarethenem-
ployed in a transientmixed-modedevice/circuit simu-
lation, insteadof usingtheMEDICI-HSPICEcombina-
tion.
The calibratedsystem,comprisingof processsimula-
tors (TSUPREM4 - MEDICI) and device simulators
(SIESTA - MINIMOS-NT), was applied to 0.13 � m
technology. 8 NMOS and 8 PMOS devices, respec-
tively, of differentgatelengths(seeTable1) werecon-
sidered. Device calibration was completedin about
eightCPU-hours.Goodagreementwith measureddata
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Figure 7: Calibrationof the thresholdvoltageV � (a)
andthe saturationcurrentI ikj l3m�n (b) for NMOS devices
createdwith 0.13 � m technology

wasachieved for NMOS (Fig. 7) aswell asfor PMOS
(Fig. 8). However the saturationvelocity ( % &)( �* ) result-
ing from the calibrationis � 20% higher than the de-
fault valueof % &)( �* 0�B���� cm/s(seeTable2). Therefore,
we performeda comparativehydrodynamic(HD) simu-
lation. Fig. 9 demonstratessignificant velocity over-
shootover the greaterpart of the channellength in the
nominal0.13 � m NMOS device comparedto the over-
shootobservedin the0.7 � m device. In DD simulation
this overshooteffect canbeaccountedfor by increasing% &)( �* [12]. Sucha changewill only slightly influencethe
long channeldevices,but will have a largeeffect on the
shortchannelones.Thus,thehigh valueof % &)( �* in our
calibrationis justified consideringthat DD simulations
wereperformed.

The calibratedmodelparameterswereusedfor the cir-
cuit simulation. The interconnectcapacitances��� are
3.8 fF. The nodevoltagesof a five stagering oscillator
circuit aredepictedin Fig. 10. The simulatedinverter
delay time is 15.2 ps/stage. In Fig. 11 the gatedelay
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Figure 8: Calibrationof the thresholdvoltageV � (a)
andthe saturationcurrentI ikj l3m�n (b) for PMOSdevices
createdwith 0.13 � m technology

timesextractedfrom several ring oscillators,eachwith
119inverterstages(solid line representsthemeanvalue)
are comparedto simulations(filled circles) performed
for two calibratedwafers.Thepredictedgatedelaysare
within thescatterrangeof themeasureddata.

4. Conclusion

A new methodologywas establishedfor deep sub-
quartermicrontechnologycharacterization. The new
approachincludes processcalibration performed by
TSUPREM4 - MEDICI, device calibration carried
out by MINIMOS-NT in the SIESTA optimization
framework and,finally, mixed-modecircuit simulation
with distributed devices madeby MINIMOS-NT. The
methodologywas testedand the tools were calibrated
with a 0.25 � m technology. The approachwasapplied
to a0.13 � m technologycharacterization.Predictedring
oscillator speedis in excellentagreementwith experi-
mentaldata.
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Figure 9: Electronvelocity overshootin thechannelof
0.13 � m and0.7 � m NMOS devices
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Figure 10: Thesimulatednodevoltagesof a five stage
ring oscillatorcreatedwith 0.13 � m technology
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paredto simulationresultsobtainedfor two calibrated
wafers

Our methodologyis extremely beneficial in the early
stagesof processdevelopmentfor estimationof device
performance.
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