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Abstract

We presenta novel methodologyfor characterization
of sub-quartermicrof©MOS technologies. It involves
processcalibration, device calibrationemploying two-
dimensionaldevice simulationandautomatedlechnol-
ogy ComputerAided Design(TCAD) optimization,and,
finally, transientmixed-modedevice/circuit simulation.
Theproposednethodologywastestedon 0.25um tech-
nologyandappliedto 0.13um technologyin orderto es-
timatering oscillatorspeed.Thesimulationresultsshov
anexcellentagreementvith availableexperimentablata.

1. Intr oduction

Themanufcturingproceswith shrinkingtechnologyis

becomingsocomplicatedhatusingsimulationin a pre-

dictive mannerhasbeenrecognizedas an integral part

of arny adwancedtechnologydevelopment. In orderto

satisfy predictive capabilitiesthe simulationtools must
capturethe processaswell as device physics. Before

goingto final productionrunsonecanoptimizethe pro-

cessstepsandestimatedevice performancecharacteris-
ticssuchasthresholdvoltage saturatiorcurrent Jeakage
current,andcircuit speed.

Several tools for simulation of semiconductortech-

nology (e.g. [1, 2]) aswell as semiconductodevices
(e.g.[3]-[6]) arewell establishedor device engineer

ing applications. The two-dimensionaldevice simu-

lator MINIMOS-NT is equippedwith an extensie

mixed-modecircuit capability including modeling of

distributed devices [7]. It works in an automatedde-

vice optimizationframework [8]. This allowed creation
of a novel methodologyfor deepsub-microntechnol-
ogy characterizationln the following two sectionsthe

methodologyis explainedandthe simulationresultsare
presented.

2. Methodology

Thetechnologycharacterizatiosystemimplementedat
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LSI Logic hasbeensuccessfullyusedfor 0.25ym and
0.18 um technologies. This systemincluded previ-
oustechnologyprocessaanddevice calibration,creation
of new technologyextrapolationand optimizationwith
TSUPREMA4[1] and MEDICI [3], respectiely, sensi-
tivity analysisandMonte Carlo statisticalanalysisand,
finally, gatedelay estimationusing a physicalcompact
modelin HSPICE[9]. For 0.13 um technology the
HSPICEphysicalmodelfailed to fit the I-V character
isticsextractedby MEDICI andit wasimpossibleto es-
timate the gate delay characteristioof that technology
usingthe old methodology

In our new approachthe processcalibration part was
kept the samewhile device simulationwas performed
by MINIMOS-NT in the SIESTA optimizationTCAD
framawork [8]. The samedistributed devices are then
employedin transientmixed-modedevice/circuit simu-
lation to predict circuit performance. The calibration
procedurenvolved devicesof gatelengthsin the range
from 0.2 umto 1 um for 0.25 um technologyandfrom
0.115pum to 0.7 um for 0.13 um technology while the
circuit simulationwas performedwith the nominal de-
vices.

2.1 Device Fabrication and ProcessCalibration

Theprocessimulationstartsfrom theblankwaferto the
final device andreflectsreal device fabricationasaccu-
rately as possible. All implant profiles,e.g. LDD, V;-
adjust,source/drairpocket implantsaswell asanneal-
ing stepswerecalibratedio one-dimensionabIMS pro-
files. Procesgalibrationis completedwvhenthe thresh-
old voltage— gatelengthcharacteristi¢V;-L,) matches
experimentaldata which indicatesthat the simulation
includesadwanceddevice behaior suchasthe reverse
shortchanneleffect (RSCE).It is necessaryo include
theV;-L, characteristiénto theprocesscalibrationloop
becausery changein processconditionswould affect
theelectricaldata(V;) of thedevice. A MonteCarlopro-
cedurewasusedfor accuratesimulationof thelargean-
gle low doseimplantsand TSUPREM4wasinvokedfor
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thethermalandtopologicalsteps.Thethresholdvoltage
simulationwasperformedoy MEDICI. The gatelength
L,, gatewidth W, opticalgateoxidethicknessl,;, and
appliedvoltageVy, for theinvestigatedechnologiesire
summarizedn Tablel.

Table1: Key parameterfor thetechnologiesonsidered
in this work

Technology L, Wy Tou Via

0.25pum
0.13um

0.2-1.0pm
0.115-0.7um

20pm 4.7nm 25V
1.5V

10pgm 2.3nm

2.2 Device Calibration

We usedthe SIESTA TCAD framework to performan
automatedlevice calibrationoperationwithout userin-
teractionduringthe optimizationprocessOur optimiza-
tion stratgy is basedon aniteratve methodwherethe
performanceametric is graduallyimproved using gradi-
entinformationof thedesignparametersThe goalis to
find acombinationof physicalparametersvithin aspec-
ified rangethatdeliversthe bestperformancenetric.
The physical modelsin MINIMOS-NT are well cali-
brated[11], especiallyfor silicon-basedievices. There
areonly a few technologydependenimodel parameters
thatcanbeusedfor calibrationpurposesOneparameter
is the gateworkfunctiondifferenceE,, which depends
on theinterfacechagesat the Si/SiG, interfaceandthe
propertiesof the polysilicon gate. Otherparametersire
from themobility models(1)-(2), which stronglydepend
on the quality of the Si/SiG, interfaceandelectricfield
distributionin thechannel. Thehigh-fieldmobility mod-
els (2), must be usedcarefully, becausetheir parame-
ter values,e.g. the carriersaturatiorvelocitiesat 300K,
v3%t, cannotgenerallybe usedasfitting parametersThe
mobility modelsusedare,

vis e+ (pht — ) - (1 - F(y))

Ky - S)/ Yo y, V=n,p
1+ F(y) . (W)
1)
LISF _ 2 p"® @)

LIS AN
1+ (1 + (M) )

vt
Here ! incorporatedattice mobility reductiondueto
ionized impurity scattering,u>'S addssurface scatter
ing, and uL1S¥ givesthe final mobility including high-
field reductioneffects. F(y) is a function giving the
depthdependencef,, arethe driving forcesfor carrier
v, andS, arethepressingorcesequalto themagnitude
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Figure 1: Calibrationof the thresholdvoltage V; (a)
andthe saturationcurrentl p s, (b) for NMOS devices
createdvith 0.25um technology

of thenormalfield strengthattheinterfaceif thecarriers
areattractedby theinterface,otherwisezero[11].
Thephysicalparametersisedin the optimizationproce-
dureandtheirfinal valuesaresummarizedn Table?2.

Table 2: Mobility modelparameterfor the0.25um and
0.13pmtechnologies

0.25pum 0.13um
Parameter NMOS PMOS | NMOS PMOS
E, [eV] -0.372 0.551 | -0.433 0.407
pref [em?/Vs] | 582 78 573 82
Sref [Viem] 5.4e5 6.6e5 | 6.3e5 6.2e5
Yv 7.1 8.0 6.0 8.7
By 1.18 1.06 1.1 1.1
v5%¢ [cm/s] 9.8e6 9.8e6 1.2e7 1.18e7

After readinga givensetof parameterfor optimization,
the simulationsare performedby MINIMOS-NT to ob-
tainlp et (Ip @ V4q) andlp; (Ip @ V) for all devices
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Figure 2: Calibrationof the thresholdvoltage V; (a)
andthe saturationcurrentl p g5 (b) for PMOS devices
createdvith 0.25um technology

of differentgatelengths(seeTable1). The resultsare
thencomparedo experimentalata. The saturatiorcur-
rentis adjustedo the experimentalone at appliedvolt-
ages(V 4=V ,=V44), while thethresholdvoltageis fitted
implicitly. BecausehresholdvoltagesV, aremeasured
at calculatedcurrentlp y = (0.1 - W,/L,) pA, the op-
timizer adjuststhe drain currentto this valueat applied
V4=Vgq andV,=V,. This approachturnedout to be
moreeffective in two aspectsThe matrix solvedfor the
device simulationaremuchbetterconditionedwith volt-
ageboundarycondition. Additionally it givescompara-
tively smallrelative errorsfor the thresholdvoltage.We
found errorsof 10-15%in | p correspondo errorsof
lessthan2%in V;.

TheSIESTA setupallowsasimultaneousalibration,us-
ing the samemodel suite and setof model parameters,
of Ip @Vyg andlp @ V,; to the measuredraluesfor
several devicesof differentgatelengthswith minimum
globalerror[10].

The proposedmethodologyof device calibration was
testedon 0.25um technology 11 NMOS and11 PMOS
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devices,respectiely, weresimulatedatV ;5 andV;. The
NMOS andPMOSdevice calibrationis performedsep-
arately becauseéhe modelparameteraredifferent. The
parameterrangesare varied within 50% of the default
values.In Fig. 1 the NMOS calibrationresultsarepre-
sented.Fig. 1(a) actuallyshows thresholdvoltagecali-
brationresultsby presentinghedraincurrentatV; ver
susgatelength. Fig. 1(b) illustratesthe saturatiordrain
currentfor differentgatelengths. The samedependen-
cies for PMOS are shawvn in Fig. 2. The agreement
achievedis within 2%for V; andl p gt

2.3 Cir cuit Simulation

High speedoperationis a key challengefor devices
for the rapidly growing portableelectronicsmarket. In
CMOSdigital circuitswith staticlogic, theaveragegate
delaytime of a simpleinverterchain providesa useful
metric for the overall circuit speed. On a test chip a
ring oscillatorcircuit, consistingof afinite inverterchain
with the outputfed to theinput (seeFig. 3 for a circuit
with five stages)is oftenused. By determiningthe os-
cillation frequeny f, of sucharing circuit the average
gatedelaytimet4 of oneinverterstagecanbecalculated
using,

_ 1

- 2-n-fo

with n beingthe numberof stages.

Our device simulatorMINIMOS-NT is equippedwith
extensive mixed-modecapability including distributed
devices. This allowsinsightinto the performanceof de-
vices underrealistic dynamicboundaryconditionsim-
posedby a circuit. However, circuit simulationwith dis-
tributed devicesis ratherdemandingon computational
resourcesThereforeusingthe device simulatorfor cir-
cuits becamenecessanyonly for the deepsub-micron
technologiesvherethe physics-basedompacimodelin
HSPICEis not effective anymore.
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Figure 3: Circuit diagramof afive stagering oscillatot

TET

T
TET
TET

[

TF1T
71
k)
k)
|
|

The 14-V, characteristicssimulatedby MEDICI and
MINIMOS-NT were compared. Excellentagreement
(seeFig. 4) shouldprovide comparablegatedelaytimes
obtainedby HSPICEand MINIMOS-NT. In Fig. 5 the
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Figure 5: The simulatednodevoltagesof a five stage
ring oscillatorcreatedwith 0.25um technology
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MINIMOS-NT simulationresultsof the 0.25 um ring
oscillatorcircuit with five stagesareshovn. Theinter-
connectapacitance€'y, are5.11fF. Thesimulationwas
carriedout in transientmixed-modeusing basic drift-
diffusion (DD) equations.As onecanseein Fig. 5 the
gatedelayis 29.5ps/stagevhichis in averygoodagree-
ment with the experimental32 ps/stageand with the
28.6ps/stagextractedby the HSPICEphysicalmodel.
To explore how mary stagesare sufiicient to guarantee
accurateesultsatminimumcomputationatost,ring os-
cillator circuitswith three five,andseveninverterstages
weresimulated.As shavn in Table3, a simulationwith
five stagess sufficientto achiezethesameresultsfor the
circuit speedasin simulationswith morestagesTable3
alsoincludesthe computerresourcesxpensedor vari-
ousnumbersof ring oscillatorstagesimulatedona Sun
Ultra2 workstationwith a clock frequeng of 450 MHz.

Table 3: Comparisorof calculatedjatedelaysfor a dif-
ferentnumberof inverterring oscillatorstages

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

3. Characterization of the 0.13;m
Technology

As statedabove, for 0.13 pm technologythe HSPICE
physicalmodelfailed to fit the I-V characteristicex-

tractedby MEDICI andit wasimpossibleto estimate
the gate delay characteristicof that technologyusing
the old methodology Fig. 6 shavs a comparisonbe-
tween device simulation results from MINIMOS-NT

and MEDICI, which arein comparatiely good agree-
ment, but very differentfrom the bestfit achieved with

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 samedistributed devicesarethenem-
ployed in a transientmixed-modedevice/circuit simu-
lation, insteadof usingthe MEDICI-HSPICEcombina-
tion.

The calibratedsystem,comprisingof processsimula-
tors (TSUPREM4 - MEDICI) and device simulators
(SIESTA - MINIMOS-NT), was appliedto 0.13 ym

technology 8 NMOS and 8 PMOS devices, respec-
tively, of differentgatelengths(seeTable 1) werecon-
sidered. Device calibration was completedin about
eight CPU-hours.Goodagreementvith measurediata

204



IEEE-NANO 2001

Monday, October 29, 2001
M1.1 Nano-Devices |

7e-07

. @

6e-07[°
* [,@V, - exp. data

Al @V, - simulation
5e-07 | 0@V,

4e-07f %

3e-07r o

Drain current | . [A/um]

2e-07+t °A

1e-07 : : : : :
01 02 03 04 05 06 07

Gate length | [um]

9e-04
: (b)

- exp. data
- simulation

8e-04+ |
Al

7e-04} Dsat

D,sat

6e-04f ¢

5e-04+

Drain current | . [A/um]

4e-04+ 2

3e-04 . -
0.1 0.3 0.5 0.7

Gate length |.[um]

Figure 7: Calibrationof the thresholdvoltage V; (a)
andthe saturationcurrentl p s, (b) for NMOS devices
createdwith 0.13 m technology

wasachiezed for NMOS (Fig. 7) aswell asfor PMOS
(Fig. 8). However the saturationvelocity (v3®*) result-
ing from the calibrationis ~ 20% higherthanthe de-
faultvalueof v3%* = 107 cm/s(seeTable2). Therefore,
we performeda comparatie hydrodynamiqHD) simu-
lation. Fig. 9 demonstratesignificant velocity over-

shootover the greaterpart of the channellengthin the
nominal0.13 um NMOS device comparedo the over-

shootobsenedin the 0.7 um device. In DD simulation
this overshooteffect canbe accountedor by increasing
v3% [12]. Suchachangewill only slightly influencethe
long channeldevices,but will have alarge effect onthe
shortchannelones. Thus, the high valueof v$%¢ in our

calibrationis justified consideringthat DD simulations
wereperformed.

The calibratedmodelparametersvere usedfor the cir-
cuit simulation. The interconnectcapacitanceg’;, are
3.8 fF. The nodevoltagesof a five stagering oscillator
circuit are depictedin Fig. 10. The simulatedinverter
delaytime is 15.2 ps/stage.In Fig. 11 the gatedelay
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Figure 8: Calibrationof the thresholdvoltage V; (a)
andthe saturationcurrentl p g5 (b) for PMOS devices
createdvith 0.13um technology

times extractedfrom several ring oscillators,eachwith
119inverterstagegsolidline representthemeanvalue)
are comparedto simulations(filled circles) performed
for two calibratedwafers. The predictedgatedelaysare
within the scatterangeof the measuredlata.

4. Conclusion

A newv methodologywas establishedfor deep sub-
guartermicrontechnology characterization. The newn
approachincludes processcalibration performed by
TSUPREM4 - MEDICI, device calibration carried
out by MINIMOS-NT in the SIESTA optimization
frameawork and, finally, mixed-modecircuit simulation
with distributed devices madeby MINIMOS-NT. The
methodologywas testedand the tools were calibrated
with a 0.25 um technology The approachwasapplied
to a0.13um technologycharacterizationPredicteding
oscillator speedis in excellentagreementvith experi-
mentaldata.
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Our methodologyis extremely beneficialin the early
stagef processgdevelopmentfor estimationof device
performance.
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