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Abstract— We investigatethe density-gradient (DG) transport
modelfor efficient multi-dimensional simulation of quantum con-
finementeffectsin advancedMOS devices.The formulation of the
DG model is described as a quantum correction to the classical
drift-diffusion model. Quantum confinementeffectsare showvn to
be significantin sub-100nmMOSFETS. In thin-oxide MOS capac-
itors, quantum effects may reduce gate capacitanceby 25% or
more. As a result, the inclusion of quantum effectsin simulations
dramatically improvesthe match between C-V simulations and
measurements for oxide thickness down to 2 nm. Significant
guantum correctionsalsooccurin the |-V characteristicsof short-
channel (30 to 100 nm) n-MOSFETS, with current drive reduced
by up to 70%. This effectis shawn to result from reducedinver-
sion charge due to quantum confinementof electronsin the chan-
nel. Also, subthresholdslopeis degradedby 15 to 20 mV/decade
with the inclusion of quantum effects via the density-gradient
model, and short channel effects (in particular, drain-induced
barrier lo wering) are noticeably increased.

I. INTRODUCTION

N THE fast-mwing electronicandustry the classicaldrift-

diffusion (DD) model of electrontransporthas steadéstly
remainedhe dominantmodelfor industrialnumericalsimula-
tion of electronicdevices[1], 50 yearsafter the models first
description[2], and 35 yearsafter Gummel[3] describeda
robust numericalsolution method. This uncommonlongevity
stemspartly from momentum(due to familiarity and experi-
ence),but it derivesmainly from thefactthat, with tuningfor a
giventechnologythe DD modelcontinuedo provide acombi-
nation of computationalspeed, robustness,and acceptable
accurag which hasbeendifficult to matchwith othermodels.
However, thereis a growing realizationthattechnologistgnot
just researchersgannot ignore quantumeffectsmuchlonger
Any refinemenbr replacemensof the DD modelshouldideally
maintainall of its benefitawhile includingquantumeffects.We
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describesucha modelandinitial promisingsimulationresults
in this paper

Clearly the semiconductoindustryis in a periodof feverish
advancementwith nev generation®f electronicstechnology
beingdevelopedevery 2 yearsratherthanevery 3 yearsaspre-
dicted by recenthistory [4]. For the industry-dominanMOS-
FET, gatelengthsandoxide thicknesse®f productiondevices
will shrinktowards50 nm and1 nm respectrely over the next
decadd5]. This and otherwork shaws that quantumconfine-
ment effects will significantly affect the operationof such
ultra-small devices. It is unclearhowv well additional fitting
parametersn the classicalDD model can accountfor these
guantumeffects. However, formulating alternatve, computa-
tionally efficient, accurateandrobust multi-dimensionaklec-
tronic device modelsincluding quantumeffectshasbeenvery
challenging.Two approacheblave beentakenin the attemptto
meetthis challenge:(i) emplogying full qguantummodelsfor
cornventionaldevice simulation,and (ii) addingquantumcor-
rections to classical models such as DD.

Thefirst approactincludesthe useof quantummodelssuch
as non-equilibriumGreens function [6] and Wigner function
[7]. The Greens functionmodelcontainsa high level of quan-
tum mechanicabnd scatteringdetail, but in multi-dimensions
it is mary ordersof magnitudemorecostlythanthe DD model.
The Wigner function model tradesquantummechanicaland
scatteringdetail for somavhat bettercomputationakfficiency
in comparisonto the Greens function model, but it suffers
from unsohed numericalrobustnesgproblems[8], andis still
muchtoo costly for production-l&el computationsevenin 2-
D. We notethat1-D simulationscanprovide someinformation
aboutelectronicdevice operationput 2-D (or 3-D) simulations
are essentialfor sufficient detail and accurag for industrial
application.

Thesecondpproactor includingquantumeffectsin device
simulationsis to add quantumcorrectionsto classicalmodels.
For the DD modelin a MOSFET, approximatequantumcor-
rectionshave beenappliedto the inversionchage profile [9],
thesilicon bandgap nearthe oxide[10], andboththe bandgap
and the gate oxide thickness [11]. Alternatvely, a 1-D
Schrddingercomputationhasbeenaddedto the DD modelto
accountfor quantumconfinementeffectsin the inversionlayer
[12], [13]. Theseapproachemaybe computationallyefficient,
but they assumea particulardevice structure(MOSFET with
planargate)andoperatingegion (inversion).In contrastquan-



tum correctiongo the hydrodynamicmodel[14], [15] aregen-
eral in terms of allowed device structuresand operating
regions,but they suffer from significantdisadwantagesn com-
putational robstness and coseksus the DD model [16].

In this work, we describea device simulationmodelwhich
usesthe secondapproacho meetthe multi-dimensionafuan-
tum challengewithout the disadwantagesof the approaches
describedabove. This model is the density-gradient(DG)
guantumcorrectionto theDD model[17]. The DG modeladds
guantumconfinementand (optionally) tunneling to the DD
model in a general,compact,and computationallyefficient
manner This yields a model which meetsall of the require-
mentsof a replacemenfor the DD model. In this work, we
focuson quantumconfinemeneffectsin MOS devices, using
an implementationof the DG model which doesnot include
guantumtunneling.After describingthe model,the remainder
of this papercomparesclassicaland DG model simulation
results First,we comparecapacitance-stage(C-V) curvesfor
thin-oxide MOS capacitorsshaving a significantreductionin
capacitancedue to quantum confinementof electronsand
holes.We thenshaw the large reductionin drive currentof an
ultra-smallMOSFETswhenquantumconfinements included.
We alsoshawv the degradationof small MOSFET subthreshold
slope and the increasein short-channekffects (DIBL). We
conclude with a summary of these results.

[I. DENSITY-GRADIENT MODEL

The drift-diffusion and density-gradientmodels of carrier
transportin an electronic device can be written identically,
including Poissons equationandthe electronand hole trans-
port equations:
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where | is electrostaticpotential,n and p are electronand
holedensitiesC is fixedchagedensity € is permittivity, p is
total chage density q is electronchage, J is currentdensity
andp andD aremobility anddiffusivity of therespectre car-
riers.

In theclassicaDD model,theelectronandhole“drift poten-
tials” arejusttheelectrostatigotential:y, :qu =y.IntheDG
model,y, anquIO have quantum corrections:
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The expressiondor the quantumpotentiaISLlJqn andy,, are
derivedfrom the Schrédingeequation basedon thefinite cur-
vature (enegy) and strict continuity of wavefunctions[17],
[18]. Sincethe guantumpotentialsrepresent neteffect for all
wavefunctions,they do not incorporatequantummechanics
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Figure 1: Basicn-MOSFET structureand biasing.Bias V betweengate
and source contacts controls currégtflowing between source and drain.
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Figure 2: Schematicof classical(dashedlines) and quantum(solid lines;
carrier density profiles of a vertical cut throughan n-MOSFET in inversion
Classicaldensitiesare sharply pealed and discontinuousat the silicon/oxide
interface,andcannot penetratento the oxide. Quantumprofilesare smoothly
pealedbelaw theinterface,continuousatall interfacesandcanpenetratétun-
nel) into the oxide.

exactlyinto theDG model,sor andrID maybeusedasfitting

parametersin this work, we take r , =r ; =3, which is the high

temperaturdimit [19], [20]. The quantumpotentialsact to

smooththe carrier density profiles by reducingtheir second
derivatives(curvature).In fact,the DG modelforbids disconti-
nuities in the carrier density profiles.

We focus on quantumconfinementeffectsin the industry-
dominantdevice, the silicon MOSFET (Figure 1). The effects
of quantumsmoothingon carrierprofilesin aMOSFEToperat-
ing in inversionaredepictedin Figure2. Classicalcarrierden-
sities (dashedcurves) changeabruptly at the oxide interfaces
from somelarge externalvalueto zeroin the oxide. Quantum
mechanicalcarrier densities(solid curves) can not change
abruptly The densitiesmust be continuousacrossthe oxide
interfaces,resultingin significantdifferencesin classicaland
guantumcarrierprofilesnearthe interfaces and penetratiorof

guantum carrier densities (quantum tunneling) into the oxide.

Returningto the DG modelin (1) and(2), the five solution
variablesare Y, n, p, Wan Wap- eachof whichinvolve second-
order partial differential equations (PDEs). The quantum
potentialsy,,,, and Wap accomplishthe expectedcarrier pro-
file smoothing,andsowill belargestnearthe oxideinterfaces
where the classicaldensity discontinuitieswill be smoothed
out. In this work, we ignorecarrierdensitiegandthustunnel-
ing) in the oxide,andwe setthe carrierdensitiesn andp to 0
in thisregion. Thus,only the source-les®oissorequation(1a)



BIEGEL ET AL., SIMULATION OF QUANTUM CONFINEMENT IN MOS

is solved in the oxide, while the full DG modelis solved in
boththe gateandsubstrateln orderfor the carrierdensitieso
be continuousacrossthe oxide interfaces,they mustapproach
zerojust outsidethe oxide. With this andthe usualboundary
conditions(BCs) for the DD model,all of the BCs of the DG
modelarewell definedexceptfor thosefor the quantumpoten-
tials at the oxide inteafces.

The two quantumpotentialshave relatively large, unknovn
valuesat the oxide interfaces,sincethis is wherethey actto
forceelectronandholeconcentrationsmoothlyto zero.[Actu-
ally, the quantumpotentialswould have to be infinite at the
oxide interfacesto force the carrier densitiesto exactly zero
there,sowe insteadsetthedensitiesattheinterfacesto a small
but non-zerovalue; 10%/cm?® was usedin this work.] Thus,a
suitableconstrainton the valuesof the quantumpotentialsat
the oxide interfaces(a Dirichlet BC) is not available. By the
samereasoningenforcinga NeumannBC on the (unknown)
gradientsf the quantumpotentialsis alsonot valid. Onesolu-
tion to this lack of quantumpotentialBCs at the oxide inter-
faceds to solve the entirefive-PDEmodelin the oxide aswell
asin theadjoiningsilicon andpoly gate.This alsoimplements
tunnelingin the DG model.In this casethediscontinuityin the
guantumpotentialsis determinedby the silicon-oxide band
offsets,andthe gradientsvould be continuousacrosgheinter-
face.A modelimplementingthis approachis beingdeveloped
[21].

Another solutionto the boundarycondition challengeis to
use the quasi-Fermi(QF) model [22] of carrier transport,
which canbe describedasa changeof variablesfrom the DD
model. In the QF model, the continuity equations are:

on _ U0,

Friar 0 0-np,09,) ; (3a)
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where, including DG quantumcorrections,the QF enepgies
are:

9 = W—(KT/Q)IN(/N) + Pgy (42)

@p = WH(KT/Q)In(p/m) + Yy,

andn; is theintrinsic carrierconcentratiorof the semiconduc-
tor. In (4a) and(4b), we have assumedh Maxwell-Boltzmann
enepy distribution of the carriers.AnalysisusingFermi-Dirac
statisticswhich is moreexactbut moreexpensve anddifficult
to implement, will be presented in the future.

Notefrom (3a)and(3b) thatat theinterfacebetweera semi-
conductorandan insulator the electronand hole QF enepies
¢, and ?, in the semiconductohave zerogradientnormalto
the interface, since currentflow J, J, into the insulatoris
zero.[Recall that tunnelingcurrentis zeroin this work.] The
DG versionof the QF model canusetheseconstraintson @,
and @, asthe additional BCs neededto solve the quantum
potential PDEs. Before writing the final DG model usedfor
this work, we note that only steady-statesimulationswere
usedsothetime derivativeswereeliminatedfrom the continu-
ity equations. Finallythe model sokd in this vork is:

(4b)

OQedw)+q(p-n+C) =0, (5a)
0 Qnp,Og,) = 0, (5b)

-0 Qpu,09,) = 0, (5¢)
ﬁupqn—zbnmﬁm =0, (5d)
ﬁ;mqpubpmﬁ; = 0. (5e)

The five solution variables for these PDEs, in ordet are
v, @, @ N P Expressiongor the quantumconstants,, and
bp are gven in (2a) and (2b). From (4a) and (4b):

Wan = @+ (KT/Q)IN(0/1) — (62)
Wep = @p— (KT/A)IN(P/N) ~ . (6)

Note thatthe DG modelin (5a)- (5e)is generic,in the sense
that it can be appliedto ary electronicdevice structure.By
contrast,other quantum-DDmodels often incorporatestruc-
ture-specificand localized quantumcorrections[9]-[13], and
may not allev tunneling to be included.

For thiswork, we usedfixedmobilitiesof p,, = 1500cn?/Vs
and p, = 500 cn?/Vs in (5b) and (5¢), which are roughly
equalto the intrinsic valuesat room temperaturor silicon
[23]. [Exact current predictionsare not being pursuedhere;
only quantumeffectson device behaior. More accuratemobil-
ity modelsareunderdevelopment.]For the quantumconstants
in (2a)and(2b),weusedm,, = 0.19m, (light electronmassin
silicon)and m, = 0.49m, (heary holemassin silicon). These
valuesresultin a good match betweenDG simulationsand
experimentover a wide rangeof MOS device structures(see
Sectionlll.A). All simulationswerefor devicesat room tem-
perature (300K).

We implementedhe above density-gradientmodelin a par-
tial differentialequation(PDE) solver called PROPHET [24].
This simulationtool provided several advantagesver the tra-
ditional approactof codinga numericalsimulatorspecifically
for the DG model.It allowed usto specifythetransportmodel
in a scriptfile at a high level to a general-purposéout highly
efficient) PDE solver. Also, PROPHEThasthe necessaryacil-
ities to solve the modelin 1-D, 2-D, or 3-D for ary specified
device andtestregime. Thus,the PDE-soler approachallows
for therapidinvestication of a wide rangeof device structures,
transportmodels and physical effects. Indeed, three signifi-
cantlydifferentversionsof the DG modelwereinvesticgatedfor
this work. Using the corventional, model-specificapproach,
programmingall of the major and minor model variations
investicgatedwould have taken mary timesaslong. The classi-
cal QF model was also implementedin PROPHET, and was
used for all classical model simulations.

I1l. RESULTS AND DISCUSSION

A. Thin Oxide MOS Capaciter

Theswitchingefficienoy of aMOSFETis largely determined
by its gate capacitancewhich measureghe ability of gate
biasego controlthecarrierdensityandthuscurrentflow below
thegateoxide (seeFigurel). Thus,it is critical for simulations
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Figure 3: Classicaland DG quantum-correctedarrier densityprofilesin a
MOS capacitoroperatingn inversion.Theinsetdetailsthe electronprofileson
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Figure 4: MOS Capacitorlow frequeng C-V curve comparisonfor (10C
um)“ area,2.1nmthick oxide. The DG modelreproducesneasurementglots
courtesy of H-P Labs) much more closely than the classical model.

to accuratelypredictgate capacitanceThe quantumrepulsion
of carriersfrom both gate and substrateoxide interfaces,as
depictedin Figure2, makesthe oxide appeaito be typically 1-
2 nmthickerthanit is. This effectis alreadyquite noticeabldn
state-of-the-arcommercialproducts,which have gate oxide
thicknessess low as2 nm. The effect will quickly increase
over the next decadewith gate oxide thicknessegredictedto
shrink to 1 nm or less by 2012 [5].

To test this prediction, 1-D MOS capacitorswith oxide
thicknessegrom 2 to 8 nm were simulated,and C-V curves
were comparedto thosefrom classicalsimulationsand from
experimentalmeasurementsf the samestructure[25]. As an
example, the electronand hole densitiesfor a 2.1 nm oxide
device biasedin inversionareshavn in Figure3. Theresulting
carrierdensityprofileswereaspredictedn Figure2: nearzero
at the oxide interfaces,with the inversion or accumulation
chagepeak0.5to 1.5nm beneattthe Si-oxideinterface rather
thanexactly at the interfaceasin the classicaimodel.Figure4
comparesC-V curwes (capacitanceersusgate bias V) for
the 2.1 nm oxide MOS capacitor As expectedthe DG model
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Figure5: Percenerrorin simulatedcapacitanceersusgateoxide thicknes
atVg = -2V (accumulation)The DG modelmaintainsaccurayg atleastdown
to 2.1 nm. The accurag of the classicalmodeldeterioratesapidly for oxide
thicknesses belo4 nm.

reproducesneasurediatamuchmoreaccuratelthanthe clas-
sical model for this ery thin oxide.

To summarizethe resultsof the C-V simulationsover the
rangeof oxide thicknessconsideredFigure5 shows the frac-
tional error in simulatedcapacitancgcomparedto measured
data)versusoxide thicknessfor the classicaland DG models.
To simplify the plot, a singlegatebiasof V5 = -2V (accumu-
lation) was chosen,since this condition is most critically
affected by quantumeffects and is least affected by other
unknovn parametersuchasthe poly dopinglevel [26]. Here
we seethatthe DG modelmaintainsaccurag atleastdown to
2 nm, while the accurag of the classicalmodel deteriorates
rapidly for oxide thicknesses balg} nm.

B. Short Channel MOSFET

As discussedn Sectionl, 1-D simulationscanpraovide only
limited knowledge of device operation.2-D and 3-D simula-
tions are often requiredfor an accurateanalysisof the opera-
tion of state-of-the-art(highly non-planar) devices. For
example the MOSFEToperatingcurrentl 5, which flows hor-
izontally from sourceto drain,is largely controlledby the ver-
tical electric field from the gate. Thus, modeling operating
currentaccuratelyequiresatleasta 2-D analysis Our previous
work [26] wasthefirst to shav that 2-D simulationsare quite
feasibleusing the DG model. The fact that the DG modelis
also general(not structure-specificallows it to work without
modification or tuning for complec (e.g., non-planar)struc-
tures.

Figure6 shaws the simulateddrain characteristi¢drain cur-
rent versusdrain bias at a seriesof gate biases)for a very
aggressiely scaledMOSFETwith a 30 nm gatelengthand2
nm gateoxidethicknessThis device approximateshe stateof
the art (or slightly beyond) in researcHabs [27]. Computed
draincharacteristic$or boththe quantum-correcteG model
andthe classicalquasi-Fermimodel are shavn. At eachgate
bias,the DG currentis 20%to 70%belav thatpredictedoy the
classicalmodel. This representsa seriousdecreasén the cur-
rentdrive capability of the device dueto quantumeffects. We
wantto point out, however, that even this aggressiely scaled
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indicatesthat,in the normaloperatingrange the DG currentreductionis dom-
inated by reduced channel cgey with only minor quantum transporfesdts.

30 nm MOSFET still performslik e a switch. Figure6 shavs a
negligible simulateddrain currentatlogic-zerogatebias(0 V),
and significantdrain currentat logic-onebias (1 V). Admit-
tedly, the device is in needof extensive engineeringto mini-
mize short-channel fefcts.

One questionwhich needsto be answereds whetherthe
reducedG currentin Figure6 is dueto thereductionin chan-
nel chage, quantumtransporteffects along the channel,or
both. Figure 7 compareghe channelchage anddrain current
from the DG simulation(relative to the classicalvalues)at full
drainbias(1V) for the 30 nm MOSFET simulatedin Figure6.
The close match betweenthesecurves over the full rangeof
gate biasesindicatesthat the DG currentreductionis domi-
natedby reducedchannelchage, with only minor quantum
transporteffects.lt makessensehatquantumeffectsareminor
in the transportdirectionin the DG model, sincethis model
only significantlyaffectsthe potentialandcarrierprofilesnear
abruptheterojunctiongindinsulatinginterfaces.The relatively
smooth potential in the transportdirection resultsin small
guantumpotentialsn this direction,andcorrespondinglygmall
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tion) versuschannelength.The channebf the 30-nmMOSFETwasstretche
to createlongerchannelMOSFETs.DIBL is somavhat moresevere(stronge
threshold ariation with channel length) when quanturfeefs are included.

guantumeffectson current.We notethat other guantummod-
elswhich includethe effect of discretequantumenenpy levels
in the channelmay predict more significantquantumeffects
due to carrier transport along the channel.

As final confirmationthatthe DG modelandthis tiny 30 nm
MOSFET work correctly Figures8 and 9 compareclassical
and DG simulationsof the subthresholdcharacteristicand
DIBL (drain-inducedbarrier lowering versuschannellength)
for this device. In Figure 8, the subthresholdlopeis 90 to 92
mV/decadeof currentfor the classicalmodel,and105to 110
mV/decadefor the DG model. Thus, quantumconfinement
effects significantly dgrade the subthreshold slope.

In Figure9, DIBL wassimulatedby determiningthe thresh-
old voltageversuschannelengthat maximumdrainbias(V
= 1V). To createlongerchannelMOSFETSs,the 30 nm device
was stretchedat the centerof the channel.The thresholdvolt-
ageswascomputedasthe gatebiasat which the potentialbar-
rier to current flow betweensource and channelwas the
negative of the built-in potentialin thesubstrat€0.494Vin this
case).In the classicalmodel,this barrieris the classicalpoten-



tial at the gate oxide interface.In the DG model,the classical
and quantum potentials combine to produce the barrier
betweensourceand channel,andthe minimum barrierto car-

rier flow is slightly beneaththe oxide surface.Figure 9 shavs

thatthe DG modelshiftsthethresholdvoltageby about150to

200mV. Further DIBL is someavhat worse(thresholdvoltage
variesmorerapidly) with the DG model.In both casesyaria-

tion with channellength is very severe near 30 nm for this

device. Thus,althoughthe MOSFETworks, inevitable process
variationswould likely make this device structureunsuitable
for ULSI.

[VV. COMPUTATIONAL EFFICIENCY

The forgoing simulation results shov that the DG model
males it feasibleto include quantumeffects accuratelyand
generallyin multi-dimensionaklectronicdevice simulation.In
this sectionwe go furtherto shav thatthe DG modelis in fact
quite efficientin accomplishinghis. In particular we compare
the computationatostof the classicaland DG modelsfor the
simulations in Section I11.

For the MOS capacitorsimulationsof Sectionlll.A, we used
a non-uniform1-D grid with 320to 450 points(dependingon
oxide thickness)or both classicalandDG simulations.On an
SGI 02 workstation,atypical C-V curwve trace(81 biaspoints)
took 40 seconddor the classicaimodel,and74 seconddor the
DG model.For this case computatiortime including quantum
effectswith the DG modelis lessthanafactorof 2 largerthan
that for purely classical simulations.

For simulating MOSFET I-V curwesin Sectionlll.B, we
usedanidentical 2-D grid with about1750pointsfor boththe
classicalandDG simulations On the sameworkstationa typi-
cal I-V curwe trace(51 biaspoints)took 452 secondswith the
classicalmodeland 2383 seconddor the DG model.We note
thatthe DG modelin Sectionll provedto beunstableattimes,
in which casewe useda slightly modifiedmodelwith ./n and
J/p assolutionvariablesratherthann and p. An unresoled
errorin the Jacobiarfor the modified DG modelresultsin lin-
earcorvergence(ratherthanquadratic) anda correspondingly
longersimulationtime. Thus,computingan|-V curve with the
modified DG model requires typically 5400 seconds.

TheseDG modelcomputationtimes shouldbe comparedo
the ordersof magnitudeincreasen computatiortime for more
rigorous quantum models, such as those based on the
Schrddingerequation[28] or Greens functions[29]. Sincethe
DG modelis only moderatelymore computationallydemand-
ing thantheassociatedlassicaimodels,it canevenbefeasibly
solvedin 3-D [30]. More importantly the DG modelleverages
all of the tuning and optimization of the industry standard,
classicaldrift-diffusion model. Thus, the DG model provides
practicalinsightinto quantumeffectsin ultra-smallelectronic
devices without the uncertainaccurag or meticuloustuning
effort that face more rigorous quantum models.

V. CONCLUSIONS
In summarywe presentedhe density-gradienasa compu-
tationally efficient meansof including quantum effects in
multi-dimensional electronic device simulation suitable for
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future MOSFET technology Computationtime is typically 2
to 10timesthatfor the purely classicaimodel,makingit possi-
ble to run 2-D electronicdevice simulationsroutinely on a
workstation. With the simulation of numerousl1-D and 2-D
MOS devices,we alsodemonstratedhe robustnesof the DG
model.In MOS capacitorsimulations classicalmodelpredic-
tions rapidly diverge from measuredesultsfor oxide thick-
nessedelov 4 nm, while the DG modelmaintainserror below
a few percent dan to 2 nm.

In simulationsof a 30 nm gate length MOSFET, quantum
effects are predictedto reducecurrentdrive by up to 70%.
Accordingto the DG model, this currentreductionis almost
entirelydueto thereducednversionchageresultingfrom ver-
tical quantumconfinementwhile horizontalquantumtransport
effectsalongthe channelareminimal. Finally, we shavedthat
guantumeffects degradethe subthresholdslope of this small
MOSFET by 15-20 mV/decadeandincreaseDIBL. We con-
cludethatthe inclusionof quantumeffectsis essentiafor the
accuratesimulation of 30 nm scale MOSFETs,and that the
density gradient model is arfiefent way to accomplish that.
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