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ABSTRACT

Simulation of gate oxide tunneling currentsin sub-
qguartermicrordevicesrequirescorrectmodelingof theelec-
tronenepy distributionfunctionin thechannelegion. How-
ever, the commonassumptiorof a heatedMaxwellian dis-
tribution function leadsto a dramaticoverestimatiorof the
high-enegy tail of thedistribution functionnearthedrainre-
gion which leadsto spuriousgate currentsfor short-channel
devices.Ourapproactis basednarecentlypresentedrans-
port model which accountsfor six momentsof the Boltz-
manntransportequation.Using this model,the shapeof the
distribution functioncanbereproducednoreaccuratelyand
the gate currentbehaior of short-channetievices shavs a
morereasonabl®ehaior.

Keywords: tunneling, moment equations, BOLTZMANN
equationdistribution functionmodel.

1 INTRODUCTION

For the designof sub-microndevices with gate oxide
thicknessesiroundor belowv 2nm, the propersimulationof
gate oxide tunneling currentsis of increasingimportance.
Thermionicemissionbasedmodelsare frequentlyusedfor
this purpose[l]. For an accurateevaluationof suchmod-
els, the assumption®f a parabolicdispersiorrelation £ (k)
andaheatedMaxwellianelectronenegy distribution aretoo
simplisticapproximationsndleadto erroneousesults.

2 TUNNELING MODEL

Following [1], the gatecurrentdensityis givenas
L= [ (DY) vL(E)T(E)dE @
0

wheref () istheelectrorenegy distributionfunction,g(£)
thedensityof statesy, (£) theelectronvelocity perpendicu-
lar to theinterface,andT (‘£) the tunnelingprobability The
integrationis performedstartingfrom the conductionband
edgeenegy whichis thereferencesnepy.

2.1 Tunneling coefficient

A simplemodelfor the tunnelingprobability canbe de-
rived usingthe WKB approximation2] for trapezoidaland
triangularbarriers:

_ 2o
T(E) = e><p{4:mFox cp} 2

with thebarrierg being

(®—E)¥? for
(@—E)¥2_(0,—£)%? for

o< E<P
E < Pg

where® and®g aretheupperandlowerbarrierheight,myy is
the electronmassandFy is the electrostatidield in the ox-
ide layer. Fig. 1 shavsthetransmissiortoeficientasafunc-
tion of the electronenegy for different oxide thicknesses.
In theinsetthe shapeof the enegy barriertogethemwith the
definitionof ® and®y canbeseen.
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Figurel: Transmissiorcoeficient asa function of the elec-
tron enegy for differentoxidethicknesses®y is 2.5eV and
Pis3.2eV.
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2.2 Density of states

As a first order correctionto the single parabolicband
model,we useKanes dispersiorrelation[3]
h2k?
2Mox

whichis frequentlyusedto describenon-parabolicityeffects.
For this expressiorthe densityof stateg( ) is

v2md
meh’

with thenon-parabolicityfactora being0.5eV 1 for Si. Six

valleys of thesilicon conductiorbandaretakeninto account.

=E(1+0E) (4)

o(E)=6 E(1+0aE)(14+20E) (5)

2.3 Perpendicular velocity

The electron velocity perpendicularto the interface
v, (£) canbe derived from the normalcomponenbf the k-
vectorasdescribedn [4], wherethe expression

10E
“ &k (©)
wasgiven. This leadsto thefollowing resultsfor a parabolic
andKanes dispersiorrelation:
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. ‘E
Parabolic: v, (E) =
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Figure2: Densityof stategy(£) (left) andtheresultingnor-

mal velocity v, (right) for aparabolicandKane’s dispersion
relation.

Fig. 2 shavs a comparisorof the densityof statesandthe
resultingnormal velocity for a parabolicandthe Kane dis-
persionrelation. It canbe seenthat Kanes dispersiorrela-
tion leadsto a densityof stateswvhich exceedghe densityof
statesusing the parabolicdispersionrelation, while Kane's
perpendicularvelocity saturatesvell below the perpendicu-
lar velocity from the parabolicdispersiorrelation. However,
thetotal effect on the gatecurrentdensitywhich dependon
the productof perpendiculavelocity and density of states
will be small which explains why good resultshave been
achievedusingthe parabolicdispersiorapproximation.

3 DISTRIBUTION FUNCTION MODEL

Severalworksdealwith theproblemof distribution func-
tion modeling for hot carriersin the channelregion of a
MOSFET [5], [6]. The problemarisesfrom the fact that
theassumptiomf acold Maxwelliandistributionfunctionin-
evitably overestimatetheamountof carriersnearthesource
region where electronshave to surmountan enegy bar
rier andthe populationof high-enegy electronsis low. At
the drain end, however, electronshave gained enegy and
the cold Maxwellian distribution underestimateshis high-
enepy tail. The straightforvard approactis to usea heated
Maxwelliandistribution function

>
f(E) =Aexp (—@> (8)
with T, beingthe electrontemperaturekg the Boltzmann
constantandA a normalizationconstant.This model,how-

ever, overestimateshe high-enegy tail all alongthe channel
becausé cannotaccounfor the curvatureof thedistribution

function at high enegies. Thus,to accountfor the electron
enegy distribution function of hot carriersin thechanneke-

gion an expressionhasbeenpresentedn [7] which makes
useof asix momentgransporimodel:

£ \P

<£ref) ] . (9)
Thevaluesof ‘et andb arederived from the solutionvari-
ablesT, andf, usinga two-dimensionaNewton procedure
asdescribedn [7]. Thereit hasbeenshavn that (9) accu-
rately reproducedMonte Carloresultsinsidethe channel.In
thedrainregion, however, hot electrondrom the sourcemix
with thepool of cold electronf thedrainregionwhichleads
to an additionalpopulationof cold electrons.An improved

modelwhichis ableto reproducehis behaior is givenin [8]
which, however, doesnotinfluencetheresultsgivenhere.

f(E) = Aexp
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Figure3: Comparisorof the heatedMaxwelliandistribution
andthe six momentsdistribution function (9) asa function
of the electronenegy at differentpointsin the channelof a
0.35um device.

The value of the normalizationvariable A is calculated
from the carrierconcentratiorusingthe normalization

n:o/f(f)g('z)df (10)

wherethe carrierconcentratiom is takenfrom thetransport
model. Therebyconsisteng of the modelis assured Fig. 3
shavs a comparisorof the six momentselectronenegy dis-
tribution function with a heatedMaxwellian distribution at
the pointsA (nearthe sourcecontact) B (in the middle)and
C (nearthedraincontact)in the channebf a0.35um device.
The heatedMaxwellian distribution overestimateshe high-
enepy tail atall of thesepoints,giving riseto aconsiderable
amountof erroneougatecurrents.

4 RESULTS

For the evaluationof the tunnelingmodelwe solved our
six momentstransportmodel [9] for several MOS transis-
tors with varying gate lengthsand oxide thicknesses.The
expressiondiave beenimplementednto thegenerapurpose
device simulatorMINIMOS-NT in a self-consistenmanner
We assumedan nMOS device in on-statewith Vys = 0.8V
andVys = 1.2V. Gatelengthsof 0.5um, 0.35um, 0.25um,
0.18um, and 0.1um with oxide thicknesse®f 4nm, 3nm,
and 2nm have beentaken into account. It hasbeenshavn
in Fig. 3 that the heatedMaxwellian distribution overesti-
matesthe high-enegy tail of thedistribution function. How-
ever, dueto theshapeof thetransmissiortoeficient, thecor
rectmodelingof the distribution functionin the high enegy

regime s crucial for the calculationof hot carriergate cur

rents. The effect of this overestimatioris clearly visible in

Fig. 4 which shaws the integrandof (1). While the incre-

mentalgate currentdensityfor the six momentddistribution

function stronglydecreasefor increasingenegies, it peaks
aroundthe upperedgeof the enegy barrier for the heated
Maxwellian distribution. This spuriouspeakcanbe seenin

thelower partof Fig. 4. Theoverestimatiorfinally resultsin

a peakof the gate currentdensitynearthe drain side of the
channelasseenin the upperpartof Fig. 5 which shows the
resultingnormalizedgate currentdensityalongthe channel
for deviceswith differentgatelengths.
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Figure 4. Integrand of expression (1) for a heated

Maxwellian distribution and the six momentsdistribution
function (9) asa function of the electronenepy at different
pointsin thechannebf a 0.35um device.
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The spuriousgate currentdensity in the upper part of
Fig.5isclearlyvisibleandit becomegvenmorepronounced
for smallerdevices. The effect on the total gate currentis
shawvn in the lower part of Fig. 5 wherethe gate currentis
given for different gate oxide thicknessess a function of
the gatelengthandnormalizedto the gatelength. It canbe
seenthat the heatedMaxwellian approximatiorleadsto in-
creasinglywrong resultsfor reducedgatelength. I4/Lg be-
comesevenindependentf theoxidethicknesdor theheated
Maxwelliandistribution atLg = 0.1um which seemsat least
guestionable.The new distribution function, however, de-
liversreasonableesultsand canthus safelybe usedfor the
evaluationof gatecurrentsin sub-0.Jum devices.
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Figure 5: Spatial distribution of the gate current density
alongthe channeffor differentgatelengthsL (upperfigure)
andthe resultinggate currentnormalizedto the gatelength
(lower figure).

5 CONCLUSIONS

We presented new modelfor the hot-electrorgatetun-
neling currentby taking the non-Maxwellianshapeof the
electrorenegy distributionfunctionandanon-parabolidis-
persionrelationinto accountWe shavedthatthecommonly
usedheatedMaxwellian shapeassumptiorfor the distribu-
tion function candeliver correctresultsfor the caseof cold
carriertunneling,but it fails to reproducenot carriertunnel-
ing. We useda recently developedsix-momentstransport
modelto deploy an expressionwhich correctly reproduces
the shapeof the distribution functionin the channelregion.
Using this model reasonableesultseven for shortchannel
devicescouldbeachieved.
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