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ABSTRACT

Simulation of gate oxide tunneling currents in sub-
quartermicrondevicesrequirescorrectmodelingof theelec-
tronenergy distributionfunctionin thechannelregion. How-
ever, the commonassumptionof a heatedMaxwellian dis-
tribution function leadsto a dramaticoverestimationof the
high-energy tail of thedistributionfunctionnearthedrainre-
gion which leadsto spuriousgatecurrentsfor short-channel
devices.Ourapproachis basedonarecentlypresentedtrans-
port model which accountsfor six momentsof the Boltz-
manntransportequation.Usingthis model,theshapeof the
distribution functioncanbereproducedmoreaccuratelyand
the gatecurrentbehavior of short-channeldevicesshows a
morereasonablebehavior.

Keywords: tunneling, moment equations,BOLTZMANN

equation,distribution functionmodel.

1 INTRODUCTION

For the designof sub-microndevices with gate oxide
thicknessesaroundor below 2nm, the propersimulationof
gate oxide tunnelingcurrentsis of increasingimportance.
Thermionicemissionbasedmodelsare frequentlyusedfor
this purpose[1]. For an accurateevaluationof suchmod-
els, theassumptionsof a parabolicdispersionrelation

���
k �

andaheatedMaxwellianelectronenergy distributionaretoo
simplisticapproximationsandleadto erroneousresults.

2 TUNNELING MODEL

Following [1], thegatecurrentdensityis givenas

Jg �
∞

0

f
��� � g ��� � v� ��� � T ��� � d � (1)

wheref
��� � is theelectronenergydistributionfunction,g

��� �
thedensityof states,v� ��� � theelectronvelocityperpendicu-
lar to theinterface,andT

��� � thetunnelingprobability. The
integration is performedstartingfrom the conductionband
edgeenergy which is thereferenceenergy.

2.1 Tunneling coefficient

A simplemodelfor the tunnelingprobabilitycanbede-
rivedusingtheWKB approximation[2] for trapezoidaland
triangularbarriers:

T
��� � � exp � 4

	
2mox

3h̄qFox
φ (2)

with thebarrierφ being

φ � � Φ � � � 3
 2 for Φ0 � � � Φ� Φ � � � 3
 2 � � Φ0 � � � 3
 2 for
� � Φ0

whereΦ andΦ0 aretheupperandlowerbarrierheight,mox is
theelectronmass,andFox is theelectrostaticfield in theox-
ide layer. Fig. 1 showsthetransmissioncoefficientasafunc-
tion of the electronenergy for different oxide thicknesses.
In theinsettheshapeof theenergy barriertogetherwith the
definitionof Φ andΦ0 canbeseen.
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Figure1: Transmissioncoefficient asa functionof theelec-
tron energy for differentoxidethicknesses.Φ0 is 2.5eV and
Φ is 3.2eV.
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2.2 Densityof states

As a� first order correctionto the single parabolicband
model,weuseKane’s dispersionrelation[3]

h̄2k2

2mox
� ���

1 
 α
� � (4)

whichis frequentlyusedto describenon-parabolicityeffects.
For thisexpressionthedensityof statesg

��� � is

g
��� � � 6

	
2m3

π2h̄3

���
1 
 α

� � � 1 
 2α
� � (5)

with thenon-parabolicityfactorα being0.5eV� 1 for Si. Six
valleysof thesiliconconductionbandaretakeninto account.

2.3 Perpendicular velocity

The electron velocity perpendicularto the interface
v� ��� � canbederived from thenormalcomponentof thek-
vectorasdescribedin [4], wheretheexpression

v� ��� � � 1
4h̄

∂
�

∂k
(6)

wasgiven.This leadsto thefollowing resultsfor aparabolic
andKane’s dispersionrelation:

Parabolic: v� ��� � � �
8mox

Kane: v� ��� � � ���
1 
 α � �

8mox
�
1 
 2α

� � 2 �
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Figure2: Densityof statesg ����� (left) andtheresultingnor-
malvelocityv� (right) for aparabolicandKane’sdispersion
relation.

Fig. 2 shows a comparisonof the densityof statesand the
resultingnormalvelocity for a parabolicandthe Kanedis-
persionrelation. It canbe seenthat Kane’s dispersionrela-
tion leadsto a densityof stateswhich exceedsthedensityof
statesusing the parabolicdispersionrelation,while Kane’s
perpendicularvelocity saturateswell below the perpendicu-
lar velocity from theparabolicdispersionrelation.However,
thetotal effect on thegatecurrentdensitywhich dependson
the productof perpendicularvelocity and densityof states
will be small which explains why good resultshave been
achievedusingtheparabolicdispersionapproximation.

3 DISTRIB UTION FUNCTION MODEL

Severalworksdealwith theproblemof distribution func-
tion modeling for hot carriers in the channelregion of a
MOSFET [5], [6]. The problemarisesfrom the fact that
theassumptionof acoldMaxwelliandistributionfunctionin-
evitably overestimatestheamountof carriersnearthesource
region where electronshave to surmountan energy bar-
rier andthe populationof high-energy electronsis low. At
the drain end, however, electronshave gainedenergy and
the cold Maxwellian distribution underestimatesthis high-
energy tail. Thestraightforwardapproachis to usea heated
Maxwelliandistribution function

f ������� Aexp � �
kBTn

(8)

with Tn being the electrontemperature,kB the Boltzmann
constant,andA a normalizationconstant.This model,how-
ever, overestimatesthehigh-energy tail all alongthechannel
becauseit cannotaccountfor thecurvatureof thedistribution
function at high energies. Thus,to accountfor the electron
energy distribution functionof hot carriersin thechannelre-
gion an expressionhasbeenpresentedin [7] which makes
useof asix momentstransportmodel:

f ������� Aexp � �� ref

b �
(9)

Thevaluesof � ref andb arederived from thesolutionvari-
ablesTn andβn usinga two-dimensionalNewton procedure
asdescribedin [7]. Thereit hasbeenshown that (9) accu-
ratelyreproducesMonteCarloresultsinsidethechannel.In
thedrainregion,however, hot electronsfrom thesourcemix
with thepoolof coldelectronsof thedrainregionwhichleads
to an additionalpopulationof cold electrons.An improved
modelwhichis ableto reproducethisbehavior is givenin [8]
which,however, doesnot influencetheresultsgivenhere.
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Figure3: Comparisonof theheatedMaxwelliandistribution
andthe six momentsdistribution function (9) asa function
of theelectronenergy at differentpointsin thechannelof a
0.35µm device.

The value of the normalizationvariableA is calculated
from thecarrierconcentrationusingthenormalization

n � ∞

0

f ����� g ����� d � (10)

wherethecarrierconcentrationn is takenfrom thetransport
model. Therebyconsistency of themodelis assured.Fig. 3
shows a comparisonof thesix momentselectronenergy dis-
tribution function with a heatedMaxwellian distribution at
thepointsA (nearthesourcecontact),B (in themiddle)and
C (nearthedraincontact)in thechannelof a0.35µm device.
The heatedMaxwelliandistribution overestimatesthe high-
energy tail atall of thesepoints,giving riseto aconsiderable
amountof erroneousgatecurrents.

4 RESULTS

For theevaluationof the tunnelingmodelwe solvedour
six momentstransportmodel [9] for several MOS transis-
tors with varying gate lengthsand oxide thicknesses.The
expressionshavebeenimplementedinto thegeneralpurpose
device simulatorMINIMOS-NT in a self-consistentmanner.
We assumedan nMOS device in on-statewith Vgs � 0

�
8V

andVds � 1
�
2V. Gatelengthsof 0.5µm, 0.35µm, 0.25µm,

0.18µm, and 0.1µm with oxide thicknessesof 4nm, 3nm,
and2nm have beentaken into account. It hasbeenshown
in Fig. 3 that the heatedMaxwellian distribution overesti-
matesthehigh-energy tail of thedistribution function.How-
ever, dueto theshapeof thetransmissioncoefficient,thecor-
rectmodelingof thedistribution functionin thehigh energy

regime is crucial for the calculationof hot carriergatecur-
rents. The effect of this overestimationis clearly visible in
Fig. 4 which shows the integrandof (1). While the incre-
mentalgatecurrentdensityfor thesix momentsdistribution
functionstronglydecreasesfor increasingenergies,it peaks
aroundthe upperedgeof the energy barrier for the heated
Maxwelliandistribution. This spuriouspeakcanbeseenin
thelowerpartof Fig. 4. Theoverestimationfinally resultsin
a peakof the gatecurrentdensitynearthe drain sideof the
channel,asseenin theupperpartof Fig. 5 which shows the
resultingnormalizedgatecurrentdensityalongthe 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 functionof theelectronenergy at different
pointsin thechannelof a0.35µm device.
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The spuriousgate current density in the upper part of
Fig.5 isclearlyvisibleandit becomesevenmorepronounced
for smallerdevices. The effect on the total gatecurrentis
shown in the lower part of Fig. 5 wherethe gatecurrentis
given for different gate oxide thicknessesas a function of
thegatelengthandnormalizedto thegatelength. It canbe
seenthat the heatedMaxwellian approximationleadsto in-
creasinglywrong resultsfor reducedgatelength. Ig � Lg be-
comesevenindependentof theoxidethicknessfor theheated
Maxwelliandistribution at Lg � 0� 1µm which seemsat least
questionable.The new distribution function, however, de-
liversreasonableresultsandcanthussafelybeusedfor the
evaluationof gatecurrentsin sub-0.1µm devices.
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Figure 5: Spatial distribution of the gate current density
alongthechannelfor differentgatelengthsL (upperfigure)
andthe resultinggatecurrentnormalizedto the gatelength
(lowerfigure).

5 CONCLUSIONS

We presenteda new modelfor thehot-electrongatetun-
neling currentby taking the non-Maxwellianshapeof the
electronenergy distributionfunctionandanon-parabolicdis-
persionrelationinto account.Weshowedthatthecommonly
usedheatedMaxwellian shapeassumptionfor the distribu-
tion function candeliver correctresultsfor the caseof cold
carriertunneling,but it fails to reproducehot carriertunnel-
ing. We useda recentlydevelopedsix-momentstransport
model to deploy an expressionwhich correctly reproduces
the shapeof the distribution function in the channelregion.
Using this model reasonableresultseven for short channel
devicescouldbeachieved.
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