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Abstract

Accuratemodelingof impact-ionizationis a critical issuefor submicrondevices.
It is well known that modelsbasedon the electricfield or on the averagecarrier
enepy give aratherpoordescriptionof the problem. We shav thatby accounting
for theaveragesquareenegy anaccurateanalyticaldescriptionof the distribution
function canbe given which canthenbe usedto evaluatemicroscopicmodelsin
a macroscopiaevice simulator The new modelis accuratefor both bulk and
submicrondevicesandinvolvesonly local quantities.

1 Introduction

For fastandaccurateevaluationof CMOS reliability issuesn sub4100 nm technology
very precisehigh field transportmodelsare needed.In particular hot-carriereffects
like impactionizationare poorly describedby modelsusingthe local averagecarrier
enegy asparameterTo obtaina moreaccuratedescription.equationsetsbasedon six
momentof Boltzmannsequatiorhave beenconsideredvherein additionto thecarrier
concentratiorandtemperaturéhe next higherevenmomentthe averagesquaresnegy
of thedistribution functionis takeninto account.First promisingresultswereobtained
by Sonodaet al. [1] who proposedan analyticalexpressionfor the impactionization
rateasa functionof theaverageenegy andthe averagesquareenepy by fitting Monte
Carlo (MC) results. Being a fit-formula, the modellackstheoreticalbackgroundand
we obtainedpooraccurag for otherchannelengthsandbiaseshanthoseusedin [1].
Thereforewe developedan analyticalmodelfor the symmetricpart of the distribution
functionwhich goesbeyondthe MaxwellianapproximationThis modelis thenusedto
derive amacroscopiémpactionizationmodelbasedon microscopicdescriptionsised
in MC simulators.Impactionizationmodelshasedon six momentsof the distribution
function (DF) nicely fit into the conceptof corventionaldevice simulatorsanddo not
requiree.g.,integrationalongcurrentpaths,asonly local quantitiesareinvolved.

2 Thenew modd

It hasbeenfrequentlyshovn thatthe shapeof the DF depend®n whetherthe gradient
of thefield is positive or negative with respecto thecurrentdensity Severalcasehave
beenconsideredndevaluatedandwe foundthat

7€) = Aesp[-(£)] @

which is a generalizatiorof [2] and[3], neatly captureshe main featuresof the dis-
tribution function throughoutthe whole device. The parameterss = o(T,, 3,) and
b = b(Ty, B,) arefunctionsof thelocal temperatur@ndkurtosis. Insteadof usingthe
averagesquareenepy directly, we definethe kurtosisof the distribution function as
Bn = (3/5)(E?)/(E)?. We now take the momentsof order! of the analyticalenegy
distribution function (1)
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Fig. 2. Comparisorof thenew expressions
with othermodelsfor thebulk case

To evaluate(2) an expressiong(&) for the densityof statesis needed.Resultsbased
Kanes first-ordernon-parabolicitycorrection[4] cannotbe handledanalytically As

canbe shavn, a powerlaw approximationg(£) = go Ec(£/Ec)™ similar to the one
given by Cassiand Riccd [2] cannotcapturethe non-parabolicnatureof the bands,
becaus@nly the low- or the high-enegy partcanbefit accuratelybut not bothsimul-

taneoushyasshavn in Fig. 1. Insteadwe usethe expression

9(&) = go\/g(l + (775)4) ©)

with n = 1.4 eV~ and¢ = 1.08 which wereobtainedby a fit to Kane's expression.
In addition(3) canbe nicely fit to the pseudo-potentialataobtainedby Fischettiand
Laux[5] usingthe parametewaluesy = 0.9 eV ™" and¢ = 1.4 (cf. Fig. 1).

With this approximatiorfor g(&) expressiondor T,,(a, b) andj,(a, b) canbefound
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As thereis no analyticalinversionof (4) with respecto a andb, the solutionhasbeen
obtainedby a two-dimensionaNewton procedure A comparisorof DFs obtainedby

Monte Carlo (MC) simulationandtheir analyticalcounterpartss givenin Fig. 3 and
Fig. 4 for the bulk caseandthe shortchanneldevice, respectiely. Also shovn arethe

resultsbasedon a parabolicbandapproximation(n = 0). The analyticalexpression
slightly overestimateshe high-enegy tail whenthe curvatureof the DF is too strong.
However, with amorerealisticMC modelemploying afullbandstructureandincluding

electron-electroscatteringthetemperaturef thehigh-enegy tail is increase@ndthe

curvatureof the DF diminishedwhich in turn improvesthe quality of the analytical
expression.

With this analytical descriptionfor the distribution function, microscopicscattering
ratescanbe evaluatedto yield modelssuitablefor macroscopidransportmodels. We
consideredhe anisotropicmodel of Quadeet al. [6], the isotropic expressiongiven
by Keldysh[7], andthe extensionusedby Fischettiet al. [8]. In the following we
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Fig. 3: Comparisorof analyticalexpressions Fig. 4: Comparisorof analyticalexpressions
for the DF with MC resultsfor thebulk case  with MC resultsfor the shortchanneldevice

restrictoursehesto theKeldyshformula P () = Py (€ — En)? /&h2. becausd gives
rathercompactresultsandcanbe easilyextendedo Fischettis expression For the six
momentsmodel[9] the additionaltermsto theright handsideof the balancesquations
arerequiredwhich canbeobtainedvia

Gu, = / EL Pu(E) F(E) g(&)dE (6)
Etn

Herel = 0,1, 2 denotethe entriesfor the continuity, enegy balance,and kurtosis
balancesquationsrespectiely. As we areonly interestedn thehigh enegy partof the
densityof statesCassis expressiorcanbe sarely usedto give the final expression

altA-1/2

Fi(a,b)

with A = 1.32, o = 0.07 eV, Tj; = T[(j + I + X)/b, zn] WhereT'[a, z] is the
incompleteGammafunction and z;n, = (En/a)®. We usedP, = 4.18 - 102 s !
and&;, = 1.12 eV consistentlywith the MC simulation, valueswhich fit available
experimentabdataasshown in Fig. 2.

G, =nPy &' (Fl,l — 22, YTy + zthiz/brf)‘,l) (7)

A comparisorof Gi1 = Gir,o from (7) with the MC resultsand the model proposed
by Sonodaet al. is givenin Fig. 5 andFig. 6 for nT-n-n™ test-structuresvith channel
lengthsof 1.5 pm and0.2 um, respectiely. The shortchanneldevice wastakenfrom

[1] andthe channellengthwasincreasedo give the long channelversion. The maxi-

mum electricfieldswhere120 kV /cm and320 kV /cm for thelong andshortchannel
devices,respectiely. Note thatthe modelswere evaluatedusingT,, and 3,, from the

MC simulation.To fit theshortchannebevicethe parametersf Sonodas modelhadto

beadjustedvhereashe new modelusesthe sameparametersisin the MC simulation.
For thelong channeldevice, the new modelslightly overestimateshe ionizationrates
becauseéhe high enepy tail in the DF is overestimatedy the analyticalmodel. For

the shortchanneldevice, the new modelpredictsthetail in the drainregion. Unfortu-

nately the high enepy tail is overestimatedecausedhe analyticalDF cannotcapture
theturningpoint.

(7) canalsobe usedto demonstratéhe inaccuraciesntroducedby assuminga heated
Maxwellian distribution when deriving macroscopidmpact-ionizationratesas done
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Fig. 5: Comparisorof thenew expressions
with othermodelsfor along channedevice

Fig. 6: Comparisorof thenew expressions
with othermodelsfor a shortchanneldevice

e.g. in [6]. For a heatedMaxwellian distribution function which is characterizedby
a = kgT,, andb = 1, (7) deliversresultssimilar to local enegy models[10] which
considerablyverestimatéheionizationratesasalsoshovnin Fig. 2, Fig. 5, andFig. 6.
This overestimatiorleadsto non-physicakalibrationsof the modelparametersvhich
areonly valid for averynarron rangeof devices. Furthermoreimpactionizationcaused
by hot electronsin the draincannotbe capturedbecausehe cold carriersdominatethe
averageenegy whichis closeto thelatticetemperaturén thedrainregion.

3 Conclusion

We have demonstratethatthe averagesquareenegy providesthe necessarynforma-
tion to developananalyicalexpressiorfor the distribution functionwhich goesbeyong
theheatedMaxwellianassumptionReplacinghe heatedviaxwellian DF with the new
expressionallows for accurateevaluationof microscopicimpactionization ratesfor
bulk andsubmicrondevices. Thenew modelnicelyfits into theconcepbf macroscopic

device simulatorsasit only emplgyslocal quantities.
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