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Abstract

For the simulationof state-of-the-artlevices hydrodynamicand enegy transport
modelsallow to accounfor non-localeffectswhich cannotbe capturedy thedrift-
diffusion model. Although thesemodelshave beenavailablefor several decades,
thereare still unresoled issues. One of theseissuesis the occurrenceof spuri-
ouspeaksin the velocity profile which have originally beenrelatedto Blgtekjeers
model. Recentresearchhowever, shaved that thesepeaksare inherentto both
Strattons andBlgtekjeers model. We investigateghe origin of thesepeaksby intro-
ducingrelaxationtimes, mobilities, and closurerelationsdirectly from a coupled
Monte Carlo simulator Although accuratemodelingof the relaxationtimesand
mobilities is important,it appearghatthe origin of the spuriouspeakslies in the
truncationof theinfinite seriesof moments.

1 Introduction

In the traditional drift-dif fusion (DD) approachthe carrierenegy is assumedo bein

equilibriumwith the electricfield. Therefore the DD modelcannotpredictnon-local
effectswhich occurin moderndevices.Especiallytheovershooin velocityis important
to capture. Monte Carlo (MC) simulationspredictan overshootin the velocity when
the electricfield increasegsapidly. This velocity overshootcan be qualitatvely cap-
turedby higherordermomentbasedmodelswhich, however, tendto overestimatehis

effect. Interestingly thesemodelsalso predicta velocity overshootwhenthe electric
field decreasesapidly, e.g.,at theendof a channelin a MOS transistor This velocity
overshootis not obsenedin MC simulationsandthustermedspuriousvelocity over-

shoot(SVO). Althoughtheinfluenceof this effect on device characteristicss probably
notvery dramaticwe feel thata thoroughinvestigatiorof its causds indeedimportant
for thebasicunderstandingf momentbasednodels.

Therehasbeenanongoingdiscussionn theliteratureonthecauseof thiseffect. Oneof
thefirst speculationsvasaweaknes# theenegy-transpor{ET) modelwhichis based
on Blgtekjeers hydrodynamianodel[1]. ET modelsandenegy-balancg§EB) models
basedon Strattons approact2] arecloselyrelated[1, 3], with the exceptionthatthe
mobilities are definedin a differentway. This leadsto an additionaldriving termin
thecurrentrelationof the EB modelwhichis proportionalto the spatialgradientof the
mobility. This driving term canbe reformulatedand combinedwith the driving term
of the temperaturgyradientyielding a modified prefactorof the temperaturgradient.
The modified prefactoris traditionally modeledas a constantand adjustedin sucha
way thatthe SVO is minimized[4]. It hasalreadybeenpointedout thatthis approach
is questionablg5], becausehe prefactordependson the dominantscatteringprocess
whichin turndepend®nthedopingandtheappliedvoltagesand,thereforenounique
value canbe found. Anotherimportantfactorthat hasbeenattributedto SVO is the
modelingof the mobilitieswhich arenot singlevaluedfunctionsof the enegy [6]. As
alreadyarguedby [7], SVO is notlikely to be causedy the mobility alone.
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2 Transport Models Coupled to Monte Carlo Simulator

A characteristiteatureof momentasednodelss thattheinfinite hierarchyof moment
equationdhasto be truncatedo yield a finite numberof equations.The highestorder
equationnow containsa next highermomentwhich hasto be modeledasa function

of the lower ordermoments.Normally a heatedMlaxwellian shapeis assumedor the

distribution function (DF) which hasthe propertythatthe fourth ordermoment(£?) is

proportionalto the squareof the averageenegy (£)2. Theaccuray of thisrelationship
dependsn the positionin the device. To quantify the accurag of this expressionwve

definethekurtosisas|[8]
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which equalsunity for a Maxwellian distribution and parabolicbands. A plot of 3,
insideann™-n-nT test-structurés givenin Fig. 1 for a parabolicMC simulation. In
thechannelg,, is in therange[0.8, 1] andtheerrorassumedby a Maxwellianclosureis
probablynottoo dramatic.However, whenthe hot channekarriersmeetthelarge pool
of cold carriersin the drain, 3,, reaches/aluesabove 2. Interestingly this is exactly
the region wherethe spuriousvelocity overshootoccurs. This is confirmedwhenwe
look at the distribution function at the pointsA, B, andC in Fig. 2 . For the channel
point A, the curvatureof the DF is smooth reflectedby a smallvalueof 3,,, whereas
betweerthe pointsB andC the contribution of the cold drain carriersincreaseshile
the high-enegy tail relaxesslowly. Especiallyin theseregionsthe Maxwellian shape
which givesa straightline, is definitelyaratherpoorapproximation.

To eliminateas mary uncertaintiesas possiblewe usea parabolicET modelbecause
non-parabolicityeffectscan only be approximatelycapturedin the driving terms[9].
Furthermorewe assumethe validity of the diffusion approximationwhich allows to
write the tensorsasscalarsandto neglectthe contribution of the kinetic enegy to the
averagecarrierenegy. Theseapproximationgsrevery commonandwill bereexamined
later In additionwe restrictoursehesto the one-dimensionatase,mainly because
SVO is presentn one-dimensionasimulationsandtwo-dimensionakffectslik e real-
spacetransferfurther complicateary discussion.To remove the uncertaintiesn the
relaxationtime andmobility modelswe coupledour device simulatorMINIMOS-NT to
aMC simulatorin a self-consisteninannemherethe potentialdistribution for the MC
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simulationwastakenfrom the device simulatorandthe relaxationtimesfor the device

simulatorfrom the last MC solution. A large numberof scatteringeventshadto be

processetb achieze smoothrelaxationtimeswith smallvarianceo obtaincorvergence
within the momentsmodels. In additionto the ET modelwe useour six moments
model(SM) [8] for comparisorwhichretainss,, asasolutionvariableandintroducesa

closurefor (£3). Dueto the existenceof two carrierpopulationsthe empiricalclosure
we employedfor (£2) is mostcritical in thevery sameregion asthe closurefor thefour

momentsET model[8].

3 Comparison

A comparisorof simulatedvelocity profilesobtainedfrom the ET and SM modelwith
MC resultsis givenin Fig. 3 which confirmsthat SVO is not causedoy the mobility
aloneasthe SVO spike is still obsenedusingMC datafor all relaxationtimes. How-
ever, the SM model improvesthe closureof the equationsystemwhich may be the
reasorfor thereducedspike obsenedwithin the SM model.

To further investigatethis effect, anothersetof simulationswas performedusing 3,
from the MC simulationto closethe ET model, thusresultingin a correctclosureof
thefour momentamodel. Furthermorein onesimulationthe MC relaxationtimeswere
replacedby standardmodels,namelya constantenegy relaxationtime (0.33 ps), a
simplified Hanschmobility model[10]

_ Mo
w(Ty) = T+all, = T7) (2)

anda constanimobility ratio ps /1 = 0.8 whereps is the mobility of the enegy flux

[5].

_ ) k]23 Hs 2 q
Sn=—5 ot u(V(nTnﬂn) i EnTn) 3)

A comparisonof thesesimulationswith the MC valuesis givenin Fig. 4. With the

MC closureand the MC relaxationtimes the spike is completelyremoved whereas
with the standardnodelsit is quite pronounceddespitethe correctclosure.This leads
usto the conclusionthat SVO is a resultof both the closureand the hysteresisn the

relaxationtimesandcanprobablynever becompletelyeliminatedusingafinite number
of momentequations.However, ascanbe seenin Fig. 3, the errorintroducedby the

closureis reducedvhenthe numberof momentds increasedrom four to six.

Fig. 4 senesasagoodtestfor theapproximationsntroducedn thederivationof theET
andSM model. Mainly, by employing the diffusionapproximationtermsof theform
(u) ® (u) areneglectedagainstu ® u), oneof theconsequencdseingthatthedrift ki-
neticenegy m,, (u)? /2 is neglectedagainskg T}, . This contritutionis only relevantas
long asthe carriertemperaturés low andthe velocity is highwhichis atthe beginning
of the channeln the velocity overshootregion. Indeed,a very small overestimatiorof
the carriertemperaturés obsenedin this region (Fig. 4). This contribution will gain
moreimportancewhenthe channellengthis reduced.Fig. 4 stresseshe importance
of properrelaxationtime and mobility modelswhich influencethe solutioninsidethe
wholedevice whereagheinfluenceof the closurerelationis strongesatthe endof the
channelndrestrictedio arelatively smallregion.
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Fig. 3: Velocity profileswith MC relaxation  Fig. 4: Velocity profileswith MC relaxation
timesfor thetwo transportmodels timesandclosure

4 Conclusion

Spuriousvelocity overshoothasbeenattributedto several approximationsntroduced
in the derivation of enegy-transporimodels. We investigatedhe two mostdominant
effectswhich are causedby inaccuraciesn the mobility and relaxationtime models
andby the truncationof the infinite seriesof moments.It hasbeendemonstratedhat
accuratemodelsfor the mobilities and relaxationtimes are of utmostimportanceto
reproducevelocity profilesinside the device. However, even with parametewvalues
takendirectly from Monte Carlo simulationsthe spuriousvelocity overshootremains
in thevelocity profilesbut canbereducedy increasinghe numberof moments.This
leadsusto the conclusionthat SVO is aresultof boththe closureandtheinaccuracies
in the physicalmodelsandcanprobablynever be completelyeliminatedusinga finite
numberof moments.
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