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Abstract

We describean electronictransportmodel and an implementatiorapproachthat respondto the
challengeof device modelingfor gigascalentegration.We usethe density-gradien({DG) trans-
port model,which addstunnelingandquantumsmoothingof carrierdensityprofilesto the drift-
diffusionmodel.We presenthe currentimplementatiorof the DG modelin PROPHET, a partial
differential equationsolver developedby Lucent TechnologiesThis implementationapproach
permitsrapid developmentand enhancemendf models,aswell asrun-time modificationsand
model switching. We shaw that even in typical bulk transportdevices suchas P-N diodesand
BJTs,DG quantumeffects cansignificantlymodify the I-V characteristicsQuantumeffectsare
shawvn to be even moresignificantin small, surfacetransportdevices,suchassub-0.um MOS-
FETSs.In thin-oxide MOS capacitorswe find that quantumeffects may reducegate capacitance
by 25% or more. The inclusion of quantumeffects in simulationsdramaticallyimproves the
matchbetweerC-V simulationsandmeasurementsignificantquantumcorrectionsalsooccurin
the |-V characteristics of short-channel MOSFETSs due todkes @gapacitance correction.

I ntroduction

Theunrelentingdown-scalingof electronicdevicestowardgigascaldantegrationlevels (morethan
10° devicesper chip) is causinga fundamentathangefrom experiment-dominatedevelopment
to simulation-dominatedlevelopmentof new electronicstechnology The cost of experiments
with eachnew technologygenerations rising rapidly with the price of moreadwvancedabrication
instrumentsandfacilities. Theseinstrumentsamustprovide ever more completeand precisecon-
trol of all aspectsof the fabricationprocessin orderto squeezehe samefunctionality into a
smallerarea Higherfunctionaldensityis now oftenaccomplishedhe sameway thathumandive
moredensely:by building up (or down) insteadof out. Advancedtechnologiesisetrenchespil-
lars,side-valls, overlaps stacking.andlayering,to nameafew space-sang gambits.But in spite
of theincreasingcostandcompleity of fabrication,competitve pressures intensifyingto bring
new technologyto marketfasterandcheapethanever before.Preventingthesetwo realitiesfrom
colliding is the essence of the gggale challenge.

In a circular processthe fundamentathangein electronicsR&D is madepossibleby the very
technologythat requiresit. Larger, faster and cheapercomputersdon't just make it possibleto
solve largerproblemsfaster- they actuallymale it feasibleto solve new classe®f problemsand
to solwe old problemsin fundamentally*smarter” ways. Thus, as experimentaltrial-and-error
becomesnfeasiblein gigascaleslectronicslevelopmentsimulation(processdevice, andcircuit)
is becominga fundamentapart of the technologydevelopmentcycle, andwill eventuallydomi-
nateit. In fact,circuit simulationhaslong agoreplacedaperand-pencitheoryandexperimental



circuit testing as the dominant means oiriechnology deelopment.

However, meetingthe gigascalechallengels muchmoredauntingfor electronicdevice andpro-
cessmodeling.Experimentalteration(guidedby experienceandtheory)cannot continueto lead
new device andprocesgechnologydevelopmentinto the gigascaleerabecausef rapid changes
in materialsand device structures,as well as increasingcomple-geometry small-geometry
guantumandatomisticeffects.Processanddevice simulationmusttake the leadin development
because of thesenew challengesbut they must also be able to handle them. The standard
approacho processanddevice simulation- developingindependentandoftenredundantfixed-
model codesall aroundthe world - will make processand device modelinglag the technology
curve. For processaanddevice modelingto meettheir gigascalechallengesndthusbe ableto pro-
vide critical guidanceto the industry more modular flexible, and extensibledevice and process
simulation codes are required.

In this work, we focuson device simulation,anddescribeboth anapproacho device simulation
anda physicalmodelwhich advancetheeffort to meetthe challengeslescribedibore. Thedevice
simulationapproachis to specify the transportmodel at a high level to a general-purposébut
highly efficient) partial differentialequation(PDE) solver, in this casePROPHET, developedby
LucentTechnologiesPROPHETthensolvesthemodelin 1-D, 2-D, or 3-D for a specifieddevice
andtestregime. This approachallows for the rapidinvestigation of a wide rangeof device struc-
tures,transportmodelsand physical effects, which is essentiafor device simulationto play a
leadingrole in the future of electronicdevice technology [Note thatthe PDE solver approachs
also applicableto processmodeling. In fact, PROPHET was initially developed,and is still

mainly used, for process modeling.]

Theelectronictransportmodelusedin this work is the density-gradien(DG) quantumcorrection
to thedrift-diffusion (DD) model? This modeladdstunnelingandquantumsmoothingof carrier
densityprofilesto thedrift-diffusionmodel.We notethatthe classicalrift-diffusionmodelis still
the mostextensiely usedmodelfor numericalsimulationof electronicdevices? almost50 years
afterits first descriptiorf* and almost35 yearsafter Gumme? first describeca robust numerical
solutionmethod.Thelongevity of the DD modelis asmuchatestimoly to theability of scientists
to addandtuneadditionalfitting parametergusuallythroughmobility models)for eachsucces-
sive technology generation as it is to the innate acgwhthe DD model.

However, we arein a periodof even morefeverishadvancemenbf electronicdevices,with new
generation®f technologybeingintroducedevery 2 yearse,3 ratherthanevery 3 yearsaspredicted
by recenthistory’ Further variousquantumeffectswill quickly increasen significanceandit is
unclearhow well additionalfitting parametersanaccountor theseeffects.Insteadwe shawv that
thedensity-gradienguantumcorrectionto the DD modelcanefficiently accountfor atleastsome
of theseeffects. PROPHET offers an efficient way to explore this modeland quantumeffectsin
various electronic deces.

This work begins by describingthe density-gradientnodel P-N junction devices,andthe imple-
mentationof the DG modelin PROPHET We thendescribesimulationresultsfor a P-N diodein
1-D andabipolarjunctiontransistor(BJT) in 2-D. Next, we reformulatethe DG modelfor usein
deviceswith insulators We thencompareclassicalandDG capacitance-aitage(C-V) curvesfor



1-D MOS capacitorsandcurrent-wltage(l-V) curvesfor ultra-smallMOSFETsin 2-D. Finally,
we add ionized impurity scatteringto the DG model for the first time, to improve the match
between simulation ancgeriment. A discussion and conclusions of tleelkafollows.

Density-Gradient Model and PROPHET

Thedrift-diffusionanddensity-gradientodelsof carriertransportin anelectronicdevice canbe
written identically:
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In the DD model,y, = W, whichis theclassicakelectrostatigotential.In the DG model,
the electrostatic potentlafhas a quantum correction:
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The quantumpotential correctionis derived from the Schrodingerequationas a sum over all
wavefunctions.Ohviously, this correctioncannot incorporatequantummechanicgerfectlyinto
the DD model, so r, and rp may be used as flttlng parametersin this work, we take
M =Tp =3, which i |s the high temperaturdlmlt The effect of the quantumpotentialis to
reducethe secondderiative of carrierdensityprofiles. Therefore,abruptchangesn the carrier
density(e.g.,at a silicon/oxideinterface)aredisalloved. In generalthe quantumcorrectionacts
to smooth out carrier density profiles. This is a result of continuity of the quarauefuwction.

We now describetheimplementatiorof the DG modelin the PDE solver PROPHET Concerning
materialparametersye usemobilitiesof p, = 1500cnm?/Vs and Hp = =500cmA/Vsin (1). In (2),
wetake m, = 0.19m, (light electronmass)and m, = 0.49m, (hea/y hole mass)becausehese
valuesresult in a good match betweenDG simulationsand experlment Thatis, thesecarrier
masseseemto dominatethe quantumpotentialcorrectionin casesvherestraight-forvard com-
parisonwith experimentis possible.The more interestingimplementationissuesinvolve the
PDEs. Since PROPHET has differential operatorsup to secondorder implementingthe DG
modelin PROPHET requiresfive PDEs:the threein (1) andthe two in (2). Also, the quantum
potential equationsin (2) are multiplied by ./n and ./p respectiely to make use of existing
PROPHET operatorsFinally, in thiswork we only consideithe steady-statel' hus,the DG model
implemented in PRPHET is:
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wherey, = § + Wan and Wy = WHPg,. This PDE model,including all coeficients, is speci-
fied in a script file which PROPHET readsand executes.For example,Figure 1 shawvs the DG
model definition for a P-N diode or BJT (bipolar junction transistor).

In the PROPHET input script, PDE modelsareimplementedas a seriesof addedterms.Using

term2in Figure 1l asan example,eachtermis composedf a geometricaland physical operator
(box_dv anddrift_diffusion),takesoneor morefieldsasinputs(psi_n,electrons)js addedo one
or moreequationgelectrons) andappliesonly in specifiedregionsof the device (silicon). Alge-

braic functionsof the fields (e.g.,func0O) are usedto setup the systemof equations.The code
implementingoperatordik e drift_diffusionis providedwith all of the necessarfield andgradient
information,andtakes needecparameteraluesfrom a databasenaintainedoy PROPHET The

database also stores (for a single run or permanently) the transport models.

Results: Bipolar Devices

Usingthe DG modeldescribedabore, we considerthe effectsof the quantumpotentialon bipolar
device operationIn particular we simulatethe operationof a P-N diodein 1-D andaBJT in 2-D,

andcomparesimulationresultsfrom the classicakndDG models.For the PN diode,a noticeable
differencein the carrier density profiles occursnearthe junction due to the profile smoothing

system nane=dens_gr ad
sysvar s=psi, el ectrons, hol es, psi _qgn, psi _qp
nt er rF10
termD=box_di v. | apfl ux(psi|psi)@silicon}
t ermi=nodal . pot f | ux(el ectrons, hol es, net dope| psi ) @sil i con}
term2=box_div.drift_diffusion(psi_n,electrons|electrons)@silicon}
termB=box_div.drift_diffusion(psi_p,hol es|holes)@silicon}
t ermi=nodal . prod(psi _qgn, sqrt_n| psi _gn) @sil i con}
ternb=box_di v. | apfl ux(sqrt_n|psi_qn) @silicon}
t er m6=nodal . prod( psi _qp, sqrt _p| psi _gp) @silicon}
tern7=-1*box_di v. | apfl ux(sqrt_p| psi_qp) @silicon}
ternmB=dirichl et.device_dirichlet(netdope|psi,electrons, holes)@silicon/anode,
i con/ cat hode, silicon/enitter,silicon/base,silicon/base2,silicon/collector}
termd=dirichlet.default_dirichlet(0|psi_qp, psi_qn)@silicon/anode,
i con/ cathode,silicon/enitter,silicon/base,silicon/base2,silicon/collector}
t npvar s=psi _n, psi _p,sqrt_n,sqrt_p
nf unc=4
funcO=add( psi, psi _qgn| psi _n) @silicon}
funcl=add( psi, psi_qgp| psi_p)@silicon}
func2=sqrt (el ectrons|sqrt_n)@silicon}
func3=sqrt (hol es|sqrt_p)@silicon}

Figure 1. DG modeldefinitionfor a PN diodeandBJT in PROPHET scriptfile. Associ-
atedmodelparametewvalues,domaindefinition,andsimulationcommandsrenot shavn.
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effectof the DG model.Also, notethatthelower effective massof the electrongesultsin alarger
guantumcorrection(densitysmoothing) However, thel-V curvesfor thetwo modelsareindistin-
guishableover the entirebiasrange,asshavn in Figure 3. [Note that (Esaki)tunnelinghasbeen
neglected in these simulations, although it could in principle be included in the DG calculation.]

For the2-D BJT shavn in Figure4, quantumeffectsweremorenoticeablan theterminalcharac-
teristics.In particular althoughthe currentsappeaio be almostidentical,on averagethe DG col-
lector currentis roughly 5% lessthanthe classicalcollectorcurrent,andthe DG basecurrentis
20%lessthanthe classicalcurrent. Thesedifferencegesultin a substantiall5%increase in cur-
rentgain with the DG quantumcorrection.Theroot causeof thesel-V differencess beinginves-
tigated.It doesnot appeato be dueto alowering of the basebarrierto collectoremittercurrent,
sincecollectorcurrentdecreasedlightly in the DG model.Solutionerror dueto inadequateyrid
resolutionalsoseemsunlikely, asthe resultwasconsistenbver a wide rangeof biases[To avoid
grid error, we usedover 10,000grid pointsfor this simulation,mostly to adequatelyresole the
fairly abruptandimportantbase-emittejunction. As a result,this wasthe mostcomputationally
demandingsimulationin this work.] TheseBJT simulationresultsindicatethat even bulk trans-
port devices using P-N homojunctiongratherthan heterojunctions}o defineregions canshav
significantquantumeffectsin theirterminal(l-V) characteristicsEvenmoreinterestings thatthe
guantum correction actuallynproved device performance.

Density-Gradient Model with Insulators

The remainderof this work describeghe implementatiorand useof the density-gradienmodel
for simulationof MOSFETS? In comparisorto bulk-transporidevicessuchasthe P-N diodeand
BJT, surface transportdevices such as the MOSFET demonstratesignificant quantumeffects.
This is not surprising,sincequantumeffectsaremostprominentin the sameregion of the MOS-
FET that transporttakes place:at the silicon/gate-oxideinterface.Figure 7 and Figure 8 depict
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Figure 2: DG andclassicalcarrierdensity
profilesfor a P-N diode at zero bias. The
diodeis 1 pm long, with Np = Np = 1e19/
cm® on eachside of the abruptP-N junc-
tion at x = 0.5 um. The DG gquantumcor-
rection smooths carrier density profiles.
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Figure 3: DG andclassicall-V curvesfor
P-N diode. The curves are indistinguish-
able,indicatingthatquantumeffectsdo not
affect the terminal characteristicsof this
device. The resistive region of operationis
indicated.
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Figure 4: Simulated 2-D Silicon BJT Figure 5: Collectorcurrent,basecurrent,

structure(5um square0.1um basewidth).  and currentgain versusbase-emittevolt-

NotethatPROPHETallows contactsalong age.DG basecurrentis lower than classi-

ary edge of the simulation geon. cal basecurrent,resultingin highercurrent
gain in the DG model.

gualitatively the expecteddifferencen carrierdensityprofilesof a MOSFEToperatingclassically
andoneincluding quantumeffects. Classicalcarrierdensitieschangeabruptlyat the oxide inter-
facedrom somelarge externalvalueto zeroin the oxide.Quantummechanicallycarrierdensities
cannot changeabruptly:the densitiesnustgo smoothlyto zeroasit approachethe oxide inter-
faces.The quantumpotentialsof the DG modelaccomplishthis profile smoothing,and so are
largestnearthe oxide interfaces Clearly, including the quantumcorrectionan MOSFET simula-
tionsis important.lt is alsosomavhatmorechallenginghantheimplementatiorfor bulk devices.

The difficulty in implementingthe DG model for MOSFETSslies in formulating a reasonable
boundarycondition(BC) for thequantunpotentialsqu and Wep attheoxideinterfaces.To min-
imize computationtime, we assumehat in the oxide,n = p = Wgn = Wgp = 0, s0 only the
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Figure 6: BasicMOSFET Figure 7: Classical car- Figure8: Quantumcarrier
structureto be simulated. rier density profiles of a  densityprofilesof a MOS-
Thepoly-gate/oxide/silicon MOSFET in inversion. FET in inversion. Density
region is depictedin detail Densitiesarediscontinuous discontinuitiesareremoved
in the following. at the oxide intetfce. by the quantum potential.



source-les$oissonequationis solved in this region. Further dueto quantumcontinuity of the
carrierdensityprofile, we canusen = p=0 asBCsatthe oxideinterfacesHowever, the quan-
tum potentialshave arelatively large,unknaovn valueattheinterfaces sincethis is wherethey act
to force electronandhole concentratiorio (near)zero.In otherwords,a Dirichlet BC cannot be
appliedto thequantumpotentialsatthe oxideinterfaces By the samereasoningenforcinga Neu-
mannBC ontheirgradientss alsonot possible Onesolutionto this dilemmais to solve theentire
five-PDEmodelin theoxideaswell asin theadjoiningsilicon andpoly gate.In this casethedis-
continuity in the quantumpotentialswould be determinedby (2) andthe silicon-oxidebandoff-

sets. A model implementing this approach is beingldped.

Anothersolutionto the boundaryconditionchallengeis to usethe quasi-Fermi{QF) modef° of

carriertransportwhich canbe describedhsa changeof variablesfrom the DD model.Recallthat
attheinterfacebetweera semiconductoandaninsulator the electronandhole quasi-Fermiev-

elsin thesemiconductohave zerogradientperpendiculato theinterface(i.e., thereis no current
flow into the insulator). The DG equivalentof the QF modelcanusetheseNeumannBC asthe
constraintsneededfor the quantumpotential PDEs. However, the PDEs must be rewritten in

terms of the QF keels. The final result is:

0 Oe0w) +q(p—n+Ny—N,) =0
-0 0np,09,) =0

O pppbe,) =0 (4)
Jngg,—2b,02/n = 0

Vg, +2b,0%/p = 0

wherethefive solutionvariablesare , @, Py Jn, J/p, respectiely, andthe following arecom-
puted as “eliminationariables”:

n = ()’

p = (V/p)? 5)
Wgn = @, + (KT/q)In(n/n;) -y
l~|Jqp = (pp_(kT/q)ln(p/n|)_qJ

Theabove QF versionof the DG modelwasimplementedn PROPHET, andis usedfor all of the
remaining simulations in thisawk.

Results: Thin Oxide MOS Capacitors

The switchingefficiency of a MOSFET s largely determinedoy its gate capacitanceywhich ide-
ally measuregheability of the gateelectrodeo controlthe carrierdensityandcurrentflow below
the gateoxide (seeFigure6). Thus,it is critical for simulationsto accuratelypredictgate capaci-
tance.The quantumrepulsionof carriersfrom both oxide interfaces,as depictedin Figure 8,
malkesthe oxide appearto be typically 1 nm thicker thanit is. This may not seemlike a large
amount,but real gate oxide thicknesse$ave alreadydroppedbelon 5 nm, and are predictedto



reachl nm by 201211 Thus, this quantumeffect shouldalreadybe noticeablein state-of-the-art
technology and will quickly become more so aatg oxide thicknesses continue to diminish.

To testthis prediction,1-D MOS capacitorsvith oxide thicknesse$rom 21A to 80A weresimu-
lated,andC-V curveswere comparedo thosefrom classicalsimulationsandfrom experimental
measurementsf the samestructure? The resultingcarrierdensityprofileswereaspredictedin

Figure8: zeroat the oxide interfaceswith theinversionor accumulatiorchage peak5A to 15A

beneattthe Si-oxideinterface ratherthanexactly at theinterfaceasin the classicaimodel.Figure
9 comparesC-V curves (capacitancesersusgate-substratdias Vg for the 21A oxide MOS

capacitor As expectedthe DG modelreproducesneasuredlatamuchmoreaccuratelythanthe
classicalmodelfor this very thin oxide. To summarizethe resultsof the C-V simulationsover
oxidethicknessfFigure10 shavs thefractionalerrorin simulatedcapacitancécomparedo mea-
sureddata)versusoxidethicknesdor the classicakndDG models.To simplify the plot, asingle
biasof Vgg= -2V (accumulation)vaschosensincethis conditionis mostcritically affectedby

quantumeffectsandis leastaffectedby otherunknavn parametersuchasthe poly dopinglevel.!

Herewe seethatthe DG modelmaintainsaccuray atleastdown to 21 A, while the accurag of

the classical model deteriorates rapidly for oxide thicknesses BeIA.

Results: Short Channel MOSFETSs

Although1-D simulationssuchasthoseabove canprovide someroughmeasuresf device opera-
tion, the ability to performsimulationsof MOSFETIn atleast2-D is essentiafor practicalappli-
cation.Only with 2-D simulationcana detailedpicture of operatingcharacteristicb¥e obtained.
Of course,classicalmodelshave beenusedin 2-D and 3-D for mary years.Quantummodels
basedon non-equilibriumGreens functions,Wignerfunctions,or the densitymatrix caninclude
scattering,and thereforecould sene as a basisfor cornventional electronic device modeling
including quantumeffects. However, extendingary of thesequantummodelseven to 2-D will
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C-V curve comparisorfor (100um)“ area, capacitancerersusgate oxide thicknessat
21A thick oxide. The DG model repro- Vgg=-2V (accumulation)The DG model
duces measurementgdotted curve; data maintainsaccurag at leastdown to 21 A.

courtesyof H-P Labs) muchmoreclosely Theaccurayg of the classicaimodeldeteri-
than the classical model. orates rapidly belw 40A.



requirehugecomputationalesourcesBy contrastthe DG model,with its quantumcorrections,
is only moderatelymore computationallydemandingthan the associatedD and QF classical
models.Thus,it canalsobefeasiblysolvedin 2-D (andeven3-D). Our recentwork! wasthefirst

to accomplish this. Here wetend those results to more detailed and complete simulations.

Figure 11 shaws the simulateddrain characteristiddrain currentversusdrain bias at a seriesof

gatebiasesYor a30 nm MOSFETwith 20A gateoxide. This device shouldapproximatehe state
of the art in researchiabs. Computeddrain characteristicgor both the quantum-correcte®G

modelandthe classicalquasi-Fermmodelareshavn. At eachgatebias,the DG currentis typi-

cally 40% below that predictedby the classicalmodel. This represents seriousdecreasen the
current drve capability of the dece.

Onequestionwhich needsto be answereds whatfraction of the reducedcurrentdrive is dueto
thereductionin channekhage,andwhatfractionto quantuntransporeffectsalongthe channel.
Figure 12 compareghe reductionin channelchage and drain currentin the DG model at full

drain bias(1V) for the 30 nm MOSFET simulatedin Figure11. The closematchbetweenthese
curvesover thefull rangeof gatebiasesndicatesthatthe DG currentreductionis dominatedoy
reducedchannelchage, with only minor quantumtransporteffects.lt makessensehatquantum
effectsareminor in the transportdirectionin the DG model,sincethis modelonly significantly
affectsthe potentialandcarrierprofilesnearabruptheterojunctiongndinsulatinginterfaces.The
relatvely smoothpotentialin the transportdirectionresultsin small quantumpotentialsin this
direction, and correspondinglysmall quantumeffects on current. Note that this analysisonly
appliesto the DG quantummodel.Quantummodelswhichincludethe effect of discretequantum
enegy levelsin thechannemaypredictvery significantquantuntransporeffectsin thechannel.

Eventhough,in the industrialsensethe DG modelcurrentlyimplementedn PROPHET is not
very sophisticatedit is instructve to comparets simulationresultswith measured-V data,just
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aswe comparedo measuredC-V data.l-V measurementanddopingdataare not yet available
for devicesasaggressie asthe 30 nm MOSFET simulatedabove. To compareto measurements,
we thereforeusepublisheddatafrom 1996for amuchlarger, 80 nm MOSFET!3 Figurel3shaws
thesimulatedcurrentfor the DG andclassicaimodels andFigurel4 shovs the measuredlatafor
this device. We notethatthereductionin currentof the DG modelis not nearlyassevereasin the
30 nm device. More importantly the simulatedcurrentsare abouta factorof 15 larger thanthe
measured results. 8\discuss this briefly in the final section.

Discussion and Conclusions

Up to this point, we have presentednary simulationresultsusingthe density-gradienmodel,and
have demonstratethoth the importanceandfeasibility of including quantumeffectsin 2-D elec-
tronic device simulation.However, we promisedio espouseot only amodel suitablefor meeting
the gigascalechallenge but also an approach for implementingthat model. We have discussed
this approach only briefl\so we use this section to pide further detail.

Thereis a continuumof possibleapproacheto developingdevice modelingcapability from writ-
ing every byte of codeoneselfto incorporatingstandarchumericallibraries,to usinga numerical
computationpackagedik e MatLab, to usinga symbolicmathpackagdike Mathematicaldeally,
the device modelingresearcheseeksthe shortestpath betweenformulation of the model and
analysisof device simulationresults.Further this path mustremainshorteven asthe modelis
modified and enhancedmary times, and even if several different modelsare employed. This
objectve is not the sameasrequiringthatthe device modelingcoderun asfastaspossible since
far moretime is spentprogramminggdelugging,andtuning codethanrunningit. It is the sumof
the unproductve tasks- discretizingthe model,programminganddehugging,andrunningsimu-
lations- thatwe seekto minimize. A tool like Mathematicaappeardo offer the hopeof a consis-
tently shortpath,freeingthe modeldeveloperfrom writing any codeandfrom the often difficult
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taskof discretizingthe model.However, it seemghatonly hand-writtencodeoffersthe computa-
tional scalability complex domains, and boundary conditions needed for “realicéemodeling.

Basedon our experience PROPHET representshe kind of tool neededo minimize the unpro-
ductive partof device modelingresearchPROPHET allows oneto specifythetransportmodelas
asetof PDEs,soit doesnotrequirediscretizationandit hasa growing setof mathematicabper-
atorsfrom which to build the PDE terms.Modelswhich canbe posedn termsof existing opera-
tors requireno codeto be written, while modelswith more complicatedor unusualPDE terms
will requireoneor moreshortoperatorroutinesto becreatedby copying andmodifying anexist-
ing operatorroutine). For example,all of the operatorsnecessaryo producethe drift-diffusion
versionof the DG model(seeFigurel) areincludedin PROPHETS standardset. Threeexisting
operatorsveremodifiedslightly for the quasiFermwversionof the DG model. Thus,theresultsof
this work are the product of a&ewy short path from model formulation to analysis.

Tollustratethedevelopmeniprocessith PROPHET, considettheissueleft hangingatthe endof
the last section.We found that the simulatedcurrentdensityof the DG andclassicalmodelswas
about15 timeslarger thanmeasurediata(Figure 13). In all of our DG simulationsto date,we
have usedconstantjntrinsic mobilities. In reality, mary scatteringeffectscombineto reducethe
effective mobility by a factorof 10 or more.As a proof-of-conceptwe implementeda position-
dependent mobility model for ionized impurity scattering. A mobility moded selected?®

|“ll = I"lmin + mea (6)

1+ (N/N,)

with differentparametergpg, Ui Nier @) for electronsandholes.An operatorfunctionimple-
menting(6) wascreatedn afew minutes.ThequasiFermandquasiFermi/DGnodelsweremod-
ified to use the e mobility operatorStatements ik

dbase create nane=/1ibrary/physics/silicon/electrons/mi_mn sval =70*1e8

dbase create nanme=/1library/ physics/silicon/el ectrons/nref rval =1el7

dbase create nane=/library/physics/silicon/electrons/al pha_ii rval =0.7
wereaddedto theinput scriptfor the 80 nm MOSFET Inside of anhour, we hadthefirst results
shaving that ionized impurity scatteringalone could reducecurrentby a factor of about6, to
within a factor of 2 or 3 of measured data.

Again, the main featureof PROPHET is rapid prototyping:the ability to specify and modify a
modelat a high level, without ever writing, detugging,or modifying the low-level gridding, dis-
cretization,data handling,and solver code.[Simple operatorroutinesare sometimesrequired,
however] But script-driven modelinghasotherimportantbenefitsthat we routinely useto pro-
ducethedesiredresultsin the shortestime. For example,simulationalwaysbegin with the solu-
tion of the simplestand mostrobust device model, which senesasan initial guessfor a more
complex model. The processcontinuesuntil we reachthe model of interest.In somecaseswe
may wish to investicate a certainrangeof operatingpoints. In this case,a simple, fast-solving
modelis usedto stepthe device into the operatingregion of interestatwhich pointthefull model
is encaged.In somecasespver several systemsolves,we graduallyswitchon a PDE termwhich
renders the solutionwkrgent if switched on abruptly



As the costof computationcontinuesto declinerapidly, the overheadof usinggeneralpurpose
codeis becomingnggligible in comparisorto the time it takesto write highly tunedcode.This

disparityin time costwill increasinglyfavor the useof generalfunctionality packagesuchas
PROPHET over writing code.Thevery computersve arecreatingwill eventuallymake obsolete
the traditional approachto electronicdevice modelingof spendingyearswriting highly tuned,
monolithic, “vertical” simulation codes(which only implementa single physical model). That
approachwill inevitably fall behindthe capabilitiesof more generaland extensiblecodeswhich

allow the researcher to focus on theory and analysis, rather than programmingwaygirdeb

In summarywe presentedhe density-gradienasa computationallyefficient meansof including
guantumeffectsin multi-dimensionaklectronicdevice simulationsuitablefor gigascalentegra-
tion technologyWe have alsopresentedhe PDE solver PROPHETasa device modelingplatform
which enablesapidprototypingandenhancemerdf modelswith alevel of flexibility thatwill be
requiredfor device modelingto provide timely guidanceto the semiconductoindustry in the
gigascaleera.We have demonstratethe robustnesf this modelfor simulationof both bipolar
and MOSFET devices. In first-ever BJT simulations,the DG model predictedan unexpected
increasen the currentgain. In MOS capacitorsimulations,we shaved that the classicalmodel
rapidly divergesfrom measuredesultsfor oxide thicknessedelov 40 A, while the DG model
maintainsgoodaccurag at leastdown to 21 A. We found thatin ultra-smallMOSFET simula-
tions,the currentreductiongredictedoy the DG modelwereentirelydueto thereducednversion
chage, while lateralquantumtransporteffectswereminimal. Finally, we describedhefirst ever
DG simulations with a position-dependent mobility including ionized impurity scattering.
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