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Abstract

Concern is increasing about how quantum effects will
impact electronic device operation as down-scaling con-
tinues along the SA Roadmap through 2010. This
document describes part of a new semiconductor device
modeling (SDM) program at NAS to investigate these con-
cerns by utilizing advanced NAS and third-party
numerical computation software to rapidly implement and
investigate electronic device models including quantum
effects. This SDM project will investigate quantum effects
in devices in the classical-quantum transition region,
especially sub-0.1 pm MOSFETSs. Specific tasks planned
for this project include the use of quantum corrections to
the classical drift-diffusion and hydrodynamic models of
electron transport, and the use of nominally quantum
models including significant scattering.

1: Introduction

Electronicdeviceshave decreasedh size and switching
time by mary ordersof magnitudeover the past three
decadesln spiteof this, the drift-diffusion (DD) modelof
electronicdevice operatioris still usedin nearlyall line-of-
businesdlevice simulations[1]. Thereasons thatthe DD
modelhasadequatelyexplainedor predictedthe behaior
of commerciallyimportantelectronicdevicesthroughthis
rapidtechnologyadvancementBecauseéhe DD modelhas
maintainedreasonableaccurag, the developmentof new
(smaller)device generationsisingsimplescalinglaws and
afew experimentaliterationsto optimize performanceand
yield has also warked \ery well through this adancement.

However, concernis increasingabout how quantum
effectswill impactelectronicdevice operationasprogress
continuesalongthe SIA roadmaghrough2010,which pre-
dicts that MOSFET gate lengthswill thenbe only 70 nm
[2]. Theincreasingsignificanceof quantumeffectsin these
ultra-small devices (see Figure 1), such as tunneling
through gate oxides, inversionlayer enegy quantization,
barrier proximity exclusion, and wave-like transport of
electronsover shortdistanceshascalledinto questionthe
adequay of the classicalDD model (and other classical
models) as down-scaling continues. Technology leaders
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Figure 1: Quantum Eff ects in an n-MOSFET

now very muchwantto know how significantly parasitic
guantumeffects will degradeelectronicdevice operation
with eachfuture device generationhow long theseeffects
canbe suppressedndby what meansandwhetherquan-
tum effectsmight be usedto actuallyimprove device oper-
ation.

Experimentis not a suitablefirst line of attackin the
investigation of thesequestionssinceit cannotview inter-
nal device operationor isolateparticularphysical effects, it
hasa very high (andincreasing)cost, experimentalstruc-
tures and conditions are not precisely controllable, and
turn-aroundtime is very slow. Numericalsimulationis a
very viable alternatve to experiment,sinceit doesnot suf-
fer from theseweaknessesFrom the electronic device
modelingcommunity two approachesre being followed
in theattemptto answemuestionsaboutquantumeffectsin
electronicdevices: the addition of quantumcorrectionsto
conventionaldevice modelssuchas DD, andthe develop-
mentof fully quantummechanicalmodelsfor electronic
devices. However, existing simulationtools currently can
not provide the neededinformation for two reasons:1)
convertinganew device model(includingquantumeffects)
into functioningsimulationsoftwareis very time-consum-
ing, and 2) the required computational resourcesare
immense Both of thesedifficulties are directly addressed
by this project,the goal of which is the rapid andaccurate
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investication of quantumeffectsin nearfuture electronic
devices.

This project addresseshe first issueby adwancingthe
trendin softwaredevelopmentaway from writing hugesin-
gle-purposesoftware packagesand towards the use of
extensible software packagesand generic modules, in
orderto rapidly implementandinvesticate new electronic
device modelsincludingquantumeffects.In particular this
projectwill drav uponthe wide arrayof highly functional
numerical simulation software and expert personnelthat
NAS hasaccumulatedn its pursuitof advancedaerospace
simulationandparallelnumericalcodedevelopmentRele-
vant NAS software resourcesinclude parallel equation
solver routinesfor linear and non-linearsystems,a 3-D
Poisson equation solver, adwanced dynamic gridding
codes, computationalfluid dynamics (CFD) codes,and
datavisualizationcodes.Usewill alsobe madeof appro-
priate third-party numerical computationtools and code
modules.

With the formation of the SDM group, an additional
resourceis the combinedknowledge within the group of
mary electronicdevice simulation approachesincluding
various classical models (drift-diffusion, hydrodynamic,
and Monte-Carlo)and guantummodels(Wigner function,
Greensfunction,transfemmatrix, anddensitymatrix). This
knowledgeandthe associateatodeswill allow collabora-
tion andcode-sharinghatwill acceleratg@rogresdy each
approach.

The objectve of device modelingis to produce as effi-
ciently as possible,accuratepredictionsof device opera-
tion. Thus, the productve tasksof the device modeling
physicistaredevelopingaccurateandcomputationallyfea-
siblemodelsof the physicsof interestandanalysisof sim-
ulationresults.The goal of collaborationandcodereusen
the NAS SDM Programis illustratedin Figure2: to maxi-
mizethefraction of time spenton these*high-level” tasks,
while minimizing the “low level” work of writing and
delugging code. The traditional approachto electronic
device modeling of spendingyears writing monolithic,
“vertical” simulationcodegwhich only implementasingle
physical model) line-by-line from the ground up usually
resultsin the oppositedistribution of effort, and corre-
spondingly slav progress.

The modular collaboratve approachis being increas-
ingly usedin software development,andwill be extended
asmuchaspossibleto device simulationtool development
in this project.This goeswell beyondthe useof Netlib rou-
tines [3] to implementnumericalfunctionality, sincethis
project also seeksto leverageall of the NAS software
resources listed pvusly.

The secondreasonfor the inability of device simulation
tools to answerquestionsaboutquantumeffectsin elec-
tronic devices is that accuratesimulation of quantum
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Figure 2: High-Le vel vs. Lo w-Level TCAD

The most productive TCAD research takes the short-
est path between defining the physics of the system
and analyzing simulation results. High-level TCAD tool
development greatly reduces unproductive time,
including derivation of the numerical model, program-
ming, and debugging. Some unproductive tasks may
increase somewhat, including researching and incor-
porating third-party code modules and computation
time using more generic code.

effects in commerciallyimportant devices requireshuge
computationalresourcesboth in terms of memory and
CPUcycles[4]. Suchlarge computation@remostfeasibly
handledby vectoror parallelsupercomputersincemary

numericaland graphicallibraries which perform the vast
majority of the computationcan be (and have been)effi-

ciently vectorized and parallelized.

This projectaddressethe seconddevice modelingchal-
lengeby utilizing availablecomputatiorresourcest NAS,
including Cray C90sand J90svector machinesand IBM
SP2and SGI Origin 2000 parallelmachineq5]. Many of
the NAS softwareresourcesnentionedabove aredesigned
to take adwantageof large parallel computationsystems
suchasthoseat NAS. Note that the availability of very
powerful computationhardware makes it reasonableto
focus on rapid model implementation,even if resource
usageis increasedomavhat. This combinationof rapidly-
developedsoftwareandpowerful hardwarewill bring pre-
viously infeasiblecomputationsuchas2-D and3-D quan-
tum simulationswithin reach.More importantly it will
finally allow the questionsboutquantumeffectsin current
and future electronic deces to be answered.

The principal test device for this project will be the
MOSFET in which quantumeffects are the highestcon-
cern,dueto its dominancen electronicdn the nearfuture
(thefocal time-framein this project)andto the wide range
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of quantumeffectswhich areincreasingin significancein
this device (seeFigurel). Otherprojectsin the NAS Semi-
conductorDevice Modeling (SDM) Program[6] focuson
longer term quantumsimulation approachesnd devices.
One goal of the NAS SDM Programis cover the entire
rangefrom classicadevicesandphysicsto purelyguantum
computing.This spectrumis describedn termsof particu-
lar (proposedr demonstratedglectronicdevicesin Table
1. Note from Table 1 that as quantum(wave transport)
effects become more fundamentalto device operation,
classicaleffects (dueto inelasticscattering)oecomemore
detrimental to proper dé&e operation, and viceevsa.
The precedingparagraphsdescribethe motivation for
this study of quantum effects in nearfuture electronic
devices and the generalapproachthat will be taken. The
remaindeiof this documentdevelopsthe specifictasksand
plansfor this projectin moredetail. The two specifictasks
eachpursueoneof theapproachebeingtakenby theelec-
tronic device modelingcommunityto answettheindustry’s
questions about quantum effects in these electronic
devices:addingquantumcorrectiondo classicalklectronic
device models (Section 2), and using a fully quantum
model(Section3). Finally, Section4 containsa discussion
of issueswhich continueto shapeour approachin this
effort at NAS to develop a widely usefulelectronicdevice
simulationcapabilityin general anda quantumeffect and
quantum deice simulation capability in particular

Table 1: Classical to Quantum Electr onic De vices

Classical (inelastic scattering) effects become more
detrimental, and quantum (wave transport) effects
more essential, as devices transition from classical to
guantum. Note: HET = hot electron transistor, QWLD
= quantum well laser diode, QUIT = quantum interfer-
ence transistor, SQUID = superconducting quantum
interference device, SET = single electron transistor.

Electr onic Classical Quantum
Device Effects Effects

MOSFET, BJT Dominant Parasitic
MODFET, HET, .
QWLD Dominant Useful
RTD, RTT Significant | Significant
QUIT, SQUID Parasitic Dominant
Quantum Dot, Parasitic, .
SET Negligible | Dominant
Quantum Computa- | b 1 sive
Computer tion-killer
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2: Quantum Corrected Transport Models

As statedabove, quantumeffectssuchasthosedepicted
in Figurel will increasinglyaffect electronicdevice opera-
tion as devices are scaledto smallerand smallerdimen-
sions. As a result, electronic device models based on
classicaimechanicssuchasdrift-diffusion (DD), hydrody-
namic(HD), andBoltzmanntransportequation(BTE), are
becomingprogressiely lessaccurate At the sametime,
the increasing cost of experimental R&D with small
devices makes it imperatve to use device modelingto a
greaterextent in the advancementf electronicsinto the
future. One way to reconcile theseincompatible trends
(maintainaccurag of device modelsin thefaceof increas-
ing quantumeffects)is to addsomeform of quantumcor-
rectionto the classicalmodels.The main strengthof this
approachis thatit retainsall of theaccumulatedxperience
andrefinementhat hasmadeclassicaldevice modelseffi-
cient, robust, and acceptablyaccuratefor pastand current
electronicdevices suchasthe MOSFET The main weak-
nessis that an independentpproachis requiredto deter-
mine whenthe quantumcorrectionis accurateand under
what conditions it too breaksdown. This weaknessis
addressed by the task discussed in Section 3.

Many forms of quantumcorrectionsto classicalelec-
tronic device modelshave beenproposedr implemented.
Theseinclude MOSFEFspecific quantumcorrections[7,
8, 9, 10, 11, 12] and genericquantumcorrectionsto the
drift-diffusion[13], hydrodynamid14, 15, 16], andBoltz-
mann transport equation [17] models.

It is impossible for a researcherto single-handedly
implementand adequatelyinvestigate more than one or
two of thesequantumcorrectionapproached.This factis
further discussedn Section4.] Unfortunately choosing
oneor afew approachefrom thewide arrayis not straight-
forward. The main trade-of betweenmodelsis computa-
tional efficiency versusaccurag and generality Different
guantumcorrectionapproacheareundoubtedlypreferable
for variousdevice sizes,device types,or simulationtasks.
Giventhatthe strengthof NAS in large numericalcompu-
tationsis to be exploited in this project,the choicein this
casewill favor accurag and generality at the probable
expenseof higher computationalcost. The two methods
thatappeato bestfit this descriptionarea 3-D density-gra-
dient quantumcorrectionto the DD model, and a 3-D
guantum-correcteHiD model. Thesewill bethefirst quan-
tum correction models implemented in this task.

Evenhaving choserjusttwo quantumcorrectionmodels
to investicate, these models should be implementedas
expeditiously as possible.This task will thereforeuse a
generalPDE solver called PROPHET [18] (and possibly
similar tools) to quickly implementand investicate these
models.Rapid modelimplementationis further discussed
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in Section 4.

The density-gradientquantum correction to the DD
modelwill beinvestigatedfirst in this task,sinceit should
requirethelesstime to implementandfewer computational
resourceslndeed,implementatiorof the 3-D DG modelin
PROPHETIs alreadyundervay. The DG modelformalizes
the quantummechanicalkequirementthat wavefunctions,
andthus carrier densities,can not changeabruptly versus
position. For example,classically carrierscanreachvery
high densitiesdirectly againstthe MOS gate oxide in the
inversion layer, and drop to zero just inside the oxide.
Quantum mechanically carrier wavefunctions are near
zeroin theoxide,andthey mustdecreasemoothlytowards
zeroin the neighboringinversionlayer. The resultis that
theinversionchageis smoothedut andforcedaway from
the gate oxide by some (classically unknovn) distance,
decreasinggate capacitanceand thus MOSFET transcon-
ductanceThe DG modelcanalsomodelquantumtunnel-
ing.

The mathematicatlescriptionof the DG modelis a sim-
ple extensionof the classicalDD model.The classicalDD
model can be written:
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which equationsare solved for electrostaticpotential U,
electrondensity n, and hole density p. Mathematically
the DG model[13] modifiesthe two continuity equations
by addinga “quantumpotential” (the Bohm potential[19])
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The DG modelhasonly beenimplementedn 1-D, usu-
ally assumingan infinite oxide bandgap. This task will
study the DG model in 3-D, with a physically correct
(finite) oxide bandgap. In this way, gateoxide tunnelcur-
rentcanbe investigated,alongwith otherquantumeffects
in MOSFETSs (seeFigure 1) and other “classical” elec-
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tronic devices.

After implementingand investigating the density-gradi-
ent model, the quantumhydrodynamic(QHD) modelwill
be implementedn 3-D using PROPHET The ideaof the
HD transportmodel (classicalor quantum)is that, rather
thanresole the momentundistribution of carriersexactly,
the momentumdistribution is assumedo be a mathemati-
cally simple modification of the equilibrium. Under this
assumption the distribution can be describedby a few
characteristicvalues. The equationsfor thesevaluesare
derived by taking oneor more momentsof the Boltzmann
(classical)or Wigner function (quantum)transportequa-
tion. The standardHD electronicdevice modelusesthree
moments,with the resulting characteristicvalues being
density average elocity, and aerage engyy.

We now describethe QHD model mathematicallySev-
eral forms of the HD and QHD transportequationshave
beenproposed.For illustration purposeswe presentone
which hasbeenwritten in both classicalandquantumcor-
rectedform. In classicalform, for a spatially-independent
effective mass, and in 1-D, this HD model is [17]:

dp, 9PPO_
at  axCm0O -
2
o(pp) 6@ oy [19( P)
ot axUm O Pax +_(ka) To o @
oW . 0 (pWp, 0 [ppkT, ppouU _ BMD
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2
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which aresolvedfor carrierdensityp , averagemomentum
p, and average enegy W. A full mathematicalHD
descriptionincludingthreemomentseachfor electronsand
holes requires seven equations (including the Poisson
equation).

The quantum-correctedystemof HD transportequa-
tions correspondingto (4), as derived from the Wigner
function-corrected BTE [17], are:
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ot axDmD
2
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where Q is the Bohm quantumpotential. This (or a simi-

lar) QHD model should give more accurateelectronic
device simulationsthan purely classicalmodels, but the

expenseof the computatiommay be very high, andnumeri-
cal robustnessmay suffer. Analysis of such expectations
will be animportantaspectof the investigation of quan-
tum-corrected classical models in this task.

3: Quantum M odelswith Scattering

Even with the nearterm device modelingfocus of this
project,more accuratemodelsof quantumeffectsin elec-
tronic systemsare neededo complementjuantumcorrec-
tion modelssuch as those describedabove. Thesemore
accuratanodelswill beusedto determingheaccurag and
limitations of the quantumcorrectionmodels,andpossibly
to derive more accurateand computationally efficient
quantumcorrection models. The secondspecific task in
this project,describedn this sectionwill useafully quan-
tum model to accomplish these goals.

Figure 3 shavs mary of the quantumformulationsthat
have beenusedfor electronicdevice modeling.As with the
quantumcorrectionmodels,it is only possiblefor a single
researcheto implementandadequatelynvestigate oneor
two of thesemodels,so a choice must be made among
these formulations. Becauseclassicaldevices inherently
exhibit significant inelastic scattering,a quantummaodel
which canefficiently includescatteringmustbe choserfor
thistask.The Wignerfunctionformulation(WFF) of quan-
tum mechanicsneetsthis requirementOthercrucial char-
acteristicsof the WFF which are importantfor accurate
electronicdevice simulationinclude the ability to easily
treat open boundaries,transient operation,and Poisson
self-consisteng Therefore,the WFF will be usedin this
task.Becauseahe WFF is a fully quantummodel, macro-
scopicquantumdevices(i.e., quantumdeviceswhich typi-
cally operate with significant scattering) such as the
resonanttunneling diode (RTD) and resonanttunneling
transistor(RTT) will be investicated along with corven-
tional electronic déces.

The WFF was originally described[20] as a quantum
correctionto the BTE. Thus, the WFF also senes as a
potentialmeansof deriving more accurateand computa-
tionally efficient quantumcorrectionmodels.In fact, both
the DG andQHD modelsdescribedn the previous section
can be derived as simplificationsof the Wigner function
transportequation(WFTE) model [13, 15], in an analo-
gousmannetto derivationsof the DD andHD modelsfrom
the BTE [21, 22].

The mathematicatiescriptionof the WFTE will be pre-
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Figure 3: P artial Quantum Mec hanics F amily Tree

Relationships between quantum mechanics formula-
tions relevant to the simulation of electronic devices
are shown. Models implemented in existing NAS 1-D
simulation software tools are shown in bold.

sentedn ananalogousnannerto thatof the DG andQHD
modelsin the previous section.Specifically the BTE will
be shawn first, andthenthe WFTE asthe quantumanalog.
In 1-D, the BTE is:
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where f (X, k, t) is the classicalcarrierdistribution func-

tion and F is theforce onthe carriers.By comparisonthe
1-D WFTE is:
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where f (x k,t) is the Wigner distribution function,

kk/m = v is the carrier velocity, and V(x, k) is called

the non-localpotential.Sincethe only differencebetween
the BTE andWFTE is in thedrift term, all of the quantum
mechanicss containedn thisterm.Notethatalthoughthis

equationis 1-Din position,thedomainis 2-D (positionand

momentum)with is the reasorfor the high computational
costof WFF simulations.As an example,Figure4 shavs

the 1-D Wignerfunctionof anRTD athigh bias,shaving a

beam of electrons tvaling into the right contact.

If computationalcost and time were immaterial, one
might always solve the BTE for classicaldevice simula-
tions, and the WFTE for quantumdevice simulations.
However, computationatostsare significant(in fact,over-
whelming) in thesecomputationsFor example, it is just
becomingfeasiblewith huge computationalresourcego
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Figure 4: R TD Wigner Function at High Bias
The Wigner function shows the particle density versus
position and momentum (wavenumber). Electrons are
seen tunneling through the RTD and into the right con-
tact. The inset shows the conduction band profile of
the simulated RTD.

simulateelectronicdeviceswith reasonableccurag in 2-
D with the WFTE (althoughthis has never beenimple-
mentedor attempted).To make the bestuse of available
computationakesourcesthe lesscostly (and usually less
accurate)guantumcorrectionmethodsshouldbe usedfor
exploratory simulations,while the WFTE shouldbe used
only in caseswheregreateraccuray is required(e.g.,to
test the quantumcorrectionmodels),and where reduced
dimensionality is acceptable.

To studythe full WFTE for electronicdevice simulation,
an existing quantum device simulation tool called
SQUADS [23] wasadoptedThistool includesl-D simula-
tion capabilitywith boththe Wignerfunctionandtransfer
matrix formulations.SQUADS hasalreadyproducednew
resultsin self-consisten{23] and transient[24] quantum
device simulation. For example, the self-consisteniRTD
simulationsin Figures5-7 shawv hysteresisand bistability,
slew-rate dependenbperation,and 2.5 THz self-oscilla-
tions. Future investigations with the WFTE in SQUADS
areplannedinto the useof very fine momentumgridding,
new transportequationdiscretizationsand more detailed
scattering models.

Based on knowledge acquired from 1-D electronic
device simulations,a 2-D Wignerfunction codewill even-
tually be developed.As statedabove, 2-D quantumdevice
simulation of this accurag (including open boundaries,
scattering,self-consisteng and transientoperation) has
never beenattempteddue to the high computationakost.
The computationakequirementdor such2-D simulations
will beseveralordersof magnitudehigherthanfor the 1-D
caserequiringthatmoresophisticatedolutionmethodse
employed. WhereappropriateNAS expertiseand numeri-
cal code(which hassuccessfullysolved this scaleof CFD
simulation) will be utilized. 2-D simulationis the mini-
mum necessaryor modelingthe operationof the MOS-
FET, which device hasbeenchosenas the focus of this

Bryan A. Bigyel
<7 5 !
E [} boomeeeee S R B e .
< : :
w 57T i i 1
o H |
NS S e el A il ot el b
o : 3
ERI S —— T
c ' !
Qor S S .
o i e e i
5 ; ‘ ;
O %o 0.1 0.2 03 0.4

Applied Bias (V)

Figure 5: Intrinsic Hysteresis and Bistability
Self-consistent WF simulations of an RTD show hys-
teresis and bistability in the I-V characteristic.
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Figure 6: Sle w-Rate Dependent Operation of R TD
Self-consistent WF simulations of an RTD switched
into a bistable region show that the final operating cur-
rent depends on the applied bias slew rate.
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Figure 7: 2.5 THz Self-Oscillation in R TD
Self-consistent WF simulations of an RTD switched
into the negative differential region of the plateau show
high frequency self-oscillations.

project. However, macroscopiquantumdevices suchthe
RTD and RTT will continueto be investigated for the
longerterm.



Simulation of Ultra-Small Electronic Dies: The Classical-Quantunnansition Rgion

4: Discussion

4.1: The TCAD Challenge

As electronic device operation becomesincreasingly
complicatedby quantumand small-geometryeffects, and
experiment-basedlevice researchbecomesmore expen-
sive andslower, device simulationshouldoffer somehelp
to maintain the high rate of semiconductortechnology
adwancemeninto the future. However, even after over 30
yearsof effort, device modelingtools are currentlyfar too
rudimentaryto provide much help. For TCAD tools to
meet industrys requirements,and provide measurable
assistancdo electronicsadvancementn the future, they
must:

 accuratelyhandlemuch more complicatedphysics,
device structuresmaterial systems and simulation
modes,

« accommodatenuchlarger computationswith more
robustness andater &ecution,

« exploit more adanced hardare architectures,

¢ permit plug-and-playuser selectionof the optimal
physical models,numericalmethods andsolversat
run-time, and eentually automate this selection,

* have an intuitive graphical interface, to decrease
training cost and broaden the user base,

 have high-quality graphicaloutput (1-D, 2-D, 3-D,
steady-state or video) of adesired quantityand

« greatly simplify interaction between simulation
tools (process, dece, circuit, etc.).

Obviously, producingTCAD toolswith enoughsophisti-
cationto have a significantimpacton the rate of progress
will require a tremendousnvestmentof time and effort.
Historically the necessarycorvergenceof resourceshas
been lacking, device modeling tool capabilities have
laggedproductionby atleasta device generationandprac-
tical application of device modeling has been limited.
Allowing this trendto continueis very dangerousAn inef-
ficient device simulation effort will ensure that this
endeaor remainslargely irrelevant to industrys needs,
resultingin a drasticdecreasan the paceof technology
advancementwith resultingdeleteriouseffects on econo-
miesandstandard®f living [25]. To addreshis emeging
crisis, thethird andfinal taskin this projectwill beto help
defineandinitiate a muchmore productive device model-
ing development gbrt.

The first stepin this taskis to understandn sufficient
detailwhy device simulatoradvancemenhasbeensoslow.
The fundamentakhallengeswere describedn Section1:
the difficulty of corverting a device model into a useful
simulationpackageandthe expenseof acquiringsufficient
computationhardware to accuratelysimulate devices of
relevance.In the following subsectionstheseissuesare
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consideredin more detail, and long-term solutions are
describedor each.Thesebuild onthe partial solutionsthat
are beingtaken by the NAS SDM group, as discussedn
Section 1.

4.2: The Global TCAD Framework

The first challengewith the current electronic device
simulatordevelopmentprocesss to moreeffectively bring
togethettheimmensesoftwaredevelopmentresourcesiec-
essaryto corvert a physical device model into a widely
useful simulationpackage.The creationof suchsoftware
toolsrequiresexpertisein device physics,numericalmeth-
ods, generaland computationalprogramming,linear and
non-linearsystemsolutionalgorithms graphicalinterfaces,
and graphical visualization. In the past, collaboration
betweerdevice modelingresearcherhasbeenrare,sothat
every device modelingresearchehadto eitherfind appro-
priatesoftwareto provide thesefunctions,or to developthe
expertisein eachfield to createthe necessarysoftware.
Unfortunately the available softwarein ary of theseareas
rarely meetall of therequirements$or usein a device sim-
ulator. Softwarewith desiredfunctionalityis oftendifficult
to locate,poorly documente@ndsupportedtoo inflexible,
too expensve to justify its use,or hasno API (application
programmingnterface)atall. As aresult,mostsimulation
researcherbave developeda mindsetwhereessentiallyall
codefor their TCAD tool mustbe developedby themand
from scratch.

As discussedn Section1, the partial solution of the
NAS SDM groupto this self-limiting mindsetis to utilize
appropriateNAS softwareandcollaboratewith NAS simu-
lation expertsto the greatesextentpossible Basedon this,
the generalsolutionfor the entire TCAD communityis to
institutea TCAD developmentervironmentwhich enables
and encouragescollaboration and code-sharingworld-
wide. This ervironmentwould allow a TCAD researcheto
contritute to the TCAD developmenteffort in a very
focused way, such as physical model development or
numericalmethods,and to easily usethe complementary
contritutionsof others.This ervironmentwill becalledthe
Global TCAD Frameork (GTF).

Themainfunctionof the GTFfrom a TCAD developers
point of view would be to provide a standarddependable
interfaceinto which codefunctionality (numericalcompu-
tation modules,graphicaloutput modules,etc.) could be
plugged.The GTFwould provide servicesuchasdatabase
accesg(for retrieval of physical models,numericalalgo-
rithms, materialdata,etc.),memorymanagementfile 1/O,
facilitiesfor tool interactionandabasicGUI. It would also
provide templategor describingphysicalquantities physi-
cal structuresmaterials actvities performed(e.g.,process
steps or déce tests), and so on.

The foregoing descriptionof the GTF shavs how it will
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conquerthe programingcompleity challengeby dividing

the implementationof a single physical modelinto mary

parts.However, mary physical modelsneedto be imple-

mentedin the GTFE. Theseinclude drift-diffusion, enegy-

balance, hydrodynamic, Boltzmann transport equation,
Monte-Carlo,all quantumcorrectionmodels(seeSection
2), all quantummodels(seeSection3), all optoelectronic
models,andall compatiblecombinationsof these Eachof

thesemodelshassomerangeof usefulnessdependingon

its computationalcost and accurag for various device

types and sizes.

Becauseso mary modelsneedto beimplementedn the
GTF, thephysicalmodeldeveloperhasonefurtherrequire-
ment of the GTF: the physical model definition must be
separateandindependentto the extent possible)from all
othercodefunctionality New physicalmodelscanthenbe
specifiedat run-time(usuallyasa setof PDEs),andsolved
using “generic” discretization,simulation, and visualiza-
tion code.From the physical model developers perspec-
tive, the ideal device simulation tool requiresonly the
specificationof the physical modeland a device structure
to testthe model,asdepictedin Figure 8. In this way, the
model developer neednot be an expertin programming,
numericalmethods,solving systemsof equationsor ary
other “generic” functionality of simulation softse.

A few emepging TCAD tools, particularly PROPHET
[18] and ALAMODE [26], have demonstratedhat the
physicalmodelcanbe specifiedat run-time,andthatcom-
putationalcostneednotincreasainacceptablyvith generic
computatiormodules.As pointedoutin Figure2, compu-
tation is usually a small part of the TCAD tool develop-

Model Device
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Figure 8: Model De veloper’ s Ideal Sim ulator
Ideally, a model developer should only have to specify
the physical model and a device in order to investigate
a new model. Traditionally, each model developer must
program all other simulator functionality as well.
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ment process,and this approachdramatically decreases
severalotherunproductve tasks.For theimplementatiorof
mary physical models,the separatiorof modelfrom code
not only increaseghe modularity (and thus collaboration
potential)of TCAD tool development,it alsoreduceshe
redundang of the effort, sincefunctionality is sharedby
mary different models.

To get a betteridea of what the GTF should be like,
Table 2 lists several existing software packagedhat pro-
vide someof thefeaturesof the GTE For example,Mathe-
matica and Maple V allow a model (mathematical
equations}o be specifiedat run-time,andthe appropriate
solution methods are selected automatically However,
thesepackagesannot handlethe complex geometriesof
anelectronicdevice, northelarge problemsizesof interest.
Commercial TCAD tools such as thosefrom TMA [27]
and Silvaco [28] have the oppositestrengthsand weak-
nessesNew TCAD toolslike PROPHET[18] andALAM-
ODE [26] allow new modelsto be specifiedndependenof
the code,and canhandlelarge computationsand complex
device structureshut they have inadequatgraphicalcapa-
bilities and interactionsbetweentools (e.g., processand
device simulations).

To concludethis descriptionof the GTF, a few more
pointsshouldbe made.As statedabove, the currentmind-
setof TCAD tool developersis one of developing (or re-
inventingall overtheworld) huge,incompatible;'vertical”
(i.e., which only solve one device modelin a fixed way)
simulationcodes.Perhapghe biggestchallengeof a GTF
will beto demonstratéhatthereis atleastasmuchwork to
bedoneandrecognitionto be gainedin contrikuting highly
tunedyet widely applicablesoftware modulesto a global
TCAD developmenteffort. Of course by coordinatingand
combiningthe efforts of mary researchersghe GTF will
certainly have a greaterimpacton the future of electronic
technologythancurrentTCAD researchRealizationof the
GTF would have the follaving specific benefits:

* reduceduplicationof developmenteffort, sincecode
of a given functionality would needto be created
only once for all deelopers and users,

» producefasterTCAD tool progresswith developer
anduseraccesdo best-of-breecodein eachfunc-
tionality catgory,

» malke collaboration the rule, not theaeption,

» make simulatiorresults (not code) the goal,

» malke theinteractionof simulationtools,the useof a
hierarcly of modelsin a single computation,the
comparisonof accurag and efficiency of different
physical models,and the implementationof other
high level functionality more feasible,

» dramatically reducethe initial time investmentin
TCAD research to lggn making contrititions, and

* make TCAD tools more visible, accessible stan-
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Table 2: Features of GTF vs. Existing Software
The features of various existing software are com-
pared to the proposed GTF. Software packages are: M
= Mathematica/Maple V, P = PROPHET, A = ALAM-
ODE, C = commercial packages (TMA, Silvaco, etc.),
G = GTF Functionality features are: GUI interface,
modular upgradeability, high-quality graphical output,
physical model independent from numerics, auto
selection of numerical solution methods, complex sim-
ulation domains (devices), large computation capabil-
ity, interaction between TCAD tools, and a framework

for collaboration. “--" = poor.
Software P ackage
Feature
M P A C G
GUI Y Y Y
Modularity N Y Y N Y
GraphicOut Y -- -- Y Y
Model Indep. | Y Y Y N Y
AutoNumeric | Y N N N Y
Devices N Y Y Y Y
Large Comp. | N Y Y Y Y
Interaction N - N Y Y
Framework N -- N N Y

dardized,and highly functional for users,thereby

helping to maintain the rate of technology progress.

4.3: The Information Power Grid

The secondchallengewith the currentelectronicdevice
simulator developmentprocessis to provide inexpensve
andtransparentaccesgo sufiicient computationresources
for useful TCAD work. The currentapproactof providing
expensvye anddifficult accesdor privilegedresearcherat
a few supercomputingentersis not compatiblewith the
collaboratve developmentanduseof the GTE Scarceand
expensve computeresourceqnecessitateompromisesn
thephysicalmodel,numericaimplementationandsimula-
tion execution. Ideally, ary TCAD researcheshould be
able to access,at a reasonablecost, the computational
resourcesieededThe productiity of the bestandbright-
estresearchershould not be shackledby their physical
location or the stature of theirgamization.

TheNAS SDM group’s partialsolution(Sectionl) to the
scarcehardwarechallenges to utilize NAS andNAS-con-
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nectedcomputationahardwareto aggrejatethe necessary
computepower. The generalsolutionfor the global TCAD
communityis to make the GTF anapplicationin the Infor-
mation Paver Grid (IPG), a NASA initiative [29] to
achieve global compute resource pooling. Currently
researchorganizationsare largely isolated,and so must
supplyall of their computationaheeds.The resultis high
costandlow utilization. The IPG, like the analogouslec-
tric power grid, allows usersto transparently inexpen-
sively, and universally purchaseneededpower from a
computationgrid, or sell excesscapacityto the grid. By
increasingutilization and providing universal accessthe
IPG will make extremely compute-intensie applications
like the GTF accessible to virtually all researchers.

ThelPGis essentiallyanintelligent, highly-scalablenet-
work operatingsystemlts mainfunctionis to dynamically
manageasksto maximizeutilization of the availablecom-
putationalresourcegregardlessof machinetype, number
andlocation). To meetits goalsof inexpensve, universal,
and transparentcomputationalresource access,several
characteristicof the IPG are apparentIt must be open
(platform-independent)o that it can be implementedon
ary existing or future hardware and operating system.
Sinceapplicationsare run on hardware which is dynami-
cally selectedby the IPG, applicationsmust be compiled
just beforeexecution,similar to the Java model.In fact,the
Webbrowserinterfaceis a perfectmodelfor the PG, mak-
ing its use transparentand universal. Each researcher
would notberequiredto purchasendinstall very complex
applicationssuchasthe GTF in orderto usethem. They
would simply interactwith the graphicalinterfaceto the
application,while the IPG managedhe myriad computa-
tional resources in the background.

Many projectsare undervay aroundthe world to create
IPG-like functionality Some of the more high-profile
efforts include thoseat Sun [30], JaraSoft, [31], Lucent
Technologies[32], IBM [33], and Microsoft [34]. One
project, the Purdue University Network Computing Hub
[35], providessomeof the proposedPG functionality and
benefitsandincludesa TCAD-specific‘laboratory” called
the Semiconducto6imulationHub [36]. This projectdoes
notsolve mostof thechallengeshatdeveloperdacein cre-
ating new and more sophisticatedTCAD tools, as dis-
cussed in Sections 1 and 4.1.

ThelPGis muchmoreadwancedn its developmentand
morecertainin its eventualsuccessthanthe GTFE Indeed,
we alreadyuseremotesenersandsupercomputertrough
thelnternetto accessava applicationsrun searchengines,
play interactve games,and so on. The obvious utility of
network computingwill, withoutquestionprovide thenec-
essarydriving force to make the IPG happen.The main
guestionto the TCAD community is whethersomething
like the GTF will be createdas a first-classIPG applica-
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tion, or will TCAD tool developmentcontinueto be disor-
ganized, redundant, and inefficient to the point of
irrelevance?

4.4: NASA Interestsin Device Modeling

NASA interestdn helpingto advancethe state-of-the-art
in semiconductodevice modeling (and thus the devices
themseles) are obvious. Currentand future NASA mis-
sionrely critically on advancedinformationtechnologyas
well as advancedanalog electronicsand optoelectronics
(includinginfrareddetectorsmillimeter andsubmillimeter
wave sensorslJV andx-ray CCDs,photonicdevices,opto-
electronicintegratedcircuits, micromagneticdevices, and
electronicneuralnetworks[37]). Thedevelopmenbof all of
theseapplicationswould benefitgreatly from an accurate
and eficient device simulation capability

NASA Ames ResearchCenter(ARC) specificallyhasa
compellinginterestin supportingthe effort to createa suc-
cessfulTCAD framavork. ARC hasbeendesignatedhe
Centerof Excellencefor InformationTechnologyAs such,
ARC will facilitateNASA's effort to createmore powerful
computatiorhardware,asexemplifiedby the petaflopsand
Information Power Grid initiatives. The GTF is an ideal
applicationfor the IPG, sinceit dependson both distrib-
utedcollaboratiorandpowerful computationDevice mod-
eling and the GTF are also importantto NASA because
they will helpto continuethe currenthigh rate of technol-
ogy advancementnto the 21stcentury makingthe NASA
petaflops computing initiate a realistic goal.

The positioningof SDM Programwithin NAS is quite
appropriatesinceNAS hasa numberof uniqueresources
to bring to bear NAS supercomputingndparallelcompu-
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tation hardware, advanced numerical computation soft-
ware,andnumericalandparallelcomputationexpertswill
allow meaningfulin-houseprototypingof boththe PG and
GTF, aswell asmakingdirect contritutionsto the device
modeling projects. Finally, the significanceof the GTF
projectto the productvity of the NAS SDM Groupis diffi-
cult to overstate.A highly functional GTF prototypedat
NAS will translatedirectly into higherproductvity of the
entire NAS SDM group.

5: Summary

This documenthasdescribedolansfor the threetasksin
oneof the projectsin the recentlyinitiated Semiconductor
Device Modeling Programat NAS. The first task is the
investigation of quantumcorrectionsto the classicaldrift-
diffusion and hydrodynamictransportmodels, using the
PDE solver PROPHET for rapidimplementationThe sec-
ond task is the investigation of the Wigner function and
transfermatrix quantumtransportmodels,building on an
existing quantumdevice simulationtool called SQUADS.
The third taskis the explorationof a TCAD framework as
an applicationfor the Information Power Grid. Successn
this final task would greatly accelerateprogressin semi-
conductordevice modeling,and therebyhelp to maintain
the rapid adance of information technology
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