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sectionis3nmx3mmwiththegateoxidethicknessofO.5nm.
Thedonorconcentrationinthesourceanddrainreg10nSis
1020cm13,andthechannelreglOnisundoped･Theconduction-
bandvalleysofSiisshowninFig.1(b),wherethechannel

directionistakenas(100)andthecon丘nementdirections(010)
and(001)forsimplicity.Tosimulatequantum transportin
suchnanowiredevices,wehavedevelopedacomputational
algorithmbasedontheWignertransportformalism,asshown
inFig･2.Inthisapproach,the3-DWignertransportequation
isdecoupledintothe1-DWignertransportequationalong
theS-D(I)directionandthe2-DSchrOdingerequationin

thetr.ansverse(y,I)crosssection･Then･Wignerdistribution
funct10nisdefinedforeachquantizedsubbandnforthethree
palrSOftheconduction-bandvalleys,那-1-1/,2-2/,and
3-3㌧Thisso-Calledmode-spaceapproximationisconsidered
tobevalidforuniform nanowiredevicesusedinthispaper.
Theformationofuncoupledquantizedsubbandsiscomputed
bysolvingthe2-DSchr6dingerequationsforeachy-Icross
sectionandeachconduction-bandvalleywiththeanisotroplC
effectivemassesofconductionband,wherethevanishingwave
functionsattheSi/SiO2interfacesareassumed.Weapplied
theLanczosmethodbasedonthemodi丘edGram-Schmidt

orthogonalizationtosolvethe2-DSchrddingerequations･Next,
byusingtheobtainedsubbandprofilesE完(x),thel-DWigner
transportequationatsteadystategivenin(1)issolvedalong
theS-Ddirection

若 等 +去/芸 vn,V(xっk-k/,fn,〟(x ,k′)-(富)C
(1)

whereVn,V(x,k)isthenonlocalpotentialtermgivenby

vn,･U(x ,k,- 2!NdE sin(kE, lEX (x+ 喜)-End (x- i) ]I
(2)

Thistermrepresentsquantum-mechanicaleffectssuchastun-
neling.Notethatxandidenotethediagonalandcross-

diagonalcoordinatesbetweenspacevariablesx andx/,
respectively;x-(I+x′)/2,andi-I-x/.Furthermore,it
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iswellknownthattheWignertransportequation(1)reducesto
thesemiclassicalBoltzmanntransportequationinthelimitof
A-0[6],[7].
Theright-handsideof(1)standsforcollisionalterm･For
phononscattenngs,thecollisionaltermcanberepresentedby
uslngaSCattenngIntegralsimilartothatintheBoltzmann
transportequationl9],whichincludesdistributionfunctions
ofcarriersindifferentvalleysandsubbands,andcan further

involvequantumfeaturessuchascollisionalbroadening.A
discussionontherigorousinclusionofscatterlngintheWigner
approachcanalsobefわundin【10】･Inthispaper,however,
weemployedasimpli丘edrelaxation-timeapproximation(RTA)
asaarststeptoconsiderscatterlngeffectswithmoderate
computationalresources,asgivenby[11日13]

(S)cH lrp(x,k,
fenq,V(x,k)Idkfenq'V(x,k)/dk'fn･V(x,k')

wherヲTandfenq'レdenotetherelaxationtimeandthedistribution
funct10nSatequilibmimstate,respectively.Inthispaper,note

that埼 レwassubst血tedbyequilibriumWi菩nerdistribution
functionsactuallycomputedatVD-0V,nottheanalytical
Fermi-Diracfunction.Weaddthat(3)ensureschargeconser-
vation,whileintersubbandscattennglSnotCOnSidered.Inan
ultrasmallnanowire,theintersubbandscattenngwillnotplaya
majorrole,becausetheminimumenergleSOfthesubbandsare
wellseparatedbyquantization.ThevalueofTWasCalculated

byusingthemobilityof500cm2/(V･S)and也erelation

ofTu-mM eforeachconduction-bandvalley,.sincethe
mobility1Samorefamiliarparameterthantherelaxationtime.
TbanalyzethegatecontrolinSNWTs,the3-DPoisson

equationisself-consistentlysolvedbyuslngthepreconditioned
conjugate-gradientmethodwith theincompleteCholesky
factorization･Sincethemainpurposeofthispaperistodemon-
stratethevalidityof山epresentWignerapproach,weintro-
ducedtheeffectivemassapproximationandRTA.However,the
presentapproachisapplicableforatomisticsimulationbeyond
theeffectivemassapproximationandcanincludephysics-
basedscatteringprocesses[9].Suchextensionsarecu汀ently
inprogress.

B.DiscyletizationMethod

Asiswellknown,numericalsolutionsoftheWignerfunction
modelsigni丘cantlydependondiscretizationmethodsforsolv-
ing(1)and(2).Frensley[11]pointedoutthatdiscreteWigner
functionisnotgenerallyconsistentwithdiscretedensityoper-
ator,andthus,someoftheinformationcontainedinthedenslty

operatorwillbelostintheWignerfunction,becausethe(x,E)
meshpointsareonlyhalfasdenseasthe(ガ,∬′)meshpoints.
Awaytoincorporateallthe(x,x′)pointsmightbetousea
staggeredmeshin(x,E)withmeshspacingof△x-(1/2)△x
and△E-2△ x･MainsandHaddadl14]haveinvestigatedsuch
aschemeonthepotentialten of(2),butitseemstobeonly
applicablefわrequilibriumsituationduetotherequlrementfor
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centraldifferencingscheme(CDS)tobeemployed.Therefore,
Weadoptedinthispaperasimpleralternativeapproachto
providehighernumericalaccuracyasproposedbyBuotand
Jensenl12],whichintroduceshigherorderdifferencingscheme
forthespatial-derivativetermontheleft-handsideof(1).We

expectthatsuchasimplermodificationwillbeeffectiveinthe
presentnano-MOSsimulation.
Inthispaper,weexaminedthreetypesofdifferenclng
schemes,whicharefirst-orderdifferencingscheme(FDS)[6],
[7],【11]

〒f(x)土f(x士△x)

FDS △x

second-orderdifferencingscheme(SDS)[12]

〒3f(x)±4f(xj=△x)〒f(x土2△x)

2△x

(4)

(5)

andTDS

芸 lTDS

干2f(x〒△x)〒3f(x)士6f(1/士△x)〒f(x土2△x)

6△x
(6)

wheretheupperandlowerslgnSCO汀eSpOndtoupwind

(kx<0)anddownwind(kx>0)schem.es,respectively･We
believethatthisisthe丘rsttimetopractlCallyapplyTDSto
solvetheWignertransportequation(1).Itcanbereadilyproven
thatTDScorrespondstoahybridschemeconsistlngOfCDS
andSDSwithcombinationratioof2:1asfわllows:

2f(x+△x)-I(x-△x)
TDS 3 2△x

+豆

(CDS)

1〒3f(x)土4f(x土△x)〒f(x士2△x)

2△x
(SDS)

(7)

Therefore,TDSmaypossiblybelinkedtotheMainsand
Haddad'sideamentionedearlier,whichisworthyofconsid-
erationforfurtherimprovementinnumericalaccuracyand
stabilityoftheWignerfunctionmodel.
TheconventionalboundaryconditionsfortheWignertrans-

portequationl6]areusedinthesimulation,i.e"theequilib-
riumFermi-DiracfunctionsareimposedforelectronslqeCted
intoadevicereg10n,Whiledistributionfunctionsforoutgolng
electronsaredetemi nedbysolutionsof(I).Suchboundary
conditionsshouldbeusedatcontactssufficientlyawayfrom
aquantum reglOn,becauseelectrontransportinreseⅣOirs
attachedtothedeviceissupposedtobeclassical.

III.RESULTS

A.HigherOTderDIHeTlenCingSchemes

First,Fig.3ShowstheID-VGCharacteristicscomputedby
applyingFDS,SDS,andTDStothewholedevicereg10n･First,
fortheFDSapproach,unexpectedlylargesubthresholdcurrent
isobservedbelowVG-0.2V.SDSsigni丘cantlyimproves
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Fig.3･ ID-VGCharacteristicscomputedbyusingFDS,SDS,andTDSfor
thespatlal-derivativetermintheWignertransportequation･LG-9nmand
VD-0.5V.

suchasubthreshold-cu汀entbehavior,butitoccasionallyout-
putsnegativesubthresholdcurrentatsmallgatebiases.TDS
furtherimprovesthesubthreshold-currentbehaviorandallows
ustoestimatetheSSsaspresentedlater.Ontheotherhand,
theon-currentsatlargeVGCOnditionsarealmostindependent
ofthedifferenclngSChemes.Therefore,Carefultreatmentbf
differenclngschemeisneededforaprecisesimulationinthe
subthresholdreglOn･Asfわrcomputationaltime,bothSDSand
TDSrequireCPUtimeabouttwiceaslargeasFDS･Hereafter,
wewilluseTDSintheWignerapproach･

B.MultisubbandQuantumTransport

Next,Wepresentmultisubband quantum transportof
SNWTs･Fig,4(a)shows也esubbandpro丘lesandFig.4(b)血e
electron-densltyprO丘lesforseveralquantizedsubbandsalong
theS-Ddirection,whereLG-6nm,VD-0.5V,andVb-
0125V･Thevalleys1-1/and2-21arecompletelydegenerated
becauseofthesquarecrosssection.Thesefourvalleyshavethe

largercon丘nementeffectivemass(ml)inthey-orI-direction,
sotheirlowest(n-1)and点rsthigher(n-2)subbandsare
locatedbelowthelowestsubbandofthevalleys3-3′(㍑′-1),
asshowninFig,4(a).Asaresult,mostoftheelectronsare
populatedinthosefわurvalleys,asshowninFig.4(b).Thisis
favorablefromthepolntOfviewofdrivecurrent,becausethey
havethesmallertransporteffectivemassofmt.
Next,Fig.5Showsthevariationsinthetotalelectro n-density
profilesduetogate-biasvoltageforthegatelengthsof9
lFig･5(a)]and6nm lFig.5(b)]･Notethateachprofileis
comparedwiththatfromasemiclassicalBoltzmannapproach
wherethe1-DBoltzmanntransportequationissolvedalong
theS-Ddirection,whilethe2-DSchr6dingerequatic･nsare
solvedinthesamemannerasmentionedinSectionII-A.For

LG-9nm,asignificantdifferencebetweentheWignerand
Boltzmannapproachesisnotobservedforallgatebiases,as
showninFig.5(a).Ontheotherhand,whenthegateleng也
reducesto6nm,theelectrondensitiesinthechannelarefわund

tobelargerfortheWignerapproach,particularlyatsmallergate
biases,asshowninFig.5(b).ThisisduetoS-Dtunnelingof
conduction-bandelectronsdiscussedlateragaln.
Fig･6ShowstheWignerandBoltzmanndistributionfunc-
tionscomputedatVG-0.2V(subthreshold)lFig.6(a)]and
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Fig･7･ID-VGCharactenstlCSforLG-9,6,and4･5nm,computedbyuslng
theWignerandBoltzmannapproaches･
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Fig.8.Gate-lengthdependencesofSSscomputedbyuslngtheWigner,
Boltzmann,andballisticNEGFapproaches.

andtheresultsarecomparedwiththosefromtheballisticNEGF

method[8],asshowninFig.8,wherewealsodevelopedthe

ballisticNEGFsourcecodeinthisstudy.ttisfoundthatthe

WignerandballisticNEGFresultscoincidecloselyforawide

rangeofgatelengthshorterthan10nm.In仇ispaper,todemon-

stratehowreasonablethecomparisonofSSvalueswiththe

ballisticNEGFapproach,weinvestlgatedtheeffectofcarrier

scattenngontheID-VGCharacteristicsfortheWignerand
Boltzmannapproaches,asshowninFig･9,where血emobility
wasvariedasloo,250,and2500cm2/(V･S).As amatter
ofcourse,thedraincurrentdecreasesforthesmallermobility.

However,itshouldbenotedthatSSvaluesarebarelyaffected

bythevalueofthemobility,1.e.,Carrierscattering.Recently,
thesimilarresultshavebeenreportedwithinRTAbasedon

thesemiclassicalBoltzmannapproach[2】.Consequently,the

comparisonofSSvalueswiththeballisticNEGFapproach,as

showninFig.8,isconsideredtobevalid.

Here,itisnoteworthythattheID-Vbcharacteristicsofthe
Wignerapproachbecomesclosertothoseofthesemiclassical

Boltzmannapproachasthemobility(i.e.,relaxationtime)

decreases,asshowninFig･9･Thisrepresentsthatwhenthe
coherencyofelectronwavesislostby仙eca汀ierscattenng,

thesemiclassicalca汀iertransportisrecapturedintheWigner

transportequation[13].Thisisaninterestinganduniquefeature

of山eW gnertransporttheory.

Furthermore,fromFig.8,wecanidentifyaninauenceof

S-DtunnelingonSSvalues.Indeed,wefindthatthesemiclassi-
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FlgL9.EffectofcamierscatterlngOnZDIVGCharacteristics,wherethe
mobilitywasgivenby100,250,and2500cm2/(Ⅴ･S).BothoftheWigner
andBoltzmannresultsareplotted.LG-6nmandVD-0,5V.

GalBoltzmannsimulationswithoutS-Dtunnelingmightpredict

about1-mm-shorterminimumgatelength,enablingustomake

electrostatically"welトtemperedMGAA-SNWTswithanSSless
than80mV/dec[3]･Thisdiscrepancywillnotbenegligiblein

practicaldesignofSNWTswi仇sub-10nmgatelength.

Finally,wedescribeasubjectforfutureinvestigationregard-
ingtheWignerfunctionmodel.As ShowninFig･7,thepresent
WignerapproachcannotadequatelycomputeelectriCalcharac-

teristicsbelowcertaincurrentlevel,particularlyforthelonger

channeldevices.Thisisduetoinsufacientnumericalaccuracy

undertheconditionsleadingtohigherandwiderpotential
bamiersl14].Formorereliableoff-currentsimulation,weneed

todevelopmoreadvancedcomputationaltechniques,suchas

accuratediscretizationmethodologyandaproperconnection

withthecorrelatedboundaryconditions.

ⅠV CoNCLUSION

Wepresenteda3-DquantumsimulatorforSNWTsbasedon

theWignerfunctionmodel,whichcanconsider3-DelectroI

staticgatecontrol,2-Dquantumcon丘nement,andS-Dtunnel-

ing･First,Wedemonstratedthatthehigherorderdifferenclng

schemeisneededtoachieveasufacientnumericalaccuracy

inthesubthresholdreglOn,Thevalidityof血esimulatorwas

con丘medbycompanngwith血esemiclassicalBoltzmannand

NEGFapproaches.Wealsodemonstratedthattheinfluence

ofS-Dtunnelingbeginstoappearnotablyasthegatelength
becomesshorterthan6mm andalsothatthesemiclassical

BoltzmannsimulationwithouttheS-Dtunnelingmeasurably

underestimatesaminimum gatelength.Wefurtherpolnted

out血atsomeadvancementinthecomputationaltechniquesis

requiredtoapplytheWignerfunctionmodeltotheoff-current

analysis.
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