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PAPER

FullbandSimulationofNanoIScaleMOSFETsBasedona

Non-equilibriumGreen'sFunctionMethod

HelmyFITRIAWANTa),Nonmember,MatsutoOGAWAH,Member)SatofumiSOUMAll?Nonmemberl
alulTanrokuMIYOSIIIll,Member

SUMMARY TheanalystsOfmultibandquantumtransportsimulation
indoub le-gatemetaloxidesemiconductorfieldeffectstransistors(DG-
MOSFETs)lSPerformedbasedonanon-equillbnumGreen'sfunction
(NEGF)formalismcoupledself-consistentlywiththePoissonequation･
Theempiricalsp3S'tightbindingapproximation(TBA)Withnearest
neighborcouplinglSemployedtoobtainarealisticmultibandstructure･
Theeffectsofnon-parabolicbandstructureaswellasanlSOtrOPicfeaturesof
Siarestudiedandanalyzed,Asaresult,1tisfoundthatthemultibandsimu-
lationresultsonpotentialandcurrentproGlesshowsigni負cantdifferences,
especiallyinhigherappliedbias,fromthoseofconventionaleffectivemass
model,
keywords.･non-equilibriumGreen'Sルnction,quantumtransport,tight-

bLndLngapproximat10n,SP3S･,doub le-gateMOSFETs,Poisson,Sequation

1. Introduction

Asthesizeofcurrentdevicesisscalingdownintomanome-
terscale[1】,atomisticsimulationsbecomenecessaryfわran

accuratemodelingof仙eirstmctural,electronicandtrans-

portproperties･SuchmicroscopICaPPrOaChesareimpor-

tantinordertoaccountcomCtlyf♭rquantumphenomena,
i.e.atomic-scalenuctuations,localbonddistortions,alloy

effects,quantumtunnelingeffectsandenergyquantization,
occunnglnSuchdevices.Theeffectivemassapproximation

(EMA),whereonlythewavefunctionenvelopeisconsid-

eredinsplteOftheatomicdetails,maynotbeaccurateany-
moreduetosuchquantumeffectsinnanostructures.Thus
itmotivatestheuseofmorerealisticfullbandstructuresin

quantumtransportsimulationsl2]-[4].Quantummechan-
icalsimulationwithatomisticresolutionscanbeachieved

uslnglocalizedbasissetsfわrthedescriptionofthesystem

Hamiltonian･Semi-emplricaltight-bindingapproach,afull
bandtechnique,provesextremelyusefulfortheatomistic

treatmentofnanoscaledeviceswithanymaterials,provided
thatthetighトbindingparametersfわrthematerialareknown

inadvancel5]-[7]･Theenergy-dispersionrelationoffull

multibandstructureisdifferent,especiallyinhigherenergy
farfromtheconductionbandminimum,withthatofEMA

modell8],[9],whichcouldgivedifferentquantumtransport
characteristics.
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Thispaperreportsthecalculationofquantum elec-

trontransportindouble一gateMOSFETsinwhichquantum

effectsarethehighestconcernl10]-[･17].Thetransport

simulationisfわrmulatedbasedonnon-equilibriumGreen's

function(NEGF)whichprovidesareliabletheoreticalba-

sisforthedevelopmentofatomic-levelquantummechani-
calsimulatorsfornanoscaledevices[18],[19].Inthenext

section,thetheoryoftight-bindingmodelandtheapplica-
tionofGreen'sfunctionbasedonmultibandtight-binding

modelwillbediscussed.Intheformulation,theemplr1-

calsp3S+tight-bindingapprc･ximation(TBA)modelisem-
ployedtoobtainmorerealisticfullbandstructurel6],[7].

TheNEGFmethodisperfわrmedself-consistentlycoupled

withthePoissonequationtoacquiretheeffectofspace
chargedensityinthecalculation.Somenumericalresultson

simulateddevicesarepresentedandcomparedwiththoseof
e庁ectivemassmodelinSect,3.Finally,ourworksarecon-
cludedinthelastsection.

2. SimulationMethod

2.1 Tight-BindingModel

Thecalculationofquantumelectrontransportisconstructed
basedonemplricalTEAmodeltoobtainmorerealisticband

structure･Thecamiertransportisassumedtobeconfined
in[100]directioninnano-scalequantumstructures.Inthe

modelfiveatomicorbitalsperatom(S,px,py,.pzands*)as-
sumngnearestneighbouroverlapsaretakenIntoCOnSideト

ation･Thebasissetisassumedtobespatiallylocalized.
Inthetightbindingscheme,thesystemHamiltonianis

representedbyaPasissetofatmi cllikeorPitals,Ik'',L,Tb),
describedbyaslteindex,i,(whichconsistOfonean10n

andonecationatoms)andasyrrmetry-relatedindex,ab(b

-anionorcation),whichspeciBestheangularmomentum

andsplnindexassociatedwiththein-planewavevector,kll
[5]･Therefore,thetotalelectronwavefunctionisexpressed
asalinearcombinationoftheatomicorbitals(LCAO)

lv(k"k",x))- ∑ tCL,aA'k､)lk'l･L,αa)
LαD.α<

･cLα亡(k･.)Jkll,i,αC)I り1

wherek,isapropagatlngWaveVector.

TheSchrGdingerequationintheTBAbasismaybe
wnttenas
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Fig.1 Complexbandstructureofbulksiliconalongthel100]direction
RekxshowsthemorerealisticbandstructureofSiwithindirectbandgap.
TheonglnOftheelectronenergylSlocatedatthetopofthevalenceband.

(H-E)Iv(k"kLl,X))-0 (2)

whereHisthesystemHamiltonianandEistheelectronen-
ergy.ByprojectingEq.(2)ontheatomicorbitalslocatedat
atomiclayer∫,wewillhavethefollowlngelgenValueequal
tion[20ト[22].

･cTa(g:)-exp(-ikxA,(cc:) (3,

whereTcandTaarede伝nedby

･b- [-lHl?I-llrllHl?l]-lHlll]EllHILl]] (4,

AisonemonolayerspaclngWhichisequaltoone-halfof

materiallatticeconstantandHL?I,Hl?I_.andHl?I.Iare5×5
matriceswhichde丘netheonsiteenergiesforcation(b=C)

oranion(b=a)andhoppingenergiesbetweenthenearest
atom.Theelementsofthismatrixde丘nedintensoftighト
bindingparameterscanbefoundinRefs.[6日7],[23].In
thesiliconcrystal,theparametersfわranionandcationatoms
areequivalent.

ThiselgenValueproblemproducesblockstates,where

halfofthesestatespropagateordecaytotherightwhilethe
therestpropagatetotheleft.Thecomplexbandstructure
forsilicon,solvedfromEq.(4),isplottedinFig.1.

2.2 MultibandNon-equilibriumGreen'sFunction

Fortheanalyticalsolutionofquantumtransport,weusea
non-equilibriumGreen'sfunction(NEGF)methodbasedon
themultibandtight-bindingmodelasdescribedintheprevト
Oussection.Intheballistictranportsimulation,theNEGF

methodisequlValentbymeansofs9lvingtheSchrGdinger
equation.

TheretardedGreen'sfunctionmaybeobtainedfrom

thefollowingequation

GR-[(E-iO')IIH-∑L-∑R]-1 (5)

whereEistheenergyandthematrixelementsofdevice

IEICETRANS.ELECTRON.,VOL.E91-C,NO.1JANUARY2008

Hamiltonianalongthetransportdirectionmaybewrittenas

(α,L,kl'IHlα′,L',kI,)-Dα,a,,L(klL)6L,i,
-tα,L;α′,L′(klI)6L,L±l (6)

H isablocktridiagonalmatrix,Dα,I,COntainstheorbital

energleSandtheelectrostaticpotential,andta,i.,α′,L′are
thehopplngenergleSbetweenthetwonearestlayers.The

boundaryself-energy,EL,R,Whichtakeintoaccounttheef-
fectofsemi-infiniteleftandrightcontactsintothedevice,
canbecalculatedfrom

∑L=-tO,lXKXLl (7)

∑R=-tN,N.lXKX-1 (8)

wheretheeigenvalues,K,andeigenvectors,X,areobtained

bysolvingtheeigenvalueequationofEq.(4).
Attheleftandrightendofthedevice,theboundary

Green'sfunctionisfoundtobecoupledwiththebulkmodes
[20],[2日･WehaveusedrecursiveGreen'sfunctionalgo-
rithmasinRef.[24]tocalculatetheretardedGreen'sfunc-

tionintheleftandrightcontacts.
Inordertocalculatethecarrierandcurrentdensities,

WehavetodeterminethelesserGreen'sfunctionfromthe
retardedGreen'sfunction.

-iGZ,L-∑fLGf,i.rEEL2GAL之,L･fRG至,LlrfFL2G22,i (9)
Ll,L2

wherefLandfRaretheFermiDiracfactorsoftheleftand
rightcontacts,respectively.Hence,wecancalculatethecar
rierandcurrentdensities,respectively,from

nL-諾 打 芸 tr(Gi･･L(k,F,E,) (.0)

JL-完封芸 2RettrltLl,L2Gi2;L･(k..,E,i) (ll,

whereAisthecrosssectionalareaofthedevice,eisthe

electronicchargeandtrisatraceoverthewholeatomicor-
bitals.WehaveperformedbothEqs.(10)and(ll)forall
subbandsandallvalleystoobtaintotal3Dcarrierandcur-
rentdensities.

3. ResultsandDiscussions

ThecalculationofquantumtransportwithmultibandNEGF
isperfO-edtothedouble一gate(DG)MOSFETwi血device
structureasshowninFig.2.

Thedevicehasanintrinsicchannelandthesource/drain

isdopedat1x1026m-3,respectivelyJtisassumedtohave

symmetricalgateswhichcontrolthechannelreglOn.The
channelisassumedtobeSiwithnogate-to-source/drain
overlap.Thejunctionsaremodeledasabrupt.Theoxide
thicknessis1.0nmforbothtopandbottomgatesandthe
siliconthicknessis3.Onm.Twotypesofvalleys,two-and
four-foldvalleys,aretakenintotheconsideration.Thetwo-
foldvalleyshaveheaviereffectivemasswhilethefourfold
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Fig.7 DralnCurrentVersusdrainbias,IDS VS.VDS,Ofthesimulated
TIGMOSFETplottedat300KwlthVGS=0.1V,VGS=0.25VandVGSI
IV.Thesolidllneisfrommultlbandslmulation(MB)andthedashline

romslnglebandeffectivemassmodel(EMA).
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Fig.8 Thefirstsubbandenergypro別esalongthechanneloftheslmu-
1atedDGMOSFETplottedat300KwithVGS=0･1V,VGS=0･25Vand
VGS=0･4V,Thepotentialprofilesofmultibandsimulation(MB)resultsIS
lowerthanthoseofsinglebandeffectivemassmodel(EMA)･

discrepancybecomesobviousinhigherbiasbecauseasthe

biasincreaseselectronsw仙 higherenergleStendtocon-
tributetothecurrent.

4.Conclusions

Thecalculationofquantum electrontransportindouble一

gateMOSFETsbasedonnon-equilibrium Green'sfunction

(NEGF)methodhasbeenformulated.Therealisticband-

structureisrealisedbytight-bindingsp3S'modelassumlng

nearest-neighborinteractions.Theeffectsofnon-parabolic

bandstructureaswellasanisotropicfeaturesofSiarestud-

ied. Ourmultibandsimulationresultsinsigni丘cantdif-

IEICETRANS.ELECTRON.,VOLE91-C.NO.1JANUARY2008

ferencesfrom thoseofconventional eHectivemassmodel

whereonlyparabolicslnglebandisconsideredinthesimu-
lation.
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