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Abstract-Inthispaper,wepresentacomparativecomputa-
tionalstudyonstraineffectsinSinanostructuresincludingbulk,
thinBJm,andna710wirecon尽gurations.Weemployeda丘rstprln･
ciplescalculatiorLtOidentifythebandstructureparameterssuch
asbandsplittingenergyandtransporteffectivemass.Asaresult,
wefoundthatbulkSiandSithin丘lmhavesimilarstraineffects

onthebandstructureparametersunderuniaxia)(110)strain.Par･
ticularly,theeffectivemassreductionofelectronsduetouniaxiaL
(110)strainisexpectedeveninSithin丘1m .Ontheotherhand,
Sinanowirestructurewithnanoscalecrosssectionhaslighter
transportefrectiyemassthantheotherstructures,regardlessof
theamountofllTIiaxialstrain.

IndexTel･mS-Bandsplitting,bandstructure,effectivemass,
firstprinciplescalculation,qllantumCOnfinement,Sinanostruc-
ttIre,strained-Sichannel.

Ⅰ.INTRODUCTION

A

STHESIZE ofSi-MOSFETsshrinksdowntothe

manometerscale,newdevicetechnologleSSuchasmobiト
ltyenhancedchannelsandmultigatearchitecturesarestrongly

neededtorealizeadvancedCMOSdevices.Amongthem,

strained-Sichannelenglneemng,Whichincludesthechoicesof

surfaceorientations,channeldirections,straincon負gurations,

andchannelmaterialsarerecentlybecomlngmoreimportant
l1]･Particularly,uniaxialstraincanbemoreeffectivethan

biaxialstraininincreaslngthecurrentdriveofshort-channel
devices,becauseoftheeffectivemassreductionofholesl2],
[3]andevenelectrons[4].Ontheotherhand,devicestmctures

withnewgateconfigurationsarepreferredtoprovidebetter
electrostaticcontrolthantheconventionalplaJlar StruCtureS.

Thus,ultrathin-bodychannelsandSinanowirechannelswith

multigateorgate-all-aroundstructuresarehighlyexpected.
Sofar,theeffectivemassreductionofcarriersbyapplying

uniaxialstrainhasbeenexperimentallydemonstratedfわrbulk-

[2H4]andultrathin-bodySolMOSFETsl4].Understanding
ofphysicalmechanismsforsuchaneffectivemassreduction

inbothp-andn-ChannelMOSFETshasprogressedbasedon
theoreticalcomputationalstudiesforbulk-SiMOSFETs[2ト

[6].Forultrathin-bodystructures,therearefew theoretical

reportsdiscussingstraineffectsontheeffectivemass[7],to
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thebestorourknowledge.However,tofurtherscaledown

MOSFETswithdesiredhigherperfわrmance,anintroduction

ofthestraintechnologytoSinanostmcturechannelswillbe

exploredinthefuture･

Inthispaper,westudystraineffectsjnSinanostructures,

i,e･,2-Dthin丘lmand1-Dnanowire,includingbulkmaterial.
UnderextremescalingofMOSFETs,thenumberofatoms
inthecrosssectionbecomescountable,andtheconsidera-

tionofcrystalsymmetryandbondorientation,lnadditionto

quantum-mechanicalcon丘nementisimportant.Therefore,we

employedafirstpnnciplesmethodtoidentifythebandstructure

parametersthatgreatlyinfluencecarriertransportproperties.

ForSinanowires,strain-inducedmodulationofbandgapand

effectivemasshasbeenrecentlyreportedbasedonthesimilar

firstprlnCiplescalculations,forvariousgrowthdirectionsand

cross-sectionalshapesandsizes[8ト[10].Ⅰnthispaper,We
intendtohighlightitsunlqueStrainpropertiesofSinanowires

bycomparlngWiththoseofbulkand2lDthin丘im.

II.BULKSI

First,WepresentvariationsinenergysplittlngOfconduction

bandedgeandeffectivemassofelectronsbyapplyingbiaxial
anduniaxialstrainstobulkSi.Fig.1showsthelatticemodels

usedinthecalculation,whereuniaxialstrainisparallelto

(100)and(110)directions,asshowninFig.1(b)and(C),
respectively.Theplaneanddirectionsparalleltostrainare
ullifbrmlydefbmedfrom-1%to1%,andthelatticeconstants

perpendiculartothestraindirectionarecarefullyrelaxed.All

calculationswereperformedbyuslnga丘rstprlnCiplessimu-
lationpackage,VASP,wheretheelectron-electronexchange

andco汀elationinteractionsweretreatedwithinthegeneralized

gradientapproximation.TheKohn-Shamequationwassolved

byuslmgaplane-wavebasissetbasedontheultrasoftpseudopo-

tentials_andprojector-augmented-wavemethodl1I].

Fig･2(a)-(C)showsthecalculatedenergysplittingofthe

conductionbandedge△Ecunderbiaxial,uniaxial (100),
anduniaxial(110)strains,respectively,whereenergyofthe
conductionbandedgeatunstrainedconditionwassettobe

zero.Theinsetsshowtheschematicdiagramsofsixconduction
bandvalleysonaSi(001)surface,numberedfrom 1to6,
andalsostraindirections.Asiswellblown,thestrainscause

bandsplittlngOfthesixfolddegeneratevalleysintothetwofold

(5,6)andthefourfold(I,2,3,4)valleys,asshowninFig.2,

theamountofwhichisthelargestforbiaxialstrainandis

thesmallestforuniaxial(110)strain.Thepresentresultsare
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Fig･10.Dispersioncurvescomputedfor(110)-orientednanowire,where
uniaxialstrainis(a)1%cPmPreラsIVe,(b)0%･and(C)1%tenslle,wherethe
energyreferenceofthever【lCalaxISistheFemi energyinthecaseofunstrained
Sinanowire.

con血ementdirectionsare(001)and(lTo),andtheirdimen-

sionsareO･94andO･77nm,respectively.Therefore,electrons

inthenanowireareconsideredtobeanideal1-Delectrongas･

Thenanowiredirectionwaschosenat(110),becauseahigher
cu汀entCapabilitycomparedtootherdirectionsas(100)and
(ll1)isexpected[14日naddition,Wehavetoaddthatrelaxed

nanowireis3%stretchedalongtheaxisevenintheunstrained

condition,whichagreeswellwiththepreviouslyreportedtheo-

reticalresults[9日21]･Then,uniaxialcompressiveandtensile

strainswereappliedalong(110)direction.

Fig･10showsthedispersioncurvescomputedforthe(I10ト

orientedSinanowiresunder(a)1%compressive,(b)0%,and

(C)1%tensileuniaxialstrains,wheretheenergyreferenceof

theverticalaxisforallthethreedispersionsistheFemi energy
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Fig.1I.CalculatedenergysplittingofSi1-Dnanowireunderuniaxlal(I10)
strain.
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Fig.12.In-planeeffectivemassofground-statervalleyestlmatedforSi1-D
nanowireunderuTiaxlal(110)strain.Resultsforbulkand2-D丘Imarealso
plottedforcompanson･

inthecaseofunstrainedSinanowire.Overallfeaturessuchas

conductionbandminimumandvalleysplittlngattherpolnt
aresimilartotheSi2-Dfi1m,butfurthermorethefourfold

off-rvalleysarefoundtobesplitbythevalleyInteractions

intheSinanowire,whichresultsfromthek-spaceprojection

ofthetwoellipsoidalbands(1,4)or(2,3)ontothe(lio)

planeofquantization【141.Sincethevalleysplittingdepends

onquantization,thesplittlngenergleSattherpointinFig.10

arequltelargerthanthoseinFig.6forSi2-DBlm.

Next,Fig.1】showsthecalculatedenergysplittingofthe

conductionbandedgeAEc.Thestraindependenceofthe
conductionbandedgeisqulteSimilartotheSi2-D丘1m,al-

though theoff-rvalleysindicateanoppositestraindependence

toFig.7･Thestraindependenceofoff-IIvalleysinFig･llis

differentfromthepreviousstudyl9],[10LWethinkitisbe-

causewesettheen'ergyreferencec.fallthedispersioncurvesat

theFermienergyinthecaseofunstrainedSinanowireJndeed,

when也eenergyoffsetisnotco汀eCted,thesamestraindepen-

denceofoff-IIvalleysasinl9]andl10]isobtained.Fig.12

showsthein-planeeffectivemassoftheground-statervalley,
whichisalsocomparedwithbulkand2-D丘1m.Itisfound

thatthemTreductionduetouniaxial(110)tensilestrainisnot
observed,butasmallermTispredictedintheSiI-Dnanowire,

Thepresentresultsareconsistentw仙 thoseof[81and[91･The

estimatedtransportmassis～0.13moindependentlyofstrain,
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Flg･13lEnergycontoursink｡-kyplanenearconductionbandminimumof
Si2-Dfilmsunder(a)1%compressive,(b)0%,and(C)1%(ensileuniaxial
strains,wherethecon触ementdirectionis(001)andthethicknessLzistaken
at0.94nm.Thedashedlinesthatcrossat450representanextraquantization
lnthe(170)-directioninthepresentnanowire.AlineforLxy-0･77nm
correspondstothepresentnanowirequantization,andlinesforL,'y-1mm,
2nm,4nm,10nm,andoo(2-D丘lmlimit)arealsodrawnforcomparison.

whichissmallerby32%thanthebulkmT･Veryrecently,such
asmallermasshasbeenreportedforunstrainedSinanowires

basedontheemplricaltight-bindingbandcalculation,andits

physicalmechanismwasclearlyexplainedintensofsemi-

analyticalconstructionofthenanowiredispersionsbyuslng

theanisotropyandnonparabolicltyintheSiconductionband

IEEETRANSACTIONSONELECTRONDEVICES,VOL56,NO.4,APRIL2009

Brillouinzone[14].Weapplythatargumenttoexplainwhy

theeffectivemassofSinanowireisindependentofthestrain,

contrarytothatof2-Dfi1masfollows.Fig.13Showstheenergy

contoursinthekx-kyplaneneartheconductionbandmini-
mumofSi2-Dfi1msunder(a)1%compressive,(b)0%,and
(C)1%tensileuniaxialstrains,wherethecon丘nementdirection

is(001)andthethicknessLzistakenat0.94nm.Here,note
thatanextraquantizationinthe(lTo)-directiontakesplacein

thepresentnanowireasindicatedbythedashedlinesthatcross

Fig.13at450,whereHcut"throughtheenergycontoursalong

血oselinessemianalyticallyfわrms1-Ddispersioncurvesofthe

nanowirel14]･InFig113,alineforLay-0･77nm,which
co汀eSpOndstothepresentnanowirequantizalion,andalsolines

forLxy-1nm,2nm,4nm,10nm,and∞(2-Dfilmlimit)are
drawnforcomparison･Itisfoundthathigherk3Iyregionhas
largercurvatureofthedispersionandisimmunetouniaxial

(I10)strain.As aresult,theeffectivemassofthenanowirebe-

comessmallerthanthoseofbulkand21DBlm,andalsochanges

littlebyuniaxial(Ilo)strainsasfoundjnFig･12･However,as
山estructurebecomesthickerinthe(110)direction,thequanti-
zationlinemovestowardthatof2lDfilmlimit,anditseffective

massincreasestothebulktransversemassandaresponseto血e

strainisrestoredaswell･Thetransitionfromthebulklikeprop-

ertiestothe1-Dpropertiesseemstooccurwhenthethicknessof

the(170)directionbecomessmallerthan2-Inminthepresent

semianalytlCaldescnption,butafurtherinvestlgationbasedon

afullyfirstpnnciplesanalysisisnecessarytoclarifysuch3-D-

1-D transition behaviorco汀eCtly,which iscu汀ently in

progress･Leastwise,the(110)10rientedSinan?wirewith
nanoscalecrosssectionisfoundtohavetheunlqueStrain

properties,unlikebulkand2IDfi1m.

V.CoNCLUSION

WehavestudiedstraineffectsinSinanostructuresbased

onthefirstprinciplescalculation･WefoundthatbulkSiand
Si2-D film havesimilar straineffectsonthebandstructure

param FtersunderTniaxial(110)strain･Particularly,themT

reductionduetounlaXial(I10)strainis.expectedeveninSi2lD
丘1m.Ontheotherhand,Si1-DnanowlreWithnanoscalecross

sectionhaslightermTthantheothers,althoughthemTChange

duetouniaxial(110)S也 nisnot.available･Therefわre,(1lo巨
orientedSinanowirehashigherinjectionvelocityl14],butitis

likelythatthedecreaseinthedenslty-Of-Stateduetothevalley

splittlngmaydegradethecu汀entCapability.Fu血emore,the

lightermasscancausealargersourcelkaintunnelingcurrentat

OFF-StateOfMOSFETs.Therefore,aquantumtransportsimula-

torconsideringthefull-bandbandstructuresdesignedbasedon

atomiSticmodelingwillberequiredtoassesstheperfomance
limitsofSinanowiretransistors.
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