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Abstract

ThispaperreportstheBiasedDirectionalSputtering(BDS),Whichisahighdirectional

SPutteringtechniqueuslngRFmagnetronplasmaandasubstrate bias,forformation

Ofbamiermetals(ri,TiN,ThandThN)forsemiconductordevices.TheRFmagnetron

Plasma,WhichisdenserthanconventionalDCmagnetronplasma,ionizessputtered

metalatoms e疏ciently,and the substrate bias accelerates theionized metalatoms

perPendicularlytothesubstratesurface･Experimentalresultsshowthattheplasma

densityoftheBDSishigherthanthatoftheconventionalDCmagnetronplasma.The

ionization rate of the sputtered metalatoms reaches more than90% at13Pa.

Consequently,▲eXCellentstepcoverageisobtainedforhighaspectratio笹R)holesbythe
BDSdeposition.

KeyWords‥Highdirectionality,Ionizedsputtering,Biaseddirectionalsputtering,

RFmagnetronplasma,Substratebias

1.IntrodⅦCtion

SputteringtechmiqueisnowwidelyusedinametanizationpI∝eSSOfulb&largeTSCaleintegratedcirmitsPI.SI9[1].

hthisprwess,baniermetalssuchasTLTiNiThandThNmustbedq30dtedtohigh叫ratio¢R)holes,thatis,

deepandsmaudiameterholeslwithg∝通step00Verage(i･e･gOOdtx)bmandside00Vemge)asshⅣninFigurel(a).Tb

血taingxxIstep00Verage,aninddent
angleonthesubstrateOndicatedasOinFigurel)mustbesmal1.Inanother

WOrds,adirectionalityof甲utteredmetalatomsmusttX,high,bec2u･SefXX)rdirectionalitybrings血t卿rS坤COVerageaS

ShowninFigurel(b)･

†ANELVA{brtx)ration
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Figure･1Exampleofiuustrationshowinggood匝nformal)andpcor(OVerhanging)step

COVemge･

00G∝d¢onformal)step00Verage,¢)P00r(OVe血anging)stq)00Verage.
Defimitionof鱒匹Ctrati0,tX)ttOmCOVerage,andsidec脚erageare血刑above.

Tbovercomethisprbblem,directional甲ubringtechmiques,SuChascollimated甲uueringP]andlowpre$urelong

distan∝甲ubring岬IDS)techniquesP],havetxendeveb匹d･Thesetechdqueshavetx,enwidelyusedinthe

metauizationpm血fortheformationofbarriermetalssuchasTi,TiN,TbandThNtoviaor00ntaCtholes【4].
necollimatedspuueringuseSaCOllimatorlocatedbdweenthetargetandthes山bs血benhanCethe血ectionalkyof

theptteredmetalfluxPgure2W･The騨tOfthemetalfluxwith1argeangulardivergenceis叫uredbythewallofthe

00通matorholeandonlythepartofsmanangulardivergenoe(anPaSSthroughthecdhatorhole.nusthe00uimat｡r

reducesanaPgulardivergenceofthesputteredmetalflux.

TheLPIDSdq30Sitionusesalongtargetbsubs(rateO7S)distana鱒｢弧叫andalowpressure?nditionOowlO-2pg･
ThelongT蒋distanamultsinreductionoftheangulardivergen∝Ofthederx)dtingfluxatthesubsb嘘e,kausethe

SPutteredmetalabmswithhighincidentanglearelostto鮎chaniberwal1･Inaddition,thelowpressurereduce$SCattering

Ofspuuered血etalatomsbygasmoleculesandirKXeaSeSam6anfreepathforthe甲u恍ered叩etalatoms･払nsequendy,the

directionalityofthefluxisenhanCed甲gure200).
Ibwevehthe0011imatedqndteringandtheIPIDStechmiquebewmedbsoleteduetorxx)rStq)00VerageforhghAR

holes笹M･q)･Furtheuhedepsitionpromeinthehole,血ichisformedbytheu)LDS,b∝OmeSaSymmetricaIthe

(勾 (b)
Figure･2(力mparisonofconimatedsputteringandlowpr既urelong

distanCeSputtering(Ⅰ∫LDS)teclmiques.

00G)11imatedsputtering,世)IRIDS.
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Figure.3 Exam画eofillustradonshowingasymetdcstep00Verage

whichisoftenseeninIRIDSdepsition.

edgeofthewakr岬igure3).Thisasymmetryisduetoasymmetricangulardistributionoftheamivingmetalfluxtothe

edgeofthesubstTde[3]･

Reα叫,anionized甲ubringteChdque,Whichyields旭erstepcoveragewithhighdirectionalityof甲utteredmetal

atoms,hasattracteda00nsiderableatte血onandseveralstudieshaveb∝nrePdedPS]･Intheionizedsputtering
tex=hnique,the甲utteredmetalatomsanionizedintheplasmaandthen,theionizedmetalatomsareaWtothe

negativelybiasedsubstrate.nusthesputteredmetalatomsreadhthesubstratewithhighdirectionality･

Inthiswo止,thebiaseddirectional甲ut(ering鱒DS)techmique,Whichistheionized甲utteringusingRFmagnetron

plasmaandsubstratebias,hastxendeveb匹dformetal1izationprKeSSforUI3Isunderanintentiontoreali2X:thehigh
directional甲uhring.withsimpleconfiguration･加FdtioncharacteristicsofTi,TiN,ThandrrhNmmsbymeanSOf

BDSwereinvestigated.

2.DeYelopmentofBDSsystem

TheBDSsystemwasdeveb匹dbasedona00nVentionalRFmagnetTDnSPutteringsystem･Schemadcdmwingofthe
BDSsystemisshowninFigure4･Thisisasimpleplanarmagneh)nelectrdsystem･皿issystemhasnocoilantenna,

Figure･4 SdhematicdmwingofBDSsystem･
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Whichisusedinan0therionized甲u枕eringsystemtoprorrk)lcthcionizationof甲utteredmetalatomsP-8].1356M馳RF

PWerisapphedtothetargetandtheRFmagncIronPasmaisgenerated･TheRFmagnetronplasmayieldsdenserplasma

thanthatoftheDCmagnebt}n･nedcnscRFmagnebDnplasmaservestx*hto甲utterthetargetPorTb)andtoionizethe
SPuueredmetalatoms･TT)CmCta)atoms肌SPu仕ered如mthetargetandthenionizedintheRFplasma.

Onthcothcrhand･RF(汀nC脚ivcDCbiaspwerisappliedtothesubstrateduringthedqx)Sition･TYLebiasfX)Wer

develo騨negalivcbiasFX)tCndaIonthesubsbateandthefX*entialdilkrencebetweentheplasmaandthesubstrateincreases.

ThussheathelectricGcIdoverthewalbrsu血ceincreases00mparedwiththefieklwithoutthesubstratebias.Theionized

metalatomsincidenttothesheathreg10nareamlera(edperpendiculartOthesubstrateinthefield.The%metalionsare

incidentonthesubsbdesu血withhighdirecdonalkyandthenformthed卿Shedfilm･Thus,e7Ke山entstep00VerageCan

txachieved･FudhehCathdem?gnetarrangementWaSqdimizedtodbtaingxxldeps血nmiRmityandtheshieldshape

WaSalsodesignedtoe血inatea甲LrkdischargeintheRFdasma･馳駆PreSSureOftheprwsschamberis4Ⅹ10busing

aturbomolecularPump･

3･Plasmadensityandionizationratemeasurements

3･lExperimentalsetup払rplasmameasurements

TbexaminetheplasmachamcteristiaoftheBDS野Stem,plasmadendyandanionizationrateofthe甲utterednd

PlasmadensityoftheBDSwasmeasuredu血gtheThtarget･Ab喝muirprobewasusedforthismeasurement.The

bngmuirprobehasstruCturetOPreVentaleakagemrrentcausedbythedefX)Sitiontotheprbbe鱒gure･5¢))･

TheionizationrateofthesputteredmetalwasmeasuredbymeanSOfaretadngptentialmethd･SchemahcdiagramOf

theexperimentalapparatusisshowninFigure･500･Biasvolbgeisappliedtothesecondelectrdetorepe1theionized
atomsandneutralatomsanpassthroughthesecondelect鵬e･nuStheionizationrate侃nbeobtainedasad此re肛eOf

thederx)Sitedfilmweightbetweenwithandwithoutthebiasvoltage･

汀OPVie叫
Shield

Substrate

V:Biasvoぬgeto廿一egrid･

V=OM:M劇ionscan仇旧喝h
仇eg而.

∨=150M:Mdalion$a帽怜匹‖由吋

仇egHd.

(a)
Figure･5 Schemahcdmwingofequipmentforplasmadensityand

ionizationmeasurementsusedinthisstudy･

00PlasmadensitymeasurementP･angmuirprbbりSyStem,
仲)Ionizationratemeasurementsystem.

(b)
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Figure.3 ham画eofi11ustration血0wingasymetdcstep00Verage

whichisoftensaninIRIDSdefX)Sition.

edgeofthewa血rPgure3).Thisasymmetryisduetoasymmetricangulardistribu血nofthearrivingmetalfluxtothe

edgeofthesubstrate[3]･

Recentb,anionized甲utteringtechnique,Whichyieldstxt(erstepcoveragewithhighdirectionalityof甲utteredmetal

atoms,hasatbactedaconsiderableattemionandseveralstudieshaveb∝nreFX)dedP欄】･Intheionizedsputtering
techmique,thesputteredmetalatomsareionizedintheplasmaandthen,theionizedmetalatomsareaWtothe

negativelybiasedsubstrate.Th遁thesputteredmetalatomsreachthesubstratewithhighdirectionality･

hthiswo血,thebiaseddirectionalsputte血g(BDS)technique,Whichistheionized甲utteringusingRFmagnetron

plasmaandsubstratebias,hasbendevelopedformetallizadonprMSSforUI･SIsunderanintentiontoreali2X:thehigh
directional甲uttering.withsimpleconfiguration･DepsitiondharacteristicsofTi,TW,TbandnNBlmsbymeansof

BDSwereinvestigated･

2.DevelopmentofBDSsystem

TheBDSsystemwasdevelo画basedona00nVemionalRFmagnetronsputteringsystem･Sdhemadcdrmigofthe

BDSsystemissh刑inFigure4･Thisisasimpleplanarmagneh)nelectrohsystem･Thissystemha$rK)00ilantenna,

Figure･4 SchemadcdmwingofBDSsystem･
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Whichisusedinanotherionized甲utteringsystemtopromotetheion血ionof甲鵬eredmetalatomsPT8].1356M馳RF

PWerisappliedtothetargetandtheRFmagnetronPasmalSgenerated･TheRFmagnetronplasmayieldsdenserplasma

thanthatoftheDCmagnetron･nedenseRFmagnetronplasmaserveStXdhto甲utterthetarget叩OrTh)andtoioni2ethe
Sputteredmetalatoms･TYLemetalatomsaresputteredfromthetargetandthenionizedintheRFplasma･

Ontheotherhand,RForne卿iveDCbiaspwerisappliedtothesubsbdeduringthedpsition･Thebias匹Wer

develo騨negativebiasptemialonthesubstrateandthe担endald臆rencebetweentheplasmaandthesubstrateincreases.

ThusSheathelectricfieldoverthewabsurfaceincreases00nTParedwiththeBeldwithoutthesdbstratebias.Theionized

metalatomsincidenttothesheathrqglOnareaCCeleratedperpendiculartOthesdbstrateinthefield.Theseme

incidentonthesubstratesu血cewithhighdirecdonalityandthenformthedqnskedfilm･Th喝eXCe山entstep00Verage伽

txachieved･FudhehCathdemagnetarrangementwqpimizedtodbtaingxxld卿Sitionu血mityandtheshieldshape

WaSalsodesignedtoeli血atea平rkdischargeintheRFPasma･馳presstmoftheprtx鵠Chamberis4xlOfpausing

aturbomolecularpump.

3･Plasmadensityandiomizationratemeasurements

3･1ExperimentalsetupbrplasmameasurementS

TbexaminetheplasmacharacteristicsoftheBDSsystem,plasmadensityandanionizadonrateofthe甲u枕eredm血

PlasmadendtyoftheBDSwasmeasuredusingtheThtarget･AI劇gmuirprbbewasusedforthismeasument.The

LmgmuirprbbehasstruCturetOPreVentaleakagecurrentcausedbythedepositiontotheprbbePgure･5㈹･

Theionizationrateoftheptteredmetalwasmeasuredbymeansofa陀tdingfXkmialmeth血SchematicdiagramOf

theexperimentalapparatusisshMinFigure･5(り･Biasvoltageisappliedtotheseondelectrdetorepe1theionized
abmsandneutralatornsCanPa5Sthroughthesewndelectrode･ThustheionizationratecantXObtainedasadifEbrenceof

thederx)SitedⅢmweightbetweenwithandwithoutthebiasvoltage･

汀OPVie叫
Shield

Sub血e

∨:BiasⅦぬgeb仇eg胤

V=ON):MetaJionscan廿1rOugh

仇egdd.

V=150N):Metalior博arerePeIbdby

仇eghd.

(可
Figure･5 SchematlCdmwingofequipmentforplasmadensityand

ionizationm3aSurementSusedinthisstudy･

00Plasmadensitymeasurement(hngmuirprobe)system,
¢)Ionizationratemeasurementsystem.

(b)
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3.2Illasmadem5ityinBDS

Figure6showstheiondensityintheBDSp)asma･TTledensityis加u11x10Ⅰ2oT{3atthepxidonoflO7nm如mthe

target･rrhisdensityishjgherthaTLthatoftheconvcntiorLalDCmagnetronsputter)ng(-1Ucmう.Theiondensjfyis
山m岱tlhes皿eぬw∝n也e騨idomA(10-nm鮎m山e岬)a虚B(蘭rrlnl鮎mthe伽g叫bu暮血相a欝b6xlOllb¶-ユ

attheFX$itionC(113rrm如mthetarget),ⅦisresultiJldicatesthalthehlghdensityregionexistsintheup匹Thdfrt:gion

Oftheplasma･lTledistnbutionoftheiondensityintheradiaJddedonisinBuencedbythemagnetic鮎1dofthecathode

rmgnctplacedtothebacksideofthetargd,Whileuniformdensitydistributionisobtair[CdabovethesubsbaIe.
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3.3IoIliationmlehlbeBDSplasm8

Fi糾re7showstheion血io〔咄Of血甲u慣er由伽l鮎山ImatOmSaSa伽ndionorArp代SSu代･1恥eぬ正弘血mn此

伊血Iyde匹n血onthep代濫u陀･Tもeio血on融ek2-3%如才乙 Tbsioni嘘on■a-仁山qⅦ両地血c一助Shg此

PreSSure,andreachesmorcthan90%a(13Pa- nisTeSullshowsthalveryhighionizationTdeisachieveda-thepTeSSure

TangeOflO･20Pa,WhichistypicaJlyusedtortheBDSdefX)Sition.
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4.1呵相加川畑■r■rt亡血山ぐ$

1･=皿仙仙血lはbrdepositiom

'nlCS坤COVerageS,deFX)SitionratesandafilmresistivitybytheBDSderK)SitionwereexaminedforTi,TN,TbandTbN.

Q)nditionsfordepsiti0nsdem血edinthisreportaresummarizedinThbleI･TheseparameterSWeI℃Chosento

dbtaindesirablefilmcharacteristicsasthebmier血m･The肝pwerwasvariedovertherange如m3･Oto8.OkW.TYLe

DCbia岬WeraPdiedtosubstrateholderwas250W TYLePreSSurerangebm9to17Pawasusedforthed甲)Sition.

Thetarget-Substrate叩S)distalmWaSOPimizedforeachderKXSitionmetalatthe叫ge鮎m90to130rrm.卸mm

diameterSiwahrswithcontactholepattemwereusedassubstratesforthedepsitions･D卿SitiontemperatureWaS3500C

forTiandTN,and200OCforlhandTbN.

Depsitionsweredoneonsiliconwaftrswithcontactholepatterns･Afterthedqx}Sition,thecmsssectionofthecontact

holesweredbservedbyScanningElectronMicrog@E叫andthestq)COVerageS¢･e･thetx)ttOmantSidecoverageりOf
thedepsitedhwereexanind･nereSistivitiesofthefilmsweremeasuredbymeanSOfafouriX)intprobemethod.

Tablel:ConditionsfordeDOSiti0ns

Parameters Ti ¶N Ta TaN

17Sqistance (mm) 120 120 120 120

Pressure (P4) 10.6 9.3 17.0 17.0

RFpower (kW) 5.5 8.0 3.0 3.6

Wdfertemperah)re ぐC) 350 350 200 R.T.

Biaspower (W) 0-250 0-250 0 0

N2他w旧態♂★ 匹) 0 12 0 4

*

T初野t侶ubs伍鹿
**純血珊血0(%)声(叫凸飾(泌m功/笹血g鮎げbw(由m功×100

4.2DepositioncharaCteristicsofTiandTiN

Figure8showsdependenceof加omcovemgeonthea甲∝=濾00facontactholeinTi･bttomcoverageof23%is

dbtainedforthe6･Oagectratiohole･恥coverageisimprovedwhenthebiasvoltageisapPedtothesubstrate.The

bottomcoverageincreasesupto38%for6･0鱒匹Ctratio･

Figure9showsdependenceoftx)ttOmCOVerageOnthe鱒tradoofthe00ntaCtholeforTiN･Thetxhmcoverageof

27%isdbtainedforthe6･0坪d血ohole･netX)ttOmCOVerageisalsoimprovedto38%forthe6･Oa甲∝t血holeby

applyingthebiastothesubshde･nedqx)Sitionprofi1einthecontac(holeatthetx^hcenterandedgeofthewaftris

Symmetricalaswe皿asTi･Thedeps辻ionratesare40nnVminforTiand20nnVminforTiN･FudheuheresistivityofⅥ

andTiNfilmsarelessthan100〟Q･Cm.

4･3DepositiondlaraCteristicsofTaandTaN

Dppendenceofcoverageonthe坪drati00facontactholeinThandTbNareshowninngurelOandll,指弾Cti

Thetx)ttOmCOVerageSarealx)ut40%¢R=5･q)forThand30%¢R=5･0)forTbN･Fbrtx^hfilms,theside00Verageis

め0ロtlO%笹R=5.り.
Thed卿Shionratesare30nnVminforThand50nm′minforThN･TYlereisnodifEbrenaintheshapebetweenthe

00ntaCtholeatthecenterandthatattheedgeaswellasTiandTN･Theredstivityis19SSthan300〟E2･CmforThand

W.

4･4SymmetryofdepositionproJileinhole

Figure12iscrosssectionalSEMimagesshowingthepI℃BleoftheTidpsitionwithsd)Stratebiasintheholes.The

derx)Sitionprofileshcwsthatthereisnodilkrenaintheshapebetweentheholeatthecenterandthatattheedgeonthe

WafeL nedepsitionpIDfileshowsgdsymetryatthetx)thpsiti0nsOnthewa飽LAsymetricdepsitionprofi1e,

WhichisoRenobservedintheu)LDSderx)Sition,isnotobservedintheBDSderx)Sition･
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0.2〟m

Center Edge

AR=3.1 AR=3.1

Figure.12 Cbmpansonofdepsitionprofi1eobservedatthecenterandatthe

edgeofwaftr･De匹Sitionwasdonewithapplying250Wof

thesubstmtebias.

5.DiscⅦSSion

5.1Plasmadensityandionizationrate

rmehighdenskyintheBDSplasmaisadbutedbthea血ptionoftheRF(1356Ⅶ呵･Ingenerd,画asmadenshy

tx:COmeShigherasthedischargefrequencytwmeshigherP].ThismeanSthatwecaneXpeC(thatmuchhigherdensity

anbeobtainedbyusinghigherfrequencythaJl13.56MIセ.

Theionizationratestron由ydependsonthepressure.Thisresultindicatesthatthehighionizabnrateofthesputtered

metalatomsisduetothehighpressureconditionusedintheBDSplasma.hthehighpressurecondition,themean舟∝

Pathbecomessbrt･Inthiscondition,areSidentialtimeofthe甲ut(eredatomsintheplasmabeomeslonger.Asaresult,

Sputteredmetal細OmSCanbeionizedefficientlyinthehighdensityBDSplasma.

5.2Stepcoveragesandsymmetryofdepositionpro丘1e

rmegdstepcoveragesbytheBDSareattainedbytheimprovementofdirectionalityofthesputteredatoms.The

g∝通directionalitypreventstheoverhangingatthetqpofholesandenablestoreachesthesputteredatomstothetx)ttOmOf
thedeepholeasshownintheintroduction.

Tもeg∝山directionalityalsopreventstheasymmetricderxxitionproBle,Whidhiso鮎ndb駈rVedfortheIRLDS

depsition,inthecontactholeattheedgeofwafer.ThemechanismoftheimprovementofthedephionprDfilecantx3

explainedbyanillustrationinFigure13.

Inthisfigure,aCOmParisonbetwecntheIBIDSandtheBDSisshown.1measymmetryofthedepsitbnproBleinthe

00ntaCtholeattheedgeofthew動whichiso触ndbservedintheIRIDS,iscausedbyasymetricangulardistributionof

theanivingmetalfluxtothesubstrate呼igure13㈹･Thecenterregionofthesubstratereceivesthe甲u批redmetalflux

withsymmetricapgulardistribution¢.e.,Or=01inFigure13(靭.Q)nSequendy,thesymmetricdq[X)dtionprofileis

dbtained.However;theedgereglOnOfthesubstratereceivesmm印utteredflux鮎mthecenterthan鮎mtheedgeofthe

target(i･e･,Or>0ウduetothelimitationofthetarget血.ThisresultinthethidkdpFXXSitiononinward-hcingwallof

theholeattheedgeofthesubstrate00mParedwithoutward也cingwallasshminFigure13(a)･

AsregardstheBDS,theoperatingpressureislO恥ddhishigherthanthatofIRIDS¢owlげba).Underthe

PreSSureCOndition,themean鮎epathislessthan1mmandthosemetalatoms00nidewithanotheratomsseveraltenth

time$beforereachingtothewa血r.Asaresultthe甲utteredmetalatomsamVmgatthesheathonthesut逓tratehasrandom
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incidentangIes･rmUSthcilngl心血rihu血oflthci一血IngqXJttCredmetalfluxisindependentoftherx)Sidononthe

SubsbateandissymmCthc血utthesIJdhLmmlh油珊thccenterandontheedgeofthesubstratePgure13㈹･The
SPuueredmeta)a(OmSion血=ntheRFp)iLSmaaTeaCCeleratedacmssthesheathatnormalincidencewithhuleangular

divergence/musthcmctiIlfllmc`InIvdqpitedatthetxdtomofde甲hole･CbnsequentbejKenent坤COVerageand

asymmctricdcrx)SIllOnPrt)flIcisobtained.

LPLDS

(Edge) (Center)

(a)

BDS

(Edge) (Center)

(b)

Figure･13】仙戚rationwhiche叩lainstheimprovementmechanismof

thedeps娘)nPrOfilebytheBDS.

`.Conclusion

TheBDSt∝hnique,Whichaimsattheformabnofthe
barriermetalsforthehigh鱒tradoholeちhasbeen

developed･TYleplasmadensityisah)utlxlO12cm-3,Whichisdenserthanthe00nVentionalDCmagnebDnPlasma.The

ionizationrateofthespu仕eredmetalatomsreachesto90%at13PaforTbtarget･Theo匝ionsofd甲戚血n

00ndidonledtotheimprovementofthestepcoverageandtheagrrmetryofthedq[X)SibnproBle00mParedwithother

00nVentionaltechmiques･Thecoverqge誌about40%¢R=6･0)forTiandTiN,40%¢R尋･q)forThand30%¢R=5･q)

TheseresultsindicatethattheBDStechmiqueisapromisingtechnologyforthefutureUI.SIsfhbrication.
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