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Chapterl

Chapterl

Introduction

1.1Vねriousapplicationsofplasmaprocesslng

The non-equilibrium plasma processes areindispensable for manufacturing

ultra-large-SCaleintegration circuits(ULSIs),thin茄1m transistors(TFT盲)ofliquid

CryStaldisplays(LCDs),SOlarcells,and
so on･Plasmaprocessingisnowthemost

importantkey-teChnology,becausethelowtemperatureprocessandsoonarealltobe

realizedinthelargeareaprocess.

Inthe fabricationofULSIs,thedielectriclayersforinsulationandpassivationof

metallayers for interconnection are deposited and the unmasked area of the

Semiconductor,the dielectrlC,Or metallayer are etched by plasma processlng.The

numberofdevicecomponentsonachipfordynamicrandomaccessmemory(DRAM)

and microprocessor(MPU)follows
an exponentialgrowth as Moore predicted,

PermittlngOVermillionsandsoonbillionsoftransistorstobeintegratedonachip･In

2014,thelTbrabit DRAM or MPU with3.6bi11ion transistors willbe expected.

Therefore,theinterconnectlngteClm0logylSgettlngmOreCOmPlicated.Thenumberof

interlayerdielettricshasincreasedinadvancedlogicdeviceswithquartermicrondesign

rules.ULSIsismostlyoccupiedwithinterconnectwiringdelaywhichhascometoplay

adominantroleindetermlnlngthetotalsignaldelayinULSIsratherthanbasicgate

delay･[1]-[3]ItisimportanttoreducethewlrlngreSistanceandparasiticcapacitancein

ordertoimprovetheslgnaltransmissionrate･【4]oneoftheefftctivemethodstoreduce

the parasitic capacitanceis to useinterlayer materials withlow dielectric constant

(low-k)insteadofSiO2.[4].[6]Interlayerinsulating丘1msusinglow-kmaterialssuchas

SiOF,SiOCH,and a-C:F are synthesized by plasma enhanced chemicalvqpor

deposition(PECVD).ForthefabricationofComplementallymetal-OXide-Semiconductor

(CMOS),gateinsulatedlayer such as SiN,SiON thin丘1ms are synthesized by
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Chapterl

PECVD.【7】･[8]Moreover,Plasmaprocessesalso etchtheselayers suchas SiO2,the

dielectric丘Ims,Ormetal丘1ms,SinceplasmaprocesseshavesomeadvantageSSuChas

anisotropICetChingcharacteristicanddryprocess･Therefore,a11ULSIprocesslngStePS

over sixty percent are performed through the
use ofplasmas･The reduction of

productioncostofULSIshasbeenachievedbyincreaslngthenumberofcomponentper

chiplnalargewaftrandbyperform1ngaPrOCeSSatahighrate･Moreover,ademand

forthelowcostisalsobeingachieved,throughtheuseoflargersiliconwafers･The

waftrsizeusedinproductiontodayis8inchindiameterand12inchareinoperation･

Therefore,theproblemthatexistsfortheequlPmentmanufacturersishowtoscaleup

theequlPmentandprovidethesameprocessyield･

Hydrogenatedamorphoussilicon(a-Si:H)andmicrocrystallinesilicon(LLC-Si)thin

丘1mswereusedforthesolarcellandTFT盲forLCDs,becauseSpearetal.reportedthe

electricalconductivltyOfthese丘1mscanbecontro11edovermanyordersofmagnitude

by doping withimpurities･【9]The solar cellis the clean energy
source without

consumlngfuelssuchasoil,COal,anduranium,andemittingCOx,NOx,SOx,and

radioactive wastes which afftct the environment.The a-Si:H丘1ms are genera11y

synthesizedbyPECVD･Theformationofa-Si:H丘1mshassomeadvantages,SuChas

abilitytodepositnlmsonvariousmaterials,lnalargeareaandatalowprocess

pressure･Inorderthatthesolarcellcanbewidelyusedasanelectricenergysource,itis

importanttoimproveitsconvectionefnciency,Whichisnowlowerthanacrystalsilicon

solarcell,tOreducetheproductioncostmuchabove･[10]a-Si:HandLIC-Sifi1mshave

alsobeenappliedtoTFTsfbrLCDs,becausethe丘1msbeformeduniformityonthearea

ofalmostlsquaremeteratlowtemperaturesbyuslngPECVD･Recently,LIC-Si丘1ms

areattractive,becausetheyhavehighcarriermobilitycomparedwitha-Si:H丘1ms･

PECVDisausefu1methodforthedirectformationofpc-Si丘1msatalowtemperature

over alarge area compared with other methods such as the thermalchemical

CVD,[11]､‖2]the solidphase crystallization ofa-Si:H,[13】,[14]andthe eximerlaser

aluealingofa-Si‥H･[15]-[18]

Accordingly,theplasmaprocesslnghasbeenwidelyusedformanymanufacturlng･

Forthedevelopmentoftheplasmaprocesslng,1mPrOVementOfthedeviceproduction

ー2-
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equlPment and optlmization of the process conditions
has ever been performed.

However,inordertoproducethe丘1msandetchwithoptlmizedcharacteristics,realize

the五ne processlng,and stabilize the processlng,itisimportant tO understand the

gas-Phase kinetics and the plasma-induced sub-Surface reactionsin the plasma

PrOCeSSlng･

1.2Smartplasmaprocess

Figurel-1shows the schematic diagram ofthe macroscopIC Phenomenaforthe

Plasmaprocesslng.Theinternalprocessesintheplasmaareclassi丘edasfo1lows;

(1)The primary reactions are generation ofactive species by the electronimpact

dissociationoftheinjectiongas.Primarydecompositionproductsconsistofpositive

andnegativeionicspecies,eXCitedspecies,andneutralradicals･

(2)Theneutralradicalscanreactwithparentmolecules,andthe steady-StateOfthe

Plasmaformed through the secondary and higher-Order reaction processes among

Variousspecies.

(3)Theneutralradicalsandreactionproductsgeneratedintheplasmatransportontothe

Surfaceofthesubstratethroughdi侃1Sion.ThepositiveionsarealsotranSPOrtedtowards

the substrate with ahighenergy bythe sheath electric丘eldformedin丘ont ofthe

substrate.

(4)Thefbrmationofthin丘1mthroughthesurface-reaCtionprocessesbetweentheactive

SPeCiesincidentontothesurfaceandthesolidmaterialdepositedonthesurface,SuChas

theadsorptlOn,desorptlOn,andsurface-mlgrationprocesses.

Therefbre,Plasmaprocesslng,Whichhasgas-Phasereactionandsurfacereaction,1S

Very COmPlicated.The plasma processlnglS muCh afftcted by the behavior ofthe

SPeCiessuchasmoleculesandradicalsinthegas-Phaseanditisnecessarytoinvestlgate

thekineticsofspecies.

Uptonow,Plasmaprocesslnghasbeeninvestlgatedbytheexternalparameterssuch

aslnPutPOWer,gaSPreSSure,Substratetemperature,andsoon,andprocessconditions

have been optlmized by comparlng With the process perfbrmance･However,
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Pre(:isecomtrolor

Figurel-1Smartplasmaprocess.
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the performance controlbythiswayhas alimit andthe results obtained uslngthe

COnVentionalparameter,thatlS,eXternalparameter willnot glVe uS the common

fundamentalinformation･Inordertoperformofplasmaprocesswithhighlyprecise

COntrOl,itisnecessarytocarryoutthemonitorlngOftheinternalparameterSSuChas

electrondensity,electrontemperature,gaSdensityandsoon,andplasmaprocesslng

Should be performedwithuslng theinternalplasmaparameters.Duringtheplasma

PrOCeSSlng,theinternalparametersaremonitoredandfedbacktothecontroIsystem,

andtheprocesswi11becontrolledpreciselytomakeconditionssuitablefordeposition

and etching;Whichis called山smart plasma process門･It willbe the new plasma

PrOCeSSlngSySteminthenextgeneration,WhichisproposedasanewconceptbyHori

弧dGoto.【19】

1.3Vtryhighfrequencycapacitivelycoupledplasma

Uptonow,radiofrequency(RF)13･56MHzandmicrowave2.45GHzhavemainly

employedinplasmaprocessingsuchasPECVD,reaCtiveionetching(RIE),andsurface

treatment･Recently,theprocessdevelopmentis demandedforhigherdepositionand

etchingrates,andimprovementoffi1mqualityandanisotropy･Withincreaslnginthe

Sizeofsiliconwafers,theplasmauniform1tylSalsobecomeacriticalparameterforthe

reductionofcosts･Thisisam句OrdrivingforceforoptimlZlngaPrOCeSSWindowin

termSOfpressure,1nPutPOWer,COuPlingteclmiquesandfrequencyrangeforplasma

excitation･Sofar,SeVeralhigh-densityplasma(HDP)sourceshavedevelopedforlarge

areaprocessandhighplasmadensltyatlowpressure･HDPsuchaselectroncyclotron

resonance plasma(ECRP),inductively coupled plasma(ICP),Surface waveplasma

(SWP),ultrahigh丘equencyplasma(UHFP),neutralloopdischargeplasma(NLDP),

heliconwaveplasma(HWP)andsoonareshowninTbblel-l.HDPcanopenthenew

reactionpathwaysallowlngbetterperformancecomparlngWithconventionalRF13.56

MHz capacitively coupled plasma(CCP).HDP usually shows the high electron

temperature and denslty and hereby provides a high deposition rate.In HDIlthe

dissociationrateoffbedgasesamountstoover90%andvariouskindsofradicalswith
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lもblel-1Highdensityplasmasources･

Non-M軍畑 M喝頑

ICP UHFP SⅥ甲 NLDP ECRP HWP

GasPressut･e(Pa) 0.l-10 0.Ol-5 1-100 0.トl 0.01-10 0.l-10

Frequenq′(Mセ) 13.56 500 2450 13.56 2450 13.56

ElectronIknsity(cn;3) 1011-1012 101l-1012 1010-1012 1011-1012 101l-1013 10‖-1013

Elec打On

1七111匹Ⅰ嘘uI亘eV)
4-5 l-2 l-3 1-2 2-10 4-5

highdensitiesareproduced･

Recently,itisexpectedtochangeoftheelectronenergydistributionfunction(EEDF)

forcontrollingradicalcompositionintheplasmasuitableforeachindividualprocess･

However,itisdifnculttocontrolaplasmaandespecia11yEEDF,Whichisaf托ctedby

manyparametersintheplasmaprocess.Theefftctofexcitationfrequencyattractsmuch

attentiontochangeEEDF.1肋blel-2showsthevariousexcitation丘equenciesusedby

eachplasmasources･【20】,【21】ThefrequenciesofCCPandICPexpandthefrequency

reg10nfrom13･56tolOO MHz･SWPand ECRPwhichusua11yused2･45GHzare

generatedatlowerfrequencyreg10nbelow500MHz･

The very highfrequency capacitively coupled plasma(VHF-CCP)has some

advantagesforplasmaprocesslngCOmParedwiththeconventionalRF13･56MHzCCR

TheinterestofVHF-CCPisdemonstratedbymodelings[22]-[26]andexperiments･[27]-[39]

Thee銑ctofexcitationfrequencyhasbeeninvestlgatedinaparticleincellMonteCarlo

simulationmodelandinafluidmodel･[22]-[24]Raisingtheexcitationfrequencyofthe

dischargeataconstantamPlitudeoftheappliedvoltageincreasestheplasmadensity

approximatelylnPrOPOrtiontothesquareoftheexcitationfrequency･[22],[23],[26]The

Sheath thickness andion energy decrease withincreaslng the excitationfrequency･

Therefore,ahigherfrequencyoperationenablestoincreaseiondirectionalitydueto

fewer collisionsin the sheath and a reduction ofion bombardment on the

substrate.[22]-[25】vHF-CCPalsoexpandstheefftctiveareaofplasmabytrapplngthe

electrondriftmotionwiththetime-Varylng丘eldbecausetheloss ofelectronsinthe

dischargevolumeismainlycontrolledbydiffusion･[26]TheEEDFchangeswith

increaslngtheexcitationfrequencyattheRFvoltageofconstantbecausetheelectron

ー6-
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Tbblel-2Variousexcitationfrequenciesonplasmasources.

HF VHF uHF SHF

3MHz 30MHz 300MHz 3GHz 30GHz

13.56MHz 2.45GHz

274060100500 915

lt】l

9GHz

CCP

ICP

Non-Magnet･･

SWア

UHFP

HWP

Magnet NLDP

ECRP

CCP

ICP

SWP

UHFP

HWP

NLDP

ECRP

heatingmodechangesfromthebulkheating(DruyvesteynEEDF)tothesurfaceheating

(bi-Maxwellian EEDF)withincreasing the excitationfrequency.Accordingly,the

electrontemperaturedecreasewithincreaslngtheexcitationfrequency･[39]Therefore,the

VHF-CCP has severalimportant advantages compared with RF13.56MHz CCP･

Moreover,thin一缶1mformationandetchingcanbeperformedalloverthearealarger

than30cmin diameter withhigh uniformlty,uSlng Simple parallelplate electrode

geometrywithlargeplasmavolumewithoutmagnetic丘elds･

Various merit ofVHF-CCPin materials processlng have been reported丘om the

experiencein the reactiveion etching[27]-[29]and microcrystalline silicon

deposition･[30]-[38]Intheetching,itisreportedthatVHF-CCPattainedahighetchrate,

improvement ofthe selectlVlty due to efftctive decomposition ofi両ection gases,

reductionoftheselflbiasvoltage,andsoon.Koshiishietal.reportedthatthereduction

ofmicro-loadingefftctwithoutsacri丘cingselectivityhasbeenrealized･[29]Inthe

microcrysta11inesilicondeposition,manyeXPerienceswere accumulatedinobtaining

thehighergrowthrate,betteruniformity,andreducedintrinsicstressofa-Si:H丘1m

deposition･Howling et al･rePOrted that highfrequency operation enables alarge

-7-
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reduction ofpowderformation･[30]Thkaietal･rePOrted
thatincreaslng eXCitation

frequencyledtothereductionoftheelectrontemperature,reSultinglnreductionofthe

highordersilane-relatedradicalsintheplasma･Accordingly,a-Si:H丘1mswerefbrmed

withconsiderablyless thephoto-induced degradation･[31】Moreover,Fingeretal･

reportedthatthedecreaseofthedepositiontemperaturewasdemonstratedwithoutthe

lossofthematerialquality･[32]Theseexperienceshavebeenreportedwiththegood

performanceofVHF-CCPprocessessuchassynthesizingthin丘1ms･However,ithas

notbeenreportedenoughontheplasmachemistrysuchasradicaldensity,radical

temperature,andsooninVHF-CCP･TheplasmachemistryoftheVHF-CCPandthe

e銑ctoftheexcitationftequencyonradicalspeciesstillhasneverbeenclari丘edin

detail.Therefore,itisimportanttoclarifytheneutralradicalchemistryinVHF-CCP

andthediagnosticsofradicalsinVHF-CCPisindispensable･

1.4Radicaltemperature

1･4･1Importanceontheradicaltemperature

Theneutralgastemperatureisoneofthemostimportantintemalplasmaparameters

fbrunderstandingandcontrollingtheplasmaprocess,becausethegastemperaturehasa

considerablee飴ctonthedensitypro丘1es,thetransportofreactiveradicals,thereaction

ofradicals,andsoon.Thee能ctsoftheradicaltemperatureareshowninFigurel-2･

Thedi凪1SionconstantOfradicalsisdescribedinthefollowlngequationbasedonthe

Chapman-EnskogtheorywiththeLennard-Jonesintermolecularpotential,[40]

(ト1)

where kBis the Boltzmann constant,Tis the temperature ofthe radical,MABis

2[(1/MA)+(1/MB)].1which肱andMBarethemolecularweights,nisthenumber
densltyOfmoleculesinthemixture,qistheintermoleculardistancewherethepotential

valueiszero,E2Dthecollisionintegralfbrdi凪1Sion,andjt)isacorrectiontermwhichis

ー8-
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ontheorderofunity･Therefore,thetransportofradicals,thatlS,thespatialdistribution

oftheradicaldensltylntheplasmaismuchafftctedbythetemperature･Recently,the

uniformltyOftheprocessishardlydemandedinULSIsmanufacturlngPrOCeSSeSfbr

reduclngthecost,SOthecontroloftheradicaltemperatureisimportant･

Incidentflux of radicals on the substrateis also afftcted by the temperature･

Assumingthatradicalscometowardthesubstrateatthethermalvelocity,thefluxof

radicalrtothesubstrateisglVenby[41]

r=竺
4

(1一っ)

wherenistheradicaldensltyandmisthemassoftheradical･Theradicaltemperature

a飴ctsthestructureandcompositionofthin丘1ms･

Moreover,many Chemicalreaction rates are strongly relatedtofunctions ofthe

temperatureofthespecies,andaredescribedbyArrheniusequation,

た叩(一芸),
(1-3)

whereEistheactivationenergyandRisthegasconstant･Reactionratesarealsoa

functionofthetemperature･Theplasmachemistrysuchasradicalcompositionismuch

affbctedbytheradicaltemperature･

TllemeaSurementOfradicaldensitiesisimportanttounderstandtheplasmaprocesses

and to controlthem.The diagnostics ofradicals have been performed uslnglaser

inducednuorescenceandabsorpt10nSPeCtrOSCOPy,andthemeasuredvalueshavetobe

correctedforthepartitionfunctionthatisafunctionofthegastemperaturetoobtainthe

absolute densities.For examplein absorption spectroscopy teclmique,the absolute

denslty Ofradicalis estimated by the fb1lowlng equation assumlng the Doppler

broadeningfortheabsorptlOnlineinthelowpressurecondition,

▲＼▼=⊥地｣ 2
ヱ至喧旦も,
1n2 c2 g2

≡編｡信加｡=呈編｡､仁,

(1-4)

(1-5)

whereAistheEinsteinconstant,AvDistheDopplerwidth,Risthegasconstant,gland
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g2arethestatisticalweightsofthelowerandupperlevels,reSPeCtively,Voisthewave

numberofthelinecenter,koisthemaximumabsorpt10nCOefncientatthelinecenter,

andcisthevelocityofthelight･Thus,thehighlyprecisevalueofabsolutedensitylS

estimatedbyuslngthecorrecttemperature,andthepreciseplasmachemistrywillbe

understoodand controlled･Thetemperature ofneutralradicalsis affbctedbymany

plasma conditions,and provides us with alot ofimportantinformation丘omthe

standpolntOfunderstandingthereactionchemistries･Dommelyetal･havereportedthat

theincrease ofthe neutraltemperature causes the neutraldenslty tO decrease･A

reductioningasdensltyCauSeStheelectrontemperaturetoincrease,WhichwilloRen

attributedtothedamageintheetchingplasma･[42]IntheVHF-CCIリheplasmadenslty

increaseandtheself,biasvoltagedecreaseswithincreaslngtheexcitationfrequencyas

describedinsectionl.3.Itisindicatedthattheenergyofspecieswi11changedwiththe

excitation丘equency,andtheenergymakesefEtctontheplasmaprocesssuchasradical

composition,丘1mquality,andsoon.Therefore,itisimportanttOmeaSuretheradical

temperatureforclarifyingtheplasmachemistryintheVHF-CCR

1.4.2Previousstudiesontheradicaltemperature

Many difftrentteclmiquestomeasureradicaltemperaturesinplasmas havebeen

appliedinthepast･PartofteclmiquessuchasanalysISOfrotationalandvibrational

spectrainabsorptlOn,[43]-[47]emission,[42】,【48]-[54]orfluorescence,[48]measurementsof

Dopplerbroadeninglnabsorpt10n[55】-[57]ornuorescence,[58]-【60]andmeasurementsof

speciesfluxthroughanori丘ce[61】,【62]areshowninTbblel-3･Themostgeneral

teclmiqueistheanalysisoftherotationalandvibrationalbandshqpesoftheoptical

emissionandFourietransforminfraredspectroscopy･Forexample,therotationaland

vibrationaltemperaturesofCF,CN,CO,C2,andSiFradicalsinICPCF4Plasmaarein

therangeof1250to2300Kand1750to5950K,reSPeCtively･[53]However,ademeritof

thismethodisthattherotationaldistributionoftheupperelectroniclevelismeasured,

whichisnotagoodrepresentationofthepopulationofthedifftrentrotationa11evelsin

the groundelectronic state･Itisreportedthatrotationaltemperatures measuredby

ーIl-
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Tbblel-3varioustechniquesformeasurementofradicaltemperature･

Methods SPeCies reftrences

rotationaland

Vibrationalspectra

Absorpt10n SiH3,N20,CF4,CF2,CF3 【43】-【47】

Opticalemission Nっ,SiF,CF,CO,C2CN 【42】,【48]-[54】

Fluorescence CCl 【48]

Doppler

broadening

Absorption CF4,Si 【55]-[57】

Fluorescence Ar+,SiH? [58】-[60]

MassspectroscopIC C12,CF4 【61】,【62】

OPticalemissionfromtraceamountsofN2inaCC14dischargewereinagreementwith

CClradicaltemperaturesdeterminedbylaser-Inducednuorescence･Thisfactsuggests

thattheactinometricmethoduslngOESfordetermlnlngPlasmatemperaturesmaybe

Valid.However,thetechniquedidnotcorrespondedsowe11nearacooledelectrode,due

totheefftctofchlorocarbondeposition･[48]

Kiehlbach etal.reported modeling and experimentalresults the gas temperatures

ranglngfrom1200to2100KintheCF4/02Plasmaabatement.Theirmodelshowedthat

the heating by the electronimpact dissociation(Frank-Condon heating)and by the

Chargeexchangeandelasticcollisionsbetweenionandneutralwerethemostdominant

heatlngmeChanisminthisplasma･【54]Donnellyetal･eStimatedtemperaturesfrom650

to1250KfromN2emission spectrainthe Cl2ICP.Theyreportedthe heatingwas

attributedprlmarilytotheenergyreleasedbyelectron-impactdissociation･【42]

Singhetal.usedthemassspectrometersamplingthroughanori丘ceinCF4ICPto

estimateneutraltemperaturesintherangeof450-930K･【62]Themeasurementof

SPeCiesfluxthroughanori五cecanPrOVidetheneutraltranslationaltemperatureneara

Surface anditis fairly straightfbrwardin aninert gas such as argon.However,

applicationofthisteclmiqueinreactivegasesrequlreSSOmeaSSumPtlOnSregardingthat

themeasuredneutraldensltylSaCCuratebecausethetemperatureisestimatedbythe

neutraldensityratiowithplasmaonandofr

Among these teclmiques,the measurement of Doppler broadeninglS the most

-12-
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POWerfu1methodtodirectlymeasurethetranslationaltemperatureofselectedspecies･

Thnakaelal･rePOrtedthattheabsolutedensityandthetranslationaltemperatureofSi

atomsintheRF(13.56MHz)SiH4/Arplasmaweremeasuredbyusingtheultraviolet

absorptlOn SPeCtrOSCOPIC teClmique employlng a rlng dyelaser･The translational

temperaturesvariedfrom380Kto700KwithincreaslngSiH4flowrateratio丘omOto

lOO%.[57]Inthismethod,theestimationoftemperatureiseasyandaccuratebecausethe

Doppler broadening ofa slnglelineis measured.However,there has never been

reportedonthedependenceofthetemperatureofradicalsontheexcitationfrequencyln

additiontotheirabsolutedensitiesintheVHFplasma.

1.5PreviousstudiesontheplasmachemistryuslngSiH4and

SiF4gaSeS

Asdescribedinsectionl.3,VHF-CCPhasbeenwidelyemployedforthedeposition

Ofa-Si:Handpoly-Si丘1ms･SiH4/H2Plasmaismainlyemployedfortheformationof

these丘Ims･Fortheformationofpoly-SifilmsbyadditionofSiF4,itisreportedthat

fluorine-related radicals play animportant rolein the fbrmation of丘1ms with

prefbrentialorientationandlarge-graintexture･[63]Inmanufacturlngultra-1arge-SCale

integration
circuits(ULSIs),fluorine-dopedsilicon oxide(SiOF)thin丘1ms are also

depositedbyuslngbothgasesforinterlayerinsulating丘1ms.ByadditionofFatominto

SiO2丘1ms,the dielectric constantofthin films are reducedin comparedwith SiO2

丘1ms.【64]siH4肌2Plasmaisemployedforformationofsiliconnitride(SiN)fi1msfor

PaSSivationlayerofOrganicLightEmittingDevices(OLED)andgateinsulating丘1ms

OfULSIs,andtheSiF4爪J2Plasmaisemployedforformationoffluorine-dopedsilicon

nitride(SiNF)thin丘1msgateinsulating員Ims.【7],[65].[67]Moreoverfbretching,highly

reactivenuorineatomsandionsproducedfromtheplasmainteractwiththeSisubstrate

and produce volatile reaction products,SuCh as the SiF2radicaland the SiF4

molecule･【52],[68]Theseproducts,inturn,di飢sebackintotheplasmawheretheyare

dissociatedandionizedbyelectrons,andtheresultingby-PrOductsaretransportedand

re-depositedontothesubstrate･Hebneretal･rePOrtedthattheetchrateof500nm/min
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Tbblel-4varioustechniquesfbrmeasurementofradicaldenslty･

Methods SpeCies refもrences

OES SiH,Si [70】,【71]

LIF SiHっ,SiH,Si [60],[70],【72】-[78]

SiFっ,SiF [88十【94】

UVAS Si 【56】,[57],【79】-[81]

SiF2 [95],[96】

IRLAS SiH3,SiH2,SiH 【43],【79],[82】,[83]

SiF,SiF? [97】-[100】

CRDS SiH3,SiH,Si [86],[87]

translatesintotheetchby-PrOductgasnowfromthesurfaceofapproximately40sccm

foran8inchdiameterwaftr.[69]Thevalueof40sccmmakesslgni丘cantefftctsonthe

process,SOthebehaviorofetchingproductscannotbenegligible･

ThediagnosticsofSiH4Plasmahasbeenfrequentlyperformedfbrtheformationof

a-Si:Handpoly-Si丘ImsasshowninTbblel-4･Opticalmethodsdonotdisturbthe

plasma･Opticalemissionspectroscopy(OES)[70日71]andlaser-inducednuorescence

(LIF)[60】,【70〕,【72]-[78]areapplicableformeasuringSi,SiH,andSiH2radicals･Ultraviolet

absorption spectroscopy and vacuum ultraviolet absorption spectroscopy
use the

incoherentlightsourceandthemeasurlngdevicesaresimplecomparedwithmeasurlng

methods by uslnglaserlight
sources such asinfrared

diodelaser absorption

spectroscopy(IRLAS)andLIF･Ontheotherhand,Thnakaetal･rePOrtedthatthe

absolutedensityandthetranslationaltemperatureofSiatomsintheRF(13･56MHz)

siH4/ArplasmaweremeasuredbyuslngUVASemploylngarlngdyelaser･[57]

Thecompositionofgasspeciesinplasmaisobtainedbymeasurlngabsolutedensities

ofeachgasspecies･Therefore,absolutedensitymeasurementsoftheradicalsare

essentialtoevaluatethechemicalkineticsintheplasma･IRLASisapowerfultoolfor

absolutedensltymeaSurementS･Inthismethod,thevaluesobtainedbymeasurementare

directlyconvertedtoabsolutedensities･Ontheotherhand,OESandLIFmustbe

combinedwithothertechniquesforthecalibrationtoobtainabsolutevalues･Withthese

advantagesofIRLAS,PreViousstudiesontheSiHx(x=1-3)radicalsbyIRLAShave
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providedimportantinfbrmationontheSiH4Plasma･[43],[79】,【82‖83]ThedensityofSiH3

radicalwas verylargein comparison with that of SiHx(X=0-2)radicaland the

contributionofSiH3radicaltothe丘1mformationwasthedominantintheRF
SiH4

plasma･Thiswas alsoreportedbytheradicalseparationtechniqueuslngthelong

lifttimeofSiH3radical.[84]Moreover,thegasphaseinteractionisacriticalstepfor

characterizingthenetworkstruCture,thatis,thequalityofa-Si:H丘1ms･【85】

RingdowncavityspectroscopylSaVerySenSitivetechniquesforabsolutedensity

measurements.【86],[87]Theadvantages ofthisteclmiqueis easyforabsolute
density

measurementwithoutcalibrationandvery sensitive dueto multiplereflectionuslng

highrenectivitymirrors･

The diagnostics of SiF4Plasma have hardly been reported systematically･The

detection of SiF and SiF2 radicals
has been developed uslnglaser-induced

nuorescence,[88]-[94]ultravioletabsorptionspectroscopy,[95】,【96]andinfraredabsorption

spectroscopyteclmiques･【97]-[100]ThespatialdistributionofSiF2andSiF4densitiesin

ECRplasmahasbeenonlyreportedsystematica11yintheSiF4Plasma･【94]Itisimportant

toclarifytheradicalcompositionintheSiF4Plasma,andherebytheprecisecontrolof

SiF4basedplasmaprocesswillbeperformed･Therefore,itisnecessarytomeasurethe

radicaldensityandradicaltemperatureintheSiF4Plasma･

TheSiatominSiH4andSiF4basedplasmaprocessesplayanimportantroleforthe

丘1mformation,becausetheSiatomisoneofveryreactivespecieswiththehighloss

probabilityinthegasphaseandsurface･Forexample,Y加mamotoetalreportedthatthe

contributionofSiatomtothethin一別mformationwasabout3.3timesaslargeasthatof

SiH3radicalintheECRSiH4/H2Plasma･[79]Therefore,thecontributionofSiatomtothe

thin丘1mformationisverylarge･IntheUVAS,themeasurlngdevicesuslnglnCOherent

lightsourceissimplecomparedwiththatuslnglaserlightsourcessuchasIRLASand

LIF･TheradicaltemperatureofSiatomcanbealsomeasuredbyUVASemploylnga

rlng dyelaser･ThemeasurementofSiatomisindispensablebecauseitiseasyto

measure the absolute density andtranslationaltemperature ofSiatoms by UVAS,

therebytheseresultswillglVealotofimportantinformationofplasmachemistryand

efrbctontheSicontained-Plasmaprocess･
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l.6Purposeandcompositionofthisthesis

Thepurposeoftheresearchworkpresentedinthisthesisistoclarifytheef托ctof

excitationfrequency onthecontributionofthethin一点1mformationintheVHF-CCP

employlngSiF40rSiH4gaSeS･Forthispurpose,thedensltyandthetemperatureofthe

neutralradicals are systematically measured by ultraviolet absorptlOn SPeCtrOSCOPy

(UVAS),infrared diodelaser absorption spectroscopy(IRLAS),1aser-induced

fluorescence(LIF).In this thesis,the behavior ofSiatom was muchfocused on,

becausetheabsolutedensityandradicaltemperatureofSiatomcanbemeasuredeasily

andtheradicaltemperatureglVeSalotofimportantinformationofplasmachemistry･

Thecompositionofthisthesisisasfo1lows:

Chapter2The prlnCipleand proceduresfor plasma diagnostics are described･

Ultraviolet absorption spectroscopy(UVAS),infrared
diodelaser absorption

SPeCtrOSCOPy(IRLAS),1aser-inducednuorescence(LIF),aCtinometricopticalemission

SPeCtrOSCOPy(AOES),microwaveinterferometer,doubleprobe,andpyrometerwere

usedinthisstudy.Experimentalapparatusisalsodescribedinthischapter.

Chapter3ThedensitiesofSi,SiF,SiF2radicalsandSiF4mOleculeintheVHF60MHz

SiF4CCP byIRLAS,LIF,and UVAS were measured and clarified the radical

COmPOSition.Theproductionandlossprocesses ofthese species arediscussedfrom

theseresultsandelectrondensityandelectrontemperature.OpticalemissionofArand

He were also measured as an actinometer.The spatialdistribution ofSiF and SiF2

radicals,andSiF4mOleculedensitiesweremeasuredbyIRLASandLIF,reSPeCtively.

Measurlng SPatialdistribution ofgas speciesis usefu1for the clari丘cation of丘1m

formationmechanismsandimprovementofuniform丘Imdepositionandetching.

Chapter4The absolute denslty and translationaltemperature ofSiatom and SiF4

moleculeinVHF270r60MHzSiF4CCPbyUVASandIRLAS aremeasured.The

PrOductionandlossprocessesofSiatomarediscussedonthebasisofthesemeasured

results together with electron denslty and electron temperature.Moreover,the

mechanismoftranslationaltemperatureofSiatomisalsodiscussedfbcuslngOnthe

efftctoftheexcitationfrequency.Theefftctoftheexcitationfrequencyonthedenslty
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andtranslationaltemperatureofSiatomarediscussed.

Chapter5The behaviors ofabsolute densities and translationaltemperatures ofSi

atomsinVHFSiH4CCPdilutedwithAr,N2,andH2gaSeSWereinvestigatedbyuslng

UVASwitharlngdyelaserandaho1lowcathodelamp.Theefftctsoftheexcitation

frequencyanddilutiongasontheabsolutedensitiesandtranslationaltemperaturesofSi

atomsarediscussed.

Chapter6Inordertoclarifycorrelationsbetweenthe behaviorofSiatomandthe

depositionrate,theestimationofthecontributionofSiatomtothe丘1mdepositionis

CalculatedbyuslngthefluxofSiatomandSiH3radicaltothesubstrate.Moreover,the

e脆ctofexcitationfrequencylSinvestigatedforthe丘1mdeposition.

Chapter7Theresultsinthepresentstudyandprospectsforfuturearesummarized.
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Chapter2

Experimentalapparatusandplasmadiagnostics

techniques

2･1ExperimentalApparatus

Figure2-1showsthecross-SeCtionalviewoftheVHF-CCPchamber･Theplasma

chamberisrectangularparallelepiped,Withaninternalsideof54cminlengthforlaser

passdirection,Whichisspecia11ydesignedfortheIRLASwithoutWhite-tyPemultiple

reflectionce11(Single-PathIRLAS)andLIFmeasurements･

TheVHFpowerwiththeexcitationfrequencyof27MHzor60MHzwasqppliedto

theupperelectrode･Theelectrodewas25cmindiameter･Theelectrodegapwas2･5cm･

Theplasmachamberwascon丘guredforan8-inchwaftr･TheSiwafbrwasplacedona

substrateholderwithwaterbackside coolingduringmeasurementsforkeeplngthe

distributionofsubstratetemperatureuniformly･

Process gases were suppliedinto the plasma chamber through a showerhead･

Therefore,theplasmaprocessesareperformedonthe8-inchwaferwithhigh-uniformity･

ThebasepressurewasoftheorderoflO-6Tbrr･Thechamberwasexhaustedbytwo

turbomolecularpumps(12001/seach)andarotarypump･

The radicaltraps were setaroundthe beam passwindows to preventradicals

generatedintheplasmafromdepositingonthebeamPaSSWindows･Thedepositionof

radicalsonthewindowscausesthedecreaseoflaserintensitythatleadstothedecrease

ofthesensitivityofthemeasurements･

TheopticalsystemforUVAS,IRLAS,andLIFusedinthisstudyisshowninFigure

2-2.Theguidinglasersystemconsistedofeightsmall丘xedmirrorsandarotational

mirror.Thelaserbeamwas丘rstrenectedbytherotationalmirror･Byrotatlngthemirror,

thelaserbeamsweredirectedtooneofthe丘xedmirrors,therebypasslngthroughthe
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MatcbingBox

Figure2-1Veryhighfrequencycapacitivelycoupledplasmaapparatus･

Figure2-20pticalsystemforIRLAS,UuS･andLIF･
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plasmachamberlcmabovethesubstrate･TheentranCeandexitwindowsmadeby

NaClfortheinfraredlaserbeamandquartzfortheultravioletlightwasattachedatthe

chamberwall.Thediameterofthelaserbeamwasabout3mm･Thelocationofthe

beampathcouldbevariedanywherefromthecenterofthechambertothevicinityof

thechamberwall.IntheIRLASandUVASmeasurement,theIRorUVlightsourcewas

detectedbytheIRorUVdetectorthroughthechamber･IntheLIFmeasurement,the

fluorescencewascollectedwithalensfromthe directionperpendiculartothelaser

beamaxisandwasfocusedontheUVdetector.

TheoⅣ

【Electrondensity]

Figure2-3showsthebasichomogeneousmodeloftheCCP･【l】,【2]Theplasmais

generatedbetweentheelectrodesaandb･Theelectrodesareseparatedbyadistancel

andeachhasacrosssectionalareaA.Theplasmadensitybetweentheelectrodesisng･

The v｡1tage and sinusoidalcurrent betふeenthe electrodes are瑚)and埴),

respectively･Itisassumedne=ni=nduetoquasineutralityinthebulkplasmareglOn

exceptwithintheosci11atingsheathsneartheelectrodes･Theinstantaneoussheath

thicknessissa(t)anditstime-aVeragedvalueisso･

Theelectric丘eldwithinsheathaisglVenbyPoisson,sequation,

芸芸冨瑚い,

whichonintegrationyields

如才)=竺ト∫aい】.
go

Thedisplacementcurreptflowlngthroughsheathaintotheplasmais

川=と--一号
Substitutingeq.(2-2)ineq･(2-3),WeObtain

加)-e〃月並
dJ
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Sa(t) Sb(t)

Figure2-3Homogeneousmodel･
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Fromeq.(2-4),thesheathboundarysaoscillateslinearlywiththeappliedcurrent･

SettingIげ=I.cosa)t,Weintegrateeq･(2-4)toobtain

∫a=∫0-∫oSlnα)J,

∫｡=e嘉,

wbere

(2-5)

(2-6)

isthesinusoidaloscillationamplitudeaboutthedcvalueso･Thevoltageacrossthe

SheathisglVenby

畑=Jごa抽=一言書
Substitutingeq.(2-5)ineq･(2-7),WeObtain

坑｡い=一竺s30-Sina)t)2･2どo

Similarlyforsheathb,intheadditiontotherelationofsa+Sb=2so,WeObtain

杭pい=一芸s30･Sinwt)2･

(2-7)

(2-8)

(2-9)

Although抗pandVbparenonlinearasdescribedineq･(2-8)andeq･(2-9),thecombined

voltage坑b=坑｡一柁｡=V,aCrOSSbothsheathsis

拓=竺弘(sb-∫a)=空堕sinwt, (2-10)
どo go

whichisalinearvoltageresponse.IandVarede丘nedbycurrentdensity丘omeq･(2-6)

andamplitudeofvoltage丘omeq･(2-10),WeObtain

J=e〃α∫0,

㌢=三竺∫言.
ど0

Next,itisconsideredaboutthepowertransferredtotheelectronbythesheath･Electron

reflectlngfromthelargeacceleratlngneldsofamovlnghigh-VOltagesheathcanbe

approximatedbyassumlngtherenectedvelocitylS V+2u whichoccursinanelastic

collisionofaba11withamovlngWalltorightsideasshowninFig･2-3･Visthe

reflectedelectronvelocitypara11eltothetime-Varyingelectronsheathvelocityu･Onthe
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0therhand,theelectronwiththevelocltyOf v-2uisreflectedbythecollisionwith

the movlng Walltoleft side･Here,the oscillation velocity at the sheath edgeis

d∫a

-=-a,SoCOSa,t,andthisamplitudeiswo･ThepowerdensitytransftrredtothedJ

electronwasestimatedbythestochasticaverageoftheelectronvelocltyaSSumlngthe

Maxwelliandistributionfunction,

ろbs=2椚珊瑚dv=2〝7〟言‡〃ヰ"〟折
乙Jo=α貯,

テ=(慧);

(2-13)

Thepowerabsorbedbytheplasmaisequaltothesumwiththecollisionalenergyloss

andthekineticenergylosstothewallbyelectronsandions,

考bs=〃〟B且r･ (2-16)

,ET=Ec+Ec+旦isthesumofcollisionalenergylossbyelectronsand

4e〟B且r
(2-17)

Here,巧uB,ET,and v are afunction ofthe electron temperature･The electron

temperatureisafunctionoftheexcitationfrequency･Therefore,theelectrondensitylSa

functionoftheexcitationftequencyandproportionaltothesquareofthefrequency･

LSheaththicknessI

Thesheaththicknessisexpressedby

､=チ‥･
(2-18)

wherensisthedensityattheplasma-Sheathedge･Substitutingeq･(2-17)ineq･(2-18),

weobtain
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Therefbre,thesheaththicknessisafunctionoftheexcitationfrequency･

(2-19)

【Electronenergydistributionfunction]

Acut off-density凡,thatisthe densitywhichthe electronplasmafrequency

coincideswiththeexcitationfrequency,1SeXPreSSedasfo1lows,

の｡e【Hz]=8･98
(2-20)

Wherea)peistheplasmafrequency･

Generally,intherangeOfN>Nc,Whenanelectromagneticwaveisexposedtothe

plasma,thewavewillberenectedattheplasmasurfaceandpossiblypenetrateintothe

plasmaonlyinskindepth(skine飴ct)･Therefore,thewaveheatstheelectronsatthe

plasmasurface(Surfaceheating)･Ontheotherhand,intherangeOf脆く鳩,thewave

penetratesintothebulkplasma,theelectronsareheatedinthewholeplasma(bulk

heating).

Thetransitionofelectronheatingmodefrombulkheating(high7も,low鵡)tosurface

heating(lowIも,high鵡)isdiscussedatrelativelyhighpressures(0･1～3Tbrr)inthe

CCP.【3]Inthe RF discharges,thebulkheatlng mOde corresponds
to theαmOde

dischargehavinglowelectrondensitywithhighelectrontemperatures(～4eV)･Onthe

otherhand,the surface heatingmode correspondsto the†mOde discharge orthe

dischargemodedrivenbytheRFosci11atingsheath,bothhavinghighelectrondensity

withlowelectrontemperatures(0･3～1eV)･[4]Inthenon-localregime,Wheretheelectron

energyrelaxationlengthislargerthantheplasmalength,[5]themqorltyOftheelectrons

intheplasmabulkregionareconBnedintheambipolardcpotentialwell(甲W)asshown

inFig.2-4(a).Inthebulkheatingcase,a11electronsaredirectlyandcontinuously

heatedinthebulkregionas showninFig･2-4(b),thusthe electrontemperature

becomeshigh･Inthesurfaceheatingcase,however,Onlyasmallgroupofhigh-energy

electronsisaccessibletotheheatlngZOneOftheplasmasurfaceduetothehighpotential

barrier.ARerbeingheatedthere,thehotelectronsreturntOthebulkreglOn,Wherethey

produce coldelectronswithionizationto compensatethediffusionlossinthe
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Potentialwe11

Heatingarea

Heatingarea

Figure2-4Schematicillustrationsofheatingmode･

(a)thedistributionsoftheambipolarpotentialwelland

theelectrondensity(b)bulkheating(c)surfaceheating,
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Figure2-5Electronenergydistributionfunction･
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steady-State･ThemqorityofelectronsremainrelativelycoldinthebulkreglOnSinceno

externalheatingsourceexiststhereasshowninFig･2-4(C)･Thus,theelectronenergy

distributioninthebulkreglOnCanbeexpressedasabi-Maxwe11iandistributionas

showninFig･2-5･Whenthepowerislocallydepositedtoahigh-energyfractionof

energy space,the electron energy distribution function(EEDF)becomes a

bi-Maxwe11iantypewithalowerbulktemperature(7t)andahighertailtemperature(17)･

WhenthepowerisdepositedtotheentirereglOnOfenergyspace,theEEDFbecomesa

singletemperaturetypewithahigher7も(DruyVeSteyndistribution)･

Here,theabsorbedpowerofelectronsbythebulkheatinglSeXPreSSedasfo1lows,【6]

e2 v 且言
〝7γ-+∽2 2'

つ盟り己唱｡戸 (2-21)

whereα)istheangularfrequency,Vistheelectronco11ision丘equency,andEoisthe

electric neld.Inthe case ofvh)<<1withincreaslngthe excitationfrequency,the

contributionofthebulkheatingbecomes sma11･Onthe otherhand,the stochastic

heatinglSaSSumedtobedominantduetothesurfaceheatlng,theabsorbedpowerof

electronbythestochasticheatingisgivenbyeq･(2-13)･Thisabsorbedpowerbythe

stochastic
heatinglnCreaSeS Withincreaslng the excitationfrequency,thatis,the

contributionofthesurfaceheatlngbecomeslarge･Therefore,theEEDFbecomesthe

bi-Maxwelliantypewithincreaslngtheexcitationfrequency･Here,7tmeasuredbythe

Langmuirprobe expresses thelow-energyPart Ofthe EEDFand glVeS the bulk

temperature･Accordingly,thebulkelectrontemperaturebecomeslowwithincreaslng

theexcitationfrequency･However,Abdel-Fattahetal･rePOrtedthatthesurfaceheating

isnotexplainedenoughbythestochasticheatlng･[7]Therefore,itisnecessarytonndthe

kinetictheoryofsurfaceheatlnglocalizedstronglyfortheEEDFofVHF-CCP･

【Ionenergydistributionfunction]

Theionenergydistributionfunctionisreportedbymodels･[8】,【9]Asimpletheoryof

theionmotionthroughthesheathleadstoanexpressionfortheionenergydistribution

function(IEDF)assumingco11isionlesspositiveionsheathwiththethicknessd;,
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′(g)=慧卜封-e〈叫盲,
wheretheenergysplittlngA8isglVenby

4e柁F
』ど='~■Kr

3α)RFds

(2-22)

(2-23)

<玲>istheaverageplasmapotential,叛FistheRFvoltage,鵡istheelectrondensity,

andmiisthemassofion･Acdecreasewithincreaslngtheexcitationfrequencyasa

consequenceofthetimeaveraglngOfthepotential･Thedecreaseisproportionaltoa,RF･

Therefore,the distributionofionenergy decreases withincreaslng the excitation

frequencyandthechangeoftheexcitation丘equencywillmucha飴ctthe頁1mpropeny･

Asaresult,theplasmadensitylnCreaSeSaPPrOXimatelyinproportiontothesquareof

theexcitationfrequencyfromeq.(2-17).VHF-CCPcanOPerateathighplasmadensity

underlow-PreSSure COndition･The sheaththickness
decreases withinverseofthe

excitation丘equencyfromeq.(2-19).Therefore,ahigherfrequencyoperationenables

anincreaseiniondirectionalityandareductioninionbombardmentonthesubstrate･

Moreover,theEEDFbecomesthebi-Maxwelliantypewithincreaslngtheexcitation

丘equencyandthebulkelectrontemperaturebecomeslow･Accordingly,VHF-CCPhas

muchadvantageintheplasmaprocesses･

2.2Plasmadiagnosticstechniques

2.2.1Ultravioletabsorptionspectroscopy

Severalteclmiques such as absorptlOn SPeCtrOSCOPy,laserinducedfluorescence

spectroscopyandmassspectroscopyhavebeenappliedforradicalmeasurements･The

absolutedensityintheground-StateCanbeeasilyderivedfromthemeasuredabsorptlOn

intensityuslngabsorptlOnSPeCtrOSCOPy･Inthisstudy,UVASuslngarlngdyelaserand

ho1lowcathodelampasalightsourcewasusedformeasurlngSiatomdensity･
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【Ringdyelaser】

Theringlaser(Coherent,Mode1899-21)producedtunablesingle-frequencyradiation･

Thecwargonionlaser(Coherent,INNOVA,SabreDBW-15)wasusedtooptica11y

pumpthedye(Rhodamine6G)･Theringdyelaserwasequippedwiththeangletuned

intracavityfrequencydoubler(Coherent,Mode18500),PrOducingUVradiationata

linewidthoflMHzandascanWidthupto60GHz･Thewavelengthofthelaserwas

tunedto288.2nmfordetectingSiatomswiththe3p2)D21evelthroughthetransitionof

3p21D2-3p4sIpl･TheabsorptlOnPrO丘1eofthe288･2nmlinewasobtaineddirectlyby

scanningthelaserwavelength･Thetranslationaltemperatureandtheabsolutedensityof

Siatomswereevaluatedfromthewidthoftheabsorptionpro丘1eandthemaximum

absorptionintensity,reSPeCtively･

【HolloⅥ′Cathodelamp】

ThelightradiatedfromtheSihollowcathodelamp(HamamatsuPhotonics,Ho1low

CathodeLampL233)tra)elsatlcmabovetheSisubstratewithabeamdiameterabout

3mminthechamber.UVASuslnghollowcathodelampasalightsourceisthemost

simpleinthesemethods･TheSiatomdensitiesatthe3p21D21evelthroughthetransition

ofthe3p21D2-3p4sIpl(288･2nm)and3p23p21evelthroughthetransitionof3p23p2-

3p4s3p2(251.6nm)weremeasured.

TheschematicblockdiagramoftheexperimentalapparatusofUVASuslngarlng

dyelaserandahollowcathodelampISShowninFigure2-6･TheoutputlaserbeamOr

thelightofthehollowcathodelamPWaSdetectedbyaphotomultiplier(PMT)through

themonochromator.Theelectricslgnal丘omthePMTwasaveraged1280timesbya

persbnalcomputer.The absorptionintensltylS Obtainedby subtractingtheplasma

emissionandthebackgroundnoise丘omthedetectedsignal･Thelightischoppedand

theabsorptionintensitylSObtainedbysubtractlngtheslgnalwithoutdischargefromthat

Withdischarge.
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RingDye

Laser

Digita】Oscilloscope

PlasmaChamber

Figure2-6SchematicdiagramofUVASsystem･
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TheoⅣ

Iftheparallellight丘omasourcepassesthroughaabsorptlOnCe11,SuChasplasma,

theintensityofthetransmittedlightisgivenasfo1lowingequation,[10]

J(v)=Jo(v)exp卜ん(γ)エ], (2-24)

where visthefrequency,1(t)andlo(t)aretheintensitiesofthetransmittinglightand

theincidentlight,reSPeCtively.L and k(t)are the absorption pathlengthand the

absorptlOnCOe伍cientasafunctionoffrequency11reSPeCtively･Thebroadeningofthe

absorptioncoefncient,thatis,thebroadeningoftheabsorptlOnline-PrO丘1eisduetothe

CauSeSaSfo1lows,

(1)Naturalbroadeningduetothe丘nitelifヒtimeoftheexitedstate･

(2)Dopplerefftctbroadeningduetothemotionsoftheatoms･

(3)Lorentzbroadeningduetothecollisionswithforeigngases･

(4)Holtsmarkbroadeningduetothecollisionswithotherabsorptionatomsofthesame

kind.

(5)Starkeffbctbroadeningduetothecollisionswithelectronsandions･

In this study,the Doppler broadening should be'takeninto accountin the

experimentalconditions.

Here,1tisconsideredthataparallelbeamofthelightoffrequencyvpassedthrougha

layerofatomsboundedbytheplaneSatthelengthofdL･ItissupposedthatthereareN

normalatomspercm30fwhichdNarecapableofabsorbingthefrequencyrange

between vand v+d11and汎excitedatomsofwhichd汎arecapableofemittlngthis

丘equencyrange･Nqglectingthee飴ctofspontaneousre-emissioninviewofthefact

thatittakesplaceina11direction,thedecreaseinenergyofthebeamisglVenby

-[I(v)]dv=dNldLp(v)E｡hv-dN｡dLp(v)B｡1hv, (2-25)

whereBl｡andB｡1areEinsteinBcoefncientfromlowerstateltoupperstateuandfrom

ltou,reSPeCtively.hisPlanCk'sconstant,andp(t)istheradiationenergydensitygiven

byI(t)=CP(t),(c:1ightvelocity)･Rewritingeq･(2-25),

1d[J(v)]｣__ 加

J(v)d上 c

dv=二二(Bl｡dNl-B｡IdN｡) (2-26)

Recognizingthatthele氏-handtermisk(t)dvasdennedbyeq･(2-24),eq･(2-26)is
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k(v)dv=空(Bl｡dNl-BuldN｡),
C

(2-27)

andintegratlngOVerthewholeabsorpt10nline,neglectlngtheslightvariationin
v

Jk(v)dv=h(BluNl-B｡1Nu), (2-28)

wherel句isthefrequencyatthecenteroftheline･Here,WeuSetheEinsteinA

COe鐙icient,

J榊dv=⊥&卯一語)8打V言gl
2
C

~■■

8m′言

&叫
仇<<瑚),

gl

(2-29)

whereglandguarethestaticalweightsofthelowerandupperlevel,reSPeCtively･

Therefore,bymeasuringlb(t)andI(t),k(りisdecidedandwecanestimatethedensity

入1.

【Ringdyelaser]

Whenthelightsourceismonochromatic,theabsorpt10nCOe伍cientisglVenbythe

fo1lowlngequationassumlngthatDopplerbroadeningisdominant,

たv=もexp 輔
(2~30)

wherekoisthemaximumabsorptlOnCOefncientatlinecenter･AvDistheDopplerwidth,

dependingonlyonthetranslationaltemperatureTandtheatomicweightMaccordingto

tbefbmula,

加｡=‡繭｡信,
(2-31)

wherecisthevelocityoflightandRisthegasconstant･Integratingeq･(2-30)and

usingeq.(2-29),WeObtained
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〃1=包旦空也
月gll電

(2-32)

Therefore,byuslngthemeasuredabsorpt10nPrOme,thetranslationaltemperatureTis

obtaineddirectlyfromtheDopplerbroadeningwidthAvD,andtheatomdenslty〃1atthe

lowerlevelisobtainedeasilyfromthemeasuredmaximumabsorptlOnCOefBcientko･

【Ⅲ01lowcatbodelamp】

Whenthelightsourceisincoherentlightsuchaslamp,theintensltyOfmeasuredlight

istheintegratedvalueoverthefrequency,

′｡=♪｡榊)dv,

Ia=♪｡jL(v)(1-eXP[-k｡L(v)L])dv,

(2-33)

(2-34)

wherelbandliaretheintensitiesoftheincidentlightandtheabsorption,reSPeCtively,

ja(t)istheemissionline-PrO丘1efunctionforthelightsource,eOistheemissionintensity

ofthelightsourceatacenterfrequencyofja(t),j;(t)istheabsorptionline-PrO丘1e

function,and kois the absorption coefncient at the centerfrequency ofj;(t)･The

absorptionintensityA侮L)isgivenbythefo1lowingformula,

d(ん｡上)=1-左Jo
ト(v)(トexp卜ん｡ム(v)エ帥
J榊)dv

(2-35)

FromA侮L)obtainedbymeasurement,koisdeterminedbyassumingtheline-PrO丘Ie

functionjら｢t)andj;(t).Then,thenumberdensityofstatel,N,isestimatedbyusingeq･

(2-35)as

叫=警告去小v)dv
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2.2.2Infrareddiodelaserabsorptionspectroscopy

Mostofdiatomic orpolyatomicmolecules andradicalsinprocessplasmas have

rotation-Vibration spectraintheinfraredreg10n･IRLASisveryusefu1toolforthe

plasma diagnostics･Inthis study,IRLAS was usedfor measurlng SiF4and SiH4

densities.

TheschematicblockdiagramoftheexperimentalapparatusofIRLASisshownin

Figure2-7.Thetunableinfrareddiodelasers(LaserPhotonics,L5615)wereusedfor

theinfraredlightsource･ThediodelaserwascooleddowntOlessthan80Kbya

closed-CyClerefrigeratorwithaheliumcompressor･Theoscillationfrequencyofthe

laserwasa4justedroughlybycontrollingtheoperationtemperatureandadjusted鮎eby

controllingtheoperationcurrentofthelaser･Theoscillationfrequencywasscannedby

scannlngthelasercurrent･Thelaserbeam,Whichcontainedonlyaslnglemodeafter

fi1teredwithamonochromator,WaSSPlitintothethreepartsbybeamsplitters(BS)･One

wasthemainbeamtodiagnosetheplasmaandothersweretodeterminetheprecise

wavenumberoftheobservedspectrum･TheabsorptionspectrumOfthereftrencegases

wasusedtodeterminetheabsolutevalueofthewavenumber.Aconfocaletalonof25

cminlengthprovidedaninterferencefringepattemwiththeintervalsofO･01cm-1,

which was used as a relative scale.Thelaser beam was detected by the

Mercury-Cadmium-Tblluride(MCT)in丘areddetector･Thelinewidthofthelaserwas

muchnarrowerthanthewidthoftheobservedspectra11inesandthestabilityofthelaser

frequency was enoughfor the spectralline measurement･Thelaser current was

modulatedat5kHzforphase-SenSitivedetection(PSD)･Thesignalofthereference

spectrumandtheinterftrencefringeswererecordedbyPSDuslnglock-inampli丘ersat

twicethesourcemodulationfrequency･

Theabsorpt10nWaVenumberoftheSiF4mOleculewaslO32･1cm-10fthev3band･[11]

TbimprovetheS朋ratio,adouble-PathIRLASmeasurementwasused･TheabsorptlOn

wavenumberoftheSiH4mOleculewas983.6cm-10fthev2Q-branch･[12]
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Digita10scilloscope

Figure2-7SchematicdiagramofIRLASsystem･
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TbeoⅣ

Theabsorptioncoefncientk(v)isderivedfromthefo1lowingformula,

た(1′)=-÷ln
Jo(Ⅴ)一丁A(Ⅴ)

項-,)
(2-37)

wherevisthewavenumberincm~1,Listheabsorptionpathlengthincm,lo(v)isthe

laserintensitywithoutabsorption,andlA(v)istheabsorptionintensity.Atlowpressures,

k(v)canbeassumedtohaveaDopplerbroadeninglineshape,Whichisgivenby

榊ヰ〔署2斬
(2-38)

wherevcandk(vc)arethewavenumberandtheabsorptioncoefncientatthecenterofthe

absorptlOnlinepro丘1e,andAvDistheDopplerlinewidth･△vDisglVenby

△vD=2旦
C 21虚･帆妄,

(2-39)

wherecisthelightvelocity,kBistheBoltzmannconstant,弧istheAvagadro'snumber,

Tisthetranslationaltemperature,andMisthemolecularweightinatomicmassunits･

The translationaltemperatures are calculatedfrom thefu1lwidth athalfmaximum

(FWHM)ofeachspectralpro丘1e･

Theabsolutedensity州｡taliscalculatedfromtheabsorptlOnCOe伍cientonthebasisof

thefo1lowlngequation,

叫otal=去♪(γ)dγ,
(2-40)

whereSlineisthelinestrength.Astheintegratedabsorptioncoe伍cientisderiveduslng

thefo1lowlngformula,

♪(v)dv=;孟△vD･た(vc), (2-41)

弼｡talCOuldbedeterminedbymeasuredabsorptioncoefncientk(vc)usingeq･(2-38)as

Ⅳto㍉岩原掛c)･
(2-42)

Ifthelinestrengthisunknown,ltisdeterminedbytherelatiohbetweenthelinestrength
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andthebandstrengthSbandaSfo1lows,

gli｡｡ Sba｡｡･gl･S昔･eXP(-Fch/kBT) (2-43)

whereglis the statisticalweightsfor thelower state
oftransition,S;1is

the

H6nl-Londonfactor,月istherotationaltermvalueforthelowerstateoftransition,his

Plankconstant,Tistherotationaltemperature,andQisthepartitionfunction･

2.2.3Laserinducedfluorescence

LIFspectroscopylSahighlysensitivemethodwithhightimeandspatialresolutions

fordetectingradicals,thoughitrequlreSthecalibrationprocedureiftheabsoluteradical

densitylSneeded･Inthisstudy,LIFwasusedformeasurlngSiFandSiF2densities･

TheschematicblockdiagramoftheLIFmeasurementisshowninFig･2-6･Thelaser

systemusedfortheLIFmeasurementsconsistedofapulseddyelaser(QuantaRay

PDL-2)pumpedwithafrequencydoubledNd:mGlaser(QuantaRayDCR-3),With

crystalsfbroutputwavelengthconversion(QuantaRayWEX-1)･Thedyesusedforthe

SiFandSiF2detectionwereRhodamine610andLDS698,reSPeCtively･Therepetition

frequency of thelaser pulse waslO Hz･For LIF measurement,the excitation

wavelengths ofSiF and SiF2radicals were288･05nm LYIB(0,1)]and225･35nm

VA(0,0,0-0,1,0)],reSPeCtively,andthefluorescencewavelengthsoftheSiFandSiF2

radicalswere296.7nm[B胡1,1)]and242･OnmL4TX(0,1,0-0,9,0)],reSPeCtively･[13】,[14]

The ultravioletlaserforexcitationwavelengthswere synthesizedbymlXlng SeCOnd

harmonicdyelaserpumpedwithsecondharmonicYAGlaser(532nm)withlO64nm

YAGlaser.ThewavelengthofpumpeddyelaserldyeShouldbetunedasfo1lowstoform

theultravioletlaserforradicalexcitation,

んy｡=
1 1'

んx｡んAG
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Figure2-8SchematicdiagramofLIFsystem･
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wherelexeandんmGarethewavelengthofultravioletlaserforradicalexcitationalld

thatofNd:YAG(1064nm),reSPeCtively.Thefluorescencewasdetectedbyusinga

photomultipliertube(PMT).TheelectricsignalfromPMTwasaveraged256timesby

thedigitaloscilloscope･TheoptlCalsystemforLIFusedisshowninFig･2-2･The

ultravioletlaserbeamwas丘xedatthecenterbeampath,PaSSedabovethecenterofSi

substrate.Theentranceandexitwindowsmadebyquartzfortheultravioletlaserbeam

wereattachedatthechamberwall.Thenuorescencewascollectedwithanf=150mm

lensfromthedirectionperpendiculartothelaserbeamaxis,WaSfocusedontheendof

anoptlCal丘berandwasleadtotheentranceslitofa25-CmmOnOChromatorthroughthe

optlCal丘ber･Bymovlngtheoptical丘berparalleltothecenterlaserbeamPath,the

precisespatialdistributionofrelativeradicaldensitiescouldbedetermined･

Tbeory

Figure2-9showsdiagramsofenergylevel･Therateequationofnumberdensityat

eachenergylevelinmlevelsystemisglVenaSfo1lows,[15]

=β12伊1-β21伊2一(4-+∑』2i)〃2,j=3

笠=d2i〃2(≧3),

〃=妄〃i,

(2-45)

(2-46)

(2-47)

where niis the number densltyintheilevel,nis the ground-State density befbre

excitationbylaser,PistheenergydensltyOflaserbeamfbrexcitation,andAjkand旦ik

aretheEinsteinAandBcoe伍cientsfortransitionsfromjtoklevel,reSPeCtively.The

relationsbetweenEinsteinAandBcoefncientsareexpressedasfbllows,

gjβjk=gkβ均,

｣jk=字恥

(2-48)

(2-49)

wherevisthefrequencyoftheradiation,histhePlanckconstant,Cisthespeedoflight,

&andgklSStatisticalweightsineachlevels･Here,thefb1lowlngrelationisexpressedby
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Figure2-9Diagramsofenergylevel･
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assumptlOnOf3levelsystem,

貰〃i=〃;,

若月2i=』;3･

(2-50)

(2-51)

TherateequationofnumberdensltyateaChenergylevelinmlevelsystemcouldbe

regardedas31evelsystemandgiven丘omeqs･(2-45)～(2-47)asfo1lows,

d〃2

dJ

dJ7′

dJ

=β-2/椚1-β21/椚2-(d21+d′23)〃2,

と=』123′72,

〃=〃l+〃2+〃/3･

(2-52)

Iftheintensity ofthelaser beamfor the excitationis sufncientlylarge,in which

P(B12+B21)〉〉(A21+A',3),theratioofthenumberdensitiesatthegroundstateand

excitedstateisequaltotheratioofthestatisticalweightsatthegroundstateandthe

excitedstateimmediatelyafterlaserirradiation.Thisrelationisexpressedasfo1lows,

〃2_g2

J了1 gl

〃=〃l+乃2･

Fromeqs.(2-55)and(2-56),WeObtain

〃7=
g2

gl+g2

〃.
(2-57)

Thenumberdensltyattheexcited-Stateisproportionaltothedensityatthegroundstate,

andindependentwiththelaserintenslty･Whenthelaserirradiatescontinuously,a1lof

thenumberdenslty,Whichexistinitia11yatthegroundstate,Wi11丘nallytransitatthe

3～mlevels.ThetimevariationofthenumberdensitylSglVenby

〃2(り=
g2

gl+g2 寸志｣′23′)･ (2-58)
WhenthelaserstopsirradiatingaRertheequilibriumstateexpressedbyeq･(2-55),the

timevariationofthenumberdensltylSglVenby
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〃2(り=
g2

gl+g2
〃eXp(-(d21+d;3y). (2-59)

Asthenumberofphotonsradiatedperunittimeandunitvolumeis n2A,23,thenumber

ofphotonsdetectedwithtransitiontoilevelisglVenby

Jd2i〃2(り芸粕=小′23〃2(′)損C〃,
空相2i.Ⅲ′23=4方

(2-60)

(2-61)

Therefore,theslgnalintensitydetectedisinproportionoftheground-Statedensltyn･In

thecaseofthatlaserbeamforexcitationisnotsu餌cientlylarge,theslgnalintensity

detectedisinproportionoftheground-Statedensltyn,tOO･[8]

2.2.4Actinometricopticalemissionspectroscopy

An AOES o脆rs a way to monitor reactive species
densities bothin situand

nonintrusivelyinthedischarge･SinceOESdoesnotrequlreSuChasspecializedlaser

equlPmentWhichisexpensiveandexperimenta11ydemanding,AOESwhichisoneof

theOEShasbeenusedwidelyasasimplemethodfordiagnosticsoftheplasmas･Inthis

study,AOESwasusedforthemeasurementofFatomdensity･

TheoⅣ

AOESrequlreStheadditionofasma11amountofaninertgassuchasargontothe

ftedgasoftheplasma･Theopticalemissionfromtheexcitedstatesofboththeinert

species(actinometer)andthe species ofinterest
are observed andcompared･This

comparisonassumesthatemission丘omthechosenexcitedstatesisproportionaltothe

concentrationofthesamespeciesinthegroundstate･

ⅦlidactinometryrequlreSthatactinometerandmeasuredspeciesundergothesame

excitation path(electron-impact),that the relaxation
occurs exclusively by

photoemission or by photoemission plus a parallelde-eXCitation pathway with
a

constantbranchingratio,andthatbothspecieshavesimilarcross-SeCtionfunctionality
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Withenergy.TheelectronilnPaCteXCitationofthegroundstateis

e+ズ→ガ*+e,

WhereXisthespeciesofinterest.Excitationisfo1lowedbytheemissionofaphoton

丘omtheexcitedstate,

ズ*一}ズ+力v.

Foractinometergas,thesameprocessoccurs･Theintensityoftheemissionformthe

excitedstateis

Ji=riんi〃｡[札 (2-62)

Whereliistheintensityofemission丘omspeciesi(eitherXortheactinometricgas),Ne

istheelectrondensity,[i]istheconcentrationofspeciesi,kiistheexcitationefnciency

Ofspeciesi,and17isthebranchingratioforemissionrelativetoallotherde-eXCitation

Paths.Theexcitationratecoe伍cientisdescribedbyfo1lowlngequation,

丘′=r丞)Ji(E)′(6)dE, (2-63)

Where cis the electron energy,Vis the electron velocity,q(4)is the collision

CrOSS-SeCtionfortheexcitationofi,andj(⇒istheelectronenergydistribution.Because

theintensltyOfemissionfromspeciesidependsoni,Nt,ki,and17,Changesinanyof

thesefactorswillcauseaproportionatechangeinli.Actinometryaccountsforchanges

intheelectrondensltybyscalingtheemissionintensityofspeciesXwiththeemission

intensltyOftheactinometerasfo1lows,

Jx_ぺたxⅣ｡[ズ]

ん 左たA〃｡[d]
(2-64)

Typically,the electron-impact excitation cross sectionsare Chosen such that the

excitationenergythresholdsarecomparable,therefore,thesamegroupofelectronsis

responsiblefbrtheexcitationofbothspecies･Fortheratiokx/kAtObeapproximately

COnStant,theexcitationcrosssections q(C)mustalsohavesimilarfunctionalities.Zk/

ILisconstantunderconditionswhencollisionalde-eXCitationisnotimportant,Whichis

usuallytrueatlowpressures;thetimeforemissionismuchfasterthanthetimebetween

molecular co11isions.With these conditions met,the relative concentration of the

reactivespeciescanbedeterminedfromtheratioofemissionintensities,

ー48-



Chapter2

[ガ]∝吾[礼
(2-65)

ThusthevariationinLY]canbedeterminedbyAOES･Theconditionsofapplicability

are,

(1)Theexcitationcrosssectionshavethesameshape,Particularlyintheregioncloseto

thethreshold.

(2)Thepopulationofexcitedlevelsfromhigherlevelsisnegligible･

(3)Two-StePeXCitation,e.g.,Viametastables,isnegligible･

(4)Thereisnopopulationofatomiclevelsviadissociation･

(5)Radiationlessde-eXCitation(quenching)ofexcitedlevelsisnegligible･

RaregasesareCOnSideredtobesuitableforuseastheactinometersincetheyare

chemicallylnertinplasma･InthecaseofqpplicationofAOEStotheFatomdensity

measurement,Argashasbeencommonlychosenastheactinometer･Themeasured

emissionlinesofFatomandAratomwere[3s(2p2)-3p(2p2)]tranSitionat703.7nmfor

Fatomwiththresholdenergyof14.5eV;and[4s,(1/2)○-4P'(1/2)]transitionat750･4nm

forAratomwiththresholdenergyof13.5eVrespectively.Althoughthisteclmiqueis

useful,therearesomedi伍cultiesintheAOESteclmique･Withaccurateexamination,

bothkxandkAaredifftrentfunctionsoftheelectronenergyasdescribedabove.The

di鮎renceintheelectron-energydependenceofkxandkAreSultsinthepoorreliability

ofAOES.ThevalidityofAOEShasbeenstudiesbyseveralresearchers･【16],[17]They

havereportedthattheAOESmeasurementfortherelativeFatomdensitywithAr

actinometerroughlyglVeSCOrreCtreSultsinplasmas･

2.2.5Microwaveinterfbrometer

Inthisstudy,a35GHzmicrowaveinterftrometerwasusedformeasurlngelectron

density.

TheoⅣ

Thepropagationmeasurementhavebeenusedtomeasureplasmadensitybecausethe

-49-



Cbapter2

propagationconstantofawaveisdependentontheplasmafrequency勒2=e2NJEbm･

Here,Neandちaretheelectrondensltyandthepermittivityoffreespace,reSPeCtively･

TheprlnCipleofitsuseisthatthechangeinphaseshiftacrossareglOnWithandwithout

plasmacanbemeasured･ThisinturnCanberelatedtothechangeinthepropagation

constantandhencetotheplasmafrequency･Thechangeinphaseshiftis

』甲=ん0 dズーJ (2-66)

whereko=aytisthefreespacepropagationconstant,andlisthedistanCeaCrOSSWhich

thewavepropagates･Itisoitenpossibletochoosethediagnosticsfrequencysufnciently

higherthantheplasmafrequencythatsquarerootcanbeexpanded･Thefreespacepart

Ofthephaseshifttheconvenientlycancelsleavlng,

｣中島汁=0

たoe2J

巨(ゆ血 (2-67)
2ど0〝7α2;

In this approximation,We See thatthelineintegralofthe denslty Can be directly

measuredintermofaphaseshi氏.

2.2.6Doubleprobe

TheprobeteclmiqueisoneofthemostusefultooIsfordiagnoslngPlasma･Inthis

Study,theelectrontemperaturewasmeasuredbydoubleprobe･

TbeoⅣ

Ametalprobe,lnSertedinadischargeandbiasedpositivelyornegativelytodraw

electronorioncurrent,isoneofthemostusefu1tooIsfordiagnoslngPlasma.These

probes,1ntrOducedbyLangmuirareusuallyca11edLangmuirprobes･Aswithanyother

electrode,theprobeissurroundedbyasheath･However,unlikelargeelectrodesurfaces

that are used to controIplasma,PrObes are usually qulte Sma11and under suitable

conditions,PrOducesonlyminorlocalperturbations･
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Doubleprobesaregenerallyusedifnowell-dennedgroundelectrodeexistsillthe

Plasma.AschematicofadoubleprobeisshowninFigure2-10(a),Withtypicalprobe

CharacteristicasshowninFigure2-10(b).Sincethetwoprobesdrawnonetcurrent

theywillbothbenegativewithrespecttotheplasma.Currentnowsbetweentheprobes

ifthedi鮎rentialpotentialV≠0.AsVbecomeslarge,themorenegativeprobe(inthis

CaSePrObe2)essentiallydrawsionsaturationcurrent,Whichisjustbalancedbythenet

electroncurrenttoprobel.Thedoubleprobesystemhastheadvantagethatthenet

Current neVer eXCeeds theion saturation current,minimlZlng the disturbance to the

discharge,but has a consequent disadvantage that onlythe high-energy tailofthe

electrondistributionisco11ectedbyeitherprobe.Thedistributionoftheseelectronsmay

not be representative ofthe distribution of bulk electronsin the discharge･

De丘ningtheionandelectroncurrentstoprobeland2asIli,Ile,1ii,1ie,thenthe

COnditionthatthesystemfloatis

Jli+J2i一丁le一丁2e=0･

Theloopcurrentis

J2i一丁2e-(ん一丁le)=2J･

Combiningeq.(2-68)witheq.(2-69),WeObtain

J=Jle一丁li=J2i一丁2e･

Fortheelectroncurrent,Wehave

Jl｡=｣1J｡Sat㌔,J2｡=』2J｡Sate㌔,

(2-68)

(2-69)

(2-70)

(2-71)

WhereしちsatistheelectronrandomcurrentdensityandnandTharetheprobepotentials

Withrespecttotheplasmapotential.Using V=V-V;andsubstitutingeq･(2-58)into

eq.(2-68)weobtain

址=旦e号, (2-72)
J2i一丁 dっ

whichgenerallyplotsasshowninFig.2-10(b).ForAl=A2,thenIli=1ii=L,SuChthat

eq.(2-70)simpli丘esto

J=1ta血
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(b)

Figure2-10Schematicofdoubleprobe･

(a)De丘nitionofvoltageandcurrents,

(b)Typicalcurrent-VOltagecharacteristic･
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2.2.7Pyrometer

Intheplasma,WemeaSuredtheelectrodeheatinge飴ctduetothechargedspeciesby

uslngPyrOmeter･ThepyrometerenabledustomeasurethetemperatureoftheSisurface

intherangeof473-2273Kwithoutanyinnuenceduetoaheaterunderthesubstrate･In

thisstudy,thesurfacetemperatureofupperelectrodewasmeasuredbythepyrometer

(LECCompanyLimited.KTL-Pl)･

TbeonJ

ThethermalenergylSradiatedasanelectromagneticwave丘omthematter･Itis

calledthermalradiation･Thepyrometerisusedformeasurlngthetemperaturethrough

thethermalradiation･Theenergyradiated丘omthematterdependsontheabsolute

temperatureofthematterandthewavelength･ThethermalradiationenergylSglVenby

Planck,sradiationlaw,

ル,r)=
8打力c l

ガexp(羞
c/‡

完)-1'
(2-72)

wherecisthespeedoflight,listhewavelength,histhePlanckconstant,kBisthe

Boltzmannconstant,andTistheabsolutetemperatureofmatter･
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Chapter3

Measurement ofSi,Si興SiF2radicals and SiF4

molecule uslngVeryhigh frequencycapacitively
●

COuPledplasmaemploylngSiF4

3.1Introduction

In the fabrication ofultralarge scaleintegrated circuits(ULSIs),fluorine-based

plasmashavebeenemployedforplasma-aSSistedetchingandthedepositionofthin

丘Ims･SiF4-basedgaseshavebeenemployedforthedepositionofthin丘Imssuchas

fluorine-dopedsiliconoxide(SiOF),[1】fluorine-dopedsiliconnitride(SiNF),[2]poly-Si[3]

and so on.Foretching,highlyreactivefluorine atoms andionsproduced丘omthe

plasmainteractwiththeSisubstrateandproducevolatilereactionproducts,SuChasthe

SiF2radicalandtheSiF4mOlecule･Theseproducts,inturn,di凪1Sebackintotheplasma

wheretheyaredissociatedandionizedbyelectrons,andtheresultingby-PrOductsare

transportedandre-depositedontothesubstrate.Therefore,theSiF4mOleculeandSiFxB

=0-3)radicalsplayanimportantroleintheseplasmaprocesses･

So far,the detection of SiFand SiF2radicalsin the reactive plasma has been

developed uslnginfrared absorption spectroscopy teclmiques,[4]-[7]1aser-induced

fluorescence[8]-[13]andultravioletabsorptlOnSPeCtrOSCOPy･[14],[15]Thespatialdistribution

ofSiF2andSiF4densitiesinhighdensityelectroncyclotronresonance(ECR)plasma

hasbeenreported･[16]However,therearefヒwsystematicreportsonthebehaviorof

speciesinSiF4Plasma.Itisimportanttoclarifytheproductionandlossprocessof

speciesandtheradicalcompositionintheplasmaforpreciselycontrollingSiF4based

Plasma.
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IntheULSIsfabrication,itisnecessarytoreduceoftheproductioncost.Thewaftr

Sizeusedinproductiontodayis8-inchindiameter.Therefore,itisimportanttoclarify

theuniformityofplasmaprocessandthespatialdistributionofradicaldensity.

In this chapter,the absoluteline-integrated density ofthe SiF4mOlecule and the

relative densities of SiF2 and SiF radicals were measured byIRLAS and LIF,

respectively.TheabsolutedensltyOftheSiatomwasmeasuredbyUVAS.Therelative

densltyOftheFatomwasmeasuredbyAOES.Basedontheseresults,theproduction

andlossprocessesofSi,SiFandSiF2radicalstogetherwithSiF4mOleculesinVHF60

MHzSiF4CCParediscussed.

3.2MeasurementofSi,SiF;SiF2radicalsandSiF4mOlecule

Theelectrondensity(Ne)andelectrontemperature(It)atthecenterofelectrodewere

measured.Newasmeasuredbya35GHzmicrowaveinterftrometerandadoubleprobe

teclmique.ThedefヒrenceofvalueofN去measureduslngthedoubleprobeorthe35GHz

interfbrometerisabout20%.Inthefo1lowlng丘gures,thevalueofNtmeasureduslng

the35GHzinterfヒrometerwasused.Theplasmaconditionwasmaintainedatatotal

PreSSureOf5.3PaandaSiF4nOWrateOf90sccm.Figure3-1showsNtandltasa

functionofVHFpower･Neincreasedfrom3･8×1010cm-3tol･7×1011cm-3with

increaslngVHFpowerfromO.5kWto2.5kW.㌔slightlydecreasedfiom3eVto2.3

eVandwasinclinedtosaturatewithincreaslngVHFpower.

Figure3-2shows the SiF4mOlecule densltyaS afunction ofNe atthe centerof

electrodemeasuredbyIRLAS.TheNtobtainedinFig.3-1wasusedasthehorizontal

axis.Here,theSiF4densltyWaSmeaSuredbydouble-PaSSIRLAStoimprovetheS/N

ratio.TheplasmareglOnWaSaSSumedtobe25cmindiameter,thesamesizeasthe

electrode.Theabsorpt10nlengthintheplasmareglOnWereCalculatedfromthesizeof

theplasmawherethelaserbeamspassed.ThedensltyOutSidetheplasmareglOnWaS

assumedtobethesameasthedensltylnthevicinltyOfthechamberwall.Therefore,the

netdensltylntheplasmareglOnWaSeStimatedbysubtractingthedensltyOutSidethe
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Figure3-1Electrondensityandelectrontemperature

asafunctionofVI廿power.
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Figure3-2AbsolutedensityofSiF4mOleculeanddissociation

ratiooftheSiF4mOleculeasafunctionofelectrondenslty.
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plasmareglOnfromthetotalline-aVerageddenslty･TheSiF4densitydecreaseduptothe

Ntof8.7×1010cm-3andsaturatedwithfurtherincreaseinNe･Thetranslational

temperatureswerecalculatedfromthefullwidthathalfmaximumofeachspectral

pro丘Ie･Theline-aVeragedtranslationaltemperatureoftheSiF4mOleculeatthecenterof

theelectrodewasestimatedtobeabout400K,andthetemperatureinthevicinityofthe

chamberwalloutsidetheplasmareg10n
WaS eStimatedto be about350K･These

temperaturesdidnotchangewithvarylngVHFpower･SiF4mOleculedensitiesinthe

vicinityofthechamberwallweretwicethoseinthecenteroftheelectrode･Fromthese

results,thetranslationaltemperatureofSiF4mOleculeattheplasmareglOnWaSrOughly

estimatedtobeabout500KbythesuperpositionofeachGaussiandistributionofthe

line-aVeraged translationaltemperatures within the plasma reg10n and outside the

plasmareglOn･TheSiF4mOleculedensityestimateduslng500Kagreedwiththatuslng

400Kwithintheexperimentalerrorvalueofabout12%･Thedissociationratioofthe

siF4mOleculewasestimatedtobeabout63%at鵡of8･7×10-10cm-3･

Figure3-3showsSiF2radicaldensityasafunctionofNtmeasuredbyLIF･TheSiF2

densltylnCreaSedwithincreaslngNmom3･8×1010tol･2×1011cm-3andslightly

decreasedwithfurtherincreaseinNgabovel.2×1011cm-3.Theproductionandloss

processesoftheSiF2radicalcanbeexpressedasfo1lows･Them印OrPrOductionprocess

oftheSiF2radicalisassumedtobetheelectronimpactdissociationofSiF4mOlecule,

Rl:SiF4+e一上→SiF2+PrOducts+e･

Ontheotherhand,thelossprocessoftheSiF2radicalisconsideredtobedi凪1Sionto

thewall,electronimpactdissociationandreactionwiththeF2mOleculeandtheFatom

as払1lows,

R2:Siち+e-ム→(SiForSi)+PrOducts+e･

R3:SiF;+F,一生⇒Siち+F･

R4:SiF,+F-ムぅsiF;→Siち+hv･

Theratecoefncientsk3andk4Were(4.7土0.3)×10-13cm3s-1and(5j=1)×10-13cm3s-1,

respectively･[12],[13]However,R3andR4werenegligiblebecausek3andk4are

considerablysmall･Accordingly,thebalanceequationfortheproductionandlossofthe
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SiF2radicalcanbeexpressedbythefbllowlngequation,

吉相=キ堰い_[siF二]一撃･γdl
(3-1)

where〃｡,[SiF2]and[SiF4]arethedensitiesofelectron,SiF2andSiF4,reSPeCtively･kl

andk2aretheratecoefncientsforreactionsRlandR2･てdlisthedi乱sionlifttimeof

theSiF2radical.Tdlisaconstantwiththevariationin賎becausethepressurewas丘Ⅹed･

TheSiF2radicaldensityinasteadystateisthenexpressedby

匝iち]=鬼1Ⅳ｡匝i㌔]
1

ちⅣ｡+一
丁dl

(3-2)

When diffusionlossis dominant,the SiF2densitylS eXPreSSed by thefo1lowlng

equation丘omeq･(3-2),

匝iF2･]=r｡1ちⅣ｡匝iR】･ (3-3)

The SiF2densityisproportionaltokl巫[SiF4]becauseTdlisconstant･Assumingthe

di乱sionlossisdominant,thecalculateddensityofSiF2radicalisdescribedbythe

opencircleas showninFig･3-3･Here,the emissionintensityofAr*provides

informationontheproductionprocessoftheSiF2radical･Therateequationofexcited

Ar*atomdensityinthesteadystateisexpressedbythefo1lowingequation,

肌=塩∝缶
(3-4)

wherekA,istheexcitationrateconstant,てA,istheradiativelifbtime,and[Ar]and[Ar*】

arethedensitiesoftheAratominthegroundandexcitedstates,reSPeCtively･TheA∫*

emissionintensitylAr･isproportionaltokArNe･TheemissionthresholdenergyofAr*is

13.5eV;whichcorrespondstothethresholdenergyof13･9eVforSiF4dissociationthat

producesthe SiF2radical･[17]Therefore,thegenerationrateofthe SiF2radicalis

expressedbythefo1lowlngequation,

[siF2]∝Cん師】, (3-5)

wherecllSaCOnStant･ThegenerationrateoftheSiF2radicalisdescribedbytheopen

triangleasshowninFig･3-3･ThecalculateddensltyandthegenerationrateoftheSiF2
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radicalincreased withincreaslng Ne･The calculated density corresponds
to the

measureddensltyOfSiF2radicalatNtranglngfrom3･8×1010tol･2×1011cm-3･Thi's

suggeststhatthedenominatorineq.(3-2)isalmostconstantregardlessoftheincrease

in賎,andthe SiF2radicalis extinguishedby di肋sionto the wall･However,the

measured densltyOfthe SiF2radicalwas sma11erthanthe calculated density,and

slightlydecreasedatN去abovel･2×1011cm-3･Thissuggeststhatthedenominatorineq･

(3-2)increasesatN去abovel･2×1011cm-3･Here,Whentheelectronimpactdissociation

isdominantinthelossprocessoftheSiF2radical,theSiF2densitylSeXPreSSedbythe

fo1lowingequation丘omeq･(3-2),

匝ち]∝c2匝iF｡], (3-6)

wherec2isaconstant.AsshowninFig.3-2,SiF4densityslightlydecreasedat鵡above

8.7×1010cm-3.Therefore,WhenthelossprocessoftheSiF2radicaliselectronimpact

dissociation,theSiF2densltySlightlydecreases･AsshowninFig･3-3,themeasured

density slightly decreased･Thus,itis considered that the SiF2radicalis mainly

producedbytheelectronimpactdissociationoftheSiF4mOlecule,eXtlnguishedby

di乱siontothewallatNebelowl.2×1011cm-3andbyelectronimpactdissociationat

Ntabovel.2×1011cm-3resultingintheproductionofSiandSiFradicalsaccordingto

月2.

Figure3-4showsSiFradicaldensityasafunctionofN去measuredbyLIF･SiFradical

densltylnCreaSedlinearlywithincreaslngNe･Theproductionandlossprocessesofthe

SiFradicalareexpressedasfo1lows･Them叫OrPrOductionprocessoftheSiFradicalis

assumedtobeelectronimpactdissociationoftheSiF4mOlecule,

R5:Si㌔+e-一旦→SiF+PrOducts+e･

Ontheotherhand,thelossprocessoftheSiFradicalisconsideredtobedifnJSiontothe

wall,electronimpactdissociation andreactionwiththe SiF4andF2mOlecules as

払1lows,

R6:SiF+e-ム→Si+F+e.

R7:SiF+SiFi一土→SiF,+SiF;

R8:SiF+F,---bsiF,+F.
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Theratecoefncientsk7andk8Were(2.8士1.2)×10-11cm3s-1and(2･4土1･2)×10-11

cm3s-1,reSPeCtively･[18]However,R8maybenegligiblebecauseF2densltylSrelatively

smallincomparisonwithSiF4density･Thus,them叫OrlossprocessoftheSiFradicalis

consideredtobedi乱siontothewall,electronimpactdissociationandreactionwiththe

SiF4mOlecule･Accordingly,thebalanceequationfbrtheproductionandlossoftheSiF

radicalcanbeexpressedbythefb1lowlngequation,

紳=棚症抽叶榊帆卜誓 (3-7)

whereNe,[SiF],and[SiF4]arethedensitiesoftheelectron,SiFandSiF4,reSPeCtively･

k5andk6aretheratecoefncientsforreactionsR3andR4･Jrd2isthedi凪1Sionlifbtimeof

theSiFradical.Td2isconstantwithvariationin鵡.TheSiFradicaldensityinthesteady

Stateisexpressedby,

匝iF]= た5Ⅳ｡匝iり

鶴Ⅳ｡.細り+⊥
γd2

(3-8)

Here,theproductionprocessoftheSiFradicalisalsoassumedtobetheelectronimpact

diss?CiationoftheSiF2radicaldescribedabove･Fromeq･(3-2),SiF2densityisroughly

estimatedtobeoftheorderoflO12cm-3uslngrateCOefncientklthatiscalculatedtobe

6.7×10-12cm3s-1uslngthecrosssectionfromRe£22･Theratecoefncientk20fthe

electronimpactdissociationoftheSiF2radicalfortheproductionofSiFradicalwas

unknown.ItisassumedtobeoftheorderoflO-10-10-11cm3s-1atmaximum.TheSiF

radicaldensity(k2NJSiF2])producedbytheelectronimpactdissociationoftheSiF2

radicalwasestimatedtobeoftheorderoflO12cm-3.ontheotherhand,thenumerator

ofeq.(3-8)wasoftheorderoflO13cm-3usingk5Calculatedbythecrosssection丘om

Refl[17].Therefbre,k2NJSiF2]willbemuchsmallerthanthenumeratorofeq･(3-8),

and the contribution ofthe electronimpact dissociation ofthe SiF2radicalto the

productionoftheSiFradicalwi11bemuchsmallerthanthatoftheSiF4mOlecule･Inthe

higherelectrondensltyreglOn,however,theSiFradicalwillbealsoproducedfromthe

SiF2radicalwithelectronimpactdissociation･
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Eachtermofthedenominatorineq.(3-8)wasconsideredasfo1lows･Thereaction

,ateCOnStantk,WaS(2.8土1.2)×10,11cm3s~一andtheSiF4densitywasoftheorderof

lO14cm-3asshowninFig･3-2･Thus,thesecondtermwasestimatedtobeoftheorder

oflO3-104s-1.ontheotherhand,k6WaSunknown,andNtwasoftheorderoflOlO-1011

cm-3asshowninFig･3-1･Ifthe丘rsttermislargerthanthesecondterm,k6Shouldbe

largerthanlO-7cm3s-1whosevalueistoolarge･Itisconsideredthatk6isgenerallyof

theorderoflO-10-10-11cm3s-1.Thus,thenrsttermwillbemuchsmallerthanthesecond

term.Thethirdtermisexpressedbythefo1lowlngequation,[19]

Td= 〆言.2J｡(2-α)
上) γα

(3-9)

wherepisthepressureandAoisthegeometricaldiffusionlengthdeterminedbythe

chamberstructure.Inthisstudy,theelectrodegapof2･5cmismuchsma11erthanthe

chamberlength54cm･Therefore,Aoisexpressedbythefo1lowlngequation,

｣｡=主, (3-10)

whereLis2.5cm,loisexpressedbymwithVandSbeingthevolumeandsurface

area ofthe chamber,reSPeCtively･Vis the veloclty Ofthe
SiF radicalglVen by

(8k777ml)l/2(TandmarethetemperatureandmassoftheSiFradical,reSPeCtively,andk

istheBoltzmannconstant).aisthesurfacelossprobabilityonthechamberwa11,anda

wasassumedtobeO.0245fromRef[17].Disthedi乱sioncoe伍cientfortheSiF

radicalinthe SiF4mOlecule andis calculatedto be1306cm2･Tbrr･S-1uslngthe

chapman-EnskogtheorywiththeLennard-Jonesintermolecularpotential･[20],[21】The

thirdtermOfthedenominatorineq.(3-8)isestimatedtobeabout46･2s-1･Therefore,

thevalueofthesecondtermismuchlargerthanthatofthethirdterm･Accordingly,the

reactionoftheSiFradicalwiththeSiF4mOleculeinthegasphasebecomesdominantas

thelossprocess･Here,Whenthegasphasereactionforthelossprocessisdominant,SiF

densityisexpressedbythefo1lowingequationfromeq･(3-8),

匝F]∝c3Ⅳ｡, (3-11)

wherec3isconstant.TheSiFdensitylSPrOPOrtionalton･Thecalculateddensityofthe
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SiFradical,Whosereactionlossisdominant,isalsodescribedbytheopencircleas

showninFig･3-4･Here,theemissionintensltyOfHe*providesinformationonthe

PrOductionprocessasdescribedabove.TheemissionthresholdenergyofHe*is23.07

ev;andthethresholdenergyofSiF4dissociationproducingtheSiFradicalis20･4eV[22]

Therefbre,thegenerationrateoftheSiFradicalisexpressedbythefo1lowlngequation,

[siF]∝C.IHe･匝iFi]･ (3-12)

ThisgenerationrateoftheSiFradicalisdescribedbytheopentriangleasshowninFig.

3-4.Thecalculateddensityandthe generationrateofthe SiFradicalincreasedwith

increaslngn.Thecalculateddensitycorrespondswelltothemeasureddensityofthe

SiFradicalattheNtranglngfrom3･8×1010tol･4×1011cm-3･Thissuggeststhatthe

denominatorineq.(3-8)isalmostconstantregardlessoftheincreaseinNt,andtheSiF

radicalisdominantlyextinguishedbyreactionwiththe SiF4mOlecule.However,the

measureddensityoftheSiFradicalwassmallerthanthecalculateddensityatNtabove

l･4×1011cm-3･ItisconsideredthattheSiFradicalisfurthermOreeXtinguishedby

electronimpactdissociationinthesamewayastheSiF2radical.Thus,theSiFradicalis

mainly produced by the electronimpact dissociation of the SiF4mOleculeand

extlnguishedbyreactionwiththeSiF4mOleculeat鵡belowl･4×1011cm-3andby

electronimpactdissociationatNtabovel･4×1011cm-3resultinglntheproductionof

theSiatomaccordingtoR6.

Figure3-5showsSiatomdensitiesatthe3p23p2level(251.6nm)and3p21D21evel

(288･2nm)asafunctionof賎measuredbyUVASemployingaho1lowcathodelampas

alightsource.AssumlngtheabsorptlOnPrO丘1etobetheBoltzmanndistribution,the

totaldensltyOftheSiatomattheelectronicgroundstate,thatiscomposedofthe3p23p

and3p21Dlevels,Canbeestimated･Here,WhenthetemperatureoftheSiatomis600K,

theSidensityratioforthe3p23po:3p23pl:3p23p2:3p21D21evelsisglVenaSO.34:

0･85:1:4･64×10-7uslngtheBoltzmanndistribution･AsshowninFig･3-5,theSi

atomdensltyatthe3P23p21evelwasabouttwiceaslargeasthatatthe3P21D21evelatNt

of3･8×1010cm-3･Accordingly,thetotalSidensltyat鵡of3･8×1010cm-3was

estimatedbymultiplyingthedensltyOfthe3p23p21evelbyafactorof2･7･[22],[23]
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Therefore,thetotaldensltyOftheSiatomwascalculatedasshowninFigure3-6.The

totaldensltyOftheSiatomwasfbundtobeoftheorderoflO10-1011cm-3andincreased

WithincreaslngNe.TheproductionandlossprocessesoftheSiatolnCanbeexpressed

asfo1lows.Them叫OrPrOductionprocessoftheSiatomisassumedtobetheelectron

impactdissociationoftheSiF4mOlecule,

R9:Si㌔+e一旦→Si+PrOducts+e.

Here,theproductionprocessoftheSiatomisalsoassumedtobetheelectronimpact

dissociationofSiF and SiF2radicals as described above.The ratecoefBcients ofthe

electronimpactdissociationofSiF2andSiFradicalsfortheproductionoftheSiatom

Were unknown.Theproductionprocess ofthe Siatomwas complicated sincemany

ParameterSPrOducingthe Siatomwereconsidered,eSPeCiallylnthehigherelectron

density reglOn.Asimple modelinwhichthe Siatomisproduced onlybyelectron

impactdissociationoftheSiF4mOleculeisassumedinthisstudy･

Them年IOrlossprocessesoftheSiatomarediffhsiontothewallandreactionwiththe

SiF4andF2mOleculesasfo1lows,

RlO:Si+SiFi一血→SiF;+SiF3.

Rll:Si+F7一血→SiF+F.

Theratecoefncientsk.oandkl.Were(2.2士1.4)×10-11cm3s.1and(2.9土1.1)×10.11

cm3s-l,reSPeCtively･[18]However,RllwasnegligiblebecauseF2densitywasrelatively

Sma11incomparisonwithSiF4denslty･Thus,them句OrlossprocessoftheSiatomis

difnlSionto the walland reactionwith the SiF4mOlecule.Accordingly,the balance

equationfortheproductionandlossoftheSiatomcanbeexpressedbythefollowlng

equation,

紳=楯山｡帥i廿里rd3 (3-13)

WhereNさ,[Si]and[SiF4]arethedensitiesoftheelectron,SiandSiF4,reSPeCtively.k9

andklOaretheratecoe伍cientsfbrreactionsR9andRlO.Td3isthedifnlSionlifttimeof

theSiatom.Td3andklOareCOnStantWiththevariationin入ち.TheSiatomdensltylna

Steadystateisexpressedas,
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匝]= た9Ⅳ｡匝iり

ん-｡[siり+⊥
rd3

(3-14)

Thenrsttermofthedenominatorineq.(3-14)isexplainedasfollows･Thereactionrate

constantk10WaS2.2×10-11cm3s･1,andSiF4densltyWaSOftheorderoflO14cm-3as

shownin Fig.3-2.Therefore,thefirst term ofthe denominatorin eq･(3-14)was

estimatedtobeoftheorderoflO3-104s-1.ontheotherhand,thesecondtermofthe

denominatorineq.(3-14)isgivenbyeq.(3-9),WithαOfO･063丘omRefl[17]･The

di飢1Sion coefncientfor Siatomsin the SiF4mOleculeis calculated to be1855

cm2･Tbrr･S.1.Thesecondtermofthedenominatorineq.(3-14)isestimatedtobeabout

173s-1.Therefore,thevalueofthe丘rsttermismuchlargerthanthatofthesecondterm･

Accordingly,thereactionwiththeSiF4mOleculebecomesdominantasthelossprocess･

Here,WhenthereactionoftheSiatomwiththeSiF4mOleculeisdominantastheloss

processofthe Siatom,SidensitylSeXPreSSedbythefo1lowlngequationfromeq･

(3-14),

匝]∝c5〃｡, (3-15)

wherec5isconstant.SidensitylSPrOPOrtionaltoN;ThecalculateddensityoftheSi

atom,Wherethereactionlossisdominant,isalsodescribedbytheopencircleasshown

inFig･3-6･Here,theemissionintensltyOfHe*alsoprovidesinformationonthe

productionprocessasdescribedabove･ThethresholdenergyofSiF4dissociationthat

producestheSiatomis24･6eV【17]Therefore,thegenerationrateoftheSiatomis

expressedbythefo1lowlngequation,

国∝cん[siり･ (3-16)

ThegenerationrateoftheSiatomisdescribedbytheopentriangleasshowninFig･3-6･

ThecalculateddensltyandgenerationrateoftheSiatomincreasedwithincreaslngN;

ThecalculateddensltyOftheSiatomcorrespondstothemeasureddensltyat鵡ranglng

from3.8×1010tol.0×1011cm-3.Thissuggeststhatthedenominatorineq.(3-8)is

almostconstantregardless ofincreaslng巫,andthe
Siatomisextlnguishedbythe

reactionwiththe SiF4mOlecule.However,the measureddensityofthe Siatomwas
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1argerthanthecalculateddensityat鵡abovel･0×1011cm-3･ItisconsideredthattheSi

atomwasproducedbytheelectronimpactdissociationofSiFx¢=1-3)radicalsin

additiontotheSiF4mOlecule,reSultingintheSidensitybeinglargerthanthecalculated

densityoftheSiatom･Therefore,theSiatomismainlyproducedbytheelectronimpact

dissociationofSiF4mOleculeat鵡belowl.0×1011cm-3andbytheelectronimpact

dissociationofSiFx(x=1-3)radicalsinadditiontotheSiF4mOleculeatNtabovel･0×

1011cm-3,anditisextinguishedbythereactionwiththeSiF4mOlecule･

Figure3-7showstheFatomdensityasafunctionof賎measuredbyAOES･TheF

densityincreasedlinearlywithincreaslngn･TheFatomwouldbeproducedwiththe

dissociationofSiFx¢=1-4)suchasreactionsRl,2,5and6･Therefore,itisconsidered

thatdissociationintheproductionofFatomincreasedwithincreaslng鵡･

3.3Spatialdistribution

Figure3-8showsthespatialdistributionofSiF4mOleculedensitiesasafunctionof

賎.TheSiF4mOleculedensityatthecenteroftheelectrodewaslowerthanthatinthe

vicinityofthechamberwallduetotheelectronimpactdissociation･TheSiF4mOlecule

densitieswerealmostflatintheplasmareglOnatarelativelyhighelectrondensityand

tendedtoincreasegradua11y丘omtheplasmareglOntOWardsthewall･

Figure3-9showsthespatialdistributionofSiF2radicaldensitiesasafunctionof鵡･

The distributionofSiF2radicaldensitieswasalmostflatintheplasmareglOnand

decreasedoutsidetheplasmareglOn.SiF2densitylnCreaSedwithincreaslngN去from3･8

×1010tol.2×1011cm-3andslightlydecreasedwithincreaslngNtabovel･2×1011cm-3

asshowninFig･3-3･Thisbehaviorwasalsoobservedallovertheelectrode･Figure

3-10showsthespatialdistributionofSiFradicaldensitiesasafunctionofNt･The

distributionofSiFradicaldensitieswasalmostflatintheplasmareglOnanddecreased

outsidetheplasmareglOnaSObservedintheSiF2radical･However,SiFandSiF2radical

densitiestendtodecreaseslightly丘omtheplasmaboundarytowardsthecenterofthe

electrode･Figure3-11showsthespatialdistributionoftheelectrondensltyandthe
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electrontemperature･Theconditionis賎of3･8×1010cm-3atthecenteroftheelectrode

andapressureof40mTbrr.The鵡isalmostflatintheplasmareglOnanddecreased

OutSide the plasma reg10n,While the7七waslarge at the plasma boundary reg10n･

Therefbre,theproductionofSiFandSiF2radicalsbyelectronimpactdissociationwas

large,reSultingthat SiFand SiF2radicaldensitiestendtodecreaseslightlyfromthe

Plasmaboundarytowardsthecenteroftheelectrode･

Figure3-12showsthe丘1mthickness･ThedepositionconditionisVHFpowerofl

kW,aPreSSureOf5.3Pa,SiF4flowrateof90sccm,anddepositiontimeof15minutes･

The丘1mthicknesswasbetween248and260nm,andwasachievedthehighuniformity

depositionwithin5%.Therefore,itisclari丘edthatVHF-CCPhasanadvantagefbr

largeareaplasmaprocesswithhighuniformlty.

3.4Summary

ThedensitiesoftheSi,SiFandSiF2radicalandtheSiF4mOleculeinVHF60MHz

SiF4CCPweremeasuredasafunctionofNtuslngLIF,IRLASandUVASteclmiques

andthe behavioroftheirradicalsandthe SiF4mOleculewas characterizeduslng an

internalplasmaparameterof入ち.TheSiF4densltydecreasedwithincreaslng∧ち,andthe

dissociationratioofSiF4WaSSaturatedatabout63%at鵡of8.7×1010cm-3.siF4

moleculesaredissociatedintoSiFx¢=0-3)radicalsbyelectronimpact.

SiF2radicaldensitydecreasedwhileSiandSiFdensitiesincreasedwithincreaslng鵡

abovel.2×1011cm-3.The SiF2radicalis mainly produced by electronimpact

dissociationofSiF4andextlnguishedbydiffusiontothewallatNtbelowl･2×1011

cm-3andbyelectronimpactdissociationatNeabovel･2×1011cm-3,reSultinginthe

PrOductionoftheSiatomandtheSiFradical.SiFradicaldensltylnCreaSedlinearlywith

increaslng electron density.The SiF radicalismainlyproduced
by electronimpact

dissociationoftheSiF4mOleculeandextlnguishedbyreactionwiththeSiF4mOlecule.

ThetotalatomdensityoftheSiatomwasestimatedtobeoftheorderoflOlO-1011

cm-3･TheSiatomismainlyproducedbyelectronimpactdissociationofSiF4mOlecule
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at鵡belowl.0×1011cm-3andbyelectronimpactdissociationofSiFx(x=1-3)radicals

inadditiontotheSiF4mOleculeatNeabovel.0×1011cm-3

The spatialdistributionofSiF,SiF2andSiF4densitieswasmeasuredbyLIFand

IRLAS,ShowlnganalmostnatdistributioninsidetheplasmareglOn.Therefore,the丘1m

thicknesswasachievedtheunifbrmityof5%inthediameterof8inchs.

ThekilleticsofspeciesinSiF4Plasmahasbeenclari丘edquantitatively,PrOViding

importantbasicdataonplasmaprocesslng･
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Chapter4

Effbctofexcitationfrequencyonthetranslational

temperatureandabsolutedensityofSiatomsin

Very high frequency capacitively coupled SiF4

plasmas

4.1Introduction

TheSiatomisoneofthemostimportantspeciesforSiF4basedplasmaprocesses,

becausethe Siatomis areactive species withahighsurfaceloss probability･[1]

Therefore,theSiatomintheplasmagreatlyafftctsthedepositionofhigh-qualitythin

丘1msandthepreciseetchingofmaterials.

The neutralgas temperatureis one ofthe mostimportant plasmaparametersfor

understandingand controllingtheplasmaprocessbecausethe gastemperaturehasa

COnSiderable efftct on the density pro丘1es and the tranSPOrt Of reactive radicals.

Moreover,many Chemicalreaction rates are strongly related tofunctions of the

temperature ofthe species.Recently,aninterestin the behavior ofthe neutralgas

temperaturehasintensi丘ed,Whilethediagnosticsofradicaldensitiesremainimportant

to understandthe plasmaprocesses andto controlthem.Usuallythe diagnostics of

radicalsareperformeduslnglaserinducedfluorescenceandabsorpt10nSPeCtrOSCOPy,

andthevaluesmeasuredhavetobecorrectedfor･thepartitionfunctionthatisafunction

Ofthe gas temperature to obtain the absolute densities.The temperature ofneutral

radicals provides us with alot ofimportantinformationfrom the standpolnt Of

understandingthereactionchemistries.However,therehasbeenftwreportedaboutthe
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dependenceoftheexcitationfrequencyonthetemperatureofradicalsinadditionto

theirabsolutedensitiesintheVHFplasma.

Inthischapter,thetranSlationaltemperatureandtheabsolutedensltyOfSiatomsin

the VHF-CCP at27MHz and60MHz employlng SiF4Wereinvestigated uslng

ultravioletabsorptionspectroscopy(UVAS)witharingdyelaserandahollowcathode

lamp,andtheabsolutedensltyandthetranslationaltemperatureoftheSiF4mOleculeby

in丘areddiodelaserabsorptionspectroscopy(IRLAS)･Basedontheseresults,theeffbct

ofexcitationfrequencyonthetranslationaltemperatureoftheSiatomsinVHFSiF4

CCPisdiscussed.

4.2EstimationoftranslationaltemperatureofSiatom

Figure4-1showsthetypICalabsorption coe伍cientpro丘1e ofthe Siatom･The

experimentalconditionwasanexcitationfrequencyof60MHzandanelectrondensity

of3.8×10)Ocm-3･TheDopplerbroadenlngWaSdominantfortheabsorptionlineinthe

presentexperimentalcondition･Therefore,thetranslationaltemperatureoftheSiatom

wasevaluatedaccurately丘omthewidthoftheabsorptlOnPrO丘1eAvD･Thetranslational

temperatureoftheSiatom,thatis,Twasobtainedbythefo1lowlngequation,

加D=2凧(封2,
(4-1)

wherevoisthelaserfrequencyatthelinecenter,kBistheBoltzmannconstant,Cisthe

speedoflight,andmisthemassofSiatom,reSPeCtively･AsshowninFig･4-1,theline

represents calculated absorptlOn COefncient pro丘1e of
Siatom at a translational

temperatureof600KandaSidensityof3･4×109cm-3atthe3p21D21evelandagreed

wellwiththemeasuredprome･Therefore,AvDWaS3･45GHzandthetranslational

temperaturewasestimatedtobe600K･TheSiatomdensitiesatthe3p21D21evel

measureduslngahollowcathodelampwerealmostthesamevalueasthoseuslngarlng

dyelaser･Therefbre,both measurement teclmiques were successfu11y applied to

evaluatetheSiatomdensitylntheplasma･
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Figure4-1TheabsorptlOnCOefncientpro丘1eoftheSiatom

atthetransitionof3p21D2-3p4sIpl(288.2nm).
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Figure4-2Siatomtranslationaltemperatureasafunctionofelectrondensity･
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Figure4-2showsthetranslationaltemperatureoftheSiatomasafunctionofelectron

density･TheelectrondensitiesobtainedinFigure4-3wereusedasthehorizontalaxis.

ThetemperaturesoftheSiatomat27MHzand60MHzincreasedwithincreaslngthe

electrondensltyfromlO60Kto1300Kandfrom600Kto940K,reSPeCtively･The

temperaturesat27MHzwereconsiderablylargerthanthoseat60MHz.Moreover,the

ChangeintemperatureslopeagreedwellwiththatoftheSiatomdensitiesatelectron

densitiesabovel･0×1011cm-3at60MHzasdescribedbelow･Here,thespatially

line-aVeragedtemperaturesoftheSiatomexpressthetemperaturepro丘1eoftheSiatom

intheplasmareglOn,becauseofthehighlossprobabilityoftheSiatom.

4･3 Effbct of excitation frequency on the translational

temperatureandabsolutedensityofSiatoms

Figure4-3showstheelectrondensity(Ne)andtheelectrontemperature(n)asa

functionofVHFpower･Theplasmaconditionwasmaintainedatatotalpressureof5･3

PaandaSiF4flowrateof90sccm･TheNtatbothfrequenciesincreasedwithincreaslng

VHFpowerfromO･5kWto2･OkW･TheNtat60MHzwaslargerthanthatat27MHz

atthesameVHFpower･ItisreportedthatralSlngtheexcitationfrequencyataconstant

amplitude ofthe qpplied voltageincreases the plasma denslty aPPrOXimatelyln

PrOPOrtiontothesquareoftheexcitationfrequency･[2]Inthisstudy,however,theNtat

60MHzwasapproximatelydoublethatat27MHz,Sincetheamplitudeoftheapplied

VOltagewasdifftrent.T;decreasedslightlyfrom3eVto2.3eVat60MHzand丘om4.1

eVto3･8eVat27MHzwithincreaslngtheVHFpower･

Figure4-4showsthetotalSiatomdensltyaSafunctionofelectrondensity･Thetotal

SidensltyWaSeStimatedbytheSidensltyratioatthe3p21evelfromtheassumptionof

Boltzmann distributionthatis afunctionofthetranslationaltemperature,andthe

translationaltemperaturesasshowninFig･4-2wereusedfbrestimatlngSidensities.[3]

TheSiatomdensitiesat27MHzwerelargerthanthoseat60MHzatthesameNtdue

tothehigh7七at27MHz･ItisnoteworthythattheSiatomdensitiesatbothfrequencies
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wereincreasedlinearlywithincreaslngNeuptol･0×1011cm-3,andthegradientofthe

siatomdensltyWaSChangedremarkablyatN云ofl･0×1011cm-3at60MHz･Here,the

productionandlossprocessesofSiatomsweretheelectronimpactdissociationofSiFx

¢=1-4)andthereactionwiththeSiF4mOlecule,reSPeCtively,aSdescribedinchapter3･

Inthisstudy,theSiatomdensitieswerecalculatedontheassumptlOnthatthemain

productionofSiatomwastheelectronimpactdissociationofSiF4mOleculeandthe

losswasthereactionwithSiF4mOlecule,andrepresentedbytrianglesasshowninFig･

4-4.The SiF4densitiesmeasuredbyIRLAS were used as describedbelow･The

gradientsofmeasuredSidensitiesatN;abovel･0×1011cm-3at60MHzandtheSi

densitiesat27MHzwereestimatedasbeinglargerthanthoseofcalculateddensities･

Asaresult,theSiatomswereproducedmorebytheelectronimpactdissociationofSiFx

¢=1-3)radicalsthantheSiF4mOleculesat27MHzandhigh鵡abovel･0×1011cm-3

at60MHz,because the SiF4mOlecules were depleted as described below･

Figure4-5showstheSiF4mOleculedensityasafunctionofelectrondensity･The

siF4densityat27MHzdecreasedupto鵡of5×1010cm-3,andsaturatedwithfurther

increaslngn･ThedissociationratiooftheSiF4mOleculesat27MHzwasestimated

about89%atN去Of8.5×1010cm-3,WhilethedissociationratiooftheSiF4mOleculesat

60MHzwas63%.TheSiF4densltyat27MHzwassmallerthanthatat60MHzatthe

sameNt,Since7もat27MHzwaslargerthanthatat60MHzasshowninFig･4-3･

4.4Mechanismn)rtranSlationaltemperatureofSiatom

Themechanismforthegas･temPeraturehasbeenreportedbysimulationsandmodels･

Here,SOmeOfthesereportsareshownasfo1lows･

Kiehlbauchetal.reportedasimulationandexperimentofthegastemperatureinthe

ppA(point-Of-uSePlasmaabatement)systemusingCF4andO2gaSeS･[4]Theneutral

temperatureweremeasureduslngtherotationalspectrumofanelectronictransition

betweenanexcitedstateandagroundstatebyOES･Therotationaltemperaturewas

estimatedbyassumlngaBoltzmanndistributionoftherotationalenergy,andassumed
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tobeinequilibriumwiththetranslationaltemperature･Thismodelwasdescribedas

fbllows.

Theneutralbalancewrittenintermsofmassdensityis

言(グvr)+∇･(紳)･∇･ヴ=一夕(∇･両･
Theconductiveheatfluxisexpressedby

ヴ=-〝∇r,

(4-2)

(4-3)

wherepisthetotalneutralmassdenslty,Cvisthemixtureheatcapacity,Tistheneutral

temperature,uisthemass-aVerageCOnVeCtivevelocity,Pisthetotalpressure,andKis

themixturethermalconductivity.Thesummationisoverallneutralspecies.Thesecond

termandthirdtermontheleft-handsideofeq.(4-2)representthetranSPOrtOfenergy

byconvectivenowandthermalconduction･Thethermalconductivityisafunctionof

temperature and mixture composition･The丘rstterm onthe right-hand sideis the

PreSSure-VOlumework.

Snisthesourcetermforco11isionalenergytransfヒrfromthechargedspeciestothe

neutrals,

ぶⅢ=∑(g｡･Ⅳn+G且+吼)･
n

(4-4)

ThetermsダCn,1En,GPn,andE｡rePreSenttheheatingduetotheFrank-Condonefftct,

theelectronimpactvibrationalexcitationoftheneutralmolecules,theheatingdueto

gas phase thermOChemistry,andion/neutralcharge exchange and elastic collisions,

respectively･Theneutralgasisassumedtofo1lowMaxwell-Boltzmarmstatics･

Frank-Condonheatingforspeciesnisexpressedby

ダC｡=∑屯ⅣeⅣ｡Agr,
r

(4-5)

wherethesummationisovera11electronimpactdissociationreactionsforspeciesnthat

releaseFrank-Condonenergy,k,istheratecoefBcientforthereactioninvoIvingspecies

n,N去and爪aretheelectronandneutralnumberdensities,reSPeCtively,andAE,isthe

Frank-Condonenergyreleasedinreactionr･TheFrank-Condonefftctoccurswhenan
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electron strikes aneutralmolecule withsufncient energy to raise the moleculeto a

dissociativestate.IngeneralthisenergylSgreaterthanthedissociationenergy,Which

resultsinthedissociatedfragmentsobtainlngeXtrakineticenergy･

ElectronimpactvibrationalexcitationwasincludedonlytheoneexcitedstateofCF4

andthethreeexcitedstatesofO2.

ThetermodynamicsofthegasphasechemistrylSanOthersourceofneutralheating･

Thisistheenthalpyofreactionattheneutraltemperaturetimestherateofthereaction･

The血alneutralheatlngtermrePreSentS gaSPhase co11isions withtheions･Ions

transftrenergytotheneutralthroughchangeexchangecollisionsandelasticcollisions･

Ion/neutralco11isions were handled as a constant due to the hardsphere modelfor

co11ision cross section.The totalrate ofion/neutralenergytranSferis calculated by

integratingoverionandneutralvelocltydistributions･Theion/neutralenergytransfbris

dominatedbythesheaths,Wheretheionvelocityishigh･

Thesimulationshowsthatthepowertransfbrredtotheneutralsistypically25-30%

Oftherfpower･Frank-Condonheatingandion/neutralheatlngaredominantforthe

heatlngmeChanism,eaChaccountlngforabout40%oftheneutralenergysourceterm･

Gasphase chemistryandvibrationalexcitationareeachlO%oftheneutralenergy

SOurCe term.Itisfound that PPAsystem uslng CF4and O2gaSeSis dominated by

electronimpactdissociation･

Cruden et al･have reported the neutraltemperaturein
CF4/02/ArICP⊥【5]The

rotationaltemperatureofCFradicalwasestimatedfromBrXbandsystemnear203nm

byOES.

Thedependenceofgastemperatureonpressurecanbeestimatedbyconsideringthe

Steady-Stateheatbalance,andapproximatedexpressedby

J-′9dF=-たgas∇r･ぶ, (4-6)

WheretheheatinputQisbalancedbyconductionofheatthroughthegastothechamber

Wa11sandkgasisthethermalconductivity･IftheheatlnPutisdominatedbyelectron

impactprocesses,thenQwillbeapproximatelyproportionaltotheproductofelectron
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andneutraldensities.

OneofprlmaryPrOductionmechanismsofCFistheelectronimpactdissociationof

CF4.TheenergythresholdfbrCF4dissociationtoCFisnear20eV;althoughthe

thermOdynamic heat ofreactionfor this processis only14･7eV,meanlng that

approximately5･3eVofadditionalenergylSimpartedintoneutralreactionproducts･

This was termed Frank-Condon heatlng･This excess energy willbe dividedinto

translationalenergyfornuorineatomsandrotational,Vibrational,andtranslational

modesofCF.ForaroughestimateofhowmuchenergygoesintoCF,itisassumedthat

thetranslationalenergylSPartitionedamongtheCFandFspeciesandCFwillhave

aboutO.77eV(9000K)oftranslationalenergy,immediatelyfo1lowingCF4dissociation･

Donnellyetal･rePOrtedtherotationaltemperatureofN2aSatraCegaS丘omthe

C3rIu-B3口gnear337nmintheC12ICP･[6]ThemechanismforgasheatlngWaSdescribed

as払1lows.

Power(W/cm3)istransfbrredfromtheelectronstothegas(ClandCl2)by

(a)dissociation

吼=2た｡〃e〝｡′2∂d,

(b)rotationalexcitation

(C)momentumtransfer

町言=
あ｡〃gr｡三
〟g′77e

αr｡t(E｡わr｡t(ee)ム(e｡わ且｡,

J函m(且｡)康｡わ且｡,

(4-7)

(4-8)

(4-9)

wherekdistheelectronimpactdissociationrateconstant(dissociativeattachmentand

dissociativeionizationcontributemuchless),∂distheenergyreleasedintoeachCl

atominCl2dissociation,6r｡t(Ee)isthetotalrotationalscatteringcrosssection,∂rot(Ee)is

theenergyconvertedintoC12rOtationalenergy,j;(Ee)istheelectronenergy(Ee)

distributionfunction,qm(Ee)isthemomentumtransfヒrcrosssectionforClorCl2,andng

andM;arethenumberdensltyandmassofClorC12,reSPeCtively･Consequently,the
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energyreleasedinC12dissociationdominateselectroninducedheatlng･

Powertransfbrfromtheions-occurswhentheycollide(includingchargeexchange)

withtheneutralgasinthepresheathreg10n,

(d)ionheating

呵=乃こvBk｡S･亘w)言,
(4-10)

wheren+i,Sisthepositiveiondensltyatthesheathedge,VBistheBohmveloclty,∂ipsIS

theenergytransftrredtoneutralsperioncollisioninthepresheath,∂iwistheenergyof

theion(presumablyneutralized)scatteringfromthewallsandwafer,andVandAare

thetotalplasmavolumeandefftctiveareaofthechamber･Theionheatingwassma11

fromthecalculation.However,Wscaleswithni+Ttwhichdecreaseswithincreaslng

pressure.Near rflbiased electrodes andinplasmas withhigher7も,the mechanism

shouldbemoreimportant,eVenif∂iwislessthanlO%oftheincidentionenergy･

Presumably,thismechanismplaysam句OrrOleinthecoolerArplasmas･

Heatislostbyco11isionofhotneutralsatthechamberwa11s･Becauseofthelarge

thermalgradients,thetemperature-dependentthermalconductivityofthegas(kg),the

higherkgforCIvsC12,theconcentrationgradientsofClandCl2nearthewalls,and

othercomplexitiesintheheatinputprocess(e･g･,itsspatialdependence)･

Asaresult,theyconcludedthatheatlnglSmOStlikelyduetoprlmarilytotheenergy

releasedinC12dissociation.

Here,electronimpact dissociation asinthefo1lowlng reaCtionis consideredfor

explainlngtheFrank-Condonefftct･【7]

』β+e→d+β+e.

ThevarietyofsomeprocessesisillustratedinFigure4-6･Incollisionsaora,,thev=O

groundstateofABisexcitedtoarepulsivestateofAB･Therequiredthresholdenergy

(eth,)ise｡forcollisiona,andc｡,forcollisiona'･Thisenergyleadstoenergyofproducts

(here,AandB)afterdissociation.Typica11yca-ethrisfbwvolts;COnSequently,hotneutral

fragmentsaretypICa11ygeneratedbydissociationprocesses･Incollisionb,theground

stateABisexcitedtoanattractivestateofABatanenergycbthatexceedsthebinding
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energyEdissOftheABmolecule,reSultingindissociationofABwithfragmentenergy

Eb-Cdiss.Incollisionb',theexcitationenergycb,equalscdiss,andthefragmentshavelow

energleS;hencethisprocesscreatesfragmentshavlngenergleSranglngfromessentially

thermalenergleSuPtOEb,-CdissWithfewbolts.Incollisionc,theABatomisexcitedto

theboundexcitedstateAB*(1abeled4),Whichsubsequentlyradiatestotheunbound

ABstate(labeled3),Whichthendissociated.Thethresholdenergyrequiredislarge,and

thefragmentsarehot･

IntheSiF4Plasma,theSiatomproducedfromSiF4mOleculereactedwiththeSiF4

moleculeimmediately,becausethereactionrateconstantwas2･2×10-11cm3s-1,【8]

therefore,itisassumedthattheheatlossofthermaldi凪1Siontothewallisnegligible.

ThetranslationaltemperatureswouldincreasewithincreaslngSiF4density･However,

thetranslationaltemperatureoflO60Kat27MHzwaslargerthanthatof600Kat60

MHz,althoughtheSiF4densityofl･5×1014cm-3at27MHzwassmallerthanthatof

4.3×1014cm-3at60MHz.Itisassumedthatthem勾OrheatingprocessofSiatomsis

theFranck_Condoneffヒct.Thisefftctoccurswhentheelectronco11ideswithaneutral

moleculewithsufncientenergytoraisethemoleculetoadissociativestate.Thisenergy

islarger than the electronimpact dissociation energy of the neutralmolecule･

Consequently,dissociatedfragments with excess energy are produced.This excess

energyisdividedintotranslationalenergy･

7tincreased with decreaslng the excitationfrequency,and so the Siatoms were

PrOducedmorefromradicalssuchasSiFx¢=1-3)radicalsthanSiF4mOleculesbythe

electronimpactdissociationduetodepletionoftheSiF4mOlecule.Therefore,thehotSi

atomis created due to the difftrence ofenergy ofSiatomproducedfrom electron

impact dissociation ofSiFx¢=1-3)radicals and SiF4mOlecules･,reSultingin an

increaseintranslationaltemperatureoftheSiatoms.
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4.5Summary

Insummary,UVAStechniquesemploylngarlngdyelaserandahollowcathodelamp

wereqppliedtoinvestigatethee飴ctsofexcitationfrequencyonthedensltyandthe

translationaltemperatureoftheSiatominCCPsexcitedwithVHFat27MHzor60

MHzemploylngaSiF4gaS･ThetranslationaltemperatureoftheSiatomwasveryhigh,

avalueabovelO60K,eSPeCiallyat27MHz,andthiswasexplainedbytheheatlng

effbctduetoFrank-CondonefftctandthehotSiatomiscreatedduetothedifftrenceof

energyofSiatomproducedfromelectronimpactdissociationofSiF,¢=ト3)radicals

and SiF4mOlecules.These results ofthe high temperature of Siatoms are very

important not onlyfor the qpplication ofVHF plasma,but alsoforfundamental

reactionsintheplasmaprocess･
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Chapter5

Effbctofexcitationfrequencyonabsolutedensity

andtranslationaltemperatureofSiatominSiH4

PlasmawithAr;Ⅱ2,andN2dilutiongases

5.1Introduction

SiH4basedplasmashavebeenemployedwithsomekindsofdilutiongasessuchas

noblegases,N2andH2gaSeS･Forexample,SiH4/H2Plasmaisusedfordepositing

microcrystalline silicon丘Ims(pc-Si)and
hydrogenated amorphous silicon丘1ms

(a-Si:H)inthinfilmtransistors(TFT盲)andsolarcells･[1],[2]siH4朋2Plasmaisusedfor

synthesizing siliconnitride丘Imsas apassivationlayerofOrganic LightEmitting

Devices(OLEDs)andagateinsulating丘1ms ofultralarge scaleintegratedcircuits

(ULSIs).【3],[4]Itiswellknownthatneutralradicalspecies(SixHy)areresponsibleforthe

thin一丘1mformationinSiH4basedplasma･Itisindispensableforsynthesizingthese

functional丘1mswithhighqualitytounderstandandcontrolthebehaviorsofneutral

radicalspeciesinreactiveplasmas･Therefore,inordertounderstandthemechanismof

thin一丘Imformationquantitatively,itisdemandedstronglytocharacterizetheneutral

radicalsintheplasma.

TheSiatominSiH4basedplasmaprocessesinfluencesthe丘Imformationbecause

theSiatomisoneofmostreactivespecieswiththehighlossprobability.inthegas

phaseandsurface･Ⅵmamotoetal･rePOrtedthatthecontributionofSiatomtothe

thin一丘1mformationwasabout3.3timesaslargeasthatofSiH3radicalintheECR

SiH4/H2Plasma･[5]Murataetal･rePOrtedthatthegrowthofmicrocrysta11inesiliconwith

preftrentialcrystallineorientationwouldbedependentonthebalancebetweensilicon

and hydrogen atom densitiesinthe pulse modulated ultrahighfrequency SiH4/H2
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plasma･[6]Moreover,theSiatomreactswiththeSiH4mOleculewithahighreactionrate

and produces the higher order silane-relatedradicals･These radicals withhighloss

probability make aslgni丘cantin8･uenCeOnthe丘Im quality suchas defects,Which

causesthe photo-induced degradation ofa-Si:H丘1msforthe solarcellevenifthe

densltyOftheseradicalsislowintheplasma･[7]Therefbre,thequantitativeinformation

ofbehaviorsofSiatomsinSiH4basedplasmaisverylmPOrtantfortheformationof

highquality-thin丘1ms.

IntheSiH4/H2PlasmaforhydrogenatedamOrPhoussilicon,manyreSearChbyuslng

VHF-CCPhavebeeninvestigatedasdescribedinchapterl.Forexample,theincrease

oftheexcitationfrequencydecreasesthesheaththickness,[8]resultinginthereduction

OfionbombardmentenergylnCidentonthea-Si:HandLIC-Si丘1ms,Whichisusually

favoriteforthe synthesisofhighquality丘1ms･Tbkaietal･rePOrtedthatincreaslng

excitationfrequencyledtoreducingthe7も,reSultinginthereductionofthehighorder

Silane-related radicalsin the plasma.Accordingly,a-Si:H丘1ms wereformed with

considerablylessphoto-induceddegradation･[9]Theincreaseoftheexcitationfrequency,

therefore,has glVen the great advantages to the thinfi1msformation･The good

Performances ofVHF-CCPprocessesinsynthesizingthin丘Ims have beenreported･

However,it has not been studied enough onthe plasma chemistry such as radical

density,radicaltemperature,and so oninVHF-CCP･Theplasmachemistrybrought

aboutintheVHF-CCPandthee飴ctoftheexcitationfrequencyonradicalspeciessti11

hasneverbeenclari丘edindetail.Therefore,thediagnosticsofradicalsinVHF-CCPis

indispensableandherebytoelucidatetheneutralradicalchemistryinVHF-CCPisvery

important.

Up to now,1もnaka et al.measured the absolute denslty and the translational

temperatureofSiatomsintheRF(13.56MHz)SiH4/Arplasmausingtheultravi01et

absorptlOnSPeCtrOSCOPICteChniqueemploylngarlngdyelaser･【10】Thetranslational

temperatureswerevariedfrom380Kto700KincreaslngSiH4nOWrateratiofromOto

lOO%･In chapter4,the e脆ct ofexcitationfrequencies above13･56MHz onthe

translationaltemperatureofSiatomsinVHF-CCPemploylngSiF4gaSWaSmeaSured･

ThetranslationaltemperaturesofSiatomsattheexcitationfrequencyof27MHzwere
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1argerthanthoseat60MHzatthesame鵡･Theresultswereexplainedbythediffbrence

intheenergyofSiatomsreleased丘omtheelectronimpactdissociationofSiFx(x=

1-3)radicals and SiF4mOlecule･Therefore,itis veryimportant to clarifythe

dependenceoftheexcitationfrequencyandtheefftctofdilutiongasonthetemperature

ofSiatomsintheVHF-CCPemploylngtheSiH4basedplasma･Aslongasweknow,

thecharacteristicsofthetranslationaltemperatureofSiatomshaveneverbeenreported

inVHFSiH4basedplasmawithdilutiongases･

Inthischapter,theabsolutedensityandthetranslationaltemperatureofSiatomsin

the VHF-CCP employlng SiH4Wereinvestigated uslng the ultraviolet absorption

spectroscopy(UVAS)witharingdyelaserandahollowcathodelamP･Theabsolute

densltyOfSiH4mOleculewasmeasuredbyinfrareddiodelaserabsorptionspectroscopy

(IRLAS).Basedontheseresults,theefftctofthedi飴rentexcitationfrequencies(270r

60MHz)andthedilutionofAr,N2,andH2gaSeSarediscussed.

5.2BehaviorofSiatomdensity

Figure5-1showstheelectrondensity(Ne)asafunctionofSiH4nOWrateratiowith

dilutiongasesofAr,N2,andH2in27MHzor60MHzplasmas.Theplasmacondition

wasmaintainedatatotalpressureofllPa,aVHFpowerof1500W,andadilutiongas

flowrates oflOO sccm.The substratetemperature waskeptbelow373Kbyuslng

helium-backsidegascooledbyawaternow.TheSiH4flowratewasvariedfromOto15

sccm.NtintheSiH4/ArandSiH4′N2PlasmaswereoftheorderoflOllcm-3,Ontheother

hand,NeintheSiH4/H2PlasmawasoftheorderoflOlOcm-3･NtintheSiH4/Arplasma

decreasedwithincreaslngSiH4flowrateratlO,WhilethedensitiesintheSiH4/N2and

SiH4/H2Plasmaswerealmostconstant.Theratecoe伍cientsofthetotalelectronimpact

ionizationforSiH4,Ar,N2,andH2WereCalculatedtobe2･8×10-11cm3s-1,1･4×10-10

cm3s-1,7.9×10-11cm3s-1,and7.8×10-11cm3s-1,reSPeCtively･[11]-【13]IntheSiH4/Ar

plasma,the
decreaseinNe withincreaslng SiH4flowrate ratiois due to thelow

ionizationratecoefncientofSiH4incomparisonwiththatofAr･Theconstantvaluein

NtwithincreaslngSiH4flowrateratiointheSiH4朋2andSiH4/H2Plasmaisduetothe
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sameorderoftheionizationratecoefncients.Neat60MHzwerelargerthanthoseat27

MHzineachdilutionplasma･

Figure5-2showstheabsolutedensltyandemissionintensityofSiatomsasa

functionofSiH4flowrateratiowithdilutiongasesofAr,N2,andH2･ThetotalSi

densitywasestimatedfromtheSidensltyratioateach3p21evelmeasuredus)nga

hollowcathodelampandfromthetranslationaltemperaturemeasured,aSSumlngthat

Boltzmarmdistributionisafunctionofthetranslationaltemperature･[5]TheSiatom

densitiesatthe3p21D2levelmeasureduslngahollowcathodelampwerealmostthe

samevaluesasthoseuslngarlngdyelaser･TheSidensitiesincreasedwithincreaslng

SiH4flowrateratioandtheSidensitiesat27MHzwerelargerthanthoseat60MHzin

eachdilutionplasma･Here,thereisonepossibilitythattheSiatomsareproducedfrom

theverythinSi丘1msdepositedatelectrodebysputterlng･Itisgenera11yreportedthat

the sheath thicknessincreases withincreaslng electron temperature･The sputterlng

efrtctincreaseswithincreaslngthesheaththickness･Therefore,1nOrdertoinvestigate

theeffbctofSidensitiessputteredfortheelectrode･Siatomdensitywasmeasuredata

SiH4nOWrateratioofO%in27MHzor60MHzplasmasuslngAr,N2,andH2gaSeS

byUVASteclmiques･TheabsorptionofSiatomwasnotobtainedinawiderangeof

powerandpressureforallofdilutiongasesinboth27MHzor60MHzplasmas･TheSi

densityproducedbysputteringwasbelowlxlO9cm-3(atabsorptionintensityofl%)･

Accordingly,Sidensitymeasuredisconsideredtobenotduetosputterlngfromthe

electrodes,butthegasphasereactionintheplasma･

ThemainproductionandlossprocessesofSiatomsareassumedtobeduetothe

electronimpact dissociation of SiH4and the reaction with the SiH4mOlecule,

respectively･[5]Thesereactionsaredescribedasfbllows,

Rl‥SiH4+e一上→Si+PrOducts+e

R2:Si+SiH4一上→PrOducts

Theratecoe伍cientk2WaS3.5×10-10cm3s-1･【10】Therefore,thebalanceequationforthe

production andloss processes ofthe
Siatom can be expressed as thefo1lowlng

equation,
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紳=棚H4]一購iH4浬,γd】

(5-1)

where入ち,[Si]and[SiH4]arethedensitiesoftheelectron,Si,andSiH4,reSPeCtively･kl

andk2aretheratecoefBcientsforreactionsRlandR2,reSPeCtively･Tdlisthedi侃1Sion

lifbtimeoftheSiatom.TheSiatomdensltylnaSteady-Stateisexpressedas

匝]= ち〃｡匝iH4】

纏H4ト⊥
rdl

(5-2)

Thenrsttermofthedenominatorineq.(5-2)isexplainedasfo1lows･AsshowninFig･

5-3,SiH4densltyWaSOftheorderoflO12-1013cm-3describedbelowindetail･Thus,the

nrsttermofthedenominatorineq.(5-2)isestimatedtobeoftheorderoflO2-103s-l･

Thesecondtermisexpressedbythefo1lowlngequation,[14]

Td= 〆言.2J｡(2-α)
β l･･,α

(5-3)

wherepisthepressureandAoisthegeometricaldi蝕sionlengthdeterminedbythe

chamberstructureasexpressedbythefo1lowlngequation･Inthisstudy,theelectrode

gap of2･5cmismuch sma11erthanthe chamberlength54cm･Therefore,Aois

expressedbythefo1lowlngequation,

｣0=上, (5-4)

whereLis2.5cm,loisexpressedbyWSwithVandSbeingthevolumeandsurface

areaofthechamber,reSPeCtively･VisthevelocityoftheSiatomgivenby(8kTy7ml)1/2

(TandMarethetemperatureandmassofthe Siatom,reSPeCtively,andkisthe

Boltzmannconstant).aisthesurfacelossprobabilityonthechamberwall,andawas

assumedtobel.[5],[15]Disthedi凪1SioncoefncientfortheSiatomintheAr,N2,andH2,

andiscalculatedtobe1334,1255,and4518cm2･Tbrr･S-1,reSPeCtively,uSlngthe

Chapman-EnskogtheorywiththeLennard-Jonesintermolecularpotential･【16],[17]Thus,

thedi凪1SionlossofSiatomintheSiH4/H2Plasmaisaboutfburtimeslargerthanthatin

theSiH4/N2andSiH4/Arplasmas.Thesecondtermofthedenominatorineq･(5-2)is

estimatedtobeoftheorderoflO2s･l.Thevalueofthe茄rsttermisdeterminedbythe
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SiH4densitypresentintheplasmameasuredbyIRLASasshowninFig.5-3.Thevalue

Ofthe丘rsttermwasfoundtobelargerthanthatofthesecondterminhigherSiH4flow

rateratioabovelO%.Accordingly,thereactionofSiatomswiththeSiH4mOlecule

becomes dominant asthelossprocessin SiH4nOWrate ratio abovelO%,andthe

reactjon ofSiatoms with the SiH4mOlecule and the di侃1Sion to the wallbecomes

dominantasthelossprocessinlowSiH4nOWrateratiobelowlO%underthepresent

experimentalcondition.

In the SiH4/H2and SiH4/N2Plasmas,theloss processes ofthe reaction with H2

moleculeandN2mOleculearealsodescribedasfo1lows,

R3:Si+H2-4siH,

R4:Si+N2+M一旦→SiN?

The rate coefncients k3and k4Were6.6×10-12cm3s-1and6.6×10-32cm6s-1,

respectively･[18],[19]However,R4wasnegligiblebecausetheratecoefncientk4WaS

extremelysma11.Therefore,theSiatomdensityintheSiH4/H2Plasmaisexpressedfrom

eq.(5-2),

ちⅣ｡匝iH4]

ん2匝iH｡]+ち匝2ト

(5-5)

The丘rsttermOfthedenominatorineq.(5-5)isestimatedtobeoftheorderoflO2-103

s-1asdescribedabove･TheH2densityisestimatedtobeoftheorderoflO13-1014cm-3

fromtheequationofstateassumlngH2dissociationratioof90%.ThesecondtermOf

thedenominatorineq.(5-5)isestimatedtobeoftheorderoflO2s-1.Accordingly,the

reactionofSiatomswiththeSiH4mOleculebecomesdominantasthelossprocessin

SiH4nOWrateratioabovelO%,andthereactionofSiatomswiththeH2mOleculein

additiontoSiH4mOleculebecomeslargeinlowSiH4nOWrateratiobelowlO%under

the present experimentalcondition.Therefore,Siatomsin the SiH4/H2Plasma

extinguishedfasterthanthoseintheSiH4爪J2andSiH4/Arplasmasthroughthereactions

WithH2mOleculesinadditiontoSiH4mOlecules.

TheemissionintensltyOfSi*providesinformationontheproductionprocessoftheSi

atomfromtheelectronimpactdissociationofSiH4mOlecule･Kampasetal･rePOrted
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thatSi*wasmainlyproducedfromthedissociativeexcitationofSiH4andtheSi*from

thedirectexcitationofSiatomatthesteady-StateCanbenegligible･【20]Thethreshold

energyoftheelectronimpactdissociationofSiH4mOleculefortheproductionofSi

atomandelectronimpactexcitationofSiH4mOleculeforSi*arelO.3eVandlO.5eV;

respectively･【21]TherateequationofSi*atomisexpressedbythefo1lowlngequation,

Jsi*∝C丘si*Ⅳ｡匝札], (5-6)

Wherecisconstant,ksi*istheexcitationrateconstant,N去iselectrondensity,and[SiH4]

isthedensltyOfSiH4mOlecule.Therefore,Si*givestheinformationontheproduction

OfSiatomfromtheelectronimpactdissociationofSiH4.

TheabsolutedensityofSiH4meaSuredbyIRLASisshowninFig.5-3.Thedensity

WaSline-aVeragedoneintheplasmachamber,becausetheabsorptlOnOfSiH4mOlecules

inIRLASmeasurementwasobtainedbyuslngthemultiplereflectionWhite-tyPeCell.

IntheSiH4/H2Plasma,theline-aVeragedabsolutedensityofSiH4mOleculewasofthe

orderoflO12-1013cm-3andtheveryhighdissociationratioofabout90-95%was

Obtained･The absorptlOndueto SiH4mOleculeinthe SiH4/Arand SiH4/N2Plasmas

COuldnotbeobtained,becauseSiH4mOleculesweredissociatedalmostcompletelyby

the electronimpact due to high入いn comparisonwith the SiH4/H2Plasma.The

dissociationratioofSiH4mOleculewasestimatedtobeabove95%takingaccountof

measurement error ofabout5%･Therefore,the SiH4gaSinjectedinto the plasma

throughtheshowerheadwasdissociatedalmostcompletelyintheSiH4/ArandSiH4/N2

PlasmasandonlyftwSiH4mOleculeswillexistoutoftheplasmaregion･IntheSiH4/H2

Plasma,the SiH4densitywasincreasedwithincreasing SiH4nOWrateratio atboth

frequencies,because the partialpressure ofSiH4mOleculeincreased with present

COnditions.TheSiH4densityat60MHzwaslargerthanthatat27MHz.

TheSidensityincreasedwithincreaslngSiH4flowrateratioineachdilutionplasma

asshowninFig.5-2.Theseresultswereexplainedbytheincreaseoftheproductionof

Siatoln through the electronimpact dissociation ofSiH4mOlecule,Since the SiH4

densitiesincreasedwithincreaslngSiH4flowrateratioasshowninFig.5-3.However,

thegradientofSidensltyWaSlargerthanthatofSi*ata1lofdilutionplasmasinthe27

MHz･ThebehaviorsofSi*asshowninFig･5-2indicatemainlytheproductionrateof
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SiatomfromthedissociationofSiH4mOlecule.AlthoughtheNtat60MHzwerelarger

thanthoseat27MHzasshowninFig.5-1,theelectrontemperatures(7t)at27MHz

werelargerthanthoseat60MHz･AttheSiH4flowrateratioofO%,the7tat60MHz

and27MHzmeasuredbythedoubleprobewere2･3eVand3･2eVintheSiH4/Ar

plasma,2･5eVand3･3eVintheSiH4朋2Plasma,and3･5eVand4･4eVintheSiH4/H2

plasma,reSPeCtively･ConsideringtheresultthattheSiH4mOleculewasdepletedat27

MHzdescribedabove,thelargergradientofSidensltythanthatofSi*asshowninFig･

5-2isduetotheadditionalproductionprocessofSiatom丘omSiHx¢=1-3)radicals

becauseSi*ismainlyproducedfromtheelectronimpactofSiH4mOlecule･Intheonly

caseofSiH4/H2at60MHzplasma,thegradientofSidensityis▲1argerthanthatofSi*･

Thisresult wouldbe also explaineduslngthe
diffbrence ofSiH4densltydescribed

above.Thus,theTtinH2dilutionplasmasislargeincomparisonwiththatinArorN2

dilutionplasmas･Therefore,Siatomwillbedominantlyproducednotonly丘omSiH4

moleculesbutalsofromSiHx¢=1-3)radicals.IntheSiH4/H2at60MHzplasma,

therefore,thegradientofSidensitywillbecomelargerthanthatofSi*･

5.3BehaviorofSiatomtemperature

Figure5-4showsthetypicalabsorpt10nCOefncientpro丘1eoftheSiatommeasured

byuslngtherlngdyelaser･Theexperimentalconditionwasanexcitationfrequencyof

27MHz,aSiH4flowrateof15sccm,andanArnowrateoflOOsccm･TheDoppler

broadeningwasdominantfortheabsorptlOnlineinthepresentexperimentalcondition･

Therefore,thetranslationaltemperatureoftheSiatomwasevaluatedaccurately丘om

thewidthoftheabsorptionpro丘1eAvD･ThetranslationaltemperatureoftheSiatom,

thatis,Twasobtainedbythefo1lowlngequation,

加D=2庖)0(訂,
(5-7)

wherevoisthelaserfrequencyatthelinecenter,kistheBoltzmannconstant,Cisthe

speedoflight,andmisthemassofSiatom,reSPeCtively･AsshowninFig･5-4,theline

represents the absorptlOnCOefncientpro創eofSiatomcalculatedassumlngthe
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translationaltemperatureis1260Kandthemeasureddensityof3･2×109cm-3atthe

3p21D21evel･Thecalculatedpronleagreedwellwiththemeasuredone･Therefore,AvD

was5GHzandthetranslationaltemperaturewasestimatedtobe1260K.Here,the

spatiallyline-aVeraged temperatures ofthe Siatom was obtainedin the present

experiment･ItexpressesthetemperatureofSiatomexistlnglntheplasmareglOn･Since

theSidensltyWaSdecreasedrapidlyoutsidetheplasmareg10nduetothehighreaction

lossrateof3.5×10-10cm3s-1forthereactionwithSiH4mOleculesandthehighsurface

lossprobabilityofaboutl･【5]･[15]

Figure5-5showsthetranslationaltemperatureofSiatomasafunctionofSiH4flow

rateratio.ThetranslationaltemperaturesofSiatomatboth什equenciesincreasedwith

increaslngSiH4flowrateratio･Thevalueofthetemperaturewasestimatedtobefrom

580Kto1260Kat27MHz,and丘om460Kto880Kat60MHz.Siatomsproduced

byelectronimpactdissociationofSiH4mOleculecollideelastica11ywithAratomsin

manytimesbeforetheyarelostbythereactionwithSiH4mOlecule･Moreover,SiH4

densityincreasedwithincreaslngSiH4nOWrateratioasshowninFig･5-3･Therefore,

thetranslationaltemperatureincreasedwithincreaslngSiH4flowrateratioduetothe

loss process of the reaction with
SiH4 mOlecule･Therefore,the translational

temperaturesofSiatomincreasedwithincreaslngSiH4nOWrateratio･

InthedissociationprocessofSiH4mOlecule,theelectronswiththesufncientenergy

collidewithaSiH4mOleculetoraisetheSiH4mOleculetoadissociative-State,reSulting

intheproductionofSiatomduetoFrank-Condone脆ct･Consequently,thedissociated

fragments with excess energy are produced･The excess energyis dividedinto the

translationalenergyofspeciesproduced･[22]Thethresholdenergyoftheelectronimpact

dissociation of SiH4mOlecule produclng Siatomis aboutlO.3eViwhile the

thermOdynamicheatenergyofthereactionfbrSiH4→Si+2H2is4･2eV【23]Thisfhct

indicatesthattheexcessenergyof6･1eVisdividedintotheSiatomandH2mOlecules･

Therefore,thedominantdrivingfactorforSiatomheatinglSCOnSideredduetothe

energyofSiatomsreleasedfromtheelectronimpactdissociationofSiHx¢=1-4)･

Thetranslationaltemperaturesat27MHzwerelargerthanthoseat60MHzasshown

inFig･5-5･TheproductionrateofSiatomsat27MHzwaslargerthanat60MHz
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becauseofhighIt.TheSiatomsatthe27MHzplasmawereproducedmorefrom

radicals suchas SiHx(x=1-3)radicalsthan SiH4mOleculesbytheelectronimpact

dissociation as described above.Accordingly,itis considered that the translational

temperaturesofSiatomsat27MHzwi11becomelargerthanthoseat60MHz･

Figure5-6showsthetranslationaltemperatureofSiatomasafunctionofSiH4flow

rateratioinSiH4/N2With27MHzand60MHzplasmas.TheNtwasmaintainedata

constantofl.1×10‖cm-3.Thetranslationaltemperaturesincreasedwithincreaslng

SiH4flowrateratio.SiH4densitylnCreaSedwithincreaslng SiH4flowrateratio as

showninFig･5-3･Therefore,thetranslationaltemperatureincreasedwithincreaslng

SiH4flowrateratioduetothelossprocessofthereactionwithSiH4mOlecule･The

translationaltemperaturesat27MHzwerelargerthanthoseat60MHz･Theproduction

rateofSiatomsat27MHzwaslargerthanat60MHzbecauseofhigh7七.TheSiatoms

atthe27MHzplasmawereproducedmorefromradicalssuchasSiHx¢=1-3)radicals

than SiH4 mOlecules by the electronimpact dissociation as described above･

Accordillgly,itisconsideredthatthetranslationaltemperaturesofSiatomsat27MHz

Willbecomelargerthanthoseat60MHz･

Table5-1showsthetranslationaltemperatureofSiatomswithdilutiongasesofAr,

N2,andH2.Theconditionisanexcitationfrequencyof27MHz,adilutiongasnowrate

oflOO sccm,a SiH4flow rate oflO sccm,and a VHF power of1500W The

translationaltemperatureofSiatomsintheSiH4/Arplasmaindicatedthelowestvalue･

SiatomsproducedbyelectronimpactdissociationofSiH4mOleculecollideelastically

withAratomsinmanytlmeSbeforetheyarelostbythereactionwithSiH4mOlecule･

Therefbre,itisconsideredthatthetranslationaltemperatureofSiatomsintheSiH4/Ar

plasmabecomeslow･Thetemperature ofSiatomsinthe SiH4/H2Plasmawasthe

highestvalue,WhiletheNtwasthelowest･ThereactionofSiatomswiththeSiH4

moleculebecomesdominantasthelossprocessinSiH4flowrateratiosabovelO%in

theSiH4/H2Plasma･However,thereactionwithH2mOleculecannotbenegligibleasa

loss process･Therefbre,1tis considered that Siatomsin the SiH4/H2Plasma

extinguishedfasterthanthoseintheSiH4/ArandSiH4朋2Plasmas･Moreover,themass

ofH2mOleculeissmallincomparisonwiththatofAratomandN2mOlecule,herebythe
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Table5-1Translationltemperatureat27MHz.

Dilutiongas Electrondensity Sidensity Sitemperature

(cm~3) (Cm~3) (K)

Ar 1.2×1011 5.0×1010 970

N2 1.1×1011 2.0×1010 1030

H2 2.5×1010 3.9×1010 1130

lossenergyofSiatomintheSiH4/H2Plasmawouldbesmallincomparisonwiththe

SiH4/ArandSiH4/N2PlasmaswhenSiatomselasticallyco11idewithspecies･TheSi

atomsintheSiH4/H2PlasmawereproducedmorefromradicalssuchasSiHx¢=1-3)

radicalsthanSiH4mOleculesbytheelectronimpactdissociationincomparisonwiththe

SiH4/ArandSiH4朋2Plasmasduetohigh7t･Accordingly,thetemperatureofSiatoms

intheSiH4/H2Plasmawasthehighestvalue･

Here,thereisonepossibilityforSiatomheatingmechanismthattheupperelectrode

heatlng by the bombardment ofcharged species would afftct the translational

temperature･Therefore,theelectrodeheatinge飴ctwasinvestigatedbymeasurlngthe

temperatureofupperelectrodebyuslngaPyrOmeter･Ingeneral,thelightradiation丘om

theplasmadisturbsthetemperaturemeasurementofthesurfaceoftheelectrode･Tb

avoidthisproblem,thedecayofthesurfacetemperatureofelectrodeintheafterglow

wasmeasured･Figure5-7showsthedecaytlmeOftheupperelectrodetemperaturein

theafterglow･Theconditionwasanexcitation丘equencyof27MHzor60MHz,aSiH4

flowrateof15sccm,andaVHFpowerof1500WwithdilutedAr,N2,andH2gaSeS･At

the excitation丘･equenCy Of27MHz,the electrode temperatureinthe plasmawas

estimatedintherangeof500-505K,andthedi晩renceoftheelectrodetemperaturein

theplasmawasnotobservedamOngdilutionplasmas･Attheexcitationfrequencyof60

MHz,thetemperatureattheupperelectrodewasndtmeasuredaRer4secsincethe

lowerlimitofthepyrometerwas473K･Ifthegradientoftemperaturedecayat27and

60MHzplasmaswasassumedtobethesame,theelectrodetemperatureat60MHzwas

estimatedtobeabout480K･Thetemperatureofupperelectrodeat60MHzplasmawas
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foundtobelowerthanthatat27MHzandthedi飴renceoftheelectrodetemperature

between27and60MHzplasmaswas about20K･The difftrence ofthe electrode

temperaturewasmuchsmallincomparisonwiththatofthetranslationaltemperatureof

Siatoms.Therefbre,the heatlng ef托ctfrom upper electrode temperature by the

bombardmentofchargedspeciesdidnotafftctthetranslationaltemperature･

5.4Summary

Insummary,thebehaviorsofabsolutedensitiesandtranslationaltemperaturesofSi

atomsinveryhighfrequencycapacitivelycoupledSiH4PlasmaswithAr,N2,andH2

dilutiongasesweremeasuredbyultravioletabsorptlOnSPeCtrOSCOPyemPloylngarlng

dyelaserandahollowcathodelamp･

SiatomsweremainlyproducedbytheelectronimpactdissociationofSiH4mOlecules,

andextinguishedbythereactionwiththeSiH4mOleculesandthedi乱sion･However,

theSiatomsatthe27MHzplasmaswereproducedmore丘omradicalssuchasSiHx(x

=1-3)radicalsthanSiH4mOleculesbytheelectronimpactdissociationincomparison

With60MHzplasmas･Moreover,theSiatomheatingwasduetotheenergyofSiatoms

releasedfromtheelectronimpactdissociationofSi軋セ=1-4).Therefore,thedensities

andtranslationaltemperaturesofSiatomsat27MHzwerelargerthanthoseat60MHz

ineachdilutionplasma.

ThetranslationaltemperaturesintheSiH4/Ar,SiH4/N2,andSiH4/H227MHzplasmas

wereestimatedtobe970,1030,andl130K,reSPeCtively.Inthe SiH4/Arplasma,Si

atoms collide elastically with Ar atomsin many times before they arelost by the

reaction with SiH4mOlecule,reSultingin thelowest value of the translational

temperature of Siatoms･In the SiH4/H2Plasma,On the other hand,Siatoms

extlnguishedfasterthanthoseintheSiH4/ArandSiH4朋2Plasmasduetothereaction

withH2andSiH4mOleculesandthelowlossenergyofSiatomwithelasticallycollision,

resultinginthehighestvalueofthetemperature･
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Chapter6

Effbct of excitation frequency on thinlilm

fbrmationinSiH4Plasma

6.1Introduction

ThebehaviorofabsolutedensltyandtranslationaltemperatureofSiatomintheVHF

CCP employlng SiH4based gas were discussedin chapter5･In this chqpter,the

COrrelationbetweenthebehaviorofSiatomandthethin丘1mformationinVHFSiH4

CCPisinvestigated.The estimationfor the contribution of Siatom to the丘1m

depositioniscalculatedbyuslngthefluxofSiatomandSiH3radicaltothesubstrate.

Moreover,theefftctofexcitation丘equencylSinvestigatedforthe丘1mdeposition.

6･2Estimationn)rCOntributionofradicalstonlmdeposition

ThecontributionofSiatomstothe丘1mdepositioninVHF-CCPwasestimated丘om

thedensitiesandtranslationaltemperatures.Here,themean丘eepathofmoleculeatll

Paand800KisaboutO.2cm.TheSiatomproducedintheplasmawillcollidewith

Otherneutralspeciesatleastabout12timesduetotheelectrodegapof2.5cmbefbre

theSiatomsreactthesubstrate.Infact,eVeniftakingaccountthatthecontributionof

thedi乱sionlossislargeinlowSiH4nOWrateratioregionbelowlO%,Siatomswill

reactwithotherspeciessuchasH2mOleculewithitshighreactionratebeforereaching

thesubstrate.Therefore,itisdifnculttoestimateaccuratelythedirectcontributionratio

OfSiatomstothe丘1mdeposition･ItisfocusedonSiH3radicalsinthisstudy,Whichare

tlle m句Or SPeCies to the deposition･Here,the denslty Of SiH3radicalis roughly

estimatedassumlngthatSiH3radicalisproducedbytheelectronimpactdissociationof
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SiH4andlossbythedifnlSion･Thereactionconstantoftheelectronimpactdissociation

ofSiH4mOleculeproducingSiH3radicalis7･4×10-9cm3s-10ntheassumptlOnOfa

Maxwellianenergydistributionfunctionattheelectrontemperatureof3･2eVmeasured

at27MHzArplasmaasdescribedinchapter5･=ThedensityofSiH3radicalwas

estimatedtobeoftheorderoflO11-1012cm-3.AssumlngthatallofSiatomandSiH3

radicalsgeneratedintheplasmareg10nWilldi乱setothesubstrateattheaverage

velocltydeterminedbyitstemperature,thefluxdensity
rofSiatomandSiH3radical

tothesubstrateisglVenbythefo1lowlngequation,r2】

r=竺
4

(6-1)

wherenistheradicaldensity,kBistheBoltzmannconstant,Tisthetemperatureof

radical,and mis the mass ofthe radical･Thefluxis afunction ofthe radical

temperatureanddensity･Thegrowthrateofthe丘1mduetoSiatomsandSiH3radicals

wasestimatedbyfo1lowlngequation,

月d=rX∫×-,

β

(6-2)

wheresisthestickingprobability,Pisthemassdensityofthe丘1m,misthemassof

the radical.p ofa-Si:Hand Si3N4WaS aSSumedto be2･2gm-3and3･3gm･3,

respectively･Inthisstudy,SisassumedtobelforSiandO･1forSiH3･【3l;[4】Theratioof

SiH3radicalandSiatomtothe丘1mdeposition,thatis,Si/SiH3WaSeStimated･

Figure6-1showsthedepositionrateandthecontributionratioofSiH3radicalandSi

atomtothe丘1mdepositionasafunctionofSiH4flowrateratioinSiH4/Ar27MHzand

60MHzplasmas･TheplasmaconditionwasmaintainedatatotalpressureofllPa,and

anArflowrateoflOOsccm.TheSiH4nOWrateWaSVariedfromOto15sccm.The

VHFpowerwasmaintainedataconstantof1500W･TheSiatomdensityat27MHz

plasmawaslargerthanthoseat60MHzasshowninFig･5-2,andthedepositionrateat

60MHzwaslargerthanthatat27MHz･TheSiH3densityat60MHzcalculatedwas

largerincomparisonwiththatat27MHz･ThecontributionratioofSiatomtothe丘1m

depositionat27MHzwaslargerthanthatat60MHzbecausetheSidensitiesandthe
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tranSlationaltemperaturesat27MHzwerelargerthanthoseat60MHz･Theratioof

Si/SiH3decreasedwithincreaslngSiH4nOWrateratio･

Figure6-2showsthedepositionrateandthecontributionofSiH3radicalandSiatom

tothe丘1mdepositionasafunctionofSiH4flowrateratioinSiH4朋2Plasma･The

plasmaconditionwasmaintainedatatotalpressureofllPa,andN2nOWrateOflOO

sccm.The SiH4flowratewasvariedfromOto15sccm･Theelectrondensitywas

maintainedataconstantofl.1×1011cm-3･Thedepositionratesat27and60MHzwere

almostthesame,Whilethedepositionrateat60MHzwaslargerthanthatat27MHz

underthesameVHFpowerasshowninFig･6-1･ThecontributionoftheSiatomtothe

丘1mdepositionat27MHzwaslargerthanthatat60MHz･Thefactindicatesthatthe

contributionofSiatomislargerwithdecreaslngtheexcitation丘equency･

Figure6-3showsFouriertransformin丘･aredabsorptionspectroscopy(FTIR)spectra

ofSiN丘1m as afunction ofthe excitationfrequency･The plasma condition was

maintainedatatotalpressureofllPa,aN2flowrateoflOOsccm,aSiH4nOWrateOf5

sccm,andanelectrondensityofl･1×1011cm-3･Theabsorptionpeaksat910cm･10f

Si-N,2210cm-10fSi-H,1200cm-1and3350cm-10fN-Hwereobserved･Thepeakof

Si_HbonddecreasedandthoseofN-HandSi-Nbondsincreasedwithincreaslngthe

excitationfrequency･The丘1mdepositedat60MHzbecamenitriderichcompositionin

comparisonwiththatat27MHz･IntheSiH4爪J2Plasma,itisreportedthatSiNx丘1ms

wasfbrmedbysurfacereactionbetweenSiHxradicalsandNatoms･l二5二IMoreovenitis

reportedthattheN-richSiNx丘1mswithhighqualityasaninsulator丘1mwasobserveda

high P-H)/(Si-H)peak ratio andtheinsulator characteristics were degraded with

increaslngthepeakofSi-HbondduetotheformationofSi-rich丘1ms･]･b】Therefore,1n

thisstudy,itwasfoundthatthe丘Imat60MHzwouldhavehighqualityincomparison

withthatat27MHzandthe丘1mstruCtureWaSChangedwithincreaslngtheexcitation

frequency･Thisfactsuggeststhecontributionoftheradicalstothe丘1mcompositionis

changedwithincreaslngtheexcitation丘equency･

InthecaseofSiH4/H2Plasma,theanalysISOfSiatomforthedepositionrateisvery

complicatedbecauseofthereactionofSiatomwithSiH4andH2mOleculesinthegas
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phase and surface.Furtheraccurateworkwillbenecessaryto clarifythereaction

mechanismofSiatoms.TheSiatomreactswiththeSiH4mOleculeatahighreaction

rateandproducesthehigherordersilane-relatedradicals･Thesehigherradicalsmakea

lotofdeftctsinthe丘1m,Whichcausesthephoto-induceddegradationofa-Si‥H丘1ms

forsolarcell.Actua11y,1tisreportedthatthephoto-induceddegradationofa-Si:H丘1m

wasdecreasedbyuslngVHF-CCP･n However,theefftctsofthetemperatureand

densltyOfradicalsonthe丘1mqualityinVHF-CCPstillhavenotbeenclari丘ed･Inthis

study,depositing丘1mswithhighqualitymaybeindirectlyrealizedbythedecreaseofSi

density,reSultingln the decrease ofthe higher order silane-related radicals･Itis

indicatedthatthechangeOfexcitationfrequencywithVHF-CCPcancontrolthe丘1m

struCtureandtheplasmachemistryandgivegreatadvantagetohighperformanceofthe

highqualitythin丘1ms.

6.2Summary

Inthischapter,theef托ctoftheexcitationfrequencyonthin丘1mformationinSiH4

based plasma was discussed･The efftct of Siatoms and SiH3radicals on the

contributiontothedeposition丘1mwasinvestigatedin27MHzor60MHzplasmas･The

ratioofSi/SiH3ratiodecreasedwithincreaslngtheexcitationfrequency.TheSiNfilm

deposited at60MHz became nitride-rich composition more than that at27MHz

becauseofthelowratioofSi/SiH3.Thisfactsuggeststhecontributionoftheradicalsto

thenlmcompositionischangedwithincreaslngtheexcitationfrequency･Itisindicated

thatincreaslng the excitation frequency has the advantageS for obtaining the

high-quality丘1msandcontrollingtheplasmachemistry･
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Chapter7

Conclusions

7.1Summaryofthisthesis

Theeffbctoftheexcitationfrequencyontheneutralradicalandthecontributionto

the丘1mdepositioninVHF-CCPwasinvestlgatedinthisthesis･Inchqpterl,thetrend

oftheexcitationfrequencywasshownasanintroduction･TheimportanCeOftheradical

temperatureinplasmaprocesslngandthepurposeofthisthesiswerealsodescribed･In

chapter2,theexperimentalapparatusandUVAS,IRLAS,LIF,AOES,WaVediagnostics,

doubleprobeteclmique,andpyrometerforthediagnosticteclmiquesofplasmawere

described.

Inchapter3,thedensitiesoftheSi,SiFandSiF2radicalandtheSiF4mOleculein

VHF60MHzCCPemploylngSiF4gaSWeremeaSuredasafunctionof賎uslngLIF,

IRLASandUVASteclmiques.ThebehavioroftheirradicalsandtheSiF4mOleculewas

Characterizeduslnganinternalplasmaparameterofn.TheSiF4densitydecreasedwith

increaslngNt,andthedissociationratioofSiF4WaSSaturatedatabout63%atNtof8･7

×1010cm-3･SiF2radicaldensitydecreasedwhileSiandSiFdensitiesincreasedwith

increaslng賎abovel･2×1011cm-3･TheSiF2radicalismainlyproducedbytheelectron

impactdissociationofSiF4andextlnguishedbythedifnlSiontothewallattheNtbelow

l･2×1011cm-3andbytheelectronimpactdissociationatNtabovel･2×1011cm-3･SiF

radicaldensltylnCreaSedlinearlywithincreaslng鵡･TheSiFradicalismainlyproduced

by the electronimpact dissociation ofthe SiF4mOlecule and extlnguished by the

reactionwiththeSiF4mOlecule.ThetotaldensltyOftheSiatomwasestimatedtobeof

theorderoflO10-1011cm-3.TheSiatomismainlyproducedbytheelectronimpact

dissociationofSiF4mOleculeatNtbelowl.0×1011cm-3andbytheelectronimpact

dissociationofSiFx(x=1r3)radicalsinadditiontotheSiF4mOleculeattheNeabove
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1.0×1011cm-3.ThekineticsofspeciesinSiF4Plasmahasbeenclari丘edquantitatively･

ThespatialdistributionofSiF,SiF2andSiF4densitieswasalsomeasuredbyLIFand

IRLAS,Showlng an almost nat distributioninside the plasma reglOn･This result

indicated VHF-CCP had an advantage fbrlarge area process within above8-inch

diameter.

Inchapter4,UVAStechniquesemploylngarlngdyelaserandahollowcathodelamp

wereappliedtoinvestigatetheefftctoftheexcitationfrequencyonthedensltyandthe

translationaltemperatureoftheSiatominVHF-CCPVHFat27MHzor60MHz

employlngaSiF4gaS･ThetranslationaltemperatureoftheSiatomwasveryhighatthe

same N去,eSPeCially abovelO60K at27MHz,and this was explained by the

Frank_CondoneffbctandthehotSiatomiscreatedduetothedi飴renceofenergyofSi

atomproducedfromtheelectronimpactdissociationofSiFxB=1-3)radicalsandSiF4

molecules.

Inchapter5,thebehaviorsofabsolutedensitiesandtranslationaltemperatureofSi

atomsinVHFSiH4CCPwithAr,N2,andH2dilutiongasesweremeasuredbyUVAS

employlngarlngdyelaserandahollowcathodelamp･Siatomsweremainlyproduced

bytheelectronimpactdissociationofSiH4mOlecules,andextinguishedbythereaction

withthe SiH4mOlecules andthe di飢1Sion･However,the Siatoms atthe27MHz

plasmaswereproducedmorefromradicalssuchasSiH,¢=1-3)radicalsthanSiH4

moleculesbytheelectronimpactdissociationincomparisonwith60MHzplasmas･Itis

foundthattheSiatomheatlngWaSduetotheenergyofSiatomsreleasedfromthe

electronimpactdissociationofSiHx¢=1-4)･Thetemperaturesat27MHzwerelarger

thanthatat60MHzandthetemperaturesincreasedwithincreaslngSiH4flowrateratio･

ThetemperaturesintheSiH4/Ar,SiH4朋2,andSiH4/H227MHzplasmaswereestimated

tobe970,1030,andl130K,reSPeCtively･

Inchapter6,the efftct oftheexcitationfrequencyforthe contributionofthe

deposition丘1mwasestimated･ThecontributionratioofSi/SiH3ratiodecreasedwith

increaslng the excitationfrequency･The
SiN丘1m deposited at60MHz became

nitride-richcompositionmorethanthatat27MHzbecauseofthelowratioofSi/SiH3･
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Therefore,the contribution ofthe radicals to the nlm compositionis changed with

increaslng the excitationfrequency･Itisindicated thatincreaslng the excitation

丘equencyhastheadvantagesforobtainlngthehigh-quality丘1msandcontrollingthe

Plasmachemistry.

These results are verylmPOrtantfrom the viewpolnt Of diagnostics of plasma

Chemistriesandimportantinformationtocontrol丘Imdeposition.

7.2Scopesn)rfutureworks

Inthepresentstudy,behaviorsofradicalsinVHF-CCPwereinvestigatedbyUVAS,

IRLAS,and LIF.The productionandloss processes of radicalsand the radical

temperaturewereclarifiedinVHF-CCP.Moreover,thecorrelationbetweenSiatomand

thin film deposition were discussed on the bases ofthe e脆cts ofthe excitation

丘equency.

Inchapter3,thedensitiesoftheSi,SiFandSiF2radicalandtheSiF4mOleculein

VHF60MHzCCPemploylngSiF4WeremeaSuredandthekineticsoftheseradicals

WereSyStematicallydiscussed.However,OnlyrelativedensitiesofSiFandSiF2radical

Were meaSured.Itisimportant to measure the absolute densityfor clarifyingthe

behaviors ofradicals quantitatively.SiF3radicaldensityhasnotbeenmeasuredyet･

TheseradicalsdensitymaybeaslargeasorlargerthanSiatomdenslty,andwi11afftct

muchthe重1m deposition.Inthis study,radicaldensities have been measured as a

functionofelectrondensityunderlimitedconditionofSiF4100%plasma.Therefore,in

thefuturework,theradicaldensitymustbemeasuredsystematicallyinvariousplasma

PrOCeSSeS SuCh as etching plasma,Various plasma sources,and various plasma

COnditions(pressure,gaSCOmPOSition).Forexample,theSiF4basedgaseshavebeen

employed fbr the deposition ofLLC-Si:H and SiO2etChing processes･In this study,

VHF-CCPhasagooduniformityfbrthelargeareaprocessoftheSiwafヒrof8-inchin

diameter.In thefuture,the waftr of12-inchin diameter willbe used soonin

comparisonwiththecurrentwaftrof8-inchindiameter,andtheexpansionofwafbr
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sizeisoneofthemostefftctivewaystoreductionoftheproductioncost･Itisnecessary

toinvestigatethecharacteristicsofVHF-CCPinwhichwillbeavailablein12-inch

PrOCeSS･

Inchapter4and5,thetranslationaltemperatureofSiatomwasmeasuredandthe

efftctsoftheexcitationfrequencyanddilutiongasesonthebehaviorsofSiatomswere

clari丘ed.Ⅶriousfrequenciessuchas13･56MHz,500MHz,and2･45GHzwereused

fortheplasmaprocessesinadditiontoVHF･Itisimportanttoclarifytheefftctofthe

excitationfrequencyoftheradicaltemperaturesystematica11y･Inthisstudy,theheating

mechanismofSiatomhasbeenmainlydiscussedbytheFrank-Condone飴ct･The

elasticallycollisionwithionandthedi乱siontotheelectrodewillcauseoneofthe

heatlngmeChanisminadditiontotheFrank-Condoneffbct･Inordertoclarifythis

mechanismindetail,itisnecessarytodiscussthenquantitativelyandsystematically･

Inchapter6,thecorrelationbetweenSiatomandthin丘1mdepositionwasdiscussed

onthebasisofthee脆ctoftheexcitationfrequency･However,SiH3,SiH2,andSiH

radicaldensitiesmaybeaslargeasorlargerthanSiatomdensity,andwilla脆ctthe

丘1mdepositionconsiderably･Therefore,itisnecessarytodiscussthecontributionofa11

radicalstothethin丘1mdepositionwithconsiderationofvariousradicalsinadditionto

Siatom.Moreover,itisconsideredthatthedistributionofionenergybetween27MHz

and60MHzafftctsthe丘1mstructure.Therefore,itisnecessarytoconsiderionenergy

distributioninordertoclarifythedepositionmechanismofthe丘1mswithhighquality･

Atlast,itisfoundthatVHF-CCPhasadvantagesforplasmaprocesslnginthisstudy･

VHF-CCPwi11bethemostusefulplasmasourceforplasmaprocesslng･Furthermore,

themechanismofplasmachemistryintheVHF-CCPwillbeclari丘edindetailfor

realizinghighlypreciseplasmaprocesslng･
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