
Ann･Rep･Fac･Educ･,IwateUniv･,Vol.48,No.1'(1988.10),127-139

ComputerMo.deling.oftheTransientRF

Dischar豆einNitrogen

AContinuum ModelwiththeEnergyEquation

NobuyasuSATO*,TomonoriKAMIBAYASHI**,and･HirbakiTAGASHIRA**

(ReceivedJune30,1988)

Aもstract.

Acontinuummodelisusedforsimulating thedevelopmentofthetransientRF

dischargebetweenparallelplatesin nitrogenunderaplasmaprocesslngCOndition･.
rl

Non-equilibrium characteristicsoftheelectronswarm aretaken intoaccountuslng
■

ionizationahaexcitationcoefficientsobtainedbysolvingtheelectron energy equation

simultaneouslywiththecontinuity equation forelectrons. Significantcharacteristics

ofthetransientRFdischargesuchasthetemporalvariationsofthegapvoltage, the

dischargepowerandthedischargecurreLntarecalcluatedby numerically solvingthe

continuity equationsforelectronsand ions､usITlgtheF.C.T.SHASTA algoritlm
■

togetherwithPoisson'SeqtlationandaRFcircuitequation.Thespatio-temporalevolu-

tion'sbftheeledtronandiondensities,'thephoton:emissionofthe2ndpositiveband

andthespacechargefieldarealsocalculated. Thevalidity ofthepresentmodelis
■

discussedbycomparlngthesecalculateddatawith experimentalobservationsandwith

dataobtainedbyaMonteCarlotechni叫e.･

1. Introduction.

FormodelingtheRFdilschargeusedfortheplasmaprocessing, therearemainly

twokindsoftechniques. OneisbasedontheMonteCarlotechniqueandthe.Otheris

calledthecontinuum model. TheMonteCarlomethodproposedby Kushner‥(1983,

1986)isoneofthemostfundamentalmethod_fordealingwith theRF ,dischargebut

consumeslotsofcomputing time. Ontheotherhand, with thecontinuum model,

Calculationscanbecarriedoutwithoutanycomputertimerestrictionsasfaraselectron

andionmotionsareconcerned. However,acomplicationwiththecontinuum modelis
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thatthenon-equilibrium characteristic.oftheelectronswarm causedby theelectrode

boundariesandby thetimevarylngelectricfieldsneedtobeappropriatelytakeninto
●

account. Ⅰnthepreviodsreports(Kamibayashi,1987;-Sato,1988(a)), thishasbeen

donebyusingthemodifiedFriedlandequation(Friedland,1974;Sato,1985)forobtaト

nlngnOn-equilibriumvalues■oftheionizationcわefficient.Preciseinvestigationswiththis
●

methodhasrevealed,however, thatthenon-equilibrium characteristicoftheelectron

swarlm canberepresentedohlyforthecaseofthesteadystatesituation.Graves(1986,

1987)hasproposedacontinum modelfora s̀teady'RFdischargeinwhichthespatial

non-equilibrium valuesoftheionisationcoefficienthavebeenobtainedby solving the

enthalpyequationforelectrons.
1●

Inthepresentsimulation,thismethodisapplied'formodelingthe t̀ranslent'RF

discharge.Continuityequationsforelectrons, ionsandexcitedmoleculesaresolved

simultaneouslywiththeelectronenergyequationwhich isderivedfrom theenthalpy

equationwithanassumptionoftheMaxwellianelectronenergydistributionfunction.

Thesitl与ationforthepresentsimulationisasfollows:parallelplaneelectrodeswitha

gaplengthof1cm!anelectroderadiusof5cm,asamplegaspressureof2Toryand

aradiofrequencyoflO･MHz.

SignificantcharacteristicsofthetransientRFdischargesuchasthetemporalvari-

ationsofthegapvoltage, thedischargecurrentandthedischargepower, andthe

spatio-temporalevolutionsoftheelectronandiondensities,thespacechargefieldand

thephotonemissionfrom excitedmolec山esarecalculatedanddiscussedbycomparing
●

withthe-experimental-Observations(Haydon,1978;Kemp,1987). Thevalidityofthe

electron energy equation forrepresenting thenon一七quilibrium characteristicof the

electronswarm forthecaseofthetransientdischargeisalsodiscusseduslng data
●

obtainedbytheMonteCarlosimulationinnitrogen(Sato,1988(b)).

2. Calculation.

2.1 Colttintlityequations.

Forthegeometryofthepresentelectrodesystem,continuityequationsforelectrons,

ionsandexcitedmoleculesmayberepresentedintheonedimensional form asfollows:

aNe , aNeWe
at - ax

aNb - aNbWb
at ' ax

aNex

at

=γZ･･意 (DeNe)-αyNeNb

-γ,･･一芸 (pbNb)-α′NeNb

= γcx- 1 Nex
で

(1)

(2)

(3)

Intheseequations, thesubscriptse,♪andexreferrespectively electrons, ionsand

excitedmolecules･ W andD arethedriftvelocityandthediffusioncoefficientrespe-

ctively. γ,･,ex istherateoftheionizationortheexcitation, a,istheelectron-ion
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recombinationrateandTisthelifetimeoftheexcitedmoleculeincludingquenching

effects.

AssumingtheMaxwellianenergydistribution forelectrons, theenergy balance

equationofelect∫onsisrepresentedas

二㌃ (-t Nche" 豊 一十JC･eE･γ必 +γcxHcx

-0,

where

Je=WeNe-1£ (DcNe)

and

qc-Jehe-Ke(Nc,TC)
aTeax

InEq.(4), hcistheelectronenthalpy,

field. Hi,existheenergylossduetothe

aretheelectronthermalconductivityand

hc-一手 CTC,Ke-一㌢ KDeNcande-

Eq.(4)isrewrittenas

(4)

ei岳theelectronchargeandE.istheelectric

ionizationorexcitationcollision. Keand Tc

theelectrontemperature.Usingtherelations.

KNeTe,

-㌃ -÷ 〔意 ( w ee)一意 (Dee)〕-〔N " C一意 (DcNc)〕eE-γcxFex-γiHi (5)

Theelectroncollisionrateγl･,eXmayberepresentedas

γ,･,紺-Nck,･,exExb(-1.5E.I,exNe/e)

whereki,CxandEE,eXarerespectivelythecollisionfrequencyandthelaCtivationenergy

fortheionizationorexcitationpr9CeSS. Theseequationsaresolvedmlmerically using

F.C.T.SHASTA algorithm (Boris,1973;Book,1975;Morrow,1985).

2.2 Swarm parametersL

Theswarm parametersusedforthecontinuityequationssuchasthedriftvelocity

andthediffusioncoefficientofelectronsandionsarerepresentedby､appropriatefuncti-

onsofE/♪usingmanypublisheddataasfollows:

Wc-3.0Ⅹ105E/9(cm/see)forE/♪< 255(V/cm Tory),

we-4.82Ⅹ106(E/♪)0°5 forE/♪>255,

wb-1.24Ⅹ103(E/♪)0.5 (cm/S占C),

DC/PC-(0.036E/♪+0.04)(V)andDP/FLO-0.025(V).

ThevaluesofH.･,cx,ki,exandE･.exareesti.matedfrom theelectroncollisioncrosssection

data.AsshowninFig.1,theelectroncollisionfrequencycurvesreducedfrom thecross
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Sectionmaybeapproximatelyrepresentedbylinearlines. lThevalueofLthecollision

lossenergyH,A,cXcorresponds･tothethresholdenergyoftheionizationorexcitAation.

ThecollisionfrequencyA,･,bxandtheactivation.energyE,･p aretakenfrom thevalueof

thehorizontallineandfrom thevalue･_oftheenergywherethel･inebeco血eshorizontal,

respectively.

Inordertoexaminethevalidityoftheenergyequationwiththeseparameters,the

ionizatioやCoefficientsundersteadystateconditio.nsarecalculatedusingEqs･(1)･and(5)･

AsshowninFig.2,thecalculatedioni2:-ationcoefficientisingoodagreementwith the

experimentaldatainawiderangeofE/P.

2.3 Botlndarycondititions.

Theelectrodesareassumedtobeacompletesink forbothelectronsand ions.

However,thesecondaryelectronemissionsfro_m the..Cathodicelectrodeduetothephoton

irradiation (rbeffect)andtheionimpact(T.Ieffect)Ontheelectrodesurfacearetaken

intoaccount. Atthecathodicelectrode.,

NC(i)-No+N,メ(i)+N,i(i) forelectrons;

NP(i)-0 forionsand

e(i)-eo for-theelectronenergyi

whereNoistheinitialelectrondensity!uppliedbyaultravioletirradiation･ N,♪and

N,,Aaretheelectrondensitiesreleasedfrom theelectrodeduetotheγDandrieffect
I

respectively.eoisanaverageenelrgyofelectronsreleasedfrom theelectrode. Atthe

anodicelectrode,

NB(i)-0andNb(i)-0.

2.4 RFcircuit.

ForgeneratingtheRFtransientdischarge,aparticularcircuit,asshowninFig.3,

whichincludesaRFpotentialsourceandtheplaneelectrodesissettoaresonantcon-/
ditionwiththepotentialspurceatafrequencyof10MHz.Withthisresonantcircuit,

｢嘩一一T.●ー

L RcexJLCgTg ll

～vQSinu,-I i Rg g!.

Fig.3RFcircuitandelectrodes.
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thesuppliedgapvoltageisraisedtothebreakdownvoltageandthenrapidlycollapses

withinashorttineintervalafterthedischargehaLSStarted. Thisprovidesatransient

dischargewithoutanysucceedingintensivesteadyRFdischarge.Thetemporalvariation

ofthegapvoltageVg iscalculatedbynum ericallysolvingtheequation

一驚 二十一㌢袈 ･妻 --意 sIN(ot)一% Ig一品 Ig
usingRungeKuttaNystrommethod. Thedischargecu汀entlg inthecircuitduetothe

motionofelectronsandionsbetweentheelectrodesiscalcuatedusingthecurrentequa-

tionmodifiedtoincludetheelectrondiffusion(Sato,1980;Morrow,1985),

I(i)-葦 fodlNeWe･N" 9十意 (DcNe)〕Esdx･

3. ResultsanddiBCtLSSiomB.

Fig.4(a)showsthetemporalvaria,tionsofthedischargecurrentZc(truecurrent

plusdisplacementcurrent),thegapvoltageVgandthedischargepowerP.Thevariation

ofthemaximumelectricfieldE桝4∬/PwithinthegapspaceisalsoshowninFig･4(b).

Aftertheapplicationofthesourcepotential1㌔, theenvelopeofthepeakgapvoltage

Vgincreaseswithatimeconstant2L/R. Duringthisprocess, thephasedifference

betweenZgandVcisgo o,, sothatnodischargepowerisconsumedinthegapspace.

Thisindicatesalowconductivitysituationofthegapspace. However,theelectronand

iondensitiesincreasegraduallyduetotheionizationprocess,whicheventuallyleadsto

0 200 400 600
Time(ns)

Time.vs.Vg,1g,.P

800 1000

Fig.4DevelopmentofthetransientRFdischargeinnitrogen･
va=45(V),♪-2(Tory)andf=10MHZ.

(a) vg,zqandP vsTime.
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thetransientdischarge. Duringthetransientpartofthedischarge, thedischarge

currentZeincreasessharply,whilethegapvoltageVgcollapsestoapproximatelythe

valueofthesourcepotential. ThephasedifferencebetweenLgandVg becomeszero,

whichgivesrisetoamaximum peakofthedischargepowerP.ThevalueoftheEh,OJ♪

aLIsoreachesamaxlmumwhich impliestheformationofthecathodefallduetothe

spacechargeaccumulation.Afterthe-transientdiseharge,thepeakvaluesofVg andZg
decreasetoconstantlowvaluesbymaintainingazerophasedifference. Thisindicates

ahigh conductivityconditionofthegapspaceduetothehigh densityspacecharge

accumulation.

ForCalculationswithvariousvaluesofthesourcepotential Vd,thegeneralfeatures

oftheRFdischargedevelopmentarebasicallythesaneasoneanother.Thesecalculated

temporalvariationsofVg andZg arequalitativelyingoodagreementwiththeexperi-

mentalobservationbyHaydonandPlumb(1978).

Figs.5(a) and(b) show thespatio-temporalevolutionsoftheelectronandion

densitiesimthetransientpartofthedisdlargedevelopment.Electronscanmovealong

thedirectionoftheRFelectricfield,whileionsdonotmoveslgnificantlybutincrease

duetotheionizationprocess,whichresultsintheappearanceofahigh densitypositive

netchargedistributionintheneighbourhoodofthecathodicelectrode,asshownin

Fig.5(C).Thisgivesrisetotheformationoftheintensefieldregioncalledthecathode

fall,asshowninFig.5(d),whichcan providehigh energyelectronsinthegapspace.

Fig.5(e),(f)and(g)Showrespectivelythevariationsofthephotonemissionof

thenitrogen2ndpositiveband,theelectronenergyandtheionizationcoefficient.Inthe

presentmodel,thevaluesoftheionizationcoefficientisdeterminedbytheelectron

energy･ Beforetheinitiationofthetransientdischarge, theelectronenergyishigh
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′

Fig･L5 Spatio-temporaLevolutionsof_the,,spacecharge,electricfieldandphoton
emission.Va-45(.V),.♪-2(Tb-ry)andI-10MHz.
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(ち) Positiveiondensity.
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(d) Electricfield.

(e) photonemission.

(f) Electronenergy･
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(g) Ionizationco efficient.

enough totakeplacetheionizationprocess.However,whenthecathodefallisformed,

theelectronenergylSnotSOhigh asthatexpectedbythefieldstrength.

Theintensityofthephotonemissionfrom theexcitedmoleculehasanintensive

peakonlyduringthetransientpartofthedischargedevelopment. Although thismain

featureofthetemporalvariationofthephotonemissionagreeswiththeexperimental

observationbyKe血p(1987), thespatialdistributionofthephotonemissionacrossthe

gapspaceisdifferentfrom theobservation.

Inordertoexaminethecauseofthesediscrepancies, thespatialvariationofthelし-㌔I

ionizationcoefficients'underidもalizedfieldconditionsarecalculatedusingEqs.(1)and
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(5)andiscomparedwithdataobtainedbyaMonteCarlotechnique(Sato,1988(b)).

AsshowninFig.6(a), forthecaseof■theuniformDCfield, theenergyequation

methodcanapproximatelyreproducethenon-equilibriumcharacteristicoftheionization

coefficientintheneighbourhoodofthecathode.

Forthecaseofanon-uniformDCfield, whichcorrespondstothecathodefall

regionintheglowdischarge, thevalue?oftheionizationcoefficientobtainedbythe

energyequationaremuchsmallerthantheMonteCarlodata. TheMonteCarlodata
■

showanovershootingcharacteristicinthereglOnWheretheelectricfielddecreases



138 N.SATO,T.KA砿IBAYASEI,.andH.TAGASEIRA

sharply,whichindicates･thattheelectrone甲rgydistribution,isdifferentfrom the
Maxwelliandistributionfunction.

For仙ecaseofanRFfield,･Fig.6(C)showsthetimeofflightsamplingdataofthe

MonteCarlocalculationatthepeakphasepositionoftheappliedRFfield.Asignificant

observationisthatthespatialvariationoftheionisationfrequencyshowsaovershooting

characteristiceventhoughtheelectricfieldisunifor血.Theenergyequationmethodcan

notrepresentsuchanon-equilibriumcharacteristicoftheelectronswarm. Thesefacts

suggestsomelimitationsforapplyingtheenergyequationtoth占transientRFdischarge.

4. Conclusiわn.

Thepresentinvestigationhasrevealedthevalidityaswellasthelimitationsforapp-

lyingtheelectrbnenergyequationtothecontinuum modelbfthetransientRFdischarge.

Thecontinuum modelcombinedwith theelectron energy equationcanrepresentthe

developmentsofthedischargecurrentanddischargepowerwhichmay beregardedas

integratedquantitiesoftheelectronswarm overthegapspace. However,thismodel

can notreproducethespatiallyrdsolやedexperimentalobservations.Sincethefundamental

assumptionofthismodelisthattheelectronenergydistributionwouldbeaMaxwellian

distribution,′phenomenacausedbythedistortionoftheenergydistributionsudlaSthe

overshootingcharacteristicihthespatialvariationoftheionizationcoefficientcannot

bepredictedwiththepresentmodel.

Forimprovlngthecontinuum model,furtherstudiesneedtobedevelopedbytaking
●

thenon-equilibrium characteristicof~theelectronswarm intoaccountappropriately.
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