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A summaryis givenof differentelementaryprocesses uencing thethermalbalanceanden-
emgeticconditionsof substratesurfacesduringplasmagprocessingThediscussednechanisms
includeheatradiation,kinetic andpotentialenegy of chagedparticlesandneutralsaswell
asenthally of involved chemicalsurfacereactions.The enegy andmomentumof particles
originatingfrom the plasmaor electrodestespectiely, in uence via enegy ux density(en-
emgeticaspectpndsubstrateemperaturéthermalaspectthe surfacepropertieof thetreated
substrates.For a few examplesas magnetronsputteringof a-C:H Ims, sputterdeposition
of aluminumon micro-particles andatomic nitrogenrecombinatiorin an ECR plasmathe
enepeticbalanceof substratesluring plasmaprocessingrepresented.

PACS: 52.75.Rx,81.15.Gh07.07.Df,07.20.Dt

1 Intr oduction

At present,plasmaprocessingdf materialsis one of the fastestgrowing branchedn plasma
physicsandhasgot a prominentpositionin therathernen eld of appliedsurfacescience.In
particular plasma-vall interactionsare of greatimportancein a large variety of applicationsof
low-temperaturelow-pressureplasmasn such elds asetching,depositionand surfacemodi-
cation of thin Ims. In theseprocesseshe thermaland enegetic conditionsat the substrate
surfaceplay adominantrole.

In detail,low temperaturglasmaprocessingf solid surfacesis mainly affectedby the fol-
lowing quantities:
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enepgy perincomingparticle( ), whichis relatedto enegy transfer
particle ux densityto thesubstraté ), whichis relatedto momentuntransfer

enegy ux density( ), representing key parametefor theenegeticconditionsat
thesurface,and

temperaturef the substratesurface( ), whichresultsfrom theinnerparameter§ )
mentionedabore andwhich re ects the thermalbalanceat the surfaceasa macroscopic
quantity

The surfacetemperature , which canalsobe in uenced by externalheating,effectsele-
mentaryprocessebk eadsorptiondesorptionanddiffusionaswell aschemicakeactiongchem-
ical sputteringsurface Im reaction[1-4].

Ontheotherhand especiallyin thecaseof thin Im depositionthestructureandmorphology
aswell asthe stoichiometryof the Im dependstrongly on the enegetic conditions( ) at the
surface,seefor example[1,5-10]. The surfacediffusion of adsorbecatomscanbe enhanced,
which resultsin a rearrangemendf depositecatoms[11,12]. Bombardmenbf a growing Im
with low- enepgy ionsresultsin amodi cation of its propertiesseefor example[13].

It shouldbe emphasizedthatin additionto externalheatingthe surfacetemperature is
largely in uenced by the enegy ux esresultingfrom enegetic particle bombardmentchemi-
cal surfacereactionsand heatradiation[14]-[16]. By a suitablevariationof the experimental
conditionsthe differentcontributionsto the substratédeatingcanbe separatedndstudiedinde-
pendently

Besidegadiationfrom the ervironment(plasmawalls), theenegy in ux consistf kinetic
enegy andpotentialenegy of the incomingparticles. The distribution of the seseral enegetic
contritutions dependson the dischage conditionsand the substratepotential. Therefore,the
experimentalinvestigationof plasma-vall interactiondue to enegy transferin technological
plasmaprocessingequiressophisticateaneasurement{d.7,18].

In the rst partof the paperwe will attemptto give a shortdescriptionof relevantchannels
for substratéheatingand surfacemodi cation, respectiely, andtheir transfermechanismsin
the following section,variousmethodsfor an experimentaldeterminatiorof enegy ux esare
described. Finally, implementationsf the modelsfor a few speci ¢, experimentallystudied
plasma-substratystemsawill bedescribed.

2 Energy balanceat the substrate surface

2.1 Contributionsto the integral energy in ux

Whena plasmaactson a solid surfacethe surfacess heateddueto enegy transferwhich canbe
describedy abalanceof theinvolvedenegy ux es.In generalthetotal powerinput Qin atthe
substratesurfaceis the surfaceintegral over the sumof differentcontributionsJ (enegy ux per
time andarea):

1)

is theheatradiationtowardsthesurface,  thepowertransferrety chagecarriers(elec-
tronsandions),and is the contribtution of neutralspeciesof the backgroundgasand the
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neutralparticlescontributing to the Im growth. Thelattertermsin Eq. (1) areenegy released
by adsorptioror condensatiof ) andthereactionenegy of exothermicprocessescluding
molecularsurfacerecombination( ). Additionally, also power input by external sources
() inuencesthethermalbalanceof thesubstrate.

In thefollowing thedifferentcontributionsto theintegral heatin ux duringlow-temperature
plasmaprocessingvill bedescribedshortly.

Heat Radiation ( )
Radiatve enegy sourcesin plasmaprocessingmight be the surroundingsurfaces(e.g. reac-
torewalls, enclosure) hot materialsourceqe.g. crucibles)andthe gas/plasmaadiationitself.
Hence,heatradiation becomesmportantin high temperaturglasmasand/orif the tem-
peratureof thereactorwalls is high dueto externalheatingasfor examplein plasmaenhanced
chemicalvapourdeposition(PECVD). Also in evaporationprocessesvhere molten materials
areemployedfor thin Im deposition(e.g. electronbeamevaporationhollow cathodearcevap-
oration)the heatradiationof the crucible canbe an essentiatontribution to the global enegy
balanceof the substratereated.

In mostcasest is sufcient to take into accounthe simpli cation of the Boltzmannformula
for heattransferby radiation:

(2)

Here isthespectrakemittanceof theradiationsourceattemperature  and represents
the spectralemmitanceof the substratesurfaceat temperature  while  denoteshe Stefan-
Boltzmannconstant.

Usually, the contribution of heatradiationfrom hot surfacesin a commonlow-temperature
plasmareactoris small, but in someapplicationsn combinationwith CVD or arc evaporation
it can amountup to several tensof per cent. Besidesradiationfrom the enclosurewalls or
evaporationsourcegherearealsoradiative contritutionsfrom excited speciesof the plasmain
form of photonsrangingfrom IR to UV. However, it is very dif cult to measurendto calibrate
this contribution ontheintegral enegy ux.

Energy in ux by chargecarriers ()

For mary applicationsnon-isothermalow pressuralischagesplay animportantrole in plasma
processing.In thosedischages,the mostef cient channelof enegy transferis dueto chage
carriers,which get their directedkinetic enegy in every caseby acceleratiorin the sheathin

front of asurface.

The enegy of ions striking the substratds the sumof potential andkinetic enegy
. The potentialneutralizatiorenegy of ionson surfacesis causedy long-rangenterac-
tionsandis accompanietby the emissionof secondargelectronsThen is givento
3)
( :ionizationpotentialof theincidention, : work function, : yield of secondaryelectrons,
: meankinetic enegy of incidention). Datafor , and |, respectiely, maybetaken

from theliterature[19,20]. For semiconductortheyield of secondangelectronemissionis one
orderof magnitudesmallerthanfor metals[19]. Thework function for metalsandsemicon-
ductorsis in orderof evV.
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In systemswherethe heat ux to the surfaceis dominatedby ion bombardmente.g. in
planarRF reactorsthecontribution of the potentialenegy term[Eq. (3)] canbevery substantial
(severaltensof percent)or low kinetic enegies[21].

In additionto potentialenegy, ionstransferapartof theirkinetic enegy whenstrikinga sur
face.In generalthemeankineticion enegy is determinedy theion enepy distribution
function (IEDF). The enepy distribution of the ions arriving at the substratds affectedby the
pressurevhich in uencesthe collisionsin the sheathn front of the substrateandby theinstan-
taneousjocal electric eld. Theseeffectsmay leadto a broadeningto a shift, andto various
shape®f the|EDF. Themaximumion enegy is determinedy thefreefall enegy , Where

is the potentialdropacrosghe sheathin front of the substratevhich corresponds$o thesum
of theplasmapotential  andthe substratgotential

(4)

The valueof the sheathpotentialis essentiallydeterminedoy the internalplasmaparameteas
electrondensityandthe enegy distribution of electronsandionsin the plasma.

In additionto the directedkinetic enegy of theionswhich originatesfor positive ionsfrom
accelerationn the electrical eld in front of the substratethey receve thermalenegy , too
( : Boltzmannconstant, : iontemperature)As mentionedabove, the directedkinetic enegy
canbeassumedn mostcasego be approximatelyequalto the sheattpotential.Hence thetotal
kinetic enegy of positiveionsequals

- (5)

The contritutions of positive and negative ions aswell asof the electronsandthe distribution
betweerthesestriking particlesin respecto theenegy transferdependstronglyonthesubstrate
biasvoltagewhich consistof theexternalsubstratevoltage  andtheplasmgpotential , see
Eq. (4). For highly negative voltagesonly the positive ionsdeterminghein uence of the chaige
carrierswhereaslectronsaand/ornegative ionshave to be consideredn the caseof

It shouldbe emphasizedgainthat the simple expressionof Eq. (5) is applicablein most
casexf plasmaprocessingHowever, if the IEDF for theions nearthe substratés muchmore
comple the assumptiorof for thekinetic enegy fails. By consideringhis factonehas
to integrateover the ion enegy distribution function from zeroup to the bias potential

in orderto obtainthe meankineticion enepy:

(6)

Furthermorethe thermalenegy of theions( ) canbe neglectedcomparedo the directed
kineticenegy in non-isothermaplasmaprocesspplicationdecauseheionsarenearlyatroom
temperatureln hightemperaturégsothermabplasmasndathigh pressurethis assumptionis not
valid andthe gradientbetweenion temperatureand substratdemperaturénasto be takeninto
accounfor thedeterminatiorof theenegy in ux byions[22].

An exact descriptionof the electronbehaiour in a non-isothermabasdischage requires
theknowledgeof the electroneneny distribution function (EEDF) which canbe determinedy
Langmuirprobemeasurementseefor instancg23,24]. In somecasest is possibleto model
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the EEDF by mean=f standardlistributions,for exampleMaxwell or Druyvesten distribution.
Comparingthe mostcommonstandardlistribution functions,thereis a signi cant differencein
their high enepy tails. In orderto reachthe substratesurfacethe electronshave to overcome

the biasvoltage in front of the substrate.The enegy ux dueto the plasmaelectrons
arisefrom theintegrationovertheEEDFfrom uptoin nity whichyieldsfor aMaxwellian
EEDF:

— — ()

By comparisorof thetermsonecanidentify the enegy of the plasmeelectronsas:
8

wheretheelectron ux densityof theplasmaelectrons canbeexpressedy:

— — (9)

An analysiof thechagedcomponentsf theplasmaby usingthegenerakquationg2)-(9) listed
above will in principleyield the partof surfaceheatingcausedyy ionsandelectrons.Although
severalheatsourcescttogetheye.g.radiation,chemicalreactionspeutralsandchagecarriers,
it may be possibleto separatehe contritution of the chage carriersby variation of the bias
potential.

Energyin ux by neutral specieq )

In additionto chage carriers,neutralsof the backgroundgasaswell asneutralsof the process
itself (e.g.depositiommaterial,etchproductsradicals etc.) interactwith thesubstratem plasma
processin®f solid surfacesand,hence contritute to the thermalpower balance.The potential
enepy of neutralspeciesn a plasmais distributedbetweernvibration, rotation,dissociatiorand
electronicallyexcited stategmetastables)wvhile the kinetic enegy arisesonly from thetransla-
tion. In generalthe following componentsnay contritute to the enegy transferby neutralsin
commonlyusedplasmaprocessapplicationsat low pressure:

heatof adsorption or condensation , respectrely,
excitationenepgy (vibration,rotation,metastables),
kinetic enegy of sputteredr scatteregarticlesfrom the cathode,

enegetic neutralsof the procesgyas( ) which may originatefrom chage exchange
mechanisms.

The rst two componentgepresenthe mostimportanttransferchannelsof potentialenegy.
A shortreview on the differentkinds of potentialenegy transfermechanismf the excitation
modesmaybefoundin [25,26].
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Energyin ux by exothermic chemicalreactions( )

Evidencefor substrateneatingby exothermicreactionson the processedurfacehasbeenre-
ported, for example,with respectto plasmaetchingof silicon with uorine containingcom-
pounds[27] and during plasmacleaningof contaminatednetal surfaces[28]. If the reaction
of atomsto productmoleculesis an exothermicprocesswhich takesplacein the presenceof
a third collision partner e.g. a solid surface,this processwill contribute to substrateheating.
The productmoleculesmay desorhat the electronicgroundstate but with internalexcitation of
vibrationor rotation. Thus,thereis avarying partof thereactionenegy transferrecetweerthe
solid surfaceandthedesorbedanolecule.Thelatterpartis usedasdesorptiorenegy. Concerning
the recombinatiorof atomson a solid surfaceone hasto distinguishbetweerntwo basicmech-
anisms:In the caseof the LangmuirHinshelvood mechanismwo adsorbecatomsrecombine
to aresultingproductmoleculeremoving an enegy equalto the activation enegy of molecular
desorptior{29]. For the Eley-Ridealmechanisna moleculeis generatedy gasphaseatomim-
pacton anadsorbedatom[30]. A Eley-Rideal-producednoleculemayimmediatelyescapeor
remainphysisorbedor aresidencdime duringwhichit maydepositsomepartof its enegy.

2.2 Energy lossprocesses

Froma generabpoint of view andsimilar to the enegy input, the heatloss of thesubstrate
duringplasmaprocessingonsistof thefollowing terms:

(10)

enegy radiatedrom thesubstratattemperature , whichincludescontributionsof
boththefront sidein directionof the plasmaandthe backsideof thesubstratén direction
of theholder,

heatloss by externalcooling,i.e. the enegy transporty conductionalongthe sub-
strateholderandby convectionof the surroundinggas,

enegy sink dueto desorptiorof particlesinto thegasphase,

enegy concerningendothermichemicalreactionsatthe surfaceincludingdissoci-
ation,
enepy transport from the substratedueto sputteringof surfaceatomsandsec-

ondaryelectronemission.

3 Determination of the energy in ux

Whena solid comesinto contactwith a plasma,enegy transfertakes place. The substratds

heatedand,after a certaintime, it may reacha thermalequilibrium. This steadystateis deter

minedby a balanceof enegy gainfrom the plasmaprocesseandenegy lossesby conduction
andradiation[14],[17,31]. Thegeneralpower balanceat the substrates givenby:

(11)

where —— denotegheenthalyy of the substrateand summarizeshe heatlosses
by radiationandthermalconductionby the gasandthe substrate.For mostsubstrateshermal
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Fig. 1. A schematicsketchanda photograptof thethermalprobe.

conductionto (or from, in caseof a heatedsubstrate}he substratéholderwill bethe dominant
heatsink (source).

Energy ux measurementsby a thermal probe: evaluation of the temporal slope of the

substratetemperature

Theintegral enegy in ux from the plasmatowardsthe substratecanbe measuredy a simple
thermalprobe[32]. Previously Thornton[33] andWendtet al. [34] have proposeda similar

procedurdor thedeterminatiorof thetotal heatin ux. A schematisketchof thesetupis shavn

in Fig. 1. The probeis mountedon a manipulatorarmto allow for horizontalandverticalscans.
It canbe alsorotated,in orderto measuralirectional ux es,e.g. secondaryelectronscoming
from anrf electrodeor infraredphotonsfrom a heatedsurface.

In our experimentghe heat ux measurementarecarriedout by observingtherate of tem-
peraturerise d of a metalsubstratevhich is spot-weldedo a thermocoupldtype|j) and
placedwithin a solid shield. The substratds only connectedo the thermocoupleand a wire
for additionalbiasing.No othercontactto the shieldandholderis realizedin orderto minimize
thermalconduction.Becausef its large heatcapacitythe shieldis at a constanernvironmental
temperature duringthetime of themeasurement.

The measurementf the total enegy in ux is basedon the determinatiorof the differ-
encebetweerthetime derivativesof the substratéemperature  during heating(“plasmaon”)
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Fig.2.  (t)-curvesasmeasurediuringthe Ar plasmaprocesy Pa, W) for threesubstrate
voltageg(0, -46,-95 V).

andcooling (“plasmaoff”). Examplesof typical temperatureurves which have beenob-
tainedfor anAr plasma Pa, W) atthreedifferentsubstratevoltagesarepresented
in Fig. 2.

Thegenerapowerbalancetthesubstratés givenby Eq.(11). Thelossesarealwayssmallin
comparisoro theincoming ux esdueto theplasmaprocessDuring theheatingphasg“plasma
on”: ) is determinedby heat and during the cooling phase
(“plasmaoff™ =0) by cool . By taking theseexpressionsnto Eq. (11) the
differenceyieldstheenegy in ux:

heat cool — — (12)

If theslopes aredeterminecht the sametemperature andassumingno changeof the
ervironmentatemperature  , whichis achievedby shortmeasuremerttmes,the expression
within the bracletsof Eq. (12) is aquantityproportionalto thethermalpower atthesubstrateln
orderto obtainabsolutevaluesof thespeci ¢ heatof the substratdthermalprobe)hasto be
determinedy aknown thermalpower asdescribedn [35].
The measurednepy in ux is anintegral valuecomprisingthe variouscontributionsaski-
neticenegy of chaigecarriers recombinatiorheat,reactionheat,etc. By measuringhe enegy
ux esat differentsubstratevoltages , the contributionsof ionsandelectronsrom the other
sourcescan be separated For this purpose the thermalprobe (substratean be biasedexter
nally by adc voltage.Simultaneouslythe electricalcurrentto the substratés measureéndone
obtainsthe substratecharacteristicywhich is similar to a usualprobecharacteristicln Fig. 3 the
thermalprobecharacteristién anl Paargonandoxygenrf plasmais shovn. At sufciently neg-
ative substratevoltagesthe current  changenly slightly with increasingvoltage . From
the characteristicén Fig. 3 anion saturationcurrentof aboutl mA anda oating potentialof
V canbeobtainedfor theargonplasma.

Determination of the energy in ux by measuringthe temperature gradient

In comparisonto the describedtemperaturaise methodthereis anothersimple and reliable
proceduréo measurgéheheatin ux atthesubstratdy determinatiorof thetemperaturgradient
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Fig. 4. Calibration:integralenegyin ux vs. Measuredemperaturéifferencebetweerniwo thermocouples,
from[17].

alongthesampleholder[17]. At this methodthe power ux is measuredn steadystate:

const — (13)

The heatcapacityof the device shouldbe relatively smallandthe distancebetweerthe thermo-
couplescanbe enlagedby usinga tube betweensubstrateandwatercooling (seeFig. 4). The
calibrationof thedifferentialexpression canbedoneby meansf anelectricalheateiof
known power. Thus,by usingsucha calibrationtheintegralin ux canbedeterminedrom the
measuredemperaturgradientalongthe substraténoldertube.

Energy ux measurementsby uor escentpowder particles

A rathernew methodfor the determinatiorof enegy ux esin a procesgplasmaon the basisof
the thermalbalanceof injectedpowdershasbeenrecentlyperformedby Swinkels et al. [36].
In orderto monitorthetemperature of the powderparticles,whichis aresultof the different
enegy ux estowardsandbackfrom them, uorescencemeasurementsave beencarriedout.
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Fig. 5. Thespectralpro le of MF/RhB uorescentemissioncurvesfor threedifferenttemperaturesThe
dyeincorporatednto the MF spheress excitedwith anargonion laseroperatingat514nmand28 mW.

Theparticlesaremelamine-formaldehyd@F) sphereswhich aredyedthroughouthevolume
with RhodamineB (RhB). An argonion laserwasusedto excite the dyedparticles. Theresult-
ing uorescentemissionhasbeenrecordedusing an optical multi-channelanalyzer In Fig. 5
afew calibrationcurvesof the particletemperatureare shovn for the MF/RhB particles. The
calibrationcurvesshaw thatthe spectralpro le of the uorescentemissiondependonthetem-
perature Onecanclearlyseethatasfunctionof temperatur¢hecurve broadensandtheintensity
decreasesThis makesit possibleto determinethe particletemperature in plasmaswithout
makinguseof the absolutentensity During the plasmaprocesghe powderparticlesundego a
thermalpower balancewhich takesinto accountthe several enegy ux esarriving at andleav-
ing from the particlesurfaceaskinetic enegy of electronsandions, ion recombinatioreneny;,
thermalconduction,andradiation. Measuremenof the internal particletemperature yields
valuableinformationaboutthesedifferent ux es.

In thestationarycasewheretheparticleswhich oat nearthe plasmasheatredge areheated
to their equilibriumtemperature theenegy ux esareequal: . Hence by knowl-
edgeof the outgoing ux which consistsof the thermalconductionandthe radiationthe
total enegy ux towardsa powder particle canbe obtainedand comparedwith model calcu-
lationsfor . The losstermsare essentiallydeterminedby the particletemperature and
the gastemperature which have beenmeasuredy the uorescenceof the particlesdye and
absorptiorpro les, respectiely.

4 Experimental examplesfor enemgy balancesduring plasmaprocessing

Low temperaturglasmaprocessingof solid surfacesis essentiallyaffected by enegetic and
thermalquantities,as enegy per incoming particle ( ), particle ux ( ), enegy ux density
(enegy dose ( ) from the plasmaandelectrodesandsubstratéemperaturg¢ ). In the
following we will illustratethein uence of thedifferentenegeticandthermalguantitiesatsome
experimentakexamplesof thin Im deposition.

A characteristieatureof thin Im depositiorby magnetrorsputteringn comparisorio ther
mal evaporatioris thehigherkinetic enegy of the particlesarriving atthe substrateTheintegral
enegyinux ( ) duringsputteringin uencesthe thermalconditionsat the substratesurface
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Fig. 6. Schematiof the experimentaket-upfor sputteringof a-C:H- Ims andmolybdenunthin Ims.

and, hence,in additionto momentumtransferit effectsthe microstructureand morphologyas
well asadhesiorandresidualstressof the depositedims [1,13].

4.1 Magnetron sputtering of carbon Ims

Theenegy in ux (depositecpower) duringthin Im depositionby sputteringof a graphite
ormolybdenuntarget,respectiely, in anAr/H (1.5:1)atmospherbasbeenmeasuredsafunc-
tion of themagnetrordischage power, gaspressureandradial positionbeneaththetarget. The
magnetrorset-upis showvn in Fig. 6, andthe experimentaletailshave beendescribectlsavhere
[37]. Oppositeo theplanartargetcathodgdiameter:90 mm) theradially movablethermalprobe
wasplacedin a distanceof 45 mmwhich s thetypical distanceof the normally usedsubstrates.
Thetarget voltagehasbeenvariedin the rangeof 350... 550V correspondindo a dischage
power of 10 ...150 W andthe gaspressurgargon and/orhydrogen)could be varied between
0.5...5 Pa. For thecalculationof the severalcontritutionsto thetotalenegy in ux theinternal
plasmaprocessparametehave to be known. Therefore,the electrondensity , the electron
temperature  aswell as oating andplasmapotential( , ) in thesubstrateegion have
beendeterminedby LangmuirprobemeasurementsThe temporalbehaiour of the dischage,
the gascomposition,and the target oxidation statehasbeenmonitoredby massspectrometry
TRIM calculationg38] were usedto obtainthe enegy of the sputterecandre ected particles
arriving from thetargetto the substrate.

In orderto obtainabsolutevaluesof the speci ¢ heatof the substrategthermalprobe)
weredeterminediy a known thermalpower from cw laserirradiationandasdescribedn [39].
It was J/IK for acoppermlateasshavnin Fig. 1.

As an example,in Fig. 7 the enegy in ux versuspower is plotted for different experi-
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Fig. 7. Enegy in ux asmeasuredor C-sputteringandMo-sputteringrespectrely, in Ar andAr/H in de-
pendenc®nthesuppliedmagnetrorpower ( Pa). Themeasurementrecomparedvith calculated

valuesbasedon a balanceof thedifferentenegeticcontritutions.

mentalconditions. First, we will brie y discussthe curvesfor the graphitetarget: For a con-
stantgaspressure riseslinearly with increasingdischage power in both cases,n Ar as
well asin Ar/H . This is dueto the increasingchage carrierdensityin the substrateregion
( cm ) and an increasingdepositionrate of the condensingim
( nm/s).By takinginto accounthe heatof condensatiof J/kg)
andthelayerdensity( gcm ) which hasbeendeterminedy XRD the contritbu-
tion of thecondensation  couldbeobtainedby

(14)

where cm is the areaof thethermalprobe. The enegetic contritutionsof theions( )
andelectrons( ) andfor their recombination ) canbe speci ed asmentionedabove by
[40]:

— (15)

— — (16)
(17)

( , : massof electronsandions, : ion ux density : ionizationpotential, : work
function, = V and ).

In the caseof carbonsputteringin a pureargon plasmaonly the contributionslisted above
will in uence thethermalbalanceof the substratesurface. Hence the sum

will resultin thetotalenegyin ux measuredby thethermalprobe.Thestarsin Fig. 7

indicatethe modelcalculationon the basisof Eq. (14) - Eq. (17) wherethe plasmaparameters
which are necessaryor the calculationshave beenobtainedby the diagnosticsas described
above.

If hydrogenis addedduring the sputteringprocessthe thermalload is remarkablyhigher
thanfor pure argon sputtering. This is due to an additionalenegetic contritution due to the
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recombinatiorof hydrogeratomsonthesurfaceof thethermalprobe.Thein uence of hydrogen
couldalsobe obseredin thedependencef onthepressureWhereagheenegy in ux for
a constandischage power increaseslightly with the pressurén the caseof sputteringin pure
argon, it decreasewith increasingpressurdor the Ar/H mixture. This obsenation might be
explainedby two facts:Firstly, athighergaspressurehehydrogerrecombinatiorbecomesnore
likely in thevolumethanat the surfaceand,secondlya higherhydrogensupplyat the substrate
resultsalsoin enhancedeactionsof C H compoundsvhich “consume”enegy.

Theresultsfor sputterdepositionof molybdenunmshov the samegualitatve behavior. How-
ever, the enepgy input is essentiallyhigherthanfor the graphitetarget. Becauseof the smaller
thicknesf theMo targetthebondingto the magnetrorwatercoolingwasvery poorand,hence,
the temperaturef the Mo tarmgetreachedvaluesup to 400- 900K dependingon the dischage
power, while the C targettemperaturevasonly in therangeof 320- 400K. Thus,in the caseof
Mo sputteringthe heatradiationfrom the targetdeliversalarge contribution to the total enegy
balanceof the substrate.For molybdenumalsothe in uence of the kinetic enegy of the sput-
teredatoms( ) arriving atthe substraténave to be consideredvhich is cannotbe neglectedas
in the caseof carbonsputtering:

— (18)

(atomicmassof Mo: =96, : Avogadrosnumber g/cm : Mo Im density).The
meanenegy  of the sputteredVio atomshasbeencalculatecby TRIM to bein the orderof

eV for our experimentalconditions. By taking into accounttheseeffect the enegy
in ux hasbeencalculatedagain theresultsareindicatedby thecrossesn Fig. 7.

4.2 Inuence of enemetic contributions during DC-magnetronsputtering of aluminum
Ims on microstructure

In the following example of aluminum sputtering(Fig. 8), the measuredotal enegy in ux,
which hasbeendeterminedagainfrom the rise of the substratdemperaturg ) during
the sputteringprocessconsistsmainly of the kinetic enegy of chaige carriersand sputtered
particles andthereleasedondensatiomeat[41].

The contritution of ions () andelectrons( ) could be distinguishedagainby variation
of the substratepotential. The effect of sputteredparticleson the enegy balance( ) is
estimatedoy the productof their ux densityandthe meankinetic enegy which hasbeende-
terminedfrom the enepy distribution of sputteredspecies.Finally, the contritution  dueto
condensatiof aluminumparticleshasbeendeterminedoy measuringhe depositionrateand
by takinginto accounif the speci ¢ condensatiomheat.

The Al Ims weresputterecby a DC magnetroronto glassor silicon substrate®r onto mi-
crodispers@owder particles respectiely. The dischage voltagewasoperatedat 250...550V
andthe currentrangewas 20 ... 250 mA. Standardargon gaspressurevas0.01 mbarat a gas

o w rateof 50 sccm. The distancebetweenargetandsubstratecould be variedbetweerd and
15 cm. Oppositeto the magnetronat the bottomof the reactoran RF electrodewasinstalled,
which wasnecessaryor chaging andtrappingof injectedpowder particlesin orderto modify
them[42]. The dischage hasbeenstudiedby several diagnostics.Langmuirprobemeasure-
mentsandself-excited electronresonancepectroscop (SEERS)[43] providedinformationon
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Fig. 8. A schematicview of the experimentalset-upfor aluminium sputteringonto at substratesand
powderparticles.

the electronswhereaghe ion and neutralcomponentwas monitoredby enegy resolved mass
spectrometry The depositedims wereinvestigatecby analyticaltechniquesasscanningelec-
tron microscoly (SEM), X-ray- photoelectrorspectroscop (XPS), Rutherfordbackscattering
(RBS),andatomicforcemicroscoyy (AFM).

In thepresenstudytheinternalplasmeparameteras , , etc. have beenmea-
suredin the substrateegion which s relevantfor the ux esto thesubstrateThe measurements
of the plasmaparameterdiave beencarriedout for only the RF dischage aswell asfor the
combinedoperationof RF plasmaandDC magnetrorasit wascommonlyusedin powdertreat-
ment. Of course,in magnetroroperationthe plasmaparameterin comparisorto the weak RF
dischageareremarkablychanged.

Fromthe numberof ions arriving at the targetandtheir meanenegy the yield and,hence,
the ux of sputteredAl particles( ) to the substrathasbeenestimatedusingTRIM to bein
the orderof afew cm s for our experimentalconditions. Supposinghatall sputtered
Al atomswhich strike the substratarealsostick onit, onecansimply calculatethe growth rate.
The calculatedAl depositionrate is in quite goodaccordancevith the ratesmeasuredy
RBS andopticaltransmissionrespectiely, asit canbe seenin Fig. 9. Theenegy in ux to the
substrateand, consequentlythe substrateheatingduring sputterdepositionwith a magnetron
sourcds acombinatiorof differentheatingcontribution. As is the casefor all vapourdeposition
processegheheatof condensatiof ) mustbeconsideredwhichis for aluminumin theorder
of kJ/kg ( =3.3 eV/atom). The contribution  to the enegy in ux dueto Im
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condensatiois correspondingo:
(19)

( : depositiorrate, : massdensity).

The contribution dueto the kinetic enegy of chage carriers(electronsand Ar ions)
depend®ntheelectrondensityin thesubstrateegionandthemearkineticenegy of thecarriers
whichis determinedy the biaspotential . Becausehe substratesverealways
at oating potential,it is . Theenepeticcontributions( , ) of thechage carriers
have beenobtainedaccordingto Egs.(15), (16).
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Fig. 10. Simulation(a) andmeasuremen(b) of the enegy distribution of sputteredaluminiumfor a dis-
chagevoltageof 440V.

Theelectronenegywas  =4.2eV andthe electrondensityin the substrateegion during
sputteringwasmeasuredo bein the orderof cm dependingnthe
dischagepower. In caseof oating substrateshe releasedecombinatiorenegy ux has
to beconsidered:

(20)

where and is theionizationenegy, whichis for algon15.7eV. Dueto low operating

pressureof the magnetrona signi cant fraction of the kinetic enegy of the sputteredAl

atomsmay still be presentfor the depositingatomsin the substrateegion. This contribution
is then:

— (21)

Thekineticenegy  of the sputteredcheutralshasbeencalculatecby TRIM for a magnetron
dischagevoltageof 440V. The simulationyieldsa meanvalueof 2.9 eV/atom.In addition,the
enepy distribution of the sputteredspeciesasbeenexperimentallyobtainedoy plasmamonitor
measurement@ig. 10). In the measuredpectraone canobsene a peakdueto the sputtered
Al particlesexactly at that position ( eV), which hasalsobeenobtainedby TRIM simula-
tion. The enegy distribution of the sputterecaluminumparticlesdecreaseafterits maximum
accordinglyto asexpectedrom thetheory[44,45].

Thedifferentcontributionsto the enegy in ux asdescribedabore arecalculatedor typical
experimentakonditionsasusedin magnetrorsputteringandplottedversusthe electrondensity
in the substrateegion in Fig. 11. Becausdhe substratesreat oating potential,the enegetic
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Fig. 12. Measuredntegral enegy ux esat magnetrorsputteringof aluminium. The substratesvere at
oating potential.

contributionsof the chaigecarriersin comparisorto thekinetic enegy of the sputterearticles
andthe condensatioenegy of the Im areratherlow.

The total enegy in ux hasnot only beencalculated,it hasalso beenmeasuredwvith
thermocouples.From the temporalchangeof the substratdemperaturehe integral deposited
enegy hasbeenobtainedby the methodasdescribedabore. The experimentalresultsfor
atvariousdepositionconditionsareplottedin Fig. 12. Comparisorof measuredndcalculated
valuesof shaws an excellentaccordance For instance magnetroroperationat 65 W and
a target-substratelistanceof 14 cm correspondgo an electrondensityin the substrateegion
of cm andan aluminumgrowth rate of = 1.1 nm/s. Looking for the
correspondingnegy ux esyield in eachcase0.017J/cm s.

Surprisinglythe Ims sputteredntosmalliron powderparticlesexhibit arough,cauli ower
like structurecomparedo the smoothlayerssputterednto at siliconwafers.Thedifferences



400 i Rersteretal

SEM picture of Al-coated Fe powder particles

40nm
20nm

10pm

10y
Hm Sum

Sum

Oum
AFM picture of Al-coated Si substrate

Fig. 13. SEM micrographof Al coatediron particlesandreconstructe@D-plot of a sputteredAl Im on
silicon asexaminedby AFM. Althoughthe Ims have beensputteredunderthe sameplasmaconditions
thereis aremarkablalifferencen the microstructure.

obviousif onecomparethe SEM micrographof coatedpowder particleswith the AFM picture
of the aluminum Im on silicon in Fig. 13. An essentiareasonfor the obsenred differences
in surfaceroughnessnight be the differentsubstratdemperaturevhich is reachedduring the
sputterprocess.Although undercomparabledepositionconditionsthe enegy in ux towardsa
powder particleis the sameastowardsa at substratethe resultingtemperaturenay be quite
different. Due to muchbetterheatconductionalongthe substrateéholder the silicon substrate
do not reachsuchhigh equilibrium temperaturess microscopicpowder particles,which are
mainly cooledby radiation. Assumingan upperlimit for theenegy in ux of 0.2J/cm swhich
might be attainedat high dischage power and low substrate-tayet distanceshe equilibrium
temperaturef a oating powder particle may reachvaluesbetweerd60and770K. The rst
valueis valid if oneassumes heatradiationemissioncoefcient of , while thelatter
hasbeenobtainedfor . Especiallyfor aluminumthe effect of increasinggrain sizeas
thesubstrateemperaturés increasedhasbeenreportedn literature[46].
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4.3 Measurementof the energy in ux releasedby atomic nirtogen recombination

In anotherexperimentthe enegy input by recombinatiorof nitrogenatomsin the afteiglow of a
surface-vave sustaineglasmahasbeendetermined.n this experimentsmallerthermalprobes
wereused,and- in orderto examinethe in uence of differentsurfaceson the recombination
mechanism in additionto thecoppemrobe( = 0.075J/K) alsoprobesof oxidizedcopperor
platinum( = 0.044J/K), respectiely, have beentaken.

The plasmais createdin a quartztube by meansof 2.45 GHz microwave power Klystron
coupledto a Waveguide-Suratronstructure[47]. The systemis x edto a cylindrical reaction
chamber(dimensions:340 mm diametey 590 mm high), seeFig. 14. The microwave dischage
powerin thedischagetubewasvariedbetweer?00W and1000W, asprocesgjaspurenitrogen
hasbeenusedat a pressureof 0.7 Pa in the chamber wherethe afteglow expandsinto. In
someexperimentsa N /O mixture hasbeenusedin orderto oxidize the copperprobe. After
sucha measuremerthe oxide wasremoved by anargon beam. The thermalprobewasplaced
immediatelyin front of the tubenozzle. Optical emissionspectroscop and massspectrometry
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have beenperformedasdiagnosticdoolsin this experiment.

A quitelargeamountof thenitrogenmoleculesaredissociatedn thebulk plasmeof thetube
and expandthroughthe nozzleinto the processchamber The recombinationof the N-atoms
occursat the substratg(probe)which is placedin front of the nozzle. Becausehe radiation
andthechage carrierdensityin this region is negligible andno depositiontakesplace,the only
contributionsto thesubstraténeatingarethegastemperaturandthereleasedecombinatiorheat
of theN molecules:

(22)

( : dissociatiorenegy, : recombinatiorprobability,  : nitrogenatom ux density).

Thein uence of therecombinatiorio theenegy balanceof theprobedepend®nthesurface
material( ) onwhich the atomsrecombine.Therefore differentsubstratesurfaceshave been
investigatedplatinum,copperandcopperoxide.

The rst preliminaryresultsindicateclearlythatundercomparablexperimentaplasmacon-
ditions(power, pressureatomicnitrogen ux) theenegyin ux for thedifferentsurfacematerials
canbedistinguished As shavn in Fig. 15therecombinatiorprobabilityon copperis morethan
twice asmuchasfor copperoxide, while the recombinatioron a platinumsurfaceis evenstill
lower. By amorequantitatvely studywhichwill take into consideratiorthe preciselymeasured
N- atom ux () it shouldbe possibleto re-calculatehe enegy releasedy a singlenitrogen
recombinatiorn( ) onaspecialsurface.

5 Summary

The enegy in ux towardsthe surfaceis one of the mostimportantpropertiesof plasmawall

interactionfor comparingand scaling-upseveral plasmaprocesses.We have describedhow

the variouscontribtutionsto the enegy balanceof a plasma-gposedsolid surfacecanbe deter

minedin general By knowing thetemporalandspatialevolution of the surfacetemperaturand
thereforeof the thermalconditionsat the solid surfaceduring plasmatreatmentone canobtain
informationon the enegy transfemechanismsvhich aretake placeandwhich determinethese
thermalconditions.
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