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A summaryis givenof differentelementaryprocessesin�uencing thethermalbalanceanden-
ergeticconditionsof substratesurfacesduringplasmaprocessing.Thediscussedmechanisms
includeheatradiation,kinetic andpotentialenergy of chargedparticlesandneutralsaswell
asenthalpy of involvedchemicalsurfacereactions.Theenergy andmomentumof particles
originatingfrom theplasmaor electrodes,respectively, in�uence via energy �ux density(en-
ergeticaspect)andsubstratetemperature(thermalaspect)thesurfacepropertiesof thetreated
substrates.For a few examplesasmagnetronsputteringof a-C:H �lms, sputterdeposition
of aluminumon micro-particles,andatomicnitrogenrecombinationin an ECR plasmathe
energeticbalanceof substratesduringplasmaprocessingarepresented.

PACS: 52.75.Rx,81.15.Gh,07.07.Df,07.20.Dt

1 Intr oduction

At present,plasmaprocessingof materialsis one of the fastestgrowing branchesin plasma
physicsandhasgot a prominentpositionin the rathernew �eld of appliedsurfacescience.In
particular, plasma-wall interactionsareof greatimportancein a largevarietyof applicationsof
low-temperature,low-pressureplasmasin such�elds asetching,depositionandsurfacemodi-
�cation of thin �lms. In theseprocessesthe thermalandenergetic conditionsat the substrate
surfaceplaya dominantrole.

In detail, low temperatureplasmaprocessingof solid surfacesis mainly affectedby thefol-
lowing quantities:
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� energy perincomingparticle(
�

), which is relatedto energy transfer,
� particle�ux densityto thesubstrate(� ), which is relatedto momentumtransfer,
� energy �ux density( �����

�

), representingakey parameterfor theenergeticconditionsat
thesurface,and

� temperatureof thesubstratesurface( �	� ), which resultsfrom the innerparameters(
��


� )
mentionedabove andwhich re�ects the thermalbalanceat thesurfaceasa macroscopic
quantity.

The surfacetemperature��� , which canalsobe in�uenced by externalheating,effectsele-
mentaryprocesseslikeadsorption,desorption,anddiffusionaswell aschemicalreactions(chem-
ical sputtering,surface�lm reaction[1-4].

Ontheotherhand,especiallyin thecaseof thin �lm deposition,thestructureandmorphology
aswell asthe stoichiometryof the �lm dependstronglyon the energeticconditions( � ) at the
surface,seefor example[1,5-10]. The surfacediffusion of adsorbedatomscanbe enhanced,
which resultsin a rearrangementof depositedatoms[11,12]. Bombardmentof a growing �lm
with low- energy ionsresultsin a modi�cation of its properties,seefor example[13].

It shouldbe emphasized,that in additionto externalheatingthe surfacetemperature� � is
largely in�uenced by the energy �ux esresultingfrom energeticparticlebombardment,chemi-
cal surfacereactionsandheatradiation[14]-[16]. By a suitablevariationof the experimental
conditionsthedifferentcontributionsto thesubstrateheatingcanbeseparatedandstudiedinde-
pendently.

Besidesradiationfrom theenvironment(plasma,walls), theenergy in�ux consistsof kinetic
energy andpotentialenergy of the incomingparticles.Thedistribution of theseveralenergetic
contributionsdependson the discharge conditionsand the substratepotential. Therefore,the
experimentalinvestigationof plasma-wall interactiondue to energy transferin technological
plasmaprocessingrequiressophisticatedmeasurements[17,18].

In the �rst partof thepaperwe will attemptto give a shortdescriptionof relevantchannels
for substrateheatingandsurfacemodi�cation, respectively, andtheir transfermechanisms.In
the following section,variousmethodsfor an experimentaldeterminationof energy �ux esare
described.Finally, implementationsof the modelsfor a few speci�c, experimentallystudied
plasma-substratesystemswill bedescribed.

2 Energy balanceat the substratesurface

2.1 Contrib utions to the integral energy in�ux

Whenaplasmaactsonasolidsurfacethesurfacesis heateddueto energy transferwhichcanbe
describedby abalanceof theinvolvedenergy �ux es.In general,thetotalpower inputQin at the
substratesurfaceis thesurfaceintegralover thesumof differentcontributionsJ (energy �ux per
timeandarea):


����

�

���

�������������! "���

�

�#�$���&%'�#����()���+*,�#�$(!-.*0/01�243 (1)

���5��� is theheatradiationtowardsthesurface,�6�! thepower transferredby chargecarriers(elec-
trons and ions), and �

�

is the contribution of neutralspeciesof the backgroundgasand the
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neutralparticlescontributing to the�lm growth. The latter termsin Eq. (1) areenergy released
by adsorptionor condensation( �6���&% ) andthereactionenergy of exothermicprocessesincluding
molecularsurfacerecombination( �$�5()�.�+* ). Additionally, alsopower input by externalsources
( ��(!- * ) in�uencesthethermalbalanceof thesubstrate.

In thefollowing thedifferentcontributionsto theintegralheatin�ux duringlow-temperature
plasmaprocessingwill bedescribedshortly.

Heat Radiation ( ���5��� )
Radiative energy sourcesin plasmaprocessingmight be the surroundingsurfaces(e.g. reac-
torewalls, enclosure),hot materialsources(e.g. crucibles)andthegas/plasmaradiationitself.
Hence,heatradiation �$�5�.� becomesimportantin high temperatureplasmasand/orif the tem-
peratureof thereactorwalls is high dueto externalheatingasfor examplein plasmaenhanced
chemicalvapourdeposition(PECVD). Also in evaporationprocesseswheremolten materials
areemployedfor thin �lm deposition(e.g.electronbeamevaporation,hollow cathodearcevap-
oration)theheatradiationof thecruciblecanbe an essentialcontribution to theglobal energy
balanceof thesubstratetreated.

In mostcasesit is suf�cient to take into accountthesimpli�cation of theBoltzmannformula
for heattransferby radiation:

������� �

�

�

�

�

�

�5�����

�

� �

�

�

/�3 (2)

Here � is thespectralemittanceof theradiationsourceat temperature�
����� and �

� represents
the spectralemmitanceof the substratesurfaceat temperature�

� while � denotesthe Stefan-
Boltzmannconstant.

Usually, thecontribution of heatradiationfrom hot surfacesin a commonlow-temperature
plasmareactoris small,but in someapplicationsin combinationwith CVD or arc evaporation
it can amountup to several tensof per cent. Besidesradiationfrom the enclosurewalls or
evaporationsourcestherearealsoradiative contributionsfrom excitedspeciesof theplasmain
form of photonsrangingfrom IR to UV. However, it is verydif�cult to measureandto calibrate
thiscontributionon theintegralenergy �ux.

Energy in�ux by chargecarriers ( �
�! )

For many applications,non-isothermallow pressuredischargesplayanimportantrole in plasma
processing.In thosedischarges,the mostef�cient channelof energy transferis dueto charge
carriers,which get their directedkinetic energy in every caseby accelerationin the sheathin
front of asurface.

The energy of ions striking the substrateis the sumof potential
�

�

� ���

* andkinetic energy
�

�

� 	

���

. Thepotentialneutralizationenergy of ionson surfacesis causedby long-rangeinterac-
tionsandis accompaniedby theemissionof secondaryelectrons.Then

�
�

� �
�

* is givento

�

�

� ���

* �

�

�

�

�

�
�

�

�

�

�

�

�

� 	

���

/ (3)

(
�

�

: ionizationpotentialof theincidention,
�

: work function,
�

�

: yield of secondaryelectrons,
�

�

� 	

���

: meankinetic energy of incidention). Datafor
�

�

,
�

and
�

�

, respectively, maybetaken
from the literature[19,20]. For semiconductorstheyield of secondaryelectronemissionis one
orderof magnitudesmallerthanfor metals[19]. Thework function

�

for metalsandsemicon-
ductorsis in orderof ��� eV.
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In systemswherethe heat�ux to the surfaceis dominatedby ion bombardment(e.g. in
planarRFreactors)thecontributionof thepotentialenergy term[Eq. (3)] canbeverysubstantial
(severaltensof percent)for low kineticenergies[21].

In additionto potentialenergy, ionstransferapartof theirkineticenergy whenstrikingasur-
face.In general,themeankinetic ion energy

�

�

� 	

���

is determinedby theion energy distribution
function (IEDF). The energy distribution of the ions arriving at thesubstrateis affectedby the
pressurewhich in�uencesthecollisionsin thesheathin front of thesubstrateandby theinstan-
taneous,local electric�eld. Theseeffectsmay leadto a broadening,to a shift, andto various
shapesof theIEDF. Themaximumion energy is determinedby thefreefall energy �����

%) , where
�

%) is thepotentialdropacrossthesheathin front of thesubstratewhichcorrespondsto thesum
of theplasmapotential�

���

andthesubstratepotential �

� :

�

%0 �

���

�

��% �

�

���

�

�

� 3 (4)

Thevalueof thesheathpotentialis essentiallydeterminedby the internalplasmaparameteras
electrondensityandtheenergy distributionof electronsandionsin theplasma.

In additionto thedirectedkinetic energy of theionswhich originatesfor positive ionsfrom
accelerationin theelectrical�eld in front of thesubstrate,they receive thermalenergy 	$�

�

, too
( 	 : Boltzmannconstant,�

�

: ion temperature).As mentionedabove, thedirectedkinetic energy
canbeassumedin mostcasesto beapproximatelyequalto thesheathpotential.Hence,thetotal
kineticenergy of positive ionsequals

�

�

� 	

� �

�




�
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�

�

�����
�

�

��% 3 (5)

The contributionsof positive andnegative ions aswell asof the electronsandthe distribution
betweenthesestrikingparticlesin respectto theenergy transferdependsstronglyonthesubstrate
biasvoltagewhichconsistsof theexternalsubstratevoltage�

� andtheplasmapotential�

���

, see
Eq.(4). For highly negativevoltagesonly thepositive ionsdeterminethein�uence of thecharge
carriers,whereaselectronsand/ornegative ionshave to beconsideredin thecaseof ���

�

��%���� .
It shouldbe emphasizedagainthat the simpleexpressionof Eq. (5) is applicablein most

casesof plasmaprocessing.However, if the IEDF for the ionsnearthesubstrateis muchmore
complex theassumptionof �������

�

��% for thekinetic energy fails. By consideringthis factonehas
to integrateover the ion energy distribution function �

�

�

/ from zeroup to the biaspotential
�
�

�

�.% in orderto obtainthemeankinetic ion energy:

�

�
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� �

�
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�
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/

�

1

�

3 (6)

Furthermore,the thermalenergy of the ions ( 	6�

�

) canbe neglectedcomparedto the directed
kineticenergy in non-isothermalplasmaprocessapplicationsbecausetheionsarenearlyatroom
temperature.In hightemperatureisothermalplasmasandathighpressuresthisassumptionis not
valid andthe gradientbetweenion temperatureandsubstratetemperaturehasto be taken into
accountfor thedeterminationof theenergy in�ux by ions[22].

An exact descriptionof the electronbehaviour in a non-isothermalgasdischarge requires
theknowledgeof theelectronenergy distribution function(EEDF)which canbedeterminedby
Langmuir-probemeasurements,seefor instance[23,24]. In somecasesit is possibleto model
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theEEDFby meansof standarddistributions,for exampleMaxwell or Druyvesteyn distribution.
Comparingthemostcommonstandarddistribution functions,thereis a signi�cant differencein
their high energy tails. In order to reachthe substratesurfacethe electronshave to overcome
thebiasvoltage � �

�

��% in front of thesubstrate.The energy �ux � ( dueto theplasmaelectrons
arisesfrom theintegrationovertheEEDFfrom � �

�

��% upto in�nity whichyieldsfor aMaxwellian
EEDF:

��( �

�

(
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	$� (

�����
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	$� (��

�

	$� ( ��� (

�

( 3 (7)

By comparisonof thetermsonecanidentify theenergy of theplasmaelectronsas:

�

( �
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	6� ( (8)

wheretheelectron�ux densityof theplasmaelectrons� ( canbeexpressedby:

� ( �

�

(

�

	$� (

�����

(�����

�

�

� � � �

�

��%

	$� (��

3 (9)

An analysisof thechargedcomponentsof theplasmaby usingthegeneralequations(2)-(9)listed
abovewill in principleyield thepartof surfaceheatingcausedby ionsandelectrons.Although
severalheatsourcesacttogether, e.g.radiation,chemicalreactions,neutrals,andchargecarriers,
it may be possibleto separatethe contribution of the charge carriersby variationof the bias
potential.

Energy in�ux by neutral species( �

�

)
In additionto chargecarriers,neutralsof thebackgroundgasaswell asneutralsof theprocess
itself (e.g.depositionmaterial,etchproducts,radicals,etc.) interactwith thesubstratesin plasma
processingof solid surfacesand,hence,contributeto thethermalpower balance.Thepotential
energy of neutralspeciesin a plasmais distributedbetweenvibration,rotation,dissociationand
electronicallyexcitedstates(metastables),while thekinetic energy arisesonly from thetransla-
tion. In general,the following componentsmaycontributeto theenergy transferby neutralsin
commonlyusedplasmaprocessapplicationsat low pressure:

� heatof adsorption�$���&% or condensation�$� , respectively,

� excitationenergy (vibration,rotation,metastables),�

�

� kineticenergy of sputteredor scatteredparticlesfrom thecathode,�

�

�

%

���

*

� energeticneutralsof theprocessgas( �

�

� 	

� �

) which mayoriginatefrom chargeexchange
mechanisms.

The �rst two componentsrepresentthe most importanttransferchannelsof potentialenergy.
A shortreview on thedifferentkindsof potentialenergy transfermechanismsof theexcitation
modesmaybefoundin [25,26].
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Energy in�ux by exothermicchemicalreactions( �$��()���+* )
Evidencefor substrateheatingby exothermicreactionson the processedsurfacehasbeenre-
ported,for example,with respectto plasmaetchingof silicon with �uorine containingcom-
pounds[27] andduring plasmacleaningof contaminatedmetal surfaces[28]. If the reaction
of atomsto productmoleculesis an exothermicprocess,which takesplacein the presenceof
a third collision partner, e.g. a solid surface,this processwill contribute to substrateheating.
Theproductmoleculesmaydesorbat theelectronicgroundstate,but with internalexcitationof
vibrationor rotation.Thus,thereis avaryingpartof thereactionenergy transferredbetweenthe
solidsurfaceandthedesorbedmolecule.Thelatterpartis usedasdesorptionenergy. Concerning
the recombinationof atomson a solid surfaceonehasto distinguishbetweentwo basicmech-
anisms:In the caseof the Langmuir-Hinshelwoodmechanismtwo adsorbedatomsrecombine
to a resultingproductmoleculeremoving anenergy equalto theactivationenergy of molecular
desorption[29]. For theEley-Ridealmechanisma moleculeis generatedby gasphaseatomim-
pacton an adsorbedatom[30]. A Eley-Rideal-producedmoleculemay immediatelyescapeor
remainphysisorbedfor a residencetimeduringwhich it maydepositsomepartof its energy.

2.2 Energy lossprocesses

Froma generalpoint of view andsimilar to theenergy input, theheatloss



� �

* of thesubstrate
duringplasmaprocessingconsistof thefollowing terms:




� �

*'�

� �

���5��� �#�$(!-.* �����&()%'�#���5()�.�+* ���

�

�&�0*

�

�

�

(�/01�243 (10)

� energy �
�5��� radiatedfrom thesubstrateat temperature�

� , whichincludescontributionsof
boththefront sidein directionof theplasmaandthebacksideof thesubstratein direction
of theholder,

� heatloss �$(!- * by externalcooling,i.e. theenergy transportby conductionalongthesub-
strateholderandby convectionof thesurroundinggas,

� energy sink �$�&()% dueto desorptionof particlesinto thegasphase,
� energy ���5(0���+* concerningendothermicchemicalreactionsat thesurfaceincludingdissoci-

ation,
� energy transport�

�

�&� *

�

�

�

( from the substratedueto sputteringof surfaceatomsandsec-
ondaryelectronemission.

3 Determination of the energy in�ux

Whena solid comesinto contactwith a plasma,energy transfertakesplace. The substrateis
heatedand,aftera certaintime, it may reacha thermalequilibrium. This steadystateis deter-
minedby a balanceof energy gainfrom theplasmaprocessesandenergy lossesby conduction
andradiation[14],[17,31].Thegeneralpowerbalanceat thesubstrateis givenby:


����

�

�

�

� �




� �

* (11)

where
�

�

� �

���

�����

�5*

denotestheenthalpy of thesubstrateand



� �

* summarizestheheatlosses
by radiationandthermalconductionby the gasandthesubstrate.For mostsubstratesthermal
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Fig. 1. A schematicsketchanda photographof thethermalprobe.

conductionto (or from, in caseof a heatedsubstrate)thesubstrateholderwill be thedominant
heatsink (source).

Energy �ux measurementsby a thermal probe: evaluation of the temporal slope of the
substratetemperature
The integral energy in�ux from theplasmatowardsthesubstratecanbe measuredby a simple
thermalprobe[32]. Previously Thornton[33] andWendtet al. [34] have proposeda similar
procedurefor thedeterminationof thetotalheatin�ux. A schematicsketchof thesetupis shown
in Fig. 1. Theprobeis mountedona manipulatorarmto allow for horizontalandverticalscans.
It canbe alsorotated,in orderto measuredirectional�ux es,e.g. secondaryelectronscoming
from anrf electrodeor infraredphotonsfrom a heatedsurface.

In our experimentstheheat�ux measurementsarecarriedout by observingtherateof tem-
peraturerise d� �

�

1�� of a metalsubstratewhich is spot-weldedto a thermocouple(type j) and
placedwithin a solid shield. The substrateis only connectedto the thermocoupleanda wire
for additionalbiasing.No othercontactto theshieldandholderis realizedin orderto minimize
thermalconduction.Becauseof its largeheatcapacitytheshieldis at a constantenvironmental
temperature�

(

���

duringthetimeof themeasurement.
Themeasurementof thetotal energy in�ux


4���

is basedon thedeterminationof thediffer-
encebetweenthetime derivativesof thesubstratetemperature�

� duringheating(“plasmaon”)



446 H Kerstenet al

Fig. 2.
���

(t)-curvesasmeasuredduringtheAr plasmaprocess(����� Pa, �	����
 W) for threesubstrate
voltages(0, -46, -95 V).

andcooling(“plasmaoff ”). Examplesof typical temperaturecurves � �

�

�0/ whichhave beenob-
tainedfor anAr plasma(� ��
 Pa, � ��
 � W) at threedifferentsubstratevoltagesarepresented
in Fig. 2.

Thegeneralpowerbalanceatthesubstrateisgivenby Eq.(11). Thelossesarealwayssmallin
comparisonto theincoming�ux esdueto theplasmaprocess.Duringtheheatingphase(“plasma
on”:


 ���

� � )
�

� is determinedby
�

�

�

�

heat/��

 � �

�




� �

* andduring the cooling phase
(“plasmaoff ”:


 ���

=0) by
�

�

�

�

cool/ �

�




� �

* . By taking theseexpressionsinto Eq. (11) the
differenceyieldstheenergy in�ux:
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�
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�
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�
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�

1�� �
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�
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�

1�� �

�

� ����� �

3 (12)

If theslopes1�� �

�

1�� aredeterminedat thesametemperature� andassumingno changeof the
environmentaltemperature��(

� �

, which is achievedby shortmeasurementtimes,theexpression
within thebracketsof Eq.(12) is aquantityproportionalto thethermalpowerat thesubstrate.In
orderto obtainabsolutevaluesof


4���

thespeci�c heatof thesubstrate(thermalprobe)hasto be
determinedby aknown thermalpowerasdescribedin [35].

Themeasuredenergy in�ux is an integral valuecomprisingthevariouscontributionsaski-
neticenergy of chargecarriers,recombinationheat,reactionheat,etc. By measuringtheenergy
�ux esat differentsubstratevoltages�

� , thecontributionsof ionsandelectronsfrom theother
sourcescanbe separated.For this purpose,the thermalprobe(substrate)canbe biasedexter-
nally by adcvoltage.Simultaneously, theelectricalcurrentto thesubstrateis measuredandone
obtainsthesubstratecharacteristic,which is similar to a usualprobecharacteristic.In Fig. 3 the
thermalprobecharacteristicin an1 Paargonandoxygenrf plasmais shown. At suf�ciently neg-
ative substratevoltagesthecurrent � � changesonly slightly with increasingvoltage �

� . From
thecharacteristicsin Fig. 3 an ion saturationcurrentof about1 mA anda �oating potentialof

���

���

�




V canbeobtainedfor theargonplasma.

Determination of the energy in�ux by measuringthe temperaturegradient
In comparisonto the describedtemperaturerise methodthereis anothersimple and reliable
procedureto measuretheheatin�ux atthesubstrateby determinationof thetemperaturegradient
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Fig. 3. Current-voltagecharacteristicof thesubstrate(thermalprobe)for argonandoxygen.

Fig.4. Calibration:integralenergy in�ux vs. Measuredtemperaturedifferencebetweentwo thermocouples,
from [17].

alongthesampleholder[17]. At this methodthepower �ux is measuredin steadystate:

const �



���

�

�

�

���

3 (13)

Theheatcapacityof thedevice shouldberelatively smallandthedistancebetweenthethermo-
couplescanbeenlargedby usinga tubebetweensubstrateandwatercooling (seeFig. 4). The
calibrationof thedifferentialexpression

�

�

�

���

canbedoneby meansof anelectricalheaterof
known power. Thus,by usingsucha calibrationthe integral in�ux canbedeterminedfrom the
measuredtemperaturegradientalongthesubstrateholdertube.

Energy �ux measurementsby �uor escentpowder particles
A rathernew methodfor thedeterminationof energy �ux esin a processplasmaon thebasisof
the thermalbalanceof injectedpowdershasbeenrecentlyperformedby Swinkels et al. [36].
In orderto monitorthetemperature�

�

of thepowderparticles,which is a resultof thedifferent
energy �ux estowardsandbackfrom them,�uorescencemeasurementshave beencarriedout.
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Fig. 5. Thespectralpro�le of MF/RhB �uorescentemissioncurvesfor threedifferenttemperatures.The
dyeincorporatedinto theMF spheresis excitedwith anargonion laseroperatingat514nmand28mW.

Theparticlesaremelamine-formaldehyde(MF) spheres,whicharedyedthroughoutthevolume
with RhodamineB (RhB).An argonion laserwasusedto excite thedyedparticles.Theresult-
ing �uorescentemissionhasbeenrecordedusingan optical multi-channelanalyzer. In Fig. 5
a few calibrationcurvesof the particletemperatureareshown for the MF/RhB particles. The
calibrationcurvesshow thatthespectralpro�le of the�uorescentemissiondependson thetem-
perature.Onecanclearlyseethatasfunctionof temperaturethecurvebroadensandtheintensity
decreases.This makesit possibleto determinetheparticletemperature�

�

in plasmaswithout
makinguseof theabsoluteintensity. During theplasmaprocessthepowderparticlesundergoa
thermalpower balancewhich takesinto accounttheseveral energy �ux esarriving at andleav-
ing from theparticlesurfaceaskinetic energy of electronsandions, ion recombinationenergy,
thermalconduction,andradiation. Measurementof the internalparticletemperature�

�

yields
valuableinformationaboutthesedifferent�ux es.

In thestationarycasewheretheparticles,which�oat neartheplasmasheathedge,areheated
to their equilibriumtemperature�

�

theenergy �ux esareequal:



� �

�




� �

* . Hence,by knowl-
edgeof the outgoing�ux




� �

* which consistsof the thermalconductionandthe radiationthe
total energy �ux towardsa powder particlecanbe obtainedandcomparedwith modelcalcu-
lationsfor


����

. The losstermsareessentiallydeterminedby the particle temperature�

�

and
thegastemperature�

� which have beenmeasuredby the �uorescenceof theparticlesdyeand
absorptionpro�les, respectively.

4 Experimental examplesfor energy balancesduring plasmaprocessing

Low temperatureplasmaprocessingof solid surfacesis essentiallyaffectedby energetic and
thermalquantities,asenergy per incomingparticle (

�

), particle �ux (� ), energy �ux density
(energy dose,( � ���

�

) from theplasmaandelectrodes,andsubstratetemperature( � � ). In the
following wewill illustratethein�uenceof thedifferentenergeticandthermalquantitiesatsome
experimentalexamplesof thin �lm deposition.

A characteristicfeatureof thin �lm depositionbymagnetronsputteringin comparisonto ther-
malevaporationis thehigherkineticenergy of theparticlesarriving at thesubstrate.Theintegral
energy in�ux (



� �

) duringsputteringin�uencesthe thermalconditionsat thesubstratesurface
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Fig. 6. Schematicof theexperimentalset-upfor sputteringof a-C:H-�lms andmolybdenumthin �lms.

and,hence,in additionto momentumtransferit effectsthe microstructureandmorphologyas
well asadhesionandresidualstressof thedeposited�lms [1,13].

4.1 Magnetron sputtering of carbon �lms

Theenergy in�ux



���

(depositedpower)duringthin �lm depositionby sputteringof a graphite
ormolybdenumtarget,respectively, in anAr/H � (1.5:1)atmospherehasbeenmeasuredasafunc-
tion of themagnetrondischargepower, gaspressure,andradialpositionbeneaththetarget.The
magnetronset-upis shown in Fig. 6, andtheexperimentaldetailshavebeendescribedelsewhere
[37]. Oppositeto theplanartargetcathode(diameter:90mm)theradiallymovablethermalprobe
wasplacedin a distanceof 45 mmwhich is thetypical distanceof thenormallyusedsubstrates.
The target voltagehasbeenvariedin the rangeof 350 ... 550 V correspondingto a discharge
power of 10 . . .150 W andthe gaspressure(argon and/orhydrogen)could be variedbetween
0.5. . .5 Pa. For thecalculationof theseveralcontributionsto thetotalenergy in�ux theinternal
plasmaprocessparameterhave to be known. Therefore,the electrondensity �

( , the electron
temperature	$� ( aswell as�oating andplasmapotential( � �

�

, �

���

) in thesubstrateregion have
beendeterminedby Langmuir-probemeasurements.The temporalbehaviour of thedischarge,
the gascomposition,andthe target oxidationstatehasbeenmonitoredby massspectrometry.
TRIM calculations[38] wereusedto obtainthe energy of the sputteredandre�ected particles
arriving from thetargetto thesubstrate.

In orderto obtainabsolutevaluesof

4���

thespeci�c heatof thesubstrates(thermalprobe)
weredeterminedby a known thermalpower from cw laserirradiationandasdescribedin [39].
It was

�

% �

���

� � 3 � J/K for acopperplateasshown in Fig. 1.
As an example, in Fig. 7 the energy in�ux versuspower is plotted for different experi-
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Fig. 7. Energy in�ux asmeasuredfor C-sputteringandMo-sputtering,respectively, in Ar andAr/H � in de-
pendenceonthesuppliedmagnetronpower (� � ��� 
 Pa). Themeasurementsarecomparedwith calculated
valuesbasedon abalanceof thedifferentenergeticcontributions.

mentalconditions. First, we will brie�y discussthe curvesfor the graphitetarget: For a con-
stantgaspressure


 � �

riseslinearly with increasingdischarge power in both cases,in Ar as
well as in Ar/H � . This is due to the increasingcharge carrierdensityin the substrateregion
( �

( � �

�


��

�

3.3.3

�

�


��

�

cm�

�

) and an increasingdepositionrate of the condensing�lm
(

�

�&(

�

� � 3 
 3�3�3 � 3 � nm/s).By takinginto accounttheheatof condensation( � � �

�

3
	

�


���� J/kg)
andthelayerdensity( 
 �

�

3 � 3.3.3
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�

gcm
�

�

) whichhasbeendeterminedby XRD thecontribu-
tion of thecondensation


��

couldbeobtainedby

��

���
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�&(
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(14)

where 2 ��� cm
�

is theareaof thethermalprobe.Theenergeticcontributionsof theions(



�

)
andelectrons(




( ) andfor their recombination(



�5(0� ) canbe speci�ed asmentionedabove by
[40]:
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(
�

( ,
�

�

: massof electronsand ions, �

�

: ion �ux density,
�

�

: ionizationpotential,
�

: work
function, � �

�

��% = �

���

�

�

� ��
�� 3 3.3 
 � V and �

� �

���

�

).
In the caseof carbonsputteringin a pureargonplasmaonly thecontributionslisted above

will in�uence thethermalbalanceof thesubstratesurface.Hence,thesum

 ���

�



�

�


 �

�




(��




��()� will resultin thetotalenergy in�ux measuredby thethermalprobe.Thestarsin Fig.7
indicatethemodelcalculationon thebasisof Eq. (14) - Eq. (17) wheretheplasmaparameters
which are necessaryfor the calculationshave beenobtainedby the diagnosticsas described
above.

If hydrogenis addedduring the sputteringprocessthe thermal load is remarkablyhigher
than for pureargon sputtering. This is due to an additionalenergetic contribution due to the
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recombinationof hydrogenatomsonthesurfaceof thethermalprobe.Thein�uenceof hydrogen
couldalsobeobservedin thedependenceof


 � �

on thepressure.Whereastheenergy in�ux for
a constantdischargepower increasesslightly with thepressurein thecaseof sputteringin pure
argon, it decreaseswith increasingpressurefor theAr/H � mixture. This observationmight be
explainedby two facts:Firstly, athighergaspressurethehydrogenrecombinationbecomesmore
likely in thevolumethanat thesurfaceand,secondly, a higherhydrogensupplyat thesubstrate
resultsalsoin enhancedreactionsof C- H � compoundswhich “consume”energy.

Theresultsfor sputterdepositionof molybdenumshow thesamequalitativebehavior. How-
ever, theenergy input is essentiallyhigherthanfor thegraphitetarget. Becauseof thesmaller
thicknessof theMo targetthebondingto themagnetronwatercoolingwasverypoorand,hence,
the temperatureof theMo target reachedvaluesup to 400- 900K dependingon thedischarge
power, while theC targettemperaturewasonly in therangeof 320- 400K. Thus,in thecaseof
Mo sputteringtheheatradiationfrom thetargetdeliversa largecontribution to thetotal energy
balanceof thesubstrate.For molybdenumalsothe in�uence of thekinetic energy of the sput-
teredatoms(


��

) arriving at thesubstratehave to beconsideredwhich is cannotbeneglectedas
in thecaseof carbonsputtering:


��

�

�

�&(

�

���




�

�
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(18)

(atomicmassof Mo:
�

=96,
� �

: Avogadro'snumber, 
�� 
�� 3

�

g/cm
�

: Mo �lm density).The
meanenergy

� �

of thesputteredMo atomshasbeencalculatedby TRIM to be in theorderof
�

�

�




3




eV for our experimentalconditions. By taking into accounttheseeffect the energy
in�ux hasbeencalculatedagain,theresultsareindicatedby thecrossesin Fig. 7.

4.2 In�uence of energetic contributions during DC-magnetronsputtering of aluminum
�lms on microstructure

In the following exampleof aluminumsputtering(Fig. 8), the measuredtotal energy in�ux,
which hasbeendeterminedagainfrom the rise of the substratetemperature( 1 �

�

�

1 � ) during
the sputteringprocess,consistsmainly of the kinetic energy of charge carriersand sputtered
particles,andthereleasedcondensationheat[41].

The contribution of ions ( �

�

) andelectrons( �
( ) could be distinguishedagainby variation

of the substratepotential. The effect of sputteredparticleson the energy balance( �

�

�

%

���

* ) is
estimatedby theproductof their �ux densityandthe meankinetic energy which hasbeende-
terminedfrom the energy distribution of sputteredspecies.Finally, the contribution � � dueto
condensationof aluminumparticleshasbeendeterminedby measuringthedepositionrateand
by takinginto accountof thespeci�c condensationheat.

TheAl �lms weresputteredby a DC magnetronontoglassor silicon substratesor ontomi-
crodispersepowderparticles,respectively. Thedischargevoltagewasoperatedat 250. . .550V
andthecurrentrangewas20 . . .250 mA. Standardargongaspressurewas0.01mbarat a gas
�o w rateof 50 sccm.Thedistancebetweentargetandsubstratecouldbevariedbetween4 and
15 cm. Oppositeto themagnetron,at thebottomof the reactoran RF electrodewasinstalled,
which wasnecessaryfor charging andtrappingof injectedpowderparticlesin orderto modify
them[42]. The discharge hasbeenstudiedby several diagnostics.Langmuir-probemeasure-
mentsandself-excitedelectronresonancespectroscopy (SEERS)[43] providedinformationon
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Fig. 8. A schematicview of the experimentalset-upfor aluminium sputteringonto �at substratesand
powderparticles.

the electronswhereasthe ion andneutralcomponentwasmonitoredby energy resolved mass
spectrometry. Thedeposited�lms wereinvestigatedby analyticaltechniquesasscanningelec-
tron microscopy (SEM), X-ray- photoelectronspectroscopy (XPS), Rutherfordbackscattering
(RBS),andatomicforcemicroscopy (AFM).

In thepresentstudytheinternalplasmaparametersas �

���

, ���

�

, �

( , 	6�,( etc. have beenmea-
suredin thesubstrateregionwhich is relevantfor the�ux esto thesubstrate.Themeasurements
of the plasmaparametershave beencarriedout for only the RF discharge as well as for the
combinedoperationof RFplasmaandDC magnetronasit wascommonlyusedin powdertreat-
ment. Of course,in magnetronoperationtheplasmaparametersin comparisonto theweakRF
dischargeareremarkablychanged.

From thenumberof ions arriving at the targetandtheir meanenergy theyield and,hence,
the �ux of sputteredAl particles(�

�

�

) to thesubstratehasbeenestimatedusingTRIM to be in
theorderof a few 
��

���

cm
�

�

s
�

�

for our experimentalconditions.Supposingthatall sputtered
Al atomswhichstrike thesubstratearealsostickon it, onecansimplycalculatethegrowth rate.
ThecalculatedAl depositionrate

�

�&(

�

is in quitegoodaccordancewith theratesmeasuredby
RBSandoptical transmission,respectively, asit canbeseenin Fig. 9. Theenergy in�ux to the
substrateand,consequently, the substrateheatingduring sputterdepositionwith a magnetron
sourceis acombinationof differentheatingcontribution. As is thecasefor all vapourdeposition
processes,theheatof condensation( �6� ) mustbeconsidered,which is for aluminumin theorder
of �

�
� 
��

�

kJ/kg (
�

� =3.3 eV/atom). The contribution �
� to the energy in�ux due to �lm
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Fig. 9. Electrondensity(a), particle�ux es(b), andresultsof modelcalculationfor Al growth compared
with measureddepositionratesvs. power (c).

condensationis correspondingto:

�

�

� �

�
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(19)

(
�

�&(

�

: depositionrate, 
 : massdensity).
The contribution �$�! due to the kinetic energy of charge carriers(electronsand Ar ions)

dependsontheelectrondensityin thesubstrateregionandthemeankineticenergyof thecarriers
which is determinedby thebiaspotential � �

�

��% �

�

���

�

�

� . Becausethesubstrateswerealways
at �oating potential,it is �

� �

���

�

. Theenergeticcontributions( �$( , �

�

) of thechargecarriers
havebeenobtainedaccordingto Eqs.(15), (16).
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Fig. 10. Simulation(a) andmeasurement(b) of the energy distribution of sputteredaluminiumfor a dis-
chargevoltageof 440V.

Theelectronenergy was 	$�
( =4.2eV andtheelectrondensityin thesubstrateregion during

sputteringwasmeasuredto bein theorderof �

(
� �

�
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�

3 3.3




�


��

�

cm
�

�

dependingon the
dischargepower. In caseof �oating substratesthereleasedrecombinationenergy �ux �

�5()� has
to beconsidered:
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where�

�

� �
( and

�

��()� is theionizationenergy, whichis for argon15.7eV. Dueto low operating
pressureof the magnetron,a signi�cant fraction of the kinetic energy

�
�

of the sputteredAl
atomsmay still be presentfor the depositingatomsin the substrateregion. This contribution

�

�

�
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* is then:

�

�

�

%

���

* ���

�

�

�

�

�

�

�&(

�

�
�




�

�

�

3 (21)

Thekinetic energy
�

�

of thesputteredneutralshasbeencalculatedby TRIM for a magnetron
dischargevoltageof 440V. Thesimulationyieldsa meanvalueof 2.9eV/atom.In addition,the
energy distributionof thesputteredspecieshasbeenexperimentallyobtainedby plasmamonitor
measurements(Fig. 10). In the measuredspectraonecanobserve a peakdueto the sputtered
Al particlesexactly at thatposition( �




eV), which hasalsobeenobtainedby TRIM simula-
tion. The energy distribution of thesputteredaluminumparticlesdecreasesafter its maximum
accordinglyto �

�

�

�

�

asexpectedfrom thetheory[44,45].
Thedifferentcontributionsto theenergy in�ux asdescribedabovearecalculatedfor typical

experimentalconditionsasusedin magnetronsputteringandplottedversustheelectrondensity
in thesubstrateregion in Fig. 11. Becausethesubstratesareat �oating potential,theenergetic
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Fig. 11. Calculatedcontributionsto theintegralenergy in�ux towardsthesubstrateatmagnetronsputtering
(

� �

�

�����

, � � � Pa).

Fig. 12. Measuredintegral energy �ux esat magnetronsputteringof aluminium. The substrateswereat
�oating potential.

contributionsof thechargecarriersin comparisonto thekineticenergy of thesputteredparticles
andthecondensationenergy of the�lm areratherlow.

The total energy in�ux �

���

hasnot only beencalculated,it hasalso beenmeasuredwith
thermocouples.From the temporalchangeof the substratetemperaturethe integral deposited
energy hasbeenobtainedby the methodasdescribedabove. The experimentalresultsfor �

���

at variousdepositionconditionsareplottedin Fig. 12. Comparisonof measuredandcalculated
valuesof �

���

shows an excellentaccordance.For instance,magnetronoperationat 65 W and
a target-substratedistanceof 14 cm correspondsto an electrondensityin the substrateregion
of �

(
�




�


��

�

cm
�

�

and an aluminumgrowth rate of
�

�&(

�

= 1.1 nm/s. Looking for the
correspondingenergy �ux esyield in eachcase0.017J/cm

�

s.
Surprisingly, the�lms sputteredontosmallironpowderparticlesexhibit arough,cauli�ower-

likestructurecomparedto thesmoothlayerssputteredonto�at siliconwafers.Thedifferenceis
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Fig. 13. SEM micrographof Al coatediron particlesandreconstructed3D-plot of a sputteredAl �lm on
silicon asexaminedby AFM. Although the �lms have beensputteredunderthe sameplasmaconditions
thereis a remarkabledifferencein themicrostructure.

obviousif onecomparestheSEM micrographof coatedpowderparticleswith theAFM picture
of the aluminum�lm on silicon in Fig. 13. An essentialreasonfor the observed differences
in surfaceroughnessmight be the differentsubstratetemperaturewhich is reachedduring the
sputterprocess.Althoughundercomparabledepositionconditionstheenergy in�ux towardsa
powderparticle is the sameastowardsa �at substrate,the resultingtemperaturemay be quite
different. Due to muchbetterheatconductionalongthe substrateholder the silicon substrate
do not reachsuchhigh equilibrium temperaturesas microscopicpowder particles,which are
mainly cooledby radiation.Assuminganupperlimit for theenergy in�ux of 0.2J/cm

�

s which
might be attainedat high discharge power and low substrate-target distancesthe equilibrium
temperatureof a �oating powder particlemay reachvaluesbetween460 and770 K. The �rst
valueis valid if oneassumesa heatradiationemissioncoef�cient of �

� � � 3 � , while the latter
hasbeenobtainedfor �

� � � 3 
 . Especiallyfor aluminumtheeffect of increasinggrainsizeas
thesubstratetemperatureis increased,hasbeenreportedin literature[46].
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Fig. 14. Schematicof theexperimentalset-upfor thethermalprobemeasurementsin theremoteplasmaof
asurfacewave sustaineddischarge.

Fig. 15. Energy in�ux releasedby nitrogenrecombinationat differentsubstratematerialsin theafterglow
of a surfacewave sustaineddischarge.

4.3 Measurementof the energy in�ux releasedby atomic nirtogen recombination

In anotherexperimenttheenergy inputby recombinationof nitrogenatomsin theafterglow of a
surface-wave sustainedplasmahasbeendetermined.In this experimentsmallerthermalprobes
wereused,and- in order to examinethe in�uence of differentsurfaceson the recombination
mechanism- in additionto thecopperprobe(

�

� = 0.075J/K) alsoprobesof oxidizedcopperor
platinum(

�

� = 0.044J/K), respectively, havebeentaken.
The plasmais createdin a quartztubeby meansof 2.45 GHz microwave power Klystron

coupledto a Waveguide-Surfatronstructure[47]. The systemis �x ed to a cylindrical reaction
chamber(dimensions:340mm diameter, 590mm high), seeFig. 14. Themicrowave discharge
powerin thedischargetubewasvariedbetween200W and1000W, asprocessgaspurenitrogen
hasbeenusedat a pressureof 0.7 Pa in the chamber, wherethe afterglow expandsinto. In
someexperimentsa N � /O� mixture hasbeenusedin orderto oxidize the copperprobe. After
sucha measurementtheoxidewasremovedby anargonbeam.The thermalprobewasplaced
immediatelyin front of the tubenozzle.Opticalemissionspectroscopy andmassspectrometry



458 H Kerstenet al

havebeenperformedasdiagnostictoolsin thisexperiment.
A quitelargeamountof thenitrogenmoleculesaredissociatedin thebulk plasmaof thetube

andexpandthroughthe nozzleinto the processchamber. The recombinationof the N-atoms
occursat the substrate(probe)which is placedin front of the nozzle. Becausethe radiation
andthechargecarrierdensityin this region is negligible andno depositiontakesplace,theonly
contributionsto thesubstrateheatingarethegastemperatureandthereleasedrecombinationheat
of theN � molecules:


����

���

�

�

�

�

�

�

% (22)

(
�

�

�

%)% : dissociationenergy,
�

� : recombinationprobability, �

� : nitrogenatom�ux density).
Thein�uenceof therecombinationto theenergy balanceof theprobedependsonthesurface

material(
�

� ) on which theatomsrecombine.Therefore,differentsubstratesurfaceshave been
investigated:platinum,copper, andcopperoxide.

The�rst preliminaryresultsindicateclearlythatundercomparableexperimentalplasmacon-
ditions(power, pressure,atomicnitrogen�ux) theenergy in�ux for thedifferentsurfacematerials
canbedistinguished.As shown in Fig. 15 therecombinationprobabilityoncopperis morethan
twice asmuchasfor copperoxide,while the recombinationon a platinumsurfaceis evenstill
lower. By a morequantitatively studywhichwill take into considerationthepreciselymeasured
N- atom�ux (�

� ) it shouldbepossibleto re-calculatetheenergy releasedby a singlenitrogen
recombination(

�

�

�

�

�

% ) onaspecialsurface.

5 Summary

The energy in�ux towardsthe surfaceis oneof the most importantpropertiesof plasmawall
interactionfor comparingand scaling-upseveral plasmaprocesses.We have describedhow
thevariouscontributionsto theenergy balanceof a plasma-exposedsolid surfacecanbedeter-
minedin general.By knowing thetemporalandspatialevolutionof thesurfacetemperatureand
thereforeof the thermalconditionsat thesolid surfaceduringplasmatreatmentonecanobtain
informationon theenergy transfermechanismswhicharetake placeandwhichdeterminethese
thermalconditions.
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