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New technologyfor carbon�lm depositionis presented.Thecarbon�lm is condensingfrom
carbonplasmageneratedby a thermionicvacuumarc with carbonanode. Carbon�lm is
bombardedduringdepositionby energeticcarbonionsat �x edenergy. High purity, hydrogen
free andnanostructuredlayersareobtainedthe characteristicsizeof structuresbeingin the
orderof few nanometers.

PACS: 81.05.Uw, 81.07.Bc,81.15.Ef

1 Intr oduction

Presentlythereis a greatinterestin amorphouscarbon(a-C) �lms thatcontainsigni�cant frac-
tionsof sp3 bonding.Thisbondinggivessuchdiamond-likecarbon(DLC) structureswith useful
propertiessuchas wear resistance,adhesion,electricalconductivity, hardness,andstressand
oxidationresistance.A DLC material,whosepropertiesresemble,but do not duplicatethoseof
diamond,is a randomcovalentnetwork of sp2 – bonded“graphitic” carbonstructuresintercon-
nectedby sp3 “diamond-like” linkageswith no long-rangecrystallineorder[1,2].

DLC canbe preparedby a variety of vapordepositiontechniques.A commonfeatureis
growing from beamscontaininga signi�cant fraction of medium-energy ions (20–500eV).In
this papera new technology, namelyThermionicVacuumArc, is describedfor carbonlayer
deposition.

2 Method

ThermionicVacuumArc (TVA) is an externally heatedcathodearc which canbe established
in high vacuumcondition, in vaporsof the anodematerial,continuouslygenerateddueto the
incomingpowerP givenby therelationP = Uanode � I anode whereUanode is theanodepotential
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Fig. 1. Correlationof measuredmaximumion energiesandthearcvoltagedropUarc wheref de�nes the
anglebetweentheimaginarylinesperpendicularto theanodeandtheaxisof thecathode.

fall andI anode is thearccurrent[3–6]. Thearcis ignitedbetweenaheatedcathodeprovidedwith
awheneltcylinderandtheanodewhich is a cruciblecontainingthematerialto beevaporated.

Becausethis systemcanheatany materialat increasedtemperature,it is oneof the most
adequatetechnologiesfor carbonevaporation. In this case,insteadof cruciblecontainingthe
materialto beevaporated,a carbonrod is useddirectly. Moreover, thedischargecanbeignited
in highvacuumcondition,ensuringhighpurity anddepositionof hydrogenfreecarbonlayer.

This new type of arc offers the uniqueopportunityto generateenergetic ions, with a con-
trolled valueof thedirectedenergy, which arebombardingthecondensingthin �lm on thesub-
strate.Theionsarejust those(thesubstratebombardingionsaregeneratedjust from theatoms
of thedepositingmaterial,no gasbeingpresentin thevacuumchamberduring theprocess)of
thedepositingatomsonsubstrate.

Thedirectedenergy of ionsis relatedto thecathodefall. Indeedbecausecathodeis atground
potential,theplasmaagainstthewall of thevacuumvesselis at a potentialequalto thecathode
fall. Consequently, apotentialdifferenceequalto thecathodefall will acceleratetheionstowards
thewallsof thevacuumvesselupto energy of 500eV, for characteristicalanodecurrentsof 1 A.

Simplemeansareavailableto control the valueof the ions energy like anode-cathodedis-
tance,relative positionof electrodes,cathodeheatingcurrent,etc. Evenduringdeposition,the
valueof thecathodefall canbechangedin a rangeof somehundredvolts.

Suchbehaviour is easyto understand.Indeed,for a constantthermionicarc current,if the
temperatureof thecathode(namelycathodeheatingcurrent)is decreased,in orderto maintain
thesamearccurrent,thepotentialdropover thearcmustbeincreased,whichhasaconsequence
the increaseof the potentialdrop at the cathode.Similar explanationsarevalid for the effect
of othermentionedparameters.Experimentalmeasurementson theion energy distribution have
shown thatbetweenthedirectedenergy of ions(away from plasmasource)andthearcpotential
drop is nearlya linear relationwe canseein Fig. 1. It givesan easycontrol of the valueof
ions energy througharc voltagedrop. The ion densitydependson the arc current. For 1.8 A
arc current,the ion densityis 5% from theneutralcarbondensityatoms.However, dueto the
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Fig. 2. Schematicview of the electrodesarrangementfor carbonplasmageneration(indirectly heated
cathode).

electric�eld betweenplasmasourceandvacuumvesselwall, theionsaremuchfastercollected
thanneutralatoms.

Two experimentalarrangementsfor carbonevaporationhave beenused. In Fig. 2 the ex-
perimentalarrangementof ThermionicVacuumArc with indirectly heatedcathode(by electron
bombardment)in orderto increasethecathodelife–time which wasreactingwith carbonvapor
generatingtungstencarbideanddiminishingthecathodelifetime is shown schematically.

In this �gure, d is thedistancebetweenthesubstrateandthepoint whereis ignitedthearc-
discharge(d = 80mm). Thesubstrateis atgroundpotential,mountedonastainlesssteelplateof
1 mm thickness,in thedirectionindicaatedby discontinuousline. Theheattransferto substrate
from plasmawasmainly by radiation.Thetemperatureon thesubstratelevel wasaround200–
250oC, theheatingbeingdueto radiation.Therealpositionof carbonrodwasslightly turnedby
10–15o with respectto thehorizontalline.

Also, in order to reduceheatlossesfrom the anodeby radiation,molybdenumcylindrical
re�ector wasmountedat anode.

Tab. 1. Workingparametersof TVA with indirectlyheatedcathodedepositionduration:180s.

Rod Auxiliary discharge Main discharge Voltagedrop
diameter overdischarge

(mm) Voltage Current Voltageapplied Arc current space(V)
(V) (A) (V) (A)

4 2 000 0.2 1 700 1.8 400
3 2 000 0.2 2 000 2.5 240

In Table 1 the working parametersof thermionicvacuumarc for a numberof deposition
experimentsof carbon�lms usingsmallcathodecarbonrod distance(a few mm) aregiven.The
thicknessof the depositedcarbon�lms on Si wafersof the orderof 100–200nm. During the
experiments,a simplesolutionhasbeenfound both for cathodeandanode. We useda thick
�lament wire with 1.5 mm diameterfrom thoriatedtungstencathodeanda shortlengthcarbon
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Fig. 3. HRTEM: Crystalssurroundingby partialgraphitisedcarbonon theamorphouscarbon�lm.

rod supportedby a refractorymetalwire (tungsten)with a diameterof 1.5–2mm anode.Other
technologicalimprovementsaredescribedbelow.

3 Experimental resultsand discussions

The main parameterswere the cathode�lament — thoriatedtungstenwire of 1.5 mm diame-
ter threetimeswoundandheatedby a currentof 100 A; �nal vacuumduring depositionwas
10� 6 mbar;appliedhigh voltageduringarcrunningin purecarbonwas1100V; interelectrodic
distance(cathode-anode)was4 mm; sizesof the carbonanode(mountedon a � = 1:5 mm
tungstenwire) are� = 10 mm, h = 10 mm; depositiontime 300s; depositionrate3 	A/s; �nal
thicknessof thedepositedpurecarbonthin �lm 90nm.

During thearcrunningandC thin �lm deposition,theanodewascontinuouslyrotatingwith
6 rpm andalso the cathode-anodedistancewasadjustedeachtime when the arc currentwas
decreasingby morethan10%.Thisway, acontinuousworkingof theTVA wasensured.

ThedepositedC �lms werestudiedusingTEM electronicmicroscopy with a magni�cation
of 1.4M andaresolutionof 1.4 	A. Thesamplesof depositedcarbon�lms (depositedonNaClor
KCl monocrystalssolvedin waterbeforeTEM examination)show nanostructured�lms. Thesize
of cylindrical structurehasadiameterof 2.40–2.70nmandalengthof only 0-20 	A sustainingthe
nanostructuredthin �lms asshown in Fig.3. PreliminaryRamanspectracon�rmed theexistence
of sp3 boundsbesidesp2 ones.

The TEM imageof grainsis shown in Fig. 4. The statisticalfunction presentedin Table2
indicatesa meandiameterof grain sizeabout6.52nm. The grainswith 5.5 nm diameter(see
Fig. 5) have themaximumfrequency of appearance.Theelectrondiffractiondiagramsshow the
existenceof crystallinestructurein thedepositedthin �lms usingTVA technique.

Thenew systemof depositionis peculiarlyadequatefor hydrogenfree,high quality-smooth
andcompact- carbon�lm deposition.TheTVA easilyensureshigh energy neededto evaporate
purecarbon.

ThermionicVacuumArc canbeusedsuccessfullyfor hydrogen-freecarbon�lm deposition,
ensuringgoodqualitiesandhigh purity. Nanostructuredcarbon�lms with low roughnesscan
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Fig. 4. TEM imageof grains. Fig. 5. Grain size distribution graph. In caption:
diameterof thegrain(nm).

StatisticalFunction DiameterMean
BaseUnit nm

Mean 6.52
Minimum 3.88
Maximum 15.09

StandardDeviation 1.77

Tab. 2. Statisticalfunctionof grains.

beobtainedquiteeasily. Furtherdevelopmentswill berelatedmainly to theimprovementof the
TVA stability at thetransitionfrom electronbombardmentheatingof carbonrod to theTVA arc
plasmaignition andrunning. We presentherejust the �rst resultson characteristicsof carbon
�lm obtainedusingTVA.
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