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Tungstenfilamentswere carturisedby pyrolitical decompmsition of methaneand hydrogen
over hot filament surface. The carlurised filamentswere characterizedby Ramanspec-
troscopy, X-ray diffraction measuremes and scanningelectronmicroscopy. Featureless
micro-Ramarspectraconfirm a formationof tungstencarbidelayer after 10-minutecarturi-
sation. StrongWC-relatedpeaksin X-ray diffraction spectraare obsened for carlurisation
temperaturesf 1600 ° C andhigher SEM analysisof filamentsfractureindicatesa creation
of WC layerover W filaments generéion of deepmicro cracksin WC region andapreferen-
tial creationof WC grainsin thin surfacelayeroverbulk of carhurisedfilamentsin depemence
on carhurisationtime is obsered. Presentedesultsindicatethat successflucarturisationis
practicallyself-stopprocessafter5 hours.

PACS: 81.15.Gh

1 Intr oduction

The“refractay carbide” represencarbides of transitionmetalsin 1V-VI grougs. Theirintrin-
sic properties,sucha high melting point, high thermalstability, high wearresistanceand low
chenical reactiity make themanattractve materialalsofor the vacuum techndogy [1]. Tung-
sten,molybdenum tantalumandrhenium arewidely usedasthe“activationfilaments”in various
chemical vapair depsition processesThesefilamentsareheatedup to high temperatee (2000
- 24 ° C)in order to enhamwe i) thermalelectronemissionandii) ratesof chemicalreactiors
actedover the hot surface. Furthernore, the stability of filamentsusedin achieving of the “hot
filamentchemicalvapar depaition” (HF CVD) playsanessentiatolein reproducibde andwell-
definal growth of diamord anddiamand-like thin films. Therebre, it is necessarjo stabilizethe
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surfaceof filamentswhichareemplo/edin aggressie gaservironmeris (like carba consisting
gases- methanegthanegtc.). This stabilizationprocess(often calledcarhurisation)is mostly
performedvia chemicalmodfication of filamentsin reactve gasatmosplkere.

In the preseh study we investigae thedepeneénceof carlurisationprocessof tungsterfila-
mentson procesdime. Thetungsterfilamentswerecarturisedby pyrolitical decompsition of
thegasmixture of methame andhydrogenin theHF CVD reactor

2 Experimental

Tungsten“technical” wires (0.6 mm in diamete and 120 mm in length) usedfor CVD were
cleanedn acetonendloadednto theHF CVD chamberOneendof thefilamentwasfixedto the
supprting electrodglmolybdenum rod, 3 mmin diamete)y, andotheronewasconrectedto the

flexible molybdenum electrodg(3 mmin diameterthatslidesfreein the longitudinal directian.

It wasexperimentally confimedthatthefastcarhurisation procestypicdly atextrene process
paranetersJik e filamenttemperatre of 2000 ° C andhigher methaneconcemrationhigherthan
3%, and/ordc plasmaassistedervironmen) causedhe filamentto fail very quicky during the
chenical vapou depaition. Therebre, the maximumstartingtemperatte for carlurisationwas
limited to appioximately16 ° C atthedc currer of 30 ampsperfilament. To keeppredefired

carlurisationconditions, thewhole processvascontrdled via PCunit.

The initial filamenttemperatee was measurd by the two-cdour optical pyrometry in its
centreandit wascorrectedor tungsteremissvity (W) = 0.4at A = 650nm. Ontheotherside,
only anegligible correctionwasusedfor tungstercarbideemissvity (¢(WC) = 0.85 [2]. It must
be notedfor the complet@essthatthe filamenttemper&ure nearelectro@ rodswaslower than
thatatthecentre.

Characterizatio of filamentswasperfamedby conventionalmicro-Ramarspectronatry us-
inganlISA Labramequipnent(JobinYvon/Sgx/Dilor, HoribaGroup equigpedwith a632817nm
line from a He-Nelaserin the backscatténg geonetry. A 100xmicroscge objective wasused
to focusthelaserontoaspotof appraimatelyl m in diameteandto collectthescatteredight,
whichthenpassedhroughthe spectromter ontoa CCD detector Furthemore,a confocalhole
diameer of 200 .m, a spectrogaphentrane slit of 150 um, anda 1800grooves/mmdiffraction
gratirg wereemplo/ed. The X-ray diffractiondatawere collectedby a horizontal gonioneter
HZG3 equipedwith agraphte morochranatorin the primary beamtunedfor Cu-K« radiation
(A =0.152 nm). Thecross-sectiomeasuremntsof filamentswereobsered by DSPpowered
TESLA BS 300scanningelectronmicroscoe with a spatialresolutionof upto ~25nm.

2.1 Carburisation process

Before carturisation process, filamentswere heatedup to ~1600° C in vacuum for 3-4 min
to outgas ary filamentcontaninationsandto re-crystallizeit from fibre-like to polyciystalline
structue (Fig. 1 - pointA). Then,agasmixture of methar andhydrogenwasledinto avacwm
chanberatthegasflow ratio of 3: 300sccm(a standarccubiccentimére perminute) Thetotal
gaspressue wasadjustecby a needlevalve andkeptat constanvalueof 3000 Pa.

After achieving stablepressurecondtions, filamentswereslowly heatedup to temperéure
of 1600 ° C atwhichthe pyrolytical dissociatiorof methae andhydrogenstartedover the sur
faceof filaments.The startingpointfor filamentcarturisationcanbe clearlydistinguishedasan
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Fig. 1. Time depenlenceof filamentvoltageduring the carkurisationprocess.

autonatic increasedn filamentvoltagefor agivenDC curreri (appiox. 30 ampsperfilamentin
ourexpeiiments).Increasen voltagearisesfrom thefactthattheresistvity of formedWC layer
is impartantly higher (up to tentimes)thantheresistvity of the original tungsterfilament. The
thicknessof WC risesto the centreof filament,total filamentresistancencreasesip and,asa
corsequenceyoltageover the filamentsaturategFig. 1 - point C). At this point, no additiona
tungstencarbideformation is possibleandthe carturisationprocessseemso betheselfstopjing
process.

After finishingof carturisation the W/WC filamentsappearedight grey in colour. Themost
incorverient charateristicof themis brittlenesswhich canresultin shortlifetime sincea small
meclanicaldisturbaime couldresultin its brealage.Duringthecarhurisationprocessthetreated
filamentsometimeshaved a consideable distortion. Whenthis occured, the filamentswere
discared from the experimentsandthe carlurisationprocedire wasrepeatedintil the suitable
filamentswereobtained The filamentcrackingwasobsevedfor carturisationtime of 2 hours
andhigher andit occursdueto the volume extensionof formedWC phaseover theW filament.
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Fig. 2. Ramanspectreof non-treatedungsterfilamentandcarhurisedfilamentsfor 10 min and5 hours.

Thetotal diameer of filamentraisedfrom 0.6 upto ~0.7mmasthecarhurisationtimeincreased
upto 5 hous.

3 Resultand discussions

3.1 Ramanmeasurements

Fig. 2 compaes Ramanspectraof technicaltungstenfilamentandfilamentscarkurisedfor 10
minutesand>5 hours, respectiely.

The Ramanspectrunof non{reatedfilament,i.e. of flamentmeasuredefae loadinginto
the working chamler, shavs a few broadband. The band centredat 699 and 805 cm —*
are attributed to tungstenoxide stretchingmodes[3]. The additioral broad peakscentredat
266and325cm ! areattributedto bendimg vibrationof O-W-O. Furthernore, this Ramarspec-
trum reveds two broal bards centredat 1326 and 158 cm~—!. Thesebroadband centredare
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Fig. 3. X-ray diffraction patternof non-treatedilamentandcarhurisedfilamentfor 5 hours.

known as D and G bandof amophots carbon[4]. The weakly obserable band centredat
145 cm™!, asfound only afterfitting by software Labspe2.08, is assignedo diamoru-like-
carton. The obseved band arecharactestic only for non-teatedfilamentandrepesenti) an
oxide contaninationandii) amophots carbondueto agraphitesuspensionsedasthelubricart
in the productionof thin tungsterwires.

Ontheotherside,Ramanspectraof filamentstreatedfor 10 minutesand5 hous aresimilar
andshow ratherfeaturelesspectrumii.e. no surfacecontamiration is detectable.The lost of
Ramarnbardsis in goodagreemast with thefactthatmetalsdo not exhibit a Ramarsignal.

3.2 X-ray diffractio n patterns

XRD patternsof the filamentbeforeandafter the carturisationareshawn in Fig. 3. The non-
treatedungsterfilamentshavs threesharpw-correspondimg linesidentifiedasW(110) W(200)
andW(211). Somebroad backgound“bands” canbe relatedto imputities presentedn the W
filamentand/a on its surface,aswasconfirmel by Ramanmeasuements.However, the XRD
patternof the samefilament,asmeasuredfterthe finished5-hour carturisationprocess shavs
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Fig 4. A schematioziew of measuremearset-upof electricalresistance.

only sharpWC-relatedinesandno otherphasesredetectable.

3.3 Electrical resistance

Theelectricalresistancef filamentswasmeasuredby a two-probemethodatroomtemperatte,
asschematicallysketchedin Fig. 4. An exterral loadirg force of 0.5 N wasappliedonto the
voltage praobe to obtain good contat¢ andto avoid a wire breakirg. The measued electrical
resistances. carkurisationtime is shavn in Fig. 5.

Theelectricalresistanceiseswith increasingcarhurisationtime. First, it risesslowly from
2410 36 m() with carturisationtime increasdrom 0 to 60 minutes.Next, the curve risessteeper
andthe resistancechievesvalue of 178 m(2 for carturisationtime of 3 hous. Theresistance
saturatest value of 200m(2 for 5 hours.

Furtherinsights comefrom examinirg of calculatedthicknessof tungstencarbidein de-
perdenceon the carturisationtime. The modelis basedon previous expeiments[5-6], which
resultedin obsenrationsthatthe WC phasehasbeenonly developedasthe domninanttungsten
carlide phasen a hydrogenernvironment attempeaturesaborse 1500 ° C. Additionally, it is im-
portantto note,thateffectsof 7) formationof othercarba tungsterphaseglike W ,C), andii)
increaein thefilamentresistancalueto defectsin filamentsarenotincludedin this simplified
mockl.

Generallythefilamentresistancef W/WC mixture canbe calculatedusingthe Eq. (1)

Rw Rwc

Riotal = =——F— 1
oot = ®

where: R;.:q; iS the total resistanceof W/WC mixture (as measurediy the two probe
methal), Ry is the resistanceof tungstenfilamentwith the radiusof (rq — rwe), Rwe is
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Fig 5. Electricalresistancef filamentsvs. carhurisationtime.

theresistancef theformed WC layerwith thelayerthickness ¢, andr is theradiusof the
original tungstenfilament(r(=0.3 mm) (seeFig. 4, filamentdetail).
Let derotethatthe RywandRyw ¢ resistances written asfollow:

l-sw

l-swe
_— R
w(ro —rwe)?

RW = = 3
2TToTWC — Ty o

(2)

where: Ry , Ry ¢ is theresistancef tungstenandtungstercarbide/ is thefilamentlength
(120 mm), pw andpw ¢ is theresistvity of W andWC.
After plugin of all thedatainto (1) and(2) we get:

2

swer l-swesw

rwe =1 — |15 — = O, + . (3)
swe —sw - w(swe — sw)Riotal

Fig. 6 repesentghe calculatedhickness of formed WC layerin depenénceoni) carturi-
sationtime andii) WC resistvity. Theresistvity of WC depemnlson layerquality andcanvary
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Fig 6. Calculatedhicknessf formedWC layerin dependece on carturisationtime andvariedresistvity.

from 20x 108 upto 310108 Qm, and possiblyhigher [7]. In our case,the calculatiors
have beenperfamedfor threedifferentresistiities of WC layer, i.e. 67x10 8, 133x 108 and
310 x10~® Qm, respectiely. As could be obsered, the calculatecdthicknessof WC layerin-

creasesnearly’ independetly on resistvity up to apprximately 2 hous. Then,thesecurves

saturateat different values of WC thicknessin depemnlenceon usedresistvity.

Fig. 7 shawvs a cross-sectionf thefilamentcarturisedfor 2 hous, asvisualizedby SEM in
the backscatterectlectrors (Fig. 7a) andsecondry electrors modes (Fig. 7b). Two different
regionsareobserableafterthe detailinspection i)appoximately120:-150 ym thick WC layer
attheperimeterof thetungstercore andii) region of micro-ctackswith dersity rapidy increas-
ing from the depthof appraximately 70 um to the surface. Thesemicro-cracksexplain a rapid
increasein WC layerthicknessascarba canpenetateinto thefilamentbulk acrassthefilament
cracls. Additionally, formatian of suchmicro-cracksis respomiblefor i) filamentcrackirg ob-
senedfor long carlurisationtimes(usudly obserale after2 hous) andii) increasen filament
diameer from 600 um upto ~700 um.
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Fig. 7: Cross-sectionf the filamentcarkurisedfor 2 hours (a) anddetail of the crosssectiomt the surface

(0).
4 Conclusions

Filamentcarhurisationis animportart processparaneterleadingto the repralucibleandcon-
trollable CVD depgition process. TheWC layersuccessfullformedoverthetungsterfilament
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surfacei)exterds their life time (morethen 100 houss lifetime was expeimentally achieved),
ii) redwcestungstenevaporation andiii) stabilizesthe carbonflux to the substrateduring the
CVD diamord growth. The calculatedthicknessof tungstencarbidein depenénceon the car
burisatian time implies thatthe growth of WC layerin its early stagedoesnot depen on WC
resistiity.

The calculatedfinal film thicknessis influerced by the usedvalue of WC resistvity where
highervalues of pyy ¢ indicateatrendin decreasingf saturatiortime of WC. However, thiswas
notour caseandthemicrociacksformedin thefilamentswerefound to entancethe growth rate
of WC layer The compete carhurisation of tungstenfilamentwas obsered after 5 houss. In
addtion, suchcarhurisedfilamentswerefoundacceptate for therepralucibleandwell-defired
diamand growth by the hybrid HF CVD techniqie[8].
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