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Tungstenfilamentswerecarburisedby pyrolitical decomposition of methaneandhydrogen
over hot filament surface. The carburised filamentswere characterizedby Ramanspec-
troscopy, X-ray diffraction measurements and scanningelectronmicroscopy. Featureless
micro-Ramanspectraconfirma formationof tungstencarbidelayerafter10-minutecarburi-
sation. StrongWC-relatedpeaksin X-ray diffraction spectraareobserved for carburisation
temperaturesof 1600 ˚ C andhigher. SEM analysisof filamentsfractureindicatesa creation
of WC layeroverW filaments,generation of deepmicrocracksin WC regionandapreferen-
tial creationof WCgrainsin thinsurfacelayeroverbulk of carburisedfilamentsin dependence
on carburisationtime is observed. Presentedresultsindicatethatsuccessful carburisationis
practicallyself-stopprocessafter5 hours.

PACS: 81.15.Gh

1 Intr oduction

The“refractory carbides” represent carbides of transitionmetalsin IV-VI groups. Their intrin-
sic properties,sucha high melting point, high thermalstability, high wear-resistanceandlow
chemical reactivity make themanattractive materialalsofor thevacuum technology [1]. Tung-
sten,molybdenum, tantalumandrhenium arewidely usedasthe“activationfilaments”in various
chemical vapour depositionprocesses.Thesefilamentsareheatedup to high temperature (2000
- 2400 ˚ C) in order to enhance

���
thermalelectronemissionandii) ratesof chemicalreactions

actedover thehot surface.Furthermore,thestability of filamentsusedin achieving of the“hot
filamentchemicalvapour deposition” (HF CVD) playsanessentialrolein reproducible andwell-
defined growth of diamond anddiamond-likethin films. Therefore,it is necessaryto stabilizethe

1E-mail address:kromka@elf.stuba.sk
2E-mail address:jjanik@elf.stuba.sk

0323-0465 /01 c
�

Instituteof Physics,SAS,Bratislava,Slovakia 359



360 A. Kromka et al.

surfaceof filaments,whichareemployedin aggressivegasenvironments (likecarbon consisting
gases– methane,ethane,etc.). This stabilizationprocess(oftencalledcarburisation)is mostly
performedvia chemicalmodificationof filamentsin reactivegasatmosphere.

In thepresent study, we investigate thedependenceof carburisationprocessof tungstenfila-
mentson processtime. Thetungstenfilamentswerecarburisedby pyrolitical decompositionof
thegasmixture of methane andhydrogenin theHF CVD reactor.

2 Experimental

Tungsten“technical” wires (0.6 mm in diameter and120 mm in length)usedfor CVD were
cleanedin acetoneandloadedinto theHF CVD chamber. Oneendof thefilamentwasfixedto the
supporting electrode(molybdenum rod, 3 mm in diameter), andotheronewasconnectedto the
flexible molybdenum electrode(3 mm in diameter)thatslidesfreein thelongitudinal direction.
It wasexperimentallyconfirmedthatthefastcarburisation process(typically at extreme process
parameters,likefilamenttemperatureof 2000 ˚ C andhigher, methaneconcentrationhigherthan
3% , and/ordc plasmaassistedenvironment) causedthefilamentto fail very quickly during the
chemical vapour deposition. Therefore,themaximumstartingtemperature for carburisationwas
limited to approximately1600 ˚ C at thedccurrent of 30ampsperfilament.To keeppredefined
carburisationconditions,thewholeprocesswascontrolled via PCunit.

The initial filament temperature was measured by the two-colour optical pyrometry in its
centreandit wascorrectedfor tungstenemissivity � (W) = 0.4at � = 650nm. On theotherside,
only anegligible correctionwasusedfor tungstencarbideemissivity (� (WC) = 0.85) [2]. It must
benotedfor thecompletenessthat thefilamenttemperaturenearelectrode rodswaslower than
thatat thecentre.

Characterization of filamentswasperformedby conventionalmicro-Ramanspectrometryus-
inganISA Labramequipment(JobinYvon/Spex/Dilor, HoribaGroup) equippedwith a632.817nm
line from a He-Nelaserin thebackscattering geometry. A 100xmicroscopeobjective wasused
to focusthelaserontoaspotof approximately1 � m in diameterandto collectthescatteredlight,
which thenpassedthroughthespectrometer ontoa CCD detector. Furthermore,a confocalhole
diameter of 200 � m, a spectrographentrance slit of 150 � m, anda1800grooves/mmdiffraction
grating wereemployed. The X-ray diffractiondatawerecollectedby a horizontal goniometer
HZG3equippedwith agraphite monochromatorin theprimarybeamtunedfor Cu-K� radiation
( � = 0.1542 nm). Thecross-sectionmeasurementsof filamentswereobservedby DSPpowered
TESLA BS 300scanningelectronmicroscope with a spatialresolutionof up to � 25nm.

2.1 Carburisation process

Before carburisation process, filamentswere heatedup to � 1600˚ C in vacuum for 3-4 min
to outgas any filamentcontaminationsandto re-crystallizeit from fibre-like to polycrystalline
structure (Fig. 1 - pointA). Then,agasmixtureof methaneandhydrogenwasled into avacuum
chamberat thegasflow ratioof 3 : 300sccm(astandardcubiccentimetreperminute). Thetotal
gaspressure wasadjustedby a needlevalveandkeptat constant valueof 3000 Pa.

After achieving stablepressureconditions, filamentswereslowly heatedup to temperature
of 1600 ˚ C at which thepyrolytical dissociationof methane andhydrogenstartedover thesur-
faceof filaments.Thestartingpoint for filamentcarburisationcanbeclearlydistinguishedasan
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Fig. 1. Time dependenceof filamentvoltageduringthecarburisationprocess.

automatic increasesin filamentvoltagefor a givenDC current (approx. 30ampsperfilamentin
ourexperiments).Increasein voltagearisesfrom thefactthattheresistivity of formedWC layer
is importantly higher (up to tentimes)thantheresistivity of theoriginal tungstenfilament.The
thicknessof WC risesto thecentreof filament,total filamentresistanceincreasesup and,asa
consequence,voltageover thefilamentsaturates(Fig. 1 - point C). At this point, no additional
tungstencarbideformation is possibleandthecarburisationprocessseemsto betheselfstopping
process.

After finishingof carburisation, theW/WC filamentsappearedlight grey in colour. Themost
inconvenient characteristicof themis brittleness,whichcanresultin shortlifetime sincea small
mechanicaldisturbancecouldresultin its breakage.Duringthecarburisationprocess,thetreated
filamentsometimesshowed a considerabledistortion. Whenthis occurred, the filamentswere
discardedfrom theexperimentsandthecarburisationprocedurewasrepeateduntil thesuitable
filamentswereobtained. Thefilamentcrackingwasobservedfor carburisationtime of 2 hours
andhigher, andit occursdueto thevolume extensionof formedWC phaseover theW filament.
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Fig. 2. Ramanspectraof non-treatedtungstenfilamentandcarburisedfilamentsfor 10 min and5 hours.

Thetotaldiameterof filamentraisedfrom 0.6 upto � 0.7mmasthecarburisationtimeincreased
upto 5 hours.

3 Resultand discussions

3.1 Ramanmeasurements

Fig. 2 comparesRamanspectraof technicaltungstenfilamentandfilamentscarburisedfor 10
minutesand5 hours, respectively.

TheRamanspectrumof non-treatedfilament,
�
	��	

of filamentmeasuredbefore loadinginto
the working chamber, shows a few broadbands. The bands centredat 699 and 805 cm ���
areattributed to tungstenoxide stretchingmodes[3]. The additional broad peakscentredat
266and325cm ��� areattributedto bending vibrationof O-W-O.Furthermore,thisRamanspec-
trum reveals two broad bands centredat 1326 and1580 cm ��� . Thesebroadbands centredare
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Fig. 3. X-ray diffractionpatternsof non-treatedfilamentandcarburisedfilamentfor 5 hours.

known as D and G bandof amorphous carbon[4]. The weakly observable bandcentredat
1450 cm��� , asfound only afterfitting by softwareLabspec2.08,is assignedto diamond-like-
carbon. Theobservedbands arecharacteristic only for non-treatedfilamentandrepresent

���
an

oxidecontaminationandii) amorphouscarbondueto agraphitesuspensionusedasthelubricant
in theproductionof thin tungstenwires.

On theotherside,Ramanspectraof filamentstreatedfor 10 minutesand5 hours aresimilar
andshow ratherfeaturelessspectrum,

��	���	
no surfacecontamination is detectable.The lost of

Ramanbandsis in goodagreement with thefactthatmetalsdonotexhibit a Ramansignal.

3.2 X-ray diffractio n patterns

XRD patternsof the filamentbeforeandafter the carburisationareshown in Fig. 3. Thenon-
treatedtungstenfilamentshowsthreesharpW-corresponding linesidentifiedasW(110), W(200)
andW(211). Somebroadbackground“bands“ canbe relatedto impurities presentedin theW
filamentand/or on its surface,aswasconfirmed by Ramanmeasurements.However, theXRD
patternof thesamefilament,asmeasuredafterthefinished5-hour carburisationprocess,shows



364 A. Kromka et al.

Fig 4. A schematicview of measurement set-upof electricalresistance.

only sharpWC-relatedlinesandnootherphasesaredetectable.

3.3 Electrical resistance

Theelectricalresistanceof filamentswasmeasuredby atwo-probemethodat roomtemperature,
asschematicallysketchedin Fig. 4. An external loading force of 0.5 N wasappliedonto the
voltage probe to obtaingoodcontact and to avoid a wire breaking. The measured electrical
resistancevs. carburisationtime is shown in Fig. 5.

Theelectricalresistanceriseswith increasingcarburisationtime. First, it risesslowly from
24to 36m� with carburisationtime increasefrom 0 to 60minutes.Next, thecurve risessteeper
andthe resistanceachievesvalue of 178m� for carburisationtime of 3 hours. The resistance
saturatesat value of 200m� for 5 hours.

Furtherinsightscomefrom examining of calculatedthicknessof tungstencarbidein de-
pendenceon thecarburisationtime. Themodelis basedon previous experiments[5-6], which
resultedin observationsthat the WC phasehasbeenonly developedasthe dominant tungsten
carbidephasein ahydrogenenvironment at temperaturesabove1500 ˚ C. Additionally, it is im-
portant to note,thateffectsof

���
formationof othercarbon tungstenphases(like W � C), andii)

increasein thefilamentresistancedueto defectsin filamentsarenot includedin this simplified
model.

Generally, thefilamentresistanceof W/WC mixture canbecalculatedusingtheEq.(1)

�����������! ��"#�$"&%
�$"(')�$"&% (1)

where:
�*���������

is the total resistanceof W/WC mixture (as measuredby the two probe
method),

� "
is the resistanceof tungstenfilamentwith the radiusof (+-,/.0+ "1% ),

� "&%
is
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Fig 5. Electricalresistanceof filamentsvs. carburisationtime.

theresistanceof theformed WC layerwith thelayerthickness+ "&% , and+ , is theradiusof the
original tungstenfilament(+ , =0.3 mm) (seeFig. 4, filamentdetail).

Let denotethattheR2 andR243 resistanceis writtenasfollow:

� "  5-6�7 "8:9 + , .;+ "&% � �
� "&%  5-6
7 "&%< 8 + , + "&% . 8 + �"&% (2)

where:
� ">= � "1%

is theresistanceof tungstenandtungstencarbide,5 is thefilamentlength
(120 mm), ? " and? "&% is theresistivity of W andWC.

After plug in of all thedatainto (1) and(2) we get:

+ "&%@ + , . + �, . 7 "&% + �,
7 "&% . 7 "

' 5-6�7 "1% 7 "8:9 7 "&% . 7 " � �����A�B��� (3)

Fig. 6 representsthecalculatedthicknessof formedWC layer in dependenceon i) carburi-
sationtime andii) WC resistivity. Theresistivity of WC dependson layerquality andcanvary
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Fig 6. Calculatedthicknessof formedWC layerin dependenceon carburisationtimeandvariedresistivity.

from 20 C 10 �ED up to 310C 10 �EDF� m, andpossiblyhigher [7]. In our case,the calculations
have beenperformedfor threedifferentresistivities of WC layer, i.e. 67 C 10 �ED , 133C 10 �ED and
310 C 10�EDG� m, respectively. As couldbe observed, thecalculatedthicknessof WC layer in-
creases“nearly” independently on resistivity up to approximately 2 hours. Then,thesecurves
saturateatdifferent values of WC thicknessin dependenceonusedresistivity.

Fig. 7 shows a cross-sectionof thefilamentcarburisedfor 2 hours,asvisualizedby SEM in
theback-scatteredelectrons (Fig. 7a)andsecondary electrons modes (Fig. 7b). Two different
regionsareobservableafterthedetailinspection:

���
approximately120H 150 � m thick WC layer

at theperimeterof thetungstencore, andii) regionof micro-crackswith density rapidly increas-
ing from thedepthof approximately70 � m to thesurface.Thesemicro-cracksexplain a rapid
increasein WC layerthicknessascarbon canpenetrateinto thefilamentbulk acrossthefilament
cracks. Additionally, formation of suchmicro-cracksis responsible for i) filamentcracking ob-
servedfor longcarburisationtimes(usually observable after2 hours)andii) increasein filament
diameter from 600 � m upto I 700 � m.
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(a)

(b)

Fig. 7: Cross-sectionof thefilamentcarburisedfor 2 hours (a) anddetailof thecrosssectionat thesurface
(b).

4 Conclusions

Filamentcarburisationis an important processparameter leadingto the reproducibleandcon-
trollable CVD depositionprocess.TheWC layersuccessfullyformedoverthetungstenfilament
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surface
���

extends their life time (morethen100 hours lifetime wasexperimentally achieved),
ii) reducestungstenevaporation, and iii) stabilizesthe carbonflux to the substrateduring the
CVD diamond growth. Thecalculatedthicknessof tungstencarbidein dependenceon thecar-
burisation time implies that the growth of WC layer in its early stagedoesnot depend on WC
resistivity.

Thecalculatedfinal film thicknessis influencedby theusedvalueof WC resistivity where
highervaluesof ? "1% indicateatrendin decreasingof saturationtimeof WC. However, thiswas
notourcaseandthemicrocracksformedin thefilamentswerefound to enhancethegrowth rate
of WC layer. The complete carburisationof tungstenfilamentwasobserved after 5 hours. In
addition, suchcarburisedfilamentswerefoundacceptable for thereproducibleandwell-defined
diamondgrowth by thehybrid HF CVD technique[8].
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