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Theamorphousydrogenateadarbon Ims (a-C:H)wereformedon the stainlesssteelsubstrate$rom an argon—acetylene
gas mixture at atmospherigressureusinga direct currentplasmatorch dischage. The carbon Ims were depositedusing
Ar=C,H; gasvolumeratios100:1,150:1,and200:1andplasmatorch powver of 600and870W. It hasbeenobtainedthatthe
increasef thetorchpowerleadsto higher Im growth rateandincreasesurfaceroughnessThegrowth ratevariesfrom 20 up
to 425 nm=s dependingon the coatingformationconditions.The structureanddominantbondsof the Ims wereinvestigated
by Fourier transforminfrared (FTIR) and Ramanspectroscop (RS) measurementsRS resultsindicatedthat the sp?=sp*
contentin the Ims dependeanthetorchpowerandC,H, amountin argonplasma.lt wasdemonstratethata diamond-lile/
graphite-lile carbonandglassycarbon ims couldbedepositedy varyingthe Ar=C,H, ratio andplasmatorchpower.
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1. Intr oduction

Nowadaysthermalplasmasare widely usedfor the
productionof ultra ne particles,formation of various
coatings(ceramic,metaloxide,carbon),surfacemodi-
cation, or wastetreatmen{1—-4]. Themainadwantage
of this techniqueis the generationof high concentra-
tion of the reactve species(radicals,atoms)that can
form a coatingwith high depositionratesdueto steep
gradientsin the boundarylayer plasma— substrate.lt
hasbeenobtainedhatthe growth rateof hydrogenated
amorphougarbonlims (a-C:H) or polycrystallinedia-
mondsproduceddy arcplasmgjet techniquecanreach
up to 100 nm=s [4-7]. Meanwhile,the growth rates
of a-C:H obtainedby traditional chemicalvapourde-
position (CVD) or physical vapourdeposition(PVD)
techniquesare ten or hundredtimes lower compared
to thearc plasmajet [8—12]. The secondadvantageof
thistechniquas theformationof carbonIms attheat-
mospherigressureonditions.However, despitethese
advantagesthe depositionof a-C:H coatingsis acom-
plicatedprocessanddepend®n mary differentfactors
[4-T7].
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Many authord4—12] have demonstratethatthe hy-
drogenconcentratiorand correspondingproportionof
thesp? andsp® carbonsitesin the Ims determineshe
propertiesof carboncoatings.Variationof the deposi-
tion procesgarametersllows oneto controlandpro-
ducea-C:H Ims with desirablepropertiesit hasbeen
demonstratedhat the type of hydrocarbongasesand
its amountin plasmathe power of thetorch,the pres-
sure,the substrateemperatureand the plasmatorch
constructionare very importantfactorsduring the de-
positionof Ims by plasmget CVD [4-7].

Therearemary researctworksinvesticatingthein-

uence of thesefactorsduringthedepositionof carbon
Ims from methanegasby plasmaet. Meanwhile,the
guantity of works that investigatesthe coatingforma-
tion processe$rom the acetylenegasis signi cantly
lower. The acetylenegas is also interestingfor the
possibility to obtain higher growth ratesdue to large
carborrhydrogenratio. However, it posesa new chal-
lenge:to nd optimal processconditionsfor the depo-
sition of carbon Ims with desirablemechanicalppti-
cal properties.Zahariaet al. [5] have determinedhat
thedepositionratesin the acetylenggasis seventimes
greaterthanin methane.Benediktetal. [6, 7] investi-
gatedthein uence of theargon—acetylengasratioson
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thea-C:H Ims growth kineticsandpropertiesKessels
etal. [13] focusedonin uence of thesubstrateéemper

atureon the hydrogencontentandthe growth rate of

a-C:H.However, theseresearcheweredoneunderthe

reducedpressureconditions. The productionof a-C:H

Ims at the atmospherigressuresy the torch ame

methodwas done by Pereiraet al. [14]. However,

the Ims were grown from O,—C,H» gasesmixture.

Our previous works [15,16] showv that the acetylene
gas contentin Ar plasmamay drastically changethe

surface morphology structure,and optical properties
of carbon Ims. Thelack of informationin the stud-
iesconcerninghedepositionof carbonIms from Ar—

C,H> gasesunderthe atmospherigressurestipulates
furtherinvestigationin this researclarea.

This paperintroducesexperimentalanalysisof car
bon Ims preparedby plasmajet CVD at the atmo-
sphericpressure.The aim of the work wasto inves-
tigate the in uence of the argon=acetyleneratios and
input power on the surface morphology growth rate,
andbondingstructureof depositedamorphoudydro-
genateccarboncoatings.

2. Experimental set-up

A 5kW powerdirectcurrent(DC) plasmaorchwas
usedto depositcarbon Ims onto stainlesssteel sub-
stratesat the atmospherigressure. The DC plasma
torch consistsof the coppercathodewith the hafnium
emitter the feedgasinjecting ring, anda step-formed
anodenozzle containingthe blowhole for the precur
sorgasintroduction[15]. The plasmajet is produced
by arc dischage betweenthe nozzleanodeand cath-
ode. Argon (ow rate of 6.6 I=min) was used as
feedgas,andacetylengC,H,) asa precursor0.066—
0.033I=min). The C,H> gasis injectedinto the plasma
ow of a high temperaturagegion. The plasmatorch
powerswere600and870W. The substratesverepol-
ishedandchemicallycleanedvith acetoneandkeptfor
30 sin amgon plasmabeforethe deposition. The dura-
tion of depositionwas 120 s for all experiments.The
distancebetweerthe plasmatorchnozzleexit andsub-
stratewas0.01 m. The detailedformationconditions
of the carboncoatingsaregivenin Tablel.

ScanningelectronmicroscopgSEM), modelJEOL
JSM-5600wasusedto characterizeéhe surfacemor-
phology and through cross-sectionaliews the Im
gronth rateswerecalculated Theplasmao w temper
ature above the substratewas measuredoy chromel-
aliumel (X-A) thermocouple. The bondingstructure
and optical propertiesof carbon Ims were measured

using Fourier transforminfrared (FTIR) spectroscop

The FTIR spectrawere obtainedusinga PerkinElmer
spectrometefmodel SpectrumGX FT-IR). FTIR re-
ectance spectrawere detectedin the rangeof 670—
4000cmi ! at spectraresolutionof 0.3cmi ! usingair
asreference RamanscatteringRS) spectroscopwas
usedfor thestructurecharacterizationT hewavelength
of the argon laserwas 488 nm, and the spectrawere
recordedn the1000-180@mi ! range.In orderto es-
timate the sp=sp? ratio the RS curveswere tted by
Gaussian-shagme.

3. Resultsand discussion
3.1.Surfacemorpholay studies

The temperaturemeasurementsndicate that the
plasmatemperatureabove the depositedsamplesin-
creaseswith the increaseof torch power and CyH
o w rate(Tablel). Plasmaemperaturgisesfrom 600
up to 690*C with changingtorch power from 600 to
870W, for Ims depositedat Ar=C,H, = 100. This
phenomenoiis relatedto higherdegreeof dissociation
of theacetylenegasat highertorch power.

The Im preparedat 600 W and Ar=CyH, = 100
consistsof 200-500nm sizegrains(Fig. 1(a)). As the
Ar=C,H> ratioincreasesthe surfaceof the coatingbe-
comessmoothandcoveredby randomlysituatedyrains
(Fig. 1(c)). Furtherincreaseof the amgon—acetylenea-
tio leadsto a lower concentratiorof the grainson the
top of the surface (Fig. 1(e)). Meanwhilethe grains
interlink into » 10 * m size clustersat higher powver
and the existenceof columnarstructureof the coat-
ingsindicatestheislandgrowth (Fig. 1(b)). The well-
orderedcolumnarstructuredisappearsvith decreas-
ing the acetyleneo w. The depositedcarbon Im in-
dicatesself-derelopedmicro formationsand contains
mary loosely adheredparticles. The rough cluster
formations,randomlydistributed with deepholesbe-
tween the clusterswere obtainedafter depositionat
Ar=CyH, = 200ratio (Fig. 1(f)).

Thehighestgrowth rate(425nm=s) wasobtainedor
the Im preparedat Ar=C,H, = 100and870W. The
increaseof the torch power from 600 up to 870 W in-
creaseghe growth ratesup to 10 times. However, it
wasdemonstratethat the fasterdepositionrate deter
minesthe increaseof the surfaceporosity andrough-
nessof thecoatings(seeFig. 1).

The dependencef the growth rate on the input
power could be expecteddue to high levels of torch
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Fig. 1. SEM micrographf Ims preparedat (a,c,e) 600W and(b,d,f) 870W plasmatorch powversanddifferentAr=C,H, ratios: (a,b)
Ar=C,H; = 100, (c,d) Ar=Cy;H, = 150, (e,f) Ar=C,H, = 200.
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Tablel. Preparatiorconditionsandgrowth ratesof thecarbon Ims.

Ar=CyH; Pover Plasmaemperature Growthrate Thicknessof the
volumegasratio W] above substratg®C] [nm=s] Ims [t m]
100 600 600 35 4.2
150 600 585 25 3.0
200 600 570 20 24
100 870 690 425 51
150 870 660 300 36
200 870 640 125 15

power resultingin highlevelsof gasactivationanddis-
sociation,with the outcomeof high densitiesof the
hydrocarbonradicalsin the plasma. The variation of
the Ar=C,H> ratio andinput power will yield differ-
ent plasma o w temperaturesand surface processes.
Theseresultsindicatethat the plasmajet temperature
and compositionof the dominantspeciesin plasma
canbe changedy varying the acetylenggas o w and
especiallytorch power. Benediktet al. [6,7] deter
mined that at high acetylene o ws dominantradicals
in plasmaare CoH, C3Hy, C4H», etc. With decreas-
ing theC,H, 0 w, moreacetylenas fully decomposed
into the atomichydrogen,carbon,or light specieqC,,
CH). As aresult,the growth ratewill decline,but pro-
duceda-C:H Ims will have higherfractionof sp® sites.
Meanwhilethe roughand columnarstructuresurfaces
will be formedwhenthe heavry radicalswill dominate
in plasmao w (Fig. 1(b,d,f)).

3.2.Infrared spectpscopyresults

The FTIR spectroscaop hasshowvn that the highest
re ectancevaluesare at 4000 cmi 1, and slowly di-
minish with decreas®f the wave number(Fig. 2). It
may be notedthat the re ectancevaluesof the Ims

obtainedat 600 W are higherthan of thosedeposited
at870W. This phenomenormould be explainedby the
morphologyof the depositedsurfaces.A strongbroad
bandat 3400cmi 1 correspondso valenceand defor
mationvibrationsof Oj H group. Theintensityof the
OH bandincreasesvith the decreas®f the acetylene
amountin argon plasma. This indicateshigher disso-
ciation degreeof the C,H, thatcausesigherconcen-
tration of the light radicalsin plasma. Theseradicals
will have danglingbondswhich easilybondwith arriv-
ing oxygenor OH. A bandat1720cmi ! is assignedo
thestretchingvibrationsof C= O bondsin carboxyland
carbotyl groups. The bandat 1590-160cmi * is as-
signedto thevibrationsof C= C bonds.Thebroadband
ataround1120cmi ! is relatedto Cj Oj C stretching
vibrations[10,11]. The spectraof a-C:H Ims showvs
presenceof sp® j CH, symmetric(2850 cmi 1) and
asymmetric(2920cmi 1) stretchingmodes,and exis-
tenceof sp® j CHs asymmetric(2955 cmi 1) group.
Meanwhile, the peakat » 1390 cmi 1 is attributed to
sp® (CHs)s bondedsites. Thepresencef theCj Hy; 3
stretchingoandsin the IR spectrandicateshe Ims to
be hydrogenatedn their nature[8].
Theabsorbancbandassociatedvith OH groupbe-
comeswider and more intensewith decreaseof the
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Fig. 2. FTIR spectraof carbonIms depositecat Ar=C,H; = 100andAr=C;H; = 150.
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Fig. 3. RS spectraof carboncoatingsdepositedat 870 W torch
power.

C,H> ow. The presenceof the carboxyl group be-
comesmoreintenseandnarraver, while sp? C=C ab-
sorbanceband becomesdeeperwith increaseof the
torch power and Ar=C,H; ratio. It wasfoundthatin-
creaseof the Ar=C,H> ratio of the Ims depositedat
870W inducegheshift of C= C bandto lowerfrequen-
cies. This resultindicatesthe increaseof the aromatic
carbonstructuresn the Ims [10,11]. It hasbeenob-
sened that the relative intensity of sp> CHy, 3 modes
in the Ims increasewvith increasingtorch power and
decreasingcetyleneo w.

3.3.Ramanscatteringspectoscopy

RSresultsindicatethatthe Ims have typical asym-
metrical bandsrelatedto diamond-lile carbon coat-
ings [8]. The intensity ratio betweenthe D and G
peaks(lp=lg) of the Ims depositedat 870 W for
Ar=CoH, = 100, Ar=CoH, = 150, and Ar=CyH, =
200 ratios are almostthe same: 2.54,2.53,and 2.46,
respectrely. This demonstratea high fraction of the
sp? phasen Ims. However, the shape®f thesespec-
tra are different (Fig. 3). For the Im obtainedat
Ar=CyH, = 100it consistsf threelow intensitywide
bands: D (1386cmi 1), G (1616 cmi 1), and a peak

at1150cmi 1, indicatingthe existenceof Cj H vibra-
tions in trans-polyacetylene-l&kchains. Meanwhile,
the coating producedat Ar=C,H, = 150, besideD
(1386cmi 1) andG (1610cmi 1) peakshasa narraw
bandat 1447 cm' . This peakis attributedto a C5
Ag2) pentagonapinch modeor dueto relaxationof
thephotonselectiorrulesfor nanocrystallinenaterials
[17,18]. The Im depositedat the highestAr=C,H,
ratio hasonly D and G peakscentredat 1382 and
1609cmi 1, respectiely. Theincreaseof the Ar=C,H,
ratioin uencesthebroadeningf thefull width athalf-
maxima(FWHM) for D peak:from 210to 269 andto
285cmi 1. Thebroadeningf the D bandis relatedto
the presencef large sp? carbonbondangledistortion
[8]. The sametendeng was obtainedfor the FWHM
of the G band (increasedrom 74 to 86 cm' 1). Paul
et al. [17] have proposedthat the FWHM of the G
peakwould be smallif the clusterswere defectfree,
unstrained,or molecular Thus, the broaderFWHM
would meanhigher bond length and bond angle dis-
orderand hencehigherfraction of the sp® sites. The
I p=lg ratiosof the Ims indicatehigh fraction of the
sp’ bondedcarbon.Howeverthedecreasef thel p=lg
ratio with the increaseof Ar=C,H> is associatedvith
the increaseof the sp® sites' fraction[8]. Separation
of theD andG bandsin the RS spectraespeciallyfor
Ar=CyH, = 150)indicateinsufcient concentratiorof
hydrogenandformationof a glassycarbonphas€?9].

The coating depositedat 600 W torch power and
Ar=CyH, = 100hastwo separat@eaksf thesamen-
tensity: D, 1382cmi 1 with FWHM of 195cmi 1, and
G, 1611cmi 1 with FWHM of 94 cmi 1 (Fig. 4). The
| p=lg ratioincreasedrom 1.82to 2.41with increase
of theargon—acetyleneatiofrom 100to 200. Thus,the
D (1410cmi 1) andG (1617cm' 1) bandsare shifted
to higherwave numberrange,comparedo thetypical
D andG peaks[8, 17]. Thisis relatedto high internal
stressef thecoating. TheRamarstudiesalsoindicate
thatFWHM of the G peakbecomesarraver (changes
from 94 down to 74 cmi 1) comparedwith the Ims
obtainedat lower Ar=C,H> ratios. Thus, it demon-
stratesthe formation of the graphitephasewith small
nanocrystallingrainsizein coating[8]. Accordingto
theseresultsthe Im producedat Ar=C,H, = 200has
the highestfractionof thesp? carbonsites.

It maybe notedthatthel p=Ig ratio becomedower
with thedecreasef thetorchpowerfrom 870to 600W
thatindicatesthe higherfraction of the sp® sitesin the

Ims. Thesubstrateandcoatingwould be heatednore
with the increaseof the plasma o w temperatureand
thatwouldleadto thegraphitizatiomprocessef9]. This
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Fig. 4. Ramanspectraobtainedfor carbon Ims depositedat
600W.

suggestiorwas con rmed by the existenceof a rela-
tively higherfraction of sp® sitesin Ims obtainedat
higheramgon—acetyleneatiosfor 870 W powers. Also
lower acetylenegas amountin plasmawill resultin
higher ux densitiesof the atomic carbonandhydro-
genor otherlight hydrocarborradicals.Theseradicals
will have danglingbondswhich easily bond with ar
riving hydrocarborspecier oxygen.Becausef that
the fraction of the CH, Cj C, Cj O siteswill increase
with Ar=C,H, ratio. Benedikt[6, 7] hasobtainedthat
theincreaseof the C,H, o w stipulategheincreaseof
the sp2 bondedcarboncontent. However, the concen-
tration of the oxygengoesdown. RS resultscon rm
that sp? bond fraction decreasesvith the increaseof
Ar=C,H> ratio only for the Ims depositedat 870 W.
Meanwhile,the oppositetendeng wasdeterminedor
the coatingsproducedat 600 W torch powers. FTIR
spectrandicatedthattheintensityof absorbanceands
relatedto the oxygenbondswith the carbonandhydro-
genincreasedwith increasingAr=C,H, ratio for the
both torch powers. However, it is problematicto con-
cludeonthein uence of thetorchpowerandAr=C,H,
ratio on the type of dominantbondsin the Ims from
theRSandFTIR spectraThedissociatiomprocessalso
affectsthe surfacemorphologyandgrowth kinetics of

the Ims. Thecolumnarstructureandporositywill in-
uence appearancef thedanglingsites.However, the
atmosphericmxygenwill easily bond with thesedan-
gling sitesand will resultin the growth of distorted
a-C:H coatings.The optimaltemperaturdor the DLC
Im formationhasbeen585-60C-C.

4. Summary

The acetylenedissociationrate, plasma o w tem-
peratureand Ims' growth rateincreasesith thein-
creaseof the plasmatorch power. However, the de-
positedcoatingsconsistof the columnarstructureand
have a lot of oxygensitesbondedwith carbonor hy-
drogen.Thus,the natureof thea-C:H is distorted.The
a-C:H diamond-like Ims with more uniform surface
morphologyare depositedat 600 W torch power and
it hasbeenobtainedthat the fraction of the sp® phase
depend®nthe Ar=C,H> ratio.
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ISLYD IO GALIOS IR Ar=C,H, DUJU SANTYKIO ITAKA AMORFINI U ANGLIES DANGU
STRUKT URAI

L. Marcinauska&?, A. Grigonis?, V. Valincius®, P. Valatkevicius®

& Kaunotedhnolagijos univesitetas Kaunas Lietuva
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Santrauka

Nagrirejamaamorfnu hidrogenizuat angliesdangi (a-C:H)
sintez ant plieno paceklu, panaudojanatmosferosslegio elekt-
rolankin nusodinina i$ argono—acetilenaluju misinio plazmos.
Imtatrys Ar=C,H. duju santykiai(100,150ir 200)ir dvi plazmos
generatoriaugalios vertes— 600ir 870 W. Dangostirtos skenuo-
janciuoju elektroniniumikroskopu,RamandRS)ir infraraudormiju
spindulu (IR) spektroskpijosmetodais.

Nustatytakaddidinantplazmosgeneratoriaugaliair ma inant
Ar=C,H; santyk dangs augimogreitis spaciai dideja (nuo 20 iki
425 nm=s), taciau augant nusodinimogreiciui formuojasikoloni-
nes strukurosir netolygausmikroreljefo dangos. Matavimai pa-
rode, kad keiciantiSlyd io parametrusr neSagiuju bei darbinu

duju santyl, plazmossrautotemperaitrakinta 570-690° C ruo e.

Taigi, keiciant darbinessalygas keiciasi acetilenodisociacijosir

sintezsprocesaipackklapasiekianevienodikiekiai skirtingospri-

gimtiesir enepgijos radikali. RSir IR tyrimai parode, kad naudo-
tameislyd io galiuir duju santyki ruo e gautosa-C:Hdangose-
buvo vienalyes: joseyra deimantotipo (sp*) anglies,gra to tipo

(sp?) angliesir stiklo angliesfazes. Argono—acetilensantykiodi-

dejimaslemiasp?=sp’ rysiu kitima dangoje betskirtingomsplaz-
mosgeneratoriaugaliomstai vykstanevienodai,pavyzd iui, esant
600 W galiai, sp® rysiu koncentracijama eja didinant Ar=C,H,

santyk, tuo tarpuesant870 W sp’ rysiu kiekis iSaug ma inant
acetilendkieki plazmoje.



