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Theamorphoushydrogenatedcarbon�lms (a-C:H)wereformedon thestainlesssteelsubstratesfrom anargon–acetylene
gasmixture at atmosphericpressureusinga direct currentplasmatorch discharge. The carbon�lms weredepositedusing
Ar=C2H2 gasvolumeratios100:1,150:1,and200:1andplasmatorchpower of 600and870W. It hasbeenobtainedthat the
increaseof thetorchpower leadsto higher�lm growth rateandincreasessurfaceroughness.Thegrowth ratevariesfrom 20up
to 425nm=s dependingon thecoatingformationconditions.Thestructureanddominantbondsof the�lms wereinvestigated
by Fourier transforminfrared (FTIR) and Ramanspectroscopy (RS) measurements.RS resultsindicatedthat the sp2=sp3

contentin the�lms dependedonthetorchpowerandC2H2 amountin argonplasma.It wasdemonstratedthatadiamond-like/
graphite-likecarbonandglassycarbon�lms couldbedepositedby varyingtheAr=C2H2 ratioandplasmatorchpower.

Keywords: plasmatorch,carbon�lms, acetylene,structure

PACS: 52.75.Hn,81.05.Uw, 68.55.-a

1. Intr oduction

Nowadaysthermalplasmasarewidely usedfor the
productionof ultra�ne particles,formationof various
coatings(ceramic,metaloxide,carbon),surfacemodi-
�cation, or wastetreatment[1–4]. Themainadvantage
of this techniqueis the generationof high concentra-
tion of the reactive species(radicals,atoms)that can
form a coatingwith high depositionratesdueto steep
gradientsin the boundarylayer plasma– substrate.It
hasbeenobtainedthatthegrowth rateof hydrogenated
amorphouscarbon�lms (a-C:H) or polycrystallinedia-
mondsproducedby arcplasmajet techniquecanreach
up to 100 nm=s [4–7]. Meanwhile, the growth rates
of a-C:H obtainedby traditionalchemicalvapourde-
position (CVD) or physical vapourdeposition(PVD)
techniquesare ten or hundredtimes lower compared
to thearcplasmajet [8–12]. Thesecondadvantageof
this techniqueis theformationof carbon�lms at theat-
mosphericpressureconditions.However, despitethese
advantages,thedepositionof a-C:H coatingsis a com-
plicatedprocessanddependsonmany differentfactors
[4–7].
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Many authors[4–12]havedemonstratedthatthehy-
drogenconcentrationandcorrespondingproportionof
thesp2 andsp3 carbonsitesin the�lms determinesthe
propertiesof carboncoatings.Variationof thedeposi-
tion processparametersallows oneto controlandpro-
ducea-C:H�lms with desirableproperties.It hasbeen
demonstratedthat the type of hydrocarbongasesand
its amountin plasma,thepower of thetorch,thepres-
sure,the substratetemperature,and the plasmatorch
constructionarevery importantfactorsduring the de-
positionof �lms by plasmajet CVD [4–7].

Therearemany researchworksinvestigatingthein-
�uence of thesefactorsduringthedepositionof carbon
�lms from methanegasby plasmajet. Meanwhile,the
quantityof works that investigatesthe coatingforma-
tion processesfrom the acetylenegas is signi�cantly
lower. The acetylenegas is also interestingfor the
possibility to obtain higher growth ratesdue to large
carbon=hydrogenratio. However, it posesa new chal-
lenge:to �nd optimalprocessconditionsfor thedepo-
sition of carbon�lms with desirablemechanical,opti-
cal properties.Zahariaet al. [5] have determinedthat
thedepositionratesin theacetylenegasis seventimes
greaterthanin methane.Benediktet al. [6,7] investi-
gatedthein�uenceof theargon–acetylenegasratioson
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thea-C:H�lms growth kineticsandproperties.Kessels
etal. [13] focusedonin�uenceof thesubstratetemper-
atureon the hydrogencontentand the growth rateof
a-C:H.However, theseresearchesweredoneunderthe
reducedpressureconditions.Theproductionof a-C:H
�lms at the atmosphericpressuresby the torch �ame
methodwas doneby Pereiraet al. [14]. However,
the �lms were grown from O2–C2H2 gasesmixture.
Our previous works [15,16] show that the acetylene
gas contentin Ar plasmamay drasticallychangethe
surfacemorphology, structure,and optical properties
of carbon�lms. The lack of information in the stud-
iesconcerningthedepositionof carbon�lms from Ar–
C2H2 gasesunderthe atmosphericpressurestipulates
furtherinvestigationin this researcharea.

This paperintroducesexperimentalanalysisof car-
bon �lms preparedby plasmajet CVD at the atmo-
sphericpressure.The aim of the work was to inves-
tigate the in�uence of the argon=acetyleneratios and
input power on the surfacemorphology, growth rate,
andbondingstructureof depositedamorphoushydro-
genatedcarboncoatings.

2. Experimental set-up

A 5 kW powerdirectcurrent(DC) plasmatorchwas
usedto depositcarbon�lms onto stainlesssteelsub-
stratesat the atmosphericpressure. The DC plasma
torch consistsof the coppercathodewith the hafnium
emitter, the feedgasinjecting ring, anda step-formed
anodenozzlecontainingthe blowhole for the precur-
sor gasintroduction[15]. The plasmajet is produced
by arc discharge betweenthe nozzleanodeandcath-
ode. Argon (�o w rate of 6.6 l=min) was used as
feedgas,andacetylene(C2H2) asa precursor(0.066–
0.033l=min). TheC2H2 gasis injectedinto theplasma
�o w of a high temperatureregion. The plasmatorch
powerswere600and870W. Thesubstrateswerepol-
ishedandchemicallycleanedwith acetoneandkeptfor
30 s in argonplasmabeforethedeposition.Thedura-
tion of depositionwas120 s for all experiments.The
distancebetweentheplasmatorchnozzleexit andsub-
stratewas0.01m. The detailedformationconditions
of thecarboncoatingsaregivenin Table1.

Scanningelectronmicroscope(SEM), modelJEOL
JSM–5600,wasusedto characterizethe surfacemor-
phology and through cross-sectionalviews the �lm
growth rateswerecalculated.Theplasma�o w temper-
atureabove the substratewas measuredby chromel-
aliumel (X-A) thermocouple. The bondingstructure
andoptical propertiesof carbon�lms weremeasured

usingFourier transforminfrared(FTIR) spectroscopy.
TheFTIR spectrawereobtainedusinga PerkinElmer
spectrometer(model SpectrumGX FT-IR). FTIR re-
�ectance spectrawere detectedin the rangeof 670–
4000cm¡ 1 at spectralresolutionof 0.3cm¡ 1 usingair
asreference.Ramanscattering(RS)spectroscopy was
usedfor thestructurecharacterization.Thewavelength
of the argon laserwas 488 nm, and the spectrawere
recordedin the1000–1800cm¡ 1 range.In orderto es-
timate the sp3=sp2 ratio the RS curveswere �tted by
Gaussian-shapeline.

3. Resultsand discussion

3.1.Surfacemorphologystudies

The temperaturemeasurementsindicate that the
plasmatemperatureabove the depositedsamplesin-
creaseswith the increaseof torch power and C2H2

�o w rate(Table1). Plasmatemperaturerisesfrom 600
up to 690±C with changingtorch power from 600 to
870 W, for �lms depositedat Ar=C2H2 = 100. This
phenomenonis relatedto higherdegreeof dissociation
of theacetylenegasathighertorchpower.

The �lm preparedat 600 W and Ar=C2H2 = 100
consistsof 200–500nm sizegrains(Fig. 1(a)). As the
Ar=C2H2 ratio increases,thesurfaceof thecoatingbe-
comessmoothandcoveredby randomlysituatedgrains
(Fig. 1(c)). Furtherincreaseof theargon–acetylenera-
tio leadsto a lower concentrationof the grainson the
top of the surface(Fig. 1(e)). Meanwhilethe grains
interlink into » 10 ¹ m size clustersat higher power
and the existenceof columnarstructureof the coat-
ings indicatesthe islandgrowth (Fig. 1(b)). Thewell-
orderedcolumnarstructuredisappearswith decreas-
ing the acetylene�o w. The depositedcarbon�lm in-
dicatesself-developedmicro formationsand contains
many loosely adheredparticles. The rough cluster
formations,randomlydistributedwith deepholesbe-
tween the clusterswere obtainedafter depositionat
Ar=C2H2 = 200ratio (Fig. 1(f)).

Thehighestgrowth rate(425nm=s)wasobtainedfor
the �lm preparedat Ar=C2H2 = 100 and870 W. The
increaseof the torchpower from 600up to 870W in-
creasesthe growth ratesup to 10 times. However, it
wasdemonstratedthat the fasterdepositionratedeter-
minesthe increaseof the surfaceporosityandrough-
nessof thecoatings(seeFig. 1).

The dependenceof the growth rate on the input
power could be expecteddue to high levels of torch
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Fig. 1. SEM micrographsof �lms preparedat (a,c,e) 600W and(b,d,f) 870W plasmatorchpowersanddifferentAr=C2H2 ratios: (a,b)
Ar=C2H2 = 100,(c,d) Ar=C2H2 = 150,(e,f) Ar=C2H2 = 200.



100 L. Marcinauskasetal. / LithuanianJ. Phys.49, 97–103(2009)

Table1. Preparationconditionsandgrowth ratesof thecarbon�lms.

Ar=C2H2 Power Plasmatemperature Growth rate Thicknessof the
volumegasratio [W] abovesubstrate[±C] [nm=s] �lms [¹ m]

100 600 600 35 4.2
150 600 585 25 3.0
200 600 570 20 2.4
100 870 690 425 51
150 870 660 300 36
200 870 640 125 15

powerresultingin high levelsof gasactivationanddis-
sociation,with the outcomeof high densitiesof the
hydrocarbonradicalsin the plasma. The variationof
the Ar=C2H2 ratio and input power will yield differ-
ent plasma�o w temperaturesand surface processes.
Theseresultsindicatethat the plasmajet temperature
and compositionof the dominantspeciesin plasma
canbechangedby varying theacetylenegas�o w and
especiallytorch power. Benediktet al. [6,7] deter-
mined that at high acetylene�o ws dominantradicals
in plasmaare C2H, C3H2, C4H2, etc. With decreas-
ing theC2H2 �o w, moreacetyleneis fully decomposed
into theatomichydrogen,carbon,or light species(C2,
CH). As a result,thegrowth ratewill decline,but pro-
duceda-C:H�lms will havehigherfractionof sp3 sites.
Meanwhilethe roughandcolumnarstructuresurfaces
will be formedwhentheheavy radicalswill dominate
in plasma�o w (Fig. 1(b,d,f)).

3.2.Infraredspectroscopyresults

The FTIR spectroscopy hasshown that the highest
re�ectancevaluesare at 4000 cm¡ 1, and slowly di-
minish with decreaseof the wave number(Fig. 2). It
may be notedthat the re�ectancevaluesof the �lms

obtainedat 600 W arehigher thanof thosedeposited
at 870W. This phenomenoncouldbeexplainedby the
morphologyof thedepositedsurfaces.A strongbroad
bandat 3400cm¡ 1 correspondsto valenceanddefor-
mationvibrationsof O¡ H group. The intensityof the
OH bandincreaseswith the decreaseof the acetylene
amountin argon plasma.This indicateshigherdisso-
ciationdegreeof theC2H2 thatcauseshigherconcen-
tration of the light radicalsin plasma. Theseradicals
will havedanglingbondswhicheasilybondwith arriv-
ing oxygenor OH. A bandat1720cm¡ 1 is assignedto
thestretchingvibrationsof C= O bondsin carboxyland
carbonyl groups.Thebandat 1590–1600cm¡ 1 is as-
signedto thevibrationsof C= C bonds.Thebroadband
at around1120cm¡ 1 is relatedto C¡ O¡ C stretching
vibrations[10,11]. The spectraof a-C:H �lms shows
presenceof sp3 ¡ CH2 symmetric(2850 cm¡ 1) and
asymmetric(2920cm¡ 1) stretchingmodes,andexis-
tenceof sp3 ¡ CH3 asymmetric(2955 cm¡ 1) group.
Meanwhile,the peakat » 1390 cm¡ 1 is attributed to
sp3 (CH3)3 bondedsites.Thepresenceof theC¡ H2¡ 3

stretchingbandsin theIR spectraindicatesthe�lms to
behydrogenatedin their nature[8].

Theabsorbancebandassociatedwith OH groupbe-
comeswider and more intensewith decreaseof the

Fig. 2. FTIR spectraof carbon�lms depositedatAr=C2H2 = 100andAr=C2H2 = 150.
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Fig. 3. RS spectraof carboncoatingsdepositedat 870 W torch
power.

C2H2 �o w. The presenceof the carboxyl group be-
comesmoreintenseandnarrower, while sp2 C= C ab-
sorbanceband becomesdeeperwith increaseof the
torchpower andAr=C2H2 ratio. It wasfound that in-
creaseof the Ar=C2H2 ratio of the �lms depositedat
870W inducestheshift of C= C bandto lowerfrequen-
cies. This resultindicatesthe increaseof thearomatic
carbonstructuresin the �lms [10,11]. It hasbeenob-
served that the relative intensityof sp3 CH2¡ 3 modes
in the �lms increaseswith increasingtorchpower and
decreasingacetylene�o w.

3.3.Ramanscatteringspectroscopy

RSresultsindicatethatthe�lms have typical asym-
metrical bandsrelated to diamond-like carboncoat-
ings [8]. The intensity ratio betweenthe D and G
peaks(I D=IG) of the �lms depositedat 870 W for
Ar=C2H2 = 100, Ar=C2H2 = 150, and Ar=C2H2 =
200 ratiosarealmostthe same:2.54, 2.53, and2.46,
respectively. This demonstratesa high fraction of the
sp2 phasein �lms. However, theshapesof thesespec-
tra are different (Fig. 3). For the �lm obtainedat
Ar=C2H2 = 100it consistsof threelow intensitywide
bands: D (1386 cm¡ 1), G (1616 cm¡ 1), and a peak

at 1150cm¡ 1, indicatingtheexistenceof C¡ H vibra-
tions in trans-polyacetylene-like chains. Meanwhile,
the coating producedat Ar=C2H2 = 150, besideD
(1386cm¡ 1) andG (1610cm¡ 1) peaks,hasa narrow
bandat 1447 cm¡ 1. This peakis attributed to a C5
Ag(2) pentagonalpinch modeor due to relaxationof
thephotonselectionrulesfor nanocrystallinematerials
[17,18]. The �lm depositedat the highestAr=C2H2

ratio has only D and G peakscentredat 1382 and
1609cm¡ 1, respectively. Theincreaseof theAr=C2H2

ratio in�uencesthebroadeningof thefull width athalf-
maxima(FWHM) for D peak:from 210to 269andto
285cm¡ 1. Thebroadeningof theD bandis relatedto
thepresenceof largesp2 carbonbondangledistortion
[8]. The sametendency wasobtainedfor the FWHM
of the G band(increasesfrom 74 to 86 cm¡ 1). Paul
et al. [17] have proposedthat the FWHM of the G
peakwould be small if the clusterswere defectfree,
unstrained,or molecular. Thus, the broaderFWHM
would meanhigher bond length and bond angledis-
orderandhencehigher fraction of the sp3 sites. The
I D=IG ratiosof the �lms indicatehigh fraction of the
sp2 bondedcarbon.Howeverthedecreaseof theI D=IG

ratio with the increaseof Ar=C2H2 is associatedwith
the increaseof the sp3 sites' fraction [8]. Separation
of theD andG bandsin theRSspectra(especiallyfor
Ar=C2H2 = 150)indicateinsuf�cient concentrationof
hydrogenandformationof aglassycarbonphase[9].

The coatingdepositedat 600 W torch power and
Ar=C2H2 = 100hastwo separatepeaksof thesamein-
tensity:D, 1382cm¡ 1 with FWHM of 195cm¡ 1, and
G, 1611cm¡ 1 with FWHM of 94 cm¡ 1 (Fig. 4). The
I D=IG ratio increasesfrom 1.82to 2.41with increase
of theargon–acetyleneratiofrom 100to 200.Thus,the
D (1410cm¡ 1) andG (1617cm¡ 1) bandsareshifted
to higherwave numberrange,comparedto the typical
D andG peaks[8,17]. This is relatedto high internal
stressesin thecoating.TheRamanstudiesalsoindicate
thatFWHM of theG peakbecomesnarrower (changes
from 94 down to 74 cm¡ 1) comparedwith the �lms
obtainedat lower Ar=C2H2 ratios. Thus, it demon-
stratesthe formationof the graphitephasewith small
nanocrystallinegrainsizein coating[8]. Accordingto
theseresultsthe �lm producedat Ar=C2H2 = 200has
thehighestfractionof thesp2 carbonsites.

It maybenotedthattheI D=IG ratio becomeslower
with thedecreaseof thetorchpowerfrom 870to 600W
that indicatesthehigherfractionof thesp3 sitesin the
�lms. Thesubstrateandcoatingwouldbeheatedmore
with the increaseof the plasma�o w temperatureand
thatwouldleadto thegraphitizationprocesses[9]. This
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Fig. 4. Ramanspectraobtainedfor carbon �lms depositedat
600W.

suggestionwas con�rmed by the existenceof a rela-
tively higher fraction of sp3 sitesin �lms obtainedat
higherargon–acetyleneratiosfor 870W powers.Also
lower acetylenegas amountin plasmawill result in
higher �ux densitiesof the atomiccarbonandhydro-
genor otherlight hydrocarbonradicals.Theseradicals
will have danglingbondswhich easily bond with ar-
riving hydrocarbonspeciesor oxygen.Becauseof that
the fractionof theCH, C¡ C, C¡ O siteswill increase
with Ar=C2H2 ratio. Benedikt[6,7] hasobtainedthat
theincreaseof theC2H2 �o w stipulatestheincreaseof
thesp2 bondedcarboncontent.However, theconcen-
tration of the oxygengoesdown. RS resultscon�rm
that sp2 bond fraction decreaseswith the increaseof
Ar=C2H2 ratio only for the �lms depositedat 870 W.
Meanwhile,theoppositetendency wasdeterminedfor
the coatingsproducedat 600 W torch powers. FTIR
spectraindicatedthattheintensityof absorbancebands
relatedto theoxygenbondswith thecarbonandhydro-
gen increasedwith increasingAr=C2H2 ratio for the
both torchpowers. However, it is problematicto con-
cludeonthein�uenceof thetorchpowerandAr=C2H2

ratio on the type of dominantbondsin the �lms from
theRSandFTIR spectra.Thedissociationprocessalso
affectsthesurfacemorphologyandgrowth kineticsof

the�lms. Thecolumnarstructureandporositywill in-
�uence appearanceof thedanglingsites.However, the
atmosphericoxygenwill easily bond with thesedan-
gling sitesand will result in the growth of distorted
a-C:H coatings.Theoptimal temperaturefor theDLC
�lm formationhasbeen585–600±C.

4. Summary

The acetylenedissociationrate, plasma�o w tem-
perature,and�lms' growth rateincreaseswith the in-
creaseof the plasmatorch power. However, the de-
positedcoatingsconsistof thecolumnarstructureand
have a lot of oxygensitesbondedwith carbonor hy-
drogen.Thus,thenatureof thea-C:H is distorted.The
a-C:H diamond-like �lms with more uniform surface
morphologyaredepositedat 600 W torch power and
it hasbeenobtainedthat the fraction of the sp3 phase
dependson theAr=C2H2 ratio.
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Santrauka

Nagrin�ejamaamorfni�u hidrogenizuot�u angliesdang�u (a-C:H)
sintez�e ant plieno pad�ekl �u, panaudojantatmosferossl�egio elekt-
rolankin�i nusodinim�a iš argono–acetilenoduj �u mišinio plazmos.
Imta trys Ar=C2H2 duj �u santykiai(100,150ir 200)ir dvi plazmos
generatoriausgaliosvert�es– 600 ir 870W. Dangostirtos skenuo-
jan�ciuojuelektroniniumikroskopu,Ramano(RS)ir infraraudon�uj �u
spinduli�u (IR) spektroskopijosmetodais.

Nustatyta,kaddidinantplazmosgeneratoriausgali �a ir ma�inant
Ar=C2H2 santyk�i dang�u augimogreitisspar�ciai did�eja(nuo20 iki
425 nm=s), ta�ciau augant nusodinimogrei�ciui formuojasikoloni-
n�esstrukt̄uros ir netolygausmikroreljefo dangos.Matavimai pa-
rod�e, kad kei�ciant išlyd�io parametrusir nešan�ciuj �u bei darbini�u

duj �u santyk�i, plazmossrautotemperat̄urakinta 570–690±C ruo�e.
Taigi, kei�ciant darbiness�alygas kei�ciasi acetilenodisociacijosir
sintez�esprocesai,pad�ekl �apasiekianevienodikiekiai skirtingospri-
gimtiesir energijos radikal�u. RSir IR tyrimai parod�e, kadnaudo-
tameišlyd�io gali �u ir duj �u santyki�u ruo�e gautosa-C:Hdangosne-
buvo vienalyt�es: joseyra deimantotipo (sp3) anglies,gra�to tipo
(sp2) angliesir stiklo angliesfaz�es.Argono–acetilenosantykiodi-
d�ejimaslemiasp2=sp3 ryši �u kitim �a dangoje,betskirtingomsplaz-
mosgeneratoriausgaliomstai vykstanevienodai,pavyzd�iui, esant
600 W galiai, sp3 ryši �u koncentracijama��eja didinant Ar=C2H2

santyk�i, tuo tarpu esant870 W sp3 ryši �u kiekis išauga ma�inant
acetilenokiek�i plazmoje.


