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Role of carbon atoms in the remote plasma deposition of hydrogenated
amorphous carbon

J. Benedikt,® M. Wisse,” R. V. Woen, R. Engeln, and M. C. M. van de Sanden
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

(Received 3 April 2003; accepted 4 September 2003

The aim of this article is to determine the role of carbon atoms in the growth of hydrogenated
amorphous carboraf C:H) films by means of an argon/acetylene expanding thermal plasma. Cavity
ring down absorption spectroscopy is used to detect metastable carbon atoms by probing the
1s? 252 2p 3s 1P, 1s? 252 2p? 1S, electronic transition. In addition to absorption measurements,
the emission of the same transition is monitored by means of optical emission spectroscopy. These
two measurements provide information about the local production of the C atoms and about their
reactivity in the gas phase. It will be shown that under growth conditions in an,As/€xpanding
thermal plasma, the metastable carbon density is also representative for the ground state carbon
density. From obtained results it is concluded that the carbon atoms react rapidly with acetylene in
the gas phase and therefore their contribution to the growth of hard diamora-kel films can

be neglected. Only at low acetylene flows, the condition when soft polymer-like films are deposited,
carbon atoms are detected close to the substrate and can possibly contribute to the film growth.
© 2003 American Institute of Physic§DOI: 10.1063/1.1622116

I. INTRODUCTION mal argon plasmaa-C:H films of good quality can be de-

Carbon atoms are involved in various plasma-based prd20sited at a rate of up to 70 nm/s. Due to the adiabatic
cesses. They play a role as intermediate in hydrocarbofic©ling, which takes place in the expansion, the electron
flamest they are generated in chemical vapor deposition ofémperature in the vessel is Idw.0.3 eV)™ and hence elec-
diamond and diamond-like carbon filnfsAs a particle with tron induced dissociation processes can be neglected. The
four valence electrons it is very reactive in the gas phas§0mbination of mass spectrometry and Langmuir probe mea-
(reaction rates with hydrocarbon molecules are on the ordetUrements revealed the dominance of the argon ion induced
of 10" 6 m®s 1) and its sticking probability at the surface is dissociation of injected acetylené.The proposed mecha-

expected to be close to unity. Carbon atoms can be producéﬂsm for the plasma chemistry starts with a charge transfer
by laser ablatiorl, by noble gas ion bombardmértof a reaction between an argon ion and an acetylene mofécule
graphite target or in the gas phase by electron impact disso- Ar*+C,H,—Ar+C,H, * (8]
C||at|ot:1 of car(‘jbon cfonkt]aln[ngI mole<_:u|esbor rad|calsd._ 'tlcar\/vith a reaction rate ok,~4.2x 10~16 m¥/s, which is fol-
also be a product of chemical reactions between ra |casar]gwed by the dissociative recombination of the rovibra-

molecules in the gas phase. Up to now several methods ha‘(ﬁ)nally excited acetylene ion with an electrbh:
been used to detect this atom: two photon absorption laser

+’ —
induced fluorescend&? two photon induced excitation fol- CoHy ™ +e” = CH* +H*
lowed by spontaneous emissibtf laser induced fluores- * | Lk
. . I _ —C5+H*+H
cence using vacuum ultraviolet excitatitnmultiphoton
ionizatio*®> or  (vacuum ultraviolet  absorption — CH* + CH*, 2

spectroscopg.”® In this article we will present an alternative it o reaction rate in the order #~3% 10" m¥/s. In

way of measuring carbon atoms in the|§22322p2 'S the following, Reactiong1) and (2) will be referred to as
metastable state: .caV|ty ring down absorpthn sp(—:"ctrosco'pyrimary reactions. It was argudthat the GH branch of
(CRDS. We combine these measurementg, leth optlclal sMiSteaction(2) is dominant. The production of €CH, radicals
sion sgectrzolscopy (OES of the 1s°2s°2p3s°P;  jn reaction(?) is energetically possible but highly improb-
—1s° 25% 2p°°S, electronic transition. able since, from a stereometric point of view, this radical
At the Eindhoven University of Technology, remote ex- yeeds major reorganization starting fromH; and an

panding thermal plasma&TPs are used for deposition of gjectror? The products from reactiof®) can be dissociated
different kinds of films‘**®Previous studies have shown that again in a similar way using another argon ion and an elec-

by injecting acetylene downstream into an expanding thergon For the GH radical:

AI’++C2H*—>AI’+C2H+'*, (3)
dAuthor to whom correspondence should be addressed; electronic mail:
j.benedikt@tue.nl C,H " * +e”—C5 +H*
Ypresent address: Laser Center and Department of Physical Chemistry, Vrije
Universiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands. —C*+CH*. 4)
0021-8979/2003/94(10)/6932/7/$20.00 6932 © 2003 American Institute of Physics
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These reactions will be called secondary reactions because
second argon ion and a second electron are needed. The ce

Arflow  cascaded arc plasma source

bon atoms together with the CH and @dicals are products o1 248 nm 496 nm| PDL3

. . . SHG Dye Laser
of these secondary reactions. The reaction coefficiengsd
k, of reactions(3) and (4) are not known, but they will 7o =~ C H_ injection 355 nm

probably have similar values as the reaction coefficié&nts
andk,. In addition to these ion induced reactions, also reac-
tions between acetylene and different radicals take place ir
the ETP as was already discussed by Benegfiktl 22

7 ns pulse, 10 Hz
Nd:YAG Laser

<~1—ETP

/Ar protection flow

Due to the low electron temperature, the substrate self- 13 Oscilloscope
bias is small<2 V) and so ion bombardment is not involved \ ] PC
in the deposition. At these conditions the film growth is gov-
erned by the flux of reactivésticking particles to the sur- L PMT (Hamamatsu R 7154)
face. The C, CH, and £radicals with expected high sticking Narrow band filter
probability can then play an important role duriegC:H Mirrors (>98% reflectivity @ 248 nm)

film growth. The CH(Engelnet al?) and G radicals were

already measured by means of CRDS in an AHCETP. FIG. 1. Expanding thermal plasma deposition setup together with the CRDS
Understanding the growth mechanism is particularly impor-setUp'
tant in view of the fact that the high deposition rate of tens of

nanometers per second does not compromise the film qualit . : e
and still leads taa-C:H films with hardness up to 14 GPa, Xcetylene flow is varied between 0 and 20 see&:H films

mass density of 1.5-1.7 g/@mspin density of 18 cm™3 are deposited at a distance of 60 cm from the arc nozzle on a
and good cherﬁical ' stability and adhesion to ' thetemperature controlled silicon substrate. No additional bias-
substrat€®24 ing is used at the substrate. For a more extensive treatment of

In this article we present the density measurement 0Fhe experimental setup the reader is referred to Gielen

20,24
carbon atoms in their € 25 2p? 1S, metastable statéfur- al:

ther on called €) by means of CRDS. These measurements thCavllty rng l\(jlown spectrct)scoﬁr 'Sf useddtotdtetec(;_’;: i
are complemented with OES of the same electronic transit' 1€ Plasma. Vieasurements are periormed at two dilieren
ositions, one in the middle of the reactor, 0.25 m below the

tion. On the basis of these measurements and involved%S™" . o .
plasma chemistry we will argue that C atoms, both in theInJECtlon ring (galleq up” position), and the other 0.52 m
ground state () as well as in excited states, are predomi—irdOm tt1e |nj_etz_ct|on 'Ir'lr?g, 30 r_nrr:j abovel thet st:lt)?sggelled
nantly produced in secondary reactidi3$ and(4). Once C own” position). The required wavelengt@47. nm

H 2 2 1 2 2 21
atoms are produced they will react with acetylene and Wtor a_lbstorpn_(:n or|1 & Zst Zpss Pi—1s I2s |2|0 So Elec- .
will show that the reaction coefficient of this loss reaction is-oc ranst lon(lowest carbon energy levels are shown in

o . . Fig. 2) is produced by a Nd:YAG pumped dye lag8pectra
similar for both C and G;. In this case the T density ; ok : .
scales with the ¢ density. Finally we will conclude that Phé/SfICS DCR%/P%I".:B cc;rr;l’t])lnatli)ruts[ng (;mtjmat:m_ 500b
carbon atoms can contribute to the growth of gbétrdness 4 and frequency doubliing of the output in a Beta—barium bo-

GPa, polymer-likea-C:H films but they are not involved in rate crystal. The laser pulse is 7—10. ns long with a repetition
theafast dyepositlion of har(IjL4SGPua a-g'H films VOV N ate of 10 Hz and a spectral bandwidth of about 0.08 tm

Two high reflectivity mirrors(Laseroptik,J 25X 6.5 mm,
planconcaver = —1000 mm) form an optical cavity. An ar-
Il. EXPERIMENTAL SETUP gon protection flow of 6 sccs flows between each mirror and

N ) . o the reactor to protect them during plasma operation. The re-
The deposition setup is depicted in Fig. 1. The thermal

argon plasma is produced in a so-called cascaded arc. The dc
arc runs between three cathodes and the arc nozzle inside the

channel(4 mm diameter formed by a stack of four water 8t ZMP‘?\: —
cooled copper plates. The current settiagg—89 A controls 2_32p3 D,,,
the ionization degree of the argon gas and therefore the flux ' g} -
of argon ions and electrons emanating from the cascaded arc. %

The typical arc power is in the range of 1-5 kW and a 24l »

typical arc pressure is between 0.2 and 0.5 bar. The argon L?cj ‘%

flow is kept constant at 100 sccs (1 sed&69 X

X 10 particles/s). The thermal argon plasma expands into a 2r2s2p Sy L
low-pressure vessdltypically 0.3 mbay where first super- 'ZszzpuD
sonic and, after a shock, subsonic expansion takes place. Due ot —. z
to high pressure difference between arc and the vessel, ETP 2820 Py,

is called a remot_e_plnaé,ma, plasma Creatl_on IS lndependent QTG 2. Energy level diagram of the carbon atom. The lower and upper level
the vessel conditions. Into the expanding plasma beam g ihe transition used in this article are in bold. Einstein coefficiéints %)

acetylene is injected by means of a gas injection ring. There also includedin italic).
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4.0

flectivity of the mirrors is between 0.988 and 0.992, which
results in a ring down time in the range from 230 to 350 ns.
The light leaking out of the cavity is detected by a photo-
multiplier tube(Hamamatsu R71540onnected to an oscillo-
scope(Tektronix TDS 340A, 8 bit, 350 MHz bandwidth, 500
Msamples/s A filter in front of the photomultiplier tube
blocks the emission from the plasma.LABVIEW program
controls the tuning of the dye laser and reads out the re-
corded transients via a general purpose interface bus inter-
face. At each frequency typically 32 transients are averaged
on the on-board 16-bit memory of the oscilloscope. The av- .
eraged transient, read out by the PC, is fitted with a standard Laser Energy per Pulse (arbitrary scale)

least-squares fitting routine to an exponentially decayin
q 9 P y y q:IG. 3. Height of absorption peak and full peak width at half maximum

function. . . . (FWHM) as a function of the laser spectral energy density in the cavity. The
The decay timer of the transient, can be written as x-axis scale is not calibrated and is used only for comparison. Dotted lines
are drawn to guide the eye.
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m(v)=

lower levels?’ Bjj is the Einstein absorption coefficient for
t the transitioni—| and p(v) is energy density of the laser
light in the cavity.

Since the laser energy going into the cavity is small and
we are not able to measure it exactly, we can only estimate
the value of the energy density inside the cavity. Further-
more, not all values of the relaxation processes are known.
Taking into account the uncertainties mentioned above, our
estimation of the saturation parameter was close to unity,
AZE(E_ i) (6) which already could indicate saturation effects. Therefore,

C\7 79 we investigated in detail the effect of increased laser energy

per pulse on the absorption peak. In Fig. 3 the absorption per
We assumed the densityto be constant over the length  pass and the full width at the half maximum of the carbon
<d in the expanding plasma and zero elsewhere. The effegnetastable absorption peaks are shown as a function of the
tive path lengthL is assumedbased on Langmuir probe laser energy per pulse. The experimental conditions were
measurements of the electron density profile of pure argoh,,.=48 A, ®(Ar) =100 sccs, andb(C,H,)=1.7 sccs. The
plasma at up positiorto be 0.05 m, 0.09 and 0.10 m at the energy scale is only for reference and is not calibrated. Esti-
arc currents 22, 48, and 61 A, respectively. The same lengthmated values of energy per pulse range from less than 1 nJ
L are used for the up and down position. However it is ex-on the left side to hundreds of nJ on the right side of xhe
pected that at the down position the expanding beam isxis. Because the laser spectral width is smaller than the
broader and hence the calculated density can be slightlpeak width, inhomogeneous saturation can occur. With low
overestimated. The metastable carbon number density wdaser energy per pulse the absorption and full width half
calculated from the area under the absorption peak, obtainedaximum (FWHM) are constant. As the energy per pulse
by performing a wavelength scan around the transition resancreases, the absorption is reduced due to saturation, but the
nance frequency. The absorption measurement was reproduéeWHM of the peaks remains unaffected. As the energy per
ible within 4% relative error for the down position. The up pulse rises even more, the absorption peak starts to broaden.
measurements which were done later, displayed shorter ringt the highest energy, a Lamb dip is observsde insert in
down times(~100 ns, result of deterioration of the mirrprs  Fig. 3).
resulting in a slight increase of the noise level. Because of The problem of inhomogeneous saturation in CRDS
the uncertainty in the Einstein coefficiéhtabout 10% and  spectroscopy was recently studied in detail by Maekal 2
the uncertainty of the real absorption path length we estimatand was sufficiently explained by their model. Although their
that the calculated density is correct within 30%, which com-model could be adjusted for our situation, for our measure-
prises both the systematic and random errors. ments it suffices to be sure that saturation does not occur.

It is very important to ensure that there is no saturationThe vertical dashed line in Fig. 3 indicates the laser energy
of the transition during the measurement. A way to verifyper pulse at which all our CRDS measurements were per-
this is to calculate the saturation param&erP/R, whereP  formed. The laser energy is far from causing saturation, but it
stands for the pumping rate to the upper state, which can his still high enough to provide a good signal to noise ratio.
approximated by?=B;; - p(v) andRis the relaxation rate of OES measurements of the s22s?2p?ls,
the transitionij, which contains the various possible relax- —1s? 2s? 2p 351P(f emission are performed with a fiber op-
ation processesradiative or collisiongl of the upper and tic spectrometefOcean Optics USB2000It is an easy to

whered is the cavity lengthg is the light speedR. is the
effective mirror reflectivity,o(v) is the frequency-dependen
cross section of the absorbing specﬂe&n(x)dx is the line-
integrated number density, ads absorption per pass in the
cavity. The value ofA can be easily calculated when the ring
down timesr, of the empty cavity and- of the cavity with
absorbing species are known:
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FIG. 4. Measured € density together with emission intensity. The measurements are done at up and down position, at three different currents and as a
function of acetylene flow.

operate plug and play apparatus which is able to record emigmission features. The area under the peak is taken as a
sion spectra from 190 to 850 nm. The spectral resolution isneasure of emission intensity.

about 1 nm. The light was collected over a solid angle of

5.5x10 4 srad, at a position 0.39 m from the expanding|||. RESULTS AND DISCUSSION

plasma axis without any imaging optics, in order to enhance .
signal intensity, giving 37 mm spatial resolution at the bearﬁa" Plasma chemistry of the carbon metastable state

axis. The emission was observed through a quartz window Figure 4 shows the results of the CRDS absorption mea-
and measurements were done both at up and down positisurements together with the results of the OES measure-
and under the same conditions as the CRDS measuremenisents. The results are shown for two different positions, up
Also the argon backflow through the CRDS mirrors was usednd down, for three different currents 22, 48, and 61 A and as
in order to maintain the same pressure in the reactor. Tha function of acetylene flow. In all cases the measured data
emission peak is well resolved without overlapping otherhave a maximum at low acetylene flows, when the ratio of
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C,H, flow and argon ion and electron flow into the reactor iscritically on the distance from the injection ring. At the up
small. This corroborates the assumption that C atoms argosition C* is detected in all conditions, even at high acety-
mainly created in secondary reactioi® and (4). To create lene flows. The reason is that the dissociation of acetylene in
C atoms in these reactions two Ar ions and electrons aréhe primary reactiongl) and (2) takes place close to the
needed per acetylene molecule. Hence maximum absorptidRiection ring, producing the £H radical, a precursor for C
should occur approximately at an acetylene flow equal t¢@tom production. Moreover the argon ion and electron den-
half the argon ion and electron flow emanating from the arcsities are still high enough and so there will always be a
The magnitude of the measured maxima in density and insmall fraction of argon ions and electrons used in secondary
tensity increases with increasing arc current as a result deactions(3) and (4), even at high acetylene flows. As the
higher argon ion and electron flow from the cascaded arc Hlasma flows towards the substrate, carbon atoms can react
: ) . : ; 0
higher arc currents. Maximal*Cdensity of 7< 1015 m~3is  further with acetylené"
measured at the up position at an arc current of 61 A.

Both CRDS and OES measurements show that the car-
bon atom can be produced internally excited. In the subse- . . . L
quent reactiong1)—(4) the recombination energy of two ar- and its density along the expansion axis will decrease. At
gon ions is available (215.76=31.52 eV). Part of this high acetylene flows, higher than the argon ion and electron

: : . flow, carbon atoms react away and th& @ensity at the
?Ei)g)é\lj I;J sr? g sigr'rﬁirs?le(g:/ge sthaepgr_é:ri.:t e?l;l) 1%”2\/(3;:: the down position is below the detection limit of the CRDS tech-

- ~ 4 73 . .
C+ CH produced in one of the two branches of the second"'due (~1x 10" m"?). Also argon ions and electrons in the

ary reaction(4) and which is enough 1o produce carbon at- PP 16 ERERE oS o1 AR SCEUETE TS S
oms in different excited states. Even in the case, that a h P 9

Voo .
drogen atom created in primary reacti@®) is excited with gmH Ir;éeACrthg*)n?gtictjh?:os?tofl%\/e glaet)i/sle::nsfbor;vesc.j iﬁt :EW
its electron in then=2 state(10.15 eV, the remaining en- 2 2 ' ’ 2 P

ergy (~5.8 eV) is large enough to produce a carbon atom inmary reactiong(1) and (2) and hence reaction§) can be

its 1S, metastable state. The carbon emission is the evidencréegleCted' At these conditions thé €an reach(or even be

that at least a fraction of £ from primary reaction2) is produced, see OES measuremariose to the sut_)strate as
highly rovibrationally excited. shown by the CRDS measurements performed in down po-

It is clear from Fig. 4 that there is a difference betweensmon at all arc currents. The reaction rate for reactigh

the results of CRDS and OES measurements. This is due %/gas measured at room temperature and fé)ra@ms and its

icl A~ —16 3 ;
different radiative lifetimes of the upper and lower level of value isks~2.8x10 " m/s. Other measurements and the

the probed transition. CRDS measures fia metastable oretical calculation®32of ks reveal a weak temperature de-
: H 16
state, which has a long radiative lifetimte 1.58 § compared pendence, all the reported values being betwesrl @

16 31 ati i
to the upperng level of the transition. The density of the ?QSCt?é-riz?l)()invoerins C* ?;!L;gg (\)/falue(z:aonf lgza:jﬁ}“lfgre;?tffomr
s, metastable state will not be depleted by radiative deex- 9 ar

citation and will be determined only by chemical reactions,reported valyes. The value &F can be estimated using the
diffusion, and convection of €atoms in the plasma. On the CRDS density measurements done at an arc current of 22 A

' 0 o and with an acetylene flow of 3.6 sccs' @oms production
contrary the upper stateP] has a very short radiative life-

time (~2.6 n9 which will result in a very fast deexcitation to between up and down position with this acetylene flow can

: . . be neglected since emission is below the detection limit.
the lower levels. The density of this upper state is then de:
. . . . From the mass spectrometry measurement of acetylene con-
termined by local production of excited carbon in the plasma . .
L o sumption we know#f that approximately 2.4 sceg/3 of the

and loss by radiative processes. Considering these aspects

the OES intensity is a measure of the local production rate o?cetylene flowis not consumed at these conditions. Assum-

2 . -
(excited carbon atoms in the secondary reactidgh ng a_beam area of 0.0025"r(diameter 0'05. ma}nd directed .
N o velocity of 1000 m/s the acetylene density in the beam is
As seen in Fig. 4 carbon emission appears only at low . 9. 3 .
+ - 2 approximately 3.%10'°® m~3. An exponential decay of the
acetylene flows when the,8, flow/(Ar™,e™) flow ratio is L . . : :
. : C* density due to reactions with acetylefessuming con-
small. At high acetylene flows, argon ions, and electrons A€ nt acetvlene densjtyuring the time necessary for trans
depleted very fast in reactiori$)—(4). Then, even at the up y 9 Y

. A L . .~ _port from the up position to down positionAg/v
position, which is close to the injection ring, no argon ions : . )
) ~0.27/100G=0.27 ms) gives an estimate of the reaction rate
and electrons are available for the secondary reacti®ns ..

(4) and the carbon atom production stops. At low acetylene™ "

flows, when more than one argon ion and electron pair is n
available per acetylene molecule, argon ions and electrons In( up
can reach the substrate and carbon emission is measured % _ Ndown

”» . e r= =2x10 % m3s, (8
even at the down position. Carbon emission also indicates Liransport Nc,H,

that the GH radical is present in the region close to the

substrate at low acetylene flows. where we used the measured value of approximately 5.2 for
As was already explained, CRDS measures theatom  the ratio of the € density up and down. The estimated value

density, which is determined by the production and loss obf 2x 10716 m%s is in very good agreement with the range

these atoms in chemical reactions. The @ensity depends of ks values reported in the literature. Considering the fact
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that the C density measured at the down position is prob- d__,
ably slightly underestimated even better agreement is Vd_z[c 1z (5)
reached. o const. (12

Vd_z[cgr]z @

B. The importance of the carbon atoms

for a-C:H growth _ ) ) o )
] ) ) First we can determine whether this condition is valid when
The important question to be addressed is to what extengmy production[reaction(4)] is taken into account. In this

the measured Cdensity is representative for theg,Gtoms. case Eqs(4) and (5) do not depend on gor C* densities,

During their creation, carbon atoms gain a high excitation . . . .
energy because of the redistribution of the energy of théespectwely, and their ratigs)/(4) is constant and has a

% . L
reactants over the products. Since the lifetime of the meta\-’alue ofk;/ks. The density at the up position is more de-

stable stat€1.5 9 is longer than the residence time of the t€rmined by C production, so the*Glensity should be pro-
particles in the vessétypically 400 m$ thermal equilibrium ~ Portional to the & density. _

between ¢ and G, atoms cannot be assumed. If the Boltz- If the loss reaction(?) is also taken into account, Eq.
man equation is used to calculate the ground state densit{d2) is constant only if reaction ratdg; andkz are equal.
assuming a gas temperature of 2000 K, the resulting flow of hen the C density scales with the Cdensity. Even with
carbon atoms towards the substrate is at least 2 orders aflditional loss terms taken into account, the @nsity can
magnitude higher than the maximum possible carbon flovstill scale with the G density, provided that the reaction
calculated on the basis of the amount of injected acetylenerates for these loss reactions are again the same*oar@

So the remaining question is whether the ratfd G, is  C,,. We have already shown before that the reaction rate of
constant. The discussion can be based on a simple modeF with acetylene is in the range of reported values fgr C
describing the plasma chemistry. In this model, the complexyhich leads us to the conclusion, assuming that the main loss
expansion is treated as a cylinder in which all the Speaeﬁrocess of C atoms in the plasma is in reaction wighls
move with the same drift velocity from the injection ring 1ot the density measured in the Arjg, ETP is also

towards the substrate. In this way diffusion is neglected ir}epresentative for the £ density and their ratio ©/C
radial direction. This is feasible since the radial diffusion. * o . o
is equal tok} /k, ratio. Since we do not know this ratio, we

times of different species were calculatét be typically 10 . . . .
ms or higher, which is at least ten times slower than thean only estimate its lowest value. At Figcfthe maximal

transport time from the nozzle to the substratel mg. In ~ measured € density 7< 10> m~* is at the acetylene flow of
axial direction the convectiofil000 m/s drift velocity is 4 sccs. In the case of complete decomposition of injected
much larger than diffusion. When the drift velocity is as- CoH, the highest ¢ density at these conditions, taking 1000
sumed to be constant along the expansion &wisich is  m/s the drift velocity and 0.1 m the beam diameter, can be
reasonable approximation for the subsonic part of the ETRx 10'° m~2 [which is really the upper estimate, since com-
i.e., after the stationary shock wa$eand only reaction$4) plete decomposition of injected acetylene is quite unlikely
and(5) are considered as production and loss terms, the demnd also G (~10'" m™3) and CH (~8x 10'® m™3) radicals

sity evolution of G, and C* along the expansion axis can be were detected and the,B radicals and gH, molecules are

described by the following differential equations: also present in the plasma at these condifiofkis density
q gives the lowest possibl&}/k, ratio of 2.5<10 4, with
Vd_z[cgr]z:k4'[e 12 [CoH 1, Ks-[ Corl - [ CoHa ], 1X10° being a more realistic estimate. Then from the

down measurements we know that at high acetylene flows
©) [high G,H, flow/(Ar™,e™) flow ratio] metastable carbon ab-
d sorption close to the substrate is below the detection limit of
v 5 [C = Kt [e 1, [CoH 1,—KE -[C*1,-[CoH, 1, CRDS (~1x 10t m7 3)_gwmg the upper estimate for
(10 density to be X 10" m~3 and maximum carbon atom flux
towards the surface to bexi10?° atoms s m~2. From the
where[ X], means density of speciésat the distance from  growth rate and film density we know that the flux of
the injection ring. The metastable state is representative fo2.5x 10? atomsS*m~2 is necessary to maintain a high
the ground state if the following condition is fulfilled: deposition rate and therefore we can assume that carbon con-
tribution to the growth of hard diamond-like film is negli-

[C*] +Vi[c*] gible. In contrast, at low ¢H, flows [small GH,
[C]; [C'lziaz ' Tdz z flow/(Ar*,e”) flow ratio] C atoms are present above the
const [Cql: - [cgr]HdZ_ d (1Y) substrate and a significant contribution to the growth cannot

[Cgr]z+ Vd_z[cgr]z be excluded.
Even in the case dfz being different fromks, or in the
which gives, after substitutingC* ],=const[Cy], on the case that the C atoms are also lost in reactions with other
right hand side, the condition: species(e.g., GH, or CsH,) and the C absorption is no
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