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Argon ion-induced dissociation of acetylene in an expanding
Ar/C,H, plasma

A. de Graaf,¥ M. F. A. M. van Hest, M. C. M. van de Sanden,” K. G. Y. Letourneur, and

D. C. Schram
Department of Applied Physics, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

(Received 23 November 1998; accepted for publication 17 March)1999

Mass spectrometric and Langmuir probe measurements reveal that the plasma chemistry of an
expanding Ar/GH, plasma which is used for deposition of hydrogenated amorphous carbon is
dominated by argon ion-induced dissociation of the precursor gas. The ion-induced dissociation is
very efficient leading to complete depletion under certain conditions. The ion fluence as determined
from modeling the mass spectrometry results is in good agreement with Langmuir probe
measurements suggesting a one-to-one relation between the argon ion and acetylene consumption.
The good correlation found between the growth rate and the acetylene consumption rate expresses
the efficient use of the dissociation products. 1099 American Institute of Physics.
[S0003-695(99)02820-X]

Hydrogenated amorphous carba C:H) is well known  magnitude 10 2° m?) as the cross section for the charge
for its favorable properties like high hardness, chemical inexchange reactiofila), but have a typical threshold at an
ertness, and infrared transparendyThese properties make electron energy of=10 eV® Therefore, the dissociation rate
the material very suitable for use as a protective coating oif these processes will be considerably smaller thgnat
optical devices, e.g., bar-code laser scanners and flat panglean electron energies below this threshold. The ion-
displays, and as a wear resistant coating. For industrial agnduced dissociation will be thus much more effective than
plications however, high growth rates are desirable. It wag|ectron-induced processes, especially at lower electron tem-
shown in previous workthat with an expanding thermal peratures. Results from particle flow rate and arc current
argon plasma into which acetyleneA®) is injected down-  stydied and recently also from cavity ringdown spectroscopy
Stream,a'C:H films can be deposited at rates as h|gh as 7%nd Optica' emission spectroscopy measurerﬁaﬂlggest
nms*. Moreover, it was demonstrated that the quality inthat the GH radical and atomic hydrogen are the dominant
terms of hardness and infrared refractive index increasegissociation products in reactigtb). Till now the dissocia-
with increasing growth raté.The maximum hardness ob- tion products could not be directly measured, and the sug-
tained is approximately 14 GPaln earlier studies, it was gested dissociation mechanism and predominant production
argued that the dissociation of acetylene is ion induced sincgs C,H and H radicals downstream of the arc source could
the electron temperature in the expansion is too (8.3 ot be verified. Using Langmuir probe and mass spectrom-

ev) for ssignificant electron-induced  dissociation  or gty measurements the plasma chemistry of the expanding
ionization” Note that this is a main difference with most Ar/C,H, plasma can be addressed in more detail.

o_tht_ar remote plasma deposition sources in whigh the disso- Tpe plasma deposition setup is extensively described
ciation of the precursor gases is by electron impact. Thesewheré. It consists of a vertically positioned, cylindrical
proposed d|s§OC|at|on mecha.lmsm. consists of a charge &¥xpansion vessétliameter 36 cm, length 65 drat low pres-
change reaction of an argon ion with an acetylene m°|eCU|§ure(25—30 Pa In a cascaded arc, which is mounted on top
directly followed by the dissociative recombination of the ¢ the vessel on a moveable holder. a thermal argon plasma
(rovibrationally excitedl acetylene ion with an electron, i.e., g generated. Typical parameters in the arc are a pressure of
Art+ CoHy— Ar+CoH, ™1, (1a) 40-60 kPg, an arc currehf, of 30-90 A(1-5 kW), and an
argon particle flow rated,, of 50-100 sccs. The argon
C,H,™"?+e— products. (1b) plasma expands into the low-pressure vessel where 0-20
_ _ _ sccs of acetylene is supersonically injected downstream by
The typical ratekce for the charge exchange reactidt®) is  means of a gas injection ring. The produced radicals are
10 m*st a value close to the Langevin Ilrﬁ'lt.The transported with the flowing plasma towards the
overall rate coefficienkpg for the dissociative recombina- temperature-controlled substrate holder, which is positioned
tion reaction (1b) was measured to be around 3 at 60 cm from the arc outlet. The Langmuir probe measure-
X101 m3s™1> The dissociation rate will be limited by ments were performed in a pure argon plasma at approxi-
the lowest rate, which is the rakge for the charge exchange mately 30 cm from the arc exit. The cylindrical Langmuir
reaction(1a). The cross sections for electron-induced ioniza-probe with a length of 0.5 cm and a radius of 0.1 mm is
tion or dissociation of acetylene are in the same order ofmade out of tungsten and can be moved in radial direction to
obtain radial profiles of the ion flux passing and the plasma
aElectronic mail: a.degraaf@phys.tue.nl beam area. The probe charac_:t_eristic is_ analyzed_ usi_ng con-
bCorresponding author; electronic mail: m.c.m.v.d.sanden@phys.tue.nl  ventional methods.The deposition rate is measuradsitu
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with a home-built HeNeg(632.8 nm) rotating compensator 1.0
ellipsometer. A residual gas analyzéf. J. Lesker Com-
pany, AccuQuad 200Dsamples background gas approxi- 0.8F
mately at the position of the substrate holder through a 30 S
: . = 0.6}
um pinhole. The mass peak at 26 amu was used as a finger- k)
print for the presence of £, gas in the background. The § 0.4
full mass spectrum in the regions 12—16 and 24—30 amu was : :3?2
analyzed using measured cracking patterns $1.,C CH,, 0.2F m 3754
and GHg to correct for the contribution of ethene {d,) v 248A
and ethane (§Hg). For the conditions presented here, the 0'00 5 10 15 20
contribution of ethene and ethane to the signal was smaller C,H, flow (sccs)

than 4%. These results were independently confirmed by gas
phase infrared absorption spectroscépyrrom the mass FIG. 1. Depletion of acetylene as a function of the acetylene particle flow
spectrometer data, the consumption of the precursor gas cdpected for different arc currents. Plasma settings; =100 sccsp=25

be calculated. The depletidd of acetylene is defined as Pa. Solid lines are fits using ECH).
only consumed by the charge exchange and subsequent dis-

I ,(M/Z=26) sociative recombination reactigha) and(1b), i.e.,
P mz=28) @ 7
otf(M/Z=26) P (D= 5 P (D= kDo (OPar(D. (3

wherel o,(m/Z =26) andl oq(m/Z=26) are the signals at 26 Hered (1) is the acetylene particle flow rate afih +(t)
amu in plasma on respectively plasma off situation. It wagp. o particle flow rate. To compard, to the

verified that the gas temperature in the background does n fensities balangedissociation reaction ratég follow-
change considerably when the plasma is switched on, whic g from Egs. (1a and (1b), ie., @ d)nep.(t)
. , e, Hy

is logical considering the long residence time in the back- e . .
grou%d. Therefore, n% temper%ture correction is made in Eq.. _kCEncsz(.t)nAﬁ(t)’ the d.|ffu5|on profile and the.d"

(2). Because the precursor injection is supersonic and theected _velocny of both species should also be considered.
residence time of acetylerfe-0.4 § is much longer than its ASSUming that both species have the same constant beam
diffusion time from wall to wall (~0.01 9, both in the areaA and f_orward velocrfy; and that the gases in the vessel
plasma off and plasma on situation the reactor is expected @€ Well mixed, the particle flow ratd can be related to

be fully mixed. In this case the depletion as defined in EqINe densityn by the relation ®=nvA. The equation

(2) is a good measure for the acetylene consumption. above can then be rewritten as:d/¢t)Pcyp (1)

As can be seen in Fig. 1, where the depletion is shown as — (Kce/vA) P (1) P ar+(t), which relatesky, of Eq. (3)
function of the injected acetylene particle flow rate for dif- to kcg by kg =Kce/vA. The radicals formed in the dissocia-
ferent arc currents, the depletion increases with decreasirtiye recombination reactiolilb) may either deposit on the
acetylene patrticle flow rate and increasing arc curfeigher  walls, or react in the gas phase and at the walls. Their life-
ion and electron fluengeNotice that under high reactivity time is generally much shorter than the residence time of the
conditions the depletion is complete, indicating a very effi-gases in the expansion vesggpically 0.4 9, and therefore
cient dissociation mechanism and a good mixing. The conthe residence time does not need to be included in the model.
sumption of acetylene at the position of the mass spectronmFhe time-dependent solution of E) can be expressed in
eter can be described by a simple zero-dimensional modé¢he initial particle flow rates of argon ion® +(ty) and
assuming that the acetylene molecules and argon ions aw:etylened)csz(to) injected:

D pr+(to) = Py (to)
(D pr+(to)/ Dy (to)eX (P pr+(to) = Dy (to)Kpt]) — 1

D (t)= @

This means that if the reaction timias long enough and if 0.65 m from the arc exit to the mass spectrometer, and a
the initial ion particle flow rate is larger than the injected (constant plasma beam radius of 0.1 m, this corresponds to
acetylene particle flow rate full consumptioB€1) can be  a kg of 4.3x10 ¢ m3.s™% The value forkcg is in good
reached. In Fig. 1 the solid lines represent the fits of theagreement with the typical values=(0 6 m®s™1) re-
consumption of acetylene following from E@#). The mea- ported for the charge exchange reaction of Amd GH,
surement at 89.3 A was fitted using E4), varyingket and  (1a),* suggesting that the plasma chemistry is indeed domi-
D4 +(tg). For the other arc current settings, oriby,,+(tg) nated by this reaction.

was varied keeping the value fkgt fixed at the value found The expanding thermal plasma is a remote plasma which
at 1,,89.3 A. The value obtained fokst is 2.8  means that the downstream region is decoupled from the arc

X101 m®. At a velocity of 1000 ms*!! a distance of source due to the large pressure difference of approximately
Downloaded 14 Mar 2005 to 131.155.108.252. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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" ';Aass spéctromet' P In conclusion, mass spectrometry and _Langmuir prol_ae
O Langmuir probe v % measurements clearly der_nonstrate that in an e_xpandmg
. Ar/C,H, plasma acetylene is consumed by argon ions and

% electrons emanating from the arc. The good agreement found

0o 4 . between a simple model describing the consumption of
acetylene and independent measurements with a Langmuir
Ga @ 1 probe points to a one-to-one reaction between argon ions and
acetylene molecules. Under certain conditions, a dissociation
20 20 30 30 100 degree of 100% was reached, indicating that the ion-induced
Arc current (A) dissociation is more efficient than dissociation by electron
impact, for which full dissociation has never been reported.

FIG. 2. lon particle flow emanating from the arc as function of the arc The fact that the growth rate is proportional to the depletion

current as obtained from Langmuir probe measurements and from modelin . - ..
the mass spectrometry results. Plasma settidigs=100 sccsp=25 Pa. ghOW§ that the dlS_S_OCﬁthﬂ products are also very efficiently
used in the deposition.
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10* Pal? Therefore, the chemical reactivity emanating from The skillful technical assistance of M.J.F. van de Sande,
the arc can be characterized by measuring the ion or equall&.B.M. Husken and H.M.M. de Jong is greatly appreciated.
electron particle flow rate in pure argon plasma, i.e., with- The financial support from the foundation of Fundamental
out GH, injection. Figure 2 shows the ion fluendex- Research on Mattgprojects FOM-RG and 95BR14pand
pressed in equivalent particle flow rages function of the arc  from the EC(INCO-Copernicus project IC15-CT96-0738
current at 30 cm from the arc exit. It was determined fromthankfully acknowledged.

the radial integrated ion density profile measured with a

Langmuir probe assuming a directed velocity of approxi-

mately 1000 m st for the ions!! As can be seen, at 50 A

about 10% of the total injected argon particle flow rate is

ionized, which is in good agreement with arc modeftidn 3. c. Angus and Y. Wang, iiamond and Diamond-like Films and
Fig. 2 also the results fab 4,+(ty) obtained from the fits of Coatings NATO ASI Series B, Vol. 266, edited by R. E. Clausing, L. L.

Horton, J. C. Angus, and P. Koid@Plenum, New York, 1991 p. 173.
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