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Distinct nonequilibrium plasma chemistry of C 2 affecting the synthesis
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We show that the concentrations of the species C2 (X 1Sg
1), C2 (a 3Pu), and C2H exhibit a

significant increase when the argon content grows up to 95% in medium pressure~0.75 Torr! radio
frequency~rf! ~13.56 MHz! produced C2H2 (1%)/H2 /Ar plasmas of interest for the synthesis of
nanodiamond thin films within plasma enhanced chemical vapor deposition devices. In contrast, the
concentrations of CH3 and C2H2 remain practically constant. The latter results have been obtained
with an improved quasianalytic space–time-averaged kinetic model that, in addition, has allowed us
to identify and quantify the relative importance of the different underlying mechanisms driving the
nonequilibrium plasma chemistry of C2 . The results presented here are in agreement with recent
experimental results from rf CH4 /H2 /Ar-rich plasmas and suggest that the growth of nanodiamond
thin films from hydrocarbon/Ar-rich plasmas is very sensitive to the contribution of C2 and C2H
species from the plasma. ©2003 American Institute of Physics.@DOI: 10.1063/1.1617362#
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I. INTRODUCTION

Experimental results on the synthesis of nanocrystal
diamond thin films in a matrix of diamond like carbon b
Amaratungaet al.1 working with radio-frequency~rf! ~13.56
MHz! produced CH4 (2%)/Ar plasmas at medium pressur
~0.3–0.5 Torr!, together with the most recent results b
Gruen and co-workers2–10 with microwave ~MW! ~2.45
GHz! excited CH4 (1%)/H2 /Ar plasmas at high pressure
~50–100 Torr!, have shown the feasibility of growing nano
crystalline diamond thin films by using plasma mixtures
different carbon containing molecules (CH4,C60) with
minute amounts of molecular hydrogen~from 0% to 1%! and
important argon concentrations~up to 99%!. In addition, the
systematic experiments carried out by Zhouet al.7 show a
transition from microdiamond to nanodiamond with the pr
ence, in the latter case, of strong Swan band emission re
to C2 radicals. The micro- to nanodiamond transition h
been shown to be especially sensitive to the amount of A
the plasma since optical emission spectroscopy experim
in the plasma show dramatic changes in the species emis
pattern as the Ar concentration increases.6,7,10 This suggests
that changes in the nonequilibrium plasma chemistry
likely to occur parallel to the surface changes leading fr
micro- to nanodiamond structures.

While some experimental evidence points to C2 dimers
as the growth species for nanocrystalline diamond in M
CH4 (1%)/H2 /Ar and C60/Ar plasmas, a lack of understand
ing remains with regard to the different reaction paths t
lead to the increase of the C2 species when Ar increases. I
addition, dicarbon (C2) radicals together with C2H species
~not studied experimentally as a function of Ar! might also

a!Author to whom correspondence should be addressed; electronic
vazquez@io.cfmac.csic.es
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be responsible for the diamond nanocrystals found in rf m
dium pressure CH4 (2%)/Ar plasmas1 since C2H exhibit
higher chemisorption probabilities than CH3, CH4, and
C2H2.11

Therefore, the main goal of this article is to discuss t
nonequilibrium plasma chemistry of the C2 and C2 (a 3Pu)
~hereafter, called C2* ) species produced in rf~13.56 MHz!-
generated C2H2 (1%)/H2 /Ar at medium pressure~0.75 Torr!
plasmas of interest in nanodiamond thin film deposition. T
will be done in connection with the predicted trend of oth
important species such as C2H, CH3, and C2H2. We propose
a number of kinetic mechanisms that account for the exp
mental trend of the radical CH3 observed by Schulz-von de
Gathenet al.12 in rf ~13.56 MHz!-generated hydrocarbon/Ar
rich plasma environments.

Finally, we will also compare our model results wit
recent simulations by Riccardiet al.13 of the gas-phase
chemistry of rf, medium pressure (0.75 Torr<p
<1.5 Torr! CH4 /Ar plasmas. The latter results are interesti
since they indicate that CH3 is the most abundant carbon
containing radical in pure rf CH4 discharges, while it is the
dimer C2 in discharges of CH4 highly diluted in argon. How-
ever, the latter simulations fail to predict the experimenta
observed trends for the concentrations of the radical C3 .
Moreover, our own previous results14 ~using a very simpli-
fied C2 chemistry! together with Riccardi’s simulations13

predicted unrealistically high values (;1013cm23 for 90%
of Ar in the feed gas! for the concentration of C2 . The latter
concentrations have not even been measured within the
pressure~50–100 Torr! and power~1000 W! MW ~2.45
GHz!-produced CH4 /H2 /Ar-rich plasmas studied by Grue
and co-workers.2–10 In the present work, the different chem
cal reaction paths assumed for the C2 species allow us to
il:
5 © 2003 American Institute of Physics
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predict concentrations for C2 and C2* that are reasonable fo
the pressure conditions studied~see below! that, in addition,
keep the experimentally observed trends~in MW plasmas!
with increasing Ar content in the feed gas.

II. APPROACH

We have used a general quasianalytic space–ti
averaged~zero-dimensional! kinetic model for studying the
nonequilibrium plasma chemistry of medium-pressu
(0.75 Torr! C2H2 (1%)/H2 /Ar rf plasmas (f 513.56 MHz,
fTotal5100 sccm,P5100 W) with a gas temperature ofTg

5400 K.14 The latter simulation conditions were chosen
as to compare with the recent diagnosis studies reporte
Schulz-von der Gathenet al.12 for capacitively coupled rf
~13.56 MHz! plasmas containing CH4 /H2 /Ar.

The model that we have used here is based o
previous one.14 The differences are, however, th
we have now considered more types of spec
@Ar,Ar* (n52,1P1 ,3P0,1,2) ,Ar1,ArH* (B 2P,E2P,12D),H2,
H2* (B 1S u

1 , C1Pu , a 3S g
1 , b 3S u

1 ,c 3Pu , d 3Pu),H,H*
(n52,2P 1/2,3/2

0 ) , CH,CH2,CH3 , CH4, C2H2 , C2H2
1 ,C2H3 ,

C2H,C2 ,C2* # together with a greater number of possib
reaction paths for each of the species considered, inclu
electron-impact processes~Table I!,14–16 radiative processe
~Table II!,14,17 and neutral–neutral and neutral–ion mech
nisms@see Table III~Refs. 18–23! and Table IV~Refs. 20,
21, 24, and 25!#. It is worth mentioning that the dissociatio
reactions of the type CH21Ar and CH1Ar ~Ref. 23! are not
included in the model equations since their important bar
heights avoid them to proceed in low gas temperature~and
medium pressure! environments like ours. However, the r
actions CH2 /CH1Ar could probably proceed in the disso
ciation direction in the case of the high pressure and h

TABLE I. Electron-impact processes.

Reaction Reaction

e1Ar → e1Ar* (n52,1P1 ,3P0,1,2) H* (n52,2P 1/2,3/2
0 )1e → e1H

e1Ar → 2e1Ar1 e1C2H2 → 2e1C2H2
1

e1Ar* (n52,3P0,2) → e1Ar e1C2H2 → C2H12H1e
e1e1Ar1 → e1Ar e1C2 → C2* 1e
e1Ar1 → Ar1hv e1C2H2

1 → C21H1H
e1H2 → H1H1e e1C2H2

1 → C2* 1H1H
e1H2 → 2H* (n52,2P 1/2,3/2

0 )1e e1C2H2
1 → C2H1H

e1H2 → H1H** (n53,2P 1/2,3/2
0 )1e e1C2H → C1C1H1e

e1H2 → H2
112e e1CH4 → CH31H1e

e1H2 → e
1H2* (B 1S u

1 ,C 1Pu ,a 3S g
1 )

e1C2H3 → C2H12H1e

e1H2 → e1H2* (b 3S u
1 ,c 3Pu ,d 3Pu) e1C2H3 → C2H21H1e

e1H2(v50) → e1H2(v51,2,3) e1C2H2
1 → CH1CH

e1H → e1H* (n52,2P 1/2,3/2
0 ) e1C2H2

1 → CH2* 1C

TABLE II. Radiative processes and their corresponding rate coefficient

Reaction Rate coefficient~s21!

Ar* (n52,1P1 ,3P1) → Ar1hv 3.003108

ArH* (B 2P,E 2P,12D) → Ar1H1hv 5.933107, 2.853107, 3.403107

H* (n52,2P 1/2,3/2
0 ) → H1hv 4.703107
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power MW-generated CH4 /H2 /Ar-rich plasmas studied by
Gruen and co-workers.2–10 In these plasmas, the measur
gas temperatures take values of up to 1500 K, that is, clos
the gas temperature region where the rate coefficients of
reactions CH2 /CH1Ar have been experimentally
evaluated.23

The present model provides a period-average elec
energy distribution function~EEDF! that is obtained from the
numerical solution of an electron Boltzmann equation solv
under the assumption of a two-term approach based on
dc effective field approximation which, as shown in a pre
ous work,14 is justified for the case of rf~13.56 MHz! pro-
duced C2H2 (1%)/H2 /Ar plasmas. Once the period averag

TABLE III. Neutral–neutral and neutral–ion processes and their co
sponding rate coefficients.

Reaction
Rate coefficient

~cm3 s21 or cm6 s21!

Ar* (n52,3P0,2)1C2H2 → C2H2
11Ar1e 3.503 10210

Ar11C2H2 → C2H2
11Ar 4.203 10210

Ar* (n52,3P0,2)1H2 → ArH* 1H 1.103 10210

Ar11H2 → H2
11Ar 3.003 1029

Ar11H2 → ArH11H 5.403 10210

CH1CH → C2H1H 2.493 10210

Ar1C2H21H → C2H1H21Ar 8.793 10231

C2H1H → C2H2 3.003 10210

Ar1C2H1H → C2H21Ar 3.103 10232

C2H1H2 → C2H21H 1.513 10213

CH31H → CH4 7.003 10212

CH31C2H2 → CH41C2H 7.633 10226

CH31H2 → CH41H 1.163 10220

CH31H1Ar → CH41Ar 8.193 10229

CH41CH → C2H41H 6.423 10211

CH31CH → C2H31H 4.983 10211

CH21CH2 → C2H31H 3.323 10211

C2H21H → C2H3 1.603 10213

C2H31Ar → C2H21H1Ar 1.303 10212

C2H3 → C2H21H 3.313 10214

TABLE IV. Neutral–neutral processes and their corresponding rate co
cients.

Reaction Rate coefficient~cm3 s21!

C2H31H → C2H21H2 1.603 10212

C2H31H → C2H4 4.803 10211

C2H31H2 → C2H41H 9.813 10220

CH21CH2 → CH31CH 7.683 10213

CH21H2 → CH31H 5.003 10215

C2H31CH2 → C2H21CH3 3.003 10211

CH31CH3 → C2H6 4.363 10211

CH~X 2P,v51)1H2 → CH3 1.603 10210

CH31Ar* (n52,3P0,2) → CH3
1* 1Ar1e 2.603 10210

CH31CH2 → C2H41H 7.003 10211

CH31C2H3 → CH41C2H2 6.503 10213

CH21Ar* (n52,3P0,2) → CH2
1* 1Ar1e 2.603 10210

CH21Ar* (n52,3P0,2) → C1H21Ar 5.003 10210

CH21H → CH1H2 2.703 10210

CH1H2 → CH21H 3.033 10211

CH1Ar* (n52,3P0,2) → C1H1Ar 5.003 10210

CH1Ar* (n52,3P0,2) → CH1* 1Ar1e 2.603 10210

CH1H → C1H2 4.983 10211
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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EEDF is available, we can derive the corresponding per
average electron-impact rate coefficients that are used
on in a set of kinetic rate equations accounting for the n
equilibrium chemistry of C2H2 (1%)/H2 /Ar plasmas. Due
to the limitations of the Boltzmann solver used26 ~restricted
to three species!, the calculations of electron-rate coefficien
involving the use of a non-Maxwellian EEDF are carried o
for species C2H2 , H2 , and Ar.

The model used here allows us to derive approxim
analytical expressions that help us to discover interes
features related to the microscopic reaction paths underl
the variation of the different particle population densiti
considered. We have assumed that at 0.75 Torr the valu
the electron density isNe53.431010cm23 and that, accord-
ing to experimental results,12 it remains practically constan
with the variation of the Ar concentration in the plasm
Additional details of the approach can be found in Ref. 1

In the following, we will focus on the reaction path
underlying the concentrations of C2 and C2* ~see Table V!,
which exhibit an important increase when the amount of
in the plasma grows.

FIG. 1. Steady state concentrations of CH3 as a function of the Ar content in
the feed gas according to the present model~s! @rf ~13.56 MHz!
C2H2 (1%)/H2 /Ar plasma, p50.75 Torr, power5100 W, and fTotal

5100 sccm], the simulation results by Riccardiet al. ~Ref. 13! ~n! ~rf
CH4 /Ar plasma with p51.5 Torr, power550 W, andfTotal5120 sccm),
and according to the experimental results by Schulz-von der Gathenet al.
~Ref. 12! ~d! @rf ~13.56 MHz! CH4 (10%)/H2 /Ar plasma with p50.75 Torr,
power5100 W, andfTotal566 sccm]. The solid lines are a guide for the ey

TABLE V. Electron-impact and neutral–neutral reaction paths controll
the behavior of C2 and C2* , and their corresponding rate coefficients.

Reaction Rate coefficient~cm3 s21!

C2H1C2H → C21C2H2 3.0310212 (k1)
C2H1H → C21H2 1.54310231 (k2)
C2H21Ar → C21H21Ar 5.71310218 (k3)
e1C2 → e1C2* (a 3Pu) >2.031028 (k4)
C21H2 → C2H1H 1.40310212 (k5)
C2* (a 3Pu)1C2H2 → 2C2H* 9.6310211 (k6)
C2* (a 3Pu)1H2 → C2H1H ,9.0310214 (k7)
C21Ar* (n52,3P0,2) → C2

11e1Ar 5.6310210 (k8)
e1C2H2

1 → C2* (a 3Pu)1H1H 1.331028 (2.5 eV)
20.8631028 (5.6 eV) (k9)
Downloaded 12 Mar 2010 to 161.111.180.191. Redistribution subject to A
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III. RESULTS AND DISCUSSION

We see in Figs. 1 and 2 that the concentrations of C3

and C2H2 predicted by the model follow, in a quite reaso
able way, the experimental concentrations obtained
Schulz-von der Gathenet al.12 for medium pressure~0.75
Torr! capacitively coupled rf~13.56 MHz! plasmas contain-
ing CH4 /H2 /Ar. In the latter rf plasmas, the degree of di
sociation of CH4 leading to C2H2 is quite high for low
~<10%! methane concentrations,12,27 and it increases as th
Ar content grows.12 Therefore, we can simulate th
CH4 /H2 /Ar plasma as it was one of C2H2 /H2 /Ar so that
our results can be compared to the experimental results
ported by Schulz-von der Gathenet al.12 It is interesting to
note that, according to Figs. 1 and 2, using high Ar conc
tration hardly affects the experimental and theoretical c
centrations of CH3 and C2H2. In other words, the latter re
sults suggest that the species CH3 and C2H2 are not
particularly sensitive to an important increase of the
amount in the plasma. However, in contrast to this, there
experimental results indicating that the synthesis of nano
mond thin films from medium pressure~0.2–0.5 Torr! rf
~13.56 MHz! CH4 /Ar ~Ref. 1! and high pressure~50–100
Torr! MW ~2.45 GHz! CH4 /H2 /Ar plasmas2–8,10is only pos-
sible when the Ar content increases up to sufficiently h
values ~usually, 80%–99%!. Therefore, the above result
suggest that the role played by C2H2 and the radical CH3
during the growth of nanodiamond films might not be ve
important. In this regard, it is important to note that previo
simulations of rf CH4 /Ar-rich plasmas by Riccardiet al.13

fail to predict the experimental trends~and quantitative val-
ues! of the CH3 and C2H2 densities recently measured b
Schulz-von der Gathenet al.12

When we look at Fig. 3, we can see that our kine
model predicts that, as the Ar content increases, the con
trations of C2 ~also predicted by Riccardiet al.13! and C2* ,
and of C2H exhibit significant growth. The increase of C2*
with growing Ar concentration has been experimentally o
served~at a fixed pressure of 100 Torr! by Gruen and co-
workers during their works with high pressure~50–100 Torr!

FIG. 2. Steady state concentrations of C2H2 as a function of the Ar content
in the feed gas according to the present model~h! @rf ~13.56 MHz!
C2H2 (1%)/H2 /Ar plasma, p50.75 Torr, power5100 W, and fTotal

5100 sccm], the simulation results by Riccardiet al. ~Ref. 13! ~n! ~rf
CH4 /Ar plasma with p51.5 Torr, power550 W, andfTotal5120 sccm),
and according to the experimental results by Schulz-von der Gathenet al.
~Ref. 12! ~j! @rf ~13.56 MHz! CH4 (10%)/H2 /Ar plasma with p
50.75 Torr, power5100 W, andfTotal566 sccm]. The solid lines are a
guide for the eye.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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MW ~2.45 GHz!-produced CH4 /H2 /Ar plasmas.2–10 More-
over, the deposits of nanodiamond thin films coincide w
the observation of intense emission lines belonging to
different vibrational transitions within the Swan band
C2.5–7,10 The latter experimental results suggest the ex
tence of different reaction paths driving the nonequilibriu
plasma chemistry that leads to the changes observed in
C2* emission pattern as the Ar content in the plasma
creases.

Contrary to the optical diagnosis studies of C2* carried
out ~as a function of the Ar concentration! in the CH4 /H2 /Ar
plasmas produced by MW,10 there is a lack of similar experi
mental results within medium pressure rf~13.56 MHz!
CH4 /H2 /Ar plasmas and/or other hydrocarbon/Ar-ric
plasma environments. Therefore, at the present stage, th
sults of Fig. 3 can only be compared with those obtained
high pressure~50–100 Torr! MW CH4 /H2 /Ar plasmas with
which a qualitative agreement is obtained.6

In order to discuss the different kinetic processes~shown
in Table V! underlying the loss of C2 and C2* , we use two
approximate analytic equations from our kinetic mod
Thus, the concentrations of C2 and C2* shown in Fig. 3 are
given by the equations:

NC2
5

NC2H~NC2Hk11NHk2!1Nc2H2
NArk3

Nek41NH2
k5

, ~1!

and

NC
2*

5
NeNC2

k4

NC2H2
k6

, ~2!

wherek1–k6 are rate coefficients given in Table V. The lo
of C2* through reactions of the type C2* 1H2 with reaction
ratek7 ~Ref. 28! are, in general, negligible and, therefore, n
considered in expression~2!. In addition, although Penning
ionization ~with rate k8) of C2 by metastable Ar atoms i
possible,29 this process is not important when compared
the loss of C2 through mechanisms~4! and~5! of Table V.28

The ratek4 for the electron-impact excitation of C2 remains
practically constant within the interval of average electr
energies obtained in the present work~see Table VI and
Ref. 16!.

FIG. 3. Steady state concentrations of C2 ~j!, C2* ~d!, and C2H ~L! as a
function of the Ar content in the feed gas according to the present mode
a rf ~13.56 MHz!-produced C2H2 (1%)/H2 /Ar plasma at 0.75 Torr and 100
W with fTotal5100 sccm. The solid lines are a guide for the eye.
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Experimental branching ratios regarding the electro
dissociative recombination of the C2H2

1 molecular ion have
been recently measured by Derkatchet al.30 They found that
the electron dissociative recombination of C2H2

1 is domi-
nated by the two-body C2H1H channel followed by the
three-body C21H1H, with branching ratios of 0.5060.06
and 0.3060.05, respectively, for very low energy electron
~between 0 and 0.0074 eV!.

In a preliminar approximation we have not consider
the second channel leading to C21H1H since we have con-
sidered that the main contribution of the electronic dissoc
tive recombination of C2H2

1 is to produce C2H radicals. In
addition, it is not clear whether the above branching rat
remain valid for the much higher electron energies obtain
in our calculations~ranging from 2.52 eV for 5% Ar to 5.59
eV for 95% Ar at the fixed pressure of 0.75 Torr, see Ta
VI !. Moreover, as suggested by Derkatchet al.,30 if more
electronic energy is available a broader range of vibratio
levels in C2 would be accessible. Eventually, for high enou
electron energies, this channel would have access to the
est excited electronic level of C2 , that is, C2(a 3Pu)
5C2* , which is just 0.088 eV above the ground electron
state of C2 . Consequently, we then should consider note
1C2H2

1→C21H1H, but e1C2H2
1→C2* 1H1H. In the

latter case, the production of C2* would not change much if
we accept as a valid rate coefficient the one reported
Fantzet al.16 for the electronic excitation of C2 ~seek4 in
Table V!.

Therefore, if we consider the branching ratios repor
by Derkatchet al.30 and the cross section for the electron
dissociative recombination of C2H2

1 provided by Brooks
et al.,15 we find that, for the energies of our plasma a
considering a Maxwellian EEDF, the rate coefficient f
electronic dissociative recombination of C2H2

1 would go
from k951.331028 cm3 s21 ~for 2.52 eV! to k950.86
31028 cm3 s21 ~for 5.59 eV!, which are smaller than the
considered rate coefficients@;2.131028 cm3 s21 (2.5 eV)
and;3.531028 cm3 s21 (6.0 eV), being both derived usin
a Maxwellian EEDF# reported by Fantzet al.16 for the pro-
duction of C2* from the electron-impact excitation of C2 .
Consequently, the use of channele1C2H2

1→C21H1H
might most probably turn intoe1C2H2

1→C2* 1H1H for
high enough electron energies as the ones of our plasma
its impact on the production of C2* might be moderate~less
than factor 2! for the case of 5% Ar and very small for 95%
Ar.

The concentrations for C2H2 and C2H predicted by the

or

TABLE VI. Average electron energieŝe& obtained from the kinetic mode
of the rf ~13.56 MHz!-produced C2H2 (1%)/H2 /Ar plasma at 0.75 Torr,
Tg5400 K, and 100 W for the different considered Ar contents in the fe
gas.

Ar ~%! ^e&

5 2.52
20 2.91
40 3.48
90 5.26
95 5.59
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



e
r

a.

of
r

th

-
e
f

ith

t

-
nt
s
ve
o

-
t.
he
th
ia

-
s
e

an
n

ses
n in

by
-

im-
C
nt

nd,

-
n

he-
ths

e
rf
e

ace
ia-

-

to
t

of
s of
n

rf

ying

ion
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model can be seen in, respectively, Figs. 2 and 3. The d
sities corresponding to H, H2 , and Ar are not shown but thei
trends are such that~as expected!, whereasNH andNH2

de-
crease,NAr grows with increasing Ar content in the plasm

According to our model, the production of C2 is con-
trolled, within the entire Ar range, by the dissociation
C2H2 due to collisions with Ar atoms. In fact, the latte
mechanism accounts for more than the 99% of the C2 pro-
duction channels. It is worth mentioning that, although
collision of two C2H molecules is, in principle, favored~over
the C2H21Ar mechanism! by a greater rate coefficient (3
310212cm3 s21), the higher concentrations of C2H2 , and
especially of Ar, with respect to that of C2H ~approximately
six orders of magnitude lower than the one of Ar!, makes of
the dissociation of C2H2 with Ar atoms the dominant reac
tion pathway leading to C2 . However, the importance of th
reaction C2H21Ar→C21H21Ar as a loss mechanism o
C2H2 is negligible when compared to other C2H2 loss pro-
cesses with much higher~about eight orders of magnitude!
rate coefficients like, for instance, Penning ionization w
resonant and/or metastable Ar atoms@C2H2

1Ar( 1P1 ,3P0,1,2)→C2H2
11Ar1e# and electron-impac

mechanisms such as C2H2 ionization and dissociation (e
1C2H2→C2H1H1e). In all the latter processes, their im
portant rate coefficients compensate the smaller conce
tions ~with respect to those of Ar! of the plasma electron
and of the resonant and/or metastable Ar atoms, respecti
In addition, the electron driven ionization and dissociation
C2H2 slightly exceed other loss mechanisms of C2H2 , like
Penning ionization and charge transfer (C2H21Ar1

→C2H2
11Ar). In this regard, the electron-impact ioniza

tion and dissociation of C2H2 are worth a special commen
Dissociation dominates over ionization but, in addition, t
kinetic model indicates that, as the Ar concentration in
plasma grows, the nonequilibrium electron-impact dissoc
tion ~and ionization! rates of C2H2 remain lower~by roughly
one order of magnitude! ~see Fig. 4! than their corresponding
equilibrium ~Maxwellian! rates. The latter behavior is a con
sequence of the nonequilibrium state of the plasma. Thi
clearly seen when one calculates the dissociation rate co

FIG. 4. Electron impact ionization~j andh for a Maxwellian and a non-
Maxwellian EEDF, respectively! and dissociation~d ands for a Maxwell-
ian and a non-Maxwellian EEDF, respectively! of C2H2 as a function of the
Ar content in the feed gas according to the present model for a rf~13.56
MHz!-produced C2H2 (1%)/H2 /Ar plasma at 0.75 Torr and 100 W with
fTotal5100 sccm. The solid lines are a guide for the eye.
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cients by using a Maxwellian EEDF and the non-Maxwelli
EEDF directly obtained from the solution of the Boltzman
equation taking into account the different kinetic proces
considered in our model. The latter calculations are show
Fig. 4 for each of the average electron energies provided
our model~see Table VI! for the different Ar contents con
sidered.

After the above discussion, we understand that the
portant Ar-dependent increment in the concentration of2

~see Fig. 3! is mainly due to two mechanisms. As the amou
of Ar in the plasma increases, the dissociation of C2H2 due to
collisions with Ar atoms becomes more efficient and, seco
much less C2 is lost through collisions with H2 since Ar
substitutes H2 . Moreover, Eq.~2! indicates that the concen
tration of C2* is mainly controlled by electronic excitatio
from the ground electronic state of C2 and that it follows the
trend of the C2 concentration as Ar increases. We have sc
matically represented in Fig. 5 the different reaction pa
underlying the values of the concentrations of C2 and C2*
obtained in the present work.

We would like to end up by pointing out the fact that th
analysis of the nonequilibrium plasma chemistry of
(13.56 MHz! C2H2 (1%)/H2 /Ar plasmas suggests that th
species C2 and C2* , and C2H rather than C2H2 and CH3

seem to be specially connected with the possible surf
growth mechanisms underlying the synthesis of nanod
mond thin films observed within high pressure~50–100 Torr!
MW ~Refs. 2–10! and medium pressure~0.2–0.8 Torr! rf
hydrocarbon/Ar-rich plasmas.1 In addition, whereas the sur
face loss~or reaction! probability for CH3 radicals on the
surface of amorphous carbon films is quite low~less than
1022),11 that of C2H is high and reaches values of up
approximately 0.90.11 The latter could additionally suppor
the possible dominant role of C2 , C2* , and C2H species if
the nanodiamond phase started in a preliminary phase
amorphous carbon. However, the surface loss probabilitie
C2 or C2* are not available for any type of growing carbo
surface. In addition, no measurements of C2* , C2 , and C2H
have been performed either in the bulk of

FIG. 5. Schematic representation of the different reaction paths underl
the values of the concentrations of C2 and C2* predicted in the present work
for a rf ~13.56 MHz! C2H2 (1%)/H2 /Ar plasma at 0.75 Torr and 100 W
with fTotal5100 sccm. The thicker lines indicate the dominant react
mechanisms.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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(13.56 MHz! CH4 /H2 /Ar and/or C2H2 (1%)/H2 /Ar plas-
mas or in the interface of the plasma and the growing na
diamond thin films. Therefore, we think that further expe
mental research is needed in order to experiment
elucidate the role of C2* , C2 , and C2H during the growth
mechanisms of nanodiamond thin films in medium press
rf ~13.56 MHz! hydrocarbon/Ar-rich plasmas.

IV. CONCLUSIONS

We have investigated some aspects of the nonequ
rium plasma chemistry of medium pressure~0.75 Torr! rf
~13.56 MHz!-produced C2H2 (1%)/H2 /Ar-rich plasmas of
interest for the synthesis of nanodiamond thin films. Spe
attention has been paid to the reaction paths underlying
concentration of the dimers C2 and C2* . We found that the
important Ar-dependent increase of the C2 and C2* concen-
trations is the consequence of the combination of an effic
dissociation of C2H2 in collisions with Ar atoms, and of the
less C2 losses in collisions with H2 . In addition, we obtained
that while the concentration of the species C2H is also sen-
sitive to the Ar content in the plasma, those of CH3 and C2H2

remain practically constant as it is observed experimental12

but contrary to previous simulation results by oth
authors.13 Therefore, we think that the influence of the sp
cies C2 , C2* , and C2H on the growth mechanisms of th
nanodiamond phase is more determinant than the one o
species C2H2 and CH3.
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