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Abstract
We have used a kinetic model to investigate the influence of changing the
pressure (0.1–0.8 Torr) and power (100–300 W) on the non-equilibrium
plasma chemistry of RF (13.56 MHz) produced C2H2 (1%)/H2/Ar plasmas
of interest for the synthesis of nanodiamond thin films. We found that the
concentrations of the species C2 (X 1�+

g ), C2 (a 3�u) and C2H are not
sensitive to variations in the power but they exhibit a significant increase
when the pressure decreases at high argon content in the plasma. In
addition, the concentrations of C2H2, CH4 and CH3 exhibit a slight (case of
C2H2) or negligible (case of CH3 and CH4) power-dependence although
they decrease (case of C2H2 and CH4) or remain almost constant (case of
CH3) as the pressure decreases. A reasonable agreement is found when
comparing the model predictions with available experimental results. These
findings provide a basic understanding of the plasma chemistry of
hydrocarbon/Ar-rich plasma environments and, at the same time, can be of
interest to optimize the processing conditions of nanodiamond films from
medium pressure RF hydrocarbon/Ar-rich plasmas.

1. Introduction

The synthesis of nanodiamond thin films in a matrix of
diamond-like carbon was first achieved by Amaratunga et al
[1] working with RF (13.56 MHz) produced CH4 (2%)/Ar-rich
plasmas at medium pressures (0.2–0.5 Torr) and medium
powers (250–375 W). Later on, Gruen and co-workers [2–10]
put forward an intense research programme showing the
feasibility of growing nanocrystalline and ultrananocrystalline
(2–5 nm grain sizes) diamond thin films by using MW
(2.45 GHz) excited carbon (CH4 or C60)/H2/Ar-rich plasmas
produced at high pressures (50–100 Torr) and high powers
(1000–1200 W) with minute amounts of molecular hydrogen

3 Author to whom any correspondence should be addressed.

(from 0% to 1%) and important argon concentration
(up to 99%). Systematic optical emission spectroscopy
(OES) experiments by Gruen and co-workers [2–10] in their
MW-Ar-rich plasmas allowed them to establish connections
between the formation of the C2-dimers with increasing Ar
content in the plasma and the synthesis of nanodiamond films
[7]. Since then, the control of the many unique properties of
ultrananodiamond thin films has been performed by trial and
error variation of the MW plasma chemical vapour deposition
processing parameters (power, pressure, Ar content), that is,
by experimentally modifying the conditions under which the
non-equilibrium plasma chemistry proceeds.

A possible advantage of medium power and pressure RF
hydrocarbon/Ar-plasmas over high pressure and high power
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MW hydrocarbon/Ar-rich plasmas has to do with the substrate
temperature needed to obtain nanodiamond films from the
plasma. In this regard, while Amaratunga et al [1] used
Si substrates at room temperature (293 K), Zhou et al [7],
working with MW systems needed to heat their Si substrate
up to approximately 1000 K. In any case, we think that neither
the RF nor the MW hydrocarbon/Ar-rich plasma chemistry are
sufficiently understood. Therefore, additional research on the
non-equilibrium chemistry of hydrocarbon/Ar-rich plasmas
can help us optimize the plasma processing conditions under
which the synthesis of nanodiamond and ultrananocrystalline
films can be performed.

The main goal of this work is to provide a kinetic analysis
of the non-equilibrium plasma chemistry of RF produced
hydrocarbon/Ar-rich plasmas that will allow us to establish
the conditions for optimizing the production of C2 species in
these plasmas. These studies are performed with a space–
time averaged (zero-dimensional) kinetic model whose results
will be compared with recent experimental and simulation
results by Schulz-von der Gathen et al [11] and Riccardi et al
[12], respectively. In particular, we will show the influence of
changing the pressure and the power on the species C2, C2H,
C2H2, CH3 and CH4 considering different Ar concentrations in
the plasma. We think that the results presented here might serve
as a guide to optimize the processing conditions of medium
pressure RF plasma enhanced chemical vapour deposition
(PECVD) devices used for the synthesis of nanodiamond and
ultrananocrystalline thin films.

2. Approach

We have used a general quasianalytic space–time aver-
aged (zero-dimensional) kinetic model for studying the
non-equilibrium plasma chemistry of medium-pressure
(0.1–0.8 Torr) C2H2 (1%)/H2/Ar RF plasmas (f =
13.56 MHz, φTotal = 100 sccm, P = 100–300 W) with a gas
temperature of Tg = 400 K [13].

The model that we have used here is an improved version
of the previous one [13]. The differences consist in that
we have now taken into account more types of species (Ar,
Ar∗ (n = 2, 1P1, 3P0,1,2), Ar+, ArH∗ (B 2�, E 2�, 1 2�),
H2, H∗

2 (B 1�+
u , C 1�u, a 3�+

g , b 3�+
u , c 3�u, d 3�u), H, H∗

(n = 2, 2P0
1/2,3/2), CH, CH2, CH3, CH4, C2H2, C2H+

2,
C2H3, C2H, C2 and C2 (a 3�u) (hereafter called C∗

2)) together
with a greater number of possible reaction paths for each of
the species considered including electron-impact processes
(table 1) [14–16], radiative processes (table 2) [14, 17], and
neutral–neutral and neutral–ion mechanisms (see table 3,
[18–23] and table 4 [20, 21, 24, 25]). The kinetic mechanisms
underlying the non-equilibrium plasma chemistry of species
C2 and C∗

2 are shown in table 5.
This model provides a period-average electron energy

distribution function (EEDF) that is obtained from the
numerical solution of an electron Boltzmann equation (EBE)
solved under the assumption of a two-term approach based
on the DC effective field approximation which, as shown in a
previous work [13], is justified for the case of RF (13.56 MHz)
produced C2H2 (1%)/H2/Ar plasmas. Once the period-average
EEDF is available, we can derive the corresponding period-
average electron-impact rate coefficients that are used later

Table 1. Electron-impact processes.

Reaction Reaction

e + Ar → e + Ar∗ (n = 2, 1P1,3P0,1,2) e + H → e + H∗

(n = 2, 2P0
1/2,3/2)

e + Ar → 2e + Ar+ H∗ (n = 2, 2P0
1/2,3/2) + e

→ e + H
e + Ar∗ (n = 2, 3P0,2) → e + Ar e + C2H2 → 2e + C2H+

2
e + e + Ar+ → e + Ar e + C2H2 → C2H + H + e
e + Ar+ → Ar + hν e + C2 → C∗

2 + e
e + H2 → H + H + e e + C2H+

2 → C2H + H
e + H2 → 2H∗ (n = 2, 2P0

1/2,3/2) + e e + C2H → C + C + H + e
e + H2 → H + H∗∗ e + CH4 → CH3 + H + e
(n = 3, 2P0

1/2,3/2) + e
e + H2 → H+

2 + 2e e + C2H3 → C2H + 2H + e
e + H2 → e + H∗

2 e + C2H3 → C2H2 + H + e
(B 1�+

u , C 1�u, a 3�+
g )

e + H2 → e + H∗
2 (b 3�+

u , c 3�u, d 3�u) e + C2H+
2 → CH + CH

e + H2 (v = 0) → e + H2 (v = 1, 2, 3) e + C2H+
2 → CH∗

2 + C

Table 2. Radiative processes and their corresponding rate
coefficients.

Rate
Reaction coefficient (s−1)

Ar∗ (n = 2, 1P1, 3P1) → Ar + hν 3.00 × 108

ArH∗ (B 2�, E 2�, 1 2�) → Ar + H + hν 5.93 × 107, 2.85 × 107,
3.40 × 107

H∗ (n = 2, 2P0
1/2,3/2) → H + hν 4.70 × 107

Table 3. Neutral–neutral and neutral–ion processes and their
corresponding rate coefficients.

Rate coefficient
Reaction (cm3 s−1 or cm6 s−1)

Ar∗ (n = 2, 3P0,2) + C2H2 → C2H+
2 + Ar + e 3.50 × 10−10

Ar+ + C2H2 → C2H+
2 + Ar 4.20 × 10−10

Ar∗ (n = 2, 3P0,2) + H2 → ArH∗ + H 1.10 × 10−10

Ar+ + H2 → H+
2 + Ar 3.00 × 10−9

Ar+ + H2 → ArH+ + H 5.40 × 10−10

CH + CH → C2H + H 2.49 × 10−10

Ar + C2H2 + H → C2H + H2 + Ar 8.79 × 10−31

C2H + H → C2H2 3.00 × 10−10

Ar + C2H + H → C2H2 + Ar 3.10 × 10−32

C2H + H2 → C2H2 + H 1.51 × 10−13

CH3 + H → CH4 7.00 × 10−12

CH3 + C2H2 → CH4 + C2H 7.63 × 10−26

CH3 + H2 → CH4 + H 1.16 × 10−20

CH3 + H + Ar → CH4 + Ar 8.19 × 10−29

CH4 + CH → C2H4 + H 6.42 × 10−11

CH3 + CH → C2H3 + H 4.98 × 10−11

CH2 + CH2 → C2H3 + H 3.32 × 10−11

C2H2 + H → C2H3 1.60 × 10−13

C2H3 + Ar → C2H2 + H + Ar 1.30 × 10−12

C2H3 → C2H2 + H 3.31 × 10−14

on in a set of kinetic rate equations accounting for the non-
equilibrium chemistry of C2H2 (1%)/H2/Ar plasmas. Due to
the limitations of the Boltzmann solver used [25] (restricted
to three species), the calculations of electron-rate coefficients
involving the use of a non-Maxwellian EEDF are carried out
for the species C2H2, H2 and Ar.

We have assumed that, according to experimental results
[11], for each pressure considered at a constant power, the
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Table 4. Neutral–neutral processes and their corresponding rate
coefficients.

Rate coefficient
Reaction (cm3 s−1)

C2H3 + H → C2H2 + H2 1.60 × 10−12

C2H3 + H → C2H4 4.80 × 10−11

C2H3 + H2 → C2H4 + H 9.81 × 10−20

CH2 + CH2 → CH3 + CH 7.68 × 10−13

CH2 + H2 → CH3 + H 5.00 × 10−15

C2H3 + CH2 → C2H2 + CH3 3.00 × 10−11

CH3 + CH3 → C2H6 4.36 × 10−11

CH (X 2�, v = 1) + H2 → CH3 1.60 × 10−10

CH3 + Ar∗ (n = 2, 3P0,2) → CH+∗
3 + Ar + e 2.60 × 10−10

CH3 + CH2 → C2H4 + H 7.00 × 10−11

CH3 + C2H3 → CH4 + C2H2 6.50 × 10−13

CH2 + Ar∗ (n = 2, 3P0,2) → CH+∗
2 + Ar + e 2.60 × 10−10

CH2 + Ar∗ (n = 2, 3P0,2) → C + H2 + Ar 5.00 × 10−10

CH2 + H → CH + H2 2.70 × 10−10

CH + H2 → CH2 + H 3.03 × 10−11

CH + Ar∗ (n = 2, 3P0,2) → C + H + Ar 5.00 × 10−10

CH + Ar∗ (n = 2, 3P0,2) → CH+∗ + Ar + e 2.60 × 10−10

CH + H → C + H2 4.98 × 10−11

Table 5. Electron-impact and neutral–neutral reaction paths
controlling the behaviour of C2 and C∗

2, and their corresponding rate
coefficients.

Rate coefficient
Reaction (cm3 s−1)

C2H + C2H → C2 + C2H2 3.0 × 10−12

C2H + H → C2 + H2 1.54 × 10−31

C2H2 + Ar → C2 + H2 + Ar 5.71 × 10−18

e + C2 → e + C∗
2 (a 3�u) ∼=2.0 × 10−8

C2 + H2 → C2H + H 1.40 × 10−12

C∗
2 (a 3�u) + C2H2 → 2C2H∗ 9.6 × 10−11

C∗
2 (a 3�u) + H2 → C2H + H <9.0 × 10−14

C2 + Ar∗ (n = 2, 3P0,2) → C+
2 + e + Ar 5.6 × 10−10

Table 6. Pressures and corresponding electron densities assumed in
this work for 100 and 300 W.

p (Torr) Ne (cm−3)

0.1 4.82 × 109

0.2 9.65 × 109

0.3 1.44 × 1010

0.4 1.93 × 1010

0.5 2.41 × 1010

0.6 2.89 × 1010

0.7 3.37 × 1010

0.8 3.86 × 1010

values of the corresponding electron densities (see table 6)
taken as input parameters of the model remain practically
constant with the variation of the Ar concentration in the
plasma. Moreover, we have assumed that, at a constant
pressure and Ar content, the electron densities hardly changes
with increasing power. Consequently, we have assumed in the
model that the electron density does not change at all (with
increasing power) considering (as a first approximation) the
same values ofNe for 100 and 300 W. The latter is also observed
experimentally in RF produced hydrocarbon/Ar-rich plasmas
[11]. Additional details of the approach can be found in [13].
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Figure 1. Steady state concentrations of the C2-dimer as a function
of pressure according to the predictions of this model for RF
(13.56 MHz) produced C2H2 (1%)/H2/Ar plasmas with
φTotal = 100 sccm and different Ar contents and power levels:
(•, 95% Ar and 100 W; ◦, 5% Ar and 100 W) and ( , 95% Ar and
300 W; ��, 5% Ar and 300 W). The solid lines are a guide for the eye.

3. Results and discussion

We show in figure 1 the concentration of the dimer C2 as a
function of the discharge pressure for two powers (100 and
300 W) and different Ar contents in the plasma. We see that, at
a fixed pressure and power, the concentration of C2 decreases as
the Ar amount decreases. According to our model, the latter is,
in general, due to the more efficient Ar-impact dissociation of
C2H2 as Ar increases and to the lower losses of C2 in collisional
events with H2 molecules (see table 5).

At 95% Ar and low pressures (0.1 and 0.2 Torr), the
production of C2 is dominated by C2H + C2H → C2 + C2H.
However, at higher pressures (0.3–0.8 Torr), the latter process
becomes less important than the reaction mechanism C2H2 +
Ar → C2 + H2 + Ar whose efficiency increases very slightly
(a maximum factor of 4) with growing pressure. The loss
mechanisms of C2 at 95% Ar are controlled (within the entire
pressure range) by the electron-impact excitation of C2, that is,
e + C2 → C∗

2 + e. However, its increase with growing pressure
is small (a maximum factor of 3). We find that, at 95% Ar
and 100–300 W, the production of C2 exceed the loss as the
pressure decreases so that the C2 concentration is maximized
at 0.1 Torr. At higher pressures (0.3–0.8 Torr), the production
and losses of C2 are equilibrated and, consequently, the C2

concentration remains almost constant.
At 5% Ar, the production of C2 is dominated by the

Ar-impact dissociation of C2H2 but its importance is less than
at 95% Ar. Now, in the case of 5% Ar, the loss mechanisms
of C2 are controlled by C2 + H2 → C2H + H, although
the total losses (including electron-impact excitation of C2)

remain practically constant with increasing pressure while the
C2 gain mechanisms increase. Consequently, at 5% Ar and
100–300 W, the concentration of C2 grows with increasing
pressure although their values remain below those of the
concentrations of C2 at 95% Ar.

The concentration of C∗
2 is presented in figure 2. We see

that it exhibits the same trend as C2 but with smaller values.
The production of C∗

2 is due to electron-impact excitation of
C2 while the loss of C∗

2 is driven by C∗
2 collisions with C2H2

(see table 5). However, the variations of Ne (see table 6) and
NC2H2 (see figure 5) with increasing pressure are such that the
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Figure 2. Steady state concentrations of C2 (a 3�u) as a function of
pressure. Same conditions as in figure 1.
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Figure 3. Steady state concentrations of the species C2H as a
function of pressure. Same conditions as in figure 1.

ratio Ne/NC2H2 increases very little (a maximum factor of 2
for 95% Ar) and, consequently, it is not able to modify the
pressure-dependent modulation of NC∗

2
caused by NC2 .

The concentration of C2H is shown in figure 3. As in the
case of C2 and C∗

2, when we fix the pressure and Ar content
in the plasma, we find that the power dependence of NC2H is
negligible. At low pressures (0.1 and 0.2 Torr), for 95% Ar
with 100 and 300 W, the production of C2H is determined by
the process CH + CH → C2H + H, while for 5% Ar with
100 and 300 W, the process e + C2H2 → C2H + H + e is
dominant. At higher pressures (0.3–0.8 Torr), whereas the
prevailing production mechanism underlying C2H at 5% Ar
is the same as for 0.1–0.2 Torr, that is, the electron-impact
dissociation of C2H2, at 95% Ar, the recombination process
e + C2H+

2 → C2H + H dominates.
Experimental branching ratios regarding the electronic

dissociative recombination of the C2H+
2 molecular ion have

been recently measured by Derkatch et al [27]. They found that
the electron dissociative recombination of C2H+

2 is dominated
by the two-body C2H + H channel followed by the three-body
C2+H+H, with branching ratios of 0.50±0.06 and 0.30±0.05,
respectively, for very low energy electrons (between 0 and
0.0074 eV).

In a preliminary approximation we have not considered the
second channel leading to C2 +H+H since we have considered
that the main contribution of the electronic dissociative
recombination of C2H+

2 is to produce C2H radicals. In addition,
it is not clear whether the above branching ratios remain
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Figure 4. Average electron energies as a function of pressure
according to the predictions of this model. Same conditions as in
figure 1.

valid for the much higher electron energies obtained in our
calculations (ranging from 2 eV up to 10 eV for the pressure
range (0.1–0.8 Torr) considered (see figure 4)). Moreover, as
suggested by Derkatch et al [27], if more electronic energy is
available a broader range of vibrational levels in C2 would be
accessible. Eventually, for high enough electron energies, this
channel would have access to the lowest excited electronic level
of C2, that is, C2(a 3�u) = C∗

2, which is just 0.088 eV above the
ground electronic state of C2. Consequently, we then should
consider, not e+C2H+

2 → C2+H+H, but e+C2H+
2 → C∗

2+H+H.
In the latter case, the production of C∗

2 would not change much
if we accept the value reported by Fantz et al [15] as a valid
rate coefficient for the electronic excitation of C2 (see table 5).

Therefore, if we consider the branching ratios reported by
Derkatch et al [27] and the cross-section for the electronic
dissociative recombination of C2H+

2 provided by Brooks
et al [14], we find that, for the energies of our plasma
and considering a Maxwellian EEDF, the rate coefficient
for electronic dissociative recombination of C2H+

2 would go
from 1.30 × 10−8 cm3 s−1 (for 2.5 eV) to 0.83 × 10−8 cm3 s−1

(for 6 eV) both of which are smaller than the considered
rate coefficient (∼2.1 × 10−8 cm3 s−1 (2.5 eV) and ∼3.5 ×
10−8 cm3 s−1 (6.0 eV) both derived using a Maxwellian EEDF)
reported by Fantz et al [15] for the production of C∗

2 from
electron-impact excitation of C2. Consequently, the use of
channel e +C2H+

2 → C2 +H +H might most probably turn into
e + C2H+

2 → C∗
2 + H + H for high enough electron energies as

the ones of our plasma and its impact on the production of C∗
2

might be moderate (less than a factor of 2) for the case of 5%
Ar and very small for 95% Ar.

The losses of C2H are controlled, for the entire pressure
range 0.1–0.8 Torr, by the process C2H + H → C2H2. The
importance of the latter process increases with higher pressure
although the C2H losses at 95% Ar are lower than at 5% Ar.
Moreover, whereas at 95% Ar, the losses grow more than one
order of magnitude from 0.1 to 0.8 Torr, at 5% Ar they remain
almost constant at all the pressures. Finally, the higher (at 5%
Ar than at 95% Ar) relative increase of the average electron
energies (see figure 4) with increasing power explains why,
at 5% Ar, the C2H concentration is greater at 300 W than at
100 W. However, for 95% Ar, NC2H remains greater at 100 W
than at 300 W.

In order to make clearer the above discussion, we have
represented in figures 5 and 6 the different gain and loss

53



F J Gordillo-Vázquez and J M Albella
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Figure 5. Schematic representation of the main production and loss
kinetic mechanisms underlying the values of the C2 concentrations
in the plasma for different Ar contents and pressure ranges.
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Figure 6. Schematic representation of the main production and loss
kinetic mechanisms underlying the values of the C2H concentrations
in the plasma for different Ar contents and pressure ranges.
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Figure 7. Steady state concentrations of the species C2H2 as a
function of pressure. Same conditions as in figure 1.

mechanisms of C2 and C2H as predicted by our kinetic model
depending on the processing conditions such as pressure,
power and Ar content in the plasma.

The variation of the concentration of acetylene in the
plasma is shown in figure 7 as a function of pressure. In
general, the losses of C2H2 decrease with increasing pressure
but they are greater (by a maximum factor of 3) at 300 W. The
latter explains why the C2H2 concentration is lower at 300 W
than at 100 W. The gain of C2H2 in the plasma discharge is
only due to the incoming C2H2 flow (1 sccm). In contrast, the
losses of C2H2 can be due to several kinetic processes (see
tables). The dominant mechanisms controlling the losses of
C2H2 depend on the pressure range, Ar content in the plasma
and the power used. In this regard, the losses due to the
outgoing flow of C2H2 are modulated by the residence time
(τC2H2) of C2H2, that is, NC2H2/τC2H2 , dominate between 0.1

φC2H2 (1 sccm)

C2H2

C2H + H + e

C2H2
+ + 2e

C2H + H + e
C2H2

+ + Ar + e

95% Ar (100 W and 300 W)

τ-1
C2H2

Outflow e Ar*

e
e

φC2H2 (1 sccm)

C2H2

C2H2
+ + 2e

Outflow
C2H + H + e

5% Ar (100 W and 300 W)

τ-1
C2H2

e

e

(a)

(b)

Figure 8. Schematic representation of the production and principal
loss kinetic mechanisms underlying the values of the C2H2

concentrations in the plasma for (a) 95% and (b) 5% Ar and power
values of 100 and 300 W. The thicker lines indicate the dominant
reaction mechanisms.

and 0.4 Torr (at 100 W and 95% Ar) and at 0.1 Torr (when using
300 W and 95% Ar). The residence time is evaluated using the
expression τC2H2 (s) = (Vplasma (cm3)×pC2H2 (Torr)×273 K×
60)/(φC2H2 (sccm)×760 Torr×Tg (K)), where Vplasma stands for
the plasma volume considered (200 cm3), pC2H2 is the partial
pressure of acetylene (0.01 × pTotal), φC2H2 is the incoming
acetylene flow (1 sccm, 1% of φTotal = 100 sccm) and Tg is the
gas temperature (400 K).

The electron-impact dissociation of C2H2 together with
Penning ionization of C2H2 by metastable Ar atoms prevail
between 0.5 and 0.8 Torr at 100 W and 95% Ar. At 300 W
and 95% Ar, electron-impact dissociation and ionization
dominate between 0.2 and 0.3 Torr although at higher pressures
(0.4–0.8 Torr) Penning ionization becomes more important
than electron-impact ionization of C2H2 (see figure 8(a)). If
we use 5% Ar for 100 and 300 W, we find that the C2H2 losses
are dominated by the outgoing C2H2 flow for all the pressures
considered. In the latter conditions, the less important C2H2

loss mechanisms are due to electron-impact dissociation (in
first place) and ionization (in second place), respectively (see
figure 8(b)).

It is worth pointing out the fact that at 95% Ar (using 100
and/or 300 W), the average electron energies are, in general,
greater than at 5% Ar (see figure 4). This leads to electron-
impact rate coefficients for the ionization and dissociation of
C2H2 that have, especially between 0.3 and 0.8 Torr, higher
values for 95% Ar than for 5% Ar.

We see in figure 9 the shape of the CH3 concentration as a
function of pressure. It is important to note that, independent
of the power and Ar contents evaluated, the variation of CH3 is
very small (approximately a factor of 3) within the pressure
range considered. The latter CH3 trend is in qualitative
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Figure 9. Steady state concentrations of the CH3 radicals as a
function of pressure. Same conditions as in figure 1.
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Figure 10. Schematic representation of the main production and
loss kinetic mechanisms underlying the values of the CH3

concentrations in the plasma for (a) 95% and (b) 5% Ar and power
values of 100 and 300 W. The thicker lines indicate the dominant
reaction mechanisms.

agreement with the experimental findings reported by Naito
et al [28] in connection with RF CH4/Ar-rich plasmas produced
at 260 W with Ar contents between 0 and 85% and total gas
pressures from 0.050 Torr up to 0.350 Torr.

The main production channels of CH3 are electron-impact
dissociation of CH4 (CH4 + e → CH3 + H + e) and CH
(v = 1) + H2 → CH3. It is worth mentioning that the reaction
CH4 + H → CH3 + H2 has not been considered as a source
of CH3 because it is very inefficient for low gas temperatures
[26] such as the ones considered (400 K). The latter reaction
becomes much more effective for gas temperatures ranging
from 1500 to 2000 K. On the other hand, the mechanisms
underlying the loss of CH3 are mainly CH3 + CH3 → C2H6,
CH3 + H → CH4 and CH3 + CH2 → C2H4 + H. The main
CH3 gain and loss kinetic mechanisms have been schematically
represented in figures 10(a) and (b).

We show in figure 11 the variation of the CH4

concentration as a function of the pressure. In this case, CH4

exhibits a clear dependence on the Ar content in the plasma
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Figure 11. Steady state concentrations of CH4 as a function of
pressure. Same conditions as in figure 1.
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Figure 12. Schematic representation of the main production and
loss kinetic mechanisms underlying the values of the CH4

concentrations in the plasma for (a) 95% and (b) 5% Ar and power
values of 100 and 300 W. The thicker lines indicate the dominant
reaction mechanisms.

for a fixed pressure and power. This Ar-dependent trend is due
to the fact that the loss mechanisms of CH4 for 5% Ar (and
100 or 300 W) are two orders of magnitude lower than for
95% Ar. The main production and loss kinetic mechanisms
underlying the CH4 concentration predicted by the model are
schematically represented in figures 12(a) and (b).

We would like to conclude this discussion by comparing
the results predicted by our kinetic model with available
experimental and simulation studies of medium pressure RF
hydrocarbon/Ar-rich plasmas.

We see in figures 13 and 14 that the concentrations of CH3

and C2H2 predicted by the model follow, in a quite reasonable
way, the experimental concentrations obtained by Schulz-
von der Gathen et al [11] for medium pressure (0.75 Torr)
capacitively coupled RF (13.56 MHz) plasmas containing
CH4/H2/Ar. In the latter RF plasmas, the degree of dissociation
of CH4 leading to C2H2 is quite high for low (�10%) methane
concentrations [11, 29] and it increases as the Ar content grows
[11]. Therefore, we can simulate the CH4/H2/Ar plasma as
done for C2H2/H2/Ar so that our results can be compared with
the experimental results reported by Schulz-von der Gathen
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Figure 13. Steady state concentrations of CH3 as a function of the
Ar content in the feed gas according to this model, (◦) (RF
(13.56 MHz) C2H2 (1%)/H2/Ar plasma, p = 0.75 Torr,
power = 100 W and φTotal = 100 sccm), the simulation results by
Riccardi et al [12], (�) (RF CH4/Ar plasma with p = 1.5 Torr,
power = 50 W and φTotal = 120 sccm), and according to the
experimental results by Schulz-von der Gathen et al [11], (•) (RF
(13.56 MHz) CH4 (10%)/H2/Ar plasma with p = 0.75 Torr,
power = 100 W and φTotal = 66 sccm). The solid lines are a guide
for the eye.

0 20 40 60 80 100

1014

1015

Exp (Ref. [11])

Theory (Ref. [12])

Theory (Present)

N
C

2H
2

(c
m

-3
)

Ar [%]

Figure 14. Steady state concentrations of C2H2 as a function of the
Ar content in the feed gas according to this model, (��) (RF
(13.56 MHz) C2H2 (1%)/H2/Ar plasma, p = 0.75 Torr,
power = 100 W and φTotal = 100 sccm), the simulation results by
Riccardi et al [12], (�) (RF CH4/Ar plasma with p = 1.5 Torr,
power = 50 W and φTotal = 120 sccm), and according to the
experimental results by Schulz-von der Gathen et al [11], ( ) (RF
(13.56 MHz) CH4 (10%)/H2/Ar plasma with p = 0.75 Torr,
power = 100 W and φTotal = 66 sccm). The solid lines are a guide
for the eye.

et al [11]. It is interesting to note that, according to figures 13
and 14, the fact of using high Ar concentration hardly affects
the experimental and theoretical concentrations of CH3 and
C2H2. In other words, the latter results suggest that the
species CH3 and C2H2 are not particularly sensitive to a
substantial increase of the Ar amount in the plasma. However,
in contrast to this, there are experimental results indicating
that the synthesis of nanodiamond thin films from medium
pressure (0.2–0.5 Torr) RF (13.56 MHz) CH4/Ar [1] and high
pressure (50–100 Torr) MW (2.45 GHz) CH4/H2/Ar plasmas
[2–8, 10] is only possible when the Ar content increases to
sufficiently high values (usually 80–99%). Therefore, the
above results suggest that the role played by C2H2 and the
CH3 radical during the growth of nanodiamond films should
not be very significant. In this regard, it is important to
note that previous simulations of RF CH4/Ar-rich plasmas by
Riccardi et al [12] failed to predict the experimental trends (and

quantitative values) of the CH3 and C2H2 densities recently
found by Schulz-von der Gathen et al [11].

As a consequence of the earlier discussion we have
found that the best processing conditions to maximize the
concentrations of species C2, C∗

2 and C2H are related to
a high (95%) Ar content in the plasma and the use of
relatively low pressures (0.1 and 0.2 Torr). We found that
the power has a negligible impact on the C2, C∗

2 and C2H
concentrations for the entire pressure range investigated and
for either high or low Ar concentrations. Interestingly
enough, similar conditions (0.3–0.5 Torr and 275–350 W) were
implemented by Amaratunga et al [1] in their experiments with
RF (13.56 MHz) CH4/Ar-rich plasmas where they achieved the
synthesis of nanodiamond films on room-temperature (293 K)
silicon substrates.

4. Conclusions

We have used a space–time average kinetic model to investigate
the influence of the pressure, power and Ar content on the
non-equilibrium plasma chemistry of medium pressure RF
produced C2H2 (1%)/H2/Ar plasmas. This analysis provides
a basic understanding of some of the complex plasma reaction
kinetics underlying the dependence of the C2 species on the
plasma processing conditions. We have found that when
the Ar content is high enough (95%), the concentrations of
C2, C∗

2 and C2H grows as the pressure decreases, reaching
their highest values at 0.1 Torr. In contrast, for any amount
of Ar in the plasma, the concentrations of C2H2, CH3 and
CH4 decrease (case of C2H2 and CH4) or remain practically
constant (case of CH3) with decreasing pressure. In addition,
we found that a change in the power has, in general, a negligible
effect on the species concentrations considered. A comparison
with available experimental results of the model predicted
concentrations of C2H2 and CH3 shows quite a reasonable
agreement.

In summary, our analysis of the plasma chemistry predicts
that the optimum plasma processing conditions needed to
synthesize nanodiamond thin films from RF hydrocarbon/Ar
plasmas requires the use of low pressures with very high Ar
concentrations in the plasma. The latter set of conditions is
in agreement with the first experimental set-up employed to
produce nanodiamond films.
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