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Abstract
The influence of the excitation frequency f = ω/2π of the applied electric
field on the period average electron energy distribution function (EEDF) and
on the atomic hydrogen concentration found near the deposited diamond
films (substrate) and in the bulk of CH4(�5%)/H/H2 plasmas produced in
RF and MW discharges is estimated. This is done through the solution, as a
function of the reduced effective electric field, of a stationary homogeneous
electron Boltzmann equation (EBE) and the solution, in terms of the atomic
hydrogen mole fraction, of a simple kinetic model for the plasma
mechanisms underlying the production and loss of atomic hydrogen. The
physical basics underlying the approach followed to solve the EBE,
including discussion of EEDF time-modulation effects, are discussed in the
light of recent results by Loureiro (1993 Phys. Rev. E 47 1262) on
time-dependent kinetics of pure H2 plasmas. Correlations are established
between the results, obtained under various discharge conditions, from
plasma-enhanced chemical vapour deposition (PECVD) experiments of
diamond-like carbon (DLC) and diamond thin films, and the calculated
EEDF, atomic hydrogen concentrations (in the plasma and near the
substrate) and mechanisms underlying the production and loss of atomic
hydrogen in the plasma.

1. Introduction

The study of plasma-assisted deposition of diamond-like
carbon (DLC) (a form of hydrogenated amorphous carbon
(a-C:H)) and diamond thin films has received increased
attention in the past few years due to the potentially
important industrial applications of materials with unique
properties such as extreme hardness, optical transparency,
good chemical inertness and high electrical resistivity and
thermal conductivity. So far, there has been a number of
papers describing the calculations and experiments on the
deposition of diamond and DLC thin films from methane–
hydrogen (CH4/H2) [2–7] and/or methane–oxygen–hydrogen
(CH4/O2/H2) plasmas [8]. Moreover, the availability in
recent years of sophisticated plasma and surface diagnostic
techniques has led to a reasonable understanding of the most

important species involved in both low-pressure, low-growth-
rate systems (hot-filament, low-pressure chemical vapour
deposition (LPCVD) and plasma-enhanced chemical vapour
deposition (PECVD) reactors) and high-pressure (>100 Torr),
high-growth-rate systems (torch-type reactors) devoted to
producing diamond and DLC thin films [9]. The focus of
the present work is mostly restricted to the study of low-
pressure, low-growth-rate PECVD systems working in the
radiofrequency (RF) and microwave (MW) ranges.

An adequate understanding of DLC and diamond PECVD
systems requires careful investigation and characterization
of the physical and chemical environment influencing the
growing films. The unique features of PECVD processes are
mainly connected to the presence of a non-equilibrium plasma
composed of a mixture of species (electrons, free radicals,
molecules, atoms and ions) interacting with one another
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and with the substrate through different kinetic mechanisms.
Therefore, analysis of the homo- and heterogeneous plasma
chemistry is crucial in order to understand and, consequently,
predict and scale the behaviour of PECVD reactors. In the
particular case of DLC and diamond PECVD systems with
CH4(�5%)/H/H2 plasmas, free radicals like atomic hydrogen
(H) and methyl (CH3) seem to drive the film growth kinetics.

Experiments carried out by Martin and Hill [10] and Harris
and Weiner [11] indicate that methyl radicals are one of the
main species contributing to the surface growth of diamond
and DLC thin films [12, 13], and feasible growing mechanisms
based on such growth species have being proposed [14]. It is
now also commonly accepted that its presence in the plasma
and at the surface of the growing film is a key step in producing
good quality coatings [15].

Although there are many experimental results regarding
the influence of different discharge conditions on plasma
species and film properties, the complexity of the link between
the plasma and the surface kinetics is responsible for the
absence of a clear connection between the kinetics of the
processes occuring in the plasma and the properties of the
deposited films.

Therefore, the goal of this work is to provide a first
estimate of the relationship between the CH4(�5%)/H2 plasma
deposition conditions (pressure, power, species mole fractions,
total and relative mass flows, electric field in the discharge), the
plasma kinetic processes and some of the available measured
film properties. In order to determine these relationships, we
have built a simple kinetic model that enables us to calculate
the concentrations of the H, H2 and CH4 species in the plasma
bulk, as well as the concentration of H-atoms close to the
substrate surface where the deposition processes take place.
We have taken special care when considering the influence of
the reactor wall temperature on the evaluation of the H-atom
concentration in the plasma bulk; to achieve such an objective,
we have included in our model a H-atom wall-temperature
dependence recombination probability in the inner reactor
walls. Moreover, in order to evaluate the atomic hydrogen
concentration near the substrate, we have assumed that the H-
atom transport is diffusion-limited [16] and that, consequently,
the DLC and diamond film growth in low-pressure RF and MW
plasma reactors is diffusion-limited.

Evaluation of the atomic hydrogen, molecular hydrogen
and methane concentrations in the CH4(�5%)/H2 plasma bulk
is based on the calculation of the electron energy distribution
function (EEDF) resulting from the solution of an electron
Boltzmann equation (EBE) that is decoupled from our kinetic
model equations. The procedure followed to evaluate the
EEDF is based on the classical dc effective field approximation.
This method allows us to derive a period average EEDF
from the solution of a homogeneous steady-state Boltzmann
equation for the electrons present in a discharge produced
under the action of an alternating electric field of angular
frequencyω. This approach, already used for HF discharges in
pure atomic and molecular gases such argon or nitrogen [17], is
valid provided thatω � νe (νe being the characteristic electron
energy relaxation frequency) while its extension to theω � νe
case, i.e. quasistationary regime, is justified later in the light
of recent results reported by Loureiro [1] on time-dependent
electron kinetics in RF H2 plasmas.

The use of a simple power balance equation common
in HF discharges (where ohmic heating is presumed to
be dominant) allows us to determine the influence of the
pressure (through the momentum transfer collision frequency),
absorbed power and excitation frequency (through the average
electron density which is a parameter of the model) on the
calculated maintenance reduced electric field in the plasma
and, consequently, on the EEDF. It is important to stress here
that the power balance in RF capacitively coupled discharges
is done under the assumption that the sustaining mechanism
in RF-excited plasmas is also ohmic heating (this being a
restriction in the case of RF discharges since stochastic heating
and secondary electron acceleration in the sheaths are usually
dominant). However, this is possible since no real and precise
comparison to very specific experiments is performed.

The model proposed in this work has been applied to
two different reactor configurations, i.e. to a plasma-ball-
type microwave (MW) reactor working at 2.45 GHz, and
to a radiofrequency (RF) reactor with two planar electrodes
powered at 13.56 MHz.

The paper is organized as follows. The theoretical
approach is described in section 2, where we enumerate the
assumptions underlying the solution of the electron Boltzmann
equation (EBE) and a kinetic model that allows us to calculate,
for different discharge conditions, the EEDF and the H, H2

and CH4 concentration densities in the plasma and the H-atom
concentration near the substrate. A discussion of the results
from the model and a qualitative comparison of its predictions
with available experimental results is presented in section 3.
Finally, section 4 is devoted to summarizing some conclusions.
The appendix includes the kinetic processes considered and the
corresponding cross sections used in this work to evaluate the
EEDF.

2. Theoretical approach

The theoretical approach adopted in this work consists in
solving first the Boltzmann equation for the electrons in a
CH4(�5%)/H/H2 plasma and determining the different rate
coefficients corresponding to the kinetic mechanisms that are
assumed to drive the plasma chemistry of our system. The
rate coefficients, obtained through the calculated EEDF, are
derived as a function of the atomic hydrogen mole fraction in
the plasma, as these coefficients are subsequently used in a
set of kinetic and balance equations that allow us to calculate
the concentrations of methane and molecular and atomic
hydrogen in the plasma as a function of various discharge
conditions.

Concerning the method used to calculate the EEDF, we
should say that it is based on the solution of a homogeneous
steady-state EBE through the classical two-term Legendre
polynomial expansion of the angular dependence of the
velocity distribution function as described in [18–20]. This
solution method is implemented in a program developed by
Morgan et al [21] that has been used in this work. We briefly
describe in sections 2.1 and 2.2 the approach underlying both
the numerical technique used in the code by Morgan et al
[21], and the physical basis that allows us to use it in order to
study, in a first approximation, the effect of various discharge
conditions, especially that of the excitation frequency of an
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alternating electric field, on the kinetics of a CH4(�5%)/H2

plasma discharge and its subsequent impact on the properties
of DLC and diamond thin films deposited with these plasmas.

As we will see in sections 2.3 and 2.4, the simplified
kinetic model proposed is only valid when a low (less
than approximately 5%) initial concentration of methane is
introduced into the reactor chamber. However, this upper
limit is not restrictive since many of the best available
experimental results (better film quality) in CH4/H2 PECVD
systems are generally obtained at lower (�5%) methane
concentration [22, 23].

The available experimental results from optical emission
spectroscopy (OES) and mass spectrometry (MS) studies of
emitting and non-emitting species in the plasma [23] allow
us to discuss in the appendix some of the most important
mechanisms, and the corresponding cross sections, assumed
to be responsible for shaping the EEDF and, consequently,
controlling the electron kinetics of CH4(�5%)/H/H2 plasmas.
Due to the low operating pressures, we assume that, even in
MW reactors, the heavy–heavy particle kinetics play a minor
role when compared to those of the electron–heavy particle
collision processes.

2.1. Solution of the electron Boltzmann equation (EBE)

The influence of an alternating electric field, E(t) =
E0 cos(ωt) with E0 = −E0ez and ω being the angular
frequency, on the electron velocity distribution function
f (v, t) can be evaluated from the solution of the homogeneous
time-dependent Boltzmann equation given by

∂(ne(t)f (v, t))

∂t
+

[
− eE
m

∂(ne(t)f (v, t))

∂v

]
= s[v, t] (1)

where e andm are the absolute charge and mass of the electron,
respectively, v is the electron velocity and s[v, t] denotes the
sum of the so-called Boltzmann collision terms for elastic and
inelastic electron collisions with atoms and molecules. In this
work we assume a low (roughly 10−6) ionization degree (ηi),
so electron–electron collisions are not considered.

The approach considered in [21] to solve the homogeneous
Boltzmann equation (though time-independent) numerically
is mainly based on the usual assumption that the gradient of
the distribution function f (v, t) is directed along the field (ez
direction), so that the distribution function can be expanded
in orthogonal Legendre polynomials (Pk(cosϕ)) in velocity
space as [20]

f (v, t) =
∞∑
k=0

Pk(cosϕ)fk(v, t) (2)

where ϕ is the angle between E0 and v, v = |v| and the
functions fk (the physical meanings are given later) depend
on velocity and time. By substituting expansion (2) into the
kinetic equation (1) we find a system of coupled Boltzmann
equations for the functions fk(v, t). Each of these functions
is obtained by multiplying the kinetic equation (1) by the
polynomial P1 = cosϕ and integrating over all values of
cosϕ. Assuming that the anisotropies resulting from the
field are sufficiently small, only the first two terms (P0 = 1

and P1 = cosϕ) of the sum in expression (2) are retained
(Lorentzian approximation). Thus we have [20]

f (v, t) = f0(v, t) +
v

v
f1(v, t) = f0(v, t)

+ cosϕf1(v, t) = f0(v, t) +
vz

v
f1z(v, t) (3)

since only the ez component (field direction) of f1(v, t) needs
to be considered and where the function f0(v, t), the isotropic
(or symmetric) component of the velocity distribution function
f (v, t), is used to evaluate the average electron energy and
the average value of any other energy-dependent quantity
[20, 24]; the function f1z(v, t) is the directed component of
the distribution function f (v, t) and it determines the electric
current which, in our particular case, is directed along the ez
axis (the electric field direction) [24].

We are interested in calculating f0(v, t) since it controls
the average of any energy-dependent magnitude. Therefore,
hereafter we will refer to f0(v, t) as the electron energy (or
velocity) distribution function (EEDF), while f (v, t) will
be called, hereafter, the total electron energy (or velocity)
distribution function.

In this work we have neglected superelastic electronic
collisions. This assumption is supported by recent work
[6] on the EEDF and rate coefficients of CH4/H/H2 plasmas
used for diamond film deposition (those assumptions also
apply to our simulation conditions). Results from [6] show
that the influence of the concentration of electronically and
vibrationally excited states on the EEDF becomes negligible
as the reduced electric field increases from 20 to 40 Td and
higher. Therefore, following the analysis presented in [6], and
since our reduced electric field range is above 40 Td, we have
disregarded the superelastic electronic collisions in H2 and H
together with the superelastic vibrational transitions in H2 and
CH4. In addition to this, results from [6] also indicate that
the rate coefficients become insensitive to the concentration
of electronically excited states as the strength of the reduced
electric field increases.

The EEDF f0(v, t) is normalized as

4π
∫ ∞

0
v2f0(v, t) dv = 1

or ∫ ∞

0

√
εf0(ε, t) dε = 1 (4)

and the different inelastic rate coefficients used in this work
are obtained through the general expression

Kj = 4π
∫ ∞

εj

v3σj (v)f0(v, t) dv (5)

where σj (v) are the cross sections for the various inelastic
collision processes considered, εj being the corresponding
threshold energies (εj = 0 for electronic attachment). Note,
however, that, as will be justified later, we have used a period
average EEDF in all our calculations.

For each reduced electric field strength used to solve the
EBE, the calculated rate coefficients appearing in the kinetic
model described later are fitted to functions of the atomic
hydrogen mole fraction (xH ) present in the plasma. The use
of third-order polynomials as fitting functions is mainly due
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to the good accuracy of such fits (within 7%) in the range of
interest (35–190 Td and 0.6–1.0 H2 mole fraction). The fitting
functions look like

Kj =
3∑
n=0

an(xH )
n. (6)

2.2. Physical basis underlying the solution of the EBE

We will justify later that the homogeneous time-independent
Boltzmann equation solver we have used here [21] is a
reasonably good approach to studying the influence of the
excitation frequency on the kinetics of MW (f1 = 2.45 GHz)
and RF (f2 = 13.56 MHz) CH4(�5%)/H2 plasmas.

Following detailed works by Capitelli et al [25] and
Winkler et al [26, 27], and especially the more recent results
by Loureiro [1] on RF H2 plasmas, we use the characteristic
relaxation frequencies for energy (νe) and momentum transfer
(νem) to qualitatively analyse the time dependence of the
components f0(v, t) and f1(v, t) of the total electron energy
(or velocity) distribution function f (v, t) of homogeneous
plasmas under the action of MW and RF electric fields. The
magnitudes νe and νem, with νe � νem, are given by [28]

νe(ε) = 2m

M
νm(ε) +

∑
j

νj (ε) = 2.1 × 108 × p

×
(

2m

M

√
εσm(ε) +

∑
j

√
εσj (ε)

)
(7)

and
νem(ε) = νm(ε) +

∑
j

νj (ε) (8)

where ε is the electron energy, p is the work pressure (the
partial pressure in the case of mixtures),m/M is the electron–
molecule (or atom) mass ratio and the pairs (νm(ε), σm(ε)) and
(νj (ε), σj (ε)) are the electron neutral collision frequencies
and cross sections for elastic momentum transfer and for the
different electron inelastic collisions with atoms and molecules
present in the plasma, respectively.

Since we are considering a mixture of two gases
(namely H2 and CH4) plus atomic hydrogen coming from the
dissociation of H2 and/or CH4, we finally have that [35]

νe(ε) = νH2
e (ε) + νCH4

e (ε) + νHe (ε). (9)

In an alternating electric field, E(t) = E0 cos(ωt),
the isotropic, f0(v, t) and anisotropic, f1(v, t), components
should both, in principle, change with time. However,
depending on the relative values of νe and the excitation
frequency ω, and since the time modulation of the isotropic
component f0(v, t) goes as νe/ω [20, 24], we can have three
different situations.

(i) When ω � νe (common for MW frequencies) the
period average of the isotropic component f0(v, t) (i.e.
the EEDF), can be sufficiently described by the so called
‘dc effective field approximation’ [29–31].

(ii) For field frequencies such that ω � νe (typical of RF
fields), the EEDF follows the RF field in a quasistationary
way [20, 24]. Now, we can expect the appearance of
relatively intense EEDF time modulation [24], that is, in
general, it is not enough to average the EEDF over the
oscillation period to track its time evolution.

Figure 1. Characteristic relaxation frequencies for energy, νe, and
momentum transfer, νem, in CH4(10%)/H(40%)/H2(50%) plasmas
(full curves) and pure H2 plasmas (broken curves) at 0.4 Torr.

(iii) Finally, when ω 	 νe, the time-modulation (note that it
follows νe/ω) of the EEDF is very reduced and therefore,
a full time-dependent solution of the Boltzmann equation
is usually needed [1].

Despite the previous general discussion, we should take
into account the fact that, depending on the gases or gas mixture
considered, we will have different shapes for νe(ε) and, as has
been clearly pointed out by Loureiro [1], for the cases of N2

and H2, this has a remarkable impact on the importance of the
EEDF time modulation (especially in the RF case). Therefore,
depending on the gas pressure, we will have to apply special
considerations to the three general cases (i)–(iii) mentioned
earlier.

The characteristic relaxation frequencies for energy, νe,
and momentum transfer, νem, in pure H2 and in a CH4/H/H2

mixture with minute (�5%) amounts of CH4 are shown in
figure 1. It is interesting to note that the fact of considering
high (0.4) mole fractions of atomic hydrogen together with
small amounts of methane (0.1) have very little influence
on the shapes of νe and νem when compared to those of
pure H2. This result, together with the solution of a time-
dependent Boltzmann equation provided by Loureiro [1] for
RF-produced H2 plasmas, will be extensively used in the
following discussion (see section 2.2.2) on whether, in the
particular case of RF(13.56 MHz)-excited CH4(�5%)/H/H2

plasmas, the EEDF time modulation could be reasonably
neglected or not.

2.2.1. Dc effective field approximation (MW limit). In an
alternating electric field, E(t) = E0 cos(ωt), the isotropic,
f0(v, t), and anisotropic, f1(v, t), components can change
with time. Since, as previously mentioned, the ratio νe/ω
determines the time modulation of the EEDF (f0(v, t)), we
have that for high enough field frequencies such that ω � νe,
the field alternation period is much less than the relaxation
time of f0(v, t) and therefore the function f0(v, t) cannot
‘see’ the electric field variations. In this case f0(v, t) can
be considered to be nearly constant in time and it is only very
slightly modulated with a frequency twice the frequency of the
electric field [1, 20]. For the MW case (2.45 GHz), the ratio
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νe/ω is negligible and f0(v, t) is time-independent, so we can
simply write f0(v).

When the frequency νem does not depend on the electron
energy, the EEDF f0(v) can be derived from the solution of a
homogeneous time-independent Boltzmann equation averaged
over the field alternation period and using, instead of the MW
alternating field, a dc electric field with the expression [1, 20]

Eeff = E0√
2

νem

(νe
2

m + ω2)1/2
(10)

with E0/
√

2 being the root mean square (rms) value of the
harmonic electric field. This is the so called ‘dc effective
field approximation’ [30, 31] usually employed in the high
excitation frequency limit [32–34]. This approximation can be
further extended to the case where νem depends on the electron
energy. In the latter case, we have an effective electric field
given by [1–34]

Eeff = E0√
2

νem(ε1)

(νe
2

m (ε1) + ω2)1/2
(11)

with νem being evaluated at a given electron energy (ε1)
considered to be representative of the energy of the bulk
electrons.

Moreover, the average electron number density (ne) is
used as an input parameter in the power balance in section 2.3
in order to determine the different effective field strengths,
Eeff , needed to solve the Boltzmann equations leading to the
EEDF. As explained in detail in section 2.3, the particular
values of ne are chosen in such a way that they qualitatively
follow the experimental ne dependence on important discharge
parameters (power density, excitation frequency, pressure, etc)
in MW and RF plasmas.

2.2.2. EEDF time modulation in CH4(�5%)/H/H2 plasmas
(RF limit). We now have that ω � νe (or ω < νe), so that
the EEDF f0(v, t) follows the RF field in a quasistationary
way. As a consequence of this, a significant EEDF time
modulation is generally expected. In the RF limit, the EEDF
can be derived from the solution of a homogeneous Boltzmann
equation considering elastic and inelastic collision terms, but
in a dc field taking the various time-varying values of the RF
field considered.

The previous considerations are general and, as recently
shown by Loureiro [1], they are completely applicable to
molecular gases where the energy relaxation frequency, νe,
presents high values in the low part of the energy spectrum.
In order to illustrate this, Loureiro [1] compares the cases
of two molecular gases, i.e. N2 and H2, with quite different
shapes for their νe. He shows that, for N2, νe presents a strong
peak at ε 	 2.5 eV due to its vibrational excitation channels
and, consequently, a significant time-modulation of the EEDF
is found in the typical pressure range of RF (13.56 MHz)
produced N2 discharges used for plasma processing materials.
Moreover, as shown by Capitelli et al [25], the dc effective field
approximation described in section 2.2.1 is not applicable for
such a gas (N2) or others with similarly shaped νes. Therefore,
it is clear that the EEDF time modulation can have a significant
influence on all properties derived from it; its influence on
the period averaged reaction rate and transport coefficients is

especially relevant since these drive the electron kinetics of the
plasma under study.

Being aware of these factors, we now proceed to study
the case of CH4(�5%)/H/H2 mixtures in which the νe, as
shown in figure 1, has a very similar shape (especially in the
low-energy range) to that of the pure H2 plasmas discussed
in Loureiro’s work [1]. When numerically solving for H2 a
homogeneous Boltzmann equation assuming quasistationarity
for E0/NT 	 42 Td and ω/NT = 2 × 10−9 cm3 s−1

(f2 = 13.56 MHz → ω = 8.5 × 107 s−1 and NT 	 4 × 1016

cm−3 (	2 Torr) at Tg = 400 K), Loureiro found slight
differences (less than an order of magnitude in the worst case)
among the different EEDFs, f0(v, t), obtained at various times
(field period intervals). Consequently, one important result
from his paper is that the time modulation of the EEDF in pure
RF (13.56 MHz) H2 plasmas withp � 2 Torr is very small (see
figure 17 of Loureiro’s paper [1]), certainly much lower than
the many orders of magnitude time-modulation effect found
for N2.

On the other hand, when considering the impact of the
time-modulated EEDF on H2 rate coefficients, Loureiro ob-
tains hardly modulated (�30%) vibrational excitation rate co-
efficients for (v = 0 → v = 1) [1] even for the worst
case (ω/NT = 2 × 10−9 cm3 s−1). This result can also be
extended to other vibrational (v = 0 → v = 2, 3) and rota-
tional ((v = 0, j = 0)→ (v = 0, j = 2) and (v = 0, j = 1)
→ (v = 0, j = 3)) excitation processes (both considered
in Loureiros’s work [1] and in the present paper) in
which the εσj (ε) products are lower than the one for
H2(X, v = 0)→ H2(X, v = 1): the distribution function
f o2R(ε) used by Loureiro to evaluate the time-modulated com-
ponent ((Cj )2, see [1] for details) of these rate coefficients
remains the same. Moreover, according to Loureiro’s cal-
culations, the time-modulated components, (Cj )2, of the H2

vibro-rotational rate coefficients are negligible (�2%) for
ω/NT 	 10−8. In contrast, for N2 and ω/NT 	 10−8, the
time-modulation contribution to the vibro-rotational rate coef-
ficients reaches almost 100% of its period averaged part.

When considering CH4(�5%)/H/H2 mixtures, we find
that in the RF (13.56 MHz) case and for the limits of the
RF pressure range considered (0.4 Torr � p � 0.95 Torr):
ω/NT (0.4 Torr) = 8.5 × 10−9 	 10−8 cm3 s−1 and ω/NT
(0.95 Torr) = 4.25 × 10−9 	 0.5 × 10−8 cm3 s−1. Therefore,
and as in pure H2, we expect a slightly time-modulated EEDF
for RF (13.56 MHz) produced CH4(�5%)/H/H2 plasmas.
Consequently, we can reasonably neglect the time-modulation
contribution to the vibro-rotational rate coefficients calculated
from the EEDF in RF (13.56 MHz) CH4(�5%)/H/H2 plasmas.

The influence of the time-modulated component (Cj )2 on
the rate coefficients for excitation of H2 electronic states is
illustrated by Loureiro through the excitation rates (from the
ground state) of states H2(b3)+

u ) and H2(B1)+
u ) [1]. The time-

modulated part, for Tg = 400 K and ω/NT = 10−8 cm3 s−1,
is ∼25% for H2(b3)+

u ) while it is ∼50% for H2(B1)+
u ) since

in this latter case the product εσj (ε) in the corresponding
rate coefficient expression for (Cj )2 is much higher. In the
case of CH4(�5%)/H/H2 plasmas, we have also considered
electronic excitation of the following H2 states: H2(a3)+

g ),
H2(c3+u), H2(d3+u) and H2(C1+u) of which the εσj (ε)
products have similar values to that of H2(b3)+

u ) and thus, their
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time-modulated parts are hardly 25% of the period-averaged
component so they can be assumed to be negligible in a first
approach. Many of these H2 electronic state excitations were
also considered by Loureiro in [1] and [35].

The time modulation of the mean electron energy in N2,
at Tg = 400 K and ω/NT = 10−8 cm3 s−1, is less than 2%
(<20% for ω/NT = 10−9 cm3 s−1). These values are even
smaller for RF H2 plasmas in the same conditions.

These results enable us to obtain a reasonable
good approximation to the EEDF of RF (13.56 MHz)
CH4(�5%)/H/H2 plasmas by solving a homogeneous time-
independent Boltzmann equation in a constant dc effective field
(as in the MW case) in which the strength is approximately
given by Eeff 	 E0/

√
2 (since ω � νem over all the

energy interval considered (0–30 eV)). This means that, for
13.56 MHz, the period average EEDF can be reasonably
derived from the solution of a homogeneous steady-state
electron Boltzmann equation without the need to take into
account the time-modulation effect (considered small).

It is also worth mentioning that extending the applicability
of the effective field concept to the RF (13.56 MHz) case can be
reasonably justified in light of Loureiro’s results [1], described
earlier, on RF (13.56 MHz) H2 plasmas.

Another important result from Loureiro’s work [1] is
the fact that superelastic collisions produce small (when
compared to those of N2 and similar gases) modifications
in the H2 period average EEDF. This result supports our
previous assumption (see section 2.1) about the negligible
role (and subsequent disregard) of superelastic transitions in
CH4(�5%)/H/H2 plasmas.

Finally we should add just a few words on the influence
of varying the values of Eeff /NT on the EEDF. Although
Eeff /NT is an input parameter in our model (see section 2.3),
both for RF and MW, its changing strength has no influence
on the time modulation of the EEDF. An increase in Eeff /NT
simply increases the high-energy part of the EEDF, i.e. its tail
moves up to higher energies so that the energy range where
EEDF time modulation can take place is now expanded. So,
basically, we just need to verify whether we have ω � νe in
this higher energy region; if this is so (as it is in our case since
νe 	 constant above 15 eV) EEDF time modulation is still
theoretically possible in this ‘new’ high-energy range, though
for the particular case of RF (13.56 MHz) H2 plasmas it is very
small (when compared to other gases like N2) for Tg = 400 K
and ω/NT 	 10−9 cm3 s−1 (and higher).

2.2.3. Two-term expansion of the electron Boltzmann equation.
The use of the two-term approach for solving the EBE implies
that, for a particular molecule, the elastic collisions are
dominant over the inelastic processes in the plasma. When
this assumption is not fulfilled, a more advanced multiterm
approach should be used [19]. Although the application of the
two-term approach may be considered adequate for hydrogen
[36, 37], its applicability to methane should be taken with care.
The elastic cross section of methane has a Ramsauer minimum
at about 0.3 eV (Eeff /NT 	 4 Td [38]). In this region, the
elastic cross section is comparable to the vibrational excitation
cross sections of methane. Consequently, we can adopt the
criterion that the two-term approach is not appropriate for
methane when usingEeff /NT values that lead to mean electron

energies close to the values where the inelastic to elastic cross
section ratio is the greatest (close to the Ramsauer minimum
and at very high electron energies (700–1000 eV)).

2.3. Power balance

In order to approximately determine the strength of the
maintenance effective electric field in our CH4(�5%)/H/H2

plasma, we use a simple power balance relating the incident
power (assumed to be a parameter) from the RF or MW
equation source and the absorbed average power in the plasma.

Although ohmic heating is dominant in MW-excited
plasmas, the main heating mechanisms change when
considering parallel-plate capacitively coupled RF discharges.
In the latter case, the discharge sustaining mechanism is,
except in exceptional cases, not ensured by ohmic heating
at the pressure considered here (0.4–0.95 Torr). In this
pressure regime, the most important sustaining mechanisms
are stochastic heating at low pressure (below and around
0.1 Torr) and the secondary electron acceleration in the
sheaths at higher pressures (1 Torr and above). Therefore,
our investigation of the frequency effect assumes that the
sustaining mechanism is ohmic heating for both RF and MW
discharges. Moreover, in the MW case and for pressures above
10 Torr, thermal heating may become of some importance
and this could affect the H-atom concentration by enhancing
thermal dissociation at very high power density levels (higher
than the ones considered here).

While the power balance expression used later (see
equation (12)) was initially derived in the literature [29] for
high-frequency (HF) fields, both the previous comments and
the discussion in section 2.2.2 on the EEDF time modulation in
RF fields and the subsequent (reasonable) extension of the ‘dc
effective field concept’ to the RF regime (13.56 MHz) allow
us to adopt the HF power balance equation given here [29] to
the RF regime,

PI (1 − µ) = PA = neθVp = neVp E
2
rmsν

e2

m (ε)

νe
2

m (ε) + ω2

	 neVp
e2E2

eff

meνem(ε = ε1)
(12)

where PI is the incident power (with µ being a reflection
coefficient assumed to be zero), PA is the total absorbed power
in the plasma and ne, θ , Vp and E2

rms = E2
0/2 are the average

electron density in the plasma, the average absorbed power
per electron, the plasma volume and the root mean square
electric field in the plasma, respectively. Moreover, since
the characteristic relaxation frequency for momentum transfer
(νem) used in equation (12) depends on the electron energy
(typical behaviour in gases such as H2 [39], CH4 [40] and
H [41]), it is evaluated at a given energy ε1 chosen in such a
way that it represents the energy of the bulk electrons in the
plasma.

Therefore, expression (12) stands for an energy-averaged
power balance, and the average absorbed power per electron
(θ ) is derived from equation (12) for each given value of PI
(or PA), ne and Vp (see tables 2 and 3).

It should be noted that in using equation (12) we are
implicitly taking into consideration the fact that the Eeff
(or θ ) derived from it is such that, at constant total power
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(PA), θ decreases as the excitation frequency is raised from
dc to MW frequencies [41] and therefore, a higher electron
density is reached in order to keep PA constant. This is
thus consistent with assuming increasing electron density
values (taken as parameters in our simulation) with increasing
excitation frequencies (see tables 2 and 3).

A rigorous treatment for deriving the value of the
maintenance electric field in the plasma would require a kinetic
power balance of the form

θA = θ = θL = 2me
M

〈νm(ε)ε〉+
∑
l

〈νl(ε)〉εl + 〈νi(ε)〉εi (13)

where θA and θL (which are the same in a steady state) stand
for the average absorbed and lost (through collisions with
gas atoms and molecules) power per electron, and the terms
on the right-hand side of equation (13) represent the average
power lost in elastic collisions, excitation of the lth atomic
and molecular states and ionization, respectively. However,
this way of deriving Eeff , i.e. the use of equation (13), would
imply a self-consistent solution method (simultaneous solution
of the EBE and kinetic equations) which, for simplification,
has not been adopted in this work. Consequently, the value of
Eeff derived from equation (12) should be considered as an
approximate value to the true one determined by the kinetic
processes of the plasma (right-hand side of equation (13)).

In their investigations of the factors determining the
optimum reactor operation frequency, Moisan’s group
[42] have noted that performing true frequency-dependent
experiments in conventional plasma reactors is very
problematic since RF and MW fields are usually applied
in very different ways. The use of surface-wave-produced
plasmas (SWPP) circumvents these difficulties and allows the
specific effect of the plasma-stimulating frequency upon the
deposition processes to be determined. Being aware of this
fact, two different experimental situations able to perform true
frequency-dependent experiments with SWPP were proposed
in [42], i.e. keeping the plasma at a constant electron density (a)
or at a constant power density (b), the latter being simpler to
operate experimentally. However, even working at constant
power density (option (b)), there is also experimental evidence
showing that θ decreases with increasing pressure (at constant
excitation frequency) [42], i.e. the electron density increases
(sincePA is kept constant) with increasing pressure and that, on
the other side, the electron density grows (at constant pressure),
with increasing excitation frequency [43, 44]. Therefore,
these facts need to be taken into consideration when studying
how the EEDF changes, at constant power density, with
excitation frequency and pressure. Consequently, we have
assumed in our model that the ionization degree (ηi) grows, at
constant pressure and power density, with increasing excitation
frequency [43, 44]. The ionization degrees considered for each
frequency are shown in table 1 and the corresponding average
electron densities associated with each frequency, at constant
pressure, are derived from the definition of the ionization
degree, ηi = ne/NT , NT being the total particle density (note
that the electron density is thus a parameter of our model).

The power balance equation (12) allows one to derive an
expression for Eeff given by

Eeff =
√
PAmeνem(ε = ε1)

e
√
neVp

V

m
(14)

Table 1. Discharge excitation frequencies considered in this work
together with their corresponding ionization degrees (ηi) and the
plasma volume (Vp) considered in each case.

Frequency Ionization degree (ηi) Vp (cm3)

f1 = 2.45 GHz 1 × 10−6 100
f2 = 13.56 MHz 5 × 10−7 2200

Table 2. Work pressures used (MW regime) in this work and their
corresponding characteristic relaxation frequencies for momentum
transfer at ε1 = 3.1 eV, average electron number densities and
average absorbed power per electron at PI = 1200 W.

p (Torr) νem(ε = ε1) (s−1) ne
f1 (cm−3) θf1/p (W Torr−1)

5 2.55 × 1010 8.01 × 1010 2.99 × 10−11

10 5.20 × 1010 1.61 × 1011 7.45 × 10−12

15 7.65 × 1010 2.40 × 1011 3.33 × 10−12

20 1.00 × 1011 3.21 × 1011 1.86 × 10−12

Table 3. Work pressures used (RF regime) in this work and their
corresponding characteristic relaxation frequencies for momentum
transfer at ε1 = 3.1 eV, average electron number densities and
average absorbed power per electron at PI = 200 W.

p (Torr) νem(ε = ε1) (s−1) ne
f2 (cm−3) θf2/p (W Torr−1)

0.40 2.00 × 109 4.82 × 109 4.71 × 10−11

0.45 2.25 × 109 5.46 × 109 3.70 × 10−11

0.50 2.60 × 109 6.03 × 109 3.01 × 10−11

0.55 2.85 × 109 6.62 × 109 2.49 × 10−11

0.60 3.10 × 109 7.20 × 109 2.10 × 10−11

0.65 3.35 × 109 7.80 × 109 1.79 × 10−11

0.70 3.50 × 109 8.40 × 109 1.54 × 10−11

0.75 3.87 × 109 8.98 × 109 1.34 × 10−11

0.80 4.00 × 109 9.65 × 109 1.17 × 10−11

0.85 4.12 × 109 1.01 × 1010 1.05 × 10−11

0.90 4.25 × 109 1.07 × 1010 9.44 × 10−12

0.95 4.38 × 109 1.16 × 1010 8.24 × 10−12

where Eeff depends on the total absorbed power, plasma
volume, pressure (through the characteristic frequency for
momentum transfer) and on the excitation frequency (through
the average electron density in the plasma which, as stated
earlier, is different for each excitation frequency). The
calculation of the characteristic frequency for momentum
transfer is performed through an expression similar to (9)
and for ε = ε1 = 3.1 eV which is considered to be a
representative energy of the bulk electrons. Moreover, we
found that νem(ε = ε1) is hardly dependent on the particular
values of the mole fractions corresponding to the assumed main
plasma components (CH4, H2 and H).

We can see in table 2 (MW case) and table 3 (RF case)
the various values of pressure used in this work and their
corresponding average electron densities and characteristic
relaxation frequencies for momentum transfer at ε = ε1

(νem(ε = ε1)).
The behaviour of the reduced effective electric field

(Eeff /NT ) with respect to changes in pressure, excitation
frequency and power density is illustrated in figure 2 (RF
case) and figure 3 (MW case). We see in both figures that
the reduced electric field decreases with increasing pressure
and that, for the same pressure and excitation frequency, the
field increases with power density. We should state at this
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Figure 2. Reduced effective electric field in RF (13.56 MHz)
excited CH4/H/H2 plasmas as a function of the pressure and
different values of power density.

Figure 3. Reduced effective electric field in MW (2.45 GHz)
excited CH4/H/H2 plasmas as a function of the pressure and
different values of power density.

point that the assumed average electron density (ne) is mainly
determined by the work pressure (see tables 2 and 3), being
hardly dependent (�5%) on power density and thus they are
not explicitly considered here.

2.4. Kinetic model

The presence of H-atoms in the plasma and at the surface
of the growing film is essential for obtaining good quality
coatings [15]. Moreover, it is believed that, at least in the
deposition of diamond thin films, the main roles of atomic
hydrogen at the surface are the stabilization of the diamond
growing surface [45] and the preferential etching of non-
diamond (graphitic) components [46]. Although the graphite-
like etching by H-atoms can be partially or entirely substituted
by OH molecules or oxygen atoms [47–49], the role of H-
atoms in the enhancement of sp3 hybridization of the growing
diamond crystals seems to be less easily replaced.

Recent results [50] have established experimental
correlations between the degree of hydrogen dissociation in the
plasma and the quality (related to the proportion of sp3 C–C
bonds) of DLC films. They show that, at a given excitation
frequency, as the dissociation percentage increases (which

they correlate with the input RF power) the more the film
quality improves (quantified through the measurement of the
film refractive index). Despite the interest of this result, the
study [50] only provides data for 13.56 MHz.

From this it can be seen that quantitative determination
of the concentration of atomic hydrogen is crucial for
understanding the influence of the plasma on the growth of
diamond and DLC thin films.

In order to determine the atomic hydrogen concentration
both near the substrate where the thin film deposition process
takes place, and in the plasma bulk, we propose a set of
equations incorporating the influence of the total and relative
mass flows into the reactor chamber and the different kinetic
mechanisms leading to the production and loss of atomic
hydrogen in the discharge. It is assumed that, once the plasma
is created, the sum of all the species concentration densities
(or mole fractions), fulfils the equations

nH +NH2 +NCH4 = NT or xH +XH2 +XCH4 = 1
(15)

NT being the total particle density (fixed by the operating
pressure). Expressions (15) are both valid as long as methane
is the major hydrocarbon in the plasma.

We need an additional equation to consider the balance
between the different processes responsible for the production
and loss of hydrogen atoms in the plasma. We will assume
that H-atoms are mostly lost due to their ionization, excitation
to upper electronic states, recombination in reactor walls
and by the gas flow leaving the reactor chamber (convective
losses). However, the production of H-atoms is mainly due
to dissociation of molecular hydrogen and methane. We have
neglected de-excitation of electronically excited H-atoms and
H-ion recombinations in the plasma and surface as sources of
hydrogen atoms. Therefore, the H-atom balance is expressed
by the relationship

2 × A×QH2
0

Vp × 2
× xH +

4 × A×QCH4
0

Vp × 2
× xH

	 2neXH2NTK
H2
dis + neXCH4NTK

CH4
dis

−NT
5∑
i=2

nexHK1i − nexHNTKHion − xHNT γ
τH

(16)

where QH2
0 and QCH4

0 are the incoming fluxes in sccm,
A(=4.47 × 1017) is a conversion factor from sccm to
molecules/s, Vp is the plasma volume, ne is the average
electron density and KH2

dis , K
CH4
dis , K1i and KHion are the sum

of the molecular hydrogen and methane dissociation rate
coefficients (see tables 4 and 5 for the different H2 and
CH4 dissociation channels leading to atomic hydrogen) and
the atomic hydrogen excitation (see table 6 for the various
excitation channels considered for H) and ionization rate
coefficients, respectively. Moreover, γ and τH are the atomic
hydrogen wall-temperature recombination probability and the
hydrogen atom diffusion time, respectively. The expression
used in this work for γ is an empirical law derived by Bell [51]
as a function of the wall temperature of a cylindrical silica
vessel

γ = 0.151 e−1090/Tiw (17)

where Tiw is the inner wall temperature in kelvins (K).
According to equation (17), the wall recombination efficiency
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Table 4. Hydrogen and methane electron impact dissociation
reaction channels considered in this work and the energy
corresponding to the first entry (minimum energy available) in each
of their cross sections.

Minimum
Reaction channel energy (eV)

H2(X1)+
g )+e → H(n = 1) + H(n = 1) + e 9.50

H2(X1)+
g )+e → H(n = 1) + H(n = 3) + e 19.00

H2(X1)+
g )+e → H(n = 2) + H(n = 2) + e 23.00

e + CH4 → CH(X) + H2(X) + H(n = 1) + e 9.20
e + CH4 → CH(A) + H2(X) + H(n = 1) + e 12.10
e + CH4 → CH2(X) + H(n = 1) + H(n = 1) + e 9.25
e + CH4 → CH2(X) + H(n = 3) + H(n = 1) + e 21.00
e + CH4 → CH2(X) + H(n = 4) + H(n = 1) + e 22.10
e + CH4 → CH3(B) + H(n = 1) + e 10.25
e + CH4 → CH3(X) + H(n = 4) + e 17.20
e + CH4 → CH2(X) + H2(G1)+

g ) + e 17.10
e + CH4 → CH3(X) + H(n = 3) + e 16.00

Table 5. Methane electron impact ionization reaction channels
considered in this work and the energy corresponding to the first
entry (minimum energy available) in each of their cross sections.

Reaction channel Minimum energy (eV)

e + CH4 → CH+
4 + 2e 13.5

e + CH4 → CH+
3 + H + 2e 15.0

e + CH4 → CH+
2 + 2e + Products 15.0

e + CH4 → CH+ + 2e + Products 22.0
e + CH4 → C+ + 2e + Products 25.0

Table 6. H-atom electron impact excitation and ionization reaction
channels considered in this work and the energy corresponding to
the first entry (minimum energy available) in each of their cross
sections.

Reaction channel Minimum energy (eV)

e + H(n = 1)→ e + H(n = 2) 11.70
e + H(n = 1)→ e + H(n = 3) 14.10
e + H(n = 1)→ e + H(n = 4) 14.80
e + H(n = 1)→ e + H(n = 5) 15.15
e + H(n = 1)→ 2e + H+(n = 1) 15.15

of hydrogen atoms increases as the wall temperature grows.
We have considered four different values of γ ranging from
10−4 to 10−1.

The expression for the diffusion time is taken from St-
Onge and Moisan [52] (assuming a Maxwellian EEDF)

τH = R
√
πMH

2kBTg
(18)

where R is the cylindrical vessel internal radius, being
12 cm and 2.5 cm (plasma ball) for the RF and MW reactor
geometries, respectively. The magnitudesMH , kB and Tg are
the H-atom mass, Boltzmann constant and the gas temperature,
respectively. The factor two in the denominator of the left-
hand side of equation (16) represents the total atomic hydrogen
mole fraction in the plasma volume Vp, and is derived from
relations (15) and (29) (see the end of this section) as

2xH + 2XH2 + 4XCH4 = 2 + 2XCH4 = 2(1 + xoCH4
− ηi) 	 2

(19)

with the methane mole fraction in the plasma (XCH4 ) being
very low (�5% in RF and �1% in MW). The factor two before

xH stands for the two H-atoms coming from the dissociation
of H2 (we have neglected any other H-atoms coming from the
dissociation of CH4).

On the other hand, since the pressure in the reactor
chamber is kept constant, the total number of atoms (not only
hydrogen) before ignition should be the same as the total
number of atoms after ignition, i.e. once the plasma is created.
However, since the incoming amount of methane is assumed to
be low, and since all subsequent hydrocarbons derive from the
original methane, we end up having the following approximate
equation for the conservation of the number of hydrogen atoms
before and after ignition,

2noH2
+ 4noCH4

= NT (2xoH2
+ 4xoCH4

)

	 2NT = (H-atoms)before

	 (H-atoms)after = 2nH + 2NH2 + 4NCH4

+2NH +
2

+ 4NCH +
4

+ 2NH + . (20)

Finally, we take into account the macroscopic electric
neutrality of the plasma through the relationship

ne = NH +
2

+NCH +
4

+NH + (21)

and then, taking into account equation (21), the positive ion
densities on the right-hand side of equation (20) becomes

2NH +
2

+ 4NCH +
4

+ 2NH + = 2ne + 2NCH +
4

	 2ne (22)

since, according to [53], the species CH+
4 are the most

abundant ionization products from CH4 (which is diluted in
H2). Moreover, NH + might be significant since H2 dissociates
easily and, though the H2 ionization cross section is higher than
that of atomic hydrogen, less energetic electrons are required
to ionize atomic hydrogen (at least electrons with 13.6 eV are
required) than H2 (electrons with a minimum of 15.4 eV are
required).

Consequently, when considering (22), equation (20)
becomes

2p

kBTg
= 2NT 	 2NT + 2noCH4

= 2noH2
+ 4noCH4

= (H-atoms)before

	 (H-atoms)after = 2nH + 2NH2 + 4NCH4 + 2ne. (23)

Assuming that methane is the major hydrocarbon in the
plasma, the methane concentration density can be derived from
equation (15)

NCH4 = NT − nH −NH2 . (24)

Substituting expression (24) into equation (23), it is
possible to derive the molecular hydrogen density in the plasma
as a function of the atomic hydrogen density numerically
calculated from equation (16):

NH2 = NT − nH − noCH4
+ ne 	 NT − nH

or
XH2 	 1 − xH (25)

where ne is the average electron density.
Once we know the atomic hydrogen concentration in the

plasma, we use the simple H-atom transport theory proposed by
Goodwin [16] to determine the atomic hydrogen concentration
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(or mole fraction), xsH , near the substrate where deposition
takes place. The following expression establishes that, at
steady state, the flux of H-atoms reaching the surface balances
the loss of H-atoms due to surface recombination

xsH = xH
(

1 +
γH ldvH

4DH

)−1

(26)

where ld is a characteristic diffusion length playing a key
role in the H-atom transfer to the substrate. According to
Goodwin’s approach, the smaller the diffusion length is, the
higher the H-atom density is at the substrate. The value of ld
depends, in general, on all properties of the flow (gas chemistry,
reactor geometry, Peclet number (which measures the relative
importance of convective transport (Pe � 1) with respect to
the transport controlled by diffusion (Pe � 1))) and can be
determined by solving the corresponding transport equations.
The importance of the homogeneous (gas phase) H-atom
recombination and the value of the Peclet number determine
whether ld depends mainly on the reactor geometry or not [16].
Therefore, if Pe � 1 (typical of low-pressure RF/MW
PECVD reactors) and hydrogen homogeneous recombination
is negligible, ld depends mainly on reactor geometry; however,
if Pe � 1, both the flow velocity and the plasma properties
should be considered to evaluate ld . We should state in this
regard that, in most typical low-pressure DLC and diamond
PECVD conditions, the homogeneous recombination of H-
atoms is a slow process when compared to diffusion of H-atoms
to the reactor walls or to the substrate [9].

Concerning the other functions in equation (26), vH is the
H-atom mean thermal velocity (1.45 × 104 × T 0.5

s cm s−1)
evaluated at the substrate temperature (Ts), DH is the H-atom
diffusion coefficient (0.143 × T 1.65

g × p−1 cm2 s−1) with Tg
being the gas temperature, both vH and DH are taken from
[9]; γH is the H-atom substrate recombination coefficient
accounting for the heterogeneous reactions where H-atoms
from the surface are removed by H-atoms coming from the
plasma following the reaction path

H(plasma) + H(surface)→ H2(plasma) + < (27)

where < stands for a residual energy that heats the
substrate. The recombination probability γH is taken from the
experimental measurements presented in [54] and conveniently
represented by the expression [9]

γH = 4.0 × 10−4 + 1.95 e−3025/Ts (28)

with the substrate temperature (Ts) being evaluated in the range
300–1119 K. According to expression (28), γH increases with
growing Ts . Therefore, the removal of surface H-atoms grows
with increasing substrate temperature.

Finally, considering the expression derived for XH2 (see
equation (25)), the methane mole fraction in the plasma
becomes

XCH4 = xoCH4
− ηi (29)

where xoCH4
is the initial mole fraction in the feed gas.

Figure 4. Average electron energy in RF (13.56) excited CH4/H/H2

plasmas as a function of the pressure and different values of power
density.

3. Results and discussion

The main results of this work are related to the dependence of
several magnitudes of the plasma on the discharge conditions
and their connection to the properties of DLC and diamond
thin films deposited under RF and MW excited plasmas,
respectively. The plasma magnitudes studied are discussed
in the following order:

(i) EEDF in CH4(�5%)/H2 plasmas,
(ii) atomic hydrogen mole fraction in the plasma bulk and near

the substrate,
(iii) molecular hydrogen mole fractions in the plasma and,

finally,
(iv) the relative importance of the different plasma kinetic

mechanisms underlying the production and destruction of
atomic hydrogen.

(i) The impact of the excitation frequency (13.56 MHz and
2.45 GHz) on the EEDF can be seen in figures 6 through 8. The
gradual increase in the amount of H-atoms (from 15% to 40%)
and methane (from 0 to 2%) in the plasma causes an additional
increment of high-energy electrons (higher energy electrons
are found with 40% hydrogen atom concentration than with
15%, i.e. when the dissociation degree leading to H-atoms is
higher).

When the power density is increased, keeping constant the
excitation frequency and the pressure, we see (figures 6 and 7)
that the number of energetic electrons increases though a slight
decrease (below 5%) in the average electron density at larger
power densities is also observed.

In some sense, a similar trend is observed as pressure
decreases, at constant frequency and power density, from 0.8
to 0.4 Torr. In this case, we see in figures 6 and 7 that the
average electron density is higher at 0.8 Torr than at 0.4 Torr;
however, there are more energetic electrons at lower pressures
(0.4 Torr), which in turn can be related to the larger average
electron energies found at lower pressures (see figure 4).

Basically the same behaviour with pressure and power
density is observed in figure 8 for the 2.45 GHz regime,
although these results could not be compared with those
obtained at lower frequencies (RF) due to the differences in the
required experimental discharge parameters (pressure, power
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Figure 5. Average electron energy in MW (2.45 GHz) excited
CH4/H/H2 plasmas as a function of the pressure and different values
of power density.

density, etc). When working at 2.45 GHz, a decrease in
pressure from 20 to 5 Torr leads to a remarkable increase of
the number density of energetic electrons (see also figure 5)
while the average electron density remains larger at 20 Torr.
It can also be seen in figure 8 that an increase, at constant
pressure, in power density yields a larger number of high-
energy electrons. It is expected that these energetic electrons
will play a remarkable role in stimulating many inelastic
processes both in the low pressure (5 Torr) and high power
density (14 W cm−3) ranges, respectively.

We can conclude from the analysis performed for RF and
MW CH4(�5%)/H/H2 plasmas that the effect caused by the
pressure and the power density on the EEDF does not depend
on the excitation frequency.

All the EEDF features and trends described earlier for a
RF-excited CH4(�10%)/H/H2 plasma agree well with results
by Dilecce et al [55] and Godyak et al [56] concerning
experimental studies on the impact of discharge parameters
(power density and pressure) on the EEDF of Ramsauer (Ar)
and non-Ramsauer (He) gases. In our case (CH4(�5%)/H/H2

gas mixtures), we have a mostly non-Ramsauer gas similar
to He, since both H2 and H are non-Ramsauer gases and the
amount of CH4 (Ramsauer gas) is always small (less than 5%).

According to [55], the electron density and temperature
of a RF-generated He plasma (a non-Ramsauer gas like H2

and H) increase and decrease, as in our calculations, with
increasing pressure, respectively (note that the H2 and H
ionization cross section values are closer to those of He than to
the Ar ones). Moreover, an increase (at constant low pressure,
0.1 Torr) of the power density delivered to the He plasma
of [55] leads to a negligible increase of the average electron
density and to an increase in the average electron energy. In this
low pressure regime, and in agreement with [55], the charge
density is low, this implying a large electric field in the plasma
(E 	 1/ne) [56], and, thus, a large average electron energy
compared to the high pressure case.

(ii) The variation of the hydrogen atom mole fraction in the
plasma (xH ) is shown in figure 9 as a function of the pressure
for different discharge conditions such as power density and
H-atom recombination probability (γi) in the reactor walls. We
see that an increase in pressure, at constant power density and

Figure 6. Period average EEDF in RF (13.56 MHz) CH4/H/H2

plasmas with different compositions (CH4 (0%)/H (15%)/H2 (85%)
(full curve); CH4 (1%)/H (20%)/H2 (79%) (broken curve); CH4

(2%)/H (40%)/H2 (58%) (dotted curve)) and with a pressure of
0.4 Torr, and power densities of 0.05 and 0.10 W cm−3.

Figure 7. Period average EEDF in RF (13.56 MHz) CH4/H/H2

plasmas under the same conditions as figure 6 but with 0.8 Torr
pressure.

γi , causes a general decrease of the H-atom mole fraction, this
decrease being less important as the power density is higher.
This behaviour can be explained in terms of the decrease,
with increasing pressure, of the reduced electric field (see
figure 2) and of the main H atom production mechanism, i.e.
dissociation of H2 (see figures 12 and 14).

A further deeper explanation of this trend (H-atom density
decrease with growing pressure) can be found in the effect
caused in the shape of the EEDF by a change of pressure
(see figures 6 and 7): a minimum energy of 9.5 eV is needed
to dissociate H2 (see table 4), and the cross section of this
process reaches its maximum at approximately 16 eV. Taking
this into account, we see from figures 6 and 7 that the number
of electrons between 10 and 16 eV is higher at 0.4 Torr than
at 0.8 Torr. This fact illustrates how, in this energy range
(10–16 eV), the EEDF determines the efficiency of kinetic
mechanisms underlying production and loss of H atoms.

On the other hand, when the H-atom wall-recombination
probability decreases (due to the reactor wall cooling) from
γ1 = 10−1 to γ3 = 10−3, the H-atom mole fraction increases
since larger amounts of H-atoms are present in the plasma.
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Figure 8. Period average EEDF in MW (2.45 GHz) excited
CH4/H/H2 plasmas with different mixture compositions (CH4

(0%)/H (15%)/H2 (85%) (full curve); CH4 (1%)/H (20%)/H2 (79%)
(broken curve); CH4 (2%)/H (40%)/H2 (58%) (dotted curve)) and
produced under a pressure of 5 Torr and two power densities (12 and
14 W cm−3).

Moreover, figure 9 also shows that as the power density grows,
at constant pressure and excitation frequency, the H-atom mole
fraction increases due the higher H2 dissociation efficiency
related to larger values of the reduced electric field and mean
electron energy in the plasma (see figures 2 and figure 4). By
looking at the EEDF plots we see that an increase, keeping the
pressure constant, of the power density yields a higher number
of energetic electrons (see, for example, the area under plots
in figures 6 and 7 between 25 and 35 eV).

As is known, the H-atom concentration plays a very
important role in the carbon film deposition process. In
particular, the effect of H-atoms close to the growing surface
is fundamental since atomic hydrogen not only etches the
graphitic component (sp2 bonds) preferentially but also
stabilizes the sp3 bonds. Thus, in the following, the H-
atom mole fraction near the substrate (xsH ) is considered.
The variation of this mole fraction shown in figure 9 follows
the same trends with power density and wall-recombination
probability as those presented by the H-atom mole fraction
(xH ) in the plasma. In order to evaluate xsH given by
equation (26), we have assumed a gas temperature of 400 K, a
diffusion length of 5 cm and a substrate temperature of 600
and 1200 K for the RF and MW cases, respectively. The
H-atom mole fraction near the substrate (in the RF regime)
is almost a factor of three lower than that calculated in
the plasma. Moreover, according to expression (28), if we
increase the substrate temperature (Ts) the substrate hydrogen
atoms abstracted by hydrogen atoms coming from the plasma
increase. Consequently, the DLC thin films have fewer
hydrogen atoms and a higher density, which may lead to better
film quality as long as the sp3 content increases during the
process. If we work at constant substrate temperature, the
best operating conditions to optimize this tendency (maximum
surface H-atom removal) consist of working at low wall
temperature, low pressure and high power density (see figures 9
and 10).

We now compare qualitatively our theoretical results
with available experimental results and we try to establish
links between them, though these links are not generally

Figure 9. Comparison between the hydrogen atom mole fractions in
the plasma, xH (full curve), and near the substrate, xsH (broken
curve), as a function of pressure for two different power densities:
0.05 and 0.10 W cm−3. The substrate temperature (Ts) is 600 K, the
initial CH4 mole fraction is 5%, the total gas flow rate is 300 sccm
and the wall-recombination probabilities is γ1 = 10−1.

Figure 10. Comparison between the H-atom mole fractions in the
plasma, xH (full curve), and near the substrate, xsH (broken curve),
as a function of pressure. The substrate temperature (Ts) is 600 K,
the initial CH4 mole fraction is 5%, the total gas flow rate is
300 sccm and the wall-recombination probabilities are γ1 = 10−1

and γ3 = 10−3.

straightforward due to the inherent difficulties of establishing
correlations between the plasma and the film properties.

Experimental results shown in [50] establish a correlation
between the level of molecular hydrogen dissociation in RF
(13.56 MHz) excited H2/C2H2 plasmas and the refractive
index of DLC films. The main conclusion of their work
was that the higher the dissociation in percentage, the higher
the corresponding refractive index of the films and thus
the better the film quality becomes. Moreover, they found
that the measured dissociation degree (H-atom concentration)
decreases as the probe used for measurements approaches the
substrate or, similarly, as the plasma is left behind. This
experimental procedure (approach the probe to the substrate)
could be equivalent to using larger characteristic diffusion
lengths in our calculations: according to equation (26), the
higher the diffusion length is, the smaller the atomic hydrogen
mole fraction becomes near the substrate.

Our simulation results are also in agreement with the
experimental work of [57] carried out at constant power
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Figure 11. Comparison between the H-atom mole fractions in MW
(2.45 GHz) excited CH4/H/H2 plasmas, xH (full curve), and near the
substrate, xsH (broken curve), as a function of pressure. Calculations
are done for a substrate temperature (Ts) of 1200 K and for
300 sccm total gas flow rate and two power densities. The values of
the wall recombination probabilities are: γ2 = 10−2 and γ4 = 10−4.
The initial CH4 mole fraction is 1%.

density. They noted that the DLC film quality (as determined
by the refractive index) increases as the pressure decreases for
both frequencies (40 kHz and 13.56 MHz). The effect of the
excitation frequency on the film quality has been linked to the
higher atomic hydrogen concentration observed in RF-excited
H2/C2H2 plasmas at 40 KHz. They were also able to estimate
that the atomic hydrogen content in the plasma has a greater
effect on the film quality than on the growth rate.

A recent experimental work [58] shows that DLC film
quality (refractive index) increases with increasing power
density, which is also in qualitative agreement with our
calculations showing an increase of the H-atom mole fraction
in the plasma as a consequence of increasing the power density
levels.

As in RF excited CH4(�5%)/H/H2 plasmas, in MW
(2.45 GHz) plasmas (see figure 11) the hydrogen mole fraction
decreases with increasing pressure and, at constant power
density, the larger γi is the sharper the decrease of xH is.
This is in agreement with experimental measurements [59]
in hot filament reactors (to chemistry of which, according to
Hsu [60], seems to be similar to that of MW-excited PECVD
reactors). Moreover, experimental results from [59] show that
the H-atom mole fraction decreases, at constant distance from
substrate, with increasing pressure (23 Torr � p � 100 Torr).
This behaviour could be explained, at least for RF/MW-excited
PECVD reactors, in terms of the decrease with increasing
pressure of the main H-atom production mechanism, i.e.
dissociation of H2 (see figures 14 and 15 for the RF and MW
cases, respectively).

In addition, an increase in the power density causes a
corresponding increase in xH . A comparison between the
H atom mole fractions in the plasma (xH ) and near the
substrate (xsH ) is performed in figure 11. There we can see
that, for constant power density and γ , xH and xsH decrease
monotonically with increasing pressure, xsH being always
lower (by roughly an order of magnitude) than xH . These
results are in agreement with the experimental results reported
in [61] for a 2.45 GHz activated CH4/H2 plasma.

According to our calculations, the fact of increasing (both
in RF and MW) the hydrocarbon concentration in the plasma
(carbon content), at constant pressure and power density,
has an almost negligible impact (not shown in the figures)
on the H-atom mole fraction (only a very slight increase
is found) in the plasma bulk and near the substrate. This
result agrees reasonably well with those in [62] showing
that, in a MW-excited CH4/H2 plasma at 20 Torr, the H-
atom mole fraction measured near the substrate is seen to
be nearly independent of the carbon content in the plasma
and being slightly below 10−3. In contrast, results from
[23] and [63] show that the H-atom concentration in a MW-
excited CH4/H2 plasma at 40 Torr (reactor conditions of [23])
increases sharply for CH4 concentrations ranging between
0.25% and 1% and then slightly decreases (remaining almost
constant) with further increase of CH4. Similar behaviour
of H-atom concentration with CH4 addition has been found
experimentally in RF-activated plasmas [22].

The slight increase in the plasma H-atom mole fraction
predicted by our model when the partial CH4 flow grows (not
shown in the figures) leads, according to expression (25) for
H2, to a decrease in XH2 , this trend in agreement being with
experimental results reported by Kline et al [12] for a RF
(2 MHz)CH4 plasma produced at 0.3 Torr with a power density
level of (roughly) 0.12 W cm−3.

The effect (not shown in the figures) of increasing the total
gas flow (300–600 sccm) at constant methane concentration
has a negligible impact on the calculated H-atom mole fraction.
This result is in agreement with experimental measurements
by Hsu [60] in a MW-activated CH4/H2 plasma operated at a
pressure of 20 Torr.

An interesting feature regarding the atomic hydrogen
mole fraction predicted by our model for MW CH4(�5%)/H2

plasmas (see figure 11) is that their values are slightly lower
than the H-atom mole fractions found in RF CH4(�5%)/H2

plasmas. These could be explained in terms of the reactor inner
wall temperatures, which, provided that the cooling system is
the same in both types of reactors (MW and RF), are much
higher in MW reactors than in RF reactors. Therefore, the
H-atom wall recombination in MW-excited plasmas is more
effective (more H-atoms are lost in walls) than in RF plasmas
(see figures 14 and 15).

(iii) The molecular hydrogen mole fraction (XH2 ) is shown
in figure 12 where the initial (before ignition) molecular
hydrogen mole fraction (xoH2

) in the reaction chamber is 0.95.
We see that XH2 grows with increasing pressure, having a
sharper increase at lower γis. Moreover, since the H2 and CH4

dissociation efficiencies increase with power density, XH2 is
higher at low power density levels.

Figure 13 shows the behaviour of XH2 as a function of
pressure in the 2.45 GHz case. The fact of increasing, at
constant pressure and γi , the power density initiates an increase
of the H2 dissociation efficiency and therefore the XH2 mole
fraction decreases.

The variation of the H2 mole fraction with plasma
parameters can be better explained if we focus our attention
on the next item (iv), where the influence of the main kinetic
mechanisms for production and loss of atomic H is analysed.

(iv) We finally analyse the relative importance (normalized
to one) of different kinetic mechanisms underlying the
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Figure 12. Molecular hydrogen mole fraction (XH2 ) as a function of
pressure in RF (13.56 MHz) excited CH4/H/H2 plasmas with an
initial H2 mole fraction of 95%. Calculations are total gas flow of
300 sccm and two values of the wall-recombination probabilities:
γ1 = 10−1 and γ3 = 10−3.

Figure 13. Molecular hydrogen mole fraction (XH2 ) as a function of
pressure in MW (2.45 GHz) excited CH4/H/H2 plasmas with an
initial H2 mole fraction of 99%. Calculations are for a total gas flow
rate of 300 sccm and two power densities. The values of the wall
recombination probabilities are: γ2 = 10−2 (broken curve) and
γ4 = 10−4 (full curve).

production and loss of atomic hydrogen in the plasma as
a function of pressure. These processes are represented in
figure 14 for the RF case and in figure 15 for the MW case.
We see in figure 14 (0.05 W cm−3) how the main H-atom
production and loss processes, i.e. H2 dissociation and H wall
recombination (with γ3 = 10−3) decrease and increase with
increasing pressure, respectively. These trends explain the
H-atom mole fraction dependence with pressure shown in
Figure 10 for 0.05 W cm−3. Similar results to those shown
for 0.05 W cm−3 are seen in figure 14 for 0.10 W cm−3.
In this case, however, both the main H-atom production
and destruction mechanisms slightly increase with pressure,
thus resulting in an almost constant H-atom mole fraction
dependence with pressure (see figure 9 for γ1). The main
conclusion from figure 9 and figure 10 is that high power
density levels promote H2 dissociation and lower H-atom
recombination on the reactor walls.

As in the RF-activated plasma with low power density
levels (see figure 14), in MW-activated CH4(�5%)/H/H2

Figure 14. Relative importance (in %) of the main mechanisms
underlying production and loss of H-atoms in RF (13.56 MHz)
excited CH4/H/H2 plasmas. Production processes: H2 dissociation
(solid). Destruction processes: H-atom wall recombination (open).
Two different power densities are used: 0.05 (circle) and
0.10 W cm−3 (square). The H-atom wall-recombination probability
is kept constant at γ3 = 10−3.

Figure 15. Relative importance (in %) of the main H-atom
production mechanisms: H2 dissociation (full square); and
destruction mechanisms: H-atom wall recombination (open square),
in MW (2.45 GHz) excited CH4/H/H2 plasmas sustained at two
power densities: 12 (full curve) and 14 W cm−3 (broken curve). The
H-atom wall-recombination probability is kept constant at
γ3 = 10−2.

plasmas, H2 dissociation decreases with increasing pressure
(figure 15) while H wall recombination increases. Moreover,
an increase in power density slightly increases the H2

dissociation efficiency and reduces the atomic hydrogen wall
recombination (see figure 15). Regarding H loss processes,
we have found that the H-atom convective loss (through the
H2 flow) is the most important destruction mechanism after H
wall recombination.

4. Summary and conclusions

We have built a simplified kinetic model of RF/MW-produced
CH4(�5%)/H2 plasmas used in PECVD synthesis of DLC
and diamond thin films. The model is mostly restricted to
the study of the plasma chemistry but it also incorporates
some surface mechanisms accounting for the loss of hydrogen

112



Excitation frequency and deposited films

atoms produced in the plasma. This model has allowed us
to investigate the influence of discharge parameters such as
the excitation frequency (13.56 MHz and 2.45 GHz), power
density levels (0.05–0.10 W cm−3 in RF, and 12–14 W cm−3

in the MW range), pressure, gas flows (300–600 sccm) and
wall and substrate temperatures on the production of atomic
hydrogen and H2 in plasmas generated in a RF parallel-
plate reactor (0.40–0.95 Torr) and in a MW ball-type reactor
(5–20 Torr).

In order to achieve these results for RF/MW-activated
CH4(�5%)/H2 plasmas, we first obtained the period average
EEDF from the solution of a homogeneous steady-state
electron Boltzmann equation using the dc effective field
approximation for both MW and RF. In both cases ohmic
heating is assumed to be the sustaining mechanism, this
being a limitation of the present work. In the MW case and
for pressures above 10 Torr, thermal heating may become
important and it could affect the H-atom concentration by
enhancing thermal dissociation at very high power density
levels (higher than the ones considered here).

On the other hand, while the dc effective field approach
is commonly accepted for MW frequencies, its applicability
to RF must be carefully studied for each particular gas or
mixture of gases. In the case of CH4(�5%)/H/H2 plasmas,
we found that, in analogy to the RF H2 plasmas discussed
by Loureiro [1], the EEDF time modulation for 13.56 MHz
is small when compared to molecular gases, like N2, with
significant values of νe at low electron energies.

Since the presence of atomic hydrogen in the plasma is
known to enhance the film quality, we were able to estimate
the best discharge conditions in order to have the highest atomic
hydrogen mole fractions in the plasma. In this regard, we found
that, in the RF regime, atomic hydrogen production is enhanced
by working at high power density levels (0.10 W cm−3 in our
case), low pressure (better at 0.4 Torr than at 0.9 Torr) and with
the reactor walls being cooled so that H-atom loss in the walls
is minimum. When working in the MW regime, the highest
atomic hydrogen yield is predicted when setting up similar
discharge conditions as in the RF case (low pressure, high
power density levels and reactor wall cooling). In all cases,
both in RF and MW, we found that H2 dissociation is the main
H-atom production process while H-atom wall recombination
is the main destruction mechanism.
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Appendix. Cross sections in CH4(�5%)/H/H2
plasmas

In order to evaluate the EEDF in CH4(�5%)/H2 plasmas,
we need to consider the appropriate cross sections for those

processes leading to the species observed by OES and MS in
a variety of discharge conditions. Consequently, our goal in
this appendix is to present and discuss the best cross section
sets available and used in this work for studying the kinetics
of processes involving H, H2, CH4 and their corresponding
reaction products in CH4(�5%)/H/H2 plasmas.

The elastic and inelastic cross sections for H2 are taken
from the compilation by Buckmann and Phelps [64], the paper
by Corrigan [65] on H2 dissociation and the database recently
built by W L Morgan et al [66]. We are considering the
following processes:

(a) Electronic excitations of molecular hydrogen:

H2(X
1)+
g ) + e → H2(B

1)+
u) + e (30)

H2(X
1)+
g ) + e → H2(C

1+u) + e (31)

H2(X
1)+
g ) + e → H2(a

3)+
g ) + e (32)

H2(X
1)+
g ) + e → H2(b

3)+
u) + e (33)

H2(X
1)+
g ) + e → H2(c

3+u) + e (34)

H2(X
1)+
g ) + e → H2(d

3+u) + e. (35)

(b) Molecular dissociation leading to ground state H
atoms:

H2(X
1)+
g ) + e → H(n = 1) + H(n = 1) + e. (36)

(c) Total vibrational excitations of H2, i.e. not including
rotational quantum number (J ) dependence:

H2(v = 0) + e → H2(v = 1, 2, 3) + e. (37)

However, vibrational excitation of H2 has a distinct
dependence on J so the following processes are also included.

(d) Vibro-rotational excitations of H2:

H2(v = 0, j = 0) + e → H2(v = 0, j = 2) + e (38)

and

H2(v = 0, j = 1) + e → H2(v = 0, j = 3) + e. (39)

(e) Dissociative excitation mechanisms:

H2(X
1)+
g ) + e → H(n = 2) + H(n = 2) + e (40)

H2(X
1)+
g ) + e → H(n = 1) + H(n = 3) + e. (41)

(f) Ionization of molecular hydrogen:

H2(X
1)+
g ) + e → H+

2 + e + e. (42)

We assume that, in our PECVD systems, H-atoms are mainly
lost through heterogeneous recombination in the reactor walls
and substrate. This can be justified, as in conventional CVD
systems [9], by the slow homogeneous recombination time
compared to diffusion times.

Regarding CH4, we basically considered the process
cross sections proposed by Davies et al [67] and recently
recommended by Morgan [40]. However, depending
on the process, we have also employed additional cross
sections to complement the original cross section sets. The
momentum transfer cross section for CH4 is taken from
[40, 67]. Moreover, the following inelastic processes are also
considered:
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(a) Vibrational excitations of the CH4 stretching modes:

e + CH4 → e + CH4(v = 1, 3). (43)

(b) Vibrational excitations of the CH4 bending modes:

e + CH4 → e + CH4(v = 2, 4). (44)

(c) With respect dissociation of CH4, Aarts et al [68]
proposed several possible mechanisms leading to the formation
of relevant fragments in the dissociative excitation of CH4.
Based on the results from [67] and Nakano et al [69, 70],
we show in table 4 the different hydrogen and methane
dissociation channels assumed in this work. The minimum
energies (taken as first entries in available cross sections)
for the formation of dissociation fragments shown in table 4
are calculated following the procedure proposed in [68].
When no cross sections were available for a particular CH4

dissociation channel probably existing in the plasma, we
adapted other cross sections (generally we used those in [70])
and assumed they were the best approach to the unknown cross
sections.

It is worth mentioning that previous works, like that
of [71], on the kinetics of pure CH4 plasmas included
the dissociation products CH3, CH2, CH and C as they
were measured by Melton and Rudolph [72] in electron
beam experiments but these had too high an electron energy
(100 eV).

(d) Two dissociative attachments were considered. The
products of these dissociation reactions are not completely
resolved in the available measurements [67]

e + CH4 → H− + Products (45)

e + CH4 → CH−
2 + Products. (46)

(e) Regarding ionization of CH4, we complemented the
cross sections proposed in [67] for CH+

3 and CH+
4 with

the partial ionization cross sections for CH+
2, CH+ and

C+ shown in [53] for electron energies below 100 eV.
We show in table 5 the methane ionization channels
considered. We assume that the species resulting from the
ionization of CH4 are in their ground state (note that the
available ionization cross sections do not specify whether the
species resulting in the ionization processes are excited or
not).

Apart from the previously described ionization patterns,
other species may appear as a consequence of additional
ionization channels existing in a CH4/H2 plasma. For example,
in a pure CH4 plasma, as predicted in [71] and measured by
Studniarz and Franklin [73] and [74], the following ionization
mechanisms may be of some importance for pressures above
2 mTorr

CH+
4 + CH4 → CH+

5 + CH3 (47)

and

CH+
3 + CH4 → C2H+

5 + H2 (48)

however, in CH4(�5%)/H2 plasmas with very high
concentration of hydrogen, processes (47), (48) may be much
less important. On the other hand, we could also consider the
reaction

CH3 + e → CH+
3 + 2e (49)

instead of

CH4 + e → CH+
3 + H + 2e. (50)

However, although the cross section for (49) is higher than that
for (50) (see [53, 75]), we usually have that, in a CH4(�5%)/H2

plasma, [CH4] > [CH3] (see [60] and [62]), so process (50) is
more probable than (49).

According to [74], the methyl radical CH3 is mainly lost by
surface reactions and recombination with itself in the plasma
phase

CH3 + CH3 → C2H6 (51)

so we could expect additional ionization channels like

C2H6 + e →




CH+
3 + Products

CH+
2 + Products

CH+ + Products

C+ + Products.

(52)

However, cross sections for processes (52) are much lower than
the corresponding ionization mechanisms from CH4 [53].

We finally consider several mechanisms involving H-
atoms since they play an important role in the kinetics of
CH4(�5%)/H2 plasmas used in the deposition of diamond and
diamond-like carbon films.

The presence of excited H-atoms produced in RF or
MW-CH4(�5%)/H2 plasmas is corroborated by spectroscopic
analysis, as the Hβ and Hα lines are those most commonly
found in OES experiments. The origin of these excited
atoms may be due to dissociative excitation of CH4 and/or H2

molecules but also to electron impact excitation of hydrogen
atoms. Consequently, we consider the following atomic
hydrogen excitation paths (see table 6)

e + H(n = 1)→




H(nl = 5s + 5p + 5d) + e

H(nl = 4s + 4p + 4d) + e

H(nl = 3s + 3p + 3d) + e

H(n = 2) + e.

(53)

Among the several cross section sets available, both
theoretical [76–81] and experimental [82, 83], for electron
impact excitation of hydrogen atoms, we choose those
calculated by Vainshtein [77]. This choice is based on the
facts that the measurements of [82, 83] are not complete and
that, on the other hand, Vainshtein’s level cross sections
are consistent with the Balmer series optical emission cross
sections measured by Walker Jr and St John [84] in a Wood
discharge. As is known, Balmer radiation in atomic hydrogen
arises from transitions in which @l = ±1 and the lower level
is n = 2. Thus, the allowed transitions ns → 2p, np → 2s
and nd → 2p should be present as different components of the
spectrum. However, these three lines were not resolved in the
experimental measurements of [84] due to the near degeneracy
of the angular momentum of an n level. Consequently, to
be consistent with this experimental limitation, we calculate
the electron excitation processes to a particular n, except
n = 2, as the sum of the excitations to the ns, np and nd
states.

For details about differences between the level, optical
and apparent cross sections, see the review by Moiseiwitsch
and Smith [85].

114



Excitation frequency and deposited films

The cross section for electron impact ionization of
hydrogen atoms from the ground electronic state is taken from
the experimental work of Fite and Brackmann [82].

Finally, the momentum transfer cross section for hydrogen
is taken from Itikawa [41].
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