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Abstract
This paper deals with optical emission spectroscopy studies of low pressure
(0.1–0.5 Torr) capacitively coupled radiofrequency hydrocarbon/argon-rich
plasmas used for the synthesis of nanocarbon structures. The main goal of
this paper is to obtain the electron temperature of such far-from-equilibrium
plasmas as a function of the pressure, the excitation power and the argon
content. In doing so, we have found that the argon upper energy levels used
for electron temperature estimation remain close to corona balance. The
latter has allowed us to use a modified Boltzmann plot technique to derive
the electron temperature. It was found that, for the plasmas investigated, an
increase of the argon population density (from 10% to 95%) leads to a
pronounced decrease of the electron temperature while an increase of the
processing pressure produces a moderate increase of the electron
temperature. Additionally, the increase of the power from 50 to 300 W
produces a very slight growth of the electron temperature.

1. Introduction

Hydrocarbon/argon-rich plasmas are nowadays widely used
for the synthesis of nanocarbon structures in different
kinds of microwave (MW) [1–3] and radio-frequency (RF)
[4–7] plasma reactors using hot and room temperature
substrates, respectively. However, in spite of the importance
of discharges in hydrocarbons for plasma processing of
nanocarbon structures, the connection between fundamental
plasma properties, such as the electron density or the electron
temperature, and the kinetics of particle formation in such
plasmas is not yet completely understood. In fact, in contrast
to silane plasmas, there are not many works devoted to
the diagnosis of hydrocarbon/argon-rich plasmas that could
help in clarifying the fundamental mechanisms underlying
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the formation of particles in such plasmas. In particular, to
our knowledge, there are no works dealing with the electron
temperature determination in hydrocarbon/argon-rich plasmas
by methods of optical diagnosis.

Optical spectroscopy techniques have been previously
used for studying the electron energy distribution function
(EEDF) and plasma parameters such as the electron density
and temperature in dc glow discharges [8, 9] and RF- [10]
produced Ar, O2, N2 and N2/He plasmas. Some of the
latter works provide comparisons between optical diagnosis
and Langmuir probe measurements [8, 9] showing a good
agreement which suggests that optical emission spectroscopy
(OES) can be reliably employed to monitor the state of the
plasma. However, when using OES to determine the average
energy of the free electrons in a plasma one should first
carefully analyse the kinetic processes contributing to populate
and depopulate excited states of the species in the plasma.
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Spectroscopic measurements in low pressure radiofrequency plasmas

Thus, in low pressure plasmas it is not enough, in general, to
use the well-known Boltzmann plot techniques or expressions
connecting the intensity ratio of emission lines derived from
transitions between excited ions and excited atoms [11] to
extract the electron temperature. This is so because on
many occasions, the excited atomic/ionic densities are not in
Boltzmann equilibrium; that is, excitation and de-excitation are
not controlled by collisions with electrons. In such cases, the
use of OES only provides the excitation temperature and not the
electron temperature which must be obtained from modified
OES methods (like the modified Boltzmann plot techniques)
as a result of a kinetic analysis of the plasma.

Therefore, the goal of this paper is to experimentally
determine the electron temperature of low pressure RF
(13.56 MHz) H2/CH4/Ar-rich and H2/C2H2/Ar-rich plasmas
as a function of processing parameters such as the pressure,
excitation power and argon population density in the discharge.
Such studies are performed with experimental data from
OES that are later used to develop a modified Boltzmann
plot technique considering that (as will be shown) the
upper energy levels of the argon atoms used for the plasma
diagnosis are close to a corona balance, that is, the
population and depopulation mechanisms of the argon energy
levels studied are mainly collisional (electron collisions with
ground Ar atoms) and radiative (spontaneous radiative decay),
respectively.

Multi-step excitation processes are known to be important
in low-pressure glow discharges in a wide range of power
densities. In this regard, recent results by Stewart et al
[12] in argon glow discharges indicate that as the electron
density increases, multi-step excitation of the 1s5 metastable
level (one of the sublevels of 4s) via the argon metastable
and resonant states 1s2, 1s3 and 1s4 (all of them sublevels
of 4s) becomes predominant. However, at low electron
densities and pressures (0.3–0.5 Torr), the formation of 1s5

occurs predominantly by direct excitation from the ground
state. A similar result was already reported by Fujimoto
[13] for the electron density range for which the so called
ladder-like (or multi-step) excitation dominates the population
process of a particular energy level. One of the most
interesting features of Fujimoto’s work is its approximate
quantification for the expected population density distribution
Ni(pi)/gi(pi) ∝ p−6

i (see equation (9) and text below it) when
multi-step excitation dominates, in the ‘quasi- and complete-
saturation phases’ following Fujimoto’s terminology [13],
for electron densities ranging from 1013 to 1015 cm−3 and
above (‘complete saturation phase’), respectively. In our
low pressure RF plasma, the typical electron densities range
from 109 to 1011 cm−3 and, therefore, we do not expect that
multi-step excitation mechanisms dominate. On the contrary,
according to Fujimoto’s results [13], due to the relatively low
electron densities expected in low pressure RF plasmas, direct
excitation from ground state together with radiative decay will
be the dominant mechanisms controlling the formation and
destruction of excited energy levels, that is, a corona balance
would drive the kinetics of our plasma.

2. Experimental set-up

An STS capacitively coupled reactor (model 310 pc) is used
as the reaction chamber. A scheme of the experimental set-up
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Figure 1. Experimental set-up.

can be seen in figure 1. While the plasma is on, the chamber
is pumped by a rotary vacuum pump resulting in pressures
ranging between 0.1 and 0.5 Torr for typical flow rates of 10–
95 sccm Ar, 88–3 sccm H2, 2 sccm CH4 and 1 sccm C2H2,
respectively. After each run, the chamber is cleaned using
O2 and is then pumped by a vacuum system (root and rotatory
pump RUVAC WSU-501). The gases are introduced through
the upper electrode, which is of the showerhead type. The
gas flow rates are controlled and monitored by mass flow
controllers (Tylan Model FC 280).

An RF generator (Avanced Energy RFX 600 Series
13.56 MHz) is capacitively coupled to the upper electrode
through an impedance matching network. The lower electrode
is grounded. The electrodes are 30 cm in diameter and are
separated by a 5 cm gap. The emission pattern resulting from
the different emitting species in the plasma was detected by
OES measurements performed through a quartz window with
an optical fibre (pointing to the plasma bulk perpendicularly
to the window of the reactor) and using an EGG & Princeton
Applied Research monochromator (model 1235) with 0.275 m
focal length, a resolution of 0.1 nm, an entrance slit of
25 µm and a grating of 1200 grooves mm−1. The emitted
light from the studied plasmas was collected five minutes
after the plasma was ignited using an unintensified 1024 pixel
diode array detector 180–1100 nm (model 1453). Each
emission spectrum was taken in 20 s so that three spectra
were recorded in one minute and the final spectrum was an
average of the three of them. The plasma bulk was quite
homogeneous. A typical spectrum is shown in figure 2 for
an Ar (95%)/H2(4%)/C2H2(1%) plasma produced at 0.1 Torr
and 300 W.

It can clearly be seen in figure 2 that emission lines
from excited argon are the most abundant; they have reliable
transition probability values published in the literature and
the energy gap between emitting upper energy levels expands
within a range of more than two electronvolts. All the latter
features (which are potential error sources) are important for
choosing such lines for diagnosing the plasma. In addition, due
to the number of available argon lines, it was easy to choose
(at the cost of lower intensity signal) those with the biggest
energy difference between the upper energy levels. The latter
condition is very important for achieving a higher accuracy
when using the traditional Boltzmann plot method [11] or the
modified one since the errors in Texc and Te are given by an
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Figure 2. Typical optical emission spectrum for a RF-produced
Ar(95%)/H2(4%)/C2H2(1%) plasma at 0.1 Torr and 300 W.

expression including the inverse of the energy gap between
the upper energy levels of the emitting energy states [11].
Therefore, when choosing argon lines for our OES analysis,
we have tried to minimize the errors in the estimation of the
excitation and electron temperatures. In fact, using other
possible emission lines such as those of the Balmer series of
atomic hydrogen will not enhance the quality of the plasma
diagnosis since the most intense Balmer lines (Hα and Hβ)
have an energy gap between upper energy levels of less than
one electronvolt and their presence decreases with increasing
content of argon.

3. Method for electron temperature measurement

We have used the relative intensities of the lines emitted
by excited argon atoms in order to determine the excitation
temperature (Texc) which can give a first estimation of the
electron temperature in the low pressure H2/CH4/Ar-rich
and H2/C2H2/Ar-rich plasmas under investigation. The
spectroscopic data corresponding to the lines studied are
presented in table 1 and were taken from the Kurucz atomic
line database maintained by the Harvard Smithsonian Centre
for Astrophysics [14]. In obtaining the values of Texc, we have
assumed that the upper energy levels of the selected atomic
transitions are in local thermodynamic equilibrium (LTE), that
is, the population density of such levels follows the Boltzmann
law. The latter allows us to use the conventional Boltzmann
plot technique to determine Texc by using the expression [15]

ln

(
Iijλij

giAij

)
= − Ei

kTexc
+ C, (1)

where Iij is the relative intensity (in arbitrary units) of the
emission line between the energy levels i and j , λij its
wavelength (in nanometres), gi is the degeneracy or statistical
weight of the emitting upper level i of the studied transition,
and Aij is the transition probability for spontaneous radiative
emission from the level i to the lower level j . Finally, Ei

is the excitation energy (in electronvolts) of level i, k is the
Boltzmann constant and C is constant. The main sources
of error when using expression (1) for obtaining Texc come
from using inaccurate Aij values, imprecision in the recorded

intensities or from choosing transitions with upper levels with
a small energy difference (relative to the obtained Texc values)
[11]. However, the use of logarithmic relations reduces the
influence of errors. Thus, for instance, an error of 20% in
the argument Iijλij /giAij of the logarithm of expression (1)
shrinks to about 5% error when calculating the logarithm of
such argument. In our case, the less accurate Texc values would
be those obtained for low (10%) argon content and for the
highest pressure value used (0.5 Torr), that is, when Texc takes
the highest values. The latter enhances the error since the
greatest gap between upper energy levels of the selected argon
lines is about 2.2 eV. The average error in Texc is about ±10%.

In our present experimental conditions considering RF
fields together with relatively low pressures, it is difficult
that LTE holds since, most probably, the population density
of the excited states is not in Boltzmann equilibrium;
that is, excitation and de-excitation mechanisms might
not be exclusively controlled by electronic collisions and,
consequently, Texc will be different from the electronic
temperature (Te) and, consequently, the fitted line will not
overlap the data points. Therefore, it is important to know
the departure of the plasma from LTE. This can be done by
using the concept of effective principal quantum number pi

for the excited states of the species used (argon in our case) for
determining the electron temperature. The number pi for each
level i is [16]

pi =
√

EH

E∞ − Ei
, (2)

where EH is the Rydberg constant (13.6 eV), E∞ and Ei are
the ionization energy of the species considered (in this case
argon) and the energy of the excited state i. The departure of
plasmas from LTE can be measured by defining a parameter
bi(pi) = ni(pi)/nS

i (pi), where ni(pi) is the real population
density of the corresponding excited state being evaluated and
nS

i (pi) is the density of such level assuming that it is in Saha
equilibrium [17]. Therefore, if the excited energy levels are
overpopulated we will have bi(pi) > 1, that is, the density of
the energy state is larger than the value needed to keep the Saha
equilibrium. In such a case, the plasma is considered to be of
the ionizing type while in the opposite case (bi(pi) < 1), the
plasma is of the recombining kind [17]. In general, RF low
pressure plasmas have a small ionization degree (10−5–10−6)
which is connected to relatively low electron densities (ranging
between 109 and 1011 cm−3) [5]. The relative scarcity of
electrons makes collisional processes less efficient than in
plasmas with higher electron densities and, consequently,
radiative processes become important. In non-equilibrium
plasmas in corona balance, the population densities of the
excited states are balanced by electron impact collisional
excitation from ground state as the populating mechanism and
spontaneous radiative emission as the depopulating process
[17]. The corona balance equation can be simply written as

NeN1k1i = Ni

∑
i>j

Aij , (3)

where Ne, N1 and Ni are, respectively, the electron, ground
level and excited state population densities, and k1i is the
electron-impact excitation rate coefficient from the ground
state 1 to level i. We have assumed in equation (3) that the
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Table 1. Spectroscopic data (λij , Ei, gi, Aij , pi) and fitting parameters (a, b) corresponding to the selected Ar lines emitted by the
H2/CH4/Ar-rich and H2/C2H2/Ar-rich plasmas used in the present work.

λij (nm) Ei (eV) gi pi a b Aij (108 s−1) Transition

751.46 13.27 1 2.3664 −8.48439 2.53351 0.4290 4p → 4s
714.70 13.28 3 2.3719 −2.47519 −19.7585 0.006434 4p′ → 4s
750.38 13.48 1 2.4299 −5.84902 −5.04549 0.4720 4p′ → 4s′

693.76 14.69 1 3.6762 −5.46930 −6.17450 0.03170 4d → 4p
731.17 14.84 3 3.9972 −3.19147 −9.76531 0.01770 6s → 4p
516.22 15.30 3 5.8911 −7.20144 −2.20808 0.009143 6d → 4p
537.34 15.46 5 7.5266 −7.19569 −1.87644 0.005551 7d → 4p

plasma is optically thin for all line radiation. The population
density Ni can be found from

Iij = hνijAijNi

4π
L, (4)

where hνij and L are the energy gap between levels i and j ,
and the plasma length that the emitted light has to go through,
respectively. If we assume that the free electrons in the plasma
follow a Maxwellian EEDF, we can write down a general
expression for k1i that, at least for the case of argon, reads
as [18]

k1i = 8.69 × 10−8 × α1i × Z−3
eff f1i × u

3/2
a

u1i

×�a(u1i , β1i ) cm3 s−1, (5)

where ua = 13.6 kTe, u1i = (E1 − Ei)/kTe, α1i is a constant
with a value approximately equal to 1, Zeff = Z − N + 1 is
the effective atomic number (with Z and N being the atomic
number and the number of bound electrons, respectively) and
f1i being the absorption oscillator strength of the transition
1 → i. For atomic species Zeff = 1. The function �a(u1i , β1i )

is [18]

�a(u1i , β1i ) = exp(−u1i )

1 + u1i

×
[

1

20 + u1i

+ ln

(
1.25 ×

(
1 +

1

u1i

))]
, (6)

where β1i
∼= 1.

Once we have defined the above magnitudes, we can fit
the electron-impact excitation rate coefficient k1i to a more
convenient expression with a simpler functional dependence
on Te of the form

k1i = b1i × e−E1i /kTe cm3 s−1, (7)

where the constant b1i = Ea
1i×pb

i . The values of the exponents
a and b obtained in the fit are included in table 1 together with
the pi values for each of the excited states of argon used. Using
equations (3), (4) and (7), we can derive the expression [19]

ln

(
Iij

∑
i>j Aij

hνijAij b1i

)
= −E1i

kTe
+ D, (8)

where D is a constant. Thus, the method for obtaining the
electron temperature of a non-equilibrium plasma in corona
balance is based on expression (8) to represent its left-hand
side as a function of E1i . The inverse of the slope of the best
linear fitting will give Te. Thus, Te would be extracted from
a modified Boltzmann plot. However, before proceeding, we

Table 2. The sum
∑

i>j Aij for each of the excited energy levels
and the number of radiative transitions starting in each of the argon
energy levels considered.

Ei
∑

i>j Aij Number of
(eV) (108 s−1) radiative transitions

13.27 0.428700 2
13.28 0.006434 4
13.48 0.472400 2
14.69 0.031730 3
14.84 0.055817 8
15.30 0.031730 5
15.46 0.005551 8

first need to prove that our plasma is in corona balance or at
least close to it. In order to do this, we need to show that,
as long as the plasma is optically thin, the relative population
densities of the energy levels i of argon (which is the species
used for the diagnosis) follow the expression [13, 17, 20]

Ni(pi)

gi(pi)
∝ p−x

i . (9)

The exponent x = 0.5 in the power law of expression (9)
corresponds to very low electron densities (∼106 cm−3) and
the corona balance extends to levels with pi values up to
approximately 20 [13]. As the electron density increases, the
corona balance is less probable in high pi energy levels but,
also, the exponent x = 0.5 can increase up to x = 3 for an
electron density of 1010 cm−3 for which the corona balance is
only probable in excited states with values of pi up to 7 [13]. In
the case that multi-step excitation processes were dominant, the
exponent x in expression (9) should take a value close to 6 [13].

In order to use expression (8), we need to evaluate the
term

∑
i>j Aij . The latter means that we have to identify

all possible spontaneous radiative transitions from the upper
energy levels corresponding to the measured lines shown in
table 1. We show in table 2 the sum

∑
i>j Aij for each of

the excited energy levels together with the number of radiative
transition starting from such energy levels. The main errors in
obtaining the experimental data points needed for the modified
Boltzmann plot come from inaccuracies in the Aij s, in the
recorded emission intensities and due to inaccuracies in the
numerical fitting process of the excitation rate coefficients k1i

to expression (7), that is, in errors in the numerical values
obtained for b1i . We have included error bars of ±5% in
the modified Boltzmann plots accounting for inaccuracies
in the determination of the argument of the logarithm of
expression (8). In addition, it is common that strong lines
come from a relatively small energy band of the spectroscopic
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Figure 3. Boltzmann plots used to derive the excitation temperature
corresponding to plasmas of (a) Ar(95%)/H2(3%)/CH4(2%) and
(b) Ar(95%)/H2(4%)/C2H2(1%) produced at 0.1 Torr and 300 W.

system, limiting the value (to 1 eV or less) of the difference
between upper energy levels of the transitions considered
and, consequently, increasing the errors of the excitation and
electron temperatures [11]. Therefore, we have chosen the
lines with the greatest gap between upper energy levels but
paying the price of having a weaker signal. Due to the
dispersion exhibited by the experimental data points used in
the modified Boltzmann plots, error bars of ±20% have been
assigned to the derived electron temperatures.

4. Results and discussion

The results presented in this study cover a wide range of plasma
processing parameters such as the nature of the hydrocarbon
precursors (CH4 or C2H2), reactor pressure (0.1–0.5 Torr),
initial argon content in the discharge (10–95%) and the
plasma excitation power (50–300 W). We show in figure 3 two
Boltzmann plots which give us the excitation temperature in
the plasmas investigated (see tables 3–5 for detailed values of
Texc). As can be seen in figure 3, the fitted line does not overlap
the experimental points since LTE does not hold.

We represent in figure 4 the relative population densities
of some of the Ar energy levels i used for this study as a
function of their effective principal quantum number pi. For
the conditions represented, the plotted data points have an
error of about 5% and we see that the effect of increasing the
pressure (from 0.1 to 0.5 Torr at high power and Ar content)
causes a decrease in the exponent x of expression (9). The
latter has been found to change between 1.28 (at 0.1 Torr)
and 0.93 (at 0.5 Torr) when using CH4 and between 1.29

Table 3. The excitation and electronic temperatures for several
initial argon population densities in the discharges produced at
300 W and 0.1 Torr.

Ar Texc (eV) Te (eV) Texc (eV) Te (eV)
(%) (C2H2) (C2H2) (CH4) (CH4)

10 6.33 ± 0.63 4.90 ± 0.98 5.15 ± 0.51 3.36 ± 0.66
50 1.93 ± 0.20 1.77 ± 0.34 1.82 ± 0.18 1.53 ± 0.30
90 1.32 ± 0.13 1.24 ± 0.24 1.60 ± 0.16 1.37 ± 0.26
95 1.37 ± 0.14 1.28 ± 0.24 1.49 ± 0.15 1.29 ± 0.24

Table 4. The excitation and electronic temperatures for different
pressures at 300 W and an initial argon population density of 95% in
the discharges.

P Texc (eV) Te (eV) Texc (eV) Te (eV)
(Torr) (C2H2) (C2H2) (CH4) (CH4)

0.1 1.47 ± 0.15 1.37 ± 0.26 1.49 ± 0.15 1.29 ± 0.24
0.2 1.58 ± 0.16 1.47 ± 0.28 1.54 ± 0.15 1.33 ± 0.26
0.3 1.74 ± 0.17 1.61 ± 0.32 1.80 ± 0.18 1.52 ± 0.30
0.5 2.18 ± 0.22 1.98 ± 0.38 2.08 ± 0.20 1.71 ± 0.34

Table 5. The excitation and electronic temperatures for different
powers at 0.1 Torr and an initial argon population density of 95% in
the discharges.

Power Texc (eV) Te (eV) Texc (eV) Te (eV)
(W) (C2H2) (C2H2) (CH4) (CH4)

50 1.37 ± 0.14 1.28 ± 0.24 1.20 ± 0.12 1.07 ± 0.20
100 1.34 ± 0.13 1.26 ± 0.24 1.32 ± 0.13 1.16 ± 0.22
200 1.37 ± 0.14 1.29 ± 0.24 1.40 ± 0.14 1.22 ± 0.24
300 1.47 ± 0.15 1.37 ± 0.26 1.49 ± 0.15 1.29 ± 0.24

(0.1 Torr) and 0.85 (0.5 Torr) if C2H2 is chosen using a power
of 300 W and 95% of argon. In general, we have found that
0.85 � pi � 1.46 and 0.31 � pi � 1.65 when using C2H2 and
CH4 as hydrocarbon precursors varying different processing
parameters, respectively. These values are consistent with non-
equilibrium plasmas in corona balance with electron densities
ranging between 109 and 1011 cm−3 which are the typical ones
for the kind of low pressure RF plasma under investigation
here [17]. Thus, we can proceed to evaluate the electron
temperature in our plasmas by using the modified Boltzmann
plot method (expression (8)) taking into consideration the fact
that the plasma is in corona balance. In order to do so, we
first need to have proper fits for k1i (see equation (7)). This
has been done and two examples of these fits are shown in
figure 5 for electron-impact excitation of ground state argon
atoms to the 4p′ level (with E1i = 13.28 eV) and 7d level (with
E1i = 15.46 eV).

We see in figure 6 two modified Boltzmann plots
corresponding to plasmas with high argon content (95%) at
low pressure (0.1 Torr) with the hydrocarbon gases C2H2

and CH4. The electronic temperature is derived from the
inverse of the slopes of such plots. We find in both cases
that the values of Te are 1.37 eV (C2H2 case) and 1.28 eV
(CH4 case), while the excitation temperatures were 1.47 eV
(C2H2 case) and 1.49 eV (CH4 case). Therefore, it is found
that, in general, the electron temperatures are lower than the
excitation temperatures (see tables 3–5). The latter trend
is very pronounced when we decrease the initial population
density of argon in the discharge (keeping constant the pressure
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Figure 4. Relative population densities of some of the Ar energy levels i used for this study as a function of their effective principal quantum
number pi in Ar(95%)/H2(3%)/CH4(2%) plasmas at (a) 0.1 Torr and 300 W, (b) 0.5 Torr and 300 W and in Ar(95%)/H2(4%)/C2H2(1%)
plasmas at (c) 0.1 Torr and 300 W, (d) 0.5 Torr and 300 W. The equations shown in the figures correspond to the best linear fittings.

and the power). In this case, the Texc is up to 53% higher than
the measured Te when we have an initial 10% of argon in the
discharge at 0.1 Torr and 300 W (see table 3). Moreover, an
increase of the pressure (at constant power and argon content)
also leads to a slight increase of Texc over Te up to 20% at
300 W with an initial 95% of argon in the discharge (see
table 4). We have to consider in the above discussion that,
due to the dispersion exhibited by the experimental data points
(especially at high Ei’s), the errors in Te can affect some of the
trends shown.

We have found that, in general, Te increases with growing
pressure (for any of the powers and initial argon population
densities used). Figure 7(a) represents the variation of Te as
a function of the pressure in plasmas excited with 300 W and
with an initial 95% of argon in the incoming flow. We see
the slow growth of the electron temperature independently of
the chosen hydrocarbon source gas. The use of C2H2 leads
to values of Te slightly higher than those found when using
CH4. It is interesting to note that the observed trend of Te

as a function of the pressure is similar to the one reported
by Godyak et al [21] in pure argon plasmas produced in RF
(13.56 MHz) discharges working in a similar pressure range.

The behaviour of the electron temperature with the
pressure could be understood in terms of the changing shape
of the EEDF with increasing pressure. According to the EEDF
measured by Godyak et al [21] and calculated by Denysenko
et al [22] in, respectively, low pressure RF (13.56 MHz) dust-
free and dust containing argon plasmas, a pressure increase
causes a decrease in the number of high (>14 eV) and low
(<2.5 eV) energy electrons. The latter leads to an increase in
the number of electrons in the medium 5–12 eV region that

could enhance the electron–electron collisions resulting in the
Maxwellization of the EEDF [22].

The underlying reason for the variation of the EEDF shape
with increasing pressure might be connected to a transition
from a stochastic heating mode (at lower pressures) to a
collisional heating mode at higher pressures. Following
Godyak et al [21] we have represented in figure 7(b) the
magnitude ξ = Pst/Pc, which is the ratio of the RF power
density associated to the stochastic heating (Pst) to that of the
collisional heating (Pc), as a function of the pressure. The
explicit form of ξ is

ξ = 1

hdNσe–n
, (10)

where h is the ratio of the electron density in the plasma
boundary to that of the average density in the plasma bulk,
d ∼= 2 cm is the plasma half-width, N is the plasma density
(neutrals) and σe–n is the elastic momentum transfer cross
section in electron–neutral collisions. In our case, the value
of h has been taken as ∼0.25 which is within the intermediate
pressure regime in which the dimensions (radius and length of
the gap between plates) of the RF reactor are greater than the
ion–neutral mean free path [21,23]. The value of σe–n has been
determined by weighting each of the σe–n associated to Ar, H2,
C2H2 and CH4 and summing them up so that σe–n = α1σe–n(Ar)
+ α2σe–n(H2) + α3σe–n(C2H2 or CH4) with α1, α2 and α3 being
the relative initial population densities of Ar [24], H2 [25],
C2H2 [26] or CH4 [27].

We see in figure 7(b) that, in our hydrocarbon/argon-rich
plasmas, the stochastic heating dominates from 0.1 Torr up
to approximately 0.3 Torr where a transition to the collisional
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Figure 5. The rate coefficient associated with the electron-impact
excitation of ground state argon atoms (expression (5), ——) and its
fit (expression (7), - - - -) to the (a) 4p′ level (with E1i = 13.28 eV
and pi = 2.3719) and (b) 7d level (with E1i = 15.46 eV and
pi = 7.5266).

heating regime is predicted. Also seen in figure 7(b) is the
collisional heating prevalence at 0.5 Torr. This transition from
stochastic to collisional heating regimes produces changes
in the EEDF which ultimately affect the dependences of the
electron density and electron temperature on the gas pressure.
Therefore, in discharges controlled by stochastic heating the
electron temperature increases with growing pressure [21]. In
contrast, Te decreases with growing pressure in plasmas clearly
dominated by collisional heating (i.e. far from ξ = 1) [21].

Figure 8(a) shows that, at low pressure (0.1 Torr and
300 W), the electron temperature decreases when the initial
amount of argon in the discharge grows. The latter decrease
of Te becomes weaker as the power decreases (not shown)
from 300 to 50 W. This behaviour can be rationalized in
terms of the transition from collisional to stochastic heating
regimes with increasing argon population densities in the
plasma (see figure 8(b)).

It is important to stress that, as the pressure increases,
we have also found that the impact of increasing the amount
of argon inverts the observed trend of Te versus argon at
low pressures (0.1–0.3 Torr). In fact, at 0.5 Torr (and any
power) the measured values of Te start to slightly increase with
increasing values of the initial population densities of argon in
the discharge (not shown). There are published calculations
on hydrocarbon/argon plasmas at low [28] and medium [29]
pressures where the effect of argon dilution has been studied.
The calculations in a low frequency (0.46 MHz) ICP plasma
at low pressure (0.02–0.07 Torr) show that Te decreases with
growing amounts of argon (from 35% to 73%) [28]; however,
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Figure 6. Modified Boltzmann plots corresponding to plasmas with
high argon content (95%) at low pressure (0.1 Torr) and 300 W using
(a) C2H2 and (b) CH4 as the hydrocarbon source gases.

it is not clear whether the pressure was kept constant or not.
On the contrary, calculations in RF (13.56 MHz) Ar/C2H2/H2

plasmas indicate that Te increases when the amount of argon
changes from 5% to 95% at a pressure of 0.75 Torr [29].

There are also some interesting calculations by Denysenko
et al [30] estimating the influence of the dust distribution on Te.
This is important because at low pressure (0.1 Torr) and high
argon content (75–95%), we have detected deposits of carbon
nanoparticles (see figure 9) in RF-produced Ar/C2H2(1%)/H2

plasmas (as predicted in [31]); the concentration and
distribution of such nanoparticles in our plasma is not known
but it might have an impact on plasma parameters such as the
electron temperature. Regarding the dust particle distribution
in our plasma, we can reasonably guess that it is most probably
of the non-uniform type. The latter possibility is extracted from
a recent work by Hong et al [7] where Ar/CH4 and Ar/C2H2

plasmas were experimentally investigated in a capacitively
coupled RF (13.56 MHz) plasma reactor whose dimensions
(geometrical features) and processing parameters (80% of
argon, 2% of C2H2 or CH4 and 0.076 Torr) were very similar
to ours. According to Hong et al [7], 1.5 min after igniting
the Ar/CH4 discharge, the space between the electrodes was
almost completely filled with dust particles. However, 3 min
later, a dust-free zone (the so-called void) developed in the
central region between the electrodes. The dynamic of the
dust-free zone was such that after 15 min the whole chamber
was dust-free and the dust particles could not be detected any
longer [7]. In the case of the Ar/C2H2 plasmas, some minutes
after ignition a dust-free region also formed, but now this region
did not grow continuously but its border with the dusty region
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Figure 7. Variation of the (a) electron temperature and (b) the
magnitude ξ = Pst/Pc as a function of the pressure in
Ar/H2(3%)/CH4(2%) and Ar/H2(4%)/C2H2(1%) plasmas excited
with 300 W using an initial argon population density of 95% in the
incoming flow.

oscillated with time moving from the centre to the edge of the
electrodes and then backwards again [7]. The latter indicates
that an oscillating non-uniform distribution of dust particles is
formed in RF low pressure Ar/C2H2 plasmas while such non-
uniform distribution only lasts for several minutes in the case
of RF low pressure Ar/CH4 plasmas and then the dust particles
disappear.

The calculations performed by Denysenko et al [30] in
an RF (13.56 MHz)-produced pure argon plasma at 0.1 Torr
containing dust particles indicate that when the dust grains
are mostly located near the plasma boundary (maximum dust
concentration) with a void region between the reactor plates,
the values of Te decrease in the dusty (edge) region while
remaining practically constant in the plasma bulk (dust-free)
region. In addition, the one-dimensional computations by
Denysenko et al [30] suggest that the higher the dust particle
density in the plasma border, the lower the Te values in the
dusty region. The latter would lead to spatially average
electron energies (or Te’s) which would be lower for a high
concentration of dust particles.

We believe that in our plasmas, the increase of the
initial amount of argon in the feed gas leads to a higher
concentration of carbon (dust) nanoparticles non-uniformly
distributed which, according to the results of Denysenko
et al [30] discussed above, might explain the decrease of
the spatially average electron energy with growing argon
population densities. The decrease of the average electron
temperature with increasing concentration of dust particles has
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Figure 8. Variation of the (a) electron temperature and (b) the
magnitude ξ = Pst/Pc as a function of the initial population density
of argon in the feed gas in plasmas produced at 0.1 Torr using a
power of 300 W.

Figure 9. SEM image of carbon nanoparticles detected within
amorphous carbon films obtained from an RF plasma of
C2H2(1%)/H2(4%)/Ar(95%) produced at 0.1 Torr and 300 W.

also been reported by McCaughey et al [32] and Wang et al [33]
in low pressure glow and RF discharges, respectively.

Finally, we have also investigated the variation of Te

as a function of the power from 50 to 300 W keeping fixed
the values of the pressure and argon population density in the
discharge. We see in figure 10(a) (and table 5) that, while
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Figure 10. Variation of the (a) electron temperature and
(b) the magnitude ξ = Pst/Pc as a function of the power in plasmas
produced at 0.1 Torr with an initial 95% of argon in the
incoming flow.

the electron temperature grows slightly with increasing power
when using CH4 (at 0.1 Torr and 95% of argon in the feed
precursors), it remains almost constant between 50 and 200 W
in the case of C2H2 with Te increasing a little from 200 to
300 W. We have observed that, in general, Te grows with
increasing power although this increase becomes sharper at low
argon population densities (10%) and low pressure (0.1 Torr).

We have represented in figure 10(b) the values of ξ as a
function of the power at 0.1 Torr and 95% argon. We can see
that in both cases (CH4 and C2H2) the discharges are clearly in
the stochastic heating regime. In the case of C2H2, ξ exhibits
an almost flat shape while ξ decreases with the power for
CH4. In general, the electron temperature increases as the
border (ξ = 1) between stochastic and collisional heating is
approached (CH4 case) while Te will remain nearly invariant
for constant ξ ’s (C2H2 case). Thus, since ξ (C2H2) < ξ (CH4),
we have Te (C2H2) > Te (CH4).

5. Conclusions

In this work, we have measured the mean electron energy (or
electron temperature) of RF-excited low pressure Ar/CH4/H2

and Ar/C2H2/H2 plasmas produced in a capacitively coupled
reactor. In order to measure Te in such non-equilibrium
plasmas we have shown that our plasmas are much closer to
a corona balance than to a regime where multi-step excitation
dominates. This knowledge has allowed us to use a modified
Boltzmann plot method to determine the values of Te as a
function of different processing parameters of interest such as

the discharge pressure, initial argon content and the excitation
power.

We have correlated the observation that, indistinctively
using CH4 or C2H2, Te grows with increasing pressure with
the predominance of stochastic heating for the conditions used
in producing our plasmas. In addition, we have measured
decreasing Te values for the growing population densities
of argon in the feed gases for pressures between 0.1 and
0.3 Torr, although this trend starts to change at 0.5 Torr. These
results can also be understood in terms of a change in the
heating regime. However, the observed decrease of the average
electron energy can also be a consequence of the different
dynamics (reported by other researchers) of the Ar/CH4/H2

and Ar/C2H2/H2 that produces a transitory (CH4 case) or
oscillating (C2H2 case) ) accumulation of dust particles in
the edges of the plasma. The latter would create a non-
uniform distribution of dust particles which could explain the
lowering of Te in the dusty region near the reactor plates and,
consequently, the lowering of the average electron energy in
the plasma.

Finally, we have also observed that, in general, Te grows
with increasing power. This increase becomes sharper at low
argon population densities (10%) and low pressure (0.1 Torr).
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