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Low-Pressure PECVD of Nanoparticles in Carbon Thin Films
from Ar/H2/C2H2 Plasmas: Synthesis of Films and Analysis of the
Electron Energy Distribution Function**

By Manuel Camero, Francisco J. Gordillo-Vázquez, and Cristina Gómez-Aleixandre*

A study of the synthesis of carbon nanoparticles embedded in carbon thin films deposited by radiofrequency (RF)
(13.56 MHz) Ar/H2 (4 %)/C2H2 plasmas is presented. The carbon nanospheres exhibit an amorphous structure that is clearly
observed at 300 W, under 0.1 Torr, and grows in size with increasing C2H2 between 1 % and 20 %. Above a C2H2 concentra-
tion threshold (20 % in this case) carbon nanoparticles are no longer formed. In order to study possible changes in the plasma
kinetics, optical emission spectroscopy (OES) is used to evaluate the electron temperature while changing the C2H2 concen-
tration. In addition, an analysis of the temporal evolution of the electron energy distribution function (EEDF) is carried out
for various C2H2 concentrations considering the effects produced by electron-vibrational superelastic collisions and relative
concentration of excited Ar atoms. Finally, the morphological and tribological features of the deposited films are character-
ized.
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1. Introduction

Plasma-enhanced (PE) CVD under relatively low pres-
sures is nowadays used for fabricating carbon-based nano-
structures such us, for instance, carbon nanoparticles and
ultrananocrystalline diamond using reactive hydrocarbon/
argon plasmas produced in different kinds of microwave
(MW)[1–4] and radiofrequency (RF) discharges.[5–8] Meth-
ane and acetylene are commonly used as precursor gases.
In spite of the importance of discharges in hydrocarbons
for plasma processing of carbon-based nanostructures,
most of the existing investigations have mainly focused on
the synthesized material,[5] on the plasma,[9] or on trying to
experimentally correlate the plasma characteristics with
the film structure and properties. However, there are not
that many works where the plasma chemistry is simulated

and related to some of the key measured plasma properties
(such as the electron temperature and/or electron density)
in connection with the characteristics of the deposited ma-
terial.

In a wide range of experimental conditions, smooth dia-
mond-like carbon coatings are obtained either from meth-
ane or acetylene gas mixtures. However, it is worth men-
tioning that in this kind of discharge, there is a certain
range of conditions under which dust has been detected
within the plasma bulk.[10] Besides the formation of nano-
particles within the plasma bulk, the reactive species creat-
ed in the plasma may lead at the same time to the forma-
tion of a thin film deposited on the wafer. Although the
growth rate of the particles within the plasma bulk is much
faster than on the substrate, a non-negligible fraction of the
material may be deposited in the form of particles. As is
well known, the incorporation of nanoparticles into grow-
ing films can be used to modify and somehow control the
film properties.[11–13] In particular, nanostructured films
generally exhibit improved tribological properties. There-
fore, an important goal of this work is the growth of carbon
nanoparticles embedded in amorphous carbon films
synthesized under a certain range of experimental condi-
tions (low pressure, high power, and various acetylene
concentrations) from capacitively coupled RF C2H2/H2/Ar
discharges.

Thus, we report here a study of the synthesis, and mor-
phological and tribological characterization, of nanocarbon
structures deposited with low pressure (0.1 Torr) C2H2/H2

(4 %)/Ar plasmas produced in RF (13.56 MHz) discharges
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with high excitation power (300 W), whilst changing the
initial concentration of C2H2 (from 1 % to 20 %). The lat-
ter is accompanied with an analysis of the plasma using
OES with the aim of detecting possible changes in the ex-
cited species in the plasma during the production of carbon
nanoparticles of larger size (from 50 nm to about 120 nm
in diameter) while increasing the amount of C2H2. The
variation of the emission lines of excited species with in-
creasing C2H2 in the gas mixture could be related to the
differences detected in the deposited material.

On the other hand, we have also evaluated how the in-
creasing concentration of C2H2 in the investigated RF dis-
charges, together with various values of the vibrational
temperature, and relative amounts of excited argon atoms
affect the EEDF and its temporal modulation. The latter is
of practical interest since, as is known, the EEDF drives
the electron kinetics underlying fundamental processes in
the bulk plasma, and it is always useful to know whether a
full time-dependent Boltzmann equation needs to be
solved (or not) in order to have a reasonable picture of the
EEDF in such complex RF-produced C2H2/H2 (4 %)/Ar
plasmas. The results from such simulations will let us know
not only the degree of temporal modulation, but also how
plausible it is to assume the commonly used Maxwellian
shape for the EEDF. The analysis of the time modulation
of the EEDF under RF fields has been earlier carried out
both experimentally[14–16] and theoretically.[17–21] For in-
stance, the classic works by Capitelli et al.[18] and Winkler
et al.[19,20] reported calculations of the EEDF time modula-
tion in SiH4, SiH4–H2, CO2, H2, and He gases, while more
recently Loureiro[21] studied in detail a comparison be-
tween the cases of RF-driven plasmas in pure N2 and H2,
showing how the time modulation of the EEDF in H2 is, in
general, much less important than in N2. However, the tem-
poral behavior of the EEDF in low pressure RF-produced
C2H2/H2/Ar plasmas has not been reported. In this regard,
only the stationary or period-average Boltzmann equation
has been solved for studying the kinetics of RF and/or MW
plasmas containing hydrocarbon precursors, such as H2/H/
CH4

[3,22,23] and H2/Ar/C2H2,[9,24] giving results of interest
for the synthesis by PECVD of films with various kinds of
carbon-based nanostructures. Here we have tried to link
the EEDF simulation with properties of deposited films by
using various values of electric fields associated with the
range of particle diameters observed within the films.

2. Results and Discussion

2.1. Study of the Plasma: OES and Analysis of EEDF

As we show in Section 2.2, carbon nanoparticles have
been detected in carbon films deposited using Ar/H2 (4 %)/
C2H2 plasmas produced under 0.1 Torr and at 300 W in a
RF (13.56 MHz) discharge with 1 % (1 sccm of the total in-
coming gas flow) of C2H2. No particles were found if the

pressure and/or the excitation power were changed, or if
the relative amount of argon was changed with respect to
that of H2 (keeping the relative concentration of C2H2 con-
stant at 1 %). The increase up to 20 % (20 sccm) of the
amount of C2H2 in the feed gases, keeping constant the ini-
tial concentration of H2, produced the increase of the nano-
particle diameter (from ∼50 nm to ∼200 nm). We have used
OES to study possible changes in the plasma kinetics when
changing the concentration of C2H2 in the discharge. We
show in Figure 1 two typical OES spectra recorded 5 min
after ignition of the plasma. One can clearly see that Ar
lines are the most abundant, and that the fact of using

20 sccm of C2H2 causes a decrease of Ar lines (less Ar
atoms are available for excitation) since the total incoming
flow is kept constant (100 sccm). In spite of the increase of
C2H2, no lines associated with C2H2, or its dissociation
products, are visible.

Using a technique that we have developed in a previous
work,[25] the present OES data are used to evaluate the
electron temperature of the plasma as a function of the
content of C2H2. The temperatures obtained are
1.37 ± 0.27 eV (1 % C2H2), 1.33 ± 0.26 eV (5 % C2H2),
1.34 ± 0.26 eV (10 % C2H2), and 1.35 ± 0.26 eV (20 %
C2H2), that is, Te remains fairly constant (within experi-
mental error) when the concentration of C2H2 increases.
Since the method we have used to evaluate Te assumes a
Maxwellian EEDF, it will be interesting to find out how
reasonable is this approach for the type of plasmas we are
dealing with.

The analysis of the temporal evolution of the EEDF of
these RF-produced molecular plasmas has a fundamental
interest. Using the approach described in the literature,[26]

we have solved the spatially uniform, time-dependent,
Boltzmann equation with a sinusoidal electric field
(E = E0sin(xt) with x = 2pm and m = 13.56 MHz, with
E0 = 1.0 V cm–1) to study the degree of temporal modula-
tion of the EEDF that will allow us to know whether the
DC effective field approximation[27] and/or the use of a DC
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Fig. 1. OES spectra of Ar/H2(4 %)/C2H2 RF-produced plasmas for 1 % of
C2H2 (dash-dot line) and 20 % of C2H2 (solid line). Features can be seen
more clearly in the inset.
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electric field of magnitude equal to that of the
actual RF field at the corresponding instant in
time (the quasi-steady-state (QSS) approxima-
tion)[28] are applicable. The value of the ampli-
tude, E0, of the electric field is chosen following
recent results on predicted values of the electric
field in dusty plasmas as a function of the dust
particle size.[29,30] The possible use of the QSS
and/or DC effective field approximations would
considerably save computation time (no time-
dependent Boltzmann equation would need to
be solved) and simplify the study of the underly-
ing plasma kinetics.

We have chosen two values of E0 equal to
0.60 V cm–1 and 1 V cm–1 in the plasma bulk
which, according to recent results by Denysenko
et al.[30] for conditions quite similar to ours, are
related to particle diameters of 50 nm and
200 nm, respectively. The latter value is the
maximum particle size that we have detected
(when working with 20 % C2H2), while 50 nm is
the approximate particle diameter found when
using 1 % C2H2.

In our solution of the Boltzmann equation, we
have assumed that the electric field is spatially
uniform and that ohmic heating is the dominant
heating mechanism in the RF discharge. The latter is only a
useful approach since, under the conditions of this work
(0.1 Torr, 300 W with an excitation frequency of
13.56 MHz), stochastic heating can also be important.[25]

Therefore, although our approach of solving a homoge-
neous Boltzmann equation does not completely fit to the
real physical situation of the problem, we believe that it is
still valid and can give valuable information on the approxi-
mate behavior of the EEDF and mean electron energy in
our dusty RF plasma. Moreover, recent results by Denysen-
ko et al.[31] have shown that, for relatively high dust density
(∼5 × 107 cm–3) and/or dust radius (∼100 nm), the results of
the homogeneous Boltzmann are reasonable in describing
the effect of plasma nonuniformity on the EEDF.

Using the processes shown in Table 1, we have calculated
the temporal evolution of the EEDF for different moments
of the RF cycle in the case of 1 % (see Fig. 2a and b), and
20 % (see Fig. 3a and b), of C2H2, respectively. We have
also considered the impact on the EEDF of various concen-
trations (relative to the ground state) of excited Ar states,
and of two values (3000 K and 300 K) of the vibrational
temperature, so that the possible effects produced by elec-
tron-vibrational superelastic collisions are included.

One of the first visible features in Figures 2 and 3 is the
fact that the EEDFs are almost the same for xt = 0 and 2p,
or xt = p/4 and 5p/4. The latter suggests that the distribu-
tion function is modulated at almost twice the applied field
frequency, that is, meedf ≅ 27 MHz.

Another general trend exhibited in Figures 2 and 3 is
that high energy electrons, that is, the tails of the EEDFs

shown, are only slightly more modulated than the low
energy region. In addition, the number of high energy
(20–35 eV) electrons is almost two orders of magnitude
greater with 1 % C2H2 than with 20 % C2H2. The latter and
the slight modulation of the tail of the EEDFs (more no-
ticeable in the case of 20 % C2H2) is due to the fact that tail
electrons (high energy electrons) have more available
channels for losing their energy than low energy electrons
and, consequently, they are lost more easily resulting in a
lower number of energetic electrons and in a more impor-
tant temporal modulation of the EEDF.

Keeping fixed the concentration of C2H2 (1 % or 20 %),
the increase from 10–4 to 10–2 of the fraction of excited Ar
atoms causes a growth of the probability of superelastic
collisions (electron-impact de-excitation) that produce a
general increase in the number of high energy electrons.
The increase of excited Ar atoms is also responsible of a
lower modulation of the EEDF. In addition, Figure 3a and
b exhibit two shoulder-like structures that becomes more
visible when the amount of excited (metastable) argon
atoms is higher.

By increasing the vibrational temperature we can some-
how enhance the population of vibrational levels in H2 and
C2H2 molecules. The latter allows us to perform an analysis
of the impact of electron-vibrational superelastic collisions
in the temporal modulation of the EEDF. Since the amount
of H2 is small and the threshold energies of the vibrational
levels of C2H2 are below 0.5 eV, we did not find significant
differences when using Tvib = 300 K or Tvib = 3000 K. How-
ever, Tvib = 3000 K should be used as being consistent with
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Table 1. Kinetics processes considered for solving the time-dependent Boltzmann equation.

Process Comment Type of process Reference

C2H2 + e ↔ C2H2(v) + e v = 1, 2, 3, 5 Vibrational excitation [32]
C2H2 + e → C2H2(el) + e el = 1, 2, 3 Electronic excitation [32]
C2H2 + e → C2H + H + e Dissociation [33]
C2H2 + e → C2H2

+ + 2e Ionization [33]
C2H2 + e → C2H+ + H + 2e Dissociative ionization [33]
C2H2 + e → C2

+ + H2 + 2e Dissociative ionization [33]
C2H2 + e → CH+ + CH + 2e Dissociative ionization [33]
C2H2 + e → C+ + CH2 + 2e Dissociative ionization [33]
C2H2 + e → H+ + C2H + 2e Dissociative ionization [33]
C2H2 + e → C2H- + H Dissociative attachment [34]
Ar + e → Ar* (4s) + e 3P1, 1P1 Electronic excitation [35]
Ar + e ↔ Ar* (4s) + e 3P0, 3P2 Electronic excitation [35]
Ar + e → Ar* (4p) + e Electronic excitation [35]
Ar + e → Ar+ + e Ionization [35]
H2(j = 0) + e ↔ H2(j = 2) + e Rotational excitation [35–37]
H2(j = 1) + e ↔ H2(j = 3) + e Rotational excitation [35–37]
H2(v = 0) + e � H2(v) + e v = 1, 2, 3 Vibrational excitation [35–37]
H2(v) + e ↔ H2(v + 1) + e v = 1, ... ,8 Vibrational excitation [35–37]
H2 + e → H + H + e Dissociation [35–37]
H2 + e → H2 (el [a]) + e Electronic excitation [35–37]
H2 + e → H + H (n = 2) + e Dissociative excitation [35–37]
H2 + e → H + H (n = 3) + e Dissociative excitation [35–37]
H2 + e → H2

+ + 2e Ionization [35–37]
H2(v) + e → H + H- v = 0, ... ,9 Dissociative attachment [35–37]

[a] = B 1R+
u, C 1Pu, a 3R+

g, b 3R+
u, c 3Pu, d 3Pu.
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recent measurements of the vibrational temperature in
DC- and RF-produced H2 plasmas.[38,39]

Together with the calculated EEDFs, we have also in-
cluded in Figures 2 and 3 the best possible Maxwellian fits.
It can clearly be seen that an increase in the amount of

C2H2 (keeping Ar* constant) up to 20 % produces a Max-
wellization of the calculated EEDF. With 1 % of C2H2, the
Maxwellian fits remain reasonable only for the case of a
large amount of excited argon atoms (see Fig. 2b–d), while
a bi-Maxwellian fit would better cover the lower and higher
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Fig. 2. Time-dependent EEDF f(e,t) in Ar(95 %)/H2(4 %)/C2H2(1 %) after periodic steady state has been reached for cases a) Ar*
(4s) = 10–4 × Ar, b) Ar* (4s) = 10–2 × Ar using a RF field with amplitude E0 = 1.0 V cm–1 (E0/N = 33 Td), c) Ar* (4s) = 10–2 × Ar with
E0 = 0.75 V cm–1 (E0/N = 23 Td), and d) Ar* (4s) = 10–2 × Ar with E0 = 0.6 V cm–1 (E0/N = 20 Td). In all cases we have used Tvib = 3000 K.
The temporal dependence of the applied reduced electric field (E/N) is plotted in the inset of (a) for E0/N = 33 Td.
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electron energy ranges in the case of low concentration of
argon excited atoms (see Fig. 2a)). It is worth mentioning
that, in reasonable agreement with measurements of Te

with increasing C2H2, the values of the Te associated with
the Maxwellian fits (better for 20 % C2H2) are roughly
around 1.75 eV (for 1 % C2H2) and the more realistic
1.15 eV (for 20 % C2H2), exhibiting a decreasing trend
with growing C2H2 that is probably connected with an in-
crease of the non-uniformly distributed[25,29] dust concen-
tration in the discharge due to the fast polymerization of
C2H2 in the plasma.

We can see in Figures 2 and 3 that the assumption of a
Maxwellian shape for the EEDF is, in general, better justi-
fied as the relative concentration of C2H2 grows so that the
measured Tes are closer to the calculated ones when using
20 % C2H2. We have represented in Figure 4 the magni-
tude �= 2 <e>/3 resulting from the solution of the homoge-
neous Boltzmann equation for 20 % C2H2 and
Ar* = 0.01 × Ar. The value of � becomes equal to the elec-
tron temperature when dealing with a Maxwellian EEDF.
We see in Table 2 that the electron temperature resulting
from the Maxwellian fit of Figure 3b is close to the mea-
sured Te and to the value of � resulting from the solution
of the Boltzmann equation under the same conditions.

Finally, due to the reasonably small time modulations of
the EEDFs predicted for the cases of 1 % and 20 % of
C2H2, the DC effective field approximation could be used
when Ar* (4s) = 10–2 Ar, and Ar* (4s) = 10–4 Ar.

2.2. Synthesis and Characterization of the Deposits

Carbon films with embedded nanoparticles have been
deposited by RF-CVD from Ar/H2/C2H2 mixtures varying
the C2H2 content. As can be seen in Figure 5, the deposi-
tion rate of the film sharply increases with growing acety-
lene percentage because of the increase in the carbon pre-
cursor species present in the reactor. Further increments in
the acetylene content (> 10 %) produce the formation of
films which are promptly detached from the silicon sub-
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Table 2. Comparison of electron temperatures obtained from measurements,
Maxwellian fits, and the magnitude 2 <e>/3 obtained from the steady state
solution of the homogeneous Boltzmann equation for various C2H2 concen-
trations (and nanoparticle radius as seen by SEM) in the case of
Ar* = 0.01 × Ar.
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Measured

Te [eV]
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fit Te

[eV]

Boltzmann
2 <e>/3
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20 3(b) 100 1.00 1.35 ± 0.26 1.40 1.15
10 not shown 60 0.85 1.34 ± 0.26 1.50 1.28
1 2(b) 25 1.00 1.37 ± 0.27 2.00 2.60
1 2(c) 25 0.75 1.37 ± 0.27 2.00 2.20
1 2(d) 25 0.60 1.37 ± 0.27 1.90 2.05
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strate, likely due to the high stress of the
coating usually associated with thick
DLC films.[40] In addition, and according
to the above results for increasing acety-
lene flows, the expected larger agglomer-
ates probably formed when using 20 %
acetylene would also be related to the
coating take-off.

The composition and bonding environ-
ment of the deposited thin films have
been studied by infrared (IR) and elec-
tron energy lost (EELS) spectroscopies.
From the IR and EELS results, we con-
cluded that the films consist of a carbon
and hydrogen structure with most of the
hydrogen atoms bonded to sp3 carbon
atoms (C–H vibration IR band below
2950 cm–1). Moreover, following the
method proposed by Landford and
Rand,[41] the analysis of the infrared C–H
band has allowed us to detect a slight de-
creasing trend for the hydrogen content
as the acetylene content increases from
1 % to 10 %. On the other hand, no signif-
icant differences in the sp2:sp3 ratio
(sp2:sp3 ∼0.39), calculated from the EELS
spectra of the films, have been found. The
sp2:sp3 ratio has been obtained from the
characteristic peaks at 285 eV, corre-
sponding to 1s-p* transitions, and at
297 eV, attributed to 1s-r* transitions,
both present in the EELS spectra.

Scanning electron microscopy (SEM) images of the sam-
ples deposited from gas mixtures containing 1 % and 10 %
of acetylene are shown in Figure 6a. Nanoparticles have
been detected in all the deposits, and their size increases as
the acetylene concentration in the plasma becomes higher
(see Fig. 5). The increment in size goes in parallel with a
change in the nanoparticle shape, that is, for low acetylene
content (1 %) spherical nanoparticles, 40–50 nm in diame-
ter, have been detected, whereas larger nanoclusters
(80–120 nm) with slightly different shape have been ob-
served, as higher acetylene concentrations are used.

As is shown in Figure 6a, the clusters formed with 10 %
acetylene are made of agglomerates of quite a few individ-
ual particles, as those formed when using 1 % of C2H2, the
final size of which depends on the number of agglomerated
units. The presence of nanoparticles in the films has been
confirmed by atomic force microscopy (AFM) (see
Fig. 6b). The AFM images confirm the increase of the par-
ticle diameter with increasing acetylene concentration,
which will probably be associated with an increase in the
surface roughness.

Furthermore, one can readily calculate, based on AFM im-
ages (Fig. 6b), the root mean square (rms) roughness defined
as Rq = (R(zi–zaverage)/N)1/2,[42] with zaverage being the average

of the z height values within a given area, zi the individual z
value, and N the number of pixels within the given area.

The rms roughness and the diameter of the nanoparticles
become larger with the acetylene content in the gas mix-
ture. Figure 7 shows the linear increase of the rms rough-
ness of the deposited samples, calculated from the AFM
images, with the diameter of the particles as determined
from the SEM images. Similar rms roughness, as calculated
for the films in this work, have also been pointed out for
different smooth DLC films.[43–45]
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Fig. 6. Images taken by a) SEM and b) AFM of carbon films with nanoparticles deposited from gas
mixtures with an amount of 1 % and 10 % C2H2.
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Fig. 7. Variation of the rms roughness (from AFM results) as a function of
the mean particle diameter (as determined from SEM images).
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Figure 8 shows a transmission electron microscopy
(TEM) image of a carbon particle present in the sample de-
posited with the lowest acetylene content (1 %). Besides

the spherical shape, a particle diameter of 40–50 nm has
been measured confirming the above-mentioned SEM
observations. In addition, TEM images reveal that the par-
ticles have an amorphous structure formed by several
piled-up layers.

According to Berndt et al.,[10] the formation rate of parti-
cles in the plasma bulk can be much faster than on the sub-
strate, but a non-negligible fraction of the reacting species
may be deposited in the form of particles within the depos-
ited film covering the wafer.[10]

In a previous paper[25] we related the formation of nano-
structured carbon films with changes in the parameters of
hydrocarbon/argon plasmas produced in capacitively
coupled RF discharges. There we pointed out a decrease in
the electron temperature as spherical particles were de-
tected in the deposited coatings. For high argon concentra-
tions, low pressure (0.1 Torr), and high power discharge
(300 W) the electron temperature reached a value of about
1.37 eV in coincidence with the detection of carbon nano-
particles in the deposit. In the present work, the films have
been deposited under the pressure and at power conditions
mentioned above, but varying the acetylene concentration
from 1 % to 20 %. For the highest acetylene concentration
(20 %), the deposited coating is easily detached from the
substrate, which has been interpreted as due to the stress
present in the thickly grown coating produced from lower
energetic carbon species impinging at the growing surface.
However, for other (lower) acetylene flows, well-adhered
coatings containing carbon nanoclusters were deposited.

The shape of the nanoclusters slightly changes from
spherical to less symmetrical structures, and their size in-
creases as the acetylene concentration in the gas mixture
becomes higher. From the change in size and shape of the
nanoparticles with the hydrocarbon concentration, it may
be inferred that, as the concentration of the carbon precur-
sor species increases, the small particles will agglomerate
producing the formation of larger nanoclusters with slightly
different shapes.

2.3. Tribological Behavior

In order to minimize the effect of the silicon substrate
during nanoindentation tests, nanoparticulated carbon
films, 1 lm thick, were prepared using various acetylene
concentrations in the gas mixture. The hardness as a func-
tion of the indentation depth has been calculated using the
Oliver and Pharr method.[46] Typical values are those ob-
tained at a depth of 10 % of the total thickness. We de-
tected an improvement in the hardness of the coating with
growing acetylene concentration, and in coincidence with
the increase in the diameter of the nanoparticles formed in
the deposit. The variation of the hardness as a function of
the nanoparticle size is shown in Figure 9a.

The friction coefficient of the deposited coatings was
measured continuously during the test, showing low values
(from 0.13 up to 0.26) compared with the value of 0.6 ob-
tained for uncoated silicon substrates. Figure 9b shows the
friction and wear coefficients of the samples as functions of
the nanoparticle size. An improvement in the friction and
wear behavior of the coatings was detected as the nanopar-
ticle size increased from 50 nm to 120 nm.

Several authors pointed out that the incorporation of
nanoparticles into growing films can be used for controlling
(and improving) the film properties,[11–13] and for reducing
the internal stress in the film.[47] Thus, the presence of
amorphous carbon nanoparticles embedded in the depos-
ited coatings may account for the improvement in their tri-
bological properties. From the results presented, it is worth
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Fig. 8. TEM image of a 40–60 nm carbon nanoparticle formed from a gas
discharge with 1 % C2H2.
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Fig. 9. a)Hardness, b) friction and wear coefficients, for deposited amor-
phous carbon films containing carbon nanoparticles of various sizes.
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mentioning the hardening as well as the decrease in the
friction and wear coefficients as the particle size increases.
As has been widely pointed out,[48] the embedding of nano-
particles inside a hard amorphous matrix is one of the main
possibilities for hardness improvement. In addition, in the
range of low nanoparticle sizes, sliding phenomena may af-
fect negatively on the strength of the final nanocomposite.
Softening caused by sliding is mainly attributed to large
numbers of defects among nanoparticles, which allow fast
diffusion of atoms and vacancies under stress. Regarding
the friction and wear behavior of carbon coatings, it is com-
monly considered as controlled by an interfacial transfer
layer formed during friction.[42] This layer is formed by the
friction-induced modification of the top layer of the carbon
coating into a material of low shear strength. A high sur-
face roughness of the coating causes a stronger interaction
between both surfaces during the friction test and, as a con-
sequence, an increase in the friction coefficient is produced.
However, in the samples studied in this work, the friction
and wear coefficients diminish as the particle size increases
from 50 nm to 120 nm, that is, as the rms roughness varies
from 3 nm to 8 nm. In addition, taking into account the
variation of the friction coefficient of the coatings during
the pin-on-disc test, a slight change in the interfacial trans-
fer layer composition towards carbon-richer films, and thus
better friction properties (lower friction coefficient) be-
tween the layer and the WC/Co tip with the acetylene con-
centration, may be inferred, as has been really measured.
Finally, we would like to indicate that the values of the
hardness and friction coefficients coincide with those usual-
ly reported for these types of coatings,[49–50] however
slightly lower values for the wear coefficient have been
pointed out in the literature,[49,50] probably due to differ-
ences in the evaluation of the removed material from the
wear track.

3. Conclusions

The analysis of the EEDF of our RF-driven C2H2/H2

(4 %)/Ar plasma shows that the temporal modulation of
the electron distribution function is, in general, quite small.
In addition, we found that, independently of the relative
concentration of C2H2 in the plasma, the increase of ex-
cited argon atoms produces a further decrease of the
EEDF time modulation due to the increase of high energy
electrons coming from the electron-impact de-excitation of
Ar atoms. Finally, the EEDF becomes more Maxwellian
with higher C2H2 (when keeping Ar* constant) and, in rea-
sonable agreement with measurements of Te with increas-
ing C2H2, the values of the Te associated with the Maxwel-
lian fits (which is better for 20 % C2H2) are roughly around
1.75 eV (for 1 % C2H2) and 1.15 eV (for 20 % C2H2), the
latter being closer to the measured Te = 1.35 eV ± 0.26.

Regarding the coating analysis, amorphous carbon films
with carbon nanoparticles embedded have been deposited

by RF-CVD from acetylene/hydrogen/argon gas mixtures
under low pressure (0.1 Torr), at high power (300 W), and
high argon concentration (> 75 %). Well-adhered coatings
with the nanoparticle size increasing in the 50–120 nm
range have been grown as the acetylene concentration var-
ies from 1 % to 10 %. The increase in the nanoparticle size
leads to an improvement in the tribological properties of
the coatings, their hardening and reduction of the friction
coefficient, and the wear rate. A slight change in the inter-
facial transfer layer composition towards carbon-richer
films may account for the improvement in the friction-wear
properties between the layer and the WC/Co tip with in-
creasing acetylene concentration.

4. Experimental

A parallel-plate aluminum reactor (STS model 310 PC) was used as the
deposition chamber. While the plasma is on (300 W), the chamber is
pumped by a rotary vacuum pump resulting in a pressure of 0.1 Torr for typ-
ical flow rates of 74–95 sccm Ar, 4 sccm H2, and 1–20 sccm C2H2. After
each run, the chamber is cleaned using O2, and is then pumped by a vacuum
system (roots and rotatory pump RUVAC WSU-501). The gases are intro-
duced 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) during the deposition process (120 min).

A RF generator (Advanced Energy RFX 600 Series 13.56 MHz) is capa-
citively coupled to the upper electrode through an impedance matching net-
work, with an allowed maximum reflected power of 10 W. The lower elec-
trode 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 fiber (pointing to the plasma bulk
perpendicularly to the window of the reactor) and using a EGG & Princeton
Applied Research monochromator (model 1235) with 0.275 m focal length,
a resolution of 0.1 nm, an entrance slit of 25 lm, and a grating of
1200 grooves per mm. 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 during 20 s so that three spectra were recorded in
one minute, and the final spectrum was an average of the three.

The thickness of the deposited samples has been measured by profilome-
try. IR spectroscopy and EELS have been used for analyzing the sample
atomic composition. The nanostructure of the deposit has been studied by
SEM, TEM, and AFM. Finally, the tribological behavior has been evaluated
by subjecting the samples to nanoindentation (Micromaterial, model Nano-
test 300) and pin-on-disk tests (Microtest, model TPD/10). The conditions
used for pin-on-disk tests are as follows: 3 N normal load with a 3-mm diam-
eter spherical tip of WC/Co and 375 rpm. During the measurements, special
attention was paid to the environmental humidity and temperature, keeping
them constant at 21 % and ∼23 °C, respectively, since both parameters
strongly affect the mechanical behavior of the coatings. The experiment was
programmed to stop when the friction value reaches that of the silicon sub-
strate, which is considered as the coating failure condition. The wear coeffi-
cient was calculated as the volume loss from the width and the depth of the
wear track measured by profilometry. Wear was normalized to the distance
covered by the tip and the applied load.
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