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Abstract
Carbon nitride films have been synthesized by means of electron cyclotron
resonance chemical vapour deposition (ECR-CVD) using different power
values (50–212 W) at constant pressure conditions (0.03 mbar). Optical
emission spectroscopy and mass spectrometry were used for the
characterization of the plasma. The films were analysed using energy
dispersive x-ray spectroscopies. It was found that all signal peaks in the
optical emission spectra increased monotonically following the increase in
microwave power. Moreover, we have observed that the radiative emission
from the 4p(2p9) resonant state of Ar is the most affected by CH4 addition to
a pure argon plasma. The latter suggests that a Penning mechanism controls
the activation of CH4 molecules with increasing power levels at relatively
low pressures. Besides, the increase of excited N atoms indicates a higher
activity of the etching mechanisms of carbon nitride films with increasing
power.

1. Introduction

Since the early theoretical studies by Liu and Cohen [1]
suggesting excellent mechanical properties of carbon nitride
solids with a structure similar to that of Si3N4, considerable
effort has gone towards synthesizing carbon nitride alloys by
different techniques [2]. Among them, electron cyclotron
resonance chemical vapour deposition (ECR-CVD) presents
several advantages in terms of its low operating pressure,
high plasma density and high ionization ratio, which helps
to increase the dissociation of N2 molecules [3].

In this paper, we have studied the influence of the
power discharge on the activation of the species forming the
CH4/Ar/N2 plasma maintained at a constant pressure. In
these investigations, the changes in the plasma composition
are related to the deposit characteristics (type of bonding,

3 Author to whom any correspondence should be addressed.

nitrogen content). As expected, the gas phase composition,
i.e. the nature and concentration of various plasma species,
fragmentation of ions, ionization and dissociation degree
together with the gas phase collisional and radiative events,
play a determining role in the nature of the resultant films.

We have used optical emission spectroscopy (OES) and
mass spectrometry (MS) in order to determine the plasma
species and their dependence on the processing parameters
since both diagnostic techniques are very convenient and
effective to detect and monitor some transient species such
as atoms, radicals, ions and molecules with the variation of
plasma parameters.

2. Experimental details

Hydrogenated carbon–nitrogen films were deposited on silicon
substrates by ECR-CVD (ASTEX, mod. AX4500) in a two-
zone (discharge and process) vacuum chamber, from argon,
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Figure 1. Diagram of experimental set-up.

nitrogen and methane gas mixtures. Argon and nitrogen were
both introduced in the discharge chamber while methane was
introduced later in the process chamber by a shower ring (see
the scheme in figure 1).

The experiments carried out consist of varying the
microwave power in the interval between 50 and 212 W while
keeping the pressure constant (0.03 mbar) and maintaining
the ratio [CH4]/[Ar] + [N2] at a value of 0.1. No intentional
heating was applied to the substrate and the temperature
reached during the deposition process was always lower than
100˚C as measured by a thermocouple attached to the substrate
holder.

The thickness and composition of the films were
determined by profilometry (Dektak 3030) and energy
dispersive x-ray analysis (EDAX) (Rontec Detektionssystem
501), respectively. Quantitative EDAX analysis of the
samples was made using as patterns some carbon nitride
samples previously analysed by elastic recoil detection
analysis (ERDA). In addition, the emission pattern resulting
from the different emitting species in the plasma was detected
by OES measurements performed through a quartz window
using an EGG & Princeton Applied Research monochromator
(model 1235) with 0.275 m focal length and a resolution of
0.1 nm. Mass spectrometric measurements were made using a
Hiden Analytical Ltd. Mod. DSMS.

3. Results and discussion

3.1. Plasma analysis by OES and MS

OES is one of the most commonly used techniques to analyse
plasma discharges since OES is simple to use, sensitive and
species selective. Although OES cannot be used to determine
absolute concentrations, relative changes in the (dominant)
ground state species as a function of the external processing
parameters such as gas composition, power or pressure, have
often been inferred from the corresponding variations in the
emission signal associated to the electronically excited states.
For this to be valid, a number of conditions need to be
met, the most obvious of them being that the excited state
should be formed directly from the ground state by electron-
impact excitation [4]. In our case, monitoring of some
emission lines is of special interest. In order to estimate the
relative importance of the different gain and loss mechanisms
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Figure 2. Typical OES spectrum obtained from an ECR-produced
CH4/Ar/N2 plasma at 0.03 mbar.

(including quenching) of a given species X, we can write down
the following approximate general rate equation:

dNX∗∗

dt
= NXNeKXX∗∗ − NX∗∗AX∗∗X∗ − NX∗∗NY Kquen, (1)

where X∗∗ and X∗ represent an upper and lower excited
state of species X, respectively. In expression (1) we have
disregarded the role played by electron-impact de-excitation
of X∗∗ due to its relatively lesser importance when compared
to the spontaneous radiative de-excitation [5]. The magnitudes
NX∗∗ , NX, NY , Ne in equation (1) stand for the concentrations
of the upper excited and ground states of the species X,
the concentration of species Y (contributing to quench the
excited species X∗∗) and the electron density, respectively. In
addition, the coefficients KXX∗∗ , AX∗∗X∗ and Kquen represent
the rate coefficient for electron-impact excitation from X to
X∗∗, the Einstein spontaneous radiative emission probability
from the upper excited state X∗∗ to the lower excited state X∗

and the quenching rate coefficient of the excited state X∗∗ due
to collisions with species of type Y .

Figure 2 presents a typical OES spectrum of an ECR
discharge containing CH4/Ar/N2/ (10 : 30 : 70). As can be seen
in figure 2, the main emission peaks correspond to several
transition lines of argon (811.8 nm and 696–842 nm) [6] and
of molecular nitrogen (first and second positive systems of
N2 at 540 nm, 590 nm, 660 nm, 760 nm, 820 nm, 891 nm,
and at 317 nm, 339 nm, 359 nm, 380 nm, 400 nm, 420 nm,
respectively) [7]. Also, a peak at 868 nm is apparent, which has
been attributed to atomic nitrogen [7, 8]. Finally, the intense
peak located at 390 nm could be due to the contributions of
N+

2 or species CN and CH [8]. First, as we show below, the
CH contribution to the 390 nm line is negligible. The sharp
increase in the 390 nm line intensity when methane is added
to the nitrogen–argon discharge prompts us to consider the
contribution of CN species to this line.

It should be noted that the lines corresponding to the
species derived from CH4 are not clearly distinguished in the
spectra. In this regard, Clay et al [5] pointed out that, in
RF discharges, the relative intensities of OES active plasma
species deriving from N2 were much higher than those of the
species derived from CH4. The latter is true even though
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Figure 3. Typical MS spectrum obtained from an ECR-produced
CH4/Ar/N2 plasma at 0.03 mbar.

the activation energy of CH is lower [5] and therefore the
excitation efficiency for N2 was assumed to be higher than
that for CH4. Then, since under our experimental conditions
the methane/nitrogen ratio is even lower than that used by Clay
et al [5], the peaks associated with carbon containing species
will be extremely weak, which will complicate their detection.

MS is also used for plasma analysis since it allows
us to determine the plasma composition from the detection
of species with different mass/charge ratio. In figure 3,
a typical mass spectrum of an ECR activated CH4/Ar/N2

(10 : 30 : 70) mixture is shown and the main species detected
can be classified as: (a) atomic and molecular hydrogen coming
from the activation–dissociation of methane molecules,
(b) carbonated species, also coming from methane molecules:
CH (amu: 13), CH2 (14), CH3 (15), CH4 (16), (c) nitrogen
species: atomic (amu: 14) and molecular (amu: 28) and
hydrogenated nitrogen species: NH (amu: 15) and NH2

(amu: 16), and finally, (d) atomic argon (amu: 20 and 40).
Other species produced in the deposition process like CN (26),
C2H2 (26), HCN (27) or C2H4 (28) were also detected. Both
techniques, OES and MS are complementary and give us a
global view of the main species present in the plasma.

3.2. Influence of the power discharge in the growth process

The microwave power has a remarkable effect on the total
intensity of the recorded OES spectra, becoming up to four
times higher within the power range studied. In particular,
the peaks at 390 nm, 359 nm, 811.8 nm and 868 nm become
20, 10, 6 and 3 times more intense, respectively, as the power
increases from 50 to 212 W. As is known, only a low percentage
(∼5%) of species in a plasma emits in the UV–visible range
and, consequently, the role of non-emitting species present in
the plasma should not be ruled out. These non-emitting species
(neutral, ions or radicals) could participate in the process as
formation and/or etching agents of the film. From this, the
importance of using MS for completing the plasma study can
be inferred.

Figures 4 and 5 show the increase in the intensity of the
main OES peaks (359 nm (N2), 811.8 nm (Ar∗) and 868 nm (N)
and 390 nm (mainly CN)) as a function of the discharge
power as well as the variation of the deposition rate and the
composition (N/C) of the deposited films. In the 50–212 W
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Figure 4. Emission peak intensities (359, 390, 811.8, 868 nm) from
an ECR-produced CH4/Ar/N2 plasma at 0.03 mbar as a function of
the power.
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Figure 5. Variation of the deposition rate and N/C ratio with the
microwave power.

range, the intensity of the emission lines strongly increases
with growing microwave power (see figure 4). As is known, the
increase in microwave power leads to an increase in the electric
field strength and, consequently, in the electron energy and
density (greater plasma ionization degree). Therefore, as the
microwave power increases, the electrons gain enough energy
for inelastic collisions to become efficient and, consequently,
more and more molecules are excited and dissociated and/or
ionized, resulting in an increase of excited argon, nitrogen
atoms and molecular nitrogen. An electron must first acquire
a minimum threshold energy for exciting, dissociating or
ionizing a neutral particle and then, when the microwave
power increases, more probability exists that an electron acts
on a neutral particle. In the previous work [6], we pointed
out that the degree of activation (by collisions with either
nitrogen and/or argon species previously excited) of methane
molecules introduced downstream in the discharge depends
on the nitrogen/argon ratio in the gas mixture. Under the
conditions of this study (N2/Ar < 3), methane molecules
are predominantly excited by collisions with argon atoms
[6]. From the study of argon and methane mixtures, it was
detected that argon species, emitting at 811.8 nm [6], are
directly involved in the activation of methane molecules. In
this sense, Lee et al [9] pointed out that CH4 is more effectively
decomposed in ECR plasmas when argon is present in the gas
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mixture because the heavy mass of Ar contributes significantly
to increase the momentum of radicals through momentum
transfer collisions. In fact, the latter activation mechanism
works more efficiently than the activation produced when
methane molecules are directly introduced in the excitation
chamber. Therefore, the increase in the intensity of the OES
peak at 811.8 nm (see figures 4 and 5) with the discharge power
might be interpreted as an increment of the concentration
of excited argon species, resulting in an increase in carbon-
containing radicals coming from methane excitation due to
the exchange of energy (Penning mechanism) and momentum
with excited argon atoms [10]. The latter experimental
behaviour (increase of the 811.8 nm intensity of Ar with
growing power) can be approximately quantified by using
equation (1) particularized for the concentration of the upper
excited state 4p(2p9)of argon and assuming that the plasma is in
steady state. Thus, we find that the concentration of the excited
state 4p(2p9) of argon can be approximately given by

NAr(4p) = NAr(3p)NeK3p4p

A4p4s + NCH4Kquen
, (2)

where approximate values for the reaction rates appearing
in equation (2) are A4p4s = 3.66 × 107 s−1 [11], K3p4p =
7.31×10−13 cm3 s−1 (for an electron energy of 2 eV [11]) and
Kquen ∼ 7×10−10 cm3 s−1 [12]. The use of equation (2) allows
us to have a first analytic estimation of the emission intensity
I4p4s ∼ N4pA4p4shν4p4s. The use of the latter expression
together with equation (2) leads to

I4p4s ∼= NAr(3p)NeK3p4p

1 + NCH4Kquen/A4p4s
. (3)

If we assume that the electron density increases with
growing power, we deduce from expressions (2) and (3) that
when the power increases (at constant pressure and keeping
constant the relative proportions between CH4, Ar and N2),
the amount of excited Ar atoms in the 4p(2p9) state grows
and that, correspondingly, the emission intensity I4p4s will
also exhibit an increasing trend as observed experimentally.
In addition, the activation of CH4 through Penning effects,
i.e. transfer of the excitation from excited argon to methane,
will be more effective with increasing concentration of excited
Ar(4p(2p9)) atoms in the plasma. However, in our present
plasma conditions (low pressure) the Penning mechanism
plays a secondary role in the (non-radiative) de-excitation of
Ar(4p(2p9)) atoms.

The formation of meaningful amounts of atomic and
molecular hydrogen, coming from the activation of methane
molecules, has been detected by MS. The presence of atomic
hydrogen in methane/argon discharges was also detected by
OES (line 656 nm, Hα). For the experimental conditions
of this work, nitrogen is also present in the gas mixture,
and then the lines corresponding to the first positive system
of molecular nitrogen makes the detection of the Hα peak
extremely difficult. The increase in the partial pressures of
both atomic and molecular hydrogen signals confirms that
the activation–dissociation of methane molecules is being
enhanced. The signals m/q = 28 (N2 and C2H4) and 40 (Ar)
remain almost constant; however, a slight decrease in the
intensity of the lines m/q = 13, 15 and 16 is detected as the
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Figure 6. Variation of the relative intensity of the main MS signals
as a function of the power (13 amu (CH), 14 amu (CH2, N), 15 amu
(CH3, NH), 16 amu (CH4, NH2), 26 amu (C2H2, CN), 27 amu
(HCN) and 28 amu (C2H4,N2)).

power increases (see figure 6). In these mixtures (CH4/N2/Ar),
the signals m/q = 15 and 16 reach values somewhat higher
than the ones obtained in methane and argon mixtures, where
no nitrogenated species can be generated. Therefore, in the
studied mixtures, the signals (15 and 16) also involved the
contribution of NHx radicals. As the power increases, we can
expect an increase in the concentration of NHx radicals also;
therefore, the slight decrease of these lines with the power
supposes that the lines m/q = 15 and 16 also diminish, which
confirms again the above-mentioned enhancement of methane
activation–dissociation. It is important to mention here that
the m/q = 14 line associated with CH2 radicals and atomic
nitrogen is clearly more intense (see figure 3) than 15 and
16 signals due to the atomic nitrogen contribution. Also, in
figure 6, it may be seen that the m/q = 14 line remains
almost constant with the power. Taking into account the larger
production of atomic nitrogen when the power becomes higher,
a diminishing of the CH2 signal with the microwave power
may be deduced. Other lines present in the mass spectra
(m/q = 26 and 27) correspond mainly to C2H2 and HCN
species, which are also intensified for increasing microwave
power values (figure 6). Therefore, we may presume that
as the dissociation of methane molecules is enhanced, the
concentration of carbonated species increases and they may
recombine resulting in the formation of the dicarbonated
species (C2H2, C2H4) detected. It is important to note that the
C2H4 signal (m/q = 28) is almost totally overlapped by the
intense N2 signal and, consequently, the variation of the C2H4

signal with the discharge power cannot be clearly differentiated
from the N2 one.

The number of HCN molecules (m/q = 27) detected in
the mass spectra also becomes larger for increasing microwave
power. The increase in the HCN signal has been associated
with an enhancement in the etching of the growing surface
due to the larger content of nitrogen atoms in the plasma
coming from the activation of molecular nitrogen. However,
the production of HCN in the gaseous phase should not be
ruled out.

The influence of the microwave power on the plasma
emission pattern described above accounts for the variation in
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the deposition rate presented in figure 4, where it is shown that
the deposition rate increases as the power increases. Moreover,
as a general rule, already shown in previous reports [13], when
the deposition rate increases the nitrogen content in carbon
nitride films always diminishes (see figure 5).

To conclude, the overall deposition process consists in the
actual carbon nitride formation, controlled by the activation
of methane molecules and by etching processes mainly due
to the nitrogen atoms generated in the ECR plasma [14, 15].
From OES and MS results, an increase in the atomic nitrogen
content in the plasma when the discharge power increases may
be assumed. In addition, the significant increase in the 390 nm
emission signal (N+

2 and mainly CN) and in the HCN MS line
may account for a more intense etching process on the film’s
surface. It is worth indicating that CN species could also be
produced as an intermediate stable compound associated with
the CN bonds created [16].

3.3. Growth model

During the growth of ECR carbon nitride films from
Ar/N2/CH4 gas mixtures, two simultaneous processes should
be considered: carbon nitride formation and etching of the
growing surface. The formation process is mainly controlled
by the content of carbon-containing species in the plasma
coming from methane molecules. Since methane molecules
are introduced downstream in the excitation chamber, they
are weakly activated by electron impact. As a consequence,
for the activation–dissociation of methane molecules to take
place, the presence of other activated species, capable of
exchanging energy and momentum, is required [10]. As
is known, the dissociation of the CH4 molecule is usually
associated with its excitation and, as pointed out by Zhu
et al [10], the main mechanism underlying the dissociation
is attributed to an energy-transfer process like, for instance,
a Penning mechanism, which involves the collisions of CH4

with the resonant states of noble gases with excitation energies
higher than the dissociation threshold of CH4. In this case,
the energy is transferred to the reactant molecules from the
excited noble gas atoms, which take little part in the subsequent
energy disposal. Further on, the dissociation of the energized
CH4 molecules is believed to occur according to the following
reactions:

Ar∗ + nCH4 → Ar + nCH∗
4 → Ar + CH + CH2 + CH3 + H,

(4)

where Ar∗ represents the resonant state Ar[4p(2p9)] whose
radiative de-excitation emission line at 811.8 nm is the most
affected by methane addition to pure argon plasmas [11]. It
is interesting to note that Penning effects involving resonance-
excited atoms can have greater cross sections than those where
metastable atoms appear although the latter ones are much
more numerous than short-lived resonance-excited atoms [17].
The argon excitation and de-excitation sequence would be

Ar(3p) + e → Ar[4p(2p9)] + e
↓ hν (811.8 nm)

Ar[4s(1s5)].
(5)

Among the radicals produced through reaction (4), CH3 is
usually considered as the most important species for the growth

of amorphous hydrogenated carbon from pure methane and/or
methane/hydrogen plasmas [18]. However, Bhattacharyya
et al [16] have shown that the generation of CH3 radicals,
unlike that of CH radicals, is inhibited due to the presence of
nitrogen species, especially at high concentrations of nitrogen.

During the growth process of carbon nitride films in
ECR discharges, the production of atomic nitrogen should be
taken into account, since atomic nitrogen etches the deposited
material effectively. As the microwave power increases, the
intensity of the atomic nitrogen peak (868 nm) increases in
parallel with the 811.8 nm argon line and thus, both formation
and etching processes will be enhanced.

4. Conclusions

We have analysed the influence of the discharge power on
some of the different reaction paths underlying the activation
of the species taking part in the synthesis of carbon nitride
thin films from CH4/N2/Ar ECR-plasmas. We have found
that the deposition rate and the emission line corresponding to
Ar (811.8 nm transition) increases significantly with discharge
power. This suggests that the formation of carbon nitride
should be mainly associated with the dissociation of methane
molecules through Penning activation in collisions with
resonant Ar atoms. Finally, the increase of the 868 nm
emission line of excited N atoms indicates an increase in the
intensity of the etching mechanisms of carbon nitride films
with increasing power.
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[18] Möller W 1991 Diamond and Diamond-Like Films and

Coatings ed R E Clausing et al (New York: Plenum ) p 229

126


