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The optical emission spectroscopy was applied to investigate the middle frequency (100 kHz) and dc low
pressure discharges, generated in the nitrogen–acetylene–argon and nitrogen–acetylene–helium
mixtures, commonly used for deposits of carbon nitride thin layers. Changes in the emission intensities
of the selected species: CN, CH, C, H, N2, N2

þ as well as Ar, Arþ and He, were studied as a function of the
discharge current. Excitation processes occurring in the presence of argon and helium were compared
and discussed. The N2–C2H2–Ar and N2–C2H2–He plasmas generated in the 100 kHz and dc glow
discharges were characterized by the excitation (Ar, He, H), vibrational (CN, N2) and rotational (CN, N2

þ)
temperatures. A significant deviation from the equilibrium state was observed for the plasma containing
argon as well as helium.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The study of hydrocarbon–nitrogen mixtures with and without
noble gases (argon, helium, neon, xenon, krypton) and low pressure
discharges is of great importance due to their wide application in
production of carbon nitride materials [1–10]. Usually, for the depo-
sition of carbon nitride thin layers (CN:H) by the plasma-assisted
chemical vapour deposition (PACVD) method, methane–nitrogen
[2,6,7] or acetylene–nitrogen [1,8,9] mixtures at various molecular
gas ratios were applied. The quality and properties of the carbon
nitride coatings strongly depended on the deposition conditions [9].
It was reported [11,12] that an addition of the noble gases to the
hydrocarbon–nitrogen plasma changed the microstructure of the
carbon nitride thin layers and, consequently, their properties.

In order to understand the mechanism leading to the formation
of materials with relevant parameters, it is necessary to investigate
plasma parameters and phenomena which occur in the plasma
phase. The reaction occurring in the gas plasma phase as well as
concentrations of active species play a key role in the processes
leading to the formation of thin layers.

The optical emission spectroscopy (OES), due to its non-invasive
character was often applied to investigating and controlling plasma
processes [13–15]. It yields information about the excited species in
the plasma, the plasma processes as well as the plasma tempera-
tures [13–18]. The optical emission spectroscopy was often
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employed to investigate the reactive plasma system enabling to the
formation of coatings and films [7,17,19]. However, knowledge on
plasma characteristics for the system containing acetylene, nitrogen
and noble gases is very scarce [20,21]. The interaction of noble gases
(Ar, He, Ne, Xe, Kr) plasmas with carbon nitride coatings was
investigated by Durrant et al. [20] by means of OES. They recorded
and identified species present in plasma spectrum and found that
low concentration of CH was produced as a result of an interaction of
noble gases with CN:H materials. The optical actinometry tech-
niques, based on the emission intensity measurements, were also
applied to the study of acetylene–nitrogen–helium radio frequency
plasma [21]. Sung et al. [12] showed that an addition of argon to the
acetylene – nitrogen microwave plasma significantly enhanced the
emission intensity of CN radical. Dinescu et al. [22] studied a low
pressure arc generated in the acetylene–nitrogen–argon mixture by
the OES technique to know mechanism of chemical reactions.

Previously [16], we investigated the middle frequency (100 kHz)
and direct current (dc) plasmas generated in the nitrogen–acety-
lene mixtures, using OES and the optical actinometry technique.
Here, the effect of the addition of noble gases (Ar or He) to the
nitrogen–acetylene 100 kHz and dc plasma was analyzed versus the
discharge current. The plasma parameters, i.e. electron ‘‘excitation’’,
vibrational and rotational temperatures were determined and
compared for dc and the 100 kHz plasma.

2. Experimental setup

The experimental setup was described in the earlier works
[16,19]. Briefly, the middle frequency (100 kHz) or direct current
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Fig. 1. The emission spectra of the N2–C2H2–Ar and N2–C2H2–He mixtures in the
region a) from 365 to 435 nm and b) from 480 to 525 nm.

Table 1
List of the investigated species.

Species Wavelength [nm] Transition Threshold energy [eV]

H 656.28 3d2 (D3/2)–2p2Po
3/2 12.1

C 247.86 3s1 (Po)–2p2 (1S) 7.68
CH 431.44 (0–0) A2D–X2P 2.9; w 11
CN 388.43 (0–0) B2S–X2S 3.2
N2 380.49 (0–2) C3Pu–B3Pg 11.2
N2
þ 391.44 (0–0) B2Sþu–X2Sþg 3.1; 18.7

P. Jamroz, W. Zyrnicki / Vacuum 84 (2010) 940–946 941
(dc) discharge was generated between two parallel Armco steel
electrodes (diameter 22 mm, thickness 2 mm, space between the
electrodes 16 mm) in a Pyrex glass chamber. The plasma reactor
contained the quartz window enabling observation of the plasma
radiation between the electrodes. The reactor walls were cooled by
tap water. The JY Triax 320 monochromator (resolution 0.05 nm in
the first order for diffraction grating with 1200 grooves mm�1) and
the PGS-2 spectrograph (resolution 0.012 nm for diffraction grating
with 651 grooves mm�1) working with photomultipliers (Hama-
matsu R-928 or DH-3), were applied here to record spectra. The
changes of all optical system sensitivities versus the wavelength
(from 200 to 800 nm) were corrected by means of the CL2 Bentham
Reference Lamp. The UV achromatic lens (f¼ 80) were used to focus
the plasma radiation on the entrance slit of the spectrometer or the
spectrograph. The radiation of plasma was collected near the
cathode in the negative glow region.

The gas mixtures flowing through the glass chamber were
pumped continuously using the rotational pump with the cryo-
genic trap (liquid nitrogen). The pressure gauge (Pfeiffer PKR 251)
was applied here to control the chamber pressure. During all the
experiments, the pressure was maintained at 6 Torr (800 Pa). The
gases used, i.e.: acetylene, nitrogen, argon and helium, were 99.99%
grade pure. The N2:C2H2:Ar(He) ratio was 1:1:1 for each
measurement.

The current was varied in the range from 60 to 120 mA for the dc
and 100 kHz discharges. The operating powers of both discharges
were the same. The current increase in the discharges from 60 to
120 mA caused the growth of the voltage from 500 V to 700 V and
from 700 V to 985 V for the N2–C2H2–Ar and N2–C2H2–He mixtures,
respectively.

3. Results and discussion

3.1. Emission intensities of species in the N2–C2H2–Ar and N2–
C2H2–He mixtures

The emission spectra of 100 kHz and dc discharges in the argon–
nitrogen–acetylene and nitrogen–acetylene–helium mixtures were
measured in the range of wavelength from 200 to 800 nm. The
main species observed in the N2–C2H2–Ar and N2–C2H2–He
discharges were: N2

þ, N2, CN, H, CH, NH and C. The same species
were noted in the acetylene–nitrogen plasma [19]. Additionally, in
the mixture containing argon numerous Ar I lines with the exci-
tation energy from 13 to 15.5 eV and Ar II lines (excitation energies
19–22 eV, total excitation energies from 35 to 38 eV) were detected.
When, helium was introduced, instead of argon, to the acetylene–
nitrogen plasma several atomic lines of He I were observed. The
most intensive lines of He I were noted at 388.86; 447.15; 501.57;
587.56 and 667.81 nm. The He I line at 388.86 nm was partially
overlapped by the (0–0) band of N2

þ with the band head at
391.44 nm. No ionized helium lines could be recorded, due to high
ionization energy of helium (24.58 eV). Intensities of Ar I and ArII
lines were considerably higher in the 100 kHz plasma in compar-
ison to those in the dc plasma. A similar effect was observed for He I
lines, which were more intensive in the 100 kHz discharge.
Generally, the increase of current caused the growth of emission
intensities of Ar I, Ar II and He I in the N2–C2H2–Ar and N2–C2H2–He
mixtures, respectively. Emission spectra of the N2–C2H2–Ar and N2–
C2H2–He plasma were compared in Fig. 1.

The following species: CH, CN, C, H, N2
þ and N2, may play an

important role in the plasma processes leading to the formation of
carbon nitride materials and thus the emission intensities of these
species were monitored versus the discharge current. The lines and
molecular bands of the species as well as their spectroscopic data
were presented in the Table 1.
The variations of the emission intensities of H, CH, CN and C
versus the discharge current are shown in Figs. 2 and 3 for the
100 kHz and dc plasmas. The change of the current from 60 to
120 mA led to an increase in the intensities of H, CH, CN and C in the
both analyzed mixtures and discharges. In the 100 kHz as well as dc
discharges, the intensities of H, CH and CN radicals were higher
than in the case of the N2–C2H2–Ar mixture.

Cracking the C–H bond in the acetylene (H–C^C–H) molecule
by the electron impact is probably a first fragmentation step,
because the energy of the C^C bond (10 eV) is higher than the
energy of the C–H bond (5.8 eV) in acetylene [22].

C2H2 D e [ C2H D H D e (1)

The C2H radical may be then dissociated to the CH molecule and the
H atom as a result of impact with argon ions [23]. On the other hand,
the metastable states of argon with the energies of 11.55 eV Ar(3P2)
and 11.72 eV Ar(3P0) in the N2–C2H2–Ar mixture may also contribute



Fig. 2. The emission intensities of H and CH versus the discharge current in the N2–C2H2–Ar (solid line) and N2–C2H2–He (broken line) mixtures.
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in the dissociation processes of acetylene and/or products origi-
nating from acetylene [20,23]. It can be the reason why the CH and H
intensities were higher in the argon than in the helium atmosphere.

Fig. 4 illustrates the N2
þ and N2 emission intensities in the

N2–C2H2–Ar and N2–C2H2–He dc and 100kHz discharges. Generally,
the increase of the discharge current resulted in the growth of
intensities of the N2

þ and N2 molecules. Only the intensity of N2 in
the N2–C2H2–He dc plasma slightly decreased versus the discharge
current. The introduction of argon, instead of helium, to the
nitrogen -acetylene 100 kHz plasma did not cause any significant
changes in the emission of N2. No similar effect was noticed for the
dc plasma, where the N2 emission intensity in the N2–C2H2–Ar
Fig. 3. The effect of argon (solid line) and helium (broken line) in the nitrog
mixture was higher than in the N2–C2H2–He mixture. In the both
analyzed discharges, significantly higher emission intensities of N2

þ

(Fig. 4) were observed in the mixture containing helium, in
comparison to the plasma with argon. The ionization degree of
molecular nitrogen, deduced from the ionic molecule to neutral
molecule intensity ratio was also higher in the presence of helium.

The experimental results for N2
þ can be explained by the

contribution of He. Helium, probably in the metastable excited
state, contributed in the production mechanism of N2

þ. It was
reported that the excited state of N2

þ(B) may be populated by the
interaction of nitrogen with metastable states of helium, i.e. He
(3S1) and/or He (1S0), as a result of Penning ionization process [13]:
en–acetylene mixture on the emission intensities of CN (D) and C (�).



Fig. 4. The emission intensities of N2
þ and N2 for the 100 kHz and dc plasmas in the N2–C2H2–Ar (solid line) and N2–C2H2–He (broken line) mixtures.
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N2ðXÞ D Hem [ ND
2 ðBÞ D He D e (2)

Thus, the addition of helium to the nitrogen–acetylene mixture
increased the emission intensity of N2

þ(B) as well as ionization rate
of nitrogen.

Both CN and CH species identified in the plasma play a signifi-
cant role in the formation of CN:H coatings [24]. The IR results of
deposited materials from acetylene–nitrogen plasma revealed the
formation of CN and CH bonds in coatings [9,21]. Moreover, Perreira
et al. [24] found a good correlation between emission of CN and CH
species and IR signal of bonds (CN, CH) in the CN:H materials.
3.2. Plasma temperatures

In order to describe the energy distributions and phenomena in
plasma, the dc and 100 kHz low pressure discharges were charac-
terized by means of the electron ‘‘excitation’’, as well as vibrational
and rotational temperatures. The plasma generated in low pressure
discharge is usually not in the thermodynamic equilibrium state
[16]. Several temperatures (translation, rotational, vibrational,
excitation, etc.) can be distinguished. A simultaneous determina-
tion of these temperatures enables wide characteristics of plasma
and the evaluation of the equilibrium phenomena [19].

The excitation temperatures of the atomic argon Texc(Ar) and
helium Texc(He) were calculated with the use of the Boltzmann plot
method, employing the relation:

ln
�

Inm
em lnm

gnAnm

�
¼ C � En

kTexc
(3)

where: I – is the emission intensity of line, l – wavelength, g –
statistical weight, A – transition probability, E – energy of the upper
level, k – Boltzmann constant, C – constant, n, m indexes of upper
and lower states, respectively

Plotting the ln(Ieml/gA) versus the energy of the upper levels (En)
yields the straight line with the slope equal to �1/kTexc. Ten atomic
lines of Ar (at 675.28; 687.13; 696.54; 703.03; 706.72; 714.70;
720.70; 727.29; 737.21; 751.47 nm) and five atomic lines of He (at
282.91; 447.15; 471.32; 501.57; 504.77 nm) were selected here for
temperature determination.

The excitation temperature of hydrogen Texc(H) was computed
using the so called two line method [14]:

I1
I2
¼
�

g1A1l2

g2A2l1

�
exp

�
� E1 � E2

kTexc

�
(4)

Two strong atomic lines of hydrogen, i.e. Ha at 656.56 nm and Hb

at 486.13 nm were applied. The spectroscopic constants of the Ar I,
He I and H lines were taken from NIST Atomic Spectra Database [25].

The vibrational temperatures (Tvib) of N2, CN were calculated
using the Boltzmann plot method from the relation [14]:

ln

 
Iv0v00

qv0v00n4
v0v00

!
¼ C � Gðv0Þ

kTvib
(5)

where: I – is the emission intensity of the vibrational band
measured at the head, q – Franck–Condon factor, n – the transition
frequency, G(v0) – the vibrational energy of the upper state.

Four bands of B2Sþ–X2Sþ of the CN molecule, i.e. (0–0), (1–1),
(2–2), (3–3), six bands of N2, i.e. (0–2); (1–3); (2–4); (1–0); (2–1);
(3–2) were employed.

The rotational temperatures (Trot) were determined using the
rotational lines of (0–0) band of B2Sþ–X2Sþ of CN and the (0–0)
band of B2Su

þ–X2Sg
þ of N2

þ by means of the expression [14]:

ln
�

IK 0K 00

K 0 þ K 00 þ 1

�
¼ C �

F
�

K
0
�

kTrot
(6)

where: I – is the emission intensity of the rotational line, F(K0) – the
energy of the upper rotational state, K0 and K00 – the rotational
quantum numbers of the upper and lower states, respectively.

The rotational spectra of CN (0–0) and N2
þ (0–0) bands (see in

Fig. 5) were measured in the fifth order by the high-resolution
spectrometer (resolution 0.0024 nm). The rotational lines of the R –
branch of N2

þ (from R8 to R21) and rotational lines of P – branch of
CN (from P1 to P18) were selected here for the measurements of the
N2
þ and CN rotational temperature, respectively. The overlapping of



Fig. 5. The high-resolution spectra of CN (0–0) and N2
þ (0–0).
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the P-rotational lines of CN band and overlapping of He I line with
R-rotational lines of N2

þ were taken into account. The other details
on the determination of excitation, vibrational and rotational
temperatures as well as molecular constants were presented in the
previous articles [14,19].

The distribution of the analyzed excitation atomic, vibrational
and rotational populations of species was found to follow the
Boltzmann law. The obtained temperatures were shown in Figs. 5, 6
and 7. The standard deviation uncertainties of the temperature
values were: 15–20%, w15% and 2–5%, respectively for the excita-
tion, vibrational and rotational temperatures.

Changes in the excitation temperatures of Ar I, H and He I in the
N2–C2H2–Ar and N2–C2H2–He mixtures were presented in the Fig. 6
for the 100 kHz and dc plasmas. The excitation temperature of Ar I
and He I slightly increased with the current of discharge. In the N2–
C2H2–Ar mixture, the highest temperature was observed for Ar I
(12,000–14,500 K), while the excitation temperature of H was
slightly lower: 9500–10,100 K and 9000–10,300 K for the 100 kHz
and dc discharges, respectively. The excitation temperature of He I
varied from 3000 K to 3600 K and from 3200 K to 3600 K for the
Fig. 6. The excitation temperatures of Ar, He and H versus the discharge curre
100 kHz and dc plasmas, respectively. The comparable values of the
excitation temperature of He I (3000–3800 K) were reported in the
various type of helium plasmas [26]. In the case of the N2–C2H2–He
mixture, the excitation temperature of H was significantly higher
than Texc(He) and changed from 10000 K to 13000 K in both
analyzed plasmas.

The vibrational temperatures of CN and N2 were demonstrated
in Fig. 7. The CN vibrational temperature was about two times higher
than the N2 vibrational temperature. The addition of Ar, instead of
He, to the N2–C2H2 mixture resulted in a growth in the Tvib(CN) by
about 500 K and 1000 K, in the 100 kHz and dc plasma, respectively.
At the same conditions, the vibrational temperatures of N2 were
equal 2600–2700 K and 2600–3200 K and were practically inde-
pendent from the gas mixture composition as well as the current.

The rotational temperatures of CN and N2
þ were collected in the

Fig. 8. As can be observed in the Fig. 8 the CN and N2
þ rotational

temperatures, measured at the same current, were consistent for
the dc and 10 kHz discharges, independently of the working gas
composition. The rotational temperatures increased versus the
current and varied in the range from 640 K to 820 K and from 770 K
to 920 K for the N2–C2H2–He and N2–C2H2–Ar mixtures, respec-
tively. The growth of rotational temperature versus current in
examined mixtures is due to increase of the discharge power. The
lower value of the rotational temperature of N2

þ (440 K) was noted
Kutasi et al. [27] in the dc nitrogen plasma.

The introduction of argon, instead of helium, to the nitrogen–
acetylene mixture resulted in an increase in the rotational
temperature by about w120 K in the both examined discharges. A
similar effect was also observed by Shimada et al. [28] in the argon
and helium low pressure inductively coupled plasma.

The rotational temperatures determined from different species,
i.e. N2

þ and CN were consisted, both in the dc and 100 kHz
discharges. The experimental results for the rotational tempera-
tures of CN and N2

þ indicated that rotational–translational relaxa-
tion were sufficiently fast to equilibrate translational (gas) and
rotational temperatures and thus the rotational temperature rep-
resented here the translation/gas temperature.

The measurements of the rotational temperature and the elec-
trode surface temperature were published for the nitrogen and
nitrogen-hydrogen atmospheres and at similar conditions by
nt in the mixture containing argon (solid line) and helium (broken line).



Fig. 7. The vibrational temperatures of CN and N2 in the N2–C2H2–Ar (solid line) and N2–C2H2–He (broken line) mixtures.
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Petitjean et al. [29]. They found a good agreement between the
rotational temperature and the electrode surface temperature and
concluded that the rotational temperature may be applied to
determine the electrode temperature in nitrogen reactive plasmas.
It seems to be also valid for our system and the rotational/gas
temperatures presented here can be considered also as the elec-
trode surface temperature.

The vibrational temperatures of CN and N2 differed consider-
ably both in dc and 100 kHz discharges. A possible explanation for
the difference between these vibrational temperatures is that
excited species may be produced through various mechanisms.
The excited states of CN may be originated from impact of high
energy species, e.g. nitrogen with hydrocarbons [16], while the
excited states of N2 may be mainly populated as a result of electron
Fig. 8. The CN and N2
þ rotational temperatures in the N2–C2H
impact excitation [13]. The metastable states of argon, helium as
well as nitrogen may also contribute in the production of vibra-
tional excited states of CN and N2 as reported in literature [13,30].
In the mixture containing argon (N2–C2H2–Ar), the CN vibrational
temperature was observed to be higher than that in helium (N2–
C2H2–He). It indicates that the energy exchange transfer process
from Ar metastable states or other high energy states of Ar to the
CN molecule is meaningful. The difference between the CN and N2

vibrational temperatures (e.g. in the presence of argon and
helium) can be treated as an evidence for complex an multichannel
process existing in plasma which properties play important role in
production and deposition of the CN:H layers.

The different plasma temperature in the mixtures with Ar and
He can be associated with such factors as different electron
2–Ar (solid line) and N2–C2H2–He (broken line) mixtures.
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densities in these mixtures, various thermal conductivities of argon
and helium, discrepancies in deviation from thermal equilibrium.

In the N2–C2H2–Ar mixture the excitation temperatures of Ar
and H were nearly equal, while in the N2–C2H2–He mixture, the He
temperature was clearly lower than the H excitation temperature.
The addition of argon, instead of helium, to the nitrogen–acetylene
mixture caused the growth of the vibrational temperature of CN as
well as rotational temperatures. In the nitrogen–acetylene–argon
mixture the excitation temperatures of Ar and H were about ten
times higher than the rotational temperatures and two times
higher than vibrational temperature of CN. The relations between
the measured temperatures is as follows:

TexcðArIÞ > TexcðHÞ > TvibðCNÞ > TvibðN2Þ > TrotðCNÞ [ TrotðND
2 Þ

In the nitrogen–acetylene–helium dc and 100 kHz plasmas, the
calculated temperatures were differed considerably:

TexcðHÞ > TvibðCNÞ > TexcðHeIÞ ‡ TvibðN2Þ > TrotðCNÞ [ TrotðND
2 Þ

The significant differences between temperatures (excitation,
vibrational, rotational) are evidence that the analyzed plasmas are
in the non-equlibrium states.
4. Conclusion

The study of the dc and 100 kHz discharges in the reactive
mixtures, i.e. nitrogen–acetylene–argon and nitrogen–acetylene–
helium, indicated differences in the processes occurring in these
plasmas. The addition of helium to the acetylene–nitrogen mixture
caused a growth in the emission intensity of N2

þ, while the addition
of argon increased the emission intensities of H, CH and CN inde-
pendently from the current frequency. The discharge current
significantly affected the emission intensities of the CN, C, CH, H, Ar,
He, Arþ and N2

þ species.
The distribution of populations of the analyzed excitation, the

vibrational and rotational levels were found to follow the Boltz-
mann’s law. An agreement was found between the rotational
temperatures derived from N2

þ and the CN spectra in the dc and the
100 kHz discharges. However, the meaningful differences in the
temperatures (excitation, vibrational, rotational) revealed some
high deviations of the analyzed plasmas from the thermodynamic
equilibrium.

The vibrational temperature of CN as well as the rotational
temperature of CN and N2

þ were sensitive to the changes in the
plasma gas composition and the current. The replacement of
helium by argon led to an increase in the CN and N2

þ rotational
temperatures and the CN vibrational temperature.
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