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Abstract.

Optical emission spectroscopy (OES) is an essential diagnostic technique in many plasma
systems, such as those used for surface treatments or fabrication of thin films. Despite the
simplicity of application of OES, its interpretation is not straightforward. In particular, it
requires the use of models, which due to the complexity and variety of discharge conditions,
have not yet been fully understood [1]–[3].

In addition, Langmuir probes have been widely used to characterize plasmas. They allow
the measurement of several parameters of interest, such as the electron density and temperature,
as well as the determination of the electron energy distribution function (EEDF) by numerical
derivation of the characteristic V − I [4] or by probe-current modulation [5].

In this work, some second positive system bands in the negative glow of an Ar-N2 plasma at
a pressure of 2.5Torr were investigated both by OES and Langmuir probes, for different mixture
concentrations. The main purpose of this study was to verify how metastable states and the
behavior of the EEDF may influence the interpretation of OES data.

1. Introduction

Optical emission spectroscopy (OES) methods based on spectral band head ratios have been
used to determine electron properties of N2 plasmas, such as electron temperature and density
[1, 2, 6]. However, these methods cannot be directly applied to Ar −N2 gas mixtures because
of the high excitation transfer of N2 from Ar(3P2,0) metastable atoms [6]. In fact, this process
produces a characteristic vibrational and rotational distribution in the second positive system
(SPS) [7, 8], with an overpopulation of high rotational levels (K > 30), producing an overlap
between the vibrational bands belonging to the same vibrational family. Hence it is not possible
to identify the contribution of each vibrational band in the measured spectrum.

Therefore, the simulation of the bands, taking into account the possible excitation processes,
becomes essential.

On the other hand, the methods based on the band head ratio use a Maxwellian EEDF, but
this assumption is often inaccurate.

In this work, we studied the discharge kinetics, through the analysis and fitting of the band
structure at 380.49nm (N2(C

3Π+
u , v

′ = 0 → B3Π+
g , v

′′ = 2)) and 375.54nm (N2(C
3Π+

u , v
′ = 1 →

B3Π+
g , v

′′ = 3)), belonging to the SPS, and the EEDF behavior with the variation of the Ar
concentration in the gas mixture.

2. Experimental set-up

The plasma reactor used consists of a stainless steel chamber of 254nm in diameter and 360nm
in height, with two side glass windows (Figure 1). The work pressure and the gas flow rate were
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kept constant at 2.5Torr and 100ml/min respectively. The discharge was generated between a
central disc, which works as a cathode, and the walls of the chamber. A variable pulsed source
with a frequency of 100Hz and duty cycle of 0.7 was used, keeping the voltage constant at
−500V.

The optical emission spectra from the discharge were recorded with a Jarrell-Ash
monochromator with Czerney-Turner mounting. The slit entry was set at 25µm, whereas the
grating used was 3600 grooves/mm. A lens focused the light to the monochromator, and a linear
arrangement of 1024 photodiodes was used as detector.

Concerning the probe measurements, a cylindrical Langmuir probe consisting of a tungsten
wire of radius R = 15µm and L = 60mm in length was employed. It was fed by a variable (from
0 to −40V) source. A small AC sine voltage with frequency 1Khz was superimposed on the
DC probe bias, then the second derivative of the probe characteristic was obtained directly from
measuring the current component with frequency 2Khz [9]. This measurement was performed
with a Lock-in amplifier. It is worth mentioning that the measurements were performed in a
DC plasma due to the impossibility of measuring with the Lock-in in a pulsed plasma.

The electron energy distribution function g(ε) can then be obtained from the second derivative
of the probe characteristic curve,

ge (ε) =
2m

e2A

(

2εV

m

)
1

2 d2Ie

dV2
(1)

where ε denotes the electron energy, m the electron mass, V is the probe voltage with respect
to the plasma potential, A is the area of the probe, and the maximum of the first derivative has
been taken as the plasma potential.

Both the optical emission spectroscopy and the Langmuir probe measurements were made at
the same position in the discharge chamber, marked in Figure 1 by h, being h = 10.25mm.

3. Measurements

3.1. Spectroscopy
In this work, bands of the SPS were studied by spectroscopy for different mixture concentrations.
Typical spectra are shown in Figure 2.

3.2. Fitted Bands
The bands were fitted using the least squares method. The band intensities v′ = 0 → v′′ = 2
and v′ = 1 → v′′ = 3 of the SPS N2(C

3Πu) → N2(B
3Πg) (with band heads in 380.49nm and

375.54nm) are given by :

ICB(λ, Trot,No, δλ, ∆λ, X) = No(λ, v
′, Trot)ACB(v

′, v′′)
∑

i=P,R,Q

∑

Ω=0,1,2

∑

J′

exp

(

−BhcJ′(J′ + 1)

kBTrot

)

exp

(

−4ln(2)
[

λ+ ∆λ − λiΩ(J
′)
]2

(δλ)

)

SiΩ(J
′)X(J′) (2)

Figure 1. Experimental set-up
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Figure 2. Vibrational bands with ∆v = v′ − v′′ = −2 belonging to the SPS, for different Ar
concentrations.

where No includes the spectral response, the density in the upper level and partition function,
δλ the full width at half maximum of the rotational line, ∆λ a small shift in the wavelength,
ACB(v

′, v′′) is the Einstein coefficient [10], B the rotational constant, SiΩ(J
′

i) is the Hönl-London
factor [11] and X(J′) is a fitting parameter that allows the alternation between K even and odd
that occurs because of the collision with Ar(3P2), when we increase the Ar concentration (see
Figure 3). Finally, in the bands area of 375.54nm and 380.49nm there are some lines of Ar
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Figure 3. Overlapping bands 380.49nm and 375.54nm in a discharge with high Ar concentration
(93.75% Ar). Measured and fitted bands.

and Fe, which were taken into account to fit these bands, using the line intensities as fitting
parameters.

3.3. Kinetic model
To analyze these spectra we used a simple model for the negative glow kinetics, described by
the following assumptions:

(i) The main excitation reactions of state N2(C, v
′) are

e +N2(X, 0) → e +N2(C, v
′) (3)

N2(A) +N2(A) → N2(X) +N2(C, v
′) (4)

Ar(3P2,0) +N2(X, 0) → Ar(1S0) +N2(C, v
′) (5)

(ii) Levels N2(C, v
′) and N+

2 (B, v
′) are primary lost by radiative decay.
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3.4. Model Discussion
3.4.1. Excitation by e When N2(C

3Πu) is populated by electron impact from the ground state,
the vibration distribution can be approximated by the Franck-Condon coefficient [10]. The
rotational distribution is taken to be unchanged in the excitation by electron impact, then the
N2(C

3Πu) rotational distribution will correspond to the N2(X
1Σ+

g ) rotational distribution. Note
that the rotational population is distributed between the P, Q and R branches, belonging to
C3Πu level, following the Hönl-London factor [11].

3.4.2. Excitation by N2(A) The pooling reaction (4) produces an overpopulation of the level
N2(C

3Πu, v = 1) (see Table 1 [12]). This overpopulation in v = 1 is not observed in our N2

discharge, giving an a posteriori confirmation that the pooling reaction does not contribute
significantly to the production of the N2(C

3Πu) state.

3.4.3. Metaestable Ar The Ar(3P0) is less efficient than Ar(3P2) in excitation transfer to
N2(C

3Πu). In addition, its concentration is smaller, then all the excitation transfer is in fact
produced by Ar(3P2).

The collision (5) is an exothermic process (Table 2), then it produces excited molecules N2(C)
with large rotational energies, particularly for v′ = 0. This process also produces an intensity
alternation between even and odd K′ rotational levels, which is not expected in a Π state [13].
The population of different N2(C) vibrational states cannot be explained by the Franck-Condon
factor and the rate coefficients shown in Table 1 (from v = 0) [14] should be used.

Table 1. Franck-Condon coefficients and rate coefficients [10−11cm−3s−1]

q0v′ kv
′

N2(A,0)−N2(A,0)
kv

′

Ar−N2

N2(C, 0) 0.55 2.6± 0.1 2.9 ± 0.3

N2(C, 1) 0.31 4.1± 0.2 0.60 ± 0.07
N2(C,1)
N2(C,0)

0.56 1.58 0.21

Table 2. Exothermic ∆E(3Pj, v
′) (meV) for the excitation transfer process

Initial State v′ = 0 v′ = 1 v′ = 2 v′ = 3
3P0 701 444 205 -28
3P2 526 269 30 -203

The addition of vibrational energy to N2(X) gives increased vibrational excitation in N2(C),
up to at least v′ = 4 [8].

4. Results

4.1. Spectroscopy
Figure 4 shows how the intensity of the bands at 380.49nm and 375.54nm increase with the Ar
concentration. Notice that the raise in the intensity of the band at 375.54nm is slower. This
can be seen very clearly in Figure 5. It should be note that the band intensities were calculated
from the area under the fitted bands.

To perform a preliminary analysis of the results, it can be assumed that most of the N2(X)
molecules have a vibrational state v = 0. Thus, for a N2 discharge the ratio between the
N2(C, v

′ = 1) and N2(C, v
′ = 0) densities should be close to the Franck-Condon coefficient ratio,

while for a high Ar concentration discharge, this ratio should be close to the relation between
the rate coefficients Kv′

N2−Ar.
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Figure 5 shows how this ratio changes from 0.65 to 0.39, which agrees qualitatively with the
ratio between Franck Condon factors (0.56) and the ratio between the rate coefficient (0.21).
Obviously, this difference is obtained because there is a vibrational distribution in the ground
state N2(X).
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Figure 4. Emission intensity of bands 380.49nm and 375.54nm as a function of the Ar
concentration

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0 10 20 30 40 50 60 70 80 90

I
3
5
7
.
5
4

A
0
2

/
I
3
8
0
.
4
9

A
1
3

[Ar] %

♦♦
♦

♦♦♦

♦♦♦

♦♦♦
♦♦♦

♦♦♦

♦♦♦
♦♦♦ ♦♦♦

Figure 5. Ratio between I375.54
ACB(1,3)

and I380.49
ACB(0,2)

as a function of the Ar concentration

Another important result is observed with rotational temperatures of the SPS bands (Figure
6). Both bands have the same temperature (approximately 740K) at 100% of N2, which agrees
with the fact that the main mechanism of excitation is the collision with electrons from the
ground state (reaction (3)), as proposed by the model. Then, when the Ar concentration is
increased, the rotational temperatures reach 1960 K for 375.54nm and 2510K for 380.49nm,
in 93.75% of Ar where the main mechanism is the reaction (3). This higher temperature of
380.49nm can be understood because the energy excess to excite the level N2(C, v

′ = 0) is
greater than the energy excess to excite the level N2(C, v

′ = 1) (See Table 2).

4.2. Lagmuir Probe
Figure 7 shows the EEDFs as a function of the Ar concentration. As can be seen, the electron
density and electron temperature increase with the Ar content. Moreover, the EEDF deviates
from a Maxwellian distribution in all cases. Work is in progress to include this effects in a model
allowing the determination of the electron energy and temperature in N2 −Ar mixtures.

5. Conclusions

The rotational and vibrational structures of the SPS of N2 are strongly influenced by the
collisions between N2 molecules and metastable Ar atoms. Therefore, any scheme designed
to characterize the plasma by OES must take into account this excitation mechanism.

The relation between the populations of levels N2(C, v
′ = 1) and N2(C, v

′ = 0) gives
information on the excitation mechanisms of N2(C). However, to perform quantitative analysis
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it is necessary to know the vibrational distribution function of N2(X), which is not easy to
measure.

The electron density and temperature increases with the Ar content of the mixtures.
Furthermore, the EEDFs differ quite significantly from Maxwellian distributions. This reveals
the need of using EEDFs with an accurate information on the electron kinetics in the discharge
in order to realistically characterize the plasma by OES.
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