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Low-pressure inductively coupled N2-Ar plasmas have been studied to investigate the effects of
operating parameters, including the Ar content, applied power, and gas pressure. By means of
optical emission spectroscopy and single and double Langmuir probe diagnostic techniques, the
evolutions of the plasma density, the electron temperature, and the N2

+, N2, N, and Ar emission
lines have been investigated with a discussion of a spatially- averaged global model. From the
emission spectra, the ratios of the concentrations of species of interest, and the rotational and the
vibrational temperatures of the nitrogen molecules are obtained for various discharge conditions.
The rotational and the vibrational temperatures of N2 are found to increase with increasing applied
power, pressure, and Ar content, thus making nitrogen plasmas more reactive.
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I. INTRODUCTION

Due to wide applications of plasma processes involv-
ing nitrogen, much effort has been devoted to the study
of nitrogen plasmas [1–10]. Because the atomic nitrogen
plays a key role in the synthesis of nitrides, the concen-
tration of atomic nitrogen in nitrogen plasmas is a signif-
icant concern [1]. The common processing reactors uti-
lizing inductively coupled plasmas (ICPs) and parallel-
plate capacitive discharges have quite a low dissociation
fraction. However, a recent global model predicts quite
a high dissociation fraction of nitrogen molecules in ICP
discharges [9]. One of the promising ways to enhance the
dissociation of molecular nitrogen is to introduce another
gas such as hydrogen and argon into nitrogen [1,4,11].

Major concerns in N2-Ar plasmas include the mea-
surement of plasma parameters and an understanding of
the evolution of neutral particle densities with change in
the operating parameters [12–14]. Neutral gas tempera-
ture is another important parameter because the neutral
particle density changes with the neutral gas temper-
ature for constant-pressure processes. The vibrational
temperature represents the chemical reactivity of vibra-
tional excited species [15]. In our previous works [16,17],
we showed that increasing the Ar content caused signif-
icant changes in the properties of discharge such as the
gas temperature, the rotational and the vibrational ex-
citations, the electron energy distribution function, and
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the dissociation fraction of N2 molecules. A higher Ar
content caused an enhancement of the dissociation frac-
tion. The calculated density of nitrogen atoms was found
to be maximal at an Ar content of 30% for a fixed total
gas pressure [16].

Understanding N2-Ar plasmas constitutes a complex
task due to the strong nonlinear coupling between the
bulk kinetics of the numerous species in the discharge
(electrons, ions, electronically and vibrational excited
molecules, and atoms), the complexity of power transfer,
and the effects of the plasma-wall interactions. In view
of all plasma processes involving nitrogen-argon, it is
therefore of importance to develop a detailed model com-
bined with accurate and reliable diagnostic techniques to
monitor the properties of N2-Ar discharges [4,18]. How-
ever, it is also desirable to explain and predict the evolu-
tion of plasma parameters and neutral particle densities
with change in the operating parameters based on a sim-
ple model rather than employing a complicated plasma
chemistry model consisting of a huge number of reac-
tions. It is worth providing a physical explanation of the
behavior of the species concentration without relying on
a full collisional-radiative model taking into account the
creation and the loss mechanisms of plasma species.

In this work, a simple model for a low-pressure induc-
tively coupled N2-Ar discharge is established and utilized
to investigate the effects of different operating parame-
ters on the properties of the plasma. By means of opti-
cal emission spectroscopy and Langmuir (single and dou-
ble) probe diagnostic techniques, the plasma parameters,
such as the plasma density, electron temperature, and
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Fig. 1. (Color online) Schematic of the experimental setup.

concentrations of species of interest, are obtained. Espe-
cially, the electron temperature is a decisive parameter
governing plasma chemical reactions; therefore, an accu-
rate measurement of that is of importance. In addition,
the rotational and vibrational temperatures of nitrogen
molecules are obtained for various operating conditions.
The variations in the species concentrations with pres-
sure, power, and Ar content are investigated. A strong
relationship among the plasma parameters, the species
concentrations, and the rotational and vibrational tem-
peratures is explored.

II. EXPERIMENT

1. Experimental Setup

A schematic diagram of the experimental setup with
the diagnostics system (optical emission spectroscopy
(OES), and Langmuir probe) is shown in Fig. 1. The
plasma chamber consists of a stainless-steel cylinder with
a 28-cm diameter and a 34-cm length. A 1.9-cm-thick
by 27-cm-diameter tempered glass plate mounted on one
end separates the planar one-turn induction coil from
the plasma. The induction coil is made of copper (with
water-cooling) and is connected to an L-type capaci-
tive matching network and an rf power generator. The
plasma chamber is evacuated by using a diffusion pump
backed by a rotary pump, giving a base pressure of 5 ×
10−6 Torr. The equilibrium gas pressure in the chamber
is monitored with a combination vacuum gauge (IMG
300). The operating gas pressure is controlled by ad-
justing the mass flow controller. A 13.56-MHz generator
(ENI OEM 12) drives an rf current in a flat one-turn
coil through the matching network. To the nitrogen dis-
charges generated, the argon was introduced as either an
actinometer or as an adding gas. By changing the par-

tial pressure of both gases, we varied the argon content
in the range of 5 – 80% at a constant total pressure.

A diagnostics study of low-pressure planar inductively
coupled plasmas (for applications in etching and de-
position of thin films) using the nitrogen-argon mix-
ture gas was performed by using OES and Langmuir
probes. Both diagnostics complement one another to de-
termine plasma parameters [19]. The experiments were
conducted under the conditions of pressures in the range
of 1 – 30 mTorr (with plasma on) and applied powers in
the range of 160 – 600 W (most experiments performed
in the H-mode of the ICP except the 160-W E-mode). To
improve the reliability of the probe measurement, we ob-
tained the electron density (ne) and the electron temper-
ature (Te) by using both a single Langmuir probe (SLP
2000, Plasmart) and a double Langmuir probe (DLP
2000, Plasmart). The probe tip made of tungsten with a
diameter of 0.5 mm and a length of 10 mm was located
on the axis of the cylinder at 14 cm below the tempered
glass plate. To measure the electron energy probability
function (EEPF), we obtained the second derivatives of
the probe current with respect to the probe potential,
which is proportional to the EEPF, by numerically dif-
ferentiating and smoothing.

2. Spectroscopic Evaluation Method

Light collection was made in two different positions.
As shown in inset (a) of Fig. 1, an optical probe made
of stainless-steel tube was inserted near the axis of the
cylindrical chamber and was connected to an optical
fiber outside the chamber. For inset (b), an optical fiber
(0.1-mm slit diameter) attached to the CaF2 window
(5-mm thickness, 50.8-mm diameter) collected the light
emission. The measured light intensities were volume-
integrated with different solid angles (shown with dotted
lines). The light intensities of emissive molecules and
radicals in the plasma were focused by means of an op-
tical fiber in entrance slit of a 0.75-m monochromator
(SPEX 1702), equipped with a grating of 1200 grooves
per millimeter and a slit width of 100 µm. The light
was collimated at the exit slit where a photomultiplier
tube (Hamamatsu R928) converted photons into an elec-
tric signal. The measured emission spectra should be
corrected for the spectral response of the detection sys-
tem, which includes the optical fiber, the monochroma-
tor, and the photomultiplier tube. The detection sys-
tem had to be calibrated in intensity between 250 to 850
nm by using a quartz halogen lamp with a known spec-
tral radiance. The dissociation fraction was obtained us-
ing the integrated intensity of the peaks of the emission
spectra. For optical emission actinometry, spectral lines
and bands from N2 (337.1 nm, (C, 0) → (B, 0)), N2

+

(391.4 nm, (B, 0) → (X, 0)), N (746.8 nm, 3p 4S0 →
3s 4P), Ar (750.4 nm, 2p1 → 1s2), and Ar (811.53 nm,
2p9 → 1s5) were chosen. The Ar∗ 2p1 level is very ef-
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Fig. 2. (Color online) Probe current versus probe voltage
of (a) the single probe and (b) the double probe. Here the de-
terminations of the floating potential (Vf), plasma potential
(Vp), ion saturation current density (Jis), and electron sat-
uration current density (Jes) are shown. (c) Plasma density
and (d) electron temperature obtained by using single Lang-
muir probe measurements as a function of the Ar content up
to 20%. Electron energy probability functions (EEPFs) ob-
tained by using the single probe for (e) E-mode (160 W) and
(f) H-mode (400 W and 500 W) discharges. The gas pressure
is fixed at 1.4 mTorr, and the Ar content is varied.

ficiently populated by electron-impact excitation from
the ground-state whereas its population due to excita-
tion from metastable states (Arm) is very inefficient [20].
There are two metastable Ar states, 1s3 (3P0) and 1s5
(3P2). The Arm (3P2) is effectively excited to the 2p9

state, in contrast to the 2p2 and the 2p3 levels which can
be excited from both metastable levels [18,19]. There-
fore, the 2p9 → 1s5 emission line (811.53 nm) provides
useful information on the electron energy distribution in
the plasma [21,22]. Because the reported populations of
Arm (3P2) and Arm (3P0) are often close to the ratio of
their statistical weights 5, the Arm(3P2) density is rep-
resentative of the total Arm density in the plasma [4,20].
The emission lines N (746.8 nm) and Ar (750.4 nm) over-
lap with the 740 – 755 nm range of the N2 first positive
system. However, the intensities of these lines can be
measured by subtracting the levels of neighboring values
(see the inset of Fig. 4(a)).

The assumption that a discharge is in a corona bal-
ance has allowed us to use a modified Boltzmann plot
method to determine the electron temperature [23,24].
The gas temperature (Tg) is an important parameter be-
cause it must be known to determine neutral densities

and ion-neutral mean free paths. The gas temperature
of the N2-Ar discharge can be deduced by measuring
the rotational distribution of the first negative system of
N2

+, which is expected to be in equilibrium with Tg [25].
Equilibrium between translational and rotational modes
can be strongly influenced by the formation mechanism
of the emitting species [26]. Because high rotational en-
ergy is not imparted to N2

+ during formation, many
collisions with N2 are necessary to achieve thermaliza-
tion. The collision frequency between nitrogen molecules
is high. Therefore, the rotational temperature of N2

+ is
assumed to be in equilibrium with the translational tem-
peratures of N2 and Ar. The rotational temperature of
a molecule (Trot) can be obtained by comparing the syn-
thetic diatomic molecular spectrum with the measured
one [26,27]. The vibrational temperature (Tvib) of ni-
trogen molecules can be obtained from the transition of
the second positive system (N2 (C, v′) → N2 (B, v′′)) by
using the Boltzmann plot method. Generally, the line
intensity of the radiative transition of molecule can be
expressed as [28]

I(n′,v′,J′→n′′,v′′,J′′) ∝ hνA(n′,v′,J′→n′′,v′′,J′′)Nn′,v′,J′ , (1)

where I(n′,v′,J′→n′′,v′′,J′′) is the intensity of the spectrum
(n is the electronic state, v is the vibrational quantum
number, and J is the rotational quantum number), h
is Planck’s constant, ν is the frequency of the radiative
transition, A(n′,v′,J′→n′′,v′′,J′′) is the transition probabil-
ity, and Nn′,v′,J′ is the number density of the molecules
in the upper states.

When we assume a Boltzmann distribution for the
vibrational and the rotational states, Nn′,v′,J′ can be
rewritten as

Nn′,v′,J′ → Nn′ exp
(
− Evib

kTvib

)
(2J ′ + 1)

× exp
(
− Erot

kTrot

)
, (2)

where Nn′ is a constant independent of v and J , and Evib

and Erot are the vibrational and the rotational energy
levels, respectively. In this work, the values of Te, Trot,
and Tvib are obtained as functions of different processing
parameters of interest, such as the pressure, the applied
power, and the Ar content.

3. Actinometric Technique

If two spectral line, 750.4 and 746.8 nm, are chosen for
the OES actinometry [11], the dissociation fraction can
be determined by calculating the ratio

[N(2p4S0)]
[N2]

=
R750

R746

v750

v746

A750

A746

kdir
Ar

kdir
N

τAr

τN

[Ar]
[N2(X)]

I746
I750

. (3)

Here, R is the spectral response of the system, A is the
emission probability, v is the frequency, τ is the life-time
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(which is the inverse of the sum of the emission prob-
abilities for all the radiative de-excitation processes) at
the chosen spectral lines, kdir

Ar is the rate coefficient for
electron-impact direct excitation to Ar∗ (2p1) from the
ground-state Ar, kdir

N is the rate coefficient for electron-
impact direct excitation to N∗ (3p 4S0) from the ground-
state N, and I is the emission line intensity. Quenching
is negligible in the low-pressure plasmas considered in
this work. [Ar]/[N2(X)] is the gas mixing ratio. The low
accuracy for the excitation cross-section data involved
in the calculation of the rate coefficient ratio kdir

N /kdir
Ar

may make a quantitative determination of the dissocia-
tion fraction difficult [4].

For discharges with higher Ar contents, the den-
sity of Arm may become important and, as a conse-
quence, the Ar∗ (2p1) state may be created from the
Arm by electronic collisions, so the actinometry may no
longer be valid [29]. The production of N∗ (3p 4S0) has
several routes other than the direct excitation of the
ground state N. They include electronic excitation of the
metastable state Nm, electronic excitation through dis-
sociation of the molecule N2, and excitation of N∗ to
N∗ (3p 4S0) due to collisions with Ar∗ (mainly Arm)
and with excited N2

∗. However, the Arm is efficiently
quenched by N2 and N, and the production of these states
in low-pressure discharges is not significant. Moreover,
the population of Nm is 6 – 10 times lower than that of
the ground-state N and the rate coefficient for the elec-
tronic excitation of the metastable state Nm to N∗ (3p
4S0) is less than kdir

N by a factor of 10 at Te = 5 eV [4].
The dissociative excitation rate coefficient is less than
kdir

N by a factor of 103 at Te = 4 – 5 eV [4].
The measured emission intensity from the Ar∗ atom

(2p1 → 1s2), I∗750, is written as

I∗750 = I750(1 + c2),
I750 = R750hν750A750τ750ne[Ar]kdir

Ar ,

c2 =
[Arm(3P0)]kArm0

exc

[Ar]kdir
Ar

, (4)

where c2 is the correction factor accounting for the exci-
tation from the Arm, kArm0

exc is the rate coefficient for the
reaction e + Arm (3P0) → e + Ar∗ (2p1). Note that c2

depends mainly on Te. Similarly, the measured emission
intensity from the Ar∗ atom (2p9 → 1s5), I∗811, is written
as

I∗811 = I811(1 + c3),

I811 = R811hν811A811τ811ne[Ar]kdir−2p9
Ar ,

c3 =
[Arm(3P2)]kArm2

exc

[Ar]kdir−2p9
Ar

, (5)

where kdir−2p9
Ar is the rate coefficient for electron-impact

direct excitation to Ar∗ (2p9) from the ground-state Ar,
and c3 is the correction factor accounting for the excita-
tion from the Arm (kArm2

exc is the rate coefficient for the
reaction e + Arm (3P2) → e + Ar∗ (2p9)). The atom-
collision population transfer in the 2p level is neglected

Table 1. Spectral responses and spectroscopy data for the
selected transitions.

R λ (nm) Transition τ (ns) A (×107 s−1)

0.0185 746.8 N (3p 4S0 → 3s 4P) 26.3 1.9

0.0158 750.4 Ar (2p1 → 1s2) 21.3 4.45

0.0068 811.5 Ar (2p9 → 1s5) 30.2 3.31

0.479 337.1 N2 (C, 0) → (B, 0) 37 1.41

0.448 391.4 N+
2 (B, 0) → (X, 0) 60 1.2

Fig. 3. (Color online) (a) Plasma density and (b) electron
temperature obtained by using double probe measurements
as a function of Ar content. The gas pressure is fixed at 1.4
mTorr, and the power is varied from 200 W to 500 W.

because the atom-collision rate is very small compared
to the rate of electron-impact excitation in low-pressure
plasmas. Also, the stepwise excitations that usually oc-
cur from 1s metastables are neglected.

From Eqs. (4) and (5), we have

I∗811
I∗750

=
R811

R750

ν811

ν750

A811

A750

kdir−2p9
Ar

kdir
Ar

τ811

τ750

1 + c3

1 + c2
. (6)

As will be shown in Fig. 4, the ratio kdir−2p9
Ar /kdir

Ar is found
to be close to 1. The factors c2 and c3 contain the den-
sities of Arm, and all the rate coefficients therein can be
represented as a function of Te. If Te is determined, the
measured ratio of I∗811/I∗750 can be used to estimate the
Arm density by using Eqs. (4) – (6).
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Fig. 4. Representative optical emission spectra from ICP
N2-Ar discharges at p = 1.4 mTorr and P = 500 W ((a) Ar-5%
obtained at the CaF2 window, (b) Ar-5% obtained by using
an optical probe, (c) Ar-80% obtained at the CaF2 window,
and (d) Ar-70% obtained by using an optical probe). The
inset in (a) presents the spectrum for the wavelengths of 730
– 830 nm.

Assuming that nitrogen molecules in the ground state
N2(X) constitute the dominant species, that the main
reaction of excitation of state N2(C) is electron impact
excitation from the ground state N2, and that levels of
N2(C) are primarily lost by radiative decay, the intensity
of the emission line N2 (337.1 nm, (C, 0) → (B, 0)) can
be written as

I337 = R337hν337A337τ337ne[N2]kC
X, (7)

where kC
X is the rate coefficient for the reaction e + N2

(X) → N2 (C) + e, and the excitation reaction from the
Arm ( N2(X) + Arm → N2(C) + Ar) and the pooling
reaction N2(A) + N2(A) → N2(C) + N2(X) can be ne-
glected [30].

From Eqs. (3) and (7), we have

[N(2p 4S0)]
[N2]

=
R337

R746

ν337

ν746

A337

A746

kC
X

kdir
N

τ337

τ746

I746
I337

. (8)

The coefficient ratio kC
X/kdir

N is a decreasing function of
Te. The ratio is about 2 at Te = 3 eV and 1.6 at Te = 5 eV
[4]. Likewise, N2

+(B) can be considered to be mainly ex-
cited by electron-impact collision from the ground state
of N2

+ and levels of N2
+(B) can be considered to be

primarily lost by radiative decay [30]. Then, we have

[N(2p 4S0)]
[N+

2 (X)]
=

R391

R746

ν391

ν746

A391

A746

kB+

X+

kdir
N

τ391

τ746

I746
I391

, (9)

where kB+

X+ is the rate coefficient for the reaction e +
N2

+(X) → N2
+(B) + e , and the correction account-

ing for the excitation reaction from the Arm (N2
+(X) +

Arm → N2
+(B) + Ar) is neglected. The contribution

Fig. 5. (Color online) Intensity ratios of chosen spectral
lines as functions of the Ar content in the mixture at p = 1.4
mTorr: (a) I746/I750, (b) I∗811/ I∗750, (c) I746/I337, and (d)
I746/I391.

Fig. 6. (Color online) Rate coefficients as a function of
Te for the electron-impact excitation or ionization: from the
ground state Ar (1s0) to Ar (2p1) (kdir

Ar ), from Ar(1s0) to

Ar (2p9) (kdir−2p9
Ar ), from the metastable state Ar(1s3) to Ar

(2p1) (kArm0

exc ), from the metastable state Ar(1s5) to Ar(2p9)

(kArm2

exc ), for direct excitation of ground state N to N∗ (3p 4S0)
state (kdir

N ), from ground state N2 (X) to N2 (C) (kC
X), from

ground state N2
+(X) to N2

+(B) (kB+

X+), and for ionization

from ground state N2 (X) to N2
+(B) (kB+

X ).

from the reaction e + N2(X) → N2
+(B) + e (rate coef-

ficient: kB+

X ) can also be neglected because of the high
threshold energy of 18.7 eV and smaller cross section [30].
The excitation to N2

+(B) also takes place by collision of
N2

+(X) with vibrationally-excited molecules N2(X, v >
12) through the reaction N2

+(X) + N2(X, v > 12) →
N2

+(B) + N2(X, v – 12). However, this reaction is not
included in Eq. (9). If the evolutions of the emission
intensities and rate coefficients (which will be shown in
Fig. 5 and Fig. 6) are used, the concentration ratios of
species can be obtained for various discharge conditions.
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The spectral responses and spectroscopic data for the
selected transitions used in Eqs. (3) – (9) are listed in
Table 1.

III. RESULTS AND DISCUSSION

1. Probe Measurements of Plasma Parameters

The plasma density and the electron temperature of in-
ductively coupled N2-Ar plasmas were measured by using
both a single probe and a double probe. For the single
probe measurement, there are several methods of inter-
preting the probe I-V curve to obtain ne and Te. In this
work, the plasma density was obtained either by using
the integral of EEPF or by using orbital-motion-limited
(OML) theory and it was considered as the electron den-
sity. Figures 2(a) and (b) represent the probe current-
voltage curves for the single probe and double probe,
respectively. The electron temperatures obtained by us-
ing the double probe are found to be a little larger than
those measured by using the single Langmuir probe and
by using OES. The double probe has the advantage that
the net current never exceeds the ion saturation current,
minimizing the disturbance to the discharge, but has a
consequent disadvantage that only the high-energy tail
of the electron distribution is collected by either probe.
Therefore, as shown in Figs. 2(c) and (d), the double
probe provides a little higher ne and Te than that ob-
tained by using the single probe. The plasma densities
obtained from the integrals of the EEPF were a little
larger than those obtained from the OML theory. How-
ever, the tendency of variations of ne and Te with the
Ar content remained unchanged. Even when the Ar was
introduced into gas mixture in a small amount, many
routes of excitation of Ar atom rather than electron-
impact excitation from the ground state Ar existed. Col-
lisions between nitrogen species and Ar atom (and be-
tween Ar∗ and Ar atom) can cause the Ar excitations.
This may also cause some deviation from the corona bal-
ance. This may be another reason for the difference
between the probe results and the OES results. Fig-
ures 2(e) and (f) show the measured EEPFs at various
Ar contents in the E-mode (ICP power of 160 W) and
the H-mode (400 W and 500 W). The shape of the EEPF
is observed to roughly remain Maxwellian. This was also
observed in higher Ar-content N2-Ar plasmas in the H-
mode [16,17].

Next, the Ar content was varied in the range of 0 –
100% in the double Langmuir probe experiment for dif-
ferent powers at a pressure of 1.4 mTorr. As shown in
Figs. 3(a) and (b), the plasma density was found to in-
crease with increasing power and Ar content whereas the
electron temperature decreased (even though Te exhib-
ited a different behavior depending on the power and
in the region of a low Ar content up to 30%, but re-
peated measurements indicated this tendency as seen in

Fig. 2(d)). This can be explained by using a spatially-
averaged model of particle and power balance. The par-
ticle balance in N2-Ar plasmas can be written as

kN2
iz [N2] + kN

iz[N] + kAr
iz [Ar] =

uB

deff
, (10)

where kN2
iz , kN

iz, and kAr
iz denote the rate coefficients of the

electron impact ionization of N2, N, and Ar, respectively,
uB is the Bohm velocity, and deff is the effective length of
the plasma chamber. Equation (10) governs the behavior
of Te. If the Arrhenius form is utilized [9], the rate co-
efficients kN2

iz , kN
iz, and kAr

iz have similar dependences on
Te; therefore, the Ar content has little influence on Te.
The power balance equation relates the electron density
to the absorbed power (Pabs) as

ne =
Pabs

eAeff

(
εN2
c δN+

2
+ εN

c δN+ + εAr
c δAr+ + εe + εi

) , (11)

where Aeff is the effective surface area of the chamber,
and δN+

2
= [N+

2 ]/ne, δN+ = [N+]/ne, and δAr+ = [Ar+]/
ne are relative concentrations of charged species with re-
spect to the electrons. Here, εN2

c and εN
c are the col-

lisional energy losses per ionization event of nitrogen
molecules and nitrogen atoms, respectively, and εAr

c is
the collisional electron energy loss per ionization event of
argon gas. The average energy of escaping ions, εi, is the
sum of the ion energy entering the sheath Te/2 and the
energy gained in the sheath Vsh (sheath voltage drop),
and εe is the average energy of electrons escaping to the
walls and is assumed to be equal to 2 Te. As the Ar
content increases, the term εN2

c δN+
2

+ εN
c δN+ + εAr

c δAr+

decreases because εN2
c δN+

2
and εN

c δN+ are several times
larger than εAr

c δAr+ at Te = 3 – 5 eV. For a fixed power,
with increasing Ar content, the collisional energy loss per
electron-ion pair decreases; hence, the plasma density in-
creases due to the power balance. In the case of a high-
Ar-content plasma, the collisional energy loss decreases
with increasing absorbed power due to the increase in the
multistep ionizations; thus, the plasma density increases
[31].

With varying Ar content, the plasma density had val-
ues ranging from 3.5 × 109 to 1.1 × 1011/cm3, and
the electron temperature had values ranging from 4.4
to 5.4 eV. At low pressure (p = 1.4 mTorr), Te decreases
slightly with increasing Ar content, but remains above
4 eV. In this case, N2

+ is mainly ionized by electron-
impact ionization of N2, and the discharge maintains ex-
cessive Ar∗. This explains the behaviors of the varia-
tions of I746/I337 and I746/I391 in Fig. 5. Because the
ionization potential of Ar (15.76 eV) is comparable to
those of N (14.5 eV) and N2 (15.58 eV), Te is not ex-
pected to change much with the Ar content. As the
power increases, Te is observed to decrease. This can be
attributed to the effect of molecular dissociation, which
increases with power. With Te almost unchanged, an in-
crease in the plasma density with increasing Ar content
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results in the production (and excitation) of N atoms.
However, the increase rate of I391 is a little larger than
that of I746, as shown in Fig. 5. Accurate values of ne and
Te are also necessary to estimate the correction factor in
evaluating the dissociation fraction at an arbitrary Ar
content, which was described in our previous work [17].

2. Evolution of Spectral Bands and Lines with
Control Parameters

The N2-Ar plasma contains N2 molecules, N2
+ and

Ar+ ions, N and Ar atoms and their excited states, and
electrons. Four representative optical emission spectra
from the nitrogen-argon plasma are shown in Fig. 4.
Figures 4(a) and 4(c) are the spectra obtained through
the CaF2 window at Ar-5% and Ar-80%, respectively.
The spectra obtained by using the inserted optical probe,
shown in Figs. 4(b) and 4(d) (Ar-70%), exhibited weaker
intensities and higher noise level because the light trav-
els in a 20 cm-long stainless steel tube before coming
into the optical fiber. Besides the Ar peaks, most of the
peaks and bands originate from the second positive sys-
tem (SPS: N2 (C) → N2 (B)). The varieties of lines and
band structures originate in the numerous rotational and
vibrational levels between which transitions can occur.
Two other features are present. They are a transition at
391.4 nm (the first negative system (FNS), N2

+(B) →
N2

+(X)) and the appearance of the first positive system
(FPS: N2 (B) → N2 (A)). For a discharge with a higher
Ar content, the intensity of Ar peaks increases up to a
level comparable to (or higher than) those of the nitrogen
molecular bands, depending on the gas pressure. In the
spectra obtained through the CaF2 window, the intensi-
ties of N2 peaks become stronger, and the intensities of
Ar and N peaks are relatively weak. As the Ar contents
increased, however, the intensities of Ar peaks increase
more remarkably in the spectra obtained by using the in-
serted optical probe than in the spectra obtained through
the CaF2 window. This might be related to the detec-
tion solid angle and to the length of the integration line.
The light collection through the CaF2 window provides
a larger solid angle and longer integration line, thus in-
creasing the intensity far beyond the noise level. The
effects of the Ar content and the applied power on the
emission intensity of the spectral lines were investigated.

The Ar content was varied in the range of 5 – 80%.
In the spectra obtained by using the optical probe, the
N2 337.1-nm peak was higher than the Ar peak at 811
nm for the case of a 5% - Ar discharge (Fig. 4(b)). The
dominant peaks due to the Ar transition were higher
than the second positive system peak (337.1 nm) in the
discharges above an Ar content of 30%. Above an Ar
content of 20%, the light emission intensities from Ar
(750.4 and 811.5 nm) begin to exceed those from N
and N2

+. However, the intensity of light emission from
the nitrogen second positive system remains almost un-

changed as the Ar content is increased. The continuous
increases in the intensities from Ar lines (811.5, 763.6,
801.4, 696.5 nm) indicate strong transitions to the Arm
(3P2) (Fig. 4(d)). On the other hand, in the spectra ob-
tained through the CaF2 window, the intensities of the
N2 second positive system were much higher than those
of Ar peaks (Fig. 4(a)). This tendency continues in the
case of higher Ar content (Fig. 4(c)). Since the inten-
sities of N (746.8 nm), Ar (750.4 nm), and Ar (811.53
nm) are mainly utilized for actinometry, either position
of the light collection gave similar intensity ratios be-
tween the lines (especially 746.8 and 750.4 nm). If not
mentioned otherwise, the analysis was performed based
on the spectrum obtained through the CaF2 window.

In low-pressure nitrogen plasmas, there are two main
generation channels of the N2 (C) state. The first one
is by electron impact on the ground state of the nitro-
gen molecule N2 (X). Another excitation channel is the
collision of the ground-state nitrogen molecule or the
metastable nitrogen molecule (N2 (A)) with Arm [32].
Although the N2 gas (N2 (X)) supply is decreased with
increasing Ar content, the light intensity from N2 (337.1
nm (C, 0) → (B, 0)) remains unchanged due to the ex-
citation channel caused by Arm. As the Ar content is
increased, the intensities from N∗ (3p 4S0) and N2

+ (B)
increase slightly due to the enhanced excitation caused
by collisions with generated Arm. This can be accounted
for by charge transfer (Ar+ + N2 (X) → Ar + N2

+ (X,
v)), followed by electron impact excitation (e + N2

+ (X)
→ e + N2

+ (B)). The production of N2
+ (B) is also

caused by the collisional excitation of the ground state
N2

+ (X) with nitrogen molecules in highly-excited vibra-
tional states N2 (X, v > 12) [24]. The N2

+ line at 391.4
nm is also enhanced slightly due to Penning ionization
(Ar∗ + N2 (C) → Ar + N2

+ (B) + e). An impact of Arm

leads to the dissociation of N2 and the recombination to
N2 in vibrationally-excited states (the recombination oc-
curs near the chamber walls) [33].

Figure 5 shows the variations of the intensity ratios of
the chosen spectral lines obtained by using the optical
probe as a function of the Ar content. As shown in Fig.
5(a), the ratio I746/I750 is observed to decrease with in-
creasing Ar content, which indicates that the population
of Ar∗ (2p1) is increased more than that of N∗ (3p 4S0)
with increasing Ar content. The IN2 is not much affected
by the Ar content. This can be explained as follows: Al-
though the feed N2 gas is decreased with increasing Ar
content, the population of Arm is increased, and its col-
lision with N2(X) results in a larger population of N2(C)
(and also N2

+ via e + N2 (C) → N2
+ + 2e). These cause

the IN2 to remain not much changed with changing Ar
content. Although IN2 is increased slightly or remains
unchanged with increasing Ar content, IN is more in-
creased due to the charge transfer reaction (Ar++ N2

→ N2
+ + Ar), followed by the dissociative recombina-

tion e + N2
+ → N + N. The relative content of Ar∗

increases with continually increasing Ar content. This
also contributes to the dissociation of N2 via Ar∗ + N2
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→ N + N + Ar [34]. Therefore, the ratio I746/I337 turns
out to increase with increasing Ar content (Fig. 5(b)).
The ratio I746/ I337 is observed to decrease slightly with
increasing power. The reason for this may be that an in-
crease in the production rate of N with increasing power
is a little less than that in the excitation rate of N2.

The ratio I811/I750 is observed to increase with increas-
ing Ar content (Fig. 5(c)). This can be explained by the
population of Arm increasing with increasing Ar content
more rapidly than that of Ar∗ (2p1) [32,33]. This is also
related to a decrease in the electron temperature with in-
creasing Ar content. The line intensity ratio I∗811/I∗750

is an indicator of changes in the electron energy distri-
bution function and depends on the electron tempera-
ture. As the power increases, the ratio exhibits a slight
increase. This is because the power increases, Te de-
creases slightly, and although both the populations of
the Arm and the resonant state Ar∗ (2p1) are increased,
the Arm population is increased more rapidly [4]. As the
discharge is shifted to the Ar-dominating region, the in-
tensity levels of the Ar transition become large and the
rate of increase of the intensity with increasing power
becomes large.

As shown in Fig. 5(d), the ratio I746/I337 increases
with increasing Ar content; then, according to Eq. (8),
the ratio [N (2p 4S0)]/[N2] increases with increasing Ar
content (because the ratio of the rate coefficients does not
vary much with the Ar content), which supports the acti-
nometry result from the ratio I746/I∗750. However, con-
sidering the contributions from Arm to the increases in
both [N (2p 4S0)] and [N2] , the rate of increase of [N (2p
4S0)]/[N2] with increasing Ar content would be smaller
than that of I746/I337. From Fig. 5(d) and Eq. (9), the
ratio [N (2p 4S0)]/[N2

+(X)] is expected to increase a lit-
tle with increasing power and to decrease with increasing
Ar content. However, some attention should be paid in
using Eqs. (8) and (9). The operating parameters (pres-
sure, power, especially the Ar content) were observed to
have a noticeable influence on the intensities of the emis-
sion lines from the N2 second positive system and the
N2

+ first negative system, which indicates a change in
the vibrational energy distribution of nitrogen molecules.
Therefore, the intensities at 337.1 nm and 391.4 nm de-
pend on the vibrational temperature. The rate coeffi-
cients kC

X and kB+

X+ are estimated without consideration
of the vibrational states; thus, Eqs. (8) and (9) can only
be used in an approximate manner.

Generally all intensities from N2, N2
+, N, and Ar are

observed to increase with increasing applied power. Es-
pecially, the intensity levels of N and N2

+ are relatively
small, and their rates of increase with increasing power
are small, but the rates of increase and the intensity lev-
els depend on the Ar content. In a nitrogen-dominated
region, I337 is the highest, the rest of the lines have com-
parable intensity levels, and the rates of increase with
increasing power are moderate. In pure nitrogen plas-
mas, the electron-impact dissociation reaction (e + N2

→ e + N + N) is more effective for N atom produc-
tion than dissociative recombination (e + N2

+ → N +
N). In a nitrogen-dominated discharge with some addi-
tion of Ar, the main mechanism of N production is also
direct electron-impact dissociation of N2. In a nitrogen-
dominated region, the productions of N and N2

+ are
closely related because that N atoms are mainly pro-
duced by electron-impact dissociation or dissociative re-
combination while N2

+ is produced by electron-impact
ionization (e + N2 → N2

+ + 2e) with a cross section at
the same level as that of electron-impact dissociation [4].
On the other hand, some production routes of N and the
destruction route N2

+ are connected, and electron-ion
recombination reactions (e + N2

+ → N + N) are very
efficient at low electron energy. In this region, IN+

2
is also

observed to increase slightly with increasing Ar content
because of the increase in the charge transfer collision
mentioned above. However, IN has a larger value than
IN+

2
in this region. Therefore, the relative ratio of the in-

tensities from N to N2
+ is larger in a nitrogen-dominated

region. On the other hand, in an Ar-dominated re-
gion, the production of N2

+ is increased more due to
the charge transfer reaction, and the rate of increase of
the N2

+ density is a little larger than that of N density.
As the Ar content is increased, [Arm] also increases, and
this promotes the Penning excitation (Arm + N2

+(X) →
N2

+(B) + Ar). Then, the transition N2
+(B) → N2

+(X)
(391.4 nm) becomes frequent, thus making I391 intense.
Therefore, the ratio I746/I391 decreases slightly with in-
creasing Ar content.

By observing the OES spectra carefully, we can ob-
serve that ICP N2-Ar plasmas are promising sources of
active species such as ground-state N (4S) atoms, N2

+

ions, and metastable N2 (A) molecules. From the N2

first positive system, it is evident that the relative popu-
lations of N2 (A) and N2 (B) increase with increasing Ar
content [11]. From the Ar peaks at 772.4 nm, 794.8 nm,
and 811.5 nm, the relative number of Arm (3P0, 3P2) can
be observed to increase. The effective excitation transfer
from the Arm (3P0, 3P2) to the N2 (C 3

∏
u) state also

contributes to the N2(A 3Σu
+) population through the

fast radiative decay of the N2 (C 3
∏

u) state to N2 (B
3
∏

g). The rate coefficients are calculated using the cross
section data as

Kj =
√

2e
me

∫ ∞

0

σj(E)
√

E f(E)dE, (12)

where e and me are the charge and the mass of the elec-
trons, respectively, σj is the electron-impact cross section
of collision type j, and f(E) is the electron energy distri-
bution function. With the cross section data in the lit-
erature [30,35-37] and Maxwellian electrons, the rate co-
efficients for the direct excitation from the ground- state
Ar(1s0) to Ar (2p1) (kdir

Ar ), from the ground-state Ar(1s0)
to Ar (2p9) (kdir−2p9

Ar ), from the metastable state Ar(1s3)
to Ar (2p1) (kArm0

exc ), from the metastable state Ar(1s5)
to Ar(2p9) (kArm2

exc ), from the ground state N to N∗ (3p
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4S0) state (kdir
N ), from the ground-state N2 (X) to N2

(C) (kC
X), and from the ground-state N2

+(X) to N2
+(B)

(kB+

X+), as well as for the ionization from the ground-state
N2 (X) to N2

+(B) (kB+

X ), are computed and presented as
functions of Te in Fig. 6. At a typical Te = 3 eV, we have
an ordering such as kArm2

exc > kB+

X+ > kArm0

exc > kC
X

∼= kdir
N

> kdir
Ar

∼= kdir−2p1
Ar > kB+

X . Although the excitation routes
to Ar (2p1), Ar(2p9), N∗ (3p 4S0), N2 (C) and N2

+(B)
are over-simplified, the OES model consisting of Eqs.
(3) – (9) (with Te determined) can provide a useful tool
to explain and predict the evolutions of the densities of
plasma species with changing operating parameters.

3. Plasma Temperatures from OES

In general, RF low-pressure plasmas have a small de-
gree of ionization, which makes collisional processes less
efficient than in plasmas with higher electron densities;
consequently, radiative processes become important. Es-
pecially, in inductively coupled low-pressure N2-Ar plas-
mas, direct excitation from the ground state with radia-
tive decay can be assumed to dominate over the produc-
tion and the destruction of excited energy levels. For in-
stance, many excited states of argon are mainly produced
by electron-impact excitation from the ground state, and
the quenching rate of excited argon atoms by both N2

molecules and Ar atoms is very small compared to the ra-
diative decay [23]. This simplification is called the corona
balance and expressed in a modified Boltzmann formula
as follows:

ln
(

λijIij
∑

i>j Aij

RijAija1i

)
= − Ei

kBTe
+ C, (13)

where Iij, λij, Rij, and Aij are the intensity, the wave-
length, the detector efficiency, and the Einstein coeffi-
cient of the spectral line for a transition from the i →
the j level, respectively. The a1i is the coefficient in an
exponential approximation of the electron impact exci-
tation rate coefficient from the ground state to level i,
kB is the Boltzmann constant, and Ei is the excitation
energy of level i [23,24].

Figure 7(a) shows the emission spectra in the wave-
length range of 670 – 860 nm from N2-Ar plasmas at
p = 1.4 mTorr and P = 500 W. Many Ar peaks, 750.4
nm, 811.5 nm, 696.5 nm (2p2 → 1s5), 706.7 nm (2p3

→ 1s5), 738.3 nm (2p3 → 1s4), 763.5 nm (2p6 → 1s5),
772.4 nm (2p2 → 1s3), 794.8 nm (2p4 → 1s3), 810.4 nm
(2p7 → 1s4), and 801.4 nm (2p8 → 1s5), exist. It should
be noted that in low-Ar-content plasmas, these typical
2p → 1s transitions are superimposed in the transition
bands of nitrogen (see the inset of Fig. 4(a)). Figure 7(b)
presents a modified Boltzmann plot obtained from these
Ar lines. The Te value deduced from linear fit is indi-
cated. For the specified operating condition, Te is esti-
mated to be 4.1 eV. Because this method does not incor-

Fig. 7. (Color online) (a) Spectrum of optical emission
from an inductively coupled N2-5%Ar discharge with a range
of 670 – 860 nm for the 1.4-mTorr Ar 80% plasma at 500 W.
(b) The modified Boltzmann plot obtained from the Ar lines.
The Te value deduced from linear fit is indicated.

porate a sufficient number of transitions from higher ex-
cited states, the slope of the plot has a value larger than
that of the plot containing many transitions. Therefore,
the deduced Te has a value a little less than the real elec-
tron temperature. Although OES cannot result in an ap-
propriate modified Boltzmann plot of Ar lines in low-Ar
content plasmas (especially at low pressure), this method
gives a reasonable estimate of Te in medium-to-high-Ar-
content plasmas. We have found that, in general, Te de-
creases with growing pressure and slightly decreases with
increasing argon content and power. A more elaborate
OES model should take into account cascading contri-
butions from higher excited states, collisional excitation
from metastable states and photon reabsorption.

The N2
+ first negative system band from 390 nm and

392 nm for the 391.4 nm line is fitted to obtain the N2
+

rotational temperature. To obtain the best fit between
the experimental and the synthetic spectral bands, we
used a least-squares procedure [27]. A typical fitting of
the measured first negative (0, 0) band spectrum with the
synthetic spectrum is shown in Fig. 8(a). Good agree-
ment between the measured spectrum and the synthetic
one suggests a reasonable evaluation of Trot. In Figs. 8(b)
– (c), the rotational temperatures in a 95% N2 – 5%Ar
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Fig. 8. (Color online) (a) A typical fitting of the measured
first negative (0, 0) band spectrum with the synthetic spec-
trum. Rotational temperatures as functions of (b) power, (c)
pressure, and (d) Ar content.

discharge are plotted. As expected, the rotational tem-
perature increases, as both the power and the pressure
are increased due to the higher collisional loss of the elec-
tron energy. As the Ar content is increased, entrained
nitrogen is converted into N2

+ via charge transfer with
Ar+ due to the almost equal ionization potentials for
argon (15.76 eV) and for molecular nitrogen (15.58 eV).
The N2

+ ion is consequently destroyed, becoming two ni-
trogen atoms, by dissociative recombination. As shown
in Fig. 8(d), these nitrogen atoms provide energy to in-
crease Trot because they have a relatively high kinetic
energy via exothermic dissociative recombination reac-
tions [26].

The Boltzmann plot method was applied to the emis-
sion intensity peaks relating to ∆v = −1 to estimate the
vibrational temperature. The measured vibrational tem-
perature compares well with those from previous works
[26,32,33]. As shown in Figs. 9(a) – (b), the vibrational
temperature increases with both increasing pressure and
power. This can be accounted for from the observation
that N2 molecules in the plasma have considerable popu-
lations in the excited vibrational levels [26,38]. As the Ar
content is increased, an impact of Arm leads to a higher
population density of vibrationally-excited N2 molecules
[16]. This effect plays a more important role if the colli-
sion rate is increased by higher pressure. Also, there is a
strong relationship between the vibrational distribution
function of molecules and the electron density.

IV. CONCLUSION

The properties of inductively coupled N2-Ar plasmas
have been studied to understand the effect of various op-
erating parameters. The electron temperature, the ro-

Fig. 9. Vibrational temperatures as functions of (a) pres-
sure and (b) power.

tational and the vibrational temperatures, and the ra-
tios of the emission intensities from plasma species were
measured by using optical emission spectroscopy. Along
with these, a Langmuir probe measurement was also per-
formed. The plasma density was found to increase with
increasing power and Ar content. The electron tempera-
ture decreased slightly with increasing Ar content. The
intensity ratios of representative peaks in the N2-Ar plas-
mas were measured, and this allowed us to estimate the
evolutions of the number densities of neutral species with
determined rate coefficients. Although some differences
between the single and double probe results and OES
exist, those differences are in a tolerable range. The
EEPFs of low-pressure inductively coupled N2-Ar plas-
mas are found to be Maxwellian in both the E-mode and
the H-mode. The modified Boltzmann plots give values
comparable to Te measured by using a single probe and
provide a reasonable estimate of Te. The gas tempera-
ture shows an increase as both the power and the pres-
sure are increased. At a pressure of 1.4 mTorr, the gas
temperature increases with increasing Ar content. The
vibrational temperature of N2 increases with increasing
pressure and power. Both the rotational and the vibra-
tional temperatures increase with increasing Ar content,
thus making nitrogen plasmas more reactive. The com-
parability of the energy levels of the excited states in N2,
N, and Ar induces rich plasma chemical reactions, and
Arm plays an important role. Although some uncertainty
is associated with the rate coefficients used, the simple
model presented in this work can provide a useful tool
for characterizing inductively coupled N2-Ar plasmas.
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