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Electron density and temperature as well as nitrogen dissociation degree in the low-pressure (10–50 mTorr)
large area plane–symmetric DC glow discharge in Ar-N2 mixtures are studied by probes and spectral methods.
Electron density measured by a hairpin probe is in good agreement with that derived from the intensity ratio
of the N2 2nd positive system bands IC ,1−3/IC ,0−2 and from the intensity ratio of argon ions and atom lines
IArII/IArI, while Langmuir probe data provides slightly higher values of electron density. Electron density in the
low-pressure DC glow discharge varies with the discharge conditions in the limits of ~108–1010 cm−3. The con-
cept of electron temperature can be used in low-pressure glow discharges with reservations. The intensity ratio
of (0–0) vibrational bands of N2 1st negative and 2nd positive systems I391.4/I337.1 exhibits the electron temper-
ature of 1.5–2.5 eV when argon fraction in the mixture is higher than nitrogen fraction and this ratio quickly in-
creases with nitrogen fraction up to 10 eV in pure nitrogen. The electron temperature calculated from Langmuir
probe I-V characteristics assuming a Maxwellian EEDF, gives Te ~ 0.3–0.4 eV. In-depth analysis of the EEDF using
the secondderivative of Langmuir probe I-V characteristics shows that in a low-pressure glowdischarge the EEDF
is non-Maxwellian. The EEDF has two populations of electrons: the main background non-Maxwellian popula-
tion of “cold” electrons with the mean electron energy of ~0.3–0.4 eV and the small Maxwellian population of
“hot” electrons with the mean electron energy of ~1.0–2.5 eV. Estimations show that with electron temperature
lower than 1 eV the rate of the direct electron impact ionization of N2 is low and themainmechanism of N2 ion-
ization becomes most likely Penning and associative ionization. In this case, assumptions of the intensity ratio
IN2

+,391/IN2,337 method are violated.
In the glowdischarge, N2 dissociation degree reaches about 7%with the argon fraction in the Ar-N2mixture b 10%
anddecreases afterwards approaching to ~1–2%when the argon percentage becomes 90% and higher. The atomic
nitrogen species is produced by electron-impact processes such as, collisions between electrons and nitrogen
molecules or between electrons and N2

+ ions. At small Ar fraction in Ar-N2 mixtures, the atomic nitrogen species
is most likely produced by the collisions between electrons and N2

+ ions.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Low-pressure plasma technology provides several varieties of appli-
cations in themicroelectronics industry andmaterials processing. There
has been a recent increase of interest in low-pressure glow discharge
(LPGD) plasmas. Among the wide variety of applications utilizing low-
pressure discharge plasma there are plasma etching and coating depo-
sition technologies. Both of these technologies are used in several in-
dustries such as, semiconductors, optical coatings, flat panel displays,
hard coatings for cutting and forming tools, decorative coatings,
rokhovsky).
deposition of diamond and diamond-like films, surface modification
by plasma immersion ion implantation and ionitriding, and plasma en-
hanced magnetron sputtering coating deposition processes [1,2]. The
properties of the LPGD operating in pressures ranging from 10 to
100 mTorr are different from conventional glow discharge operating
in pressures typically ranging from 1 to 100 Torr and are less studied
and understood. Technological and laboratory plasmas are classified
by their electron temperature, Te, and electron density, ne in addition
to densities of other charged and neutral particles [2,3]. There are
many different diagnostic techniques used for the measurement of
these parameters, the most common of which are electric probes, mi-
crowave diagnostics, and optical spectroscopy. In some cases the elec-
tron energy distribution function (EEDF) can be obtained from
Langmuir probe I-V characteristics [4,5].
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Electrostatic probes represent contact diagnostic techniques.
Their usagemay influence discharge plasma properties which results
in uncontrollable measurement errors in the plasma parameters. The
microwave resonator probe, also known as the “hairpin” probe, is a
simplified version of microwave (MW) plasma diagnostics that al-
lows the measurement of electron density with high accuracy [6,7].
The operating principles of the hairpin probe are similar to the cavity
resonance shift method [8] in which the change of the resonance fre-
quency of a microwave resonator is due to the change of the plasma
dielectric properties that are dependent upon electron density. The
resonator probe allows measurement of the local plasma density
while the cavity resonance method averages the plasma density
over the cavity volume.

Optical spectral diagnostic methods are widely used in diagnos-
tics of gas discharges owing to their contactless nature [9–18].
Optical emission spectroscopy (OES) is one of the most widely used
diagnostic techniques for low-temperature plasmas. Te and ne can
be extracted from emission spectra of atomic or molecular species
excited by electron-impact processes under certain simplified
conditions, for example, the assumption of the Maxwellian EEDF
[19,20]. As well, the method of optical actinometry is frequently
used to determine the absolute concentrations of species originated
in non-equilibrium conditions of low-pressure gas discharges
[21–25].

In this paper, the parameters of the glow discharge between large
flat electrodes, operating in atmospheres of Ar or Ar-N2 mixtures in
pressures ranging from 10 to 50 mTorr with and without external
magnetic fields are obtained by the combination of Langmuir probes,
hairpin probes and OES plasma diagnostics techniques. The large
area glow discharge at such a low pressure has not been previously
studied in a comprehensive collection of diagnostic techniques. The
primary goal of this paper is characterization of the composition of
the large area glow discharge plasma commonly used in industrial
PVD and CVD coatings, plasma cleaning, ionitriding and other surface
treatment processes with the emphasis on methodology and its ex-
perimental verification. The experimental setup is briefly described
in Section 2. Sections 3 and 4 present the Langmuir and microwave
probe techniques details and the OES methodology specifics, corre-
spondingly. Section 5 is dedicated to analysis of the low-pressure
discharge characteristics obtained by Langmuir and hairpin MW res-
onance probes as well as by OES to find the electro-physical charac-
teristics including Te and ne as well as the electron energy
distribution function (EEDF). In addition, Section 5 contains results
of N2 dissociation degree measurements by the optical actinometry
method. Effects of discharge conditions such as gas pressure and
Fig. 1. The schematic of the experimental setup for th
composition, discharge voltage, and external magnetic field are
studied.

2. Experimental setup

The experimental setup is shown in Fig. 1. The large area glow dis-
charge is ignited between a flat plate cathode and the bottom and top
parallel walls of a vacuum chamber (grounded anode). The rectangular
vacuum chamber is 3 m long and has a cross-section of 20 × 60 cm. The
cathode plate was placed in the middle of the vacuum chamber parallel
to its walls, keeping the plate-to-wall distance to 11 cm. Two cathode
plates made of 304 stainless steel were used in this experiment: “cath-
ode plate 1” has dimensions of 30 × 50 cm and “cathode plate 2” has di-
mensions of 7 × 50 cm to match the dimensions of the magnetic coils.
AnMDX-1 power supply manufactured by Advanced Energy Industries,
Inc. was used to power the cathode plate. The cathode bias was varied
from600 to 1000 V. The glow dischargewas ignited in anAr-N2mixture
at gas pressures of 10–50 mTorr. Ar concentration in the mixture was
changed from 0% (pure nitrogen) to 100% (pure argon). Langmuir and
hairpin probeswere placed near themiddle point of cathode-anode dis-
tance as shown in Fig. 1.

The experiments with cathode plate 1 were conducted without
an external magnetic field. When cathode plate 2 was used, two rect-
angular magnetic coils (65 × 20 cm) with 196 turns of magnetic wire
were attached outside of the chamber walls. These coils were used to
generate longitudinal magnetic fields along the discharge column if
it was required in the experiment. The distance between the coils
was 23 cm. Cathode plate 2 was positioned approximately in the
middle of the coils.

The magnetic field within the discharge area was controlled by the
magnetic coil current andwas changed from0 to 150G. The actualmag-
netic field produced by the magnetic coils in the discharge area was
compared to FEM calculations generated by COMSOL [26]. The experi-
mental and calculated magnetic field comparison at the midpoint be-
tween the coils in an unmatched configuration demonstrates good
agreement (Fig. 2, left). The magnetic field map produced by the FEM
calculation is shown in Fig. 2, right. The magnetic field is quite uniform
across a ~7 cm wide area of cathode plate 2.

Thedischarge current density, jc, measuredwhenplate 2wasused as
a cathode for all process variables (pressure, discharge voltage, gas com-
position, and magnetic field) was jc ~ 0.3 ± 0.05 mA/cm2.

The low-pressure glow discharge radiation was collected by a colli-
mated lens along a very narrowarea parallel to thewalls of the chamber
that passes in the middle between the cathode plate and one of the
chamber walls. The emission was then focused at the fiber optic cable
e investigation of the large area glow discharge.



Fig. 2. Comparison of the experimentally measured magnetic field and FEM calculated magnetic field at the midpoint between the electromagnetic coils in an unmatched configuration
(left) and the FEMmodeling of a magnetic fieldmap between rectangular electromagnetic coils at the total coil current of 1000 amp-turns: 200 turns of magnetic wire with current of 5 A
(right).
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through an optical vacuum feed through. The fiber optic cable was di-
vided in 4 channels to conduct plasma radiation toward four Ocean Op-
tics spectrometers: HR-4000-1, HR-4000-2, HR-4000-3 and HR-4000-4,
with bandwidths of 199–428, 399–613, 600–799 and 800–972 nm, re-
spectively as it is shown in Fig. 1. The devices (with gratings of
1200 L/mm) have optical resolutions of ~0.03 nm and have high sensi-
tivity detectors [27]. Relative sensitivity of the devices as a function of
wavelengthwas calibrated using the DH-2000-CAL having two calibrat-
ed light sources inwavelength of 220–1100 nm [27]. The 5 μmwide slits
were positioned at the entrance of each spectrometer. A total of five
spectra were taken and averaged per scan. The relative standard devia-
tion of the measured intensities of the lines and bands does not exceed
7%.

3. Probe techniques details

3.1. Langmuir probe measurements

The cylindrical Langmuir probe used in this study to measure the
electron temperature and electron density as well as the EEDF was
manufactured by Hiden Analytics and used a tungsten wire filament
150 μm indiameterwith an active length of 10mm,whichwas enclosed
in an alumina tube. The filament was cleaned prior to each measure-
ment using electron heating by applying a + 100 V potential for 10 s.
The measurements were taken by scanning the bias voltage at a rate
of 1 V/0.66 s. The Langmuir probe was positioned approximately be-
tween the cathode plate and the chamber wall (grounded anode)
with the possibility of a linear displacement of ±30 mm. As a rule Te
and ne in the discharge plasmawere calculated from the I-V curves gen-
erated by theprobe by the tangent linemethod described in detail in [5].
The steps for the calculation are as follows. First, the plasma potential Vp
was extracted from the I-V curve by the voltage corresponding to the
maximum of the derivative dI/dV of the I-V curve, where d2I / dV2 =
0. Alternatively, Vp was defined graphically as a cross-section of two
slopes: below V = Vp and above V = Vp on the ln(I) chart on both
sides of its knee-shaped bend of the lnI(V) curve [5]. Te is the slope of
the derivative of the semi-logarithmic I-V or d(lnI)/dV on the left side
(toward negative voltage) of the knee point of the lnI(V) curve or plas-
ma potential Vp. Electron density, ne was calculated from the electron
thermal current at the point where the plasma potential is equal to
the probe potential [5]:

jes ¼ jp V ¼ Vp
� � ¼ 1�

4neqeνTe A=m2� �
: ð1Þ

Here jp(V = Vp) is plasma current density to the probe at the probe
potential equal to the plasma potential, qe is charge of electron, and νTe
is thermal velocity of electrons in plasma in the vicinity of the probe
surface:

νTe ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
qeTe

2πme

s
m=s½ �; ð2Þ

where Te is electron temperature and me is the mass of an electron.
The electron distribution function can be expressed from the probe

I-V second derivative as [28]:

f
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eV=m

p� 	
¼ V

4m
e2nSs

i″ Vð Þ: ð3Þ

This relation was used to obtain the EEDF in the LPGD by double dif-
ferentiation of the Langmuir probe I-V characteristics [29,30].

The array of the probe current first derivatives in′ over the probe po-
tential V was calculated from the array of experimental points in of the
probe I-V characteristics, where n is a number of the experimental
point, and a difference of the probe potentials between any of the neigh-
bor points n and n + 1 was a constant value ΔV, by the almost obvious
expression.

i0n ¼ ΔVN N−1ð Þ½ �−1
XN
k¼1

inþk−in−Nþkð Þ; ð4Þ

assuming averaging of the in′ value over N measurements in the sym-
metrical vicinity of the point n. And, by analogy, the array of the probe
current second derivatives in″ over the probe potential V was calculated
from the array of the probe current first derivatives in′ by the similar ex-
pression

i″n ¼ ΔVN N−1ð Þ½ �−1
XN
k¼1

i0nþk−i0n−Nþk

� �
: ð5Þ

The procedure allows one to derive the probe current second deriv-
atives in″ over the probe potential Vwith averaging aroundN experimen-
tal points with high accuracy.

Representing average thermal velocity of electrons hυi ¼ ∫
∞

0
υ f ðυÞdυ

in the form

υh i cm=s½ � ¼ 5:93� 107
Z∞
0

Vi″ Vð ÞdV
Z∞
0

ffiffiffiffi
V

p
i″ Vð ÞdV

0
@

1
A

−1

ð6Þ
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one can calculate the electron density, ne by the equation.

n cm−3� � ¼ 0:3973� 1010 i 0ð Þ μA½ �
rz μm½ �lz cm½ � υh i � 10−7 cm=s½ �

; ð7Þ

where i(V) is the probe I-V characteristic, i(0) is the probe current at the
point of V=0, i″(V) is the second derivative with respect to the probe
potential V, rz and lz are the cylindrical probe radius and its operating
length which correspond to the surface area Sz = 2πrzlz.

The plasma potential Vp was defined at the minimum of the
derivative i′(V) of the probe current.

3.2. Hairpin MW resonator probe measurements

The principle of measuring electron density by hairpin probe is
based on the relative shift of its resonance frequency from its resonance
frequency in vacuum. The hairpin probe measures the electron density
from the change in the probe resonance frequency [6,7]. Plasmas with
low electron density exhibit lower frequencies than plasmas containing
higher electron density. For a given hairpin dimensions, the resonance
frequency fr only depends on plasma permittivity via fr = fo / ε0.5;
where fo = c / 4l is vacuum resonance frequency of the probe and l is
the probe length. In amagnetic field the plasma permittivity perpendic-
ular to the applied B-field can be obtained using [31]

ε⊥p ¼ 1−
f 2pe

f 2r− f 2ce
: ð8Þ

Here, fce = eB / me is gyro-frequency of electrons and fpe is electron
plasma frequency.

Themeasurement setup is shown in Fig. 3. This setup consists of two
power supplies, a voltage controlled microwave oscillator-crystal, a RF
power indicator, a hairpin-shape resonator-probe, and a millivolt
meter. The hairpin resonator was fork-shaped and was 75 mm long
with a 20 mm gap. The “black box” in the figure contains the voltage
controlled oscillator which is powered by a 12VDC supply and scanned
by a 0–20 V DC supply, which has a resolution of 0.001 V.

The frequency counter displays the frequency output from the
“black box” for the corresponding voltages. When a resonant frequency
is achieved, the diode receiver generates a DC voltagewhich is observed
on the millivolt meter. By changing the input voltage while observing
Fig. 3.Measurement schematics with the hairpin probe where (a) is th
the millivolt meter, one can identify a peak voltage which corresponds
to the resonance frequency of the probe.

To further automate the process and obtain a temporal resolution of
plasma densitymeasurements, an oscilloscope in conjunction with a 0–
20 V function generator was added to the setup (Fig. 3b). However, the
oscilloscope replaces the millivolt meter and is connected to the func-
tion generator, which replaces the 0–20 V power supply. The function
generator is set to output a 0–20 V trianglewave for frequencies ranging
from5Hz to 5 kHz. This setup requires a calibration polynomial to relate
the output voltage coming from the function generator and the frequen-
cy output from the microwave oscillator-crystal. This is accomplished
by changing the frequency every ~100 MHz and recording the corre-
sponding voltage.

With assistance from an oscilloscope, one can determine the peak
voltage, from which the frequency can be calculated by means of a cal-
ibration curve. This entails the user to observe shifts in resonance fre-
quency, which directly correlates to electron density. The total time
range of the hairpin probe oscillogram used in this study is approxi-
mately 2 s and has a resolution of 0.2ms to 10msdepending on the cho-
sen frequency of the function generator. The distribution of plasma
densities per selected duration for each scan at a given plasma condition
(pressure, cathode voltage and magnetic field) were then presented in
histogram form.

4. OES methodology details

4.1. Electron temperature

Electron temperature was estimated from the corona model using
an intensity ratio R391/337 of the (0–0) vibrational band of the nitrogen
first negative system (391.4 nm) and (0–0) vibrational band of the ni-
trogen second positive system (337.1 nm). For a low degree of vibra-
tional excitation in plasmas, the populations of the N2(C3Πu,ν=0)
and N2

+(B2Σu
+,ν=0) excited states are determined by the processes of

direct electron-impact excitation from the ground state of nitrogen
[32,33].

At low pressures, low ionization degree quenching N2(C3Πu,ν=0)
in collisions with heavy particles is small. Estimations show that
N2(B2Σu

+,ν=0) depopulation frequencies by associative conversion of
the nitrogen ions and the charge transfer at collisions with Ar atoms
are much less than the frequency of spontaneous radiative depopula-
tion (τ0)−1. Thus, depopulation of the N2(C3Πu,ν=0) and
e stationary measurement and (b) is the dynamic measurement.
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N2
+(B2Σu

+,ν=0) occurs due to spontaneous radiative depopulation. In
this case, the intensity ratio R391/337 can be calculated theoretically.
The required intensity ratio is [32,33]

R391=337 ¼
INþ

2 ;391

IN2 ;337
¼ λ391

λ337


 �−1 A391
vib

A337
vib

k391exc

k337exc

; ð9Þ

The excitation rate constants kexc must be defined to complete the
ratio shown in (Eq. (9)) and can be calculated knowing the excitation
cross-section σexc and the electron energy distribution function
(EEDF), f. Parameters of τ0 and Avib of the (0–0) vibrational band of
the nitrogen first negative system (391.4 nm) and (0–0) vibrational
band of the nitrogen second positive system (337.1 nm) we taken
from [34] and are presented in the (Table A1). The authors used emis-
sion excitation cross sections of the 337.1 nm and 391.4 nm bands at
electron collisions with N2 by Itikawa [35].

4.2. Electron density

Two methods were applied to estimate electron density.

1) The contour graph of population ratio nC;1
nC;0

of nitrogen molecules

N2(C3Πu,ν=1) and N2(C3Πu,ν=0) as a function of the electron
temperature and density, calculated by solving the rate balance
equations of N2(X1Σg

+,υ), N2(A3Σu
+), N2(B3Πg) and N2(C3Πu) excit-

ed nitrogenmolecules for low-pressure ICP andCCPdischarges in ni-
trogen at 1 Pa (7.5 mTorr) (a nitrogen collisional-radiative model
(CRM)) [19,36]were used to derive electron density. The population

ratios nC;1
nC;0

were calculated from the measured intensity ratio IC;1−3
IC;0−2

of

nitrogen bands of 2nd positive system. For the second positive sys-
tem (N2, C3Πu → B3Πg), the self-absorption processes are ignored
since the lower state N2(B3Πg) is an excited state and has a very

low density. Therefore, themeasured intensity ratios IC;1−3
IC;0−2

are related

to the excited state population ratios nC;1
nC;0

by

nC;1

nC;0
¼ IC;1−3

IC;0−2

q0−2s375
q1−3s380

; ð10Þ

Here q0−2, q1−3 are Franck-Condon factors for transitions
N2(C3Πu,ν′)→N2(B3Πg,ν″) and sλ is sensitivity of the spectral
recorded system at wavelength λ. The Franck-Condon factors of
transitions for the (0–2) and (1–3) bands of the second positive
system (2ndPS) of N2 were used from [37] (Table A2 of Appendix A).

It is reasonable to assume that for low-pressure arc discharges at
pressures between 2 and 25mTorr the contour graph of the population
ratio nC;1

nC;0
is valid as the population of N2(C3Πu,ν′) levels is determined by

the same processes as in the calculation from Zhu and Pu at 7.5 mTorr
[19]. The radial dimensions of these discharges are of the same order
as was mentioned in [19]. The authors assume that some small differ-
ences in the rates of diffusion andwall processwould change the results
considerably.

2) In a pure argon glow discharge, we use the intensity ratio of ArII to
ArI lines IArII/IArI to estimate electron density. In a general gas dis-
charge, the excited Ar ion states can appear in a single-step excita-
tion process (Eq. (11)) as well as in a multi-step excitation process
(Eq. (12)).

eþ Ar→ Arþð Þ� þ 2e ð11Þ

eþ Ar→Arþ þ 2e; eþ Arþ→ Arþð Þ� þ e ð12Þ
Bennett et al. [38] provide somequantitative data related to the frac-
tional involvement of single and multi-step excitation processes in the
conditions actually encountered in a DC argon ion laser. The discharge
data correspond to a filling pressure of 0.2 Torr in a 2-mm capillary at
7 A discharge current. The measurement shows the single-step excita-
tion brings only a small part into excitation of 4p2Do

5=2 (ArII 487.98)
at Te ≤ 3.5 eV. At moderate electron temperatures (~1–3 eV) excited
argon ions (Ar+)⁎ are formed in multi-step excitation (Eq. (12)) as
single-step excitation requires more energy. In this case the intensity
ratio of an ArII line to an ArI line IArII/IArI is first of all a function of the
Ar+ ion density. In pure argon plasma ne ≈ nAr+ and at known Te elec-
tron density ne can be estimated by IArII/IArI ratio.

Considering the single-step Ar⁎ excitation e+Ar→Ar⁎+e and the
multi-step (Ar+)⁎ excitation (Eq. (12)) and depopulation of the excited
states by radiation one can get balance equations for argon atoms

nanek
a
ex ¼ n�

a=τa ð13aÞ

and for argon ions.

ninek
i
ex ¼ n�

i =τi ð13bÞ

Here ne is electron density, na and ni are densities of argon atoms and
ions in their ground states; na⁎ and ni⁎ are densities of argon atoms and
ions in considered excited states; τa and τi are life times of the excited
states; and kex

a and kex
i are excitation rate constants.

Intensities of spectral lines and densities of atoms and ions in excited
states satisfy the following ratio I ¼ hc

λki
n�Akil; where Aki is transition

probability, λki is wavelength, h and c are Plank constant and light veloc-
ity and l is thickness of plasma in the measured direction, respectively
[39].

Taking into account these relations and the device sensitivity, the
density ratio of argon ions and atoms is

ni

na
¼ kaexτaA

a
kiλi

kiexτiA
i
kiλa

Iis750
Ias487

: ð14Þ

Hence,

ne≈ni ¼
kaexτaA

a
kiλi

kiexτiA
i
kiλa

Iis750
Ias487

na ð15Þ

Here sλ is sensitivity of the spectral recorded system at wavelength
λ.

TheArII 487.98 andArI750.49 nm lineswere chosen to determine ne.
Spectroscopic parameters of these lines are used from [40,41] and are
presented in Appendix A (Table A3).

The Van Regemorter formula was used to calculate the excitation
rate constant for argon ions kexi [42,43]. The excitation rate constant
for argon atoms was obtained by integrating the cross section [44]
over an assumed Maxwellian distribution under measured value of Te.

4.3. Optical actinometry for determination of N density in argon-nitrogen
discharge

In [17,18], it is shown that in argon-nitrogen discharge at low pres-
sure emission intensity due to a transition from an excited level
[N*(3p4S)] to a lower state [N*(3s4P)] can be expressed as

I N�ð Þ ¼ KNhvNANτNne N½ �kdirN 1þ sNð Þ; ð16Þ

where ne is electron density, [N] are density of nitrogen atoms in the
ground state; τN are life time of the excited states; kNdir are rate constant
of direct excitation by electron impact, AN is transition probability, νN is
frequency of the transition, h is Plank constant, KN is a factor, depending
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on the plasma volume, solid angle, and spectral response of the spec-
trometer, and sN is the correction factor accounting for various contribu-
tion to the formation of excited nitrogen atoms rather than the direct
excitation by electron impact.

Similarly the emission intensity fromanexcitedAr atomcan bewrit-
ten as

I Ar�ð Þ ¼ KArhvArAArτArne Ar½ �kdirAr 1þ sArð Þ; ð17Þ

where sAr is the correction factor accounting for the excitation from the
metastable Ar.

From Eqs. (16) and (17).

N½ �
Ar½ � ¼

IN
IAr

1þ sArð Þ
1þ sNð Þ

KAr

KN

λN

λAr

AAr

AN

kdirAr

kdirN

τAr
τN

: ð18Þ

In [17] it is shown, that with varying Ar content, the sAr factor does
not exhibit a big change because both [Nm] and [Arm] are counter vari-
ant quantities. The sN factor increases with Ar content but the effect of
sN is also not significant due to small values of [Arm]. Therefore, the ac-
tinometric relation, Eq. (18), can be used to give a rough estimation of
[N] even for the high Ar content discharge [17].

Estimating that in the glow discharge densities of metastable N and
Ar atoms are not large due to very low pressure and so factors sN and sAr
are small in comparison with 1, N density is written as

N½ �≈ IN
IAr

KAr

KN

λN

λAr

AAr

AN

kdirAr

kdirN

τAr
τN

Ar½ � ¼ const
IN
IAr

kdirAr

kdirN

xAr
xN2

N2½ �; ð19Þ

where const ¼ KAr
KN

λN
λAr

AAr
AN

τAr
τN
, and xAr, xN2 and [N2] are the percentage of

argon and nitrogen in the gas mixture with the discharge off and the
input number density of nitrogen molecules, respectively.

The dissociation degree α is ratio of dissociated molecules [N2]diss to
nitrogenmolecules in the gasmixturewith the discharge off [N2]. Sowe
can write

α ¼ N2½ �diss
N2½ � 100% ¼ N½ �=2

N2½ � 100%: ð20Þ

From Eqs. (18) and (19)

α½ �≈const
1
2
IN
IAr

kdirAr

kdirN

xAr
xN2

100%: ð21Þ

However, quantitatively accurate results can only be obtained if ex-
citations via dissociative channels, the Penning effect, and the
quenching of excited states are accounted for.

When the N2 dissociation degree α is calculated it is easy to find N
density as N ¼ 2

100α � ½N2�.
To calculate the excitation rate constant of Ar levels the Maxwell's

EEDF experimental cross sections from [44] are used. For rate constants
of electron impact direct excitation of 3p levels of nitrogen atoms the
expression by Gudmundsson [45] are used:

kdirN ¼ 2:26 � 10−14T−0:187
e exp −12:02=Teð Þ; m3=s: ð22Þ

Monitoring the nitrogen dissociation degree in accordance with
Eq. (21) were carried out using two ratios of the spectral lines of nitro-
gen NI, and argon ArI atoms: INI,868.03/IArI,852.14 and INI,862.92/IArI,852.14.
Atomic constants of the ArI and NI spectral lines summarized in
Table A4 of Appendix A are used from [41,46–49]. The Gudmundsson's
rate constant for 2s2p33p levels of Ar was multiplied by the ratio of sta-
tistical weight of a top level of the transition to the total statistical
weight of 2s2p33p levels gk=∑

i
gi.
5. Results and discussion

To estimate electron density in the LPGD in pure argon Langmuir and
hairpin probes and the intensity ratio IArII/IArI of ArII 487.98 and ArI
750.49 nm lines were used. In the LPGD in Ar-N2 mixtures the counter
graph of the population ratio nC;1

nC;0
calculated by the nitrogen band inten-

sity ratio IC;1−3
IC;0−2

were used for electron density estimation by OES. The

Langmuir probe data exhibit higher electron density values than the
data measured by the hairpin probe and OES, which conversely, are
quite comparable to each other. It is known, the hairpin MW resonance
probe represents a simplified version of MWplasma diagnostics and al-
lows measurement of electron density with high accuracy unlike Lang-
muir probe analysis which has a high probability to influence discharge
plasma properties and may negatively affect results [28]. On the other
hand, the Langmuir probe allows more local measurements than the
hairpin MW resonance probe and OES.

Electron temperaturewasmeasured using the intensity ratio IN2
+,391/

IN2,337 and by the Langmuir probe. The intensity ratio provides an elec-
tron temperature of ~1.5–3 eV and higher. Langmuir probe measure-
ments show lower electron temperatures of ~0.2–0.3 eV (Figs. 4 and
5). This discrepancy appears because of non-Maxwellian behavior of
the EEDF in the glow discharge as described in Section 5.3 (Tables 1,
2). Two distinct population groups of electrons in the EEDF is observed
using double differentiation of the Langmuir probe I-V characteristics:
themain groupof ‘thermalized’ electrons exhibits ameanelectron ener-
gy of ~0.3–0.4 eV and the second small group of ‘energetic’ electrons ex-
hibits a mean electron energy of ~1.0–2.5 eV. The ‘energetic’ electron
population at 2 eV may consist of secondary electrons originating at
the walls [50]. Te determined by the slope of the derivative of the I-V
semi-logarithmic characteristic reflects the mean energy of the main
group of ‘thermalized’ electrons. At the same time the OES methods
show electron temperatures that correspond to ‘energetic’ electrons
since only enough hot electrons can excite the N2(C3Πu) and
N2
+(B2Σu

+) levels. In addition in the LPGD in Ar-N2 mixtures the dissoci-
ation degreewas evaluatedusing optical actinometrymethod: by inten-
sity ratio of NI, 862.9/868.0 nm and ArI, 852.1 nm lines.

5.1. Spectra of the low-pressure glow discharge

Fig. 4 shows spectra of the low-pressure glowdischarge in Ar, N2 and
theirmixtures at a pressure of 34mTorr, where all strong line and bands
are clearly seen and the noise level is weak. Intensities of the discharge
spectra are weak. Noise level in the spectra increases as pressure
decreases.

In spectra, the authors obtain ArI, ArII and NI lines and N2 and N2
+

bands. Intensities of the lines and bands strongly depend on discharge
conditions such as, gas composition, pressure, discharge voltage, and
magnetic field.

Strong ArI lines corresponding to 2p → 1s transitions (in Pashen's
notation) are easily observed in a wavelength range of 690–980 nm in
spectra of the LPGD in pure argon and in Ar-N2 mixtures (Fig. 4d). ArI
lines emitted from higher levels are weak. ArII lines are much weaker
than ArI lines and are mostly in wavelength range of 450–500 nm (for
example, Fig.4e). NI lines are very weak in spectra of the LPGD in pure
nitrogen and in Ar-N2 mixtures and are superimposed by bands of the
1st positive system of nitrogen which lie in the wavelength range of
650–960 nm (Fig.4b). Intensities of NI lines and 1st positive system
bands of N2 decrease promptly when the Ar percentage in Ar-N2 mix-
tures grows. Only a few strong bands of 2nd positive system of nitrogen
and few strong bands of 1st negative system of N2

+ ions are observed in
spectra of the LPGD at a wavelength range of 300–400 nm and 385–
525 nm, respectively (Fig. 4c and a). Argon content in Ar-N2 mixtures
negatively affects the intensity of 1st negative system bands much
more than 2nd positive system bands. Three reasons can lead to the ef-
fect: 1) a contribution of Penning and associative ionization in N2



Fig. 4. Spectra of the low-pressure glow discharge at a gas pressure of 34 mTorr and a discharge voltage of 700 V; a, b – pure N2, c, d – Ar-N2 (1:1), and e – pure Ar.

Fig. 5. Distribution of argon plasma parameters within the gap between the cathode and
opposite chamber wall (grounded anode) at P = 25 mTorr and U = 1000 V; 1 – ne, 2 –
Up via inflection point, 3 – Up via derivative and 4 – Te.
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ionization mechanism, 2) charge transfer at collisions N2
+ ions with Ar

atoms, 3) population of N2(C3Πu) state at collisions of N2 molecules
with metastable argon atoms (Arm⁎). The first two mechanisms contrib-
ute prompt decreasing of the N2

+(B2Σu
+) density when the argon con-

tent grows, and the third mechanism hinders decreasing N2(C3Πu)
density. More detail of the effects of the processes is discussed in
Section 5.4.4.

5.2. Spatial distributions of the low-pressure glow discharge parameters

While observing the discharge emission with the naked eye it was
found out that the low-pressure glow discharge is stable over time
and any visible glow pulsations are not detected. The glow is uniform
in a direction along the cathode plate. In the transverse direction,
along the discharge gap, increase in glow near the cathode plate can
be seen clearly.

Spatial distributions of the glow discharge parameterswere estimat-
ed from Langmuir probe measurements. The distribution of electron
temperature, Te, electron density, ne and plasma potential, Vp within



Table 1
Electron parameters in a glow-discharge Ar plasma at p=25mTorr. Designations: εp – energy corresponding to themost probable velocity, 〈ε〉 –mean energy, n – electron concentration,
λD – Debye length, λTe – free path, ν – collision frequency, Vp – plasma potential.

Electron population εp, eV 〈ε〉, eV n, 1010 cm−3 λD, μm λTe, cm ν, 107 s−1 Vp, V

Low-energy electrons 0.424 ± 0.170 0.393 ± 0.093 0.194 ± 0.051 110 ± 26 32.3 ± 3.4 0.112 ± 0.008 1.541 ± 0.058
High-energy Maxwellian electrons 0.676 ± 0.127 1.01 ± 0.19 0.040 ± 0.011 314 ± 65 12.7 ± 3.0 0.453 ± 0.133
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the inter-electrode gap between the cathode plate and the opposite
chamber wall are shown in Fig. 5 for pure argon at the pressure of
25 mTorr and cathode voltage 1000 V. The characteristic electric field
along the discharge column is approximately E ~ 0.1 V/cm. The peak in
plasma potential at distance of 1.5 cm from cathode plate likely indi-
cates a soft boundary of the cathode fall area and the peak at distance
of 2.2 cm probably indicates a soft boundary of the Faraday dark space
area. One can see, near the cathode plate in the cathode fall area there
is high enough electron density 1 · 1010 cm3. The electron temperature
is low ~0.2 eV and its variations near the cathode plate are small, how-
ever at a distance of 6 cm from the cathode plate it falls to 0.15 eV. The
relative standard deviation (RSD) of the Te measurements is 5–10%.

Shown in Fig. 6 are plasma parameters in Ar-N2 mixtures as a func-
tion of nitrogen partial pressure with a total gas pressure of 25 mTorr
and a cathode voltage of 1000 V in the midpoint between the cathode
and the chamber wall (the probe tip was placed at distance of d =
5 cm from the cathode plate). The plasma potential slightly decreases
when the nitrogen pressure increases, which is attributed to the in-
crease in plasma conductivity. At a nitrogen partial pressure of
2mTorr in the Ar-N2mixtures at total pressure of 25mTorr the electron
temperature Te reaches its maximum and the electron density ne
reaches its minimum. This is attributed to competition between ioniza-
tion and recombination processes depended on the mixture
composition.

5.3. Electron energy distribution in the glow discharge plasma

It is known that in traditional glowdischarges excited at pressures of
several Torr and several tens/hundreds of Torr, the EEDF is non-
Maxwellian [51,52]. Therefore, one expects that the EEDF in the LPGD
is also in a non-equilibrium state.

One important aspect from the data collected in this study is that
under pressures of 10–50 mTorr the electron free path is about the
same as the discharge gap. For example, the electronmean free path cal-
culated with a total cross section of the electrons scattered on Ar atoms
at a pressure of 25mTorr is 25.7± 3 cm. This is twice as long as the dis-
charge gap of approximately 10 cm between the cathode and the anode
surfaces, e.g. λTe ≳ Δx. In the Ar-N2 mixture under 25 mTorr (2.27mTorr
of Ar and 22.7 mTorr of N2) the electron mean free path 4.7 ± 0.2 cm is
about two times less than the gap, e.g. λTe ≲Δx. In both cases, one can ex-
pect in plasma, a spherically symmetric electron velocity distribution
function (EVDF) f(v) formed by electrons which are accelerated in the
electrical field and are scattered by neutral atoms and molecules defin-
ing their average thermal velocity.

Fig. 7a displays an I-V characteristic obtained for the LPGD plasma in
pure Ar under a pressure of 25mTorr by using the cylindrical Langmuir
probe, where i(V) is averaged over 10 scans taken by the Hiden Analyt-
ical electronic block. In addition, Fig. 7a shows the first i′(V), and second
i″(V) derivatives obtained from the probe's I-V characteristic by numer-
ical differentiation using the Savitzky-Golay filtering. The probe tip was
immersed in a glow discharge plasma approximately between the
Table 2
Parameters of electrons in glow-discharge plasma of mixture 2.27 mTorr of Ar and 22.7 mTorr

Electron population εp, eV 〈ε〉, eV n, 10

Low-energy electrons 0.251 ± 0.024 0.295 ± 0.050 0.139
High-energy Maxwellian electrons 1.63 ± 0.35 2.45 ± 0.53 0.074
cathode plate 1 and the chamber wall (grounded anode). The total volt-
age drop across the discharge gap was 1000 V and the total discharge
current was 0.125 A. On the second i″(V) derivative of the probe's I-V
characteristic certain periodic oscillations were observed (as shown in
Fig. 7a) in the range of 0.65 ≲ V ≲ 1.65 V with a period of ΔV =
0.31± 0.01 V (τ=0.206± 0.006 s), which can be represented approx-
imately in the following form

i″� Vð Þ ¼ i″0 sin
2π
Δν


 �
V þ γ


 �
; ð23Þ

where the amplitude i0
″ and the phase γ are found by their variations

that provide the best fitting of the experimental points for the curve de-
fined by Eq. (23). The plasma potential Vp was defined at the minimum
of the derivative i′(V) of the first probe current as illustrated in Fig. 7a.
Fig. 7b displays the difference i″(V)− i~

″(V) assuming an elimination of
periodic oscillations from the probe signal. This elimination allows one
to recognize two regions in the EEDF shape determined by two distinct
plasma electron populations: the greater population characterized by
the probe signal labeled ‘0’, and the small population labeled ‘2’. Note
here that the presence of insignificant periodic (Fig. 7a) and even small-
er non-cyclic (Fig. 7c) noises, which could be observed only on the sec-
ond derivative of the probe I-V characteristic, did not add noticeable
changes in the results of the probe I-V characteristics processing (see
[53]). Moreover, these noises can be clearly recognized on the second
derivative of the probe I-V characteristic and eliminatedmathematically
as is shown in Fig. 7a–d by selecting theproper duration of the analyzing
saw-tooth voltage.

The oscillations highlight some weak fluctuations existing in the
low-pressure glowdischarge in spite of apparent uniformity. The nature
of the effect is not studied yet, most likely the oscillations are generated
by small spatially periodic striation-like components of electric field. It
is well-known, in the glow discharges various ionization waves spread,
which are determined by transport phenomena, ionization processes
and electron kinetics [54].

Fig. 7c displays the portion of the second i″(V) derivative responsible
for small electron population and its average behavior which implies a
possibility to interpret the section as an exponent (curve 3 in Fig. 7c)
which is presumably Maxwellian. Thus, it has an electron distribution
function with an electron temperature of kT = 0.75 ± 0.06 eV (mean
electron energy 〈ε〉=(3 / 2)kT=1.13±0.09 eV) and a population con-
centration of n2 = (2.7 ± 0.2) · 108 cm−3. After subtracting the value
i2
″ =5.76×10−5e(V/0.75), which is the best polynomial fit of the experi-
mental data points plotted in Fig. 7c (labeled ‘3’ in the Figure), one can
obtain a part of the second derivative i″(V)− i~

″(V)− i2
″(V) which pre-

sumably corresponds to the greater electron population. This popula-
tion is spherically-symmetric and is almost isotropic (shown in Fig. 7d).

Table 1 lists data, whichwere collected using the same conditions of
Ar LPGD plasma mentioned above after being averaged per ten
measurements.
of N2. Designations are the same as in Table 1.

10 cm−3 λD, μm λTe, cm ν, 107 s−1 Vp, V

± 0.051 352 ± 19 1.62 ± 0.02 0.75 ± 0.06 1.656 ± 0.025
± 0.023 314 ± 65 12.7 ± 3.0 5.25 ± 0.53



Fig. 6. Plasma parameters at distance of 5 cm from the cathode plate as a function of
nitrogen partial pressure in Ar-N2 mixtures at total pressure 25 mTorr; 1 – ne, 2 – Up via
inflection point, 3 – Up via derivative and 4 – Te.

Fig. 7. (a) The I-V characteristic of the Hiden Analitics Langmuir probe, i(V), and thefirst,
i′(V), and second, i″(V), derivatives; (b) the second derivative, i″(V) after subtraction of
periodic plasma oscillations, 0 – main part, exponential wing; (c) exponential wing
of the EEDF determined by presumably Maxwellian “high-energy” electron population,
2 – experiment, 3 – exponential fit; (d) part of i″(V) determined by “low-energy” electron
population.
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Two electron populations drifting along the electric field E of dis-
charge is distinguished by two couple of average drift υd and thermal
〈υ〉 velocities: (i) υd = 1.4 · 106 cm/s at 〈υ〉 = 3.4 · 107 cm/s, in the
case of low-energy electrons corresponding to Table 1, and (ii) υd =
1.66 · 106 cm/s at 〈υ〉 = 3.11 · 107 cm/s, in the case of electrons with
larger energies corresponding to high-energy Maxwellian electrons in
Table 1. If the average drift velocity υd of the electrons is negligibly
less than their average chaotic velocity 〈υ〉, υd≪〈υ〉, the electron distri-
bution function does not have a dominant direction, that making it al-
most spherically symmetric and isotropic when the free path of the
electrons is comparable to the interelectrode gap.

Table 2 lists the same data as in Table 1 for the LPGD in Ar-N2 mix-
ture (1:10) also under pressure 25mTorr and voltage drop 1000 V aver-
aged per ten measurements.

Thus, in the low-pressure glow discharge, the EEDF is non-
Maxwellian. The EEDF has at least two populations of electrons: the
main cold non-Maxwellian population exhibits a mean electron energy
of ~0.3–0.4 eV and the second smallMaxwellian population of “energet-
ic” electrons exhibits a mean electron energy of ~1.0–2.5 eV (as shown
in Tables 1,2). Furthermore, the presence of the electron population
with themean energy of the electrons 〈ε〉 ~ 1 eV is corroborated by a rel-
atively high positive plasma potential, Vp = 1.55 V, measured by the
probe and verified independently by spectralmeasurements of the plas-
ma radiation, while the presence of the population of the cold electrons
shown in Fig. 7d can be explained by a secondary emission from the
electrodes and chamber walls under conditions of plasma UV radiation
[50].

Two distinct population groups of electrons which have non-
Maxwellian EEDF, were also observed by Gamez et al. [51] in argon DC
planar-diode glow discharge with argon pressures of 1–3 Torr and dis-
charge currents of 2.5–65mA using Thomson scattering. Authors stated
that using a bi-Maxwellian distribution resulted in a good estimation of
the energies of the different electron groups in the discharge. They
found one group of ‘thermalized’ electrons exhibited temperatures of
~0.3 eV and the other group of ‘energetic’ electrons exhibited tempera-
tures of ~1–1.5 eV and the group of ‘energetic’ electrons becameweaker
as the distance from the cathode increases until ultimately
disappearing, reaching zero concentration. The non-Maxwellian behav-
ior of the EEDF in the glow discharge was also shown in [55–57]. Gamez
et al. [51] consider that the temperatures of the high-energy group of
electrons range from 2 to 10 eV and they correspond to gas-phase ion-
ized electrons which were previously involved in collisions as electrons
that arise from gas-phase ionization events [56]. In addition, the data
presented in [51], show non-Maxwellian behavior of the EEDF in a
glow discharge with two distinct groups of electrons with close ener-
gies. However, it is surprising that plentiful ‘cold’ electrons in the low-
pressure glow discharge also have non-Maxwellian EEDF. Note: the
argon discharge pressure used in the work presented here is one
order of magnitude lower than in [51]. This decrease in gas pressure re-
sults in the reduction of electron collisions and, consequently, complete
thermalization of electrons becomes more difficult.



Fig. 9. Intensities of ArI and ArII spectral lines in spectra of the low-pressure glow
discharge in pure argon as a function of pressure where the bias is 1000 V.
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Furthermore, it should be noted that electrons with energies above
the threshold for inelastic collisions are particularly important for the
glow discharge as they give rise to excitation, ionization, and are there-
fore important for sustaining of the discharge. These energetic electrons
were, however, not observed in the experiments because their fraction
is quite low compared to the thermal electrons and the sensitivity of the
experiments is not adequate enough to observe them [52].

5.4. The low-pressure glow discharge plasma properties

5.4.1. Voltage effect on electron density
Electron density in the low-pressure glow discharge increases with

discharge voltage. Fig. 8 shows the electron density in the glow dis-
charge in pure argon as a function of voltage at argon pressure of
25 mTorr measured by the hairpin probe.

Intensities of NI, ArI, and ArII lines and N2 and N2
+ bands emitted by

the low-pressure glow discharge in Ar-N2 mixtures increase with dis-
charge voltage, which is because the increase in electron density. For
the LPGD in 0.7Ar-0.3N2 mixture at pressure 25 mTorr and voltage
900–1000 V the excited state population ratio nC;1

nC;0
provides electron den-

sity values 8 · 108–1 · 1010 cm−3 close to values measured by the hair-
pin probe in pure argon. Unfortunately, intensities of C,1→ B,3 (head at
380.49 nm) and C,0 → B,2 (head at 375.54 nm) bands are very weak at
discharge voltages lower than 900 V and could not be used for calcula-
tion of the nC;1

nC;0
ratio at low voltages. The electron temperature measured

by the intensity ratio
INþ

2
;391

IN2 ;337
was ~2.5 eV and has little to no dependence

on the glow discharge voltage.

5.4.2. Pressure effect on LPGD properties
Fig. 9 shows intensities of ArI and ArII lines in spectra of the LPGD as

a function of pressure. Intensities of all lines increase with gas pressure.
The electron temperature in the low-pressure glow discharge in a mix-
ture of 0.7Ar-0.3N2 calculated by the intensity ratio IN2

þ ;391=IN2 ;337, in-
creases from 2.6 to 2.9 eV when gas pressure increases from 9 to
15 mTorr. Fig. 10 shows the electron density measured by Langmuir
and hairpin probes and by the IArII/IArI ratio as a function of argon
pressure.

Both Langmuir and hairpin probes as well as OES data show that ne
increases with argon pressure, but the Langmuir probe data exhibit
higher ne than the hairpin probe data. TheOES data show slightly higher
electron densities than the hairpin probe data. In argon as well as in ni-
trogen, glow discharges at gas pressures lower than 25 mTorr exhibit
electron density ranges within ne ~ 109 cm−3. When the gas pressure
Fig. 8. Electron densitymeasured by the Hairpin probe as a function of voltage in the glow
discharge in pure argon at argon pressure 25 mTorr.
reaches 35 mTorr, the electron density begins to increase faster, and
consequently, the dependence changes. This change implies that addi-
tional ionization processes arise in gas. This phenomenon should be
studied in the future.

The Langmuir probe data exhibits higher electron density values
than the data measured by the hairpin probe and OES, the ne measured
by OES is a bit higher than the one measured by the hairpin probe. The
difference between the Langmuir probe and the hairpin probemeasure-
ments increases with growth of pressure. It should be noted, that the
Langmuir probe with tip length of 10 mm allows more local measure-
ments than the hairpin probe with resonator length of 75 mm. The
main reason for the difference between data of Langmuir and hairpin
probes is non-locality of hairpin probe data, the resonator occupies
about a half of discharge gap, situated between the wall and the middle
point of the discharge gap, therefore the hairpin probe exhibits average
data over the discharge part with lower average electron density than in
the center of the gap. The increase with pressure in the difference be-
tween the ne measured by the Langmuir and the hairpin probe points
to a rise of non-uniformity of discharge parameter distribution over
the discharge gap.

5.4.3. Magnetic field effect
The intensities of the ArII 487.98 and ArI 750.49 nm lines and the in-

tensity ratio IArII/IArI as functions of a magnetic field in the glow
Fig. 10. The electron density in the low-pressure glow discharge in argon as a function of
pressure: ne was measured by Langmuir probe at midpoint of the inter-electrode gap (1),
by hairpin MW resonance probe (2) and by IArII/IArI intensity ratio (3); U = 1000 V.



Fig. 12. Electron density, ne in the glow discharge in the longitudinal magnetic field as a
function of the magnetic field; 1, 2 - OES by IArII/IArI intensity ratio and 3, 4 - MW
resonance hairpin probe; 1, 3 - 30 mTorr and 2, 4 - 40 mTorr.
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discharge in longitudinal magnetic field in pure argon are shown in Fig.
11. The electron density estimated by the intensity ratio IArII/IArI and
measured by the hairpin probe as a function of magnetic field is
shown in Fig. 12.

The hairpin probe and OES data show similar values of electron
density ~ 109–1010 cm−3. Bothmethods reveal that electron density in-
creases with magnetic field and pressure. This behaviors caused by the
increase in the number of electron collisions with atoms accompanied
by ionization under rise of both pressure and magnetic field. It should
be note that increase inmagnetic field in someway is similar to increase
in pressure because orbital motion of electrons in magnetic field in-
creases number of their collisions with atoms.

As derived from Eq. (8), in a weak magnetic field, when fce ≪ fr, the
magnetic field has a negligible effect on hairpin probe measurements.
In the range of magnetic field of 25–150 G the gyro-frequency of elec-
trons changes in the range of 0.67 · 108–4 · 108 Hz. The vacuum reso-
nance frequency of probe fo = c / 4l at the hairpin resonator length of
7.5 cm is 1 · 109 Hz. In the low-pressure glow discharge the hairpin
probe resonance frequency fr N f0 ≫ fce and the effect of magnetic field
on hairpin probe measurements is small. On the other hand, the inten-
sities of ion lines in optical emission spectra of LPGD plasma in a weak
magnetic field were low, which increases the deviations of spectral
lines intensities up to 10–20%. Moreover, the EEDF in the LPGD is non-
Maxwellian and the Van Regemorter formula for the excitation rate
constant is only an approximation. Nevertheless, the data from OES
and hairpin probe (HP) measurements exhibit reasonable agreement
with each other.

5.4.4. Ar concentration effect on characteristics of the low-pressure glow
discharge in Ar-N2 mixtures

Fig. 13 shows head intensities of the (0–0) band of the N2 second
positive system (SPS) and (0–0) band of the N2

+ first negative system
(FNS) (a) and the electron temperature measured by the intensity
ratio IN2

+,391/IN2 ,337 (b) in the Ar-N2 low-pressure glow discharge as a
function of the Ar fraction in Ar-N2 mixtures.

One can see the intensity of the (0–0) band of the N2
+ FNS

(391.4 nm) has a maximum at an Ar fraction of 7% in the Ar-N2 mixture
and decreases above 7% whereas, the intensity of the (0–0) band of the
N2 SPS (337.1 nm) reaches amaximumwith an Ar fraction of 60–70% in
the mixture (Fig. 13a). The electron temperature determined by the in-
tensity ratio IN2

+,391/IN2,337 at nitrogen fraction in anAr-N2mixture b 50%
slow increases from 1.5 to 2.5 eVwhen the nitrogen fraction in themix-
ture rises. At farther rise of the nitrogen fraction in Ar-N2 mixtures the
electron temperature fast increases and reaches rather high tempera-
ture 10 eV in pure nitrogen as it is shown in Fig. 13b. Existence of so
high a temperature in the low-pressure glow discharge is questionable,
especially bearing in mind that the band intensities decrease with re-
ducing Ar fraction in the mixture. As it follows from the Langmuir
Fig. 11. Intensities (a) and intensity ratio (b) of ArII 487.98 nm and ArI 750.49 nm lines in the
pressures of 30 (1) and 40 mTorr (2); cathode voltage U is 1000 V.
probe measurements (see Fig. 6) the electron density has a minimum
at N2 fraction of about 8% N2 (92% Ar) and the electron temperature is
atmaximum.When the N2 fraction in themixture rises to 50%, the elec-
tron density increases while the electron temperature slightly de-
creases. Thus, the behavior of the electron temperature derived by the
intensity ratio conflicts with the Langmuir probe measurement.

When estimating the electron temperature from the intensity ratio
of IN2

+,391/IN2 ,337, the authors assumed the populations of the N2(C3Πu,
ν = 0) and N2

+(B2Σu
+,ν=0) excited states are mainly determined by

the process of direct electron-impact excitation from the ground state
of nitrogen and that their depopulation occurs due to spontaneous radi-
ative decay. Estimations show that at the electron temperature of 1–
2 eV and low pressures (~25 mTorr) of nitrogen with small addition
of argon, the population mechanism is roughly valid for N2(C3Πu, ν =
0) and N2

+(B2Σu
+,ν=0) excited states. However, when the argon frac-

tion in the Ar-N2 mixture increases, other population mechanisms can
have some influence on the populations of N2(C3Πu, ν = 0) and
N2
+(B2Σu

+,ν=0) states. In addition, at the low electron temperature of
0.2–0.3 eV in the LPGD, rates of the direct electron-impact excitation
of the N2(C3Πu, ν = 0) and N2

+(B2Σu
+,ν=0) excited states are so low

that other population mechanisms can become more effective.
Isola et al. [58] studied the negative glowof a pulsed Ar–N2 discharge

at a pressure of 2.5 Torr for different mixture concentrations. They
found that in Ar–N2 mixtures, collisions of N2 molecules with
glow discharge in longitudinal magnetic field as a function of the magnetic field at argon



Fig. 13. Head intensities of the (0–0) band of the N2 SPS and (0–0) band of the N2
+ FNS (a) and the electron temperature (b) for the low-pressure glow discharge in Ar-N2 mixture as

functions of the Ar fraction in the mixture. The discharge voltage is 1000 V and the pressure is 25 mTorr.
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metastable argon atoms (Arm⁎) play a great role in the population of
N2(C3Πu, ν = 0,1) states (Eq. (24)).

Ar 3P2;0
� �þ N2 X;0ð Þ→N2 C; v0ð Þ þ Ar 1S0

� �
; k ¼ 2:9� 10−11 cm3 s−1 ð24Þ

It is shown that onlywhen theN2 concentration is N75% the electron
collision population process is dominant. At lower N2 concentrations,
the main population process is the collision with Ar(3P2,0) metastable
atoms [56]. The influence of the reaction (24) on N2(C3Πu, ν = 0) is
also shown in [59,60]. If the excitation transfer to N2 from Ar(3P2,0)
metastable atoms is high, OESmethods based on spectral band head ra-
tios cannot be directly applied to Ar–N2 gas mixtures [61].

The pressure in a low-pressure glow discharge is roughly 100 times
less than in the pulsed Ar–N2 discharge [58]. Nevertheless, the reaction
(24) can contribute to the N2(C3Πu) population. Furthermore, the
growth of intensity of the 337.1 nm band when Ar concentrations are
up to ~70% can be because the excitations transfer from Ar(3P2,0)
which propagates with increasing argon concentration in the mixtures
[62,63].

Kang et al. [62] calculated the relative production rate of
N2(C3Πu) excited molecules through electron impact excita-
tion (e+N2(X)→N2⁎(C)+ e), metastable-metastable excitation
(N2(A)+N2(A)→N2(C3Пu)), and excitation transfer to N2 from
Ar(3P2 ,0) metastable atoms (Eq. (24)) in an Ar–N2 inductively
coupled plasma (ICP) discharge at pressures between 20 and
200 mTorr. It is shown that at 20 mTorr, roughly 95% of N2(C3Πu) ex-
cited molecules are produced through electron impact excitation
with any argon content in Ar-N2 mixtures. At the same time with
pressures of 200 mTorr, N2(C3Πu) excited molecules produced
through electron impact excitation varied with a range of 40–70%.
Thus, one can expect at pressures of 25 mTorr, the uncertainty of
the N2(C3Πu) population caused by their production through excita-
tion transfer is not higher than 5–10%. This uncertainty of the
N2(C3Πu) population cannot lead to a great uncertainty in electron
temperature so that it can reach so high values as 10 eV in pure
nitrogen.

It should be remembered that simple Langmuir probe measure-
ments show low electron temperatures of ~0.2–0.3 eV. Using double
differentiation of the Langmuir probe I-V characteristics allows one to
observe two population groups of electrons in the EEDF: the main
group of ‘thermalized’ electrons exhibits a mean electron energy of
~0.3–0.4 eV and the second small group of “energetic” electrons ex-
hibits a mean electron energy of ~1.0–2.5 eV. The low temperature of
main group of electrons leads to great lowering rate of the direct ioniza-
tion of N2 by electron impact especially as well as excitation rate of high
electronic states of N2molecules such asN2(C3Πu). At the same time ex-
citation rates of low electronic states of N2 molecules such as N2(A3Πu,
v), N2(a′1Σg

−,v), N2(B3Πg, v) states are barely reduced and remain high
enough. Our estimations show that when an electron temperature is
lower than 1 eV with any Ar-N2 mixture composition rate of the direct
ionization of N2, especially when in the excited state N2
+(B2Σu

+,ν=0),
is low and the main mechanism of N2 ionization most likely becomes
Penning and associative ionization [64]:

N2 A; vð Þ þ N2 a0; vð Þ→Nþ
2 þ N2 þ e

→Nþ
4 þ e

ð25Þ

and

N2 a0; vð Þ þ N2 a0; vð Þ→Nþ
2 þ N2 þ e

→Nþ
4 þ e:

ð26Þ

With an increase of the N2 fraction in the mixture the electron tem-
perature as it follows from Langmuir probe measurements decreases
and all these effects become more perceptible. Therefore, assumptions
of the intensity ratio IN2

+,391/IN2 ,337 method are most likely violated in
the LPGD and hence it can lead to electron temperature measurement
error. It is should note, that Zhu at al. also found that assumption of
the electron impact excitation, which used in the OES line ratiomethod,
is not valid in the low-pressure pure nitrogen plasma [36].

Fig. 14 shows the intensities of spectral lines NI 868.0 nm and ArI
852.1 nm in spectra of the glow discharge and the N2 dissociation de-
gree as a function of the Ar fraction in Ar-N2 mixtures. The intensity of
the spectral line ArI 852.1 nm increases when Ar fraction in themixture
grows. The intensity of the spectral line NI 868.0 nm reaches maximum
at about 10% Ar in the mixture.

Because of the lowpressure in the glowdischarge probabilities of re-
actions between heavy particles are small relative to electron impact re-
actions. Therefore, the atomic nitrogen species aremost likely produced
by electron-impact processes such as, collisions between electrons and
nitrogen molecules or between electrons and N2

+ ions, which strongly
depend on the electron temperature [65]. The dependence of the NI
line intensity on Ar fraction in Ar-N2 mixtures is similar to the depen-
dence of intensity of the (0–0) band of the N2

+ FNS. This suggests that
at small Ar fraction in Ar-N2 mixtures the collisions between electrons
and N2

+ ions e+N2
+→2N contribute to nitrogen dissociation much

more in comparison with the collisions between electrons and nitrogen
molecules e+N2→2N. The N2 dissociation degree decreases quickly
with argon fraction in Ar-N2 mixtures, however, when the Ar fraction
reaches 40%, the rate of decrease slows down. The quick decreasing of
the N2 dissociation degree when Ar concentration in Ar-N2 mixtures
grows is mainly caused by reduction in N2

+ density.
The N2 dissociation degree in low-pressure gas discharges in Ar-N2

mixtureswas studied by a few experimental and theoretical researchers
[17,18,62,63]. Bogaerts studied nitrogen addition to the argon glow dis-
charge using a developed hybrid Monte Carlo–Fluid model [63]. Calcu-
lations were performed for a Grimm-type glow discharge cell (4 mm
diameter and 1 cm length) at a discharge voltage of 800 V, current of
15 mA, pressure of 850 Pa (6.4 Torr) and N2 concentrations between
0.1 and 10%. She found that the N atom density increases a bit less



Fig. 14. Intensities of spectral lines NI and ArI (a) and the N2 dissociation degree (b) for the low-pressure glow discharge in Ar-N2mixture as functions of the Ar percentage in themixture.
The discharge voltage is 1000 V and the pressure is 25 mTorr.
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than linearly upon N2 addition; thereby, giving a rise to a dissociation
degree which decreases slightly for higher N2 additions. The dissocia-
tion degree of N2 was found on the order of 1.4–1.5% for Ar/N2 gas mix-
tures up to 1% N2, but the degree drops to a value of about 0.85% for
higher N2 additions (~10%). It was also shown that the dissociation of
N2 upon collision with Arm⁎ metastable atoms is the main production
process for the N atoms. The lower dissociation degree and the slightly
less than linear increase of the N atom density upon N2 addition in the
gas mixture is the cause for the drop in the Arm⁎ metastable argon
atoms density. This mechanism of the nitrogen dissociation is different
from the dissociation by predominantly direct electron impact with
N2
+ ions as was shown above in this section. The mechanism can be ex-

plained by the large difference in probabilities of reactions between
heavy particles versus electron impact reactions at low pressure dis-
charges (p b 50mTorr) studied in this work as comparedwith themod-
erate pressure discharge conditions (p N 1 Torr) studied in [63].

Song et al. [17] examined the effect of argon content in an Ar-N2 gas
mixture in the range of 5%–80% in the low-pressure inductively coupled
plasmas by using optical emission spectroscopy under the conditions of
pressures in the range of 1–30 mTorr and applied RF powers of
200–600W. They found the nitrogen atom density reaches a maximum
at an Ar content of 30% and decreases afterwards. The dissociation frac-
tion increases from 0.0385 at an Ar content of 5% to 0.523 at an Ar con-
tent of 80%. The increase in N2 dissociation fraction was connected with
the increase in the density of Armetastable species (1s5 and 1s3 levels in
Pashen's notations) which interact with nitrogen molecules through a
resonant energy transfer called Penning excitation. The resulting reac-
tions of excited nitrogen molecules can dissociate to form two nitrogen
atoms.

The authors [17] suggested another contribution to N-atom produc-
tion is the charge exchange between nitrogen molecules and argon
followed by a dissociative recombination. The power of the dc glow dis-
charge is much less (tens of watts) than the power of the inductively
coupled plasma (ICP) thus, the density of electrons is also much less.
In addition the electron temperature in the LPGD is low ~0.2–0.3 eV.
As a consequence, the density of the Ar metastable species in the glow
discharge is less populous. These factors promote the nitrogen dissocia-
tionbypredominantly direct electron impactswithN2

+ ions andN2mol-
ecules in the low-pressure glow discharge.

Kang et al. [62] both experimentally and theoretically studied the
dissociation of nitrogen molecules in Ar–N2 ICP discharge at low pres-
sure 20–200 mTorr at a constant RF power of 200 W. The measured
electron temperature was almost constant, while electron density in-
creased as a function of Ar fraction. They concluded that the dissociation
of N2molecules in the Ar-N2mixed discharge occursmainly by the elec-
tron impact dissociation at low pressures (20 mTorr), while at high
pressures, the dissociative recombination is enhancedby a charge trans-
fer between Ar+ and N2(X), as well as the metastable-metastable
pooling dissociation due to high N2(A3Σu

+) density caused by excitation
transfer between Arm⁎ and N2(X). Their conclusion confirms our
estimations of the small contribution of the charge/excitation transport
in N production in the low-pressure glow discharge. In the ICP [62], at
pressures of 20 mTorr, the dissociation fraction of N2 increases with Ar
content in Ar-N2 mixtures from 5% in pure nitrogen to about 10% in
argonwith small N2 admixtures because the increase in electron density
(1.5 × 1011–5 × 1011 cm−3) and about constant electron temperature
(~3 eV). In the low-pressure glow discharges, the electron temperature
is low and nitrogen dissociation occurs most likely by electron impact
dissociation of N2

+ ions and N2 molecules. The reduction of N2
+ density

with the argon fraction in Ar-N2mixtures results in a decrease of N pro-
duction due to the electron impact and a decrease of the nitrogen disso-
ciation degree.

Thus, the dissociation degree and N production processes are very
dependent on the kind of discharge and operating conditions, the
most important of which being the Ar fraction and gas pressure. At
high pressures, the charge/excitation transfer between Ar+/Arm⁎ and
N2 are highly influenced on the production process of N atoms in Ar-
N2 mixtures. In this case, the N2 dissociation degree increases with Ar
fraction in Ar-N2 mixtures. However, at low pressures such as 20–
25 mTorr, the role of the charge/excitation transfer in the production
of N atoms decreases and they occur mainly by the electron impact dis-
sociation. The dissociation degree at low gas pressures vary in a wide
range from several percent to several tens of percent.

6. Conclusions

The large area plane–symmetric low-pressure DC glow discharge in
pure argon and in Ar-N2 mixtures was studied. The low-pressure DC
glow discharge is a complicated subject and the Langmuir probe, hair-
pin probe, and OES characterizationmethods were applied to obtain re-
liable information regarding discharge parameters and physical
processes in the discharge. The data collected by OES reveal the intensi-
ties of the discharge emission spectra are weak and comprise of ArI, ArII
and NI lines and N2 and N2

+ bands. Intensities of the lines and bands
strongly depend on discharge conditions such as gas composition, pres-
sure, magnetic field and discharge voltage. Electron density, ne, mea-
sured by the hairpin probe is in good agreement with ne derived from
the intensity ratio of N2 2nd positive system bands. Data from Langmuir
probe analysis provide slightly higher electron density values than
those collected from the hairpin probe and OES. Increasing the dis-
charge voltage leads to higher electron density. Furthermore, when
the discharge voltage increases from 700 to 1000 V at a constant pres-
sure of 25 mTorr, the electron density grows from 1 · 107 cm−3 to
2 · 109 cm−3. Increasing the gas pressure also increases the electron
density, e.g. when the gas pressure increases from 20 to 50 mTorr, at a
constant discharge voltage of 1000 V, the electron density increases
from 1 · 108 cm−3 to 4 · 1010 cm−3.

The concept of electron temperature can be applied to the low-
pressure glow discharge description with some reservations. The inten-
sity ratio of (0–0) vibrational bands of N2 1st negative and 2nd positive
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systems I391.4/I337.1 shows an electron temperature of ~1.5–3 eV and
higher, depending on gas pressure and discharge voltage. Routine pro-
cessing of electron temperature data deriving from Langmuir probe I-
V characteristics provide a range of Te ~ 0.3–0.4 eV. In-depth analysis
of the EEDF using the second derivative of the Langmuir probe I-V char-
acteristics shows that the EEDF is non-Maxwellian in the low-pressure
glow discharge. The EEDF has two populations of electrons: the main
cold bell-shape non-Maxwellian populationwith amean electron ener-
gy of ~0.3–0.4 eV and the second small Maxwellian population of “hot”
electrons with a mean electron energy ~ 1.0–2.5 eV. Estimations show
that at electron temperature lower than 1 eV the rate of the direct elec-
tron impact ionization of N2 is low and the main mechanism of N2 ion-
ization most likely becomes Penning and associative ionization. In this
case, assumptions of the intensity ratio IN2

+,391/IN2 ,337 method are
violated.
Table A3
Parameters of ArI and ArII lines selected for calculating the Ar ionization degree [40,41].

Element λ, nm Transition Ek, eV Ei, eV

ArII 487.98 4p2D0
5/2 → 4s2P3/2 19.68 17.14

ArI 750.49 2p1 → 1s2 13.479 11.828

Table A4
Constants of ArI and NI spectral lines [41,46–49].

Element Wavelength, nm Ei, eV Ek, eV gi g

ArI 852.14 11.828 13.283 3 3
NI 862.92 10.690 12.126 4 4
NI 868.028 10.336 11.76 6 8

Table A1
Life time τ0 of N2(C3Πu,ν=0) and N2

+(B2Σu
+,ν=0) states and p

N2(C3Πu,v′)→N2(B3Πg,v″) and N2(B2Σu
+,v′)→N2(X2Σg

+,v″) tran

Species N2(C3Πu,ν=

τ0, ns 42
Avib(0–0) 0.523

Table A2
Nitrogen band parameters [37].

Transition v′–v″

N2, 2nd PS 0–2
N2, 2nd PS 1–3

Appendix A

Tables of atomic and molecular constants used in the OES methods are summarize
In the glow discharge, N2 dissociation degree reaches about 7% at an
argon fraction in the Ar-N2 mixture b 10% and decreases afterwards ap-
proaching to ~1–2% when the argon fraction in the mixture becomes
90% and higher. In the low-pressure DC glow discharge in Ar-N2 mix-
tures, N atoms are produced mainly by the electron impact processes
such as, collisions between electrons and nitrogen molecules or
between electrons and N2

+ ions. At small Ar fraction in Ar-N2 mixtures
the atomic nitrogen species is most likely produced by the collisions
between electrons and N2

+ ions.
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gk gi Aki, s−1 τk, s fik

6 4 0.823 · 108 0.94 · 10−8 0.44
1 3 0.472 · 108 19.5 · 10−9 0.13

k Aki, 107 s−1 fik τ, ns Level i Level k

1.39 0.16 29 1s2 2p4
2.66 0.297 31.73 3s2P 3p2P0

246 0.37 40.65 3s4P 3p4D0

robabilities of the (0–0) vibrational transition Avib(0–0) at
sitions [34].

0) N2(B2Σu
+,ν=0)

62
0.718

λ, nm qv′v″

380.49 0.145
375.54 0.202

d in Tables A1–A4.
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