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A Monte Carlo simulation is presented to describe the electron transport behaviours in the nitrogen direct current

glow discharge. The energy and angular distributions of the electrons at different positions of the cathode dark space are

calculated; their energy and density distribution features throughout the entire discharge are discussed. The influence of

molecular vibrational excitation, typical for electron—molecule collisions, has been studied and the elementary process

of active species generation has been illustrated. The simulated results reveal that, in the cathode dark space, the

high-energy electrons are mainly forward scattering and behave as a high-energy ‘electron beam’. The sharp increase

of the number of secondary electrons plays an important role in producing active species at the interface between the

cathode dark space and the negative glow region. The vibrational excitation enhances the energy loss of electrons in

the negative glow region.

Keywords: Monte Carlo simulation, nitrogen direct current glow discharge, mechanism of active

species generation
PACC: 5265, 5280, 5220F

I. INTRODUCTION

Glow discharge is used in a large number of ap-
plication fields, such as in microelectronics for plasma
etching, thin-film deposition, modification of surfaces,
and in flat plasma display, spectrochemical analysis,
etc. For understanding the fundamental processes of
glow discharge, in the past years, much experimen-
tal and theoretical work has been carried out on in-
ert gases such as Ar and He.['=6 Recently, as an ef-
fective means of producing active nitrogen species in
plasma processing, especially in the new functional
and mechanical materials such as GaN, CN deposi-
tion, nitrogen glow discharge has received extensive
attention. Many techniques such as optical emission
spectroscopy, electronic probes and mass spectroscopy
have been used to study the behaviours and the reac-
tion processes of the plasma particles.[”:8] To attain
better results in these application fields, theoretical
calculation and analysis of their internal mechanisms
are required.

The molecular glow discharge, which involves dis-
sociation and vibrational excitation plasma processes,
is quite different from the atomic glow discharge. The
density and energy distributions of the plasma species

produced in the molecular glow discharge have their

special features. Since the behaviours of the species
in the nitrogen glow discharge are more complex than
those in atomic gas (e.g. Ar and He), it is necessary
to find a proper way to describe the discharge pro-
cesses. Previously, a number of models have been pro-
posed such as the fluid model,[®'% the kinetic (Boltz-
mann) model,'*'?] and the Monte Carlo model.['3~15]
Among these models, the Monte Carlo simulation is
most accurate, because it deals with particles on the
The cathode dark space

(CDS) is the most important region of direct current

lowest microscopic level.

(de) glow discharge, characterized by a high electric
field. We choose the Monte Carlo method to simulate
the main plasma species (e~ N;, N*, Ng¢) in the CDS
The
heavy species (N3, N*, Ny¢) have been investigated in

of the nitrogen direct current glow discharge.

our previous work.['8) The production and the initial
distributions of these heavy species are directly de-
termined by the electron transport behaviours. Thus,
the electrons play the most import role in the glow
discharge.

In this paper, the Monte Carlo simulation is used
to describe the electrons in a No dc glow discharge.

*Project supported by the Natural Science Foundation of Hebei Province, China (Grant No. 597058).
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The basic description of the model is given in sec-
tion II. The model assumptions are presented in sub-
section A and the simulation method is described in
subsection B. The corresponding collision cross sec-
tions are provided in subsection C. The results and a
discussion are given in section III.

I. DESCRIPTION OF THE MODEL

A. Model assumptions

The model assumptions are the same as those
Only the colli-
sions of electrons with neutral ground-state nitrogen

used for heavy species in Ref.[16].
molecules (N3,) are incorporated. The other pro-
cesses, such as heavy species collisions and the com-
bination process, are not included in our simulation.
The collisions taken into account are vibrational ex-
citation, electronic excitation, ionization, dissociation,
dissociative ionization and elastic collision. Secondary
electrons produced by ionization and dissociative ion-
ization have been followed as well.

The electric field is assumed to vary linearly with
the distance from the cathode in the CDS:[*

e(2) = 2(Vo/de)(1 = z/de), (1)

where V, is the voltage applied to the cathode, d. is
the length of CDS and z is the axial position of the
electron. In the negative glow region (NG), the elec-
tric field is assumed simply to be zero.

B. Monte Carlo simulation

The Monte Carlo procedure is similar to that used
to describe the heavy particles in the CDS.!'6l The
simulated electrons start at the cathode. Their initial
energy is assumed to be 4eV (actually the energy is
distributed between 0 and 6eV with a maximum at
4eV.['7l) The initial angular distribution is assumed
to be isotropic between 0 to /2. Every electron is
followed until its energy becomes lower than the vi-
brational excitation threshold and the secondary elec-
trons are simulated in the same way. The new energy
(E) and direction (¢") after a collision depend on the
type of collision.

For elastic collisions, the new energy is deter-
mined by the formula:

E = Byll — 2(me/m)(1 —cosx)l,  (2)

where Ej is the electron energy before the collision,
me and m are, respectively, the mass of the electron

and the nitrogen molecule. x is the scattering angle
of the electron after the collision.

For vibrational excitation, electronic excitation
and dissociation, the new energy can be written as

follows:
E = FEy — Euip, (3)
E= EO - Ecxca (4)
E = Ey — Eyjs, (5)

where FEyib, Fexe, Fais are the vibration excitation,
electronic excitation and dissociation threshold (taken
as 1.2eV, 9eV and 13eV) respectively.

If an electrons participates in an act of ioniza-
tion or dissociative ionization, the new energy of the
primary and secondary electrons are determined by
random numbers (1 and r2) uniformly distributed be-
tween 0 and 1:

Epri = (Eo — Ei)r1, (6)
Esee = (Eo — Ei)(1 —11), (7)
Eyi = (Eo — Ea,i)re, (8)
FEsee = (Eo — Eai)(1 —72), 9)

where E; and Eg; are the ionization and dissociative
ionization thresholds (taken as 15.6eV and 30eV re-
spectively). The above energy thresholds of different
collisions are obtained from the corresponding exper-
imental cross-section data.!18-23]

The new direction after each type of collision is
assumed to be anisotropic.[”) The new direction after
a collision can then be deduced from:

cos 0’ = cos 6 cos y + sin 6 sin y cos ¢, (10)

where 6 and 6’ are, respectively, the angles with re-
spect to the axial direction before and after the colli-
sion. The azimuthal angle ¢ is distributed between 0
and 27 and is also determined by a random number.

In our simulation procedure, the secondary elec-
trons produced by ionization and dissociative ioniza-
tion are treated in the same way as the primary elec-
trons. For statistical reasons, a sufficiently large num-
ber of electrons (e.g. 10°) have been followed.

C. Collision cross sections

According to the experimental data, we combine
the ten main electronic excitation processes into one
composite excitation process with an energy thresh-
old of 9eV.' The vibrational excitation cross section
is the mean value derived from the various vibrational
excitation processes.'8] The ionization cross section is
obtained from Refs.[20,21]. The total dissociation and
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dissociative ionization cross sections are taken from
Refs.[22,23]. The total cross sections are taken from
Refs.[24,25,26]. All of the cross sections used in our
simulation have been fitted into analytical formulae.

II. RESULTS AND DISCUSSION

The external parameters used in the calculations
(133 Pa and 500V) are obtained from typical discharge
conditions.["27] We assume that the electrode distance
is 2cm and that the CDS length is 0.35cm.

The spatial variation of electron energy and angu-
lar distribution in the CDS are presented in Fig.1. The
electron energy is distributed between 0 and 250eV
at a position of about 0.lcm from the cathode with
the maximum at the higher-energy end. The incident
angle at this position is much less than 10° plus a
minor fraction of backscattering. With an increased
distance, such as at z=0.22cm, the electron energy dis-
tribution spreads into two peaks at 430eV and 70eV
which correspond to the primary electrons having not
suffered any inelastic collision and the secondary elec-
trons arising from ionization and dissociative ioniza-
tion, respectively. The majority of the incident an-
At the CDS-NG inter-
face the electrons are mostly concentrated at the low-

gles is still less than 10°.
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energy end, but a few electrons which have not ex-
perienced any inelastic collision are still visible at the
high-energy end. The incident angles of most elec-
trons remain small. We only follow the electrons to
the interface, so no electrons are backscattered to the
CDS from the NG, and accordingly, all scattering an-
gles are less than 90°.

These distributions are related to the relative con-
tributions of the energy gain due to electric field accel-
eration and the energy loss due to inelastic collisions.
Furthermore, the cross sections of various electron col-
lisions change with the electron energy. Electrons pos-
sessing energies corresponding to the high inelastic
collision cross sections will participate in various in-
elastic collisions and lose a large part of their energy.
But others having higher energies will be too fast for
efficient collisions and will maintain their energies.

The electrons in the CDS behave as a strongly
forward scattering ‘electron beam’. Even those having
encountered several collisions still have small scatter-
ing angles. These results are in good agreement with
the experimental results. This becomes more evident
as the discharge voltage increases and the gas pres-
sure decreases. Fig.2 shows the energy distribution at
different gas pressures.
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Fig.1. Energy distribution (a) and angular distribution (b) of the electrons in the CDS at different

positions from the cathode.
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0.08 electron density that is very small within the CDS in-
P—=200Pa creases sharply at the CDS-NG interface and a max-

’é 0.08 imum value can be found in the NG (Fig.4, curve a).

4 The reason is that when the electrons travel through

% 0.04 the CDS-NG interface the collisions between the elec-

E 002 trons and Nog become more frequent, leading to the

fa) ; dramatic increase of the number of the secondary elec-
0.00 oty - P_zsﬁ;'”ja i trons (electron avalanche). Accordingly,, curve b of
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Fig.2. Energy distribution of electrons at the CDS—
NG interface at different gas pressures.

Figure 3 represents the energy and the angular
distribution of the electrons bombarding the anode.
Although in the CDS the electrons possess high en-
ergy and transport nearly parallel to the electric field,
after travelling through the NG, the energy of most
electrons is less than 1.4eV, and their incident angles
become larger. The electrons reflected from the anode
and the secondary electrons arising from the electron
bombardment are neglected, because they can only
affect the electron distribution in the vicinity of the
anode but not that throughout the discharge space.
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Fig.3. Energy distribution (a) and angular distribu-
tion (b) of the electrons bombarding the anode.

Figure 4 shows the electron density and mean en-
ergy distribution in the entire discharge space. The

Fig.4 shows that the mean energy of the electrons in-
creases rapidly near the cathode and decreases sharply
in the vicinity of the interface. This is because of the
higher electric field and less inelastic collisions within
the CDS compared with the nearly zero electric field
in the NG and more inelastic collisions near the inter-

face.
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Fig.4. Spatial dependence of the distributions of elec-
tron density (curve a) and electron mean energy (curve
b) in the entire discharge space.

In the NG region, owing to the low-energy thresh-
old of the electron vibrational excitation typical of
molecular discharge, the density of the electrons
traced decreases and drops almost to zero near the
anode since the majority of the electrons have been
transferred to the slow group. The corresponding
mean energy of the electrons in this region drops off
greatly and cannot become stable until it drops to the
vibrational excitation energy threshold (Fig.4, curve
b). These transport electrons with low energy are the
dominant current carriers in the discharge space. A
more detailed study of their transport behaviour in
this low-energy range should be carried out together
with additional processes, such as the combination of
electrons with ions in this region.

The above results lead to a framework for under-
standing electron—molecule collision processes in the
N5 glow discharge. The electrons are mainly acceler-
ated by the electric field in the CDS region and act as
the dominant current carriers in the NG region where
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the lower energy vibrational excitation collision is a
mainly relevant process to electron energy loss. At the
CDS-NG interface, many active atomic or molecular
species such as N3, N;r, N*, N* will be created by var-
ious electron—molecule collisions. Figure 5 illustrates
our simulated relative distribution of the No(C®II,)
state along the axis due to electron—molecule excita-
tion collisions and the corresponding experimental re-
sult of nitrogen optical emission spectroscopy (emis-
sion wavelength A=357.7nm).["l We can see that the
result of Monte Carlo simulation is generally in agree-
ment with the experimental result.
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Fig.5. Normalized computed distribution of Na(C 3l_Iu)
(full lines) and experimental result (dotted line).
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Fig.6. Collision rate distribution of different kinds of
collisions as functions of distance from the cathode: a,
vibrational ionization; b, dissociation; ¢, ionization; d,
dissociative ionization.

Figure 6 illustrates the different collision coeffi-
cients as functions of position from the cathode. It
shows that the ionization, dissociation and dissocia-
tive ionization collisions reach their maxima near the
CDS-NG interface, which are related to the highest
creation rates of the active species (N, Nt N*) at this
region. The rates of these collisions drop to nearly zero
at about 1.5cm from the cathode. The vibrational
excitation collision with the low-energy threshold of
1.2eV also goes through the maximum at the CDS-
NG interface, but a secondary peak appears in the NG
region, as the electrons are slowed down further after
crossing the CDS-NG interface. This is believed to be
characteristic of the molecular discharge compared to
the atomic discharge.

IV. CONCLUSIONS

A Monte Carlo model is presented to describe
the dc glow discharge in molecular No. The aim of
our work is to provide a reasonable description of the
molecular gas discharge. In this paper, the energy, an-
gular distributions, mean energy and density of elec-
trons as functions of distance from the cathode have
been calculated. The rates of various kinds of colli-
sions in the entire discharge space are discussed. The
influence of vibrational excitation and dissociation col-
lisions characteristic of the molecular discharge is in-
vestigated. The main results are the following:

(1) In the CDS of the nitrogen dc glow discharge,
the forward-transporting electrons behave as a high-
energy ‘electron beam’. The number of high-energy
electrons decreases gradually while the number of elec-
trons within the ‘electron beam’ increases gradually
with the increase of the distance from the cathode.
These transport characteristics depend on the dis-
charge conditions.

(2) The number of secondary electrons increases
sharply at the CDS-NG interface and a large number
of electrons transfer to the slow group in NG.

(3) The electron-Nj dissociation, ionization and
dissociative ionization collisions play important roles
for the production of active nitric particles.
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