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Abstract

The paper presents a self-consistent discharge model of gas discharges, the hybrid
model. The applicability of the model is illustrated on a helium gas discharge. With
the hybrid model the role of molecular ions in helium glow discharges is investigated.
Because of the uncertainties in the determination of the electron temperature the
effect of kT, (used as an input parameter of the model) on the calculated discharge
characteristics is investigated.
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1 Introduction

Low temperature, cold-cathode glow discharges are used in various application fields:
in the semiconductor industry for plasma etching and deposition, for lighting and laser
purposes, for plasma display panels, in analytical chemistry as spectroscopic sources
for the analysis of solid materials, etc. In order to optimize these applications, a good
insight into the glow discharge processes is desirable. Numerical modelling proved to
be a powerful technique for this purpose.

Glow discharges are composed of many regions, which have very different emission
light intensity, electric field and charge density distributions. The most important
part of the glow discharges is the cathode region with the cathode sheath and the
negative glow. In this region are created the charges which are necessary for the self-
sustainment of the discharge. Many applications use the cathode region because of
the strong light emission characteristic to the negative glow and also because of the
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presence of high energy electrons and consequently of active radicals. Further in our
work we talk about glow discharges which contains only the cathode sheath and the
negative glow region.

In this paper, the basics of hybrid model are described and the applicability of
hybrid modelling is illustrated on a helium gas discharge.

2 Hybrid model

Hybrid models consist of a fluid model and a Monte Carlo model. The fluid model
makes it possible to describe the motion of charges which are in hydrodynamic equi-
librium with the electric field in the low electric field region (negative glow). With
the Monte Carlo model the electrons which move in the high electric field present in
the cathode vicinity can be traced. The fluid models are based on a two-component
fluid description of the plasma. The self-consistency is achieved by solving the Poisson
equation together with the continuity (Eq. 1) and momentum transfer equations (Eq.
2) for fluid species (positive ions and electrons):

86;16 + V(neve) = Se, % + V(nivi) =S, AV = —%(m — Ne), (1)
where v and v; are the mean velocities, Se and S; are the source functions, n. and
n; are the densities of electrons and ions, respectively, e is the elementary charge, V' is
the electric potential and ¢y is the permittivity of free space. The mean velocities v,
and v; are calculated from the momentum transfer equations for electrons and ions:

D, =neve = —nepe E — V(neDe), ®; = nivi = ni E — V(n; D;), (2)

where fi.(;y and D,(;y are the mobility and diffusion coefficients of electrons (ions) and
®.(;) are the corresponding fluxes. The set of fluid equations is closed by the equation
describing the production of primary electrons at the cathode jo = ~j, where 7 is the
secondary electron emission coefficient and j and j- are the ion and electron current
at the cathode, respectively. The source functions of the fluid species are calculated in
the Monte Carlo routine for fast electrons, which are traced in a potential distribution
obtained from the fluid model (Surendra et al., 1990; Fiala et al., 1994; Donkd et al.,
1998).

In the MC algorithm random numbers are used to determine the positions and the
types of the collisions. The random numbers (Ro1) have a uniform distribution in the
[0,1) interval. The primary electrons emitted from the cathode and their secondaries
produced in ionizing collisions are traced until they are absorbed by the anode or, due
to their energy losses in inelastic collisions, they are no longer capable of producing
any additional ions. The r(¢) trajectory of electrons between successive collisions is
followed by direct integration of their equation of motion:

mm =eE, (3)
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where e and m are the electron charge and mass, respectively and E is the electric
field. The free path of electrons is assigned randomly and the position of the collision
is calculated from (Boeuf et al., 1982):

S1
/ nole(s)]ds = —In(1 — Ro1), (4)
S0

where sg is the position of the last collision and s; is the position of the next collision
measured on the curvilinear abscissa s, n is the background gas density, ¢ is the sum
of cross sections of all possible elementary processes, € is the kinetic energy of the
electron.

The type of the collision which occurs after the free flight is chosen randomly,
taking into account the values of cross sections of different processes at the energy
of the colliding electron. The source function of ions S; is accumulated from the
individual ionization processes. The electrons are transferred to the slow electron
group when their (kinetict+potential) energy falls below the ionization potential of
the gas atoms. Here the potential energy is considered to be the difference between
the maximum value of the potential in the discharge and the potential at the actual
position of the electron. In the hybrid model the Monte Carlo and fluid models are
solved iteratively until the stationary state of the discharges is reached.

3 Modelling of helium glow discharges

3.1 Description of the self-consistent model

It is well known that in helium glow discharges at high pressures > 100 mbar high
density of molecular ions are present in the discharge and are responsible for the strong
UV and VUV radiation. At low pressures (several mbar) the molecular ions have been
investigated only in positive column discharges. At pressures higher than 10 mbar
in positive column discharges molecular ions become the dominant ions (Ichikawa
et al., 1980). The aim of our work is to investigate low pressure negative glow helium
discharges and to answer the two main questions: (i)Are the molecular ions present and
do they play an important role in the self sustainment of low pressure negative glow
helium discharges? (ii) How does the molecular ion to atomic ion density ratio change
in the discharge with pressure? In order to answer these questions we investigate
similar glow discharges (pL = const., j/p>=const.) in the 2-60 mbar pressure range.
Four different discharges are studied at the conditions which correspond to the same
pL = 6 mbar cm and reduced current density j/p? = 0.027 mA cm™2 mbar™?: (i) p
= 2 mbar, j = 0.108 mA cm™ 2, L = 3 cm (ii) p = 6 mbar, j = 0.972 mA cm™?, L =
1 cm, (iii) p = 20 mbar, 5 = 10.8 mA cm™2, L = 0.3 cm and (iv) p = 60 mbar, j =
97.2 mA ecm ™2, L = 0.1 cm.

The discharges are described by a one-dimensional hybrid model which combines
a fluid model for atomic and molecular ions and slow electrons, the Monte Carlo (MC)
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simulation of fast electrons, and a diffusion-reaction model of the metastable species (it
has been found from the literature that the metastables play on important role in the
formation of the atomic and molecular ions). In the simulation the fluid, Monte Carlo
and metastable models are solved in an iterative way until the stationary state of the
discharge is reached. The structure of the hybrid model and the transfer of physical
quantities between the three submodels are presented on the flowchart shown in Fig. 1.
The elementary processes taken into account in the model are summarized in Table 1
(for a more detailed discussion see Ref. (Kutasi et al., 2001).) For fast electrons we
take into account elastic scattering (pl), excitation to metastable and several higher
excited states (up to n = 5) (p2-p3) as well as ionization (p4). The excited atoms
(including the n = 3 to n = 5 states) can participate in associative ionization process
(p5) in which molecular ions are created. The singlet and triplet atomic metastables
may convert into triplet atomic and molecular metastables, respectively (p6-p7). The
singlet atomic metastables also may convert to ground state atoms due to collision with
the gas atoms (p8). The atomic and molecular ions are partly created in metastable-
metastable associative ionization processes which result in the loss of metastables (p9).
The metastables are also lost in deexcitation processes (pl0-pll). The atomic ions
convert into molecular ions through the ion conversion process (pl12). The atomic
ions are lost through collisional radiative (pl3) and radiative recombination (p14).
The molecular ions are lost through dissociative recombination (p15) (this process
was not taken into account in the model of (Kutasi et al., 2001)), collisional radiative
recombination (p16) and three body recombination (pl7) processes.

Table 1: Elementary processes considered in the model. He(S), He(T) and He(M)
denote the singlet atomic, triplet atomic and molecular metastables, respectively.

Proc. Reaction Process Proc. Reaction Process

id. id.

pl  Het+e —He+e™ pl0  He(S)+e~” —He+e™

p2  Het+e —He(S,T)+e™ pll  He(T)+e” —He+e™

p3 He+e™—He"+e™ pl2 He'+2He—He; +He
p4  He+e —He"42e™ pl3 He't+2e”—He*+e~

p5 He* 4+ He — Hef + e~ pld Het+e  —He+hv

p6  He(S)+e —He(T)+e™ pl5 HeJ +e—He(1'S)+He(23S)
p7  He(T)+2He—He(M)+He pl6 Hej +2e” —Hej+e™

p8 He(S)+He—2He pl7 HeJ +e” +He—Hes+He
p9  He(S,T)+He(S,T)—He"+He+e™

Hed +e~
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Figure 1: Flowchart of the model.

The input parameters of such a hybrid model are the discharge voltage, gas pres-
sure, rate coefficients of different processes, the electron collisional cross sections, dif-
fusion and mobility coefficients, the temperature of bulk (slow) electrons k7., and the
secondary electron emission coefficient . One part of these parameters can be de-
termined experimentally, the other part can be found in the literature, however there
is a lack of data for the (i) electron temperature and (ii) secondary electron emission
coefficient. Hybrid models of negative glow discharges conventionally use a constant
characteristic energy for the slow electrons, which is chosen to be k7T, = 1 €V in almost
all studies. In some previous investigations on low pressure negative glow discharges
cold electron temperatures significantly lower than 1 eV have been found. These stud-
ies include laser based diagnostics of Den Hartog et al. (1989), theoretical calculations
of Arslanbekov et al. (1998), Langmuir probe measurement of Bogaerts et al. (1995),
Angstadt et al. (1993) and Ohsawa et al. (1991), Thomson scattering measurements of
Gamez et al. (2004). In all of these works cold electron temperatures ranging between
0.08 and 0.5 eV have been found. Considering these data, the 1 eV value, used in most
hybrid model-based simulations, may be too high. As the determination of the elec-
tron temperature in a wide pressure range is difficult in our work we also investigate
the effect of the slow electron temperature on the discharge characteristics.
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3.2 Results of the model

First the discharge characteristics calculated for 2 mbar pressure are presented. The
model predicts the formation of cathode sheath - negative glow structure, see Fig. 2(a);
the electric field falls nearly linearly from the cathode, and it is closely zero in the
negative glow region. The charge density distributions - shown in Fig. 2(b) - indicate
the presence of a quasi-neutral plasma in the negative glow and the dominance of
the positive ions in the cathode sheath. According to the calculated charge fluxes
Fig. 2(c) a part of the ions flows to the anode, which is the consequence of the small
negative field present in the anode vicinity, due to the reversal of the electric field in
the negative glow, see Fig. 2(d). The modelling results show that the position of the
field reversal coincides with the position of the maximum density.
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Figure 2: (a) Azial distribution of the electric field; (b) Density distribution of the
slow electrons (—), atomic (e) and molecular (- — —) ions; (b) Fluz of the slow elec-
trons (—), atomic () and molecular (— — —) ions; (d) Azial distribution of the electric
field enlarged for the negative glow.

The dependence of calculated discharge characteristics on the assumed value of the
electron temperature is studied in details in the forthcoming part of the paper. First
the dependence of the current density on k7. at different pressures is studied. The
results are illustrated in Fig. 3: the current density increases with increasing electron
temperature. The results show that in order to obtain by modelling the experimental
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current density the electron temperature in the discharges of 2-60 mbar pressure have
to be chosen in the 0.1 - 0.3 eV range. Assuming higher kT, values in the hybrid
models the current density can be strongly overestimated. At low pressures assuming
an electron temperature of 1 eV introduces a 20% error in the current density, however
with increasing pressure this error raises and at 60 mbar reaches 60%. This strong
dependence of the current densities on the electron temperature let us conclude that for
correct modelling the accurate determination of the electron temperature is required.

1.25 200
1 _ooo0oe © © ] o ©
_ 100—- [ ] 150 - ....
“= 0754 {1 o
2 050l 1005
< 0504 le
— ] 5]
0.25
{2 mbar @ {20 mbar (©
0.00 4——————1—1 04—+
] . o | 2000
12 1 e0®0®® 1500‘ o ® °
o 9l ] o®
£ ] 1 .
< 6] TS
3 500 —
16 mbar (b) 160 mbar (d)
0 31— 04—+
00 0.2 04 06 08 1.0 00 0.2 04 06 08 1.0
T[eV] T.[eV]

Figure 3: Calculated current density () as a function of the assumed electron tem-
perature at different gas pressures. The heavy horizontal lines in the panels represent
the experimental current density at U = 350 V.

In the following the percentage of molecular ions in the negative glow as a function
of the assumed kT is studied and presented in Fig. 4(a). The percentage of molecular
ions decreases with increasing electron temperature, in comparison with the 0.1 eV
case, at 1 eV the percentage of molecular ions decreases by about 10% at p = 60 mbar.
The results show that in the 0.1-0.2 eV range, the percentage of molecular ions de-
creases by about 5% in the case of 2, 6 and 20 mbar, while at 60 mbar increases by
about 2%. In the case of kT, = 0.2 eV - which is supposed by us to be a realistic value
for the electron temperature - at 2 mbar 6% of ions are molecular ions, at 6 mbar 16%,
at 20 mbar 30% and at the highest pressure investigated 60 mbar 42%. In Fig. 4(b)
the percentage of the ion current carried by molecular ions at the cathode as a func-
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Figure 4: (a) Percentage of molecular ions in the negative glow as a function of
the assumed electron temperature at 2 mbar (30), 6 mbar (O ), 20 mbar (A), 60 mbar
(v ). (b) Percentage of the ion current carried by the molecular ions at the cathode
and (c) percentage of secondary electrons released by molecular ions at the cathode as
a function of the assumed electron temperature at 2 mbar (@), 6 mbar (O ), 20 mbar

(A), 60 mbar (7).

tion of the assumed electron temperature is presented. The ratio of the molecular
ion current IHC; to the total ion current shows a slight dependence on the electron
temperature. In the case of kT, = 0.2 eV at 2 mbar 5% of the ion current is carried
by the molecular ions, at 6 mbar this percentage increases up to 12% and at 60 mbar
reaches 22%. The self sustained mode of operation of the discharge is assured by the
ions arriving at the cathode surface which induce the emission of secondary electrons.
Fig. 4(c) shows the percentage of secondary electrons released by the molecular ions,
r =100 X VHe;IHe;/(’YHe; IHe; + Vre+ [ie+ ). At 2 mbar 3% of electrons are released
by the molecular ions, at 6 mbar 7% and at 60 mbar 15%. These results give us an
insight about the increasing importance of molecular ions in the self-sustainment of
the discharge.
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4 Summary

In the paper the hybrid model and the investigations carried out on a helium glow
discharge in the 2-60 mbar pressure range have been presented. The calculations have
been carried out for similar discharges (pL and j/p2 const.) at a constant discharge
voltage V' = 350 V. Besides the role of molecular ions in the discharge the effect of the
electron temperature on discharge characteristics have been investigated. The model
have shown that even at low pressures like 6 mbar 16% of ions are molecular ions and
they play on important role in the secondary electron emission. The comparison of the
measured and calculated current densities indicated that the electron temperature in
the 2-60 mbar pressure domain is in the 0.1-0.3 eV range, which is significantly lower
than the kT, = 1 eV value conventionally used in hybrid models. We have shown that
by assuming k7. = 1 eV — as the majority of hybrid models do — the current density
of the discharges can be significantly overestimated.

From our investigations we conclude that for correct modelling the accurate exper-
imental determination of electron temperature is necessary and in the case of helium
discharges even at low pressures the presence of molecular ions should be taken into
account.
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