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A two-dimensional model has been developed for calculating the behavior of Ar>* and Ar; ions in
a direct current argon glow discharge, by the use of balance equations describing the various
production and loss processes for these species, as well as their transport by diffusion and migration.
These balance equations are coupled to the equations for the Ar* ions and electrons and solved
simultaneously with Poisson’s equation, to obtain a self-consistent description of the charged
particles behavior and the electrical characteristics in the glow discharge. Moreover, this model is
combined with the other models that we have developed previously for the Ar atoms in various
excited levels and the Cu atomic and ionic species, to obtain an overall description of the direct
current argon glow discharge. The model is applied to typical conditions used for glow discharge
mass spectrometry (pressure of 50—100 Pa, voltage of 600—-1400 V, and current of 0.4—15 mA).
Typical calculation results include the densities and fluxes of these ionic species, as well as the
relative contributions of their production and loss processes. The Ar’" ions are almost exclusively
formed by two-electron ionization from Ar” atoms, and they become primarily lost by diffusion and
subsequent recombination at the cell walls. The Ar, ions are mainly created by Hornbeck—Molnar
and metastable-metastable associative ionization, whereas atom to molecule conversion seems to
play only a minor role at the discharge conditions under study. Loss of these Argr ions is caused
primarily by diffusion and recombination at the cell walls, but dissociative recombination in the
plasma plays also a significant role. We found that the ratios of Ar**/Ar* and Ar, /Ar* ion densities
and fluxes were in the order of 1%-10%, which is in good agreement with experimental

observations. © 1999 American Institute of Physics. [S0021-8979(99)07920-7]

I. INTRODUCTION

Glow discharges are used in various application fields: in
the semiconductor industry for plasma etching and deposi-
tion, for lighting and laser purposes, for plasma display pan-
els, in analytical chemistry as spectroscopic source for the
analysis of solid materials, etc. In order to improve the re-
sults in these applications, a good insight in the glow dis-
charge processes is desirable. We try to obtain this by nu-
merical modeling. In recent years, we have developed a
three-dimensional modeling network for various species
present in a glow discharge used for analytical
applications.!™ In this case, the cathode is constructed from
the material to be analyzed, and the latter is sputtered by the
plasma species. The sputtered, analytically important atoms
arrive in the glow discharge plasma, and can be detected,
after ionization, by mass spectrometry, or after excitation
and subsequent radiative decay, by optical emission spec-
trometry. The typical working conditions in an analytical
glow discharge are voltages around 1000 V, pressures in the
order of 0.5—10 Torr, and currents between 1 and 100 mA, in
a typical cell of ~1 cm® volume, with argon as the discharge
gas. However, the model we have developed is also valid for
other application fields with similar operating conditions.

The species assumed to be present in the plasma are
thermal argon gas atoms, argon ions, fast argon atoms cre-
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ated due to charge transfer and momentum transfer collisions
of the argon ions, electrons, argon atoms in various excited
levels, sputtered atoms from the cathode material, and the
corresponding ions of the cathode material, both in the
ground state and in various excited levels. For the argon
ionic species, only Ar™ ions were considered up till now.
However, in a typical mass spectrum taken from the analyti-
cal glow discharge, also Ary ions and Ar’" ions are
observed,'® with relative peak heights about one or two or-
ders of magnitude lower than the Ar* peak intensities.'""!> In
order to investigate the role of these species in the glow
discharge, we have extended our modeling network to the
calculation of the behavior of the Ar*" and Ar, ions by
means of balance equations with various production and loss
terms. We are not aware of similar models in the literature
for Ar’* ions in glow discharges. For Ar; ions, some bal-
ance equation models have been presented in the literature
(e.g., Refs. 13—18), mainly in connection to excimer lasers.
However, the latter operate at much higher pressures and the
contributions of various production and loss processes can be
completely different from our conditions.

Il. DESCRIPTION OF THE MODEL

A. General information

The modeling network consists of Monte Carlo, fluid,
and collisional-radiative models for the various plasma spe-
cies mentioned above. Argon was assumed as the discharge
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TABLE I. Reaction processes determining the densities of AT, Ar2+ , Ar" ions and electrons, taken into account in the model, and the corresponding rate

coefficients.

Reaction process

Rate coefficient

(1) Electron impact ionization of Ar atoms
(2) Two-electron impact ionization of Ar atoms
(3) Electron impact ionization of Ar* ions

A'+ e —Art+2e”
A'+ e — AP +3e”
Arf+e  — AP +2e”

o(E); Ref. 21
o(E); Ref. 21
o(E); Ref. 23

(4) Ar atomic to molecular ion conversion Art+2A1°—Ar) +Ar° k=2.7x10"3"cm®s™! (Ref. 44)
(5) Associative ionization (Hornbeck—Molnar) Art*+ A" Ary +e” k=2x10"% cm®s™! (Ref. 34)

(6) Metastable-metastable ionization collisions Arf+ Arf— Art+ A+ e k=6.3X10"""cm?s ™! (Ref. 38)
(7) Metastable-metastable associative ionization Arf+ Arf—Ary +e” k=5.7x10"""cm?s ! (Ref. 38)

(8) Ar* - electron three body recombination

(9) Ar** - electron three body recombination
(10) Ar; dissociative recombination

(11) Penning ionization of sputtered Cu atoms
(12) Asymmetric 1-electron charge transfer

(13) Asymmetric 2-electron charge transfer

(14) Fast Ar ion impact ionization of Ar atoms
(15) Fast Ar atom impact ionization of Ar atoms

Art+2e” —A+e”
ArT+2e” —Art+e”
Ary +e”— A+ Ar°
Ar*+Cu’—Ar’+Cut + e
Art+Cu’—Ar’+Cu’
Ar*T+Cu’—Ar’+Cu?*
ArOJrArf+ —Art+Art+e”
Ar0+Ar?—> ArT+Ar+e”

k=7x10"" cm®s™" (Ref. 24)
k=135X10" cm®s™! (Ref. 24)
k=8.5X10"7(T,/300) " *(T,/300) ~*** (Ref. 48)
k=236X10""cm3s™! (Ref. 9)
k=236X10"""cm?s™! (Ref. 9)
k=5x10"""cm’s™! (Ref. 25)

o(E) (Ref. 55)

o(E) (Ref. 55)

Note: Ar and Ar** denote the Ar metastable 4s levels and the Ar highly excited levels (see below), respectively, and the other symbols are straightforward.

gas and copper was taken as the cathode material. Briefly,
the fast electrons are described with a Monte Carlo model.! =
The slow electrons and the argon (Ar") ions are treated in a
fluid model;z’3 the latter incorporates also Poisson’s equation,
in order to obtain a self-consistent electric field distribution
from the electron and ion densities. The argon ions are also
followed with a Monte Carlo model in the cathode dark
space (CDS) of the glow discharge;'* indeed, this region is
characterized by a strong electric field; the ions can gain
rather high energies, and are therefore more accurately de-
scribed in a Monte Carlo model. The fast argon atoms, cre-
ated from the argon ions by charge transfer and momentum
transfer collisions, are also simulated with a Monte Carlo
model in the CDS.'* The behavior of the argon atoms in
various excited levels, including the metastable levels, is de-
scribed in a collisional-radiative model;5 65 levels were con-
sidered; each level was described with a balance equation
with various collisional and radiative populating and depopu-
lating processes. The copper atoms, when sputtered from the
cathode, are characterized by energies of a few eV; they lose
these energies almost immediately by collisions with the ar-
gon gas atoms until they are thermalized; this thermalization
process is also treated with a Monte Carlo model.® The fur-
ther behavior of the copper atoms, i.e., transport by diffu-
sion, ionization, and excitation, and the behavior of the cor-
responding copper ions and excited copper atoms and ions, is
again simulated with a collisional-radiative model.”® Fi-
nally, the copper ions are also described with a Monte Carlo
model in the CDS,”® where they can reach rather high ener-
gies due to the high electric field. More information about
these various models can be found in Refs. 1-9. The present
article will be focused on the modeling of the behavior of
Ar*t and Ar;r ions, and the incorporation of these calcula-
tions in the entire modeling network.

The reaction processes determining the densities of Ar>"
and Ar, ions, as well as the electron and Ar" ion densities
(which are calculated simultaneously with the Ar>" and Ar;
ions; see Sec. IID), and which are taken into account in our
model, are presented in Table I, together with the rate coef-

ficients used (see also Secs. II B and II C).

The calculations are performed at typical operating con-
ditions for glow discharge mass spectrometry (GDMS; volt-
ages around 1000 V, pressures of 0.4—1 Torr, currents of
1-10 mA), and are applied to the standard source for ana-
lyzing flat samples in the commercial VG9000 glow dis-
charge mass spectrometer (VG Elemental, Thermo Instru-
ments). A schematic picture of this source is given in Fig. 1.?
Since this cell has cylindrical symmetry, the three dimen-
sions could be reduced to two dimensions (axial and radial
direction).

0.5cm
1lem glow

discharge
plasma

10.05 cm
_01cm

FIG. 1. Schematic picture of the glow discharge cell to be modelled. 1:
sample (cathode), 2: sample holder (cathode potential), 3: insulator, 4: front
plate (anode potential), 5: cell house (anode potential), 6: gas inlet, 7: exit
slit towards mass spectrometer.
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FIG. 2. Cross sections of electron impact ionization for Ar®—Ar™,
Ar"—Ar?", and Af®—Ar*", as a function of the electron energy.

B. Model for the Ar?* ions

The density of the Ar?" ions, as a function of z and r
position, is calculated with a balance equation:

I pa2+(zZ,r)

ot +v-]_.Arz'*'(Z’r):Rprod(z?r)_Rloss(Zvr)’

where n, j, and R symbolize the number density (cm73), flux
(cm~2s7"), and production or loss rates (cm >s”') of the
Ar*" ions, respectively. The transport of the Ar’* ions is
governed by diffusion and by migration in the electric field:

]_.Ar2+(z’r) :MAr2+nAr2+(Z’r)E(Z’r) _DAr2+€nAr2+(Z:r)»

where p and D stand for the mobility and diffusion coeffi-
cient of Ar?" ions, and E is the electric field distribution. The
diffusion coefficient was assumed to be equal to the one for
Ar" ions [i.e., taken as 100 cm?s™ " at 1 Torr (Ref. 2)]. The
mobility was adopted from Ref. 19. Data were given as a
function of the electric field over gas density ratio (E/n), in
the range of 40-200 Td. We are, however, interested in
higher E/n values as well. Indeed, in the CDS, the electric
field is usually in the order of 1000-10000 V/cm; for a
typical gas density of 10'%cm™3, this yields E/n
~10"B-10""2Vem? or 10-100 kTd (since 1 Td =10""
v cmz). Therefore, we fitted a curve through the data of Ref.
19, similar to the Frost formula for Art ions,20 which we
used for higher E/n values also:

_ P
V1+a(E/n) ’

where g is 2192.4 cm*V ™l
X 10,

The production processes taken into account for the
Ar*" ions are electron impact ionization from the Ar’ gas
atoms [Table I, reaction (2)] and from the Ar" ions [reaction
(3)]. The cross section for the first process is adopted from
Ref. 21, where a fit was made to the experimental data of
Stephan et al.?® The cross section of the second process was
found in Ref. 23. Both cross sections are plotted as a func-
tion of the electron energy in Fig. 2, as well as, for compari-

a1 Torr, and a is 2.83
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son, the cross section of electron impact ionization for
Ar®—Ar", which was also taken from Ref. 21. The cross
section for Ar*—Ar®" is a factor of 2-2.5 lower than the
one for Af’—Ar", whereas the Al —Ar?>" cross section is
still almost one order of magnitude lower than the
Art—Ar*t value. However, since the Ar® atom density is
four to five orders of magnitude higher than the Ar* ion
density,>* we expect that reaction (2) is still more important
than reaction (3). The cross sections as a function of the
electron energy for reactions (2) and (3) have been included
in the electron Monte Carlo model developed previously,'
and the corresponding reaction rates calculated with this
model are used as input values for the production term of the
above balance equation.

The loss processes incorporated in this balance equation
are electron-ion three-body recombination to Ar™ [reaction
(9)] and two-electron asymmetric charge transfer with Cu’
atoms [reaction (13)] which is a resonant process (i.e., good
energy overlap between the ion and atom energy levels). The
rate constant for the first loss process is taken from Ref. 24,
where the values for He and Sr are given. This rate constant
depends on the distribution of the energy levels, e.g., for He
the excited levels lie close to the ionization limit, whereas for
Sr and the other alkali elements, the excited levels are more
evenly distributed. Since Ar also has excited levels close to
the ionization limit, we adopted the same value as for He.
Moreover, the formulas for this three-body electron-ion re-
combination process given in this article contain a factor:
Z3In 7%+ 1, where Z is the charge of the ion. Hence, this
formula can be used for multiply charged ions as well. For
Ar" ions (Z=1), this factor is 0.3466, whereas for Ar**
ions (Z=2), this factor amounts to 6.4378, hence, a factor of
18.575 higher. Therefore, the rate constant for electron—
Ar*"  recombination was derived to be: k=3.55
X107, " em®s™! for T,>3100K. If T, is assumed to be
5000 K.’ this yields k=1.351X10">cm®s~!. Finally, the
rate constant for the two-electron asymmetric charge transfer
with Cu® atoms was assumed to be 5X 10" '%cm?s™!, based
on the cross section value given in Ref. 25.

The boundary condition for this balance equation is
dnldx=0 at all walls, similar to the Ar™ ion boundary con-
dition.

C. Model for the Ar; ions

The Ar, ions are described with a similar balance equa-
tion, which also yields the flux and density as a function of z
and r position:

anArJr(Z’r)
2 -
—+V~]Ar;(zar):Rprod(Z,r)_Rloss(z,r)7

ot
where n, j, and R symbolize again the number density
(em™3), flux (cm 2s™!), and production or loss rates
(cm?s™') of the Ar; ions, respectively. The transport of the

Ar; ions occurs again by diffusion and by migration in the
electric field:

]_.(Ar;)(z’r):M(Ar;)n(Ar;)(Z’r)E(Z’r) _D(Ar;)vn(Ar;)(Zsr),
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where u and D stand again for the mobility and diffusion
coefficient, respectively; and E is the electric field strength.
The value of the mobility was found to be 1.83 cm?s™ ! V™!
at 760 Torr and 273 K, remaining more or less constant as a
function of E/n." Hence, we adopted this value as a con-
stant in our calculations. Further, we assumed that the diffu-
sion coefficient was half the value of Ar* ions, based on an
inverse proportionality with the ion mass.

The production of Ar, ions is caused by associative ion-
ization, i.e., both by collisions of two metastable Ar;':l atoms
[reaction (7)] and by the collision of a highly excited Ar**
atom with a ground state Ar atom [the so-called Hornbeck—
Molnar process; reaction (5)], as well as by atomic ion to
molecular ion conversion [reaction (4)]. The loss of Ar;r ions
is assumed to occur entirely due to dissociative recombina-
tion [reaction (10)], which is known to be much more effi-
cient than other (e.g., three-body) recombination processes.>’
In principle, other production and loss processes can also
determine the density of Ar;r ions (see, e.g., Refs.
13,14,18,26), but they involve species like Arik and Ar;r s
which are not included in our model, because they are ex-
pected to become only significant at high pressures.'®

Data for these production and loss processes were not
always easy to find. The Hornbeck—Molnar process has been
investigated by many authors (e.g., Refs. 28—37), but most
of these papers give only qualitative evidence of the impor-
tance of this process. In Ref. 34, however, rate constants of
1.3%X107°, 1.7x107%, and 2X10"°cm®s™! have been
found for three different excited Ar** levels. These values
are high but realistic in view of the collision diameters.>* In
the early paper of Pahl,*° the value of 2X 10 % cm’s™! was
already suggested. This value was also considered realistic in
Ref. 36, since it yields a radiative lifetime in satisfactory
agreement with measured values. Therefore, we adopted this
value of 2X 1072 cm?s™! for our calculations. Furthermore,
although some previous works*>>* revealed only three ex-
cited Ar** states which give rise to this process, in Ref. 35
over 20 states were identified to yield this process, and ion-
ization was observed at every absorption line of shorter
wavelength than the threshold of 14.71 eV. Therefore, we
can assume that all excited Ar** levels, with energies higher
than 14.71 eV, which is the ionization potential of Ar, to
form Ar2+ ions, can give rise to this process. The populations
of the Ar excited levels were calculated in our previously
developed collisional-radiative model for Ar, with takes into
account 65 levels.” Some of these levels were considered
separately, like the four 4s metastable and resonant levels,
whereas the higher excited levels were combined into effec-
tive levels. Figure 3 shows the populations of these levels at
the maximum of their two-dimensional profiles, as a function
of the effective level number 7, calculated for the cell shown
in Fig. 1, at 75 Pa, 1000 V, and 4.2 mA. The statistical
weights corresponding to these effective levels are also indi-
cated on the figure. Based on the threshold of 14.71 eV, it
appears that the Hornbeck—Molnar associative ionization is
possible for the Ar** 4d and 65 levels, and all higher levels,
which corresponds in the model to effective level number
n=20 and higher (see Ref. 5 for more details). It should be
mentioned that this process was not incorporated in our
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FIG. 3. Level populations of the Ar excited levels as a function of the
effective level number n, calculated with our Ar* collisional-radiative
model (see Ref. 5) (solid line, left axis) as well as the statistical weight of
these effective levels (dashed line, right axis).

collisional-radiative model before.” It appears, however, to
be a very important loss process for these highly excited
levels. Hence, the presently calculated level populations of
the effective levels with n=20 have decreased by a factor of
3—7 compared to Ref. 5.

The data for associative ionization due to the collisions
of two metastable Ar’ atoms were even more difficult to
find. Most often, the rate coefficients are given for the gen-
eral reaction between two Arj1 atoms, but this can also lead
to the formation of Ar’. In Ref. 38 a value of 1.2
X 107%cm®s™! was found for the ionization reaction be-
tween two Ar4s 3P2 levels. Furthermore, in Ref. 16 it was
reported that the rate constant for formation of Ar; was 0.9
times the value for formation of Ar" ions. Hence, we as-
sumed a value of 6.3X10™'®cm®s™! for formation of Ar*
and a value of 0.9 times this number, i.e. 5.7
X107 "9¢m3s™!, for creation of Ar;r . The latter value is in
excellent agreement with the value suggested by Neeser'* for
this reaction process (i.e., 6X10”%cm®s™!). Although the
rate constant of 1.2X107%cm?s™! was only measured for
the collision between 2 Ar,’,’j atoms in the 3P2 levels,38 we
assumed the same value for collisions between all four 4s
Ar’ (metastable and resonance) levels. The populations of
these 4s levels were also calculated in our collisional-
radiative model for Ar excited levels,” and the level popula-
tions at the maximum of their profiles are also presented in
Fig. 3.

The rate coefficient for atomic to molecular ion conver-
sion was easier to find in the literature (e.g., Refs. 13—
15,18,39—-45). The values were all more or less consistent
with each other (i.e., ranging between 1.9X 103! and 4.7
X 1073 ecm®s™!), so that they are expected to be more or
less reliable. We used the following value:* k ,,,=2.7
X 1073 cm®s™!. It should be mentioned that this rate coef-
ficient applies actually only to Ar' ions in the 2P5, level.*
The corresponding rate coefficient for the Ar* ions in the
2P1 n level was reported to be much lower, ie., 2
X 10732 cm®s ™! as an upper limit.** We assume that, based
on the statistical weights, about 2/3 of the Ar" ions will be in
the 2P+, level, and about 1/3 is in the 2P, level, and the
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populations of excited Ar" ion levels are much lower.
Hence, only 2/3 of the Ar™ ions is assumed to react in the
atomic to molecular ion conversion, with the above men-
tioned reaction rate; and the reaction process with the Art
ions in the 2P, level is neglected.

The rate coefficient for dissociative recombination was
also reported in a number of papers (e.g., Refs. 46—49), and
the values were all more or less in agreement with each
other. We adopted the value of Ref. 48, i.e., kg recom. = 8-5
X107 7(T,/300) (T ,/300) ~*%.

Finally, the boundary condition for this balance equation
is similar to the one for Ar* and Ar*" ions, i.e., dn/dx=0 at
all walls (see above and Ref. 2).

D. Implementation of this Ar?* and Ar; model in the
entire modeling network

The balance equations for the Ar’* and Ar, ions are
included in our fluid model for the Ar" ions and slow
electrons,> because some of the production and loss pro-
cesses of these ions can also affect the Ar™ ion and electron
densities. Indeed, atomic to molecular ion conversion from
Ar" to Ar; and electron impact ionization from Ar* to Ar**
are additional loss processes for the Ar" ions, whereas
electron-Ar’* recombination is an addition production pro-
cess for the Ar™ ions. Moreover, the electrons can become
lost not only due to recombination with Ar" ions, but also
with Ar, and Ar’* ions. Finally, the Ar’* and Ar, ions
contribute to the space charge, and together with the affected
Ar™ ion and electron densities they will determine the poten-
tial distribution via Poisson’s equation. Therefore, the bal-
ance equations of Ar** and Ar;r ions are coupled to the
equations for Ar™ ions and electrons, and to the Poisson
equation, and they are solved like in Refs. 2,3, based on the
Scharfetter—Gummel exponential scheme. %!

Moreover, this new fluid model affects also the other
models in our existing modeling network. Indeed, the Ar**
and Ar£r ion fluxes bombarding the cathode determine, to-
gether with the Ar" ion flux, the electron flux due to second-
ary electron emission. The electrons leaving the cathode by
secondary electron emission are then followed in our Monte
Carlo model. This effect is especially important for the Ar**
ions, because the secondary electron emission coefficient due
to impact of these species is about a factor of 3 higher than
for Ar* impact.’® Further, also the other species which play
a role in some of the production and loss processes of the
Ar*" and Ar£r ions (see Table I), like the highly excited
Ar** atoms (process 5), the Ar% metastable atoms (process
7), and the sputtered Cu® atoms (process 13), are affected by
the present model; and their densities have to be recalculated
taking into account the reactions described above.

Figure 4 shows the complete flowchart of the entire
modeling network. It is an extension of the flowchart shown
e.g., in Refs. 53,54, with the addition of the effect of the
Ar?" and Arz+ ions on the other models (presented in bold).
Because the various submodels can influence each other, the
entire modeling network is solved iteratively, until final con-
vergence is reached.

A. Bogaerts and R. Gijbels
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collisions, charge transfer) affect the Ar*y, Ar** and Cu®
densities; electric field for Cu*/Cu™* CR model and Cu* MC model.
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for Ar/AZ*IAr, fe” fluid model (metastable-
metastable collisions + Hornbeck-Molnar)
no From Cu*/Cu™ CR model: density of Cu® for

ArIAPIAr, le fluid model (charge transfer)

convergence
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FIG. 4. Flowchart of the entire modeling network, indicating the effect of
the Ar** and Arj ions in bold.

lll. RESULTS AND DISCUSSION
A. Densities and fluxes

Figure 5(a) presents the two-dimensional density of Ar*"
ions in the VG9000 cell, at 75 Pa, 1000 V, and 4.2 mA. The
cathode is at the left end of the figure, whereas the other
figure borders represent the anode walls. The density is low
and rather constant in the cathode dark space (CDS; i.e., the
first two mm’s, where a strong electric field is present) and
reaches a maximum of about 2 X 10'cm ™2 at 4—5 mm from
the cathode. The density of the Ar, ions in the same
VG9000 cell is depicted in Fig. 5(b). The two-dimensional
density profile looks very much the same as the Ar*" ion
density profile, both in shape and in absolute value. For com-
parison, Fig. 5(c) illustrates the Ar' ion density in the
VG000 cell. It has the same relative profile, but reaches a
maximum of about 6 X 10" cm™3. Hence, the Ar*T/Ar™ and
Ary/Ar™ density ratios are about 3%.

The effect of voltage and pressure on the calculated den-
sities of Ar?™, Ar;r , and Ar" ions, at the maximum of their
profiles, is plotted in Figs. 6(a), 6(b), and 6(c), respectively.
Figure 6(d) presents the calculated currents, as a function of
voltage and pressure, which might be useful to obtain an idea
on the effect of current as well. All densities increase with
voltage and pressure (and current). The effect on the Ar**
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FIG. 5. Calculated two-dimensional density profiles of the (a) Ar**, (b) Ar;r , and (c) Ar" ions, in the VG9000 cell, at 75 Pa, 1000 V, and 4.2 mA. The cathode
is at the left side of the figure. The black rectangles from z=0 to 0.05 cm denote the insulating ring, and the black rectangles from z=0.05 to 0.15 cm
symbolize the front plate at anode potential. The other borders of the figure represent the anode cell walls.

and Ar" ions is very similar, but the Ar;r ion density has a
somewhat different behavior. Indeed, it increases less rapidly
with voltage, but more rapidly with pressure. The reason is
that at higher voltages, the production of Ar; ions increases,
but the loss of Ar;r ions, due to electron-ion dissociative
recombination increases also (due to the increased electron
density), and it tends to balance more or less the increased
production. The more pronounced increase with pressure is
in agreement with other calculation results, where it is found
that the Ar,/Ar" density increases as the cube of the
pressure.56 In Ref. 26, for example, it is demonstrated that
the Ar;r ions are the dominant ionic species (i.e., density of
~8x 10" em ™2 compared to ~1.4X 10" cm™? for the Ar*
ion density) in the positive column of a dc glow discharge at
100 Torr and 10.89 mA. Indeed, at these high pressures,
atomic to molecular ion conversion (which is still of minor
importance at our lower pressures; see below) is a very im-
portant production process due to the interaction with two
argon atoms, and it is responsible for the rapid increase of
the Ar; density with pressure.

To investigate the role of the Ar** and Ar, ions in the
overall discharge, the Ar" ion densities at the maximum of
their profiles, calculated without the incorporation of Ar*"
and Ar, ions in the model, are also depicted in Fig. 6(c)
(dashed lines). It appears that the Ar’* and Ar; ions have a
non-negligible effect on the Ar" ion density, i.e., the latter
increases by about 20%—30% when the description of Ar**
and Ar; ions is added to the model. The reason for this is not
so much the direct effect of processes involving Ar>" and
Ar; ions which yield an increase in the production of Ar*
ions, but rather the increase in calculated electrical current
when A" and Ar;r are taken into account. Indeed, the flux
of these Ar species is typically 1%—10% of the Ar™ ion flux
(see below). As mentioned before, especially the Ar** ions
can play an important role, because (i) they carry twice as

much electrical current as the other charged species in the
model, and more importantly (ii) they give rise to more ef-
ficient secondary electron emission at the cathode (their sec-
ondary electron emission coefficient is approximately three
times higher52 than for Ar"); hence, more electrons are emit-
ted from the cathode and can give rise to more ionization in
the plasma, increasing again the electrical current.

From the densities at the maximum (Fig. 5), the ratio of
Ar’*/Ar" and of Ary/Ar" densities can be obtained. The
ratio of Ar**/Ar" densities is about 2%—6% for all discharge
conditions investigated, whereas the ratio of A1r;r /Ar" densi-
ties decreases from ~8% at low voltage to ~1% at the
higher voltages investigated.

We have also calculated the fluxes of these ionic species,
and it was found that the ratios of the Ar**/Ar* and Ar; /Ar*
ion fluxes are very similar to the ratios of the densities (i.e.,
varying between 1% and 10%). This is in good agreement
with experimental obselrvations,11 where the intensity ratios
in the mass spectrum (which correspond to the fluxes at the
anode backplate of the cell) were measured for various Ar
species, at similar discharge conditions. The Ar** ion inten-
sity was found to be about 10% of the Ar" ion intensity,
whereas the Argr /At ion intensity ratio was about 2%—4%,
as can be seen in Fig. 7. Hence, although the agreement is
not yet perfect, the calculated results seem to be in the cor-
rect order of magnitude. The latter is not straightforward,
taking into account the large uncertainties in the collision
rate constants and cross sections, and the fact that these Ar
species have not been studied before in such detail for our
conditions. It appears also from Fig. 7 that the Ar*™ and Ar§r
ions are characterized by much lower intensities, and that
these species can hence be neglected at our model condi-
tions.
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FIG. 6. Calculated (a) Ar*, (b) Arz+ , and (c) Ar" densities at the maxima of the profiles, as well as (d) the calculated electrical currents, all as a function of
voltage and pressure. The solid and the dashed lines in (c) and (d) illustrate the calculated quantities with and without the incorporation of the Ar** and Ar;

ions in the model, respectively.

B. Production and loss processes

In Table II, the relative contributions of the various pro-
duction and loss processes of the Ar’* ions and Ar; ions are
presented, for 1000 V, 75 Pa, and 4.2 mA.

As was already anticipated based on the cross sections
and the densities of Ar® atoms and Ar" ions, two-electron
ionization from Ar° atoms is clearly the dominant production
process for the Ar’" jons (99.99%), and one-electron ioniza-
tion from Ar® ions can be neglected (0.01%). This was
found to be the case for all the discharge conditions under
study. Moreover, the Ar*" ions become almost exclusively
lost by diffusion and subsequent recombination at the cell
walls (99.5%). Two-electron asymmetric charge transfer is
responsible for about 0.5% of the loss, whereas electron-ion
recombination is completely negligible. The contribution of
charge transfer as a loss mechanism increases slightly with
pressure and voltage (up to ~1.7% at the highest voltage and
pressure investigated).

The Ar;r ions are primarily formed by associative ion-
ization, both through highly excited Ar** levels (Hornbeck—
Molnar: ~57.4%) and by collisions of two Ar metastable
atoms (about 41.4%). The remaining 1.2% of the Ar, ions
are created by atomic to molecular ion conversion. The latter
process slightly gains importance with increasing pressure
(i.e., ~0.3% at 50 Pa, about 1%—1.2% at 75 Pa, and up to a

value of about 2.2% at 100 Pa), but it never becomes domi-
nant at the discharge conditions under investigation. The
Hornbeck—Molnar process seems to be the most important
production process at the discharge conditions under study,
but it decreases with increasing voltage, at the expense of
metastable-metastable associative ionization, which becomes
equally important or even slightly dominant at the highest
voltages under study. Hence, it seems that at higher voltages

|
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FIG. 7. Measured intensity ratios in the glow discharge mass spectrum for
different Ar species relative to Ar* ions, for different cathode materials (see
Ref. 11).
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TABLE II. Relative contributions of the production and loss processes of the AP, Ar;r , and Ar" ions and

electrons, at 75 Pa, 1000 V, and 4.2 mA.

Species % production % loss
At Two-electron ionization from Ar’: 99.99 Diffusion: 99.5
One-electron ionization from Ar*: 0.01 two-electron charge transfer with Cu: 0.5
Recombination to Ar™: 1072
Ar2+ Hornbeck—Molnar assoc.ionization: 57.4 Diffusion: 82.6
Metastable-metastable assoc.ionization: 41.4 Dissociative recombination: 17.4
Atom to molecule conversion: 1.2
Ar* Electron impact ionization: 87.4 Diffusion: 99.6
Fast atom impact ionization: 6.5 Charge transfer with Cu: 0.3
Fast ion impact ionization: 2.0 Atom to molecule conversion: 0.1
Metastable-metastable ionization: 4.1 Recombination to Ar’%: 10™*
Ar*" - electron recombination: 10~
Electrons Electron impact ionization: 79 Diffusion: 98.7

Fast atom impact ionization: 5.9
Fast ion impact ionization: 1.8
Hornbeck—Molnar assoc.ionization: 4.3

Recombination with Ar;: 1.3
Recombination with Ar*: 1074
Recombination with Ar>™: 107°

Metastable-metastable assoc.ionization: 3.7
Metastable-metastable ionization: 3.3

Penning ionization: 2.2

the metastable levels are more populated than the higher ex-
cited levels. This is at first sight unexpected, because at the
higher voltages, the electrons have higher energy and can
more easily populate the higher excited levels. However, it
was found in our model® that the lower Ar levels (like the 4
metastable and resonant levels and the 4p levels) can also be
populated by fast argon ion and atom impact excitation, and
the latter processes become increasingly important at higher
voltages. Whether this model observation correctly reflects
the real situation still has to be investigated. Hence, the exact
relative contributions of both associative ionization pro-
cesses should be considered with caution, especially because
the rate constants are subject to uncertainties (see before).
Nevertheless, it is clear from Table II that both processes are
clearly more important than atomic to molecular ion conver-
sion at the discharge conditions under investigation. As far
as the loss of Ar;r ions is concerned, diffusion and subse-
quent recombination at the cell walls is again most important
(about 82.6%), but the contribution of electron-ion dissocia-
tive recombination (calculated to be 17.4%) is certainly not
negligible, as was expected already from the rather high rate
coefficient (see Table I). Moreover, the latter loss process
increases clearly with pressure and also slightly with voltage
(i.e., contribution of about 0.3% at 50 Pa and 600 V, and
about 33% at 100 Pa and 1400 V), the reason being that the
electron density also increases significantly with voltage and
pressure. The importance of the latter loss process is respon-
sible for the minor increase of the Ar, density with increas-
ing voltage (see above).

As discussed before, the Ar’* and Ar, ions can also
affect the Ar® ions and electrons, by some production and
loss processes. Therefore, the relative contributions of the
various production and loss processes of the Ar™ ions and
electrons are also tabulated in Table II. The majority of the
Ar”" ions are formed by electron impact ionization (87.4%).
However, fast ion and especially atom impact ionization are
not completely negligible (i.e., 2% and 6.5%, respectively).
Moreover, ionization due to metastable-metastable collisions

also has a contribution of ~4%. The latter three processes
become increasingly important at higher voltages (i.e., in the
order of 1% at 600 V, rising to almost 10% at 1400 V). The
pressure seems to have only a minor effect on these relative
contributions. The loss of the Ar" ions is again primarily
caused by diffusion and recombination at the cell walls
(99.6%). Only a small fraction is lost due to asymmetric
charge transfer with Cu® atoms (0.3%) and due to atom to
molecule conversion (0.1%). Electron-ion recombination is
still of minor importance (10~ #%). This situation is true for
all discharge conditions investigated, although the contribu-
tion of loss due to charge transfer increases with pressure and
voltage (up to 1.7% at 100 Pa and 1400 V), and atom to
molecule conversion increases slightly with pressure (i.e., a
contribution of ~0.02% at 50 Pa, ~0.1% at 75 Pa, and
~0.2% at 100 Pa).

The electrons are also dominantly formed by electron
impact ionization (79%). However, a number of other pro-
cesses each contribute for a few percent, i.e., fast atom im-
pact ionization (5.9%), fast ion impact ionization (1.8%),
Hornbeck—Molnar associative ionization (4.3%), metastable-
metastable collisions leading to the formation of Art (3.7%),
and of Ar, (3.3%) and Penning ionization of the Cu® atoms
(2.2%). The contributions of all these minor production pro-
cesses rise slightly with voltage whereas the pressure has
only negligible effect. However, electron impact ionization
remains always the most significant production process (con-
tribution minimum about 80%). The loss seems to be again
primarily due to diffusion and recombination at the walls
(98.7%). Recombination in the plasma occurs mainly with
the Ar, ions (around 1.3%), in spite of their lower density
compared to the Ar™ ions. Dissociative recombination is in-
deed much more efficient compared to electron-ion three-
body recombination with Ar" or Ar*t ions, which have a
contribution in the order of 10™* and 10™ %%, respectively.
The latter two processes remain negligible at all conditions
investigated, but dissociative recombination increases to a
contribution of about 3% at 100 Pa and 1400 V.
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IV. CONCLUSION

We have calculated the densities and fluxes of the Ar;
and Ar*" ions in a direct current argon glow discharge, by
means of two balance equations taking into account the vari-
ous production and loss processes of these species. These
balance equations are coupled to the equations of Ar" ions
and electrons and to Poisson’s equation, to calculate self-
consistently the charged particle behavior. Moreover, this
two-dimensional model is combined with our other models
for the Ar excited levels and the sputtered Cu species, to
obtain an overall description of the argon direct current glow
discharge.

The model is applied to a typical cell used for glow
discharge mass spectrometry, operating at ~1000 V, 50—100
Pa, and a few mA. The results include the densities and
fluxes of the ionic species, as well as the relative contribu-
tions of the various production and loss processes. The Ar*"
densities range from 7 10% cm ™3 at low pressure and volt-
age to ~1.5x10'"'ecm™ at high pressure and voltage. The
Ar; ions were also found to have a density of about
10 cm ™3 at low pressure and voltage; they rise also with
pressure, but they do not increase so much with voltage;
therefore they reach a maximum of only about 5
% 10" cm ™3 at the highest voltage and pressure investigated.
We have compared these densities with the Ar™ ion densi-
ties, and found that the ratio of Ar"/Ar" ion densities was
always around 2%—6%, whereas the ratio of Ar2+ /Art ion
densities decreases from about 8% at low voltage to ~1% at
the highest voltage investigated. The reason for this decreas-
ing importance of the Ar;r ions seems to be the high electron
densities in our conditions, and hence the growing impor-
tance of the loss by dissociative recombination. The ratios of
the fluxes of Ar**/Ar" and Ar;/Ar" ions were found to be
very similar to the density ratios. These calculated ratios are
in satisfactory agreement with experimental observations,
where intensity ratios in the mass spectrum (which corre-
spond to calculated ion flux ratios at the anode backplate of
the cell) of about 10% were found for Ar>™/Ar" and about
2%—4% for Ary /Ar™.

As far as the production and loss processes of the vari-
ous species is concerned, the Ar*" ions are almost exclu-
sively formed by two-electron ionization from Ar’, and they
become mainly lost by diffusion and subsequent recombina-
tion at the cell walls. The Ar, ions are predominantly
formed by associative ionization, both through highly ex-
cited Ar** atoms (Hornbeck—Molnar process) and by
metastable-metastable collisions. Atomic to molecular ion
conversion is only of minor importance at the operating con-
ditions under study. Loss of the Ar2+ ions occurs mainly by
diffusion and recombination at the walls, although dissocia-
tive recombination in the plasma is also quite significant.

Finally, the Ar*" ions and Ar; ions have also some ef-
fect on the other calculated plasma quantities. Since the Ar*"
ions carry twice as much electrical current as the other
charged plasma species, and since they give rise to more
efficient secondary electron emission at the cathode, the elec-
trical current has increased by 20%-30% after including the
Ar** and Ar; ions in our model. Also the Ar* ion densities

A. Bogaerts and R. Gijbels

have increased by this amount, due to an increase in the
electrical current, and hence in the ionization rate. It was also
found that the incorporation of the Hornbeck—Molnar asso-
ciative ionization to Ar,, caused a drop in the level popula-
tions of the higher excited Ar** levels by a factor of 3-7,
and that this process should therefore really be included in
Ar* collisional-radiative models. Moreover, the Hornbeck—
Molnar process, as well as the collisions between two meta-
stable Ar* atoms leading to Ar, (and to Ar™) ions contribute
each for about 5% to the additional creation of electrons.
However, this effect is more or less balanced by the addi-
tional loss of electrons due to Ar; electron dissociative re-
combination, so that the electron density does not change
dramatically (except for some increase due to the increased
electrical current; see above). Finally, the two-electron
charge transfer process between Ar*" and Cu® will increase
the density of Cu®" ions.

In general, it can be concluded that the Ar?™ and Ar;r
ions play some roles in the glow discharge behavior at the
operating conditions under study, and that their densities are
not negligible. Hence, at the discharge conditions presented
here, these species should be included for accurate modeling
of the glow discharge behavior.
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