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Modeling of metastable argon atoms in a direct-current glow discharge
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To calculate the behavior of metastable argon atoms in a direct-current glow discharge, a balance equation
is constructed, taking into account all known production and loss processes of the metastable atoms. Density
profiles and fluxes of the metastable atoms are computed. The relative importance of different production and
loss processes determining the metastable density is calculated for the case of a molybdenum cathode in pure
argon. Besides electron-impact excitation, fast-ion and atom-impact excitation are found to be the dominant
production processes at the high voltages used here, while loss of the metastable atoms is caused predomi-
nantly by diffusion and also by electron quenching to the nearby resonant states. The role of metastable atoms
in the total discharge is investigated. They are found to play a minor role in the ionization of argon atoms, but
their part in the ionization of sputtered molybdenum cathode atoms appears to be rather important. Moreover,
they seem to have a significant effect on the secondary electron emission at the cathode. The investigation also
includes the influence of pressure, voltage, and current on the metastable densities and fluxes, on the relative
importance of the different production and loss processes, and on the role of metastable atoms in the entire

discharge.

PACS number(s): 34.50.Fa

I. INTRODUCTION

Glow discharges are applied in the microelectronics in-
dustry as plasma processing devices for ion etching, thin-film
deposition, and plasma treating of surfaces [1]. Moreover,
they are gaining increasing interest as atomization-
excitation-ionization sources for analytical spectrometry
[2,3]. To improve the results in these application fields, thor-
ough insight into glow discharge is necessary. This can be
acquired by mathematical modeling. In this work, an inves-
tigation is made concerning the role of metastable argon at-
oms in the discharge. This is important from an analytical
point of view, since it is suggested [4—6] that the ionization
of sputtered (analytically important) atoms by metastable ar-
gon atoms (so-called Penning ionization) is one of the domi-
nant ionization mechanisms.

Metastable atoms have been studied by several authors
both experimentally and theoretically. Metastable densities
can experimentally be measured by optical absorption tech-
niques. In theoretical work, a balance equation including dif-
ferent production and loss terms is constructed to calculate
the metastable densities. Experimental measurements were
performed, for example, for He as a function of discharge
conditions in Ref. [7], for Ar in a microwave boosted glow
discharge in Ref. [8], and for Ne in an rf glow discharge in
Ref. [6]. In Ref. [4] only relative absorption signals of Ar
metastable atoms as a function of current and pressure were
recorded. In Refs. [9] and [10] Ar metastable densities were
measured in a Grimm-type glow discharge and in the after-
glow of a pulsed discharge, respectively, and some mecha-
nisms for the formation of Ar metastable atoms were sug-
gested. Ar metastable densities have also been measured in
Refs. [11] and [12]. In the latter work, a comparison was
made with Ar metastable densities calculated from a
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coupled-electron—metastable-atom model. A comparison be-
tween experimental and calculated metastable densities was
also carried out in Ref. [13] for He in a dc and rf glow
discharge, in Ref. [14] for He, Ne, and Ar, and in Refs. [15]
and [16] for He. In Ref. [17] a combined fluid model was
developed for the electrons, argon ions, and argon metastable
atoms in order to investigate the effect of metastable atoms
in the discharge. In Refs. [18-23] rate constants of a number
of collision processes responsible for the destruction of
metastable atoms were obtained by combining balance equa-
tions with the measured time-dependent variation of the
metastable densities or by analyzing the dependence of the
decay constants upon pressure.

The theoretical models mentioned here take into account a
number of production and loss processes—one model is
more complete than the other—but none of these models
considers Penning ionization of sputtered atoms as a possible
loss mechanism and fast-argon-ion and atom-impact excita-
tion as possible production mechanisms for the argon meta-
stable atoms. Of course, these models are meant to describe
glow discharges for etching and deposition, which operate at
lower voltages at which the above-mentioned processes may
not be important. However, in glow discharges used as an ion
source for mass spectrometry, like we try to describe, the
operating voltages are much higher and those processes can-
not be neglected. In this work, the Ar metastable density is
calculated in a dc glow discharge, with a balance equation
taking into account all known production and loss mecha-
nisms. The calculated metastable densities and fluxes
throughout the discharge are compared with previously cal-
culated ion and sputtered atom densities and fluxes. More-
over, a comparison is made with metastable densities re-
ported in the literature. The relative importance of the
various production and loss processes determining the meta-
stable density is discussed. The study also addresses the rela-
tive contribution of metastable atoms in the ionization of
argon atoms and sputtered atoms and in the secondary elec-
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tron emission from the cathode. Finally, the influence of
pressure, voltage, and current on the metastable densities and
fluxes, on the relative importance of different production and
loss processes, and on the relative role of metastable atoms
in the discharge is investigated.

II. DESCRIPTION OF THE MODEL

The model we developed for the metastable atoms is one
dimensional, i.e., it applies to a discharge between two infi-
nitely wide electrodes (anode and cathode) so that quantities
vary only with distance from the electrodes. Besides the
metastable argon atoms, the plasma is assumed to consist of
neutral ground-state argon atoms at rest, uniformly distrib-
uted throughout the discharge, fast and slow electrons and
argon ions, described in a hybrid model [24], fast argon at-
oms, and also sputtered atoms. The density of the latter is
calculated by a simple one-dimensional diffusion equation
[25,26]

2
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where J, is the flux of sputtered atoms, calculated from an
empirical formula of the sputtering yield [27] and the flux
energy distribution of argon ions and fast argon atoms bom-
barding the cathode [28], and Fy(x) is the thermalization
profile of sputtered atoms, i.e., the distribution of sputtered
atoms after they have been thermalized in the plasma [29].
This is only an approximate formula, since ionization of Mo
and self-sputtering of the cathode by Mo ions have not yet
been considered here. However, both effects are opposed to
each other and the overall effect is rather small. Moreover,
this approximation will not affect the metastable argon den-
sity since the sputtered atoms play only a minor role in de-
termining the metastable density (see later).

Argon atoms possess two metastable levels, lying closely
to each other, ie., the (3p4s) 3P, level and the
(3p54s)3P0 level, at 11.55 and 11.72 eV above the ground
state, respectively. The 3P, level is stated to be populated by
a fraction of only 10-20 % of the P, level [22,23]. Since
for our purpose only the total metastable density is impor-
tant, we have combined the two metastable levels in one
collective level lying at 11.55 eV. Also two resonant levels
are lying closely to the metastable levels, i.e., the
(3p345)3P, level and the (3p°4s)' P, level, at 11.62 and
11.83 eV above the ground state, respectively. These levels
can decay to the ground state by emission of radiation.

The density of metastable atoms is calculated by solving a
balance equation considering different production and loss
processes. The production processes incorporated in the
model are (i) fast-electron-impact excitation from ground-
state argon atoms, including cascading from higher-energy
levels, (ii) fast-ion and fast-atom-impact excitation from
ground-state argon atoms, and (iii) radiative recombination
between Ar" ions and slow electrons. Dissociative recombi-
nation between Ar, and electrons is neglected since Ar; is
assumed not to be present in the plasma.

Loss processes taken into account comprise (i) fast-
electron-impact ionization from the metastable level; (ii)
fast-electron-impact excitation from the metastable level to
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higher-energy levels; (iii) transfer to the nearby resonant
states by collision with thermalized electrons, which is called
electron quenching; (iv) metastable-atom—metastable-atom
collisions, resulting in ionization of one of the atoms; (v)
Penning ionization of sputtered cathode atoms; (vi) two-body
collisions with ground-state argon atoms [i.e., (a) collisional
transfer from the metastable states to nearby resonant levels
and (b) collision-induced emission); and (vii) three-body col-
lisions with ground-state argon atoms, resulting in the forma-
tion of Ar¥. These different production and loss processes
are summarized in Table I. An additional loss process is dif-
fusion to the walls followed by deexcitation at the walls. We
assume the gas to be pure argon, so that destruction of argon
metastable atoms due to reactions with impurity gas mol-
ecules (quenching) can be neglected. These production and
loss processes result in the balance equation

&nAr* éZYlAr*
at -D Ar* 9x2 = rprod(x) — Tloss(X)s 2

where
rprod(x) = re,exc(x) + ri/a, exc(x) +krecomnex(x)nAr+(x)’

rloss(x) = rion,met(x) +r exc,met(x) + kquennes(x)nAr:‘!(x)

(©)

+ 2kmet[nAr:‘l(x)]2+k Pt a (X) 1 are(X)
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The first term on the left-hand side in Eq. (2) is the time-
dependent variation, which becomes zero at steady state. The
second term relates to diffusion; the diffusion coefficient
D 5x is taken to be 54 cm? s~ ! at 1 Torr [18]. The first term

on the right-hand side in Eq. (2) includes the production
terms. r, (x) is the electron-impact excitation rate, which
is calculated from an electron Monte Carlo simulation. The
cross section for this process as a function of the electron
energy is taken from Ref. [30]. r;, cx(x) is the ion- and
atom-impact excitation rate, which is calculated from an ion
and atom Monte Carlo simulation [28,31] with the cross sec-
tion as a function of the ion and atom energy taken from Ref.
[32]. kyecom is the rate constant of electron-ion radiative re-
combination, which is taken to be 107! cm? s™! [33]. The
second term on the right-hand side in Eq. (2) comprises all
the loss terms. rign med(¥) and rexeme(x) are the electron-
impact ionization and excitation rates from the metastable
level, respectively; they are calculated in an electron Monte
Carlo model with the metastable density known from a pre-
vious solution of the metastable balance equation. Cross sec-
tions of these processes as a function of the electron energy
are adopted from Ref. [34] for electron-impact ionization and
from Ref. [35] for electron-impact excitation. k quen 18 the rate
constant of electron quenching to the nearby resonant states,
which is taken to be 2X 1077 cm® s™! [17]. k. represents
the rate constant of metastable-atom—metastable-atom colli-
sions, which is assumed to have a value of 6.4x101°
cm?® s71 [11,12]. kpy is the rate constant of Penning ioniza-
tion of sputtered atoms. Reliable values for the cross sections
of this process between argon metastable atoms and metals
are very difficult to find. We used an empirical formula [36],
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TABLE I. Production and loss processes of metastable argon atoms incorporated in the model. m, r, and * refer to a metastable state, a
resonant state, and an arbitrary excited state, respectively.

Production processes Rate

(i) A%+ e; A te, electron-impact excitation O, exc(E)?

(ii) Ar° +Arf+ (Ar?) —Ark+ Arjf (Ar(f)) ion- (atom-) impact excitation T iraexclE) ®

(iii) Art+e  —Arf+hv electron-ion radiative recombination krecom=10""cm3s71 ©
Loss processes Rate

() Arf+e; —Art+2e”

(ii) Ari+e; —Art+e”

(iil) Arf+e, > Arf+e,

(iv) Ar¥+Arf - AP+ Art +e”
V) A+ MO AP+ M e
(vi) Ar¥+ Ar®— A%+ AL°

(vii) Ark+2Ar%— Ar¥ -+ Ar°
(viii) diffusion

Uion,met( E) d
electron-impact excitation Oexemet(E) ©
electron quenching kquen=2X10" Tem?s™!
metastable-metastable collision kpe=6.4%X10"10cm? s~ 1 8
Penning ionization

electron-impact ionization

kp=2.6X10""%cm? s b

kyp=23%X10"Y cm? s !

kyp=14%x10"32cml s~ !1
Dpx=54 cm? s

two-body collision
three-body collision

*Reference [30].
PReference [32].
“Reference [33].
dReference [34].
®Reference [35].

Reference [17].
8Reference [11,12].
"Reference [36,37].
iReference [22].
JReference [18].

which we fitted to some experimentally obtained cross sec-
tions [36,37] in order to arrive at approximate values for
other elements. The Penning ionization cross section of Mo
at thermal energies was in this way computed to be
5.8X 107! cm?, which corresponds to a kp; of 2.6X 10710
cm® s™!. k,p and kg are the rate constants of two-body and
three-body collisions with argon ground-state atoms, respec-
tively. Their numerical values are taken from Ref. [22], i.e.,
kyp=2.3%X10"1 cm® s7! and k3p=1.4%10732 cm® s™!. Fi-
nally, n Arks Tle s Marts Ty s and n 5,0 represent the densities

of metastable argon atoms, slow electrons, argon ions, sput-
tered atoms, and argon ground-state atoms, respectively. The
loss due to diffusion and subsequent deexcitation at the walls
is determined by the boundary conditions, i.e., n A,:=O at

x=0 and L. The balance equation [Eq. (2)] is discretized
and then solved with the Thomas algorithm [38].

The metastable model forms a part of a big model, con-
sisting of different ‘“‘sub-models’ for different plasma spe-
cies. A Monte Carlo model describes the fast electrons, tak-
ing into account electron-impact excitation, ionization, and
elastic collisions. A fluid model handles the slow electrons
and argon ions and is combined with the Monte Carlo elec-
tron model to form a hybrid model [24]. The argon ions and
the fast argon atoms are treated with a Monte Carlo model in
the cathode dark space (CDS) only [28,31]. Collision pro-
cesses incorporated in that model comprise charge transfer
(for the ions) and elastic collisions and ion- and atom-impact
ionization and excitation (for the ions and fast atoms).

The metastable model is computed iteratively with the
hybrid Monte Carlo fluid model [24]. The metastable model
affects the hybrid model in the following ways: (i) the meta-
stable density determines the electron-impact excitation and
ionization rates from the metastable levels, (ii) the meta-
stable flux at the cathode plays a role in secondary electron

emission, and (iii) some of the loss processes (i.e.,
metastable-atom—metastable-atom collisions and electron-
impact ionization from the metastable levels) cause the cre-
ation of new electrons and argon ions, whereas (iv) the pro-
duction process of electron-ion recombination can in
principle decrease the number of ions and electrons, although
this process will be negligible. The iterative procedure is
explained in Fig. 1, i.e., the electron Monte Carlo part of the
fluid model calculates the relevant electron-impact excitation
and ionization rates that are used as input in the metastable
model. The results of the metastable model, i.e., the meta-
stable density and flux, as well as the effects on the ion and
electron densities are inserted in the hybrid model, etc. This
procedure is repeated until convergence is reached (typically
after 3—4 iterations).

hybrid electron Monte Carlo
fluid model

T T

exc;mets Tion,met

metastable model
no

Narem (_> rexc,mcl’ rion,mel)
jarem ( => sec. el. emission)
some prod.-loss terms (= n,,,, 1)

——@rgence ?

yes

final solution

FIG. 1. Flowchart of the model.

e,exc
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FIG. 2. Density profiles of Ar metastable atoms, Ar ions, and
sputtered Mo atoms as a function of distance from the cathode (Mo
in Ar, 850 V, 75 Pa). The boundary between cathode dark space and
negative glow is at 0.3 cm from the cathode.

II1. RESULTS AND DISCUSSION

Calculations were carried out for a molybdenum cathode
in an argon discharge at 75 Pa gas pressure and 850 V dis-
charge voltage. The discharge cell is assumed to be 1.5 cm
long and infinitely wide. Figure 2 shows the density profile
of the metastable Ar atoms together with the Ar ion density
and the density of the sputtered Mo atoms. The Ar meta-
stable density is zero at the walls due to wall deexcitation
and reaches a maximum of about 6.5X 10'' cm™3 at 0.12 cm
from the cathode, whereafter it decreases rapidly. We com-
pared this result with calculated or measured values found in
the literature [8,9,11,14,21]. Depending on discharge condi-
tions, all these values vary between 2% 10'° and 5x10!3
cm™ 3. Hence our calculated values certainly lie in the cor-
rect range of order of magnitude.

Figure 2 also shows that the Ar metastable density is of
the same order of magnitude as the Ar ion density and the
sputtered Mo atom density at these discharge conditions. The
relative magnitude of these densities varies somewhat with
discharge conditions, i.e., the argon ion density and espe-
cially the sputtered atom density increase more rapidly with
voltage and pressure than the metastable density, but they
always remain in the same order of magnitude. This is also
experimentally found by Ferreira, Loureiro, and Ricard [12]
and it is also stated in general terms in Ref. [39].

The flux of the Ar metastable atoms goes through zero at
the position of maximum Ar metastable density. To the left of
this maximum it is negative (directed towards the cathode)
and to the right it is positive (directed towards the anode).
The flux of metastable atoms bombarding the cathode is cal-
culated to be 1.5X 10" cm™2s7! at these discharge condi-
tions. Comparing this with the argon ion flux bombarding the
cathode (ja,+ is calculated to be 4.74X 10" cm %57 !), we
conclude that about.24% of the flux bombarding the cathode
is due to argon metastable atoms, whereas the argon ions
account for about 76%. Supposing that the secondary elec-
tron emission coefficient due to Ar ion and Ar metastable
bombardment is comparable (i.e., approximately 0.12), this
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FIG. 3. Contribution of different loss processes determining the
Ar metastable density, as a function of distance from the cathode
(Mo in Ar, 850 V, 75 Pa).

leads to a relative contribution of Ar metastable atom in-
duced electron-impact emission at the cathode of about 24%
at these discharge conditions.

In Fig. 3 the relative importance of different loss pro-
cesses determining the Ar metastable density is illustrated. At
steady state, the total loss rate (curve 1) is equal to the total
production rate. This total production rate is mainly given by
two processes, i.e., close to the cathode where the ions and
atoms have high energies, it is almost completely determined
by ion- and atom-impact excitation, which appears to be a
very efficient process at high energies [32], leading to a very
high production rate. Farther in the discharge, especially in
the beginning of the negative glow, electron-impact excita-
tion is the predominant production mechanism, leading to the
second peak in the production rate at about 0.5 cm. Inte-
grated over the total discharge region, ion- and atom-impact
excitation account for about 73.5% of the total production
whereas electron-impact excitation is responsible for about
17%. About 9.5% is ascribed to diffusion from regions with
higher metastable density. Electron-ion recombination con-
tributes only about 0.01% to the production rate. Concerning
the loss of metastable atoms, two processes appear to be
predominant. Near the cathode, the high production rate is
mainly balanced by diffusion (curve 2), which tends to
spread out the metastable density slightly farther in the dis-
charge. In the negative glow, the loss is almost completely
caused by electron quenching to the resonant states (curve 3).
This process is negligible in the CDS since the thermalized
electron density is nearly zero in that region [24]. Two other
loss processes, however, seem to contribute in the CDS, i.e.,
metastable-metastable collisions (curve 4) and Penning ion-
ization of sputtered Mo atoms (curve 5). Integrated over the
total discharge, the loss due to diffusion amounts to about
71.6%, electron quenching is responsible for about 21.9%,
and metastable-metastable collisions and Penning ionization
amount to about 5.1% and 0.71%, respectively. The other
loss processes taken into account are still less important, i.e.,
electron-impact excitation and ionization from the meta-
stable states contribute about 0.23% and 0.008% and the loss
due to two-body and three-body collisions represents about
0.37% and 0.04%.
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FIG. 4. Contribution of different ionization mechanisms to the
ionization of Ar atoms, as a function of distance from the cathode
(Mo in Ar, 850 V, 75 Pa).

Two of these loss processes of the metastable atoms lead
to the creation of Ar ions, i.e., electron-impact ionization
from metastable levels and metastable-atom—metastable-
atom collisions. We compared these two processes with the
direct electron-impact ionization of ground-state Ar atoms to
investigate their relative contribution in the total ionization
of Ar. In analogy with ion- and atom-impact excitation, also
ion- and atom-impact ionization from the ground state are
included. These processes appear indeed to be non-negligible
at high voltages [31]. In Fig. 4 it is shown that the majority
of Ar ions is formed by direct electron-impact ionization of
ground-state atoms, although ion- and especially atom-
impact ionization become increasingly important close to the
cathode. The contribution of metastable-atom—metastable-
atom collisions is only small and that of electron-impact ion-
ization from metastable levels is completely negligible at
these discharge conditions. Integrated over the total dis-
charge region, the relative contributions of electron-, ion-,
and atom-impact ionization amount to about 82.5%, 3.8%,
and 12.0%, respectively. Metastable-atom—metastable-atom
collisions contribute about 1.72%, whereas electron-impact
ionization from the metastable levels amounts to about
0.003% only.

As said before, it is generally assumed that metastable
atoms can play an important role in the ionization of sput-
tered atoms by Penning ionization. It is accepted that three
processes come into play in the ionization of sputtered at-
oms: (i) electron-impact ionization, (ii) Penning ionization,
and (iii) charge-transfer between Ar ions and sputtered at-
oms. The cross section of electron-impact ionization as a
function of the electron energy can be found in Ref. [40].
The cross section for charge transfer between Ar ions and
metals is even more difficult to find than the corresponding
value for Penning ionization. Hence in order to find at least
an approximated value for Ar"-Mo we used the following
strategy. It is generally known [41-43] that the charge-
transfer process is most likely when the energy difference
between levels of the bombarding ion and the created ion is
sufficiently small and that the probability of the charge trans-
fer decreases rapidly with increasing energy difference. This
type of collision can only be treated adequately using quan-

B84
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FIG. 5. Contribution of different ionization mechanisms to the
ionization of Mo atoms, as a function of distance from the cathode
(Mo in Ar, 850 V, 75 Pa).

tum mechanics. In Refs. [42] and [43] cross sections of Pen-
ning ionization and charge transfer were measured for
He*-Cd and He"-Zn, respectively. In both cases we see that
(i) the cross sections are almost identical to each other within
a factor 1.5 and (ii) both Cd* and Zn* possess energy levels
lying close to the He* ground-state level. Therefore we as-
sume that if the energy difference between levels is small,
the charge-transfer cross section is nearly equal to the Pen-
ning ionization cross section. Applying this to Ar*-Mo
where the energy difference between excited Mo levels and
the Ar* ground-state level was found to be small, we assume
that the cross section of charge transfer for this system is
equal to the Penning ionization cross section. This strategy is
only a rough approximation, but since we did not find more
accurate data, we will have to be satisfied with this solution,
keeping in mind that the obtained results will be subject to
considerable uncertainties. Also, the conclusions of these cal-
culations are not necessarily true for other cathode materials.

We compared the relative contribution of electron-impact
ionization, Penning ionization, and charge transfer to the ion-
ization of sputtered Mo atoms, as illustrated in Fig. 5. Since
the cross sections of Penning ionization and charge transfer
are assumed equal to each other, the relative contribution of
these two processes reflects the densities of Ar metastable
atoms and Ar ions, respectively. In Fig. 2 it was shown that
the Ar metastable density was higher than the Ar ion density,
which results in a higher contribution of Penning ionization.
The exact relative importance of these two processes has to
be considered with caution due to the cross sections that are
not exactly known, but it is obvious from Fig. 5 that both
these processes are much more important for the ionization
of Mo atoms than electron-impact ionization. Indeed, the
cross section of electron-impact ionization is of the order of
107 '8 cm?, which is considerably lower than the cross sec-
tions of Penning ionization and charge transfer (i.e.,
5.8%X 107 1% cm?) and the fast electron density is also clearly
lower than the Ar ion and metastable densities [24]. Inte-
grated over the total discharge region, the relative contribu-
tion of Penning ionization, charge transfer, and electron-
impact ionization of Mo atoms comprise 69.9%, 28.9%, and
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FIG. 6. Density profiles of Ar metastable atoms (a) as a function
of voltage at 50 Pa and (b) as a function of pressure at 1000 V (Mo
in Ar).

1.2%, respectively. This result agrees with the statement in
literature [4—6,39] that Penning ionization is the dominant
ionization process of sputtered atoms in an analytical glow
discharge. For example, in Ref. [4] it is reported that the
relative contribution of Penning ionization lies between 40%
and 80%, which is in agreement with our results. Concerning
charge transfer, the findings differ: in Refs. [4,6,39] charge
transfer is not even mentioned as ionization mechanism,
whereas Steers and co-workers [41,44] demonstrated that
charge transfer is very important for Ar*-Cu, which is also a
system with a small energy difference between levels. In Ref.
[5] it was suggested that charge transfer is negligible at low
pressures and currents (0.3—2 Torr, 1-5 mA) but becomes
increasingly important at higher pressures and currents.
Comparing Figs. 4 and 5, we see that the total ionization
rate of Ar atoms is about 200 times higher than the total
ionization rate of Mo atoms, although the overall density of
Ar atoms (approximately 10'® cm™3) is about four orders of
magnitude higher than the sputtered Mo atom density. This
means that the ionization of sputtered atoms is much more
efficient than the ionization of Ar, which is also generally
known from mass spectrometric measurements. Hence the
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FIG. 7. Ar metastable densities at the maximum of the profile,
as a function of voltage at three pressures (Mo in Ar).

total amount of ionization in a glow discharge is due not only
to Ar ionization, but the ionization of sputtered atoms is not
completely negligible. Integrated over the entire discharge
region, the relative contributions of Ar ionization and sput-
tered atom ionization at these discharge conditions amount to
about 99.66% and 0.34%, respectively. This relative contri-
bution of sputtered atom ionization has not yet been de-
scribed thoroughly elsewhere. However, the ionization of im-
purity gas atoms by analogous Penning ionization processes
is stated to be important and is the reason why the highest
degree of gas purity is desirable when performing physical
measurements on electrical discharges in gases [45].

To study the influence of pressure, current, and voltage on
the behavior of metastable atoms in the discharge, calcula-
tions were performed for a range of voltages, currents,
and pressures (V=450-1400 V, I=0.2-10 mA/cm?, p
=50-100 Pa). These are typical discharge conditions used
with the VG 9000 glow discharge mass spectrometer
(Fisons) for a Mo cathode in Ar.

Figure 6(a) and 6(b) show the Ar metastable density pro-
files as a function of voltage at 50 Pa and as a function of
pressure at 1000 V, respectively. The metastable density in-
creases with rising voltage and pressure and also shifts closer
to the cathode. The reason for this is clear. At high voltages
the ion- and atom-impact excitation production processes be-
come increasingly important, resulting in a more clearly de-
fined peak close to the cathode. Moreover, the sheath be-
comes thinner at higher voltages, which will presumably
bring the ion—fast atom and electron-impact peaks closer to
each other and in turn closer to the cathode. The influence of
the pressure is explained by the increasing diffusion at low
pressures, which tends to spread out the density profile. In
Fig. 7 the Ar metastable density at the top of the density
profile is illustrated as a function of discharge voltage at
three pressures. The metastable density clearly increases with
increasing pressure and voltage. These results agree rather
well with literature data. The increase in metastable density
with increasing pressure is also found in Ref. [9]. Other pa-
pers [4,7,14] report that the metastable density reaches a
maximum at a certain pressure whereafter it decreases again.
This pressure value is found to be about 0.7 Torr in Ref. [4]
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FIG. 8. Contribution of Ar metastable flux to the total flux of Ar
ions and metastable atoms at the cathode, as a function of voltage at
three pressures (Mo in Ar).

and about 2 Torr in Ref. [14]. It seems that in our model this
pressure would be higher than 100 Pa (0.75 Torr), the highest
pressure normally used with the VG 9000 mass spectrometer.
It is also generally found in the literature that the metastable
density increases with current [4,7,8,11,15], although Refs.
[7] and [11] illustrate that density saturation occurs at a cer-
tain current (i.e., about 6 and 10 mA, respectively).

Figure 8 shows the relative contribution of the Ar meta-
stable flux to the total flux of Ar ions and metastable atoms at
the cathode. Since the metastable flux at the cathode varies
with pressure to the same extent as the ion flux but increases
more rapidly as a function of voltage, the relative contribu-
tion of the metastable flux is rather independent of pressure,
but it rises with voltage. At 1400 V, it comprises about 30%
of the total flux at the cathode. At still higher voltages, it
seems to reach saturation, so that the metastable flux appears
never to constitute the major bombarding flux at the cathode.
Assuming that the secondary electron emission coefficient of
ions and metastable atoms is comparable (see before), this
relative metastable flux at the cathode also gives the relative
contribution of metastable atoms in secondary electron emis-
sion. Hence we conclude that the metastable atoms play an
important role in secondary electron emission.

In Fig. 9 the relative contributions of different production
and loss processes integrated over the entire discharge are
presented, as a function of voltage at 75 Pa [Fig. 9(a)] and as
a function of pressure at 1000 V [Fig. 9(b)]. The most im-
portant production process at the discharge conditions inves-
tigated seems to be ion- and atom-impact excitation. This
production process increases with voltage and is nearly inde-
pendent of pressure. Only at voltages of about 500 V
electron-impact excitation appears to be equally important.
At still lower voltages ion- and atom-impact excitation will
gradually become negligible whereas electron-impact excita-
tion will become the major production process. Concerning
the loss processes, diffusion seems to be the dominant one at
all voltages and pressures since it tends to balance the high
production process near the cathode where electron quench-
ing to the resonant states has a negligible role. The second
most important loss process is given by electron quenching.

: diffusion

: e. quenchin

: met—met—collis.

: Penning ioniz. of Mo

: two—body collis.

: ion+atom impact excit.
: electron impact excit.

rloss,prod (% )
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FIG. 9. Contribution of different production and loss processes
determining the Ar metastable density, integrated over the entire
discharge, (a) as a function of voltage at 75 Pa and (b) as a function
of pressure at 1000 V (Mo in Ar).

Metastable-atom—metastable-atom collisions also have a
clear contribution, whereas Penning ionization of sputtered
Mo atoms only becomes non-negligible at high voltages
(about 3.5% at 1400 V). These relative contributions of dif-
ferent loss processes remain in the same order of importance
at all voltages and pressures investigated. Figure 9(b) shows
that pressure has no clear influence on the different loss
terms. The voltage seems to have slightly more effect, as is
illustrated in Fig. 9(a). Electron quenching is relatively most
important at low voltages. At high voltages there is compe-
tition from metastable-atom—metastable-atom collisions, a
loss process that clearly increases with voltage due to the
higher metastable densities. The relative importance of Pen-
ning ionization of sputtered Mo atoms also increases with
voltage due to the higher sputtered atom densities. Two-body
collisions with argon atoms have only a slight contribution at
very low voltages. The other processes remain negligible at
all discharge conditions investigated.

The influence of pressure and voltage on the relative con-
tribution of metastables to the ionization of Ar and of sput-
tered Mo (Penning ionization) was also investigated. Con-
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cerning the ionization of Ar, direct electron-impact ionization
of ground-state Ar atoms remains dominant at all voltages
and pressures used here, although ion- and especially atom-
impact ionization should also be considered at high voltages
(i.e., about 6.5% and 16% at 1400 V). The relative contribu-
tion of metastable-atom—metastable-atom collisions to the
ionization apparently increases with voltage and decreases
with pressure (for example, it constitutes about 0.7% at 100
Pa and 450 V and this value rises to about 8% at 50 Pa and
1400 V). The influence of electron-impact ionization from
the metastable states is always less than 0.01% at these dis-
charge conditions.

Concerning the ionization of sputtered Mo, electron-
impact ionization remains of minor importance (around 1%)
at all voltages and pressures. The relative contributions of
Penning ionization and charge transfer vary more clearly
with voltage and pressure since the relative magnitudes of
argon metastable atoms and argon ions also vary with these
discharge conditions. In general, Penning ionization seems to
be more important at low voltages and low pressures. At 50
Pa, it is clearly dominant at all voltages, constituting about
98.7% at 750 V and about 91% at 1400 V. However, at 100
Pa, it is only dominant at low voltages (i.e., about 87.8% at
450 V) whereas it decreases to about 25% at 1400 V. The
increasing importance of charge transfer at higher voltages
and pressures was also suggested in Ref. [5]. However, the
exact values of the relative contributions of these processes
have to be considered with care since they are only reliable if
the cross sections of both processes are correct.

Finally, we investigated the influence of pressure and volt-
age on the relative contribution of the ionization of Ar and
Mo in the total amount of ionization. Due to the higher sput-
tered atom density at higher voltages and pressures, the rela-
tive contribution of ionization of Mo increases with pressure
and voltage. At voltages of about the threshold values [i.e.,
about 450 V (at 100 Pa), to about 750 V (at 50 Pa)] it con-
stitutes only about 0.05%. However, as voltage increases, the
relative contribution of Mo ionization also increases, the in-
crease being even more significant at higher pressures. At
1400 V, this relative contribution is about 1.6% at 50 Pa and
about 5.5% at 100 Pa. This indicates that at high voltages
and pressures sputtered atoms and ions have a non-negligible
influence on the discharge.

IV. CONCLUSION

A balance equation is constructed to model the behavior
of Ar metastable atoms in a dc glow discharge. The discharge
conditions range from 50 to 100 Pa gas pressure and from
500 to 1400 V discharge voltage, yielding electrical currents
from about 1 to about 10 mA/cm?. Production processes
taken into account are electron-, ion-, and atom-impact exci-
tation and radiative recombination. Loss processes include
diffusion and deexcitation at the walls, electron-impact exci-
tation and ionization from metastable levels, electron
quenching to the nearby resonant levels, metastable-atom—
metastable-atom collisions, Penning ionization, and two- and
three-body collisions with ground-state Ar atoms. The meta-
stable density profile was calculated and compared with the
Ar ion and sputtered Mo atom density. A study was made on
the relative contribution of different production and loss pro-
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cesses determining the density of the metastable atoms. Ion-
and atom-impact excitation were found to be the dominant
production processes at 75 Pa and 850 V. Loss of metastable
atoms was primarily due to diffusion, followed by electron
quenching, metastable-atom—metastable-atom collisions, and
Penning ionization. The other processes were found to be
negligible.

The relative role of metastable atoms in the discharge was
investigated. Metastable atoms appeared to play a rather im-
portant role in the secondary electron emission at the cath-
ode. Their role in the ionization of Ar atoms was only a few
percent. They are, however, quite important for the ioniza-
tion of sputtered Mo atoms: about 70% of the ionization of
Mo was caused by Penning ionization at 75 Pa and 850 V,
the remaining part being due to charge transfer with Ar ions
(based on the assumption that both processes have about the
same cross section), while electron-impact ionization ac-
counted only for about 1%.

The influence of pressure, voltage, and current on the cal-
culated quantities was examined. The density of metastable
atoms increased clearly with voltage and pressure. The rela-
tive flux of metastable atoms at the cathode to the total flux
of ions and metastable atoms, and hence the relative contri-
bution of metastables in secondary electron emission, was
nearly independent of pressure but increased with voltage,
reaching values of about 30% at 1400 V. The pressure and
voltage effect on the relative contribution of different pro-
duction and loss processes was rather small at the discharge
conditions investigated; ion- and atom-impact excitation re-
mained the dominant production process except at voltages
of 500 V and less. Also the relative contributions of different
loss processes kept the same order of importance at all volt-
ages and pressures, although electron quenching seemed to
decrease slightly with voltage whereas metastable-atom—
metastable-atom collisions and Penning ionization showed a
slight increase with voltage. The relative role of metastable-
atom—metastable-atom collisions in the ionization of Ar in-
creased with increasing voltage and decreasing pressure
reaching at maximum a contribution of about 8%. The con-
tribution of electron-impact ionization from the metastable
levels was always less than 0.01%. On the other hand, the
relative role of metastable atoms in the ionization of Mo, i.e.,
Penning ionization, was of major importance, especially at
the low pressures and voltages. At 100 Pa charge transfer
played a more significant role as the voltage increased. The
relative contribution of electron-impact ionization of Mo re-
mained of the order of 1% at all voltages and pressures.
Finally, the contribution of the ionization of Mo atoms on the
total amount of ionization in the discharge was investigated
and it was found that this contribution was negligible at low
voltages and pressures but that it increased with voltage and
pressure to about 5.5% at 100 Pa and 1400 V.
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