CHAPTER 3

Plasma Ionization: Glow Discharge and RF
Spark Source

Glow Discharge Basics

1. Introduction: What Is a Glow Discharge, and
What Is It Used For?

A glow discharge (GD) is a plasma, that is, a partially
ionized gas consisting of electrons and positive (and
sometimes negative) ions, as well as a large number of
neutral species. It is created by applying a potential
difference (of the order of 1kV) between two elec-
trodes that are inserted in a cell filled with a gas, or
that form the cell walls. In analytical GDs, the gas is
usually argon, and the gas pressure is typically in the
range of 50-700 Pa.

In the absence of a potential difference, cosmic ra-
diation would induce the emission of a few electrons

from the electrodes, but these electrons are not able to
sustain a discharge. However, when a potential dif-
ference is applied, the electrons are accelerated away
from the cathode, and they give rise to ionization and
excitation collisions with the argon gas atoms. The
ionization collisions create argon ions and new elec-
trons. The argon ions are accelerated toward the
cathode, where they release new electrons (i.e., ‘sec-
ondary electron emission’). The electrons can again
give rise to ionization, creating new electrons and
argon ions. In this way, a ‘self-sustaining plasma’ is
created. Electron excitation of the argon atoms gives
rise to atoms in excited levels, which will decay to
lower levels by emission of radiation. The latter ex-
plains the characteristic name of the ‘glow’ discharge
(e.g., it emits a blue glow in argon). These elementary
processes are schematically represented in Fig. 1.
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Schematic diagram of the basic processes in an analytical argon GD (i.e., electron impact excitation and ionization,
secondary electron emission, and sputtering), as well as the analytical applications (GD-AAS, GD-AFS, GDMS
and GD-OES). Ar°, Ar", Ar*, and Ar, denote the Ar ground state atoms, Ar™ ions, and Ar excited atoms in general
and in the metastable levels, respectively. e~ and iv symbolize the electrons and photons, respectively, and M, M*, and
M stand for the sputtered (metal) atoms, excited atoms, and ions, respectively. Reproduced with permission from
Jakubowski, N.; Bogaerts, A.; Hoffmann, V. Analytical Glow Discharges; Chapter 4. In: Atomic Spectroscopy in
Elemental Analysis; Cullen, M., Ed.; Blackwell Publishing CRC Press, 2004; pp 91-156.
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The use of the GD in analytical chemistry
(see this chapter: Glow Discharge Applications: Con-
ductors and Semiconductors; Glow Discharge Appli-
cations. Radio Frequency Glow Discharges for
Insulators; Glow Discharge Applications: Nuclear) is
based on a process called ‘sputtering,’ as is also il-
lustrated in Fig. 1. The material to be analyzed is
used as the cathode of the GD, which is bombarded
by argon ions, accelerated by the electric field. These
ions do not only release secondary electrons but also
atoms of the cathode material, and this is called
sputtering (see also Chapter 5 (this volume): Sput-
tering and Ionization Basics). The sputtered, analyt-
ically important atoms arrive in the plasma, where
they undergo collisions. The ionization collisions (by
electrons or other plasma species; see section 5.2
below) create ions of the cathode material, which can
be measured in a mass spectrometer, thus giving rise
to GDMS. The excitation collisions yield excited
atoms, which release photons, characteristic of the
elements present in the material to be analyzed. These
photons can be detected with an optical emission
spectrometer, giving rise to GD-OES. Moreover, the
sputtered atoms can also directly be detected in the
plasma with atomic absorption or fluorescence spec-
trometry (GD-AAS and GD-AFS). These analytical
applications are also schematically represented in
Fig. 1.

Besides in analytical chemistry, GDs are also used
extensively in many other applications, such as for
etching of surfaces or deposition of thin films, in the
semiconductor industry, and for materials engin-
eering, as lamps or lasers, in plasma display panels
(TV screens), for biomedical applications (e.g.,
sterilization of materials), or for environmental pur-
poses (e.g., the destruction of volatile compounds)
(1). However, in this article, only analytical GD
plasmas will be discussed. Most of the information
presented here is based on the results of numerical
modeling for GDs, developed by Bogaerts er al.
(2-5), as well as on experimental verifications of this
modeling work (4,5).

2. Typical Operating Conditions and Electrical
Operation Modes of a GD

Analytical GDs, in the direct current (dc) mode,
typically operate at a voltage of 500-1400V, an
electrical current of 1-100mA, and an argon gas
pressure of 50-700Pa. The gas temperature ranges
from room temperature till 1000 K. Typical current—
voltage—pressure characteristics, as obtained from
modeling calculations (and verified with experi-
ments), are illustrated in Fig. 2. Often, GDs used as
ion source for MS operate at lower pressure, gas
temperature, and electrical current than GDs used for
optical emission spectrometry (cf. curves with stars
vs. curves with full circles in Fig. 2, respectively).
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Electrical current as a function of voltage at different
pressures, as obtained from numerical modeling, for a dc
GD. The stars illustrate typical conditions of GDMS
(VG9000 source), whereas the full circles represent
typical GD-OES conditions (Grimm-type source).
Reproduced with permission from Jakubowski, N.;
Bogaerts, A.; Hoffmann, V. Analytical Glow
Discharges; Chapter 4. In: Atomic Spectroscopy in
Elemental Analysis; Cullen, M., Ed.; Blackwell
Publishing CRC Press, 2004; pp 91-156.

However, this subdivision is rather artificial and
mainly caused by instrumental considerations (e.g.,
pressure limitation when coupled to a mass spec-
trometer). Indeed, GDMS can also be operated at
similar pressure as GD-OES (6).

Besides the dc mode, analytical GDs are more and
more operated in radio frequency (rf) mode or pulsed
mode. The typical operating conditions of an ana-
Iytical rf GD are quite similar to a de GD; however,
the applied voltage and current vary as a function of
time. Hence, the rf~powered electrode (which is con-
structed out of the material to be analyzed) acts al-
ternately as cathode and anode. This makes the
analysis of nonconducting materials possible, because
the charge built up during positive ion bombardment
will be neutralized by electron bombardment during
part of the rf cycle (see also this chapter: Glow Dis-
charge Applications: Radio Frequency Glow Dis-
charges for Insulators). The 1f is typically 13.56 MHz.
Because of the large difference in size between rf-
powered electrode (i.e., sample to be analyzed) and
grounded electrode (i.e., cell walls), a large negative
de-bias voltage is typically developed in front of the
rf-electrode, enabling sufficient ion bombardment
and hence sputtering. This large dc-bias voltage
makes the analytical rf discharge very similar to the
dc GD, as far as plasma species densities and pro-
cesses are concerned.
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In the pulsed operation mode, the voltage and
current are applied during short pulses (milli- or
microsecond range). Because higher pulse voltages
and currents (e.g., 2kV, 1 A) can be applied for the
same average power as in a dc GD, higher ionization
and excitation rates can be obtained, yielding higher
analyte signals, and hence lower detection limits than
with a dc GD. Because analytical rf and pulsed GDs
are not fundamentally different from dc GDs, the
following sections focus on dc GDs. The differences
between dc, rf, and pulsed GDs are discussed, for
example, in refs. (5) and (7).

3. Spatial Regions in the Analytical GD

Although classical textbooks show a whole series of
glowing and dark spaces in dc GDs (i.e., Aston dark
space, cathode layer, cathode dark space (CDS),
negative glow (NG), Faraday dark space, positive
column, anode dark space (ADS), and anode glow)
(8), the analytical GD can roughly be subdivided in
three spatial regions (see Fig. 3, which is the result of
modeling calculations at a pressure of 75Pa, a volt-
age of 1000V, and a current of 3mA (2,4). These
three regions are characterized by different behavior
of the potential difference or electric field strength
(Fig. 3b), light intensity (related to Fig. 3c), and
charged species densities (Fig. 3d).

The potential difference applied between anode
and cathode drops off completely in the first milli-
meters in front of the cathode, that is, in the region
called ‘cathode dark space.” Hence, this region is
characterized by a strong negative electric field
(Fig. 3b). The latter accelerates the electrons away
from the cathode, and they traverse this region
without many collisions (excitation, ionization, etc.).
The name ‘cathode dark space’ originates from the
low number of excitation collisions (Fig. 3c), and
hence low de-excitation rate with emission of light.
The CDS is characterized by a positive space charge;
that is, the argon ion density is nearly constant
and rather low, but the electron density is roughly
zero (Fig. 3d), which explains the large potential
drop.

After a few millimeters, the potential crosses zero
and becomes slightly positive. This positive value
(order of several volts) is nearly constant till the
anode and gives rise to a very low electric field (see
Fig. 3b). Hence, the electrons are not much acceler-
ated, and they wander around, giving rise to many
collisions in this region. The large number of exci-
tation collisions (Fig. 3c), and the subsequent radia-
tive decay, explains why this region is very bright. It
is therefore called the ‘negative glow’” (NG). Ion and
electron densities are rather high and nearly equal to
each other (Fig. 3d), giving rise to more or less charge
neutrality, which explains the nearly constant po-
tential of Fig. 3b.
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Schematic diagram of the different spatial regions in an
analytical GD (a), and the corresponding potential and
electric field distributions (b), electron excitation rate (c),
and Ar" ion and electron density profiles (d), as
obtained from numerical modeling, at 1000V, 75 Pa,
and 3mA. Reproduced with permission from
Jakubowski, N.; Bogaerts, A.; Hoffmann, V. Analytical
Glow Discharges; Chapter 4. In: Atomic Spectroscopy in
Elemental Analysis; Cullen, M., Ed.; Blackwell
Publishing CRC Press, 2004; pp 91-156.

Close to the anode, the potential returns to zero,
and the electric field is slightly positive (Fig. 3b). This
so-called anode dark space is again characterized by a
low and nearly constant positive ion density and a
nearly zero electron density (Fig. 3d).

4. Species Present in the Analytical GD

Table 1 gives an overview of the most important
species present in an analytical GD, as well as the
range of their densities, calculated for the typical
range of analytical GD conditions (see beginning of
section 2) (2-5). The analytical GD is usually main-
tained in argon, and the argon gas atoms are the
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Table 1

Overview of the most important plasma species and
their densities, obtained from modeling calculations, in
the typical range of analytical glow discharge conditions
(see Fig. 2; i.e., voltage of 500-1400V, pressure of 50-
700 Pa, gas temperature of 300-1000K, and electric
current of 1-100 mA)

Species Calculated range of
densities (cm™)
Argon gas atoms tote-10"
Ar™ ions 10'-10"
Electrons 010"
Argon atoms in 4s metastable 101-10%3
levels
Sputtered (Cu) atoms 10'2-10"
Cu™ ions 10°-10"

dominant plasma species, with typical densities in
the order of 10'°-107cm ™, in typical analytical
discharge conditions.

When the argon gas flow is rather low, the gas
atoms can be considered at thermal velocities, and the
gas density will be more or less uniform, but some-
what depleted near the cathode as a result of gas
heating. Indeed, gas heating is especially important
near the cathode (9), and a higher gas temperature
yields a lower density, for a fixed pressure, based on
ideal gas law (n=N/V=p/kT). Figare 4 shows a
typical calculated gas temperature profile, and the
corresponding Ar gas atom density distribution, at
800V, 500Pa, and approximately 50mA. Under
these conditions, the gas temperature reaches values
of approximately 700K near the cathode, but drops
to room temperature at approximately 1cm from the
cathode. Correspondingly, the Ar gas atom density is
nearly constant (almost 107 cm™?) from approxi-
mately 1cm from the cathode till the end of the dis-
charge (which can be several centimeters long), but it
drops to approximately 4 X 10" cm ™2 near the cath-
ode. It should be mentioned that at lower pressure,
voltage or current, the temperature does not rise to
such a large extent, and the gas atom density remains
more constant throughout the discharge.

When a considerable gas flow is applied to the GD,
for instance, to increase the ion transport toward the
mass spectrometer, there will be a convective flow
throughout the discharge (10), which affects the gas
density distribution. Figure 5 illustrates the Ar gas
density profile, as calculated with a computational
fluid dynamics (CFD) code, assuming a gas inlet flow
rate of 100scem (10). The gas density is highest near
the gas inlet, and lowest at the gas outlet, as expected.
In the main part of the discharge cell, however, the
gas density is fairl3y uniform, with values in the order
of 4-5 x 10'%cm ™. However, the effect of gas heating
is not taken into account in this CFD code. Hence,
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Calculated argon gas temperature distribution (a) and
gas atom density distribution (b) (9), for a Grimm-type
source, at 800V, 500 Pa, and approximately S0 mA.
Note thdt only the first 1.5cm near the cathode of the
Grimm-type cell is shown. Reproduced with permission
from Jakubowski, N.; Bogaerts, A.; Hoffmann, V.
Analytical Glow Discharges; Chapter 4. In: Atomic
Spectroscopy in Elemental Analysis; Cullen, M., Ed.;
Blackwell Publishing CRC Press, 2004; pp 91-156.

the real gas density distribution is probably a com-
bination of Fig. 4b and Fig. 5.

Although most of the argon gas is in atomic form,
a small fraction (order of 107°-107°) is ionized.
Figure 6 shows the calculated Ar" ion density distri-
bution, for the same conditions as in Fig. 4. The Ar*
ion density is rather low in the CDS, and reaches a
maximum at a few millimeters from the cathode.
Note that the electron density is characterized by
nearly the same profile, except that it is nearly zero in
the CDS (see also Fig. 3). The Ar? jon and electron
densities typically range from 10! to 10™em™, in
typical analytical GD conditions, increasing with
voltage, pressure, and current. The agreement is fairly
good between calculated electron densities and ex-
perimental values (3,11).

The Ar" ions are usually the dominant ionic spe-
cies in the GD plasma. The Ar*™ and Arj ions have
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walls, see ref. 10).
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Calculated Ar™ ion density distribution (3), for a Grimm-type source, at the same conditions as in Fig. 4. Reproduced
with permission from Jakubowski, N.; Bogaerts, A.; Hoffmann, V. Analytical Glow Discharges; Chapter 4. In:
Atomic Spectroscopy in Elemental Analysis; Cullen, M., Ed.; Blackwell Publishing CRC Press, 2004; pp 91-156.

typically much lower densities (e.g., 2 orders of
magnitude lower than the Ar?t ion density, as calcu-
lated in ref. 12). When small traces of impurities are
present in the argon gas, other ionic species can also
be formed in the plasma. Modeling calculations show
that when small amounts (few percentage) of H, are
added to the argon gas, ArH™ and H7 ions are also
present, with densities only 1 order of magnitude
lower than the Ar™t ion density (13).

Besides argon atoms and ions in the ground state,
excited species are also present in the GD plasma. The
most important are the argon atoms in the two 4s
metastable levels (i.e., the lowest excited levels, at 11.55
and 11.72eV, which cannot decay spontaneously to
the ground state by emission of radiation). Indeed, the
Ar metastable atoms play an important role in ion-
ization of the sputtered atoms (Penning ionization;
see later in text). Figure 7 illustrates the density
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Fig. 4. Reproduced with permission from J akubowski, N.; Bogaerts, A.; Hoffmann, V. Analytical Glow Discharges;

Chapter 4. In: Atomic Spectroscopy in Elemental Analysis;

91-156.

distribution of the (3p° 4s) *P, metastable level, cal-
culated for the same conditions as in Fig. 4. The
density reaches a maximum of 2 x 103 cm ™ adjacent
to the cathode, and drops to values in the order of
10'2em™ farther in the discharge. This pronounced
maximum near the cathode is attributed to production
of this level by fast argon ion and atom excitation.
Indeed, these processes are more important as a
production mechanism than electron excitation, in
typical analytical discharge conditions (14). The
other metastable level, that is, the (3p° 4s) Py level,
has a similar density profile, but is a factor of 2-5
lower (14).

Beside the two 4s metastable levels, there are also
two other 4s levels (i.e., at 11.62 and 11.83 V), which
can decay radiatively to the ground state. However,
this radiation is easily reabsorbed by the argon ground
state atoms, because of their high density, so that the
fraction of radiation that is not reabsorbed (so-called
escape factor) is only in the order of 1073-10"* for
typical analytical GD conditions (4). Hence, the 4s
nonmetastable excited levels (also called resonant levels)
are also characterized by rather high densities, that is,
comparable to the Ar 4s metastable levels adjacent to
the cathode, but they drop more quickly as a function
of distance from the cathode (14).

Besides argon species, there are also sputtered
atoms and ions present in the GD plasma. The
sputtered atom ground state density in the plasma is
typically 3-5 orders of magnitude lower than the
argon atom density, and it is nonuniformly distrib-
uted, with a maximum near the cathode, as a result of
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sputtering. The sputtered copper atom density dis-
tribution, as calculated for the same conditions as in
Fig. 4, is illustrated in Fig. 8. This calculated sput-
tered atom density profile is in agreement with results
obtained by laser-induced fluorescence and atomic
absorption measurements, albeit for a different
cathode material (tantalum; because of the avail-
ability of suitable laser lines) (5).

The corresponding Cut ion ground state density is a
few orders of magnitude lower than the copper atom
density, as appears from the calculated density profile
in Fig. 9, for the same discharge conditions. The Cut
ion density reaches a maximum at the same position
as the Ar' ion density (i.e., in the beginning of the
NG:; see figure 6); this in fact applies to all ionic
species. The ionization degree of copper was calcu-
lated in the range of 10741072, for typical analytical
GD conditions, rising with voltage, pressure, and
current. This is significantly higher than the ion-
ization degree of argon (see earlier in this section).
Indeed, the sputtered atoms are much more efficiently
ionized in the GD plasma than the argon atoms, due
to Penning ionization by argon metastable atoms and
asymmetric charge transfer with argon ions, as ex-
plained in the next section.

5. Most Important Collision Processes in the
Plasma

The GD plasma is a complicated gas environment,
consisting of many different species (see section 4
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Calculated Cu™ ion density distribution (3), for a Grimm-type source, at the same conditions as in Fig. 4. Reproduced

with permission from Jakubowski, N.; Bogaerts, A.; Hoffmann, V. Analytical Glow Discharges; Chapter 4.
In: Aromic Spectroscopy in Elemental Analysis; Cullen, M., Ed.; Blackwell Publishing CRC Press, 2004;

pp 91-156.

above), which can all interact with each other. The
most relevant and important processes for analytical
GDs, that is, ionization (and recombination) and
excitation (and de-excitation), are discussed here,
along with the role of the various plasma species in
these processes.

5.1 lIonization and Excitation of Argon Atoms

5.1.1 Electron ionization and excitation.
A’ + e 5 Art 4 2e

A e = Art fe”
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Electron ionization is the essential process for sus-
taining the discharge, as the electrons formed in this
way can again give rise to ionization, leading to
electron multiplication (see Section 1). Direct electron
ionization (i.e., from ground state argon atoms) is
most important, although two-step electron ionization
from argon atoms in the metastable levels can occur
as well. Indeed, the minimum electron energy re-
quired for direct excitation is 15.76¢eV (i.e., the ion-
ization potential of argon), whereas the second
process can already occur at electron energies above
4eV. Nevertheless, the first process is much more
important, because of the much higher argon ground
state atom density compared to the argon metastable
atom density.

The mechanism of electron excitation is the same as
for ionization, but less energy is transferred, so that
the electron is not ejected, but jumps only to a higher
energy level within the atom. The minimum energy
required is 11.55eV (i.e., the energy of the lowest
excited level).

5.1.2 Fast argon ion (Arf") and argon atom (Arl)
ionization and excitation.

A 4 Arf S Art A e, Ar® A S Art AR e
Ar® + At > Ar* + A, Ar® 4+ Ard - Ar* - Ar?

Argon ions and atoms can also cause ionization and
excitation if their energy is sufficiently high (i.e., well
above 100eV). Such energetic (or also called ‘fast’)
argon ions and atoms are only found near the cath-
ode, where the ions have gained much energy from
the electric field in the CDS. Hence, these processes
are only significant adjacent to the cathode, and their
importance increases with rising voltages. At a typical
voltage of approximately 1kV, fast argon ion and
atom impact ionization and excitation are clearly not
negligible. The importance of fast argon ion and
atom impact excitation as population mechanisms for
the Ar 4s excited levels was demonstrated in Fig. 7.
Furthermore, although the relative contributions of
fast argon ion and atom impact ionization to the total
ionization of argon are calculated to be only in the
order of 1-4% (for the Ar* ions) and 2-14% for the
fast Ar atoms (3), inclusion of these processes in the
modeling work is required to reproduce the experi-
mental current-voltage characteristics.

5.1.3 Argon metastable atom collisions leading to the
ionization of one of the atoms.

At 4+ At s Art 4 Ar? e
When two argon metastable atoms collide with each
other, they have together sufficient energy (two times

11.55 or 11.72eV) to knock off one electron and
hence to yield the ionization of one of the atoms. This
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process contributes, however, a few percentage at the
most to the overall ionization in analytical GDs.

5.14 Symmetric charge transfer.
Arf + A2 5 Ard + Art

When a fast argon ion collides with a slow argon
atom, an electron can be transferred from the atom to
the ion, creating a fast argon atom and a slow argon
ion. Although this process is not a real ionization
mechanism, as no extra ion and electron are created,
it is mentioned here, because it is of major import-
ance in the GD. Indeed, this process is responsible for
the creation of a large number of fast argon atoms,
which play an important role for ionization and ex-
citation of argon (see section 5.1.2 above) and espe-
cially for cathode sputtering (see section 6.2 below).

5.2 Ionization and Excitation of Sputtered ( Analyte)
Atoms

5.2.1 Electron ionization and excitation. In prin-
ciple, the same processes that cause the ionization
and excitation of argon atoms apply also to the
ionization and excitation of analyte atoms. However,
little is known about the above-mentioned processes
for the analyte atoms. Only electron ionization data
and some very limited electron excitation data are
available from the literature, and only for some spe-
cific sputtered elements. Because the cross-section of
electron ionization is similar for all elements, this
process can be considered an unselective ionization
mechanism.

In addition, two other collision types are of special
importance for the ionization (and possibly simul-
taneous excitation) of analyte atoms, that is, Penning
ionization by Ar metastable atoms and asymmetric
charge transfer with Ar ions. Because these two
processes are more important than electron ion-
ization (i.e., the dominant ionization mechanism for
argon), and because they are absent for argon, the
sputtered atoms are more efficiently ionized in the
GD than the argon atoms, leading to a higher ion-
ization degree (see end of Section 4).

5.2.2 Penning ionization.
M°+ A M +Ar? e

If a 4s metastable argon atom collides with an analyte
atom, the energy of the metastable level (i.e., 11.55 or
11.72eV) can be used to ionize the analyte atom if its
ionization potential is lower than the metastable en-
ergy. Because this is the case for most atoms, Penning
ionization is also more or less unselective, and it is
expected to be the dominant ionization mechanism of



Glow Discharge Basics

sputtered atoms, certainly in low-pressure GDs. The
only elements that cannot be ionized by Penning
ionization with argon metastable atoms are H, N, O,
F, Cl, Br. Cross-section data of Penning ionization
for all elements are scarce, but from the few data
available in the literature, it can be deduced that the
cross-sections between argon metastable atoms and
analyte atoms are of the order of 5 x 10" cm? (15).

5.2.3  Asymmetric charge transfer.
M? + Art > (M) + A

Asymmetric charge transfer between an analyte atom
and an argon ion (i.e., transfer of an electron from
the atom to the ion) can occur if the energy difference
between the argon ion (ground state or metastable
level) and the energy levels of the resulting analyte
ion is sufficiently small. Therefore, asymmetric charge
transfer is a selective process.

Cross-section data are very difficult to find in the
literature, at least for the typical (relatively low) ion
energies in a GD, and between argon ions and typical
analyte elements (for a discussion, see ref. 16). How-
ever, the importance of this process in analytical GDs
and in hollow cathode discharges has been experi-
mentally demonstrated for several gas ion/analyte
atom combinations, for example, Art/Cu, Net/Cy,
He'/Cu, Ne'/Al, Art/Fe, Ar"/Ti, and Ne'/Fe
(17,18). For elements that have a good energy overlap
with argon ions, the cross-section of asymmetric charge
transfer is comparable to the cross-section of Penning
ionization (/9), and hence, both processes are then
expected to be of comparable importance in the GD.

5.3 Positive Ion—Electron Recombination

Electron-ion recombination is the reverse process of
ionization; that is, an electron coalesces with a posi-
tive ion to form a neutral atom. From the conser-
vation laws of momentum and energy follows that a
simple two-body coalescence is not allowed (8).
However, some alternative recombination processes
can in principle occur in rare gas discharges; that is,

® Three-body recombination (AT +e~ +B—
A%+ B), where a third body (e.g., electron or
atom) takes part in the collision process and
takes away the excess energy, hence satisfying
the conservation laws.

e Radiative recombination (A™ +e~ —A* -+ hv),
where the excess energy is carried away by a
photon.

e Dissociative recombination (AB* + e~ — (AB)*
— A* 4 B). In this case, a two-body recombin-
ation process is possible as the collision product
can dissociate and the recombination energy is
converted into kinetic and potential energy of
the dissociation products.

However, based on rate constant data from the litera-
ture (20), and for tﬁ)lcal electron and Ar' ion densities
of the order of 10 ~3 (see Table 1), the Ar*-elec-
tron recombination rate is estimated to be of the order
of 10110 ecm ™35, This is clearly lowe1 than typical
jonization rates (order of 101-10'7cm—>s~L; 2-4). The
rate constant of dissociative 10nlzat10n (e g, Wlth A
ions is much higher (order of 107 107%em?s™! (20)).
Nevertheless, this process is also of minor importance,
as Ar;} ions are not considered to be dominant species
in the GD plasma (see section 4 above). Hence, elec-
tron—ion recombination is expected to be negligible
compared to ionization in analytical GDs, except in the
afterglow of pulsed discharges, where the electrons
have slowed down completely and electron—ion re-
combination is considered to be responsible for the so-
called afterpeak in excited level populations and optical
emission intensities (2/). Finally, electron—ion re-
combination can occur also (and more easily) at the cell
walls, where the wall acts as a third body, to take away
the excess energy.

5.4 De-excitation

De-excitation is the inverse of excitation. Indeed,
except for the metastable levels, the excited levels of
the atoms and ions are only short-lived, and the
electron configuration soon returns to the ground
state in one or several transitions. Radiative decay
(i.e., by emission of radiation) is the most probable
de-excitation mechanism, and it is responsible for the
light emitted by a ‘glow’ discharge.

6. Processes Occurring at the Walls of a GD Cell

When a particle collides at the walls of the GD cell,
different phenomena may occur, depending on the
kind of particle, namely, reflection, absorption, im-
plantation, recombination, secondary electron emis-
sion, or sputtering. The latter two processes are of
special importance for the analytical GD, and will
therefore be discussed in more detail.

6.1 Secondary Electron Emission

Secondary electron emission is necessary to maintain
the discharge, because new electrons are supplied to
compensate for the electron losses at the walls. It can in
principle occur at all walls, and can be caused by the
bombardment of electrons, ions, neutrals, and photons.

Most important in analytical GDs is, however, ion-
(and atom-) induced secondary electron emission at the
cathode. For clean surfaces, the secondary electron
emission coefficient y (i.e., the number of electrons
emitted per incident particle) is nearly independent of
the ion or atom kinetic energy at energies below 500-
1000eV. It is typically in the order of 0.1 for positive
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argon ions and nearly zero for neutral ground state
argon atoms. At higher energies, y starts to increase
with the ion or atom kinetic energy (8). This suggests
that secondary electron emission results from a con-
stant potential energy component, and a kinetic energy
component (similar for both) that only plays a role at
sufficiently high energies. The potential energy com-
ponent of the ions is of the order of the ionization
potential, which seems amply sufficient for secondary
electron emission. Neutral ground state atoms do not
possess such a potential energy component, which ex-
plains why 9y is negligible at energies below 500-
1000eV. However, metastable atoms do possess a po-
tential energy (i.e., the energy of the excited metastable
level); hence they will be able to give rise to secondary
electron emission,

It should be noted that the ion- and atom-induced
secondary electron emission coefficient is largely
dependent on the surface conditions (crystal phase,
contaminations). For contaminated (or ‘gas-cov-
ered’) surfaces, the secondary electron emission co-
efficients can vary over many orders of magnitude as
a function of the bombarding energies (22). More-
over, the values characteristic of pure metals can
differ significantly from the ones of alloys or non-
conducting materials (8).

6.2 Sputtering

In contrast to secondary electron emission, sputtering
is restricted to the cathode, as it requires sufficiently
high bombarding energies. When energetic particles
(i.e., gas ions or atoms and also ions of the cathode
material) bombard the cathode surface, they can eject
atoms lying at the surface, which is called sputtering.
It is believed that the majority of the sputtered par-
ticles are neutral atoms. Ions can also be sputtered,
but positive ions will immediately return back to the
cathode, by the strong electric field in front of it. The
energy of the sputtered atoms is of the order of a few
electronvolts (23).

Figure 10 shows the relative contributions of fast
argon ions, fast argon atoms, and cathode (copper)
ions to the sputtering process, calculated for a range
of different pressures and voltages. It appears that the
fast argon atoms (Fig. 10a) play a dominant role in
sputtering, at least in the low-pressure range or at low
voltages. The reason is that a large number of fast
argon atoms are created near the cathode, due to
collisions of argon ions with argon gas atoms. In-
deed, the flux of fast argon atoms bombarding the
cathode is calculated to be typically 2 orders of
magnitude higher than the flux of fast argon ions (4).
The contribution of fast argon atoms is calculated to
be on the order of 70% at low pressure and voltage,
but this value drops to roughly 25% at the highest
voltage and pressure investigated, due to the in-
creasing role of sputtered copper ions (see below).
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Calculated relative contributions to sputtering of the
fast argon atoms (a), Ar' ions (b), and Cu™ ions (c), as a
function of voltage at different pressures, for typical
VG9000 and Grimm-type conditions.

The contribution of argon ions to sputtering (Fig.
10b) is calculated to be on the order of 20-30%, at
all pressures and voltages under study. Finally, the
copper ions also play a nonnegligible role in sput-
tering, with a relative contribution of less than 1% at
the lowest voltage and pressure investigated, and in-
creasing till approximately 60% at the highest voltage
and pressure under study (Fig. 10c). Indeed, although
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the copper ions have a lower flux when bombarding
the cathode (cf. the densities), they are characterized
by much higher energies, and because the sputter
yield increases with rising energy (see earlier in text),
the role of copper ions (i.e., so-called self-sputtering)
is not negligible, and appears to become even dom-
inant at high voltage and pressure.

The sputter yield determines the number of sputtered
atoms per incident particle. It is a complex function of
the incident energy and the masses and atomic numbers
of the bombarding particles and surface target (24). In
general, the sputter yield increases less than linearly
with the mass of the incident particles. Hence, the
sputter yield does not reach a maximum when the
masses of incident particles and surface target are close
to each other (see examples in ref. 24).

As far as the energy of incident particles is con-
cerned, a threshold energy is required to give sput-
tering. Indeed, the atoms at the cathode surface must
obtain sufficient energy to overcome their surface
binding energy. Above this minimum energy, the
sputter yield increases with the energy of the bom-
barding particles. It reaches a broad maximum at
energies in the order of several kiloelectronvolts, after
which it decreases again, as ion implantation becomes
important (8).

The cathode material is also a determining factor for
sputtering. The cathode surface has an influence on the
sputter yield; for example, the sputter yield is decreased
by surface contaminations, or by the formation of
oxide layers or adsorbed gas layers on the cathode
surface. As far as the kind of cathode material is con-
cerned, in general, the sputter yield increases with the
atomic number of the cathode material, within each
row of the periodic table. However, the sputter yields of
different elements seldom differ more than by 1 order
of magnitude between each other, as opposed to the
rates of evaporation, which differ by several orders of
magnitude (25). Owing to these rather uniform sputter
yields, the GD is relatively free from matrix effects,
which has allowed GDMS to be ideally suited for
selected applications, as will be discussed in this
chapter: Glow Discharge Applications: Conductors and
Semiconductors, Glow Discharge Applications: Radio
Frequency Glow Discharges for Insulators; Glow Dis-
charge Applications: Nuclear).
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