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Abstract

Glow discharges are kind of plasmas which are used in many fields of application, including analytical spectrometry. This
review addresses both the fundamental aspects and analytical applications of glow discharges. In the first part, a systematic
overview of the most important plasma processes is presented. To obtain better insight into the complexity of the glow
discharge, both mathematical modeling and experimental plasma diagnostics can be carried out. Therefore, the models that
were developed for a glow discharge are presented and typical results (e.g. three-dimensional density profiles, fluxes and energy
distributions of the various plasma species, the electric field and potential distributions, information about collision processes in
the plasma and about sputtering at the cathode, etc.) are summarized. Moreover, the most important plasma diagnostic
techniques for glow discharges are discussed. In the second part, an overview is given of the various analytical applications

of glow discharges. © 1998 Elsevier Science B.V.
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1. Introduction

Glow discharge analytical spectrometric techniques
have gained increasing interest in the last few dec-
ades, especially in the field of optical emission spec-
trometry and mass spectrometry. Besides the existing
analytical applications which can be found in indus-
trial and service labs (i.e. routine measurements of
impurities in metallic alloys or in high-purity metals,
depth profiling analyses, e.g. in the automobile indus-
try, etc.), a variety of new developments is being
reported in the literature, like the radio-frequency
and the pulsed modes, as well as combinations with
magnetic fields, microwaves, lasers, etc.

* Corresponding author. Tel: 0032 3820 2364; Fax: 0032 3 820
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The glow discharge is a kind of plasma which is
created by inserting two electrodes in a cell filled with
gas at low pressure (e.g. | Torr). For analytical appli-
cations, argon is most commonly used, but other glow
discharges, used for technological purposes, operate
more frequently in reactive gases (e.g. N, O,, SiH,,
SF, etc.). A potential difference (of the order of 1 kV)
is applied between the two electrodes (cathode and
anode). This causes ‘gas breakdown’, i.e. the gas
breaks partially up in electrons and positive ions,
which results in the formation of the plasma. The
positive ions are accelerated towards the cathode by
the potential difference and when bombarding they
can release secondary electrons and also atoms of
the cathode material.

The secondary electrons are accelerated away from
the cathode and arrive in the plasma where they can
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give rise to a variety of collisions. The two most
important types of collisions are excitation and ioni-
zation of gas atoms. The excitation collisions and the
subsequent de-excitations to lower levels by radiative
decay are responsible for the characteristic ‘glow’ in
the glow discharge (i.e. blue in the case of argon). The
ionization collisions create new positive ion—electron
pairs; the ions are again accelerated towards the cath-
ode, creating new secondary electrons, which can
again give rise to collisions in the plasma, etc.
Hence, the combination of ionization collisions in
the plasma and secondary electron emission at the
cathode makes the glow discharge a self-sustaining
plasma.

The atoms of the cathode material, which are
released when ions bombard the cathode (this phe-
nomenon is called ‘sputtering’), also enter the plasma
and can undergo collisions as well. This is the basis of
the use of glow discharges for analytical applications.
Indeed, the cathode of the glow discharge is con-
structed out of the material to be analyzed. The ana-
lytically important elements are hence sputtered from
the cathode and arrive in the plasma. The plasma can
therefore be considered as an atom reservoir with a
composition characteristic of that of the cathode (i.e.
material to be analyzed). The atoms can be probed
with an external light source, measuring the resulting
absorption or fluorescence. Hence, glow discharges
can be used for atomic absorption and fluorescence
spectrometry (GD-AAS and GD-AFS). However, the
sputtered atoms are also subject to ionization and
excitation collisions in the plasma. The ionization col-
lisions create ions of the elements to be analyzed
which can be measured in a mass spectrometer, leading
to glow discharge mass spectrometry (GDMS). The
excitation collisions and the resulting de-excitations
give rise to characteristic photons of the elements to
be measured; the latter can be detected by an optical
emission spectrometer, which results in GD-OES. The
latter two techniques, i.e. GDMS and GDOES, com-
prise most of the applications of glow discharge spec-
trometry. It should be mentioned that beside applying a
direct current (DC) voltage to the electrodes, the glow
discharge can also be produced and employed for sput-
tering purposes with radio-frequency (RF) energy.
Indeed, in the latter case, a bias voltage will be built
up at one of the electrodes so that net ion bombardment
and sputtering can take place.

The above description of the glow discharge is
somewhat simplistic. In reality, the glow discharge
is a rather complex plasma, existing of a variety of
species (i.e. different kinds of atoms, ions, atoms in
many excited levels, electrons, photons, etc.) and with
a lot of different processes going on. For good analy-
tical practice and for technological applications, a
clear understanding of all the processing occurring
in the glow discharge plasma is desirable. This can
be obtained by plasma diagnostic measurements of
the characteristic plasma quantities and by mathema-
tical modeling of the behavior of the various plasma
species.

In this review, the basic phenomena going on in the
glow discharge plasma will be explained in a systema-
tic way (i.e. the main processes and the dominant
plasma species will be discussed) and the state-of-
the-art of mathematical modeling and of plasma diag-
nostic methods will be presented. Since modeling of
glow discharges is our major research activity, this
topic will be dealt with in somewhat more detail.
Furthermore, an overview will be given of the various
analytical applications and new developments of glow
discharge spectrometry.

2. Fundamental aspects of the glow discharge
2.1. Overview of the basic phenomena

Fig. 1 presents a schematic picture of some of the
most important processes and plasma species playing
a role in the glow discharge operating in argon. The
reality is still much more complicated and probably
not all processes are known in the literature. There-
fore, it is not feasible to give a complete overview of
all possible phenomena. We will therefore restrict
ourselves to the most relevant processes in analytical
glow discharges, i.e. ionization (and recombination)
and excitation (and de-excitation) and to the plasma
species playing a role in these processes: electrons,
argon atoms, singly charged positive argon ions,
argon atoms excited to a variety of energy levels,
including the metastable levels, and atoms and ions
of the cathode material. Collision processes involving
multiply charged particles, clusters and negative ions
will not be considered here since these species are
assumed to play no dominant role in glow discharge



A. Bogaerts, R. Gijbels/Spectrochimica Acta Part B 53 (1998) 1-42 3
Cathode g Cathode Dark Space Negative Gilow
M— acceleration l ™~
s e (3 |
2 siow fast |
5 “beam o~ "
e T '
§ | [neiasic cotisions of taste- wits A7 | i
<
g | wxctaton: | e+ Ar =t A4 €7 1<
— | fast [ (-m)/<.V 72
ionization : | @ + Ar —’Q':)'ﬁ'/ P
Immmnm:nmclnw _ ~ \ | E
> \
0 [ A
— i |
— \\ l A charge exchange | /
i/ M
E o
o 5 -:5 ev [themalize i
g |inelastc cotsions with w@ | o
m° e+MoM +eo ;
g \ ‘-M diffusion e+M —-)"Ma:'b 2e¢ >
— \ Artn + M oIMYi+ Ar+ @ >
/ g | A M SIM AT ;
[l ' <
\ R/
N |

~

Fig. 1. Schematic representation of some of the main processes occurring in a glow discharge.

and they are not included in our modeling work. In
addition to the most important collision processes in
the plasma, an overview will be given of the different
processes occurring at the walls of the glow discharge
cell.

2.1.1. Collision processes in the plasma

2.1.1.1. Elastic collisions. 1t is worth briefly
mentioning this type of collision first because of the
high rate at which they occur in the glow discharge.
Elastic collisions do not result in internal changes of
the energy of the collision partners; their effect is only
to redistribute the kinetic energy of the particles. This
redistribution is considerable for collisions between
species with comparable masses (e.g. two atoms),

but is negligible for particles with very different
masses (e.g. atom + electron).

2.1.1.2. Ionization and excitation of argon atoms
2.1.1.2.1.  Electron impact ionization
excitation

and

A’ +e” — Art +2e7,

Ar'+e” — Arf+e”.

Electron impact ionization is one of the most impor-
tant and best-known processes in the glow discharge.
It is the essential process in a self-sustaining plasma
since the electrons formed in this way can again give
rise to ionization, leading to electron multiplication. It
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Fig. 2. Illustration of some cross-sections of electron collisions as a
function of the electron energies: (1) elastic collisions with Ar
atoms; (2) ionization of Ar ground state atoms; (3) ionization of
Ar in the metastable levels; (4) ionization of copper atoms; (5)
excitation of Ar ground state atoms; and (6) excitation of Ar in
the metastable levels.

can occur by the collision of electrons with argon
atoms in the ground state (direct electron impact ioni-
zation) and also with argon atoms in the metastable
level at 11.55 or 11.72 eV (two-step electron impact
ionization). The minimum electron energy required
for the first process is 15.76 eV (i.e. the ionization
potential of argon), whereas the second process can
already occur at electron energies above 4 eV. Never-
theless, the first process is much more important in the
analytical glow discharge at voltages of about 1 kV,
due to the much higher argon ground-state atom den-
sity compared with the argon metastable atom density
(see, for example, Ref. [1]). The cross-sections of both
processes increase with the electron energy, reach a
maximum of about 3 x 107® and 8 x 107'° cm? at
about 80 and 10 eV, respectively, whereafter they
decrease again because the residence time of the elec-
tron around the argon atom becomes too short for
efficient ionization [2,3] (see Fig. 2).

The mechanism of electron impact excitation is the
same as for ionization, but less energy is transferred to
the atom so that no ionization can occur. Indeed, the
electron cannot be ejected, it can only jump to a
higher energy level within the atom. The total cross-
section of electron impact excitation as a function of

the electron energy shows the same behavior as for
electron impact ionization. The minimum energy
required is 11.55 eV (i.e. the energy of the lowest
excited level). A maximum of about 1.6 x 107'° cm?
is reached at about 20 eV [4] (see Fig. 2).

2.1.1.2.2. Fast argon ion and argon atom impact
ionization and excitation.

A+ A — Ar +AL +e 7, AP +AY - Art AR e,

A+ A — A +Arf, A+ A — Arf +Ard.

In analogy to electron impact ionization and excita-
tion, argon ions and atoms can also cause the ioniza-
tion and excitation of argon atoms if their energy is
sufficiently high. The cross-sections of these pro-
cesses behave in a similar manner as the ones for
electron impact ionization and excitation, i.e. rising
with increasing impact energy until a maximum is
reached and falling off at high energies [5]. However,
the cross-section curves are shifted towards higher
energies due to the larger masses of atoms and ions.
Indeed, the process becomes only important at ion and
atom energies of more than 100 eV and the maximum
isreached above 1000 eV (see Fig. 3). The cross-section
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Fig. 3. [llustration of some cross-sections of Ar ion and atom colli-
sions as a function of the ion and atom energies. Solid lines = ion
collisions: (1) elastic (isotropic scattering) collisions with Ar atoms;
(2) symmetric charge transfer collisions with Ar atoms; (3) ioniza-
tion of Ar ground state atoms; and (4) excitation of Ar ground state
atoms. Dashed lines = atom collisions: (5) elastic collisions with Ar
atoms; and (6) ionization and excitation of Ar ground-state atoms.
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values at the maximum are comparable with the ones
for electron impact excitation and ionization. In the
glow discharge, highly energetic argon ions and atoms
are only found close to the cathode where they have
gained much energy from the electric field in front of
the cathode. Therefore, argon ion and atom impact ioni-
zation and excitation are only significant close to the
cathode and the importance of these processes in the
glow discharge increases with increasing discharge vol-
tages. At voltages of about 1 kV which are commonly
used in analytical glow discharges, these processes are
clearly not negligible (see, for example, [6]).

2.1.1.2.3. Argon metastable atom collisions leading
to the ionization of one of the atoms.
Arh + A — ArT + A e,
When two argon metastable atoms collide with each
other, they have together sufficient energy (2 x 11.55
or 11.72 eV) to knock off one electron and to bring
about the ionization of one of the atoms. The rate
constant of this process is about 6.4 x 10 em?s™
[7]. The process is, however, of minor importance in
the analytical glow discharge compared with electron
impact ionization [1].

2.1.1.2.4. Symmetric charge transfer.

Arf + A — A+ AL

When a fast argon ion collides with a slow argon
atom, an electron can be transferred from the atom
to the ion without changes in kinetic energy of the
two colliding particles. In this way, a fast argon
atom and a slow argon ion are formed. It is hence
not a real ionization process since there is no increase
in the number of ions; only a fast argon ion has dis-
appeared and a new slow argon ion was created. How-
ever, the process is included in this overview since it
is of major importance in the glow discharge. Indeed,
this process is responsible for the creation of a large
flux of fast argon atoms bombarding the cathode,
which leads to sputtering (see further). The cross-
section of this process is at the order of 3 x 107 cm?
at energies of a few electronvolts and decreases slightly
towards higher energies [8] (see Fig. 3). It should be
mentioned that this process is, actually, a form of
elastic collisions because there is no change in kinetic
energy of the collision partners [8].

2.1.1.2.5. Thermal ionization/excitation and photo-
ionization/photo-excitation. In principle, the argon

atoms can be ionized or excited due to any suitable
energy input. Therefore thermal and photo-ionization
and -excitation are also included in this overview.
Thermal ionization/excitation occurs due to the
energy received by impact with argon gas atoms or
with the atoms of the walls. Since the glow discharge
can be considered as a ‘cold’ plasma (i.e. the gas
temperature is about 300 K or slightly higher), the
thermal processes can be considered negligible [9].
Photo-ionization and excitation, however, can be of
importance [9]. The cross-section of photoionization
shows a maximum of about 3.7 x 107" ¢cm? (i.e. about
seven times lower than the maximum in the electron
impact ionization cross-section) at the threshold
photon energy (i.e. 15.8 eV, corresponding to about
800 A) and decreases very rapidly towards higher
energies. The cross-section of photo-excitation is
comparable with the one of photo-ionization [9]. In
Ref. [10] it is, however, demonstrated that photo-
ionization and -excitation are clearly of minor
importance compared with electron (and fast ion and
atom) impact ionization and excitation.

2.1.1.3. Ionization and excitation of sputtered
(analyte) atoms. In principle, the same processes
that cause the ionization and excitation of argon
atoms also apply to the ionization and excitation of
analyte atoms. However, very little is known of the
above mentioned processes concerning the analyte
atoms. Only electron impact ionization data [11] and
some very limited electron impact excitation data [12]
are available from the literature. In addition to the
above-mentioned processes, two other collision
types seem to be of special importance for the
ionization (and possibly simultancous excitation) of
analyte atoms.

2.1.13.1
excitation

The mechanisms are the same as for the corre-
sponding processes of argon atoms. The cross-section
curve of electron impact ionization as a function of
the electron energy is of comparable shape and
magnitude for all elements [11]. Therefore, this pro-
cess can be considered as rather unselective. The elec-
tron impact ionization cross-section for copper is
presented in Fig. 2. The cross-sections of electron
impact excitation of the analyte atoms exhibit similar
curves.

Electron impact ionization and



6 A. Bogaerts, R. Gijbels/Spectrochimica Acta Part B 53 (1998) 1-42

2.1.1.3.2. Penning ionization.
M®+ AL = M* +AP +e.

If an argon atom excited to one of the two metastable
levels collides with an analyte atom, the energy of the
metastable level (i.e. 11.55 or 11.72 eV) can be used
to ionize the analyte atom if the ionization potential of
the latter is lower than the metastable energy. Since
most of the atoms of the periodic table have an ioniza-
tion potential lower than this value, Penning ioniza-
tion is also more or less unselective. Cross-sections of
this process are rather difficult to find in the literature
for all elements. However, some empirical formulas
are available, expressing a relationship between the
cross-section and the mass and radius or polarizability
of the colliding particles [13,14]. Generally, the Pen-
ning ionization cross-sections between argon meta-
stable atoms and analyte atoms are in the order of 5
x 107" ¢m? [13,15]. This process is suggested to be
dominant in low pressure discharges [16,17]. Ele-
ments which cannot be ionized by Penning ionization
in argon include H, N, O, F, Cl and Br.
2.1.1.3.3. Asymmetric charge transfer.

MO+ Art — (MY +A4F°.

The collision between an analyte atom and an argon
ion can lead to the transfer of an electron from the
atom to the ion if the energy difference between the
argon ion ground state or metastable level and the
energy levels of the resulting analyte ion is suffi-
ciently small; the efficiency of this process generally
decreases with growing energy difference between the
levels. Asymmetric charge transfer is therefore a more
or less selective process unlike Penning ionization,
which occurs unselectively for all elements having
an ionization potential below the argon metastable
energy levels independently of the relative position
of the levels.

A wide range of cross-section data of asymmetric
charge transfer is available in the literature (for an
overview, see Ref. [18]). However, most data apply
to the high or very high energy range (several tens of
electronvolts to megaelectronvolts) and are hence not
of interest for the glow discharge where the ions are
characterized by thermal energies (especially in the
NG which constitutes the major part of the discharge
and which is also the most important region for ioni-
zation). A number of cross-section data can also be

found in the literature for thermal energies (see Ref.
{18]), but they mainly concern reactions of rare gases
and molecular gases.

Cross-section data of asymmetric charge transfer
between rare gas ions and metals are much more dif-
ficult to find in the literature. A number of papers have
described the asymmetric charge transfer process in a
qualitative manner or have shown evidence for the
occurrence of this process in glow discharges [19-
24}. Quantitative cross-section data, mostly obtained
experimentally, are available in the literature, in con-
nection with metal—vapor ion (hollow cathode) lasers,
for specific combinations of reactants, for example
He*—Cd [25], He*-Zn [26], He*™—Hg [27], He -Cs
[28], He"™—Rb [29], Ne*-Zn {30], Ar"—Cu [31] and
Xe"-Ca, Sr[32]. Ref. [32] presents cross-section data
for the different combinations of reactions between
He*, Xe* or Cs* jons with Fe, Mo, Al, Ti, Ta and C
atoms at energies ranging from 1 to 5000 eV. To our
knowledge, asymmetric charge transfer cross-section
data between Ar” ions and various transition element
metals (Fe, Ta, Mo, etc.) at thermal energies are
unfortunately lacking. It is also questionable to
deduce the cross-sections from data between other
elements. Indeed, the process of asymmetric charge
transfer appears to be fairly complicated; for example,
it is not always true that the smallest energy difference
between energy levels yields the highest cross-section
[26].

Because of the virtual nonavailability of the cross-
section data, the relative importance of this process in
the glow discharge is still a controversial subject.
Steers and coworkers have clearly demonstrated the
occurrence of asymmetric charge transfer between
Ar* and Cu, Ne® and Cu, Ne” and Al, Ar* and Fe
and between Ar" and Ti (see, for example, Refs
[20-22]). Recently, Wagatsuma and Hirokawa also
showed evidence for the occurrence of this process
between Ar* and Fe and between Ne® and Fe in a
Grimm-type glow discharge [23]. The process has
also been shown to be important in hollow cathode
discharges between Ne” and Cu [19,33], Ar*, Ne™ and
Fe [24], Ar”and Ti [34], He" and Cu [35] and between
Ar" and Cu [31]. In the early investigations of Coburn
and Kay [16], Penning ionization was considered to be
the most important ionization process and charge
transfer was neglected. These workers considered
only charge transfer in which the ground state of the
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Fig. 4. Schematic representation of the energy levels of the element
ions that could account for charge transfer with Ar ions, for three
elements (Fe, Cu and Ag). The zero level is taken at the ground state
of the atoms. Only the region of interest for asymmetric charge
transfer ts shown (i.e. 14.7-16.0 eV; the Ar II ground-state and
metastable levels are situated at 15.76 and 15.94 eV, respectively,
and it is assumed that levels lying from 1 eV below and 0.02 eV
above these Arll levels are suitable for asymmetric charge transfer).
Reprinted from Ref. [18] with permission of the Royal Society of
Chemistry.

analyte ions is formed; since the energy difference is
then far too large, they ruled out that possibility. How-
ever, as was demonstrated by Steers and coworkers
[20-22], the resulting analyte ion can also be formed
in an excited state so that the energy difference is
much smaller and asymmetric charge transfer
becomes, therefore, more probable. In contrast,

Levy et al. [17] found that charge transfer between
Ar* and Cu is unimportant in low-pressure, low-
current discharges. Indeed, the Cu ion possesses
only one energy level which has a good overlap
with the argon ions in the metastable state only (see
Fig. 4) and it is probable that the argon ions in the
metastable state have low densities in a low-pressure
discharge. However, a large number of elements do
possess ionic energy levels that have a good overlap
with the argon ion ground-state level, but these
elements were not investigated in Ref. [17] so that
the conclusions of this paper cannot be generalized.
In Refs [25,26], cross-section data are available for
He*/Cd and He*/Zn, respectively; in these cases, a
good energy overlap is found and moreover the
Penning ionization and asymmetric charge transfer
cross-sections are measured to be of comparable mag-
nitude. From the argon ion number densities that we
have calculated (see, for example, Refs [36,37]), we
expect that asymmetric charge transfer can have a
non-negligible role for specific elements, also in low
pressure glow discharges (see, for example, Refs
[1,38,39]).

The energy levels of argon ions and of ions for three
elements (Fe, Cu and Ag) are shown schematically in
Fig. 4 to illustrate for which elements asymmetric
charge transfer with argon is possible [18]. It can be
seen that Fell possesses many levels suitable for
asymmetric charge transfer; Cull has no levels lying
close to the Arll ground state and only one level show-
ing close overlap with the Arll metastable state; Agll
has no levels at all that could account for asymmetric
charge transfer with argon.

2.1.1.4. Positive ion—electron recombination.
Electron—ion recombination is the reverse process of
ionization, i.e. an electron coalesces with a positive
ion to form a neutral atom. From the conservation
laws of momentum and energy follows that a simple
two-body coalescence is not allowed [9]. However,
some alternative recombination processes can occur.
To our knowledge, the recombination processes apply
to both argon and analyte ions and they will therefore
be discussed simultaneously (A" is an arbitrary ion).
2.1.1.4.1. Three-body recombination.

A" +e +B—A"+B.
A third body takes part in the collision process, taking
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away the excess energy and allowing the conservation
laws to be satisfied. The third body B can be every
particle present in the plasma, or it can be the cell
wall. If the third body is a heavy particle, the electron
can lose only a small fraction (i.e. 2m/Mp) of its
energy to the third body. Therefore, this reaction is
very slow [40]. Massey and Burhop [41] estimated
that the coefficient of this three-body recombination
process is about 107" x p em® s™', where p is the gas
pressure in Torr. Therefore, for a gas pressure of about
1 Torr and for electron and argon ion densities in the
order of 10" cm™ [36,37], the rate of this recombina-
tion process is of the order of 10" cm™s™'. When
comparing this with typical ionization rates in the
order of 10'® cm™ s™' (see Refs [6,36,37]), it can be
concluded that this kind of recombination is insig-
nificant for the typical analytical glow discharge
conditions. However, when the third body is an
electron, the three-body recombination process is
clearly more efficient since the electrons can better
take away the excess energy. Rate constants for this
process are reported in the order of 107 cm® ™! [42].
For electron and argon ion densities in the order of
10" em™, the rate of this recombination is about
10° cm™ s7', Hence, this process is also negligible
compared with ionization in the analytical glow
discharge.
2.1.1.4.2. Radiative recombination.

At +e” = A" +hy.

The excess energy is carried away by a photon. The
rate constant of this process is about 107" cm? s in
the case of argon [43], yielding a recombination rate
of about 10" cm™ s™ at typical electron and argon
ion densities, which is again negligible compared with
the ionization rate.

2.1.1.4.3. Dissociative recombination.
AB* +e” — (AB)" —» A" +B.

When the ion is molecular, a two-body recombination
process is possible since the collision product can
dissociate and the recombination energy is converted
into kinetic and potential energy of the dissociation
products. When AB” is equal to Ar; , the rate constant
is in the range of 1071078 cm® s™' [43]. The process
is hence clearly more efficient than radiative recom-
bination. Nevertheless, this process will not be of
major importance in the glow discharge since Ar;

ions are not considered to be dominant species in
the glow discharge plasma.
2.1.1.4.4. Two-stage recombination.

Al+e — A",

A +AT - A+ A"

The electron attaches to a neutral atom to form a
negative ion. The negative ion collides with a positive
ion, an electron is transferred and two neutral atoms
are formed. The probability of forming a negative ion
(step 1) depends on the electronegativity of the atom.
For argon, this probability is very low so that this kind
of recombination is also negligible in an argon
discharge.

In general, it can be concluded that electron—ion
recombination is only significant at high electron
and ion densities and will be of minor importance in
the low-pressure analytical argon glow discharges dis-
cussed in this review.

2.1.1.5. De-excitation. As recombination is the
inverse of ionization, de-excitation is the inverse of
excitation. Indeed, except from the metastable levels,
the excited levels of the atoms are only short-lived and
the electron configuration soon returns to the ground
state in one or several transitions. Each transition is
accompanied by the emission of a photon with
specific energy. If such a photon has an energy
between 1.7 and 3.0 eV (corresponding to 720 and
410 nm, respectively), it is detected by the human
eye. Hence, the de-excitation processes produce a
glow and are therefore responsible for the
characteristic name of the ‘glow’ discharge.

2.1.2. Processes occurring at the walls

When a particle collides at the walls of the glow
discharge cell, different phenomena may occur
depending on the kind of particle. An electron may
be reflected, absorbed or cause the emission of sec-
ondary electrons. An ion or atom may be reflected
(possibly in another form), implanted (probably with
structural rearrangements), cause secondary electron
emission or eject one of the wall atoms (called sput-
tering). The latter two processes are of special impor-
tance for the analytical glow discharge and will
therefore be discussed in more detail. Secondary
electron emission can occur at ail walls, whereas
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sputtering is more or less restricted to the cathode
since high particle bombarding energies are required
for this process.

2.1.2.1. Secondary electron emission. When a
particle strikes a surface, an electron can be emitted.
This process is necessary to maintain the glow
discharge, i.e. new electrons can be supplied to
compensate for the electron losses at the walls.
Secondary electron emission can be caused by the
bombardment of electrons, ions, neutrals and
photons. The number of electrons emitted per
incident particle is called the secondary electron
emission coefficient. It depends on the kind of
bombarding particles and their energy and on the
kind of wall material.

2.1.2.1.1. By electron bombardment. This process is
only important at the anode walls and is negligible at
the cathode since the strong electric field in front of it
prevents the electrons from bombarding the cathode.
When electrons strike a surface, three types of
electrons are emitted (see Fig. 5, [9]), i.e.: (1) the
elastically reflected primaries with energies equal to
the energy of the incident electron; (2) inelastically
reflected primaries, with energies lower than the
incident electron energy; and (3) true secondary
electrons, with energies of a few electronvolts.
The latter group is often the major one. The
secondary electron emission coefficient by electron
bombardment, 6, is in the order of 1, but depends on
the electron energy and the kind of surface material. It

i{E)

A3 T
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Fig. 5. Energy distribution of secondary electrons emitted due to
electron bombardment on a silver surface: (a) elastically reflected
primaries; (b) inelastically reflected primaries; (c) true secondary
electrons. Reprinted from Ref. [9] with permission of John Wiley
and Sons, Inc.
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Fig. 6. Secondary electron emission coefficient for Ar ion and atom
bombardment of a Mo surface, as a function of the ion and atom
energies. Reprinted from Ref. [9] with permission of John Wiley
and Sons, Inc.

typically shows a maximum at electron energies of
about 600—800 eV [9].

2.1.2.1.2. By atom and positive ion bombardment.
This process can occur at both cathode and anode
walls. For clean surfaces, the secondary electron
emission coefficient, ¥, is nearly independent of the
ion or atom kinetic energy at energies below 500—
1000 eV. It is typically in the order of 0.1 for
positive argon ions and nearly zero for neutral
ground-state argon atoms. At higher energies, vy
starts to increase with the ion or atom kinetic energy
(see Fig. 6, [9]). This suggests that secondary electron
emission results from a constant potential energy
component (approximately 0.1 for the argon ions
and almost zero for the argon atoms) and a Kkinetic
energy component (equal for both) which only plays
a role at energies beyond 500-1000¢V. The
mechanism of ‘potential energy ejection’ is
explained by Auger neutralization. The potential
energy component 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 explains that vy is negligible at
energies below 500—1000 eV. However, metastable
atoms do possess a potential energy (i.e. the energy
of the excited metastable level); hence, they will
give rise to a higher secondary electron emission
coefficient. However, rather little quantitative infor-
mation is available. For helium (2°S) metastables, a
secondary electron emission coefficient of 0.29 on a
gold surface was reported by Stebbings [44]. Hasted
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extended this work and observed values in the order of
0.1-0.25 for surfaces of molybdenum, tungsten and
platinum [45]. Oechsner measured secondary electron
emission coefficients for 1.05keV Ar" ions on 11
different polycrystalline surfaces [46]. He proposed
a theoretical formula which showed good agreement
with the experimentally obtained values:

v= E(0.8Ei -29),
EF

where g5 is the Fermi energy measured from the bot-
tom of the valence band, E; is the effective potential
energy of the incoming ion and & is the work function
of the metal. If this formula is applicable to other
species than Ar” ions too, the secondary electron emis-
sion coefficient of argon metastable atoms (£;=11.55
or 11.72 eV) on metal surfaces can be calculated and
typical values of about 0.005—-0.05 would be obtained.

It should be noted that the value of the secondary
electron emission coefficient by ion and atom bom-
bardment is largely dependent on the surface con-
ditions (crystal phase, contaminations). Indeed, it
appears that for contaminated surfaces, the secondary
electron emission coefficients of both argon ions and
atoms can vary over many orders of magnitude as a
function of the bombarding energies [47]. Moreover,
the values characteristic for pure metals can differ
significantly from the ones of alloys or nonconducting
materials [9].

2.1.2.1.3. By photon bombardment. The ejection
of electrons due to photon bombardment is called
photo-emission. The photoelectric yield v, for most
pure metals is only 107 electrons per photon in the
visible and near uv wavelength range since the
photons are usually more efficiently reflected. It
increases, however, towards shorter wavelengths
(i.e. of the order of 0.1 at 100 nm [9]). The effects
of photoelectric emission in glow discharges are,
however, not well understood.

2.1.2.1.4. Field emission. At extremely high
electric fields (approximately 107 V/em), electrons
can be emitted by the mere action of the electric
field. However, since such high electric fields do not
occur in analytical glow discharges, this effect can be
considered negligible.

2.1.2.2. Sputtering. When energetic particles (i.e. gas
ions, gas atoms and also ions of the cathode material)

bombard the cathode surface, they can penetrate into
the surface and set up a series of collisions between
atoms of the cathode material, until they have lost
their energy. In this three-dimensional collision
cascade which lasts for a very short period of time
only (approximately 1072 s [48]), atoms lying at the
surface can obtain some energy larger than their
surface binding energy so that they can escape from
the surface. This is called sputtering. It is believed that
the majority of the sputtered particles 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 in the order of 5—15 eV [49].

An important quantity with respect to sputtering is
the sputtering yield, Y. It is defined as the number of
sputtered atoms per incident particle. Analytical
expressions or estimates for sputtering yield data
were developed by many authors from theories [50],
empirical relationships [51,52] and computer simula-
tions [53] of sputtering processes. Sigmund has devel-
oped a comprehensive theory describing the effects of
different ion—target combinations and energies, based
on the assumption that sputtering is closely related to
other ion-bombardment phenomena and solving the
linearized Boltzmann equation [50]. The calculation
consists of four different steps: (1) the determination
of the amount of energy deposited by energetic parti-
cles near the surface; (2) the conversion of this energy
into a number of low energy recoil atoms; (3) the
determination of the number of these atoms that can
reach the surface; and (4) the selection of those atoms
that have sufficient energy to overcome the surface
binding forces. However, systematic derivations
from the original Sigmund formula were pointed out
for some cases, such as light-ion and low-energy sput-
tering [51]. A few modifications to this original for-
mula were proposed, but some discrepancies still
remained. However, a number of empirical formulas
were also developed [51,52] in which the discrepan-
cies of the Sigmund formula were solved and which
can hence be applied to all ion—target combinations
[52]. In our modeling calculations, we use the so-
called second Matsunami formula for normal inci-
dence [51,52]:

2.8
Y(E)=0.42
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where Y(E) is the sputtering yield for incident ions
(and atoms) of energy E; U, is the sublimation energy
of the cathode material (in eV); Q is an empirical
parameter, dependent on the cathode material; and
o.(g) and o,(¢) are Lindhard’s elastic and inelastic
reduced stopping cross-sections

M +M)? 77

g.(£)=0.079
N Mf/zle/z (212/3+Z§/3)3/4

Ve,

3.441./€ In(e +2.718)
1+6.355\/e+&(—1.708 + 6.882,/e)
in which ¢ is the reduced energy,

oo 003255 M,
Z,Z,(Z + 2P A M+ My

on(8)=

where Z, and Z, are the atomic numbers of the bom-
barding and sputtered particles, respectively, and M,
and M, are their mass numbers.
K is the conversion factor from o,(e) to S (E)
(reduced energy to energy in eV):
Sa(E) 212y M,

K=—-°>-=8.478 .
on(€) Zf/3 +Z§/3)‘/2M1 +M,

« is an empirical parameter, a function of M ,/M>:

M\ 0 M\
=0.0 de4| — 0.0145| —~ .
o 8+0.16 <M1> + (M1

E is an empirical parameter, a function of M/M; and
U,. It represents the threshold energy required for
sputtering;

M, M. 1.24
Eth=US{l.9+3.8(ﬁ;>+O.134<ﬁ?) ]

This empirical formula is, in principle, valid for all
combinations of bombarding ions/atoms and cathode
materials {52].

From this formula, it can be concluded that the
sputtering yield is a complex function of the incident
energy and the masses and atomic numbers of the
bombarding particles and surface target. The infiu-
ence of the different factors determining the sputter-
ing yield will be briefly discussed.

2.1.2.2.1. The kind of discharge gas. Inert gases are
mainly used since they provide high sputtering yields
and they will not undergo chemical reactions with the
cathode material.

2.1.2.2.2. The masses of the incident particles. In
general, the sputtering yield increases less than
linearly with the masses of the bombarding
particles. Hy forms an exception, i.e. it gives
unusually high sputtering yields due to chemical
reactions with the cathode material which result in
low redeposition. From the Matsunami formula (see
above), it can also be concluded that the sputtering
yield does not reach a maximum when the masses of
bombarding particles and surface target are close to
each other (see examples in Ref. [52]), which has
sometimes been suggested from simplified
sputtering yield expressions.

2.1.2.2.3. The energy of the incident particles. A
threshold energy of the incident particles is required
to give sputtering. Indeed, the atoms at the cathode
surface must obtain sufficient energy to overcome
their surface binding energy. A good measure of the
surface binding energy is the heat of sublimation. It is
suggested that the minimum energy for sputtering
must be about four times the heat of sublimation of
the cathode material [48]. Above this minimum
energy, the sputtering yield increases with the
energy of the bombarding particles. It reaches a
broad maximum at energies in the order of several
kiloelectronvolts, whereafter it decreases again, as
ion implantation becomes important [9].

2.1.2.2.4. The angle of the incident particles.
Oechsner has found that for rare gas ions
bombarding a polycrystalline copper target with
energies of 0.5-2 keV, the sputtering yield reaches a
maximum at incident angles of about 60°—80° relative
to the surface normal [54]. Indeed, at low incident
angles, the sputtering yield increases with rising
angle due to the increased probability of the
collisional cascade to propagate back to the cathode
surface and hence to result in sputtering. At incident
angles higher than 60°-80°, the sputtering yield
decreases since the incoming particles are more
likely to reflect off the surface without any
penetration or momentum transfer so that sputtering
becomes unlikely.

It should be mentioned that these sputter angle
studies were performed with ion guns in a vacuum
setting where perfect control of the sputtering angles
is possible. This is, however, not the situation in a
glow discharge. It is expected that the majority of
the ions from the glow discharge plasma bombard
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Fig. 7. Sputtering yields of various transition elements due to bom-
bardment of Ar ions with energy of 400 eV. Reprinted from Ref.
[55] with permission of John Wiley and Sons, Inc.

the cathode in a perpendicular direction because they
are directed by the electric field in front of the cath-
ode. However, the argon atoms are subject to a large
number of scattering collisions and can in principle
bombard the cathode from all directions. Since the
latter species play a dominant role in the sputtering
process [38], the results of the above mentioned sput-
ter angle studies are not directly applicable to glow
discharge sputtering.

2.1.2.2.5. The kind of cathode material. In general,
the sputtering yield increases with the atomic number
of the cathode material, within each row of the
periodic table (see Fig. 7, [55]). Copper, silver and
gold have the highest sputtering yield among
transition metals. This trend is explained in the
following manner [56]: it is stated that if the
penetration depth in the surface increases, a larger
fraction of the energy is expended in collisions that
do not lead to sputtering. The increase in sputtering
yield is associated with the filling of the electron
shells, especially the d shells. As the shells fill, the
target looks more opaque and the incident particles
are not able to penetrate very deeply and give hence
rise to more sputtering.

However, it should be noted that the sputtering
yields of the different elements seldom differ more
than a factor of ten among each other, as opposed
by the rates of evaporation which differ by several
orders of magnitude [48]. Owing to these rather

uniform sputtering yields, the glow discharge is rela-
tively free from matrix effects.

2.1.2.2.6. The cathode surface. Besides the kind of
cathode material, also the cathode surface has
influence on the sputtering yield, i.e. the sputtering
yield decreases by surface contaminations, or by the
formation of oxide layers or adsorbed gas layers on
the cathode surface. Moreover, the sputtering can
result in the formation of a regular pattern of
submicroscopic cones on the surface. These are due
to some components in the cathode material with a
lower sputtering yield. These components can migrate
over the cathode surface and form small clusters,
thereby protecting the underlying material from
sputtering. This effect also results in a decrease of
the sputtering yield.

2.1.2.2.7. The cathode temperature. At typical glow
discharge conditions the sputtering yields decrease
slightly with increasing temperature since the more
loosely bound atoms on the surface tend to be
annealed to positions of stronger binding [48].

2.2. Spatial zones in the glow discharge

The glow discharge can be subdivided into various
regions between cathode and anode, differing in radia-
tion intensity, potential and electric field distribution,
space charge and current density (see Fig. 8, [9]). The
actual position and the occurrence of the various
regions depend on the discharge parameters, like pres-
sure, voltage, current, kind of gas and distance
between cathode and anode. In this section, a short
description of the different regions will be given and
the influence of the parameters will be explained. The
description is made for large discharge cells, where all
regions are present. It has to be mentioned that the
glow discharge used for analytical purposes is rela-
tively small and does in general not contain all the
regions.

2.2.1. The cathode dark space

The cathode dark space (CDS) is the thin, dark
layer in front of the cathode, also called ‘Crookes’
or ‘Hittorf’ dark space. Strictly speaking, it is not
completely dark, but appears so to the eye in
comparison with the other more luminous parts
of the discharge. It includes actually a number
of dark and bright layers. The electrical current
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in this region is mainly carried by the gas (argon)
ions.

The cathode dark space is the most important part
of the discharge. It is the essential zone to sustain the
discharge. Electrons leave the cathode and are accel-
erated by the electric field in front of the cathode.
When they have acquired sufficient energy, they can
cause ionization collisions, thereby creating new elec-
trons (electron multiplication) and also ions. The ions
are accelerated towards the cathode. Upon bombard-
ment on the cathode, they release new electrons which
can again produce ionization collisions. In this way,
the continuity of the processes is ensured and the glow
discharge is self-sustaining.

The cathode dark space is characterized by a large
potential difference. Almost the entire potential dif-
ference between anode and cathode falls off in the
cathode dark space; therefore, it is also called cathode

fall, V.. The large potential difference over a small
distance gives rise to a high electric field in the cath-
ode dark space. The electric field is extremely nega-
tive at the cathode and goes more or less linearly to
virtually zero at the end of the cathode dark space.

Due to the high cathode fall, the electrons will be
accelerated to high velocities and they will not play a
significant role in determining the space charge. The
ions will not reach such high velocities due to their
much higher masses (lower mobilities) and therefore
they will determine the space charge. Hence, the cath-
ode dark space is characterized by a highly positive
space charge. The latter is, in turn, responsible for the
characteristic potential and electric field distributions
via Poisson’s equation.

The optical characteristics of the cathode dark
space are determined by the occurrence of excitation
processes of the plasma species (electrons, ions, fast
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atoms). If the species possess the amount of energy for
efficient excitation (approximately 20 eV for elec-
trons, higher than 100 eV for the ions and atoms),
they will cause excitation collisions and the subse-
quent de-excitations are responsible for the emission
of radiation. The electrons leave the cathode with
energies of a few eV. This is too low for excitation,
resulting in a very thin dark layer at the cathode (the
Aston dark space). They attain, however, rapidly the
energy suitable for excitation, giving rise to a small
bright layer (the first cathode layer). These two thin
layers can in principle be sharply distinguished since
the electrons still have beam characteristics close to
the cathode, i.e. all electrons have nearly the same
energy and reach hence at the same place the maxi-
mum probability for excitation. After the excitation
collisions in the first cathode layer, the electrons have
lost their energy and they possess, again, not enough
energy for excitation; hence, a dark layer arises. When
the electrons have once more received sufficient
energy for excitation, the second cathode layer is
formed. Since some electrons have undergone colli-
sions, whereas others have not, and since secondary
electrons are created in ionization collisions, the elec-
tron beam is not monoenergetic anymore. Therefore,
the second cathode layer is rather vague and a third
cathode layer is probably not visible anymore. On
their further trajectory away from the cathode, the
electrons gain much energy from the electric field
and their energy becomes too high for efficient excita-
tion (see Fig. 2 for the excitation cross-section as a
function of the electron energy). Therefore, the
remaining part of the cathode dark space is rather
dark. Beside the electrons, the gas (argon) ions and
fast atoms can also give rise to excitation. The latter
processes occur only at sufficiently high ion and atom
energies (100—1000 eV and more) and are therefore
only significant at high discharge voltages and suffi-
ciently close to the cathode. These processes give rise
to a bright layer at the cathode, the cathode glow.
Moreover, if the cathode is covered with a thin metal-
lic or oxide layer of an alkali or alkaline earth (MgO,
Na,O, Li,0), another kind of bright layer is present at
the cathode, the cathode light. This arises from the
strongest spectral lines of these elements when they
are sputtered away from the cathode.

The energy distribution of electrons and ions in the
cathode dark space depends on the pressure and

voltage in the cell. At low pressure and high voltage,
the collision frequency of electrons and ions is rather
low and they will therefore be more or less monoener-
getic with energies approaching the total discharge
voltage. At higher pressure, there will be more colli-
sions and the energy will be spread out, giving rise to a
certain energy distribution. The energy distribution of
the various charged plasma species is clearly not Max-
wellian since the particles gain more energy from the
electric field than they lose by collisions. Therefore, it
is stated that the cathode dark space is far from hydro-
dynamic thermal equilibrium.

2.2.2. The negative glow

The negative glow (NG) is the bright, large region
adjacent to the cathode dark space. It is more or less
equipotential and field-free. The electrons are hence
not accelerated any more, but are slowed down by
collisions. Therefore, they will play a role, together
with the argon ions, in determining the space charge.
Positive and negative space charges are more or less
equal to each other, resulting in charge neutrality. The
electrical current is predominantly carried by the
electrons.

The optical characteristics of the negative glow are
explained by the fact that the electrons do not gain
energy any more, but lose their energy in various
collisions. Since the number of electrons in this region
is much higher (due to electron multiplication) and
since they possess more suitable energies for excita-
tion, the number of excitation collisions is much
higher. Therefore the negative glow is characterized
by a bright light, the color of which depends on the
discharge gas [57]. In the case of an argon discharge,
the negative glow possesses a blue color [57]. When
the electrons travel through the negative glow, they
lose their energy. At the end, they have too low ener-
gies for excitation, resulting in a much lower light
intensity. The maximum light intensity is therefore
observed in the beginning and center of the negative
glow.

The energy distribution of electrons in the negative
glow is more spread out towards lower energies.
When the negative glow is sufficiently long, the elec-
trons will be more or less thermalized (Maxwellian
distribution) at the end of this region. However, in the
negative glow of a glow discharge cell used as ion
source for mass spectrometry which is usually rather
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small (a few centimeters), electrons with energies
ranging from thermalized to the total discharge vol-
tage (primary electrons) can still be present (see, for
example, Ref. [36]).

2.2.3. The Faraday dark space

The Faraday dark space is not always present in
analytical discharges. It is a dark and nearly equi-
potential region. Due to the large electron multiplica-
tion in the negative glow, a small excess of electrons
is found at the end of the negative glow. This net
negative space charge leads to a small negative elec-
tric field in the Faraday dark space, which draws the
electrons out of the negative glow into the Faraday
dark space. The electrical current in this region is
therefore carried by the electrons.

Concerning the optical characteristics, the Faraday
dark space can be considered as a repetition of the
Aston dark space: the electrons leave the negative
glow with too low energies for excitation. Therefore,
the Faraday dark space is rather dark. However, in
rare gas discharges, the Faraday dark space is some-
times characterized by a halo of light. This phenom-
enon is explained by the radiation emission of
metastable atoms in collisions with ground-state
atoms.

2.2.4. The positive column

The positive column is again a rather luminous
region, but not as bright as the negative glow. It is
only present in the discharge at sufficiently large
cathode~anode distances, which is mostly not the
case in analytical discharges. This region is also
nearly equipotential. It is characterized by charge
neutrality and a small negative constant electric
field. The current is carried by electrons which are
accelerated by the electric field.

The optical characteristics of the positive column
can be explained as follows. The electrons will again
gain energy by the electric field. The interface
between Faraday dark space and positive column is
defined as the position where the electrons have
enough energy for excitation and ionization. There-
fore, the positive column is a bright zone. The inter-
face between Faraday dark space and positive column
is, however, rather unsharp since the electrons are not
monoenergetic, but can have widely different ener-
gies, reaching the optimum energy for excitation at

different positions. The color of the positive column is
also characteristic for the discharge gas, but differs
from the color in the negative glow and is less intense.
The positive column of an argon discharge is charac-
terized by a dark red color [57].

The positive column can have a uniform outlook or
can be filled with striations, i.e. bright and dark layers
which can be stationary or moving. The occurrence of
striations is explained in the same way as the cathode
layers in the cathode dark space, i.e. the electrons gain
energy from the electric field, cause excitation (bright
layer), lose thereby energy so that they cannot give
rise to excitation any more (dark layer), gain once
more energy, etc.

The formation of the positive column with the
increase of cathode—anode distance is explained in
the following way. The electrical current in the Fara-
day dark space is carried by electrons which leave the
negative glow and travel towards the anode. When the
distance between cathode and anode increases some
of these electrons are lost due to diffusion towards the
walls. To compensate for this loss and to produce
sufficient electrons that ensure the electrical current
towards the anode, the positive column is formed and
its small negative electric field directs the electrons
towards the anode.

It is stated that the positive column approaches the
characteristics of a plasma in hydrodynamic thermal
equilibrium since the energy distribution of the elec-
trons in this region is more or less Maxwellian.

2.2.5. The anode zone

The characteristics of this region differ according to
whether the anode is in contact with the positive col-
umn, the Faraday dark space or the negative glow.

When the anode is in touch with the positive col-
umn, a negative electric field and a potential increase
are required in front of the anode to attract electrons
and to guarantee the electrical current to the anode
(see above). When the distance between cathode and
anode decreases, the positive column disappears and
the anode will be in direct contact with the Faraday
dark space. Since the latter region is characterized by
an excess of electrons, a potential increase is not
required to ensure the electrical current to the
anode. Hence, the anode is at equipotential with
the bulk plasma and there is no electric field in front
of the anode.
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Fig. 9. Schematic representation of the three regions occurring in
an analytical glow discharge and the corresponding potential
distribution.

With further decrease of the distance between cath-
ode and anode, the Faraday dark space also disappears
and only cathode dark space and negative glow
remain. The anode is then in contact with the negative
glow. This situation is usually encountered in analy-
tical glow discharges. In this case, the plasma carries
the most positive potential and the anode zone is char-
acterized by a negative potential fall that repels the
electrons and attracts the positive ions. The situation
is hence comparable with the cathode fall in the cath-
ode dark space, but both the anode potential fall and
the length of the anode zone are much smaller than in
the cathode dark space. An illustration of the potential
distribution in an analytical glow discharge where
only cathode dark space, negative glow and anode
zone are present is given in Fig. 9.

2.2.6. Influence of discharge parameters on the
various regions _

The occurrence of the various regions depends on
the pressure, the distance between the electrodes, the
potential, the electrical current, the kind of discharge
gas and the kind of cathode material.

2.2.6.1. Pressure. As the pressure increases, the
cathode dark space, the negative glow and the
Faraday dark space are compressed towards
the cathode, whereas the positive column takes up
the major part of the discharge volume. Moreover,
cathode dark space, negative glow and Faraday dark
space cannot be so well distinguished from each other

any more. A decrease in pressure has the opposite
effect, i.e. the positive column and later also the
Faraday dark space and negative glow will
disappear in the anode. The latter is now in direct
contact with the cathode dark space and a so-called
‘obstructed discharge’ is formed. By still lowering the
pressure, the discharge will extinguish since the
cathode dark space is the essential zone to sustain
the discharge.

2.2.6.2. Cathode—anode distance. The effect is
similar to the pressure effect. When the distance
increases, the positive column spreads out towards
the remaining volume and with decreasing distance,
the positive column and also, but later, the Faraday
dark space and negative glow will disappear in the anode.

2.2.6.3. Voltage. When the voltage increases, the
cathode dark space becomes shorter. Indeed,
the cathode dark space is needed to sustain the
discharge. At higher voltages, the discharge will be
more easily self-sustained since more ionization
occurs so that a smaller cathode dark space will be
sufficient. Moreover, the negative glow will become
longer at higher voltages since its length is determined
by the range of the electrons before they are
thermalized. At higher voltages, the electrons enter
the negative glow with higher energies and they will
need a longer distance before being thermalized.

2.2.6.4. Current. The current has actually no
influence on the length of the various regions, but it
effects the radiation intensity, i.e. at higher currents,
the amount of excitation increases, yielding more
intense emission of radiation.

2.2.6.5. Discharge gas. The discharge gas determines
the color of the negative glow and positive column
(see before). Moreover it has an effect on the length of
the cathode dark space, i.e. the cathode dark space is
shorter when the discharge gas can be more easily
ionized.

2.2.6.6. Cathode material. This influences the length
of the cathode dark space. If the cathode material
easily emits secondary electrons, the discharge can
be more easily sustained and a shorter cathode dark
space will be sufficient.
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2.3. Modeling of glow discharges

2.3.1. General

To obtain a better insight in the complexity of the
glow discharge and to investigate which processes
play a dominant role, modeling of the glow discharge
phenomena can be performed. This approach is rather
new for glow discharges used in analytical applica-
tions. However, glow discharges are not only used for
analytical purposes; they find applications in a variety
of other fields as well: in the microelectronics indus-
try, in laser technology, as television and computer
screens (i.e. plasma display panels) and in the lighting
industry (e.g. neon lamps). A substantial number of
models for describing these other types of glow dis-
charges was reported in the (plasma physics) literature
[58—69]. Basically, three kinds of modeling
approaches can be distinguished.

In a fluid model [58—62], the plasma species are
assumed to be in equilibrium with the electric field,
1.e. the energy they gain from the electric field is more
or less balanced by the energy loss due to collisions.
The species are described by continuity equations
(based on the conservation laws) and transport equa-
tions (based on diffusion and migration in the electric
field). This method is rather simple (although it is not
straightforward to solve the coupled differential equa-
tions), but it is only an approximation, especially for
‘fast species’ like the electrons, which gain more
energy from the electric field than they lose by colli-
sions and are hence not in equilibrium with the elec-
tric field.

The Boltzmann model! [2,63] describes the plasma
species in a kinetic way; the energy gains and losses
are explicitly calculated by different terms of the
Boltzmann transport equation. This approach is there-
fore more correct, but it can lead to very complicated
mathematical equations.

Finally, in the Monte Carlo simulations [64—66] the
trajectory of each plasma particle is calculated expli-
citly based on Newton’s laws, whereas the collision
processes are treated with random numbers and using
the cross-sections as a function of the particles’ ener-
gies. When a large number of particles is followed in
this statistical way, a complete picture of the glow
discharge can be obtained. Since this model describes
the species on the lowest microscopic level, it is
the most accurate approach. Moreover, it is rather

transparent and easy to understand because it makes
use of basic physics. However, in order to reach sta-
tistically valid results, a large number of particles of a
given kind has to be simulated (e.g. in the order of
104). It can, therefore, lead to long calculation times,
especially for slow-moving particles.

Hence, each of these models has its advantages and
disadvantages. Therefore, so-called hybrid models are
often reported in the literature [67-69]: a Monte Carlo
(or Boltzmann) model is applied for fast plasma spe-
cies which are not in equilibrium with the electric field
(like electrons), whereas a fluid approach describes
the slow plasma species which can be considered in
equilibrium with the electric field (like the atoms, or
the ions in the negative glow).

2.3.2. Modeling of an analytical glow discharge

The models reported in the plasma physics litera-
ture deal generally only with electrons and gas (e.g.
argon) ions because these species are dominant for
determining the electrical characteristics of the glow
discharge (i.e. they carry most of the electrical current
and they determine the charge density in the plasma).
Our modeling work is partly based on the models
described in the literature. However, when using
glow discharges for analytical purposes, interest
goes primarily to the behavior of the atoms and ions
of the cathode material and to metastable argon atoms
(which are responsible for Penning ionization of the
sputtered atoms) and excited atoms (which produce
optical emission spectra). Therefore, our modeling
work describes also the behavior of these species.
Moreover, the analytical glow discharges operate at
slightly different discharge conditions than the other
types of discharges (e.g. higher voltages than the tech-
nological glow discharges used in the microelectro-
nics industry) so that other plasma processes can come
into play and have to be taken into account in the
model.

A complete modeling network, existing of various
submodels for the different species present in the
plasma was developed [1,6,10,36-39,70-73]. To
our knowledge, such a comprehensive modeling net-
work for an analytical glow discharge has never been
reported before. Table 1 presents an overview of the
different species assumed to be present in the plasma,
the models used to describe these species and some
information about the plasma processes taken into
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Table 1

Overview of the species assumed to be present in the plasma, the models used to describe these species, the relevant processes included in the

models and references where more information can be found

Plasma species Model

Processes incorporated

Reference

Thermal Ar atoms No model

Ar atoms are assumed to be at rest and uniformly distributed

throughout the discharge

Fast electrons Monte Carlo

Elastic collisions with Ar atoms

[36,37,70]

Electron impact ionization, excitation and de-excitation of
Ar atoms from the ground state and 64 excited levels
Electron—electron Coulomb collisions

Slow electrons Fluid

Ar” ions Fluid

Ar* ions in CDS Monte Carlo
transfer

Transport by diffusion and by migration in the electric field [36,37]
Transport by diffusion and by migration in the electric field [36,37]
Elastic collisions with Ar atoms, including symmetric charge

[6,37,70]

Fast argon ion impact ionization, excitation and deexcitation
of Ar atoms from the ground state and 64 excited levels

Ar fast atoms in CDS Monte Carlo

Elastic collisions with Ar atoms

[6,37,70]

Fast argon atom impact ionization, excitation and deexcitation
of Ar atoms from the ground state and 64 excited levels

Ar atoms in 64 excited states, Fluid
including metastable levels (collisional—
radiative model)

Electron, fast Ar ion, fast and thermal Ar atom impact
ionization, excitation and de-excitation between all levels
Radiative decay between all levels

[1,10,39]

Radiative Ar ion— electron recombination to all levels

Three-body Ar ion—electron recombination to all levels (where the
third body is an electron, fast Ar ion, fast or thermal Ar atom)
Photo-ionization and -excitation from all levels.

Additional loss processes for the metastable levels:

* Penning ionization of sputtered atoms

* Metastable—metastable collisions

* Two-body and three-body collisions with Ar atoms

« Diffusion and subsequent deexcitation at the cell walls

Cathode atoms Monte Carlo

Cathode atoms + ions Fluid

After sputtering from the cathode: thermalization by collisions [71]
with Ar atoms
Atoms: when thermalized, further transport by diffusion [38,39]

Ionization of the atoms by Penning ionization, asymmetric
charge transfer and electron impact ionization
Ions: transport by diffusion and by migration in the electric field

Cathode ions in CDS Monte Carlo

Elastic collisions with Ar atoms [38,39]

account in these models. Briefly, Monte Carlo models
are used for fast plasma species which are not in equi-
librium with the electric field and fluid models are
applied for the slow species, which are more or less
in equilibrium with the electric field. As can be seen,
the electrons are split up in a fast and a slow group
based on energy considerations, i.e. the fast electrons
have high enough energy to produce inelastic collisions,
whereas the slow electrons have too low energies and
they are only important for carrying the electrical
current and providing negative charge density.

All these models are coupled to each other due to
the interaction processes between the species (e.g. the
argon ions and the argon metastable atoms, both
described with a fluid model determine the amount
of ionization of the sputtered atoms by asymmetric
charge transfer and Penning ionization, respectively,
which gives rise to the coupling of both these models
to the fluid model of the sputtered atoms and ions).
The models are solved iteratively until final conver-
gence is reached, to obtain an overall picture of the
glow discharge.
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2.3.3. Typical results of the models

Table 2 presents the typical results of our modeling
work, together with some references where more
detailed information can be found. These results are
all obtained in three dimensions; they were calculated
for a range of different discharge conditions [73] and
for various cell types (i.e. standard cell for analyzing
flat samples in the VG9000 glow discharge mass spec-
trometer [37,39,73], six-way cross glow discharge cell
with varying lengths and diameters [74] and with
either a flat or a pin cathode [75] and a Grimm-type
glow discharge cell [84]). Moreover, beside using
argon as discharge gas, the models have also been
applied to a glow discharge operating in neon [85].
The various plasma quantities depend of course on
discharge conditions, cell geometry and discharge
gas and the given values for these quantities should
therefore only be considered as orders of magnitude.

To test the validity of the modeling work, the cal-
culation results have to be compared with experimental
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data. Such a comparison was carried out already for
a number of plasma quantities, as is illustrated in the
table. As an example, Fig. 10(a) presents the two-
dimensional sputtered tantalum atom density profile,
obtained by the modeling calculations. The position of
the cathode is indicated with the black line with z and
r equal to zero. The calculated density is low close to
the cathode, it increases and reaches a maximum at a
few millimeters from the cathode whereafter it
decreases gradually towards the cell walls. To check
this modeling result, the tantalum atom density profile
was measured with laser-induced fluorescence at
exactly the same discharge conditions and for the
same cell geometry and the result is illustrated in
Fig. 10(b). The calculated and experimental profiles
are in very good agreement with each other, both
qualitatively and quantitatively. Only at z = O are
the modeling results slightly different, which is due
to some simplifications in the model (i.e. a cell wall
was assumed at z = 0, whereas in reality an insertion
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Fig. 10. Sputtered tantalum atom density profiles, obtained by the modeling work (a) and by laser induced fluorescence measurements (b) at
1000 V, 1 Torr and 2 mA. Reprinted from Ref. (78] with permission of Elsevier Science.
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Table 2

Typical results of our models and comparison with experimental data if available; the references where more information can be found are also

included

Calculated quantities Reference Comparison with experimental data Reference

Electrical current as a function of voltage 6,73] Satisfactory agreement with experimental [6,73]

and pressure current—voltage—pressure characteristics,
measured with a GDMS ion source

Three-dimensional potential distributions [36.37,73] —

Three-dimensional axial and radial electric [36,37,73] —

field distributions

Value of the plasma potential: a few volts [36,37,73][74,75] —

Lengths of the different regions [6,36,37,73]{74,75]  Length of CDS as function of pressure and [6,73]
current agrees well with empirical formula of
Aston [76]

* Cathode dark space (CDS): a few mm

* Anode zone (AZ): less than a mm

* Negative glow (NG): rest of the discharge

(e.g, a few cm)

Three-dimensional density profiles of

« Argon ions: 10'%-10" ¢m™ [36,37,73] —

* Fast argon atoms: approximately [70,73] —

10''-10" ¢m™ (only in CDS)

* Argon metastable atoms: 10°-10"2 cm ™, [1,10,39,73] Reasonable agreement with laser induced [77]
fluorescence (LIF) measurements

» Other argon excited levels: 107 [10] —

(and lower)-10"' cm

« Fast electrons: 10'~10% ¢cm [36,37,70,73] —

« Thermalized electrons: 10'°-10'% em ™ [36,37,73} —

« Atoms of the cathode material: 10'°~10" cm —,[38,39,73]

Good agreement with LIF and atomic absorption [78]
measurerments

« Jons of the cathode material: 10%-10" em™  [38,39,73] Reasonable agreement with LIF measurements [78]

(thermalized argon atoms are assumed to be

uniformly distributed throughout the discharge)

lon fluxes of argon and cathode ions at the exit [74,75] Ratio is in qualitative agreement with ratios in  [74,75]

slit of the cell towards the mass spectrometer the mass spectra of GDMS

Ionization degrees of [38,39,73] For cathode atoms good agreement is reached  [78]
with the LIF results (see above)

* Argon atoms: < 0.001%-0.01%,

* Cathode atoms: 0.001%-a few %

Three-dimensional energy distributions and mean

energies of:

* Electrons (maximum mean energy at end of  [36,70,73] —

CDS is approximately 50% of discharge voltage)

* Argon ions (maximum mean energy at cathode is[70,73] Energy distribution at cathode is in satisfactory [79]

approximately 10%—15% of discharge voltage)

« Fast argon atoms (max. mean energy, at cathode,[70,73]
is approximately 3% of discharge voltage)

agreement with measurements using a double
focusing mass spectrometer
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Table 2 Continued

Calculated quantities Reference

Comparison with experimental data Reference

« Cathode ions (maximum mean energy at [38,39,73]
cathode is approximately 60%—80% of
discharge voltage).

Energy distribution at cathode is in satisfactory [79]
agreement with measurements using a double
focusing mass spectrometer

Information about collision processes:

+ Three-dimensional collision rates of the [6,36,37,70,73]
different collision processes of electrons, argon

ions and fast argon atoms and relative

importances of these collision processes

« Relative contributions to the ionization of [6,37,73]
argon: by electrons (approximately 85%—-95%);

fast argon ions (approximately 1%—4%); fast

argon atoms (approximately 3%—14%);
metastable—metastable collisions and two-step

ionization from the metastable levels ( < 1%)

¢ Three-dimensional rates of Penning ionization, [38,39,73]
asymmetric charge transfer and electron impact

ionization and relative contributions to the total

ionization of sputtered atoms: Penning ionization
(approximately 30%-90%); asymmetric charge

transfer (approximately 10%—60%}); electron

impact ionization (a few %)

» Three-dimensional rates and relative [1,10,39,73]
contributions of the various populating and

depopulating processes (see Table 1) of the

metastable and other excited argon levels

Information about sputtering:

* Sputtering (erosion) rates at the cathode [38,39,70,80]
(approximately 0.1-30 pm/h)

« Thermalization profiles of the sputtered atoms [71,73]

« Amount of redeposition on the cathode by [71,73,80]
backscattering (3%—8%) or backdiffusion

(40%—60%)

« Relative contributions of argon ions, fast argon [38,39,70,73]
atoms and cathode ions to the sputtering process

(i.e. approximately 20%—30%, 70% and

0.1%~10%, respectively)

* Two-dimensional crater profiles due to [73,80]
sputtering at the cathode

Good agreement with values measured in a [81]
typical GD source for MS

Good agreement with profiles obtained in a [81]
typical GD source for MS

Emission spectra and emission profiles due to  [10]
radiative decay from the excited levels

Good agreement with spectra from the literature [82]

Prediction of variations in relative sensitivity [18]
factors (RSF) for GMS

Compared with RSFs from the literature [83]

probe is used as cathode and the glow discharge
chamber also extends to negative z-values for » >
2.5mm). The absolute values of calculated and
experimental profiles differ by only a factor of about

2. The tantalum atom density profiles have also been
measured for the same conditions by a combination of
laser-induced fluorescence (to obtain the relative
profiles) and atomic absorption spectrometry (to put
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an absolute value on the profile) and the results dif-
fered from the complete laser-induced fluorescence
profile [Fig. 10(b)] by a factor of 3. Hence, this is
the expected error for the experimental profiles (and
it may be more if the good agreement between both
experimental results is only coincidence). Therefore,
it can be concluded that the calculated and experimen-
tal profiles are similar to each other within the experi-
mental uncertainties.

For more detailed information about the modeling
results and a comparison with experimental data, the
reader can consult the cited references. In general,
satisfactory agreement between calculated and experi-
mental results was obtained, which shows that the
models present already a realistic picture of the
glow discharge.

2.4. Plasma diagnostic study of glow discharges

As already mentioned, a better understanding of
glow discharges can also be achieved by measuring
the characteristic plasma quantities, which is called
‘plasma diagnostics’. A large number of experimental
set-ups for measuring different quantities was
described in the literature (see also Ref. [86]).
Again, glow discharges used for other than analytical
purposes (e.g. technological purposes) were studied
more thoroughly than analytical discharges and a lot
of information is, therefore, reported in the plasma
physics literature. In the following, the most well-
known plasma diagnostic experiments carried out on
glow discharge plasmas will be briefly discussed.

2.4.1. Langmuir probe measurements

These are undoubtedly the most widely used of all
plasma diagnostic techniques for glow discharges
[87-93]. The technique consists of inserting one or
more wires into the plasma, to which a known voltage
is applied. By changing the voltage at the probe and
recording the corresponding current, the current—
voltage characteristic of the probe is obtained, from
which in principle the following plasma properties
can be deduced: the slow electron and positive ion
number densities, the value of the plasma potential,
the electron temperature(s) and eclectron energy
distribution. A typical current—voltage characteristic
is illustrated in Fig. 11. Although the construction
of the Langmuir probe and the recording of the
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Fig. 11. Typical I-V characteristic of Langmuir probe measure-
ments: (a) electron saturation region; (b) electron retardation region;
(c) ion saturation region. ¥ = plasma potential. Reprinted from
Ref. [90] with permission of Elsevier Science.

current—voltage characteristics are relatively straight-
forward, the data analysis for recovering the actual
plasma quantities is very complex. A general theory
valid for all plasma parameters and probe shapes
(cylindrical, spherical or flat) does not exist; instead,
there are different sets of approximate equations, cor-
responding to different limiting regions of plasma
parameters. Moreover, the Langmuir probe must be
very small, in order to avoid disturbance of the
plasma, otherwise the real plasma is not observed,
but only the disturbed region around the probe and
the measured quantities do not reflect the real plasma.
Due to the approximate nature of calculating the
plasma properties and due to the possible disturbance
of the plasma by the probe, the obtained results are, to
our opinion, subject to considerable uncertainties.

2.4.2. Optical emission spectrometry

From the intensities, intensity ratios or the widths
of optical spectral lines, information can be obtained
about electron densities and different temperatures in
the plasma, i.e. the gas temperature, excitation, ioni-
zation and rotational temperatures. Optical emission
spectrometry is a noninvasive plasma diagnostic
method, which is one of its major advantages com-
pared with Langmuir probe measurements.
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Excitation temperatures are obtained, based on the
assumption that the glow discharge plasma is in local
thermal equilibrium (LTE), i.e. the populations of
atoms, ions or molecules of the species at the different
energy levels follow a Boltzmann distribution. The
intensities of a large number of spectral lines are
measured. If In(/pAq/gq4q) 1s plotted against £
(where [ is the intensity of the spectral line, A is its
wavelength, 4 is the Einstein transition probability
and g and E are the statistical weight and excitation
energy of the upper level, respectively), a straight line
will result (a so-called Boltzmann plot), the slope of
which yields the excitation temperature. An example
of a Boltzmann plot is presented in Fig. 12. A large
number of such measurements on glow discharges
was reported in the literature [90,94-98] since they
are relatively easy to perform. Nevertheless, the
experiments can be time-consuming because a large
number of spectral lines has to be measured to define
the excitation temperature. Care has to be taken that
the spectral lines are not subject to interferences.
Moreover, the glow discharge is generally not in
LTE and therefore, the obtained results do actually
not have the real physical meaning of excitation
temperature.

Similarly, rotational temperatures can also be
obtained from a Boltzmann plot, as was demonstrated
in Ref. [98] for N3 . Since the energy differences
between rotational energy levels are small and since
rotational relaxation is very fast, the excited rotational
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Fig. 12. Typical Boltzmann plot for Fel lines, measured with a
Grimm-type source at 550 Pa and 1000 V.

states are in equilibrium with the kinetic energy of the
molecules. Therefore, the rotational temperatures can
be considered as a reasonable approximation for the
kinetic gas temperature.

The ionization temperature can, in principle, be
estimated from spectral lines of atoms and ions of
the same species [e.g. Ar(I) and Ar(I)] [90,99]. How-
ever, this determination is also based on the assump-
tion of nearly LTE and it is therefore not very suitable
when the glow discharge is not in LTE.

The gas temperature can be obtained from the Dop-
pler broadening of atomic spectral lines, as was
demonstrated for some Ar(I) lines in Refs [97,100]
for a Grimm-type glow discharge. Indeed, for Ar(I)
lines, Stark broadening seems to be negligible even at
high electron number densities and the line shape is
then determined by Doppler broadening only.

However, hydrogen lines are much broader in a
glow discharge owing to the Stark effect and the
shape of these lines can be used to determine electron
number densities in the plasma. This was demon-
strated in Ref. [97] for the hydrogen Hy line in a
Grimm source. In Ref. [100] the hydrogen Hg line
was found to be too wide for the spectral instrumenta-
tion and a He(I) line was therefore used for measuring
the Stark broadening and obtaining the electron num-
ber density in a Grimm source

Moreover, from the investigation of certain emis-
sion line profiles, information can be obtained about
the excitation mechanisms of certain levels. Jelenak
and coworkers studied a number of Ar lines to esti-
mate the effect of cascading from upper levels to 2p
levels [101], whereas in some other papers the occur-
rence of asymmetric charge transfer for the ionization
of specific elements was demonstrated by looking at
the intensities of certain emission lines [19-23].

2.4.3. Mass spectrometry

The ion peaks in the mass spectrum can sometimes
yield information about ionization processes in the
plasma. Indeed, in Ref. [102], the Cu* ion current
was measured with GDMS in an RF glow discharge
and its behavior as a function of RF power and gas
pressure was found to be proportional with the pro-
duct of the copper atom and neon metastable atom
densities, both determined by atomic absorption
spectrometry. This suggested that Penning ionization
is a dominant ionization mechanism of the sputtered
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copper atoms. A similar study was performed in Ref.
[103] by the combination of mass spectrometry and
optogalvanic spectroscopy. A tunable laser served to
depopulate the metastable atom population and the
effects were followed with both optogalvanic spectro-
scopy and mass spectrometry, to investigate the role
of Penning ionization in the plasma. Furthermore, the
presence of certain cluster peaks in the mass spectra
makes it possible to speculate about production and/or
destruction mechanisms of clusters in the plasma.

However, mass spectrometry cannot give direct
information about plasma properties and certain inter-
pretations are always required. This can sometimes
lead to wrong conclusions, as was pointed out by
Steers [20] concerning the relative importance of Pen-
ning ionization and asymmetric charge transfer.
Indeed, in their early mass spectrometric studies
[16], Coburn and Kay considered Penning ionization
as the most important ionization mechanism and they
ruled out the possibility of asymmetric charge transfer
because they assumed that in the latter process the
analyte ions are formed in the ground state so that
the energy difference with the gas ion levels was too
large. Mass spectrometry can, indeed, give no
information about excited states, but Steers demon-
strated by optical emission spectrometry that the
analyte ions are mainly formed in excited states so
that the energy difference with gas ion levels is
much smaller and asymmetric charge transfer can
occur,

Recently, a compact mass spectrometer was
reported in the literature [104] for ion species analysis
in one single step instead of the usual two steps (i.e.
ion extraction and mass filtering). The instrument is
made small enough to be directly introduced in most
plasma discharges for in situ diagnostic studies, which
may lead to promising experiments in the future.

Finally, it is worth mentioning that the double
focusing VG9000 glow discharge mass spectrometer
(VG Elemental, Thermo Group) was used recently to
measure energy distributions of ions bombarding the
cathode of a glow discharge cell [79]. The energy
scans were recorded by varying the acceleration vol-
tage and keeping the magnetic field constant. It was
found that argon ions are characterized by a decreas-
ing energy distribution towards high energies,
whereas the ions of the cathode material have a pro-
nounced peak at maximum energy. This was also

observed in Ref. [105] where a similar study was car-
ried out for a hollow cathode glow discharge lamp
with a double focusing Cameca IMS 3f mass spectro-
meter. In the latter work, it was suggested that inter-
fering signals from the discharge gas ions may be
significantly reduced by adjusting the mass spectro-
meter to sample only the high-energy ions of the cath-
ode material (material to be analyzed). Other papers in
the literature report the measurement of ion energy
distributions by using a quadrupole mass spectrometer
in combination with an electrostatic energy analyzer
[106-110].

2.4.4. Retarding field analyzer to measure energy
distributions

Energy distributions of ions in a glow discharge can
also be measured with a retarding field analyzer, as is
illustrated, for example, in Refs [111,112]. This tech-
nique has also successfully been applied to the
measurement of electron energy distributions in a
helium discharge, which is a very important plasma
property [113]. Briefly, in the latter case the analyzer
consists of a sampling orifice followed by a metal
screen having a certain circular aperture and a Fara-
day collector situated immediately behind the aper-
ture. A negative potential is applied to the retarding
screen so that only electrons with sufficiently high
energies can pass through the aperture and can reach
the Faraday collector. By gradually decreasing the
negative potential, electrons with lower energies can
pass and hence the total energy distribution can be
recorded in this way. It was shown in Ref. [113]
that the resulting electron energy distributions are
clearly non-Maxwellian, but are characterized by a
dominant group of low-energy electrons and a small
peak at maximum energy, corresponding to electrons
which have not undergone any collision in the dis-
charge, which agrees well with our modeling results
[36,73].

2.4.5. Atomic absorption spectrometry

Atomic absorption spectrometry (AAS) can be car-
ried out to obtain absolute number densities of the
plasma species. This is demonstrated, among others,
by Ferreira and coworkers for the argon metastable
atoms and the sputtered atoms in a Grimm glow
discharge [114,115] using a hollow cathode lamp as
primary source. In Ref. [116], similar measurements
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were made for the argon metastable atoms in a micro-
wave boosted Grimm source, but the primary source
was a diode laser.

A disadvantage of conventional AAS experiments
is that accurate knowledge of the absorption coeffi-
cient is required, or that calibration with known stan-
dards has to be carried out. This drawback is
overcome by a rather new atomic absorption techni-
que, called ‘concentration modulated absorption spec-
trometry’ (COMAS) [117]. Two laser beams (or the
vertical and horizontal components of the same laser
beam) are sent through the absorbing medium (e.g. the
glow discharge). The first beam, called pump beam, is
modulated. When the pump beam is ‘on’, it is
absorbed in the glow discharge and causes hence per-
turbation in the concentration difference between the
two states coupled by the incident radiation. The sec-
ond beam, called the probe beam, is sent through the
discharge and will not be absorbed to a large extent
because the concentration of the lower state is
depleted. However, when the pump beam is turned
‘off’, no concentration perturbation occurs and the
probe beam will be more absorbed. The difference
in intensity of the probe beam after passing through
the absorbing medium is measured and the gain cre-
ated on the probe beam provides a direct measure of
the concentration of the absorber. Because the experi-
ment is on a relative scale (i.e. the intensity difference
between the ‘on’ and ‘off’ situation is measured),
there is no need for calibration using a known con-
centration or for an accurate knowledge of the absorp-
tion coefficient. This technique was developed by
Jones and coworkers [117] and was successfully
applied to sputtered lithium atoms in glow discharges
by Mason and collaborators [118].

2.4.6. Laser-induced fluorescence spectroscopy

Conventional AAS measurements with nonlaser
sources are, in principle, not well-suited to perform
laterally resolved three-dimensional density measure-
ments since only integrated values are obtained. For
this purpose, laser-induced fluorescence (LIF) spec-
troscopy is a better technique.

In Refs [77,78], complete three-dimensional den-
sity profiles of argon metastable atoms and of sput-
tered tantalum atoms and ions in a glow discharge
were measured with LIF. The absolute values were
obtained by properly calibrating the gain of the

electronics and the response of the monochromator
and photomultiplier tube. Moreover, for the tantalum
atoms, a combination of LIF and AAS measurements
was carried out as well: the LIF experiment yielded
the three-dimensional relative density profiles
whereas the AAS measurement allowed to put an
absolute number on these profiles. The results of the
complete LIF experiments (with proper calibration of
the instrumentation used) and the combined LIF and
AAS measurements were in satisfactory agreement
with each other, as well as with modeling results
[78] [see also Fig. 10(a and b)]. Fig. 13 shows a sche-
matic overview of the combined LIF and AAS experi-
mental set-up.

In the authors’ opinion, LIF spectroscopy is a very
powerful plasma diagnostic technique for measuring
absolute densities of the plasma species. Moreover,
apart from density measurements, LIF can also be
used to measure fluorescence lifetimes, absorption
line widths, quantum efficiencies and velocity
distributions.

2.4.7. Thompson scattering

Another technique which makes use of a laser as
primary source, is Thompson scattering. It occurs
when an electromagnetic wave interacts with charged
particles. Since the scattered radiant power is inver-
sely related to the square of the charged particle mass,
scattering of the electromagnetic wave occurs mainly
from electrons. The electrons have rather high velo-
cities in the glow discharge; hence, the light scattered
by the electrons will be strongly Doppler shifted and
the Doppler shift will increase with the velocity of the
electrons. From the collection of the complete Dop-
pler shift spectrum produced by the electrons, the
electron velocity (and energy) distribution can be
deduced. Moreover, since the integrated intensity
under the Doppler shift spectrum is proportional to
the total number of electrons, the electron density
can also be obtained from this experiment.

This method does not require LTE conditions in the
plasma or a Maxwell energy distribution of electrons.
Furthermore, it is a noninvasive method. Finally,
when a pulsed laser is used as the light source, the
latter can be focused to a small region in the plasma
and the observation direction and incident laser beam
can overlap at only a single point in the discharge,
which gives rise to both high spatial and temporal
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Fig. 13. Schematic overview of the experimental set-up for the combined LIF and AAS experiments. Reprinted from Ref. [78] with permission

of Elsevier Science.

resolution. This technique was successfully used to
inductively coupled plasmas (ICP), e.g. by Hieftje
and coworkers [119,120], but to our knowledge, it
has not yet been applied to glow discharges since it
is practically restricted to electron densities above
10" em™ [121].

2.4.8. Rayleigh scattering

This technique is comparable with Thompson scat-
tering, except that the laser light is now scattered from
relatively large particles (e.g. Ar atoms). The ideal gas
law yields a relationship between the gas density and
the gas temperature (i.e. n = N/V = p/kT, where n is the
gas atom density, N and V are the total number of gas
atoms and the volume, respectively, p and T are the
gas pressure and temperature and £ is the Boltzmann
constant). Since the intensity of the scattered laser
light is linearly related to the gas atom density, the
gas temperature can be determined. Like Thompson
scattering, this technique was applied to measure gas
temperatures in ICP’s [119,120], but we are not aware
of similar experiments on glow discharges.

2.4.9. Stark experiments for electric field
measurements

Finally, a number of papers has recently been pub-
lished in the literature, describing the measurement of
the electric field distribution in glow discharges by
means of Stark spectroscopy [122-125]. Briefly, the

energy levels of hydrogen and hydrogen-like emitters
in an external electric field are split due to the Stark
effect. Consequently, the spectral lines emitted as a
transition between such split levels consist of a num-
ber of components and from the peak-to-peak separa-
tion between these components, the electric field
strength can be deduced.

3. Analytical applications of glow discharges

As mentioned before, glow discharges are useful as
spectroscopic sources for a variety of analytical
techniques (see Fig. 14), i.e. mass spectrometry
(GDMS), optical emission spectrometry (GD-OES),
atomic absorption spectrometry (GD-AAS) and atomic
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Fig. 14. The glow discharge as a versatile analytical tool.
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fluorescence spectrometry (GD-AFS). Analytical
applications in these different fields will be discussed
and some new developments of glow discharges in
hybrid analytical constructions will be reported. How-
ever, first a brief overview will be given of the various
types of analytical source configurations and the dif-
ferent electrical operation modes.

3.1. Glow discharge analytical source configurations

As mentioned in Section 1, the glow discharge is
created by two electrodes inserted in an (inert) gas.
For analytical purposes, these two electrodes are
generally mounted in five different geometries (see
Fig. 15).

(1) The coaxial cathode is the most widely used
source configuration in GDMS applications. Samples
can be made in pin-form (with a few millimeters
exposed to the discharge) or in disk form (partly
shielded so that only the top part is exposed to the
discharge). The sample acts as cathode whereas the
anode is formed by the cell body itself.

(2) The planar diode is the simplest analytical
source. It is used for analyzing samples in disk

— glow
discharge

(b)
cathode anode

@— dis?:l:\);ge —®

(c)
—
cathode glow
discharge

anode

form. The cathode (sample) and anode are in parallel
configuration and are placed inside a tube.

(3) In the hollow cathode lamp, the cathode forms a
cavity rather than a pin or disk. It can be considered as
three planar cathodes placed so close to each other
that their negative glow regions coalesce into a single
negative glow. This results in increased sputtering and
ionization/excitation, yielding a much better analyti-
cal sensitivity. A disadvantage of this source is the
extensive machining required to make hollow cath-
odes from metal samples. Because most of the sput-
tering occurs at the cathode base, studies were
performed using a disk sample as the base of the cath-
ode. Hollow cathode devices are particularly used as
sources for optical emission spectrometry. Moreover,
the high radiation intensity emitted by this source,
makes it attractive as primary source for atomic
absorption or fluorescence spectrometry.

(4) In the hollow cathode plume, the sample is
mounted in the base of the hollow cathode, in which
also an orifice is made. A highly energetic flame-like
plume, where excitation and ionization processes
occur, is ejected through this hole. Due to the high
atom population, this geometry is also characterized
by a high sensitivity. The physical processes of this

(e} isolator

cathode anode

1k

pumping canal gas in

Fig. 15. Different glow discharge source configurations: (a) the coaxial cathode; (b) the planar diode; (c) the hollow cathode lamp; (d) the

hollow cathode plume; and (e) the Grimm-type glow discharge.
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source are not fully understood, but the plume is
believed to arise from pressure and field effects due
to the special construction of the cathode orifice.

(5) The Grimm configuration, named after its
inventor in 1968 [126], is extensively used in GD-
OES and forms the basic design for all commercial
emission instruments. The cell body (anode)
approaches the cathode very closely (at a distance
smaller than the length of the cathode dark space) so
that the discharge is constricted to a well defined part
of the sample surface. It is therefore called an
‘obstructed discharge’. The Grimm configuration
can, however, only be used for flat samples. This
type of source is particularly useful for in-depth ana-
lysis since the flat sample is ablated layer by layer.

3.2. Glow discharge electrical operation modes

The simplest and cheapest operation mode is the
direct current (DC) mode. Voltages are typically in
the order of 500—1500 V, yielding electrical currents
ranging from a few to several hundreds of milliamps
depending on the pressure in the cell and the discharge
configuration. This type of discharge mode is the old-
est one and the most widely used in glow discharge
applications. However, it has the serious drawback of
not being able to analyze nonconducting samples
directly. Indeed, since in a glow discharge the sample
to be analyzed acts as the cathode, which is sputter
bombarded by positive ions, it must be conducting. If
not, the surface would be charged up, preventing the
positive ions from further bombarding. Due to this
drawback of the DC mode, attention is being drawn
during the latest decade to the radio frequency (RF)
operation mode.

The radio frequency mode is indeed able to analyze
nonconductors directly since the positive charge accu-
mulated during one half-cycle will be neutralized by
negative charge accumulation during the next half-
cycle so that no charging up occurs. Operation with
RF-power of a glow discharge using a nonconducting
sample yields a negative DC bias voltage on the sam-
ple surface. Indeed, during the half-cycles in which
the nonconducting electrode is positive, surface char-
ging will occur much faster than in the half-cycles
in which the electrode is negative due to the much
higher mobility of the electrons compared with the
positive ions. This self-bias phenomenon permits the

establishment of a time-averaged cathode and anode
in the glow discharge so that sputter bombardment of
positive ions on the cathode is still possible. Since the
electrons try to follow the RF electric field, they oscil-
late between the two electrodes and spend more time
in the plasma before they are lost, which results in a
higher ionization efficiency. This leads to the second
advantage of RF discharges, i.e. they can be operated
at much lower pressures for the same current than DC
discharges, which is interesting for reducing redeposi-
tion and spectral interferences. The RF-powered GD
sources were introduced for the direct analysis of non-
conductors with GDMS in the 1970s by Coburn and
Kay [127] and by Donohue and Harrison [128]. How-
ever, it took until the late 1980s before RF GDMS
really broke through [129]. Since then, extensive
work was performed in this field [130-142]. RF
discharges were combined with optical emission
spectrometers [135,142] and different types of mass
spectrometers (i.e. quadrupole mass spectrometers
[129,133,141], a Fourier transform mass spectrometer
[131], an ion trap mass spectrometer [132], a time-of-
flight system [136] and two sector-based mass spec-
trometers [134,138]), but up to now there is no
commercial RF-GDMS instrument and only one com-
mercial RF-GD-OES instrument (JY 5000 RF, Jobin
Yvon) available.

The third mode of operation of a glow discharge is
the pulsed mode, which can be employed in combina-
tion with a conventional DC or with an RF glow dis-
charge. Voltage and current are applied only during
short periods of time (generally milliseconds range).
Hence, compared with a normal DC discharge, higher
peak voltages and peak currents can be obtained for
the same average power. Therefore, more highly-
energetic gas ions can be produced, yielding more
sputtering, a higher concentration of analyte atoms
in the plasma and hence better analytical sensitivity.
In addition to the better sensitivity, the pulsed mode
has a second advantage for mass spectrometry, i.e. the
analytically important ions and the interfering ions are
formed during a different time in the pulse. By cou-
pling this ‘time-resolved’ production of ions to a time-
resolved detection, spectral interferences in the mass
spectrum can be reduced [143]. Moreover, the con-
struction of a pulsed dual discharge system allows for
simultaneous analyses with two electrodes, rendering
the possibility of in situ calibration of an unknown
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sample against a reference standard [144]. Gated
detection of atomic emission from a pulsed RF glow
discharge was also reported to improve the analytical
sensitivity and to reduce spectral interferences [145].
Also in glow discharge atomic absorption and fluor-
escence spectrometry, background-free analytical
measurements during the discharge-off portion of
the cycle were reported [146]. Recently, Harrison
and coworkers introduced the microsecond pulsed
glow discharge as source for atomic emission, absorp-
tion, fluoresence and mass spectrometry [147,148].
Due to the still higher peak currents and voltages
which can be obtained during the short pulses, this
source has still a better analytical sensitivity.

3.3. Analytical applications of glow discharges

3.3.1. Glow discharge mass spectrometry (GDMS)

The glow discharge was known as an ion source in
mass spectrometry for more than 60 years. Gas dis-
charges were indeed already used in the 1920s and
1930s as ion sources in the first mass spectrographs
of Aston and Bainbridge [149,150]. However, the
early popularity was followed by a decline into rela-
tive obscurity during the next 30 years, due to the
development of the electron impact ion source and
later the spark and arc discharge sources. In the
early 1970s, the glow discharge was brought back to
the attention of mass spectroscopists as ion source for
the analysis of solids (both in DC and RF mode) by
Coburn et al [16]. Later, in particular, Harrison and
coworkers were pioneers in the development of
modern GDMS [151-153].

To date, all common mass analyzers were explored
for use in GDMS. The first commercially available
GDMS instruments used a double-focusing (magnetic
sector) mass analysis system, permitting the acqui-
sition of high-resolution spectra with high sensitivity
[154]. Modern GDMS began, however, with
quadrupole-based mass analyzer systems, which
were employed for fundamental and development
rescarch of GDMS [152,155] and this research
resulted finally in the commercial availability of a
quadrupole GDMS system [156]. Promising results
have also been obtained from the coupling of a glow
discharge to ion trap mass spectrometric systems
[157], double and triple quadrupole instruments
[158], time-of-flight mass spectrometers [136] and

Fourier transform mass spectrometers [131,159].
The commercial GDMS systems available at
present employ, however, only double-focusing and
quadrupole-based mass spectrometers. Typical work-
ing conditions for GDMS are 1-5 mA, 800-1500 V
and 0.2-2 Torr. Detection limits of magnetic sector
GDMS are in the ppb region.

GDMS permits the analysis of a broad range of
sample types. The most important applications are
found in the bulk analysis of metals, but semiconduc-
tors, nonconductors, thin films solutions and gaseous
samples can in principle be analyzed as weli.

Bulk metals are the most interesting sample types
for GDMS. Due to the low detection limits for almost
all elements of the periodic table, it is of particular
interest for analyzing high-purity metals, like alumi-
num, gallium, titanium, copper, platinum, etc. [160].
In addition, metallic alloys can be easily analyzed by

GDMS [83,161—163]. Isotope ratio measurements on

metals can also be carried out with GDMS, as is
described in Ref. [164]. A common problem in
GDMS are the spectral interferences by various
types of cluster ions, many of which, but not all, can
be resolved with a high mass resolution instrument.
As mentioned before, a paper has recently been pub-
lished reporting the suppression of cluster and dis-
charge gas interferences by sampling from a
reversed hollow cathode ion source because it was
found that the analyte ions are characterized by a
peak at high energy, whereas argon ions and cluster
ions possess a peak at low energy. By sampling only
high-energy ions, the argon ion and cluster ion inter-
ferences could be suppressed [105]. Another recent
paper makes use of these clusters for quantification;
indeed, argides, dimers and doubly charged analyte
tons are sometimes less disturbed by interferences
and can therefore better be employed for quantifica-
tion than singly charged analyte ions [165].

To calculate concentrations of trace elements in the
sample, the ion beam ratio method can simply be
used. The assumption is made that the ratio of the
ion current for any one isotope with respect to the
total ion current (except the signal arising from
the discharge gas ions) is representative for the con-
centration of that isotope in the sample. Since the ion
signal for the matrix is generally large compared with
the individual trace species, especially for a high
purity metal or semiconductor, the matrix ion current
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is in good approximation equal to the total ion current
and the matrix atoms can be assumed to have a con-
centration of 100%. Since this method cannot correct
for the variation in analytical sensitivity among dif-
ferent elements, it provides only semi-quantitative
results, i.e. accuracies of a factor of 2—3. Real quanti-
tative results require that differences in elemental sen-
sitivities be characterized using standards similar to
the material under study. This characterization gener-
ates relative sensitivity factors (RSF) that can be
employed to correct the measured ion beam ratios.
Since RSFs vary only slightly between matrices of
the same general composition, exact matrix matching
is not required to yield quantitative results with
accuracies of 15%-20% [162]. The RSF method of
quantification is the most widely employed in GDMS.
Generally, the RSFs of different elements in GDMS
lie within one order of magnitude (see, for example,
Fig. 16, [162]), which makes GDMS a technique with
rather uniform sensitivity for most elements. Experi-
mental RSFs were reported for different kinds of
matrices [83,161,166]. Further, some empirical mod-
els based on fitting parameters were developed to pre-
dict RSFs [83,166,167]. In Ref. [166] it was found that
the theoretically calculated RSF values correlated
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better with the experimental ones when 1% H, was
added to the argon discharge gas.

Semiconductors can also, in certain forms, serve
directly as cathode samples in GDMS because they
exhibit certain allotropic forms that conduct electri-
city to a certain degree, in spite of their generally
nonmetallic chemical activity. Their concentrations
have to be known very accurately since impurities
even at extremely low concentration levels can ser-
iously alter the semiconductor properties. A few
applications of the analysis of semiconductors by
GDMS were reported in the literature [160].

Since the sample in the glow discharge acts as the
cathode bombarded by positive ions, the concept
seems to restrict the applications of GDMS to the
analysis of electrically conducting materials because
nonconductive materials would be charged up. How-
ever, the problem of analyzing nonconductors can be
overcome by using RF discharges, as mentioned
before [131-134,139]. Nevertheless, the calibration
of this method may be hampered in practice by dif-
ferent sample thicknesses. In a DC discharge, noncon-
ductors can also be analyzed when applying certain
modifications. Two methods are reported in the litera-
ture. The first exists in mixing the nonconducting
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Fig. 16. Relative ion yields for various elements in different matrices, measured with the VG9000 glow discharge mass spectrometer. Reprinted

from Ref. [162] with permission of Springer, Berlin.
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sample as a powder with a conductive binder (Cu, Ag
and Ga) and pressing it into an electrode. This method
is generally well-established, as can be seen from
the large number of articles in the literature
[161,168,169]. However, in addition to the increase
in sample preparation time compared with the direct
analysis of conducting solids, the mixing with the
conductive matrix can introduce contaminations.
Other problems arise from the trapping of water
vapor and atmospheric gases in the sample during
the compaction process. In addition, the time to
reach steady-state conditions with a composite cath-
ode can be prohibitively long. The second approach is
the use of a metallic secondary cathode diaphragm in
front of the flat nonconducting sample surface
[170,171]. As a result of the redeposition of a part
of the sputtered metal atoms from the secondary cath-
ode, a very thin conductive surface is formed on the
nonconductive material. The sampling depth is large
enough (approximately 5 A) to allow atomization of
the nonconducting sample as well. This method has
recently been applied to the analysis of a variety of
sample types, ranging from atmospheric particulate
matter (aerosols), to ceramics, glass, radionuclides
in sediment samples and even polymers {172—-176].

The concept of sputtering in a glow discharge
implies that the sample is being eroded ‘layer after
layer’. It is therefore possible to perform trace analy-
sis of successive layers as a function of depth (i.e.
depth-profiling). Although depth-profiling is more
typically performed in glow discharge optical emis-
sion spectrometry (see below) some applications of
GDMS can be found in the literature as well
{177,178]. Since transient signals have to be moni-
tored (intensity as a function of time), quadrupole-
based mass spectrometers are preferable due to their
fast scanning capability.

Although GDMS is a typical solid analysis techni-
que some attempts were made to analyze solutions as
well [179]. Analyzing solutions can be performed by
evaporation of a solution sample onto the surface of a
conducting electrode by electrodepositing certain
metals of the solution onto the cathode, by electro-
thermal vaporization (i.e. placing microliter aliquots
of solution sample on a filament that serves as cath-
ode, dry the sample to a residue film by passing
currents through the filament, ash away organic con-
stituents and finally atomize the residue in the glow

discharge) and also by mixing a solution aliquot with
powdered matrix material, followed by drying the
mixture. Recently, a method was proposed for the
direct analysis of aqueous solutions by GDMS
[180]: the solution enters the vacuum of a glow dis-
charge cell through a capillary and the water vapor
itself is used as the discharge gas. This would be a low
energy and cheap alternative (no noble gas) to ICP-
MS.

Since stable glow discharge plasmas can be
obtained with molecular gases (nitrogen, oxygen,
air, water vapor, etc.), the glow discharge can also
be used for gas analysis. McLuckey et al. designed
a glow discharge ion source that used ambient air as
discharge gas, to analyze trace impurities present in
the sampled air [181]. A recent application is the
detection of trace quantities of vapor explosives in
the field by glow discharge ion trap mass spectrometry
[157].

GDMS is mainly used for the analysis of inorganic
samples, but some attempts were made to analyze
organic samples as well. Three different introduction
systems of the organic sample were reported in the
literature, i.e.: (1) as liquid or gas chromatographic
effluents [182]; (2) as deposits on the cathode surface
[183]; and (3) directly as discharge gas components
[157,181]. Some examples of organic samples that
have recently been analyzed by GDMS, include the
examination of polymers [176,184], the identification
of impurities in petroleum [185] and the analysis of
lead in waste oil samples [186].

Finally, in addition to the analysis of organic sam-
ples, another ‘exotic’ application of GDMS was
reported in the literature, describing the analysis of
materials of nuclear origin with the VG 9000 mass
spectrometer placed in a glove-box [187]. More infor-
mation about principles and applications of GDMS
can be found in previous reviews [59,188,189].

3.3.2. Glow discharge optical emission spectrometry
(GD-OES)

A long time before modern GDMS became popu-
lar, the glow discharge was already used both as line
source and as direct analysis emission source
[190,191], particularly in the hollow cathode config-
uration. However, for routine analysis of compacted
metal samples, the breakthrough of GD-OES first
occurred at the end of the 1960s with the work of
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Grimm [126] who introduced the Grimm-type glow
discharge (see above). Since then, the number of
applications of GD-OES have been growing very
rapidly.

The two sources that are now still extensively used
in GD-OES are the hollow cathode lamp and the
Grimm type source. Dispersive spectrometers with a
diffraction grating are most frequently used for GD-
OES. For sequential multielement determinations,
monochromators in the Ebert or Czermny-Turer
mountings are utilized, whereas simultaneous multi-
element analyses are performed with polychromators
in the Paschen—Runge set-up [192]. However, multi-
plex spectrometers such as Hadamard transformation
spectrometers [193] and especially Fourier transform
interferometers [194] are also useful in combination
with glow discharges. The radiation detection is
mostly accomplished by photomultipliers. Glow dis-
charges for OES operate at higher currents than for
GDMS, i.e. 600—1000 V, 25-100 mA and 1-5 Torr
for the Grimm source, and 200-500 V, 10-100 mA
and 0.1-1 Torr for the hollow cathode lamp. Detec-
tion limits are in the order of 0.1-10 ppm.

The analytical applications of GD-OES are similar
to the GDMS applications. Multielement analyses of
bulk samples for major, minor and trace elements
were described for most industrially important
matrices, like steel and other metal alloys [195,196].
Moreover, the analysis of semiconductors by GD-
OES was recently reported [197]. In addition, non-
conductors can be analyzed with GD-OES, either by
mixing with a conducting powder [198,199] or by
using an RF glow discharge [130]. Some reports
have also been made on the analysis of solution sam-
ples [198,200] and gas samples [201].

Finally, GD-OES is particularly widely applied in
depth-profiling analyses. A large number of applica-
tions were reported [202-205]; among them are also
some analyses performed with an RF powered glow
discharge [137,203]. Most results are presented as
relative intensity versus sputtering time and it is not
straightforward to convert this into concentration of
elements as a function of depth since the sputtering
rate and the glow discharge conditions change during
in-depth profiling of layers of varying chemical com-
position. Several empirically based quantification
schemes were developed in the literature to deal
with this problem [204,205]. For more information

about GD-OES applications, the reader may consult
other recent reviews [192,206,207].

3.3.3. Glow discharge atomic absorption and
Sluorescence spectrometry (GD-AAS and GD-AFS)

Both these techniques are less frequently used in
glow discharge applications than GDMS and GD-
OES, but they are receiving wider notice in the litera-
ture as their advantages come to be appreciated. Com-
pared with GD-OES, for example, these methods have
higher spectral resolution and suffer from fewer spec-
tral interferences.

The use of a glow discharge as atomic absorption
cell was first introduced by Russell and Walsh in 1959
[208] for the direct analysis of metals. Their observa-
tion that also atomic fluorescence was occurring in the
cell eventually led to the use of GD-AFS as well
[209]. During the 1960s and 1970s, several types of
sputtering cells (i.e. hollow cathode cells and cells
with flat electrodes) were investigated for use in
GD-AAS and GD-AFS. In 1987, Bernhard [210]
reported that gas jets striking the sputtering surface
significantly increase the sampling rate and hence the
absorption signal. A commercial atomic absorption
cell, based on this principle and called ‘Atomsource’
[210] (Analyte Corp., Medford, OR), was made avail-
able and has further stimulated the applications of gas-
jet-enhanced sputtering. In addition to DC sources,
also an RF powered glow discharge device was
recently introduced as atomization source for AAS
[211].

As primary radiant sources for GD-AAS, modu-
lated or pulsed hollow cathode lamps are commonly
used. Tunable lasers are employed in special cases.
Modulated Grimm-type cells are applied for multi-
element simultaneous GD-AAS because of the ease
of changing the cathode to select the elements of inter-
est. Hollow cathode lamps or tunable lasers are uti-
lized as primary radiation sources for GD-AFS.
Resulting from their high irradiances and narrow
spectral bandwidths, the lasers yield detection limits
that are many decades lower than those commonly
obtained with GD-AAS and GD-AFS [146]. Even
single atom detection was reported [212]. Typical dis-
charge conditions for GD-AAS and GD-AFS are
4-10 Torr, 60-200 mA and 300-800 V.

As for GDMS and GD-OES, the applications of
both GD-AAS and GD-AFS include the bulk analysis
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of metals [213] and of a wide variety of alloys
[209,214], the analysis of powders [215}, non-
conductors [216] and dried solutions [217]. Further
information about basic principles and applications
of GD-AAS and GD-AFS, can be found, for example
in Ref. [218].

3.3.4. Glow discharges in a broader perspective

Beside the four analytical applications described
previously, which make use of the glow discharge in
its simple form as spectroscopic source, the glow dis-
charge can also be employed in a hybrid construction,
in combination with lasers, graphite furnaces, other
discharges or magnetic fields. A brief overview of
these application fields will be given here. Finally,
some more exotic forms of glow discharges will be
reported.

3.3.4.1. Laser-based methods. The development of
cost-effective laser systems has generated a variety
of laser techniques that can be coupled to a glow
discharge. Since the atomization and the ionization/
excitation steps occur independently from each other
in the glow discharge, a laser can be employed to
enhance either of these two steps.

First, the laser can be utilized to ablate material
from the sample cathode, enhancing the atomization
step [219]. This material ablation can also occur from
a secondary sample (not the cathode) into the glow
discharge [219,220]. In the latter case, the sample is
not required to be conducting, expanding the analyti-
cal applications of glow discharges to the analysis of
nonconductors without the need of applying RF
power. Beside the enhanced atomization, the possibi-
lity of performing spatiaily resolved measurements is
an additional advantage of this laser ablation method.

Second, the laser can also be used to enhance the
excitation/ionization processes in the discharge. The
usefulness of this laser enhancement was demon-
strated in a variety of application areas such as atomic
fluorescence (see before), optogalvanic effect spectro-
scopy [221,222] (i.e. the laser irradiation results in
alterations in the ionization rate of the discharge,
which are electrically detected by the resulting
changes in voltage or current), laser enhanced ionization
[222] (i.e. directly measuring the electrons released
when the ionization in the discharge is enhanced
due to laser photons) and resonance ionization

mass spectrometry [219] (i.e. the laser is used for
selective ionization enhancement of sputtered species
in the discharge, increasing both the sensitivity and
selectivity in GDMS). More information about these
techniques is given in Ref. [223].

3.3.4.2. Furnace atomization nonthermal excitation
spectrometry (FANES). As an analogy to the laser
ablation glow discharge technique, FANES makes
also use of an external atomization source (i.e.
thermal vaporization from a graphite furnace)
whereas the created atoms are excited and/or
ionized in the glow discharge plasma. The concept
of FANES was first proposed by Falk [224] who
used a low-pressure DC glow discharge with the
furnace playing the role of cathode (i.e. hollow
cathode; HC-FANES). Another type of FANES
system is based on a DC glow discharge in which
the furnace comprises the anode (i.e. hollow anode;
HA-FANES) [225]. The third type makes use of an RF
glow discharge and is described by Blades and by
Sturgeon and coworkers [226,227]. The latter
sources also have a hollow anode geometry, but
operate in helium at atmospheric pressure. These
three types of sources are markedly different from
classical glow discharge sources, i.e.: (1) sample
volatilization is accomplished thermally and the rate
of volatilization can be three orders of magnitude
higher than typical sputtering rates; (2) all three
FANES discharges involve ‘hot’ electrodes, with
temperatures ranging from 800 K to 2800 K; and (3)
the HA-FANES and RF-FANES operate at much
higher pressures than conventional glow discharges,
which results in a longer residence time for the analyte
atoms in the plasma. More details can be found in Ref.
[228].

3.3.4.3. Glow discharges enhanced by cross-
excitation

In conventional glow discharges, the majority of
the sputtered material is present as ground-state
atoms. To increase the number densities of excited
atoms and hence the emission line intensities and
the sensitivity in GD-OES applications, a laser can
be applied, as explained above, but also an auxiliary
discharge can be employed, leading to cross-
excitation or ‘boosted’ discharges. Several methods
of cross-excitation have been investigated, i.e. the
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application of: (1) a secondary DC discharge [229];
(2) an RF discharge [230]; and (3) a microwave dis-
charge [198,230,231].

3.3.4.4. Magnetron discharges. Another method to
improve the performance of a conventional glow
discharge, is based on magnetic enhancement. One
stmple device among magnetically enhanced glow
discharges is the magnetron glow discharge. In this
device, permanent magnets are used to form a
magnetic field of a few hundred Gauss in the
plasma. Electrons in the plasma are forced to move
in closed-loop trajectories parallel to the cathode
surface. Hence, the electron path length is increased
and the ionization of the discharge gas is significantly
enhanced. Therefore, the magnetron discharge can
operate at much lower pressures than conventional
discharges. Lower pressure operation provides higher
ion and electron kinetic energies, leading to higher
atomization and excitation/ionization efficiencies
and hence a better analytical sensitivity. However,
while the sputtering in a conventional discharge is
rather uniform, it is more or less confined to a ring
in the magnetron. The characterization of magnetron
discharges, both in DC and RF mode, and the
applications in combination with mass spectrometry
and atomic emission spectrometry are discussed, for
example, in Refs [232-236].

3.3.4.5. Gas assisted sputtering glow discharges.
Another way to increase the analytical sensitivity of
a glow discharge is to use a gas-jet discharge. As a
result of the gas jet impinging on the sample surface,
the sputter-ablation is improved by both reduced
redeposition and increased sample transport. This
results in a higher sputtered atom population in the
plasma and hence better analytical sensitivity. The
gas-jet glow discharge was first developed by
Bernhard in GD-AAS and has led to a commercially
available GD-AAS source (see above). This type of
glow discharge was also reported for other
applications in AAS, OES and MS [237-239].

3.3.4.6. Elemental composition mapping of solid
surfaces by glow discharges. A conventional glow
discharge cannot be used for elemental mapping
since the whole cathode is ablated at the same time
and an average signal output is obtained. However, in

a paper by Winchester and coworkers, an instrument
is described which sustains a number of glow
discharges simultaneously [240]. Each discharge
exhibits atomic emission lines, characteristic of the
sample surface beneath it. In this way, rapid macro-
scale (i.e. up to many tens of square centimeters)
elemental composition mapping of solid surfaces
can be performed, with a spatial resolution of about
1 mm.

3.34.7. A glow discharge using a solution as
cathode

An exotic type of glow discharge in which an elec-
trolyte solution is used as cathode and the anode is
placed at a distance of a few millimeters from this
solution was reported in the literature as forming the
basis of glow discharge electrolysis [241]. Recently,
such an arrangement has also been adapted as sputter-
ing source in analytical chemistry [242]. A stable
glow discharge was produced in atmospheric pressure
air, using water as a cathode. By sputtering of the
water cathode, the composition of water solutions
could be analyzed by GD-OES.

3.3.4.8. Glow discharges used in technological
applications

Although only glow discharge applications in ana-
lytical chemistry have been described up to now, it
should be mentioned for the sake of completeness that
glow discharges are even more extensively used in
other application fields, ranging from the microelec-
tronics industry (for plasma etching and modification
of surfaces and for plasma vapor deposition of thin
layers), to the plasma display panel technology (for
television and computer screens), the laser business
(sputtered metal ion hollow cathode lasers) and of
course the lighting industry (e.g. neon lamps).

4. Conclusion

Glow discharge spectrometry is gaining increasing
interest for the analysis of a variety of sample types,
using mass spectrometry, optical emission spectro-
metry, atomic absorption and fluorescence spectro-
metry and also in hybrid constructions, with lasers,
graphite furnaces, auxiliary discharges, magnetic
fields, etc. For good results in all these application
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fields, a clear insight in the fundamental glow dis-
charge processes is desirable. Although the concept
of a glow discharge seems to be quite simple, it is a
rather complicated plasma, existing of a variety of
plasma species, which can undergo a large number
of different collision processes. By means of model-
ing on the one hand (i.e. simulation of the behavior of
the plasma species) and plasma diagnostics on the
other hand (i.e. measuring characteristic plasma prop-
erties), a better insight in the complexity and variety
of plasma processes can be achieved.
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