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Abstract

This paper presents a critical review of analytical radio frequency glow discharge spectrdmiebS). The historical
foundations of rf-GDS are described, and current knowledge of the fundamental physics of analytical rf glow discharges is
discussed. Additionally, instrumentation, methodologies, and applications of rf glow discharge optical emission spedifometry
GDOES and mass spectrometryyf-GDMS) are reviewed. Although other rf-GDS techniques have appebred rf glow
discharge atomic absorption spectrophotométfyGDAAS)], the emphasis is placed upon rf-GDOES and rf-GDMS, because
they have received by far the most interest from analytical chemical metrologists. This review also provides explanations of some
developments that are needed for further progress in the field of analytical rf-GDS.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [2—4). This application may not be as large as some of
the other application fields described above. Neverthe-

Glow discharges are used in a wide variety of appli- less, it is important within the scope of modern analytical
cations in modern science and technoldgy. One of chemical metrology, and is likely to become more so in
the largest and most important fields of application is the future.
the microelectronics industry, where glow discharges are  The development and application of glow discharge
used for etching of surfaces to form topographical devices and associated spectroscopies for chemical anal-
surface features, as well as for depositing thin films. ysis began as early as the 1930s and 19/B§].
Similarly, glow discharges are used extensively in the However, glow discharges did not become a major focus
materials processing industries for deposition of various of research in many analytical chemistry laboratories
thin films, coatings, and surface layers, and may addi- yntil about the 1960s and 1970s. In general, research
tionally be employed for surface cleaning, pretreatment, jnterest has increased since that time. The research work
and modification processes. Still other applications conducted to date has been directed toward glow dis-
include use as the lasing medium in various types of charge source development and the fundamental study
lasers, such as metal vapor ion lasers, and as commony the physical characteristics of the analytical glow
light sources, such as fluorescent and neon lamps.gischarge, and toward the development and application
Finally, glow discharges are used as atomizat®@i- 4 g0y discharge spectroscopic techniques for various
tation/ionization sources for analytical spectrochemistry analytical applications.

*Corresponding author. In the usual analytical form, a glow discharge is a

! Deceased. plasma sustained between two electrodes that are
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immersed within a reduced pressure, inert gas environ- Analytical glow discharge spectroscopies have been
ment. The sample usually serves as the more negativelyapplied to a wide variety of problems. The most suc-
charged electrodéi.e. the cathode in a direct current cessful area of application, whether GDMS, GDOES, or
(d.c) glow discharge systemCommon discharge sup- GDAAS, has traditionally been bulk analysis of solid
port gas pressures are in the range 100—1500 Pa, andhaterials, especially conductive solids. However, in
the discharge support gas is typically Ar, though other recent years, depth profiling of layered surfaces has
inert gases are sometimes used. The plasma is initiateddecome a major area of applicati¢®,18. The impor-
when a high potential is applied between the two tance of glow discharge depth profiling in science and
electrodes. The application of the high potential causestechnology is likely to grow in the future, as instrumen-
the discharge gas to break down electrically to form tation and methods become more refined. Additionally,
electrons and positively charged ions. The positive ions glow discharges have been employed for the analysis of
are attracted toward the sample surface by the electricPowders[19], solutions[e.g.[20-22], and gasese.g.
fields within the plasma, and may reach substantial [23—-23], as well as for speciation studide.g. [26—
kinetic energies. When an ion strikes the sample surface28].

with sufficient energy, the transfer of momentum into = One of the most exciting and interesting developments
the atomic lattice structure of that surface may causein glow discharge analytical spectroscopies in recent
the release of surface material into the gas phase. Thig/éars has been the introduction of the radio-frequency
process is called ‘sputtering.” In reality, some sputtering (f) powered glow discharge devid8,29-33. Unlike

of the sample surface may also result from fast atom the more traditional d.c. glow discharge, the rf glow
bombardment, rather than fast ion bombardm@std]. discharge can be applied not only to samples that are

This is because the probability of symmetric charge electrically conductive, but also to those that are electri-

exchange between an accelerating positively charged ion€@lly non-conductive, whether bulk solids or layered

of the support gas and a neutral atom of the same typeMaterials. This added capability significantly broadens
is not necessarily insignificant, owing to the very short the applicability of analytical techniques that are based

mean free paths associated with commonly used supporfm the use of the glow discharge. Here we define an rt
gas pressures. glow discharge source to be one in which the radio-

Upon entering the gas phase environment of the glowfrequency fields provide the primary, if not the only,

discharge, the sputtered material may undergo a Iargeggwci;t}g 3?:;2'5 ;E)%plﬁzm;_g;;z daf:fg%%gzgt, Srllng\j/Id
number of collisional processes in the plasma. From an 9 9

analytical point of view, the most important processes discharge Source, in Wh'(.:h supplementary rf fleld_s are

. e . . employed in attempts to improve overall analyte signal
are electronic excitation by means of collisions with : 4
energetic plasma electrorfge. electron impact excita strengths. In 1994, Leis and Steers comprehensively
-nherg plasmé ' 1 Impact . reviewed the topic of boosted glow discharges, including
tion) and ionization by means of collisions with either

. . . T rf boosted sourceE34].
energetic electronsi.e. electron impact ionizationor E34]

tastabl . £ th e Penni The purpose of this review is to provide a critical
metastabie species of the support dgag. Fenning g5 yation of the current state of development of ana-
ionization). Owing to these important collisional pro-

) o Iytical rf glow discharge sources and analytical spec-
cesses, sputtered sample material may exist in the glow,

disch t . . lectronicall " trometries. We should emphasize that this israical
IScharge as aloms, 10ns, or various electronically €XCit- aviaw not aliterature review, and so our intention is

may also exist to varying degre¢s0-14, depending i pegin by tracing the history of development of rf
upon factors such as sample type, but are usually farg|o,, discharges leading into modern applications in
less abundanf17]. Glow discharge analytical spectro- gnaytical chemistry. Next, we will provide an overview
metric techniques are based on the detection and quanys analytically important rf glow discharge physical
tification of sample species within the plasma. Glow processes in ‘enough detail to give the unfamiliar reader
discharge optical emission spectromet@DOES is 3 working knowledge base. Then, we will describe
based upon the measurement of photons emitted byjnstrumentation, methodologies, and representative
excited state species in the plasma, while glow dischargeapplications for the important rf glow discharge analyt-
mass spectrometrfyGDMS) employs a mass spectrom- ica| techniques, which are rf-GDOES and rf-GDMS.
eter to extract and quantify plasma ions. Glow discharge (Rf-GDAAS will not be covered, because research
atomic absorption spectrophotometfGDAAS) relies interest has been minimal and no commercial instru-
upon the detection and quantification of sample speciesments have ever existedrinally, we will provide some

by means of absorption of photons. To date, GDOES conclusions and explanations of needed future develop-
and GDMS have received by far the most attention from ments. While some previously published reviews have
analytical spectrochemists, though a small amount of included discussion of some of these issues in more or
research has been directed toward GDAAS. less detail[1,30,33,35—3J to our knowledge this is the
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first review to take such a wide-ranging approach sputtering by positively charged ions. An important
devoted entirely to rf glow discharge analytical observation from Hay's work is that no sputtering

spectroscopies. occurred in a d.c. plasma or in a very low frequency
(60 H2) plasma. In 1948, Lodge and Stewart, who were
2. Foundations of development also associated with Robertson’s laboratory, performed

additional studies of high-frequency plasnid4]. Spe-

A study of the history of the development of many cifically, they compared such plasmas with d.c. plasmas,
analytical chemical techniques reveals that analytical and provided further evidence that the removal of
chemists often borrow ideas, knowledge, or devices various materials, including electrically non-conductive
from seemingly unrelated fields, in order to adapt and materials like glass and polystyrene, in high-frequency
refine them for applications in chemical analysis. Cer- discharge tubes was due to sputtering by positively
tainly, analytical chemists are not alone in this practice, charged ions.
as scientists and engineers in many other fields of study Other important fundamental work on rf plasmas was
have also been known to borrow from unrelated fields, conducted during the 1950s and 1960s at Stanford
in order to advance their own endeavors. This sort of University in the United States. Many experimentalists
cross-fertilization is a healthy, desirable, and necessaryhad previously observed that when a plasma is struck
characteristic of the progress of science and technology.inside a discharge tube and radio-frequency potentials

Much of the initial development and fundamental are then applied to electrodes mounted externally to the
understanding of rf plasmas was actually undertaken bytube, the luminous portion of the plasma apparently
scientists and engineers involved with fields of study constricts inwardly toward the tube axis, leaving a thick
such as atomic, plasma, and solid-state physics longand relatively less luminous region adjacent to the inner
before analytical spectroscopists became interested inwalls of the tube[42]. At first, this phenomenon was
the possibility of employing rf glow discharge devices attributed to plasma confinement induced by the radio-
for chemical analysis. Rf plasmas have been studiedfrequency fields. However, it was soon realized that this
since at least the 1920s. In fact, in a 1970 review papercould not be the case, because the rf frequencies were
on the topic of rf plasma sputtering, Jackson speculatedalways much lower than the plasma frequencies associ-
that ‘it is probable that rf sputtering occurred in equip- ated with the particular plasmas under investigation. The
ment used in the late 1920s by scientists investigating correct interpretation of the observations was suggested
rf plasmas’[38]. His speculation was based on the fact by Sturrock in 1958/43], and then confirmed through
that rf sputtering is well known to take place in similar research work performed by Butl¢44] and Butler and
modern equipment. As we shall see, rf sputtering is Kino [45] in the early 1960s. By using a metal ring-
probably the most important characteristic of rf glow electrode positioned inside the discharge tube to measure
discharge devices for applications in analytical chemis- the electric potentials adjacent to the tube walls and a
try. Whether or not rf sputtering was occurring in such Langmuir probe to measure plasma ion and electron
equipment during the 1920s, the first recorded observa-characteristics, it was concluded that the apparent con-
tion of sputtering in rf plasmas is probably that of striction of the luminous portion of the plasma toward
Robertson and Clapp in 19339]. Upon striking an rf  the tube axis was due to the development of a large
discharge inside a quartz tube filled with air to a pressure negative d.c. wall potential that induced the formation
of a few hundred Pascals by means of externally of a positive ion sheath adjacent to the walls. The
mounted electrodes, they observed that thin Ag layersnegative d.c. wall potential was explained as a natural
deposited upon the inner walls of the tube were effec- consequence of the fact that plasma electrons are much
tively removed in the vicinity of the electrodes. More- more mobile than positively charged plasma species,
over, they noted that the inner surface of the glass tubewhile the net current flow to the electrically non-
itself was also altered by the rf plasma, whether or not conductive walls, averaged over time, must be zero.
Ag layers were initially present. A few years later in These insights were very important, because they
1938, Hay, working under Robertson’s direction, con- accounted for the previously noted positive ion sputter-
ducted a fairly detailed study of this phenomeridf]. ing of the walls of the plasma tubes.

Radio-frequency discharges were maintained within Meanwhile in 1955, Wehner suggested a practical
tubes filled with air, N , Q , or H , at pressures ranging arrangement for performing controlled sputtering of
from 10 Pa to 470 Pa, by means of externally mounted electrically insulating solids[46]. He suggested the
electrodes. Thin metallic films of Ag deposited onto the application of high-frequency potentials to a metallic
inner walls of the discharge tube were removed from electrode that is placed in contact with the back side of
some regions and redeposited onto other regions, creatthe insulator to be sputtered, with both the backing
ing geometric patterns that depended upon frequency,electrode and insulator being immersed in a low-pressure
pressure, tube diameter, and the nature of the dischargglasma sustained independently by other electrodes, as
gas. Hay correctly attributed the removal of material to illustrated in Fig. 1. Wehner reasoned that this approach
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MAIN While the work was certainly preliminary, it nonetheless
ANODE implied the potential of the rf glow discharge in general,

and rf-GDMS in patrticular, for this sort of application.
The same research group published two additional
papers on the subject in the mid-1970s, in which other

example applications and more fundamental studies of
the method were presentd¢f0,51. At about the same
. PLASMA time, Donohue and Harrison investigated the use of an
DIELECTRIC~__ — rf glow discharge device, in which 'ghe sample took the
TARGET form of a hollow cathode, for analytical mass spectrom-
etry [52]. They showed that the device could be used
H.F. to generate mass spectra of both electrically conductive
INPUT and non-conductive samples. This would be the last
P publication concerning analytical rf glow discharge spec-
"‘;'EZ_’?"E- trometry in the peer-reviewed scientific literature for 14
years.
In the mid-to-late 1980s, glow discharge spectrometr-
ists in both the United States and Europe once again

became interested in exploring the potential of the rf
Fig. 1. Typical arrangement for rf sputtering of dielectric solids glow d'SCha_rge fOIj apphcat'_ons in analytical Chem'Str_V'
described by Anderson et al. {Fig. 1 in Ré#7]; reprinted with kind At Renault in Paris, Chevrier and Passetemps applied
permission of the American Institute of Physics and the authors.}.  radio-frequency potentials to samples mounted onto a

glow discharge device of the Grimm geometry, which
would provide effective compensation for any accumu-
lation of charge on the surface of the insulator through

the establishment of a controlled d.c. negative surface Area=1.267 cm®> |
potential, thereby providing nearly continuous positive- EuO ot
ion sputtering of the insulating surface. Conceptually, al- §
the arrangement suggested by Wehner, as well as his ) Fe\{ Euo L
explanation of its operation, were very similar to those Fugs!elgdiﬁ“;e"z \T

described at Stanford University. Seven years later in
1962, Wehner and his colleagues demonstrated the
potential usefulness of his design by sputtering quartz,

3
diamond, and sapphirel7]. 2 | a
In 1966, Davidse and Maissel introduced a modifi- & N a a
cation of Wehner’s device that employed the combina- § |& 3 = PREIN Fe* (X70)
tion of the backing electrode and insulating solid as one E
of the plasma-sustaining electrodds$]. This somewhat =
simpler two-electrode system was developed and dem- § 2
onstrated for depositing thin dielectric films. While :’;
intended primarily for the sputtering of electrically €

insulating materials, the device could be used for sput-
tering electrically conductive solids, as well. Spurred on
largely by the requirements of the microelectronics 1
industry, development of this and other related rf glow
discharge devices has continued to the present day. As

we shall see, analytical spectrochemists have benefited
greatly from these developments.

The first use of the rf glow discharge for analytical 0 N l 1 l 1
spectrochemistry appeared in the peer-reviewed scientif- 40 80 120 160 200
ic literature in 1971, when Coburn and Kay demonstrat- time (minutes)

ed the use of an rf powered glow discharge sputtering _ _ )
device, coupled with a quadrupole mass spectrometer':'g' 2. Depth profile obtained by Coburn and Kay using rf-GDMS.

for th | tal IVsi f thi h | 'Discharge pressure was 8.1 Pa Ar; applied discharge rf power was
or the elemental analysis o IN suriace layers as a g\ The sample is graphically described in the inset. {Fig. 2 in

function Of_depth beneath the S_UrfaBEg]- An eXamI?'e Ref. [49] reprinted with kind permission of the American Institute of
depth profile from the paper is presented in Fig. 2. Physics and the authors.}
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Fig. 3. Numbers of publications per year relating directly to the topic of analytical rf glow discharge spectrometry published in peer-reviewed
scientific journals for the years 1989 through 2002. It should be emphasized that only English language papers in which analytical rf-GDS is a
primary focus have been included. Other papers, in which rf-GDS is of secondary interest, have also been p(dliio¢al. numbers of
publications;(b) Numbers of publications categorized according to the indicated subtopics. Most of the papers in the ‘Other’ category are
publications on rf-GDAAS. These results were obtained by means of a literature search conducted using the Web of Sciendgnstit4ig.1

for Scientific Information, Philadelphia, Pennsylvania, USA

was originally designed for d.c. operation orj§3,54. and colleagues resulted in important papers in the late
Their experiments demonstrated the usefulness of this1980s and early 1990$56-64, and patents were
approach, and a patent on the new rf-powered glow awarded[65,66.

discharge device was awarded in 1988]. At the same The decade of the 1990s witnessed significant growth
time these events were taking place in Europe, Marcus’ of research interest in analytical rf glow discharge
research group at Clemson University in the United spectrometry, as illustrated in Fig. 3a. The numbers of
States was independently developing and studying thepublications since the 1990s seem to indicate a decline
characteristics of a glow discharge device designed of interest over the past two or three years, though this
specifically for rf operation and intended for applications by itself may be inconclusive. The research publication
not only in GDOES, but also in GDMS and GDAAS totals are broken down into categories in Fig. 3b. As
(with some minor modifications The device was sim-  shown, research interest in rf-GDMS peaked around the
ilar in many respects to the Grimm design, but differed middle of the 1990s. This is probably the most important
in some important details. The research work of Marcus cause of the apparent peak in Fig. 3a. Returning to Fig.
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3b, the data imply that research interest in rf-GDOES more subtle differences, as well, such as the number
may now be leveling off. However, this by itself may densities and energy distributions of charged particles.
also be inconclusive. The survey is inherently subjective These sorts of subtle effects can lead to differences in
and incomplete. Notably, publications in which rf- the efficiencies of important physical processes, such as
GDOES appears as an applied research componentexcitation and ionizatior8,9,30,68—71L
rather than being the main focus of study, are likely to  Only a few years ago, almost all knowledge of rf
have been missed. As the numbers of commercial rf- glow discharge physical processes was derived from
GDOES instruments in the field continues to rise, and experiments with rf glow discharge devices designed for
as methodologies become more advanced and useful fouse in fields other than analytical chemistry, primarily
‘real world’ applications, the numbers of such papers the microelectronics industry. This was an unfortunate
would be expected to increase. Certainly, additional time situation for the analytical spectrochemist, because the
is necessary to evaluate reliably the trend of researchconclusions drawn from experiments conducted in other
interest in rf-GDOES. fields may not always be wholly transferable to the
analytical rf glow discharge device. This is due to the
3. An overview of radio frequency glow discharge fact that rf glow discharge devices employed in other
processes fields may differ significantly from those employed by
analytical spectrochemists, most notably in the operating
It is well known among analytical glow discharge pressure of the support gas. Rf glow discharge devices
spectrometrists that the analytical rf glow discharge is used in the microelectronics industry, for example, are
very similar to the more traditional d.c. glow discharge usually operated at pressures much less than 100 Pa,
in many respects. The similarities are both wide-ranging where Ar mean free paths may be greater than 0.1 mm.
and deep. For example, in terms of visual appearance ,Analytical sources, on the other hand, may be operated
both the discharge devices and the glowing plasmaswith gas pressures in excess of 1500 Pa, where Ar mean
themselves are essentially indistinguishable at first free paths may be shorter than jLén. Additionally, the
glance, making it easy to mistake one for the other. precise geometries of the electrodes may differ some-
Without careful examination, the only sure way to what. Fortunately, experience has shown that the quali-
determine whether a given glow discharge device or tative principles governing discharge operation generally
plasma is of the d.c. or rf type is to take a look at the remain unchanged by such variations in source design
power supply and any associated equipment used toand operating conditions. However, quantitative num-
sustain it. The extreme similarities can be extended to bers, such as electron densities, may be dramatically
the basic plasma physics, at least to a first approxima- affected.
tion. For instance, in both types of discharge, sample In recent years, a humber of fundamental studies of
material is introduced into the gas phase through sput-analytical rf glow discharge devices have been reported
tering. Additionally, in both discharge types, sputtered in the scientific literature. These include both empirical
material is thought to be electronically excited primarily studies[30,70,72-76,80and computer modeling exper-
through electron impact excitation and ionized by means iments[1,8,9,68,69,77—79 Comparing these two gen-
of either electron impact or Penning ionizatid&7]. eral approaches, empirical studies have the advantage
Finally, d.c. and rf glow discharges are also similar in that physical parameters of interest are actually measured
terms of their overall analytical performances. For exam- using real equipment in the laboratory. An example is
ple, the two types of discharge are for the most part the measurement of electron and ion characteristics by
prone to the same types and magnitudes of interferencesneans of Langmuir probes. Because parameters are
and matrix effects. Further, many analytical figures of actually measured, empirical studies are sometimes
merit, such as precision, accuracy, sensitivity, and detec-assumed to be more accurate. However, it must be noted
tion limits (DLs), are similar. Owing to the breadth and that the measurement process itself may in some cases
extent of similarities, the rf discharge has been describeddisturb the system under study. Additionally, there may
as a d.c. discharge with a superimposed high-frequencybe uncontrollable or even unknown factors that influence
field [59]. the data, such as the fraction of rf power that is
Even though d.c. and rf glow discharge devices and ultimately lost to stray impedances. Consequently, the
plasmas are extremely similar in many ways, there areresults of empirical measurements must be carefully
also some important differences related to the physicsinterpreted. The computer modeling approach has the
of high-frequency fields. Undoubtedly, the most impor- advantage of flexibility, since almost anything can be
tant difference from an analytical point of view is that done in the computer. For instance, a computer model
the rf glow discharge device can be used to sputter bothmay be used to estimate physical parameters that are
electrically conductive and insulating solid samples, difficult or impossible to measure empirically, such as
while the d.c. glow discharge device can be applied the contribution of fast Ar atoms to sputtering. However,
only to conductive materials. However, there are other the data derived from a given computer modeling
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potential is large enough, the support gas within the
discharge cell will break down electrically, thereby

igniting a plasma. Drawn by electric fields within the

[~ Counter-electrode plasma, positively charged ions will bombard the insu-
lator. This bombardment will cause the surface potential
to rise toward zero, due to the ejection of electrons from
the surface, as well as the neutralization of the bom-
barding ions at the surface. No net current can flow
through the insulating solid. As a result, the electrons
O-ring lost from the surface due to ion bombardment cannot
be replenished. The surface potential will continue to
rise until it becomes too small to sustain the discharge

Insulating Sample

Backing Eledrode\

RF Power Supply and the plasma is extinguished.
|| ~ In order to sputter insulating materials effectively, it
I N is essential to restore continuously the electrons lost
Blocking Capacitor — from the surface due to ion bombardment, such that the

necessary negative surface voltage can be maintained.
Fig. 4. Conceptual diagram of a typical rf glow discharge device used Radio-frequency excitation applied to the backing elec-
for analytical spectrochemistry, illustrating the arrangement for an {rade in the arrangement pictured in Fig. 4 enables the
electrically insulating solid sample. required restoration of electrons. This is because the
. . application of rf excitation causes the surface to be
experiment are only as goqd as th? model itself, and thzbombarded alternately by positive iomaad electrons.
uncer.tamt.le's assomateq with the input parameters an Electrons that are lost to positive ion bombardment in
any simplifying assumptions must be carefully assessed.one half-cycle are restored by electron bombardment

S(;l:r;n%tet(r)n:gZZﬁn klgsser(i)rfnele[I:ﬁwnjsisélstgier;stglrtsre?; OIduring the succeeding half-cycle. The rf excitation is
P g €xp P usually sinusoidal and bipolar. Therefore, it would seem

with care. T(.) summarize, both the empirical and com- ogical that the duty cycle for ionic bombardment, and,
puter modeling approaches have advantages and disad;

e . o )
vantages. It is prudent to view each approach as a herefore for sputtering, is necessarily 50%. Fortuitously,

valuable research tool, but appropriate caution in the the arrangement shown in F'g'. 4 e”".*b'es insulating
interpretation of results is warranted. sample§ fo be sputte.red. almost, if natp ”"”‘.)”Sly 8

In the following subsections, we seek to provide a Con_S|der the appll_catlon of a blpolqr, smusou_jal, _rf
basic understanding of the physics that govern the potential to the backing electrode, as illustrated in Fig.
analytically important processes occurring in the rf glow
discharge device. Such understanding is helpful for
comprehending the basic analytical characteristics and
capabilites of rf glow discharge analytical
spectrometries.

AAAAARAAALD o
VVVVTTVTVTY

(=]

3.1. Sputtering in the radio-frequency glow discharge

Applied potential,V

As noted earlier, the analytical rf glow discharge
device can be used to sputter both electrically conductive
and non-conductive solid samples. In order to explain
this important capability, we make use of the diagram
of a typical analytical rf device presented in Fig. 4,
where an insulating sample has been assumed. Th (\ {\ i "‘S‘GadV‘S‘a‘ef’
arrangement in the figure is conceptually the same as&o N P P P Time
that of Wehneir{46] and Davidse and Maissg#8g]. It is \/ U V\/ Do self-bias
useful to consider first what happens when a negative - ~~~potential
d.c. high voltage is suddenly applied to the backing
electrode. When the voltage is applied, electric dipoles
within .the insulating material Wll.l align, causmg the Fig. 5. Establishment of the d.c. self-bias potential in an analytical rf
potential on the surface of the insulator opposite the glow discharge devicdla) Rf potential applied to the backing elec-

backing eleCtrOdle to d"Op_inStantanGOUSW_ to approxi- trode of Fig. 4:(b) Resulting potential on the surface of the insulating
mately the applied potential. If the resulting surface sample opposite the backing electrode.

téRtial,v

Surface
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I-V Curve
I-V Curve
Excess
Electron
Current
Current
Zero Net
Current
t 7 t
v / DC Shift
S rf
-
i RF Signal
(a) {RF Signal (b) q t

Voltage

Fig. 6. Establishment of the d.c. self-bias potential in an analytical rf glow discharge device using the electric probe model of Butler and Kino.
(a Initial condition at onset of sinusoidal, bipolar, rf excitatibmote excess electron currgnfb) Steady-state conditiotnote zero net current

and the d.c. shift in the time-averaged surface potent{#ldapted from Fig. 2 in Ref[45]; reprinted with kind permission of the American
Institute of Physics and the authors}.

5. As shown in the figure, in the initial cycles of rf more negative than the floating potential, there is a net
excitation the potential on the surface of the insulator flow of positive ions to the surface. Likewise, when the
opposite the backing electrode shifts to more negative surface potential is positive with respect to the floating
values. This results from the fact that the electrons in potential, there will be a net flow of electrons. Because
the plasma are much more mobile than the positively of the shape of the probe characteristic, the electron
charged ions. As illustrated in Fig. 5b, after some period current is much higher than the positive ion current for
of time, a steady state condition is reached, in which similar absolute deviations from the floating potential.
the surface potential is negative for a very large majority This is a result of the very different mobilities of the
of the rf cycle. The time-averaged surface potential that particles.
results is called the ‘d.c. self-bias potential,” or simply ~ As shown in Fig. 6a, the application of a bipolar
‘d.c. bias’ or ‘offset.’ It is the establishment of this d.c. sinusoidal excitation voltage to the surface results in the
bias that enables an insulating surface to be sputteredlow of positive ions to the surface during the negative
almost, if not, continuously in an analytical rf glow half-cycle, and electrons during the positive half-cycle.
discharge device. One research group found that approxBut notice that there will be a substantial excess of
imately 3400 rf cycled0.25 ms at 13.56 MHzwere electron flow, owing to the probe characteristic. The
required for the establishment of the d.c. bias in their insulating surface cannot conduct this excess current,
analytical rf glow discharge devidé&qQ]. and so the surface potential will become negative just
The formation of the d.c. bias can also be understood enough to ensure a time-averaged net current of zero,
by considering the surface of the insulating sample to as shown in Fig. 6b.
act like an electric probe, such as would often be used At this point, we should emphasize that both
in plasma diagnostics. This approach to understandingapproaches to understanding the formation of the d.c.
the establishment of the d.c. bias was originally bias potential and the sputtering of insulating surfaces
described by Butler[44] and Butler and Kino[45]. are based upon several important assumptions. Specifi-
Referring to the probe characteristic in Fig. 6a, the cally, it is assumed that the rf glow discharge device is
surface potential at which the surface draws no net designed to be geometrically highly asymmetric, mean-
current, known as the floating potential, is usually a few ing that the ratio of the effective electrode surface areas
volts negative with respect to the plasma potential. At is large. Also, it is assumed that the sample to be
the floating potential, the flow of electrons to the sputtered serves as the smaller electrode. Finally, the rf
insulating surface is impeded by the potential difference power used to sustain the discharge is assumed to be
between the surface and the surrounding plasma justcapacitively coupled and applied to the sample. So long
enough to ensure equivalent electron and positive ionas these characteristics apply, the above discussion
fluxes to the surface. If the surface potential becomes pertains equally to the sputtering ednductive materi-
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als, in that a d.c. bias will be formed and the conductive charged ions may continue during the most positive
sample can be effectively sputtered. However, the back-portion of the rf cycle[68]. Second, as described above,
ing electrode is unnecessary when sputtering conductivesputtering may occur through bombardment of the sam-
samples. ple by fast atoms of the discharge support gas. Being
It should also be noted that the rf excitation frequency neutral in charge, such atoms are unaffected by the
is an important factor in enabling efficient sputtering changing fields.
and maximizing the d.c. bias potential. For analytical = Upon being sputtered from the sample surface in an
spectroscopy, it has been suggested that frequencies lesanalytical glow discharge device, there is a substantial
than a few megahertz should not be u§&d. Analytical probability that a given sputtered particle will be colli-
rf GDOES devices are usually operated with 13.56 MHz sionally returned to the surface. The fraction of sputtered
power, but other frequencies have also been employedmaterial that is redeposited in this way in a d.c. glow
[e.g.[81-84]. discharge has been estimated experimentally to be as
Further insights into the physical process of sputtering high as 94% under some sets of discharge conditions
in analytical rf glow discharge devices have been gained [85]. However, this estimate is highly uncertain, because
through computer modeling experiments. Bogaerts andof the lack of knowledge about such important factors
Gijbels modeled the sputtering of a Cu sample in both as the kinetic energy distributions and directionalities of
d.c. and rf glow discharges under typical discharge the ions and fast atoms bombarding the surface. More
conditions of 670 Pa Ar and approximately 38 W recent computer modeling results have indicated some-
discharge powel8]. They estimated the sputtering rates what smaller redeposition rates, on the order of 60—
due to bombardment of the sample surface by Ar , 70%, for both d.c. and rf glow dischargég]. At first
Ar?, and Cu" , where Ar is a fast Ar atom produced glance, it would seem that such high redeposition rates
through symmetric charge exchange within the plasmawould reduce the usefulness of glow discharge spectro-
sheath that forms adjacent to the sample surface. Asmetric depth profiling, which relies upon the layer-by-
explained in the next subsection, this plasma sheath islayer removal of surface material through sputtering.
very important. This is because it is characterized by a Nevertheless, as we will see in later sections of this
strong electric field that is responsible for the accelera- review, experience dictates that any negative conse-
tion of charged patrticles toward or away from the sample quences of the redeposition of sputtered material are
surface. Interestingly, the results of the computer mod- minimal. Finally, we should mention that sputtering
eling experiments indicated that, for the system underrates measured in the laboratory are inherently net
study, most sputtering is produced byfAr bombardment sputtering ratesi.e. absolute rates reduced by redepos-
(69.5% for rf; 68.8% for d.0. The contribution to ition rate9.
sputtering made by Ar was found to be far 1€$8.3%
for rf; 19% for d.c), while that for Cu was found to  3.2. Radio-frequency plasma sheaths
be the same for both modes of operatidrR.2%). Fast
Ar atoms have the smallest kinetic energies of the In both d.c. and rf glow discharges, sheaths form
bombarding particles under consideration, because theyaround the surfaces in contact with the plasma. The
cannot gain energy from the electric field within the sheaths are characterized by the presence of electric
sheath. As a result, one might assume that the relativefields, positive space charge, and relatively low electron
contribution of AP to sputtering would be far less. The densities. Due to the low electron densities associated
observed dominance is the result of rapid production of with the sheaths, relatively little electronic excitation
Ar? within the plasma sheath, owing to the favorable occurs within them. For this reason, they emit little light
efficiency of symmetric charge exchange. Finally, note compared to the glowing portion of the plasitia. the
that the pairs of percentages for the two modes of negative glow, and so they appear relatively dark to
operation quoted above are almost identical. This is onethe human eye. This is why the sheaths are often called
more indication that d.c. and rf glow discharges are ‘dark spaces.’” This common practice is more a matter
extremely similar. of convenience in communication than technical accu-
Another interesting result from computer modeling of racy, since a ‘dark space’ is simply the optical result of
analytical rf glow discharges is that the sample surface the presence of a sheath. Depending upon discharge
may in fact be sputtered continuously, even throughout conditions, typical sheath thicknesses are in the range
the portion of the rf cycle during which the potential on 100 pm to 1 cm.
the surface of the sample is most positive. There are at Consider a negative d.c. high potential applied to the
least two probable reasons for this. First, the positively cathode(sample in a d.c. glow discharge device, as
charged ions that are being accelerated toward theillustrated in Fig. 7a. A sheath forms adjacent to the
sample surface for most of the rf cycle cannot react sample surface, because the negative potential on the
quickly to the changing electric fields within the plasma. surface repulses plasma electrons, creating a region of
As a result, bombardment of the surface by positively high net positive space charge. In a d.c. discharge, this
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sample surface, accelerating them into the negative glow

(a) Sheaths region of the plasma. This acceleration of electrons is a
/ \ very important process for sustaining the plasma,

-H.V. because it serves as the principle source of energy flux
I‘”._ Negative Glow into the negative glow in a d.c. discharge. Electrons
1 accelerated through the cathode dark space may origi-

= nate from the sample surface itself, having been sput-
tered as secondary electrons. Such electrons can gain
very high kinetic energies from the field within the
sheath. In addition to the secondary electrons, some
electrons that are accelerated into the negative glow
may originate from ionizing collisions within the cath-
ode dark space. Such electrons enter the glow region
with lower average kinetic energies than the secondary
electrons, due to the fact that they originate closer to
the interface between the cathode dark space and the
Fig. 7. (@) Conceptual diagram of an analytical d.c. glow discharge negative glow, therefore experiencing a smaller potential
device, illustrating the plasma sheaths at both electrodes. In an actuadifference.
device, the negative glow region is not homogeneous and may ormay ~ Referring again to Fig. 7a, note that a sheath also
not extend into the immediate vicinity of the anod_e, depending upon forms at the anode surface in an analytical d.c. gIOW
the precise geometry of the source and the discharge conditionsyisoparge device. Unlike the cathode dark space, this
employed.(b) Distribution of electric potentials along the axis of the - . ’
device. The magnitude of the plasma potential in the negative glow sheath is not caused by repulsion of electrons from the
region is exaggerated for illustrative purposes. surface. Rather, it is the result of the fact that electrons
diffuse out of the plasma more rapidly than positively
charged ions, leaving a small net positive space charge
(i.e. plasma potentialin the negative glow region. The
resulting difference between the plasma potential in the
glow and anode surface potential creates the weak
electric field that characterizes this sheath. It is note-

G

<  Potential

I

sheath is commonly called the ‘cathode dark space.’
Owing to Debye shielding, most of the potential applied
to the sample surface is dropped within the cathode
dark space, leaving the negative glow region of the

plasma relatively field-free, as shown in Fig. 7b. The \,hy that the magnitude of the plasma potential
strong electric field within the cathode dark space ,qqociated with the glow is limited by the phenomenon

accelerates positive ions toward the sample surface 10yt o myinolar diffusion, which reduces the diffusion rates

sputtering energies. Computer modeling has shown thatyt glectrons leaving the plasma to approximately the ion

most of the sputtering ions originate near the interface itusion rates[86].

between the cathode dark space and negative gfgw Now, consider the application of a sinusoidal, bipolar,
An ion that starts from rest at this interface and travels rf potential to the sample in an analytical rf glow

the full thickness of the sheath undisturbed will strike discharge device. So long as the device is geometrically
the surface with an energy d_etermlned_by the difference highly asymmetric and capacitive coupling is employed,
between the plasma potential at the interface and they pegative d.c. bias potential is established on the sample
surface potential. However, ionic mean free paths asso-gyrface for both conductive and insulating samples, as
ciated with common analytical glow discharge gas pres- shown in Fig. 8. The spatial distributions of electric
sures and temperatures are very short, on the order ofyotentials within the discharge have been modeled for
10 pm. Therefore, scattering and charge exchange col-several different analytical rf devices and sets of dis-
lisions within the cathode dark space usually result in charge conditiong9,68,78. The results of these com-
significantly lower ion energies, as the modeling exper- puter modeling experiments indicate that the overall
iments have also showf7]. Fast atoms created through shapes of the potential distributionst3/2, and 27
charge exchange within the sheath have still lower during the rf cycle are very similar to those depicted in
energies, because they continually lose energy throughrig. 7b for the d.c. glow discharge device. Obviously,
further collisions, but are unable to gain additional however, the magnitudes of the potentials vary in time.
energy from the electric field. As discussed in the In contrast, the results indicate a very different situation
preceding subsection, sputtering by fast atom bombard-at 77/2 in the rf cycle, when the potential on the surface
ment is nonetheless thought to be responsible for a largeof the sample is most positive. At this point in time, the
fraction of the total sputtering of the sample surface, plasma sheaths at both surfaces are thick and diffuse,
because of the relatively large flux to the surfd8g and the electric fields within them are quite weak. This
As stated before, the strong electric field within the means that the plasma sheaths present in an analytical
cathode dark space repulses electrons away from theaf glow discharge are modulated at the rf excitation
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Fig. 8. Theoretical potential on the sample surface in an analytical rf glow discharge device as a function of the phase of rf excitation. Rf peak-
to-peak potentiak 2000 V; d.c. self-bias potential —900 V.

frequency, both in terms of thickness and electric field in part on the phase at the moment of impact. This
strength. results in a broadening of the associated distribution of
The rf modulation of the plasma sheath adjacent to ion kinetic energies at the sample surface.

the sample surface can have consequences in terms of The kinetic energy distributions of positively charged
the kinetic energies of positively charged ions that ions bombarding surfaces in contact with rf glow dis-
bombard the surface. Rf excitation frequencies that arecharges have been studied using mass spectrometry.
commonly used in analytical discharge devices are Coburn and Kay[87] sampled ions through a small
usually far below the electron resonant frequency, but orifice in a planar electrode and measured the distribu-
may be above the resonant frequencies for positivetions for three specietsee Fig. 9. Note that none of
support gas ions, under commonly used discharge con-the species were likely to undergo charge exchange
ditions. Consequently, a support gas ion within the collisions in the plasma. As shown in the figure, narrow-
sheath may oscillate back and forth in response to theer distributions were measured for heavier ions. This is
oscillating excitation potential as it transits the sheath. because heavier ions cannot respond to the changing
Even if it does not change direction of motion, its electric field as quickly as lighter ions. Therefore, the
kinetic energy may still be modulated. In either case, kinetic energies of the heavier ions are determined to a
the energy with which it strikes the surface will depend greater extent by the average sheath field due to the d.c.
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Fig. 9. Kinetic energy distributions of three ionic species sampled through a grounded surface in an rf glow discharge device. {Fig. 11 in Ref.
[87]; reprinted with kind permission of the American Institute of Physics and the authors.}
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self-bias potential, rather than by the oscillating field. mechanisms are operative. Whether or not one domi-
In contrast, very light ions are dramatically affected by nates over the other often appears to depend on the
the oscillating field, and, therefore may have very broad discharge conditions and location within the plasma
energy distributions. Coburn and Kay sampled the ions [56,91. Of course, the identities of the collision partners
through the grounded electrode in their system. The rf are important, as well. For example, Ar in the electronic
modulation in the energy distributions of the lighter ions ground state cannot readily be ionized by the Penning
is the result of rf modulation of the plasma potential. process in an Ar plasma. This is because the ionization
The energy distributions of ions bombarding the pow- potential of Ar is far greater than the excitation potentials
ered electrode in the system would probably have beenof the Ar metastable states, and the large energy deficit
similarly broadened. It is noteworthy that these results cannot usually be provided by kinetic energy. For this
were obtained using equipment designed for use in thereason, Penning ionization is important only in terms of
microelectronics industry. the ionization of analyte atoms in the analytical glow
Christopher et al. measured the kinetic energy distri- discharge.
butions of positively charged ions sampled through an  Although the excitation and ionization mechanisms
orifice in a grounded sampling cone in an analytical rf are the same in rf and d.c. glow discharges, ionization
glow discharge systeni76]. The distributions were in the rf discharge is apparently more efficient. One
measured by means of an electrostatic energy analyzesupporting observation is that the rf discharge can be
mounted directly behind the sampling cone. Unfortu- operated at pressures well below 1 Pa, while the d.c.
nately, the instrumentation did not allow discrimination discharge normally cannot be maintained at pressures
of the various ionic species, and so the measuredbelow approximately 100 Pa. Whether through electron
distributions corresponded to total ion currents only. The impact or the Penning process, ionization efficiencies
ion kinetic energy distributions obtained were generally are ultimately determined by the plasma electrons. Larg-
bimodal, with a larger peak at very low energies and a er electron number densities and energies produce faster
smaller peak at high energies. While the shapes of theelectron impact ionization rates. However, they also
distributions imply the possibility of rf modulation result in larger densities of metastable atoms, which in
broadening, the data are inconclusive. This is becauseturn produce faster Penning ionization rates. Conse-
of the possibility of overlapping distributions for differ- quently, the more efficient ionization associated with the
ent ionic species. rf discharge suggests higher electron densities and
At this point in time, it is impossible to know for energies.
sure whether the kinetic energy distributions of ions  Charged particle populations in analytical glow dis-
bombarding sample surfaces in analytical rf glow dis- charge devices have been studied both experimentally
charge devices are significantly broadened by rf modu- and through computer modeling. The most complete
lation. Certainly, the prevalence of scattering and chargeexperimental characterizations have been carried out
exchange collisions within rf sheaths would tend to using Langmuir probe techniques at Clemson University
mask the effects of rf modulation for ions of the support in the United States. Notably, the Clemson researchers
gas, even at pressures as low as a few tens of Pascaleave compared charged particle populations in analytical
[88—90. Also, data reported in at least one paper imply d.c. and rf glow discharges using the same discharge
that Ar*, the usual bombarding ion in analytical appli- device, simply by switching the power supd30]. This
cations, is too massive for significant rf modulation approach helps to mitigate confounding effects attribut-
broadening at the normal operating frequency of 13.56 able to source design, making the comparisons more
MHz [90]. At any rate, even if ion kinetic energy meaningful. Typical results from these studies are sum-
distributions are significantly rf modulated, it is unlikely marized in Table 1. As shown, the electron and ion
that serious analytical consequences would result. Onedensities associated with the rf discharge are found to
possible consequence is that sputtering efficiencies couldbe slightly lower than those associated with the d.c.

be affected. discharge. In contrast, computer modeling of d.c. and rf
glow discharges predicts slightly higher charged particle

3.3. Excitation and ionization in the radio-frequency densities in the rf dischargks8]. The lower densities

glow discharge observed experimentally could be the result of uninten-

tional power losses in the rf mode, such that the actual
As stated earlier, the excitation and ionization mech- rf power dissipated in glow discharge processes might
anisms that characterize the rf glow discharge are thebe reduced.
same as those that characterize the d.c. discharge. Referring again to Table 1, the most obvious differ-
Specifically, electronic excitation is primarily the result ence between the d.c. and rf operational modes is that
of electron impact collisions, while ionization is caused the electrons in the rf discharge are significantly more
primarily by either electron impact or Penning collisions. energetic. The much higher electron energies seem to
In any particular glow discharge, both of these ionization be the source of the higher ionization efficiencies in the
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Table 1
Comparison of charged particle characteristics in the same glow discharge device operated in rf and dc modes, determined using Langmuir probe
techniques. {Table 2 in Ref30], reprinted with kind permission of the author and the publisher.}

Parameter rf d.c.

Electron densityf(cm~3) 2x 10" to 6x10% 6x 10" to 18<10'°
Average electron energieV) 4t07 0.7t0 1.0
Excitation temperaturéK) 5000 to 8000 2500 to 4000
Electron temperaturéeV) 15t02.5 0.2to 0.6

lon number densitycm™=) 3Xx10% to 12<10'° 4Xx10% to 20x 10
Plasma potentialeV) 91to 16 2t04

rf discharge. Researchers in the microelectronics indus-released as secondary electrons from an electrode surface
try have proposed several theories to account for theor produced in ionization events, which have not yet
existence of energetic electrons in rf glow discharges been collisionally thermalized. lonization caused by
commonly used in that industry. These same theoriescollisions with such fast electrons is referred to gs *
may also be applicable to analytical rf glow discharge ionization.” The second group consists of thermalized
devices. Briefly, the glow region of the rf plasma is electrons that have been accelerated to ionizing energies
known to be characterized by the existence of rf electric through the sorts of interactions with rf fields described
fields. Although these fields are certainly much weaker in the preceding paragraph. lonization caused by these
than the fields associated with the plasma sheaths, theelectrons is referred to as-ionization.’ Integrated over
are nonetheless sufficiently strong to cause electrontime and space, the computer models suggest dhat
oscillation. As a result, electrons oscillating in response ionization may dominate in the analytical rf glow dis-
to these rf fields likely attain higher energies than charge device. For example, under one set of conditions,
electrons in the relatively field-free d.c. gloy92]. a-ionization has been found to contribute as much as
Moreover, an electron may collide elastically with an 72% of all Ar ionization. In contrasty-ionization was
Ar atom or some other massive particle, such that its found to contribute only 23% of Ar ionization, with the
direction of motion is reversed at nearly the time the remaining 5% being accounted for by collisions with
oscillating rf field changes direction. If this occurs, then fast Ar atoms(4%) and fast Ar ions(1%). lonizing
the electron may be accelerated to an energy that iscollisions with fast Ar atoms and ions primarily occur
much higher than its energy prior to collisioi®3]. within the plasma sheaths. Given that the electrons
Given the relatively small mean free paths associatedresponsible fory-ionization have much higher energies
with the relatively high pressures in analytical rf glow than those responsible far-ionization, it might seem
discharge deviceéon the order of 2um to 20 um), it surprising that-ionization would dominate. The expla-
seems that this sort of mechanism would be especiallynation is found in the fact that the densities of the
important. A similar phenomenon may occur at the electrons responsible fat-ionization were found to be
interfaces between the plasma sheaths and the glowtwo to three orders of magnitude higher, integrated over
region [94]. In this case, the rf excitation causes the time and space.
thicknesses and potentials of the rf sheaths to oscillate. In contrast to the rf dischargey-ionization is by
When an electron enters a given plasma sheath from thedefinition unimportant in the analytical d.c. glow dis-
glow region, it experiences the event as a collision with charge device, owing to the complete absence of rf
a massive particle. If this collision occurs at an appro- electric fields. Therefore, overall ionization in the plasma
priate time with respect to the phase of rf excitation, should be dominated by-ionization. Additional com-
then the electron may be accelerated significantly. This puter modeling experiments from the same research
mechanism is sometimes called ‘surf-riding’ or ‘wave- group have shown that under one set of conditions 89%
riding.’ of Ar ionization in an analytical d.c. discharge can be
By far the most comprehensive computer models of attributed tovy-ionization, while only 9% and 2% can
analytical rf glow discharge devices have been devel- be attributed to collisions with fast Ar atoms and fast
oped by researchers at the University of Antwerp Ar ions, respectively[68]. Again, the collisions with
[8,9,68,69,77,78,95,96though other groups have also fast Ar atoms and ions occur predominantly within the
published in this aref97,94. Results of the University  plasma sheaths. The discharge power and gas pressure
of Antwerp computer models provide further evidence used to model the d.c. plasma were very similar to those
that rf plasma electrons are more energetic than electronsised to model the rf plasma. Under such similar dis-
in the d.c. discharge. Two distinct groups of electrons charge conditions, the absolute rates of Ar ionization
with kinetic energies sufficient to induce ionization are attributable to they-ionization process were found to be
delineated. The first group consists of fast electrons, approximately the same in both the d.c. and rf discharg-
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Fig. 10. Electron energy distribution functioEEDF9 measured using a Langmuir probe immersed within an analytical rf glow discharge. The
distance from probe tip to sample surface, discharge gas pressure, and discharge power for each EEDF are specified. Dashed lines are data acqu
using a copper sample, and solid lines are data collected while sputtering a Macamio sample. {Fig. 8 in Ref[70]; reprinted with kind
permission of Elsevier.}

es. Given that the rf plasma is also characterized by thefigure, the EEDFs may sometimes exhibit bimodal
dominant a-ionization mechanism, this leads to the behavior. Such EEDFs demonstrate the existence of
conclusion that the overall ionization efficiencies in the multiple populations of electrons in the rf plasma. In
analytical rf discharge are higher than those in the contrast, the EEDFs for the analytical d.c. glow dis-
analytical d.c. glow discharge. charge are typically found to be unimodal and much
Electron energy distribution functioflEEDF9 have more Maxwellian[99—101. Nevertheless, even those
been measured by the Clemson University researchEEDFs are not precisely Maxwellian, owing to the lack
group for both d.c. and rf analytical glow discharges of local thermodynamic equilibrium at analytical glow
using Langmuir probe method§0,73,99—-10B These discharge operating pressures.
EEDFs again point out the differences between the In terms of analytical glow discharge spectrometry,
electron kinetic energies in the two types of discharges. the larger electron kinetic energies associated with the
Depending upon many experimental factors, such asrf plasma as compared to the d.c. plasma would be
plasma sampling location, source geometry, and dis-expected to produce more efficient ionization of sput-
charge conditions, the EEDFs characterizing the electrontered analyte atoms, whether via electron impact or
populations in an rf discharge can exhibit very varied Penning collisions. Moreover, more efficient electronic
shapes, as illustrated in Fig. 10. As is evident in the excitation of analyte species would also be anticipated.
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Such increases in analyte ionization and excitation effi- analysis of both conductive and non-conductive materi-
ciencies would be expected to result in improved ana- als. The first commercial rf instrument was the JY 50S,
Iytical sensitivities and detection limits for GDMS and released in 1992 by Jobin-Yvof{France, a combined
GDOES, respectively. Nevertheless, the sensitivities andd.c./rf instrument with two polychromators and a
DLs provided by d.c. and rf analytical glow discharge monochromatot. The first commercial rf only instru-
devices, whether used for GDMS or GDOES, tend to ment was the JY 5000 RFalso Jobin-Yvon, released
be similar. in 1995. Since then LecOUSA) and Spectruma Anal-
Before proceeding to the next section, it is useful to ytik (Germany have released several combined ffc.
call attention to an apparent disagreement between thenstruments, and Rigak@Japan has introduced an rf
results of computer modeling experiments and thoseonly instrument. There are now more than 100 rf-
obtained through Langmuir probes. The disagreement inpowered GDOES instruments around the world. They
guestion is concerned with the absolute electron numberare used principally in universities and institutes for
densities in the analytical rf glow discharge. As shown investigating new coatings and in industrial laboratories
in Table 1, electron densities measured through the usefor analyzing raw materials, monitoring production pro-
of Langmuir probes typically fall in the 20 cn? cesses, and characterizing commercial products.
range, though some papers from the same research group The competition among the companies manufacturing
have reported densities as small ag 10 ém and asGDOES instruments has led to many important devel-
high as 16 cm?® , depending on such factors as theopments in instrumentation and rf control, as well as to
source geometry, discharge conditions, location within an increasing diversity of designs and performance
the plasma, and sample matfix0,73,101,101 At least levels. Available optical spectrometers now vary in focal
one other research group has reported similar electronlength from 150 to 1000 mm, vary in design from
densities in an analytical rf glow discharge dev[@&]. simultaneous photomultiplier-based polychromators and
Computer modeling of rf glow discharge plasmas, on scanning monochromators to simultaneous solid state
the other hand, have most often resulted in values thatspectrometergi.e. incorporating solid state detectors,
are two to four orders of magnitude highf3,68,71. such as charge-transfer devigesnd vary in optical
This discrepancy is not easily explained. Certainly, many resolution from over 100 pm to below 10 pm. Many of
factors can affect the electron density, as mentionedthese innovations have occurred through direct links
above. Additionally, rf power losses to stray impedances between the manufacturers and researchers in universi-
would tend to bias electron densities observed experi-ties and institutes around the world. The first ISO
mentally toward lower values, but would not affect the (International Organization for Standardizati@tandard
results of computer modeling. Nonetheless, it is difficult for GDOES, including both rf and d.c. operational
to understand such large disagreements, and furthemodes, ‘Surface chemical analysis — Glow discharge

research and reflection are warranted. optical emission spectromet§GD-OES: Introduction
to use,” was published in 200[105. The second ISO
4. Techniques and applications standard, ‘Surface chemical analysis—Determination of

thickness and chemical composition of zinc Aod
Now that we have discussed the foundations of aluminium based metallic coatings by glow discharge
analytical radio-frequency glow discharge spectrometries optical emission spectrometry,” by rf- or d.c.-GDOES,
and the fundamentals of radio-frequency glow discharge is nearing completion.
physical processes, we describe in some detail the most .
4.1.1. Instrumentation

commonly employed analytical rf glow discharge meth- Rf-GDOES instruments usually comprise a GD

ods. In the following subsections, we specifically source, rf power supply and associated components, one
address the most analytically important aspects regardingor moré o ptical s erc)tegmeters vacuum and pas-hanf:ilin
instrumentation, methods, capabilities, and representa- P P ' 9 9

tive applications of rf-GDOES and rf-GDMS. systems, electronics, a computer, software for control
and analysis, and a printer. Lavoine et al. have recently

described a new optical interfa¢&06]. In this review,
however, we will concentrate mainly on the rf-GD
source design and control.

4.1. Radio-frequency glow discharge optical emission
spectrometry

From its beginnings in 1967, with the announcement 4.1.1.1. Source design. All commercial rf-GD sources
of Werner Grimm’s new source, GDOES has principally for OES have much in common in their overall concep-
been used for the direct elemental analysis of solids, _ _ o _
coatings, and surfaces. Initially, with d.c. only, it was !t is occasionally necessary to identify commercial products by
restricted to the analvsis of conductive materials. mainl manufacturer's name or label. In no instance does such identification

. y g - . ! . y imply endorsement by the National Institute of Standards and Tech-
metal§ and metallic coatlrjgs. Then, with the mtrOdU(_:tlon nology, nor does it imply that the particular products or equipment
of rf in the late 1980s, it was extended to the direct are necessarily the best available for that purpose.
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Fig. 11. Grimm-type source for d.c. or rf operation. In the original Grimm source, the d.c. voltage was applied to a metal(eatisbdevi.

In the Chevrier-Passetemps modification, the center of the metal cathodehown herewas replaced by a ceramic disk and the rf was applied
directly to the back of the sample via the sample cooling bi@kshown. {Fig. 1 in Ref.[108]; reprinted by permission of the editor applied
Surface Science.}

tion, and many differences in their finer details. They travelled back up the outside of the anode tube to a
have all inherited much from the original Grimm source second vacuum pump. The gap between the outside of
and are, therefore, often referred to as Grimm-type the anode tube and the cathode was kept to approxi-
sources. The principle of the source is shown in Fig. mately 0.2 mm to avoid creating a plasma there.
11, modified to allow rf operatiof107,10§. Such a source is not suitable for rf operation because
Many readers will be familiar with the Grimm source of the strong rf coupling between the conductive cathode
but possibly not understand how it functions in detail. and anode. The breakthrough came when Chevrier and
It is in this detail why Grimm and Ritzl, at RSV, Passetemps replaced the conductive cathode plate with
Germany, took years to develop the source into a a ceramic disk and applied the rf voltage directly to the
commercial reality. In his early papers, Grimm described sample[55], which then became the driven electrode,
his source as a hollow cathotlellow anode source. In  still often called the ‘cathode’ for historical reasons.
the original Grimm design, the cathode was a conductive Independently, Marcus and co-workers developed a very
annular plate with a hole in its center for the hollow different rf source that also electrically isolated the
anode tube. The anode was either 7 mm or 8 mm in sample from the source body and applied the rf voltage
inside diameter. Both cathode and anode were madeto the back of the sample, see Fig. [59]. Variations
from a hard Cu—-Co-Be alloy no longer available. The on this source are often referred to as the ‘Marcus
anode reached to within approximately 0.1 mm to 0.2 source,” though Marcus has argued that the essential
mm from the outer surface of the cathode. The sampleinvention was the back-of-sample application of the rf
was mounted externally in contact with the cathode and that distinguished these sources from the Grimm-type
sealed to it by pressure onto an O-ring in the cathode.sourceq109.
In this way the sample could be changed rapidly to  Some of the changes introduced by different com-

allow large numbers of samples to be analyzed quickly. mercial manufacturers, with varying success over the
A d.c. voltage was applied to the cathode and by years, are:

electrical contact to the sample. Argon was introduced

into the source past an observation window, to keep thei.  different anode inside diameters from 2 mm to 8

window clean, and then directed partly down the center mm, mainly aimed at improving depth resolution

of the anode, to form the plasma, and partly through an and managing smaller and smaller samples;

outlet in the middle of the source, to keep the source ii. shortened anode tubes, mainly to increase light
clean, and then to a vacuum pump. The argon travelling throughput;

down the center of the hollow anode exited through the iii. copper, stainless steel, or ceramic anodes;

small gap between the anode and sample surface andv. stainless steel body, to improve vacuum tightness;
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Fig. 12. Rf-GD source designed by Winchester, Lazik, and Marcus. {Fig. 1 in[R€f. reprinted with kind permission of Elsevier.}

V. one combined vacuum pump instead of two, mainly field designs, gas jets, and microwavidd (. Despite

to reduce cost;
vi. oil-free vacuum pum(s),
pollution;
large parallel plates for sample mounting, to
improve precision with large samples;

to reduce carbon

Vii.

this, no commercial source for GDOES currently uses
any of the possible means available for boosting. This
lack of commercial application is probably because the
small benefits of boosting, such as 2—3 times improve-
ments in intensity for some lines, have not been shown

viii. a copper cathode with an insulating sleeve between to outweigh the additional costs and complexity.

the cathode and anode;
ix. rf voltage applied to the front face of the sample;

To illustrate the difficulties for manufacturers, consid-
er the work of Su et al., who coupled a microwave

X. argon bath around the sample, to reduce air ingress;induced plasm&MIP) device to a microsecond-pulsed

xi. special sample holders for small samples; and
xii. laser alignment of sample position.

4.1.1.2. Boosted sources. Over the intervening years,

GD source[111]. The microwaves were coupled to the
GD plasma by replacing part of the tubular anode with
a quartz tube. They found the source operated best at
pressures below 150 Pa, below the normal operating

many laboratories have tried to boost the output of the range of commercial sources of between 400 Pa and
GD source. Possible boosted sources have includedl000 Pa. They found much improved intensities, signal-
secondary discharge from a filament, various magnetic to-background ratio§SBRS9, and relative standard devi-
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ations(R.S.D9, for four lines from Cu and Zn in brass, oscillator circuit, and all other components are fixed.
for the combined system compared to a pulsed systemThe circuit varies the frequency to keep the whole
alone. To date, such synchronised pulsed systéras system stable. The average frequency is kept low,
where the source and detector are synchronisedy approximately 4.4 MHz, to maximise the source reac-
work with monochromators. In their paper, there is no tance, which varies inversely with both frequency and
information on crater shapes. This is certainly not the source capacitance. The free-running design simplifies
authors’ fault, since it was not the purpose of the study. the operation because there is no need for a variable
However, it is essential information for a manufacturer. matching box. It should also have a very fast stabilizing
Also, to optimize the source, an operator must selecttime. Hoffmann et al. compared the start-up time of
pressure, pulsing frequency and duty cycle, pulse powertheir free-running system with d.c. operation. With a
or voltage, and microwave power. This is not a simple steel target their results for the turn-on time for the Fe
task. signal were approximately 20 ms in both rf and d.c.
Recently, Cho et al. designed an improved gas-jet They commented that such fast start-up times were
boosted GD source and applied it to the analysis of steelneeded for surface analysis and would not be possible
[112,113. Rather than the earlier discrete entrance holeswith a matched rf system. This has proven not to be the
that adversely affected crater shapes and hence deptizase, as evidenced by the many surface studies published
resolution, they employed a cone-jet design to give using matched rf systems, especially those of Shimizu
uniform flow across the sample surface. With the jet and co-workers described later. King and Payling
boosting, sputtering rates were doubled compared to theshowed the 20 ms start-up time was related to the need
conventional GD design, mainly through a reduction in to remove approximately 2 nm of the sample surface to
redeposition, and detection limits were thereby reach equilibrium sputtering, rather than to the response
improved. They also introduced magnets inside the time of the electrical circuif116].
anode body. Being so far from the sample surface they \Wagatsuma has combined an rf supply with a d.c.
had little effect on sputtering rates, which were slightly sypply to provide an yfd.c.-powered systerfi17]. At
reduced, but a big effect on emission yiel@mission  thjs stage, it is not clear what the advantages of such a

intensity and sputtering rakeand intensitiese.g. for a jng rf power.

copper sample, Cu |1 324.7 nm and Cu | 327.4 nm both

increased by a factor of 3, while Cu Il 224.7 nm
increased by 10 timas Without the magnets the exci- 4.1.1.4. Rf Frequency. RI-GDOES sources are common-

tation temperatures were 3100 K to 3300 K, and with ly operateql hetween approximately 4 .MHZ and 13'.5 6
the magnets 3800 K to 3900 K. Though these tempera—MH_Z' V_arymg the frequency_ of the applied rf voltage is
tures show a significant increase with the magnets, theySimilar in many ways to varying the plasma gas pressure.
are lower than the 5000 K generally assumed to beAl constant power and pressure, as the frequency is
present in GDOES, and lower than some /apark increased, the applle_d voltage and d.c. bias voltage
excitation temperatureid 14). necessary to maintain the plasma decrease and the

Low intensities in GDOES were previously thought Current increase$g1,118. Generally, sputtering rates
to be due to low plasma densities rather than low tend to decrease, while intensities tend to vary in a more
excitation. Recently, Wagatsuma measured excitationCOmMPplex fashion, possibly related to excitation energies,
temperatures for a variety of Cr atomic lingkl5). He ~ With resonance and low-lying levels enhanced by
found excitation temperatures varied from over 4000 K increasing frequency and higher levels diminished. In
to over 5000 K at 13.56 MHz, depending on the upper the plasma there may be many mechanisms responsible.
excitation energy of the excited state, with the lower For example, ionization may be more efficient at higher
energy states giving higher excitation temperatures. Thisfrequencies, while plasma gas ions will travel a shorter
discrepancy increased with increasing rf frequency. Exci- distance across the plasma sheath in each cycle.
tation temperatures appeared to be relatively insensitive Matsuta and co-workers compared GD operation in
to changes in pressure but changed significantly with an impedance-matched system at 6.78 MHz, 13.56 MHz
injected current. This topic clearly needs more study. and 40.68 MHz[119,12Q. They found that increasing

frequency led to lower d.c. bias voltages and intensities.
4.1.1.3. Rf Power. Most commercial rf-GDOES instru- They interpreted the lower d.c. bias voltage as due to
ments use impedance matching for transmitting the rf the lower mobility of the electrons with increasing
power from the generator to the source. This will be frequency. The decrease in intensities appears mainly to
considered in more detail later. An alternative to the be due to a decrease in sputtering rate with frequency.
impedance-matched system is the free-running rf gen-At 40.68 MHz, as the pressure is increased, the sputter-
erator developed by Hoffmann and co-work¢8§]. In ing rate decreases virtually to zero, allowing the possi-
a free-running system the source forms part of the bility of using these conditions as an excitation source
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if some other means, such as laser ablation, can be usethinly switching at radio frequency, but they could also
for sampling. be considered d.c. operation that is switched on and off.
An rf system can also be switched on and off, as
4.1.1.5. Bias current control. In 1999, Wagatsuma intro-  Winchester and Marcus showed in 199&3], so we
duced a novel and unexpected innovation that muchwill refer to the former as pulsed d.c. and the latter as
perplexed the audience at a recent international sympo-pulsed rf, the essential difference being that in pulsed
sium, where the idea was discussed: bias-current controld.c. the amplitude of the applied voltage is constant
[121-126. Experimentally, the technique is simple to during each pulse, while in pulsed rf, the amplitude
describe: a variable resista2 k) to 76 kQ, i.e. varies at radio frequency during each pulse. For exam-
comparable to the source resistanogith a series  ple, at 13.56 MHz, there would be 13.56 cycles in 1
ammeter is connected between the two electrodes of anus.
rf-powered GD source. The d.c. bias developed by the In pulsed rf operation, Winchester and Marcus found
rf plasma causes a current to flow through the resistor enhanced emission at the beginning of the pulse for
that can be measured with the ammeter. Varying the some Cu emission linei.e. a ‘pre-peak, enhanced
resistance varies the measured current. emission at the end of the pulse for some other Cu
The benefit of this system may lie in the non-linear emission lines(i.e. a ‘post-peak, and no enhanced
response of the plasma source. It appears that when th@mission for still some other Cu lind$3]. This line-
external resistor is connected across the source, thespecific response to pulsing means that the optimum
magnitude of the d.c. bias voltage drops. This meanslines for pulsing may be different from those commonly
that, for a given pressure and power, there is a lowerused for continuous operation. For example, the Cu |
voltage and higher current in the plasma, both of which line at 324.7 nm is enhanced in the pre-peak, while the
are advantageous for increased emission yield. TheCu Il line at 213.8 nm is not. They noted that the sizes
concept, however, will work only for conductive samples of the pre- and post-peaks varied with the plasma
and will degrade the crater shape, making craters moreconditions, while their widths did not change with pulse
convex (greater depth at the cenjeand deteriorating  width. They then discussed possible mechanisms for
depth resolution. these enhancements. For example, easier sputtering of
material redeposited from the previous pulse or temporal
4.1.1.6. Modulation. Wagatsuma has also been experi- variations in the electron energy distribution function
menting with modulated sources with considerable suc-were discussed as possible explanations for the pre-
cess[127-130. He has tried, variously, modulating the peak. Of the two peaks, the pre-peak appears to be the
applied rf voltage, the bias-current, or the d.c. voltage more interesting analytically. As with high-frequency
in a combined rfd.c. source. When any one of these is pulsing, only the pre-peak is observed at approximately
combined with a synchronised detector, in this case a2000 Hz.
monchromator linked to a lock-in amplifier, the result ~ As part of his Engineering thesis, Vegiotti studied
is a large reduction in noise and much improved detec- pulsed rf using a 30 W, 13.56 MHz, rf power supply
tion limits; though, it should be noted in passing that switching at 400 Hz with a 50% duty cycle, correspond-
his detection limits without modulation were not as good ing to a pulse length of 1.25 m$§131]. When he
as some published values with other instruments alsoobserved the shape of the intensity pulses from sputtered
without modulation. When the applied rf voltage is atoms, he also found many lines showed enhanced
varied at 2 Hz between an amplitude of 155 V and 228 emission(i.e. a pre-peakin the first 100us to 1505,
V, Wagatsuma found the sputtering rate decreased by aollowed by a plateau. The pre-peak was often about
factor of 10, compared to a constant amplitude of 225 twice the intensity of the platea(see Fig. 13. Only
V, but the signal-to-noise ratitBNR) increased by more  some atomic resonance lines showed this effect, and he
than 50 times. Wagatsuma commented that the reducedvondered if it was related to a lack of self-absorption
sputtering rate is beneficial for depth profiling, echoing at the beginning of each peak due to the absence of
the thoughts of many who think that slower is better. absorbers, since atoms from earlier pulses would have
But spectrometers are measuring photons and simplyalready exited the plasma. However, when he plotted
going slower means that there are fewer photons to calibration curves using either the pre-peak intensity or
measure per unit time and nothing is gained. The benefitthe plateau intensity, he found that they were both non-
here is the greatly improved SNR that allows shorter linear, suggesting that they were both affected by self-
averaging times during the acquisition. absorption. If we consider the plasma is approximately
3 mm long and that average particle speeds are approx-
4.1.1.7. Pulsed GD. Harrison and co-workers began imately 500 m s?* [132], then the plasma would be
studying microsecond pulsed GD in 19Y57]. It is an filled in approximately 6us, much faster than the
interesting point whether microsecond pulses constitute observed length of the pre-peak. This suggests that the
radio frequency operation. Microsecond pulses are cer-pre-peak is due to another mechanism, such as more
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Fig. 13. Intensities measured with pulsed rf, varying with tittemp9, for (a) Cr 357.869 nm andb) Cu 324.754 nm, showing the pre-peak
(Prepio and plateauPlateau hadt {From Ref. [131]; reproduced with kind permission of the author.}

efficient excitation in the plasma during the early part gases, and if too fast, intensities decreased. They found
of each pulse. they could use high instantaneous voltage and power,
Lewis et al. concluded, from studies of optical emis- with their resulting higher intensities, and still maintain
sion spectra using a copper sample, that millisecond-‘conventional’ glow discharge characteristics.
pulsed rf and millisecond-pulsed d.c. were virtually  Payling et al. compared calibration curves for elemen-
identical[133]. With pulsed d.c., Pollmann found instan- ts in steel between pulsed rf and continuoug50 W
taneous intensities were enhanced by a factor of 100applied power. For pulsing they used a 5000 Hz
over constant d.c. or ff71]. The excitation temperatures repetition (switching) frequency and a 32% duty cycle
appeared unchanged at 3600 K to 3900 K, but the gas(corresponding to a pulse width of §8s and a time-
temperature(as indicated by rotational temperatures averaged applied power of 15.8 )WThey found the
remained much lower at approximately 400 K, compared signal per watt was up to 3 times higher for some
with approximately 600 K for constant d.c. or rf, because elements when pulsed, while the calibration curves were
of the short time the pulses were switched on. Longer similar, suggesting that quantitative algorithms devel-
pulses approached 550 K after only approximately 0.5 oped for continuous GD conditions should work for
ms on-time. Presumably, this is related to the much pulsed rf [136]. They also found they could depth
lower average powers used in the microsecond-pulsedprofile a heat-sensitive coated-glass sample with pulsed
d.c. compared with the millisecond-pulsed and continu- rf (6.3 W average powgr This was not possible with
ous d.c. or rf. continuous rf, because the sample would shatter at the
Bengtson, Yang, and Harrison employed a microse- higher continuous applied power.
cond regime, pulsed d.c. with fast time-resolved elec-
tronics [134]. They found pulsing at between ks and 4.1.1.8. Characterising the rf source. The current meas-
50 s with high instantaneous powé€t500 W instan-  ured externally to an rf GD source is the sum of a large
taneous, 6 W averageimproved SBRs for copper displacement current, due to the source capacitance, and
samples by about a factor of 2 compared to continuousa much smaller total discharge currdaB87]. The total
operation, and time-resolved detection integrating over discharge current is the sum of particle curre(etec-
10 ps to 25ps increased this improvement to about a trons and ionsand a plasma displacement currédte
factor of 5 to 10. They also found the contribution from to the changing field during each rf cygleThe relative
the molecular background signal from, N leaking into sizes of these displacement currents were initially a
the chamber was reduced by about a factor of 3. source of some controversy between the two main
Yan et al. studied the effects of pulse width and research groups modelling analytical rf glow discharges,
repetition frequency in pulsed d.c., with a disc GD rather until at least some of the differences in their models
than a hollow anode sourcfl35. They found the  were resolved. For the first discrepancy, now resolved,
optimum pulse width(at 50 H2 for optical emission  the research group at CPAICentre de Physique Ato-
from sputtered atoms was approximately [16. If the mique de Toulouse, Toulouse, Franhdacluded a large
repetition frequency was too low, they were concerned cell capacitance in their model and predicted a large
about pollution on the sample surface from residual external displacement current, which was then observed
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[137]. For their model they simulated the Jobin-Yvon
rf source with a 4-mm diameter cylindrical anode. The ‘Anode’
group at the University of Antwerp was focussed on the
rf plasma and did not include the extraneous cell
capacitance in their model. They compared their results
with measurements where the effect of the large cell
capacitance had been removed. For their model they
simulated the IFW(Institut fur FestKorper und Werk-
stofforschung, Dresden, Germany source with a 2.5- R, Cp CStray
mm diameter cylindrical anodf95,94. In the second
discrepancy, still under debate, from experience with
other types of glow discharges, the group at CPAT also
expected a significant plasma displacement current,
which they observed at 13.56 MHz, though it was
smaller than they had initially suspected. Since the size
of this displacement current should increase with fre-

‘Cathode’

quency, their results are not inconsistent with results
from IFW Dresden at 3.37 MHz, which showed only a
very small plasma displacement currd@Bg|. But the Flo. 14. Simol alent circuit of wiical it here th
. H H 1g. . Slmple equivalent circuit or an analytical rt source, wnere the
calculations from the University of Antwerp group ‘cathode’ is the driven electrode and the ‘anode’ is the grounded elec-

suggest a very small displacement current even at 13.560de. {Fig. 5 in Ref.[139]; reproduced with kind permission of the
MHz [95,96. Perhaps the reason for the apparent author and the publisher.}

differences between the models lies in the difference in
sheath areas arising from the different anode diametersparticle currents in the plasma. Payling et al. have,
used, since for the same electric field the displacementtherefore proposed a simple equivalent circuit for the
current is proportional to the sheath area. analytical rf GD (see Fig. 14, whereR, is predomi-
From all this work, we now know the analytical rf- nantly the first sheath resistanc€, is predominantly
GD plasma is highly resistive. Belenguer, Guillot, and the first sheath capacitance, afg,., the source capac-
Therese have estimated the first sheath resistéatahe itance [139]. By including the effects of the coaxial
sample, driven electrodeunder typical analytical con- cable between the source and matching box, and by
ditions, is approximately 13 ®, while the resistances measuring the matching box component values in situ,
of the second sheatbat the grounded electrojleand they were able to derive a relationship between the
the plasma body are only approximately 380and 0.5 matching box settinggi.e. the positions of the two
Q to 5 Q, respectively[137]. This means the overall variable capacitodsand the plasma resistance. Their
resistance is dominated by the sheath resistance of thevalues forR, of 5000 () to 6200(), however, are lower
driven electrode. The sheath capacitance of the driventhan expected, so much work is still required.
electrode is time varying and approximately 0.5 pFto 1  Wilken et al. have included voltage and current probes
pF, while that of the grounded electrode is approximately in their rf source to monitor its current—voltage charac-
3.8 pF. Since these capacitances are in series, again theteristics[138]. Their source includes several novel fea-
are dominated by the driven electrode. The estimatedtures, but the most impressive is the placement of the
first sheath length is 0.18 mm, comparable to the anode-probes in close proximity to the grounded electrode
to-sample gap in the hollow anode source, and the (anode, ensuring good mechanical stability and shield-
second sheath length is only 0.07 mm. The estimateding from the effects of changing sample sizes and any
plasma length is 2.6 mm, the ion density in the first losses due to the cooling system. They studied harmonic
sheath is approximately>210*? cm 2, and the plasma content in both the voltage and current waveforms. They
density is~10" cm 3, consistent with the high calcu- were also able to determine the d.c. bias voltage directly
lated densities discussed earlier. from the voltage at the moment the current crosses its
Payling et al. found their source capacitance was zero value in the rf cycle, within a relative uncertainty
typically 30 pF, far in excess of the sheath capacitances,of 5%, independent of whether the sample is conductive
and since this capacitance is effectively in parallel with or non-conductive. With a low-cost electronic plasma
the sheath capacitances, the overall capacitance is dompower analyser they could monitor the effective plasma
inated by the sourcécell) capacitance[79]. This is voltage and power in real time during a depth profile.
seen in measured voltage and current waveforms without
plasma gas, where the voltage and current signals are™
highly sinusoidal and 90out of phase. When plasma 4.1.2.1. Rf vs. d.c. In an early comparison of rf and d.c.
gas is introduced, the current waveform is distorted by operation, Payling, Jones, and Gower found the analyt-

1.2. Source control
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ical characteristics of rf-GDOES and d.c.-GDOES were examine their results closely, we find in mode the
essentially the same: similar elemental sensitivities d.c. bias voltage was 422.5428.5 V for the range of
(slopes of calibration curvésand similar background samples examined; in modé) the applied power was
levels (background equivalent concentratior®zCs), 46.5 W45 W, and in mode(iii ) the pressure range is
and hence by inference similar detection limjistQ. only partly given. We can estimate roughly, from the
For this comparison, the same pressure was used forchanges in voltage, current, and pressure, using the
both rf and d.c., the d.c. current was set at 70 ffidx equations of Payling[145], that the emission vyield
a 7 mm anodgand the rf power adjustedo 50 W) to would have changed by a maximum #f12% in mode
give the same erosion rate as d.c. on a steel sample(i); by a maximum of +12% in mode(ii); and by
This ensured the same numbers of atoms were entering-10% in mode(iii). Such small changes could easily
the plasma in rf and d.c., and that the comparison be hidden by uncertainties in sputtering rates, supporting
between rf and d.c. was, therefore of their emission the suggestion that, presently, any mode of operation
characteristics. More recently, Wagatsuma studied argonwill work satisfactorily. Besides the control modes stud-
intensity ratios in rf and d.c[141]. He found the ratio ied here, other modes are available on different instru-
of Ar 11 410.39 nm to Ar Il 465.79 nm, for example, ments, such as constant applied voltage or constant d.c.
increased monotonically either with rf power or with bias voltage combined with constant power or constant
d.c. voltage. At constant pressu400 Pa, he selected pressure. The full assessment of all the possible modes
the d.c. conditions for an Fe—Ni allofd mm anode, to decide which modes are best for which applications
500 V, approx. 30 mA, measured the Ar ratio, and then will take some years.
adjusted the rf power to give the same Ar ratio. Under In an analogue to d.c. operation with constant voltage
these conditions he found the Ni calibration curves and current, Marshall et al. have used constant applied
(slopes and interceptavere virtually identical. Unfor-  voltage and constant effective power in rf operation,
tunately, he did not report the sputtering rates, but the with variable pressurd151]. The effective power is
earlier Payling et al. results would suggest that theseestimated by the subtractive method, i.e. the effective
conditions should give similar sputtering rates in rf and power is the difference between the measured power
d.c. [140. The ratio of argon lines therefore provides with and without argon for the same voltage and
another means for obtaining ‘equivalent’ conditions in matching conditions. In this mode they obtained similar
rf and d.c. operation for interlaboratory studies. calibration curves for Al 396 nm between rf and d.c.
Emission yields vary with any changes in plasma They noted that the pressure changes needed to maintain
conditions, either through deliberate changes in control constant applied voltage and effective power in rf were
settings(such as applied electrical parameters or pres- similar to those used in d.c. Payling et al. suggested
sure or through the effects on the plasma of changes controlling the plasma resistance, with constant real
in the sample matrix. Building on much previous work, power (forward power minus reflected powery var-
especially that of Pons-Corbeél42], Yamazaki, Suzu-  ying the pressure to keep the load capacitance constant
ki, and Ohtsubo[143], and Bengtson and Lundholm in the matching boX{139.
[144], Payling and Jones found that a large part of this
variation could be described in terms of current, voltage, 4.1.2.3. Plasma gas and gas mixtures. Most GDOES
and pressure changes, with emission yields increasinganalyses are conducted with ultra-high purity Ar as the
with increased current and decreasing with increasedplasma gas. This is due more to the ready availability
voltage or pressure, with current the most important and and low price of pure Ar and the simplicity of operating
pressure having the least effdd45,148. These results  with a single gas than to scientific interest. Other inert
were later confirmed by Bengtson and Hanstrtim7]. gases offer some analytical advantages, especially
All this work was made with d.c. operation, but given mixtures of inert gases, such as /Afe and ArNe.
the similarity in emission characteristics already noted Other gases also add insight into the many plasma
between rf and d.c., it was expected that such relation-processes occurring in the glow discharge, by changing
ships should hold for rf as well. ionization potentials, metastable populations, and exci-
tation efficiencies.
4.1.2.2. Control modes. Perez, Pisonero, and co-workers  The subtleties of a non-equilibrium plasma and the
compared three different modes for controlling ¢f) effect of a particular plasma gas may be seen in the
constant power and pressure, with variable d.c. biasenhancement of lines through charge transfer collisions.
voltage; (i) constant d.c. bias voltage and pressure, Consider, for example, with Ar:
with variable applied power; andii ) constant d.c. bias
voltage and applied power, with variable pressum#8— Art+M—-Ar+M* +AE, D
150. They found that all three modes gave acceptable
results in calibration and in the compositional depth where M is a sputtered atom from the sample, and *
profile (CDP) analysis of metallic coatings. If we means an electronically excited state. This reaction is
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especially likely when the excess energy;, is small, alter the nature of the plasma, changing emission yields
perhaps 0.01 eV or 0.02 eV. For Cu Il 224.70 nm and and sputtering rates. In an attempt to minimise this risk,
V Il 265.565 nm emission, such transfer collisions with Marcus introduced an Ar bath surrounding the sample,
Ar lead to enhancements of at least 100 in intensity so that any leaks would be Ar rather than HiB9.
over values expected from an equilibrium plasma Hubinois et al. have constructed a GD system inside
[152,153. Similar enhancements might be expected for a glove box to protect the operator and to allow the
other lines and other plasma gases. determinations of H, O, and N in U and Pu metals and

The subject of gas mixtures was reviewed recently by oxides and nuclear waste glassgi60. During the
Wagatsuma, who probably has more experience in thisconstruction and early operation, they found the impor-
area than any others currently working in GDOHES3. tance of maintaining Ar gas purity, anode cleanliness,
Besides AyHe and ArNe, he also considered AD,, and source window cleanliness. The glove-box was filled
Ar/N,, Ne/He, and N/He mixtures. The higher ioni- with Ar to minimise any air entering the plasma past
zation potential of He(24.48 e\) compared with Ar  the sample O-ring seal.
(15.76 eV), for example, means that He offers more
efficient excitation of higher-lying excited states in 4.1.2.5. Effects of other gases. Small amountgperhaps
analyte atoms. But the lower relative mass of He meansas little as 0.1% or legf certain elements, notably H,
it is generally much less efficient at sputtering than Ar; N and O, in the Ar carrier gas can have significant
hence the interest in gas mixtures to optimize both effects on the GD plasma and measured intensities
excitation and sputtering. As we will see later, the low [161-163. It does not appear to matter whether these
sputtering of a He plasma can be utilized for gas elements are present as contaminants of the Ar carrier
analysis. gas or enter the Ar plasma by being sputtered from the

Christopher et al. found, with conductive samples, sample being analysed. Hodoroaba et al. have made
that as He is added to an Ar plasma, the sputtering rateextensive studies of the effects of H additions in d.c.
decreases, the electrical characteristics chdegg the and rf operation164,163. They showed that H, delib-
d.c. bias voltage decreasesrater shapes change, and erately added to the Ar, can be used to improve the
background signals increa$#54]. The analyte intensi-  depth resolution for non-conductive coatings. Recently,
ties changed in a more complex way: at 1200 Pa of Ar, Fernandez et al. studied the effects on stainless steel
as He was added, the intensities increased significantlyand glass samples of controlled amounts of these ele-
for Cu | 327.39 nm(3.82 eV), Co | 345.35 nm(4.02 ments, from 0% to 10%, introduced as gases into the
eV) and Al | 396.15 nm(3.14 e\), increased slightly  Ar carrier gas[16€]. Intensities and emission yields
for Ni | 341.47 nm(3.66 eV), and decreased for Cr | changed in a complex way, but often the most dramatic
425.43 nm(2.91 e\), all atomic lines, where the energy change was in the range 0% to 1%he. at levels
of the excited state is shown in bracké¢i®s. Further commensurate with amounts sputtered from samples
work by Hartenstein, Christopher, and Marcus on both rather than at the higher levels of deliberate Ar mixtures.
conductive and non-conductive samples suggests theSputtering rates decreased, also most dramatically with
main benefits of AfHe mixtures may be improved additions of H, N, or Q in the range 0% to 1%. In
crater shapes for some materiéésg. metallic multilay- contrast, the d.c. bias voltage was little changed in this
ers and the enhanced emission of some ionic lifes. range, but crater shapes became slightly more convex
Mg Il 280 nm (4.42 eV)] [156]. Probably the most (deeper centérwith more sloping side$167]. Suitable
difficult element to analyze with GDOES is F. The most mixtures of A/H, (e.g. 10% B) or Ar/O, (e.g. 1%
intense F line is at 685.60 nm with an upper excitation O,) had dramatic effects on depth profiles, mainly
level of 14.50 eV, well above the metastable energies of reducing sputtering rates and improving depth resolution
Ar (11.5 eV to 11.7 eV. Here Wagatsuma, Hirokawa, of different layers on coated samples. The deliberate
and Yamashita recommended /Ate, rather than Af addition of such gases should also reduce the sensitivity
He, where the Ne metastable energies are in the rangeof the plasma to sputtered amounts of these elements
19.8 eV to 20.6 eV, compared with those of He in the [165,168.
range 16.6 eV to 16.7 eY157].

4.1.2.6. Sputter craters. One of the as-yet unfulfilled

4.1.2.4. Argon purity. Always a concern for the operator aims of GD source design is on-line measurement of
is the possibility of air entering the plasma past the O- crater depths. This would allow simultaneous estimates
ring seal. Contamination of the Ar plasma by air can of sputtering rates and allow quantitative algorithms to
have dramatic effects on the accuracy and reliability of avoid the normalization step where errors in one element
GDOES analyses. It can increase signals for O, N, andcan adversely affect both the calculated depths and the
C, affecting detection limits. It can introduce wide calculated compositions of all other elements. Harten-
molecular bands that can overlap measured intensitiesstein and Marcus took the first step towards this when
for many elements, giving false readinfE59§. It can they employed a laser confocal displacement sensor
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(LCDS) to measure crater depths in situ in an rf GD increases, and so the effective power incred4&$],
source [169. They found excellent agreement with also tending to increase sputtering rates with increasing
external profilometer measurements, with an acceptablepressure.
precision of 5%. Relying on the focussing of light, the Parker, Hartenstein, and Marcus found that sputtering
device is restricted to depth resolutions of approximately rates for a non-conductive sample, Macor, decreased
1 wm, adequate for thick coatings and for calibrations. inversely to sample thicknesd71]. Emission yields,
The working distance of their device was only 28 mm, however, remained nearly constai72]. They found
which meant the device was mounted on the sourceAr | 404.442 nm intensities tended to show the same
window, preventing intensity measurements. Clearly, a behaviour as the sputtering rates and suggested this Ar
commercial version would require a much longer work- line could be used as an internal standard to correct for
ing distance and off-axis mounting. changes in sputtering rate. Alternatively, the constancy
Crater shape is critical to depth resolution and for of emission yields suggests current, voltage, and power
measuring sputtering rates. Despite this, there is noare all decreasing with increased sample thickness. The
agreement among glow discharge practitioners on howconstancy of emission yields, therefore, means the algo-
to describe crater shapes. When conditions are not toorithm for compositional depth profiling could be used,
far from optimum, it is generally found that craters are as this adjusts automatically, through composition nor-
either deeper at the edges or deeper at the center. Suchalization, for changes in sputtering rate.
shapes are called concave or convex, but depending on ) o
whether you look at the crater or at the hole, either one #/.3. Analytical characteristics
could be and has been described as concave or convex . .
X S . . "4.1.3.1. Emission yields. Perez et al. compared Ar |
This leads to confusion in the literature. To characterize . o e . .
. X intensities between rf and d.c., finding that intensities
the crater shape, Angeli et al. suggested the ratio of the . . . ; . X
were higher in rf for lines with excitation energies
depth at the crater edge to the depth at the crater centei5 3 eV[173, suggesting that rf may be more efficient
[170. They described>1 as convex, and 40.2 as "~ » Suggesting that r Yy X
; . for high-level excitation of difficult-to-excite elements
nearly flat. But if we adopt the other convention, then X ;
. . such as F and Cl. Indeed, Rodriguez, Pereiro, and Sanz-
when the ratio is>1 the crater is concave. Because of . o .
e oo . Medel found high sensitivity for Cl with rf174]. Perez
the difficulty of estimating a single value for the edge

. et al. also found that Ar Il lines were not enhanced in
and center, more recently, Parker, Hartenstein, and Mar- f over d.c.. but analvte atomic emission was character-
cus suggested the ratio of the average of the central par{Zeol b Hi .’her emiss)i/on ields in f.73]
of the crater to the depth of a flat crater having the y hg y '

same total volumeeffectively, the average depthl7l]. 4732 Self-absorption. The design of the GD source is
When this ratio is>1, the crater shape is the opposite deal for promoting self-absorption. This is because the
of that using the ratio of Angeli et al., yet another jntense negative glow region located near the sample
source of confusion. Until there is international agree- syrface cools rapidly in the direction of the observation
ment on these definitions, authors should be careful to\yindow. Indeed, self-absorption and self-reversal have
define their terms adequately. been observed for strongly self-absorbing lines, even for
) analytes with elemental mass fractions in the solid
4.1.2.7. Sputtering rates. Parker, Hartenstein, and Mar- sample as small as 39475]. Trace and minor element
cus found that sputtering rates increased with pressurecomponents are little affected. Sighting the spectrome-
at constant applied power, levelling off at higher pres- te(s) side-on to the negative glow would minimize this
sures[171]. From d.c. work, we expect that sputtering problem, but necessitate other complexities in source
rates should not change significantly with pressure itself, ang optics design. For example, the size of the negative
but change because the ratio of current to voltage isglow varies with the plasma conditions and sample type,
changing as the pressure is varied at constant appliethng so the instrument design would have to accommo-
power. When pressure is increased, the current will yate this. Further, the position of the negative glow
increase and the voltage will decrease. Increasing currentyouid shift across the entrance slit of the spectrome-
will tend to increase the sputtering rate, while decreasing ter(s) as the crater depth grows during sputtering. The
voltage will tend to decrease the sputtering rate. Which proplem of self-absorption can be alleviated somewhat
one dominates depends on how close the voltage is topy reducing sputtering rates, but the best solution where
the threshold voltage for sputtering. The sputtering possible is to choose non-resonance lines. This is not
threshold voltage is lower in rf than in d.c. This means always possible or convenient, so appropriate non-linear

that increasing current is more likely to dominate in If, cajipration curves must be used when significant self-
and so sputtering rates will tend to increase. The gpsorption is preserii55,178.

situation is a little more complicated, because as pressure
is increased the plasma resistance decreases. This meaws].3.3. Detection limits. In assessing the performance
that the series load resistance seen by the matching boxof rf, and in comparisons between rf and d.c. operation,
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Table 2
Effect on estimates of detection limits from using intensity rather than net intensity, asskigBioc,/co=0.02,5;,=2%
o ¢, (mg kg™
(mg kg™ SNR SBR-RSDB method with SBR-RSDB method with
method net intensity intensity
100 3 3 2
30 3 3 1
10 3 3 0.5
3 3 3 0.2
detection limits have played a key but confusing role. iii. often too few points have been used to estimgte

Some of this confusion has arisen because of differences and RSDB%, leading to over or under estimates that
in design between instruments in different laboratories, greatly affect the estimate af.

between different operating conditions used, and differ- . . .
ences in sample sglectionq Some of the confusion has. The. effecj[ of usmg_total Intensity “’%ther than_ net
also arisen because there is no international standard fo'lwn;]eer;]s?c/)tgsl :g?::}gtzds Igrt;raliee dZIWIi?h t?r']Se ngglaRthB
determining detection limits in GDOES, and different

laboratories have calculated detection limits with differ- megggg]’afssteg;'c;?alr;rggrs dvg(re)\//i\;\ltl;[gnzakranai?slg dcgmﬁ?“s?gﬂ
ent methodologies. Cho et al. have reported differences

between laboratories using either the calibration curve _number of measurements<10) commonly employed

SNR method or the SBR-RSDB methfill2]. Boumans in optical emission spectroscopidOES are often

: : unreliable. Empirically, it is found in OES that typical
Iri]ri(ijt \évaiw?ge aSb[\cl)Igt rrtwrgfhop(jroitsjlzzﬁ\/iezﬂby-rhe detection vglues for RSDB% are appro_ximatel_y 2%. Vqlues much
£ ' higher or much lower than this may indicate inadequate
statistics, or spectral interference in the background
c _ksp 2) region chosen, or a problem with the instrument. For
B xa/co k=3, the approximation that RSDB%2% leads to:

wherek is a constants; is the standard deviation of the ¢, =0.06XBEC, @

background signal, and,/c, is the sensitivity(i.e. the ) , ,
slope of the calibration curve of intensity vs. composi- Where BEC is the background equivalent concentration
tion), wherex, is the net analyte signdi.e. the signal ~ 9/Ven by the absolute value where the calibration curve
above backgroundand c, is the mass fraction of the Crosses the composition axis. Typical values for BEC in
element in the sample. For uniformity, it is recommended the f-GDOES analysis of steels and /Al alloys are

thatk=3. The SBR-RSDB method is given by: 20 mg kg * to 300 mg kg [140, giving expected
detection limits of 1 mg kg® to 18 mg kg . Being an

intercept near the origin, there will often be a very large

:k><0.01>< RSDB%X co (3) uncertainty in such BEC values, leading to very large
SBR ' uncertainties in estimates of detection limits, unless there

are a sufficient number of points at low compositions

where RSDB% is the relative standard deviation of the in the calibration and the regression is properly weighted
backgroundas %9 and SBR is the signal-to-background [159). Estimates of detection limits should, therefore, be
ratio. It is easy to show that these two equations are the@ccompanied by estimates of uncertainty. For example,
same mathematically. They should, therefore, lead tof We assume RSDB% 2% without uncertainty and use
identical results. However, Cho et al. have noted that Ed- (1), the relative uncertainty i, will equal the
detection limits reported with the SNR method are often "€lative uncertainty in BEC. Payling, Jones, and Gower
about a factor of 10 higher than those with the SBR- found uncertainties in BEC were often 50% or more, at
RSDB method112). It is interesting then to investigate 99% confidence140].

why this difference in published values should exist.

There are three reasons apparent in the literature: ~ 41.3.4. Optical interference. \When thin transparent
films are analysed with GDOES, an optical interference

i. some authors have used a value kasther than 3; disturbs the measured intensities. An example is shown

ii. for signal, some have used the measured intensityin Fig. 15, recorded with 50 W applied power and a
at a particular wavelength, rather than the net inten- pressure of 650 PEL78). The disturbance varies approx-
sity above background; and imately sinusoidally in time as the film is sputtered. The

L
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Fig. 15. Optical interference in borophosphosilicate giBBSG film on a Si wafer. Data from Oliver§178].

periodicity of the disturbancébeats varies with the  films. These films are anodic alumina on electropolished
wavelength of the elemental line being measured, soaluminum. They can be made to have different thick-
that lines of shorter wavelength, such as P | 178.287 nesses, typically 360 nm, and flat to within 2 nm over
nm, as shown, vary more quickly than lines with longer microscopically large areakl82]. They can be doped
wavelength, such as Si | 288.158 nm or Ar | 404.442 with various delta-function layers, such as 2 nm thick
nm. Some lines, notably H | 121.567 nm and O | Cr. These samples are ideal for GDOES analysis and
130.217 nm, do not show the disturbance. The first to for testing the limits of the GDOES technique. They
discover and then explain this phenomenon were Kimurafound GDOES depth profiles of their 360 nm thick
and Mitsui, though they were late in publishih79. oxide films, at optimum conditions, had a sputtering
They were studying transparent borophosphosilicaterate of 28 nm s* and were reproducible in thickness to
glass (BPSQ films on Si wafers, similar to the one within 1% and intensities to within 394183. By
shown in Fig. 15. They decided the beats were causedmonitoring the transition from aluminum oxide to alu-
by the difference in optical path length for reflections minum metal for various oxide thicknesses and by
from the crater bottom and from the interface between moving the position of the Cr delta-function layer in the
the transparent film and substrate, the difference decreasoxide films, they found they could achieve a depth
ing steadily during sputtering. No interference was seen resolution in the first 25 nm of~1.3 nm. This value is

at 122 nm and 130 nm because the BPSG film is not close to the theoretical limit of 1 nm for low-energy Ar
transparent at these short wavelengths. A correctionsputtering, due to atomic mixinfl84,183. Beyond 25
algorithm is easily incorporated in software to remove nm the depth resolution was determined by variations
the artefact{180]. The phenomenon has been explored in sputtering rate across the cratee. by crater shape

in detail by Hoffmann and co-workers, who studied For a 4-mm diameter crater, they found the sputtering
various oxide films, including Si© , Ti© , and BaTiO rate for the inner 3.2 mm diameter was uniform to
deposited on Si. They found that the phenomenon couldwithin 1%, but beyond this the outer ring had a 6%
be used either to determine layer thicknesse00 nm higher sputtering rate. Though small in widi®.4 mm),

with a precision better than 1% or to determine the this outer ring accounted for 36% of the crater area and
refractive index of the film[84,181. They were con-  was responsible for the degradation in depth resolution,
cerned that variations in surface reflectivity, of which increasing the depth resolution from 1.3 nm at 25 nm
transparent layers are just an extreme example, couldio 7 nm at 360 nm depth. Despite this, the rf-GDOES
affect quantitative GDOES methods of other materials results were comparable to or better than those achiev-

by varying intensities in as yet unpredictable ways. able with SIMS, without the charging problems of SIMS
and with much higher sputtering ratgk36).
4.1.3.5. Analytical performance. Shimizu et al. have By controlling the degree of surface roughness on the

developed techniques for making nearly perfect oxide anodic oxide films, Shimizu et al. were able to demon-
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remove the effects of crater shape quite difficult math-
ematically. Deconvolution routines normally assume a
after 12 seconds constant shape in the convoluting function. Prassler and
his coworkers addressed these difficulties by assuming
a time-invariant ion current density distribution function
across the cratef188,189. They then successfully
applied an iterative deconvolution algorithm to the depth
profile from a multilayer CYCrNi on Si sample to
obtain a dramatic improvement in depth resolutisee
after 15 seconds Fig. 17). Their success makes deconvolution a real and
exciting possibility for GDOES. The iteration uses
information on the final crater shape to estimate the
1pm initial guess at the ion current density distribution; this
is then refined during each iteration. Their calculated
crater shape then shows the expected growth of the
crater form. The algorithm, as described, requires a full
two-dimensional scan of the final crater as input. This
data input could be simplified by parameterizing the
crater shapele.g. inputting simply the depth and the
i 1pm ratio of center to edge allowing the operator more
flexibility in choosing the initial shape. This would also

1um

after 21 seconds

Fig. 16. Development of crater shape over time, in a thick boropho-
phosilicate(BPSQ film on Si. {Fig. 5 in Ref.[179; reproduced with
kind permission of the author and the publisher.}

100+~
90-

strate the deterioration in depth resolution caused by gso-
rough surfaces[187]. TEM (transmission electron R 701
microscopy photographs of cross-sections of the surface & 601
before and after sputtering showed that the ridges & 501
sputtered more quickly than the valleybecause of S 401
enhanced rf fields at the ridggsslowly smoothing the ‘g’ 301
surface during sputtering. When the original surface < 3
roughness was comparable to the film thickness, then 10-
almost total degradation of the depth resolution resulted

[182]. OO 200 a0 60 00 1000 1300 1400 1600
100 J : L ¢ . . : . o
4.1.4. Methods = 90 F‘l F“ F“ ﬁ“ F Si -
S 807 -
4.1.4.1. Deconvolution. Beyond the immediate surface, il 701 c c c i
the depth resolution in GDOES is largely determined by g 601 {4 ﬁ ﬁ R [
the crater shape. Observed CDPs are, therefore a con- § 50 m
volution of the ‘true’ depth profilg(i.e. the original in- § 40 ;:1 ﬁ @ @ N :
depth compositions in the unsputtered sampdad the g 301 X
effect of crater shape. Evidence suggests that the form 4. o i
of the crater does not change greatly with depth in 0o M k}ﬂ {\ A \ I
homogeneous materials, but simply grows with increas-
ing depth (see, for example, Fig. 16 from a recent 0 200 400 600 800 1000 1200 1400 1600
publication for a thick BPSG filn{179]). For the same depth, nm

plasma conditions, however, the crater shape can vary
significantly between different materials, determined Fig. 17. Composition depth profile of 100 nm thick &LrNi multi-
largely by the electrical behaviour of the material surface layers on Si(a) after deconvolution with a constant crater shéjhe

. L . result being little changed from the unconvoluted profiléb) after
in the plasma. These two variations with depitha. a deconvolution with iteration to determine the uneven crater shape.

growing crater form and Vari_ations in shape from layer- (Fig. 8 in Ref. [188]; reproduced with kind permission of the authors
to-layen, make deconvoluting the depth profile to and the publisher, Springer-Verlag.}
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make deconvolution available to those without comput- entering the plasma. Rather than such ‘absolute’ sput-
erized profilometers. tering rates, it is also possible to use relative sputtering
rates, ratioing all absolute sputtering rates to the sput-

4.1.4.2. Quantification. The similarities in emission tering rate of a reference samdlE92]. The advantages
characteristics between rf and d.c. plasmas mean thabof relative rates will be discussed below. If there are no
any quantitative schemes developed for one could bechanges in emission yield, then measured intensities will
adopted for the other, the difference lying in the choice vary linearly with the relative elemental sputtering rates.
of control parameters rather than in concepts The instantaneous sputtering rate of any sample can
[136,140,190 The principle reason for different control then be calculated easily by converting measured inten-
parameters is that voltage and current mean differentsities into relative elemental sputtering rates, summing
things in d.c. and rf. In d.c., the voltage is the time- these, and multiplying by the absolute sputtering rate of
invariant potential difference between the two electrodes, the reference sample. Compositions are then determined
and since most of this potential drops across the cathodeby dividing the elemental sputtering rates by the instan-
dark space, it is approximately the time-invariant cath- taneous sputtering rate. Sputtered depths are estimated
ode fall voltage. In rf, the applied voltage is time- by dividing the instantaneous sputtering rates at each
varying with a time-invariant amplitudeV,s, and a point in the depth profile by the calculated density at
time-invariant offsetVpc, the d.c. bias voltage. Because each point and summing from time zero.
of the asymmetric design of the sourdg-= Ve As Unfortunately emission yields do not remain constant.
in the d.c. case, most of the d.c. bias voltage drops For any set of control parameters, changes in the sample
across the sheath adjacent to the sample surface, andhatrix, either from changing the sample or from differ-
Vbe can be taken as an rf analogue to the d.c. voltage.ent layers in the sample, cause changes in the plasma
In d.c., the current is the net electron current betweenand optical spectrum that affect emission yie[d93].
the electrodes. It is assumed that the net current isCorrections are then introduced to account for these
proportional to the total electron current. In rf, because changes so that, in effect, an emission yield is deter-
of the blocking capacitor, the net current is zero. This mined as if these changes were not present. Note: these
is why rf works for both conductive and non-conductive do not include sputtering rate changes, which are already
samples, since, unlike the d.c. case, no net current hasncluded in the elemental sputtering rates.
to flow through the sample. But during each cycle there
are particle currentgelectrons and ionsflowing in the 4.1.4.3. Corrections. Corrections are conveniently divid-
plasma. The rf plasma power is the sum, over one cycle,ed into additive and multiplicative corrections. Some
of the product of the instantaneous applied voltage authors refer to the latter as matrix corrections. In
(without the d.c. offset and the instantaneous total additive corrections, a number is added to the intensity
particle current. At the sample surface, the voltage is and in multiplicative corrections the intensity is multi-
negative for much of the rf cycle and positive for only plied by a number. In GDOES, additive corrections are
a small part of the cycle. During the large negative part mostly due to spectral interferences, and multiplicative
of the cycle the instantaneous total current is mostly ion corrections are mostly due to changes in the plasma,
current, while during the short positive part of the cycle though sample reflectivity, if it becomes a necessary
it is mostly electron current. The power is therefore parameter in the future, would be a multiplicative
dominated by ion current, and indeed rf power could be correction. Other than self-absorption, multiplicative
considered as the product ofyc (or V) and the corrections can generally be treated as a perturbation of
average ion current. Since, in rf, there is no net current, the form {1+ r,,(p—po)}, wherer,, and p, are con-
the average ion current equals the average electronstants—thoughr,, may vary with the element or
current, hence the average ion current is the analoguewvavelengthA and p is the parameter that is varying
of d.c. current. Unfortunately, at present there is no [136]. From d.c. work, multiplicative corrections are
routine way to monitor average ion current, hence power available to account for the effects of changes in current,
is commonly used in place of current. e (or Vi) voltage, or pressure, and the effects of [H63,193.
and plasma power are both kept constant, then theMultiplicative corrections may also be necessary for O
average ion current will be approximately constant. and N. Self-absorption is usually treated as a polynomial
Alternatively, if the plasma power is kept constant and or exponential expansion of intensif$55,176,194
Voce (or Ve increases then the average ion current will
decrease in proportion. 4.1.4.4. Relative sputtering rates. Relative sputtering

In algorithms for compositional depth profiling, and rates are often used in calibration and analysis, rather
indeed for some bulk analyses, sample compositions arethan absolute sputtering rates, because relative sputtering
multiplied by the sputtering rate to give elemental rates are much less sensitive to changes in the GD
sputtering rate§191]. These elemental sputtering rates plasma and differences between instruments. They are,
are proportional to the number of atoms of each elementfor example, nearly constant with changes in applied rf
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Fig. 18. Comparison of relative sputtering raté&SR9 measured in Fig. 19. Comparison of relative sputtering rat€&SR9 measured in
rf with two different operating modes, for a wide range of metals and rf and d.c., for a wide range of metals and metal alloys. Data from
metal alloys. Data from Perez et §148§]. Pisonero et al[150].

power or pressuregf192. They should therefore be improved means for calculating densities when such

similar for different source control mode&see, for compounds are preserii93]. A table of oxide and

example, Fig. 18, using data from Perez et[akg). nitride densities is used to calculate the fraction of the

They should also be similar between rf and dsee  density due to these compounds, and the remainder is

Fig. 19, using data from Pisonero et §50)), at least  calculated in the usual manner by assuming constant

within the rather large uncertainties in measured relative atomic volumes.

sputtering rates that currently exist. Work by Marshall

et al. suggests absolute sputtering rates per effectives.;.5. Recent applications of rf-GDOES

watt in the plasma may also be the same in rf and d.c. Applications using rf-GDOES, published since 1997,

[151]. inclusive, are summarized in Table 3. The areas include
These uncertainties in relative sputtering rates are theelemental analysis of conductivi112,197-199 and

largest source of error in GDOES analysis. Several waysnon-conductive[200—-205 bulk solids, qualitative and

to deal with this problem are being considered. Much compositional depth profiling of a wide range of solid

of the variation may be due to the lack of a standard surfaces, thin  films, and thick coatings

describing how best to measure them. An interlaboratory [15,108,181,193,199,206—238and novel techniques

test on relative sputtering rates is currently underway for the analysis of gases and liquifls74,239,240
within the European GD communitjd95. It is hoped

that this study will identify how much variation occurs

between laboratories, as well as the parameters respon-
sible for the variations, so that uncertainties can be 1167
reduced and reliable measured values for relative sput- _ 1.14-
tering rates can be shared among laboratories. One wayg , ;, |
forward may be ‘sputter factors’, i.e. relative sputtering g,
rates determined directly from calibration curves <
[136,196. Another approach is to calculate relative & ']
sputtering rates from semi-empirical theory, where rela- § 1.06
tive sputtering rates are based on sample composition. § 1.04-
Fig. 20 shows calculated sputtering rates for Cu—-Zn =
alloys using this approach compared with the data from 1
Winchester[197]. 1007

1.18

0.98 T T T T T T T
1.04 1.05 1.06 1.07 1.08 1.09 1.10 1.1 1.12

4.1.4.5. Density. Another source of uncertainty in sput- Calculated SR (g min!)

tered depth in CDP analysis is the calculated density at
each point in the depth profile, e_spem_ally when s,”?”g Fig. 20. Sputtering rate6€SR9 for Cu—2n alloys, calculated with the
Cova_lent bqnds are present, as in oxides and nitrides.approach of Payling et .al192), including 95% confidence limits, and
Payling, Michler, and Aeberhard have presented an compared with data from Winchestg97].
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Applications using rf-GDOES published since the beginning of 1997

Type of analysis Material Refs.

Bulk Iron and steel [112,198,199
Cu-Zn alloys [197]
Glass and ceramics [200,201
Bone [202
Environmental [205
Coal ash [203,204

Depth profiling Surfaces [193,206-208
Metal coatings [193,199,207,209

—214

Hard coatings
Oxides, nitrides and oxynitrides

[193,207,211,215,216
[108,181,217-220

Anaodic films [221-230Q

Conversion coatings [231-233

Electrodeposited Ni—P [234

Prosthetic implants [235

Polymer coatings [15,207,236,237

Glasg/ceramics films [207,238
Speciation Chloride in solution [174

Gases [239

Fish tissue [24Q

4.1.5.1. Bulk analysis. Hartenstein and Marcus studied on the O-ring. Ar | 404 nm emission was used to correct
the analysis of low levels of gaseous eleme(its O, for changes due to sample thickness. They obtained
and H) in solids[19§]. They found that care was needed linear calibration curves for low levels of several ele-
in the construction of the vacuum and gas-handling ments(including Al, Mg, Cu, Fe, and Sr
systems in order to avoid air leaks, that 99.999% pure Glow discharge methods also show promise for appli-
argon was insufficient, necessitating additional purifi- cations related to health care. For example, in an
cation, and that care was needed in changing samplesxploratory study, Martinez et al. investigated the rf-
to minimize air ingress into the source. They achieved GDOES spectra obtained from bone using several dif-
detection limits for N in iron of between 2 mg kg ferent means for preparing the sampl¢a02. A
and 7 mg kg* . With a gas-jet boosted rf-GD connected procedure is already well established in clinical labora-
to a monochromator, Cho et al. obtained sub-mg*kg tories to encapsulate thin slivers of bof@5 mm to 1
detection limits and R.S.D.s0.3% for six elements in  mm thick) in poly(methylmethacrylateand paste them
steel (Cu, Co, Ni, Mo, Cr, and Ti [112]. In a review  to a flat support. The procedure is used to reduce the
of GDOES, Payling presented earlier work showing amount of a patient’s bone required for analysis. This
similar analyses of steels by rf- and d.c.-GDOHBS9. method proved to be the best for rf-GDOES, as well.
In other work concerning the bulk analysis of con- At typical rf GD conditions, 35 W and 800 Pa, Martinez
ductive materials, Winchester found detection limits of et al. found intense lines for Ca, Na, Mg, P, and C, and
3 mg kg ! (converted tak=3) for P in Cu—Zn alloys, concluded that rf-GDOES could be suitable for biolog-
comparable to or better than other analytical techniquesical and medical studies, such as determiningC For
for these material§197]. He found optimum conditions Ca/C ratios for the diagnosis of osteoporosis.
of 100 W and 1900 Pa Ar, conditions much stronger In another study, Luesaiwong and Marcus successfully
than others have used; the very high pressure wouldfused coal ash powder with lithium compounds for rf-
mean high current and low voltage, both consistent with GDOES analysi§203. Coal ash is a difficult material
high emission yields. to analyze with competing solid sampling techniques.
In terms of non-conductive materials, Pan and Marcus Their preparation method is suitable for other oxide-
analyzed glass powders after pressing them into disks,powder specimen types. Davis et al. also successfully
without the need for a conductive bindg200]. They dispersed either coal ash or cement in acid-catalyzed
found that either Si or the background signal could be sol—gel films for rf-GDOES analysif204].
used as an internal reference for calibration. Anfone and Baude et al. have reviewed the possibilities for GDS
Marcus then studied the analysis of solid glass samples,in the analysis of environmental samp[@95. Samples
again using background signals as an internal referenceconsidered included powders from soils, rocks, and
[201]. They covered the sample with an Arfilled brass sediments after mill-grinding, animal and plant tissues,
cup to overcome problems of porosity and poor sealing liquids, and gases. One of the drawbacks for GDS in
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these areas is the lack of suitable certified referencecoatings, with particular reference to depth resolution
materials(CRMs) for calibration. The review indicates and interface studies, and the determination of Fe in
that various rf- and d.c.-GDOES studies have beenZn—Fe coated steel. Passetemps has reported work on
published in all these areas of environmental analysis.the carburizing and carbonitriding of steel surfaces,
However, competition is strong, since this is an area obtaining excellent visual agreement between rf-GDOES

where many analytical techniques are applicalgey.
ICP-OES and -MS, with or without laser ablation, ETV
(electrothermal vaporisation graphite furnace AAS,
and XRF(X-ray fluorescency.

Finally, some limited work has been directed towards

the analysis of liquid samples. Low-pressure GDs are (CVD)

not very tolerant to the introduction of liquid aerosols,

depth profiles and SEM cross-sectional ima{@87].

In a related area, Payling and co-workers have pro-
vided several papers on the analysis of typical hard
coatings, such as TiN and TiCN, and slip coatings, such
as MoS , produced either by chemical vapor deposition
or physical vapor deposition (PVD)
[193,207,211,215 An important part of this work is

so Rodriguez, Periero, and Sanz-Medel developed athe use ofVye, H corrections, and improved density

technique by which chloride in solution is first converted calculations. The inclusion of a H correction, for exam-
to volatile chlorine, extracted as a gas through a ple, is necessary to obtain stoichiometric analysis in
membrane using He as the carrier gas, and injected intoCVD coatings. These coatings often contain significant

a He rf-GD [174]. The selectivity of OES allows such
a technique to distinguish the halogens, Cl, Br, and |,
indistinguishable in conventional titration methods.

4.1.5.2. Depth profiling. ‘True’ surface techniques are
capable of analyzing the outer atomic layer1 nm)

of a solid. The work of Shimizu et al. is approaching
this limit for rf-GDOES. They have analyzed a4-nm
thick surface film on electropolished, high-purity, alu-
minum given a post-treatment in a hot GrO H PO
solution [206,207. They were able to discern clearly
the depth distributions of Cr, H, and P in this film.
Moreover, immediately below the film they saw a thin
Cu-enrichment resulting from exposure of the aluminum
to air after electropolishing. This enrichment of Cu had
been predicted theoretically, but previously no ‘true’

amounts of H from furnace gases. Mitsuo and Aizawa
monitored CI distributions in a TiN hard coating with
rf-GDOES[216]. The CI reduces friction and wear. The
measured Cl depth profiles, confirmed by TEM, peaked
between 40 nm and 90 nm, depending on the preparation
conditions, and extended to depths of 200 nm.

Dreer compared the analytical figures of merit of a
variety of analytical techniques for the bulk analysis of
silicon/aluminum oxynitride thin filmqd217). The study
found major problems in the accurate evaluation of O
in these films with rf-GDOES, indicating that substantial
improvements are needed, if the advantages of rf-
GDOES (e.g. high speed and low cosére to attract
users. Hodoroaba et al. compared rf-GDOES with hfm-
SNMS (high frequency mode secondary neutral mass
spectrometry for the evaluation of various SiTiO,

surface technigue, including SIMS, had been able to and Si N,/SiO, multilayers on glass substratg&s0§].

detect it. Next, Mato et al. considered a Ta—Cu alloy to

Both techniques were successful in resolving the layers,

see if a similar enrichment of the alloying element, with SNMS having better depth resolution, but being

following either electropolishing, etching, pickling, or

very much slower. Suchaneck et al. studied lead zircon-

anodizing, occurred in the region just below the surface ate—titanate(PZT) thin films, using RBS(Rutherford

oxide, as predicted by the Gibbs free enefg9g]. No
Cu enrichment was found, suggesting that oxidation

backscattering spectromejryo characterize calibration
materials for rf-GDOES[218]. Marcus and Schwartz

energies are only one mechanism in anodic oxide for- also studied PZT thin films, produced by sol—gel tech-
mation. Payling, Michler, and Aeberhard have analyzed niques[219. They were able to distinguish differences

quantitatively the first 4 nm of the air-formed oxide
surface on galvanized sted93].
Metal coatings provide a major area of interest for rf-

in pyrolysis conditions based on the rf-GDOES depth
profiles for C, H, and O. Dorka, Kunze, and Hoffmann
used the optical interference effect, mentioned earlier,

GDOES. For example, Delfosse et al. have reported theto determine the thickness or refractive index of SiO

rf-GDOES depth profiling of a variety of metal coatings
and thin films, including a thin layer of gold on a brass

films on silicon wafers[181]. The thicknesses of 1965
nm films were determined with an uncertairty S.D)

watch part, and have also studied diffusion at metal of 5 nm and a 95% confidence interval of 15 nm, with

interfaces[209,21Q. Payling and co-workers have pre-

sented the CDPs of several commercial Zn—Al and Zn—

the uncertainty arising from variations in film thickness
rather than from the rf-GDOES measurement. Rother

Ni based coatings on steel, as well as commercial compared alumina coatings deposited on high-speed

electrical coatingge.g. Au or Ag on brags based on
multi-matrix calibrations [193,199,211-213 Kakita,

steel by reactive d.c. magnetron sputtering with rf-
GDOES to verify the uniformity of the coatind22Q].

Suzuki, and Suzuki have reviewed several applications Anodic films have become a major area of interest

of r-GDOES analysis in the steel industi®14]. These
include the evaluation of Zn—Al and Zn—-Ni based

for rf-GDOES analysis. Shimizu et al. have studied the

impurity distributions (electrolyte anionk in various
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barrier anodic films on aluminum, including those showed two rf-GDOES depth profiles of thick, pig-
formed in sodium tungstate, sodium molybdate, and mented and clear polymer coatings used in the auto-
sodium chromate solutiorfg21]. The rf-GDOES results  motive industry[15]. Similarly, Fernandez et al. have
agreed well with high resolution TEM photographs and analyzed painted galvanneal sheets used for car bodies
were superior to SIMS results with these films. Shimizu [236]. The very different electrical characteristics of the
et al. also studied thick, porous, alumina films with external pigmented polymer layers and the inner galvan-
controlled distributions of coloring specié€u and N) neal Zn—Fe coating posed a special challenge in opti-
in the inner 1um of the film next to the Al substrate mizing depth resolution. Also, operating at constant
[222]. Despite some variations in thickness of the pressure and applied power, they successfully included
coloring material, rf-GDOES showed the distributions, Ar intensities as an internal standard to correct for
with widths close to calculated values and with a depth changes in emission yield between the very different
resolution of approximately 100 nm, superior to results materials. An Ar | and several Ar Il lines in the range
obtained with EPMA (electron probe microanalysis  389.0 nm to 400.0 nm were found to be suitable.
Using rf-GDOES depth profiles of the distributions of Passetemps and Payling have obtained CDPs of electro-
sulfate ions in amorphous anodic aluminum films, com- phoretic-coated, phosphated, galvanized steel, using spe-
pared with a boron species marker, Shimizu et al. werecially prepared in-house reference samples for
able to determine the inward migration rate of 350  calibration[207]. Xhoffer and Dillen have discussed rf-
ions relative to @ ions through the filn{23]. They GDOES applications in the steel industry, including
then studied the generation of oxygen gas bubbles a feworganic paint systems on galvanized steel sii2&1].
nanometers in size in the subsurface of anodic aluminum Finally, Rother and Mucha reported the rf-GDOES
[224]. Details in the rf-GDOES depth profiles provided depth profiles of two graded gla&seramic(SiO, and

key evidence for a complex model involving the oxi- Al ;) protective coatings on light metal car wheels
dation of migrating @ ions, as well as the role played [23§. Jardin, Bourgeois, and Crener have examined
by metal ion impuritieCr** and W*). In Al-0.2%Mg various coatings on glass substrates, such as,/SiO
alloys, rf-GDOES shows incorporation of Mg in the TiO, multilayers on borosilicate glas$207]. They
residual alumina film and the absence of Fe and Si tracedescribed in detail the difficulties in analyzing these
impurities, as well as enrichment of Cu at the ajfloy materials with rf-GDOES, including their propensity to
film interface [225]. Habazaki et al. and Mato et al. shatter under mechanical and thermal stress and their
have extended the rf-GDOES study of anodic films to hygroscopic nature.

titanium alloys[226,227, NbN, alloys[22§], and Mg—

Ta alloys [229]. Anodic films on aluminum have also 4.1.5.3. Speciation. While rf-GDOES is most widely
been studied by Snogan et al., where rf-GDOES wasused for the direct elemental analysis of solids, it also
used to monitor the S distribution in the film formed by offers possibilities as an element-specific detector in
sulfuric acid[230]. speciation analysi§241]. Centineo et al. investigated

In other research, Campestrini et al. have studiedthe capabilities of rf-GDOES for the analysis of gases,
chromate conversion coatings on Al with a variety of where rf may have an advantage over d239. They
techniques, including rf-GDOE$231,232. Spectro- introduced volatile organic compoundsontaining C,
scopic ellipsometry, SEM cross-sections, and rf-GDOES Br, Cl, or 9 into a He plasma through the side of the
all gave similar film thicknesses. Nordlien et al. studied anode tube. They found linear responses over four orders
newer zirconium-titanium based conversion layers on of magnitude, with good precision and accuracy, and
Al, also with a variety of techniques, including rf- higher sensitivities than provided by other techniques,
GDOES[233. including microwave induced plasma OEBIIP-OES)

Shimizu et al. used rf-GDOES to study a Ni—P alloy and inductively coupled plasma OEEP-OES. Their
film, approximately 0.5um thick, electrodeposited on comparison of detection limits with MIP-OE&472],

Cu [234]. The depth profiles showed compositional ICP-OES [243], d.c.-GDOES[244], and capacitively
variations in Ni and P, with the peaks in P corresponding coupled microwave plasm@MP) OES[245 is shown
to amorphous regions revealed by cross-sectional TEM.in Table 4.

In research pertinent to health care issues, Hartenstein, Continuing this work, Orellana-Velado, Pereiro, and
Compton, and Marcus used rf-GDOES to study the N Sanz-Medel combined capillary gas chromatography
depth distributions for nitrided, wrought, Co—Cr—-Mo with a He rf-GD for Hg speciatioi240]. The Hg was
alloys used for the production of prosthetic implant hip removed from solution after derivatization with a Gri-
joints. They found differences in N distributions in the gnard reagent. The Hg was then transported to the GD
first 15 wm related to nitriding timg235]. with He flowing at 2.3 ml min'. They used the

A particularly interesting application area for rf glow technique to determine methylmercury in fish tissue.
discharge methods is the analysis of polymeric materials. They found detection limits and accuracies similar to
In his review of direct polymer analysis by GDS, Marcus competing techniques. Advantages for their system
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Table 4
Analytical performance of rf-GDOES for the analysis of nonmetals in volatilized organic comgounds {Reprinted with permission from Ref.
[239. Copyright 1997 American Chemical Society.}

Element Wavelength This work MIP DL ICP DL dc-GD DL CMP DL

(nm) DL R.S.Db Upper value in (pg/s) (pg/s) (pg/s) (pg/s)
(pg/s) (%) linear range [242 [243 [244 (245
(ng/s)

Cl 479.45 0.7 3.92.2 1000 8.1 5000 7000
837.59 800

C 193.09 13 400 100
247.86 0.3 2.00.7) 360
833.51 2200

Br 470.49 11 4.63.0 900 9.5 10 000
827.24 1000

S 190.03 1000
545.38 6 3.24.4) 900 58

aFor comparison, detection limit€DLs) with other helium plasmas and OES are collected. DL calculations are based on three times the
standard deviation of 10 independent background readings.

P R.S.D=relative standard deviation. The analyte concentration in nanogram per second at which the R.S.D. was evaluated is cited in
parentheses.

included lower gas consumption than for some other solid materials in at least two well-known ways. First,
techniques and a wider dynamic range in concentrationsinsulating powder samples can be thoroughly mixed
that could be analyzed without the need for standard with electrically conductive host powder.g. high-
additions. purity graphite, Cu, Ag, or Ta and the resulting mixture
can be formed into a rigid solid under high pressure
4.2. Radio-frequency glow discharge mass spectrometry [e.g. [4,205,249-251 While this approach can be
useful, it is prone to sample contamination associated

GDMS in the d.c. mode has been an important with the host matrix material. Also, pressing of powders
analytical technique for many years. It has proved to be often incorporates gases and water into the solid that is
especially useful for purity assessment of important produced, serving as an additional source of unwanted
solid materials, such as those used in the high-purity contamination in the glow discharge. Another unfortu-
metals and semiconductor industries. The utility of d.c.- nate characteristic of this approach is that sample com-
GDMS for such applications stems from its inherent ponents are necessarily diluted, usually by a factor of at
analytical qualities. In addition to the capability of least 5, resulting in a potential loss of analytical signal.
analyzing solids directly in the solid state, these inherent Finally, it is often difficult to achieve uniform mixing
qualities include excellent sensitivities and detection of the sample and host matrix components prior to
limits, reasonable accuracies and precisions, wide ele-pressing, and so analytical precision can be poor. One
mental coverage, and relative lack of matrix effects and potential advantage of this approach is that the use of
interferences compared to most other direct solids ana-the host matrix material inherently provides an internal
Iytical techniques. Moreover, variation of analytical standard element of known mass fraction in the pressed
sensitivities across a wide range of elements within a solid (i.e. the host matrix itself, provided that it is not
given matrix generally does not significantly exceed one also present in the unknown sample in significant
order of magnitudd4,246—248. amounts.

Rf-GDMS is characterized by the same analytical The second approach to analyzing insulating solids
qualities as its d.c. counterpart. Additionally, it is directly with d.c.-GDMS is the secondafyr sacrificia) cathode
applicable to electrically insulating sample materials, as techniquele.g. [13,252,255-264. An electrically con-
noted before. Even with such considerable analytical ductive mask containing a holéi.e. the secondary
potential, rf-GDMS has not yet been used widely for cathode is placed over the surface of the insulating
real world applications. In part, this is due to the fact sample. Part of the material sputtered from the secondary
that some important technical challenges remain to becathode deposits onto the insulating surface, creating a
solved. Also, commercially available rf-GDMS instru- thin surface layer. Because this layer is electrically
ments and relevant documentary standards do not yetconductive, it is then sputtered in the d.c. discharge,
exist. resulting in the incidental sputtering of the sample

Before proceeding with an in depth discussion of rf- surface underneath. The conductivity of the deposited
GDMS, it should be mentioned here that d.c.-GDMS surface layer also prevents charge build-up on the non-
can in fact be applied to the analysis of non-conductive conductive sample. The secondary cathode material must
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be carefully chosen. A key factor is purity relative to resonance(FT-ICR) instruments[62], and ion traps
the expected composition of the unknown samples. This [60]. Quadrupole mass spectrometers offer the advantag-
is because ion intensities originating from the secondaryes of relatively low cost, as well as relatively rapid
cathode material can often be at least 4 times morem/z (mass-to-charge raticscanning and selective peak
intense than even the matrix ion intensities originating hopping capabilities. Unfortunately, they provide only
from the non-conductive sampl265]. Also, it is helpful unit mass resolution, and are, therefore incapable of
to use a material that sputters rapidly enough to provide resolving many isobaric interferences. Double and triple
the necessary surface layer, but slowly enough to preventquadrupoles are sometimes used in attempts to reduce
that surface layer from becoming too thick. Tantalum is isobaric interferences through collision-induced dissoci-
often selected. Judicious choice of discharge conditionsation (CID), also known as collisionally-activated dis-

is also limited and critical to the success of the analysis. sociation (CAD) [57,273. Detection limits(DLs) for

One advantage of the secondary cathode approach cominstruments based upon quadrupole mass filters are
pared to rf-GDMS is that the thickness and shape of the generally in the sub- to low microgram per gram range.
unknown insulating sample are much less important. As Double-focusing instruments are significantly more
we shall see later, analytical signals from non-conductive expensive than quadrupoles and have relatively slow
solids sputtered in rf-GDMS instruments can depend scanning and no true peak hopping capabilities. How-

dramatically on these geometric factors. ever, they provide good spectral resolution, with mass
resolving powers approaching 10 000. As a result, many
4.2.1. Instrumentation isobaric interferences commonly encountered in rf-

Proliferation of GDMS in thed.c. mode has been GDMS can be resolved. DLs are typically in the sub-
facilitated by the availability of several commercial to low nanogram per gram range. TOF mass
instruments over the years. Dedicated instruments havespectrometers offer true simultaneous sampling of ions
included the VG GloQuad quadrupole mass spectrometerof different m/z, making them especially suitable for
and the VG 9000 double-focusing instrumeithermo coupling to pulsed glow discharge sourd@y4-277
Elemental, Cambridge, United Kingddmas well as the  or for depth profiling application$276,278,278 These
glow discharge version of the Concept double-focusing instruments have not yet been used much for analytical
mass spectrometéKratos, Ramsey, New Jersey, UBA  rf-GDMS, but are likely to become more important as
Direct current glow discharge devices have also beenpulsed rf glow discharge sources and depth profiling
sold as accessories for instruments that were designedievelop further. Finally, FT-ICR and ion trap instruments
principally as inductively coupled plasm@CP) mass are not likely to be used for routine rf-GDMS analytical
spectrometers. Such instruments have included the TSapplications, but have found utility for more fundamental
SOLA quadrupole instrument and the Element double- studies[60,64. In a general sense, a noteworthy advan-
focusing mass spectrometésoth Finnigan MAT, Bre-  tage of FT-ICR and ion trap instruments is that the
men, Germany. accessiblen/z range is inherently limitless. Moreover,

Unfortunately, no commercial~GDMS instruments  FT-ICR mass spectrometers provide the highest of all
have ever been available. This partially explains why spectral resolving powers, with values approaching
rf-GDMS has not been nearly as well developed or 2x10°.
widely used for real-world applications, despite the
potential utility. In the absence of commercial rf-GDMS 4.2.1.1. Source design. Both d.c.- and rf-GDMS are
instruments, researchers and practitioners have beerapplicable to pin and flat samples. It is also possible to
forced to design and build their own instruments. Some analyze oddly shaped samplesg. [15]] and thermally
have chosen to interchange an rf glow discharge deviceunstable sampld®.g.[12]] with custom sample holders.
with the ionization source that came with a commercial Pin samples are typically introduced into the glow
mass spectrometer that was obtained for some otherischarge cell by means of a direct insertion probe
purpose. Others have built their rf--GDMS instruments (DIP). One example of an rf-powered DIP is depicted
from scratch using original equipment manufacturers in Fig. 21a [61]. Rf power is delivered from the rf
(OEM) mass spectrometer components. Either way, the power source, usually the combination of an rf generator
rf glow discharge ionization source must be custom and matching network, to the electrically conductive or
designed and built, since no such analytical devices arenon-conductive sample by means of the RG-213 coaxial
commercially available. cable. Though it may be difficult to see in the figure,

Rf glow discharge devices have been coupled to this cable actually extends all the way from the HN
several different types of mass spectrometer. Theseconnector, which is attached to the matching network
include single[e.g. [10,56,251,266—288 double [57], output, through the probe body to the electrical feed-
and triple [269] quadrupoles, double-focusing instru- through at the sample end of the DIP. The outer covering
ments [265,270,27], time-of-flight (TOF) mass spec- and shielding of the RG-213 cable was removed from
trometers [272], Fourier transform ion cyclotron the section corresponding to the stainless steel probe
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Fig. 21.(a) Direct insertion probéDIP) designed for rf-GDMS(b) Rf glow discharge cell, adjustable bellows assembly, and vacuum interlock
used in conjunction with the DIP. See text for further explanation. {Figs. 1 and 2 in[&Hf.reprinted with kind permission of the author and

the publisher.}
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Fig. 22. DIP designed specifically for coupling to the VG 9000 double-focusing mass spectrometer. {Reprinted with permission ffAi]Ref.

Copyright 1993 American Chemical Society.}

body, in order to allow it to be inserted through the Centering of the center conductor within the probe was
body. The outer body of the probe acts as the coaxial effected by the retention of the native interior insulator
shielding for that section of the rf electrical pathway. of the RG-213 cable and the inclusion of the additional
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glass tubing pictured in the inset of Fig. 21a. Sputtering functions in this device. First, it provides electrical
is limited to the sample surface by means of the Macor insulation between the steel discharge cell and the
and stainless steel sleeves located at the end of the DIRgrounded stainless steel outer body of the DIP. Second,
These sleeves effectively isolate the plasma to thethe o-ring mounted within the BN effects the necessary
exposed sample surface. It is noteworthy that the Macorvacuum seal. Finally, the high thermal conductivity of
sleeve itself would sputter in the absence of the ground- BN provides a good heat conduction path for cryogenic
ed steel sleeve surrounding it. The solid sample, typi- cooling of the sample mount assembly. A liquid N cold
cally 1.6 mm to 4.8 mm in diameter, is slip-fitted into finger surrounds the BN section for that purpose. The
the Cu sample holder, which is attached to the electrical discharge cell of the VG9000 itself is also cooled with
feedthrough by means of a set screw. Sample holdersJiquid N..
Macor sleeves, and stainless steel sleeves of different Cryogenic cooling of glow discharge sources has
sizes are used to accommodate samples of differentproved to be analytically beneficial for both d.c.- and
diameters. Compacted powder samples could also berf-GDMS [271,281-281 The benefits are effected by
analyzed using this DIP design. A compacted samplethe removal of condensable contaminants from the
would simply be mounted onto a Cu substrate using discharge environment. Such contaminants, primarily
conductive silver paint. The Cu substrate would then be water vapor, interfere with sputtering and gas phase
slip-fitted into the Cu sample holder as described above. processes in the plasma. For example, molecular gas
Previously published work had demonstrated that phase species tend to quench the Ar metastables that
effective mass spectrometric sampling of glow discharge play such an important role in glow discharge plasma
produced analyte ions requires proper positioning of the processes, including being responsible for Penning ion-
sample surface with respect to the sampling orifice of ization [286,287. Gas phase contaminants may also
the mass spectromet@B6]. Analytical sensitivities are  react with analytes, reducing desired analyte ion signals
most favorable when the orifice is positioned close to and producing unwanted polyatomic isobars. They may
the interface between the negative glow and the plasmaalso react with sample surfaces, thereby affecting sput-
sheath surrounding the sample surface. For this reasontering yields. Finally, very light contaminant ions, such
the DIP illustrated in Fig. 21a was introduced into the as H", may carry a disproportionately large fraction of
rf glow discharge cell through an adjustable bellows discharge current, yet produce very little sputtering
assembly (see Fig. 21h The bellows allowed the [4,28§. Owing to the substantial analytical advantages
distance between the sample surface and the samplingssociated with cryogenic cooling, some means of cool-
orifice to be optimized. The vacuum interlock, consisting ing is a standard feature of commercial instruments.
of the combination of the ball valve and three-way  The benefits of cryogenic cooling for rf-GDMS have
valve, enabled the introduction of the DIP into the been studied. As an example, De Gendt et al. acquired
discharge cell without loss of vacuum. This is important, mass spectra with and without the flow of liquid, N
because atmospheric contaminants are problematic inthrough a cryogenic coil immersed within the discharge
both d.c.- and rf-GDMS analysi$4,31,32,271,280—  environment[284]. Fig. 23a presents an rf glow dis-
284]. charge mass spectrum obtained without the flow of
At least one rf glow discharge device has been liquid N,. The sample consisted of Macor powder
designed for the VG9000 double-focusing mass spec-compressed under high pressure into a sample disk. This
trometer[271]. This development is logical, since this spectrum is dominated by Ar species and ion signals
particular instrument model, sold as a d.c.-GDMS, has originating from contaminant species present within the
been by far the most successful of all commercial GDMS discharge environment. Fig. 23b contains a mass spec-
instruments. The design of an rf-powered glow discharge trum of the same sample obtained after 40 min of liquid
DIP for the VG9000 is illustrated in Fig. 2ZThis DIP N, flow. It is obvious that cryogenic cooling substan-
has also been adapted for use with the VG GloQuadtially reduced isobaric interferences arising from dis-
guadrupole mass spectromet¢285].) The DIP is charge contamination. The isotopic ratios for Nig/z
designed to allow coupling to the instrument without 24, 25, and 2p and Si(m/z 28, 29, and 3D in the
modification of the d.c. source interface provided by the spectrum acquired with cooling approximately agree
instrument manufacturer. This allows the rf and d.c. with expected natural abundances. It should be empha-
sources to be interchanged easily and rapidly. Completesized that the compacted oxidic sample characterized in
conversion requires approximately 45 min, including this work represents a worst-case scenario. This is
evacuation and reconfiguration of electrical power. The because contamination originates not only from vacuum
DIP design illustrated in Fig. 22 is in most respects leaks, adsorbed water on surfaces, and impurities in the
analogous to that presented in Fig. 21a, and so nodischarge gas itself, but also from the oxidic nature of
detailed explanation will be given here. The interested the sample components and trapped gases and water
reader may find a more complete description in Ref. incorporated into the sample disk during compaction.
[271]. The BN section in Fig. 22 serves three important Nonetheless, cryogenic cooling has also been shown to
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Fig. 23. Comparison of rf-GDMS mass spectra of a compacted Macor ceramic powder sample ofhiwitiout and(b) with liquid N,

flowing through a cryogenic cooling coil immersed within the discharge environment. The applied rf power and the Ar pressure were 50 W and

50 Pa, respectively. The sample-to-exit orifice distance was 7 mm. {Reprinted with permission fro@8efCopyright 1995 American Chemical
Society.}

be beneficial for other sample types, including bulk simple circuit depicted in Fig. 24271]. The inductor
insulators and even metallic soli§281,282. between the d.c. high voltage source and the glow
There was a significant technical challenge associateddischarge cell allows the application of the d.c. accel-
with coupling the rf glow discharge device pictured in erating potential to the cell. This causes the plasma to
Fig. 22 to the VG9000 mass spectrometer. Double- float at this accelerating potential, as desired. The d.c.
focusing mass spectrometers usually employ high d.c.high voltage is also transmitted to the sample through
accelerating potentials, in order to improve ion extrac- the conductance of the plasma. However, the capacitor
tion efficiencies. The VG9000 utilizes an adjustable between the matching network and the glow discharge
accelerating potential of up to 8 kV. The ionization device isolates and protects the rf electronics from the
source is normally floated at this accelerating potential. d.c. high voltage. If any d.c. should leak through this
As a result, it was necessary to find a way to superim- capacitor, the nearby inductor provides a ready pathway
pose the rf driving potential of the glow discharge on to ground. In terms of the application of the rf potential
the high d.c. accelerating potential, while avoiding rf needed to sustain the glow discharge, the capacitor
interference that might influence the mass spectrometerbetween the matching network and the discharge device
electronics. provides a low-impedance path. The inductor between
Duckworth et al. found an elegant solution to this the discharge device and the d.c. high voltage supply
technical challenge through the implementation of the protects the latter from the rf potential. Should any rf
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leak through, the nearby capacitor provides a conductive
pathway to ground.

Rf glow discharge sources for the mass spectrometric Grounding Cap
analysis of flat samples have also been developed. Such / /
a source for coupling to the commercially available VG
GloQuad quadrupole mass spectrometer is depicted in

Insulator Anode
Spacer Plate Gas
Inlet

Fig. 25[289. This rf glow discharge source basically tons
consists of the same DIP design given in Fig. 21a, but

with the addition of a flat sample holder that attaches . . ’ :

to the end of the DIP. A flat sample is mounted for D"ecsr'g::"m" Xmm
ana!ysis by placing the s_ample and the insulator spacer Flat Discharge
against the anode plate in such a way that the spacer is Teflon  reficn Sample Cell
completely shielded from the discharge. This is possible, Back  gupport  (Cathode)

because the inner diameter of the spacer is slightly larger Plate  pog

than that of the anode plate. The grounding cap is then

nserted through he Teflon back plate unl L makes 10,5, 0238 oL e oo o
firm ContaCt Wlth. the back of the sample. It is then spectropmeter. {Fig. 1 in Re{289; ?eprinted with kind germisspi)on of
locked into position by means of the set screw Shown ihe aythor and the publisher}

in the figure, thereby holding the sample and insulator

spacer in place. The DIP is then inserted through the

grounding cap to make rf electrical contact with the ) ) )
back of the sample. Finally, the DIP and the attached Such devices are usually designed for the analysis of
sample holder assembly are positioned against the stainflat samples. They are in most respects very similar to
less steel discharge cell, in order to form the enclosedthe more common flat sample devices, such as the one
discharge volume. The insulator spacer is machinedPictured in Fig. 25. The principle difference is that one
from BN, in order to provide sample cooling by the Or more magnets are usually placed against the sample
conduction of heat away from the sample to the cryo- on the side opposite to the plasma. The associated
genically cooled discharge cell. The entire assembly magnetic field helps to confine electrons within the
seen in Fig. 25 is contained within a larger vacuum plasma, producing increased ionization efficiencies. One
chamber during operation. Nominally flat samples with result is that the plasma can be operated at lower
diameters in the range 6 mm to 38 mm could be pressures than non-enhanced rf glow discharges. Some
analyzed with this rf device, so long as the sample data have shown that the use of extremely low operating
thickness did not exceed 26 mm. Thicker samples could pressures can reduce isobaric interferences in some cases
be accomodated, however, with the use of longer Teflon [265]. Sample sputtering rates and ion intensities have
support rods and a longer grounding cap. also been improved with the use of magnk265,292.

One disadvantage of magnetron sources is that sputtering
4.2.1.2. Magnetically-enhanced sources. Another type  tends to be very localized to the shape of the magnets.
of rf-powered glow discharge device that has been This normally results in extremely non-flat craters,
investigated for analytical rf--GDMS is the magnetically- limiting the utility of magnetron sources for depth
enhanced, or magnetron, sour¢265,266,290-293 profiling [292,293.
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Fig. 24. Schematic of the electrical circuit used to couple the DIP depicted in Fig. 22 and the associated rf power supply and matching network
to the VG 9000 double-focusing mass spectrometer. {Reprinted with permission froni2R&f. Copyright 1993 American Chemical Society.}
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4.2.1.3. Pulsed sources. Other types of rf-GDMS sources Table 5 o _

that have been pursued include pulsed devicesPublished applications using rf-GDMS
[269,294,29% There is nothing inherently different in
the design of such devices compared to the sorts of

Type of analysis Material Refs.

devices already described. Obviously, some means of8ulk Iron and steel (289

pulsing the rf power delivered to the glow discharge Cu-based alloys {23‘25;‘8690’26917’22%8
device must be provided. One of the analytical advan- Al-based alloys (57,284,298
tages associated with pulsing the rf source is that Ni-based alloys [272,285,298
instantaneous discharge powers can be very high, result- Semiconductors [270,299-301
ing in very strong analytical signals. At the same time, gf;g‘g;‘scs {5245;39626320625_;%3
fume-averaged dlscharge powers can l_ae kepF low, :_;ly_0|d— [28’5’2;39,’292"293’298
ing sample overheating and associated instabilities. Polymers [10,12,15,1p
Moreover, pulsed rf glow discharges often exhibit ‘pre- Oxide powders [56,251,305
peaks’ and ‘afterpeaks’ in mass speci2$9,294, sim- Soil (279

ilar to those observed with optical emission. Given the Depth profiing  Surfaces of polymers  [15,16,306
presence of these prepeaks and afterpeaks, time-gated Oxide surfaces (307,308
detection can sometimes be used to discriminate analyte Conductive layers on  [10,30§

insulating substrates

ion intensities from undesired ion signd&94]. Another Conductive multiayers (306

possible use of pulsed sources is for depth profiling of o ‘
very thin surface layers, owing to the high sensitivities SPeciation Organotins [267,309-31}
. . . . Selenoamino acids [312

and low sputter penetration rates associated with pulsing

However, optical emission detection has an advantage
over mass spectrometry, in that the transport of glow
discharge generated ions to the sampling orifice of the
mass spectrometer naturally induces mixing that may
degrade depth resolutid295.

[270,299-30], insulators [10,12,15,16,56,57,60,265,
271,285,289,292,293,302-304 and powders [251,
284,294,305 A small amount of work has been directed
toward the use of rf-GDMS for depth profiling of layered
surfaces [10,15,16,306—-308 Finally, rf-GDMS has

. . . ' been investigated as a means for the determination of
technique, obtaining good analytical results with rf- elemental speciatiof241,267,309—312 The published

GDMS requires the optimization of experimental para- ! : S
. : . esearch papers are categorized according to application
meters. These include parameters associated with the ré rea in Table 5

glow discharge device, such as the support gas pressure
and rf power, as well as those associated with the mass
spectrometer. Regarding the mass spectrometer, somé-2.2.1. Bulk analysis. For both d.c.- and rf-GDMS,
parameters of interest are the settings of the ion opticsquantification for bulk analysis is usually accomplished
that govern the extraction of ions from the plasma and through the use of relative sensitivity facto(RSF9
the focusing of those ions into the mass analyzer. Careful[4,246—249,251,303,313To be very specific, an RSF
optimization of these parameters is necessary, in ordermathematically expresses the sensitivity of a particular
to accommodate the kinetic energies of ions originating GDMS instrument for a given analyte in a specific
in the rf glow dischargd296]. matrix relative to the sensitivity for a standard element
in that matrix. However, RSFs are not strongly depend-
4.2.1.5. Memory effects. Finally, we should mention that ~ent upon matrix or instrument, allowing standard RSF
memory effects can be problematic in both d.c.- and rf- tables to be applied in routine analysis with good
GDMS, especially in trace and ultratrace analy§§]. success. Such tables are normally provided for a GDMS
For this reason, it is often important to clean adequately instrument model by the instrument manufacturer. Ana-
the equipment between analyses of different matrices.lysts do not usually measure RSFs for a particular
In other attempts to control memory effects, GDMS matrix and a specific GDMS instrument unless the best
practitioners may reserve specific glow discharge cells possible analytical accuracy is desired. When such
and sample holders, and sometimes even samplingaccuracy is needed, the appropriate RSFs should be
orifices and lens stacks, for use with specific matrices. measured with CRMs that are as closely matrix-matched
to the unknown samples as possible. It is also notewor-
4.2.2. Methods and applications thy that within a given matrix RSFs generally do not
To date, most of the development of rf-GDMS has vary by significantly more than one order of magnitude
been directed toward bulk analysis of solid materials. across a wide range of elements. Consequently, semi-
The types of solid materials include electrical conductors quantitative survey analysis of solid materials can be
[56,57,60,61,271,272,285,289,297,R9%8miconductors  performed simply by utilizing raw ion beam ratios

4.2.1.4. Experimental parameters. AS with any other
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(IBRs). In essence, the IBR method assumes that all
RSFs are unity.

The actual analytical accuracy characterizing a given
d.c. or rf GDMS bulk analysis depends not only upon
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The rf-powered DIP coupled to the VG9000 instru-
ment was also used to acquire a low-resolution mass
spectrum of a non-conductive powder sample, NIST
SRM 4355 Environmental Radioactivity, Peruvian Soil

the selected quantification approach, but also upon a(see Fig. 27 [271]. A portion of the soil sample was

myriad of other factors. Examples of such factors
include analyte identity, the level of analyte in the

compacted in a die under high pressure into a shape
that could be mounted for analysis. The uncertified

sample, sample heterogeneity, sample matrix characterelemental mass fraction of Pb in SRM 4355 is 29

istics, interferences, sample preparation procedures,

instrumental operating parameters, operator skill and
experience, and laboratory environmental conditions. As
a result, it is difficult to predict reliably the accuracy of
a particular analysis. Nevertheless, it is helpful for the
purposes of this review to attempt to make general
statements regarding the level of analytical accuracy
attainable with the different quantification approaches.
Allowing for variability associated with the sorts of
factors listed above, uncertainties on the order of 30%
relative may be obtained for minor and trace constituents
when RSFs are evaluated using matrix-matched cali-
brants. The use of non-matrix-matched calibrants may
provide uncertainties in the range ok2to 5X for such
analytes. Finally, the IBR method usually allows order-
of-magnitude determinations to be performed.

An example rf glow discharge mass spectrum of an
electrically conductive sample, SRM 1103 Free-Cutting
Brass[National Institute of Standards and Technology
(NIST), Gaithersburg, Maryland, USAis presented in
Fig. 26 [271]. This mass spectrum was acquired using
a pin that was machined from the disk SRM and
mounted into the DIP depicted in Fig. 22. The DIP was
interfaced to a VG 9000 double-focusing instrument
using the electrical circuit in Fig. 24, and a mass
resolution of approximately 2000 was employed. The
certified mass fraction of Sn in this sample is 0,88
g1, giving a'*®*Sn mass fraction of 311y g~*. Based
on this spectrum and 3 times the standard deviation of
the background, the DL for Sn was estimated to be

approximately 15 ng gt . These results demonstrate the

excellent sensitivity of rf-GDMS for conductive samples
using a double-focusing mass spectrometer.

Using the same equipment, rf and d.c. RSFs for
several analytes in SRM 1103 were compadisek Table

g~ 1. The corresponding value for Bi is 129 g .
Given the natural abundances of the Pb isotopes, the
isotopic mass fractions gf* PBE% PBY” Pb, adt? Pb
are approximately 2vg g%, 31 g g%, 29ng g1,
and 68 wg g ', respectively. Since Bi is naturally
monoisotopic, the uncertified isotopic mass fraction of
209Bj is the same as the uncertified elemental mass
fraction, 12.g g~ *. Given these isotopic mass fractions
for the Pb and Bi isotopes, the data in Fig. 27 illustrate
that, even for electrically insulating powder samples, rf-
GDMS using a double-focusing instrument can provide
excellent sensitivities and DLs.

Example data sets illustrating the level of analytical
precision characterizing rf-GDMS for electrically con-
ductive and insulating samples are presented in Tables
7 and 8, respectively{298. The conductive sample
consisted of a pin that was machined from NIST SRM
1243 Waspaloy, while a pin machined from NIST SRM
610 Trace Elements in Glass served as the insulating
sample. Both pins were mounted in the DIP illustrated
in Fig. 22 coupled to a VG GloQuad quadrupole mass
spectrometer. One important difference between running
the two samples is that the glass sample required a 30
min preburn to reach a reasonable level of signal
stability, while the metallic sample required only a few
minutes. This behavior, which is typical of rf-GDMS, is
related to the much slower sputtering rates associated
with insulating samples. Also, such samples are often
hygroscopic, thereby introducing water into the glow
discharge source. Finally, insulating samples may be
porous and contain trapped gases and water within their
structures.

In Tables 7 and 8, ‘within-burn’ precision refers to
the observed R.S.D. of three mass scans acquired in
peak-hopping mode during a single burn over a time
period of approximately 20 min. When more than one

6) [271]. Both the d.c. and rf data were acquired with sych burn was undertaken, pooled R.S.D.s are reported.
the same DIP assembly, simply by interchanging the rf ‘Between-burn’ precision refers to the observed R.S.D.
power supply and matching network with a d.c. power for four separate burns, with the sample extracted and
supply. A small adjustment of discharge gas pressureexposed to the atmosphere between burns. In this way,
was necessary once the power supplies were interthe between-burn R.S.D.s reflect all sample handling
changed. As shown, the difference between the d.c. andand source equilibration processes. As indicated in the
rf values for a given analyte is generally smaller than a tables, the within-burn precision afforded by rf-GDMS
factor of two, with the single exception of the matrix is good, with median R.S.D.s for the Waspaloy and
element, Zn. These data, which can be consideredglass samples of 0.9% and 1.4%, respectively. Similarly,
representative, provide further evidence of the similari- the between-burn precision is also acceptable, with
ties between rf and d.c. glow discharges in terms of median R.S.D.s for the conductive and insulating sam-
analytical characteristics. ples of 4.8% and 6.2%, respectively. Finally, we should



M.R. Winchester, R. Payling / Spectrochimica Acta Part B 59 (2004) 607-666 647
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Fig. 26. A portion of an rf glow discharge mass spectrum of NIST SRM 1103 Free-Cutting Brass, obtained with the DIP depicted in Fig. 22
coupled to a VG 9000 double-focusing mass spectrometer using the electrical circuit given in Rigl X4; (b) X100. Discharge conditions

were 55 W applied rf power and approximately 200 Pa Ar pressure. An accelerating potential of 8 kV was employed. {Reprinted with permission
from Ref.[271]. Copyright 1993 American Chemical Society.}

mention that for both d.c.- and rf-GDMS, sample het- a high-purity (99.9999% Al pin introduced into a VG
erogeneity can be problematic when measuring analytesGloQuad by means of the DIP pictured in Fig. 22 are
of very low mass fraction. This is because only a small presented in Table $29§. Each DL was computed as
amount of sample material is actually removed during the known mass fraction for the element of interest
signal integration. divided by the average peak ion intensity for three
Detection limits provided by rf-GDMS instruments replicate measurements within a single burn multiplied
have also been investigatefe.g. Refs. [272,289, by three times the standard deviation of that average
290,298,30]1]. As an example, DL values measured for intensity. This approach to DL computation was
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Table 6 Table 8

Comparison of rf and d.c. glow discharge RS[Fslative to Fe for Precision data for a pin sample machined from NIST SRM 610 Trace
several analytes in NIST SRM 1103 Free-Cutting Brass. {Reprinted Elements in Glass. Mass fractions in parentheses are uncertified, while
with permission from Ref[271]. Copyright 1993 American Chemical  those in brackets were computed from the nominal composition of

Society.} the matrix. See text for further explanation. {Adapted from Table 3
in Ref. [298]; reprinted with kind permission of the author and the
Analyte rf d.c. publisher.}
Ee flsgg igg Analyte Certified mass Within-burn Between-burn
. : i 0 0
N Lo 165 fraction (ng/g) R.S.D.(%) R.S.D.(%)
Cu 2.16 3.36 B (35D 12 5.0
Zn 1.72 3.75 (6] [46.31 % 1.1 2.8
Sn 1.65 1.98 Na [10.39 % 0.5 4.9
Pb 2.04 2.06 Al [1.06 %4 0.7 2.8
Si [33.66 % 11 3.2
K (461) 13.3 27.0
Ca [8.58 %4 16 4.6
Full Scale Deflection = 1.25E-17 Amps -I\I;lln 51‘;%2 10 i‘é g?é
Fe 458+ 9 1.6 4.4
Co (390 15 7.8
Pb Ni 458.7+4 16 6.1
Zn (433 1.3 4.7
Rb 425.4+0.8 11 6.9
Sr 515.5+0.5 1.4 7.6
Au (25 4.0 12.7
Tl (61.8+2.5) 2.0 101
Pb 426+ 1 1.3 7.9
Th 457.2+1.2 1.1 11.8
u 461.5+1.1 11 11.7
BI
.._A.J\ Aan I i »*.J J \. - ,,JL\ Table 9

I I I I I I Detection limits obtained for a high-purit§9.9999% Al pin using
204 205 206 m/z 207 208 209 a quadrupole mass spectrometer. See text for further explanation.
{Adapted from Table 4 in Ref[298]; reprinted with kind permission

Fig. 27. A portion of an rf glow discharge mass spectrum of NIST of the author and the publisher.}

SRM 4355 Environmental Radioactivity, Peruvian Soil, acquired
using the same instrumentation employed to collect the data in Fig.

Analyte DL (png/g) Analyte DL (wg/g) Analyte DL (ng/g)

26. The accelerating potential was 8 kV, and discharge conditions were Li <0.060 Mo <1 Dy <0.045
38 W applied rf power and approximately 190 Pa Ar pressure. Be <0.001 Rh <0.18 Ho <0.001
{Reprinted with permission from Ref271]. Copyright 1993 Amer- B <25 Ru <0.109 Er <0.001
ican Chemical Society.} Mg <3 Pd <0.312 ™m <0.001
Sc <2 Cd <0.1 Yb <0.001
Ti <2 Ag <14 Lu <0.001
Table 7 . . v <1 In <0013  Hf  <0.001
Precision data for a pin sample machined from NIST SRM 1243 Was- cr <7 sn <1 Ta <0.152
palo_y. See text for explanat_ion. {Adapted from Table 2 in _F{EQSJ; Mn <1 sb <0.055 W <0.001
reprinted with kind permission of the author and the publisher.} Fe <4 Te <0.15 Re <0.001
Analyte Certified mass Within-burn Between-burn co <2 cs <1 Os <0.001
ooy RSbo)  Rebew N, T B foomowo oo
C 0.024 26 4.9 Ge <1 Ce <0.037 Au <1
Al 1.23 1.7 38 As <1 Pr <0.032 Hg <0.001
Si 0.018 0.8 75 Se <4 Nd <0.124 Tl <0.001
P 0.003 0.6 5.1 Rb <1 Sm <1 Pb <3
S 0.0018 2.0 5.1 Sr <0.044 Eu <0.006 Bi <0.09
Ti 3.06 1.3 29 Y <0.028 Gd <0.001 Th <0.001
\V; 0.12 20 6.6 Zr <1 Th <0.001 U <0.001
Cr 19.20 1.1 1.7 Nb <1
Mn 0.019 0.4 6.0
Fe 0.79 0.9 3.7
Co 12.46 0.3 4.0 employed, because spectral background characteristics
,\N/I'O 52;2 8'3 411'2 immediately adjacent to peaks are not generally meas-

urable with quadrupole mass spectrometers, owing to
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Table 10 mounted for analysis in the VG GloQuad using the
Detection limits obtained for SRM 616 Trace Elements in Glass using sample introduction assembly diagrammed in Fig. 25.

a quadrupole mass spectrometer. See text for further epranation.Th. | t hat difficult chal
{Adapted from Table IV in Ref[289]; reprinted with kind permission IS sample presenis a somewhal more diificult chal-

of the author and the publisher.} lenge than the high-purity Al sample discussed above,
because of the greater propensity for isobaric interfer-
Analyte ion Certified elemental mass DL (ng/9) ences. Nevertheless, as shown in Table 10, the DLs
fraction (.9/9) measured in these studies are again very useful for many
ssCut (0.80+0.09 0.081 analytical purposes, ranging from 1 ngly topdy
W (0.23+0.02 0.033 g~ 1. The sample was allowed to presputter for 2 h prior
S 41.72£0.05 6 to the measurement of the DLs, in order to clean up the
Sb (0.078+0.007) 0.001 dischar h ible. Also. the effici f
1977+ (0.18+0.01) 0.006 ge as much as possible. Also, the efficiency o
208ppy+ 1.85+0.04 0.28 cryogenic cooling of the source used here was thought
232 T+ 0.0252+0.0007 0.001 to be somewhat better than that of the source used to
By 0.0721+0.0013 0.003 obtain the data in Table 9. As for the Al sample,

substantially lower DLs would be expected with the use
. . _ of a high resolution mass spectrometer, owing to better
the inherently unit mass resolution. Therefore, DL meth- jnterference discrimination.

odologies that rely upon signal-to-background ratios and  Studies have also been conducted to evaluate the
relative standard deviations of the background are notanalytical utility of rf-GDMS for the analysis of semi-
useful. It should be noted that the DLs reported here areconducting samplef270,299—-301L Shown in Table 11
instrumental detection limits, because they reflect only are comparative results for the determination of several
within-burn precision. Other experimental approaches analytes in a SiC powder sample using inductively
that would reflect additional potential sources of impre- coupled plasma atomic emission spectromett@P-
cision would likely produce somewhat poorer values.  AES), laser ionization mass spectromefiyiMS), and

As shown in Table 9, the DL values provided by the rf-GDMS [301]. For the two latter techniques, a portion
quadrupole rf-GDMS instrument for this sample are of the SiC powder was compacted in a die under high
good, ranging from 1 ng g* to 2hg g-'. A more  pressure to form a flat solid sample. The ICP-AES
careful perusal of the data indicates a strong dependencgnalysis was performed on the powder by means of
of DL upon analyte mass. Specifically, the first row sjurry sampling with acid dissolution. The rf glow
transition metals generally have the poorest values, whiledischarge device was designed to accept flat samples
the rare earth elements are characterized by the beshnd was mounted to an SM1®arian MAT, Germany
DLs. Additionally, analytes with mid-range masses seem double-focusing mass spectrometer of Mattauch-Herzog
to be generally characterized by mid-range DLs. This geometry. Because of a lack of suitable reference mate-
behavior is explained as the result of the combined rials for calibration, the IBR method was used for rf-
effects of isobaric interferences resulting from discharge Gpms quantification, meaning that all RSFs were
contaminant species and the poor resolution of the gssumed to be unity. The matrix element, Si, was
quadrupole mass filter. Such isobaric interferences areemployed as an internal standard. As the data in the
most problematic for the first-row transition metals, but table indicate, the agreement among the three methods
have very little effect on the heavier elements. The s generally within a factor of six, and there are no
authors state that some minor instrument modifications, systematic trends between methods.
including more effective cryogenic cooling of the dis-
charge cell and better shielding of the mass spectrometerraple 11
detector electronics from rf interference, would likely Comparison of the mass fractions of several analytes in SiC powder
improve these DLs. Nevertheless, the values reportedgfazlggdAtgs)i”Cli:scéirvﬁ)'%i;gt‘fg;e?n giszae Strcc’)mt(&”h“/:gs)iognzpffc”om'
Certam.ly imply the utility of rf_GDMS for routine GDyMS. {Table ’2 in Ref.[301]; reprinted vr\)/ith kind permiss,ion of the
analysis of such samples, even with the quadrupole yihor and the publisher.}
instrumentation. Notably, a double-focusing mass spec-
trometer would circumvent many of the problems with Analyte Mass fraction(p.g/g)
isobaric interferences observed here, resulting in sub- ICP-AES LIMS H-GDMS
stantially lower DLs(i.e. nominally, up to three orders

of magnitude, especially for the analytically important | 183 290_ 38%
first-row transition metals. Ti 150 140 95

Similar studies of the DLs provided by rf-GDMS for v 80 70 120
an electrically insulating sample have also been pub- Cr 10 <10 <10
lished by the same research gro{@89. For these gr“ 218 <4t'5 ig

studies, NIST SRM 616 Trace Elements in Glass was
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Table 12 Table 14
Comparison of Si mass fractions in three GaAs crystals measured Comparison of the mass fractions of a number of elements determined
using rf-GDMS and secondary ion mass spectrome®iis). {Table using laser ablation inductively coupled plasma mass spectrometry
3 in Ref. [301]; reprinted with kind permission of the author and the (LA-ICP-MS) and rf-GDMS. The LA-ICP-MS determination of Al
publisher.} was affected by an unresolvéd K isobaric interference. {Adapted

from Table 4 in Ref.[304]; reprinted with kind permission of the
Sample no. Si concentratior(at./cn®) author and the publisher.}

rf-GDMS SIMS Analyte Mass fraction(pg/g)
1 3.2x 10 5.7x10'8
LA-ICP-M f-GDM

2 2.5x10%° 1.7x10% CP-MS rrGOMS
3 1.1x10*° 1.2x10*° Al 185 90

Co 27.3 32

Ni 35 60

The same rf-GDMS instrumentation was also SY ifz E‘g

employed to determine Si in GaAs semiconducting g, 514 28
crystals[301]. The high mass resolution of the double- Ba 45.4 38

focusing instrument was needed to discrimindte * Si
from common residual gas species, including®CO and
Ns. The results are presented in Table 12, along with MS agreed to well within a factor of two, with the
determinations performed with secondary ion mass spec-single exception of Al. For this particular analyte, the
trometry (SIMS). The SIMS instrument was calibrated LA-ICP-MS determination was affected by an unresol-
using ion implanted reference materials. Comparison of ved °>Mn?* isobaric interference. These results illustrate
the rf-GDMS and SIMS data in the table shows that the the potential utility of rf-GDMS for analysis of insulat-
two methods agreed to well within a factor of two for ing solids, such as glasses and ceramics.
three separate GaAs crystals. Preliminary DLs for a A particularly interesting area of potential utility for
large number of analytes in a single crystal GaAs wafer, If-GDMS is the direct analysis of polymeric solids
measured according to thes3criterion, are given in  [10,12,15,16,306 Such materials are important, and
Table 13[301]. The authors emphasize that these are becoming more so, in many areas of modern science
initial values that should improve with further develop- and technology. Some analytical methods that can be
ment. Both the SiC and GaAs data imply the potential applied to the chemical characterization of polymers
utility of r-GDMS for the analysis of semiconducting directly in the solid state currently exige.g. SIMS,
solids. XRF, and LA-ICP-MS. However, there is a need for
In addition to the comparisons discussed above, deter-additional and better methods. Research into the appli-
minations of several elements in a ceramic solid using cability of rf-GDMS to the evaluation of polymers is
rf-GDMS have also been compared to determinations just beginning. Nonetheless, this method has already
measured using laser ablation inductively coupled plas-been shown to provide a means of obtaining both
ma mass spectrometfyA-ICP-MS) [304)]. In this case,  elemental and molecular information on polymeric mate-
the ceramic sample was a perovskite, ¢St sMnO) rials relatively rapidly and inexpensively. Moreover, rf-
layer specially doped with a number of elements at massGDMS can be used to acquire much of the spatial
fractions approaching 10G.g g~!. Perovskites are information that may be critical in real-world
important as components of solid oxide fuel cells applications.
[302,304,307,308 Once again, the rf glow discharge As an example, an rf-GDMS mass spectrum of a 1.5
source coupled to the SM1B double-focusing mass mm thick polytetrafluoroethylenéPTFE) sample disk
spectrometer was employed. The LA-ICP-MS instru- is presented in Fig. 2810]. This spectrum was obtained
ment was a quadrupole mass spectrometer with muchusing the flat sample mount device illustrated in Fig. 25
lower mass resolution. The results of the comparison, coupled to a VG GloQuad. Notably, the spectrum
presented in Table 14, show that rf-GDMS and LA-ICP- contains both atomic and molecular fragment peaks.

Table 13
DLs (3¢ criterion) for analytes in a single crystal GaAs wafer measured using rf-GDMS with a double-focusing mass spectrometer. {Table 4 in
Ref. [301; reprinted with kind permission of the author and the publisher.}

DL (ng/9) Analytes

<01 Li, Be, B

0.1to1 Na, Mg, Al, P, Cl, Sc, V, Cr, Mn, Co

1to 10 Ti, Ni, Cu, Zn, Se, Rb, Sr, Y, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, Cs, Ba, La

10 to 100 Si, S, Fe, Zr, Br, |, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Be, Rare earth elements
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Prominent peaks with ion currents greater than 100 pA Table 15

and that are associated with the components of the Sondlntensity ratios for selected polyatomic fragment peaks observed while
. 2 sputtering 3 mm thick PTFE and PTRk-PFA samples. {Reprinted

sample includé® C , as well as numerous fragments of with permission from Ref[10]. Copyright 1996 American Chemical

the general formula C;F . Rf-GDMS mass spectra of sqciety}

several other polymers have similarly exhibited both

atomic and molecular characteristics. The ion currents Fragment ratio identity Polymer sample material

obgerved while spu.tterin_g polymers in _rf glow discharge PTFE PTFEco-PFA

devices are large, implying high sensitivity. As a prac- Py 7 =

tical matter, low-melting polymers require cryogenic SICE* /59CF;

2

cooling, not only of the discharge cell, but also of the ACE+ /520, F5 372 45;
sample itself. A special sample holder for this purpose sicp+ jescps 0.6 04
has been reported 2]. SCE+ /90, Fy 256 9
At least some of the polyatomic ions observed while sicg+j11ec Fr 323 9
sputtering polymeric materials in rf-GDMS instruments sicp+ /131c Fr 357 4
seem to be sputtered as neutral polyatomic fragmentsscr+/e1c,Fs 435 15

from the sample surface and then ionized in the gas
phase, rather than being formed in the gas phase through
collisional association of sputtered atofd®,12,1%. A of certain ions are seen to depend upon the identity of
particularly good piece of evidence supporting this the polymer being sputterdd0]. In this particular case,
contention has been provided through experimentsthe two polymers, PTFE and PTRR-PFA (a copoly-
involving the rf-GDMS analysis of low density polyeth- mer composed of PTFE and perfluoromethyl vinyl
ylene(LDPE). For this material, the mass spectral peaks ethep, could easily be distinguished on the basis of
associated with the two-C base repeating unit of the these ratios.
polymer and its dimefcontaining four C atomswere Regarding the use of rf-GDMS for this sort of polymer
by far the most intense peaks related to C in the mass‘fingerprinting,’ it is useful to note that the prominence
spectrum. In contrast, the atomic C peak was very weakof polyatomic fragment peaks in the mass spectra can
[12]. be selected to some degree by the choice of discharge
The presence of both atomic and molecular fragment conditions[10,12,15,16 This aspect adds some flexi-
peaks in the rf-GDMS mass spectra of polymeric mate- bility to the methodology. Specifically, discharge con-
rials implies that the technique may be useful for such ditions which tend to increase the kinetic energies of
applications as the determination of molecular structure Ar* bombarding the sample surfaGee. lower pressures
and polymer identification. An example of the latter is and higher voltagestend to increase the prominence of
presented in Table 15, where the ratios of the intensitiesmolecular fragments in the mass spectra. These higher

1E-08
>1E-09

£1E-10

nsi

[
T1E-1

1E-12

165 175 185 195 205 215 2
m/z

1E-12.ap

Fig. 28. Rf-GDMS spectrum of a 1.5 mm thick PTFE sample analyzed using a quadrupole mass spectrometer. Discharge conditions were 20 W
applied rf power and 0.075 mbar Ar pressure. Note the logarithmic ordinate éanle/z 4—80;(b) m/z 81-160;(c) m/z 161-240. {Reprinted
with permission from Ref[10]. Copyright 1996 American Chemical Society.}
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energies of bombardment are required for the sputtering

of larger fragments, because more chemical bonds must . .- .| CcH,0 0.05
be broken. In contrast, when polymers were examined ' CH,/C,H, T '
using d.c.-GDMS by means of the secondary cathode
approach, the mass spectra observed were predominantly ~ 841E-111 A 004
atomic. This was explained as the effect of the very low 9
discharge power employed2 W), resulting in the 2481E-114 0.03'5
sputtering of very few polyatomic fragmeni3]. 2 T
Finally, there is an important problem associated with % 321EA14 0.02 P
the application of rf-GDMS to the analysis of electrically —~— ~“ ' %

insulating solids. Specifically, analytical signals depend
dramatically on the geometric shape of the insulating 1.61E-117
sample, owing primarily to unwanted rf power losses.
The most relevant geometric parameter is usually the
sample thickness, because rf power is normally coupled
to the sample from the back side, opposite the plasma
[10’289,’2%1 The mOSt OPVIOUS effect of these power_ Fig. 29. Rf-GDMS depth profile of an automotive paint panel. Dis-
losses is that ion intensities are reduced. However, in charge conditions were 50 W applied rf power and 12 Pa discharge
some cases, the very character of the mass spectra mayas pressure. The anode orifice was 6 mm in diameter. {Fig. 12 in
also be noticeably affected. For example, rf--GDMS mass Ref..[30q; reprinted with kind permission of the author and the
spectra observed for thicker PTFE samples tended to bePublisher.}

characterized by fewer polyatomic fragments compared

to mass spectra obtained with thinner samples. A pos-Work has been reported has been concerned exclusively
sible explanation of this behavior is that the larger rf With d.c. glow discharge devicd276,278,278

power losses associated with the thicker samples result There appears to be no inherent reason why GDMS
in less energetic plasmas, which then lead to lessdepth profiling cannot generally provide depth resolu-

efficient sputtering of larger polyatomic fragmerits]. tions equivalent to those that are commonly observed in
GDOES. Ciritical factors that must be given adequate

attention include the design of the glow discharge source
and the judicious choice of discharge parameters. As an
'example, Jakubowski and Stuewer investigated quanti-
Sative depth profiling using a d.c. glow discharge device
coupled to a quadrupole mass spectromgtds. One

\ 0.01
0.00

Time/h

o=

4.2.2.2. Depth profiling. Generally speaking, as far as

glow discharge analytical instruments are concerned
depth profiling of surfaces has to date been the busines
of GDOES, not GDMS. In part, this may be due to the
fact that no commercial instrument manufacturer has ¢ ha samples studied was a multilayer stack of ten

demonstrated any significant interest in developing alternating Ni and Cr layeréeach layer nominally 25
GDMS instrumentation and methods for depth profiling thick on a polished,n-type, Si wafer. Depth

applications. However, a more important fact may be yesojutions in the 5 nm to 9 nm range were observed at
that the mass filters that have been commonly employedihe interfaces between the layers. Such depth resolutions

with glow discharge devices are not well suited for are similar to those that would be expected with GDOES
depth profiling, given their inherently sequential nature. depth profiling.

This is true not only for high-resolution, double-focusing | terms of other analytical figures of merit, GDMS
instruments, but also for quadrupole mass filters. While depth profiling may offer enhanced sensitivities and
quadrupoles may provide relatively rapi/z scanning  |ower DLs compared to GDOES depth profiling. Also,
and peak hopping capabilities, they are nonetheless tooGDMS may in some cases be characterized by simpler
slow for monitoring more than a few analytes within a spectra that are somewhat more interference free. A
single glow discharge burn. A particularly interesting particularly important point to make is that GDMS depth
development in GDMS in recent years has been theprofiling should be generally less applicable to thick
coupling of glow discharge devices with time-of-flight |ayers, owing to the relatively slower sputtering rates.
(TOF) mass spectrometers. These instruments are capa- Focusing again onf glow discharge, a small number
ble of true simultaneous sampling of glow discharge of papers have reported rf-GDMS depth profiling
generated ions, making them a suitable match to theresearcH10,15,16,306—308A particularly good exam-
requirements of depth profiling. Several papers have ple of the potential utility of rf-GDMS for depth profil-
described the coupling of d.c. and rf glow discharge ing applications can be taken from Gibeau and Marcus
devices to TOFMS instruments [25,272,274—  (see Fig. 29 [306]. The sample in this case was an
279,290,295,314 However, very little work has been automotive paint panel, comprised of an Al substrate
done specifically in terms of depth profiling, and what with three polymeric paint layers. The primer coat,
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which is placed directly on the Al, contained a methanol spectrochemical information. In other words, no infor-
moiety, such that methoxy ioCH;O") could be used  mation on molecular identity can be obtained from the
as an appropriate analyte. The next layer in the systemICP-MS data, other than the possibility of evaluating
consisted of the base coat containing a white pigmentsimple stoichiometry through elemental ratios. For this
that could be detected by means of Ti . Finally, the reason, molecular identification must rely solely upon
CH3 /C,HZ ion ratio was taken to be indicative of the the calibration of chromatographic retention times. This
top clear coat. The total thickness of the layer stack wasis a major drawback of plasma based speciation instru-
approximately 45.m, with each layer estimated to be ments that employ plasma sources developed specifically
approximately 15um thick. The instrumentation used for atomic spectrochemistry.

in this work consisted of the flat-sample holder pictured In efforts to overcome this limitation, there has been
in Fig. 25 coupled to a VG GloQuad quadrupole mass significant interest in the development of plasma sources
spectrometer operated in peak hopping mode. Cryogenicfor mass spectrometry that operate at much lower
cooling of the sample was effected by means of a temperatures, usually implying lower powers and pres-
special sample holdef12]. As shown in the figure,  syres. Examples from the scientific literature include
while the analysis time was rather long, all of the layers |cps that are designed for low powers and reduced
were nicely resolved. The ability to monitor both atomic pressures [316—-320, MIPs [321-324, both d.c.
and molecular analytes is a distinct advantage of GDMS [23 25_27 325_379and rf [267,309—31D glow dis-

as compared to GDOES. These d_gta imply the potentialcharge devices, as well as other plasma souf886—
usefulness of rf-GDMS depth profiling. 333). Notably, many of these plasma sources have been
demonstrated to provide both elemental and molecular
spectrochemical information. Moreover, they have
shown some usefulness for controlled fragmentation of
molecular analytes, from more atomic to more molecu-
lar, through the judicious choice of operating parameters.
0Coupled with the molecular information available from
the separation itself, the ability to control molecular
fragmentation within the plasma source provides a
potentially powerful approach to elemental speciation
analysis.

Several papers have been published describing
research directed toward the development of instrumen-
tation and methods for elemental speciation analysis
using rf-GDMS [267,309-31P An example of appro-
priate instrumentation can be taken from Belkin et al.
who investigated the coupling of an rf-GDMS instru-
ment to a GC[309. The rf-GDMS actually consisted
of an rf glow discharge device mounted onto a VG
ePIasma—Quad Il STE quadrupole ICP mass spectrometer
is a need for additional and better elemental speciationFiS0nS, Loughborough, Leicestershire, United King-
techniques to be developed. dpm) in place of the normal ICP source. Schematlc

In efforts to develop additional instrumentation and diagrams of the GC-r-GD interface and the associated

methods for elemental speciation applications, the usef 9low discharge device are presented in Fig. 30.
of analytical plasma sources has been investigized . Briefly, effluent from the GC column is carried through
The typical scenario involves the coupling of such a @ C!eagtlvated S|I!ca_caplllary into 'the rf glow discharge,
p|asma source to some form of chemical Separation which '|S formEd'|n'S|d.e the 0.375 in o.d. gIaSS cell bOdy
instrument. As an example, a liquid chromatogrép8) The discharge is ignited by a 13.56 MHz rf potential
may be coupled to an ICP-MS instrument. In this case, difference placed across the cathode and the grounded
the LC is used to separate the molecular analyte of front plate. The distance from the cathode to the 1-mm
interest from the sample matrix, and the ICP-MS is used diameter sampling orifice in the plate is 2.5 mm. Ultra-
essentially as a chromatographic detector. ICP sourcedhigh-purity He, used as the discharge support gas, is
developed specifically for atomic spectrochemistry oper- introduced through the Swagelock tee and directed
ate at high rf powers and at atmospheric pressure,through the stainless steel tube through which the
producing high plasma temperatures. As a result, thecapillary is threaded. This setup allows efficient intro-
use of common ICP sources for this sort of application duction of GC effluents into the rf glow discharge
means that the ICP-MS data will provide only atomic device.

4.2.2.3. Speciation. Over the past 15 years or so, there
has been significant interest in developing analytical
instrumentation and methodologies for the evaluation of
elemental speciatiofi.e. the determination of not only
the amount of an element present in a sample, but als
of the chemical form of that elementn a variety of
sample types. The growth of interest in elemental spe-
ciation has been driven by the diverse and developing
needs of biochemists, geologists, environmentalists,
nutritionists, toxicologists, and others. For example, it
is well known that elemental toxicity in humans may
be dependent on both the amount and chemical form of
the element of interest. Therefore, toxicological studies
may require information on both elemental aspects.
While a number of well-established and powerful ana-
Iytical techniques are available for elemental speciation
studies [e.g. gas chromatography mass spectrometry
(GC-M9)], not all of the questions relevant to modern
society can be adequately answered. As a result, ther
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Fig. 30. Schematic diagrams 64) an interface used to couple a GC
to an rf-GDMS instrument andb) the associated rf glow discharge
device. {Fig. 1 in Ref[309. Reproduced by permission of The Royal
Society of Chemistry.}

An example of an rf glow discharge mass spectrum
of an eluting peak obtained using a setup similar to that
pictured in Fig. 30 is presented in Fig. 31267]. The
eluting fraction in this case was composed(6H,),Sn
[tetramethyltin(TMT)]. It is noteworthy that the rf-GD

mass spectrum contains peaks representing not only the

elemental Sn isotopes at aroumd/z 120, but also
various Sn-based molecular fragments. The peaks tha
are clumped in the vicinity of:/z 135 represent CH Sn.
Those aroundn/z 150 represenfCH),Sn, and those

at approximatelyn/z 165 are indicative of CH3)sSn.
Moreover, peaks corresponding to the parent molecule,
(CH3),Sn, are observed at aroung/z 180, though the

abundances of the parent peaks are quite small at the

chosen operating conditions. As mentioned above, it is
possible to manipulate to some extent the molecular

fragmentation observed in rf glow discharge mass spec-

tra through prudent selection of operating conditions.
Finally, comparison of Fig. 31a,b indicates that the rf-
GD mass spectrum of TMT is similar to cataloged
electron impact ionization(El) mass spectra of this
compound, though the relative intensities of the peaks
are different. This similarity implies that the vast El
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5. Conclusions and future directions

Analytical radio frequency glow discharge spectrom-
etries have come a long way since the beginning. Much
has been learned about the fundamental physics of
analytical rf plasmas, and rf glow discharge instrumen-
tation and methods have reached the point of usefulness
for ‘real world’ applications. The latter is especially true
for rf-GDOES, which is now being used routinely in a
fairly large number of commercial and industrial labo-
ratories. In contrast, rf-GDMS and other rf glow dis-
charge techniques, such as rf-GDAAS, are not used
much at all in such laboratories. There may be many
reasons for this difference, but one of the most important
is that rf-GDOES instruments have been commercially
available for a long timgand, indeed, are still availa-
ble), while no rf instrumentation has ever been com-
mercially available for any of the other glow discharge
techniques. Additionally, driven by various technological
and economic factors, rf-GDOES has become better
developed, further enhancing the usefulness for ‘real
world’ applications.

Over the years, developments in the practice of
analytical rf glow discharge spectrometries have been
accompanied and aided by significant growth in our
understanding of the deceptively complex physical pro-
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Fig. 31. Mass spectra dfCH,),Sn [tetramethyltin(TMT)]: (a) Rf
glow discharge mass spectrum of TMT eluting from a GC column,
obtained using equipment similar to that pictured in Fig. 30 and dis-
charge conditions of 30 W applied rf power, 3.5 kPa He discharge
gas pressure, and a sampling distance of 2.5 fnEl mass spec-
trum of TMT cataloged in the NIST library of mass spectra. {Fig. 7

mass spectral libraries that are available may be of somep, Rref. [267; reprinted with kind permission of the author and the

use for compound identification.

publisher.}
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cesses that occur within these plasmas. Both empiricalrate, peak power, pressure, source control,) diefore
studies and computer modelling of analytical rf glow pulsed devices can become routine tools.

discharges have contributed to the increased understand- Shifting focus to rf--GDMS, we note that some excel-
ing. For example, we now comprehend more completely lent research has been published over the years. How-
and accurately the characteristics and roles of electronever, the future of this technique seems somewhat less
and ion populations averaged over time, as well asoptimistic than the future of rf-GDOES. This is not
throughout the various portions of the rf cycle. As because there are technical difficulties that are clearly
another example, the importance of symmetric chargeunsolvable, but rather because it appears that rf-GDMS
exchange in producing fast atoms that sputter the samplgesearch interest may be dwindling, as noted earlier.
surface has been revealed. The increased knowledge oMoreover, the lack of any commercial instruments tends
such physical processes is important not only for aca-t0 slow progress.

demic reasons, but also because improvements in instru- Among the research papers that have been published
mentation and methods can sometimes be made base@n r-GDMS, the emphasis has been placed on bulk
upon such new information. Therefore, these efforts analysis of solid materials, including electrical conduc-
should continue. tors, semiconductors, insulators, and powders. Depth

Focusing on rf-GDOES, the main areas of work profile analysis has not been pursued as much with rf-
represented in the scientific literature continue to be GDMS as with r-GDOES. The same is true, in fact,
primarily the more traditional ared®.g. iron and steel, for the d.c. mstruments. Th_|s is probably_ becaus_e even
metal coatings, and hard coatingbut with an increas-  duadrupole mass filters, which have relatively rapic

ing interest in thin oxide films, particularly anodic films. S¢anning and peak hopping capabilities, are not truly

These films appear to be prime candidates for referenceSimultaneous instruments, meaning that no more than a

materials(RMs) and/or CRMs to support and expand few analytes can be monitored within a single bum.
the implementation of glow discharge methods. In addi- Fortunately, TOF instruments have shown great promise

tion to these areas of application, there continues to befor rectifying this situation by offering truly simultane-

considerable exploratory rf-GDOES research directed ous detegtion capabilities. They are a[so especia!ly sgited
toward bulk and depth profile analysis of electrical for coupling to pulsed discharge devices, resulting in a

; ; ; tentially powerful combination. As a result, rf-GD-
insulators. Also, research is being conducted toward theP© ) i
analysis of samples of biological, medical, and environ- TOF-MS (as well as d.c.-GD-TOF-MEinstrumentation

mental concern and methods should be developed further. Finally, rf-

Compared to a few years ago, improved quantitative GDM.S has b?ef‘ explored as a means of evaluating
. ; . . chemical speciation. In contrast to hotter plasmas, such
algorithms for rf-GDOES are now available, including

H corrections and improved density calculations for as the typical atmospheric pressure ICP operating at

solid samples composed of oxides and nitrides. A major approximately 1 kW rf power, the r-GD allows some
P P : 19T control over molecular fragmentation of analyte mole-

area of development over the past few years has beer}:ules through selection of discharge conditions.

n rf.bsiource C(:ntrd antd ?rf)eratlon, wlthln;fs\ny NeW  The analysis of polymeric materials is an area of
possible ways 10 Operate the Sourceé, inciuding meansspecial promise for both rf-GDOES and rf-GDMS.

for monitoring rf current—voltage c_haracteristics,_plasma Though some analytical techniques that can be applied
impedance, real power, and effective power. While these , yiq important class of materials exist, there is a need
sorts of deve_-lopments are certainly important and wel- ¢;. 4qditional and better techniques. Comparing rf-
come, there is much more work to be done. GDOES and rf-GDMS, the latter has the advantage of
An interesting area of rf-GDOES research currently heing capable of providing both elemental and molecular
being pursued involves pulsing the rf power in the jhrormation. Moreover, the relative amounts of atomic
m|IIlsegond—to—mlcrqsecond regime. Similar pulsed d.c. ys molecular information can be selected to some extent
glow discharge devices are also being developed. Pulseqnrgugh the judicious choice of discharge conditions.
sources offer potential new applications, such as analy-This should enable effective polymer ‘fingerprinting’ to
ses of polymers, glasses, and low-temperature metalshe accomplished. Additionally, both rf-GDMS and rf-
that have been considered too heat sensitive to analyz&spOES can potentially provide much of the spatially
with continuously powered glow discharge sources. resolved information that cannot be provided through
Pulsed sources may also provide improved sensitivitieSmany other methods. An obvious example is the depth
for some of the more traditional applications. Pertinent profile evaluation of polymeric layers and surfaces.
properties of these pulsed plasmas appear to be similaHowever, if rf glow discharge methods are to find
to those of continuous plasmas, making the transition widespread application for such analytical problems,
from continuous to pulsed operation an easy task for much research work remains to be done.
the operator. But much work is still to be done to find Further implementation of both d.c. and rf glow
the optimum conditions(e.g. pulse width, repetition discharge spectrometries in commercial and industrial
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laboratories depends in part upon the development ofreference materials producers, who must be concerned
pertinent standardB.e. documentary standards, such as not only with recovering costs, but also with making a
those published by ISO, ASTM International, and other profit. As mentioned earlier, anodic films have charac-
standards developing organizatio8DO9] and refer- teristics that are particularly appealing for use in GDS
ence materialéboth RMs and CRMs Many, especially  applications. Since these can be produced relatively
those who work primarily in academic and other ‘pure easily, quickly, controllably, and reproducibly, they may
research’ environments, underestimate the importance ofprovide at least a partial solution and should be explored
this topic. Suitable standards and reference materialsfurther.
work together to help provide the technical infrastructure  Although a myriad of bulk solid RMs and CRMs
that is necessary for the effective and efficient applica- exist, there is always a need for more. Specifically, bulk
tion of glow discharge techniques within the global materials with well-known mass fractions of H, O, and
marketplace. In particular, they enable glow discharge N are notably lacking. These are required to enable
practitioners to perform more meaningful analyses on a good instrument calibration for these elements. Produc-
routine basis. In turn, this provides many benefits of tion and accurate characterization of these sorts of
industrial, technological, and economic importance. reference materials may be difficult. This is largely due
These include enhanced quality control and assurancefo the fact that H, O, and N are among the most
easier laboratory accreditation against recognized qualityproblematic elemental analytes to determine accurately,
systems(e.g. ISO 1702} facilitated commercial trans-  especially in solid materials, where they may exist
actions and business relationships, mitigation and easierchemically bound in solid phase or as trapped gases
resolution of legal and contract disputes, and others. Aswithin voids. Nevertheless, it is hoped that such mate-
a result, appropriate standards and reference materialsials will become more available.
actually help to promulgate the implementation of glow  Finally, reference materials with well-known trace and
discharge techniques in ‘real world’ laboratori@34]. ultra-trace analyte mass fractions would be very helpful
For these reasons, there is a critical need for the for the practice of both rf- and d.c.-GDMS. An important
further development of both standards and referencereason is that accreditation of GDMS laboratories against
materials pertinent to glow discharge spectrometries, recognized quality systems often requires characteriza-
whether rf or d.c. Standard test methods are needed tdion of accuracy and establishment of traceability to
guide the practitioner in the performance of various suitable points of reference, at least within a ‘fit-for-
analyses of economic and technological importance, purpose’ context. This may be a difficult or impossible
such as depth profiling of thin films. Standards are also task without suitable reference materials. This is an
necessary to provide guidance on the definitions of especially relevant point when one considers that, at
crater shape parameters, the estimation of detectionleast for many applications, GDMS may be one of the
limits, and sputtering rate measurement. While some most sensitive, if not the most sensitive, method avail-
efforts to develop such standards are currently underway,able. Therefore, there may be few or no viable compet-
much more needs to be done. ing methods with which to confirm mass fractions
Concerning reference materials, both layered RMs determined with GDMS. As for other materials
and CRMs are needed for depth profiling applications. described above, the production and accurate character-
Moreover, there is a notable lack of such materials with ization of reference materials for trace and ultra-trace
characteristics pertinent to glow discharge methods analytes presents a challenging task for the reference
[335. These materials are needed mostly as control materials producer.
samples for checking accuracy. However, they might
also be utilized for establishing or adjusting calibration References
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