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Preface

Almost by definition, analytical spectroscopy is a science of problem solving.
In this ever-changing world (both politically and technologically), the problems
presented to the analytical chemist seem to be changing at an even greater pace.
New problems generally require the development of new strategies and tools to
solve. Of the modern approaches to spectrochemical analysis, the use of glow
discharge (GD) devices seems to be showing some of the greatest breadth in terms
of the ways that the devices are being used to solve problems. The opening lines
of the Preface of a book edited by one of the present editors (R.K.M.) almost a
decade ago stated that ‘One of the greatest challenges remaining in the area of
analytical atomic spectrometry is the development of more universal methods for
the direct analysis of solid materials’. This statement remains true to this day,
but the breadth of the diversity of potential applications has evolved far beyond
the realm of solids elemental analysis to molecular analysis of solids, elemental
analysis of gases and liquids and indeed molecular species analysis of gases and
liquids.

The potential use of glow discharge sources in such diverse areas of applica-
tion is really a product of the basic physics by which the devices operate. By
their nature, GD sources provide means of converting solid specimens into gas-
phase atoms and molecules in a controlled fashion. This quality is, of course, the
basis of the still-growing use of glow discharge sources in bulk solids and depth-
resolved elemental analysis. Gas-phase atoms and molecules are subsequently
exposed to a plasma environment that is mild in comparison with spectrochem-
ical sources operating at atmospheric pressure [e.g. flames, inductively coupled
plasmas (ICPs) and microwave-induced plasmas (MIPs)]. Mild in this case refers
to the fact that the kinetic temperatures are just above room temperature as
opposed to thousands of degrees celsius. As such, gaseous molecules are not de
facto broken down to their atomic constituents. In addition, the inert gas environ-
ment minimizes greatly the possibility of complicating side-reactions. Collisions
taking place in the plasma are very effective, though, in exciting and ionizing
gaseous atoms and molecules. In this way, atomic (optical) emission and atomic
and molecular mass spectrometries can be employed to detect sputtered analytes.



xii Preface

Recent developments have now brought new sample introduction schemes to
bear. Methods for analyzing liquid microsamples and flowing streams as well as
a wide variety of gas-phase environments have been developed. While the types
of GD instruments that are commercially available have been fairly static over
the last decade, developments in these new application areas are surely going
to yield very exciting new tools of high practical utility for problem solving in
materials, environmental and biological chemistry.

Glow Discharge Plasmas in Analytical Spectroscopy is a multi-authored vol-
ume that hopes to capture the present state of the art of analytical applications
while also highlighting the exciting new developments that will permit problem
solving over an ever-expanding range of application. The chapters in the volume
have been arranged first to present the basic technology and science underlying
the most widely employed implementations of GD sources, then to highlight
specific application areas of technological (and economic) significance. The final
few chapters serve as a window to new applications of glow discharge devices in
areas that are both nontraditional and also of high potential impact. As such, it is
intended that the volume will be of use both to current practitioners and to those
in the future. The authors of the chapters are clearly recognized world leaders in
their respective fields, and in fact the entirety of analytical spectroscopy. They are
leaders in both hardware development as well as application areas. Each author
has been intentional in discussing their respective topic in relation to alternative
methodologies, and as such the reader should gain a better understanding of the
context of the work. It is intended that the content should be suitable for the
technician, staff scientist and laboratory manager alike.

The Editors would like to express their appreciation to each of the authors for
their thoughtful and valuable contributions. The writing of a chapter in such a
volume is not a glamorous or invigorating undertaking, it is truly a service to
the community as a whole. For this we are very grateful. We would also like
to acknowledge the editorial staff of John Wiley & Sons who have shepherded
this project from conception through to production. They have provided both a
pleasurable and professional environment in which to work.

R. Kenneth Marcus J. A. C. Broekaert
Clemson, SC, USA Hamburg, Germany
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1
Introduction

R. K. MARCUS and J. A. C. BROEKAERT*

Department of Chemistry, Clemson University, Clemson, SC, USA and
*University of Hamburg, Institute for Inorganic and Applied Chemistry,
Hamburg, Germany

1.1 RATIONALE

Developments in the area of analytical chemistry have a very key role in almost
all aspects of commerce, environmental science, and health science. Analytical
measurements serve to confirm hypotheses as well as generate new ones. The
evolution of analytical methodologies reflects a counterbalance between advances
in the capabilities of basic instrumentation and its components and the demands
for qualitative and quantitative information for a particular sample (analyte) sys-
tem. The first of these aspects is driven by technology. The development of new
optical sensors in atomic and molecular spectroscopy and high field magnets for
FT-NMR or MS are examples of such advances. The other component in this pro-
cess is the constant introduction of new analytical samples and the need for new
types of information. For example, the development of higher density electronic
devices and flat panel displays requires the ability to perform spatially resolved
analyses with greater sensitivities than required of previous devices. Further, there
is a need for analytical methodology for monitoring civil risks in the environment
and for healthcare-related tasks, and for enabling progress in the biosciences.
Eventually, analytical challenges outpace the capabilities of existing instrumen-
tation, hence new methodologies must be developed. New challenges do not
necessarily require the invention of new ‘wheels’; simple retooling may produce
improved capabilities. The analytical applications of glow discharge (GD) devices
described herein are based on using well characterized technologies which have
evolved over the last 100 years or so [1,2] to permit new capabilities for solv-
ing new problems. Specifically, low pressure, glow discharge plasmas are now

Glow Discharge Plasmas in Analytical Spectroscopy, edited by R.K. Marcus and J.A.C. Broekaert
© 2003 John Wiley & Sons, Ltd.



2 Glow Discharge Plasmas in Analytical Spectroscopy

employed to address challenges in the materials, biological, and environmental
chemistry arenas.

Since the early 1970s, the use of glow discharge sources has been principally
focused in the area of alloy characterization. Based primarily on the design con-
cepts first described by Grimm [3], the sources were employed as higher precision
alternatives to atmospheric pressure arc and spark emission sources. The forte
of the devices is their ability to allow the direct elemental analysis of materials
in the solid state. The 1980s brought about a number of studies that illustrated
the more substantial capabilities to perform depth-resolved elemental analysis
of ‘thick’ metal layers such as galvanized coatings [4,5]. The scope of applica-
tion in solids was brought full-spectrum with the advent of radio frequency (rf)
powering schemes in the 1990s that allow the direct analysis of nonconductive
coatings and bulk insulators [6]. These basic capabilities for solids analysis are
now realized in steady growth in sales of commercial instrumentation.

Recent studies described in the scientific literature have suggested very new
applications of glow discharge spectroscopies not imagined a decade ago, includ-
ing polymer mass spectrometry, sensitive determinations of nonmetals, and very
thin (<0.1 pm) film analysis. Figure 1.1 is a graph of the number of publications
appearing in the literature describing the use, development, and study of glow
discharge devices used in analytical spectroscopy over the decade 1991-2000.
These data were compiled by the authors through queries on the Web of Sci-
ence (Institute for Scientific Information) and, although some papers were surely
overlooked, they should be a fair reflection of activity in the area. The data
are broken down for each year according to whether the essence of the studies

50
1| 2 Applications
40 L K Instr. dev. _7_
[2]
s 7 2 ) 7
§ 30 — 25— 24281
ke 16 4o 124
S + 7 19
o i, 7 4
5 Z 2
£ 1 N
g 10 4 20 %
z T Y M9 R M8 NI M8 Mal |
\ N H7 18 18 16
1 12
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Publication year

Figure 1.1 Number of publications describing instrumentation developments and appli-
cations of glow discharge sources from 1991 to 2000
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was directed at the development of GD-based instrumentation or in the area of
analytical applications of existing instrumentation. As can be seen, the total num-
ber of publications has nearly doubled over the last 10 years, with the lion’s share
of the growth in papers being carried by the applications category. This is a sign
that the early-year research, taking place most often in academic laboratories,
is being adopted in industrial laboratories. This is also reflective of the increase
in sales of commercial instruments. While the absolute number of publications
pales in comparison with those of most other atomic spectroscopic methods, the
growing acceptance of GD methods is definitely being felt in many industries,
as outlined throughout this book.

Certainly direct solids elemental analysis has been the ‘bread and butter’ of
glow discharges for many decades, but there is a salient wave of application of
glow discharge sources that should be noted here. The need for more extensive
pieces of chemical information has led to new ways of looking at the glow dis-
charge as an excitation and ionization source. As detailed in Chapters 13-17,
the low pressure plasma has an advantageous combination of low kinetic (ther-
mal) temperature with a high excitation temperature that affords the ability to
provide both atomic and molecular species information not provided by atmo-
spheric pressure plasmas and flames. In addition, the devices are easily coupled
to many forms of gaseous sample introduction, such as gas chromatography.
Creative methods of solution sample introduction have also been realized. Given
the need for new methodologies for performing the so-called ‘speciation’ exper-
iment, developments in this area are growing fast and are highlighted herein as
a sign of their projected future impact.

Overall, it is the purpose of this book to outline the developments in analytical
applications of glow discharge devices over the last decade and to highlight future
trends as the techniques continue to evolve. Experts in the various applications
of glow discharge devices have contributed to this volume and put their own
applications into perspective with competing and complementary methods. It is
hoped that the reader will begin to gain an appreciation for the fundamental
processes occurring in glow discharges and also the scope of the current, and
expected, analytical applications.

1.2 GLOW DISCHARGE DEVICES: BASIC
OPERATING PRINCIPLES

Glow discharge devices are traditionally defined as reduced pressure, inert atmo-
sphere, gaseous conductors [7]. The glow discharge is just one of many forms
of gaseous discharges, often called plasmas. Figure 1.2 depicts the characteristic
current—voltage relationships that exist for a number of diode-type discharges [8].
Each of these devices operates on the premise of having two distinct electrodes in
a gaseous medium, between which electrical current is passed, the cathode hav-
ing a negative potential and anode having a positive potential. In reality, these
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Figure 1.2 Current—voltage (i—V) characteristics of direct current (dc) electrical
discharges

discharges are formed by potential differences, and so the designation of the two
electrodes is simply based on relative potentials. In the figure, the increase in
current (moving from left to right) can also be equated to operation pressure. Of
the three major classifications, the Townsend discharge, the glow discharge, and
the arc discharge, only the last two have been applied extensively in analytical
chemistry. In Figure 1.2, V;, is the breakdown voltage, V,, is the normal operating
voltage, and Vj is the operating voltage of arc discharge.

The electrical characteristics of a gas discharge can be best understood by
beginning with the Townsend discharge regime. This discharge is generally oper-
ated in the sub-millitorr pressure regime and is characterized by having only
a small degree of ion and free electron production. Following the Townsend
discharge is a transition region, resulting from the increased energy exchange
through collisions (due to higher gas pressures), wherein the electrical current
increases while actually decreasing the required discharge maintenance voltage.
This is a basic characteristic of a self-sustained discharge.

After the transition region, a luminous glow forms between the electrodes and
is thus named a ‘glow discharge’. At the onset of the glow discharge regime,
increases in the current do not change the current density because the cathode
surface is only partially covered by the discharge; as such, no increase in volt-
age is required. This is classified as the ‘normal’ glow discharge regime. As
the current is further increased, the discharge glow will eventually cover the
entire cathode surface. At this point, any increases in discharge current will
result in an increase in current density, requiring an increase in the discharge
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voltage. Plasmas that display this type of increasing i —V relationship are termed
‘abnormal’ glow discharges. It is the abnormal glow discharge mode that is used
most often in atomic spectroscopy. Analytical glow discharge devices generally
operate in reduced pressure (0.1-10 Torr), inert gas atmospheres and at powers
of less than 100 W. At the publication of this volume, it has now become clear,
in fact, that plasmas operating in the glow discharge realm of voltage and current
response can exist at atmospheric pressure [9].

As the discharge current is increased further in the glow discharge, the current
density becomes so high that intense heating of the cathode through bombardment
by filler gas ion species causes thermal vaporization of the cathode. Under these
conditions, the production of high number densities of analyte atoms perturbs
the potential fields and the i—V characteristics of discharge become ‘normal’,
i.e. the current then increases while decreasing the required discharge voltage,
as is the situation for a dc arc. Usually operating at atmospheric pressure, the dc
arc is characterized by its large currents and bright discharge plasma. At typical
operating currents, 10—1000 A, the cathode surface is heated to the point that
thermionic electron emission becomes a prominent current carrying mechanism.
The combination of high vaporization rates and collisionally energetic plasma has
made dc arcs a mainstay in analytical spectrochemical analysis of metallurgical
samples [10,11].

A depiction of the simplest source geometry and plasma structure is presented
in Figure 1.3 [7]. A glow discharge is initiated by the application of a sufficiently
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Figure 1.3 Simple diode geometry employed for glow discharge devices employed in
spectrochemical analysis
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high voltage between two electrodes in contact with the discharge gas (typically
Ar). The potential difference (250-2000 V) causes the breakdown of the dis-
charge gas to form positively charged ions and free electrons. The relative
potentials on the cathode (—) and anode (+4) result in the establishment of electric
field gradients such that positively charged ions are accelerated to the cathode sur-
face. The impinging ions transfer their momentum to the surface and lattice atoms,
setting off a cathodic sputtering event. The products of the sputtering process are
ejected atoms and small clusters of cathode material, ionic species, and secondary
electrons. The process of cathodic sputtering is the means of solid sample atom-
ization and the basis for depth-resolved analyses. In comparison with high vac-
uum sputtering of the sort employed in secondary ion mass spectrometry (SIMS),
the GD source has much greater current densities (100s mA/cm? vs 1 pnA/cm?)
and far lower average kinetic energies (<100 eV vs >1 keV) than typical ‘ion
guns’. As a result, sample ablation rates are much higher, but with far less lattice
damage for the GD sputtering. The analytical consequences of these characteris-
tics are highlighted throughout the following chapters.

Secondary electrons emitted in the sputtering process are essential in sustain-
ing the discharge through gas phase ionization of sputtered material and discharge
gas atoms. The negative potential of the cathode surface accelerates the electrons
across the cathode dark space and into the negative glow region. Beyond direct
ionization events, thermalized electrons are efficient at producing excited state
atoms of the sputtered and discharge gas atoms. Evidence of these electron impact
collisions is seen in the characteristic luminosity of the negative glow. Depend-
ing on the means of powering the GD, electrons in the negative glow can have
temperatures of >5 eV; as such, they are very effective in populating high-lying
excited states of nonmetal analytes such as H, C, and S. These sorts of electron
energies are much higher than those found in atmospheric pressure plasmas and
flames, while at the same time existing in an environment whose kinetic tempera-
ture is typically less than 500 K. Important also in the bulk plasma ionization are
Penning-type collisions between highly excited, metastable discharge gas atoms
and neutral atoms of the sputtered material. The result of these collisions is
the formation of ions of the sputtered atoms that can be detected mass spec-
trometrically. The greatly increasing application of glow discharge devices (and
reduced-pressure plasmas in general) as detectors for gaseous and solution-phase
samples capitalizes on these gas-phase processes and conditions rather than in the
ability to convert solid specimens into gas-phase populations which is essential
to solids analysis.

1.3 GLOW DISCHARGE DEVICES: SCOPE OF APPLICATION

As suggested in the previous sections, the application of glow discharge devices
as spectrochemical sources is increasing in diversity. It is important to real-
ize, as with all other things in life, that ‘one size does not fit all’. There are
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a number of different discharge (electrode) geometries and powering schemes.
There are also a variety of means of introducing the analytical sample depend-
ing on its state of matter: solid, liquid, or gas. In addition, analyte species
within the discharge volume can be detected by many different spectroscopic
methods including atomic absorption and fluorescence, optical emission, mass
spectrometry, and a number of laser-based optical methods. In the case of opti-
cal emission spectrometry, the responses of component elements allows for the
determination of the empirical formulae of ‘molecular’ analytes. Furthermore,
molecular analytes can be determined directly by mass spectrometry where the
spectra obtained can contain signatures representative of the molecular ion and
structurally significant fragments. While this presentation may give the impres-
sion that each analysis employing a GD is unique in its own right, this is not
the case. Instead, the experimental apparatus and methods can be quite routine,
and this variability is simply a reflection of the inherent versatility afforded by
the devices.

As described in the chapters that follow, at this stage in the evolution of
analytical glow discharge sources there is a firm user base in the area of bulk
and depth-resolved elemental analysis of metals and alloys by glow discharge
optical emission spectroscopy (GD-OES). There are fewer actual instruments in
the field of glow discharge mass spectrometry (GDMS), but the technique holds
a unique place in the landscape of elemental analysis as providing sensitivity
not afforded by any other conventional method of solids analysis. The scope of
application of both of these methods is now being greatly expanded with the
advent of rf powering schemes, wherein the direct analysis of insulating lay-
ers and bulk nonconductors is now possible. All of these sorts of applications
rely on the two-step process of sputter atomization followed by gas-phase exci-
tation/ionization. Some of the most exciting new applications employ the GD
simply as an excitation/ionization source for samples introduced into the vapor
phase. Strategies now exist, and are quickly evolving, wherein analytes originat-
ing in either the gaseous or solution phase can be introduced into reduced pressure
plasmas, including inductively coupled plasmas. In this way, the discharges afford
a great range of chemical information that is vital for applications in biological
and environmental chemistry. In many respects, this well-aged source is finding
many new lives to lead.

1.4 VOLUME OUTLINE

In an effort to cover the most relevant applications of glow discharge spec-
troscopies in the most informative way, the chapters of this volume have been
written by acknowledged research and application leaders in the respective areas.
It is these people who are the most up to date with literature coverage and can
provide the most insight into how GD sources are designed and implemented for
that particular field. The chapters have been arranged so as to build first on the
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fundamentals of glow discharge operation, discuss the general application of the
devices in the various atomic spectrometric modes, and then to look at specific
fields of application. Most of the later chapters treat for the first time the rapidly
evolving use of glow discharge and other forms of reduced pressure plasmas for
solution and gaseous sample analyses. In this regard, it is hoped that the reader
will gain new appreciation and insight into the next generation of glow discharge
sources, that at this point have not reached the commercial market, although they
most certainly will given the results demonstrated to date.

The most widespread commercial application of glow discharge devices is in
the area of atomic emission spectroscopy. In Chapter 2, Professor José Broekaert
(University of Hamburg) describes the fundamental aspects of emission spec-
troscopy in general and how GD plasmas generate useful emission spectra.
Comparison of operation mechanisms and analytical characteristics are made
with other solids analysis methods. Also described in the chapter is the evolu-
tion of the common Grimm-type cell geometry and its many applications in bulk
solids analysis. Methods of modifying the basic design in order to optimize the
source characteristics are also discussed.

Chapter 3 presents the design considerations and methodologies employed
in performing mass spectrometry of glow discharge devices. Professor Willard
W. Harrison (University of Florida) and co-workers review the pertinent plasma
processes responsible for the ionization of sputtered atoms and the roles of plasma
parameters and operating modes in producing quantitatively useful mass spectra.
The particular strengths and weaknesses of the different mass analyzer types are
also presented. Finally, the methods of quantification for solids elemental analysis
by GDMS are described.

While the majority of GD systems sold in the 1970s and 1980s were ded-
icated to the analysis of metallic specimens, the types of solid samples that
could benefit from GD analysis extend across many different physical and chem-
ical forms. In Chapter 4, Professor R. Kenneth Marcus (Clemson University)
describes the underlying plasma physics which accompany the use of rf power-
ing of GD sources and permit the analysis of electrically insulating materials. The
results of comparative studies performed in a number of laboratories between rf
and conventional dc powering modes are presented. Practical examples of the
sorts of applications that rf powering permits include glass analysis, depth pro-
filing of oxide coatings, and direct mass spectrometric analysis of polymeric
materials.

The most compelling advantage of glow discharge sources over other solids
analysis methods is the inherent ability to perform depth-resolved analyses in
a rapid, yet well controlled manner. Dr Arne Bengtson (Swedish Institute for
Metals Research) presents in Chapter 5 the fundamental and practical aspects of
performing depth profile analysis using GD sources, particularly when employing
optical emission detection. Plasma operation and control functions and also data
acquisition parameters are discussed in detail. The concept of the emission yield
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as a fundamental quantity for performing quantitative depth profiles is presented
in detail along with a discussion of the common artifacts encountered and how
they are remedied.

In Chapter 6, Dr Annemie Bogaerts and Professor Renaat Gijbels (University
of Antwerp, Belgium) deal with their work on the modeling of analytical glow
discharges. This includes the development of a fluid model and Monte Carlo
simulation and also a particle-in-cell model. For analytical glow discharges, a
hybrid model is shown to be very powerful and is used surprisingly well to
predict current—voltage characteristics. Potential and electrical field distributions,
densities and level populations of the plasma species, energies of the plasma
species, sputtering profiles and even optical spectra can be calculated, which are
in good agreement with experimental data. As the influence of various operational
and cell parameters can be predicted, optimization of the construction of sources
may greatly benefit from this work. It is also shown, however, that the acquisition
of the required plasma characteristic data is very challenging and that progress
here is necessary to make the agreement between the results of modeling and
experimental data better still.

Probably the largest market sector employing GD spectrometries on a rou-
tine basis is the steel industry. Early acceptance took place by virtue of the
relative freedom from the matrix of GD-OES in comparison with spark emis-
sion spectroscopy. In Chapter 7, Dr Kazutoshi Kakita (Nippon Steel Technore-
search Corporation) describes the current use of GD-OES in the steel industry.
Aspects of method development including traceability and eventual verification
are described in detail. Specific application examples include the depth-resolved
analysis of galvanized steel, aluminized steel, and galvannealed steel. Practical
considerations in obtaining valid profiles are presented along with examples of
how GD-OES profiles can be used to explain metallurgical phenomena.

As mentioned previously, the introduction of the rf powering mode opens up
many new areas of application for glow discharge analyses, particularly GD-
OES. Dr Richard Payling (University of Newcastle, Australia) and co-workers
from a number of industrial laboratories present the use of rf-GD-OES in the
analysis of surfaces, coatings, and thin films in Chapter 8. The versatility of
the method is demonstrated for a large array of applications that cut across
many industrial sectors ranging from studies of alloy corrosion and hardening,
to electronic multilayer materials and a variety of coating technologies. Many of
the examples include the use of complementary physical and chemical analysis
methods to solve the posed problems.

Of course, any discussion of the capabilities of a single analytical method
cannot take place with the exclusion of the figures of merit for other tech-
niques providing the same or complementary forms of information. Professor
Kazuaki Wagatsuma (Tohoku University) presents in Chapter 9 a comparison of
the attributes of glow discharge spectroscopies with a number of what might
be termed ‘more traditional’ methods of surface and thin film analysis. Starting
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with a baseline set of qualities for (principally) GD-OES, the most relevant of
the other methods are discussed. Detailed descriptions of the underlying physics
and analytical characteristics are presented for ion probe, electron probe, X-ray
probe, and laser probe techniques. Finally, direct comparisons between GDS and
secondary ion mass spectrometry (SIMS) and with Auger electron/photoelectron
spectroscopies are made for the same samples. Actual analytical data are pre-
sented in the comparisons to highlight the respective performance characteristics
of each method.

The analysis of samples of nuclear concern with glow discharge atomic spec-
trometry is treated in Chapter 10 by Dr Maria Betti (European Commission, JRC,
Karlsruhe, Germany). For the applications of GD techniques for the determina-
tion of major and trace elements, as well as the matrix isotopic composition,
dc-GDMS and rf-GD-OES instrumentation installed inside glove-boxes has been
described for the handling of radioactive samples. The analysis of conductive
samples has been described in addition to different approaches for the analysis
of nonconductive samples. The latter includes the use of radio frequency powered
sources, the use of a secondary cathode, and mixing with a binder conductive host
matrix prior to briquetting. In the case of oxide-based samples, the employment
of a tantalum secondary cathode acting as an oxygen getter is shown to reduce
polyatomic ion formation and plasma quenching. Analysis of uranium oxide with
respect to impurities and isotopic composition is reported and GDMS is shown
to be competitive with TIMS.

The analysis of nonconducting materials in general is treated in Chapter 11
by Dr Annemie Bogaerts, Dr Wim Schelles and Professor René Van Grieken
(University of Antwerp, Belgium). Here the features and use of the three method-
ologies mentioned above are discussed for a wide range of applications, referring
to the respective literature. In the technique using metal powders as binder, spe-
cial attention is given to the sample-to-host ratio. The influence of the particle
size in the case of the analysis of powders is discussed, in addition to the presence
of trapped gases in the pellets. Applications cited range from ores to glasses, veg-
etation to ceramic samples and meteoric residues. For the case of a conducting
secondary cathode, the mechanism is discussed in detail. Attention is also paid to
the material and geometry of the secondary cathode, and the discharge conditions
and applications of the technique confined to GDMS work are discussed.

Driven by the highly international nature of commerce, there is an increasing
need for standardization within given industrial and economic sectors. In the
area of analytical chemistry, standardization can be thought of in terms of either
methodology or reference materials. Dr Michael Winchester (National Institute
of Standards and Technology, USA) describes both of these aspects of achieving
accurate analytical results in Chapter 12. Standard methods adopted by a number
of standards development organizations such as ASTM and ISO are presented
for both GDMS and GD-OES. In addition, the various classifications and uses
for reference materials and how they are developed are also described.
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Traditionally, the development of glow discharge sources as tools for per-
forming direct solids elemental analysis took place in parallel with developments
of techniques for the analysis of solution samples including flames and atmo-
spheric pressure plasma sources. While the kinetic temperature of a GD plasma
is too low to achieve solution sample desolvation in the case of direct solution
nebulization, there are a number of advantages that can be projected in using
the sources for the analysis of samples originating in the solution phase. Profes-
sor R. Kenneth Marcus (Clemson University) describes in Chapter 13 the three
general approaches to introducing solution samples into GD sources for subse-
quent analysis. Included in the discussion are two different means of introducing
solutions as part of flowing streams such as encountered in liquid chromatogra-
phy. The versatility of the GD source as a detector for elemental speciation is
demonstrated in the analysis of a number of amino acid species.

Just as GD devices can be used to advantage as detectors for liquid chro-
matography, their use as detectors for gas chromatography (GC) also holds great
promise. The coupling between the GC and a glow discharge is quite natural as no
solvent load is imposed on the plasma and because the mobile phase is usually an
inert gas that can sustain the plasma. In Chapter 14, Professor Joseph A. Caruso
(University of Cincinnati) and Dr Lisa Milstein (RTI International) describe the
coupling of gas chromatography with GDMS sources to effect a powerful new
approach to elemental speciation of volatile organometallic molecules. The ability
of the sources to achieve sub-picogram sensitivities while providing unambigu-
ous mass spectra of species of environmental importance is demonstrated. Very
important in these applications is the ability to ‘tune’ the fragmentation patterns
of mass spectra to achieve different levels of information. Studies to date suggest
that this approach holds much promise for speciation studies in environmental
and biological chemistry.

In Chapter 15, Dr Rosario Pereiro, Dr Nestor G. Orellana-Velado and Pro-
fessor Alfredo Sanz-Medel (University of Oviedo, Spain) treat the use of glow
discharge atomic emission spectrometry as an alternative gas chromatographic
detector. The favorable physical features of atomic emission spectrometry with
a low-pressure discharge, such as low continuum background and high elec-
tron temperatures, indeed make it a promising spectrochemical source for the
analysis of gases and volatilized analytes. Potentially, the glow discharge could
offer similar and even better detection limits than other more common sources
used as detectors for the direct analysis of gaseous samples or as a detector
in gas chromatography. An important advantage of glow discharges when used
for chromatographic detection are their low running costs. In the chapter, three
approaches to the introduction of analytes into the discharge chamber in the
gas phase are treated. First, the gaseous samples or liquid organic samples can
be introduced after vaporization by thermal means. Second, a chemical reaction
can be used to convert the analyte from a liquid sample to a volatile deriva-
tive. Finally, the glow discharge can be used as gas chromatographic detector
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directly. Details about the source construction, types of cathodes and interfaces,
the plasma operating conditions, and analytical performance both for dc and rf
sources are discussed along with relevant examples.

Even though this book is devoted to the development and application of glow
discharge sources for analytical spectroscopy, there are other means of produc-
ing low-pressure plasma sources that have favorable characteristics for speciation
studies. In each of the approaches, the target plasma has very similar gas-phase
characteristics to GD sources, as such very powerful ion sources for speciation
studies are the result. Professor Hywel Evans (University of Plymouth) describes
in Chapter 16 how a variety of powering schemes can result in analytically
useful low-pressure (LP) plasma ion sources. Specifically, inductively coupled
and microwave-induced plasmas can be configured to operated in the 1-10 Torr
range. Rf microplasmas and flowing afterglows are also described. In compari-
son with their widely used atmospheric pressure cousins, MS sampling of these
plasmas is easier from the instrumentation point of view. In addition, optical
emission sampling is an effective means of GC detection.

In Chapter 17, Dr John Guzowski, Jr and Professor Gary Hieftje (Indiana
University) treat the development of multidimensional ionization sources for
plasma-source mass spectrometry and give an outlook on a very important direc-
tion of development for glow discharges. For chemical speciation, it is a common
approach to couple a separation method with a selective and sensitive detection
method such as mass spectrometry. Conventional atomic or molecular mass spec-
trometric ionization sources are ordinarily incapable of providing, by themselves,
both elemental and molecular information. This limitation drastically increases
the cost, time, and complexity associated with fully characterizing a sample.
However, new ionization sources, among which are glow discharges, are being
developed that can generate both atomic and molecular fragment ions, and have
been coupled with a variety of mass spectrometers and separation techniques.
The approaches being used in the development of these multidimensional ion
sources are highlighted in this chapter. Ultimately, the goal is to develop a sin-
gle ionization source that can provide both types of information during a single
measurement, making it especially valuable as a chemical speciation and char-
acterization tool.

In the development of this volume, it was the Editors’ intention to put together
a comprehensive overview of the quickly expanding area of glow discharge spec-
troscopies. It is hoped that the volume will be a useful reference source for those
entering the field and practitioners alike.
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2.1 INTRODUCTION

Atomic spectrometry is the oldest instrumental method of elemental analysis and
in its principle goes back to the work of Bunsen and Kirchhoff in the middle of
the 19th century [1]. One makes use of the fact that owing to the element-specific
energy differences between the atomic terms, every element has a specific line
spectrum, where the presence of an elemental atomic line directly relates to the
presence of the respective element. On the other hand, the intensity of an atomic
emission line is directly related to the number density of the radiating atoms and
thus finally to the concentration of the element in the sample analyzed. In atomic
emission spectrometry, one accordingly makes use of a radiation source where
the sample material is brought in the gas phase and excited. The radiation is
spectrally resolved in a spectrometer and the intensities of the analytical lines are
measured with suitable detectors after isolation from the other spectral lines with
the aid of a slit. The fact that all elements brought in the radiation sources emit
their element-specific spectra enables multielement determinations of virtually all
elements present in the sample. Apart from optical emission spectrometry, atomic
absorption was discovered at about the same time. Here one found that analyte
material in the gas phase is able to absorb radiation of the same wavelength as
an emitted spectral line of the same element. In this case one uses a primary
source emitting the element-specific radiation. The latter is passed through an
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analyte reservoir containing the sample in the atomized form and the absorption
of the element-specific radiation is measured. Here the selectivity of the analysis
method is realized in the primary source and the spectrometer is less important.
Therefore, the approach permits monoelement determinations, essentially.

The diversity in atomic emission and atomic absorption spectrometry results
from the many different radiation sources in atomic emission and atom reser-
voirs in atomic absorption. Here, great innovation has taken place in atomic
emission spectrometry since its early beginnings with flames for the analysis of
liquid samples and arcs for solids analysis; this also applies for atomic absorp-
tion in the case of the atom reservoirs. Glow discharges are one of the possible
groups of radiation sources for atomic emission. Their study goes back to the
early work on electrical discharges by Penning in the beginning of the 20th
century [2]. Glow discharges were developed as alternatives to classical arc and
spark sources (and later on lasers) for direct solids analyses or besides mainly
inductively coupled plasmas for the analysis of liquids or microwave discharges
for determinations in gases or vapors. The glow discharges, their fundamental
properties and their nature with respect to sample volatilization and excitation
as well as their analytical properties as sources for atomic emission are centrally
treated in this chapter. This necessitates a treatment of the processes involved in
the formation of glow discharges as well as a discussion of their plasma para-
meters together with ways to measure them. As mostly solids and to a much lesser
extent solutions or gases are directly analyzed, there is great importance in know-
ing the means of sample volatilization, their relation to the plasma parameters
and the relative importance of the different mechanisms of sample volatilization
in the different types of glow discharge sources. The latter include sources with
a flat cathode and sources with a hollow cathode where the sample is at high
temperature or cooled during operation of the source. The plasma generation pro-
cesses also determine the excitation of the analytes and sample matrices. Both
the special nature of sample ablation and the excitation in a so-called delocalized
plasma of low density and large volume mostly at reduced pressure determine
the analytical properties of glow discharges. Both are important with respect to
power of detection, precision, freedom of spectral and other types of interferences
and the multielement capacity. The analytical capacities of glow discharges also
have to be compared with other sources for atomic spectrometry allowing direct
solids analysis. This is required in terms of analytical performance and also with
respect to costs.

2.2 GLOW DISCHARGES

In the radiation sources for atomic spectrometry the plasma is produced by
an electrical discharge. Here electrically charged particles (ions, electrons) are
moved under the influence of an electric field between electrodes, where they
can also recombine and lose their charge. When a voltage is provided between
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two electrodes placed in a gas-filled discharge tube, free electrons and ions are
formed in the vicinity of the electrode and a measurable current flows because

the electrons gain energy from the field until they can cause ionization during
the collisions;

electrons are expelled from the electrode (cathode) through collisions with
energy-rich ions (secondary emission);

field emission starts as the binding energy of the electrons is surpassed (from
107 V/cm onwards);

electrons or ions can be freed as a result of an increase in the temperature of
the electrode (thermoemission).

As aresult of all these processes, the gas becomes partially ionized and a so-called
plasma is formed.

2.2.1 GAS-PHASE PROCESSES IN GLOW DISCHARGES

As a result of the collisions between all kinds of particles in the gas phase
an energy exchange takes place. One distinguishes between different types of
collisions:

Inelastic collisions:
When a particle of mass m; collides with a particle of mass m; the fraction
of the kinetic energy transferred is given by

AE/(Ei — En) = 2mimy/(my + my)?* 2.1

where AFE is the amount of energy transferred and E; — E, is the part of
the kinetic energy of an individual particle E; above the mean energy of the
particles E,.
When the mass of the particle m; is much less than the mass of the parti-
cle m,,
AE/(E; — Ep) ~ 2m/m; 2.2)

and 107> < 2m;/m, < 1073. When the masses of the colliding particles are
equal, the energy transfer is a maximum and

AE/(E; — Ep) ~ 1/2 (2.3)

Charge transfer:

Here only an electron and only little kinetic energy is transferred.
Recombination:

Slow electrons can recombine with ions and the probability therefore increa-
ses with the square of the densities and decreases with the temperature as

dn = —a.n*dT 2.4)
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The degree of interaction by collisions of particles in a plasma is determined by
the cross-section of the particles and their velocity distribution. The cross-section
is given by

o(v) =21 fﬂ p,0)(1 —cosf)sinb d 2.5
0

It is a measure for the loss of impulse of the particle with mass m and velocity
v when it collides with particles with mass M including its change of direc-
tion. With respect to the impulse exchange by collisions, the particle velocity
distributions are also important. In a plasma they can be given by a Maxwell
function:

dn/n =2/(JT)Vuwe™ du' (2.6)
but also by a Druyvenstein function:
dn/n = 1.039vu’ exp(—0.548u’?) du’ 2.7)

where u' = E/kT and E the mean energy of the particles. Whereas most often
the velocity distributions can be described with a Maxwell function, it is necessary
to use a Druyvenstein function when there are strong electrical fields and lack of
collisions for ensuring equilibration with respect to the energies of the different
species in the plasma. When the latter is reached the population of the energy
levels for each species can be described by the Boltzmann equation

ng/no = (8q/80) exp(—Eq/kT) 2.8)

where ng is the number density of the particles in the excited state, ny the number
density of the particles in the ground state, g4 and gy are the statistical weights
of the corresponding levels, Eq is the excitation energy of the state g, k is
Boltzmann’s constant (1.38 x 107'¢ erg/K) and 7 is the absolute temperature.
When referring to the sum of the number densities in all states instead of the
number density in the ground state n = ¥,,n,, and the equation becomes

ng/n = {gqexpl(—=Eq)/kT1}/{Zmgm expl(—En)/kT]} 2.9)

The sum Z = X,,8,, exp[(—E,;)/kT] is the partition function. It is denoted Z,
in the case of neutral atoms and as Z% in the case of ions and it is a function
of temperature. For many atoms and their ions the values of the coefficients in
these functions are listed in the literature [3]. When expressing the energies in
eV and k by its numerical value, the expression becomes

logn, =logn +logg — (5040/T)V, — log Z, (2.10)

where V is the excitation energy in eV.
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In a state of equilibrium the number of particles leaving a state of energy
equals the number of particles excited to this state and for characterizing the
equilibrium all processes causing excitation and de-excitation must be known.
They include:

e collisions with neutrals where atoms are excited (collisions of the first kind);
collisions where excited atoms return to a lower level without emitting radiation
(collisions of the second kind);

excitation by collisions with electrons;

de-excitation of excited atoms through collisions with electrons;

excitation of atoms by absorption of radiation;

de-excitation of atoms by spontaneous or stimulated emission of radiation.

When there are in a plasma n particles of a first kind per cm?, when N is the
number of particles of a second kind per cm® (n <« N) and n, is the electron
number density, several equilibria are to be considered:

aNny = BNng 2.11)
QeNely = BeleNg (2.12)
B/:OvnO =(A+ B,Ov)nq (213)

where 7. is the electron number density, A, B and B’ are the Einstein transi-
tion probabilities for spontaneous emission, stimulated emission and absorption,
respectively, «., o, B and B are functions of the cross-section for the process
considered and the velocity distribution for the exciting particles and p, is the
radiation density for radiation with a frequency v. When the system is in so-
called thermodynamic equilibrium, all processes are in equilibrium with their
inverse process and with each other. The distribution of all levels is described
by a Boltzmann distribution, there are no radiation losses and the temperature is
given by

ng/no = a/B = (ac/Be) = B'/[(A/py) + Bl = (8q/80)[exp(—Eq/kT)] (2.14)

In the sources used in atomic spectrometry, the radiation losses constitute only

a small fraction of the total energy and the sources are in so-called local thermal
equilibrium, for which

aNng + aeneng + B/pvn() = ,Bqu + ﬁenenq +(A+ pr)nq (2.15)

and

ng/ng = [aN + aene + B'p,1/[BN + Bene + (A + Bp,)] (2.16)
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The excitation conditions in the source determine the values of the coefficients.
In a dc arc in air, N > ®ene + B'p, and BN > Bene + (A + Bp,), by which

ng/no =a/p = (ate/Pe) = (8q/80)lexp(—Eq/kT)] (2.17)

Accordingly, excitation here is mainly due to collisions of the first kind with
neutral particles. In discharges under reduced pressure and in a noble gas atmo-
sphere, collisions with electrons play a more important role and the absorption
and emission of radiation can no longer be neglected in the energy balance.
Moreover, the velocity distributions can no longer be described by a Maxwell
function but have to be described by a Druyvenstein function, and such sources
even are no longer in local thermodynamic equilibrium.

Excited levels are energetically unfavorable. They can decay by the emission
of radiation and also by collisions with other particles. When they are allowed to
decay by the emission of radiation, their lifetime is very short (10~8 s). When no
decay by emission is allowed, as the lower levels have different multiplicity, one
has so-called metastable levels which only can get rid of their energy through
collisions. In the case of discharges under reduced pressure, collisions are rare
and the lifetimes of the metastable levels become long (up to several seconds).
This gives rise to afterglow phenomena. When energy is given off by the emission
of radiation the frequency of the latter is given by Planck’s law:

E = hv = he/x (2.18)

where £ is Planck’s constant (6.6 x 10727 ergs). The transition probability des-
cribes the probability that decay from an excited level occurs and is given by

—dN,/dt = Ag,N, (2.19)

as the number of spontaneous transitions per unit of time is proportional to the
population of the excited level. As from an excited level g different transitions
are possible, one can write

—dNy/dt = Ny, Aq, (2.20)

where X ,Ag, is the inverse value of the lifetime of the excited level. Apart
from the processes for spontaneous emission, for which —dNy/dt = NgX,Ag,,
also stimulated emission, where an emission only takes place when radiation of
the same frequency v is entered and for which —dN,/dt = NyBy,p, with p the
lower level, and absorption, for which dN,/dt = B,qN,p,, can take place. A,
By, and B,q are the Einstein transition probabilities for spontaneous emission,
stimulated emission and absorption, respectively. The intensity of an emitted
atomic spectral line then is given by

Iyp = Agpnaghvgp (2.21)
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or after substituting according to Equation 2.9
Iop = Aqphvapna(8e/ Z)lexp(—Eq/(kT)] (2.22)

When enough energy is brought into the plasma, ionization also takes place.
For the equilibrium

Ngj == Njj + Ne (2.23)
one defines the Saha constant as
Koy = $,(T) = (nijne) /nyg (2.24)
The degree of ionization is given by
aj = nij/nj = nij/ (ng; + nij) (2.25)

Accordingly, ny; = (1 — aj)n; and nj; = a;n;. This allows one to write for the
intensity of an atom line

lgp = Aqphvap(8q/ Zaj) (1 — aj)njlexp(—Eq)/(kT)] (2.26)
and for the intensity of an ion line
IqJ; = A;rphv;;,(g;'/Z,-j)otjnj[exp(—E;)/(kT)] (2.27)

The factor @ can be written as a function of the electron number density and
Saha’s constant as:

o/ (1 —aj) = Sy (T)/ne (2.28)
The Saha function can also be written in terms of the partial pressures as S,;(T) =

(PijPe)/ Paj- From wave mechanics and differentiation of the Boltzmann equation,
Spi(T) can be obtained as

(pijpe)/ paj = ([QEm)* 2 (kT 1/ (W)} (2Zij/ Zoj)lexp(—Ey) /(kT)]  (2.29)

With the constants k = 1.38 x 1071 erg/K, m = 9.11 x 102 g being the mass
of the electron, 1 = 6.67 x 10727 ergsand 1 eV = 1.6 x 10~'? erg, this becomes

S,(T) =6.58 x 107 T2 Z;;/ Zs; x 10[exp(—5040V;;/ T)] (2.30)

This equation only applies when the plasma is at least in local thermal
equilibrium. When there is no thermal equilibrium, the equilibrium between
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species belonging to different ionization levels is given by the so-called Corona
equation [4].

With the determination of the wavelengths for the atomic spectral lines emitted
by different elements in the second half of the 19th century, some empirical rules
were found. Balmer found that for hydrogen the wavelengths could be given by
the relation

A = k[n?/(n* — 4)] (2.31)

where n =3, 4, 6 for the lines H,, Hg and H,, respectively. When using
wavenumbers, Equation 2.31 transforms to

v =1/k=R(1/2> —1/n?) (2.32)

where v’ is the wavenumber (in cm ') and R is Rydberg’s constant (109.677 cm ™).
For all series of the spectrum of hydrogen, it was found that

v =1/A=R(1/n} —1/n3) (2.33)

where n, is a series of integral numbers >n;. ny = 1, 2, 3, 4, 5 for the Lyman,
Paschen, Brackett and Pfund series, respectively. Rydberg adapted Equation 2.33
for other elements by entering the charge of the nucleus Z and found

v =1/A=RZ*(1/n} — 1/n3) (2.34)

Accordingly, the wavelengths can be obtained from the difference of two positive
terms and the spectra consist of as many spectral lines as differences of terms
are possible. These terms are the energy levels of the atoms described by the
quantum theory. These atomic and ionic energy levels are related to the atomic
structure itself. For an electron in a single valence electron atom with charge of
the nucleus Z, the energy according to Bohr is given by

E = —QunZ*¢* )/ (n’*h?) (2.35)
with u = mM/(m 4+ M), where m is the mass of the electron, M is the mass

of the nucleus and # is the principal quantum number (n =1, 2, 3,4, ..., giving
the order of the energy levels possible for the electron). For the orbital angular

momentum L,
|L| = h/Qm)/ILI + 1)] (2.36)

where [/ is the orbital quantum number and has values of 0,1,2,..., (n — 1);
[ = 0 for a circular orbit and / =1, 2, .. ., for elliptical orbits.
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The possible orientations of the elliptical orbits with respect to an external
electric or magnetic field defines

L. =h/Qm)m (2.37)

where L, is the component of the orbital angular momentum along the field axis
and m; = £/, +(l — 1), ..., 0 is the magnetic quantum number; for each value
of [ it has (2] + 1) values.

When a spectral line source is subjected to a magnetic field, the spectral
lines display hyperfine structure (Zeeman effect). In order to explain hyperfine
structure it is postulated that the electron rotates around its axis with a spin
angular momentum S:

S| = h/Qo)VIS(S + D] (2.38)

The spin quantum number m, determines the angles between the axis of rotation
and the external field as
s, = h/Q2m)mg (2.39)

where ms = 1/2. The orbital and spin angular momenta determine the total angu-
lar momentum J of the electron:

J=1L+Swith [J| = h/Qm)VIj (G + D] (2.40)

where j =1 £ s is the total internal quantum number.
Atomic spectral terms differ in their electron energies and can be characterized
by the quantum numbers through the term symbols:

n"l; (2.41)

where! =0, 1, 2, .. ., and the corresponding terms are given the symbols s (sharp),
p (principal), d (diffuse), f (fundamental), etc., relating originally to the nature of
different types of spectral lines; n is the principal quantum number, m is the
multiplicity (m = 2s 4+ 1) and j is the total internal quantum number. The energy
levels of each element can be given in a term scheme, in which it is also indicated
which transitions between energy levels are allowed and which are forbidden.
This is reflected by the so-called selection rules; only those transitions are allowed
for which Arn has integral values and at the same time Al = +£1, Aj =0 or
+1 and As = 0. The terms for an atom with one outer (valence) electron can
easily be found. For Na (1s*2s?2p®3s') in the ground state: 3%S, [I = 0(s), m =
21/2) + 1 =2(s = 1/2) and j = 1/2(]l £ s])].

For atoms with more than one valence electron, especially in the case of the
low-mass elements, a so-called Russell-Saunders (L—S) coupling applies. The
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orbital moments of all electrons have to be coupled to the total orbital momentum,
like the spin momentum. The fact that each electron has a unique set of quantum
numbers is known as the Pauli exclusion principle. The total quantum number
Lisobtainedas L=%],S=%Ysand J =L —S,..., L+ S. The term symbol
then becomes

ML, (2.42)

For the case of the first excited state of Mg (1s22s?2p®3s3p), the terms are
3P, (L=1lasl;=0andl, =1, S=0as s =1/2and s, =—1/2 and J =
|L + S| = 1), but also 33P,, 3°P; and Py (as for the parallel spins s; = 1/2 and
s =1/2, S =1, and further J = 0, 1, 2). As the number of electrons increases,
the coupling becomes more complex, increasing the number of spectral terms
and thus the number of lines in the spectrum. The term schemes of the elements
are well documented in the work of Grotrian [3]. The term scheme for Na is
shown in Figure 2.1.
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Figure 2.1 Atomic energy level diagram for the sodium atom. Reprinted from Grotrian,
W., Graphische Darstellung der Spektren von Atomen mit Ein, Zwei und Drei Valenzelek-
tronen, 1928, with permission from Springer-Verlag
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Atomic spectral lines also have a physical width resulting from several broad-
ening mechanisms [6]. The natural width of a spectral line results from the finite
lifetime of an excited state, T. The corresponding half-width in terms of the
frequency is

Avy =1/Q2nr7) (2.43)

This corresponds with a half-width being for most spectral lines of the order
of 1072 pm. The Doppler or temperature broadening of a line results from the
fact that the emitting species have a velocity component in the direction of
observation. The half-width is

Avp = {[2v (In2)]/c}vo{V[2RT)/M]} (2.44)

where c is the velocity of light, vy is the frequency of the line maximum, R is the
gas constant and M the atomic mass. The Doppler temperature depends strongly
on the gas temperature. For the Ca 422.6 nm line at 300 and 2000 K, Avp is 0.8
and 2 pm, respectively.

The Lorentz or pressure broadening results from the interaction between emit-
ting atoms and atoms from other elements. The half-width is given by

Avp = (2/m)of NV[2r RT (1/M; + 1/ M3)] (2.45)

where M, and M, are the atomic masses, N the concentrations of other atoms and
oL the cross-sections. The pressure broadening is low in the case of discharges
under reduced pressure. For the Ca 422.6 nm line in the case of a gas discharge
at 9 Torr and a temperature of 300 K it is only 0.02 pm [7].

Isotope and hyperfine structures and resonance broadening resulting from
the interaction between emitting and nonemitting atoms of the same element
and Stark broadening resulting from the interaction with electrical fields also
contribute to line broadening. The natural and the Lorentz broadening can be
described with a Lorentz profile, whereas the contributions of the Doppler broad-
ening can be described with a Gauss profile. Both combine to a Voigt profile for
which deconvolution is possible, as is required in determinations of the gas tem-
perature from the Doppler broadening of spectral lines. The physical widths of
spectral lines in spectrochemical radiation sources are mostly between 1 and
20 pm. In practice, however, the spectral bandwidths of spectrometers are much
higher.

The radiation emitted in a source is absorbed by ground-state atoms, which
are always present at high number densities. As the chance that an absorbed
photon is re-emitted is small, the observed radiation is weaker than the total
amount of radiation emitted, which is known as self-absorption. When [y Pg(v)
is the intensity distribution over the profile of a line emitted by a radiation
source, where [y is the maximum intensity and Pg(v) the profile function, then
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the intensity distribution /(v) obtained after the radiation has passed through a
layer with n, absorbing atoms per cm?® is given by:

1(v) = IoPe(v){exp —[p Pa(v)/ Pa(vo)]} (2.46)

where vy is the frequency of the line center, P5(v) the absorption profile and p
the absorption parameter, which increases with the transition probability. There-
fore, self-absorption is strong for resonance lines being lines which end at the
ground level. As the absorption profile is narrower than the emission profile,
the line profile flattens as a result of self-absorption. When p becomes >1, one
has a minimum at the line center. This can only occur when there is a strong
temperature gradient in the source and when the analyte number densities in the
cooler zones are still considerable. The latter is the case in strongly constricted
hot discharges such as arcs and sparks but much less in glow discharges, unless
for resonance lines of the matrix elements, as shown for both branches of the
Cu 324.7 nm line recorded by Fourier transform optical emission spectrometry
(Figure 2.2) [8].

2.2.2 DC AND RF GLOW DISCHARGES

Glow discharges are characterized by a low current density and a high burning
voltage. They are strongly delocalized and, in contrast to arc and spark discharges,
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Figure 2.2 High-resolution spectral record of Cu I 327.4 nm resonance line obtained by
Fourier transform spectrometry for a dc Grimm-type glow discharge. Sample, electrolytic
copper plate; conventional GDS; discharge voltage, 1000 V; argon pressure, 3.5 Torr.
Reprinted from Heintz, M. J., Mifflin, K., Broekaert, J. A. C. and Hieftje, G. M., Appl.
Spectrosc. 1995, 49, 241-246 with permission of the Society for Applied Spectroscopy
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Figure 2.3 Current—voltage characteristic of a self-sustaining dc discharge. V,,, break-
down voltage; V,, arc voltage. Reprinted from Penning, F. M., Electrical Discharges in
Gases, 1957, p. 41 with permission of Philips Technical Library

the temperature and species number densities mostly have only low gradients.
They can have both an abnormal and a normal characteristic (Figure 2.3). The
former occurs when the sputtered electrode is completely covered by the dis-
charge and the current can only be increased by increasing the current density.
This range is limited by the heating of the electrode. When evaporation starts,
the discharge may become normal and enter the arc regime. The latter is also
the case as long as the discharge can increase the surface covered. Almost all
analytical glow discharges operate in the abnormal mode.

Glow discharges can be sustained by both dc and rf electrical fields, over a
range of pressure from 102 mbar to atmospheric pressure. In the case of dc
glow discharges, atoms are ionized and impact with high energy on the cathode,
through which material can be ablated in a purely mechanical way (cathodic sput-
tering) or the cathode can be heated and start to evaporate (thermal volatilization).
A certain voltage is required to create enough charged particles for the sputtering
process, where on the other hand the sputtered atoms which become ionized con-
tribute to the current as well. In analytical glow discharges one can have currents
of up to some 0.1 A at voltages of up to 2 kV. Here at argon pressures of a few
torr, the ablation rates may be in the milligrams per minute range, by which the
sputtered material in the case of complete ionization would contribute only for
a few percent of the current. One mostly has a cathode and a remote anode, the
latter not being analytically important in most cases. In the case of dc discharges,
one distinguishes between discharges where the sample constitutes a flat cathode.
Such an analytically relevant discharge was first described by Grimm in 1968 [9]
(Figure 2.4). The anode is at a remote distance and one has a restrictor made of
an isolator or the anode tube may come close to the cathode. A direct discharge in
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Figure 2.4 Glow discharge lamp according to Grimm. (a) Cathode block; (b) sample;
(c) negative glow; (d) anode window; (e) anode—cathode interspace. Reprinted with per-
mission from Boumans, P. W. J. M., Anal. Chem. 1973, 44, 1221, Copyright 1973 Amer-
ican Chemical Society

the anode—cathode annular space at any case is hampered by the small distance,
which is in the left wing of the so-called Paschen curve. The latter gives the
breakthrough voltage as a function of the product of pressure and interelectrode
distance. It has a minimum and both its left and right wings increase rapidly. In
the Grimm-type lamp the cathode is cooled and is ablated by sputtering only.
Owing to the form of the field, one ablates layer-by-layer, through which this
type of discharge is very useful for both bulk and depth-profiling analyses. The
Grimm-type glow discharge [10] is only one of many possibilities of realizing a
restricted discharge with a flat burning crater. Here much work has been done,
e.g. by proposing a floating restrictor or a ceramic restrictor [11]. The topic is of
interest, as the residual curvature of the crater is determined by the field distribu-
tion, which depends on the way in which the restricted discharge is realized. This
point is of great importance for one of the most prominent routine applications
of glow discharge atomic spectrometry, namely depth profiling.

Much older than the Grimm-type glow discharge is the so-called hollow-
cathode lamp, well known as a primary radiation source for atomic absorption
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Figure 2.5 Demountable hollow cathode lamp. (1) Water-cooled, glass-shielded, elec-
trically insulated cathode support; (2) exchangeable anode; (3) anode cooling circuit;
(4) sapphire viewport; (5) graphite cathode; (6) Pyrex shields. Reprinted from Broekaert,

J. A. C., Bull. Soc. Chim. Belg. 1976, 85, 262 with permission of the Committee van
Beheer van het Bulletin

spectrometry. This source was introduced as an emission source in the early
work with glow discharges [12]. The source is demountable (Figure 2.5), so that
the sample can be brought into the hollow cathode in the form of drillings, a
pellet or a dry solution residue. The cathode can be shielded and cooled so that
the volatilization occurs by sputtering only, while the discharge characteristic is
abnormal. It also can be shielded so that thermal effects play a role, whereas
the characteristic in most cases remains abnormal. In the case of a so-called
hot hollow cathode, the volatilization mainly takes place by thermal effects and
the characteristic becomes normal. As an atomic emission source the hollow
cathode has the advantage as a source where the analyte residence times in the
excitation zones are very high and accordingly the smallest absolute amounts of
analyte are still detectable. Further, selective volatilization from a matrix may
be very advantageous to reduce spectral interferences and matrix suppression or
enhancement during excitation.

With both flat and hollow cathodes, not only dc but also rf discharges can
be sustained. Here rf power is entered through an antenna. For the excitation
of gases this antenna can be anywhere. Such sources are also used as primary
radiation sources in atomic absorption spectrometry. When the sample is a solid
to be volatilized, the rf power is often applied through the sample, as in the
rf source described by Marcus and co-workers (Figure 2.6) [14]. In the case of
rf discharges, frequencies in the low megahertz range are used. This field can
be well followed by the electrons, but not by heavy ions. Accordingly, a bias
potential in the vicinity of the sample is built up and ions accelerated through the
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Figure 2.6 Rf glow discharge atomization/excitation source. Reprinted from Winch-
ester, M. R., Lazik, C., Marcus, R. K., Spectrochim. Acta, Part B 1991, 46, 485 with
permission of Elsevier Science

dc field induced. These ions cause ablation of the sample, irrespective of whether
it is electrically conductive or not, and a discharge with properties similar to dc
glow discharges is formed. Also in the case of rf discharges a power of up to
some 100 W can be dissipated, the gas pressure is also of the order of some torr
and the sample is ablated mainly by sputtering. Also here it is ablated layer by
layer; however, the crater formed depends considerably on the power and on the
coupling geometry.

Other types of glow discharges are known from other fields in science and
technology. This applies especially for developments in light sources and also for
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coating technologies as used in microelectronics. For some of these discharges,
their use for analytical purposes has also been explored or they may play an
important role in emerging fields such as micro- and nanoanalytics. A source
to be mentioned in this respect is the so-called barrier discharge, where power
is applied through a dielectric layer coating the electrodes. This source in a
miniaturized version has recently been proposed as an atom reservoir under
reduced pressure for diode laser atomic absorption spectrometry [15]. Further-
more, glow discharges at atmospheric pressure, also in micro-systems, have been
mentioned [16]. A special topic is the use of liquids as one of the electrodes,
allowing the use of glow discharges for direct liquids analysis [17].

2.2.3 ELECTRICAL PARAMETERS OF GLOW DISCHARGES

When a voltage is applied across two electrodes in a gas atmosphere at a not
too high pressure, one subsequently obtains at increasing discharge current a
Townsend (a) and a corona (b) discharge (Figure 2.3). Subsequently the current
increases rapidly at a nearly constant voltage, as the surface area of the electrode
covered by the discharge increases in the normal glow discharge (c). One then
enters the abnormal region (d), where the current can only increase at a strongly
increasing voltage. The abnormal glow discharge is a self-sustaining discharge
with a highly positive space charge in front of the cathode, a low current density
(1072-1073 A/cm?) and a burning voltage of several hundred volts. With still
further increases in the current one obtains an arc discharge (e). Here, there is
thermoemission and field emission of electrons at the cathode. The positive space
charge in front of the cathode drastically decreases, as does the cathode voltage
drop. The burning voltage can go down to the ionization energy of the working
gas. The arc discharge is characterized by a high current (several amps), a rela-
tively low burning voltage (<100 V), a normal characteristic and intensive heat.
Discharges under reduced pressure normally operate in the abnormal part of the
characteristic and in the transition region between the abnormal and the normal
regions. The pressure often is 1-10 Torr, the burning voltage 400—1500 V and
the current 0.05-2 A. When the whole cathode is covered by the discharge, one
normally has an abnormal discharge. It becomes normal when the part of the
cathode covered by the discharge increases at constant current density or when
working at high currents where thermal volatilization becomes considerable.

A glow discharge has a typical structure, where in different regions different
species predominate and where field gradients may differ greatly (Figure 2.7).
The structure of glow discharges is very similar in the case of dc and rf discharges.
In the immediate vicinity of the cathode the energy of atoms and ions is very
high and there are hardly any inelastic interactions and excitation is insufficient
(Aston cathodic dark space). Near to it one has the cathode layer, where there
is intense emission as a result of the high collision number density. Further, one
has another dark space (Hittorf dark space), the negative glow and the Faraday
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Figure 2.7 (a) Geometry and (b) potential distribution of a dc electrical discharge under
reduced pressure. (1) Cathode layer and Aston dark space; (2) Hittorf dark space; (3) ne-
gative glow; (4) Faraday dark space; (5) positive column; (6) anode region

dark space. The positive column is much less intense as is the anode glow and
finally there is an anode dark space. As the potential outside the cathode region
hardly changes, the length of the discharge tube is almost of no importance. As
one wants to obtain signals from the elements volatilized from the cathode, the
negative glow is analytically very important. Here both the analyte atom number
densities and the densities of the exciting species (electrons, energetic neutrals
and ions) are high.

The electrons acquire much energy in the cathode fall region. Working gas
atoms and ions mostly are excited through collisions of the first kind. In the case
of noble gases, highly energetic metastable states are formed (e.g. for argon at
11.2 eV). They have long lifetimes, especially at low pressure (up to seconds),
and may excite analyte atoms through collisions of the second kind.

AY4+ X — X4+ A

The efficiency of the collisions is high when the sum of ionization and exci-
tation energy is nearly the energy of the metastable states and little energy has
to be released as kinetic energy (Penning ionization). Also, excitation through
excited working gas atoms and ions is important. As highly energetic photons
are also produced by photoexcitation this is important. As the pressure in glow
discharges and accordingly also the number of collisions is rather low, there is no
energy equilibration between different species. Also as a result of the presence of
high fields, there is no Boltzmann distribution and the plasma is not in thermal
equilibrium. It can be accepted that there are two groups of electrons. For one
group the energy is high and so they cause excitation and ionization. The other
group of slow electrons is available for recombination processes. As the pressure
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and number of collisions are low the Lorentz and the Doppler broadening of
spectral lines in glow discharges is low. As a consequence, the line widths in
glow discharge optical emission spectroscopy (GD-OES) are relatively low and
of the order of 1-2 pm.

2.2.4 PLASMA PARAMETERS AND DIAGNOSTICS

Plasmas can be characterized from their properties as sources for atomic spec-
trometry by a number of parameters such as temperatures and species number
densities. A number of methods known from classical plasma physics can be
used to determine these parameters. These methods include both spectroscopic
and nonspectroscopic methods. The determination of the temperatures describ-
ing the energies of the different species (electron temperatures, gas temperatures,
ion temperatures) and the determination of electron number densities and elec-
tron pressures (diagnostics) are important for characterizing the efficiency of a
plasma for excitation and/or ionization of an analyte and the dependence of these
processes on the sample composition.

Spectroscopic Methods

From the equations describing the intensities of atomic emission lines it becomes
clear that the so-called excitation temperature is of paramount importance for
describing the excitation efficiency. When applying Equation (2.22) to transi-
tions from different excited states (a and b), which belong to the same level of
ionization, one obtains in the notations used by Boumans [18]:

I/ 1y = [(§A)a/ (8 A)b](Va/vo){exp[—(Ea — Ep)/(kT)]} (2.47)

or

T = [5040/(Va — Vb)]/{logl(gAla/ (g A)p] — log(Aa/Ap) — log(Ly/1p)} (2.48)

where T is the excitation temperature, which can be determined with high pre-
cision and accuracy with thermometric species such as Zn, which have a high
ionization energy. This procedure is known as the two-line method. Further,
the excitation energies of the excited terms used should differ widely, the ratio
(gA)./(gA)p must be large and the wavelengths of the lines should not differ too
much so as to minimize the influence of the spectral response of the detector. The
transition probabilities should also be well known. The excitation temperature can
be determined even more precisely by using a large number of atomic emission
lines of the element in the same state of ionization. Indeed, from Equation 2.22
one obtains

In[ly,/(8qAqpVqp)]l = In(hn/Z) — Eq/(kT) (2.49)
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where n is the thermometer species number density. By plotting for a number of
lines In[1y,/(gqAqpVqp)] versus Eq (Boltzmann plot), one obtains a straight line
and from the slope T can be determined.

One also can write Equation 2.49 as

In{I[/(g )} = Infhe(n/2)] — Eq/(kT) (2.50)

for which the A/(gA) values for a large number of elements can be found in
tables.

The excitation temperature is physically meaningful only when the plasma is
at least in low-temperature equilibrium (LTE). In the case of glow discharges,
excitation temperatures therefore can only be used to describe the population of
excited levels. In plasmas where there is a large deviation of LTE one also has
to determine the so-called gas temperature, which describes the kinetic energy
of neutrals and heavy particles in general.

The gas temperature is usually similar for neutrals and radicals. Therefore,
it can often be approximated by the so-called rotational temperature describing
the population of the terms in molecular spectroscopy. Molecules and radicals,
such as those stemming from working gases (CN, NH, NO, OH, N, or N,*)
or from thermally stable oxides of sample constituents (such as AIO*, TiO*,
YO, etc.), have different electronic states (' X, 2%, 211, etc.). The latter have
a vibrational fine structure (v =0, 1,2, ...) and a rotational hyperfine structure
(J=0,1,2,3,...). The total energy of a state is given by

E = Eq + Eyipr + Ero (251)

E is of the order of 1-10 eV, the difference between two vibrational states of
the same electronic level is ca 0.25 V and between two rotational states only
0.005 eV. When a transition between two rotational levels occurs, a rotational
line is emitted. When both levels belong to the same electronic level, the line is
in the infrared region. When they belong to different electronic levels, however,
its wavelength is in the UV or visible region. Such transitions are characterized
by n', v/, j"— n", v”, j”. All lines emitted as a result of transitions between
rotational levels belonging to different vibrational levels of two electronic states
form a band: n’v’ — n”v". Transitions are subject to the selection rules: Aj =
j ' —j”==l1, 0. For j” = j’+ 1 one has the P-branch, for j” = j' — 1 the
R-branch and for j’ = j” the Q branch. The line for j' = j” =0 is the zero
line of the branch. When also v’ = v” = 0 it is the zero line of the system. The
difference between the wavenumber o of a rotational line and that of the zero
line for the case of the P, Q and R branch is a different function of the rotational
quantum number j and of linear combinations of the rotational constants for
which

E;/(he)=Byj(j +1) (2.52)
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These functions are quadratic and describe the so-called Fortrat parabola. The
molecular and radical spectra consist of different electronic series, which consist
of different vibrational bands. These bands often consist of many nonresolved
rotational lines. The intensity of a rotational line I, emitted for a transition of
the higher level m to a lower level n is given by

Ly = NmAnmhvnm[l/(Zn)] (253)

where N,, is the population of the excited level and v,,, the frequency of the
emitted radiation. The transition probability for dipole radiation is given by
A = L0473,/ 3011/ ) B Ruimi|* (2.54)
where i and k are degenerate levels of the higher () and lower (n) states. Ry
is a matrix element of the electrical dipole moment and g, is the statistical weight
of the upper state. N,, is given by the Boltzmann equation (Equation 2.10), in
which E; is the rotational energy for the excited electronic and vibrational level
and is given by
E.=hcB,J'(J +1) (2.55)

B,/ is the rotational constant and J’ the rotational quantum number of the upper
state. For a *X — 2X) transition, X|R,;u|? is equal to J' + J” + 1 and

L = [(167°cNV? YV /3Z(T)1(j' + J" + DiexplheB, J' (J' + D]/ (kT))}
(2.56)

or

[y /(1" + J" 4+ )] = In[(167°cN vy, ) /BZ(T)] — {lheBy J'(J' + D1/ (KT)}
(2.57)

When plotting for a number of rotational lines In[[,,,/(J" + J” + 1)] versus
J'(J’ + 1), one obtains the rotational temperature. In the case of glow discharges
one can accept LTE for molecules and radicals, and rotational temperatures in
the range 300—1200 K are found, as shown, e.g., for argon and helium hollow-
cathode sources [19].

The gas temperature can also be determined from the Doppler width of a
spectral line (see Equation 2.44). Therefore, it is necessary to separate the Lorentz
and the Doppler contributions of the linewidth, which is possible with the aid of
deconvolution programs [6].

A further important diagnostic characteristic is the electron number density. It
can be calculated from the line intensity ratio for an atom and an ion line of the
same element (see Equations 2.26 and 2.27) as

IOg[aj/(l - aj)] = IOg(Iqup/qu) - log[(g;rAj{pv;p)/(quqpvqp)]
+ (5040/T)(Vq+ — Vo) +log(Zij/ Zy) (2.58)
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This method only delivers correct values for o when the plasma is in LTE, as
the temperature must be known. In this way one can also determine the electron
pressure by combining with the Saha equation (Equation 2.30) as

log[ej /(1 — ;)] = log S,,;(T') — log pe (2.59)
so that

log p. = — log(l(;;/lqp) + log[(g;rA;rpV;rp)/(ququqp)]
— (5040/T)(V;; + Vq+ — V) +(5/2)logT —6.18 (2.60)

Through p. = n.kT one obtains the electron number density. Also here the
plasma must be in LTE to permit correct calculations.

Irrespective of the existence of LTE, one can determine the electron number
density from the Stark broadening of the hydrogen 8 (Hg) or of argon lines.
This line broadening contribution is mainly determined by the interaction of the
electrons in the plasma and is the predominant one in the case of the Hg and
some argon lines, from which the n. can be determined as described by Mermet
for inductively coupled plasmas (ICPs) [20]. In the case of Grimm-type glow
discharges, Human and co-workers determined n. values and found values of
the order of 107! ¢cm™3 [21]. From these n. and p. values and Equation 2.60,
one can also calculate a temperature which describes the energy of the electrons
and is called the ion temperature. The energy of the electrons is described by
the electron temperature. It can be determined from the background continuum
intensities, which are determined by the interaction of free with free electrons
(bremsstrahlung) and the interaction of free and bound electrons (recombination
continuum). Electron temperatures in the case of glow discharges may range from
5000 K for the slow electrons to several 10000 K for the high-energy electrons.
Irrespective of the existence of LTE, gas temperatures, electron temperatures and
electron number densities can be determined by laser scattering and measurements
of the Rayleigh and Thomson scattering, as discussed by Hieftje [22]. The low
number densities in glow discharges, however, present a particular challenge for
this method.

Nonspectroscopic Measurements

Electron number densities can also experimentally be determined by measure-
ments with Langmuir probes, as shown by Marcus for rf glow discharges, as
discussed in Chapter 4.

2.3 ATOMIC EMISSION SPECTROMETRY

Atomic emission spectroscopy as a method of instrumental analysis has a high
selectivity and therewith a high multielement capacity. The fact that the occurrence
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of the spectral lines of an element is unequivocal proof of its presence in the sample
makes it a strong approach for qualitative analysis. As the intensities of atomic
spectral lines directly relate to the analyte number densities in the source and
indirectly also in the sample and all these relations are known, one should be able
to calculate the concentrations from the intensities measured. However, through
lack of precise atomic constants and lack of knowledge on the losses of radiation
in the spectrometer, one uses optical emission spectrometry as a relative method,
and not as an absolute method. Calibration then needs to be done with samples of
known analyte content and a matrix composition similar to that of the samples to
be analyzed.

2.3.1 BASIC PRINCIPLES

The relation between atomic line intensities / and analyte concentrations ¢ can
be formulated as
I =act (2.61)

where a and b are constants. Absolute intensities are only used in flame and ICP
atomic emission, but also in glow discharge atomic emission as these sources
are very stable. Often, however, the intensity ratio of an analyte line intensity to
a reference signal is used, which goes back to early arc emission spectrometry
work. This leads to calibration functions of the form

I/Ig =d'c” (2.62)
The inverse calibration function is the analytical evaluation function:
¢ =cr(I/Ir)" (2.63)

or
logc =logcr + nlog(1/1IR) (2.64)

In trace analysis, the slope of the analytical evaluation curve (in logarithmic
form) is usually 1; at higher concentrations n may become >1 as a result of
self-reversal. In the case of glow discharge atomic spectrometry, this has been
found to be the case for resonance lines at high concentrations or when they are
the matrix element. In this case they cannot be used as reference lines. In trace
analysis by atomic emission spectrometry, the intensity of the spectral background
is often taken as a reference and the calibration equation then becomes

¢ =cu(lx/Iv)" (2.65)

where cy = [(Iy/Iy)(1/c)]7! is the background equivalent concentration (BEC)
and c is the concentration for which a line to background intensity ratio Ix/ly
is measured.
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In atomic emission spectrometry one has to be aware of the fact that the atomic
spectra as a result of the high number of terms are very line-rich. This may lead
to coincidences of lines in the registered spectra. This risk is still increased by
the fact that the temperatures in the atomic emission sources should be high so
as to reach a sufficiently high population of the excited states. This is necessary
to obtain high line intensities. For classical sources, such as the spark and arc,
the 92 naturally occurring elements produce more than 200000 spectral lines
between 200 and 400 nm, as tabulated in the MIT spectral line tables. It should
be emphasized that still many more spectral lines are emitted by these sources.
According to the concentrations of the respective elements, these lines occur in
the spectra with a certain line to background intensity ratio. Apart from atomic
spectral lines, band emission also occurs. This may be due to molecules and
radicals stemming from the working gases or from breakdown products of salts,
which is the case for, e.g., oxides MO™. In the case of glow discharges, the
optical atomic spectra are relatively poor in spectral lines in comparison with
arcs and sparks. Mostly, the atomic resonance lines are strong, but then also
suffer from self-reversal in the case of atom lines. The latter effect hampers their
use as analytical lines for high concentrations. Furthermore, the linewidths are
low (1-2 pm), which again lowers the risk of spectral interferences. Also band
emission is limited. Indeed, one often works under a noble gas atmosphere at
reduced pressure. The use of pure noble gases is required so as to keep the risks
for quenching of the excitation or excited species low. Therefore, GD-OES can
be characterized by low risks of interferences from molecular bands.

The spectral background in atomic spectrometry sources stems from several
contributions. Apart from stray light in the spectrometer, the intensity of which
is proportional to the total amount of radiation emitted in the source, there are
several contributions to be considered. The intensity of the continuum background
radiation in discharges under reduced pressure is low, as the electron number
densities are low. They have been found to be of the order of 10'! cm™3, which
is at least a factor of 10* lower than in arc, spark or ICP sources. Furthermore,
the intensities of the wings of matrix lines, which may be very broad, have
to be considered as contributors to the spectral background. This is especially
the case when the matrix elements have very sensitive resonance lines, such
as calcium and magnesium. This contribution in the case of glow discharges is
considerably lower than in sources operated at atmospheric pressure. This also
applies for contributions from band emission spectra. They are low when the
glow discharge is operated with pure noble gases. Here, however, one often has to
provide for in-line gas purification systems or systems where the sample is entered
into the source through an air-lock. In atomic emission spectrometry, provisions
in any case must be made to free the analytical signals from contributions of
interfering spectral lines and from changes in spectral background intensity. As
glow discharges are very stable sources, one can therefore subtract the intensities
at the analytical wavelengths, which one obtains for blank samples, from the
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measured intensities. In the case of solids analysis, one often has no suitable
blank samples. Here one has to make an estimate of the spectral background
intensity at the analytical wavelength from the intensities measured besides the
analytical lines. This is often possible through the rather flat nature of the spectral
background and through the high stability of glow discharges.

2.3.2 INSTRUMENTATION FOR GLOW DISCHARGE
EMISSION SPECTROMETRY

The instrumentation for glow discharge atomic spectrometry includes a discharge
source with the required vacuum and gas supply, an electrical power supply, a
spectrometer and the required illumination system, as well as radiation mea-
surement and data readout systems. Both the discharge source and its parameter
settings and the data acquisition are often controlled by appropriate computer
facilities.

As atomic spectrometers, both monochromators especially designed for
high-resolution work and spectrometers using either classical photomultipliers
or advanced multichannel detectors are used. Photomultipliers consist of a
photocathode, where the incoming photons as a result of the Compton effect
free photoelectrons. The ratio of the photoelectrons produced per incoming
photon determines the quantum efficiency (mostly between 10 and 20%). The
photoelectrons enter a dynode chain, where each dynode is kept at a certain
potential with respect to the preceding dynode or the photocathode, respectively.
As a result, a photoelectron frees several secondary electrons at the first dynode
and each of them several electrons at the following dynode. With dynode voltages
of 100 V and up to 10 dynodes, multiplication factors of 10° can be obtained.
Accordingly, with photon fluxes of 100000 photons/s, which are often obtained
through the exit slit, cathode currents of 1074 A [100000 x 1.6 x 10~'? (charge
of the electron in Coulomb)] can be obtained. Subsequent to amplification, anode
currents of 10~2 A can be obtained, which can be measured with sufficiently
high signal-to-noise ratios. Photomultipliers can be used in a wide spectral range
(with an S 20 photocathode certainly from below 200—500 nm and with bialkali
cathodes at longer wavelengths). They have a high linear dynamic range, being
defined as the range within which the signal linearly changes with the photon
flux, which is of the order of five orders of magnitude. The lower limit of the
dynamic range is set by the dark current, being the signal obtained in the absence
of plasma radiation, as a result of cosmic radiation and imperfections in the
amplifiers and transmission lines. The dark current of photomultipliers is often
in the 0.1 pA range (107! A). Photomultipliers are very useful for single-channel
detection within a wide linear dynamic and spectral range and with high ratios
of signal-to-dark current.

With semiconductor detectors, simultaneous measurements even at a high
number of so-called pixels are possible. Specifically, charge-coupled and charge-
injection devices [23] are now in use. They unify the simultaneous parallel input
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capacity of photographic plates, used since the early beginnings of atomic spec-
trometry but suffering from laborious readout and lack of adequate precision
and spectral range coverage, and the high precision of photomultiplier detec-
tors. Through the action of incoming photons in microstructures, electron—hole
pairs are produced, which have a certain lifetime and can be read out also after
integration at the local pixels. Accordingly, even low level simultaneous, but
locally differing, radiation intensities of spectral features can be detected with
high signal-to-noise ratios and a dynamic range now encompassing more than
three orders of magnitude. Detectors with dimensions of 1 x 1 in and as many as
1000 pixels in both directions are now available from several manufacturers. To
increase the sensitivity of new detectors, so-called microchannel plates are very
useful. They are made of semiconductor materials in which many equidistant
and small-sized parallel channels are provided, which all act as photomultipliers
when a high voltage is supplied between the two sides of the plates. The electron
multiplication is very efficient and these devices can be well combined with phos-
phors and linear diode arrays and two-dimensional charge-coupled device (CCD)
detectors. As two-dimensional detectors, so-called image dissection tubes [24]
have also been proposed. In these devices an aperture is provided between the
photocathode and the dynode chain. The photoelectrons leaving different loca-
tions of the photocathode can be directed selectively through the aperture with
the aid of electrical or magnetic fields. Detectors of the size of 1 x 1 in have been
constructed, with dynamic range, sensitivity and signal-to-noise ratios similar to
those of photomultipliers.

Both sequential and simultaneous spectrometers use an illumination system
consisting of several lenses, allowing entry of radiation from a preselected zone
in the discharge with a suitable space angle through the entrance slit into the
spectrometer. One often uses a three-lens illumination system, with which the
radiation from a well-defined zone in the source is selected at the intermediate
image of the field lens with the aid of a diaphragm. At the diaphragm a second
lens is used to image the field lens on the slit and a lens in front of the slit
to fill the entrance collimator of the spectrometer, from which a parallel beam
of the incoming radiation is produced and directed on to the dispersive element
of the spectrometer. This system allows it to select the observation zone and to
fill the entrance slit of the spectrometer homogeneously with radiation. Addition-
ally, a fiber with a defined entrance angle can be combined with a small lens
with short focal length to bring the radiation flexibly on the entrance slit where
it again illuminates the entrance collimator through a lens so that stray radiation
in the spectrometer is avoided. As monochromators, mostly Czerny—Turner and
Ebert geometries are used. Both have a turnable reflection grating illuminated by
the entrance collimator having a focal length of 0.3—1 m. The Czerny—Turner
monochromator has a separate exit collimator imaging the spectrum in the exit
camera, where a photomultiplier is located behind the exit slit. As the entrance
and exit collimator may have slightly different focal lengths and entrance angles,
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coma aberrations are minimized and a straight exit slit can be used. In an Ebert
monochromator the same mirror is used as entrance and exit collimator, and
often a curved exit slit must be used. Entrance and exit slit widths are kept small
(10-20 pum) to keep the spectral bandwidths of the monochromator small and
to allow high practical spectral resolution (A/AA). In the case of a grating with
low line density (1/1200 to 1/3600 mm) and a sufficient width (60—90 mm), a
high theoretical resolving power (100000 and more) is obtained. With small slit
widths, 10 and 20 um for the entrance and exit slit, respectively, the practical
resolution in the case of 1 m spectrometers may be 40000 or more. As such,
spectral lines with wavelength differences of 0.02 nm at 200 nm, for example,
can still be resolved. The practical resolution is limited by the slit widths, which
cannot be made too narrow, as then diffraction limits the practical resolution and
the transmission of the spectrometer also becomes low. Moreover, the exit slit
should always be considerably wider than the entrance slit so as to minimize
the effects of mechanical drift. Monochromators equipped with photomultipliers
especially are of interest for high-resolution work; however, they do not per-
mit simultaneous recording of the intensities of lines and the adjacent spectral
background or of different spectral lines.

Simultaneous spectrometers mostly use a so-called Paschen—Runge mounting,
where the entrance slit, the curved grating and different detectors are aligned
along the Rowland circle. In the case of photomultipliers and exit slits, many
detector units can be aligned along the focal curve. For example, in a 1 m
Paschen—Runge spectrometer the number can amount to 30 or more. Further,
CCDs have become so cheap that one may mount up to 20 CCDs along the focal
curve and cover the whole analytically important spectral range continuously. In
the CIROS instrument (Spectro Analytical GmbH), this has been done. The use
of diode-array spectrometers, where one makes very efficient use of the parallel
input capacity of a 1024 pixel array through the use of a segmented spectrometer,
has already shown to be very useful. This has been shown for spectra from a
glow discharge for steel samples recorded with a diode-array spectrometer, where
several atomic emission lines together with the adjacent background structures
could be measured simultaneously [25]. A further possibility for simultaneous
electronic detection lies in the use of Echelle spectrometers. Here with a crossed
dispersion system the wavelengths are separated with an Echelle grating, having
a low line density but being used at high orders, and the orders are separated
with a prism. Through the two-dimensional arrangement, high spectral resolution
can be obtained with apparatus of low focal length, which improves the thermal
stability. Parts of the spectrum may be measured with separate spectral systems
inside the main spectrometer in both cases. In the case of the Echelle spectrom-
eter, a large number of spectral lines are accessible together with the adjacent
wavelength ranges so as to permit background correction.

In addition to dispersive spectrometers, nondispersive spectrometers may also
be used. Here the Fourier transform spectrometer using a Michelson interferometer
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Figure 2.8 Principle of Fourier transform emission spectrometry. (a) Source; (b) predis-
persion; (c) interferometer; (d) detector; (e¢) FT in computer

[26] is most important (Figure 2.8). With the aid of a beamsplitter, the radiation
is split into two parts, each of which is directed to a mirror. Shifting the mirror in
one of the side-arms gives an interference for each wavelength:

I(x) = B(o)[1 + cos(Rmrox)] (2.66)

where x is the optical path difference, I the intensity measured with the detector
and B the radiation density of the source. A polychromatic radiation source gives
an interferogram where the intensity of each point is the sum of all values result-
ing from Equation 2.66. The central part contains the low-resolution information
and the ends contain high-resolution information. The resolution depends on the
recording time, the spectral bandwidth and the number of scans. By applying a
Fourier transform to the signal for each point of the interferogram:

+oo 400
I(x) = / B(o)do +/ B(o)cosrox)do

o0 —0oQ

+o00
=C+ [ B(o) cosQmox)do (2.67)
—00
where C is a constant which must be subtracted before the transformation. The
end result is
+00
B(o) = / I(x)cos(RQmox)dx (2.68)

—0o0
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By digitizing the interferogram, rapid Fourier transformation is possible with
a powerful computer. For complex spectra, this is possible by small, but highly
accurate, stepwise displacements of the side-arm. Repetitive scanning intensifies
the image, and a reference laser is used to make the mirror positioning repro-
ducible. The technique has been used for decades in infrared spectroscopy but
since the end of the 1980s also in the visible and UV regions. Fourier transform
atomic emission spectrometry is suitable for sources with a low radiance and with
a high-stability detector to avoid detector noise. Wavelength calibration must be
very accurate to achieve maximum resolution. Reasonable signal-to-noise ratios
are only achieved with low-noise sources. Owing to the low radiation output and
high stabilities of glow discharges, the use of Fourier transform atomic emission
spectrometry is very suitable. As shown in Figure 2.2, even the self-reversal of
copper atomic emission resonance lines in the case of a Grimm-type glow dis-
charge used for copper samples can be studied in detail for both wings of the
Cu I 324.7 nm line [8]. From measurements with a boosted Grimm-type glow
discharge lamp, it was found that the self-reversal is due to the high density of
ground-state atoms in front of the plasma. Indeed, when using cross-excitation,
e.g. with a microwave discharge, the self-reversal decreases considerably [27].
From measurements of linewidths, it was found that most spectral lines have
widths in the 1-2 pm range unless they are prone to large Stark broadening or
have hyperfine structure [28]. In the case of Fourier transform atomic spectrom-
etry with a Grimm-type glow discharge, a detection limit for molybdenum in
steel of as low as 30 ug/g could be obtained without much optimization [28].
In Fourier transform atomic emission spectrometry, the resolution achievable is
very high and so is the wavelength precision. The instrument is ideally suited for
recording spectra as required for wavelength tables and atlases.

Nowadays in atomic emission spectrometry of compact solid samples, mostly
systems with a flat cathode are used, as described earlier (see Section 2.2.2).
Special developments have taken place both for increasing the material volatiliza-
tion and the specific radiation output. The first aim can be achieved by using
gas jet-assisted sputtering [29] and also by constricting the plasma with the
aid of magnetic fields [8] in the case of both dc and rf discharges. A con-
siderable increase in the specific radiation output can be reached by applying
cross-excitation. This can be obtained with a dc discharge [30]. However, a
high-frequency discharge [31] and a microwave discharge [32] can also be used.
Whereas the high-frequency energy easily can be coupled into the plasma with
the aid of an antenna, the use of microwaves for boosting is most effective, when
providing a cavity such as the TMyo resonance cavity according to Beenakker
in front of the glow discharge, as shown in Figure 2.9.

A further instrumental development in the field of glow discharges for atomic
spectrometry is the introduction of gases for analysis. For this aim, classical lamps
can be easily used and one simply provides a plate with an aperture at the location
of the compact solid sample. Here it is advantageous to use helium as working
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Figure 2.9 Glow discharge lamp with integrated microwave cavity for atomic emission
spectrometry. Reprinted from Leis, F., Broekaert, J. A. C. and Laqua, K., Spectrochim.
Acta, Part B 1987, 42, 1170 with permission of Elsevier Science

gas as then the sputtering activity is low and the excitation efficiency for elements
with high excitation potential, such as the halogens and chalcogens, is high. It
was found, however, that the form of the aperture has a considerable influence
on the spatial distribution of the line intensities [33]. In a helium discharge, it
was possible to break down halogenated hydrocarbons so far that the elemental
ratios can be derived from the ratios of atomic emission line intensities. This
was found to be true both for classical Grimm-type glow discharges [33] and for
hollow-cathode discharges [34], when introducing halogenated hydrocarbons. For
the analysis of gas mixtures, so-called gas sampling glow discharges can also be
used. In the case of hydride generation, it was found that argon, helium and neon
can also be used as discharge gases [35] and that in all cases both elemental and,
as shown by mass spectra, molecular information can be extracted, depending on
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the working conditions. The possibility of highly sensitive elemental detection
in the gas phase makes glow discharges very suitable for performing empirical
formula determinations, being very useful for peak identification, when using
glow discharges for element-specific detection in gas chromatography. This area
is rapidly expanding, as microdischarges, which are very small and have low
gas and power consumption, are now becoming available. This is the case for
dielectric barrier discharges as described by Miclea et al. [15].

From the instrumentation point of view, the vacuum system used is very
important. Indeed, because of the high power of detection of glow discharges,
impurities in the source may be very unfavorable. This applies especially for
molecular gases, remaining after bringing the source back to atmospheric pres-
sure for sample change. This is especially true when these elements are to be
determined or they give rise to spectral interferences, also as a result of molecular
bands. Precautions have to be taken including baking of the lamp body, purifi-
cation of the gas, the use of getters, efc. Furthermore, back-diffusion from the
pumping system used must be controlled. Here one now mostly uses turbomolec-
ular pumps instead of oil pumps. The latter also may influence the discharge
stability as a result of pump ripple. As working parameters, not only the gas
pressure but also the gas flow through the lamp is important. For the pressure
measurements, being necessary in the range 0.1-10 mbar, depending on the gas
used, one mostly makes use of capacitance manometers. The gas pressure mea-
surement is critical, as one hardly can measure the pressure in the discharge
itself. Further, it is important to avoid turbulence inside the discharge source
space, as this gives rise to additional noise, hampering the achievable precision
and power of detection. Special attention also has to be paid to the radiation
sampling. First the glow discharge, being operated at reduced pressure, is mostly
separated by an observation window from the spectrometer. This must be made
of quartz when including UV measurements down to 150 nm and for the VUV
region MgF, optics are required. To keep the deposition of sputtered material on
the window low, which is necessary so as to maintain maximum transmittance,
the gas flows entering the lamp should be directed away from the window. To
sample the maximum amount of radiation, one has to tune the observation angle
of the optics and the discharge source. In most cases this is no problem, apart
from the case of microbore hollow cathodes with long cavities.

2.3.3 FIGURES OF MERIT

The analytical figures of merit of spectrochemical procedures include the analyti-
cal precision determined by the different sources of noise, the power of detection,
the linear dynamic range and the matrix effects in terms of the different sources
of interferences.

For a series of analytical signal measurements for a sample with a well-
defined analyte concentration, a statistical uncertainty exists, which stems from
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fluctuations in the analytical system. The precision achievable is an important
figure of merit of an analytical procedure. In the case where the measurements
have a Gaussian or normal distribution, the precision of a measurement procedure
is expressed in terms of the standard deviation:

o = IS (n— 121/ — D)) (2.69)

where Y, = X (Y;/n) is the mean value, Y; is an individual measurement and n
is the number of measurements. In the case of glow discharges, relative standard
deviations of better than 0.01% can be achieved as both the material volatilization
and the discharge itself and accordingly the excitation are very smooth and of
stable nature. The precision of a certain measurement system depends on the
noise in the system. Different types of noise can be distinguished [36]:

e Fundamental or random noise: this is statistically distributed and its amplitude
as a function of frequency can be written as a sum of sinusoidal functions.
This type of noise is related to the discrete nature of matter and cannot be
completely eliminated.

e Nonfundamental, flicker or excess noise: here the sign or the magnitude can
correlate with well-defined phenomena. In the case of glow discharges, mois-
ture included in the sample can give rise to discharge spikes appearing as
flicker noise.

e Interference noise: this is observed at well-defined frequencies and mostly
stems from components in the system. In the case of a glow discharge source
of which the vacuum includes a rotary vain pump, the pump frequency often
can be observed. This component can be eliminated by fitting a throttling valve
between the pump and the source [28].

Both nonfundamental and interference noise can often be eliminated by appro-
priate filtering. In a noise power spectrum (NPS) the noise amplitude is plotted
as a function of frequency [37]. White noise occurs over all frequencies and
is almost always fundamental in origin, whereas for 1/f noise the amplitude
decreases with the frequency and it is nonfundamental in origin. Discrete noise
bands with well-defined causes may also occur. These may stem from the power
supply source or from the vacuum system or the gas supply. Noise spectra are a
powerful diagnostic tool to trace the sources of noise, and to study instrumental
limitations to the power of detection. In atomic spectrometry, it is important to
determine if noise from the detector is predominant; if so, it can be described by
a Poisson distribution:

o’ =n (2.70)

where n is the number of events per unit time and o the standard deviation.
In the case of glow discharges, detector noise limitations, especially in the case
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of diode-array detection, may be limiting at wavelengths below 220 nm. Here
the background continuum spectral radiances become very low. Indeed, in the
case of a dc Grimm-type glow discharge and a high-luminosity 0.3 m McPher-
son monochromator, the photocurrent of a 1P28 photomultiplier for the spectral
background at ~200 nm is 2.8 x 107° A, being hardly above the dark current of
2 x 107 A [28]. In other cases, the background noise of the source may be much
more important, as is the case at wavelengths of ~400 nm, where background
signals were 4 x 10~ A [28] or flicker noise or frequency-dependent noise are
predominant. In the latter case, overtones often occur.

For the precision of an analytical method, not only the reproducibility of single
measurements but also calibration errors have to be considered. This is a com-
plex problem, as depending on the nature of the noise, the precision may vary
considerably with concentration. In glow discharge atomic spectrometry, at con-
centrations sufficiently above the detection limit, the relative standard deviations
may be fairly constant over a considerable range of concentration.

When a linear regression is performed of the form Y = ac + b, where c is
concentration, the standard deviation of the regression can be defined as

s(0) = J[E - Y2/ - 2)] 2.71)

where Y; is the signal obtained for a standard sample with concentration ¢ from
the regression equation. The latter is calculated by a least-squares procedure
from the pairs (c, Y), where Y are the measured signals and n is the total number
of measurements. The standard deviation for the concentration of the analytical
sample cx can be calculated through a propagation of error:

sr(cx) = Injg s(cx) = Injga’s(Y) (2.72)

where a’ is the slope of the calibration curve. The magnitude of the concentration
of the analytical sample with respect to those of the standard samples has to be
considered, and can be included in the equation as follows:

sr(ex) = Inyo a’S(Y)\/{(l/n) + (1/m) + (ex — em)?/[2(c —ew)?l} (2.73)

where m is the number of replicates for the analytical sample and cy, is the mean
of all the standard concentrations measured.

Here one assumes that the precision with which the concentrations of the
standard samples are known is much better than the precision of the analytical
procedure, which is often not the case. Then the error on the standard samples
has to be included in the analytical error. The influence of this uncertainty on
the analytical error in the case of a calibration with one external calibration
sample can be calculated by a propagation of error. When weighing an amount
of analyte — there is a weighing error o), and when mixing this amount of analyte
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with a diluent up to a mass M’, there is an additional uncertainty o, on the mass
to be taken into account. The resulting standard deviation of the concentration
or.c can be calculated as

o = (0w /M)? + (o4 /M) 2.74)

When calibrating with one synthetic calibration sample with concentration cs,
the concentration of the unknown sample can be calculated as

cx = (Yx/Ys)cs (2.75)
and

o?(cx) = (8ex/8Yx)*a*(Yx) + (Sex/8Ys)?a? (Ys) + (8ex/Scs)a’(cs)  (2.76)

with
dex/8Yx = 8/8Yx[(Yx/Ys)es] = cs/Ys (2.77)
Sex/8Ys = 8/8Ys[(Yx/Ys)cs] = —(Yxcs)/(Yg) (2.78)
dcx/dcs = 6/8cs[(Yx/Ys)es] = Yx/Ys (2.79)
and

o?(ex) = (cs/Ys)* a2 (Yx) + [—(Yx/cs)/ Y a*(Ys) + (Yx/Ys)o*(cs) (2.80)

Accordingly, analysis results can be made traceable to amounts of substance with
an uncertainty including both measurement uncertainties and uncertainties in the
concentrations of the calibration samples.

The calibration functions are valid only for a limited concentration range,
known as the linear dynamic range. This range is limited at the upper end by
physical phenomena, such as self-absorption and detector saturation, and at the
lower end by the limit of determination. In the case of glow discharges, espe-
cially for the lower end of the dynamic range at low wavelengths, detector noise
limitations can be limiting and at the high end of the dynamic range self-reversal
may limit the linearity of calibration curves. The limit of determination is a char-
acteristic of a given analytical procedure and is the lowest concentration at which
a determination can be performed with a certain precision. This figure of merit
is clearly to be distinguished from the limit of detection. For 99.86% certainty,
and provided that the fluctuations of the limiting noise source can be described
by a normal distribution, the lowest detectable net signal Y is three times the
relevant standard deviation o *:

Y, = 30* 2.81)
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The net signal is determined from the difference between a background signal
and a signal including analyte and background contributions, so a factor of v/2
has to be introduced. In many cases the limiting standard deviation is often the
standard deviation obtained for a series of blank measurements [38]. From the
calibration function the detection limit can be written as

cL = ad' (3vV2)o (2.82)

The detection limit is therefore closely related to the signal-to-background
and the signal-to-noise ratios. It is the concentration for which the signal-to-
background ratio is 3+/2 times the relative standard deviation of the spectral
background intensity, or at which the signal-to-noise ratio is 3+/2. The signal-to-
noise ratio itself is related to the types of noise occurring in the analytical system.
From a knowledge of the limiting noise sources, well-established measures can
improve the signal-to-noise ratio and hence the power of detection. Procedures
for the calculation of the limits of detection in the case of glow discharge atomic
spectrometry are described by Marcus in Chapter 4.

The analytical signals measured often include contributions from constituents
other than the analyte (e.g. matrix constituents). This is known as spectral inter-
ference and can be corrected by subtracting contributions calculated from the
magnitude of interference and the concentration of the interfering species. A
special type of interference influences the background signal on which the ana-
lyte signals are superimposed; a number of correction methods exist. As in glow
discharge optical emission spectrometry the physical widths of the lines are low
and the spectra are often not so rich in lines as is the case with other sources,
the risks of spectral interferences are often low. As influences of matrix con-
stituents on analyte volatilization and excitation often are also low, multiplicative
interferences often are low.

2.4 MATERIAL ABLATION

For direct solids analysis, the sample has to be brought into the vapor phase,
so that the composition of the latter is representative of the sample or the ana-
lyte is brought up to a reproducible fraction in the vapor phase. This can be
done by thermal volatilization methods, by sputtering action and also by laser
or electroerosion through sparks and arcs. In the case of glow discharges, ther-
mal volatilization and sputtering are very important for the case of solids. For
liquids, dry solution residue volatilization, a nebulization process followed by
a moisture removal, so as to avoid influences of the latter on the excitation
processes in the plasma, and vapor generation techniques such as hydride gen-
eration can be used. Thermal volatilization and sputtering are treated here more
in detail, whereas for the other techniques reference is made to the respective
chapters.
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2.4.1 THERMAL VOLATILIZATION

Thermal volatilization is important where the sample is heated, as a result of atom
or ion bombardment, without providing external cooling. This may be the case
where the plasma is present in a well-defined space such as in the so-called hol-
low cathode, being positioned freely in the discharge chamber without providing
a cooling. Here, in the case of a graphite cathode temperatures of above 2000 K
can easily be obtained at discharge currents above 100 mA and discharge volt-
ages even above 1 kV in the case of argon. Under such conditions the analytes
can evaporate according to their boiling-points, even making it possible to leave
behind a less volatile matrix. This approach has been found very successful for the
determination of volatile elements such as As, Se, S, P, etc. in high-temperature
alloys [39]. In the case of refractory powders even volatile compound forma-
tion may be useful, such as in the case of Ti and Fe by adding halogens. The
approach may be useful for obtaining the highest power of detection for the
volatile analytes or so as to avoid spectral interferences from the matrix. Any-
how, thermal volatilization normally does not lead to signals that are constant in
time, which makes calibration difficult. In practice, well-designed glow discharge
sources with flat cathodes are cooled to eliminate thermal volatilization.

2.4.2 ABLATION BY SPUTTERING

In this case, the sample is ablated layer by layer as a result of impacting species
removing the analyte atoms from their lattice sites by impulse transfer. When
the sample is taken as a cathode, positive ions gain energy and impact with high
energy on the sample. However, when the ions through collisions are transformed
into neutrals, the latter can also give rise to cathodic sputtering. Cathodic sput-
tering not only occurs in dc discharges. In rf discharges a barrier layer and a
bias potential are built up in the vicinity of the sample as a result of the different
mobilities of electrons and ions in the rf field. Accordingly, the energy situation
becomes similar to that of dc discharges and similar sputtering phenomena can
occur. The models developed for cathodic sputtering start from ideal solids, i.e.
single, perfect crystals, whereas real samples in atomic spectrochemical analy-
sis are polycrystalline or even chemically heterogeneous. The available models
developed for high-vacuum sputtering are valid only for monoenergetic beams of
neutrals impacting on the sample, whereas in fact both ions and atoms of widely
different energies impact at different angles.

The ablation is characterized by a sputtering rate g (ug/s) and a penetration
rate w (um/s) [10]. The latter is the thickness of the layer removed per unit time
and related to the sputtering rate by

w = (10729)/(ps) (2.83)
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where s is the target area (cm?) and p is the density (g/cm?). The sputtering yield
indicates the number of sputtered atoms per incident particle:

S = (105G Nae)/(MI) (2.84)

where Np is Avogadro’s constant, e the charge of an electron (in coulombs), M
the atomic mass and I the ion current (in amps).

As treated in textbooks (see, e.g., Ref. [40]), classical sputtering experiments
with a monoenergetic ion beam in high vacuum show that the sputtering yield
first increases with increasing mass of the incident ions and the pressure, but then
decreases. For polycrystals, it is maximized at an incident angle of 30°. For single
crystals, it is maximum in the direction perpendicular to a densely packed plane.
The results of these experiments can only be explained by the impulse theory.
According to this theory, a particle can be removed from a lattice site when the
displacement energy Eq4 (the sum of the covalent or electrostatic binding energies)
is delivered by momentum transfer from the incident particles. The maximum
fraction of the energy transferrable from an incident particle is

Emax/ E = (4mM)/(m + M) (2.85)

The ablation rate is thus proportional to the number of particles which deliver
an energy equal to the displacement energy. It should be taken into account,
however, that some incident particles are reflected ( f;) or adsorbed at the surface.
Particles of low mass can penetrate into the lattice and be captured (f;,). Other
particles enter the lattice and cause a number of collisions until their energy is
below the displacement energy. The overall sputtering yield accounting for all
of the processes mentioned is

S = [(@E)/Ed"*(f, + Af)e (2.86)

with & = 2mM)/(m + M)? and ¢ = f(m, M).

Accordingly, cathodic sputtering increases with increasing energy of the inci-
dent particles and is inversely proportional to the displacement energy Eq4. It is a
maximum when m = M. This explains why sputtering by analyte species which
diffuse back to the target is very efficient. The dependence of the sputtering yield
on the orientation of the target with respect to the beam can be easily explained.
In a single crystal, there is a focusing of momentum along an atom row in the
direction of dense packing. If Dyy; is the lattice constant and d the smallest dis-
tance between atoms (or ions) during a collision, the angle 6, at which particles
are displaced from their lattice sites, relates to the angle 6, between the direction
of the atom row and the line between the displaced atom and its nearest neighbor
in the next row, according to the equation

01 = 0o(Dpi/d — 1) (2.87)
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This focusing of momentum, referred to as Silsbee focusing, takes place when

f =0,,1/6, or Dy /d < 2.

2.4.3 ABLATION RATES

The model described for the cathodic sputtering is very helpful for optimizing
glow discharges with cooled cathodes [10]. When sample volatilization by sput-
tering occurs, it should be noted that some features can be realized only when
working at sputtering equilibrium. On initiating a discharge, the burning volt-
age is normally high in order to break through the layer of oxides and of gases
adsorbed at the electrode surface. When these species are sputtered off and the
breakdown products are pumped away, the burning spot (crater) can start to pen-
etrate with a constant velocity into the sample, so that the composition of the
ablated material in the plasma may become constant. The time required to reach
sputtering equilibrium (burn-in time) depends on the nature and pretreatment of
the sample and also on the filler gas used and its pressure. All measures which
increase the ablation rate will shorten the burn-in times. Burn-in times are usually
up to 30 s for metals (at 90 W in argon: zinc 6 s, brass 3-5 s, steel 20 s, Al
40 s), but depend on the sputter conditions (shorter at high burning voltage, low
pressure, etc.), on the fact whether dc or rf powering is used and on the powering
scheme in rf operation.

The topography of the burning crater depends on the solid-state structure of
the samples. It reflects its graininess, chemical homogeneity and degree of crys-
tallinity. Inclusions and defects may locally disturb the sputtering. These effects
can be observed on micrographs, comparing the craters obtained with a glow
discharge and a spark (Figure 2.10) [41]. The roughness of the burning crater
can be measured with sensing probes; it imposes the ultimate limitation of the
depth resolution obtainable when applying sputtering to study variations of sam-
ple composition with depth from the sample surface. The structure of the burning
crater depends on the material structure and on inclusions. Also, the electrical
field may induce a small curvature, especially in the classical glow discharge
lamp [11]. It stems from changes of the electrical field across the sample sur-
face but is also influenced by the pumping. The latter causes a wall to be built
up around the burning spot, as a result of the deposition of sputtered material
entrained into the vacuum line. Field inhomogeneities seem to be lower in the
case of a floating restrictor or a restrictor made of electrically nonconducting
material and a remote anode.

Achievable ablation rates depend on the sample composition and the discharge
gas and its pressure. In glow discharge optical emission spectrometry, one mostly
works at ablation rates in the mg/min range. Normally a noble gas is used as filler
gas. With nitrogen or oxygen, chemical reactions at the sample surface occur and
disturb the sputtering, as electrically insulating oxide or nitride layers are formed.
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(b)

Figure 2.10 Burning spots obtained with (a) a Grimm-type dc glow discharge and
(b) a medium-voltage spark. Sample, aluminum. Reproduced by permission by the Royal
Chemical Society from Broekaert, J. A. C., J. Anal. At. Spectrom. 1987, 2, 539

Reactions with the ablated material would further produce molecular species
which emit band spectra in optical atomic spectrometry, or produce cluster ion
signals in mass spectrometry. In both cases, severe spectral interferences could
hamper the measurement of the analytical signals. The relation between ablation
rates and sample composition can be understood from the impulse theory. In most
cases argon (m = 40) is used as sputtering gas, and the sequence of the ablation
rates follows the mass sequence C < Al < Fe < steel < Cu < brass < Zn.

For solids analysis, helium is not suitable as working gas, as its small mass
renders its sputtering efficiency negligible. The sputtering rates further increase
in the sequence Ne < Ar < Kr < Xe. The last two gases are rarely used because
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of their price. Neon is attractive because of its high ionization potential and
may be used in mass spectrometry when argon causes spectral interferences.
The gas pressure has a very important influence on the electrical characteristics,
as discussed already. At low gas pressure the burning voltage is high, as is the
energy of the incident particles. At high pressure, the number density of potential
charge carriers is higher and the voltage decreases. The number of collisions also
increases, so the energy of the incident particles decreases. The resulting decrease
in sputtering rate with increasing gas pressure for a Grimm-type glow discharge
with planar cathode and abnormal characteristic [42] can be described as

q=c/Jp (2.88)

where ¢ is a constant and p the pressure.

In bulk analysis, the sputtering rate is important in order to come rapidly to
a sputtering equilibrium, but also to sample enough material per unit time to
compensate for sample inhomogeneities, which otherwise would decrease the
analytical precision. For depth-profile analysis, one should work at high pres-
sure so as to obtain sufficient depth resolution. First, working at relatively high
pressure has the advantage of resulting in low sputtering rates and moreover
the luminosity per unit penetration into the sample is high. Both are good for
obtaining high signal-to-background rates and precision, as detector noise will
be less dominant, and accordingly the power of detection will be high. Several
approaches have been followed to increase the sputtering rate, especially in bulk
analysis, as finally the line intensities are proportional to the amount of sample
ablated per unit time. By the application of a magnetic field, which is possible
even through metallic samples of 1-2 mm thickness by providing a strong per-
manent magnet in a cooled holder behind the sample, the ablation rates already
can be increased by a factor of three, while keeping the pressure and the voltage
at the same value [8]. In this case the current was found to increase slightly. The
discharge as a result of the magnetic field, however, was found to become more
ring-shaped, which also was observed back in the more concave form of the burn-
ing crater. Through the use of gas jets directed on the sample surface, the ablation
rates can also be enhanced considerably [29]. This could be shown for the case
of a Grimm-type glow discharge, where channels with a width of 0.2-0.5 mm
were drilled under an angle of 45° and a gas flow of ca 200 ml/min was directed
on the burning spot of an argon discharge operated at 60 W. Through the jets
an increase in burning voltage was implied and also in sputtering rate. The latter
in the case of copper was found to be increased from 1.4 to ~5 mg/min. As
shown for the case of brass, turbulence in the plasma can occur, through which
even selective sputtering and/or deposition could occur. This could be shown by
electron microprobe line scans across the burning spot. It was also found that
the intensities of resonance lines do not increase, in contrast with the intensities
of nonresonance lines, e.g. for copper. This again testifies to the importance of



Optical Emission Spectrometry with Glow Discharges 55

self-reversal as the result of the presence of a highly dense cloud of ground-state
atoms in front of the plasma.

Whereas in bulk analysis the form of the crater profile is not very important, it
is extremely important in depth profiling analysis, as together with the roughness
of the burning crater bottom it is the ultimate limitation of the depth resolution.
For dc discharges in the case of jet-assisted sputtering through narrow channels
the burning crater profile becomes so irregular that depth profiling is no longer
possible. It is a question if with increased gas flows through the anode—cathode
interspace there also would be increased sputtering without making the burning
profile irregular. With a magnetic field the curvature of the burning crater becomes
concave and accordingly also here the depth resolution decreases. With rf dis-
charges, it could be found that especially when the discharge spot becomes very
large, the ring shaping of the plasma as a result of a magnetic field can become
extreme. Further, both concave and convex burning profiles can be obtained as
a result of combined influences of the burning spot diameter, the gas flows and
the power dissipated in the source.

2.5 ANALYSES WITH GLOW DISCHARGE ATOMIC
EMISSION SPECTROMETRY

Glow discharge atomic emission spectrometry is now a standard method used
for the analysis of metals and metallurgical samples, with respect to both bulk
and in-depth composition, the analysis of nonconducting powders subsequent to
mixing with metal powder, direct analysis of compact electrically nonconducting
samples through the use of rf discharges, dry solution residue analysis and the
analysis of gases.

2.5.1 BULK ANALYSIS OF METAL SAMPLES

Metal samples can be analyzed with GD-OES using flat cathodes with high
powers of detection, precision and accuracy and the linear dynamic range is
excellent. The preburn times are longer than in spark emission spectrometry and
accordingly the method is less suitable for in-line production control applications.
After discharge initiation preburn-times up to 30 s must be used to come to stable
ablation. In this time adsorbed species and the oxide layers are sputtered off and
a constant crater surface in terms of sputtering and re-deposition is formed.
Both the structure and the composition of the samples influence the preburn
times required. In the case of large crystals they may be longer and for matrices
such as Cu and Zn they are much smaller than for Al, which in addition to its
mass has the drawback of easy oxide layer formation. Through applying high
power (>100 W) and especially high voltage through reducing the pressure, the
material ablation can be increased often by a factor of up to three, thus reducing
the preburn times to the same extent.
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The achievable limits of detection in GD-OES are limited by the background
continuum intensities or detector noise, especially at low wavelengths. Owing to
the very low background intensities, high line-to-background ratios are obtained
and, as the stability of the discharges is excellent, this results in low detec-
tion limits. For most elements and types of metal samples they are in the pg/g
range. This is well documented by the detection limits for steel samples listed in
Table 2.1 [32]. Here also elements such as B, P, S, O, N and H can be included,
provided that the blank contributions are kept low and that for a number of
elements VUV lines are used.

The analytical precision achievable with GD-OES, as a result of the absence
of flicker noise, is very favorable and relative standard deviations (RSDs) even
for absolute line intensities may be of the order of 1%. When ratioing to a
matrix line and performing simultaneous measurements of analytical and internal
standard line intensities, one first realizes the full precision in analytical atomic
spectrometry. Indeed, when [x is the intensity of the analytical line of the analyte
X and IR the intensity of the reference line of an element R, the ratio can be
written as

Ix/Ir = {[nx)Axvxgx Ow)l/[n®)ArRVRER O x) I} exp(ER — Ex)/(kT)] (2.89)

In order to compensate efficiently for fluctuations in sample ablation and in
excitation temperature, the volatilities, the excitation energies Eg and Ex, and
the partition functions Q should be similar. In any case, either two atom or two
ion lines should be selected, as otherwise ionization differences would falsify the

Table 2.1 Detection limits (ug/g) for steels in
spark and glow discharge OES.

Element Spark OES* GD-OES?
Al 0.5 0.1
B 1 0.3
Cr 3 0.05
Cu 0.5 0.3
Mg 2 0.9
Mn 3 0.2
Mo 1 0.8
Nb 2 0.6
Ni 3 0.1
Si 3 0.4
Ti 1 0.6
\'% 1 1

Zr 2 1.5

“Spark discharge in argon using polychromator [43].
bGrimm-type glow discharge with 1 m Czerny—Turner
monochromator [32].
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number densities of the radiating analytical or reference species. For the same
reason, the ionization energies of both should be as similar as possible. With
an internal standard one easily comes to RSDs below 0.1% over a considerable
working range.

Glow discharge atomic emission spectra have narrow lines as a result of the
low Doppler and pressure broadening. However, matrix lines are numerous and
band emission from molecular impurities in the working gases also occurs, requir-
ing high-purity gases and eventually gas purifiers. Then spectral interferences as
a limiting factor for the analytical accuracy become low. Interferences also can
arise as a result of differences in the sputtering of samples. Here the metallo-
graphic sample structure may play an important role, also when one works at
sputtering equilibrium conditions. This has been found when analyzing cast and
rolled iron samples. For this type of interference the use of internal standards
again may be very helpful. In the case of aluminum samples, early atomic emis-
sion work showed the superiority of glow discharges in terms of low matrix
effects as compared with spark emission spectrometry. In the case of the latter,
one even comes to different calibration curves for the same family of samples
(Figure 2.11) [44]. Through improvements in the knowledge of sparks and better
approaches for using the spectral information through a careful selection of the
observation zone, spark emission spectrometry has become much improved in
this respect.

In the meanwhile, both dc and rf Grimm-type glow discharges have been used
for the analysis of metal samples. One often states that in the case of 1f glow
discharges the detection limits are lower, as the sputtering may be more intense
and the excitation by electrons through the long residence time for electrons in
the negative glow as major excitation zone may also be high. In metal analysis
with GD-OES one uses a flat cathode rather than a pin-type geometry. Indeed, as
in glow discharge atomic emission work high ablation rates are used and sput-
tering equilibrium is required, especially in flexible but sequential multielement
determinations, the flat cathode geometry is advantageous. Moreover, with the
flat cathode the high optical guidance required for high radiation throughput is
more easily realized than with a pin-type geometry.

Hollow cathodes have also been used for metals analysis. The cooled hollow
cathode has the advantage of having lower detection limits than Grimm-type
glow discharges. This is due to the high analyte residence times inside the cath-
ode cavity, as already discussed by Mandelstam and Nedler [45]. However, the
source cannot be operated in sputtering equilibrium, which is a serious drawback
with respect to the possibility of sequential multielement determinations. Hot
hollow cathodes have long been used very successfully for the determination
of volatile elements or volatile compound-forming elements in metal samples.
These applications go back to the work of Thornton [39] and Thelin [46]. When
one uses a hollow cathode operated in the normal range in helium and graphite
as cathode material, elements such as As, Bi, Se, P and S can be evaporated
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Figure 2.11 Determination of Si in Al alloys with (a) medium-voltage spark OES and
(b) OES using a Grimm type glow discharge [44]
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selectively from refractory metals and alloys. This has the advantage that the
line-rich matrix is left behind, decreasing the risks of spectral interferences and
so the analytes appear matrix-free in the excitation zones. In the case of helium
as discharge gas, elements with high excitation potential can be excited very effi-
ciently. Accordingly, one obtains detection limits in the sub-ug/g range, which
for these types of samples otherwise only can be obtained with glow discharge
mass spectrometry, which is much more time intensive and sophisticated and
much more expensive with respect to instrumentation.

Apart from bulk analysis, GD-OES now is especially used for depth-profiling
analysis in the case of metals. From an industrial point of view this area of appli-
cations has become very important for industrialized countries, being more and
more active in the production of surface-improved metallurgical products. This is
necessary to meet the requirements for corrosion-resistant steels, hardened steels
with lower mass, etc. The feasibility of a glow discharge for depth-profile anal-
ysis has already been mentioned in early glow discharge atomic spectrometry
work and now the sputtering crater profiles even can be predicted as a result
of modeling work [47]. Indeed, when the penetration rate is known or has been
determined as a result of calculations or measurements for known metal samples,
the time axis can be converted into a depth axis, whereas after calibration with
pure metal samples the intensity axis can be converted into a concentration axis.
Accordingly, the intensity versus time curve provides information both on the
thickness of individual layers for a multitude of elements and on variations of the
concentrations with the penetration depth in the sample, as shown exemplarily
for a coated aluminum sample in Figure 2.12 [48]. In depth profiling, one nor-
mally works at constant current, voltage and power, which have to be described
in the analytical prescription for the procedure. The analytical figures of merit
of depth resolution, power of detection and achievable precision are interrelated
and strongly dependent on the working parameters. The power of detection and
the depth resolution are optimum at fairly high pressure. Indeed, under these
conditions the burning voltage and accordingly also the sputtering rate are low.
Therefore, the radiant output per unit of penetration rate is high, as the excita-
tion efficiency through the large number of collisions is high. This also favors
the precision, as the risks of detector noise limitations then are minimal. For a
copper or steel matrix, depth resolutions of 0.1 nm are easily achieved and then
a precision of a few percent in terms of the RSD and a concentration detection
limit at least of 0.01% can be obtained [48]. The ultimate limiting factor of the
depth resolution is often the roughness of the burning crater, which is the result
of the metallographic structure of the sample and of preferential orientations for
sputtering and also redeposition. Further, the field distribution across the burning
crater is often a limitation, especially at high burning voltages. This effect can
be substantially eliminated when working with a floating restrictor and remote
anode. Also the gas flow dynamics are important as the entrainment of sput-
tered material with the working gas flow into the vacuum line here also has
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Figure 2.12 Depth profile through a galvanized steel sheet surface. The Zn coating is
~18 pum thick and the Al concentration in the bulk is 0.049%. Line intensity tracings for
(a) Zn, (b) Al and (c) Fe. The voltage U increases from 510 V in the Zn to 740 V in the
bulk steel. Reprinted from Bengston, A., Spectrochim. Acta, Part B 1985, 40, 631 with
permission of Elsevier Science

an influence. Here it should be mentioned again that devices using jet-assisted
sputtering or magnetically enhanced glow discharges, as a result of the influ-
ences of these measures on the burning profile, as a rule are not suitable for
depth-profiling work.

2.5.2 ELECTRICALLY NONCONDUCTIVE POWDER SAMPLES

Dc glow discharges can also be used very well for the analysis of electrically non-
conducting powders, such as ores and minerals or also of ceramic powders (see
Chapter 11). These materials, however, have to be mixed with a host matrix and
from the mixture a mechanically stable, heat conductive and vacuum-tight pellet
has to briquetted, as described in early work on glow discharges (see ref. [49]).
As host materials, copper and silver powder have frequently been used for sev-
eral reasons. These metal powders are available at reasonably high purity, hence
blank limitations often are at a tolerable level. Moreover, their atomic emission
spectra are not too line rich, so that the limitations arising from spectral inter-
ferences are kept within limits. Also, with both copper and silver, mechanically
stable pellets can be obtained when using pressures up to 9 t/cm?, which can be
realized with a press of reasonable size. These pellets have a good heat conduc-
tance and are vacuum tight when sample to host matrix ratios of 1:4 are used.
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Materials which contain crystal water have to be dried prior to pressing, other-
wise the release of water during the glow discharge will lead to the liberation
of water vapor, by which the vacuum will be deteriorated and the excitation in
the plasma will become especially poor. To obtain suitable pellets one can bring
the sample—host mixture into a bed of pure host powder. The pellet then can
have outer dimensions of 30 mm diameter and 2 mm thickness while a spot of
about 12 mm diameter and 1 mm thickness in the center is provided on top of
the sample. In this case the sample consumption is low and the ring of pure host
ensures good vacuum tightness and heat conduction. For some materials, such
as Si0», it is difficult to obtain stable pellets because of risks from swelling.
Further, the particle size of the material to be analyzed has a large influence on
the discharge stability and accordingly the precision but also on the pre-burning
times required. The latter are always longer than in the case of metal samples
and easily amount to up to 1 min. The influence of the sample graininess can be
understood from sputtering profiles. Here, one finds towers of sample material
in the burning crater, as the host is sputtered more rapidly and the insulating
sample can only be sputtered after being covered with electrically conductive
host material [49]. Despite the limitations mentioned, the use of glow discharge
atomic emission spectrometry for the analysis of electrically nonconductive pow-
ders remains attractive. Indeed, in contrast with X-ray fluorescence spectrometry,
here also light elements such as Be, Li and B can be determined with detection
limits at the pg/g level.

2.5.3 COMPACT ELECTRICALLY NONCONDUCTIVE SAMPLES

For the direct analysis of electrically nonconductive samples such as glasses,
ceramics and even plastics, 1f glow discharges can well be used, as is discussed in
several other chapters in detail. Other than in mass spectrometry, the use of grids
or secondary cathodes in front of the sample in atomic emission does not allow
sufficient sputtering and analyte radiation densities to make it an analytically
useful approach. Rf glow discharges can be used for bulk analysis after sputtering
equilibrium is obtained but depth profiling is also possible. The curvature of the
burning crater is again one of the limitations of the depth resolution. All kinds of
parameters such as the sample matrix, the power applied and the working pressure
and certainly the use of magnetic fields which may transform the plasma into a
ring can severely influence the crater profiles and accordingly the depth-profiling
possibilities, as shown exemplarily by the results in Figure 2.13.

2.5.4 DRY SOLUTION RESIDUES

Dry solution residue analysis is especially useful for the analysis of micro-
samples. In the case of Grimm-type glow discharges, one could even think of
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Figure 2.13 Influence of a magnetic field on the crater profiles of an rf discharge.
(a) Sample, quartz; argon pressure, 2 Torr; and (b) sample, electrolytic copper plate; argon
pressure, 2 Torr. Reprinted form Heintz, M. J., Broekaert, J. A. C. and Hieftje, G. M.,
Spectrochim. Acta, Part-B 1997, 52, 589 with permission of Elsevier Science

briquetting a mixture of naphthalene and graphite, after which the naphthalene
is sublimed. In this way a porous electrode is obtained, which also could take
up salt-loaded solutions such as diluted serum samples. These samples could
be sputtered reproducibly. Dry solution residue analysis has been applied espe-
cially in hollow-cathode atomic emission spectrometry, as also mentioned by
Harrison and Prakash [51] and in many papers by Zilbershtein and colleagues
(see references cited in Ref. [52]). Here, thin layers of trace concentrate can
be deposited inside steel electrodes or graphite cups can be soaked with the
analyte solution. Dry solution residue analysis with hot hollow cathodes is a
technique with extremely low absolute detection limits, down to the femtogram
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level. However, its significance has decreased through the availability of plasma
mass spectrometric methods.

2.5.5 GASES AND AEROSOLS

Glow discharges are also very suitable for gas analysis, as will be treated in a
separate chapter including their use for element-specific detection in gas chro-
matography. In the case of helium as the discharge gas, elements such as O, N,
C, S and the halogens can be well determined. As treated in a special chapter
on gas sampling, both normal Grimm-type glow discharges [33], hollow cath-
odes [34] and special gas sampling glow discharges (see, e.g., Ref. [53]) can be
used. The use of all noble gases is possible, as sputtering is not an issue. In this
case, argon and the heavier noble gases are even less suitable so as to avoid
sputtering at higher working currents and voltages. Also, breakdown of small
molecules is easily possible, as was shown when coupling hydride generation to
a gas sampling glow discharge [35], but also as the determination of empirical
formulae is possible [33]. For the analysis of aerosols and airborne dust glow dis-
charges can also be used. This is possible in an off-line mode through the use of
suitable sampling procedures. When using a graphite cup as air filter the trapped
particulate material can be directly analyzed when using the cup as cathode in a
hollow cathode. In this way lead and cadmium could be determined down to the
sub-pug/m? level in air, which is convenient for air pollution monitoring [54].

2.6 OTHER METHODS OF ANALYSIS AND OUTLOOK

Glow discharge optical atomic spectrometry for direct solids analysis is an alter-
native to other methods for direct solids analysis in different respects (Table 2.2).

2.6.1 POWER OF DETECTION

The detection limits of glow discharge atomic emission spectrometry are similar
to those of arc and spark atomic emission work in the case of bulk analysis. For
a number of elements such as the halogens and chalcogens glow discharges are
favorable when using the noble gases with higher ionization potentials, namely
helium and neon. In the first case, however, one should use mixtures of argon and
helium as otherwise the sputtering rates are too low. This is not the case when
using glow discharges for gas analysis, where no atomization has to be performed.
Even for the cleavage of molecular bonds, the helium discharge is suitable. For
direct solids analysis the power of detection achievable with glow discharges can
possibly still be increased. The approach followed, and where there is still room
for more innovation, lies in measures which increase the sputtering rate and in
those improving the excitation efficiency. For increasing the sputtering rate both
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Table 2.2 Analytical figures of merit of direct solids analysis methods®.

Linear

Power of Depth dynamic
Method® detection  profiling  Precision  Accuracy range Costs
Dc arc OES ++ — + + + ++
Spark OES + — ++ ++ + ++
GD-OES ++ +++ +++ +++ +++ ++
GD-MS +++ +++ ++ ++ ++ +
Laser ablation ~ ++ ++ ++ ++ +++ ++
ICP-OES
Laser ablation ~ ++ + +++ ++ ++ +++ +
ICP-MS
SIMS +++ +++ ++ + + +
SNMS +++ +++ ++ ++ + ++
XRF + + +++ +++ ++ +

¢+, Rather unfavorable; ++, favorable; 4+ + +, very favorable.

bDc arc OES, direct current arc optical emission spectrometry; GD-OES, glow discharge optical
emission spectrometry; GD-MS, glow discharge mass spectrometry; laser ablation ICP-OES/MS,
laser ablation inductively coupled plasma optical emission spectrometry/mass spectrometry; SIMS,
secondary ion mass spectrometry; SNMS, sputtered neutrals mass spectrometry; XRF, X-ray fluo-
rescence.

the use of gas jet-assisted sputtering and an increase in the plasma density through
the use of magnetic fields have been used successfully. Both measures, however,
are not completely understood with respect to the change in the processes taking
place. In the first case the changes in the energetic possibilities of sputtering
agents certainly have to be investigated in more detail, whereas in the second
case changes in the plasma parameters also have to be studied. In the case
of both measures it was also found that the ground-state atom concentrations
increase considerably, but not necessarily the radiation output. This is especially
true for the case of resonance lines, which then suffer from self-reversal. Here an
increase in the excitation efficiency especially is required. For this aim, the use
of boosted discharges for improving the power of detection achievable is very
interesting. Apart from dc discharges, the use of superimposed rf or microwave
discharges through including cavities in the lamp construction or the use of an
antenna has been proposed and shown to be effective. Here, there is certainly
room for still better combinations of the glow discharge sputtering and the cross-
excitation, which certainly still has to be studied in more detail with respect
to its implications for discharge conditions and plasma parameters. A further
way to improve the signal-to-noise ratio and the power of detection lies in the
use of pulsed discharges, including measurements in the afterglow period, for
which diagnostics are still very incomplete. Certainly, the cathode form remains
an important point with respect to power of detection also. Hollow cathodes
are and will remain the most powerful sources in atomic emission work in this
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respect. However, they suffer from an absence of sputtering equilibrium, making
sequential multielement determinations impossible and the analytical precision
remains modest. They will therefore remain of less importance to direct solids
analysis, unless for special applications as discussed above.

Whereas for direct solids analysis and for gas analysis glow discharges are
already fairly well developed, this is not the case for liquids analysis, of which
the state of the art is given in a separate chapter. Here one should especially
be aware of the fact that moisture considerably influences the energetic and
excitation properties of the discharge. As such, techniques for aerosol forma-
tion known from atmospheric pressure plasma sources, such as pneumatic and
ultrasonic nebulization cannot be used directly. Here aerosol desolvation is help-
ful and electrothermal and gas generation methods, as shown by the example
of hydride generation, can also be well used. The use of molecular beams, as
treated elsewhere in this work, is also very useful.

With respect to power of detection, GD-OES is as powerful as X-ray fluores-
cence methods, but has the advantage of also giving access to all light elements.
Therefore, when working in the total reflection mode, X-ray fluorescence spec-
trometry has a higher power of detection. With respect to power of detection,
GD-OES is similar to spark emission techniques. Generally, however, among the
methods for direct solids analysis, glow discharge mass spectrometry certainly
has superior power of detection.

2.6.2 ANALYTICAL PRECISION

The analytical precision achievable with glow discharges in terms of the RSDs of
measured intensities in the case of flat cathodes is excellent compared with other
spectrochemical sources. Indeed, compared with atmospheric pressure plasma
sources, the influence of gas flow dynamics is much lower. Also flicker noise
is remarkably low. Therefore, one must ensure that noise components from the
power or vacuum supply system do not occur. In the low wavelength range,
detector noise limitations can occur, which especially with diode-array detection
may limit the power of detection in the case of low-UV and VUV analytical lines.

2.6.3 LINEAR DYNAMIC RANGE

In GD-OES the low fluctuations together with the optically thin character of
the plasma guarantee a high linear dynamic range compared with other methods
of direct solids analysis such as spark emission techniques. In the latter case
sample volatilization, which here partly occurs by evaporation, is less favorable
than in the case of glow discharges with a cold and flat cathode. In comparative
studies with X-ray fluorescence, glow discharges also have good precision, when
including the errors in the calibration and selecting a larger concentration range
even in the case of the major elements [55]. The linear dynamic range in the
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case of resonance lines is also lower, as a result of self-reversal. Here progress
still could be made by applying side-on observation.

2.6.4 ANALYTICAL ACCURACY

The analytical accuracy finally is limited by influences of the sample structure
and matrix composition on the material volatilization and of concomitants on
the analyte excitation and on spectral line coincidences. The influence of the
sample structure in the case of Grimm-type glow discharges is well known from
analyses of steels of different qualities, leading to different calibration curves in
the case of differences in metallographical structure. However, the sample surface
pretreatment can introduce differences, as shown by switching from polishing to
turning samples with a cutting diamond. In the case when one works in sputtering
equilibrium, the latter differences practically vanish. The influence of the matrix
composition and structure on the sample sputtering can also be substantially
eliminated by using a suitable reference element and internal standard line. The
influence of concomitants on the material excitation cannot easily be eliminated
by using an internal standard as the plasma is not in LTE. The matrix effects
arising from this point are especially strong in hollow cathodes, where both
the sample volatilization and material excitation are influenced by concomitants.
On the other hand, selective volatilization here can just eliminate the presence of
concomitants during analyte excitation. Spectral interferences in the case of glow
discharges are low compared with atmospheric pressure plasma sources because
of less band emission, narrower lines and usually a smaller number of atomic
emission lines in the spectra. The last point especially is true when use is made
of selective volatilization.

2.6.5 DEPTH PROFILING

With respect to depth profiling, glow discharge atomic spectrometry has the
special advantage of being very useful for routine applications in an industrial
environment. The depth resolution certainly is lower than in the established
surface analytical methods such as secondary ion mass spectrometry (SIMS),
sputtered neutrals mass spectrometry (SNMS) and Auger electron spectroscopy.
Therefore, qualitative and quantitative characterization of the thickness and com-
position of coating layers now is possible, and commercial instrumentation for
this purpose is available.

2.6.6 COSTS OF ANALYSIS

Glow discharge atomic spectrometry, as opposed to inductively coupled plasma
spectrometry also with direct solids sampling provisions, does not suffer from
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high argon consumption. For new applications such as element-specific detection
both in process analysis and in gas and eventually also in liquid chromatography,
glow discharges have a strong future. This certainly will be fostered by the
availability of microplasmas both for molecular emission, as introduced by Manz
and co-workers [56], but especially for elemental detection as proposed recently
by Blades [16]. In this respect, glow discharges can have a similar scope to
miniaturized plasmas at atmospheric pressure and the analytical features will
have to be critically compared so as to achieve the optimum solution for the
analytical problem to be solved.
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3.1 INTRODUCTION

The very nature of low-pressure gas discharges requires the presence of ions
for a plasma to be sustained and, where ions are present, mass spectrometry
may be a useful analytical technique. The attention to ions, as opposed to other
measurement species (e.g., atoms, photons), offers many advantages, but also
some experimental obstacles. One only need consider the striking growth of
mass spectrometry in the past two decades to realize that the advantages have
been found to outweigh by far the instrumental complexities.

The fundamental considerations inherent in the mass spectrometric sampling of
a gas discharge are illustrated in Figure 3.1. As in the case of any glow discharge
(GD), an external source of power is required to break down the discharge. The
normally insulating volume of gas is subject to Nature’s own ionizing events,
such as y-rays creating random electrons, which then are rapidly accelerated by
the electric field, and an ionization cascade is effected. Gas inlet and vacuum
connections maintain the discharge environment, and ion transport from the low-
pressure discharge into a high-vacuum mass spectrometer occurs by successive
stages through a sampler and skimmer arrangement (Figure 3.1). The normally
low power conditions of a GD result in only a low level of net ionization, but
fortunately mass spectrometry needs few ions to achieve sensitive measurements.

In comparison with other GD analytical methods, mass spectrometry is phy-
sically invasive, in that ions must be transported (sampled) from the plasma
by means of a small orifice, into a lower pressure adjacent chamber. The ions,
both from the analytical sample and from the discharge gas, are then sorted in a
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Figure 3.1 Schematic diagram of a glow discharge source and associated ion sampling
configuration

mass spectrometer according to some characteristic property, such as mass/charge
ratio (m/z) or velocity. Ideally, the extracted ion beam faithfully represents the
composition of the sample under consideration.

Mass spectrometry’s popularity in general, and for glow discharges in par-
ticular, arises from its inherent ability to provide qualitative and quantitative
information rapidly and accurately. In trace element analysis, mass spectrome-
try permits the coverage of essentially the entire periodic table. The spectra are
much simpler than optical emission spectra, and because the spectral background
can be very low, detection limits are usually 2—3 orders of magnitude better by
mass spectrometry than for optical atomic emission. It is little wonder that glow
discharge mass spectrometry (GDMS) has become a powerful tool for the direct
elemental analysis of solids.

3.1.1 HISTORICAL

Glow discharges are direct descendents of the electric discharge discoveries over
100 years ago by Goldstein [1], who showed that low-pressure, high-voltage gas
discharges produced copious quantities of ‘kanalstrahlen’ for experimentation.
By exploring the effect of magnetic and electric fields on these species, it was
determined by Wien, Thomson and others [1] that these intense streams of par-
ticles were positively charged and became known as positive rays [2]. Thomson
discovered that gas discharges produced both negative rays and neutral rays,
but neither of these was of particular interest at the time. Figure 3.2 shows a
representation of a typical early discharge chamber in which these ions were
formed and extracted through a cathode slit for registration and identification
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Figure 3.2 Representation of early gas discharge ion source. Modified with permission
from White, F. A., Mass Spectrometry in Science and Technology, John Wiley & Sons,
Inc., New York, 1968, Copyright John Wiley & Sons, Inc.

by ion-sensitive detectors, such as photoplates. The sample of interest could be
packed into the anode and vaporized by high electron currents, or cathodic sam-
pling was also possible, initially by thermal evaporization methods, and later by
cathodic sputtering when this phenomenon became better known. The discharge
chamber in Figure 3.2 would be easily recognized today as an ion source that
could be coupled to a modern mass spectrometer.

Although low-pressure gas discharges were widely used over the first several
decades of the 20th century to characterize elements and to study isotopic dis-
tributions, no real use was made for purposes of analytical chemistry. Indeed,
as the increasingly powerful new technique of mass spectrometry developed at
mid-century, it was organic substances that were of greatest interest, sparked by
support from the petroleum industry, where the problem solving advantages of
mass spectrometry drew special attention. As a result, new types of ion sources
were developed that were much more conducive to carbon-based materials, which
usually exhibited sufficient vapor pressure to allow lower energy sources, such
as electron impact ionization. Organic mass spectrometry became a widespread
tool for identification and structure determination, but its inorganic counterpart
lagged far behind. The high-voltage vacuum spark discharge, a highly sensitive
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but erratic ion source, did find some limited application for the elemental analysis
of solid samples [3].

Meanwhile, glow discharges were used to some minor extent in optical emis-
sion measurements [4,5] owing to their stable operation, low background and
sharp-line spectra. Hollow cathode discharges, in particular, showed good ele-
mental sensitivity for minor and trace elements in more specialized applications.
In this same time period, Knewstubb and Tickner showed the value of mass
spectrometry for the examination of low pressure flames [6,7] by measuring
species that were inaccessible by optical methods, and quadrupole mass ana-
lyzers were beginning to find application for monitoring discharge gases used
in deposition methods by the electronics industry. In the early 1970s, Coburn
and co-workers, in groundbreaking papers, showed that glow discharges could
be sampled successfully by mass spectrometry [8,9]. About the same time, Har-
rison and co-workers, who had been using glow discharges for optical emission
analyses, found strong ion emission lines in hollow cathode discharges, and set
about to develop a glow discharge alternative [10,11] to the high-voltage vac-
uum spark discharge for elemental mass spectral analysis. Coburn and Harrison
reviewed the initial development stage of what became known as glow discharge
mass spectrometry [12].

The availability of commercial instrumentation about 1985 permitted a broad
expansion of glow discharge mass spectrometry, and over the years it has become
a mature product, widely used for the elemental analysis of solids.

3.1.2 CURRENT STATUS

Although the sampling of glow discharges by optical methods remains overall
a simpler approach and still finds considerable favor, particularly in Europe,
mass spectrometric sampling is now recognized as having strong advantages of
sensitivity, scope, versatility, and spectral simplicity. The ability to obtain isotopic
information across the periodic table, down to ppb detection limits, makes GDMS
a powerful analytical tool. In addition, the development of new, improved mass
spectrometers with more reliable data acquisition and control systems has lowered
the threshold of concern in the transfer of GDMS from the research laboratory
to the routine applications arena.

Glow discharges have been shown to couple well to all types of mass spec-
tral equipment, from the most sophisticated multi-sector instruments to simple
quadrupole units. Although glow discharges produce a relatively low degree of
ionization [13], the ability of mass spectrometers to acquire and measure these
small populations with highly accuracy is a key factor in the growth of GDMS.
The prospect is that this mode of sampling gas discharges, including glow dis-
charges, will form the basis for much of the growth aspect of glow discharges
in analytical chemistry.
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3.2 FUNDAMENTALS OF MASS SPECTROMETRY
3.2.1 GAS-PHASE ION CHEMISTRY/PHYSICS

The glow discharge is an unusual device that offers unique opportunities for
the examination of atomic gas-phase processes, and mass spectrometry is one
of the most versatile means of exploring the ionized plasma species. However,
other analytical methods can complement mass spectrometry in probing the dis-
charge. Ground-state atoms (the bulk of the plasma constituents) can be probed
by atomic absorption or fluorescence, and excited atoms may be examined by
optical emission methods, but mass spectrometry provides excellent sensitivity
to measure and catalog the ionic contributions to a glow discharge. As a result,
glow discharge mass spectrometry is now well established as a valuable tool for
the elemental analysis of solids.

In principle, because of the ‘inert’ nature of analytical glow discharges, they
could be considered as atomic physics processes. The sputtering step to produce
atoms in the glow discharge is a physical phenomenon, and the gas-phase col-
lisions of analyte atoms with rare gas (usually argon) atoms have no significant
chemical activity. Indeed, we would wish this to be so for GDMS, but glow dis-
charges always contain some traces of reactive impurities (e.g., water, O,, N, oil
vapors), and the discharge itself serves to break these molecules down to their
very reactive atomic states. Hence there are always chemical reactions taking
place in a glow discharge, including the formation of what would normally be
unstable metal-rare gas adducts that are sufficiently long-lived to be detected
by mass spectrometry, and these are potentially troublesome interferences for
elemental analysis. The analyst should be aware of the many facets of atomic
physics and chemistry manifested in a glow discharge.

3.2.2 IONIZATION MODES

The ability to ionize sputtered sample atoms is one of the critical features that
makes the glow discharge useful for analytical applications in mass spectrometry.
Although ionization is a result of many processes, sputtered sample atoms are
ionized in the negative glow region of the discharge mainly by two processes:
electron impact and Penning ionization. Charge exchange ionization may also
occur, depending on the discharge conditions. Table 3.1 lists some of the possible
ionization mechanisms occurring in the glow discharge [14].

Electron Impact Ionization

Electron impact ionization is one of the most important and best known processes
in the glow discharge. Electron impact ionization occurs when an atom collides
effectively with an electron whose energy is higher than the ionization energy
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Table 3.1 Ionization mechanisms in the
glow discharge.”

1. Primary ionization processes
A. Electron impact
M’ +e” — M +2e”
B. Penning ionization
M0+Xm* N M+ +X()+e—
2. Secondary ionization processes
A. Charge transfer
1. Nonsymmetric
X++MO—>M++X0
2. Dissociative
X" +MO - M"+0+X°
B. Associative ionization
X™ 4+ M — XM" +e”
C. Photoionization
M* 4+ hy — M* +e”
D. Cumulative ionization
M’ +e - M"+e — M +2e”

“MO—sputtered atom; XO—gas atom; M*-excited
sputtered atom; X™*-metastable gas atom.
Reproduced with permission from White, F. A.,
Mass Spectrometry in Science and Technology,
John Wiley & Sons, Inc., New York, 1968, Copy-
right John Wiley & Sons.

of the atom. There are two principal sources of electrons in the negative glow:
primary electrons and secondary electrons. Primary electrons are emitted from
the cathode surface and accelerated by the electric field across the dark space,
where most enter the negative glow at high velocity. The kinetic energy of
these electrons can be as high as the entire potential dropped across the cathode
fall and thus have the potential of ionizing any element. However, they have
low probability of an ionizing collision owing to their short interaction time.
Secondary electrons are the by-product of ionization reactions, and their energy
varies with the excess energy available after ionization. The energy of these
electrons assumes a quasi-Maxwell-Boltzmann distribution with a mean energy
of approximately 4 eV [15]. These secondary electrons are responsible for most
of the electron ionization in the negative glow region [15].

Penning Ionization

Penning ionization is another important mechanism within the discharge. This
occurs as the result of a collision between a metastable gas atom and an atomic
species with an ionization energy below the energy of the excited metastable state
of the gas atom. Argon as a discharge gas has metastable atoms with energies
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of 11.55 and 11.72 eV, sufficient energy to ionize most atoms of the periodic
table. Penning ionization is generally a nonselective process for most elements,
excluding such higher ionization potential elements as O, N, etc. Since Penning
ionization is strongly related to the number density of metastable species, the
population of these energy levels determines the ionization efficiency. It has
been suggested that Penning ionization is the dominant ionization process in
low-pressure discharges [16].

Asymmetric Charge Exchange Ionization

Asymmetric charge exchange (or transfer) can be an additional contributor to
ionization in the glow discharge. Unlike electron impact and Penning ionization,
asymmetric charge transfer is a selective mechanism for ionization of certain
elements. The collision between an analyte atom and a discharge gas ion can lead
to the transfer of an electron from the atom to the ion. A condition of this transfer
is a small difference in energy between the gas ion ground state and the energy
levels of the resulting analyte ion. Therefore, asymmetric charge transfer will
only occur between specific energy levels. Bogaerts and Gijbels have reviewed
the occurrence of asymmetric charge transfer in the glow discharge [17].

3.2.3 GLOW DISCHARGE ION SOURCES

Given the diverse applications of the glow discharge, numerous configurations
have been investigated as ion sources. The major considerations in ion source
design are (a) convenient and reproducible introduction of the sample and
(b) effective and efficient sampling of the sample ions. The most commonly
used sources involve some type of direct insertion probe to insert the sample
into an internal GD cell. Alternatively, the Grimm-type source finds some
favor owing to its convenience of external sample placement. Although several
models of GD ion sources have been successful, the optimum model awaits
development.

Diode Geometry

Most GD ion sources, particularly the commercial versions, have used a direct
insertion probe that permits certain flexibility in sample shape, although pins or
discs are normally used. As shown in Figure 3.3 [18], the samples are introduced
through a vacuum interlock into the GD cell. In this configuration, the sample
serves as the cathode of the glow discharge system and the cell housing as
the anode. Ions are sampled from the negative glow region through an ion exit
orifice (see Figure 3.1). Typical discharge conditions are voltages of 500—1000 V,
currents of 1-5 mA for the dc mode and 0.4—2.0 Torr argon gas. This versatile
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Figure 3.3 Conventional means of introducing a sample into a glow discharge ion source
by a direct insertion probe
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source can be used with all types of mass spectrometers and has become the
‘industry standard’ for GDMS.

Grimm Geometry

A Grimm-type glow discharge is the most widely applied source for atomic emis-
sion spectrometry (AES). By proper modification to permit ion extraction, it can
also serve as a glow discharge ion source. In this source, the discharge is realized
by a special cylindrical anode tube placed close to the surface of the sample, as
shown in Figure 3.4. This permits stable operation, restricting the burning spot
of the discharge to a well-defined area on the sample surface. Advantages of
the source include capabilities for both surface and in-depth analysis by con-
trolling the discharge parameters to obtain planar sputtering. The downside is
that a very flat, smooth sample surface is required. Investigators have achieved
results [19-21] with the Grimm ion source that show promise as an alternative
to the more conventional GD sources (e.g., diode source). Voltages from 500
to 1500 V, currents of 3—30 mA for the dc mode and 1-6 Torr argon gas are
typical for the Grimm-type source.

Hollow Cathode

A long known, but rarely used ion source is the hollow cathode discharge. In
a hollow cathode configuration [14], the sputtering and the discharge plasma
are concentrated into a hollow cathode cavity (conditions are about 0.1-10 Torr
pressure, 200—-500 V and 10-100 mA), which results in high atom densities
and more effective ionization in the negative glow. Therefore, hollow cathode
discharges can yield more ions than other types of sources and could benefit from
reconsideration as an ion source. However, hollow cathodes suffer from sampling
difficulties in extracting ions, since the ‘well’ of ions in the hollow cathode plasma
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Figure 3.4 Grimm-type glow discharge ion source

is concentrated at some distance from an ion exit orifice. A further disadvantage
of this source is the machining required to make hollow cathodes from samples
and, of course, many sample types are not compatible with this configuration.
However, the intense plasma conditions that can be generated in a hollow cathode
may provide impetus for further investigations [22].

Operating Modes of the Glow Discharge

The glow discharge is amenable to several different modes of operation, including
direct current (dc), radio frequency (rf) and pulsed power mode. The dc discharge
is the most commonly used discharge in mass spectrometry because it is inex-
pensive, simple, and produces a stable, steady-state source of ions suitable for
extraction into a variety of mass spectrometers. Figure 3.5 shows a representative
mass spectrum for a dc glow discharge with a NIST brass sample, indicating the
major spectral constituents and illustrating the relatively simple spectra typical
of GD ion sources. The primary ion signals arise from the discharge gas and the
matrix element(s). At higher sensitivities, constituents present at lower concen-
trations become apparent, as indicated for tin at 0.43% in the inset in Figure 3.5,
and detection limits in the ppb range are readily achievable.

Despite the high level of acceptance of the dc mode, some limitations are
found. Most importantly, it cannot be used for the direct analysis of noncon-
ducting materials. Increasing interest in the characterization of nonconductors,
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Figure 3.5 Typical dc glow discharge mass spectrum showing the major ion components
(matrix elements and discharge gas), along with an inset of a minor element, Sn, at 0.43%.
Sample is NIST SRM 1104 Brass

such as glasses and ceramics, has led to explorations of the rf discharge [23,24].
Compared with the dc mode, rf discharges are more complex in terms of the
power coupling to the sample, and the mechanisms responsible for excitation
and ionization within the rf discharge are not as well understood (see Chapter 2).
However, the fundamental promise shown by an rf source to handle both conduct-
ing and nonconducting samples makes developments in this area of considerable
interest.

In addition to dc and rf modes, the pulsed glow discharge mode is attract-
ing interest from several groups [25-29]. Pulsed operation offers advantages of
enhanced sputter atom yield and greater excitation and ionization by application
of high, short-term power. Even though the instantaneous power can be higher
than several hundred watts, the average power remains fairly low, as determined
by the duty cycle of the pulse (ratio of the pulse width and pulse interval). A
limitation of the pulsed GD is that it requires a gated detector to extract the
information signal as a function of time.

Another advantage of a pulsed glow discharge is the temporal separation of
discharge gas ions and analyte ions, particularly with a time-of-flight mass spec-
trometer. As shown in the series of mass spectra in Figure 3.6, taken at increasing
delays after pulse termination, argon ions are formed immediately when the glow
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Figure 3.6 Temporally resolved mass spectra taken with a pulsed glow discharge source
and time-of-flight mass spectrometer, showing the effect of delay time on the species
observed. Sample is NIST SRM 1104 Brass

discharge is initiated, whereas the sample ions are observed only after a char-
acteristic time delay. Thus, sputtered particles and discharge gas species can
be temporally separated. When the spectrum is recorded after a delay of several
hundred microseconds, it is dominated by ions of the sputtered material, and gas-
related interferences are minimized, achieving temporal resolution not possible
with conventional discharge modes.

3.24 MASS TRANSPORT PHENOMENA

Unlike the case of optical spectrometry wherein the discharge can be sampled as
a closed, sealed-off system, mass spectrometry requires sampling ions of from
the plasma and physically transporting them to the mass analyzer. Interfacing a
glow discharge to a mass spectrometer requires proper recognition of the critical
operating differences between the discharge source and the spectrometer. The
glow discharge source typically operates in the 0.1-10 Torr range. However,
mass spectrometers need a vacuum of less than 10> Torr to avoid disrupting
collisions in the ion flight path. Differential pumping is required to permit this
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coupling (as represented previously in Figure 3.1). Three vacuum regions are
employed in GDMS: the glow discharge source at ~1 Torr, the intermediate
vacuum region at <10~ Torr and the analyzer region at ~10~° Torr. Since the
sputtered sample atoms are ionized in the negative glow region of the discharge,
the sampler (an orifice of ~1 mm) is placed in this region to produce a rapidly
expanding beam of gas and ions from the higher-pressure source into the interme-
diate chamber. The skimmer, with an orifice id of ~1 mm, is positioned several
millimeters after the sampler, and serves as the interface to the high-vacuum seg-
ment of the mass spectrometer, extracting from the sampler beam a central solid
angle of ions for transmission to the ion optics and mass separation system. For
GDMS, an isolation valve between the discharge ion source and the mass spec-
trometer is desirable in order to protect the high vacuum system during sample
interchange.

Although GDMS is now a mature technique, few fundamental studies have
examined the overall process of sampling ions from the glow discharge source
and transmitting these ions to the mass spectrometer. Hang et al. reported certain
theoretical and practical considerations for glow discharge source interfacing to
a mass spectrometer [28]. In a typical GDMS ion source, the transition flow of
atoms and ions becomes transformed into what is normally termed molecular
flow (atom flow in the GD) as the plasma passes through the sampler orifice.
Shock wave fronts are thought not to occur in the supersonic expansion of the
GD ion source [28], which permits greater flexibility for skimmer design. Ions
of different masses have similar initial kinetic energies in the GD source; thus,
the angle of the skimmer cone is not normally a critical parameter for optimal
ion beam extraction.

3.3 INSTRUMENTATION

The glow discharge ion source has been interfaced to most of the standard mass
spectrometer types. lons formed in the GD plasma have generally low kinetic
energies (2—5 eV) owing to the formation/collision processes, so they present
no extraordinary problem for ion optics. As a ‘high-pressure’ source, special
pumping needs must be met to effect a transition from the 1-10 Torr ion source to
the high-vacuum transport sections. Because the GD ion source is used primarily
for elemental analysis, the associated mass spectrometer is required to cover a
mass range encompassing only up to about 250 Da. Like all ion sources, spectral
interferences are always present to some degree in the GD source, so resolution
considerations must be taken into account.

3.3.1 SECTORS
Magnetic Sector Analyzers

The first mass spectrometric instrument, a mass spectrograph developed by
Aston [30], was a prototype spectrograph that laid the foundation for the
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principles found in today’s single-focusing magnetic deflection spectrometers.
The magnetic sector analyzer employs an electromagnetic field to disperse ions
of different m/z spatially across a focal plane. An illustration of a typical single-
focusing magnetic sector instrument is shown in Figure 3.7.

Ions exiting the ion source are accelerated into the magnetic sector analyzer
by applying a potential to the entrance slit. The loss of potential energy for the
ions is equal to their gain in kinetic energy, which is summarized as follows:

KE = zeV = 1/2mv? (3.1

where z is the number of charges on the ion of mass m, e is the charge of an
electron, V is the accelerating voltage and v is the velocity of the ion. The path the
ions follow in the sector is affected by two forces: (1) a centripetal force pulling
ions inward and (2) a centrifugal force impelling them outward. The centripetal
force, Fy, arises from the magnetic field and is given by

Fv = Bzev (3.2)
The centrifugal force (F.), resulting from the acceleration potential, is given by
F. = (mv2)/r (3.3)

where r is the radius of curvature of the magnetic sector. Ions of different mass
can be scanned across the exit slit by varying the field strength of the magnet (B)
or the accelerating potential (V). In order for an ion to traverse the circular path
completely, these two forces must be equal. Thus, combining Equations 3.2 and
3.3 yields the equation of motion for an ion traveling through a magnetic field:

Bzev = (mv?)/r (3.4)
Magnet
@) ¢ OOO OO
0 % 0’00
% (©) (©) - (@) ko
Iud ® 4
Ogg) ¢
c00® * Exit
lon so Entrance slit Detector
urce slit

Figure 3.7 Single focusing magnetic sector analyzer
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This equation assumes that all ions having the same charge (z) have the same
kinetic energy after acceleration, regardless of their mass. However, this is not
an accurate assumption since prior to acceleration the ions possess a distribution
of velocities, which can result in a spread in the radius of accelerated ions.
Rearranging Equation 3.4 yields the basic mass spectrometer equation (in terms
of m/z ratio):

m/z = (B*r?e)/2V (3.5)

From this equation, it can be seen that a mass spectrum can be obtained by
varying one of the three variables (B, V or r) while holding the other two
constant.

Double Focusing Magnetic Sector Analyzer

It may be deduced from the previous discussion that a magnetic sector instrument
is a momentum analyzer, rather than a true ‘mass’ analyzer. As a result, ions of
the same mass but of different translational energy are not focused. This can lead
to broadening of the ion beam reaching the detector and a subsequent loss of
resolution. Improving the resolution is achieved by correcting the directional and
energy distributions of ions leaving the source. Double focusing magnetic sector
analyzers, which add an electrostatic field to the pre-existing magnetic field,
are capable of such correction through velocity focusing. The magnetic sector
separates ions by their m/z ratio, with the electrostatic analyzer being used to
focus the ions according to energy. A representation of a double focusing sector
device is shown in Figure 3.8. An ion that enters the electrostatic field travels in
a circular path (radius r) such that the electrostatic force balances the centrifu-
gal force. The equation of motion of an ion traveling through an electrostatic
field is

mv?/r = ezE (3.6)

where E is the electrostatic field strength. The path of an ion in the electrostatic
field is dependent on its energy, as seen from Equation 3.6. The arrangement
in Figure 3.8 is the Nier—Johnson geometry, in which the electrostatic analyzer
precedes the magnetic analyzer. Alternatively, the magnetic analyzer may precede
the electrostatic analyzer, forming the reverse Nier—Johnson geometry.
Although several commercial glow discharge optical emission spectrometers
are currently available, the only commercial glow discharge mass spectrometer
at this time is the VG9000 (Thermo Elemental). This system employs a reverse
Nier—Johnson geometry to achieve double focusing. Introduced in the mid-1980s,
the VG000 has found broad application, including the quantitative analysis of
high-purity materials and the determination of dopants and impurities in semi-
conductors, metal alloys and superconductors. Additional applications include
the bulk analysis of oxide powders and nonconductive matrices, and also the
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Figure 3.8 Double focusing magnetic sector analyzer

quantitative depth profile analysis of layered materials. Flexibility in the amenable
sample types is afforded through the ability to analyze both pin and flat sample
geometries [31]. The VG9000 is capable of resolution near 10000, although it
operates more commonly in the 3000—4000 range. The considerable cost of this
magnetic sector instrument has limited to some degree the more widespread use
of GDMS as a routine analysis tool.

3.3.2 QUADRUPOLE MASS FILTERS

Just as magnetic sector spectrometers are analogous to optical monochroma-
tors, quadrupole mass analyzers are analogous to optical bandpass filters [13].
Where a magnetic sector instrument simultaneously disperses all ions as a func-
tion of their m/z ratio, a quadrupole at any given instant transmits ions only
within a small range of m/z ratios corresponding to a set of operating condi-
tions. Other ions entering a quadrupole (i.e., ions outside of the chosen range)
are filtered out, leaving only ions within the selected range to be detected.
Controlling and varying the potentials of the quadrupole allows a range of
m/z values to be transmitted, permitting spectral scanning. Often, quadrupole
spectrometers are referred to as mass filters owing to their ability to transmit
particular ions.

The quadrupole consists of four parallel rods, which serve as the electrodes,
arranged symmetrically about the z-axis (Figure 3.9). Ions exiting the ion source
are accelerated into the quadrupole by a small potential, typically 10-20 V.
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Figure 3.9 Quadrupole mass filter

A voltage consisting of a dc component (U) and a radio frequency (rf) component
[Vo cos(wt)] is applied between adjacent rods. Opposite pairs of electrodes are
electrically connected to each other. One electrode pair has a positive dc potential
applied along with an rf potential, and the other electrode pair has a negative dc
potential along with an rf potential that is out of phase compared with the positive
electrode pair rf potential. The oscillating electric fields across the electrode pairs,
along with the small accelerating voltage, cause the ions to oscillate in the x
and y directions, creating a helix-type oscillation pattern as they travel through
the filter.

A more rigorous explanation better defines the quadrupole’s ability to transmit
only certain ions [32]. The electrical potential (®) at time (¢) of a quadrupole is
given by

® = [U + V cos(wt)](x* — y?)/2r¢ (3.7)

where U is the dc potential, V is the rf potential of angular frequency w, x
and y are the linear displacements along the respective axes and ry is the radius
encompassed by the four electrodes. Further treatment of Equation 3.7 leads to
mathematical descriptions of the path of an ion through the electric field. The
reader wanting a more detailed description of this derivation is encouraged to
consult the original reference [32]. From this derivation, the parameters a, ¢ and
® are defined:

a= SeU/ma)zrg 3.8)

q= 4eV0/ma)2r§ 3.9
D =wt/2 (3.10)
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The first two parameters help define the oscillations that the particle will follow
and the last deals with the electrical potential. After rearrangement of these
three equations, they can be substituted into Equation 3.7, yielding a Mathieu
differential equation of the form

d?u/d®d? + (a + 2g cos 2®)u = 0 (3.11)

This equation is solved for values of a and ¢, under the conditions that 0 < u <
ro. Under these conditions, the ion is never outside the radius (ry) bounded by the
electrodes. For certain values of @ and ¢ the oscillations performed by the ions
are stable (i.e., finite amplitude). All other values of a and ¢ result in oscillations
that are unstable, leading to an infinite amplitude.

Quadrupole mass spectrometers are typically more compact and less expensive
than magnetic sector instruments. As a consequence, quadrupoles have become
one of the most popular types of mass spectrometers, at least in the research
laboratory, to complement the glow discharge source. The combination of a
quadrupole mass filter and a glow discharge source for analytical purposes was
described by Harrison and colleagues in the 1970s [33], showing GDMS to be
a useful alternative to spark source mass spectrometry for trace element analysis
of conducting solid samples. An rf-GD source was also coupled by Marcus and
co-workers to a quadrupole mass spectrometer for the analysis of nonconducting
sample types [23]. A third type of glow discharge source, the pulsed GD, has
also been coupled to the quadrupole [34].

3.3.3 ION TRAP

The quadrupole mass filter, described in the previous section, comprises four
parallel conducting rods. The ion trap, which is similar in operation to the
quadrupole, can be thought of as connecting two opposing rods of the quadrupole,
while the other two rods are converted into hyperbolic end caps. The trap is
roughly the size of a tennis ball, and normally its size is inversely proportional
to its versatility. The components of an ion trap, a ring electrode positioned
between two end cap electrodes, are illustrated in Figure 3.10.

Initial designs of the ion trap had a trapping principle similar to that of
the quadrupole mass spectrometer. In this mode of operation, termed the mass-
selective ‘stability’ mode, the rf and dc potentials applied to the ring electrode
are ramped at a constant ratio which allows stability (i.e., storage) of a single
m/z value within the trap. The potentials were increased and ions of increasing
m/z values were stabilized and ejected, one m/z value at a time.

Unlike their initial designs, current ion trap mass spectrometers are based
on the mass-selective ‘instability’ trapping mode of operation. This mode of
operation allows ions of all m/z values to be stored within the trap, rather
than ions of a single m/z value. Operating parameters similar to those of the
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quadrupole mass spectrometer are key components in the description of the ions’
stability:
a = —8eU/mw*rg (3.12)

q = —deV/mw*rg (3.13)

These parameters are modified, with respect to those for the quadrupole, and
added to the same Mathieu stability equation (Equation 3.11). Mass analysis is
obtained by scanning the regions of ion instability, rather than scanning ion
stability as done in previous designs. In this mass-selective instability mode,
the dc component is held at zero while the rf frequency and initial amplitude are
chosen so that all ions with an m/z value greater than a particular threshold value
are stored [35]. As the rf amplitude is increased the motion of the ions becomes
more energetic, eventually resulting in unstable trajectories. Ions of increasing
m/z value leave the trap through a hole in one of the end caps where they are
detected and a mass spectrum is obtained.

Although many applications of ion traps involve creating ions inside the
trap for in situ analysis [36], combining a glow discharge with the ion trap
requires transporting the ions from the external glow discharge source into the
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ion trap [37]. This eliminates the need to induce electron impact or chemical
ionization in the chamber of the ion trap, thereby allowing the trap to focus only
on trapping the ions inside the chamber.

Ion trap instruments are more compact and, in principle, less costly than sector
or quadrupole instruments. Although glow discharge ion trap instruments have
found only limited applications up to this point amongst the glow discharge
community, the promise of such a combination remains. The first reported glow
discharge ion trap mass spectrometer was developed in the early 1990s [38],
showing a reduction in argon gas interferences through the use of rapid electron-
and proton-transfer reactions in the trap.

3.3.4 TIME-OF-FLIGHT MASS SPECTROMETERS

The time-of-flight mass spectrometer (TOFMS), shown in Figure 3.11, has found
broad glow discharge application. Unlike the previously discussed mass spec-
trometers, the TOF instrument is based on a ‘dispersion-in-time’ principle [39].
Ions produced by the GD source are accelerated by an electric field pulse (typi-
cally 10°~10* V). Since the ions have ideally the same kinetic energies after
this acceleration pulse, they can be separated according to their velocity, which
is characteristic of the m/z. Via measurement of the time taken for an ion to
traverse a flight path to the detector, a mass spectrum can be compiled. The time
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Figure 3.11 Time-of-flight mass analyzer
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required for an ion of mass m to travel this pathlength L can be calculated from
the following equation:
t = (m/2zeV)'V2L (3.14)

where z is the number of charges on the particular ion of interest, e is the charge
of an electron and V is the accelerating voltage. Either orthogonal or axial ion
extraction methods are suitable for selection of the ion package delivered to the
TOF flight tube.

A significant development in the area of TOF mass spectrometry was the
addition of a reflectron, first described by Mamyrin and Shmikk [40] in the 1970s,
which affords better resolution through compensation for different flight times of
ions with somewhat dissimilar kinetic energies. Figure 3.11 is an illustration of a
TOF instrument employing the reflectron principle. After traversing the first stage
of the overall flight tube, ions enter a retarding field and are reflected through a
second stage of the flight tube. An ion with a higher energy will penetrate the
retarding field more deeply and will spend more time in this field, allowing it to
approximate more closely the velocity of a slower ion (of the same mass) so that
both reach the detector nearly simultaneously. Since multiple ions can reach the
detector at virtually the same time, only with the development of fast electronics
has TOFMS become a reliable method of increasing choice.

An important characteristic of the TOF spectrometer is the transient nature
by which it accepts ions. This is a special advantage for a pulsed GD source
in that it allows maximum efficiency of ion sampling and temporal resolution.
As the sample is atomized and ionized by successive pulses of the GD, the TOF
accelerates these ‘ion packets’ into the flight tube. By optimizing the pulse timing
(see Figure 3.6), important temporal resolution can be achieved [25]. This is seen
through the discrimination of interfering ions (i.e., background gas ions) from
analyte ions by controlling the delay time in which the ion packets are accelerated.

Since its first introduction in the mid-1990s, the combination of a GD source
with TOFMS, particularly with a pulsed ion source, has shown marked promise. A
comparison of dc and microsecond pulsed glow discharge sources coupled to TOF
has been reported [27], as has the coupling an rf-GD to a TOF instrument [41].

3.3.5 FOURIER TRANSFORM ION CYCLOTRON RESONANCE

In a Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR-MS),
ions are typically formed, detected and analyzed internally in a single cell located
within the solenoid of a superconducting magnet [35]. A schematic diagram of a
typical FT-ICR-MS is shown in Figure 3.12. Ions that are transported into the cell
from an external ion source are trapped and constrained to move in a circular path
perpendicular to a strong magnetic field through application of small voltages.
The frequency (w) of these circular oscillations can be represented by

w = 1.537 x 10" (zB/M) (3.15)
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Figure 3.12 Ion cyclotron resonance cell used in Fourier transform mass analysis

where z is the number of charges on the particular ion, B is the magnetic field
strength and M is the atomic mass. After trapping the ions, an rf voltage with the
same frequency (w) is applied to the transmitter plates (shown in Figure 3.12)
of the spectrometer. Ions of the same frequency will absorb this energy, leading
to an increase in orbital radius and velocity but no change in frequency. All
ions that have absorbed this energy will move together in a coherent fashion.
The cyclotron motion of these ions induces image currents that are detected as
a time-domain signal which is subsequently converted to a frequency-domain
spectrum by the application of fast Fourier transformation (FFT).

FT-ICR-MS is a high-resolution technique that for GD purposes is directed
more towards specialized applications. Its high resolution can help separate
certain isobaric interferences shown to be problems in lower resolution glow dis-
charge mass spectrometric techniques (e.g., quadrupole, TOF). The first reported
glow discharge FT-ICR-MS was assembled in the late 1980s [42].

3.4 QUALITATIVE CONSIDERATIONS

An elemental mass spectrum offers a significant advantage in that its very simplic-
ity permits easier qualitative interpretation compared with the line-rich optical
emission spectra. Elements have generally many fewer isotopes than emission
lines, so a GD mass spectrum of iron, for example, will feature four main spectral



92 Glow Discharge Plasmas in Analytical Spectroscopy

peaks, while an iron emission spectrum can exhibit hundreds of lines, depending
upon the measurement sensitivity. Multi-isotopic elements provide a spectral
pattern that can be used for identification and confirmation of an element’s pres-
ence in a sample. Of course, mono-isotopic elements present a problem in this
respect, so an observed line at m/z 27 or 59, for example, cannot be taken as
unambiguously representing aluminum or cobalt, respectively. It is also neces-
sary to recognize typical GD mass spectral interferences that may have a negative
impact on the analysis, such as No™ and NoH™ on silicon isotopes.

GD mass spectra provide information across the periodic table and serve as a
ready overview of a sample’s elemental constituents. In applications wherein the
indicated presence or absence of a given element(s) may suffice, GD mass spectra
can be particularly valuable. The analyst with a practiced eye and experience
with common sample matrices may extract much valuable information from a
GD mass spectrum.

3.5 QUANTITATIVE ANALYSIS

The mass spectrum obtained by GDMS can be used directly for a semi-
quantitative measurement of the sample composition. Many factors influence
the signal intensity of the plasma species, including sample composition, matrix
type, discharge power, cathode geometry, cooling effects, discharge gas, source
pressure, ion sampling and transmission, the type of mass spectrometer and
the detection system. Simple comparisons of the elemental signal intensities
of the analytes will lead to incorrect concentrations compared with the actual
concentrations. Therefore, quantitative analysis requires the use of standards for
calibration, for which there are two possibilities. One is the construction of a
calibration curve, based on a set of similar standards, and the other is the analysis
of a reference material as similar as possible in composition and behavior to the
unknown, which allows the calculation of the relative sensitivity factors (RSFs).
Of course, suitable certified standards are not always available. For powdered
samples, an added (or doped) element of known concentration sometimes serves
as internal standard.

3.5.1 CALIBRATION CURVE

In a GD mass spectrum, a measurable peak observed at a specific m/z position
indicates the possible presence of the corresponding element in the sample. When
a set of samples containing different concentrations of an element of interest
and differing as little as possible in chemical composition has been measured
under the same experimental conditions, a calibration curve can be obtained. The
unknown elemental concentrations of interest in a sample of the same matrix
type can then be determined by measuring the elemental ion intensities and
determining the corresponding concentration value from the calibration curves.
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Because quantitative analysis is dependent on the specific operating conditions
selected, these should be re-established whenever adjustments or modifications
are made to instrument operating parameters.

In practice, even when standards are available, a calibration curve approach
is problematic in GDMS owing to the difficulty of reproducing the experimental
conditions (e.g., sample position) and to the large number of elements (and, thus
calibration curves) that are often of interest in a given sample. Therefore, GDMS
has inherited from its predecessor, spark source mass spectrometry, the use of
internal standardization for quantitative analysis. With internal standardization,
any drift in signal intensity with time is compensated significantly. The use of
an internal standard also compensates for matrix effects.

By using an ion source that allows precise sample placement, good calibra-
tion curves can be obtained. Using a Grimm-type source (Figure 3.4), rapid,
reproducible results can be obtained, as shown in Figure 3.13 [21], where the
reproducibility of sample-to-sample runs is better than 5%. Taking one of the
standards as an ‘unknown’, the accuracy of elemental determinations was found
to be in the 6—8% range. The stability and reproducibility of a Grimm GD
source are such that the analyst can prepare and trust the use of standard calibra-
tion curves, as opposed to the normal need for an internal standard in GDMS. As
a result, the use of a Grimm-type source with GDMS offers new opportunities
as a truly quantitative method.
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Figure 3.13 Calibration curve showing the linearity attainable with external standards
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3.5.2 INTERNAL STANDARDIZATION (RSF)

Quantitative analysis of unknown samples by GDMS is usually performed by
applying RSFs to the measured ion beam ratios. RSFs are not uniformly calcu-
lated, but they focus on the factors that influence ion intensities, such as sample
matrix, source atomization, ionization, sampling and detection [43]. RSFs are
ideally obtained by the analysis of a reference material as close as possible in
composition and behavior in the GD to the unknown sample. The RSFs can
be broadly defined as the ratio of the elemental sensitivity of an analyte to the
elemental sensitivity of a reference element [44], as is seen in the equation
RSF = (I/Cy)/(I:/ Cy) (3.16)
where I and C are the signal intensity and the concentration of the analyte (x)
and the reference element (r), respectively. This expression does not directly
take into account the isotopic abundance of the selected isotopes, or the atomic
weight differences that will influence numbers of atoms and ions per weight
percent, which means that it relates less to relative sensitivity than to empirical
correction. The RSFs are significantly influenced by the relative ionization in the
GD plasma and are minimally dependent on matrix material, since the sputtering
process of elements from a multi-component solid is relatively nonselective.
RSFs can be obtained by measuring a material with certified concentra-
tions [44]. When the concentration of one element is known, quantitative analysis
of an unknown sample can be done using Equation 3.16 or a variation thereof.
Table 3.2 shows the results obtained for the quantitative analysis of the reference
uranium oxide sample Morille with the VG 9000 GDMS, based on the RSFs cal-
culated using the other certified uranium oxide sample, Chantarelle [44]. These

Table 3.2 Quantitative analysis of the Morille reference sample based on the RSFs
obtained for the Chantarelle reference sample (ug g=' & SD) [44].

GD-MS Certified GD-MS Certified
Element value value Element value value
07 Ag 10.2 +1.04 104+1.6 Mg 194413 19.3+1.5
2TA1 84 +4 9 +6 3Mn 29.3£1.07 24.54+0.5
1B 35+1.2 3.8+1.6 Mo 144 + 8.7 147 +£5
‘Be 3.8+0.3 34+0.6 %ONi 142 +3.3 147 +£3
209B4 209+14 24.4 +1.96 208pp, 103 £+7.2 101 +£3
4“Ca 94 +7 93 +8 288 93+4.6 100 &+ 8
g 50+03 4.9+0.7 178n 20.8 +£2.3 18.5+5.6
MCo 11.1 £ 0.68 98+2 “Ti 48.6 6.2 492 4+2.6
2Cr 101.6 £ 4 99 +2 Sty 47+ 1.1 48.7+2.8
6Cu 52.14+3.3 502 %1 183w 106 +9 100+ 9
S0Fe 2072+ 8.4 211.6 £6.5 87n 102 £ 8 98.6 5.5
151 10.44+0.4 94+1.1 N7 64 +7 59.9 +4.1
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results, compared with the certified values, demonstrate the utility of GDMS for
quantitative analysis.

3.6 CONCLUSIONS

Mass spectrometry remains one of the most dynamic and rapidly growing ana-
Iytical methods today, showing little signs of slowing a development that has
been exploding in prominence for several decades. That the sampling of glow
discharges by such a technique would become important was certainly expected
and is finding realization. There is no question that mass spectrometry can pro-
vide extensive elemental and perhaps even structural information from glow
discharges. The ability to obtain full periodic table coverage, including isotopic
information, with high sensitivity attracts well-deserved attention. Missing at
the moment is adequate commercial instrumentation of reasonable cost that will
permit more analysts to take advantage of these strengths. In the overall scope
of glow discharge spectroscopy, mass spectrometry serves as a valuable com-
plementary method to optical emission, and will likely take on a greater role
with time.
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Radio Frequency Glow
Discharges
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4.1 INTRODUCTION

Although the vast majority of glow discharge (GD) applications described in
this volume deal with the analysis of solid-state specimens, one must keep in
mind that not all solids are alike. Differences among specimens occur not only
in chemical composition, but also in physical characteristics. The most important
of these differences with regard to GD analyses is the electrical conductivity of
the specimen. Here we speak not only of the electrical properties of the bulk
specimen, but also in the region of the sample surface. If the surface (or bulk)
of the analytical specimen is electrically insulating, there is no chance for charge
movement within the sample matrix and so the simple electrical circuit (akin
to a diode) cannot be completed. In nonconducting samples, a positive charge
accumulates on the surface under ion bombardment up to the point where the
applied potential is insufficient to maintain the discharge. In the case where a
discharge can at least be ignited (i.e. a source of ions and electrons exists in
the gas phase) the process is analogous to the charging and discharging of a
capacitor. The negative potential initially placed on the sample surface to initiate
the discharge is effectively neutralized as positive ions arrive there. Thus, it
is clear that while a conventional direct current (dc) potential is effective in
igniting and maintaining a GD plasma at the surface of a conductive sample, this
is not a viable approach for analysis of materials that are nonconductive in part
or in whole.

In the context of solids elemental analysis, it is easy to identify those types of
samples which would be amenable to analysis by conventional dc-GD analysis.

Glow Discharge Plasmas in Analytical Spectroscopy, edited by R.K. Marcus and J.A.C. Broekaert
© 2003 John Wiley & Sons, Ltd.
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The analysis of bulk and layered metallic specimens is an important industrial
undertaking and has been the forte of GD methods for decades. By the same
token, the variability of materials that are electrically insulating is incredibly
large, and is in fact growing as new materials of unique chemical and physical
properties are being developed.

Winchester, Duckworth, and Marcus have reviewed the general approaches
available for the analysis of nonconductive materials by GD spectroscopies [1].
More recently, Marcus has addressed this issue as it specifically applies to glow
discharge mass spectrometric (GDMS) analyses [2]. The three basic approaches
to nonconductor analysis include (1) making the sample conductive, (2) placing
a conductive metal layer on the sample surface, and (3) using potentials in the
radio frequency portion of the electromagnetic spectrum to maintain the plasma.
In the first case, the specimen is ground, the resulting powder mixed intimately
with a conductive powder, and the sample cathode is formed by pressing under
high pressure [3—5]. This approach de facto precludes the ability to perform a
depth-resolved analysis of the original sample. The physical nature of the sample
can also affect the ability to grind the mixture to a fine enough size to ensure
a stable sample disk and plasma. In addition, the amount of adventitious water
that is introduced through the process has been shown often to have deleterious
consequences [6,7].

In the second approach for nonconductor analysis, which is used almost exclu-
sively in the field of GDMS, a secondary (metallic) cathode having a circular
orifice in its center is placed on top of the analytical specimen. When the dis-
charge is initiated, the sputtering process is naturally concentrated at the inner
edge of the conductive electrode, and a metallic layer is eventually produced on
the sample surface [8,9]. This electrically conductive layer promotes sputtering
of the sample, and the continuous deposition of the metallic layer allows extended
plasma operation times. This approach does put limitations on the geometry of
the sample and tends to be complex in terms of optimization of the discharge
conditions that balance sputtering of the sample and the secondary cathode. Inter-
estingly, the straightforward approach of using a wire mesh (as used in ion beam
etching) has not been described for GD methods.

The third approach to nonconductive specimen analysis is the use of radio
frequency (rf) potentials to power the plasma. It is the only method wherein the
sample does not need to be chemically modified. In addition, there is no risk of
contamination by the addition of a secondary source of signal-producing species
(i.e. metal powders and disks). The first two approaches are discussed in greater
detail in Chapter 11. Described here are the basic operation principles of rf-
powered GD devices, the physical characteristics of the plasmas, and a series of
topical applications of the methodology. It should be stated clearly that, although
the impetus for developing rf-GD technology is the analysis of nonconductive
materials, there are fundamental advantages arguing for rf powering even in the
analysis of bulk conductive samples.
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4.2 RADIO FREQUENCY GLOW DISCHARGE (RF-GD)
OPERATION PRINCIPLES

The application of a negative potential to an insulating electrode to initiate a
plasma can be similar to the charging and discharging of a capacitor, as described
in Section 4.1. In an effort to develop methods to quantify better the ion beam
sputtering yields of insulating materials in high vacuum, Wehner and co-workers
recognized in the early 1960s that the application of a high-frequency alternating
potential could effect two processes that circumvent the observed capacitor-like
phenomena [10]. First, the continuous application of high voltages at frequencies
higher than the characteristic time constant of the capacitive response (~1 us)
produces a series of short, distinct discharges much like a spark source. Second,
there is a period of time during which a positive potential exists on the sample
surface, a flow of electrons to the surface to maintain the negative potential on
the sample so that the discharge itself does not extinguish. Within the duration
of a typical analytical measurement, having sampling times ranging down to
0.1 ms, the plasma processes (atomization/excitation/ionization) and the resultant
analytical responses are continuous. In practice, it is the combination of the
high-frequency potentials and the alternating polarity that results in the inherent
analytical utility of rf-GD source operation, enabling the establishment of a dc-
bias potential on the surface of an insulating sample [11].

The establishment of a negative dc-bias potential can be easily understood on
a first-principles basis. In the vicinity of the sample surface, ions and electrons
accelerated by the cathode fall potential (depending on the instantaneous polarity)
should have similar kinetic energies, in the range of e¢V. The velocity (v) of the
charged particles under the influence of a potential difference is given by

v=(2eV/m)'/? 4.1)

where eV is the product of the electric charge (e) and the potential difference
(V) and m is the mass of the particle. This velocity is not actually achieved
owing to elastic collisions taking place when the particles cross the cathode dark
space [11,12]. The kinetic energy of the argon ion population is further reduced
as a result of charge exchange collisions, producing ‘new’ argon ions that do
not experience the total cathode fall potential [12]. As a net result, the velocity
of the electrons moving to the cathode surface will be much higher during the
positive portion of the potential waveform than that of argon ions arriving at
the cathode during the negative portion. More succinctly, the total charge per
unit time is greater for the electron flow. As such, the potential present at the
cathode surface will become offset toward negative values to the point where for
the vast majority of the rf cycle (~90%), a negative voltage exists and therefore
ion sputtering is taking place. In the remainder of the time, a slightly positive
potential exists to compensate for the buildup of positive charge. After a short
period of time (<0.5 ms), the applied potential results in an alternating potential
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on the cathode surface that is offset about a mean negative value, known as
the dc bias potential.

Figure 4.1 illustrates the establishment of the dc bias potential for the case of
rf-GD sputtering of a 2 mm thick ceramic (Macor) specimen. Lazik and Marcus
used thin metal wire probes to measure the applied and realized surface potentials
with the aid of a digital storage oscilloscope [13]. These waveforms are electron-
ically aliased, and as such the individual 13.56 MHz alternating cycles cannot
be registered. As shown in Figure 4.1a, the applied potential at the back of the
sample reaches its full peak-to-peak value (~1500 V) in a period of 0.2 ms. In
the same time frame, the potential at the cathode surface (Figure 4.1b), which
sustains the discharge and the sputtering process, leads to a dc-bias potential of
about —40 V. Specifically, the establishment of the dc bias is limited by the
switching time of this particular generator to come to full power. Therefore, it
can be understood that the plasma reaches a steady-state situation in a very short
period of time and as such rf-GD sources can be used effectively in surface
analysis applications.

The value of the developed dc-bias is a function of the relative ratio of the
anode-to-cathode surface areas [14—16], the applied rf power and discharge gas
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Figure 4.1 Transients signals recorded on an oscilloscope for the application of an rf
potential to the back of a 2 mm thick ceramic (Macor) specimen which illustrates the
establishment of a dc-bias potential at the surface of the sample. (a) Applied potential mea-
sured at the back of sample; (b) potential measured at the sample surface with the aid of a
wire probe assembly. Discharge pressure = 6 Torr Ar, 1f power output = 25 W. Reprinted
from Lazik, C., and Marcus, R. K., Spectrochim. Acta, Part B, 1993, 48, 1673-1689,
Copyright 1993, with permission from Elsevier Science
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Figure 4.1 (continued)

pressure [13,16,17], and the efficiency of the rf power coupling. Clearly, the value
of the dc-bias potential will control the rate of cathode sputtering (i.e. ion energy
and flux) and the gas-phase electron characteristics (i.e. energies and number
densities), and thus the sensitivity of the device. This multiplicity of variables
and their possible effects have necessitated stringent standardization in the use of
rf glow discharges in semiconductor manufacturing [18]. Marcus has described
how the principles developed in the electronics industry can be applied in the
design of ‘analytical’ rf-GD sources [19]. It is important to point out that the
establishment of a dc-bias is also accomplished for conductive sample matrices
via the inherent capacitance of the impedance matching networks employed in
almost all rf plasma devices.

4.3 COMPARISONS WITH dc-POWERED GLOW
DISCHARGE SOURCES

The advent of new analytical methodologies calls for direct comparisons with
existing technologies. A new method must at the minimum provide equivalent
analytical performance to existing instruments for like applications in order to
gain acceptance. In addition, there must be some other obvious advantages, such
as cost, speed, or versatility. In the case of the rf-powered glow discharges,
comparisons with the widely accepted dc-powered devices are required. These
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exercises can take place from the points of view of both the analytical character-
istics and the fundamental processes. As with the early generation developments
of any analytical apparatus, there are a number of different implementations that
have been described for the rf-GD sources, which make comparisons difficult.
Rather than going into detail on the specific attributes of the different rf source
designs, we will discuss the general findings of studies comparing rf and dc
powering of the same plasma source and leave it to the reader to make direct com-
parisons between the specific designs. It must be emphasized, though, that not all
rf-GD sources are alike! In addition, it must be realized that with a proper design
of an rf-GD source, the use of dc power becomes unnecessary as both conductive
and nonconductive specimens can be analyzed directly. This premise has been
supported as rf powering has been recognized in recent ISO standards in the use
of GD-OES methodologies. In fact, of the more than 10 published comparisons
of rf- and dc-GD powered source operation (via experimentation and modeling),
each demonstrated a common set of attributes for all of the rf mode studies,
in the case of basic metals analysis [20—32]. These features include more rapid
plasma stabilization, better long-term stability, higher signal-to-background ratios
for analyte species, and more energetic gas-phase processes. The equivalency in
analytical performance of rf sources and dc devices has also been acknowledged
in each of the ISO TC 201 documents issued to date (see Chapter 12).

The earliest comparison between the rf and dc powering modes was in an
area which would be expected to be the most stringent test, the quantification of
depth profiles. Payling et al. [20] postulated that, since the rf and dc discharges
operate under the same basic mechanisms (physics) and conditions, quantification
methods developed for dc powering could be extendable to the rf mode. They
found that the same source operating in the two powering schemes provided very
similar sensitivity factors and background equivalent concentrations. In addition,
while the respective qualitative (i.e. analyte intensity vs time) depth profiles
were completely different, the fully quantified profiles were highly similar for
layered metal samples. The extended range of application of the rf source to
painted coatings was also demonstrated in a quantitative fashion. Hoffmann and
co-workers [21] came to the same conclusions for an rf-GD-OES source which
employed a free-running 1f generator. They obtained depth resolving powers
for the rf and dc powering modes that were the same within the error of the
experiments. Finally, the similarity in operation for the rf and dc sources was
shown by Bengtson and Hanstrom [26], who also found that the general responses
of Si (I) emission yields to changes in discharge parameters in the two modes
paralleled each other.

Marcus and co-workers investigated both the analytical responses and the fun-
damental plasma characteristics for dc and rf operation with the same device [27],
namely a laboratory-built Marcus-type source combined with a sequential
(scanning) optical spectrometer. The discharge operating conditions were adjusted
for each mode to give optimal optical responses [highest signal-to-background



Radio Frequency Glow Discharges 103

Table 4.1 Comparison of analytical performance for rf- and dc-GD-OES powering
modes for elements in NIST SRM 1252 Phosphorized Copper.

S
Certified (intensity) S/B S/N
Analyte A(nm) value (ppm) rf dc rf dc rf dc
Ag (D 338.29 166.6 23125 28531 552 214 2843 2118
Ni () 361.94 128 5295 6434 183 113 799 541
Co (D 384.55 90 37662 47102 48.0 53.0 1925 2864
Mn (T) 403.08 17¢ 4634 6944  12.1 8.5 457 461

“Value not certified.
Reproduced by permission of the Royal Society of Chemistry from Pan, X., Hu, B., Ye, Y. and
Marcus, R. K., J. Anal. At. Spectrom. 1998, 13, 1159-1165.

(S/B) ratio] for a number of trace level analytes in a NIST SRM 1252 Phos-
phorized Copper specimen. In Table 4.1 the optical responses obtained in the
respective powering modes are presented. In all cases, the raw signal intensities
(S) are higher for the dc powered sources, while the analytically more relevant
signal-to-background (S/B) and signal-to-noise (S/N) ratios are generally superior
in the case of the rf-powered source. With regard to long-term stability (important
for both bulk analysis and depth profiling applications), the rf source showed a
factor of ~ 2x lower variations than the dc source, although the repeatabilities on
a sample-to-sample basis were comparable. Finally, the limits of detection for the
two methods were comparable, as suggested by the intensity and precision data.

Of course, the analytical characteristics of a spectroscopic source are the result
of both the sample introduction rates and the fundamental plasma characteristics
of the device. In Table 4.2, the respective atomization and charged particle char-
acteristics of the rf- and dc-powered plasmas are listed [27]. As can be seen, the
sputtering rate of the dc source is over 50% larger than in the rf case, meaning
that there are more analyte atoms available to excite and to be detected by optical

Table 4.2 Comparison of plasma parameters for rf- and dc-GD-OES powering modes
using NIST SRM 1252 Phosphorized Copper.

Average Penetration
Plasma Te <e> n ne depth® rate
Mode conditions (eV) (eV) (x10"° cm™3) (x10 cm™3)  (um) (4m/min)

rf 25 W, 5.13 10.64 1.89 6.31 10.2 £ 0.6 2.0
10 Torr

dc 600 V, 1.54 4.13 0.66 2.88 16.6 04 33
12 Torr

4p =3.

Reproduced by permission of the Royal Society of Chemistry from Pan, X., Hu, B., Ye, Y. and
Marcus, R. K., J. Anal. At. Spectrom. 1998, 13, 1159-1165.
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emission. The lower atom flux resultant from rf sputtering is countered, though,
by a plasma environment with much higher energy electrons. The electron and
ion number densities also tend to be higher for the rf plasma than for the dc
discharge. These plasma characteristics fit well with the observed analytical per-
formance (Table 4.1) and can be directly attributed to the oscillating nature of
the discharge potentials and their effect on the charged particle motion in the
rf-GD environment [11]. Similar studies of the analytical and plasma character-
istics for rf- and dc-powered plasmas obtained for the same discharge source
have been performed by the groups of Kim [23], Wagatsuma [24], and Sanz-
Medel [25,28]. Each of these reports points to the same trends, according to which
the rf sources have lower sputtering rates but have higher excitation efficiencies
than dc sources.

In a comparative study of mass spectrometry sources, Harrison and co-
workers [29] compared rf and dc powering according to different criteria. A NIST
iron standard was first used to evaluate the characteristics for conducting samples.
Discharge conditions that produced similar analyte ion signals were employed
for rf and dc powering, though these conditions were a compromise with
respect to optimum rf analyte signal intensities. Otherwise, very few analytical
differences were found to exist for the two powering schemes, including relative
sensitivity factors, stability (<5% RSD), and sample-to-sample reproducibility
(<20% RSD). Interestingly, the rf plasma produced much higher residual water
signals than the dc plasma when no cryogenic cooling was utilized. This is of
no analytical consequence, as cooling is now the norm in all GDMS analyses.
Comparison of the rf and dc discharges was made for nonconductor analysis using
Ag (a very weak getter) as binding matrix for La,O3 as a model oxide, with the
discharge conditions again set to yield similar La™ signals. A relatively low 1f
power of 8 W was employed as higher powers produced sputtering conditions
under which the sampling orifice tended to clog, presumably due to higher
sputtering rates. Under such conditions, the R value (R = M™/M* + MO™) from
dc powering was 98% vs 75% for the rf mode. Operation of the rf discharge at
higher powers was expected to produce more comparable values (i.e. lower oxide
intensities). Analysis of a mixture of rare earth elements (REEs) indicated that the
degree of atomic ion production was again very sensitive to sampling conditions
(i.e. position of sampler, pressure, and power) in the case of the rf mode, and
not so much so for the dc mode. In fact, the R values of the REEs varied with
the rf conditions, but not with the dc conditions, which apparently depend on the
M-—O0 bond strengths. Relative sensitivity factors for the rf and dc plasmas were
found not to be appreciably different under controlled conditions. However, the
rf source showed very good stability (~ 5% RSD) and reproducibility (<15%
RSD). Comparable precision data for dc-GDMS analysis were not provided.

The experimental results described above have been supported very well
through computational modeling as described by Bogaerts and Gijbels [30-32].
This group has employed its extensive background in the modeling of various
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Figure 4.2 Ionization rate of argon due to electron impact (a) and argon ion and atom
impact (b), integrated over the entire discharge region, both calculated for the rf-mode
(as a function of time in the rf cycle, solid lines) and for the dc mode (dashed lines)
(p=5.775 Torr, P =10.2 W rf and 10.45 W dc). Reprinted from Bogaerts, A., Gij-
bels, R., and Goedheer, W., Spectrochim. Acta, Part B, 1999, 54, 1335-1350, Copyright
1999, with permission from Elsevier Science

dc-powered glow discharge devices to understand the operation of rf sources used
in chemical analysis and materials processing applications. In a first set of calcu-
lations, they found that the rate of argon atom ionization was much higher in an
rf plasma than in one powered by a dc potential at the same nominal power [30].
As a consequence of this enhanced ionization, the operating voltages for the rf
plasma are appreciable lower. One of the more interesting aspects of the devel-
oped models is the output of information on a time-resolved basis during the
course of a single rf cycle. In Figure 4.2, this sort of information is shown for
the ionization rate of argon atoms through electron impact in the top portion and
by metastable collisions and charge exchange at the bottom [30]. It is can easily
be seen that electron impact ionization is much more prominent in the rf plasma
and is a function of the position in the rf cycle. The authors also found that
although most of the argon atom ionization in dc plasmas is due to y-ionization
(i.e. via secondary electrons from the cathode surface), electrons in the negative
glow of the rf plasma can gain sufficient energy to account for almost 25% of the
ionization (termed «-ionization). In a subsequent paper [31], the respective exci-
tation characteristics of 64 Ar (I) excited states were described, confirming the
conclusions cited in the work of Sanz-Medel and co-workers [28]. The authors
found that the rf-GD models predicted a more efficient excitation of the highest
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Ar (I) excited states in comparison with dc plasmas. In addition, the calculated
spatial distribution for the excited-state emission showed a distinct maximum in
the region of the negative glow—cathode dark space interface [31]. Interestingly,
this is the location of highest analyte ion intensities as measured by mass spec-
trometry by Duckworth and Marcus [33,34]. The additional ‘heating’ of electrons
in the rf plasma also resulted in Ar (I) emission contours that showed greater dif-
fusion away from the cathode region in the rf plasmas as compared with the dc
mode. This means that the negative glow is larger for the rf plasma [31].

In the third paper in the series, Bogaerts and Gijbels modeled the most
analytically relevant aspects of the rf sources operating for optical emission spec-
troscopy [32]. First, the flux of sputtering species (i.e. Art, Ar?, and Cu™) were
calculated for the rf and dc sources. While it turns out that the sputtering species
densities are higher for the rf plasmas, the computed sputtered atom densities are
larger for the dc case. The lower sputtered atom densities in the rf mode in fact
have been confirmed in all of the experimental studies. The reason for the lower
‘yield’ of atoms is explained by the lower acceleration voltages in the rf plasmas.
Further, the computed optical emission spectra for the two sources are very sim-
ilar for the case of sputtering a copper target. The authors found that the atomic
line intensities for the dc discharge should be lower than those for an rf source
by an order of magnitude, whereas in the case of ionic lines they are lower by
20%. These calculations are in general agreement with the experimental results
of Hoffmann and co-workers [21]. However, this contradicts experimental find-
ings of others [23-25,27,28] who observed that the raw signals of the dc source
are larger. This discrepancy is probably due to the different source geometries
employed and is not representative of a flawed model. The calculations presented
to date may be concluded to present a very valid and useful picture of rf and dc
glow discharge source operation.

4.4 INSTRUMENTATION
4.4.1 GENERAL CONSIDERATIONS

There are certain aspects that make the design and construction of rf-powered
sources easier than dc devices, and some that are more difficult. In terms of the
actual source construction, the applied potentials are usually much lower in the
case of rf sources and so the demands on the electrical insulation between the
source components are less stringent. On the other hand, potential leakage via
skin effects can easily occur. A direct consequence of the use of lower potentials
is less heating of the sample, which is probably the reason for the higher S/B
ratios mentioned above as a result of fewer cathode-originating photons. Because
most rf sources operate in a constant power mode, the compensation between
applied voltage and current appears to be less critical than with dc sources and
accordingly the rf sources tend to show better stability.
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When designing an rf-powered GD source, the efficient coupling of power
and the minimization/elimination of electromagnetic radiation (EMR) are pri-
mary concerns [18,19]. Both criteria are optimized by considering simple elec-
tricity and magnetism effects. In terms of efficiency, the output impedance of
the rf generator, which is usually operating at 13.56 MHz, although other fre-
quencies have been investigated [35,36], must be matched to the compounded
discharge source and plasma impedance. Commercial rf power systems achieve
this through the use of variable L—C circuitry, so-called matching boxes. In addi-
tion to impedance matching, which is really not a guarantee of efficient power
coupling, the minimization of stray radiation paths and the use of high-quality
couplings are imperative. Hoffmann and co-workers [21] have described the use
of a free-running generator for rf-GD-OES, but this approach has not been widely
exploited. Finally, in order to minimized EMR, good electrical practices includ-
ing complete coaxial protection of rf high-voltage transmission lines are required.
Stray EMR can cause a number of problems with the spectrometer system, the
detector electronics, and the computer controller system. Although they appear
to be complex, each of these design aspects is straightforward in practice.

4.42 OPTICAL EMISSION SPECTROSCOPY

The use of glow discharge sources (in general) for the analysis of solid materi-
als by optical emission spectroscopy (GD-OES) is far more prevalent in terms
of the number of users than glow discharge mass spectrometry (GDMS) for a
number of very simple reasons: (1) the basic cost of instrumentation and sup-
port personnel, (2) the speed of analysis, (3) the acceptance of common sample
forms/shapes without modification, and (4) the procedures for thin-film analysis
by GD-OES are much more developed than those for mass spectrometry. (A com-
plementary list will be presented in Section 4.4.3 in favor of mass spectrometry.)
None of these attributes listed should be lost in the development of rf-powered
GD-OES sources.

There are two basic geometries that have been applied in rf-GD-OES, with
a great deal of confusion existing in their designation. Figure 4.3 depicts the
general features of these designs. On the left, the traditional Grimm-type [37]
lamp design is shown with rf powering to the cathode block, which by contact
transmits the rf potential to the surface of the sample cathode. This approach
has been pursued to minimize the loss of rf energy as the potential is applied
to the back of the sample (as in the Marcus-type source) [13,17,25]. In the case
of conductive specimens, the electrical contact with the cathode block brings the
discharge voltage to the sample. On the other hand, a ‘skin effect” mechanism
is invoked as the means of generating the plasma at the sample surface in the
case of an insulating specimen, although no data has been published to substan-
tiate this assumption. The dual-vacuum pumping of this design, according to
which the bulk of the discharge volume and the cathode dark space region are
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Figure 4.3 Diagrammatic representations of Grimm- and Marcus-type rf glow discharge
OES sources

evacuated separately, is advantageous for producing flat craters in depth profil-
ing (see Chapter 5). The Grimm-type design also removes any requirement for
having a sample with a flat back surface. Although rf-powered Grimm-lamps are
commercially available from some vendors, there has actually been just a single
publication in the refereed scientific literature describing the use of a device of
this geometry and powering scheme [26].

The most common mode of rf powering is shown at the right-hand side of
Figure 4.3, and is known as the ‘Marcus-type’ source [13,17]. The fundamental
difference between this geometry and the former one lies in the fact that the
discharge potential is applied directly to the ‘back-side’ of the sample rather
than to the front through contact with the cathode block as in the Grimm lamp.
In fact, there is no cathode block in this geometry. Further, in this geometry
the cell volume and the anode, which can be either a cylindrical tube or just
the mounting plate, are electrically grounded. The rationale for this approach is
that it permits coaxial shielding of the rf potential to the point of application of
the high voltage to the cathode, thus minimizing power losses and excess stray
electromagnetic radiation interference. Another aspect of this approach is the
fact that a single source can be used for either conductive or insulating samples,
rather than in the case of the rf Grimm lamp where the source components
must be changed according to the sample type. Whereas the source shown in
Figure 4.3 has a single pump arrangement, commercial versions of the Marcus-
type lamp incorporate a pumping system similar to that of the Grimm-type lamp,
where a grounded annular anode is employed together with a second pump to
evacuate the region near the sample surface. This geometry seems to have the
advantages of better stability and crater shapes compared with the original source
described by Marcus and co-workers [13,17]. Many other papers in the literature
describe the use of an ‘rf Grimm lamp’, where in fact the potential is applied
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directly to the sample cathode and not to the cathode block and where no use is
made of the ‘skin effect’ [38—43]. On the other hand, they do employ the dual
pumping strategy described originally by Grimm [37]. To alleviate confusion
of the powering scheme—geometry nomenclature, the author proposes to refer
to this most widely employed geometry for rf-GD-OES as an ‘external power
application, dual pumping source’.

443 MASS SPECTROMETRY

Historically, glow discharge mass spectrometry (GDMS) is one of the oldest
instrumental analytical methods, dating back to the first generation mass spec-
trometers developed in the early 1900s (see Chapter 3). In comparison with
GD-OES, mass spectrometric sampling provides (1) isotopic composition infor-
mation for all elements, (2) much lower limits of detection, and (3) the possibility
of obtaining molecular species information rather than simple elemental analysis.
It would be expected that implementation of 1f powering would allow the exten-
sion of these capabilities to a much wider range of materials than dc discharges.
On the other hand, the fundamental differences between photon sampling for
OES and charged particle extraction for MS analysis place far greater constraints
on source designs.

The design of rf-GDMS sources must incorporate the basic concepts of shield-
ing and effective power coupling as described in the previous two sections. There
are two very important points that make GDMS source designs that make them
more complicated than the designs of GD sources for optical emission. First, all
commercial GDMS systems require the transport of the sample to a cell vol-
ume located within the primary vacuum chamber, by which the sample must pass
through some form of vacuum interlock. Second, in the case of most magnetic
sector instruments (which are by far the most common commercial systems) the
ion source must be ‘floated’ at the acceleration potential of the instrument (typ-
ically 4000—10 000 V). Figure 4.4 depicts two basic 1f source designs that have
been used for the analysis of small (<5 mm diameter) pin or disk-type samples
and a so-called ‘flat cell’ used for the analysis of disks having >5 mm diameter
surfaces.

Studies of the plasma chemistry and physics occurring in rf plasmas used in
the manufacture of electronic circuitry and devices was well established in the
1970s [44]. The first analytical use of rf powering for elemental analysis was
reported in the use of a hollow cathode geometry by Donohue and Harrison in
1975 [45]. In that work, rf potentials produced by a spark source generator were
used to power a hollow cathode discharge for the analysis of solution residues.
Duckworth and Marcus reintroduced the concept of rf-GDMS for direct solids
analysis in 1989 [33]. A simple diode source was used for the analysis of 0.5 in
diameter sample disks, including metals, solid glass, and metal oxide powders
compacted without binder. Data were presented which indicated a more complex
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Figure 4.4 Diagrammatic representations of DIP-mounted rf-GDMS ion sources for the
VG GloQuad instrument employing the (a) pin-type [56] and (b) flat sample holder geome-
tries. Reprinted from Shick, C. R., Jr, and Marcus, R. K., Appl. Spectrosc., 1996, 50,
454-466, with permission of the Society of Applied Spectroscopy

relationship between discharge conditions and ion sampling position than had
been seen for dc-GDMS. The need to optimize the ion sampling position and
discharge conditions, along with a need for efficient sample interchange, led to the
implementation of more user-friendly designs based on ~0.5 in diameter direct
insertion probes (DIP) [34]. Figure 4.4 illustrates the general approaches used in
rf-GDMS source design as implemented at Clemson University. The use of a
DIP provides a means of mounting the sample, providing electrical contact, sam-
pling position optimization, and introduction through a vacuum interlock, as is
practiced in commercial GDMS systems. All subsequent rf-GDMS sources have



Radio Frequency Glow Discharges 111

employed some sort of DIP approach. Depending on the diameter of the probe,
sample holders for pin-shape and small disc samples are relatively easy to imple-
ment (Figure 4.4a). A number of groups have described such designs [46—48].
While each of these designs is somewhat different based on the ion source and
spectrometer geometries (and also investigators’ preferences), trends in the opti-
mization of discharge and sampling positions are remarkably similar.

Given the wide diversity of solid sample forms and the particular difficulty
of machining oxide (e.g. glass and ceramic) samples to a fixed form, rf-GD
ion sources which allow for the analysis of flat, disk-type samples have been
developed for mounting on the end of DIP devices (Figure 4.4b). This is also the
way in which layered specimens can be analyzed. The analysis of disk samples
is accomplished with either suitable mounts on the end of a DIP or the use
of the probe to engage the sample against the body of the ionization volume
(anode) [49-51]. In this way, an obstructed discharge geometry is obtained. In
some implementations of this geometry, the authors use the phrase ‘Grimm-type’
geometry by analogy with the common GD-OES source [50,51]. Although the
Grimm-type discharge does indeed employ an obstructed electrode arrangement,
most GDMS sources are not truly of this geometry as auxiliary pumping between
the cathode and anode is not employed, nor is there a cathode block assembly
as in the case of OES.

In the discussion of source geometries for rf-GDMS, a number of studies
involving the use of magnetic plasma enhancement methods cannot be ignored
[52-55]. These ‘magnetron’ arrangements have their roots in the deposition sci-
ence and engineering literature [11]. Magnetron GD sources generally employ
concentric permanent magnets (100s G field strength) located behind the cath-
ode/target, and thus not exposed to the plasma. Magnetic fields permeating
through the cathode trap plasma electrons in helical orbits close to the sample
surface. Accordingly, the atom—electron mean free paths decrease, by which the
overall plasma ionization efficiencies increase. As a result, magnetron enhanced
GD sources operate at pressures that are 2—3 orders of magnitude lower than
standard rf-GD ion sources (single vs 100s of mTorr). This greatly reduces the
vacuum pumping requirements for the entire system. Lower operating pressures
would seem to hold the promise of lower signals for molecular ion species in
the spectra and perhaps higher ion fluxes as larger differential pumping apertures
could be employed. Of particular note in this area have been developments by
Becker and co-workers [55], which will be described in subsequent sections.

As a final comment, it must be pointed out that although no commercial
source exists for a complete rf-GDMS system, the devices have been sampled
by a very wide range of mass analyzer types. The list of mass analyzers include
single quadrupole [33,46,56], double quadrupole [57], ion trap [58,59], Fourier
transform ion cyclotron resonance (FT-ICR) [60], time-of-flight (TOF) [61], and
double focusing instruments [48,49].
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4.5 ANALYTICAL APPLICATIONS

Although there has been a large growth in the number of publications dealing
with the study of ‘analytical’ rf-GD sources, the number dealing with source
optimization and plasma physics is probably still greater than those describ-
ing actual analytical results. These more fundamental studies, which are indeed
crucial for proper analytical implementation, are beyond the scope of this pre-
sentation. Relevant works have involved optimization of discharge conditions
for depth profiling [49,62—66], the use of mixed gas plasmas [67—70], and alter-
native power/control modes [40,71-74]. These papers are cited here to provide
the reader with a starting point to learn more about fundamental operation of
the devices beyond simple source design. Presented in the following sections
are just a few summaries of published applications of rf-powered sources. These
topics are given simply to illustrate the potential scope and possible benefits of
the sources. Given the rapid increase in device sales, the list of applications will
continue to grow for many years.

4.5.1 OPTICAL EMISSION SPECTROMETRY
Bulk Elemental Analysis

Even though the primary purpose for developing rf powering strategies is the
realization of devices for the analysis of insulating materials directly, one is not
likely to accept such a new technology at the expense of current capabilities.
With this in mind, and given the fact that the rf technology was still evolving,
early work in bulk analysis by rf-GD-OES focused on the analysis of metals
and alloys. This also provided the most effective means of benchmarking the
technique with dc-GD-OES and also other methods such as spark source optical
emission and X-ray fluorescence spectrometry (XRF). Harville and Marcus [75]
described a systematic approach for the selection of appropriate analytical lines
for the determination of selected elements in copper and aluminum alloys. It
is important to realize that as described in Section 4.3, rf-GD plasmas have a
more energetic negative glow region than dc sources, and so any assumption
that the same elemental lines are optimum is incorrect. Line selection based on
a comparison of raw intensity (S), S/B ratio, S/N ratio, and eventually linear-
ity and scattering of the calibration was performed for a handful of elements.
Internal (steady-state) and external (sample-to-sample) precisions were found to
be excellent, with values of <0.5% and <4% RSD, respectively, for elements
ranging in concentration from 6 to 800 ppm in the solid. These values are all
the more impressive given the fact that a laboratory-built source was being used
in combination with a scanning monochromator and not with a simultaneous
monitoring polychromator as used in virtually all commercial instruments. The
use of low-intensity lines of the sample matrix element (i.e. Cu and Al) for
internal standardization purposes was also evaluated. Table 4.3 summarizes the



Radio Frequency Glow Discharges

113

Table 4.3 Calibration characteristics obtained for the determination of target analytes in

a range of matrices by rf-GD-OES analysis.

Certified
value A R? Error (%) R? Error (%)
Matrix ~ Analyte (ppm) (nm) (raw) (raw) (ratio) (ratio)
Cu“ Cr 7.4 360.53 1.000 2.6 0.986 13.3
Ni 128 349.30  0.996 3 0.972 10
Fe (330) 385.99  0.998 6 0.994 20
Zn 350 33450  0.950 19 0.958 12
Al Cr 320 359.35 1.000 12 0.993 5
Ni 200 341.38  0.996 15 0.999 2
Fe 2000 385.99  1.000 11 0.999 1
Zn 10300 33450 0991 21 0.985 6
Auc Zn 209  481.05 1.000 17 0.999 5
Sn 27.2 303.41 0981 2.9 0.987 13
Pd 19.8 34046  1.000 4.1 0.998 0.1
Ag 49.7 32829  0.994 9.6 0.991 34
Pt 40.8 299.80  1.000 0.1 1.000 4.6
Si 9.0 288.16 1.000 10 1.000 10
Bi 34.0 306.77  0.972 35 0.941 3
Pb 21.9 405.78  0.978 16 0.994 8.7
Mn 58.9  403.08 0.997 5 0.998 7.1
Ni 14.6 35245  0.958 14 0.994 8.8
Age Fe 27 385.99  0.731 26 0.972 3.8
Au 45 24279  0.987 43 0.988 21
Pb 38.8 40578  0.971 16 0.990 5.4
Zn 165 481.05  0.955 15 0.976 3
Ni 57.0 35245  0.969 47 0.994 5
Pt ¢ Rh 445 369.24  0.999 6.3 0.996 15
Au 85 267.59  1.000 1.2 1.000 2.4
Pd 115 340.46  1.000 1.7 0.994 12
Ir 115 380.01 1.000 0.2 0.997 21

“Analyte/Cu (I), 515.3 nm internal standard.
b Analyte/Al (I), 390.1 nm internal standard.
“Ratio values calculated as S/B.
Reprinted with permission from Harville, T. R. and Marcus, R. K., Anal. Chem. 1993 65, 36363643
and 1995, 67, 1271-1277, Copyright 1993 and 1995 American Chemical society.

figures of merit of calibration for elements in the two matrices for both the raw
intensity and ratioed data. This basic methodology was extended by Harville and
Marcus for the determination of trace elements in the precious metals gold, plat-
inum, silver, and sterling silver [76]. In addition to the use the matrix element
as internal standards, this work illustrated the use of the S/B ratio for calibra-
tion. This is done under the assumption that differences in sputtering rates within
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related families are the result of differences in dc-bias, which in turn affects
the amount of broadband spectral background emission coming from the sample
surface. Table 4.3 also includes the figures of merit of the calibration and results
of analyses of the Au, Ag, sterling Ag and Pt samples [76].

Extension of the use of rf-GD-OES analyses for bulk analyses of nonconduc-
tors such as glasses and ceramics requires different sets of discharge conditions
than for the case of alloys, generally lower discharge gas pressures, and higher
powers [13,17,77]. These conditions are needed to affect the highest dc-bias
potentials on the insulating surface and thus to enhance sputtering. The dielectric
nature of such samples is such that capacitive losses are experienced as the rf
potential applied to the back of the sample (Marcus-type source). Therefore, the
thickness of the sample/nonconductive coating will effect the bias and thus the
sputtering rates [13,17]. As noted previously, this is the initial reason for the use
of a surface application of the rf power via a Grimm-type configuration. (At the
time of this writing, no papers illustrating the successful implementation of this
strategy to bulk nonconductors have been published in the refereed literature.)
As suggested previously, the relationship between dc-bias and the sputtering rate
must then be exploited to correct for differences in response due to different
thickness of standards/samples. These corrections (based on either direct mea-
surement of dc-bias [13,17] or the intensity of the Ar (I) emission [77,78]) have
been shown to be effective for samples having a thickness of up to 5 mm. In
fact, all commercial GD-OES systems now employ some form of voltage correc-
tion to normalize responses for samples of different material/thickness, including
metals, alloys, and thin insulating coatings!

In addition to the determinations of metals as described here, there is every
indication that rf-GD-OES should perform exceptionally well for the determina-
tion of nonmetals, which tend to have high excitation energies. In fact, many of
these elements emit strongly in the vacuum-UV region of the spectrum. These
elements are growing in importance in a wide range of new materials, and also
tend to be difficult to determine by other conventional methods of direct solids
analysis (particularly when atmospheric pressure sources are used). The reason
for the enhanced detectability via rf-GD-OES lies in the much higher electron
energies in the negative glow region as compared with dc-powered sources [27].
Hartenstein and Marcus have described the basic procedure for ensuring low
blank/background levels for atmospheric species that may interfere in determi-
nation of nonmetals [79]. Using their commercial rf-GD-OES system, they were
able to obtain detection limits for nitrogen in steel specimens at the level of
1 ppm. (Lower values have since been achieved.) Similarly, although not nec-
essarily a problematic ubiquitous element, Winchester obtained detection limits
for phosphorus at the single ppm level using an in-house built system [80]. In
that work, analytical responses for a number of alloys were normalized through
the use of the relative sputtering rates. Obviously, the inherent capability for
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rf-GD sources to analyze nonconductive specimens makes the determination of
nonmetals a key application area.

Anfone and Marcus have described the use of a laboratory-built rf-GD source
combined with a sequential spectrometer for the analysis of solid glass sam-
ples [77]. Discharge conditions were optimized for a number of analytes with
respect to S/B ratios and relative standard deviations of the spectral background
(RSDB). In addition, the use of an auxiliary argon bath gas was described to lower
contributions from atmospheric gases introduced by imperfect vacuum seals that
are common on the rough surface of oxides. Use of the Ar bath gas results in the
introduction of ambient Ar instead of N, O,, H,O, etc., and consequently spe-
cific molecular band interference and broadband emission are diminished [81].
The bath gas also decreased the plasma stabilization times (<30 s) and improved
the long-term stability (<10% RSD). Glass samples with a thickness ranging from
1 to ~5 mm were employed to assess the use of Ar (I) emission as a means of
correcting for thickness-based differences in the analyte signals. While the raw
responses for each analyte varied by up to three orders of magnitude for identical
samples of the different thickness, ratioing to the corresponding Ar (I) intensities
resulted in variations of <1% RSD for the suite of analytes/thickness. By using
the Ar (I) normalization, calibration curves with R? > 0.99 were obtained. The
studies were extended to the analysis of oxide/glass powders by Pan and Mar-
cus [82], who used a simple hydraulic press to form oxide disks without the use
of a metal or graphite powder binder. As might be expected, the extent of pow-
der drying and the particle size distribution effect the robustness of the pressed
disk and also the plasma stability. Once the procedure had been optimized, the
operation characteristics were very similar to those for bulk glass specimens.
Calibration curves were evaluated when using the Si (I) emission line and the
analyte S/B ratio as the analytical signals. As in the case of the precious metals
analysis described above [76], the use of S/B ratios produced better calibration
curves. There was no need for corrections by referring to the dc-bias or Ar (I) line
intensities here as all of the compacted disks had the same thickness.

As mentioned in previous sections, the basic characteristics of rf-GD optical
emission, such as high levels of temporal stability and high S/B ratios, should
result in very low limits of detection (LOD). The concept of detection limits
and their actual assessment is complicated in the area of solids analysis where
matrix matching can be difficult and no spectroscopic blank is available. A very
useful means of establishing limits of detection (LODs) in solids was described
in detail by Boumans and Vrakking [83]. Developed more specifically as a means
of comparing LODs between different instruments or techniques, the use of the
‘SBR—-RSDB’ approach is a very versatile means for assessing the detection limit
for a given element in a specific matrix. The equation takes the form

_(0.01)3 (RSDB) m

LOD
S/B

4.2)
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where RSDB is the percentile relative standard deviation for the background, m
is the concentration of the test element in the specimen, S/B is the signal-to-
background ratio, and the multiplier 3 is used so as to give a 99% confidence
limit. The RSDB could in fact be the variation at one spectral wavelength in
time or the variation in values across an adjacent spectral region. As with all
procedures for calculating LOD values, there are caveats to consider, and a com-
parison between computation methods is hazardous at best. Table 4.4 lists some
of the elemental detection limits of rf-GD-OES for a range of elements, matri-
ces, and instruments. While specific comparisons are required in evaluating a
new method, in general, the rf-GD-OES method presents more new opportuni-
ties for sensitive analysis than limitations due to a degradation in the power of
detection.

A final comment is needed regarding the methods of quantification in rf-GD-
OES. As in the case of dc-GD-OES, the interplay of the discharge parameters
(current, voltage, power, and gas pressure) provides a number of modes of
discharge control and means of compensating for atomization/excitation efficien-
cies [20,84—-86]. In fact, each of the manufacturers employs their own strategy
for control/normalization. Depending on one’s point of view, the number of
parameters can be more or less complicating in the use of rf-GD sources. For
example, as described in the previous paragraphs, one can use dc-bias, applied
power, Ar (I) line intensities, S/B ratios, or weight losses as means of perform-
ing quantification. Variations in applied power, dc-bias, or discharge pressure can
be used in the course of analysis to normalize responses. As such, each of the
current rf-GD-OES manufacturers has their own control strategies. At the end,
it is the performance of these procedures in the case of real world samples that
will determine their suitability.

Depth Profiling of Painted Coatings

One of the most outstanding applications of the unique capabilities of rf-GD
sources is the depth-resolved analysis of organic (painted) coatings on metallic
substrates. This type of specimen is prevalent in the automotive and structural
materials industries. These layered systems pose very large challenges to more
established methods of analysis, for a number of reasons. First and foremost, the
painted coatings are nonconductive by nature and exist at thicknesses in excess
of 150 um. This combination makes any sort of charged particle method difficult
to apply, perhaps requiring multiple hours to obtain a single profile, if possible
at all. Second, there may exist a number of layers within the coatings that have
different physical and chemical properties. Finally, in the case of organic coatings,
information about the chemical identity of the organic matrix is required. There,
quantitative determinations of C, H, N, etc., are required, which are problematic
with many ‘surface’ methods. These very formidable challenges create a natural
fit for the features of rf-GD-OES.
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Table 4.4 Limits of detection obtained for a number of elements
in various matrices by rf-GD-OES.

A Certified value LOD
Matrix Analyte (nm) (ppm) (ppm)
Cu Cr 360.53 2.8 0.018
Ni 346.16 22 0.086
Fe 385.99 35 0.12
Zn 334.50 8 0.12
Al Cr 360.53 11 0.085
Ni 346.16 6 0.056
Fe 385.99 790 2.2
Zn 334.50 510 2.0
Au Zn 481.05 20.9 0.04
Sn 303.41 27.2 0.06
Pd 340.46 19.8 0.01
Ag 328.29 49.7 0.01
Pt 299.80 40.8 0.2
Bi 306.77 34.0 0.4
Pb 405.78 21.9 0.05
Ni 352.45 14.6 0.01
Ag Fe 385.99 27 0.04
Au 24279 45 0.09
Pb 405.78 38.8 0.3
Zn 481.05 165 0.1
Ni 349.30 57.0 0.06
Cu 327.40 61.6 0.04
Pd 340.46 5.1 0.04
Sn 303.41 46.1 0.5
Pt 306.47 12.3 0.07
Bi 306.77 83.5 1
Pt Rh 369.24 445 0.02
Au 267.59 85 0.1
Pd 40.46 115 0.01
Ir 380.01 115 0.07
Ag 328.07 5 0.02
Cr 425.45 1 0.03
Cu 327.40 1 0.05
Fe 371.99 16 0.1
Cu P 185.89 1300 1.6

Steel N 174.2 20 1.5
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As described in previous sections, one of the very early applications of the
newly evolving method, as described by Payling et al. [20], was the analysis
of pigmented polymer coatings. In a more detailed study, laboratory-synthesized
specimens were prepared from polyester polymers reacted with melamine—formal-
dehyde cross-linker resins [87]. Different inorganic pigments, a TiO,-based white,
a TiO,/Fe, 03 red, and combinations of the two, were evaluated to determine both
the general depth profiling capabilities of the method and the ability to provide
accurate stoichiometric information regarding the organic and inorganic compo-
nents. One of the important challenges revealed in the work was the fact that
these types of soft materials could not be polished to provide very flat sample
surfaces. Another key aspect of this work was the complementary use of cross-
sectional SEM—-EDX maps of the metal species compositions in the coatings.
This provided information on the morphology (porosity, etc.) of the layers and
allowed an independent measure of the actual layer thickness.

Depth profiling of the organic coatings was part of a detailed evaluation
of the quantification capabilities of rf-GD-OES relative to the use of dc-GD
sources [37]. Of course the transition between the nonconductive coatings and the
metallic supports would be expected to be a very great challenge. In Figure 4.5,
the qualitative (intensity vs time) and quantitative depth profiles for a commer-
cial silicon-modified polyester—metallic coated steel sample are shown. There
are definite differences in the both the shapes and measured depths for the qual-
itative and quantitative profiles. In some instances, such as this, the qualitative
profiles show more exaggerated features than exist in reality. Clearly observed
are the strontium chromate primer and the hydrogen-rich region between the
Al/Zn coating and the ferrous base. Use of a quantification model in which the
sputtering rates are corrected yields the appropriate compositions. The authors
very nicely showed, even in this relatively early study of the method, that while
uncorrected layer thickness were generally found to have an error of >20% as
compared with optical metallography, the errors were reduced to <5% after use
of the developed model.

Sanz-Medel and co-workers have looked at the optimization of plasma condi-
tions for depth profiling of painted coatings using a Marcus-type source [62]. As
would be expected, increases in applied rf power increase the measured sputtering
rates. Interestingly, increases in pressure (up to 10 Torr Ar) also lead to higher
sputtering rates. In this instance, the sputtering of the painted coating responds
more like that of a metal than the sputtering of a bulk insulator, such as a glass
specimen. After using chilled water (2°C) to cool the back of the sample and
also the limiting orifice plate, it could be concluded that there is no evidence
for thermal degradation of the polymer. Correction of the obtained temporal pro-
files for the sputter rates of paint components allows one to obtain ‘quantitative’
profiles that were very similar to SEM—-EDX data obtained for a cross-section
of the specimen. Some disagreement was still observed for the region of the
paint/galvanneal substrate interface. Monitoring of the optical emission lines of
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Figure 4.5 Depth profiles of commercial silicon-modified polyester—metallic coated
steel sample: (a) qualitative and (b) quantitative. Reproduced by permission of The Royal

Society of Chemistry from Jones, D. G., Payling, R., Gower, S. A., and Boge, E. M., J.
Anal. At. Spectrom., 1994, 9, 369-373

the Ar discharge gas species as a function of time (depth) revealed that there was
a change in the discharge excitation conditions as the new matrix was entered.
As in other applications cited here, these authors also suggested the use of Ar
emission lines as internal standards for the plasma excitation conditions.

Depth Profiling of Very Thin (<1 xm) Layers

The application of GD-OES to the analysis of ‘thick’ coatings was realized very
early after the introduction of the Grimm-type lamp (see Chapters 2 and 5).
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It remains the prime application area of commercial GD-OES systems (see
Chapter 5). Distortions in crater shapes observed when analyzing thick layers
(>5 pm), suggested that profiling of layers of less than 1 um would not be
useful. The fact that for sample types accessible to dc-powered systems (e.g.
galvanized coatings) the layer thicknesses are usually beyond the 5 um level
also limited exploration into thinner layers and coatings. The advent of rf pow-
ering with the ability to sputter nonconductive coatings pushed the technology
into more shallow depth regimes where oxides are of key importance. The work
of Shimizu, Thompson, and co-workers has opened up entirely new ways of
thinking about glow discharge spectroscopies and their application in areas tra-
ditionally serviced by high-vacuum methods such as SIMS, X-ray photoelectron
spectroscopy (XPS), and the like [88—90]. Paramount in the use of any analyt-
ical method in applications where chemical information at the nanometer scale
is desired is the ability to sample the material accurately. In the case of a glow
discharge device, this relates to the question of how rapidly the plasma con-
ditions reach a steady state. For example, in a material with a sputtering rate
of 1 um/min, a depth of 25 nm is reached in 1.5 s! Despite data of the sort
depicted in Figure 4.1, some users of rf-GD-OES have not achieved stability on
this time scale. Clearly, plasma start-up and stabilization times depend on the
actual discharge source geometry, power supply capabilities, and the cleanliness
of the discharge.

Shimizu and co-workers [88—90] have published a number of papers illus-
trating the use of a Marcus-type source for the analysis of a wide range of
aluminum oxide coatings, covering a thickness range from tens of nanometers
to many micrometers. Typical of these sorts of analyses is the profile depicted
in Figure 4.6. This profile is obtained from an anodic film formed electrochemi-
cally in a mixture of chromate ion and phosphoric acid on an aluminum substrate.
The film was further anodized in a solution of ammonium pentaborate to gener-
ate a film having a thickness of 358 nm as determined by transmission electron
microscopy [90]. The basic structure of the film is depicted in cartoon form in
Figure 4.6a, with the corresponding depth profile shown in Figure 4.6b. As seen
in the profile, a very distinct structure is produced for Cr, B, and P incorporated
into the aluminum oxide film. The distribution shows that Cr is incorporated
in a very thin region, whereas the B diffuses fairly uniformly into the surface
layer. The phosphate anion, as indicated by the P response, segregates toward the
oxide/metal interface. A very finite step function is seen at the onset of sputtering
of the Al substrate. Two other points warrant mention here. First, the tempo-
ral response for the B (I) line shows the depth-related interference effects first
described by Hoffmann et al. [91]. Second, the very fast stabilization of the rf-GD
plasma is proven by the intensity of the Al (I) line response in the oxide coating.

With the evolving capability of performing very thin film analyses by rf-
GD-OES, one is pressed to wonder how the method compares with ‘traditional’
thin film methods such as SIMS. Shimizu et al. performed such a comparison
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Figure 4.6 Analysis of an aluminum oxide coating by rf-GD-OES. (a) Depiction of
the structure of the Al,O3 coating after electropolishing in a 20 g/l CrO;—-35 ml/l H;PO4
solution and after anodization in 0.1 M ammonium pentaborate and (b) the resultant depth
profile of the final anodic film obtained by rf-GD-OES. Reproduced with permission from
Shimizu, K., Brown, G. M., Habazki, H., Kobayashi, K., Skeldon, P., Thompson, G. E.,
and Wood, G. C., Surf. Interface Anal., 1999, 27, 24—28. Copyright John Wiley & Sons

for the case of a barrier-type aluminum oxide film that had been exposed to
Na,CrOs [90]. As described in the previous paragraph, Cr ions tend to segregate
in very thin layers just below the oxide surface in these systems. Figure 4.7a
presents the rf-GD-OES profile of the Cr and Al components in an ~140 nm
thick oxide film. Transmission electron microscopy indicated that the nominal
depth of the Cr layer was ~15 nm below the surface, with a primary bandwidth
of 7 nm. Clearly, rf-GD-OES using this Marcus-type source yields analytically
relevant information for very thin film systems. The corresponding SIMS depth
profile for the same material is shown in Figure 4.7b. The agreement between
the two profiles is excellent. Given the relative experimental simplicity and short
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Figure 4.7 Depth profiles of anodic films formed in NaCrOs solution by (a) rf-GD-OES
and (b) SIMS. Reproduced with permission from Shimizu, K., Brown, G. M., Habazki, H.,
Kobayashi, K., Skeldon, P., Thompson, G. E., and Wood, G. C., Surf. Interface Anal.,
1999, 27, 24-28. Copyright John Wiley & Sons

analysis times for the rf-GD method, one must conclude that the technique is a
truly applicable for ‘thin film’ analysis. As a second example of the potential of
rf-GD-OES for analyses that are usually thought to be only the domain of methods
using high-vacuum apparatus, Figure 4.8 depicts the depth profile for the NIST
SRM 2137 Boron Implant in Silicon standard [92]. This material is certified
with respect to the distribution of B and is use for depth profiling applications
in the semiconductor industry. As can be seen, the distribution obtained by rf-
GD-OES is virtually identical in shape with that of the SIMS data provided with
the material certificate. Certainly, much work remains to develop the quantitative
potential of the rf-GD method to be truly competitive with SIMS, but the inherent



Radio Frequency Glow Discharges 123

120 -GD-OES

(relative intensity)

108 concentration
(NIST data)

©
o
1

o2}
o
1

108 concentration
(108 atoms/cm?3)

[
o
1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Depth (m)

Figure 4.8 rf-GD-OES depth profile of NIST SRM 2137 Boron Implant in Silicon
standard for calibration of concentration in a depth profile [92]

sampling and sensitivity capabilities are evident. While glow discharge sources
will never be able to compete with ion and electron beam methods for the case
of lateral microdistributional analyses, it may be that they will be competitive
for in-depth analyses.

4.5.2 MASS SPECTROMETRY

In the discussion of the analytical applications of rf-GDMS sources, it should
be noted that in a number of the cited works it has been suggested that the
performance of rf-GD sources for metallic, conductive samples is equal to or
better than that of dc-GDMS. A significant difficulty in making definite statements
about the two modes, however, is the fact that most of the practitioners of the
method are using very different types of mass analyzers, of which some are
commercial and some are laboratory-built. Great differences also exist in the
designs of the actual sources as described in Section 4.4.3, whereas in rf-GD-
OES there are only two prominent designs. The lack of any commercial provider
of an rf-GDMS system has also limited the development of the methodologies
and the applications. In the following discussion, general features of the use of
rf-GDMS are presented for a number of potential applications, as described by
different researchers, which will hopefully justify commercial adoption.

Bulk Elemental Analysis

The analysis of bulk conductive and nonconductive materials by rf-GDMS has
been undertaken much more with the aim of source development and charac-
terization, rather than for quantitative analyses within specific analytical areas.
For the most part, studies by Marcus and co-workers have demonstrated general
analytical figures of merit that can be realized for given source geometries for the
case of commercial quadrupole GDMS (GloQuad, VG, Winsford, UK) [56,93]



124 Glow Discharge Plasmas in Analytical Spectroscopy

and magnetic sector mass spectrometer (VG Model 9000) [48]. As such, the
analytical results are somewhat benchmarks relative to dc source operation given
the fact that the same cryogenic cooling and mass analyzer were employed.
Throughout these studies, a few general observations can be made, which are
for the most part consistent with the rf-GDMS literature cited in this section.
The basic trends include the facts that (1) lower operating pressures relative to
dc-powered systems (100s mTorr vs Torr), (2) higher degree of signal and spec-
tral responsivity to changes in discharge conditions and ion sampling position,
and (3) faster plasma stabilization times are found for metallic sample analysis
relative to dc discharges (single vs tens of minutes).

Pin-type and flat sample source geometries developed for the VG GloQuad
system have been evaluated for the analysis of metals and bulk nonconduc-
tors [56,93]. Frankly, the machining of pin-type specimens from bulk insulating
materials (oxides, glasses, etc.) is difficult, and so only limited studies of this
sort have been pursued. In Table 4.5, the accuracy and precision (stability) are
presented for the analysis of NIST SRM 1259 Aluminum Alloy with the pin-type
source [56]. In general, stable plasmas were obtained after <5 min of sputter-
ing, with the short-term stability of the raw signal values typically occurring in
the range 1-8% RSD for 15 min analysis times. In contrast to GD-OES, where
traditional analytical (calibration) curves are used for quantification, in GDMS
the most widely applied approach to determine concentration values is based
on the use of relative sensitivity factors (RSFs) (see Chapter 3). As shown in
Table 4.5, the RSF-based analyte concentrations show excellent agreement with

Table 4.5 Internal stability in the analysis of NIST SRM 1259 Aluminum Alloy by
rf-GDMS.

Determined value RSD (%) of rf-GloQuad values
Certified

Element value Short-term*  Long-term”  Short-term Long-term
Be 25 ppm 24.6 ppm 25.6 ppm 1.91 2.16
Mg 2.48% 2.48% 2.47% 0.07 0.30
Al Matrix 89.37% 89.60% 0.05 0.05
Si 0.18% 0.184% 0.179% 0.99 0.60
Ti (400 ppm) 385 ppm 436 ppm 1.68 5.99
Cr 0.173% 0.175% 0.172% 1.19 0.62
Mn 790 ppm 770 ppm 856 ppm 1.76 5.59
Fe 0.205% 0.217% 0.204% 0.12 1.04
Ni 630 ppm 645 ppm 718 ppm 2.69 9.49
Cu 1.60% 1.63% 1.61% 0.65 0.59
Zn 5.44% 5.48% 5.46% 0.51 0.39
Ga (220 ppm) 210 ppm 243 ppm 1.85 7.11

415 min.

b45 min.

Reproduced by permission of The Royal Society of Chemistry from Shick, C. R., Jr, Raith, A. and
Marcus, R. K., J. Anal. At. Spectrom. 1993, 8, 11043—-1048.
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the certified values in the case of both short- and long-term (45 min) analysis
regimes. There was no appreciable benefit in using extended analysis times for
the elements studied. The precision of the measurements (actually of the deter-
mined values) was up to ~2.7% RSD for the short-term regime, with most of
the values degrading when using extended analysis times. Degradation of the
precision, necessitating the use of an internal reference in the RSF method, indi-
cates element-specific drift and suggests that isobaric interferences likely due to
residual gas species are probably occurring. The variations in the analysis values
for the same elements determined from five separate analyses of the specimen
(external precision) yielded results that are almost identical with those of the
long-term precision, again suggesting isobaric interferences from residual gases.
A brief evaluation of the operating characteristics for a NIST glass reference
material (cut into a 3 mm diameter, 3 mm thick disk) showed that precision
values of 2—10% RSD can be obtained for a 30 min sputtering cycle.

As stated in Section 4.4.2, one of the driving forces for the early acceptance
of the Grimm-type geometry in GD-OES is the possibility of analyzing flat disk
samples. Shick and Marcus [93] described a detailed evaluation of the roles of
source geometry and operation conditions for a flat-type sample holder. As with
the pin-type source, the analyte ion signals were found to stabilize rapidly as com-
pared with dc source operation. Pre-burn times for metals were found to be less
than 5 min, whereas for bulk glasses the analyte signals required up to 15 min
to stabilize. Once stable, both types of samples could be analyzed over extended
periods of time with better than 10% RSDs for the raw ion signal intensities.
The internal precision and accuracy were determined for NIST SRM 1104 Free
Cutting Brass and NIST SRM 610 Trace Elements in Glass specimens by trip-
licate analyses over 15 and 45 min periods, respectively. External precision and
accuracy were evaluated for five replicate analyses of each specimen. Table 4.6

Table 4.6 Analysis of NIST SRM 1104 Free Cutting Brass standard by rf-GDMS (dis-
charge conditions: rf power = 35 W, Ar flow rate = 2.50 sccm; orifice diameter = 10 mm;
cell = 10 mm).

Internal (n = 3) External (n = 5)
Certified Av. RSD  Error Av RSD  Error
Element value RSF conc. (%) (%) conc. (%) (%)
Cu 61.33% 1.00 60.10% 0.1 2.1 61.39% 14 0.1
Zn 35.31 0.499 36.39 0.2 3.1 34.78 3.1 1.5
Sn 0.43 0.795 0.44 1.0 2.3 0.46 7.7 7.0
Pb 2.77 9.72 2.92 1.7 54 2.86 6.9 34
Fe 880 ppm 0.0124 962 ppm 3.4 9.3 838 ppm 5.8 4.8
Ni 700 0.187 720 0.8 2.9 680 6.0 2.9

Reproduced from Shick, C. R. and Marcus, R. K., Appl. Spectrosc. 1996, 50, 454—-466, with per-
mission of The Society for Applied Spectroscopy.
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presents the data obtained for the analysis of the NIST brass standard where the
93 Cu isotope is used as the internal standard for RSF calculations. For each of
the test elements, very good precision and accuracy are obtained. Interestingly,
the accuracy of the data for the replicate analyses was better than the precision,
which of course is the virtue of the RSF approach in GDMS analyses. Table 4.7
presents the corresponding precision and accuracy data for the NIST glass refer-
ence material. In this particular matrix, there are a few elements certified at the
percentage concentration level and a large number of dopant elements present at
the 500 ppm level and below. A few important observations can be made when
comparing the data for the metal and glass matrix standards. First, there is no sac-
rifice in precision or accuracy on moving to the nonconductive matrix. Second,
the presence of large amounts of oxygen in the plasma leads to a degradation of
the precision and accuracy for the data of iron, as the signals for *°Fe isotope are
interfered with by the 40 Ar'®O molecular ion. Third, the external precision of the
analytical results for the case of the glass samples is poorer than for the metal.
This is not unexpected, as the glass matrix and its target analytes are likely more
susceptible to interferences due to the presence of residual gases, the levels of
which change from sample to sample. In any case, an error of >10% occurs only
for Fe in the analytical determinations. The repeatability values presented here
are very good and do not differ significantly from those achieved in conventional
dc-GDMS analysis of alloys in the case of using this instrument. By the same
token, the limits of detection obtained for trace elements in glass matrix materials
are not appreciably different from those for alloys.

As in the case of rf-GD-OES using the Marcus-type geometry, the thickness
of an insulating sample has a pronounced effect on the analyte signal levels in
rf-GDMS using the flat cell geometry [93]. The observed decrease in sensitiv-
ity is directly related to the specimen thickness and can be compensated on a
first principles basis. In this case, signal intensities were plotted as function of
sample thickness (1-3 mm) and the resulting equation of the line was used to
compensate for the role of thickness, with the corrections for the analytes tested
(Ag and Mn) yielding responses that were in agreement by better than 5% abso-
lute. Detection limits were also determined for the case of NIST SRM 616 Trace
Elements in Glass. The dopant concentrations in this matrix were at the sub-
ppm level, yielding a relatively clean mass spectrum. Even so, the determined
limits of detection (1-280 ppb) were excellent given the limited resolution and
sensitivity of the quadrupole mass spectrometer. Figure 4.9 further illustrates the
sensitivity achievable in the analysis of glass samples by rf-GDMS for the lead
isotopes present in a NIST SRM 612 Trace Elements in Glass sample generated
by a flat-type rf-GDMS source mounted on a VG 9000 magnetic sector mass
spectrometer. Based on the observed signal-to-noise characteristics, the detection
limit for the 2°*Pb isotope (504 ppb in sample) can be calculated to be 16 ppb.
This value is very competitive with that achieved in metals analysis under similar



127

Radio Frequency Glow Discharges

‘Kdoosonoadg parddy jo A19100§ 2y, Jo uorsstuiad YIM ‘9oL —HGh ‘0S ‘9661 2504102dS jddy 3 Y ‘SNOIRIN pue Y D OIS woly pAjuLdoy

YL €8 LTV I'e v Lyt 6599 S 19% n
9L 68 €Ty €T €T Lyt WS TLSY uL
LT 89 STy L0 1 6T 69 7472 ad
St 601 6S 8¢S L1 9 vE'6 819 1L
08 901 %4 T €0 vT Ll ST ny
S¢ '€ vEy g€ €1 %54 179 0S¥ ng
0°€ €9 LEY Sl L0 LSY 89'9 oSt 3D
S LS €9T T€ 81 9¢ ¥S'T ¥ST 3y
€0 6% LIS 0€ L0 1€S 80°C 91§ 15
T ST 9%% v'E 60 (1472 8T'1 9Ty Qy
6°S 8¢S 80% v'E 1 8I¥ 891°0 %%% uz
Sl ¥'9 99% €T L0 69t 126070 65t IN
07 Te 86€ I'1 90 ¥6€ ST1 06€ Vo)
761 Yl 9bS €1z 99 SSS 792000 8SH o
ST LT L6V Sl €0 6 6C'1 (3% uN
€1 Lt wdd [¢y L€ 10 wdd ¢op $7900°0 wdd /¢t L
€ 67T S6'8 LS 01 LO6 €¥¥00°0 86’8 ©)
0C 6% 66'C€ 01 0] 66°€€ 00'1 99°¢€¢ 1S
v ! 750 v'E 0C S50 €LT0 €50 v
6L 9¢l 8L 1'0 ¥0 61°S 859°0 61°S eN
al €11 %01°TS 61 Sl %6£°0S €T %LE0S 0

(%) Io119 (%) asy "ou0d (%) to11g (%) asy "ou00 4S8 anjea wawa[g

Ay Ay PaYnID

(¢ = u) reurIxyg

(¢ = u) reurduy

(W O] = [[99 ‘Wl ()] = ISJOWRIP OYLIO ‘WIS ()()'C = 98I MO[ Iy
‘A S¢ = Iomod J1 :suonipuod 931eyosIp) SINAD-J1 £q pIepueis SSe[D) Ul SJuawa[g 29el], 019 INUS LSIN JO SISA[euy L'y dqeL



128 Glow Discharge Plasmas in Analytical Spectroscopy

2037+ [] 204pp+ 205+ _‘ 206pp+ ’_

1.8E-18
1.6E-18
1.4E-18
1.2E-18

1.0E-18

Intensity (A)

8.0E-19

6.0E-19 —

4.0E-19

202.5 203.0 203.5 204.0 204.5 205.0 205.5
Mass (m/z)

Figure 4.9 rf-GDMS spectrum of lead components of an NIST SRM 612 Trace Elements
in Glass taken on a VG 9000 spectrometer (Duckworth, D. C., unpublished results)

acquisition conditions when using dc power, which is also a consistent finding
with quadrupole analyzer work.

As mentioned in Section 4.4.3, Becker and co-workers [52,55] used a mag-
netron enhanced rf-GDMS source that was similar in structure to that developed
by Duckworth et al. [48]. However, instead of a commercial GDMS mass ana-
lyzer, the authors modified a double-focusing spark source mass spectrometer
that operated with photoplate detection [49,94]. Parametric studies of sputtering
crater shapes and ion signals were very similar to that for the flat cell source
both with the VG GloQuad and VG 9000, though the mass analyzer system lim-
ited the analytical utility of the system. Subsequent combination of the source
with a Finnigan MAT (Bremen, Germany) Element instrument provided a far
more powerful platform [55,95]. The initial source was modified to operate in
a magnetron mode, permitting lower discharge pressures and higher sputtering
rates than the ‘conventional’ rf-GD source [52]. Table 4.8 summarizes the results
obtained for the analysis of NIST SRM 613 Trace Elements in Glass when using
mass resolutions (m/Am) of 3000 and 300 [55]. The internal precision of the
measurements was found to be in the range 4—10% RSD, while the external
precision on changing samples yielded values of 6—18% RSD. As found by
Duckworth et al. [48], the RSF values for the elements were just as uniform
as in the case of dc-GDMS, with values calculated relative to Sr (present at
78.4 ppm in the standard) ranging from 0.2 and 3. Thus, one could expect that
semi-quantitative analyses without the aid of RSF are possible to within an order
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Table 4.8 Analysis of NIST SRM 613 Trace Elements in Glass by rf-GDMS at mass
resolution values of m/Am = 3000 and 300.

Certified Measured
Resolution value, value, RSF LOD
(m/Am) Element Co (nglg) C (nglg) (C/Co) (nglg)

3000 B (32) 6.5+1.0 0.2 0.07
Ti 50.1 £0.8 42 +7.8 0.84 0.08
Mn 39.6 £ 0.8 55.8+9.0 14 0.04
Fe 51+2 435+48 0.85 0.06
Ni 38.84+0.2 15.8+2.3 04 0.2
Co 355+£1.2 47.6 6.6 1.4 0.05
Cu 37.7+0.9 13.8+2.4 0.37 0.25
Rb 314+£04 38.3+3.8 1.2 0.1
Sr 78.4+£0.2 Internal standard 1.0 0.1
Ag 22.04+0.3 272421 1.2 0.2
Ba 41) 30.1£5.6 0.75 0.3
Au 5) 2.5+0.36 0.5 0.5
Tl 15.7+0.3 40 +4.8 2.5 0.1
Pb 38.60.2 77.6 7.6 2.0 0.2
Th 37.8 £0.8 6.7+ 0.95 0.18 1
U 37.4+£0.08 10,0+ 1.4 0.27 0.9

300 Rb 314+04 314+32 1.0 0.02

Sr 78.4+0.2 Internal standard 1.0 0.015
Ag 22.04+0.3 23.1+£2.2 1.05 0.02
Au %) 24+04 0.48 0.06
Tl 15.7+0.3 343+7.8 2.2 0.02
Pb 38.6 0.2 65.6+6.4 1.7 0.03
Th 37.8 +0.08 3.84+0.52 0.1 0.2
U 37.4 +£0.08 79+12 0.21 0.1

Reprinted from Saprykin, A. L., Becker, J. S. and Dietze, J.-H., Fresenius’ J. Anal. Chem. 1997, 359,
449-453, with permission from Springer-Verlag.

of magnitude. The calculated concentrations are, of course, better than those
based on RSFs generated from the same material. One would expect better accu-
racy in GDMS analyses than seen here, but the low concentration of the Sr
internal standard likely affects the performance. However, for a laboratory-built
source/instrument, the performance is encouraging. Table 4.8 also presents the
detection limits obtained at the two resolution settings. As expected, the LODs
are better for the low-resolution mode as the wider slit settings yield higher
beam currents. Of course, the spectral complexity in the case of oxide materials
(which often yield small molecules such as oxides) makes the use of a high-
resolution spectrometer almost imperative for the low-mass (<70 Da) elements.
The increase in spectral resolution was of little consequence for the high-mass
analytes in terms of the removal of interferences. Although the performance
of the magnetron rf-GD source showed many positive attributes, the irregular
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crater shape resulting from all magnetron sputtering sources ultimately limits the
application of such sources to bulk analyses.

Analysis of Oxide Materials

The analysis of nonconductive oxide (usually powder) samples is relevant to
a very diverse set of industrial applications ranging from geological specimens
to precious metal-containing automotive catalysts. The analysis of oxides such
as ceramics is a great analytical challenge for all GD methods because of high
levels of moisture and adsorbed gases that are brought into the plasma (see Chap-
ter 11). These species quench the plasma atomization and ionization processes
and also lead to the formation of molecular ions, such as oxides and hydroxides.
Extensive studies by Harrison and co-workers [96,97], in particular, have shown
that compaction of such samples with a powdered ‘getter’ metal such as Ti or
Ta minimizes these deleterious effects. The analysis of samples that are present
in powder form does not benefit to the extent that one might expect from rf
powering. The reason is straightforward: although the use of rf powering permits
the analysis of pressed oxide materials without the need to use a conductive
metal binder (as required for dc-GD operation), the benefits of the use of ‘get-
tering’ binders are lost. Thus, the mass spectra of directly compacted samples
are inherently complicated owing to adventitious water and gases trapped during
the pressing process. In this case, direct comparison and use of dc powering for
getter-bound compacted samples is a reasonable endeavor.

Harrison and co-workers have described an evaluation of the operating charac-
teristics of rf-GDMS for oxide powders [98] and the comparison of this method
with the use of metal binders for dc-GDMS analysis [29]. As mentioned previ-
ously, the direct compaction of geological materials in this case leads to very
complex mass spectra, including signals for many molecular species related to
water and trapped gases. This situation was remedied to an appreciable extent by
the insertion of a liquid nitrogen cold finger in the plasma region for periods of
longer than 30 min prior to analysis [98]. The same profound improvement of
a 70—-100% reduction in gaseous ions was found for bulk nonconductors, such
as Macor. A detailed evaluation of the roles of discharge power and pressure
and ion sampling distance on the signal responses of analyte, residual gas, and
argon-related species provided very interesting and useful insights into plasma
processes and optimization of the spectral responses [98]. While sets of discharge
conditions that provide very good sensitivity and high S/N are readily identified,
the sensitivity to variations in conditions is profound, which could be problematic.
Relative sensitivity factors were compared for a number of analytes and oxide
materials, with the span of values for most elements being fairly well defined
and not out of line with literature values. In fact, semi-quantitative analysis of a
firebrick standard, based on simple ion beam ratios, was within a factor of two.
Direct analyses of compacted oxides by rf-GDMS produced very stable plasmas
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(<5% RSD for 1 h), which is advantageous for quantitative determinations. It
should be pointed out that these results are comparable to those of Pan and
Marcus [82] (see Section 4.5.1, first sub-section) in the evaluation of the use of
rf-GD-OES for the analysis of glass powder samples without the use of a binder
material.

Perhaps the most forward-looking application of rf-GDMS for oxide material
analyses has been described by Becker and co-workers in their extensive studies
of the characterization of solid oxide fuel cells (SOFC) [95,99]. The rf-GDMS
source described previously was employed together with both a converted spark
source mass spectrometer having photoplate detection capabilities and a com-
mercial double-focusing instrument (Element, Finnigan MAT). The rf-GD source
was advantageously applied owing to its relatively high sputtering rates and capa-
bilities for nonconductor analysis compared with SIMS and the related secondary
neutral mass spectrometry (SNMS). Figure 4.10 illustrates the use of rf-GDMS
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Figure 4.10 Dependence of the CrO*/Cr" ion signal ratio on sputtering time for rf-
GDMS analysis of an oxide layer on a chromium-based alloy (stabilization of parameters
after 10 min). Reprinted from Saprykin, A. L., Becker, J. S., and Dietze, J.-H., Fresenius’
J. Anal. Chem., 1997, 358, 145-147, with permission from Springer-Verlag
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to profile the presence of a Cr,O3 coating formed by thermal cycling (to 950 °C)
of a Cr alloy, which is used as the interconnector for the ceramic anode and cath-
ode components. The temporal profile of the CrO™/Cr" ratio clearly identifies
the formation of a favorably conductive and thermomechanically effective oxide
layer on the surface of the Cr base alloy. Similar studies indicated that Ni and Co
components in the alloy were taken up into the formed oxide layer to the same
extent. A sputtering rate of ~0.15 um/min suggests that the thickness of the
oxide coating was 4.5-5 pum. Detection limits in the analysis of these types of
SOFC materials, obtained with the commercial mass spectrometer system, were
in the low-ppm to ppb range [55].

Analysis of Polymeric Materials

One area where the sputtering characteristics of rf-GD sources are used to partic-
ular advantage is in the analysis of organic (polymeric) coatings, as described for
rf-GD-OES in Section 4.5.1, second sub-section. The ability to gain elemental
information on thick layers within a relatively short period of time can be used
in many applications. Almost unexpectedly, the analysis of such coatings (and in
fact bulk polymers) by rf-GDMS provides a wealth of additional chemical infor-
mation. As will be shown subsequently, the analysis of polymers by rf-GDMS
is a simple method providing elemental, backbone, and end-group information.
Coburn et al. reported the production of molecular fragment mass spectra of
fluoro- and hydrocarbon polymers by rf-GDMS in the mid-1970s [100]. Early
rf-GDMS work at Clemson University revealed a number of unexpected spectral
features when analyzing small glass samples mounted on the DIP with the aid of
double-sided adhesive tape. Upon further study, it was shown that these species
were in fact related to the composition of the tape. This observation has been
exploited in the use of rf-GDMS as a tool that provides highly sensitive deter-
minations of the composition of polymers, during both bulk and depth-resolved
analyses [101-104].

Early studies on the application of rf-GDMS to polymer analysis focused on
assessing the influence of discharge conditions on the product mass spectra. The
first studies by this group involved an evaluation of the discharge parameters and
their respective roles in the structure and intensity of mass spectra derived from
fluorohydrocarbon polymers [101]. The spectra were found to be nearly identical
with those obtained by SIMS, as shown in Figure 4.11 for a 1 mm thick specimen
of polytetrafluoroethylene-co-perfluoromethyl vinyl ether (PTFE-co-PFA); how-
ever, with ion beam currents that were six orders of magnitude more intense (107°
vs 10715 A) [101]. The polymer fragment ion signal levels are in fact similar to
those obtained in metals analysis by rf-GDMS. By the same token, the plasma
stabilization times and overall stability are of the same quality as presented in
Table 4.6 for metals. The structure of the mass spectra for all polymers studied to
date seems to be insensitive to the applied rf power, with high discharge pressures
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Figure 4.11 Mass spectrum of a 3.0 mm thick PTFE-co-PFA specimen obtained by
rf-GDMS on a VG GloQuad spectrometer (logarithmic scale) (rf power = 20 W, argon
pressure = 0.075 mbar). Reprinted with permission from Shick, C. R., Jr, DePalma, P. A.,
Jr, and Marcus, R. K., Anal. Chem., 1996, 68, 2113-2121, Copyright 1996 American
Chemical Society

generally yielding spectra with strong signals for smaller sized polyatomics (i.e.
fragments having few atoms). As such, there does exist some level of ‘tunability’,
enhancing the potential use of the method for polymer identification. Use of well-
regulated discharge conditions in fact allows the unambiguous identification of
polymeric isomers such as low-density polyethylene (LDPE), linear low-density
polyethylene (L-LDPE), and high-density polyethylene (HDPE) [104].

One of the key areas where rf-GDMS may be used to particular advantage
is the depth profiling of polymeric systems. Two specific source modifications
developed in this laboratory increase the utility for these applications [103,104].



134 Glow Discharge Plasmas in Analytical Spectroscopy

First, one must recognize that organic coatings are far more thermally sensitive
during sputtering than metals or even oxides. While melting or even pyrolysis
can be easily envisioned to occur, exposure to heat in many polymer systems
can cause species migration and the destruction of finite interface structures. Any
of these thermally-induced changes can render an analysis useless. Gibeau and
Marcus modified the rf-GD probe of a VG GloQuad system to use the liquid
nitrogen supplied to cool the ion source also to cool the flat sample holder [103].
This modification not only allowed effective analysis of polymers having low
melting-points, but also yielded greater temporal stability in all polymer analyses.
The release of adsorbed water in the polymer sample matrix was also alleviated so
that fewer protonated fragments were formed. As such, the ratios of characteristic
fragment ion signals were found to be more reproducible and unique for the
polymers examined after this implementation. As a result, ion signal ratios in the
fingerprint region of the mass spectra can be effectively employed to distinguish
polymers of the same (or related) chemical formula. By the same token, the
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Figure 4.12 Analysis of hollow fiber polymer specimens by rf-GDMS. (a) Diagrammatic
representation of the filament-type sample holder and (b) rf-GDMS temporal profile of
characteristic ions produced in the analysis of a fouled PVDF hollow fiber membrane
(rf power = 25 W, argon pressure = 0.1 mbar). Reproduced by permission of The Royal
Society of Chemistry from Marcus, R. K., J. Anal. At. Spectroms, 2000, 15, 1271-1277
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Figure 4.12 (continued)

shapes of the sputtered craters for polymers samples were found to be very
similar to those of metals and oxides [66].

The second source modification of particular relevance to polymer material
analysis allows the mounting and uniform sputtering of hollow fibers and or
tubes [104]. These sorts of structures are commonly used in chemical separa-
tions and membrane science. In these systems, one often desires to follow the
decomposition of the material or the transport of species into and out of the
hollow. As such, a ‘radial’ depth profile, from the outer surface to the inner sur-
face, is desired. As shown in Figure 4.12a, an assembly wherein the specimen
is mounted on a metal filament, and to which the rf potential is applied, sets
up the desired situation wherein the plasma is established around the circumfer-
ence of the fiber [104]. Sputtering proceeds from this outer surface toward the
center effectively to generate a depth profile of the membrane. Figure 4.12b illus-
trates the depth profile obtained in the sputtering of a 1.3 mm o.d., 0.7 mm i.d.
poly(vinylidene fluoride) (PVDF) membrane which had been used in the filtration
of bacteria from natural waters. Such membranes are cleaned with caustic solu-
tions and eventually fail, meaning that the pores in the walls collapse over time.
The temporal profiles of the characteristic rf-GDMS fragments of PVDF show
an appreciable change from the outer to inner surfaces. Specifically, fragments
separated by 20 Da increase in time/depth. This experiment provided the first,
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direct evidence of the dehydrofluorination (i.e. loss of HF units) from the PVDF
polymer backbone structure over the course of repeated cleanings. This sort of
depth profile, coupled with the ability to profile flat layered systems rapidly,
indicates that rf-GDMS could become a very important tool in basic polymer
chemistry.

4.6 SUMMARY

Although the glow discharge has had a long history in fundamental studies of
atomic structure and in the bulk analysis of metals and alloys, the advent of
rf powering schemes has totally revolutionized the potential scope of applica-
tion. Dc powering yields what can at best be termed a ‘so-so’ technique, as
evidenced by the volumes of scientific publications and commercial sales. On
the other hand, rf glow discharges yield information simply not available from
other methods, without compromising the analytical characteristics of traditional
dc-powered sources. Although certainly a biased opinion, it seems very clear that
single-source systems will replace dc-only or dual-source instruments, yielding
instruments of incredible versatility that are required in the materials analysis
laboratory of the 21st century.
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Depth Profile Analysis

A. BENGSTON

Swedish Institute for Metals Research, Stockholm, Sweden

5.1 INTRODUCTION

The sputtering process in a glow discharge typically erodes the sample surface
rather evenly, more or less ‘atomic layer by layer’. At every instant of the sput-
tering process, the most recently removed atomic layers are present in the plasma,
giving rise to analytical signals in the form of optical emission from element-
specific spectral lines, or ion currents for mass spectrometry. The very rapid
diffusion and re-deposition processes ensure that the analytical signals are essen-
tially instantaneous, and there are practically no ‘memory’ effects from previous
atomic layers. As a consequence, depth profile analysis can be accomplished in
glow discharge spectroscopy by recording the analytical signals as a function of
time from the initiation of the discharge. Greene and Whelan published the first
work on depth profile analysis using a glow discharge in 1973 [1]. The application
was GaAs thin films. In the same year, Belle and Johnson [2] first demonstrated
glow discharge depth profiling of metal alloys. Their work was also the first on
depth profiling where the Grimm-type source [3] was employed. This type of
source was originally designed as an alternative to the classical spark source for
bulk analysis, featuring easily interchangeable flat samples and a hollow anode.
This geometry gives rise to a homogeneous electrical field in front of the sample
surface, with a very even sputtering crater as a result. Therefore, the Grimm
source is both practical to use and well suited for depth profile analysis, and is to
date the most commonly used source type for this purpose by far. An additional
reason for the popularity of this source is the relatively high sputtering rates,
typically in the range 1-10 um/min. The credit for the most important initial
development work on GD-OES depth profile analysis using the Grimm source
goes to Berneron and co-workers of the research institute IRSID in France [4,5].
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The majority of published depth profile work to date has been done with
optical emission (OES) and the Grimm-type source, but mass spectrometry and
other source types have also been used to a limited extent. The predominant
OES spectrometer types are multichannel instruments based on the designs of
Rowland or Paschen—Runge. In general, while high plasma power is beneficial
for sensitivity and speed of analysis, the practical limits are set by the material
to be analysed. The flatness of the sputtered crater bottom and thereby the depth
resolution are also affected by the discharge parameters. Depending on the surface
layer thickness and the depth penetration rate, the data acquisition speed must
be set in order to obtain a reasonable size of the data files without loss of
depth information. The data from a depth profile analysis can be presented as
intensity vs time diagrams, so-called qualitative depth profiles. Quantification
techniques based on the concept of emission yield, defined as the analytical
signal per unit weight of the analyte, have been successfully developed and
commercialized by several manufacturers. It has been shown that the emission
yields are nearly matrix-independent, provided that the discharge conditions are
reasonably constant. The calibration provides the sputtered mass per element,
allowing concentrations and sputtered depth to be calculated if elements making
up nearly 100% of the sample composition are included.

A similar concept for quantification has been successfully tested for mass
spectrometry, but a commercial breakthrough is still lacking. The major reason
for this is probably the fact that commercial GDMS instruments are slow and
cumbersome to operate compared with the GD-OES instruments. To date, most
depth profile work has been carried out with optical emission instrumentation
(GD-OES). There are a number of technical reasons for this, primarily connected
with analysis speed. However, a substantial amount of interesting depth profile
work has also been carried out using mass spectrometers (GD-MS). With the
development of faster GD-MS systems, such as that recently developed by Dorka
et al. at the IFW in Dresden [6], it is anticipated that MS will become more
frequently used for depth profile analysis in the future.

This chapter presents the experimental aspects and underlying plasma physics
that have led to the growing use of glow discharge sources in depth profiling
applications. Examples of applications to industrial products, including metal-
lic coatings, surface oxides, nitriding, carburizing and paints, are presented to
illustrate the potential range of applications.

5.2 INSTRUMENTATION

As was mentioned in the previous section, the majority of depth profiling work
to date has been carried out using glow discharge optical emission (GD-OES)
and sources based on the design of Grimm from 1967. The principal layout and
function of this source are presented in Chapter 2.
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With a relatively high current density of 50—500 mA/cm?, the depth pene-
tration rate in a Grimm-type GD is typically in the range 1-10 pum/min. The
homogeneous electric field distribution in the plasma region ensures that the
sample surface is sputtered fairly evenly, resulting in a crater with a nearly flat
bottom (Figure 5.1). In order to make full use of the vast amount of analytical
information provided from the glow discharge, the spectrometer must be able to
sample the emission signals at a rate of at least 100 times per second per spec-
tral channel. As a consequence, so-called multichannel spectrometers are most
commonly used. A spectrometer of this type has a fixed grating, and is equipped
with individual photomultiplier detectors for up to 60 analytical spectral lines
(wavelengths), determined by exit slits in fixed positions. The optical design is
based on those of Rowland or Paschen—Runge employing focusing gratings (see
Chapter 2). Depending on the analytical applications, spectral lines for the ele-
ments of interest are selected for the data acquisition. In order to accommodate
sensitive spectral lines for some of the light elements (C, S, P, N, O), the spec-
trometer optics must be in vacuum or a purged gas atmosphere, since the most
sensitive lines for these elements are found in the vacuum UV spectral region
below 200 nm. For increased flexibility, a complete spectrometer system often
incorporates some scanning device, e.g. an additional monochromator with fixed
detector and a movable grating.

In commercially available GD-OES systems, the source is normally fixed to
the spectrometer to form one integrated unit. A schematic diagram of a GD-OES
spectrometer system, based on a Grimm-type source, is shown in Figure 5.2.

Discharge

Ar-stream

Erosion crater 0.2-0.3 mm

10 nm ... 200 um

Figure 5.1 A sputtering crater in front of the hollow anode of a Grimm-type glow
discharge source
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Figure 5.2 Principal layout of a GD-OES spectrometer system. Reproduced by permis-
sion of Leco Corporation

Another class of spectrometer systems seeing increased use is compact spec-
trometers equipped with charged-coupled device (CCD) detectors instead of
photomultipliers. These spectrometers do not have the same performance as the
larger multichannel spectrometers in terms of spectral resolution and acquisition
speed, but they can be manufactured at considerably lower cost. Commercial
GD-OES instruments with CCD spectrometers have recently become available
from the companies Spectruma Analytik and Leco Corporation. An advantage
with such spectrometers is that complete spectra can be recorded depending on
the design, which is very useful for method development and diagnostic work.
A disadvantage is that the detector gain is the same for all lines, which limits
the dynamic range in that many intense lines become saturated if the gain has to
be set for weak lines. Furthermore, if the low cost advantage is to be retained,
these spectrometers are designed for low to moderate spectral resolution.

5.3 PRACTICAL ASPECTS AND RESULTS
5.3.1 INSTRUMENTAL SETTINGS

When performing depth profile analysis, there are a number of practical consid-
erations in addition to those common to bulk analysis of solids. In most depth
profile applications, the samples can only sustain a limited amount of heat, and
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this fact restricts the setting of the discharge parameters (power, voltage and
current). On the other hand, a high depth penetration rate is often desired in the
interest of sample throughput and signal intensity. Optimization of the discharge
parameters is therefore to a large extent the search for maximum sustainable input
power. This value is in turn instrument-dependent, mainly owing to differences
in sample cooling systems.

Concerning differences in power input, special attention must be paid to rf
systems as opposed to dc systems. In a dc source, the applied power is identical
with the plasma power, and optimized settings for one source type can be trans-
ferred to another of different manufacture. This is not the case for rf sources,
where a substantial part of the input power is lost in cables, connectors, etc.
These losses vary to a large extent between sources of different manufacture,
and are typically in the range 10—60% of the applied power (see Chapter 4). As
an example, an applied power of, e.g., 40 W can give the same plasma (effective)
power as 15 W in another source. Consequently, determination of the maximum
sustainable applied power must be carried out individually for each rf source type.

In terms of analytical figures of merit, the depth resolution is normally of
primary importance. It is well known that the shape of the sputtering crater is
affected by the discharge parameters. General recommendations valid for several
applications are not available, since the optimum conditions are highly material
dependent. If the user has a profilometer device available, it is recommended to
carry out tests at different voltage—current (or power—pressure) combinations to
determine the best settings for a flat crater bottom, compatible with the other
restrictions. A profilometer is a device that determines the shape and roughness
of a surface on a micrometer scale, using a fine mechanical needle or a laser
beam to probe the surface. Alternatively, a coated sample can be run at different
conditions and the depth profile interface examined for selection of the best
conditions. The best conditions are usually when the transition from the coating
to the substrate appears as sharp as possible, but the signal-to-noise ratio must
also be considered.

In addition to suitable discharge parameters, data acquisition parameters must
be selected. While it was stated previously that a speed of at least 100 mea-
surements per second per channel was required for a good system, it is seldom
meaningful to use such high speeds throughout the depth profile, since that leads
to excessively large data files loaded with redundant information. In several appli-
cations, a high speed during the first few seconds in order to see rapid transients
in the top atomic layers is useful, then the speed can be progressively decreased
to the order of one measurement cycle per second at depths exceeding a few
micrometers.

5.3.3 PRESENTATION AND INTERPRETATION OF DATA

As was mentioned in the Introduction, the primary data obtained are in the form
of intensities from the elemental detectors as a function of sputtering time. This
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Figure 5.3 Qualitative depth profile through the oxide layer of a hot rolled steel

information is normally presented in diagrams on the computer screen and/or on
paper, which in a qualitative way represent elemental depth profiles through the
corresponding surface layers (Figure 5.3). The word qualitative is used in order
to emphasize the fact that the data presented in this way are not quantified into
concentration vs depth, which normally is the desired information. However, for
many applications a qualitative depth profile is sufficient. This can be the case
when, for example, the analytical problem is simply to compare ‘good’ samples
with ‘bad’ for troubleshooting in a production process. In order to extract full
analytical information from the data, however, quantification is necessary. The
quantification problem can be separated into two parts: (i) elemental concentra-
tions and (ii) sputtered depth. As we shall see in the following sections, there is
a connection between these two aspects of depth profile quantification that can
be effectively exploited.

The Emission Yield Concept as a Basis for Quantification
in Optical Emission

Experimentally, it is easy to show that the emission intensities of analytical lines
in GD-OES are proportional not just to the concentration of the corresponding
element, but also to the sputtering rate of the sample. Intuitively, this obser-
vation is easy to accept; the emission intensity should be proportional to the
sample atom density in the plasma, which in turn should be proportional to the
sputtering rate. If we allow the voltage, current and pressure to vary, the situation
becomes more complex. However, as long as the excitation conditions remain at
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least nearly constant, the sputtering rate—intensity proportionality provides for an
elegant solution to the quantification problem based on the concept of the emis-
sion yield [7,8], which can be defined as the emitted light per unit of sputtered
mass of an element. The emission yield is an element- and instrument-dependent
quantity, which must be determined independently for each spectral line and
instrument. The assumption which forms the basis for this quantification tech-
nique is that the integrated signal intensity from one element (and spectral line)
is proportional to just the sputtered mass of that element, which implies that the
emission yield is independent of the sample matrix. This has been investigated by
several authors [9,10], and is now widely accepted to be valid, at least to a first
approximation. Mathematically, the relation described above can be expressed as

Ry = Inmat/(swn (5.1

where dw, is the sputtered mass of element n during time increment 8¢, I, is the
emission intensity of spectral line m of element n and R, is the emission yield
of spectral line m of element n, which is an atomic- and instrument-dependent
quantity.

Equation 5.1 is equivalent to

Lim = quban (52)

where ¢, is the concentration of element n in sample segment b and ¢, (=
dw,/8t) is the sputtering (mass loss) rate in sample segment b.

Calibration is effected by determining the emission yields by means of cali-
bration samples. These samples may be of bulk type with known concentrations,
in which case it is necessary to determine the sputtering rate of each calibration
sample. Alternatively, samples with coatings of known composition and thickness
may be used. The crucial difference compared with a bulk calibration of tradi-
tional type is that the calibration samples, owing to the matrix independence of
emission yields, do not have to be of very similar composition to the unknown
samples that are to be measured. This fact increases enormously the practical
applicability of the emission yield quantification method over methods requiring
matrix-matched calibration samples. As an example, a set of calibration samples
consisting of low-alloy steels, high-alloy steels, cast irons, a few different alu-
minium alloys, a few different brasses and a high-purity copper will cover a wide
range of depth profile applications. Depending on the intended applications, this
‘basic’ set of calibration samples needs to be supplemented with ‘high’ samples
for O, N and preferably H. Such calibration samples are not readily available,
and in-house samples are often used.

In practical analytical work, the most commonly used calibration function is
the following rewritten version of Equation 5.2:

Cndb = knm Lnm — bum (5.3)
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where k,,, is a calibration constant (equal to the inverse of the emission yield) and
b 1s the background signal expressed in the same units as the mass loss rate.

Equation 5.3 is often augmented by a second-order term to handle any nonlin-
earity of the calibration curves. For several sensitive spectral lines, nonlinearity
occurs as a result of self-absorption. Not shown here, the calibration function
normally also includes so-called line interference corrections to compensate for
spectral line overlaps.

In a slightly different approach, a quantification method developed by SIMR
is often referred to as the ‘intensity normalization’ technique [11]. The basic
calibration function is the following:

¢n = knm LumGret/qp — bum (5.4)

where ¢r is the sputtering rate of a commonly used type of calibration material
(e.g. low-alloy steel) of well determined sputtering rate (the reference matrix).
The rationale for using Equation 5.4 is that it closely resembles the normal cali-
bration function in bulk analysis, where concentrations of the calibration samples
are plotted as a function of intensity. The only difference is that the raw intensities
are first normalized to the sputtering rate of the reference matrix.

If the calibration function in Equation 5.3 is used, the primary data obtained
when measuring an unknown sample is the sputtered mass of each element per
time increment. The total sputtered mass of the sample is obtained as the sum
of all elements, and the concentrations are easily calculated as fractions of the
sum. If the calibration function in Equation 5.4 is used, the primary data obtained
are sputter rate-adjusted concentrations. If the sputtering rate is higher than that
of the reference matrix, the sum of all concentrations will be >100% and vice
versa. The correct concentrations are calculated by sum normalization to 100%.
The sputtering rate is then easily calculated from the normalization factor and
the sputtering rate of the reference matrix. It is a fairly straightforward exercise
to show that the two calculation approaches described above are equivalent.

Determination of Sputtered Depth

The effective sputtering rate is obtained in units of mass loss, i.e. ug/s. The
density must also be known in order to convert this information to depth. The
density can only be estimated from the elemental concentrations, since no other
information is available from the analysis. In the original SIMR method, the
density is calculated as a weighted average of the density of the pure elements,
according to their concentrations in atomic (not weight!) percent. This rather
crude method is essentially based on the simplified assumption that all atoms,
regardless of mass, occupy the same volume in a solid. With the exception of
a few unusually large atoms, this is a reasonable first-order approximation. An
alternative calculation algorithm described by Takimoto et al. [9], summing over
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the fractional volumes of each element, is almost functionally equivalent to the
SIMR method. Both methods give very accurate results for all types of metal
alloys. Compounds containing light and gaseous elements as majors (oxides,
nitrides, carbides, etc.) are more problematic. For example, it is well known that
the volume occupied by oxygen atoms in different metal oxides varies consider-
ably owing to the differences in the electronic and lattice structures of the oxides.
The densities assigned to these elements have to be taken as averages based on
measured densities of several materials. Fitted to the SIMR calculation model,
these densities turn out to be surprisingly high, 4.2 g/m? for O and 4.7 g/m?
for N. The calculated densities for oxides, nitrides, etc., are generally accurate
to within 10%, but deviations up to 30% have been observed in a few cases.
An inaccurate density will translate into a corresponding systematic error in the
determined sputtered depth. However, given the state of the art of quantitative
depth profile analysis, the uncertainty in the density estimate can still be regarded
as a second-order problem.

Compensation for Variations in Excitation Conditions

As was mentioned in Section 5.1, the approximation of constant emission yields
is only valid for constant excitation conditions in the source. Source current,
voltage and pressure determine the excitation conditions. From practical experi-
ence with GD-OES systems, it is well known that different applications require
different settings of these parameters. Furthermore, at least one of these param-
eters will normally vary during the course of an analysis. In state-of-the-art dc
systems, the two electrical parameters can be controlled by means of an active
pressure regulation system, i.e. the pressure is allowed to vary. In systems with-
out active pressure regulation, one of the electrical parameters will normally vary
instead. The reason for these variations is that different sample materials give
different plasma impedance, the sample being the cathode. For these reasons, it
was considered necessary in the development of the SIMR quantification method
to be able to compensate for variations in the excitation parameters. Experi-
mentally, intensities from a large number of reference samples were measured
while systematically varying the voltage and current. The results were fitted
to different mathematical models, leading eventually to the empirical intensity
expression [12]

Inm = knmcncqbiAm fm(U) (55)

where k,, is an atomic- and instrument-dependent constant characteristic of spec-
tral line m, A,, is a matrix-independent constant, characteristic of spectral line m
only, U is the voltage and f,,(U) is a polynomial of degree 1-3, also character-
istic of spectral line m.

Equation 5.5 embodies both the sputtering-rate intensity dependence from
Equation 5.2 and the direct influence of voltage and current on the excitation
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processes. The current dependence is exponential; experimentally determined
values of A,, are in the range 1.0-2.5, with a remarkably large proportion rel-
atively close to 2.0. Since this is a quadratic function, and the sputtering rate
increases linearly with increase in current, this shows that the emission yield
increases approximately linearly with the current. The voltage dependence is
most conveniently modelled by a polynomial. Experimentally, it has been found
that, for a large number of analytical lines, the intensity increases approximately
as the square root of the over-voltage (U — Up), where U is the lower thresh-
old voltage for sputtering to occur [13]. This in turn shows that the emission
yield actually decreases with voltage, since the sputtering rate increases linearly
with increasing over-voltage. Constants A,, and polynomials f,(U) for a large
number of analytical lines have been measured by several laboratories. Tables
of these constants are made available by manufacturers of GD-OES spectrome-
ters. In the SIMR quantification model, Equation 5.5 is used to compensate for
voltage—current variations by normalizing the measured intensities to those used
for the calibration measurements. This added feature is to date unique for the
SIMR model.

It should be noted that equation (5) does not include the pressure as a param-
eter. While pressure changes will always affect the emission yields indirectly by
changes in at least one of the electrical parameters (due to the plasma impedance
change), it is still a matter of some controversy whether there is any substantial
direct influence of pressure on the emission yields. Experimentally, it is difficult
to investigate this in detail because the three plasma parameters cannot be varied
independently: if any two are fixed the third is determined by the sample material.
In two investigations where different types of sample materials were used, and
all three source parameters were measured [14,15], it was found that the direct
influence of pressure was at least considerably smaller than that of the electrical
parameters. Whether this holds true in general for all elements and spectral lines
remains to be further investigated.

Quantification Using Radio Frequency-powered Sources

Over the last few years, radio frequency (rf)-powered glow discharge sources
have found more widespread use, also for depth profile analysis. While the
original motivation for the development of rf sources was the need to analyse
non-conducting materials, it can be used equally well for conductive materials.
In terms of quantification, it has been found that the basic emission yield con-
cept functions in the same way as for direct current (dc)-powered sources [16].
A complication compared with dc sources is that the electrical parameters in the
plasma cannot be well controlled or measured, at least not with the technology
in currently commercially available instruments. Therefore, it is necessary to be
more cautious in ensuring that the excitation conditions do not change excessively
for different sample types when using rf sources.
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Quantification Using GDMS Techniques

In the case of GDMS, no generally accepted method of quantification of depth
profiles has emerged. In most cases, standard bulk methods have been used
for the determination of elemental concentrations. The sputtered depth has then
been calibrated against direct measurements of sputtering rates of the materials
analysed. However, Jacubowski and Steuwer successfully used a quantification
method very similar to the emission yield technique [17].

Artefacts to be Considered

A qualitative depth profile is always more or less distorted with respect to the
true profile, in basically two respects. First, variations in the sputtering rate have
the effect that the depth is not linear with the time scale. Second, since the
emission intensity is proportional to the sputtering rate, these variations also
cause a distortion in the apparent concentrations. An example of these types of
nonlinearity is Zn-based coatings on steel sheet, where the sputtering rate in the
coating is substantially higher than in the steel. In many applications, this effect
is not so obvious, since the elements that make up one coating often are nearly
nonexistent in other layers or the substrate material. The example in Figure 5.4,
ZnFe on steel, shows both effects in a very illustrative manner. In the intensity
vs time diagram, the substantially higher sputtering rate in the coating compared
to the steel gives the impression that the coating is thinner than the sputtered
depth in the steel substrate, and the Fe concentration in the coating is very high,
on the average approaching 50%. The concentration vs depth diagram gives the
correct picture of the profiled depth of the sample.

Even as quantified, there are certain artefacts from the sputtering process that
must be considered when interpreting a depth profile. First, the sputtering process
fundamentally limits the depth resolution. Starting with a minimum ‘informa-
tion depth’ of the order of 1 nm on the top surface [18], the relative depth
resolution (apparent interface width/sputtered depth) is fairly constant and typi-
cally 10-15% [19]. This means that at, e.g., 10 um depth, an ‘infinitely sharp’
interface will appear as approximately 1 pum thick. This is typical of any depth
profiling technique based on sputtering, and it must be kept in mind when, e.g.,
concentration levels in interface regions are estimated. A very narrow peak of
high concentration will be ‘smeared out’, with the effect that the determined
peak concentration may appear considerably lower than the true value. However,
the integrated elemental mass under such a peak, as expressed in, e.g., g/m?,
remains correct and is not affected by depth resolution. A more difficult form of
artefact to deal with in depth profile analysis is what is known as ‘preferential
sputtering’. This occurs if the sample has a coarse microstructure with relatively
large grains of different phases [20]. An example is aluminium oxide particles
on a Zn surface. Owing to the very large difference in sputtering rates of these
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Figure 5.4 Qualitative and quantitative depth profiles of a ZnFe coating on steel

materials, the oxide appears to penetrate deeper into the Zn layer that it actually
does. An example of distortion due to both the effects of limited depth resolution
and preferential sputtering is shown in Figure 5.5. In this depth profile (recorded
with an rf source) of a painted and galvanized steel sheet, the AlZn metallic
coating appears to be alloyed into the steel in the interface, as evidenced by long
‘tails’ of Zn, Al and Si extending into the steel substrate. However, these ‘tails’
are due to a combination of crater bottom curvature and preferential sputtering
in the rather complex AlZn coating material.

In more recent years, it has been discovered that a type of ‘matrix’ effect,
primarily from hydrogen, can also affect the quantification of GD-OES depth
profiles [21]. It has been shown that the emission yields of spectral lines from
other elements can be rather dramatically affected even by very minute concen-
trations of hydrogen in the plasma. The hydrogen can originate from the sample
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Figure 5.5 Quantitative depth profile of a polyester-coated Aluzinc on steel

itself, contamination due to adsorbed water and pumping oil inside the source, or
small vacuum leaks. Both enhancement and suppression effects can be observed
for one element depending on the emission line used, showing that it is the exci-
tation probability of excited levels that are affected rather than ‘plasma chemical’
reactions at work. While source contamination and leaks should be minimized by
improved source design, owing to the number of applications where the hydro-
gen is found in the sample itself, it has become necessary to introduce matrix
correction algorithms to deal with these effects [22]. At present, such algorithms
are being introduced into software from major instrument manufacturers.

5.4 CONCLUSIONS

Depth profile analysis by glow discharge spectroscopy has emerged in the last
two decades as a very useful and practical analytical technique. In optical emis-
sion (GD-OES), depth profiling has arguably become more important in terms
of industrial applications than conventional bulk analysis of solids. A major rea-
son for this is that efficient and accurate methods of quantification have been
developed, and in this respect GD-OES outperforms several other depth profiling
techniques (see Chapter 9). Another important reason for the industrial interest
in the depth profiling technique is the high sputtering rates combined with true
multielement analysis, providing exceptionally high sample throughput. In recent
years, the field of applications of GD-OES has been dramatically expanded by
the introduction of the rf technique, allowing nonconductive layers and materials
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to be analysed. Examples of current industrially important applications for depth
profile analysis are metallic coatings, surface oxides, nitriding and carburizing,
paints, etc. As the methodologies and instrumentation evolve, an even greater
range of applications can be imagined.

5.5 REFERENCES

. Greene, J. E.; Whelan, J. M. J. Appl. Phys. 1973, 44, 2509-2513.

Belle, C. J.; Johnson, J. D. Appl. Spectrosc. 1973, 27, 118—-124.

Grimm, W. Spectrochim. Acta, Part B 1968, 23, 443—-454.

. Berneron, R. Spectrochim. Acta, Part B 1978, 33, 665-673.

. Berneron, R.; Charbonnier, J.-C. Surf. Interface Anal. 1981, 3, 134—141.

. Dorka, R.; Hoffmann, V.; Kunstar, M. Presented at the European Winter Conference

on Plasma Spectrochemistry, Hafjell, Norway, 2001, Poster PA-31.
7. Takadoum, J.; Pivin, J. C.; Pons-Corbeau, J.; Berneron, R.; Charbonnier, J. C. Surf.
Interface Anal. 1984, 6, 174—183.

. Suzuki, K.; Nishizaka, K.; Ohtsubo, T. Trans. ISIJ 1984, 24, B—259.

. Takimoto, K.; Nishizaka, K.; Suzuki, K.; Ohtsubo, T. Nippon Steel Tech. Rep. 1987,
33, 28-35.

10. Naoumidis, A.; Guntur, D.; Mazurkiewicz, M.; Nickel, H.; Fischer, W. In Proceed-
ings of the 3rd User-Meeting Analytische Glimmentladungs-Spektroskopie, liilich,
1990, pp. 138-153.

11. Bengtson, A. Spectrochim Acta, Part B 1994, 49, 411-429.

12. Bengtson, A.; Eklund, A.; Lundholm, M.; Saric, A. J. Anal. At. Spectrom. 1990, §,
563-567.

13. Boumans, P. W. J. M. Anal. Chem. 1972, 44, 1219-1228.

14. Payling, R. Surf. Interface Anal. 1995, 23, 12-21.

15. Bengtson, A.; Hénstrom, S. J. Anal. At. Spectrom. 1998, 13, 437-441.

16. Jones, D. G.; Payling, R.; Gower S. A.; Boge, E. M. J. Anal. At. Spectrom. 1994, 9,
369-373.

17. Jakubowski, N.; Steuwer, D. Appl. Spectrosc. 1992, 7, 951.

18. Hoffmann, V.; Praessler, F.; Wetzig, K. Nachr. Chem. Techn. Lab. 1998, 46,
535-538.

19. Payling, R. Glow Discharge Optical Emission Spectrometry, John Wiley & Sons Ltd,
Chichester, 1997, pp. 27-28.

20. Klang, H.; Nilsson, J.-O.; Osterholm, L.-H.; Karlsson, J.; Hornstrom, S.-E. In
Progress of Analytical Chemistry in the Iron and Steel Industry, Luxemburg, ed.
Tomellini, R., office for Official Publications of the European Communities, Brussels,
1996, pp. 317-324.

21. Bengtson, A. and Hénstrom, S. In Progress of Analytical Chemistry in the Iron and
Steel Industry, Luxemburg, ed. Tomellini, R., office for Official Publications of the
European Communities, Brussels, 1999, pp. 47-54.

22. Bengtson, A.; Hénstrom, S.; Hocquaux, H.; Meilland, R.; Zachetti, N.; Lo Pic-

colo, E.; Hoffmann, V.; Prissler, F.; Osterholm, L.-H.; Homman, P. Technical Steel

Research, Report EUR 18919 EN, European Commission, Brussels, 1999.

Nelioo]



6

Numerical Modeling
of Analytical Glow
Discharges

ANNEMIE BOGAERTS and RENAAT GIJBELS
University of Antwerp, Department of Chemistry, Wilrijk, Belgium

6.1 INTRODUCTION

In order to improve the analytical capabilities of glow discharges, and to study the
relation between plasma properties and analytical results, a good insight into the
plasma processes is desirable. This can be obtained by, among others, numerical
simulations of the behavior of the various plasma species.

There are a large number of papers in the (plasma physics) literature about
glow discharge modeling (e.g. [1—14]), but these models were generally devel-
oped for other application fields. Indeed, glow discharges and related plasmas are
not only used in analytical spectrometry, but also find application in a large num-
ber of other fields, e.g. in the semiconductor industry (for etching of surfaces or
for the deposition of thin films), in materials technology (for the deposition of pro-
tective coatings), as gas lasers, light sources, flat plasma display panels, etc. The
models referred to apply generally to other discharge conditions and setups. They
focus on different aspects in the plasma (e.g. mainly the electrical characteristics,
or plasma instabilities, etc.), and they do not consider the analytically important
characteristics (such as sputtered atoms and ions, optical emission intensities,
erosion rates, etc.). Nevertheless, these models have appeared to be very useful
as a basis to start the numerical modeling of analytical glow discharges. The list
of models for analytical glow discharges is rather limited. In addition to the work
carried out in our group (e.g. [15,16] and references cited therein), a number of
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other groups have performed modeling work for analytical glow discharges, but
only to a limited extent [17—21]. Therefore, the data presented in this chapter
will mainly stem from our work.

Table 6.1 gives an overview of the different modeling approaches in the
literature to describe glow discharge plasmas, with their specific features and
drawbacks. A so-called analytical model [1,2] is based on deriving suitable
equations to describe the plasma behavior. This approach is very fast and can
easily predict trends in the behavior of glow discharges. However, it is only a
rough approximation, valid for a limited range of conditions. A fluid model [3,4]
makes use of the first velocity moments of the Boltzmann equation (i.e. continuity
equations of particle density, momentum density and energy density) usually
coupled to Poisson’s equation to obtain a self-consistent electric field distribution.
This means that the electric field calculated from Poisson’s equation based on
the electron and ion charge densities is used in turn to calculate the behavior
of these charged plasma species. It is in principle also fairly simple and fast,
although it can be tricky to solve the set of coupled differential equations, but
it is also approximative. Indeed, it assumes that the plasma species are more
or less in equilibrium with the electric field, which means that the energy they
gain from the electric field is roughly balanced by the energy they lose due to
collisions. This is, for example, not true for the fast electrons in the cathode
dark space (CDS). In this region adjacent to the cathode, characterized by a
strong electric field, they gain more energy from the electric field than they lose
by collisions. Solving the full Boltzmann equation [5,6] takes into account the
nonequilibrium behavior of the plasma species, but this approach can become

Table 6.1 Different models used in the (plasma physics) literature to describe glow
discharge plasmas, with their specific features and limitations.

Model Short description Advantage Disadvantage
Analytical Simple equations Simple, fast Approximation
Fluid Momentum equations  Simple, fast, Approximation
of Boltzmann self-consistent (thermal equilibrium)
equation
Boltzmann Full Boltzmann Nonequilibrium Complex
equation
Monte Carlo  Newton’s laws + Accurate Long calculation time,
random numbers not self-consistent
Particle-in-cell As above + Poisson ~ Accurate + Long calculation time
equation self-consistent
Hybrid Combination of Accurate + —
above models self-consistent,

reduced calculation
time
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mathematically very complicated, especially in more than one dimension. In
contrast, Monte Carlo simulations [7,8] are mathematically very simple. Indeed,
a large number of plasma particles are followed, one after the other. Their
trajectories are calculated with Newton’s laws and their collisions are treated with
random numbers. If a large number of particles are followed in this statistical
way, their behavior can be simulated. Because this modeling approach describes
the plasma species at the lowest microscopic level, it is very accurate. However,
in order to obtain sufficient statistics, a large number of particles have to be
simulated, which leads to a long calculation time, especially for slow-moving
particles. Moreover, the Monte Carlo model on its own requires the electric
field distribution as input value, and therefore is not self-consistent. The latter
problem is overcome in the particle-in-cell method [9,11], which couples Monte
Carlo simulations for the behavior of electrons and ions to the Poisson equation
for a self-consistent electric field. However, this approach is even more time
consuming than the Monte Carlo approach.

As a method for analytical glow discharges we use a so-called hybrid model
[12—14], which benefits from the advantages of the various models, and does
not suffer so much from the disadvantages. Indeed, it is very accurate since it
applies the most accurate Monte Carlo models where needed, namely for fast
plasma species, such as fast electrons and ions, and it benefits from a reduced
computation time by using faster (fluid) models where possible. This is the case
for slow plasma species, such as slow electrons and ions, which are practically
in equilibrium with the electric field. Moreover, when the fluid model also incor-
porates Poisson’s equation, the hybrid model also yields self-consistent results.
In this chapter, we will give an overview and a brief description of the different
models that we have developed for the various plasma species, and discuss some
typical results, mainly for direct current (dc), but also radio frequency (rf) and
microsecond pulsed discharges.

6.2 DESCRIPTION OF THE MODELS
6.2.1 GENERAL OVERVIEW

The various collision processes in the plasma, described in our hybrid model, are
summarized in Table 6.2. It is clear that not all these processes take place to the
same extent, but the table tries to give a complete overview, and can be used as
a reference when the processes are mentioned later in this paper. A schematic
picture of the most important plasma processes can be found elsewhere [22].
Table 6.3 gives an overview of the plasma species considered in our sim-
ulations, as well as the different models used to describe these species. We
assume that the discharge gas is pure argon and that the cathode is made of
pure copper. The argon gas atoms are usually assumed to be at rest, uniformly
distributed throughout the discharge, and in general no model is used to describe
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Table 6.2 Overview of the collision processes in the plasma described in the models.”

Electrons: elastic collisions with argon e” + A’ - e + A
atoms
Electrons: ionization of argon atoms or e+ X — Xt +2e

copper atoms or ions (in the ground state (X = Ar°, Ar*, Cu’, Cu*, Cut or Cu*¥)
or in excited levels)

Electrons: two-electron ionization of argon e” + A’ > ArPT 4+ 3e”
atoms

Electrons: ionization of Ar* ions e + Art > AT 4 2e

Electrons: excitation of argon atoms or e +X—>e +X*
copper atoms or ions (in the ground state (X = Ar°, Ar*, Cu®, Cu*, Cut or Cu*™)
or in excited levels)

Electrons: de-excitation of argon atomic or e +X* —>e + X" orX°

copper atomic or ionic excited levels (X* = Ar*, Cu*, or Cu™)
Electrons: Coulomb scattering with other e +e —>e +e
electrons
Argon ions: elastic collisions with argon Art + A — Art + AP
atoms

Argon ions: symmetric charge transfer with ~ Ary™ + Ar‘s’ — Ar(f’ + Ar,t
argon atoms

Argon ions: ionization of argon atoms (in Art + Ar® (or Ar*) — Art + Art + e
the ground state or in excited levels)
Argon ions: excitation of argon atoms (in Art + A (or Ar*) — ArT + Ar
the ground state or in excited levels)
Argon ions: de-excitation of argon excited Art + Ar* — Art 4+ Ar* or Ar°
levels
Argon ions: Art to Ar,™ conversion Art 4+ 2A1°° > AT + AP
Argon atoms: elastic collisions with argon A’ + A% — A% 4+ AL
atoms

Argon atoms: ionization of argon atoms (in  Ar® + Ar® (or Ar*) - A’ + Arf e
the ground state or in excited levels)

Argon atoms: excitation of argon atoms (in  Ar® + Ar® (or Ar*) — Ar® + Ar™
the ground state or in excited levels)

Argon atoms: de-excitation of argon excited A1’ + Ar* — Ar’ + Ar* or Ar’
levels

Electron—Ar™ ion radiative recombination e” + Art — Ar® (or Ar*) +hv
Electron—Ar" (or Ar?* or Cu” or Cu®")ion e + X" 4+e — X° (or X*) +e~
three-body recombination with an (X = Ar, Art, Cu or Cut)

electron as third body

Electron—Ar* ion three-body recombination e~ + Ar™ + A = A (or Ar*) +Ar°
with an argon atom as third body

Electron—Ar, " ion dissociative e” + Ant — A (or Ar*) +Ar° (or
recombination Ar’")
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Table 6.2 (continued)

Radiative decay of argon atom, copper atom
or ion excited levels

Argon metastable atom—metastable atom
ionization

Argon metastable atom—metastable atom
associative ionization

Hornbeck—Molnar associative ionization
(for Ar*™* >14.6 eV)

Two-body collisions of argon metastable
atoms with Ar atoms

Three-body collisions of argon metastable
atoms with Ar atoms

X* — X° (or X*') + hv

(X = Ar, Cu or Cuh)

Art +Art — Art + A e
Arl + Arl, > At +e”

A 4+ A —> At + e

At 4+ A% — A 4 A

Art 4+ 2A1° — Ar; + Ar°

Cu (sputtered) atoms: elastic collisions with
argon atoms — until thermalized

Cu atoms: Penning ionization by argon
metastable atoms

Cu atoms: asymmetric charge transfer with
Ar" ions

Cu atoms: two-electron asymmetric charge
transfer with Ar** ions

Cu ions: elastic collisions with argon atoms

Cuf + Ar® — Cu” + Ar°

Arf 4+ Cu’ — A’ + Cut +e”
Art +Cu’ — A + Cu"
At + Cu® — A + Cu?t

Cut + A - Cut + A

4Ar*, Arfy, Ar”, and Ar** denote argon atoms in excited levels, in the metastable levels, in lower
excited levels and higher excited levels, respectively. The subscripts f and s indicate fast and slow
atoms or ions, respectively. The other symbols are straightforward.

Table 6.3 Overview of the different plasma species considered in the simulations, and
the various models used to describe these species.

Plasma species

Model

Ar gas atoms

Fast electrons

Slow electrons

Art, Ar?*, Ar,™ ions

Ar™ ions in CDS

Fast Ar? atoms in CDS

Ar atoms in various excited levels
Sputtered Cu atoms: thermalization

Cu atoms and ions in ground state +
excited levels

Cu™ ions in CDS

No model (uniformly distributed + at rest)
or gas heating model (dc case)

Monte Carlo model

Fluid model

Fluid model

Monte Carlo model

Monte Carlo model
Collisional-radiative model
Monte Carlo model
Collisional-radiative model

Monte Carlo model
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their behavior. Nevertheless, we recently developed a model to describe argon
gas heating in dc glow discharges, and we calculated a nonuniform gas tem-
perature and hence a nonuniform argon gas density throughout the discharge.
The other plasma species are described by either a Monte Carlo, a fluid or a
collisional-radiative model. The electrons are split up into a fast and a slow
group, depending on their energy. The electrons are called ‘fast’” when they
have enough energy to produce inelastic collisions (i.e. ionization and excita-
tion). The fast electrons, which are not in equilibrium with the electric field,
are described with a Monte Carlo model, whereas the slow electrons, which
can be considered to be in equilibrium with the electric field, are treated with
a fluid approach, together with the argon ions (Art, Ar>* and Ar,*). More-
over, this fluid model incorporates also the Poisson equation, for self-consistent
electric field results. Since the Ar™ ions are not in equilibrium with the strong
electric field in the CDS, they are also handled with a Monte Carlo model in
this region. Moreover, the fast argon atoms, Ar?, which are created in colli-
sions from the Ar" ions, are also simulated with a Monte Carlo model in the
CDS. The argon atoms in various excited levels are described with a so-called
collisional-radiative model. This is actually a kind of fluid model, which consists
of a set of balance equations (one for each excited level) with different produc-
tion and loss terms. The name ‘collisional-radiative’ model stems from the fact
that the production and loss processes are typically due to collisions or radiative
decay (see below).

The sputtering of copper atoms at the cathode is calculated with an empiri-
cal equation for the sputtering yield as a function of energy of the bombarding
particles, multiplied with the flux energy distributions of the bombarding parti-
cles. Immediately after sputtering from the cathode the sputtered copper atoms
undergo a thermalization as a result of collisions with the argon gas atoms. This
is described with a Monte Carlo model. The further behavior of copper atoms,
their ionization and excitation and the behavior of the corresponding copper
ions and excited copper atoms and ions is described with a collisional-radiative
model. Finally, because the copper ions are not in equilibrium with the elec-
tric field in the CDS, they are also described with a Monte Carlo model in
this region.

All the models mentioned above are coupled to each other because of the
interaction processes between the species, i.e. the output of one model is used as
input for the next model, and so on. The models are solved iteratively until final
convergence is reached, to obtain an overall picture of the glow discharge. The
Monte Carlo models are developed in three dimensions. The fluid and collisional-
radiative models, however, are only two-dimensional. Indeed, the glow discharge
cells under investigation in our work are assumed to be cylindrically symmetri-
cal. Hence the three dimensions can then be reduced to two dimensions (axial
and radial direction). In the following, the various models will be explained in
more detail.
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6.2.2 MONTE CARLO MODEL FOR FAST ELECTRONS

The behavior of the fast electrons is simulated by following a large number of
electrons, one after the other, during successive time steps. During each time
step, the trajectory of an electron is calculated with Newton’s laws:

E(z,rt
Z=Zo+UZOAt+M(AZ)2
2m
E , 1, 1) cos(a
x=x0+vx0At+q rad (2 ) ()(A[)2
2m
E ,r, 1) si
y=yo+vaAt+q rad (2, T )Sln(a)(At)Z
’ 2m 6.1)
anx(Z’r,t) .
UZ:vZO—i—TAt
Eq(z, 7, t)cos
v, =vx0+q rad (2, 75 1) (Q)Al‘
m
E , F, 1) sin
v, :vy0+q rad (2, 75 1) (a)Al‘
m

where zo, xo, yo and z, x, y are the position coordinates before and after Az,
Vzs Uxy» Uy, and v, vy, vy are the velocities before and after Af. E, and Epq
are the axial and radial electric field, as a function of axial and radial position
and time (obtained from the argon ion—slow electron fluid model, see below), «
is the azimuthal angle of the radial position (i.e. the angle of the radial position
coordinates with respect to the x-axis), and ¢ and m are the electron charge and
mass, respectively.

The probability of collision during that time step, Prob.y, is calculated and
compared with a random number between O and 1:

Probeon =1 — exp{_ASZ[nacoll(E)]} (6.2)

where As is the distance traveled during At and n and o, (E) are the densities
of the target particles and the cross-sections of the different collision types of
the electron with energy E. If the probability is lower than the random number,
no collision occurs, and the Monte Carlo solver continues with the next elec-
tron during that time step. If the probability is higher, a collision takes place.
The collisions taken into account in the model are elastic collisions with argon
ground-state atoms, electron impact ionization, excitation and de-excitation for
all argon atom levels, copper atom and copper ion levels, as well as electron
impact ionization from Ar* ions and two-electron impact ionization from Ar° to
Ar**. Finally, electron—electron Coulomb scattering is also taken into account.
To determine which collision takes place, the partial collision probabilities of
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the various collisions are calculated, and the total collision probability, which is
equal to one, as it is the sum over all partial collision probabilities, is subdivided
in intervals with lengths corresponding to these partial collision probabilities. A
second random number between 0 and 1 is generated, and the interval in which
the random number falls determines the collision that takes place. Then, the new
energy and direction after collision are also defined by random numbers, based
on energy and angular differential cross-sections.

This procedure is repeated for the next electron during that time step, and
so on, until all electrons are followed. Then, the Monte Carlo procedure is
repeated during the next time step, again for all electrons, and so on, until
a steady state is reached. However, the electrons can also be removed from
the Monte Carlo model, when they undergo recombination at the cell walls, or
(at least in the dc discharge) when they are transferred to the slow electron
group. The latter occurs when they reach energies lower than the threshold for
inelastic collisions. Indeed, these ‘slow’ electrons are only important for carry-
ing the electrical current and for providing negative space charge, and they can
as well be described with a fluid model (see below), to save calculation time.
However, when we want to calculate the detailed excitation and de-excitation
between the various excited argon and copper levels for the collisional-radiative
models (see below), all electrons, also the slow ones, are simulated with the
Monte Carlo model, because low-energy electrons can cause de-excitation or
excitation to nearby levels. More information about this model can be found
elsewhere [23-27].

6.2.3 FLUID MODEL FOR ARGON IONS AND SLOW ELECTRONS

As mentioned in the Introduction, a fluid model consists generally of the (first
three) velocity moments of the Boltzmann equation: continuity of particle den-
sity, of momentum density and of energy density. In our model, the energy
balance equation is generally not solved, because the energy of the fast electrons
and of the argon ions in the CDS is calculated with a Monte Carlo model, and
the slow electrons and argon ions in the negative glow (NG) can be consid-
ered to be thermalized. Moreover, the momentum equations for argon ions and
electrons are reduced to the transport equations based on diffusion and migra-
tion in the electric field. The latter is justified when the collision mean free
path is much smaller than the typical cell dimensions, which is definitely the
case for most analytical glow discharges, where the pressure is typically in the
range 0.5-5 Torr.

As argon ionic species, Art, Ar*t and Ar,t ions are taken into account in this
model. The continuity equations and transport equations for the three types of
argon ions and for the slow electrons are coupled to Poisson’s equation to obtain
a self-consistent electric field distribution, which is used later on in the electron
and argon ion Monte Carlo models to calculate the trajectory by Newton’s laws.



Numerical Modeling of Analytical Glow Discharges 163

This yields the following equations:

anAr"'(Z’rv t) =
—F+V. ]Aﬁ(Za r,t) = Rprod,Ar"'(Za r,t) — Rloss,Ar+(Z’ r, 1)

at
Mnpp+(z,n1) = ——
T + Vo jape(z, 1) = RProd,Ar2+ (z,r,1) = Rloss,Ar2+ (z,r. 1)
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n and j, respectively, are the densities and fluxes of the argon ionic species and
electrons, Rpoq and R are the production and loss rates (see Table 6.2 for the
reaction mechanisms). Production of Ar" ions is due to electron impact ioniza-
tion, which is calculated in the electron Monte Carlo model above, as well as
Ar?* —electron recombination. Loss of Ar" ions is due to Ar —electron recombi-
nation, atomic to molecular ion conversion from Ar" to Ar, " and electron impact
ionization from Ar* to Ar**. The production processes for the Ar>* ions include
electron impact ionization from Ar® and from Art, as calculated in the Monte
Carlo model above. The loss processes are Ar’*—electron recombination and
two-electron asymmetric charge transfer with Cu®, being a resonant process [28].
Production of Ar,™ ions is caused by associative ionization of argon atoms (Horn-
beck—Molnar process or due to the collision of two argon metastable atoms), as
well as by atomic ion to molecular ion conversion (see above). Loss of Ar,™ ions
is assumed to occur entirely due to dissociative recombination. Finally, produc-
tion of the slow electrons is due to electron transfer to the slow electron group
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(calculated in the above electron Monte Carlo model), whereas loss of these elec-
trons is due to various electron—argon ion recombination mechanisms. Further,
E is the electric field and V is the electric potential. D and u, respectively, are
the diffusion coefficients and mobilities of the argon ionic species and electrons.

The four transport equations can be inserted into the four continuity equations,
leading to a set of five coupled differential equations, including Poisson’s equation,
with boundary conditions: V = —V, at the cathode [or V () = Vy. + Vi sin(wist)
in the rf discharge, where V. is the dc bias voltage, Vit is the applied rf voltage
and oy is the rf frequency] and V = 0 at the anode; 7. g0 = O at all walls and
all times because electron—ion recombination at a conducting surface is assumed
to be infinitely fast, and Vi, Vi 2+, Via,+ = 0 at all walls and all times. The
latter means that the ion fluxes at the walls are only due to migration. This forces a
nonzero ion density at the electrodes, although it is expected that the ion density is
zero or close to zero, owing to Auger neutralization. Hence this boundary condition
is not completely correct, but it is used to avoid numerical difficulties due to a very
thin ion diffusion boundary layer.

Owing to the severe nonlinearity and strong coupling of the equations, solving
this model is a difficult numerical problem. The method we used was developed
by Passchier and Goedheer [4], and is based on the Scharfetter—Gummel expo-
nential scheme for the transport equations [29,30]. The basic idea is that the
particle fluxes are assumed constant between mesh points, instead of the den-
sities. The advantage of this scheme is its ability to switch between situations
where either the migration component or the diffusion component of the particle
flux is dominant, namely in the high and low electric field, sheath region (CDS)
and bulk plasma (NG), respectively. More details about this model can be found
in the literature [24-27,31,32].

6.24 MONTE CARLO MODEL FOR ARGON IONS AND FAST
ARGON ATOMS IN THE CDS

As mentioned before, the argon ions are not really in equilibrium with the strong
electric field in the CDS, and the fluid model is, therefore, only an approximation
for the argon ions in this region. Therefore, the argon ions are also simulated with
a Monte Carlo method in this region, which enables us to calculate the argon ion
energy distribution at the cathode, needed to calculate the amount of sputtering
(see below). Only the Ar™ ions are treated with this Monte Carlo model, because
the Ar’* and Ar,™ ions have a lower density and flux, and they play only a
minor role in the sputtering process [32]. However, in addition to the Ar* ions,
also the fast argon atoms (Ar(f)), which are created by collisions of the argon ions,
are described with this Monte Carlo model, since it was found that they play a
dominant role in the sputtering process [23].

The argon ion and fast argon atom Monte Carlo model is similar to the electron
Monte Carlo model. Indeed, during successive time steps, the trajectory of the
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ions and atoms is calculated by Newton’s laws, and the occurrence of a collision,
the nature of the collision and the new energy and direction after collision are
determined by random numbers. The collision processes taken into account are
elastic scattering collisions with argon ground-state atoms, for both ions and
atoms, symmetric charge transfer for argon ions (which is actually also a form
of elastic collisions, because there is no change in kinetic energy), and ion and
atom impact ionization, excitation and de-excitation for all argon atom levels.

The ions are followed until they bombard the cathode. Then, the ‘fast’ (i.e.
nonthermal) argon atoms created by collisions of the ions, are also followed,
until they collide at the walls or until they are again thermalized by collisions.
More information about this Monte Carlo model can be found in the litera-
ture [23,33,34].

6.2.5 HEAT TRANSFER MODEL FOR ARGON GAS ATOMS

In most cases, we have assumed in our model that the argon gas atoms are at
rest, uniformly distributed throughout the discharge, and that no specific model is
applied to describe their behavior. However, recently we have developed a model
for the dc discharge to calculate gas heating, and consequently the gas temperature
distribution, which yields, when the gas pressure is constant, a nonuniform gas
density distribution. The gas temperature is calculated as a function of z and r
position with the heat conduction equation:

3%T, +1 3 ( aTg> P 6.4)
— t+t = \|\r—)=— .
9z2  ror \ or K

where T, is the argon gas temperature, P is the power input and « is the thermal
conductivity (= 1.8 x 10~* W ecm~! K~! for argon). The power input in the argon
gas is calculated in the ion and atom Monte Carlo models, based on collisions
and subsequent energy transfer of the argon ions, fast argon atoms and copper
atoms (see below) to the argon gas atoms. A detailed description of this model
can be found in Bogaerts et al. [35].

6.2.6 COLLISIONAL-RADIATIVE MODEL FOR ARGON ATOM
EXCITED LEVELS

Figure 6.1 shows a schematic energy diagram of the argon atomic levels taken
into account in our model. Sixty-four argon atomic excited levels are consid-
ered; most of them are effective levels, i.e. a group of individual levels with
comparable excitation energy and quantum numbers. The four 4s levels, being
two metastable levels and two resonant levels, are, however, treated separately.
The behavior of these levels is described with 64 coupled balance equations,
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Figure 6.1 Argon atom energy level scheme, illustrating all the effective levels incor-
porated in the model. Reproduced by permission of The American Institute of Physics
from Bogaerts, A., Gijbels, R., and Vlcek, J., J. Appl. Phys. 1998, 84, 121-136
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taking into account a large number of populating and depopulating collisional
and radiative processes:

anAr*(Zvr7 t) D 1 a anAl'*(Zvra t) D 82”Ar*(z’ V, t)
_— —_— K ——— y—— —_ *—
at A ar ar Ar 922

= Rprod(z, 7, 1) — Rioss(z, 7, 1) (6.5)

The production and loss processes taken into account are electron, argon ion
and atom impact ionization from all levels, excitation and de-excitation between
all these levels, and electron—ion three-body and radiative recombination to all
levels, in addition to radiative decay between the levels and Hornbeck—Molnar
associative ionization (for Ar* levels with excitation energy above 14.7 eV).
Moreover, some additional processes are incorporated for the 4s metastable lev-
els, namely metastable atom—metastable atom collisions, Penning ionization of
the sputtered copper atoms, and two-body and three-body collisions with argon
ground state atoms (see Table 6.2 for the reaction mechanisms).

Transport occurs by diffusion; the latter plays only a role for the 4s levels,
because the higher excited levels decay more rapidly to the ground state by
emission of radiation than they could move due to diffusion. Furthermore, when
the two non-metastable 4s levels decay to the ground state, a large fraction of the
emitted radiation is re-absorbed by the ground level, leading again to formation
of this 4s level. This phenomenon of ‘radiation trapping’ is accounted for by
means of ‘escape factors’ which express the fraction of photons which can really
escape without being re-absorbed [36,37].

The 64 balance equations are coupled to each other, because higher and lower
levels affect each other owing to radiative decay, excitation and de-excitation.
The boundary conditions for these equations are na+ = 0 at all walls, because
the excited levels will de-excite upon collision at the walls. More information
about this model can be found elsewhere [38,39].

6.2.7 SPUTTERING AT THE CATHODE AND THERMALIZATION
OF THE SPUTTERED ATOMS

The flux of sputtered copper atoms is calculated from the flux energy distribu-
tion functions of the argon ions, fast argon atoms and copper ions (see below)
bombarding the cathode, f(0,r,t,E), calculated in the Monte Carlo models. It is
multiplied with an empirical equation for the sputtering yield as a function of the
bombarding energy (Y), adopted from Matsunami et al. [40]:

Jsput(o’ r, t) = _/;;{YAr—Cu(E)[fAr*(Ov r, tv E) + fAr(f)(()’ r, ta E)]

+ YCu—Cu(E)fCuJr (07 rt, E)} dE (66)
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When the copper atoms are sputtered from the cathode, they have energies of
the order of 5—10 eV. However, they lose these energies almost immediately in
the first few millimeters from the cathode, by collisions with argon gas atoms,
until they are thermalized. This thermalization process is described with a Monte
Carlo model, similar to the electron Monte Carlo model (see above), except
that the electric field does not come into play for the neutral atoms, and that
only elastic collisions with argon atoms are incorporated. Indeed, collisions with
other plasma species can be neglected, owing to the lower densities of these
species. This Monte Carlo model is employed until all atoms are thermalized,
and it results in a so-called thermalization profile, Fr, i.e. the number of atoms
thermalized as a function of position from the cathode. More details can be found
elsewhere [41].

The product of Jy,y and Fr will be used as source term for the copper atoms,
described in the next model.

6.2.8 COLLISIONAL-RADIATIVE MODEL FOR THE COPPER
ATOMS AND IONS

The further behavior of the thermalized sputtered copper atoms (i.e. transport,
ionization and excitation) and the behavior of the excited copper atoms and of
the copper ions, both in the ground state and in excited levels, are described
with a collisional-radiative model. Eight copper atom levels, seven copper ion
(Cu™) levels and the Cu®* ions are considered (see the energy level scheme in
Figure 6.2). Some of the Cu atom and ion levels are grouped into effective levels.
The behavior of all the levels is again described with a set of coupled balance
equations with various production and loss terms, i.e. electron impact ionization
from all levels, excitation and de-excitation between all levels, radiative decay
between all levels, electron—ion three-body recombination to the upper copper
atom and copper ion levels, Penning ionization by argon metastable atoms, and
asymmetric charge transfer between copper atoms and argon ions (see Table 6.2).
Moreover, an additional production term for the copper ground-state atoms is the
product of Jgp, and Fr, as is described above.

The transport occurs by diffusion for the atoms, and by diffusion and migration
for the ions. The equations are also coupled owing to the effect of higher and
lower levels on the other levels, and they are solved until a steady state is reached.
More information about this model is available [42,43].

6.2.9 MONTE CARLO MODEL FOR COPPER IONS IN THE CDS
As mentioned before, the copper ions are also treated with a Monte Carlo model in

the CDS, because they are not in equilibrium with the strong electric field in this
region. The procedure is again comparable to the electron Monte Carlo model,
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Figure 6.2 Copper atom and ion energy level scheme, with the effective level number
(left) and the designation according to Moore (right of the levels). The levels considered
in the model are presented in black. Reprinted from Bogaerts, A., Gijbels, R., and Car-
man, R. J., Spectrochim. Acta, Part B, 1998, 53, 1679—1703, with permission of Elsevier
Science
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and includes calculation of the trajectory by Newton’s laws, and treatment of the
collisions by random numbers (for more information, see earlier papers [44,45]).

6.3 RESULTS AND DISCUSSION

An overview of the typical quantities that have been calculated with our models is
given in Table 6.4. Comparison is made with experimental data, when available.
More details about the calculation results and the comparison with experiments
can be found in the references mentioned. In the following, some of the calcu-
lation results will be discussed in more detail, to illustrate the possibilities and
limitations of our models. Calculations have mainly been performed for dc glow
discharges, under both GDMS and GD-OES (Grimm-type) conditions; there-
fore, most results presented below apply to dc glow discharges. Nevertheless,

Table 6.4 Overview of the typical results obtained with our models, and comparison
with experimental data, if available.

Calculated quantities Comparison with experimental
(+ ref. for more information) data (4 ref.)

Electrical characteristics:

Current as a function of [33,46,47] Measured for VG 9000 [33,46]
voltage and pressure cell
(dc)

Rf amplitude and dc bias [31,48,49] Measured for Grimm-type [49]
voltage (rf) cell

Voltage, current, power as  [27] Measured for Grimm-type [50]
a function of time cell

(us-pulsed)
Potential, electric field
distributions:
3D potential distributions [24-27,31,46] —
3D axial and radial electric [24-27,31,46] —
field distributions

Value of the plasma [24-27,31,46] —
potential

Lengths of the different [24-27,31,46] Length of CDS as [46,51]
regions (CDS, NG) function of pressure and

current: empirical
equation of Aston

3D density profiles of:
Argon atoms (gas heating) [35] —

Argon ions [24-27,31,46] —
Fast argon atoms [23,46] —
Argon metastable atoms [38,39,45,46,52] Measured (for dc [53]

discharge) by laser
induced fluorescence
(LIF)
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Table 6.4 (continued)
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Calculated quantities
(4 ref.for more information)

Comparison with experimental

data (4 ref.)

Other argon excited levels
Fast electrons
Thermalized electrons

Atoms of the cathode
material

Tons of the cathode
material

Atoms + ions of the
cathode material, in
excited levels

Ion fluxes of argon and
cathode ions at the exit
slit of the cell to the
mass spectrometer (dc)

Ionization degrees of
argon and cathode
atoms

3D energy distributions
and mean energies of:
Electrons

Argon ions

Fast argon atoms
Cathode ions

Information about
collision processes:

3D collision rates of the
different collision
processes of electrons,
argon ions and fast
argon atoms and
relative importances of
these collision processes

3D rates of Penning
ionization, asymmetric
charge transfer and
electron impact
ionization and relative
contributions to the total
ionization of sputtered
atoms

[38,39]
[23-25,46]
[24-27,31,46]
[42-46]
[42-46]

[42,43]

[56,57]

[44-46]

[22,24,26,31,
46]
[22,34,46]

[23,34,46]
[44.,46]

[23-27,31,33,46]

[42-46]

Measured by Langmuir
probe (dc)
Measured by LIF (dc)

Measured by LIF (dc)

Ratio in qualitative
agreement with ratios in
dc GD mass spectra

Based on the LIF results
(see above)

Measured at cathode for
dc GDMS

Measured at cathode for
dc GDMS

[54]
[55]
[55]

(561

[55]

(58]

(58]

(continued overleaf’)
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Table 6.4 (continued)

Calculated quantities
(+ ref. for more information)

Comparison with experimental
data (4 ref.)

3D rates and relative
contributions of the
various populating and
depopulating processes
(see text) of the
metastable and other
excited argon levels

3D rates and relative
contributions of the
various populating and
depopulating processes
(see text) of the excited
cathode atom + ion
levels

Information about
sputtering:

Sputtering (erosion) rates
at the cathode

Thermalization profiles of
the sputtered atoms

Amount of redeposition on
the cathode by
backscattering or
back-diffusion

Relative contributions of
argon ions, fast argon
atoms and cathode ions
to the sputtering process

2D crater profiles due to
sputtering at the cathode

Emission spectra and
emission spatial
distributions due to
radiative decay from the
excited levels (for argon
and cathode atoms +
ions)

Effect of cell geometry on
the calculated quantities

Prediction of variations in
relative sensitivity
factors for GDMS

[38,39,45,46,52] —
[42,43] —
[43-47,59] Values for GDMS,
GD-OES, dc, rf
[41,46] —
[41,46,59] —
[23,43-46] —
[59] Profiles obtained for
GDMS

[39,43,63-65] Data from the literature

[56,57] —

[69] Data from the literature

[49,60-62]

[60]

[66-68]

[17]
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calculations have also been carried out for rf and microsecond-pulsed discharges,
and some of these results will also be discussed below.

6.3.1 ELECTRICAL CHARACTERISTICS

The only input parameters in the model are the cell geometry, the kind of dis-
charge gas and the corresponding cross-sections, and also in general the discharge
voltage, gas pressure and gas temperature. The electric current, which is another
macroscopic quantity, follows self-consistently from the calculation results, as the
sum of the microscopic fluxes of charged plasma species. Since this parameter
is, hence, one of the final results of the model, as it is summed over the various
charged species, and since it is also experimentally available, it can be used to
check the validity of the model. Indeed, when a realistic value for this calcu-
lated current is obtained, it can be expected that the other calculated microscopic
plasma quantities (fluxes, densities, etc.) are also more or less realistic.

Figure 6.3 presents the calculated dc electrical current as a function of volt-
age and pressure, for the VG 9000 glow discharge cell (Thermo Elemental; solid
lines, left axis). Current—pressure—voltage characteristics were also measured for
the same cell, and the results are also included in Figure 6.3 (dashed lines, right
axis). The agreement between theory and experiment is reasonable, in so far that
the current increases in a similar way with pressure and voltage. Indeed, at higher
pressures, there are more gas atoms, and therefore more ionization collisions and
hence the creation of more ions and electrons, which means that more current will
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Figure 6.3 Electrical current as a function of voltage at three pressures in a dc discharge
(standard VG 9000 flat cell). The calculation results are presented by the solid lines (left
axis), whereas the experimental values [72] are shown with dashed lines (right axis; note
the different vertical scale)
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flow through the discharge cell. The effect of the voltage is explained as follows.
At low voltages (below 600 V), the electrons have low energies (below the max-
imum in the electron impact ionization cross-section, at ca 100 eV) [70], and
increasing the voltage means that the electrons will reach more suitable energies
for ionization, leading to more electrons and ions, hence yielding a higher cur-
rent. At voltages above 600 V, the electrons have too high energies for efficient
ionization, and increasing the voltage means that the amount of electron impact
ionization will decrease again. However, at these high voltages, other processes
such as argon ion and atom impact ionization come into play. The cross-sections
of these processes reach their maximum at much higher energies (1000 eV and
more) [71], allowing a further increase in current with rising voltage. Indeed, in
the model described by Bogaerts et al. in 1995 [24], argon ion and atom impact
ionization were not yet incorporated, and the correct current—voltage behavior
could therefore not yet be predicted.

Exact quantitative agreement between the experimental and calculated cur-
rent—voltage relations is, however, not yet reached (note the different scales on
the y-axis), and can, in fact, at present not yet be expected. Indeed, the pressure
can in principle not directly be measured in the VG 9000 glow discharge cell.
In order to obtain current—voltage characteristics at specific pressures, the pres-
sure was measured with a thermocouple [72], but these measured pressures in
Figure 6.3 are subject to uncertainties. More recently, Venzago and co-workers
have proposed a pressure measurement in the VG 9000 cell, with the aid of a
Baratron capacitance manometer, which might be more reliable [73]. Moreover,
the exact gas temperature in the discharge cell is not known. We assumed a gas
temperature of 300—380 K (rising with pressure and voltage), because this is
a reasonable value, in so far as it is expected that the gas temperature in the
discharge is higher than room temperature at the present conditions, and it yields
realistic current values. For the sake of simplicity, we assumed uniform val-
ues throughout the discharge. However, our gas heating calculations [35] predict
some temperature gradients in the discharge (see below). Since small variations
in the gas temperature had already a significant effect on the electrical current
(e.g. 30% variation in gas temperature yields a change in electrical current by as
much as 100%) [46], the quantitative results of the model have to be considered
with caution.

Since the gas temperature is such a critical input parameter, we have tried
to calculate this value for a dc glow discharge with the heat transfer equation.
The resulting two-dimensional distributions, both for the VG 9000 GDMS cell
and a Grimm-type cell, are presented in Figure 6.4, for typical dc GDMS and
GD-OES operating conditions. The cathode is found at the left end of both parts
of the figure, whereas the other borders of the figure represent the anode cell
walls (grounded). The black rectangles in Fig. 6.4a symbolize the insulating ring
(from z = 0 to 0.05 cm) and anode front plate (from z = 0.05 to 0.15 cm). In
Figure 6.4b, not the entire Grimm cell geometry, but only the first 1.5 cm from
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Figure 6.4 Calculated two-dimensional gas temperature profiles in a dc discharge, (a) in
the VG 9000 cell at 1000 V, 0.5 Torr and 3.5 mA and (b) in a Grimm-type cell at 800 V,
3 Torr and 52 mA. The cathode is found at the left end of both parts, whereas the other
borders of the figures represent the anode cell walls (grounded). The black rectangles in
(a) symbolize the insulating ring (from z = 0 to 0.05 cm) and anode front plate (from
z = 0.05 to 0.15 cm). In (b), not the entire cell geometry but only the first 1.5 cm from the
cathode is shown, because the gas heating was found to be negligible at larger distances
from the cathode. Reproduced by permission of the American Institute of Physics from
Bogaerts, A., Gijbels, R., and Serikov, V. V., J. Appl. Phys., 2000, 87, 8334-8344
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the cathode is shown, because the gas heating was found to be negligible at larger
distances away from the cathode. It is clear that the temperature in the VG 9000
cell rises only moderately, whereas a considerable increase in gas temperature was
computed for the Grimm-type cell. The reason is, of course, that the Grimm-type
cell is operated at much higher electrical powers, yielding a much higher power
input into the argon gas. It should be mentioned, however, that the calculated gas
temperatures are still subject to considerable uncertainties, owing to some input
parameters in the heat transfer equation which are unknown, such as the thermal
accommodation coefficient at the cell walls, and the cathode temperature. The
latter affects the calculated gas temperature to a large extent. Hence this seems
to shift the problem of unknown gas temperature to the problem of unknown
cathode temperature. The situation might be further complicated when the glow
discharge cell is cooled with liquid nitrogen, as is the case with the VG 9000
cell. Nevertheless, the spatial distributions of the calculated gas temperatures, and
also their qualitative rise with respect to the cathode temperature, are expected
to be fairly realistic.

The importance of the gas temperature as input in the model has also been
demonstrated [27] for a microsecond-pulsed glow discharge. Indeed, it was found
that when the gas temperature was assumed to be constant in time, the model
could not predict the experimental electrical current and power behavior as a func-
tion of time in the microsecond-pulsed discharge. Figure 6.5 shows the applied
voltage, and also the resulting electrical current and power, and the gas tempera-
ture assumed in the model, as a function of time during and after the pulse. The
values used as input (i.e. voltage and gas temperature) or calculated (i.e. current
and power) in the model are represented by the solid lines, whereas the experi-
mental data are plotted with dashed lines. The gas pressure was measured to be
3 Torr and assumed to be constant in time. A voltage of 1500—2000 V is applied
during 10 ws, and then it drops exponentially, reaching zero at about 40 us after
initiation of the pulse (see Figure 6.5a). The electrical current (Figure 6.5b), and
hence also the power (Fig. 6.5c), appear to rise significantly to values of almost
1 A and 1.5 kW, respectively, at 1.5-2 us, and then they drop almost as rapidly
to ‘plateau values’ of about 100 mA and 200 W, respectively, which are more
or less maintained from 4 to 10 us. After the pulse, the current and power decay
to zero at about 20 us after the start of the pulse. This experimental behavior of
current and power could only be predicted with our model if a time-varying gas
temperature (see Figure 6.5d) was assumed. Indeed, at the start of the pulse, the
gas is at room temperature. However, the gas temperature will increase rapidly
as a function of time, owing to the high electrical power, and hence high power
input into the argon gas. When the power has dropped to a plateau value of
ca 200 W, the gas temperature will not increase further, but on the other hand,
the power is still high enough to maintain the high gas temperature. Only when
the power has dropped further, after the pulse, does the gas temperature decrease
exponentially. It was found to reach room temperature again around 200 us [27],
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Figure 6.5 Calculated electrical characteristics as a function of time during and after
the pulse, in a microsecond-pulsed glow discharge at a gas pressure of 3 Torr, an applied
voltage of 2 kV, a pulse width of 10 us and a pulse repetition frequency of 200 Hz. The
data used as input or calculated in the model are represented by solid lines: (a) applied
voltage assumed in the model; (b) calculated electrical current; (c) calculated electrical
power; (d) gas temperature assumed in the model. The experimental data in (a)—(c) are
plotted with dashed lines

hence well before the next pulse will be applied, at the pulse repetition frequency
of 200 Hz used in the experiment. The time evolution of the gas temperature pre-
sented in Figure 6.5d was used as a kind of fitting parameter in our model, to
obtain reasonable agreement with the experimental behavior of voltage, current
and power as a function of time. Nevertheless, the assumed values have also been
checked, at least qualitatively, with a time-dependent heat transfer equation, and
it was illustrated that the fitted time evolution of the gas temperature was indeed
realistic [27].

In our model for rf glow discharges, not the voltage but the power is used
as an input value in addition to the gas pressure and temperature. The applied
voltage at the rf electrode and the dc bias voltage are then calculated, based on
the conditions that (i) the power dissipated by electrons and ions in the discharge
should be equal to the applied rf power, (ii) the product of rf voltage and current,
averaged over time, should be equal to the applied rf power and (iii) the total
current towards the rf electrode, integrated over one tf cycle, should be zero, as
it is imposed by the capacitive coupling of both electrodes. Figure 6.6a shows
the calculated voltage at the rf electrode as a function of time in the rf cycle
(thick solid line), at an electrical power of 37 W and a gas pressure of 5 Torr.
The voltage is negative during most of the rf-cycle, except around wt = /2.
This is attributed to the highly negative dc bias voltage of —519 V (see thin
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Figure 6.6 Calculated electrical characteristics as a function of time in the rf cycle, in
the rf discharge (solid lines) and in a dc discharge (constant in time; dashed lines), at a
gas pressure of 3 Torr and an electrical power of 37—38 W. (a) Voltage (the experimental
values are also presented, in gray lines); (b) current, including the contributions of ion
and electron current and displacement current at the rf electrode, in the rf case (in thinner
lines); (c) electrical power. Reprinted from Bogaerts, A., and Gijbels, R., Spectrochim.
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solid line), which arises from the large difference in size between the rf-powered
and grounded electrode, in combination with the capacitive coupling of both
electrodes. The experimental rf voltage as a function of time and the experimental
dc bias voltage are also illustrated in Figure 6.6a (gray lines) [49]. It appears
that our calculated amplitude for the rf voltage was slightly too high and our
dc bias voltage was too low, but in general, the agreement with experiments
was considered satisfactory. The voltage obtained in the dc case, for the same
values of power and pressure, is also presented in Figure 6.6a (dashed line).
There was excellent agreement with the experimental value, as demonstrated
in the figure.

The electrical current flowing towards the rf electrode is plotted against time
in the rf cycle in Figure 6.6b (thick solid line), together with the individual
contributions of electron and argon ion currents and the rf displacement current
at the rf electrode. The latter arises from the moving of the rf sheath as a function
of time, which gives rise to a variation of charge in the sheath as a function
of time, and hence to an electrical current (since I = dg/df, where [ is the
current, g is the charge and ¢ is the time). It appears that for the conditions
under study here, the displacement current makes only a minor contribution to
the total current, as is expected since the rf sheath does not move considerably
with time owing to the large dc bias voltage. It should be mentioned, however,
that the displacement current can play a dominant role in rf discharges used
for technological applications [74,75], which are mostly characterized by two
electrodes of similar size and which operate at lower pressures. It is clear from
Figure 6.6b that the total electrical current at the rf electrode is mainly due to
argon ions. Only around wt = 7 /2, where the rf voltage is positive, is a large
electron current observed at the rf electrode. It contributes to the total current
with an opposite sign, so that the total current to the rf electrode, integrated over
the rf cycle, is equal to zero, as is imposed by the capacitive rf coupling. The
current in the dc discharge, under the same conditions of power and pressure, is
also presented in Figure 6.6b (dashed line; constant in time). It is slightly lower
than the rf current, which is of course necessary when the voltage is higher and
the electrical power is the same.

The product of voltage and current gives rise to the electrical power, which is
presented as a function of time in Figure 6.6c. The time-averaged value is also
illustrated, in addition to the dc value (dashed line; constant in time). The fact
that these values are equal to the input values in the model illustrates that the
time evolution of voltage and current is correctly calculated in our model.

6.3.2 POTENTIAL AND ELECTRIC FIELD DISTRIBUTIONS

As mentioned before, the model is completely self-consistent, i.e. the potential
and the electric field distributions used to calculate the trajectories of the charged
plasma species in the Monte Carlo models are in their turn obtained from the
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calculated densities of these plasma species, via Poisson’s equation in the slow
electron—argon ion fluid model.

In Figure 6.7, the two-dimensional potential distribution is illustrated for a dc
discharge, calculated for the VG 9000 cell at 1000 V, 0.5 Torr argon gas pres-
sure and 3.5 mA current. The potential is equal to —1000 V at the cathode and
increases very rapidly towards zero at about 0.24 cm from the cathode. This posi-
tion where the potential crosses zero is defined as the interface between cathode
dark space (CDS) and negative glow (NG). In the NG, the potential is slightly
positive (approximately 10 V for these discharge conditions and cell geometry).
This value is called the ‘plasma potential’. It drops again to zero at the anode
walls, which are grounded. The value of the plasma potential does not depend
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Figure 6.7 Calculated two-dimensional potential distribution in a dc discharge, in the
VG 9000 cell at 1000 V, 0.5 Torr and 3.5 mA. Reprinted with permission from Bogaerts, A.,
Gijbels, R., and Goedheer, W. J., Anal. Chem., 1996, 68, 2296-2303, Copyright 1996
American Chemical Society
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strongly on the discharge conditions, but it varies with the cell dimensions, rang-
ing from about 1 V in large cells (diameter of a few centimeters) [56] to several
tens of volts in small cells (diameter of a few millimeters) [47]. The length of
the CDS, on the other hand, does not depend on the cell dimensions, but it varies
strongly with the discharge conditions [33,46,47]. It rises with decreasing voltage
and more significantly with decreasing pressure, ranging from about 0.5 mm at
5.25 Torr [47] to almost 8 mm at 0.375 Torr [33].

The electric field distribution can easily be derived from the potential distribu-
tion, by taking the spatial gradient. This leads to a strongly negative electric field
in the CDS, which is responsible for the significant energy gain of electrons and
ions in this region. In the NG, a weak electric field, both positive and negative,
depending on the position, is found.

The potential and electric field distributions in the rf- and in the microsecond-
pulsed discharge were calculated to be very similar to the dc potential
distributions. They are characterized by a strongly negative value at the cathode
(or rf electrode), a steep drop to zero in the CDS (or rf sheath) and a nearly
constant, slightly positive value in the NG (or bulk plasma) [26,27,31]. Only
the potential distribution around wt = 7 /2 in the rf discharge is significantly
different [26,31]. This means that the potential is clearly positive at the rf
electrode and has a value of about 250 V (see Figure 6.6a). It drops gradually to
zero at the grounded cell walls. This gives rise to a considerable electric field in
the bulk plasma around this time.

6.3.3 DENSITIES AND LEVEL POPULATIONS
OF THE PLASMA SPECIES

Figure 6.8 presents the two-dimensional argon ion density profiles, for Art, Ar?*
and Ar," ions, in the dc case, at the same discharge conditions and cell geometry
as in Figure 6.7 [32]. For all three ionic species, the densities are low and fairly
constant in the CDS, but they increase rapidly in the NG and reach a maximum
at about 5 mm from the cathode. They decrease again to low values at the
anode walls. Comparing the absolute values in the three figures tells us that the
Ar?*/Ar" and Ar,*/ArT ratios are of the order of a few percent. This appeared
to be the case for all discharge conditions investigated [32]. Moreover, the ratios
of the fluxes of these ionic species at the anode backwall, where the exit slit is
located in the cell of the VG 9000 mass spectrometer, were also found to be of the
order of 1-10%. This is in reasonable agreement with measured intensity ratios
in the glow discharge mass spectrum for Ar’*/Ar* and Ar,*/Ar*, as shown in
Figure 6.9 [76].

The density of slow electrons (not shown here) is characterized by nearly the
same profile as the Art ion density profile, except that it is zero in the CDS. This
gives rise to a positive space charge in the CDS and nearly charge neutrality in
the NG, which results in the typical potential distribution shown in Figure 6.7.
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Figure 6.8 Calculated two-dimensional density profiles of the (a) Ar*, (b) Ar’* and
(¢c) Ar,™ ions in a dc discharge, in the VG 9000 cell at 1000 V, 0.5 Torr and 3.5 mA.
Reproduced by permission of the American Institute of Physics from Bogaerts, A., and
Gijbels, R., J. Appl. Phys., 1995, 78, 6427-6431
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Figure 6.9 Measured intensity ratios in the VG 9000 glow discharge mass spectrum
(dc discharge), for different Ar ionic species relative to Ar" ions, for different cath-
ode materials [76]. Reproduced by permission of the American Institute of Physics from
Bogaerts, A., and Gijbels, R., J. Appl. Phys., 1995, 78, 6427-6431

To check our calculation results for the electron densities, we performed Lang-
muir probe measurements in a dc Grimm-type glow discharge, under typical
GD-OES discharge conditions [54]. It should be mentioned that the argon ion
densities presented in Figure 6.8 were obtained at typical GDMS conditions,
and that GD-OES operates generally at clearly higher pressures and currents
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than GDMS, namely 3-7 Torr compared with ca 1 Torr gas, and 10-50 mA
compared with 1-10 mA electrical current. Hence higher electron densities are
therefore expected at the GD-OES conditions. In Figure 6.10, the electron den-
sities, calculated for the Grimm-type glow discharge, and taken at the maximum
of their profile (solid lines, left axis), are compared with the experimental val-
ues for the same cell (dashed lines, right axis). The results are in satisfactory
agreement, in so far as both calculated and experimental values rise to nearly
the same extent with voltage and pressure. Quantitatively, we found a factor of
about two difference (note the different scales on the y-axes). This is, however,
still reasonable because it is well below the expected errors of both the model
calculations (e.g. uncertainties in input data, such as gas pressure and temperature
and collision cross-sections; small variations in these input data can yield signifi-
cant variations in the calculation results) and the experimental data (e.g. possible
disturbance of the plasma by the Langmuir probe, possible contamination due to
deposition on this probe, approximations in the Langmuir probe theory).

Figure 6.11a shows the calculated two-dimensional density profile of the sput-
tered cathode atoms in the case of tantalum (the reason for taking tantalum as
an example is given below), for a six-way cross glow discharge cell (approxi-
mated to be cylindrically symmetrical) and dc conditions of 1000 V, 1 Torr and
ca 2 mA [55]. The cathode is found at the left-hand side of the figure, whereas
the other borders of the figure are anode walls. The tantalum atom density reaches
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Figure 6.10 Electron number densities (at the maximum of their profiles) in a dc Grimm-
type glow discharge cell, as a function of voltage at several pressures. The values
calculated with our model [47] are depicted with the solid lines (left axis) whereas the
Langmuir probe results [54] are represented with the dashed lines (right axis; note the
different vertical scale). Reproduced from Bogaerts, A., and Gijbels, R., Spectrochim.
Acta, Part B, 1998, 53, 437—-462, with permission of Elsevier Science
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Figure 6.11 Two-dimensional density profiles of the sputtered tantalum atoms in a cylin-
drically symmetrical (six-way cross) glow discharge cell, at the dc conditions of 1000 V,
1 Torr and 2 mA, (a) calculated with our model and (b) measured with laser induced flu-
orescence (LIF). The black line at z = 0 indicates the cathode; the anode is formed by
the other borders of the figure. Reprinted from Bogaerts, A., Wagner, E., Smith, B. W.,
Winefordner, J. D., Pollmann, D., Harrison, W. W., and Gijbels, R., Spectrochim. Acta,
Part B, 1997, 52, 205-218, with permission of Elsevier Science

a maximum at ca 1 mm from the cathode and decreases towards the cell walls.
It is of the order of 10'> cm™3 under the discharge conditions under investiga-
tion, which is about four orders of magnitude lower than the argon gas atom
density at 1 Torr.

The tantalum atom density has also been measured in the same cell and at the
same discharge conditions as in the model, both by laser induced fluorescence
(LIF) and by a combination of LIF, to obtain the relative profile, and atomic
absorption spectrometry (AAS) to put an absolute number on this profile. Tanta-
lum was used as the cathode material, because it has fluorescent lines which are
in the suitable wavelength range of the laser available for the experiment [55].
The result of the LIF measurements is depicted in Figure 6.11b; the combined
LIF 4+ AAS experiments yielded values which were generally a factor of three
lower [55]. The latter indicates that the experimental uncertainties can be fairly
large, i.e. at least a factor of three. Comparison of Figure 6.11a and b shows that
the calculated and measured tantalum atom densities are in fairly good agreement
with each other. The different behavior near z = 0 is due to an approximation in
the model, i.e. the cell used for the experiments was open at z = 0 (the cathode
was mounted on an insertion probe), whereas the model assumed a wall at z = 0.
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Quantitatively, the results are in very good agreement; more precisely, the cal-
culated values lie between the LIF and the combined LIF 4+ AAS results. Hence
we can conclude that the calculated and experimental results are equal to each
other within the experimental uncertainty.

The corresponding tantalum ion density, calculated for the same cell and under
the same dc discharge conditions, is presented in Figure 6.12a [55]. We found
that the tantalum ion and argon ion densities are characterized by the same rel-
ative profile, but the tantalum ion density is more than two orders of magnitude
lower. However, as mentioned above, the ratio of tantalum atom to argon atom
density was about 10~*, which indicates that the tantalum atoms are more effi-
ciently ionized in the glow discharge than the argon atoms. Indeed, in addition
to electron impact ionization, the tantalum atoms can also be ionized by Penning
ionization (due to argon metastable atoms) and by asymmetric charge transfer
with argon ions, and the last two processes are absent for the argon atoms.
Under the discharge conditions under consideration, the degree of ionization was
calculated to be of the order of 1073—-1073 for argon, whereas for the sput-
tered atoms (tantalum, copper, etc.) typical values of about 107#—5 x 1072 were
obtained [46,47,55].
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Figure 6.12 Two-dimensional density profiles of the tantalum ions in a cylindrically
symmetrical (six-way cross) glow discharge cell, at the dc conditions of 1000 V, 1 Torr
and 2 mA, (a) calculated with our model and (b) measured with laser induced fluores-
cence (LIF). Reprinted from Bogaerts, A., Wagner, E., Smith, B. W., Winefordner, J. D.,
Pollmann, D., Harrison, W. W., and Gijbels, R., Spectrochim. Acta, Part B, 1997, 52,
205-218, with permission of Elsevier Science
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To check the results of the modeling, the tantalum ion density has also been
measured by LIF, and the result is shown in Figure 6.12b [55]. Calculated and
experimental results qualitatively are in good agreement, but the quantitative
agreement is poor. Indeed, the calculated results are a factor of almost 10 smaller
than the experimental values. Since the tantalum atom densities were in fairly
good agreement, this may indicate that the calculated ionization is too low, either
because an important ionization mechanism is not incorporated, or because the
rate coefficients for Penning ionization and asymmetric charge transfer used in
the calculations are too low. The latter can indeed be the case, because these
rate coefficients are very difficult to find in the literature, and the values we
assumed are subject to large uncertainties. On the other hand, the experimental
results are also prone to some errors, as illustrated already for the tantalum
atoms (see above). Probably, the observed discrepancy is a combination of
uncertainties and approximations in the model and in the experiment (e.g. con-
version of LIF intensities into ion number densities). After all, the difference of
a factor of 10 is maybe not so bad if one realizes that, to the authors’ knowl-
edge, such model calculations and experiments have never been carried out and
confronted before.

Not only ground-state densities have been calculated with the models, also
the level populations for various excited states can be obtained. Figure 6.13 illu-
strates the level population profiles (in one dimension) of the four lowest excited

2.0E+13 E"

1.8E+13 7
1.6E+13
1.4E+13 ]
1.2E+13 ] 45 [1/2],
1.0E+13 ]

-3
Ny (cm™)

0.0E+00 e e e P R R e e S e e e

Figure 6.13 Calculated one-dimensional density profiles (at the cell axis) of the argon
atoms excited to the four 4s levels, in a dc Grimm-type glow discharge cell, at 800 V,
3.75 Torr and 28 mA (solid lines, 4s metastable levels; dashed lines, 4s resonant lev-
els). Reprinted from Bogaerts, A., and Gijbels, R., Spectrochim. Acta, Part B, 1998, 53,
437-462, with permission of Elsevier Science
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states of argon atoms, i.e. the 4s metastable and resonant levels, computed for
the case of a Grimm-type glow discharge, under the dc conditions of 3.75 Torr,
800 V and 28 mA [47]. Only the first 1.3 cm is shown, where the densities were
found to be appreciable. The two metastable levels (4s[3/2], and 4s'[1/2]; solid
lines) have a slightly higher density than the two resonant levels (4s[3/2]; and
45'[1/2];; dashed lines). This is as expected, since the resonant levels can decay
to the ground state by emission of radiation, whereas the metastable levels cannot
decay (optically forbidden transitions). However, a large fraction of the emitted
radiation from the resonant levels will again be absorbed by the ground state,
leading to re-excitation. In practice, only a fraction of about 107>~10"% of the
emitted photons can really escape from the plasma under the discharge condi-
tions under investigation [47], so that the 4s resonant levels also have a fairly
high population density in comparison with other higher excited levels [47]. All
4s levels are characterized by a pronounced peak adjacent to the cathode, which
is due to fast argon ion and atom impact excitation [38,47]. Indeed, the latter
processes are important close to the cathode where the ions and atoms reach
high energies, especially at the high voltages typical of analytical glow dis-
charges. One-dimensional density profiles of the argon 4s[3/2], metastable levels
have been measured in a Grimm-type source with AAS by Ferreira et al. [77].
They also found a pronounced maximum adjacent to the cathode, followed by
a rapid decrease. Depending on the discharge conditions, a second maximum
sometimes was observed at about 4 mm from the cathode. A similar second
maximum appeared sometimes in our modeling results (e.g. [52,53]) depending
on the discharge conditions and cell geometry. The value of the maximum in
the experimental density profiles of Ferreira et al. [77] was also of the order of
10" cm™3, which is in excellent agreement with the results of our calculations.
In Figure 6.14 the level populations for various excited copper atom and ion
levels, at the maximum of their profiles, are plotted against the excitation energy
of these levels, for the same dc Grimm-type conditions as in Figure 6.13 [42].
Since some of the excited levels were grouped together into effective levels (see
above) with hence a much larger statistical weight, we divided the level popu-
lations by the corresponding statistical weights, to exclude this effect. It is clear
that the ground-state densities of both copper atoms and ions are higher than the
excited level populations, and the latter generally decrease with excitation energy.
It appears that the Cu™ 3d° 4p 3P, level is exceptionally high compared with the
other excited levels. The reason is that this level can be selectively excited by
asymmetric charge transfer with argon ions, owing to good energy overlap [42].
The latter is also experimentally demonstrated, since the lines originating from
this level are extremely high in comparison with other emission lines [78], which
validates our calculation results.

Finally, it should be mentioned that the densities for the various plasma species
calculated for an rf- and a microsecond-pulsed discharge were found to be similar
to those for dc discharges [26,27,31,39,43]. The density profiles are more or
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Figure 6.14 Calculated level populations at the maximum of their profiles, divided by
the statistical weights of the levels, for various Cu® and Cu* levels and also for the Cu**
ions, as a function of their excitation energy, in a dc Grimm-type glow discharge cell, at
800 V, 3.75 Torr and 28 mA [42]

less the same; only the absolute values can differ somewhat, depending on the
discharge conditions.

6.3.4 ENERGIES OF THE PLASMA SPECIES

As mentioned before, the fluid models and collisional-radiative models are applied
to the plasma species which are assumed to be in thermal equilibrium with the
electric field, such as the argon atoms and copper atoms and ions in the ground
state and also in excited levels, and also the slow electrons in the NG. Hence
no equations are included to calculate the energy of these species, because they
are assumed to have thermal energy. The plasma species which are not in hydro-
dynamic equilibrium, on the other hand, are described explicitly with a Monte
Carlo model, and the energy distributions of these species can be computed.
Figure 6.15 presents the flux energy distribution of the electrons, at various
positions from the cathode, in the VG 9000 cell at 1000 V, 0.5 Torr and 3.5 mA
(dc discharge)[15,46]. The electrons leave the cathode (z = 0, not indicated in
the figure) with low energy (assumed to be 4 eV on average [79]), but they gain
energy from the electric field as they move in the CDS towards the NG. At the
same time, however, they lose energy owing to collisions, so that their energy
distribution spreads out from zero energy toward the maximum energy, with all
energy values being more or less of equal probability. At the CDS—NG interface,
being 0.24 cm away from the cathode (see Figure 6.7), this maximum energy is
equal to the total discharge voltage of 1000 V. In the NG, however, the electrons
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Figure 6.15 Calculated flux energy distribution of the electrons, as a function of distance
from the cathode, in the VG 9000 cell, under the dc conditions of 1000 V, 0.5 Torr and
3.5 mA. Reproduced by permission of the Royal Society of Chemistry from Bogaerts, A.,
and Gijbels, R., J. Anal. At. Spectrom., 1998, 13, 945-953

do not gain much energy any longer from the weak electric field, but they lose
their energy very efficiently owing to collisions. Hence the energy distribution
shifts towards lower energies. Nevertheless, even at the end of the discharge cell,
there is still a peak at maximum energy, which indicates that there are still some
electrons which have traversed the entire discharge without collisions, under the
discharge conditions under investigation. The present flux energy distribution of
electrons is in reasonable qualitative agreement with experimental results obtained
with a retarding field analyzer in the NG of a helium glow discharge at pressures
of 10—15 Torr and a few hundred volts discharge voltage [80]. Indeed, it was
found that most electrons have low energies, but a small peak is observed at
maximum energy. This shows that our calculation results can be considered to
be realistic.

In contrast to the electron flux energy distribution, the energy distribution of
the argon ions is not characterized by a peak at maximum energy. This appears
from Figure 6.16a, where the calculated flux energy distribution of the argon
ions is depicted for several distances from the cathode in the CDS, under the
same discharge conditions as in Figure 6.15 [15,46]. The argon ions are assumed
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to have thermal energies in the NG, but when they enter the CDS they gain
energy from the electric field. However, they also lose energy owing to collisions.
It appears that the collisions of the ions, which mainly are elastic scattering
and symmetric charge transfer collisions, are more frequent and more efficient
for losing energy than the collisions of the electrons (mainly ionization and
excitation), because most argon ions have fairly low energies when they arrive
at the cathode (z = 0 cm).

The energy distribution of the argon ions bombarding the cathode has been
measured in a similar cell, in reversed geometry so that the ions are sampled
through a hole in the cathode, and under similar discharge conditions to those
used for the calculations [58]. These measurements were performed with the
VG 9000 double focusing glow discharge mass spectrometer, by keeping the
magnetic field constant and varying the acceleration voltage. The results are
shown in Figure 6.16b [15,46]. A dip was obtained at low energy and a peak
at negative energy, which were probably the results of experimental artifacts; it
was suggested that low-energy ions were subject to charge transfer collisions (for
which the cross-section is, indeed, larger at low energies) immediately outside the
discharge cell, in the acceleration region of the mass spectrometer. This gives rise
to some loss for low-energy ions, explaining the dip, because the ions disappear
from the energy distribution, as well as some production (i.e. a peak) at negative
energy, because these ions have not attained the maximum acceleration voltage.
Therefore, the expected ‘real’ energy distribution is indicated by the dashed line
in Figure 6.16b, which agrees qualitatively with the calculated results.

As mentioned earlier in this chapter, the collision processes of the argon ions
with thermal argon atoms in the CDS can give rise to the production of ‘fast’ (i.e.
nonthermal) argon atoms, due to exchange of energy. These fast argon atoms can
continue in the same direction as the ions, towards the cathode, or they can be
scattered in another direction, but at least a fraction of them will be able to arrive
at the cathode before again being thermalized owing to collisions. Because these
fast argon atoms can, themselves, also create new fast argon atoms due to energy
exchange in elastic collisions, the flux of fast argon atoms traveling through the
CDS is fairly high. This can be seen in Figure 6.17, where the calculated flux
energy distributions of the fast argon atoms in the CDS, at various positions
from the cathode, are presented [15,46]. The flux is, indeed, more than an order
of magnitude higher than the argon ion flux. The energy distribution qualitatively
looks very similar to the argon ion energy distribution, but it is shifted towards
lower energies (note that the energy scale is cut at 100 eV), because the argon
atoms cannot gain energy from the electric field; they can only lose their energy
in collisions.

In addition to the argon ions and fast argon atoms, also the ions of the cathode
material travel through the CDS and can bombard the cathode. Figure 6.18a
shows the calculated energy distribution of the cathode copper ion flux in the
CDS, at various positions from the cathode, for the same discharge conditions
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Figure 6.17 Calculated flux energy distribution of the fast argon atoms in the CDS, as a
function of distance from the cathode, in the VG 9000 cell, at the dc conditions of 1000 V,
0.5 Torr and 3.5 mA. Reproduced by permission of the Royal Society of Chemistry from
Bogaerts, A., and Gijbels, R., J. Anal. At. Spectrom., 1998, 13, 945-953

as in Figure 6.16 [15,46]. The copper ions also have thermal energy in the NG,
where most of them were formed, but when they diffuse into the CDS they gain
energy from the electric field and are accelerated towards the cathode. In contrast
to the argon ions, they do not lose their energy very efficiently in collisions.
Therefore, they are characterized by a pronounced peak at maximum energy.

This pronounced peak is also experimentally observed (Figure 6.18b) [58].
These experiments were performed with the same technique as explained above.
Since the pressure could actually not be measured inside the glow discharge
cell of this mass spectrometer, three estimated pressure values are indicated for
the three experimental energy distributions. Exact quantitative comparison there-
fore cannot be carried out, but qualitative agreement between calculated and
experimental results, at least, is reached.

6.3.5 INFORMATION ABOUT COLLISION PROCESSES
IN THE PLASMA

Since the Monte Carlo models describe the behavior of the plasma species explic-
itly, they can give information about the individual collision processes in the
plasma. The various collision rates of the plasma species (i.e. ionization, excita-
tion, elastic collisions, charge transfer, etc.) have been calculated as a function of
the position in the discharge; the results (in one and in two dimensions) have been
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Figure 6.18 Flux energy distributions of the copper ions in a dc discharge, in the
VG 9000 cell: (a) calculated in the CDS, as a function of distance from the cathode, for
1000 V, 0.5 Torr and 3.5 mA; (b) measured at the cathode, at 1000 V and three pressure
values. Reproduced by permission of the Royal Society of Chemistry from Bogaerts, A.,
and Gijbels, R., J. Anal. At. Spectrom., 1998, 13, 945-953
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presented many times in our previous papers (e.g. [23-27,31,33,38,39,42-47,52]),
and will therefore not be repeated here. Instead, some data will be given concerning
the relative importance of these processes. Moreover, ionization will be discussed
in somewhat more detail, since it is considered to be the most important process
in the glow discharge.

Ionization of the argon gas atoms is the process which makes the glow dis-
charge self-sustaining. The ionization occurs mainly by electron impact; at high
discharge voltages (ca 1000 V), however, fast argon ion and atom impact ion-
ization play a non-negligible role [33]. Figure 6.19 presents the ionization rates
according to these three mechanisms, in the VG 9000 cell under the same dc
conditions as in Figure 6.7 [25]. Electron impact ionization is especially impor-
tant in the NG, whereas fast argon ion and atom impact ionization occur only
adjacent to the cathode. Integrated over the entire discharge region, the relative
contributions of electron, ion and atom impact ionization were calculated to be
typically about 90, 2 and 8%, respectively. Hence electron impact ionization is
still clearly dominant, because it can take place throughout the entire discharge,
whereas ion and atom impact ionization occur only close to the cathode, where
these species can reach high energies. Nevertheless, it was found really nec-
essary to incorporate the latter processes in our models, in order to be able to
reproduce the correct current—pressure—voltage relations at high voltages (see the
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Figure 6.19 Calculated ionization rates of the argon atoms in the VG 9000 cell, under
the dc conditions of 1000 V, 0.5 Torr and 3.5 mA: (a) by electron impact ionization
in the entire discharge; (b) by fast argon ion impact ionization in the CDS; (c) by fast
argon atom impact ionization in the CDS. Reprinted with permission from Bogaerts, A.,
Gijbels, R., and Goedheer, W. J., Anal. Chem., 1996, 68, 2296-2303, Copyright 1996
American Chemical Society
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discussion concerning Figure 6.3). On the other hand, stepwise electron impact
ionization from the metastable levels and metastable atom—metastable atom col-
lisions leading to the ionization of one of the atoms were found to be generally
negligible under the discharge conditions under investigation. Their contribution
is estimated to be lower than 1%.

As far as the sputtered atoms are concerned, electron impact ionization also
takes place, but it is of minor importance compared with Penning ionization
and asymmetric charge transfer, as explained above. The ionization rates due
to these three mechanisms are presented in Figure 6.20 [45], for the same con-
ditions and cell geometry as in Figure 6.19. Integrated over the total discharge
region, the three ionization processes contribute typically about 2—-4% (elec-
tron impact), 40—85% (Penning ionization) and 10-60% (asymmetric charge
transfer). These values depend fairly strongly on the cell geometry, the kind of
sputtered material (i.e. for some elements whose ions have no energy levels over-
lapping with the argon gas ions, asymmetric charge transfer is absent) and the
discharge conditions. Penning ionization is clearly dominant at low pressures,
whereas asymmetric charge transfer gains importance at higher pressures.

The model predicts also the relative contributions of the different populating
and depopulating processes for the argon atom and copper atom and ion excited
levels, such as electron, ion and atom impact excitation, de-excitation and ioniza-
tion for all levels, electron—ion radiative and three-body recombination, radiative
decay, etc. [38,39,42,43].

For the argon excited levels [38,39], radiative decay was calculated to be
dominant, both as production and loss process for the low-lying levels, although
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Figure 6.20 Calculated ionization rates of the sputtered copper atoms in the VG 9000
cell, under the dc conditions of 1000 V, 0.5 Torr and 3.5 mA: (a) by Penning ioniza-
tion; (b) by asymmetric charge transfer; (c) by electron impact ionization. Reproduced
with permission from Bogaerts, A., and Gijbels, R., Anal. Chem., 1996, 68, 26762685,
Copyright 1996 American Chemical Society
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electron, fast argon ion and fast argon atom impact excitation from the ground
state were also found to be important production processes. The 4s metastable
levels, which cannot decay to the ground state by emission of radiation, are
mainly destroyed by metastable atom—metastable atom collisions, by Penning
ionization of sputtered atoms, by electron impact excitation to the nearby 4s
resonant levels and also by diffusion and subsequent de-excitation at the cell
walls [38]. The highly excited levels, on the other hand, appear to be primarily
populated and depopulated by electron, argon ion and atom impact excitation and
de-excitation from and towards nearby levels.

In the case of the copper atoms [42,43], it was found that sputtering from
the cathode is the dominant production process for the copper ground-state
atoms, whereas depopulation is mainly caused by ionization (especially Pen-
ning ionization and asymmetric charge transfer) and by excitation to copper
atom excited levels. The copper atom excited levels are mainly formed by
electron impact excitation from the copper atom ground state and by radia-
tive decay from higher excited levels. The major loss process for the copper
atom excited levels is found to be radiative decay to lower levels. The cop-
per ions, both in the ground state and in the 3d° 4s metastable levels, are
predominantly formed by Penning ionization. Loss of the copper ion ground
state occurs by electron impact excitation to higher levels, and also by elec-
tron impact ionization to Cu’* and by electron—ion three-body recombination.
The copper ion metastable levels are mainly depopulated by electron impact de-
excitation to the ground state. The Cut 3d° 4p 3P, level appears to be almost
exclusively created by asymmetric charge transfer, whereas the other 3d° 4p lev-
els are formed by electron impact excitation from the Cu™ 3d® 4s metastable
levels and the copper ion ground state. The highly excited copper ion levels
were found to be primarily depopulated by radiative decay to the lower levels.
More information about the relative importance of the various populating and
depopulating processes of argon and copper excited levels can be found in the
literature [38,39,42,43].

The results presented above for the dc mode are in general, at least qualita-
tively, similar for the rf and pulsed operation modes, except that the collision
processes will vary as a function of time.

6.3.6 INFORMATION ABOUT SPUTTERING AT THE CATHODE

In addition to making predictions about collision processes in the plasma, the
models can also give more information about the sputtering process at the cath-
ode. Indeed, the energy distributions of the species bombarding the cathode,
namely argon and cathode ions and fast argon atoms, (see Figures 6.16, 6.17 and
6.18) are calculated over the entire cathode surface. When combining these flux
energy distributions with an equation for the sputtering yield as a function of
bombarding energy and type of bombarding particle, the flux of sputtered atoms,
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as a function of radial position, can be calculated. From this, the crater profile at
the cathode, after a certain time of sputtering, can be obtained [46,59].

A typical calculated crater profile, calculated for the VG 9000 cell at
1000 V, 0.5 Torr and 3.5 mA (dc conditions), is shown in Figure 6.21a. For good
depth-profiling analysis, it is logical that flat crater profiles are desirable; if not,
sample atoms originating from different depths enter the plasma simultaneously
and the depth resolution of the analysis is worsened. The crater profile presented
in Figure 6.21a is therefore not ideal for depth profiling. Indeed, it is much deeper
at the edges than in the center (so-called ‘crater edge effect’), the crater walls are
not steep and the crater bottom is not flat. Moreover, there is a small rim outside
the crater profile. This calculated result is, however, often encountered in glow
discharge depth profiling with the VG 9000 cell, which is actually not designed
for concentration depth profiling, but for sensitive trace analysis of homogeneous
samples. Figure 6.21b illustrates a typical measured crater profile, obtained in
the VG 9000 cell, under similar discharge conditions as in Figure 6.21a [60].
The crater profile also displays the crater edge effect, the crater walls are not
very steep, although not so pronounced as in the calculated result, and there
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Figure 6.21 Crater profiles after 45 min of sputtering on a copper cathode, in a dc
discharge, in the VG 9000 cell, (a) calculated at 1000 V, 0.5 Torr and 3.5 mA and
(b) measured at 1000 V and 3 mA (pressure unknown). Reproduced by permission of the
Royal Society of Chemistry from Bogaerts, A., and Gijbels, R., J. Anal. At. Spectrom.,
1998, 13, 945-953
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is also a rim outside the crater profile. Hence the calculated and experimental
crater profiles are in reasonable qualitative agreement. Moreover, the absolute
values on the y-axis show that the results are also in satisfactory quantitative
agreement. This example demonstrates that the model is able to make predictions
about crater profiles to be expected for a specific cell geometry and certain
discharge conditions. By applying some modifications to this geometry and/or to
the discharge conditions, the crater profile could be optimized. In practice, this
optimization procedure is commonly performed by trial and error. This can be
expensive and time consuming, and often leads to disappointing results. However,
the optimization can now in principle also be simulated with the model, prior to
building the new cell, which is much cheaper and more efficient.

From the energy distributions of the argon ions, fast argon atoms and copper
ions bombarding the cathode, the relative contributions of these species to the
sputtering process can be calculated. From the large flux of fast argon atoms,
it can be expected that they have a dominant role in sputtering, in spite of the
lower bombarding energies. Indeed, their contribution to the sputtering amounts
to about 40—70% (increasing with decreasing pressure and voltage). The argon
ions generally contribute about 20-40%. The role of the copper ions (called
‘self-sputtering’) is of minor importance at low voltages and pressures, but they
can have a contribution of as much as 50% at the highest voltages and pres-
sures investigated (i.e. 5 Torr, 1200 V, ca 100 mA) [47]. Indeed, as was shown
in Figure 6.18a and b, the copper ion energy distribution has a distinct peak at
maximum energy, and since the sputtering efficiency increases with rising energy
of the bombarding species, it can indeed be expected that the copper ions have a
non-negligible contribution in spite of their lower flux. This was also suggested
earlier, based on experimental results [58].

The above crater profiles are shown for the VG 9000 cell, because we had
experimental data available, but it should be mentioned that glow discharge depth
profiling is more often performed with the Grimm-type cell, under GD-OES
conditions (at higher pressure and current), where much higher erosion rates
are obtained. We calculated erosion rates for typical GD-OES discharge condi-
tions [47], and found that the absolute values are in reasonable agreement with
experimental data found in the GD-OES literature [61,62]. Hence this suggests
that our models present a realistic picture of the sputtering in a glow discharge.

Our calculations for the rf mode indicated that there is slightly more sputtering
than in the dc mode for the same conditions of power and pressure [43]. The
latter was in excellent agreement with experiment data [49]. In the microsecond-
pulsed mode, the calculated net amount of erosion during one pulse was also
found to be in good correspondence with the experimental values. Moreover, we
found that the fast argon atoms play the most important role for sputtering in the
first 1-3 ws of the pulse, whereas the copper ions appear to become dominant
after 3 us (so-called self-sputtering).
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6.3.7 OPTICAL EMISSION INTENSITIES

From the collisional-radiative models which describe the behavior of various
excited levels of argon atoms, copper atoms and copper ions [38,39,42.43] we
were able to calculate optical emission intensities in the glow discharge (i.e.
the product of the level populations and the Einstein transition probabilities for
radiative decay) [64—66].

Figure 6.22a presents the calculated argon atomic optical emission spectrum
for a Grimm-type glow discharge, integrated over the discharge axis, to simulate
end-on observation. It is clear that the lines in the region of 700—1000 nm (i.e. the
so-called red lines, corresponding to 4p — 4s transitions) dominate in the spec-
trum. Figure 6.22b depicts the argon atomic spectrum, found in the literature [67]
and measured in a hollow cathode glow discharge at a current of 150 mA and a
pressure of 1 Torr. In spite of the completely different discharge conditions, both
spectra have a similar appearance. Indeed, the intensities of the various lines are
comparable. This is not straightforward, in view of the large number of pop-
ulating and depopulating processes taking place for the various levels, and the
uncertainties in the cross-sections and transition probabilities used in the model.
In the near future, we plan to perform a detailed comparison between calculated
and measured optical emission spectra under exactly the same conditions, both
for the dc mode and the rf mode (in the framework of an EC Thematic Network
on Glow Discharge Spectrometry).

In order to study the relative importance of various excitation mechanisms,
we have also compared our calculated spectral line intensities, as a function of
distance from the cathode, with measurements at exactly the same discharge
conditions and cell geometry [66]. Figure 6.23a shows the calculated spatial dis-
tributions of some selected Ar I, Ar II and Cu I lines, at 0.6 Torr and five different
currents and voltages, and the corresponding experimental results [81] are plotted
in Figure 6.23b. It appears that very good agreement has been reached, which
suggests that our model takes into account the correct excitation mechanisms and
uses realistic cross-sections, and that it can therefore give more or less reliable
predictions for GD-OES.

6.3.8 PREDICTION OF THE EFFECT OF THE CELL GEOMETRY

The models can be applied to various kinds of cell geometries, such as shown
above for the VG 9000 flat cell, a Grimm-type cell, a six-way cross glow dis-
charge cell or other types of cell geometries, as long as the cell is cylindrically
symmetrical. For example, Figure 6.24a and b show the calculated copper atom
density distribution for an arbitrary cell, with a flat and a pin-type of cathode [57].
In the cell with a flat cathode, the plasma is most intense in front of the cathode,
whereas in a cell with a pin cathode, the plasma forms a kind of ring around
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Figure 6.22 Optical emission spectra of the argon atoms, in a dc discharge: (a) calculated
in a Grimm-type glow discharge cell, integrated over the entire cell axis to simulate end-on
observation, at 800 V, 3.75 Torr and 28 mA; (b) measured in a hollow cathode glow dis-
charge at 150 mA and 1 Torr. Reprinted from Bogaerts, A., Gijbels, R., and Vlcek, J.,
Spectrochim. Acta, Part B, 1998, 53, 1517-1526, with permission of Elsevier Science

the pin. In that work [57], the ion fluxes bombarding the exit slit to the mass
spectrometer were calculated for the above two cell designs, which gives an idea
about the ion intensities in the mass spectrum. This illustrates that the models
can in principle be applied to predict the effect of cell geometry, as a help for
the design of new cells.
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Figure 6.23 Optical emission intensities as a function of distance from the cathode, in
a dc cylindrically symmetrical glow discharge cell, at a pressure of 0.6 Torr and five
different currents and voltages, for the lines Ar I (750.3 nm), Ar I (811.5 nm), Ar II
(476.5 nm), Cu I (324.75 nm) and Cu I (510.55 nm). (a) Calculated and (b) measured
values [66]

6.3.9 PREDICTION OF RELATIVE SENSITIVITY
FACTORS IN GDMS

Finally, as a spin-off, we have used our models to explain experimentally observed
differences in relative sensitivity factors (RSFs) in GDMS [69]. Since the cross-
sections of asymmetric charge transfer ionization of different elements are not
available in the literature, a model was developed for calculating RSFs based on
transport and Penning ionization only, since electron impact ionization is of minor
importance (see above), to test the influence of asymmetric charge transfer. A sys-
tematic investigation for 42 elements showed that a correlation exists between the
discrepancy between calculated and experimental RSFs on the one hand, and the
availability of suitable energy levels for asymmetric charge transfer on the other.
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Figure 6.24 Calculated two-dimensional density profiles of the sputtered copper atoms,
in a dc discharge (a) with flat cathode (at 1000 V, 2.2 mA and 1 Torr) and (b) with
pin-type of cathode (at 1000 V, 2.2 mA and 0.7 Torr). Reprinted from Bogaerts, A., and
Gijbels, R., J. Am. Soc. Mass Spectrom., 1997, 8, 1021-1029, with permission of Elsevier
Science

This strongly suggests that, in addition to transport and Penning ionization, espe-
cially the occurrence or nonoccurrence of asymmetric charge transfer can explain
the differences in RSFs among different elements. More information about this
investigation can be found elsewhere [69].

6.4 CONCLUSION

It has been illustrated with some typical examples what can be calculated with the
models described for the case of several types of glow discharges. In general, it
can be concluded that the models present a realistic picture of the glow discharge
and can predict qualitative trends. Exact quantitative predictions, however, cannot
yet be expected, because there are too many uncertainties in the input data,
such as the cross-sections. Therefore, exact computer prediction of an analytical
measurement is not yet realistic, but the models can certainly give a better insight
into what is important in the plasma, which might also help to improve the
analytical performance of glow discharges.
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7.1 INTRODUCTION

Glow discharge optical emission spectroscopy (GD-OES) is a technique that is
rapidly gaining acceptance in the steel industry. It is the unique ability of the GD
method to perform depth-resolved analyses which distinguishes it from the bulk
analysis methods of spark emission or X-ray fluorescence (XRF) spectrometry.
Depth profiles of surface layers on steel can be often measured using GD-OES,
by which the sputtering rate is higher than the high-vacuum ion beam milling
used in surface analytical techniques such as Auger electron spectroscopy (AES),
X-ray photoelectron spectroscopy (XPS) and secondary ion mass spectrometry
(SIMS). The depth profiles measured by GD-OES can be quantitatively analyzed
based on a calibration method. With these advantages, GD-OES is frequently
applied in the steel industry, in which surface layers on steel such as coatings
and oxide scales are required to be analyzed. Typically, zinc- and aluminum-
based coatings are widely processed on to the surface of steel sheets and thereby
the surface properties such as corrosion resistance are improved for use in auto-
mobiles, for example. On the other hand, steel sheets are processed by tin or
chromium plating for use in food and beverage cans. Since the properties of

Glow Discharge Plasmas in Analytical Spectroscopy, edited by R.K. Marcus and J.A.C. Broekaert
© 2003 John Wiley & Sons, Ltd.
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these coatings are strongly influenced by the process conditions, characterization
of the coatings is indispensable. Standardization of GD-OES methods for analysis
is in now progress [1-4].

This chapter describes the practical application of GO-OES for the analysis
of zinc- and aluminum-based coatings, which are important products in the steel
industry [4—11]. For instance, suitable measurement conditions of GD-OES and
influences of various types of coating matrices on the analytical measurements
are shown from the viewpoint of the traceability of measurement. Furthermore,
the chemical composition and thickness of coatings obtained by GD-OES should
be compared with those obtained by chemical analytical methods. The high sen-
sitivity of GD-OES allows us to investigate the distribution behavior of small
amounts of alloying elements and also major elements. Related to such dis-
tribution behavior, the microstructure has also been investigated with electron
microscopy and other imaging methods. Thus, the total characteristic features of
coatings analyzed by these different methods are discussed along with the results
of GD-OES.

7.2 MEASUREMENT TRACEABILITY OF COATING WEIGHT
AND CHEMICAL COMPOSITION BY GD-OES

The thickness and composition of coatings are obtained in quantitative depth
analysis by GD-OES, but assurances must be in place regarding traceability
and validation of the methods. The SI units of thickness and composition are
length (m) and mass (kg), respectively, and can be measured by other chemi-
cal and physical techniques to assess the quality of the proposed GD methods.
The composition or weight of elements can be directly measured by gravimetry,
which is one of the most fundamental methods in chemical analysis, a so-called
primary method. Inductively coupled plasma atomic emission spectrometry (ICP-
AES) and flame atomic absorption spectrometry (FAAS), which are traceable to
gravimetry, are used in practice to confirm the composition. In order to establish a
measurement traceability of thickness or coating weight, a physical measurement
is necessary. The thickness of coatings is measured by the use of a profilometer
after discharging and/or observing the cross-section of coatings using an optical
or electron microscope. Figure 7.1 summarizes the traceability of the chemical
composition and thickness of zinc and aluminum coatings, which are analyzed
by several kinds of analytical methods. Although the chemical composition and
thickness of coatings are obtained in quantitative GD-OES, the traceability should
be considered in all analytical practices.

In general, calibration graphs in GD-OES are established by measuring a
variety of bulk reference materials which may not always be matrix-matched to
the coating samples to be measured. It is the fact that the GD-OES method is less
prone to matrix effects that allows greater flexibility in the calibration procedures
than spark emission or XRF methods. Even so, these calibration graphs should be



Application of GD-OES in the Steel Industry 209

Length Sl unit Mass Sl unit
(um) ©

I
I
! ICP-AES
! FAAS

S |

Depth in um Profilometer Znand Albased | Chemical compositions
coating RM in mass % (g/g)

©
%
o
m
n

Zn and Al based coating samples

Quantitative measurement of chemical compositions in mass-% and thickness in um

Figure 7.1 Measurement traceability of the chemical composition and thickness of zinc
and aluminum coatings which are analyzed by different methods

validated using metallic coating reference materials characterized and assigned by
referee methods such as ICP-AES and FAAS from the viewpoint of traceability.

7.3 METHOD OF COATING ANALYSIS BY GD-OES
7.3.1 EMISSION YIELD METHOD

As described in Chapter 5, quantification of coatings by GD-OES is generally
performed under the assumption that the emission yield of a spectral line of
an element, which is given as the product of the optical emission intensity and
the sputtering rate, is constant. Figure 7.2a—c show the composition dependence
of the intensities of iron and zinc, the sputtering rate, and the emission yields
for those elements in an iron—zinc system, respectively. Both the intensity and
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Figure 7.2 Composition dependence of (a) intensity of iron and zinc, (b) the sputtering
rate, (c) emission yield in an iron—zinc system, and (d) the relationship between the
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sputtering rates increase significantly with increase in the concentration of zinc,
as they are mutually correlated (i.e. greater numbers of atoms produce more
photons). This phenomenon is related to the high sputtering rate of zinc. The
relationship between the product of the chemical composition and the sputter-
ing rate (SR x C) and intensity for the iron and zinc constituents is shown in
Figure 7.2d. A nearly linear relationship is easily seen (particularly for Zn), which
is the underlying principle of quantification [5]. If a large deviation from a linear
relationship were to be found, then some higher order terms would need to be
accounted for in the quantification.

Figure 7.3a exemplifies the relationship between the nickel composition and
the Ni I emission intensity obtained for very different matrices, Ni—Zn alloy
coatings and a stainless steel. When the effect of the sputtering rates on the
observed intensities is taken into account, the relationship between the emission
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Figure 7.3 (a) The relationship between the nickel composition and measured emis-
sion intensity of nickel in Ni—Zn alloy and stainless-steel plates and (b) the relationship
between the product of the sputter rate and composition and the measured intensity
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yield and intensity is as shown in Figure 7.3b. The plot is fairly linear in spite
of the very different characters of the matrices, indicating that the emission
yield is an effective parameter for quantification. In practical analysis by GD-
OES, emission intensities for elements are measured as a function of sputtering
time, and the chemical composition of a layer sputtered for a time interval is
correlated with time. By evaluating the density of each sputtered layer from
the composition, the thickness of the layer is also estimated. Through these
procedures, a quantitative depth profile can be obtained.

7.3.2 EFFECT OF MATRIX ON EMISSION YIELD

Since the operating conditions of GD-OES may be important in the quantifica-
tion of coatings, emission yields have been obtained for different samples under
different measurement conditions. Figure 7.4 shows the effect of operating con-
ditions on the ratio of emission yields obtained in different kinds of matrix
materials. The operating conditions tested were (a) constant current—voltage,
(b) constant power and pressure, (c) constant current and (d) constant voltage
conditions. Argon was used as the discharge gas in all of the measurements.
Although the deviation of the ratio of emission yields from unity seems to be
smaller under constant power—Ar pressure and constant current—voltage condi-
tions than under constant current or constant voltage conditions in these cases,
the effects of the matrix and operating conditions on emission yields is minimal
for quantification.

7.4 DEPTH PROFILES OF COATINGS BY GD-OES

There are a number of coated steel products which are often characterized by
GD-OES. Whereas electrodeposited zinc-based coatings are made electrolyti-
cally, hot-dip galvanized sheets are produced by dipping steel sheets into molten
zinc. Galvannealed steel sheets are annealed to alloy a coating of zinc with iron
substrates. Aluminized steels are processed by dipping steel sheets in a molten
aluminum-silicon alloy. These alloys are used in the automobile industry, etc.,
and depth profiles and characteristic features are considered below.

7.4.1 GALVANIZED STEEL

Figure 7.5 shows the GD-OES depth profiles of a galvanized steel sheet. A
depth profile of emission intensity vs sputtering time is shown in Figure 7.5a
and quantitative depth profiles are shown in Figure 7.5b and c. The composi-
tion scale of Figure 7.5c is expanded. The results show that the thickness of
the zinc coating is about 12 um, and aluminum which is added to the coating
alloy at less than 0.5 mass-% is enriched at the interface between the coating
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Figure 7.5 GD-OES depth profiles of a range of elements in a galvanized steel sheet




215

Application of GD-OES in the Steel Industry
Method :Zn-Fe Ni Al (3) index : 2;04/02/1998 JOBIN
Sample :1-43-1 power : 50.00 W YVON
Cali (ZnAl)
M (%) Zn 481
Ti 337
0.9 Si 288
S 181
0.8 Pb 220
396 P 178
0.7 Ni 341
Mo 386
0.6 Fe 372 Mn 258
Fe 372
Cu 327
05 Cr 425
C 156
0.4 Al 396
0.3
0.2
0.1
P_178 Cu (um)
0.0
2 4 6 8 10 12 14 16
(c)
Method :Zn-Fe Ni Al index : 0;26/01/1998 JOBIN
Sample :1-42-5 (slow) power : 50.00 W YVON
T Cd 229
9 Pb 220
| Zn 481
8 Nb 316
Sn 190
7 Ti 337
Co 345
Mo 386
6 Vo411
Cr 425
5 Ni 341
' 1 \396 Cu 327
4 Si 288
S 181
3 P 178
Mn 258
5 C 156
r Fe 372
1
190 C. 156
0 3G # OTAD B228 ® 18808 25Be 372 (um)
0.00 0.02 0.04 0.06 0.08 0.10

Figure 7.5 (continued)
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Figure 7.6 Quantitative GD-OES depth profile for an aluminized steel sheet

and matrix (quasi-maximum aluminum is 0.8 mass-%, as shown in Figure 7.5c).
The enrichment of aluminum suppresses or controls alloying of the zinc coating
with the steel substrate. This enrichment has been observed in previous results
by X-ray photoelectron spectroscopy (XPS) and electron probe microanalysis
(EPMA) [8,10]. Enrichment of aluminum is also found on the surface of the zinc
coating, as shown in Figure 7.5d.

7.4.2 ALUMINIZED STEEL

A quantitative GD-OES depth profile for aluminized steel sheet is shown in
Figure 7.6. The thickness of the aluminum alloy layer is about 13 um. The
profile demonstrates the heterogeneous compositional distribution of aluminum
in the coating, in spite of the large area (~15 mm?) analysis. This suggests that
the coating alloy is decomposed into phases with some different microstructures.
Information about the phase decomposition can be obtained by microstructural
characterization, which will be described in Section 7.5.3.

7.4.3 GALVANNEALED STEEL

In galvannealed steel, coated zinc is alloyed with the iron matrix by anneal-
ing, in order to achieve good mechanical properties of the coating. Therefore,
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Figure 7.7 Quantitative GD-OES depth profile of a galvannealed steel sheet

the concentration of iron in the coating is higher than that in galvanized steel.
Figure 7.7 shows a quantitative depth profile of a galvannealed steel sheet, in
which the concentration of iron in the coating is 10—12 mass-% in this sam-
ple. The iron component in the coating comes from the substrate in this case,
although alloy coatings such as Zn—Fe and Zn—Ni systems can be processed
electrochemically.

7.5 FACTORS AFFECTING DEPTH PROFILES

GD-OES depth profiles provide the average chemical composition of coatings
as a function of sputtered depth. As shown in Figures 7.5-7.7, a transition zone
close to the interface between the coating and matrix, where the composition is
continuously changing, is observed. Although the transition zone should be very
sharp in an ideal analysis of an ideal interface, it appears to be broad. This may
result from the depth resolution in the GD-OES measurement, the roughness of
the interface between the coating and substrate, and microstructural changes such
as alloy formation, as shown in Figure 7.8. These factors should be considered,
as exemplified below.
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Figure 7.8 Factors affecting the quality of depth profiles: (a) fundamental resolution of
the measurement, (b) roughness of the interface between the coating and substrate, and
(c) microstructural changes

7.5.1 DEPTH RESOLUTION

Even if the change in composition at the interface is step-like, poor depth reso-
lution of the measurement technique makes the depth profile broad. The depth
resolution is evaluated using the depth profile shape, as illustrated in Figure 7.9.
The depth resolution is typically defined as the sputtered depth traversed between
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Figure 7.9 Profile distortion of a steplike interface and the basic parameters used for
the definition of depth resolution

intensities of 16 and 84% in a profile. Since a sputtering crater is not always flat
and the analyzed area is relatively wide in GD-OES [8], these factors may reduce
the depth resolution. Figure 7.10 shows a plot of depth resolution versus thick-
ness of different coatings produced on steel. The results show that the depth
resolution increases with increasing thickness of the coating, which is a general
tendency in the depth resolution vs depth relation. Some scattering in this plot
may be acceptable, since coatings with different compositions are analyzed. The
resolution characteristics shown in Figure 7.10 may include roughness factors as
described in the following section.

7.5.2 ROUGHNESS

The roughness of the surface of the substrate steel affects the transition zone in
the composition when the thickness of coatings is small. Typically, the roughness
of cold rolled steel sheet is of single-micrometer order of magnitude, which is
sometimes comparable to the thickness of coatings. Observation of the cross-
section of a coated steel allows us to investigate roughness of the substrate
and coating.

Figure 7.11a and b show a cross-sectional microphotograph of a galvanized
steel sheet and the thickness of the steel and coating as a function of position
of a galvanized steel. The thickness of the zinc coating on the steel is about
14 pum. The results clearly show a roughness of the coating which is comparable
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Figure 7.10 Depth resolution versus thickness for different coatings produced on steel

to the coating thickness, and therefore roughness is an important factor in dis-
cussing the sharpness of the interface (i.e. ‘resolution’ in Figure 7.10) between
the coating and the matrix.

7.5.3 ALLOY FORMATION

Alloy phases with specific compositions may be formed during the coating pro-
cesses. Whereas GO-OES provides compositional information about alloying,
microstructural information can be obtained by the X-ray diffraction method and
other micrographic methods.

Steel sheet samples on which a pure zinc layer was electrolytically deposited
were annealed in hydrogen gas at 673 and 773 K for different times and then
rapidly cooled to room temperature. The composition—depth relation obtained by
GD-OES is shown in Figure 7.12. Changes in the X-ray diffraction patterns from
a zinc coating on a steel by annealing are shown in Figure 7.13. The results show
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Figure 7.11 (a) Cross-sectional photomicrograph of a galvanized steel sheet and (b) the
thickness of the steel and coating as a function of position on a galvanized steel

that different phases appear on annealing in this temperature range. The amount
of ¢ phase formed from pure zinc decreases with increasing annealing time,
whereas the amount of I'; phase increases. The compositions of the ¢, §, and I';
phases are 94-95%, 88—93% and 82—83% Zn, respectively. The zinc content in
the I' phase determined by GD-OES was slightly higher than 72-73%. These
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Figure 7.12 GD-OES profiles obtained from coated steel specimens annealed at 673
and 773 K for periods of (a) 300, (b) 1000, and (c) 3000 s

phases represent characteristic microstructures in the coatings, depending on the
process conditions, particularly the annealing conditions after coating. In order
to assist in understanding the kinetics of alloying processes, a time—temperature
diagram for phase formation is shown in Figure 7.14.

Microscopic observation is also useful for investigating the microstructure of
a coating. Figure 7.15 focuses on an enriched aluminum layer at the interface
between the coating and substrate of galvanized steel. The enriched layer of
aluminum is only 0.4 pum thick, while the GD-OES profile shows a 6—8 um
thick aluminum layer in the transition zone. This leads to the estimation that
the peak value of aluminum is not the real mass-% of aluminum in the thin
layer. Figure 7.16 exemplifies microstructural and compositional changes in a
cross-section of a coating on aluminized steel. The results indicate that the
coating, consisting of mainly aluminum and silicon, is decomposed in to two
phases during processing, and the aluminum coating is alloyed with the iron
substrate.
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7.6 VALIDATION AND VERIFICATION
OF CALIBRATION GRAPHS

7.6.1 NECESSITY FOR VALIDATION ON CALIBRATION GRAPHS

Interlaboratory tests were carried out to compare the effects of validation using
Zn and Al coating reference materials for calibration. The reference materials
used were (1) Zn, Zn—Fe, Zn—Ni coating reference materials (laboratory made)
and (2) Zn, Al, Cu, Fe based bulk (certified) reference materials.

Figures 7.17-7.19 show the results of quantification obtained by testing lab-
oratories 1, 2, and 3, which established calibration graphs with coating reference
materials, and by testing laboratories 4, 5, and 6, which established calibration
graphs with bulk reference materials. In all cases, the laboratories that used the
coated materials as reference materials found values which are near to the val-
ues assigned by chemical analyses. On the other hand, some laboratories which
used bulk reference materials without validation found values which were very
different from the values assigned by chemical analyses.

The quantification by GD-OES depends on the matrix of the tested sam-
ples, and the calibration graphs of GD-OES cover a very wide range from 0 to
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Figure 7.17 Results of interlaboratory tests by GD-OES comparing the results with
those of wet chemical methods (sample: galvannealed coating)
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Figure 7.18 Results of interlaboratory tests by GD-OES comparing the results with
those of wet chemical methods (sample: Zn—Fe electrolytic coating)

100 mass-% of the analytes. To improve the accuracy of analysis, it is essential
to validate the calibration graph using coating reference materials in the area
where accurate determinations are required. It is also important to verify the
calibration graphs and to correct for drift in routine quality control procedures.
Figure 7.20 shows the validation and verification in the measurement procedure
of GD-OES.

7.6.2 PROCEDURE FOR VALIDATION AND VERIFICATION

An example of a validation procedure is as follows. After establishing the cal-
ibration graph, a few coated reference materials (RMs) are selected. The RMs
should contain the relevant analytes in concentrations as close as possible to those
found in the coating types to be determined and the chemical compositions are
assigned by chemical methods traceable to SI units. The RMs are analyzed by
GD-OES, yielding profiles of the mass fraction percentage of each analyte and
depth in micrometers.
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Figure 7.19 Results of interlaboratory tests by GD-OES comparing the results with
those of wet chemical methods (sample: Zn—Ni electrolytic coating)

Validation of Depth

The average depth of the crater is measured by means of an optical or mechanical
profilometer device, obtaining at least two profile traces in different directions
across the center of the crater. The total sputtering depth in the chart is compared
with the measured average depth of the crater by means of the profilometer. The
coating mass is calculated using the theoretical density of the reference material,
if necessary, and compared with the assigned values of the coating mass of the
reference material. The average coating thickness is determined as the depth
where the concentration of the major element is reduced to 50% of the average
value in the coating in mass-% vs pum profile.

Validation of Chemical Composition

The average concentrations of each element are determined as the fractions of
the sum of the coating weights of all elements present in the coating. In order to
determine the total coating mass per element, the quantitative profile of sputtered
mass for each element and the corresponding time (or depth) increment of the
depth profile should be prepared (Figure 7.21). The area under each curve is



228 Glow Discharge Plasmas in Analytical Spectroscopy

Calibration or by RM (may not{be matrix matched)
Recalibration

!

Validation

Establishment of
calibration graph

by matrix matched RM

Yes 7 1T
Ege

Routine control

Verification
drift corr.

by RM (may not be matrix matched)

Yes l

Measurement

Figure 7.20 Validation and verification in the measurement procedure of GD-OES

1.4

1.2
95% of max Zn

ool N\
\

g/m?/s

0.6 \
0.4
\AI in coating Folif\base metal Total Fe
0.2 - -
0 I I I | : }
0 10 20 30Tt 40 50 60 70 80

S

Figure 7.21 Quantitative depth profile (g/m?/s vs s) of a galvannealed sheet. Note: the
Al composition in the coating is multiplied by 100



Application of GD-OES in the Steel Industry 229

integrated for the time (or depth) corresponding to the total thickness of the
coating. When the coating includes the same elements as those in the substrate,
the total thickness of the coating is not determined in the profile and the following
integration procedure may be applied.

When the coatings include iron, it is assumed that iron in the coating begins
to decrease when the signal of the iron in the base metal begins to appear in the
profile (Tts in Figure 7.21). The time Tt may be assumed as the time when the
main matrix of the coating (Zn in Figure 7.21) becomes 95% of its maximum (or
plateau) value. From time Tt the iron in the coating is assumed to decrease and
to reach zero concentration in proportion to the main matrix of the coating. The
integration of the iron in the coating transition zone is assumed to be the integral
of Zn intensity from time Tt to the time when the Zn concentration becomes
zero, multiplied by iron mass at Tt and divided by zinc mass at Tt. The total
coating mass of iron is integrated from time zero to Tt plus the integration in the
transition zone. In the case of coating elements such as zinc, aluminum, nickel,
silicon and lead, which are minor components in the base metal, it is assumed
that the elements in the coating reach zero when the mass profiles become same
as those in the base metal. The total coating mass per element is integrated from
time zero to the time when the mass profiles become the same as those in the
base metal. The mass percentage of each element is calculated and compared
with the assigned values of the reference material.
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8.1 INTRODUCTION

Glow discharge optical emission spectroscopy (GD-OES) is a widely used tech-
nique for the rapid depth profile analysis of surfaces, thin films and coatings.
The fundamental aspects of these applications were discussed in Chapter 5. Glow
discharge mass spectrometry (GD-MS) is also used for depth profiling, but less
frequently than GD-OES, and will not be considered here. The first known depth
profiles with GD-OES were of GaAs thin films [1] and of stains on steel sheet [2],
in the early 1970s. For many years, the technique then developed largely in the
steel and automotive industries where it found applications in surface segregation,
surface treatments (such as carburizing and nitriding), oxidation and passivation,
metallic coatings and polymer coatings. In more recent years, the technique has
spread into other industries. Analyses of hard coatings, produced by either chem-
ical vapour deposition (CVD) or physical vapour deposition (PVD), have become
a major application area. The technique is also used in the semiconductor indus-
try, for example, for the analysis of the boron phosphorus silicon glass (BPSG)
layers on silicon wafers, and in the ceramics and glass industries.
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© 2003 John Wiley & Sons, Ltd.
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We have chosen a series of recent studies in our respective laboratories to
illustrate the capabilities of the technique. In combination with other applications
presented in this book, they will give the reader a feel for what the technique
is currently being used for and its current capabilities. These studies include
the first nanometres of ideal surfaces, deeper industrial surfaces, thin films on
glasses and thick films and coatings on steel. All of the results presented here
were recorded on radio frequency glow discharge optical emission spectrometry
(rf-GD-OES) instruments: either JYS000RF or JY10000RF, manufactured by
Jobin-Yvon Horiba, France. They were all recorded at constant pressure in argon
and with constant applied power.

GD-OES is not the only technique capable of rapid depth profiling. Its main
competitors are dynamic SIMS (secondary ion mass spectrometry) and SEM
(scanning electron microscopy with X-ray emission analysis). It is cheaper, faster
and more quantitative than dynamic SIMS and is faster and has better depth
resolution than SEM. However, like all techniques it also has some limitations,
the principal ones being that it is not possible to do micro-spot analysis with
GD-OES and some samples are not suitable for mounting on the GD source,
e.g. screw threads, porous materials such as foams, and very low-temperature
materials, e.g. low-temperature metals and some pure polymers.

GD-OES is a comparative technique, i.e. calibration against known reference
materials is required for quantitative analysis. Various schemes for quantitative
analysis in both rf (radio frequency) and dc (direct current) powered GD sources
have been around for some years now [3]. While they are now gaining some
maturity, through international interlaboratory tests (‘round robins’), they are
still improving. Particular examples are the recent introduction of dc bias volt-
age and hydrogen corrections in rf analysis [4]. Slowly these tests are showing
the superiority of rf over dc methods for the analysis of both conductive and
nonconductive materials and coatings.

8.2 SURFACES
8.2.1 OXIDE SURFACE ON STAINLESS STEEL

Figure 8.1 shows the rf-GD-OES depth profile of the air-formed oxide on a
stainless-steel surface [5]. The stainless-steel film was formed from 304 bulk
stainless steel, deposited as an ~0.3 um thick film, by room temperature mag-
netron sputtering on to a mirror-polished silicon wafer. Atomic force microscopy
(AFM) revealed that the surface of the stainless steel was a series of hills and
valleys varying in height by a few tens of nanometres, related to the columnar
structure of the sputter-deposited film. Much of the film, however, was locally
flat to within 1-5 nm. From XPS studies, the surface oxide on such films is
about 2 nm thick [6]. Rf-GD-OES took about 0.1 s to traverse this layer. The
resulting depth profile (Figure 8.1) reveals that the surface is high in O and Fe.
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Figure 8.1 RF-GD-OES depth profile of the air-formed oxide surface on stainless
steel. Reproduced with permission from Shimizu, K., Habazaki, H., Skeldon, P.,
Thompson, G. E. and Wood, G. C., Surf. Interface Anal. 2000, 29, 743, Copyright John
Wiley & Sons

The H signal is strongest at the immediate surface, indicating the surface is either
hydrated or covered in a thin adsorbed water layer. Close examination of the Cr
profile, as indicated by the dashed lines in Figure 8.1, suggests that the Cr is
concentrated only in the inner part of the oxide. Ni was not present in the oxide
layer but was segregated in the metal immediately below the oxide forming an
Ni-rich layer. Taking into account the higher sputtering rate of the metal sub-
strate compared with the oxide surface, this Ni-rich layer is less than 1 nm thick.
The rf-GD-OES analysis is in agreement with XPS studies. From the rf-GD-OES
results, the oxide growth on stainless steel involves the preferential oxidation of
Fe and Cr in a duplex structure formed by the faster migration though the oxide
of Fe’* ions compared with Cr** ions.

8.2.2 OXIDE SURFACE ON GALVANIZED STEEL

The qualitative and quantitative analysis of the extreme surface of metals by
GD-OES often leads to an apparent excess of oxygen [7], some surfaces having
as much as 80 at.% O. Initially, it was thought this was due to the preferential
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sputtering of O, but attempts to correct for preferential sputtering were not suc-
cessful. Recent results suggest the O surplus may be due to the effect on emission
yields of the relatively high H levels on the surfaces of metals exposed to air [8].
In particular, H appears to increase the signals from the nonmetallic elements
such as C, O, N, P and S. With the development of the hydrogen correction
algorithm it is now possible to correct for this effect [4,9].

The galvanized steel coating was a typical commercial product manufac-
tured by continuous hot dipping of steel coil through a molten zinc bath. Such
zinc-based coatings are typically 10—20 um thick and contain typically about
0.5% Al. The small quantity of Al is added to control alloying between the Zn
and Fe in the steel base. Some of the Al moves to the surface of the coating
during solidification where is oxidizes, forming a mixed Al oxide/hydroxide [10].

Figure 8.2 shows the quantitative depth profile of the immediate surface of
the galvanized steel sample with both V. and hydrogen corrections. The dc
bias voltage Vg is lower in the immediate surface than in the zinc substrate.
The immediate surface has a very thin (<1 nm) adventitious hydrocarbon layer.
Below this is a second very thin layer (<1 nm) rich in Zn. This second layer
could be the beginnings of what is known in the industry as ‘white corrosion’,
i.e. the formation of a mixed Zn oxide/Zn carbonate from exposure to moist
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Figure 8.2 Quantitative rf-GD-OES depth profile of the surface of galvanized steel
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air. The main surface layer contains C, Al, O and H, with a small amount
of Fe, and is about 4 nm thick. The proportions of Al and O are close to an
expected stoichiometry of hydrated Al oxide: Al,O3-AIOOH. Also shown in
Figure 8.2 are the instantaneous values of density and sputtering rate, calculated
as part of the quantification algorithm. The density calculation includes the new
correction for oxides [9]. The densities and sputtering rates are low in the surface
layer, increasing rapidly in the Zn substrate. Note: without the H correction, a
‘quantitative’ depth profile with these data would show that the surface layer was
unrealistically 20 nm thick and predominantly O (around 70 at.%).

8.2.3 OXIDE SURFACE ON ELECTROPOLISHED ALUMINIUM

Figure 8.3 shows the rf-GD-OES depth profile of electropolished aluminium [11].
The sample was a mirror-finished, high-purity aluminium plate, electropolished

— (\'\ > Al
= o0
>
S
S 2"
>
% 1.0 Cr
c »
g ‘Cu
P7
o LAzl A3 | 1
0 1 2 0 1 2 3

Cr,03 - doped layer
l PO, - doped layer

.0
b

/\ %
5 CSsplis 7N :
Cu - enriched layer /

e

R

- M
A

o

LSS s

Figure 8.3 Rf-GD-OES depth profile of the oxide formed on an electropolished
aluminium specimen and the proposed model of the surface topography. Reproduced
with permission from Shimizu, K., Habazaki, H., Skeldon, P., Thompson, G. E. and
Wood, G. C., surf. Interface Anal. 1999, 27, 998—1002, Copyright John Wiley & Sons
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at a constant current density of 100 mA ¢cm~2 in a perchloric acid—ethanol bath
held below 10 °C, then rinsed in absolute ethanol and warm air dried. It was then
given a post-electropolishing immersion treatment in a chromic acid—phosphoric
acid solution at 95 °C for 5 min, to remove the thin CI~ doped surface film left
by the polishing. Finally it was rinsed in distilled water and warm air-dried. The
surface forms a new hydrated oxide surface about 4 nm thick [12]. The rf-GD-
OES depth profile shows the oxide was hydrated throughout, in agreement with
XPS studies. However, in addition, the temporal profile shows a Cu enrichment
just beneath the oxide/metal interface. This Cu enrichment had been predicted
theoretically but could not detected by XPS or various other techniques, including
SIMS, so these rf-GD-OES results are the first experimental evidence. The Cu
enrichment is formed during electropolishing.

The depth profile in Figure 8.3 shows that Cr was enriched both at the immedi-
ate surface and below the surface oxide. The aluminium substrate did not contain
Cr, nor did the electropolishing solution, so the Cr seen in the depth profile must
come from the post-electropolishing treatment. Also of interest, P was highest
at the surface and not present through the whole surface oxide. Such behaviour
is similar to thick barrier oxide films formed by anodizing aluminium in neu-
tral phosphate solutions [13]. Interpretation of these GD-OES results led to the
model of the surface proposed in the lower portion of Figure 8.3. The bimodal
distribution of Cr is due to a superficial oxide and deeper oxide plugs formed
through flaws in the surface oxide.

8.2.4 SURFACE TREATMENTS

Automotive manufacturers use many thermal treatments to improve the mechan-
ical properties of steels. Amongst the most frequently used are carbonitriding,
carburizing, nitriding and nitrocarburizing. These different procedures are easily
identified by rf-GD-OES. Quantitative depth profiles, from 0 to ~100 wm, pro-
vide important information for monitoring the effectiveness of these treatments,
on the segregation of elements in the steel and the diffusion of elements from
the gases in the controlled atmospheres used to treat the steels [14].

It is not always possible with GD-OES to go from the outer surface of the steel
all the way through to the centre of the steel sample in a single measurement.
During the GD analysis, some of the sputtered material redeposits on the edge
of the crater. When the thickness of this redeposition reaches about 100 pm,
there can be a short-circuit between the anode and the cathode and the plasma
stops or becomes unstable. (This is particularly problematic in the higher voltages
employed in dc-powered GD sources.) One can then proceed by mechanical pol-
ishing of the sample to remove the crater, and thus, by successive measurements,
construct the whole diffusion layer over several millimetres. This is time con-
suming but worthwhile in critical cases. Fortunately, the principal phenomena
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of interest— adsorption, segregation, formation of ‘white layers’, decarburiza-
tion and recarburization—are generally visible in the first 30 um and this is
possible in a single analysis.

8.2.5 CARBONITRIDING: STEEL 27 MC5R

Carbonitriding produces a C and N enrichment on the surface of low-alloy steel.
The steel is introduced into an oven, with a temperature set to approximately
850 °C in an atmosphere rich in CO. Additional gases (methane or propane) can
be used to control the carbon potential. N enrichment is achieved by the addition
of ammonia to the furnace gas.

As can be seen in the depth profile in Figure 8.4, Cr and Mn segregate strongly
in the oxidation zone, their surface contents reaching 11 and 8%, respectively,
compared with about 1% in the centre of the steel. This phenomenon is caused
by these elements having an oxidation potential lower than that of Fe. They are
therefore more oxidizable than Fe and segregate both to the surface and to grain
boundaries. Ni, on the other hand, has an oxidation potential higher than that of
Fe, and so is not subject to this type of segregation. The segregation leads to a
depletion layer of these elements below the surface to a depth of about 20 pm.

8.2.6 CARBURIZING: STEEL 27 MC5R

In carburizing (called gas carburizing or cementation in different parts of the
industry), only carbon is enriched. The temperature is slightly higher than for
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Figure 8.4 Quantitative rf-GD-OES depth profile of carbonitrided steel
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carbonitriding (about 900 °C). The atmosphere is the same as for carbonitrid-
ing but without the ammonia addition. Because of the controlled atmosphere
(low pressure and lack of oxygen), the oxide layer is very thin, and no segre-
gation occurs. As seen in Plate 1, there is indeed very little oxygen, while the
carbon content goes through a concentration maximum of ~8% at a depth of
approximately 2 um beneath the surface.

8.2.7 NITRIDING: LOW-ALLOY STEEL AND STEEL
GRADE 32CDV13

For nitriding, the oven atmosphere is composed of nitrogen, hydrogen and
methane. It is therefore nonoxidizing, and manganese does not segregate to the
surface. In ‘ionic’ nitriding of low-alloy steel, the nitride layer (‘white layer’)
reaches a typical thickness of 5 um as shown in Plate 2. The corresponding
scanning electron micrograph illustrates the ‘pore’ structure formed in the alloy
as a consequence of the nitrogen incorporation into the lattice.

In the nitriding of 32CDV13-grade steel, electron microscopy and GD-OES
both show the presence of a 10 um thick ‘white layer’ as shown in Plate 3. This
is followed in the backscattered electron image by a black band (as signified with
the arrow), in which microprobe analysis indicates a high degree of carburization.
The GD-OES quantitative depth profile shows that the carbon content in this layer
is raised from 0.9 to 3%.

8.3 THIN FILMS
8.3.1 ANODIC ALUMINA

The anodic oxidation of aluminium in suitable electrolyte solutions forms a barrier
anodic oxide film less than 1 pum thick. Such films are of commercial importance
as the dielectric layers of electrolytic capacitors or in the fabrication of thin film
electronic devices. The films contain small quantities of species derived from
the electrolyte solutions, and these significantly affect the chemical, physical and
electrical properties of the films. They are therefore also of considerable scientific
interest.

Figure 8.5 shows the rf-GD-OES depth profile of an anodized aluminium
surface [15]. The sample was an electropolished, mirror-finished, high-purity alu-
minium plate, anodized at a constant current density of 5 mA cm™2 at 20°C in
0.1 M Na,CrOy4 solution to 120 V, then rinsed in distilled water and warm air
dried. The film was amorphous and highly uniform in thickness and microscop-
ically flat. This can be seen in the transmission electron micrograph image of
an ultramicrotomed section of the aluminium substrate and film as depicted on
the left-hand side of Figure 8.5. The aluminium substrate is at the bottom of
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Figure 8.5 TEM image of a cross-sectional portion of anodized aluminium (top) and
the corresponding (a) rf-GD-OES and (b) SIMS depth profiles. Reproduced with permis-
sion from Shimizu, K., Brown, G. M., Habazaki, H., Skeldon, P., Thompson, G. E. and
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the image, while the oxide is in the centre and top of the image; inside the
film, 19 nm from the surface, near the top of the image, is an extremely nar-
row dark band about 2—3 nm thick. This band contains about 10 at.% of Cr,0Os.
Below this band as far as the metal substrate is a pure Al,O3 layer, and above
the band is an Al oxide layer doped in CrO4>~ and Cr,O3. All of these features
can be seen in the rf-GD-OES depth profile (Figure 8.5a), except that the Cr-rich
band appears to be about 7 nm thick. This band also appears to be about 7 nm
thick in the SIMS profile (Figure 8.5b). The apparent broadening in both the
rf-GD-OES and SIMS depth profiles is an artefact of the non-ideal sputtering
process (i.e. crater bottoms are not atomically flat).

8.3.2 GLASSES

Several GD-OES papers have considered the analysis of glass [16—18]. The first
experiments were performed with dc and were limited to bulk analysis. As glass
is nonconductive, the samples were embedded in metallic powder prior to anal-
ysis. El Nady et al. compared their dc-GD-OES results with values obtained by
ICP [16]. As rf-GD-OES allows the direct analysis of nonconductive samples, it
offers a new way for characterizing glass samples. Indeed, the technique can be
used for both bulk analysis and for depth profiling of multi-layer samples. On
glasses, layers of only a few tens of nanometres thickness can be observed with-
out major problems. Moreover, rf-GD-OES does not need any specific sample
preparation of the glass prior to the analysis.

Comments on Specific Aspects of rf-GD-OES Glass Characterization

Careful selection of the experimental and source conditions are critical for obtain-
ing reliable results on glass samples. As for other nonconductive samples, the
sensitivity of the technique depends strongly on the thickness of the sample.
However, unlike many nonconductive samples, glass has a tendency to shatter
under mechanical and thermal stress. To prevent localized overheating of the
sample from the plasma that can lead to fracturing of the sample, the sample
should be cooled to a temperature close to 0°C while mounted on the source,
both prior to and during the analysis.

Glass surfaces are generally hydroscopic and are therefore likely to be covered
by a layer of water that cannot be removed easily by degassing in the source. This
causes an alteration of the depth profile during the first seconds of the analysis
owing to the high content of hydrogen, known to induce perturbations both in the
sputtering and emission processes. Hydrocarbon contamination produces the same
effect [19,20]. As a result, the discharge takes some time to reach an equilibrium
situation, and so very thin superficial layers cannot be analysed accurately. In
such cases, the deposition of a conducting layer on top of the sample prior to the
analysis could improve the reliability of the depth profiles obtained.



Surfaces, Thin Films and Coatings 241

For metallic layers deposited on glass substrates, the strong gradient in elec-
trical conductivity at the metal glass interface can induce a sudden variation in
the discharge conditions, leading to a possible loss of information in that region.
For example, an increase in Si and Na intensities has been observed in the glass
substrate close to the interface. It is then difficult to tell the difference between
an experimental artefact and the migration of some elements. Another effect
appearing in such samples is the decrease in intensity for some elements as the
impact proceeds deeper into the sample, although the corresponding concentra-
tions are not expected to vary significantly. Parker ef al. suggested, for such
cases, normalizing the analyte intensities to the intensity of the Ar line [18].

Optical profilometry performed on the substrates after rf-GD-OES impacts
shows that the discharge conditions can be tailored to obtain relatively regular
craters with a flat bottom. Owing to the small thickness of many deposited films
on glass, the substrate is generally reached after only a few tens of seconds of
sputtering, making it difficult to determine the shape of the crater in such films.
However, the optimum source conditions can be checked by inspecting the shape
of the interfaces and verifying that the succession of elements in the intensity
profiles is in agreement with the deposition process.

Case Study: rf-GD-OES Analysis of Multi-layer Films Deposited
on Glass Substrates

Figure 8.6 shows the rf-GD-OES depth profile of a multi-layer film consisting of
three oxide layers (0.67 ZnO-0.33 Sn0O,), separated by two Ag—TiO, bilayers,

Intensity (a.u.)

Figure 8.6 Rf-GD-OES depth profile of a multi-layer film deposited on glass
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successively deposited on a glass substrate. The thicknesses of the upper and
lower oxide layers were approximately 30 nm, while the thickness of the central
layer was 77 nm. The lower intermediate layer (closer to the substrate) was
comprised of 8.5 nm Ag and 3 nm TiO,, and the second intermediate layer was
comprised of 13.5 nm Ag and 3 nm TiO,. In each case, Ag was the lower layer.
As can be seen in the depth profiles, the top oxide layer (on the left side of the
graph) is in fact a bilayer with SnO, on top. The Ti and Ag peaks then appear
mainly superimposed, probably owing to the small thickness of the TiO, layer,
but a closer examination shows that the Ti edge is closer to the surface, and that
the Ag peak is larger in its upper part. The second oxide layer would be expected
to take longer to sputter through, owing to its greater thickness, and Sn and Zn
appear in the opposite order compared with that observed on the top layer. The
second Ti—Ag layer is then detected, but the corresponding peaks are not well
separated from the next oxide layer, where only Zn is clearly visible in the depth
profile. However, an expanded view of that region shows that a very weak Sn
intensity after the Zn layer. Comparing the first two Sn peaks, this effect could
be attributed to the general intensity decrease with depth mentioned above for
nonconductive layers. At the same time, a relatively high Na intensity appears,
indicating that the film substrate interface has been reached. Normalization of
the profiles using the Ar signal does not appear to correct for the Sn intensity
decrease in this example. The mixing observed in the depth profiles of the layers
close to the substrate could be due to several effects, among them differential
sputtering, the very small thickness of the TiO, and Ag layers and conductivity
differences between the films and the substrate.

Figure 8.7 shows the depth profile obtained on a sample composed of five
bilayers (100 nm SiO,/100 nm TiO,) successively deposited on a borosilicate
glass. In this sample, no metallic layers were present in the stack. The structure
appears clearly in the figure. A surface enrichment of carbon and oxygen can
also be seen, due to contamination. Another interesting feature is the evolution
of the Si intensity, showing a very high value for the top layer, and a slow but
continuous decrease for the later ones. As mentioned above, this effect could
be due to unstable discharge conditions, mainly in the beginning of the attack.
Associated with the Si signal increase at a depth of 1 um is the onset of B and
Na responses, corresponding to the film/substrate interface.

In Figure 8.7, the horizontal axis was calibrated using the known thickness of
each film, to display a more realistic estimate of depth, undistorted by different
sputtering rates, than is given simply by sputtering time. In the case of unknown
thicknesses, a more complex calibration, involving standard samples showing
a similar composition to the various layers and substrate, must be performed.
This procedure has been developed for some types of materials. However, in
many cases, the information supplied by raw intensity versus time profiles can
be sufficient to observe the structure of multi-layer films.
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Figure 8.7 Rf-GD-OES depth profile of SiO,/TiO, multi-layers on borosilicate glass

The results reported here show that rf-GD-OES is a suitable technique for
depth-profile analysis of multi-layer films deposited on glass substrates. Indeed,
the high depth resolution of this technique can allow the discrimination of
nanometre-scale layers and retrieve the order in which they appear on a sub-
strate. This can be useful, for example, in the observation of diffusion processes
and in the control of diffusion barrier efficiencies. Moreover, the relative ease of
use and rapidity of the analysis are advantages to be considered in quality control.

In comparison with the results obtained on conductive samples, some specific
aspects must be considered, especially the effects of thickness and conductivity
variations. Although qualitative results can be sufficient in many cases, a cali-
bration can be considered if thickness or concentration information is needed.
However, this involves considerable work, in each matrix type, which will prob-
ably be the subject of numerous studies in the near future.

8.4 COATINGS
8.4.1 HARD DISKS

Computer hard disks used for the magnetic storage of data are complex multi-
layer systems, with layers of thickness varying from a few tens of nanometres to
several tens of micrometres. From estimates in 1996, some 750 million disks are
produced worldwide each year, growing at around 20% per annum. The extreme
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delicacy of the structures and the need for high quality mean that production
losses of 60—70% are common. Most disks (called platters in the industry) are
made from aluminium alloys, but some magnesium, ceramic, glass and silicon
platters have been produced. The platters are coated on both sides with a magnetic
material, newer drives having the magnetic material applied as thin metal films.
These multi-layer films contain numerous elements that are important to follow
during production, in addition to various potential contaminants. Rf-GD-OES
has been applied to the study of such materials, utilizing the excellent depth
resolution of the technique, its fast sputtering rates and the high dynamic range
of composition in the measurements. There is considerable interest in the plating
industries in the composition of electrodeposited Ni—P layers, as the performance
of hard disks depends critically on the thermal stability, flatness and presence of
micro-defects, in the Ni—P layers. These qualities of the layers depend on the
uniformity of the composition through the film and the presence of process-related
impurities especially at interfaces.

Figure 8.8 shows the rf-GD-OES depth profile of an amorphous Ni—P plated
aluminium disk as used for the fabrication of computer hard disks [21]. The disk
was 1 mm thick and 3 in (~75 mm) in diameter, formed from an Al-4.5% Mg
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Figure 8.8 Optical micrograph of a cross-section of an Ni—P coating on an Al-Mg
substrate, i.e. hard disk (left) and the corresponding rf-GD-OES depth profile of the
coating (a) major elements and (b) some additional elements. Reproduced with permission
from Shimizu, K., Habazaki, H., Skeldon, P., Thompson, G. E. and Wood, G. C., Surf.
Interface Anal. 2000, 29, 151155, Copyright John Wiley & Sons
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alloy, and polished to an average surface roughness of 5 nm. The Ni—P layer
was about 12 um thick. An optical micrograph of the coating is shown in the
left-hand portion of the figure, with the substrate being at the bottom of the image
and the Ni—P coating in the centre and top of the image. The micrograph shows
the outer surface of the coating is flat but that the interface between the coating
and substrate is fairly rough.

The major elements present— Ni, P, Al and Mg — are shown in the profile
presented in Figure 8.8a. The Ni and P signals are almost constant, indicating
that the composition of the Ni—P layer was uniform, although closer examination
shows the P signal increases slightly towards the surface. Figure 8.8b shows that
Pb and N are also present and uniform in the coating, with C and H are present but
not so uniformly distributed. All of these elements are from the chemicals used in
the plating bath: Ni sulphate, Na phosphate, Pb acetate and citric and lactic acids,
plus ammonia used to adjust the pH of the plating bath to 4.50. Interestingly, S,
although present in the bath, was not detected in the coating. The enhancement
in the H signal at the interface between the Ni—P coating and Al substrate is of
concern because hydrogen is implicated in the blistering of such coating.

Prior to plating, the Al substrate was degreased and etched and then given an
alkaline zincate treatment containing ferric chloride. Close examination of the
interface, not shown in the figure, reveals high levels of Na, Zn and Fe present
at the interface. The rf-GD-OES analysis therefore reveals that residue from the
zincate treatment remains at the interface.

8.42 CVD/PVD COATINGS

Hard coatings, including TiN, TiC, TiCN and TiAIN, are of major commercial
interest as they improve the wear, friction and corrosion resistance of tools and
components. Commonly these coatings are prepared by chemical vapour deposi-
tion (CVD) or by physical vapour deposition (PVD). GD-OES provides a rapid
and sensitive depth profile analysis of these coatings. GD-OES therefore has
much to offer this industry by assisting in the development of new coatings and
the testing of new processes, and in quality assurance and production problem
solving. The first qualitative GD-OES depth profiles of these coatings appeared
in 1984 [22] and the first quantitative depth profiles in 1986 [23]. Since then
the number of publications using GD-OES analysis of hard coatings has grown
steadily [24-26].

The CVD process involves placing the sample to be coated in a furnace at
a selected temperature and introducing a selected gas mixture. Given the com-
position of the gas and the temperature in the furnace, the coating formed is
the most thermodynamically stable compound. The coating thickness depends
predictably on the time in the furnace and can be predicted from known growth
rates. Typically coating thicknesses can be controlled to within +15% across the
sample. For TiN coatings, Ti tetrachloride is added to an N, and H; carrier gas at
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950 °C. For TiCN coatings, Ti tetrachloride is added to an acetonitrile (CH3CN)
and H, carrier gas at 850 °C.

One of the longer term aims of GD-OES analysis is the ability to analyse
quantitatively any coating, including the wide variety of commercial and exper-
imental hard coatings, with a single calibration. Currently, this is possible for
conductive coatings. All of the different conductive matrices studied are com-
bined in a single calibration. In rf-GD-OES, this can be achieved by including
dc bias and H corrections. The details are explained in a recent paper [4]. The
calibration for hard coatings typically includes a range of Al alloys, brass, steel
and stainless-steel samples plus specially prepared reference hard coatings and
bulk samples high in N and O.

Figures 8.9-8.11 show the quantitative depth profiles of three coated sam-
ples. The coatings all appear to have near-uniform compositions, as expected
from their stoichiometries: a TiN-coated steel is shown in Figure 8.9a, a TiCN-
coated steel in Figure 8.9b and a TiMoN-coated steel in Figure 8.9c. The depth
profile of the TiN coating, in Figure 8.9a, also reveals an inner TiCN-type coat-
ing used to improve coating adhesion, while Figure 8.9b shows a thin TiN layer
below the TiCN outer coating. In addition to the ability to sputter profile through
these technical layers to obtain elemental profiles, one of the key features of the
rf-GD-OES analysis is the inherent ability to determine elemental stoichiometry
as a reflection of the reaction/treatment conditions.

8.4.3 PLASMA COATINGS

It is not possible at present to measure routinely the dc bias voltage on non-
conductive samples. This is because, on a nonconductive sample, the dc bias is
formed only on the inside surface of the sample facing the plasma. Hence it is
not possible at present to use the dc bias correction as for conductive samples.
Studies of other rf plasma parameters are under way and it is hoped that this work
will lead to improved quantitative analysis of nonconductive materials [27].

Quantitative depth profiling of nonconductive coatings has, however, been
possible since 1993, when Payling et al. reported results on pre-painted steel [28].
Their approach is called ‘matrix-matching’, as calibration samples are chosen so
that they have similar matrices to the unknown samples/layers. This ensures that
the emission yields are constant between calibration and analysis. This is the
only successful approach for nonconductive samples to date with rf-GD-OES.
A recent example of this approach is shown in Figure 8.10 for a nonconductive
ZrOx—YOx plasma sprayed coating on steel.

8.4.4 ELECTRICAL COATINGS

Electrical coatings are used for parts in radio frequency applications such as radio
base stations, antennas, radio telephones, lightning conductors, entertainment
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Figure 8.9 Rf-GD-OES quantitative depth profiles of a number of CVD-coated steel
specimens: (a) TiN CVD-coated tool steel, (b) TiCN CVD-coated tool steel and (c) TiIMoN
coated steel. Reproduced by kind permission from The Iron and Steel Institute of Japan
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Figure 8.10 Quantitative rf-GD-OES depth profile of a ZrOx—YOx plasma coating on
a high-alloy steel substrate

electronics, car electronics, computer boards and global positioning system (GPS)
devices. A common use is for electrical contacts. The coatings are often applied
electrochemically and include gold, silver, nickel or nickel phosphate layers on
brass or copper. Gold is chosen for its appearance, for optical effects, corrosion
resistance and for ease of soldering. Silver is used for enhanced electrical con-
ductivity. Nickel gives excellent corrosion protection, either as a single coating
or as an undercoat for various outer layers. It is also useful as a repair coating,
for filling in worn areas or for reclaiming undersized parts. It is used on shafts,
rolls, structural parts needing corrosion protection and electrical housings. Nickel
layers may also include hard ceramic particles to form a wear-resistant composite
coating. Ni—P coatings are resistant to most organic and inorganic media, except
strongly oxidizing acids. Rf-GD-OES provides a rapid and sensitive depth profile
analysis of all these different coatings.

Three examples of electrical coatings are shown in the rf-GD-OES profiles in
Figure 8.11a—c. The first is a fresh, thin Au layer on brass (Figure 8.11a). The
second example (Figure 8.11b) is an artificially aged Ag coating on brass showing
significant alloying between the Ag and brass substrate related to temperature and
time of ageing. The last (Figure 8.11c) is a thin Au layer on top of a Ni alloy
coated brass sample, showing that some Au has diffused through the Ni alloy
coating into the brass substrate. In each instance, the quantitative and qualitative
aspects provide meaningful metallurgical information.

8.4.5 ELECTROPHORETIC COATINGS (CATAPHORESIS)

An electrophoretic coating (called E-coat or cataphoresis in different parts of
the industry) is a special treatment for car bodies, applied after cleaning and
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Figure 8.12 Rf-GD-OES depth profiles of electrophoretic coated, phosphated, galva-
nized steel: (a) qualitative analysis and (b) fully quantitative profile. Reproduced from by
kind permission from The Iron and Steel Institute of Japan

phosphatation. This operation deposits a film on the entire care body. It is
achieved by total immersion of the vehicle in the coating bath in which the car
body is held at a negative potential. The film has a nonconductive organic matrix
containing many mineral pigments, and after baking has a typical thickness of
about 20 um.
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Rf-GD-OES analysis the coating allows a quick determination (in about
10 min) of the chemical composition of the film, the distribution of pigments and
the coating thickness, in addition to providing information on preceding coatings
and treatments. A qualitative depth profile is shown in Figure 8.12a and the
quantitative depth profile in Figure 8.12b. The calibration used for Figure 8.12b
was multi-matrix, using solid aluminium standards, zinc alloys, cast iron, steel,
ceramics and electrophoretic coatings whose compositions were determined by
chemical analysis. After calibration, GD-OES quantitative depth profiles were
obtained for seven electrophoretic coatings. The coating thicknesses determined
by GD-OES compared well with values determined by profilometry, being within
41 pum, and the average coating compositions determined by integrating the
profiles for each element in the coatings compared favourably with their chemical
analyses.

8.5 CONCLUSIONS

The various applications described show the versatility of rf-GD-OES: its ability
to examine a variety of materials, all the way from the first nanometres on the
surface of materials, through a wide range of conductive and nonconductive
thin films and thick coatings. When the GD-OES results are combined with
information from other techniques, the outcome is an important understanding of
products and processes.
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Comparison of Glow
Discharge Atomic
Spectrometry with Other
Surface Analysis Methods

K. WAGATSUMA

Institute for Materials Research, Tohoku University, Sendai, Japan

9.1 INTRODUCTION

A variety of analytical methods are available as experimental techniques for
surface analysis. However, the majority of them are specified methods for par-
ticular specimens in a particular sample form, while requiring careful sample
pretreatment and experimentation. This offers a pronounced contrast with the
routine applications of glow discharge atomic spectrometry (GDS) covering var-
ious types of samples. The aim of this chapter is to compare GDS with other
methods for surface analysis that are usually available. These methods can be
classified into four categories: ion probe, electron probe, X-ray probe and laser
probe methods, based on what is employed as the excitation source. Because
GDS is principally directed at the elemental quantification of materials, some
methods which give structural information, such as X-ray diffraction, and also
vibrational spectroscopy are not mentioned here.

For these comparisons, one should recall the features of GDS (the acronyms
used below will be explained in a subsequent section):

1. Elemental quantification with high accuracy. The glow discharge plasma
is a high-performance excitation source for atomic emission spectrometry,

Glow Discharge Plasmas in Analytical Spectroscopy, edited by R.K. Marcus and J.A.C. Broekaert
© 2003 John Wiley & Sons, Ltd.
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being very stable and emitting atomic spectra with high signal-to-background
ratios. Quantitative analyses by glow discharge optical emission spectrometry
(GD-OES) are carried out with a standard procedure, similar to that employed
in inductively coupled plasma emission spectrometry, which is the most pop-
ular method in emission analysis. If appropriate standard reference materials
can be prepared, GD-OES provides accurate analytical results from the cal-
ibration relationship. On the other hand, the quantification of other methods
such as AES and XPS is generally complicated, because the reference mate-
rial of which the surface is strictly defined cannot be obtained in most cases.
Further, SIMS has some additional complications for quantification as the
observed elemental ionization efficiencies depend dramatically not only on
the composition of the surface but also on the kind of primary ions employed.

2. Depth profiling at a relatively high erosion rate. As is often mentioned, the
sampling rate in GDS is relatively large (typically 1 um/min), mainly owing
to the high density of ions bombarded into the cathode sample. As such, GDS
is a suitable technique for depth profiling of relatively thick layers, such as
Zn-coated steels and hot-rolled oxide layers. Ion etching guns employed with
AES and XPS have much lower rates of the sputtering ranging 1—-10 nm/min;
although the in-depth resolution is generally better than that of GDS, the
measuring time is prolonged. In static SIMS, ISS, and RBS, their sputtering
rates are negligibly small. Dynamic SIMS is operated over a wide range
of sputtering rates. A particular ion gun yielding higher sputtering rates is
employed in ion microprobe analysis (IMA), having sputtering rates of several
tens of wm/min.

3. Average information over a relatively large area. The sampling area of GDS
is 0.5-2.0 cm?, determined by the geometry of the discharge tube used to
obtain stable glow discharge plasmas. Therefore, analytical results by GDS
are the average chemical composition over a large sampling area. Unlike
GDS, the lateral mapping of the composition is a particular advantage of
electron probe methods such as AES and EPMA. In all microprobe methods,
the excitation source can be sharply focused by an electrostatic lens. Three
modes of the analysis can provide zero- to two-dimensional distribution of
elements, as illustrated in Figure 9.1a—c. Such information has contributed to
studies on the microscopic structure of various materials. Also in SIMS, two-
dimensional imaging of the ion signals can be obtained. More recently, X-ray
beams can be collimated up to a diameter of 100 um, so that the elemental
mapping by photoelectrons is possible in XPS.

4. No requirement for ultra-high vacuum and easy sample handling. This is
probably the most significant advantage of GD-OES in manufacturing applica-
tions for quality control. Most of the surface analysis methods may be operated
only in a ultra-high vacuum environment in the range 107°~10~% Pa. The rea-
son for this is that the low-energy electrons and secondary ions monitored in
some methods are easily scattered by the residual gas to decrease the signal
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Figure 9.1 Measuring modes of electron/ion probe spectrometry

intensity drastically. In addition, the cleanliness of the sample surface must
be maintained during analysis to prevent adsorption of the residual gas in
the ultra-high vacuum chamber. Handling of the samples is thus complicated
and a prolonged time for the measurement is needed. In routine analysis for
quality inspection, GDOES is superior to the other methods because of its
simplicity and rapid response.

. Destructive method. Intrinsically, GDS, dynamic SIMS and IMA are destruc-
tive analytical methods to obtain the depth profiles of the chemical composi-
tion. In AES and XPS, ion bombardment with an ion etching gun is extensively
employed to obtain the in-depth information at deeper portions of the sam-
ple. On the other hand, nondestructive depth profiling of the sections can be
performed with angle-resolved XPS and RBS.
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9.2 SURFACE ANALYSIS METHODS COMPETITIVE
WITH GLOW DISCHARGE SPECTROMETRY

9.2.1 ION PROBE METHODS

Considering the similarity in the sampling process, ion probe methods could
provide useful knowledge for characterizing the depth profiling in GDS. Com-
parison of GDS with several ion probe methods is therefore important. During
the bombardment by ions or neutral atoms, several effects are caused on and
near the sample surface: sample particles are ejected (sputtering) and the primary
bombarding particles are implanted into the sample as well as reflected (backscat-
tered) to the gas phase. All of the particles can yield some analytical information,
which form the family called the ion probe surface analysis methods.

Secondary ion mass spectrometry (SIMS) is one of the most important surface
analytical techniques [1]. The basic principle of SIMS is that charged atomic or
molecular species are ejected from the sample surface bombarded by energetic
ions and are subsequently analyzed with a mass spectrometer. There are two
modes of operation in SIMS, as shown in Figure 9.2a and b:

1. In dynamic SIMS, the ion sputtering proceeds at fairly high densities of the
primary ion current, up to several A/cm?, thus leading to a rapid sputtering
rate. With the progress of the sputtering, depth profiling of the elemental
composition can be obtained by measuring the ion intensities as a function of
sputter time.

2. In static SIMS, the ion sputtering is achieved by very low ion densities,
down to wA/cm?. This mode enables the composition of the uppermost layers
to be determined. These very mild conditions of sputtering are applied to
the analysis of polymers, organic and biochemical materials, and so on. The
major reason for this is that the precise depth profiling of such samples can
be obtained as there is little damage to their structures.

A major feature of SIMS is that all elements including hydrogen can be
detected with high detection sensitivities and, as the analysis is based on the mass
separation of the secondary ions, their isotopes and molecular species can be also
detected. On the other hand, quantification by SIMS can be difficult because the
secondary ion yields are very sensitive to the composition of the surface. There-
fore, quantitative analysis is generally carried out by comparison with standard
reference materials close to the composition of the specimen being examined.

Imaging SIMS is an effective technique to obtain a three-dimensional analysis
of the sample. As illustrated in Figure 9.1c, a fine beam of primary ions is rastered
across the surface while analyte species are monitored. In addition, the entire field
of view can be imaged simultaneously in the ion optics of the SIMS instrument,
which is analogous to an optical microscope. In this case, the lateral resolution
depends on the size of the apertures in the ion optics of the mass analyzer.
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By developing a neutralizing method for the probing ion beam, fast atom bom-
bardment mass spectrometry (FAB-MS) is employed as an alternative method
for analysis of insulating samples to reduce charging effects (Figure 9.2c). By
use of the atomic beam, sample damage can be reduced in the analysis of eas-
ily decomposed materials such as organic films. Another advanced technique
in SIMS involves post-ionization methods, generally referred to as sputtered
neutral mass spectrometry (SNMS). Neutral species which are a major part of
the sputtered particle population are additionally ionized by laser irradiation
or an electron beam so that they can be detected with a mass spectrometer
(Figure 9.2d). This approach might improve the detection sensitivity. Further-
more, this can reduce matrix effects which are manifest by the large variations
in the ion yields in SIMS, because a large fraction of the ionized particles are
produced through the post-ionization process. This effect is similar to the plasma
excitations in GDS.

Reflection of the incident ion is known as the backscattering phenomenon,
which also has a good deal of analytical information [2]. In the case of low-energy
ions (a few keV) the method is called ion scattering spectroscopy (ISS), whereas
energy analysis of backscattered ions having higher kinetic energies (several
MeV) is generally referred to as Rutherford backscattering spectroscopy (RBS),
as illustrated in Figure 9.2e and f. The ISS analysis is sensitive to only the
topmost monolayer of the sample surface; however, the RBS spectrum involves
not only elemental information but also the depth distribution to a depth of about
1 pum. In both cases, the sample is bombarded by a monoenergetic ion beam
(usually He ions), and the ions scattered from the sample surface are energy
analyzed. In ISS, the energy ratio between the incident and scattered ions relates
directly to the kind of the uppermost sample atoms. On the other hand, the RBS
spectrum contains information not only regarding the elemental identification but
also their position beneath the 