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Grimm source in GDOES is also a powerful etching tool. The eroded surface has little
damage in the underlying crystallites and so it can be used as a method for preparing a
surface for electron back-scattered diffraction (EBSD), which is a powerful method for
measuring crystallite orientation in microcrystalline materials. The etching method can
also be used to obtain a plan view of internal oxides of steels using scanning electron
microscopy (SEM) (Chapter 5). In Chapter 6, the study is focused on various issues
which impact upon hydrogen measurement in the glow discharge source of the GDOES

instrument.

In GDOES depth profile analysis, the elemental intensities after a particular sputtering
time can be converted into an elemental concentration and sputtered depth. Therefore,
the best depth resolution would be obtained when the sample surface is eroded layer-by-
layer uniformly. However, the specimen is often eroded non-uniformly to a greater or
lesser degree. On a gross level, the depth resolution is affected by the shape of the
sputtered crater and roughness of the bottom surface of the crater (Quentmeier, 1997).
The best crater shape can be obtained by choosing optimum discharge conditions, i.e.
the voltage, the current and the argon pressure (Angeli ef al., 1993; Quentmeier 1994
and Bengtson, 1996). The roughness of the bottom surface is believed to be due to
differential sputtering of the sample material depending on size and orientation of the
crystal structures (Quentmeier, 1997 and Angeli, 1997). Until now there have been no
detailed reports in the literature of the orientation effects on the sputtering rate in
GDOES. In this study, the effect of crystal orientation on the sputtering rate of different
crystals and the effect on depth resolution have been investigated for the first time in
detail (Chapter 3). Pure iron was chosen as the test specimen because of its
metallurgical significance and its moderate sputtering rate relative to other elements
commonly analysed in GDOES. With its high purity, the influence of non-uniformly
distributed elements in the specimen on sputtering can also be eliminated. The
specimens were sputtered in the GDOES with a dc source for different sputtering times
under the condition of optimal parameters for best sputtered crater shape. SEM was

used to observe the micro-textures on the bottom of sputtered craters. The orientations
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In the first part of Chapter 5, the results of the EBSD patterns collected from the
surfaces of the pure iron and the copper after GDOES etching have shown that a high-
power Grimm source, as generally employed in GDOES, is an excellent tool for
removing surface damage in iron specimens prior to study using EBSD. The technique
is extremely fast and can in principle be applied to any sample, without the use of any
chemicals. The Grimm source itself is a simple system (e.g. as compared to an ion

beam thinner), and so could represent a very cheap and fast specimen preparation route.

GDOES was also used successfully in the investigation of internal oxides in carburised
steels by the plan viéw of the oxides in the revealed layer and the depth profiling in
GDOES. Most of the prior studies on internal oxidation have utilised cross-sections of
the surface layers, either by SEM for a cross-sectional view of oxides on the micron
scale, or by Transmission Electron Microscopy (TEM) to determine the type of the
oxides (Mural ef al., 1997). However, these approaches cannot reveal a plan view of
morphology and distribution and a depth location of the oxides. In the second part of
Chapter 5, the internal oxides of the carburised steels were plan viewed in SEM after
GDOES etching down to a surface layer with known depth. The oxides revealed in
different layers showed different morphologies. Energy Dispersive Spectrometer (EDS)
mapping in SEM identified that the oxide elements were Si, Cr and Mn, which is in

agreement with the GDOES depth profiles for these elements.

Accumulation of hydrogen atoms in steel causes hydrogen embrittlement, which shows
a loss in ductility and toughness of the steel. Hydrogen in metal can also produce
cracks under the influence of stress before use as well as in service applications of the
steels (Timmins, 1997). However, detection of hydrogen in steels often causes
problems due to its immobility and light atomic mass. Hydrogen detection is
impossible for most traditional surface analytical techniques (Lanford, 1982) and only a
few techniques can be employed to do a surface analysis for hydrogen (Marwick, 1991;
Tirira et al., 1996 and Payling, 1997f). GDOES is one of the few analytical techniques

that are sensitive to hydrogen. It is fast, easy to operate and relatively inexpensive
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application of GDOES to the investigation of internal oxides of carburised steels, a
combination of SEM imaging and the argon ion etching of the surface would give a 3-D
image of the internal oxide. The plan view of oxide regions of relatively large size has
also provided the opportunity to determine the crystalline structure using EBSD pattern

detection.



Chapter 2 Background of GDOES

2.1 Introduction

Glow Discharge Optical Emission Spectroscopy (GDOES) is a chemical composition
analytical instrument for solid samples. Combining sputtering and atomic emission in a
Grimm source (Grimm, 1968), it provides a modern, extremely rapid technique for bulk
analysis and depth profiling of samples. The Grimm source can work in conditions of
direct current (dc) and radio frequency (rf) glow discharge. GDOES with a dc source is
used in the analysis of conductive samples, while an rf source is used for both
conductive and non-conductive samples. Light emitted by the glow discharge is
analysed by an optical spectrometer. With a wide range of optical wavelength analysis
from 110nm to 800nm, GDOES can analyse almost all of the elements in the periodic
table. Relative standard deviations (RSD) of analytical precision are 0.1-1% for major
and minor analytes and detection limits are in the range 1-10 ppm for bulk analysis
(Bengtson, 1996). By employing the concept of emission yield, quantitative procedures
of GDOES have been developed for sample analysis to produce characteristics showing
elemental concentrations against analysed depth. For surface depth profile analysis, the
analytical precision and the detection limit are very close to that for bulk analysis.
GDOES can analyse up to a depth of ~100 pum within a single burn for steel samples,
yet the minimum information in depth is in the scale of a few nanometres. The depth
resolution of depth profiling in GDOES is believed to be about 15% of analysed depth.
In recent decades, the technique has been successfully applied in routine tests and

investigations of industrial surfaces of steels and alloys, thin films and hard coatings.

In this chapter, a general literature review on the GDOES technique is presented, which
includes a description of the glow discharge source, the glow discharge process, the

sputtering of the sample surface, the quantification procedures, analytical performance
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and recent applications. The description focuses on GDOES instruments with dc
sources as most of the studies in this thesis have been undertaken on this type of

instrument.

Much of the introduction described here is covered in the major single-proceedings text
edited by Payling et al. (1997). In what follows, the original literature is cited where
possible, although most of the relevant chapters in Payling et al. (1997) would provide
the reader with a more thorough, and up-to-date analysis. Works published later than

1997 are cited in full.

2.2 Glow Discharge Source and GDOES Instruments

2.2.1 The Grimm source in GDOES

All experimental work described later in this study has been performed in a GDOES
which employs a standard Grimm glow discharge source. The Grimm source works on
the same principle as a typical laboratory glow discharge source but with a different
configuration. A typical laboratory glow discharge source, shown in Figure 2.1,
consists of two planar, parallel electrodes, one the cathode and the other the anode,
located inside a cylindrical glass vacuum tube filled with gas (e.g. argon) at low
pressure. A voltage is applied between the cathode and the anode. When the conditions
(gas pressure, voltage and current) are suitable and the discharge has ignited, the
cathode is fully covered by a dark space. It is followed by the brightest band, called the
negative glow, and a region of dark and bright bands, called the positive column, which
extends to the anode. When the anode is close to the cathode, the positive column
disappears and only the dark space and the negative glow remain between the cathode

and the anode. This is the fundamental structure of glow discharge (Chapman, 1980).

The innovation of the Grimm source is probably the most important development in the

GDOES technique. The principle of the source is based on the fact that the geometry

9
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2.2.2 Current-voltage-pressure characteristics of glow discharge source
The glow discharge process and hence the sputtering of the cathode (sample) can be
controlled by three operating parameters: voltage, current and gas pressure from outside
of the source. In the abnormal glow region, the maintaining voltage Uy, i.e. the voltage

between the anode and the cathode, is given by Weston (1968) as

U, ~U'+i,R, , (2.1
where U’is the turn-on potential; i; is the source current and R, is the source resistance.
No current flows until Uy exceeds U’. Comparing the effects of the gas pressure (Py),
cathode area and distance between the anode and the cathode, Eqn. (2.1) can be
expressed in the GDOES system by (Payling, 1994 a and 1997a) as

ak'i;

> 2.2
. 22)

U, ~U'+

where k’is a constant relating to the distance of anode to cathode; a is a constant
between land 2; m and b are both approximately 2 and D is the inside diameter of the
anode. Most of the constants in the equation appear to be dependent on the sample
matrix. However, the three parameters, voltage, current and argon pressure, are not
independent of each other. If two of the three parameters are kept constant, the third
one will find its own value depending on the cathode matrix. In theory, the source can
only work under the one of three operating modes: with either current, voltage or argon
pressure as a variable. Figure 2.4 shows the current-voltage-pressure characteristics of
the source operating with a steel sample. In practice, all of the three operating modes
have been applied in GDOES measurements. For example, the mode of variable
current could be used in a bulk analysis because of the rapid cleaning of the sample
during a pre-burn which is required to remove surface contamination of the sample
prior to analysis, and the mode of variable argon pressure is becoming increasingly
important in quantitative analyses following improvements in quantitative theories of
GDOES. Which mode is optimal will depend on the application and samples to be

analysed (Bouchacourt and Schwoehrer, 1997).

12
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There are two kinds of spectrometer. The first is a polychromator, with many fixed
channels. It can record many elemental signals simultaneously. Another is a
monochromator. It has only one channel but is tuneable over a wide wavelength range.
The GDOES (Leco GDS 750), which was employed in this study, is equipped with a
polychromator which is able to detect 44 individual elements and can analyse 24

elements in a single measurement.

2.3 Glow Discharge in GDOES

2.3.1 Structure of the glow discharge

Discharge is a breakdown phenomenon in a conducting ionised gas. In a voltage-
current characteristic of gas discharges, as shown in Figure 2.6 (Wagatsuma, 1997),
when the voltage increases to Up, called the breakdown voltage, the discharge current
increases rapidly and a dark discharge (region A-B) is produced. Gas discharge is a
self-sustaining process. Initially electrons accelerate and collide with gas particles
causing ionisation of the gas. The resultant charged particles can also contribute to the
ionisation collision. When the discharge current is increased further, the voltage
decreases and reaches a constant value U, (the region C-D). In such discharges, a zone
with visible light in the discharge body can be observed. Glow discharge corresponds
to the region D-F, created at reduced pressures of several hundred Pa and discharge
voltages of a few hundred volts, with characteristic ‘glow’, i.e. blue luminance in the
case of argon as the carrier gas. The glow discharge can be divided into two regions,
i.e. ‘normal’ glow (D-E) and ‘abnormal’ glow (E-F). The 'normal' glow discharge has
the characteristic that the voltage remains constant as the current is changed by several
orders of magnitude (e.g. from 10 to 10 A). Under these conditions, the current
density at the cathode remains constant, while the area of the cathode covered by the
glow expands proportionally with the current. When the cathode is fully covered, an

increase in current is necessarily associated with a rise of the current density, so that a
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larger cathode emission is required, and this again increases the cathode fall and the
potential. The region with the positive characteristic, i.e. where the voltage increases as
the current increases, is that of the 'abnormal' glow discharge. In analytical application
of GDOES, it is the ‘abnormal’ glow discharge which is employed as a light excitation

source (Boumans, 1972).

Normal glow discharge

Voltage | Townsend dark discharge Abnormal glow discharge
Figure 2.6. Voltage-current
characteristic of gas discharges
Yo (Wagatsuma, 1997).
Are discharge Region A-B: dark discharge;
v i/ Region C-D: visible light observed in
L the discharge body with a constant
P voltage;
Region D-F: glow discharge, which
can be divided into two region: a
‘normal’ glow (D-E) and ‘abnormal’

.......................................................... H glow (E-F). The '‘abnormal’ glow is
| | | o [ employed as a light excitation source
10 07 105 105 100 10 in GDOES analysis.

Current/A

The glow discharge process depends on carrier gas, gas pressure, voltage, current,
geometry and electrodes. In particular, the discharge structure may alter depending on
the distance between the anode and the cathode. As the space between the electrodes is
reduced, the positive column shrinks. When the space is reduced further (the space is
just a few times the cathode dark space thickness and the minimum separation is about
twice the dark space thickness), the positive column and the Faraday dark space finally
disappear whilst leaving the cathode dark space and negative glow unaffected. Such a
glow discharge is called the ‘obstructed’ glow, as described by Chapman (1980) and
shown as Figure 2.7(a). This structure of glow discharge is a fundamental structure
model of glow discharge, and is just the basic model in the Grimm source in GDOES.
As can been seen in Figure 2.7(b), U, is the plasma potential, which means that the

glow region is at a small positive potential. Since a voltage Uy is applied between the
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Electron impact ionisation of argon atoms is one of the most important and best-

known processes in the glow discharge, simply expressed as

Ar® +e” > Art +2e (2.3)
where Ar° and Ar* are argon atoms in the ground state and argon ions with a single
charge respectively. This collision is the essential process for the plasma being self-
sustaining as it produces an extra electron which can ionise other argon atoms. The
collision can have two effects: one is the ionisation of argon atoms from the ground
level, which needs a minimum energy of 15.76 eV; the other is excitation to the

metastable levels at 11.55eV or 11.72 eV.

The metastable levels of an argon atom are created when energetic particles collide with

it. Electron impact excitation of argon atoms is expressed as

Ar® +e” > Ar' +e” (2.4)
where Ar” is the argon atom in the metastable levels. The minimum energy transferred
is 11.55 eV, which is less than the ionisation energy of an argon atom (15.76 eV).
Therefore, the energy level is not high enough to eject an electron from the atom but
can only excite the electron to a higher energy level within the atom. Sputtered atoms
also can be excited to metastable levels. But the metastable argon atom has a longer

life-time before it returns to the ground state than the metastable sputtered atoms.

In addition to processes involving argon atoms there are processes involving the analyte
(sputtered) atoms. Electron impact ionisation and excitation of sputtered atoms are

another two important processes in the glow discharge
M +e 5> M* +2e (2.5)

M'+e" M +e (2.6)
where M°, M* and M" represent sputtered atoms in the ground, a single positive
charged and excited states, respectively. The mechanisms of these two processes are

the same as for the processes of electrons impacting argon atoms. These processes will
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ions impact the surface. Their energy is the highest among the electrons in the three
groups. After the glow discharge has built up, the y-electrons are the primary electrons,
maintaining the glow discharge to be self-sustaining by collisions with argon and
sputtered atoms in order to produce extra electrons which can contribute to the
ionisation processes. The secondary electrons are produced from the ionisation
processes of argon and sputtered atoms and collide with the argon and sputtered atoms
in the plasma to cause the excitation of the atoms. The slow electrons, which are
trapped by the plasma potential because of their low kinetic energies, are the largest part
of the glow electrons. Electron temperature in the plasma is determined mainly by this
group of electrons and is in the range of a few eVs down to 0.1 eV. On the other hand,
the electrons are also lost mainly through electron-ion recombination. In fact, the glow

discharge is self-sustaining in a balance of the production and reduction of electrons.

The energetic electrons also provide the only mechanism which enables energy
coupling from the external power supply to the bulk plasma. The energy in the plasma
is lost mainly through heating of the electrodes by energetic particles. In view of the
balance of energy in the glow discharge, the lost energy must be compensated for

through the energetic electrons in order to obtain a steady state discharge.

2.3.3 Properties of particles in the glow discharge

The particles involved in GDOES include the electrons, the positive ions, the excited
atoms and the sputtered atoms. Fang and Marcus (1991) have investigated the
properties of particles in the plasma using a single cylindrical Langmuir probe with a
computer-controlled voltage driving system. The glow discharge sputtering device has
a simple, diode-plane electrodes configuration. Different cathode matrices — copper,
copper-zinc alloys, molybdenum, nickel, titanium and stainless-steel were sputtered in
discharge conditions with constant current and argon pressure. The current and argon
pressure were 8 mA and 2.7 mbar, respectively, at which the glow discharge was
believed to be in the abnormal region. Axial distributions and the values of electron

temperature, average electron energy, and electron and positive ion number densities in

19



a particular sampling position have been investigated. In this sampling position, at
about 5.4 mm from the cathode, the plasma is quite luminous and the probe disturbs the

plasma least.

Particular areas of interest lie within their experimental results about electron
temperature, average electron energy, and electron energy distribution due to the
relations to the discussion in Chapter 6 on hydrogen behaviours. Their experiments
showed that the electron temperature decreased as the current and the voltage increased
for the different cathode matrices, which was explained by the contribution of electrons
produced by either Penning ionisation of sputtered atoms or electron impact ionisation
of sputtered and argon atoms in the negative glow region. The secondary electrons
produced by ionisation have quite low kinetic energy relative to the y-electrons that
have gained kinetic energy in the potential fall of the cathode dark space. In the
abnormal glow region, the average electron energy increases with the current.
However, for the different samples, the average energy values converged to a relative
spread of only ~10%. This spread was within the sample-to-sample deviations for the
analysis of the same alloys, which means that the cathode matrices have little effect on
the average energy. The electron energy distribution functions for the different

cathodes in the constant-current operating mode were also very similar.

A combination of different mathematical models for different plasma species in dc glow
discharge have been produced by Bogaerts and Gijbels (1997). The models were one-
dimensional, i.e. the quantities vary only with distance from the electrodes. For a dc
glow discharge in argon with a copper cathode, at typical GDOES discharge conditions,
i.e. a gas pressure of 500 Pa, a discharge voltage of 800 V and an electrical current of
40 mA, some typical results of the models were presented, such as density profiles of
the plasma species, the electric field and the potential distribution throughout the
discharge, different ionisation mechanisms in the plasma, energy distributions of the
different plasma species and relative contribution to sputtering. The models are, in

principle, also able to predict other quantities of the excitation to different levels and the
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work they are called as the y-electrons);
o the incident ion may be implanted into the surface;
e the ion impact may be responsible for some structural rearrangements in the target
material;
e atoms may be ejected from the surface.
This ejection process of the atoms is known as sputtering. Most ejected atoms
(95-99%) are neutral, especially when the target material is a metal. It is these atoms

which are normally analysed in GDOES.

Incident Reflected lons
lon & Neutrals

Secondary
Electrons

Sputtered
Atoms

Surface /
Structural
Changes Possible

Bombarding lons

May be Implanted Figure 2.8. A diagrammatic

i — ———— . .
Colision  May Terminate or  Result In The Ejection sketch of interaction of an
Sequence:  Within The Target Of A Target Atom incident ion with cathode

{Sputtering)

surface (Chapman, 1980).

2.4.1 Sputtering models

Sputtering theory has been reviewed by Payling (1994b and 1997b). The simplest
model of sputtering is based on single elastic collisions, which was developed by Stark
in 1909 (Payling, 1994b). In a simple binary collision the energy transferred from the

incident particle to the target particle is given by Chapman (1980) as

L=t 05’6, (2.9)

where E, is the energy transferred to a target in a single collision; E; is the energy of an
incoming particle; m; and m, are the masses of the incident and target particles,

respectively; &is the angle of velocity of the incident ion to the line joining the centre of
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where, m, is the atomic mass of the sputtered atom; e the electronic charge (C); and Ny
the Avogadro number (mole™). In most cases, y = 0.14 + 0.11 (2SD), so that (1 + v)

varies by only about £10% for most elements and is often ignored (Payling, 1997b).

In the Langberg model of sputtering, sputter yield is quadratic at energies near Ey and
linear at higher energies. For energies £ >> Ej and normal incidence, the sputter yield

was given as (Payling, 1997b)

S=b(E-E,) , (2.14)
where b is a constant and E the incident energy. Therefore, the sputter yield, in the

Langberg theory, is related to the energy above the minimum threshold energy.

The sputtering yield was given, in the Sigmund theory as (Payling, 1997b),

Sn (E)

=—-— a(— ’) (2.15)

S

where a(m/m;) is an energy-independent function and varies form ~0.1 to >2 depending
on the ratio my/m;; S,(E) is the nuclear stopping cross-section and U is the binding
energy of the target material. For incident energies below about 1 keV, which are the

energies of interest in GDOES, but well above the threshold;

4m;m,
S, (E)=—"T""7E (2.16)
(m, +m,)

Therefore, in the Sigmund theory, the sputtering yield is proportional to incident energy

rather than to the energy minus threshold value.

In the non-linear regime, experimental work showed that sputtering yields changed in a
complex way with incident ion energy. In the range 50-150 eV, the sputtering yield is
roughly quadratic with energy. In the range 150-250 eV, the sputtering yield is
approximately linear with energy, and above 250 eV, it begins to bend over and
eventually reaches a saturation level and then falls at much higher energies (Payling,

1994b). Therefore, the linear portion of Sigmund’s theory does not extend as high in
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