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1 Introduction

The development and production of new materials is nowadays only possible by high material
and technical costs. With respect to the material science, this means a rapid, new and further
development of various analytical procedures. On the other hand, high quality materials can
be produced only by complicate technologies, the control of their parameters being a
prerequisite of a good quality of the final product. In order to clarify the causes of failuresin
the quality of a new material subtle investigation methods are necessary to be implemented in
practice. Therefore, material science can be applied (i) in research and development as well
as (ii) inthe quality control and failure analysis.

Inherently in material science, the material properties are necessary to be improved. Basic
problematic such as corrosion resistance or wear resistance are markedly solved by coating
technologies. For example, electroplated steel sheets with zinc based coatings, widely used in
the automotive and home appliance industries, are characterised by good corrosion
resistance. Moreover, superior properties in welding and painting are achieved by plating the
steel sheets with a thick layer of several pum. Physical Vapour Deposition (PVD) and
Chemical Vapour Deposition (CVD) coatings, such as nitrides, carbides or carbonitrides, etc,
are commonly used in order to increase the wear resistance of cutting tools or gear wheels.
Hard coatings are also used to create decor ative finishes for consumer goods.

High-temperature (HT) applications, e.g., heat-transfer systems for energy conversion, gas
turbines for power generation and for chemical process heat utilisation, need metallic
materials, such as nickel and iron based alloys, which must be able to combine high stress
rupture strength, good fatigue strength and good resistance against the attack of oxygen-,
carbon- and/or sulphur containing atmospheres at working temperatures higher as 600 C.
Added to the bulk material in order to improve its behaviours at such elevated temperatures,
Cr, Al or Y,0;3, are responsible for the formation of protective dense oxide scales, whose
chemical composition and in-depth distribution are decisive for the lifetime of the material.

Many of the materials necessary to be investigated are electrically conductive and therefore
often possible to be analysed accurately by alow cost method. With a continuous increasing
impact in the fields of most various types of applications, electrically non-conductive samples
(bulk or coatings) are challenging more and more the analytical methods. Oxides such as
SO, and Al,O3, almost always present as main compounds in bulk glasses and ceramics, but
also coating layers such as SIO,, TiO,, SnO,, etc, are just an example very often used in
practice - as, e.g., isolation layers or optical coatings. Their investigation by, e.g., wet
chemistry is very costly. The direct solid sampling must be implemented in this case. This
might avoid the intermediary technique of pressing the non-conductive powder of the solid
material to be analysed together with a conductive host matrix in a solid pellet. Having
additionally a low thermal conductivity, too, organic coatings, polymers or lacquers are
possible to be analysed only in restricted conditions by only afew methods.

Mostly dealing with thin layer (<100 nm) technologies, the microelectronic industry is
permanent interested in analytical methods able to characterise the more and more
miniaturised electronic devices. Generally they contain combinations of thin layers with
special electric and magnetic properties, semiconductors and/or barrier diffusion interlayers.
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Structures in the range of only a few nm are crucia for the macroscopic properties of the
material in this particular application field.

As the relevant material properties are decisively determined by the elemental composition, it
is clear that a quantitative elemental analysis is absolutely necessary in order to get the
ultimate performance, efficiency, stability and yield of the resulting material. It would be
ideally to have to disposal non-destructive analytical methods able to inspect the material
with maximum accuracy from its top surface down to the depth of interest, often hundreds of
pm. The analytical methods are demanded to supply very low detection limits for trace
elements, however, high accuracy being sometimes simultaneously necessary for the major
and minor constituents, too. Analysis of nanostructures is possible only by using techniques
characterised by a high lateral resolutions. Even when such analytical figures of merit are
excellent, it can be possible that the applied analytical techniques are expensive, time
consuming or make necessary complicate sample preparations. Such aspects are not to be
ignored at all in the routine industrial applications. These are only some of the common
problems to deal with in technological applications. The correct decision and planning, which
analytical method might be applied in order to get the best knowledge, is the result of the
rapid transfer from basic research and development in material/surface science.

There are more than 50 modern analytical methods which have been developed in the recent
decades for the investigation of the material in bulk or at its surface. All these methods are in
principle based on the interaction taking place, when energy from well characterised
bombarding particles (primary electrons, ions, neutrals or photons) is transmitted to the solid
to be investigated. The "response” of the solid, in turn in form of secondary emitted electrons,
ions, neutrals or photons is analysed and hence the elemental/chemical concentration and its
distribution in the solid can be deduced. From this large variety of spectroscopies, each of
them having advantages and disadvantages, but acting complementarily, the optimal
technique must be chosen depending on the individual analytical application. Non-destructive
technigues are mainly used in surface or thin film analysis, due to the excitation (only) of the
particles localised in the solid in the near surface region by an electron, photon or ion beam,
respectively [Auger Electron Spectroscopy (AES), X-Ray Photoel ectron Spectroscopy (XPS),
Rutherford BackScattering (RBYS), etc].

As the interest in the present work is expanded to material depth in the um range, destructive
techniques have been applied successfully. Using the ion bombardment for the removal of the
sample material, Secondary lon Mass Spectrometry (SIMS) should be considered the most
appropriate technique for depth profile analysis. However, the number and the character of
the secondary ions emitted in the sputter process are strongly dependent on the matrix.
Bombarding ions can be efficiently used for sputtering and supplying the analytical signal if
an electrical field accelerates the ions to the biased sample surface, as in spark and arc
spectroscopy. Superior to them, gas discharges or low pressure plasmas are not only
responsible for supplying the primary ions, but also the excitation or ionisation of the
sputtered particles take place independent of the matrix in a separate medium. Thisisthe case
of Glow Discharge (GD) spectroscopy and plasma SNMS (Secondary Neutral Mass
Soectrometry), both used in this work, due to their similarities. Note that GD Spectroscopy
(GDS) may refer to optical emission (GD-OES) or absorption (GD-AAS) as well as to mass
spectrometry (GD-MS).

On the other hand, the combination of controlled removal of sample particles by an ion beam
or the cross-sectioning of the layered sample and the subsequently application of electron or
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photon spectroscopies offers often the solution to various analytical problems, e.g., depth
profiling of thick coatings. Such hybrid instruments are nowadays largely offered by the
manufacturing companies. However, despite of the excellent figures of merit, they are
expensive, have high operational costs, and the sample throughput is low.

Mostly used in the present work, GD-OES is a technique which has already gained its placein

the analysis of electrically conductive bulk materials (especially in its incipient phase) as well

as in depth profiling of thick and thin coatings. One can distinguish the two GD excitation

modes:

e DC-GD, when a continuous voltage is applied on the sample and the GD is controlled by
three macroscopic parameters, voltage, current and pressure, and

e RF-GD, when at the backside of the sample arf-voltage is applied. It should be also noted
that the type of GD source used in this work is a so-called GRiIMM type and the rf-
powering mode was operated in the free-running system, as it was recently (1995)
developed by HOFFMANN et al. in IFW DRESDEN.[1] There are aso other configurations,
e.g., MARrcus GD source (not used in this work).

Due to the very high rates of cathodic sputtering (10-200 nm/s) accompanied by a large
dynamic range of detection limits of 1-100 pg/g for amost all the elements of the periodic
table, GD-OES is very popular in the steel and automotive industries. Based on a multimatrix
quantification algorithm developed recently,[2] optical intensity vs. sputtering time profiles
can be easily converted into elemental concentration vs. sputtered depth (i.e., quantitative
profiles). This empirical quantification procedure is established as working reliable. It takes
into account, among others, the dependence of the measured intensities on the GD parameters
which control the GD operation. However, this is not the case for non-conductive samples,
the RF-GD being controlled by more complicate parameters. The correct measurement of the
rf parameters makes object of investigations which are in a continuing progress. Nevertheless,
qualitatively, RF-GD-OES depth profiling often supplies quick results, which are welcome as
first analytical results. E.g., it responds to questions such as what elements are present in the
sample, how many layers are in the coating or if an element is present at an interface, good-
bad comparison, and so on.

As the sample to be GD-OES investigated plays the role of the cathode of the GD source, it
must fulfil some conditions. The sample must be a solid having a flat surface (although wires
or other regular shapes can be in particular mountings also analysed) with a diameter of at
least 10 mm. The GD working at low pressures, i.e., several hundreds of Pa, the sample, as
part of the GD source, must be vacuum tight. Special attention is paid to this point, the
influence of external gas contamination being necessary to be avoided. High roughness of the
sample surface or a leak are able to cause unlike effects in the operation of the analytical GD.
This aspect will be extensively investigated in this work. As far as the sample thickness is
concerned, due to its electrical capacity, a non-conductive sample can barely be rf-sputtered
at 4-5 mm thickness, e.g., glasses or ceramics. One big advantage of GDS is the high depth
range which it is able to be inspected. The specia configuration of the GD source makes
possible sample sputtering layer by layer up to more than 100 um. Nevertheless, it was aso
recently reported [3-6] that layers of only few nm thickness were accurately GD-OES depth
profiled. Depending on the diameter of the anode used, a relatively big sputtering crater of 8
down to 1 mm is obtained. This means that in this range of analysable area the sample must
be laterally homogeneous, in terms of both elemental concentration and depth distribution.
Lower diameters are desired by some applications from industry, however a markedly
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diminishing of the analytical signal makes a further miniaturising of the GD source rather
impossible.

Depth profiling of non-conductive thin coatings is no simple analytical task. With increasing
success RF-GD-OES is trying to supply a routine analytical method for depth profiling of
such samples. Part of this work was devoted to this subject. In order to establish the
capabilities, but aso the deficiencies of the implementation of RF-GD-OES as a routine
procedure for depth profiling of non-conductive samples, HFM (High Frequency Mode)
plasma SNMS was comparatively tested for some relevant examples of materials. Plasma
SNMS may be considered as the only analytical technique similar to GDS as far as the basic
processes are involved, namely (i) bombarding of the solid sample to be analysed by noble
gas ions produced by a plasma, (ii) sputtering and (iii) subsequent separate delivering of the
analytical signal (however by ionisation, not by excitation as in GD-OES). Layer stacks such
as SIO,/TiO, or SisN4/SIO, (100 nm single layer thickness) have been deposited by PVD and
CVD on various substrates in the frame of a VAMAS project in BAM and ScHOTT
GLASSWERKE (Mainz, Germany) as multilayer reference coatings. Layered certified reference
materials (CRM) are needed as check standards for ensuring depth profiling accuracy and
comparability between individual users. For example, it is very often necessary to determine
the thickness of a SiO, layer. Sputtering SiO, layers with various certified thickness at fixed
GD parameters might supply immediately the unknown thickness by a simple conversion of
the sputtering times into the thickness.

However, as a prerequisite, laborious optimisation procedures are necessary to be carried out
for both methods, especially for non-conductive materials, in order to obtain that depth profile
characterised by the best depth resolution. Such procedures are detailed described in Sec. 5.2.
They are useful, because one can avoid unnecessary corrections with respect to the substantial
dependence on the rf parameters at the RF-GD-OES quantification. Specific analytical
problems, such as the in-depth distribution of alkali metals in coated BK7 glass are also
comparatively investigated.

The most part of the present work was devoted to investigations of a very complex effect,
caused by the presence of hydrogen even in very small amounts, i.e., <0.1% v/v, in the GD
source. The big advantage of the GD-OES to detect light elementssuchasN, O, C, H, Sor P
must be rigorously controlled in order to get accurate analytical results. It was many times
reported in the literature that the presence of contaminant gases (oxygen or nitrogen) in the
GD source can affect seriously the whole operation of the GD source.[7-16] However, a clear
message with respect to a markedly negative effect of hydrogen on the GD-OES analytical
applications was recently (1998) given by BENGTSON and HANSTROM.[17] Their contribution
has actually constituted the starting point for further detailed investigations in thiswork. They
have reported about changes (i) in the sputtering rate and (ii) emission yield as being caused
by hydrogen. Moreover, (iii) opposite changes were observed in the emission yield of
emission lines of the same element and (iv) similarities of the effect when hydrogen is present
in the GD source as amolecular gas contamination or as a sample constituent. The complexity
of the effect has resulted in the concentration of this work on some relevant points (Sec. 5.1):

e the investigated materials were common bulk samples such as copper, which presents a
well-known and rather simple emission spectrum;

e aspecia attention was given to a key finding, extremely helpful in the explanation of the
processes possible taking place, namely the continuum emitted by hydrogen;




1 Introduction 10

using a hydride sample it was possible to perform comparative measurements with respect
to the hydrogen provenience, i.e., as a gaseous contamination and as a sample constituent;

e additional GD-MS investigations were carried out in order to complete the GD-OES
picture;

¢ the dependence of the hydrogen effect, namely emission yields and hydrogen continuum,
on the GD parameters and the GD working mode at all;

e neon as an aternative of carrier gas was taken into account in order to get rid of some
negative features of the hydrogen effect, e.g., hydrogen continuum.

The GD-OES quantification of hydrogen still remains difficult due to the lack of suitable
CRMs, the production and certification of standards containing hydrogen being a laborious,
time-consuming and expensive procedure. However, there are already some progresses
(NIST, SIMR, IFW DResSDEN). Another way to correct for the hydrogen effect on some
common analytical lines was very recently proposed by PAYLING et al.[18] Based on the
linear dependence of the hydrogen signal on the hydrogen concentration in the plasma,
published data belonging to the present work were used in a calibration procedure. Henceit is
possible to supply correction factors for the GD-OES quantification of samples containing
hydrogen without having RMs certified for hydrogen. The results should be considered as
being preliminary, due to (i) the restrictions with respect to the linearity hydrogen signal -
hydrogen concentration in the range of only 0-0.1% v/v and (ii) the overtaking of this
dependence, i.e., available when hydrogen is added as a molecular gas, to the case when
hydrogen is a sample constituent. Details are discussed in Sec. 5.1.5.3.

The capability of the GD-OES to detect hydrogen even in quantities as low as 1 ug/g [19, 20]
can be used to solve particular analytical problems. Nevertheless, the prerequisite is the
understanding of the effects resulted from the performed fundamental investigations in Sec.
5.1. It is the case, e.g., of electrolytically zinc coated steels, where hydrogen is found to be
homogeneously distributed in the coating. Hydrogen is very likely responsible for an increase
of the emission yield of the 330.5 nm zinc line. New materials such as thick layers used as
data memory or sensors, e.g., CoPtW electroplated copper present also the same feature. To
get rid of the unwanted residual hydrogen in the coating an annealing process is demonstrated
by GD-OES to be worthwhile. Section 6.3 debates the example of hydrogen embrittlement, a
damaging process which is supposed to be caused by the presence of atomic hydrogen trapped
at the interface between the zinc or cadmium electroplated coatings and the steel substrate.
GD-OES seems in this case to be an exclusive anaytical technique able to deal with this
common problem in electroplating.

The fundamental investigations on the large diversity of the effects caused by hydrogen in a
GD source has resulted in an overview, which is necessary for the GD-OES quantification.
Especialy non-conductive samples such polymers can contain up to 10 mass-% hydrogen.
Not only suitable CRMs containing hydrogen are imperatively necessary, but the correct
interpretation of the hydrogen effect investigated here, too. On the other hand, knowing well
the effect of hydrogen on analytical parameters, one can exploit it in applications so that
analytical figures of merit such as sensitivity, detection limits, depth resolution are improved
(see Sec. 6.1 and 6.2).
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2 Pre-considerations

2.1 Physical fundamentals of GDS

Sputtering by a glow discharge was first observed by GROVE in 1852.[21] More than one
hundred years later (1968) GRiIMM [22] applied prospectively the glow discharge for emission
spectrochemical analysis. In 1973 GReeN and WHELAN [23] published the first GD-OES
depth profiles (on GaAs thin films) and short after that BELLE and JOHNSON [24] (on metal
alloys). Fascinating, the GD basic principles and design have remained almost unchanged
over the time.

The glow discharge is an electrical discharge, which under certain conditions can be used as
an useful analytical source. In order to get a better insight into a glow discharge some basic
considerations are given in the following. If a potential difference is applied on two parallel
electrodes situated in a vacuum chamber (evacuated and then filled with anoble gas at several
hundred Pa) a self-sustained discharge begins to burn. Depending on the variation in the
discharge current as a function of the applied voltage (some hundreds of V), severa distinct
modes of self-sustained glow discharge ensue, as schematically represented in Fig. 2-1.

Townsend
discharge

Abnormal glow
discharge

Normal glow
discharge

Voltage IV
<

Arc discharge

T T T T T T
10° 107 10° 10° 10" 10"
Current /A

Fig. 2-1: Voltage-current characteristics of a self-sustained gas discharge.

e Once the breakdown potential (Vp) is reached, an unstable and intermittent discharge
accompanied by random sparking may be observed at low values of the discharge current.
By further increasing of the voltage, the current will increase rapidly from ~10° up to
~10° A, this determining the so-called TownseND dark discharge, see Fig. 2-1, where /(1)
= const = Vp,. The degree of ionisation is so small (but exceeds a certain threshold value)
that the gas emits no appreciable light.
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e Anincrease of the current in the range of ~10°-10 A results in a decrease of the voltage
down to a constant value V,, (see Fig. 2-1), this characterising atransition regime.

e For large variations of the current from about 10“-107 A the voltage V, remains constant.
In this so-called normal glow discharge regime, one can observe zones in the discharge
body from which visible light is strongly emitted. However, the release of material from
the cathode is negligible small so that only the spectrum of the gasis observed.

e Further increase of the discharge current up to 10* A causes an increase of the voltage,
this regime characterising the abnormal glow discharge. If for a normal GD, the current
density at the cathode remains constant, the area sputtered at the cathode increasing with
the current, for an abnormal GD an increase in current effects arise of the current density
and consequently an efficient sputtering.

e Thermal electron emission from the cathode occurs when the current is further increased
and the voltage drops significantly down to several tens of volts and the glow dischargeis
atered.

e When the discharge current is~1 A, the glow discharge cascades to an arc discharge.

For analytical spectroscopy purposes (as a light excitation source or as an ion source), the
normal GD operation mode is, paradoxically, the abnormal GD. Moreover, the abnormal GD
is also obstructed, this meaning that the distance between two electrodes is reduced until the
GD regions which are not significant in the excitation, ionisation and emission are
suppressed. Thisisoutlined by Fig. 2-2.

Cathode layers Anode glow
Negatlve glow Posmve column Negative glow

Cathode D Anode Cathode '
Anode
ce

Aston dark spa Faraday dark space

Cathode dark space Anode dark space

Fig. 2-2: Obstruction of a glow discharge between plane paralle electrodes into a glow discharge
between a plane cathode and a cylindrical anode.

A glow discharge developed between two parallel plane electrodes presents a stratification
into bright and dark zones, as indicated in Fig. 2-2. Electrons are gjected from the cathode at
energies lower than 1 eV. This being not enough for exciting an atom, the ASToN dark space
isformed. The electrons are further accelerated by the field and they become able to excite, so
that the cathode glow (two-three layers) appears. The energy of accelerated electrons then
grows above the excitation function maximum, where the cross-section falls off. The
electrons cease to excite atoms and the cathode dark space is formed. The most electrons are
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multiplied in this region and the ionisation of atoms takes place predominantly here. A large
positive space charge builds up. The field becomes weak and the electron energy decreases
with increasing distance from the cathode, the electron energy being in the region of the
maximum of the excitation function. Thus the negative glow appears, in its first part being
excited the higher atomic levels and then lower ones. As the electrons dissipate their energy
in the weak field excitations become less and less frequent. The negative glow gives way to
the FARADAY dark space. The field increases further gradualy and then remains constant.
Electrons of 1-2 eV, but aso high energy electrons coming from the cathode layer or even
from the cathode can excite again atoms. Thus, the positive column is formed. The anode
repels ions but pulls out electrons from the column. Therefore, a region of negative space
charge is formed; its higher field accelerates electrons. The result is the anode glow.

If the interelectrode distance is reduced till it becomes just afew times the cathode dark space
thickness, the positive column and the FARADAY dark space will disappear. It is clear that for
analytical spectrochemistry an abnormal and obstructed glow discharge will supply an
efficient sputtering as well as intense excitation and ionisation of the analytes. Therefore the
change in geometry shown in Fig. 2-2 was an excellent finding in using of only the relevant
part of a glow discharge, namely the negative glow. Moreover, the cylindrical form of the
anode provides a possibility of axial observation (through a window to a optical spectrometer
or to theion optic of a mass spectrometer).

The detailed geometry of an analytical GRIMM type GD source is described in detail in Sec.
4.1. A simplified schemeisgivenin Fig. 2-3.
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Fig. 2-3: Outline of a GD source of GRIMM type.

Important in the maintaining of the GD is the distance between cathode (the sample) and the
cylindrical anode: ~0.1-0.2 mm. At pressures of several hundreds of Pa, this distance is
higher than the mean free path of the electrons, and no plasma can exist. On the other hand, if
this distance becomes too low, a short circuit will occur. The sample is aso part of the
(pre)vacuum system. Therefore, it is pressed by ajack on the cathode plate over an O-ring of
relatively soft material. It is simply to imagine that the considerable redeposition of the
sputtered material results in a short circuit. Hence, this determines the maximum sputtering
time, which corresponds to approx. 100 pum sputtered depth. The electric field being
homogeneously distributed in the active region, the sample surface is sputtered rather evenly.
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If the GD parameters are properly optimised, the sputtering crater has a nearly flat bottom.
The relatively high current density of 50-500 mA/cm? gives rise to the high erosion rate, i.e.,
10-200 nm/s.

Macroscopically, the GD operation is characterised by pressure and electric parameters
(voltage and current). The pressure in the GD sources of the spectrometers used is regul ated
by a mass flow controller (MFC). As in this work the pressure plays an important role, its
correct measurement is necessary. The procedure is described in Sec. 4.3. The common
carrier gas used in GD-OES is argon. As a noble gas, argon does not emit molecular bands,
which would complicate the emission spectrum of the sample to be analysed. Furthermore,
argon is cheap in comparison with other noble gases. Neon for example is not only more
expensive, but also higher quantities are necessary in order to obtain comparable GD
characteristics. The spectral background is rather not existent, due to the low electron density
which contributes to the electron bremsstrahlung and recombination. This results in a
proportionality between the measured line intensity and the number of emission processes in
plasma, which isin turn proportional to the atoms and ions number in plasma, respectively.

A decisive role in the self-sustained GD plays the elementary mechanisms of excitation and
ionisation. As reported in the literature,[25-27] the degree of ionisation of a GD-plasmaisin
the range of 0.1-1%, i.e., the density of electrons and ions is fairly low (10"°-10" cm’®)
compared to that of the neutral particles. However, the electron temperature is much higher
(less than 10000 K) than the gas temperature (500-1000 K). Unfortunately, this combination
results in an inefficient energy exchange between the electrons (which predominantly acquire
high energies) and the more massive particles such as neutral atoms. In other words the GD
plasma is a non-LTE (local thermal equilibrium) plasma. For example, a typica non-LTE
process occurring in a GD plasma is the selective excitation to particular excited levels - a
subject highlighted in this work, too. Hence, in a GD plasma there are various and complicate
excitation and ionisation mechanisms, most of them based on energy exchange in collisional
reactions. Some typical collisional reactionsin a GD are:

A+ Doy = A + Doy + AE, (ii-1)
A+ Dy = (A") + Doy + € +AE, (ii-2)
A+€ (a) > A + €@ow + AE, (ii-3)
A+ €y >(A") + €@om + € + AE, (ii-4)
A+D™ > (A")Y + DY + € + AE, (ii-5)
A+D" >(A") + DY + € + AE, (ii-6)

where A and D are the colliding particles which accept and respectively receive energy; the
superscripts g, m, * and + represent a ground, metastable, excited and ionic state,
respectively; AE is the difference in the excitation energy before and after collision. One can
distinguish between collisions (i) of the first kind, where the kinetic energy from the donor
(even electron) is used to excite the acceptor (the first four types of collisions) and (ii) of the
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second kind, where the excitation and ionisation reactions are caused by metastables or ions
having sufficient internal energies (the two latter reactions).

Dueto the low gas temperature in a GD plasma, kinetic reactions such (ii-1) and (ii-2) are less
frequently. In contrast to the low number of energetic atoms and ions, there are a lot of high
energy electrons (the y ones), which are able to participate to the reactions (ii-3) and (ii-4). An
efficient ionisation processin a GD plasmais the PENNING ionisation (P1), i.e., equation (ii-5).
The excitation energy of the argon metastables is high enough (15.76 & 15.94 eV) to ionise
various types of atoms sputtered from the sample — an important aspect in the GD-MS. In a
GD plasma the metastables have relative long lifetimes in the range of ms-s. They arise due
to the forbidden selection rules for de-excitation to ground state. Depending on individual
cases of combinations carrier gas—sputtered elements, selective processes such as equation (ii-
6), denoted charge transfer (CT), can also occur. STEERS has investigated extensively this
type of process,[28, 29] and has had a major contribution to the understanding of effects
occurred in the experiments of the present work (Sec. 5.1).

One can sum up that the mechanisms participating in excitation and ionisation in a GD
plasma are very dependent on the carrier gas. In Sec. 5.1 it is emphasised how small
quantities of molecular hydrogen added to an argon GD change completely the picture of
elementary mechanisms taking place in a pure argon GD source. New reactions having high
cross sections become relevant in the GD plasma, and a chain of secondary reactions follows
inherently.

The GD plasma processes described above can supply analytical signals for the optical
emission spectroscopy (characteristic light) as well as dlightly modified for mass spectrometry
(ions of characteristic masses). In the present work both techniques have been used in order to
investigate the complex effect of hydrogen. As it resulted in Sec. 5.1 the two techniques
supply useful complementary results.

2.1.1 GD-OES

In GD-OES in order to acquire the light emitted by an analytical GD source a spectrometer is
attached. Details referring to possible experimental set-ups are given in Sec. 4.1. Based on the
descriptions made above one could relate the measured intensity of an emission line to the
number of atoms of an element in the GD plasma. In turn, the number of sputtered atoms are
matrix dependent, i.e., the sputtering rate must be also taken into account. Moreover, the
emission lines intensity is dependent on the GD parameters.

For bulk samplesit is rather ssmple to obtain the elemental concentration in a sample by using
a set of similar matrices with well-known elemental compositions. If identical GD exciting
conditions are kept as for the unknown sample, this calibration will supply immediately the
concentration of the unknown sample by measuring its line intensity. This procedure provides
reliable elemental concentrations in the routine bulk analysis restricted on a class of matrices.

The feature that the sputtered atoms remain in the GD plasma only for fractions of seconds
and they come from sputtering layer by layer of the sample has made the GD-OES attractive
for quantitative analysis of layered samples. In the most cases the measured emission line
intensities behave linearly to the concentration over a large dynamic range (=10%-100%).
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On the other hand, due to the very high erosion rate (=10-200 nm/s), the depth resolution is
dightly worse than that of other depth profiling techniques such as SNMS or SIMS.
Nevertheless, the GD-OES depth profiling technique assumes the analyse of the whole
sputtering crater. The other two methods either use a mask for reducing the crater effects
(SNMS) or take into account only a reduced region in the centre of a presputtered crater
(SIMYS), respectively. Further discussions are given in Sec. 2.3, 5.2 and 6.2.

In the recent 15 years modern quantification algorithms have been developed and
permanently improved by taking into account various effects. dependence on the plasma
parameters, self-absorption, spectral interferences, or background corrections.[25, 30] Other
effects such as the hydrogen effect, sample reflectivity, water cooling, etc,[31, 32] should be
implemented as soon as possible. Thus, quantification of materials having various
concentrations in various layered matrices is possible to perform by GD-OES. However, if the
quantification of electrical conductive samples is successfully carried out in DC-GD-OES
routine analysis, quite different is the case for non-conductive materials. The correct
measurement of the electrical RF-GD parameters (of crucial importance in the GD-OES
quantification) is still subject for further investigations.

2.1.1.1 DC-GD-OES quantification

The complex microscopical processes of sputtering, excitation and ionisation and de-
excitation involved in the production of the analytical signalsin a GD are very difficult to be
measured accurately, i.e., directly in the GD plasma The analyst can record the anode to
cathode potential and current, the pressure (also not directly in the GD plasma), the sputtered
depth and of course, the emission intensities. As the sputtering and the emission are not
possible to be separated with respect to their quantitative dependence on voltage, current and
pressure, empirical methods have been developed for quantification of the measured optical
intensities. These three DC-GD parameters are not variably separately. Only two of them may
be varied independently, the third one remaining dependent on the other two and on the
sample matrix as well.

The basic concept in the GD-OES quantification is the emission yield. As used firstly by
PONS-CORBEAU and BERNERON [33, 34] and many groups from Japan in the 80s and further
by BENGTSON,[35-37] the emission yield is defined as the emitted light per unit sputtered
mass of an element and per time unit. Hence, the emission intensity | of the spectral line| of
an element kis:

|, =R, -(dm, /dt), (ii-7)

where dmy is unit sputtered mass of the element k and Ry the emission yield of the spectral
line | of the element k. The unit mass of an element sputtered per time unit in plasma (dmy /
dt) is dependent on the concentration of the respective element, ¢, in the sample. On the other
hand, same concentrations of an element in different matrices could result in different line
intensities, even under identical excitation conditions. Therefore, the sputtering rate q must be
introduced:

dm, /dt=q-c,. (ii-8)
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Expressed in pg/s, it characterises not a single element, but the instantaneous sputtering of the
sample. Using eg. (ii-8) one can rewrite eg. (ii-7) in eq. (ii-9):

i =Ry - q- . (ii-9)

Once the nature and composition of the sputtered matrix are included in eq. (ii-9), it is
assumed that the emission yield isindependent of the matrix. At least in afirst approximation,
this is largely confirmed in literature[25] This fundamental equation can convert the
measured emission line intensity of an element into the concentration of that element in the
sample.

One could distinguish various GD-OES quantification algorithms developed quite close in
time to each other, al of them being in fact based on the emission yield concept. In their
concept, PONS-CORBEAU et al. [33, 34] used emission yield ratios. Thus, by ratioing eq. (ii-9)
for two spectral lines of two different elements from the same sample it was possible to
calculate concentrations even with the advantage of compensating the fluctuations in the
excitation parameters. One should also note that the calculated concentrations are not
absolute, but relative to that of an element, e.g., a mgjor element. Moreover, the sputtered
depth was possible to calculate only by supplementary measurement of erosion rates.

Groups of Japanese researchers calculated the elemental concentrations and the sputtered
depth by the so-called method of integrated intensities. The concentration (in weight percent)
is derived from measuring the all elements of significant concentration and ratioing to the
total sputtered mass. By knowing the density it is then possible to extract the depth.

Also based on the concept of emission yield, an elegant method of GD-OES quantification of
intensity normalisation was developed by BENGTSON et al.[35-37] The measured intensities
are once normalised to the sputtering rates, so that the calibration curves look linearly (the
slope being the emission yield):

ly(normalised) = 1, /(0,/0,¢) = Ry - Cy, (ii-10)

where gJ0 1S the sputtering rate of the calibration sample normalised to the sputtering rate
of a reference sample. The elemental composition and the sputtering rate of an unknown
sample can be calculated from this multimatrix calibration by simply summing of the
intensities of all major elements and re-normalising the sum to 100% - in principle similar to
the others methods presented above. One problem available for al different calibration
methods described is the calculation of the density as being decisive in the determination of
depth. The average density can be calculated by taking into account the concentrations of the
pure elements in weight percent as well asin atom percent. Especially for oxides, nitrides and
carbides, where the light elements are magjor constituents, the calculated densities are accurate
to within 10%, but deviations up to 30% have been observed.[2]

On the other hand, one distinct feature of the quantification algorithm developed by
BENGTSON is the possibility to carry out the quantification at arbitrary excitation parameters,
i.e., the measured intensities are also normalise to a standard set of excitation conditions. Note
that the sputtering rate q itself is aso a function on the voltage and current, as BOUMANS
empirically measured:[38]
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q= CQ iU _Uo)l (ii-11)

where Uy is the threshold voltage for an individual sample. One disputable point was which
GD-parameters have a significant influence on the emission yield: voltage and current were
considered by BENGTSON,[35, 37] contrary to PAYLING,[39] who considered the pressure as
being the only one. In the meantime it is clarified [40] that pressure plays only aminor rolein
the variations of the emission yields. Systematic variations of the voltage and current at SIMR
have resulted in empirical functions necessary to correct for the emission yields:

ly = Kg G Cqi™ f(U) (ii-12)

where kg is aline- and instrument specific constant, Cq is constant related to the sputtering
rate, A¢ is matrix independent constant, characteristic of spectral line k only and f(U) is a
polynomial of degree 1-3 with coefficients characteristic of spectral line k. The intensity-
sputtering rate normalisation can be rather replaced by the concentration normalisation, i.e.,
the dependence of the intensities on concentrations multiplied by sputtering rates. E.g.,
background corrections can be better implemented. Hence, the DC-GD-OES quantification
algorithm developed by BENGTSON is widely applicable for depth profile analysis, the
procedure winning internationally recognition.

2112 RF-GD

DC-GD-OES is unfortunately restricted to analysis of electrically conductive samples.
Dielectrics can not be sputtered by DC-GD-OES due to charge effects on the surface of the
sample. By applying a high frequency voltage on the so-called backing electrode, WEHNER et
al. [41] demonstrated in 1962 that GD-sputtering of electrically non-conductive samples is
also possible. Twelve years later COBURN et al. [42] used the GD for elemental analysis of
non-conductive materials, however in combination with MS.

Thefirst analytical RF-GD sources for OES were patented relative recently by PASSETEMPS et
al. [43] (from the conventional GRIMM type) in 1988 and MARCUS [44] (similar to the sources
used in AAS and which can be aso used for MS) in 1989. In both versions a matching
network is used to maximise the rf power transfer from the rf generator to the sample. Since
the matching box serves unfortunately as a supplementary series capacitor for capacitive
coupling, another approach was developed at IFW DRESDEN by HOFFMANN et al.[1] In this
case the GD sourceis part of the rf oscillator circuit, a'so known as the free-running generator
version. By its capability to analyse glasses, ceramics, lacquers, paints, organic coatings, but
conductive materials, too, RF-GD-OES offers a new course to the solid sample analytical
techniques, which makes it very attractive for alarge variety of industrial applications.[45-56]

It is well-known that if a negative dc voltage is applied on the backside of a non-conductive
sample, the potential at the sample surface will firstly drop down to the applied voltage value
and then follow the charging function of a capacitor. Thus, due to the accumulation of
positive charges at the surface and the electron loss through ion neutralisation reactions at the
surface, no current can flow. If a high-frequency voltage is applied, the surface charging is
aternatingly neutralised. However, due to the higher mobility of the plasma electrons
compared to the much heavier positive ions, a more efficient neutralisation takes place during
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the positive half-cycle. Thus, after approximately 3400 rf-periods, this meaning ~0.2 ms, a
steady-state offset is established.[57, 58]

This self-biasing is the key aspect of the application of RF-GD to the sputtering of insulating
surfaces. The dc self-bias potential in such a pseudo-continuous plasma (at frequencies of at
least ~1 MHz) displaced in the negative direction generaly down to a value of half of the
applied peak-to-peak potential is the equivalent of the dc potential from the dc excitation
case. BUTLER & KINO [59] explained the establishment of the dc self-bias voltage using the
electric probe model asin Fig. 2-4:
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Fig. 2-4: Establishment of the dc self-bias potential in a RF-GD using the electric probe model.[59]

According to the I-U characteristic, the electron flow during the positive half-cycle is in
excess relative to the ion current during the negative half-cycle. Consequently, the insulating
surface being not able to conduct this excess of current, the surface will charge negative
enough to ensure atime-averaged net current of zero.

It should be noted that the establishment of the self-bias potential at the surface of the sample
is constricted (i) by the GD asymmetry, i.e., the sample constitutes the smaller electrode
where the developed potential is higher [42] (this condition holds true for both GRimm and
MARcuUS type GD sources), and (ii) by the capacitive coupling of the rf power.

Contrary to DC-GD, the RF-GD is controlled by more parameters, which supplementary are
very difficult, even impossible, to be accurately measured. This constitutes in fact the most
serious problem in the RF-GD-OES quantification. The self-bias potential, due to its dc
character, can not be measured at all through a non-conducting material. The thicker the non-
conductive sample is, the bigger the capacitive resistance and the corresponding voltage loss
are. This emphasises also the need of rf-generators able to supply high rf-voltage for thick
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non-conductive samples. Also very difficult to measure is the rms current in the rf source,
because the rf active current is superimposed by a much higher reactive current caused by the
capacities of the GD source and the plasma.[1l] One method used to measure the dc bias
potential is, e.g., the insertion of an electrical probe through the O-ring seal directly onto the
sample surface.[57] Dividing the measured rf-power by the dc-bias potential semiquantitative
estimates are obtained for the rms current.[60]

In the approach reminded above of the free-running system of HOFFMANN et al. it is possible
to measure the rf-power by multiplying the measured rf voltage and rf current in the nearest
vicinity of the GD. This is a reliable aternative to the rf-power measurement based on the
reflectometer principle, used by other authors. Also used in the present work, the HOFFMANN
rf system provides fast, stable, reliable and easy measurements as known in the dc operation
mode.

Unfortunately, due to the inaccuracy in the measurement of some RF-GD parameters, the RF-
GD-OES quantification is not so straightforward as in the DC-case. Various trials of rf-
guantification algorithms were developed with limited success. use of a deconvolution
procedure based on the measurement of the final sputtering crater;[61, 62] use of an electrical
parameter and an Ar emission line[63, 64] taking into account of the oscillations of the
emission line intensities due to the interference effect for transparent layers (however only for
determination of thickness). Promising work devoted to the accurate measuring of the rf-
voltage, -current and -power isin progressin IFW DRESDEN.[65]

Nevertheless, qualitative RF-GD-OES depth profiling is very useful in analysing layered non-
conductive materials. One can check for the presence of an element or to in-depth resolve a
multilayered structure. Several examples of RF-GD-OES depth profiling of relevant non-
conductive coatings on glass are presented in Sec. 6.2. It will be shown that the RF-GD-OES
depth resolution is similar to that of other depth profiling techniques. Additionally, the high
sputtering rate makes RF-GD-OES a powerful tool for non-conductive coated materials.

2.1.2 GD-MS

The GD has been known as an ion source for mass spectrometry for over 50 years. Asin GD-
OES, in GD-MS the conducting sample acts as the cathode and the plasma cell as the anode
of a dc-plasma. Atoms are sputtered from the sample surface by argon ion bombardment and
are then ionised in the GD-plasma. The ions - which constitutes the analytical signal in GD-
MS - are extracted from the GD cell through the ion exit aperture and accelerated into a mass
spectrometer. Rf coupling makes also possible the analyse of non-conductive bulk solid
samples.[66] The technique of mixing an isolator with a conductive material in powder form,
i.e., analysablein dc-mode, is still actual. GD-M S depth profiling [67-69] and rf-powering are
subjects in progress. The strength of the method lies in its high sensitivity, trace elementsin
ng/g range being possible to be detected.

In thiswork prospective investigations regarding the effect of hydrogen on the analytical lines
were carried out by means of GD-MS, see Sec. 5.1.4. The performed experiments have
confirmed some assumptions resulted from the GD-OES results. On the other hand, these
additional GD-MS experiments make clear that complementary pictures come out from GD-
OES and -M S with respect to the hydrogen effect.
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Since the GD-MS investigations are not the main point of this work the method is briefly
described here. A special GD-MS design, based on the fast-flow concept, developed very
recently in IFW DRESDEN by HOFFMANN et al. [70] was used. The GD source is based on the
GRIMM type geometry (see also Sec. 4.2). The mass spectrometer is a low-resolution one
containing a quadrupole and a SEM (secondary electrons multplier) and a FARADAY cup,
respectively. In order to increase the ion signal entering the mass spectrometer a
supplementary flowing channel was enclosed. Hence, if a potential difference of 600-1500 V
is applied between the electrodes, at typically pressures of 300—1300 Pa, a current of 10-150
mMA establishes, i.e., comparable GD parameters with those known from OES.

Some common bulk samples such as pure copper and titanium were used to prospect the
hydrogen effect. Argon was used as the conventional carrier gas, but also neon was tested.
Significant improvements with respect to the contamination were achieved by using of neon.

2.2 State-of-the-art of the analysis of light elements (H, C, N, O) (i) as contamination and
(if) asa sample constituent

It is well known that light elements are a serious problem generally available in the analysis
of solid materials. Contamination of the sample surface is still present even after complex
sample preparation procedures. Just as a relevant example, at 10* Pa a monolayer of
contamination depositsin only 1 second.[71] Especially for analytical techniques, which need
working pressures higher than in the UHV (ultra high vacuum) range, contamination such as
water vapours, hydrocarbons, nitrogen, oxygen or carbon dioxide are always more or less
present at the sample surface, but also on the walls of the analytical vacuum cell. Potential
contaminants sources typically for a GD source are:

e moisture at the sample surface, at the GD source walls or in the carrier gas, due to the
absence of any sample preparation and the necessary opening of the GD source prior to a
measurement;

e backstreaming of gaseous hydrocarbons from pre-vacuum oil-pumps;

e air leaks at the O-ring seal, open porosity or microcracks in the sample.

Most part of this contamination can be reduced by long pre-pumping and flushing times as
well as by pre-burning times. However, for depth profiling of layered structures and
especialy for thin films the latter procedure can not be applied. ANGELI et al. [72] reported
about the dependence of signal intensities on the pre-pumping time. O, N, H decreased, while
C increased with the pumping time. These anomalies were explained by a dehydration and
desorption of the sample surface from gases in the first case and by a back-diffusion of
hydrocarbons from the vacuum system to the GD source. A clear decrease with pumping time
of analytes such as Mn and Al as steel alloy elements was observed and put together with the
presence of increased contamination in the GD source.

Generdly, the contamination is present in molecular gaseous form. After switching-on the
GD, a considerable reduction of the contamination will take place by sputtering and
subsequent dissociating/cracking. The resulted atoms of light elements such asH, C, N, O can
be sensitively detected by a VUV-VIS polychromator. Hence, GD-contamination can be
easily distinguished by its exponential decrease in a depth profile. Actually, the presence of
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contamination in the GD source is not directly the biggest problem, the GD-OES
instrumentation being able to monitor it rather accurately. The real problem is the effect of
gaseous contamination on the analytical signals, which are considerable even when very small
quantities of contamination is present. Following effects can occur:

e Co-excitation and competitive excitation of emission lines of the contaminants; thus,
severe aterations in the whole excitation and ionisation mechanisms take place;

e Excitation of emission band spectra or even of continuum spectra of molecular
contaminating species, which superimpose the analytical atomic emission lines;

e Alteration of the sputtering process, reactive sputtering and formation of a (e.g., oxide)
thin film at the sample surface;[73]

e Chemica reactions between the sputtered and the contaminating species in the GD
plasma;[74, 75]

e Change of the current as the dependent GD parameter.[7, 8]

FIsCHER et al. [7, 8] investigated the effect of the addition of nitrogen and oxygen on the
analytical parameters of GD-OES. They have empirically established upper thresholds for the
content of nitrogen and oxygen in an argon GD of ~0.1 mass-%. Hence, working within this
limit, the analytical signals are only dightly affected, if at all. It is shown, that the sputtering
rate, the emission intensity of several spectral lines and the electrical current in a GD
generally decrease for bulk samples of pure metals such as Al, Ti, Fe, Ni, Cu and Ag.

GD-OES investigations of compacted copper powder pellets exhibited intensive emission
band spectra superimposed on the line spectra of the sample components,[76-79] due to the
penetration of air into the excitation atmosphere. Therefore, a special device caled "cap" was
successfully used to prevent such air leakage.

Extensive works reported in the GD-OES literature have demonstrated that, beside the GD
plasma parameters or the source geometry, the emission spectrum features are determined by
the nature of the discharge gas. Not only molecular contaminant gaseous such as oxygen and
nitrogen, but also the addition of small quantities of various noble gases to the carrier gas
(conventionally a noble gas, too) can cause considerable changes in the emission spectrafrom
the samples sputtered by a GD. WAGATSUMA et al. [9-16] shown that such mixing of carrier
gases can supply very helpful results of fundamental interest in the understanding of the
excitation and ionisation mechanisms in the GD plasma. Light molecular gases present in the
GD source, by their multitude of molecular excited states, including vibrational and rotational
states, cause a lot of changes in the excitation and ionisation processes of the sputtered atoms
and of the carrier gas, too. However, the decrease of the sputtering rate upon the addition of
the molecular impurity does not necessarily result in a decrease of the intensities for all
emission lines of the analytes. Therefore, it is expected that the quantitative changes in the
mechanisms involved in the excitation and ionisation processes are individual to each system
sputtered species/carrier gas.

Recently, BENGTSON and HANSTROM [17] reported severe alterations of the analyte emission
signals on analysis of steel and aluminium at the beginning of a depth profile, as being caused
by the presence of contamination. A similar picture, which can be obtained by each GD-OES
user, is presented in Fig. 2-5.
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Fig. 2-5: GD-OES depth profile of a high aloy stee standard reference sample (CRM 291-1).
V4c=700 V, l4= 20 mA and GD source anode diameter = 4 mm.

The careful interpretation of the beginning of such a depth profile on a homogeneous sample
was given in [17] as being related to the presence of hydrogen in the GD source, including the
sample surface, as contamination. This finding has constituted actually the starting point of
the present work. The opposite behaviours of the two Cr | lines 267.7 nm and 425.4 nm (Fig.
2-5) signalise clearly the necessity of taking into account of (individual) elementary
processes. Moreover, experiments consisting of addition of small amounts of hydrogen to the
GD source were performed. Sputtering rates and emission yields are found to be considerably
atered by hydrogen. The values are similar to those obtained when hydrogen is part of the
sample, various hydride layers being prepared at SIMR for comparison. No detailed
explanations were given. However, it is stated that preferential sputtering or changes in the
sputtering rate can be excluded as possible reasons, the real cause being the changes in the
excitation and ionisation temperatures in the GD plasma. Most part of the present work is
intended to complete this work of BENGTSON.

Drastic alterations of the emission spectra emitted by another type of discharge - narrow gap
dielectric barrier discharge - have been evidenced by Musa et al.,[80] when hydrogen is
added to the rare gas-Penning mixtures, i.e., areduction of the emission spectra to nearly one
line. The reduction of the electron temperature, induced by the addition of hydrogen, is
supposed to be the reason for that. Hydrogen band structures were found be LAFRENIERE €t
al. [81] inICP-MS.

Influences of the hydrogen addition to the carrier gas on the analytical signals have also been
observed in GD-MS experiments carried out by SaiTo.[82] He found a considerable
enhancement of the sensitivity for most elements when hydrogen is present in the range of
0.1-0.5% v/v in the argon GD cell. TANAKA et al. [83] found either enhancement or
suppression of the ion intensities, depending on the applied rf-power.
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Studies about the elementary processes taking place in an argon GD plasma using copper as a
sample, when molecular gases containing hydrogen, such as methane or water are added,
have been carried out by HEss and co-workers.[84-86] Despite using different values of GD
parameters, quenching of the argon metastable atoms and inefficient sample sputtering have
been found to be caused by reactions of water molecules or fragments with sputtered metal
atoms in the gas phase by more researchers.[87-92] Supplementary investigations, such as
MS, AAS or optical galvanic spectroscopy have confirmed many effects observed by GD-
OES. PRINCE et al. [93] reported the emission of a hydrogen continuum when hydrogen was
mixed with argon. Related to the sputtering suppression, TABARES and TAFALLA [94]
suggested that the implantation of hydrogen in the metal surfaceis responsible for this.

So, one should distinguish, especialy for GD-OES, between (i) the contamination of the
sample by adsorption and hydration of the sample surface and in the near region and (ii) the
contamination of the GD source at the walls and of the carrier gas. In the first case, care must
be taken, because no sample preparation procedure is commonly used for GD-OES. The
second kind of contamination can be reduced to a minimum by long pre-pumping, flushing
and pre-burning time. However, for layered samples, pre-sputtering of pure materials like
silicon wafers can successfully be used.

A relevant example is shown in Fig. 2-6, where repeated sputtering on the same bulk copper
sample reduced the GD source contamination The different behaviours of the two Cu line
intensities during depth profiling of a homogeneous bulk copper sample are clearly to see in
Fig. 2-6. Especially the Cu Il 219.2 nm line is considerable affected by the presence of
hydrogen in the GD source when it is strongly contaminated (Fig. 2-6a, and also Fig. 5-1b).
The Ar | 415.8 nm line is affected, too. Successive depth profiles supply better and better
analytical results (Fig. 2-6b).
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Fig. 2-6. GD-OES depth profiling of a homogeneous bulk copper sample. V4=700 V, 4= 20 mA
and GD source anode diameter = 4 mm: (a) 1% measurement and (b) 4™ measurement.

Light elements can be present in the bulk of a large variety of samples as a constitutive
element. in nitrides, oxides, carbides or hydrides in hard coatings, optical layers, and
generaly in most insulators (glass, ceramics, paints, lacquers, organic coatings, €tc.), where
hydrogen for example can attain up to 10 mass-%.[45-56] A specia attention was paid in this
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work to electrolytical coatings. The detection of light elements, however in their atomic form,
is actually not at all problematic by means of GD-OES, this is even a big advantage of the
method. The real problem is the negative influence of these light elements on the analytical
signals. Thisiswhat must be taken into account or corrected for, respectively, in the GD-OES
quantification.

GD-OES quantification of hydrogen is rather impossible at this time, due to the lack of
suitable CRMs containing hydrogen. The mobility of hydrogen even at ambient temperature
is very high, i.e., 10'-10* cm%s,[19] and therefore the elemental composition of the sample
remains unstable in time. Due to the lack of samples with well-known concentration of
hydrogen, conductive pellets containing hydrides have been recently prepared in IFW
DRESDEN for internal use only. It was reported that for various concentrations of hydrogen in
a pellet, changes in the emission yield of many lines occur.[32] Specia efforts are at present
devoted to the production of commercial standard materials containing hydrogen (NIST,
SIMR, IFW DRESDEN). Stoichiometric hydrated Ti (or TiAICrV) aloys were preliminary
produced as a coating a SIMR and IFW DRESDEN and investigated in this work. X-ray
spectrometry measurements proved that the TiH, layer produced in IFW DRESDEN is a
crystalline phase.

2.3 Alternative methods selected for depth profiling of thin layers containing light
elements (SNM S, SIMS, NRA)

In its unique combination of great speed, sensitivity and ease of quantification, GD-OES is a
very attractive depth profiling method for the industry. For very thin films with a thickness
down to 2-3 nm,[3] but especially for thick films, even of more than 100 um, GD-OES has its
strength relative to other analytical methods. Since the sputtering process depends strongly on
matrix, depth profiling of alternating layers of different matrices needs an optimisation
procedure as a prerequisite for reaching the best depth resolution.

Such empirical procedures are exemplified in the final part of this work. For electrically
conductive materials the optimisation procedures are not time consuming and, in contrary,
non-conductive materials may need very long testing times. The results can be used for matrix
specific analysis and can be considered as a useful preliminary work for the future RF-GD-
OES quantification. Hence, despite of the qualitative character of the RF-GD-OES depth
profiling, it is shown that the method can supply valuable information in a short time (Sec.
5.2.2 and 6.2).[95, 96]

In order to evaluate the performances of the GD-OES in depth profiling of thin non-
conductive materials, aternative analytical methods such as SNMS, SIMS and NRA have
been comparatively tested for some relevant samples.

Considered as close to the GDS, in terms of sample sputtering with Ar ions from a plasma and
separate post-ionisation of the sputtered neutrals (analogue to the excitation/ionisation of the
sputtered atoms in the GD plasma), plasma SNMS s rather suitable for depth profiling of thin
layers.[97-103] Very thin layers in the nm thickness range are well resolved, due to the
different plasma parameters, e.g., the lower working pressure in the range of ~0.1 Pa, which
result in a more "feathery” sputtering (somewhat similar to the very recently introduced
pulsed GD excitation [104]) in comparison with the GD-OES case. Contrary to the GD
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plasma, the SNMS plasma is maintained at electron cyclotron resonance by inductive
coupling of a high frequency (27.12 MHz). Experimental details are given in Sec. 4.4. It
should be noted that plasma SNMS was used in this work. This means that this plasma
supplies Ar ions as a primary ion source for sputtering and it also serves as a post-ionisation
medium. The sputtered neutrals could be for example ionised by a laser (LI-SNMS).
Excellent plasma SNMS depth resolution can be reached for coatings up to several um.
However, due to the very low sputtering rates, the necessary analysistimeisvery long, i.e., at
least ~5 hours (for non-conductive materials) together with sample preparation and transfer
chamber evacuation.

Also based on the principle of sputtering with primary ionsis SIMS. In this work ToF-SMS
measurements have been performed on electrically non-conductive multilayer materials.[6,
95] Experimental details on the instrumentation existent in BAM are givenin Sec. 4.5. Dueto
the typical low sputtering rate, the samples were cross-sectioned and a depth profile was
obtained in an alternative way. An acceptable depth-resolution and a typical high sensitivity
for alkali metals, for example can be often very useful. Direct depth profiling can be
successfully applied for thin layers, electrically conductive as well as non-conductive by
charge compensation techniques.

An analytical technique rather different from the operating principles of GD-OES, but used as
a powerful tool in hydrogen detection in coated materials is Nuclear Reaction Analysis
(NRA).[105, 106] Based on the resonance nuclear reaction with irradiated *°N ions, the
amount and the depth distribution of hydrogen can be obtained mainly in thin layers.
Depending on the materials investigated maximum depths of 1-2 um can be prospected.
However, large uncertainties can result from the interpretation of the experimental data.
Hydrogen concentrations of up to 3 at.-% in DLC layers and up to 1.6 a.% in pure SisNg
layers or even up to 9 at.-% in films containing oxygen have been found and reported in the
literature.[107-109]
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3 Objectives

Two major aspects are resulted from PRE-CONSIDERATIONS as being subjects for further
investigations performed in the present work:

i. the capability of GD-OES to analyse hydrogen, however under appropriate fundamental
considerations, and

ii. GD-OES depth profiling of thick coatings containing hydrogen, as well as of thin and
very thin coatings. The later ones are mostly electrically non-conductive, and do not
contain necessary hydrogen, but the contamination (mainly hydrogen) plays a crucia
role.

As far as the hydrogen analysis is concerned, GD-OES presents an unique combination of
rapidity, very low DL (1 pg/g for the H | 121.5 nm line) and maximal investigated depth of
more than 100 pum. However, due to the lack of suitable CRMs containing hydrogen, a
reliable GD-OES quantification of hydrogen is not possible yet. In order to overcome this
problem, investigations on the simulation of a hydrogen calibration curve by adding hydrogen
in gaseous form to the noble carrier GD gas could be taken account as an alternative. Section
5.1 is extensively devoted to this objective. Preliminary results reported recently in literature
[17] highlighted considerable alterations in the sputtering rate and in the emission yield of
some investigated emission lines. The effect was similar independent of the hydrogen source,
i.e., when hydrogen is a sample constituent or a gaseous contamination. Further experiments
in order to clarify this point are performed in thiswork (Sec. 5.1.6 and 6.3.2).

Not only the analysis of the hydrogen itself, but also the strong matrix effect of hydrogen
must be corrected in the GD-OES quantification algorithms. Therefore, due to the complexity
of the effect, fundamental investigations on elementary processes of excitation and ionisation
in GD plasma are necessary. The well-known and simple emission spectra of copper will be
taken into account and extensively investigated together with that of the carrier gas (Sec 5.1.1
and 5.1.2). Because the hydrogen effect is individual for each emission line, various analytes
in common bulk materials are investigated (Sec. 5.1.4). As a key point in the understanding
and explanation of the processes involved when hydrogen is present in a GD is proved to be
the hydrogen emission continuum (Sec. 5.1.3). Comparisons of various sources of hydrogen
relative to the hydrogen continuum should also be performed, inaccuracy in the measurements
of the analytes being able to occur for analyte lines from a sputtered material containing
hydrogen. Supplementary experiments related to the hydrogen effect in a GD are also carried
out by means of GD-MS (Sec. 5.1.4) in order to confirm/complete the hypothesis found by
GD-OES. Also the use of different carrier gases (Ar and Ne) can help to a better
understanding of the effect. As a prerequisite for the correction of the hydrogen effect in the
quantification algorithms, the dependence of the effect on the GD parameters must be taken
into account (Sec. 5.1.9).

Thin films and thick coatings produced by various deposition methods, such as electroplating,
CVD, PVD, laser arc deposition, etc., often contain hydrogen in unwanted concentrations in
the coating, in the substrate or at their interface. Hydrogen is also known as easily penetrating
many metals. Section 6.3 is intended to emphasise some of the hydrogen problematic
encountered on materials from industrial applications by means of GD-OES. Heat treatment
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procedures applied in order to force hydrogen to diffuse out from the material need an
analytical proof to control such processes. Even if not quantitatively, GD-OES analysis of
hydrogen could prove as being very useful.

Depth profiling of electrically non-conductive multilayer coatings constitutes an analytical
task for very few techniques. In order to establish the performances of GD-OES, a
comparative study comprising three competitive analytical methods, i.e., RF-GD-OES, HFM
plasma SNM S and ToF-SIMS, is subject of Sec. 6.2. Some relevant materials, largely used in
the industry, such as SIO,, TiO,;, SisNs multilayers deposited on glass or ceramics are
considered as samples for the comparison. The limitations of the analytical methods relative
to the analysis of such multilayer non-conductive materials are well-known. Optimisation
procedures, known as very costly for layered non-conductive materials, will also be
extensively investigated (Sec. 5.2 and 6.2) and compared for different competitive depth
profiling techniques.

Knowing the multiple facets of the hydrogen effect, experiments of improving analytical
figures of merit can be imaged by the controlled addition of small quantities of hydrogen to an
argon GD plasma. Improvement of the, e.g., sensitivity, detection limits and depth profiling
will be studied (Sec. 6.1 and 6.2) for some relevant examples.
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4 Experimental

4.1 GD-OES

The GD-OES spectra and depth profiles presented in this work were recorded using various
instrumentation in different laboratories.

A commercial glow discharge spectrometer of type LECO SDP-750 (LECO TECHNIK GMBH,
Gilching) were used in BAM, Berlin aswell asin IFW DRESDEN. Thistype of glow discharge
spectrometer consists of the glow discharge source and an optical spectrometer mounted in
the PASCHEN-RUNGE configuration. A schematic layout of the LECO SDP 750 spectrometer
Is presented in Fig. 4-1.
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Fig. 4-1: Schematic layout of the LECO GDS-750 spectrometer with an optionally attached
monochromator.
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The sample - as the cathode of the glow discharge source - is sputtered at controlled
parameters. The sputtered atoms are subsequently excited in the glow discharge plasma by
collisions with carrier gas particles and electrons and then they emit photons with
characteristic wavelengths. Axially to the GD source the emitted photons pass through the
source window and the entrance dlit (50 um dlit width) of a spectrometer and are focussed on
a concave holographic grating of the spectrometer. Placed on a ROWLAND circle (750 mm
diameter), the concave diffraction grating (2400/mm) decomposes the light in its spectral
components and focuses them on the exit dlits (50 um dlit width) of the spectrometer. The
optical signals are detected by photomultipliers, which are set at various relevant
wavelengths. For the Li, Naand K channels the acquisition is made by interferential filtersvia
optical fibber. Hence, this version of spectrometer existent in BAM as a polychromator
allows simultaneous detection of up to 35 elements in 41 channels at the following
wavelengths:[110]

Table4-1: Channels of the SDP-750 spectrometer (available in BAM) used for the detection of
emission lines ordered according to the wavelength

Ch. Element Atomic/ Wavelength |Ch. Element Atomic/ Wavelength

# lonic /nm # lonic /nm
1 H I 121.5 21 Ag I 338.2
2 0 I 130.2 22 Zr I 339.1
3 N I 149.2 23 Pd I 340.4
4 C I 156.1 24 Co I 345.3
5 P I 177.4 25 Ni I 349.2
6 S I 180.7 26 Ta I 362.6
7 P(2) I 185.9 27 Ti I 365.3
8 B I 208.9 28 Fe I 371.9
9 Au I 211.0 29 Mg I 383.3
10 Cu(2) Il 219.2 30 Mo I 386.4
11 Ni(2) I 225.3 31 Ca I 393.3
12 Fe(2) I 249.3 32 Al I 396.1
13 Pt I 265.9 33 W I 400.8
14  Cr(2 [ 267.7 34 Mn [ 403.4
15 Sn I 283.9 35 Pb I 405.7
16 S I 288.1 36 \Y I 411.1
17 Sn(2) I 303.4 37 Ar I 415.8
18 Nb I 316.3 38 Cr I 425.4
19 Cu I 327.3 39 Na I 588.9
20 Zn I 330.2 40 Li I 670.7
41 K | 766.4

The MgF, GD source window capable of transmitting photons in the wavelength range of
110-800 nm, the reduction of the optical instrumentation to minimum (by the PASCHEN-
RUNGE configuration) as well as the pre-vacuum (=107 Pa) existing in the polychromator
make possible detection even in UV-VIS range at wavelengths down to 110 nm, where light
elements such asH, C, N, O or halogens typically emit.

In order to tune the spectrometer over a wide wavelength range, a mochromator can be
optionally coupled to the light emitted by the GD source via two mirrors placed lateral to the
entrance dlit of the polychromator and an optic fibre. In IFW DRESDEN experiments were
performed using a DIGIKROM 480 monochromator (CVI LASER CORPORATION, Albuquerque,
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NM, USA) attached in the CZERNY-TURNER configuration. The spectral resolution was about
0.05 nm and the entrance dlit of 50 um.[31] Due to the digital acquisition of the emission
spectra, this system is appropriate for rapid investigations of individual emission lines - other
than those recorded by the polychromator - or even to inspect qualitatively the spectral
background.

More appropriate for investigations of emission spectra over a wide wavelength range, but
with a much better spectral resolution (0.02 nm) was the plane grating spectrograph PGS2
(ZE1SS-JENA, GERMANY) in IFW DRESDEN. However, its use makes necessary the operating of
a separate GD source, which, in order to obtain reasonable optical signals, had a large anode
diameter (8 mm). The experimental set-up is simple and in principal the same with the first
one (CzERNY-TURNER configuration), but the GD plasma is directly imaged on the entrance
dlit of the monochromator. The emission spectra were recorded on photoplates, this offering
the possibility to integrate the signal over long periods. A microdensitometer MD100 (ZEISs-
JENA, Germany) linked to appropriate software was used to measure the intensity of the
spectra acquired on photographic plates. The analog data measured by the microdensitometer
(as transparency) were digitised and subsequently logarithmised so that the photographic
density is represented for the spectrain this work.

The glow discharge source used in this work was of the GRIMM type.[22] The anode
diameters were different, depending on the individual application: 2.5 mm the DC/RF-GD
sources in BAM, Berlin and IFW DRESDEN; 4 mm the DC-GD source in BAM, Berlin and 8
mm the DC-GD source in IFW DRESDEN, the last one being used separately (and named
GDL, i.e. glow discharge lamp) in connection with the PGS2 spectrograph (asin [111]).

The GD sources in BAM, Berlin as well as in IFW DRESDEN are so constructed that they
allow the dc and rf excitation by simply changing of the powering cable. The DC-GD source
is since 1967 in principal unchanged and is very often described in the GD-OES
literature.[22, 25, 38] Its operation in the dc-mode is well defined by the GD parameters:
voltage, current and pressure. In contrast to it, the RF-GD source is controlled by more
parameters, not all of them being measured accurately, especially when electrically non-
conductive samples are analysed. In Fig. 4-2 the schematic layout of the DC/RF-GD source
developed in IFW DRESDEN by HOFFMANN [1] in co-operation with LECO TECHNIK GMBH
and produced (the rf-generator in BAM, Berlin) by SPECTRAL SYSTEMS PETER R. PERZL,
Furstenfeldbruck, Germany is presented.

The rf-powering system is attached at the backside of the sample at a GRimMm type DC-GD
source, which contains only electronic components of fixed values (in contrast to the other
system with matching box) in the accordance to MEISSNER. Hence, the GD source itself
becomes part of the oscillating circuit in this free-running powering system. This confers to
the RF-GD source stability (necessary for thin film anaysis), ease of use and reliability,
accompanied by reaching of high values of voltages at the sample surface level (necessary for
rapid sputtering of thick insulators). The sample can be water cooled at its backside. In order
to avoid a high superimposed reactive current the working frequency of the rf-generator was
set at 5 MHz, and cathode plate was made by teflon or ceramic. However, the remaining
capacities till cause a high capacitive current. Therefore, a big problem remains the accurate
measurement of the rf-parameters, recent developments in IFW DRESDEN [65] coming to
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Fig. 4-2:. DC/RF-GD source, in the version existing in BAM, Berlin and IFW DRESDEN.

improve considerably the rf-measurement technique (by compensation of the residual
capacity) and bringing forward the rf-quantification.

The rf voltage and current are simultaneously measured as near as possible to the glow
discharge plasma by voltage and current probes placed in the rf-feedthrough at the backside
of the sample, see Fig. 4-3. The rf-power is obtained from the rf-voltage and current over a
multiplier. The phase correction of the rf-voltage and current was made by compensating the
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Fig. 4-3: Rf-voltage and current measured in the rf-feedthrough and the resulted rf-power.[1]
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cable lengths so that without plasma no rf-power is achieved. Unfortunately, the rf-power
measured with the system present in BAM, Berlin are not very stable in time, technical
improvements of the rf-generator being steady in progress. Therefore, for the rf measurements
performed in this work only reliable electrical parameters such as Uy measured at the rf-
generator input or U (peak-to-peak voltage) measured at the rf-generator output are given.

The software linked to the commercial spectrometers was provided by LECO GmBH and
SPECTRUMA-ANALYTIK and allows the control and steering of both dc and rf operation modes.
An external channel enables the digital acquisition of the signal delivered by the DIGIKROM
monochromator, hence being possible to scan over a wide spectral range or to measure the
intensity of a particular line. The emission lines recorded by the fixed channels can be also
profiled by the PSCAN utility (developed by LECO GmBH), which allows the slight shift of
the entrance dlit of the ploychromator.

Often in this work, the macroscopic evaluation of the sputtering process was needed.
Quantitatively expressed in um/min, investigations on sputtering rate, but also on crater shape
or crater roughness were performed by using of profilometers: a laser one, only when the
samples are opague, or independent of sample, a MAHR-PERTHEN (Goéttingen, Germany)
mechanical stylus one.

42 GD-MS

Recently developed in IFW DRESDEN, a GD source was connected to a low-resolution mass
spectrometer, having a quadrupole and a SEM as well as a FARADAY cup as detectors.[70]
The GD-MS source, see Fig. 4-4, isin principle very similar to the conventional GRIMM type
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sealing ring 1N
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plasma [

ions —»

Fig. 4-4. The GD-MS source developed in IFW DRESDEN.
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source used in GD-OES. However, in opposite to the GD-OES it is necessary to gain high ion
signals for the mass spectrometric analyse. Therefore, an additional vacuum channel provides
a high mass flow directed to the entrance of the mass spectrometer. Nevertheless, the GD-MS
source works at comparable parameters to those known from GD-OES (V4= 600-1500 V, I 4=
10-150 mA and p= 300-1300 Pa for gas flows of 40-200 sccm argon or neon). This is an
important aspect which enabled additional investigations with respect to the effect of
hydrogen in a glow discharge, possible to be investigated by OES only partialy. The
instrumentation is also flexible, alowing working with various carrier gases and the
connection of a gas mixing system, necessary for the experiments on the hydrogen effect.
GD-MS provides lower detection limits and extends the list of elements to be GD-OES
analysed. The GD-MS source used for the experiments in this work has a 10 mm diameter
anode.

4.3 Hydrogen/carrier gas mixing system

A considerable part of this work was dedicated to the investigation of the effect of hydrogen
in a glow discharge when hydrogen is present in the GD source as a gaseous contamination,
i.e,, added to the noble carrier gas into the GD source in defined concentrations. The
flexibility of the system enabled its use for OES experiments in BAM, Berlin and IFW
DRESDEN and for M S experiments in IFW DRESDEN. The scheme of the gas mixing systemis
shown in Fig. 4-5.
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Fig. 4-5: Schematic set-up of the gas mixing system.

Pure argon coming from a cylinder through a mass flow controller (MFC) of maximum rate
2000 sccm was mixed over a T-piece with gas coming through another MFC of various
maximum rates from a cylinder containing various volume concentrations of hydrogen and
argon. The latter gas line was modified depending on the magnitude of the hydrogen effect in
the GD source investigated in different experimental conditions, i.e.,, depending on the
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necessary hydrogen content: MFCs (type MKS 1179 or TYLAN FC-260) of maximum flow of
20, 150 and 500 sccm were used in combination with cylinders containing 1, 2 and 5% v/v
hydrogen and 99, 98 and 95% v/v argon, respectively. Thus, by keeping the total pressure in
the GD source constant (as a consequence of a constant total mass flow), any hydrogen
relative partia pressure in the range 0-2% v/v can be attained. Higher relative partial
pressures were able to be reached by direct connection of gas mixture cylinders. For
extremely high partial pressure of hydrogen (>20% v/v, necessary for the visualisation of the
hydrogen band spectra) a cylinder with pure hydrogen was used.

The experiments on the hydrogen effect were carried out mainly in dc mode by keeping the
voltage (Vu) and the total pressure (pwt) constant, this being experimentally quite simply to
realise. In contrast to it, the constant voltage and current mode simultaneously used with
varying and controlled hydrogen contents was much more difficult to perform. However,
constant voltage and current were obtained by modifying the total pressure of known
hydrogen content (see Sec. 5.1.9.1).

As a prerequisite for the experiments carried out in this work, the cleanness of the GD source
was consistently monitored and kept to the maximum, long pre-sputtering times being
selected to get accurate stable data. Possible contamination by other molecular gases was
continuously checked by monitoring the atomic lines of nitrogen, oxygen and carbon. The
total pressure in the GD source was measured more accurately with a specia adapter in the
front of the GD source (and plasma off), and not at the side - as in the commercial
spectrometers - where the pressure is much lower. The calibration curve for the correct
pressure in the 4 mm GD source in BAM, Berlin is shown in Fig. 4-6. One can observe that
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Fig. 4-6. Cadlibration curve for the total pressure in the 4 mm GD source in BAM, Berlin.

the total pressure is dependent linearly on the total mass flow. The pressure was measured
with a MKS baratron type 622, being able to measure in the pressure range 10°-10° hPa
independent of the baratron orientation and gas nature. One can also observe in Fig. 4-6 that
the MFC used does not close completely the gasline. Thisis different for various MFC types.
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Due to the use of different molecular gases having different densities and molecular structures
care has been taken of the corresponding conversion factors, see Table 4-2.

Table4-2: Conversion factorsrelative to N, for the gases used in thiswork.[112]

Gas Symbol Conversion Specificheat,  Density,
factor rel.toN, Cpcal/gK gl @0K
Nitrogen N, 1.00 0.2485 1.250
Argon Ar 1.42 0.1244 1.782
Hydrogen H, 1.01 3.4190 0.090
Neon Ne 1.42 0.2460 0.900

For example, if the MFC is calibrated for N (as usually), 100 sccm N is equivaent for the
MFC to 142 sccm Ar. Fortunately, this correction was simply implemented by means of a
MKS control unit, which allowed a user-friendly digitally MKS unit for controlling the gas
miXxing process.

Defined quantities of hydrogen were attained in the GD source by applying the following
formula:

Ch, (cylinden) * P, line = Cr, oy * F ot » (iv-1)

where Chz (gyiinder) 1S the hydrogen concentration in the cylinder, ¢y @py is the hydrogen
concentration in the GD source, Fu2 iine 1S the gas flow in the gas mixture line and Fy is the
total gas flow. For example, having a cylinder containing 2% v/v hydrogen and the rest argon,
it is necessary to let 20 sccm to flow over the second MFC, i.e., hydrogen/argon mixture, and
380 sccm pure argon over the first MFC, in order to obtain a hydrogen concentration of 0.1%
v/v in the GD source (400 sccm total mass flow meaning ~650 Pa).

44 HFM plasma SNMS

A similar technique with respect to the depth profiling of solid sample having a homogeneous
lateral distribution is the plasma SNMS. As in GD spectrometry an inductively coupled rf
(27.12 MHz) plasma serves as sputtering source, and also for supplying of the analytical
signal as well. Hence, the sputtered neutrals (the vast majority of the total sputtered particles)
are post-ionised in the plasma, similar to the post-excitation in GD-OES. The post-ionisation
in SNM S can also be made by alaser or an electron beam. This separation constitutes for both
techniques a powerful advantage in the quantification, due to the separation of sputtering
from post-ionisation (plasma SNMS & GD-MS)/excitation (GD-OES), in contrast to SIMS,
for example, where the matrix effect affects seriously the quantification.

Depth profiling experiments were carried out in ISAS Dortmund using a INA3 commercial
instrument (LEYBOLD/SPECS, Cologne/Berlin, Germany), equipped with a rf module. The
arrangement of the sample for SNMS plasma sputtering is presented in Fig. 4-7. For more
details see [113-116].
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Sheath edge /.‘2- .
for U, ... 7 L _dperture

Cu carner
UHHI'u'I

Fig. 4-7. Conventional sample holder arrangement in the INA3 instrument for plasma SNMS
at ISAS, Dortmund.

In the HFM mode (most used in this work) a square-wave voltage, Unru, attracts the plasma

Ar" ions to the sample surface enabling sputtering during the negative pulse, cf. scheme in
Fig. 4-8. Alternatively, plasma electrons neutralise the accumulated positive surface charge,

AUs. The applied HFM voltage (Uprv) can be set up to 1000 V at frequencies v varying
between 1 and 1000 kHz; the duty cycle y = At/(At+ At") can be modified over the range 10-

90%.

surface charge U (t) by ...

... € saturation

current

Uniem

Fig. 4-8: The resulting potential (Us) at the surface of a non-conductive sample when a square-wave
voltage (Uyry) IS applied.
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45 ToF-SIMS

Another analytical technique, namely ToF-SIM S, was used to compare the results obtained by
RF-GD-OES and HFM plasma SNMS depth profiling of non-conductive samples. The used
instrument was a commercial TOF-SMS IV spectrometer, manufactured by ION-TOF GmBH
(Minster, Germany). The ToF-SIMS 1V is a high mass resolution, high transmission ion
microanalyser, based on a reflectron type mass analyser, post acceleration detector and
various types of pulsed primary ion guns. The instrument provides various operation modes:
(i) surface spectroscopy (Intensity = f(mass)), (ii) surface imaging (image of an element
distributed in the surface) and (iii) depth profiling (Intensity = f(depth)). Due to the otherwise
extreme low sputtering rates, especially when non-conductive thick layers are sputtered, the
samples were cross-sectioned in order to get a depth profile in an alternative way. ToF-SIMS
images of the cross section were acquired and the depth profile was obtained by adding up al
lines of the picture (perpendicular to the structured material) for the selected elements. A
finely focusable gallium primary ion source with a spot of ~60 nm diameter enabled this kind
of experiment.
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Fig. 4-9: Schematic working principle of the TOF-SIMS IV spectrometer.

46 NRA

Due to the fact that hydrogen was intensively analysed in this work Nuclear Reaction
Anaysis (NRA) measurements were additionally performed on various coatings containing
hydrogen. Apart from GD-OES and SIMS/SNMS, NRA is the only analytical method able to
supply depth profiles of hydrogen, in contrast to the hot extraction - where hydrogen can be
analysed only integral, this meaning that the whole solid sample is transformed by melting.
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Despite the absolute values delivered by NRA, there are also limitations, e.g., maximal depth
for zinc coatings on steel ~1 um, hence the method being appropriate for thin film layers. The
underlying physical principle of the NRA depth profiling of hydrogen is based on the nuclear
reaction:

"H(™®N, ay)*’C, (iv-2)

i.e., the sample material isirradiated with energetic (in the MeV-range) °N ions and in-depth
elemental analysis results from the prompt emission of y-radiation as a function of the energy
loss of the impinging ion beam. High resolution depth profiling by measuring the prompt y-
radiation can be performed if there are narrow resonances (E= 6.385 MeV) in the reaction
cross section. The higher the energy above the resonance energy the deeper the presence of
hydrogen in the material, see Fig. 4-10.[107-109]

15N AVAYAY =
E=E, detector
15N aYe” 4
E>E, detector
H profile
15
N beam in the sample

Fig. 4-10: Principle of NRA depth profiling of hydrogen.
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5 Fundamental investigations

As stated in OBJECTIVES, the present work is focussed on (i) the effect of hydrogen in GDS
and (ii) on depth profiling of layered materials. Various applications in material science are
shown in chapter 6. However, prerequisites in obtaining reliable analytical information from
the GD-OES analysis are (i) a thorough insight in the complicate effect of hydrogen and (ii)
methodical optimisation of depth profiling especially for electrically non-conductive thin
layers. Section 5.1 is dedicated to fundamental experimental work on the hydrogen effect in
GDS and Sec. 5.2 to the methodical optimisation of competitive depth profiling techniques,
respectively.

5.1 Effect of hydrogen in GDS

Section 2.2 from PRE-CONSIDERATIONS has aready highlighted the strong effect of
contamination in GD-OES. As supposed by BENGTSON in his preliminary investigations on
the hydrogen effect,[17] the causes for the various changes in the emission line intensities and
sputtering rate reside in the "efficient” alteration of the excitation and ionisation mechanisms
taking place in the pure noble gas plasma by the presence of hydrogen.

Since the hydrogen effect is individual for each analytical line of an element, the
consideration of particular pure bulk materials is necessary for extensive investigations. It is
expected that the energy change in elementary processes in the GD plasma containing
hydrogen can contribute significantly to the occurrence of the hydrogen effect. Hence, energy
level diagrams of the participating species, i.e., (i) sputtered material, (ii) carrier gas and (iii)
hydrogen species (neutrals and ions), should constitute powerful tools in the attempt of
looking for possible explanations.

5.1.1 Effect of hydrogen in an argon GD when copper isthe sample

Pure bulk copper has been chosen as a sample to be investigated with respect to the hydrogen
effect, due to its simple emission spectrum under the conditions used in the present work.
There is adso a plenty of data related to the copper emission spectrum in the GD-OES
literature. Two different carrier noble gases have been considered, argon (Sec. 5.1.1), the
conventional one, and neon (Sec. 5.1.2), as an aternative. The differing, e.g., ionisation
potentials or excitation energies of the metastables for argon and neon should affect both the
copper and hydrogen spectra in an individual manner. In each case, the emission spectrum of
the carrier noble gas as well as of hydrogen has been thoroughly investigated, this being
presented and discussed in separate subsections. Very recently, detailed calculations of the
effect of hydrogen in low current GD sources of the VG9000 type have become
available.[117] Whilst this information cannot be applied directly to the GRIMM source, the
qualitative trends are relevant and will be quoted where relevant.
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Hydrogen is added into the GD source by mixing it in low concentrations with the carrier
noble gas, i.e., as a molecular contamination. The mixing process is rigorously controlled by
using of electronic gas flow devices (MFCs), the experimental procedure being detailed
described in Sec. 4.3. Great attention was paid to the GD source cleanliness. Large pre-
sputtering and stabilisation times of several minutes were able to supply accurate values for
the measured line intensities.

The working conditions applied for this study of alarge number of emission lines were: GD
source diameter = 2.5 mm; constant voltage V4= 1000 V, constant (total) pressure ~770 Pa
(corresponding to 400 sccm), at increasing hydrogen relative partial pressures. The
instrumentation used for individual spectral lines measurements was that at |FW DRESDEN,
which through a separate channel is able to record an arbitrary emission line by the attached
monochromator (as detailed described in Sec. 4.1). The following sections are intended to get
an overview only on the changes in the emission spectra of an element, carrier gas and
hydrogen. The changes in the dependent GD parameter (discharge current), the sputtering rate
and sputtering crater shape are discussed in Sec. 5.1.7. At this stage, the working conditions
were kept constant (Vg= 1000 V and pirr 770 Pa); later in Sec. 5.1.9 they were varied for
studies on some relevant analytical lines.

51.1.1 Atomic (Cul) andionic (Cu Il) lines of copper

From the beginning on, one should note that the spectral lines emitted by excited neutral
species are denoted with 1", and the spectral lines excited by single ionised energy levels are
denoted with "11". In the present study only atomic and single ionised species are selectively
considered, due to the huge volume of information still present even when copper is chosen as
the sample. Also, because the monochromator used is of a low resolution (determined as
being as low as ~0.05 nm for an entrance dlit width of 50 um,[31] only spectral lines which
are intense and do not suffer from interference or self-absorption may be taken into account.
In fact, in the case of argon as a carrier gas, all copper lines detected by the monochromator in
IFW DRESDEN in the spectral range of ~220-770 nm under the selected conditions have been
monitored, i.e., 19 atomic and 6 ionic emission lines of copper. The measured spectral lines
are arranged in order of ascending excitation energy [118-120] in Table 5-1. The intensities of
the selected emission lines from Table 5-1 were measured as a function of the hydrogen
content (0-0.6% relative partial pressure) in the GD source and represented in Figs. 5-1a and
b.

In order to get a more realistic insight in the changes caused by hydrogen on the spectral line
intensities, the measured intensities of copper lines were divided by both the sputtering rate
and the discharge current. Thus, the so-called "reduced intensity” is also shown in Figs. 5-1a
and b. Note that detailed results on sputtering rate and discharge current are grouped in a
separate section (Sec. 5.1.7). Only qualitatively at this point, for copper the discharge current
- as the dependent GD parameter - as well as the sputtering rate decrease considerably at the
addition of hydrogen into the GD source (I4c and SR, respectively, in Fig. 5-14, Sec. 5.1.7).
And it is necessary to compensate for these changes. For a better view on the magnitude of
the changes caused by hydrogen, the values of intensities and reduced intensities in pure
argon were normalised to 1 (Figs. 5-1a and b). The same treatment is applied to the argon
species, i.e., Arl and Ar |l (in Sec. 5.1.1.2).
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Table5-1: Emission lines of Cu | and Cu Il investigated and their assignments [120] and
approximate relative intensities as recorded in this work. Ground and metastable states
are bold-faced. Note that the excitation energy given for the ionised states is above the

ionisation limit, i.e., the total excitation energy is greater with 7.726 eV.

Element Wavelength Assigned Intensity® Upper L ower Upper energy Lower energy
/nm number state state level, /eV level, /eV
Cu | ground state 3d%° (19)4s %Sy, 0
Cul 327,396 1 VS (4p)*Pys (49)Sy, 3,786 0
Cul 578,213 1 S (4p)?Py;, (48)°Dgs 3,786 1,642
Cul 324,754 2 VS (4p)*Pa (49)°Sy2 3,816 0
Cul 510,554 2 S (4p)*P32 (48)Dsp 3,816 1,389
Cul 570,024 2 M (4p)%Pa2 (45)°Dg, 3,816 1,642
Cul 249,215 3 w (4p)*Pa2 (49)°Sy, 4,973 0
Cul 222,570 4 VW (4p)"Da2 (49%Su» 5,569 0
Cul 218,172 5a VW (s4p)°Pu2 (49)°Sy, 5,681 0
Cul 217,894 5b VW (s4p)P32 (49%Sy, 5,688 0
Cul 216,509 6a VW (s4p)°Da (49)°Sy, 5,725 0
Cul 282,437 6b M (s4p')°Ds2 (45)°Ds2 5,777 1,389
Cul 261,837 7a W (5p)*Par2 (45)°Dsp, 6,123 1,389
Cul 276,637 7ab w (5p)*Puz32 (45)°Dgs 6,123 1,642
Cul 515,324 8a S (4d)*Ds; (4p)*Py2 6,191 3,786
Cul 521,820 8b S (4d)°Ds (4p)*Pa 6,192 3,816
Cul 229,384 9 VW (6p)*Py (45)°Dsp, 6,792 1,389
Cul 223,008 10a VW (s4p")Fon (49)Ds, 6,947 1,389
Cul 219,958 11 VW (s4p")Ds2 (45)°Dsr2 7,024 1,389
Cul 222,778 10b VW (s4p")*Fsi2 (48D 7,206 1,642
Cu | ionisation limit 7.726
Cu ll ground state 3d's, 0
Cull 224,700 12a S (4p)°P; (49)°Ds 8,235 2,719
Cull 229,436 12a w (4p)°P, (49)°D; 8,235 2,832
Cull 221,810 12b w (4p)*P, (49°D, 8,421 2,832
Cull 219,226 13a VW (4p)°Fs (49)°D; 8,487 2,832
Cull 213,598 13b W (4p)°F, (49)°Ds 8,522 2,719
Cull 224,261 14 VW (4p)°Ds (49)'D; 8,783 3,256
Cu Il ionisation limit 20.29

/S = very strong; S = strong; M = medium; W = weak; VW = very weak

According to the excitation energy of the upper level of the transition,[118-120] all the
analysed lines are correspondingly labelled with numbers from 1 to 11 for Cu | and from 12
to 14 for Cu Il, see Table 5-1 and Figs. 5-1a and b. When the electronic configurations of the
upper levels are similar except for the total angular moments, J, small letters, e.g., a, b... have
been attached to the numbers, in order to group the investigated lines. In this manner one can
identify in Figs. 5-1aand b similar behaviours of emission lines coming from similar or close
excited levels. An exception to this general pattern is the behaviour of the two strong

resonance lines of Cu | 327.40 and 324.75 nm, which are affected by self-absorption.
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Some general trends are to be noticed in Figs. 5-1aand b:

i. The reduced intensity for most of the emission lines of Cu | (Fig. 5-1a) increases
strongly with the addition of even small quantities of hydrogen (up to factor 4 for the
line 217.89 nm, at 0.6% hydrogen relative partial pressure in the argon GD source). The
327.40 nm line of Cu I, used for the quantification of copper in many commercial
available GD-OES spectrometers, is also considerably affected by hydrogen. Hence it
could lead to a faulty quantification. Cu | 510.55 nm or Cu | 570.02 nm, both having
reasonable intensities, could be better alternativesto it.

ii. A clear behaviour belongsto al the 6 lines of Cu Il (see Fig. 5-1b) recorded here. These
lines are emitted by energy levels grouped closely above the Cu 1l energy level at 8.23
eV, see Table 5-1. Due to (i) the magnitude of the hydrogen effect and (ii) its qualitative
functional dependence on the excitation energy observed at the first sight already, a
specia attention is paid to this group of lines in the discussion from Sec. 5.1.1.4. The
219.23 nm Cu Il line, used for quantification in many commercial GD-OES
spectrometers, is strongly affected by the presence of hydrogen and consequently not
appropriate for quantification without correction.

5.1.1.2 Atomic (Ar I) and ionic (Ar I1) lines of argon

From the (line-rich) emission spectrum of argon, 19 atomic and 15 ionic lines have been
selected to study the hydrogen influence. As for the copper case, the argon lines have been
arranged in order of their excitation energy [118-120] and ordered in Table 5-2. The assigned
numbers suggest again identical configurations up to the total angular momentum and the
term of the upper levels.

The reduced intensities for the argon lines are calculated as measured intensities divided only
by discharge current, see Figs. 5-2a and b. Note that the representation of the intensities and
reduced intensities is similar that for the Cu | and Il case in Figs. 5-1a and b, i.e, (i)
normalised to 1 for the case in pure argon and (ii) scaled up to 1 for the Ar I lines, which
decrease, and up to 4 for the Ar 1l lines, which increase dightly. From Figs. 5-2aand b it can
be easily observed that for the investigated Ar | aswell asfor Ar Il linesthere are also generd
trends to be seen at increasing hydrogen partial pressures:

(1) The reduced intensities of the Ar | lines decrease exponentialy-like, e.g., down to
~30% for the 549.59 nm line, eventually followed by a plateau or even enhancements
(for lines having lower excitation energy). The higher the excitation energy, the more
pronounced is the decrease. The Ar | emission line at 415.86 nm selected for analysis
using commercial instruments suffers also a decrease of intensity down to ~60% at
least, at ~0.3% hydrogen in the GD source.

(i)  Contrary to the expectations, most of the Ar 11 linesinvestigated here and having quite
high excitation energies, i.e., ~18-23 eV over the ionisation limit of argon (15.76 eV),
show a more or less pronounced increase of the reduced intensity: for lower excitation
energies saturation or light decrease are characteristic with increasing hydrogen
content; the higher the excitation energy, the more evident is an increase.
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Table5-2: Emission linesof Ar | and Ar Il investigated and their assignments [120] and approximate
relative intensities as recorded in this work. Ground and metastable states are bold-faced.
Note that the excitation energy given for the ionised states is above the ionisation limit,
i.e., thetotal excitation energy is greater with 15.76 eV.

Element Wavelength Assigned Intensity? Upper state Lower state Upper L ower
/nm number energy energy
level, /eV levd, leV

Ar | ground state 35 3p°'s, 0

Arl 763,511 la M 35 3p° ((PP30)4p 32, 352 3p° ((P%p)4s3/2]% 13,171 11,548
Arl 751,465 1b M 32 3p° (PP)dp 120 352 3p° ((PPa)4s3/2)% 13,273 11,623
Arl 706,722 2 S 35 3p° (PPu)4p 32, 352 3p° ((P%p)4s73/2]% 13,302 11,548
Arl 738,398 2 M 3 3p° CPPu0)4p 312, 357 3p° (PPPa)4s93/2]% 13,302 11,623
Arl 696,543 3a S 38 3p° (PPu)dp 1/2], 352 3p° ((P%)4s3/2]% 13,327 11,548
Arl 750,387 3b M 3 3p° CPP)dp1/2e 357 3p° (PPPu)4s1/2]% 13,479 11,828
Arl 415,859 4 W 35 3p° ((PP3)5p 3/2], 357 3p° ((P%)4s73/2]% 14,528 11,548
Arl 641,632 5a W § 3pz (z:jg,z)ss 2[3/2] zz 3§ 3pz (253,2)4p 2[1/2] ;14,838 12,907
Arl 638,472 5b VW 3p° ((PP32)6s73/2]% 352 3p° (*PPan)dp /2], 14,848 12,907
Arl 591,208 6 W 32 3p° ((P°)4d [3/2]°% 352 3p° (PPa)dp 12, 15,003 12,907
Arl 565,070 7a VW 352 3p° ((P%4)5d [1/2]% 357 3p° (PPa)dp i1/2, 15,100 12,907
Arl 560,673 7b w 35 3p° (3Fy)5d [1/2]% 352 3p° (PPan)dp V2], 15,117 12,907
Arl 603,212 7c w 38 3p° (*PP42)5d 7/2]% 352 3p° (PPPan)4p [5/2]; 15,130 13,075
Arl 555,870 7d W 3§ 3pz (zzm)sd 2[3/2] Zz 3§ 3pz (z§y2)4p z[1/2] . 15136 12,907
Arl 604,323 7e w 3¢ 3p° (*PP42)5d 4 7/2]% 35 3p° (PF’a)4p i5/2], 15,145 13,094
Arl 588,859 8 VW 38 3p° (*P%3)7sq3/2]% 35 3p° (P’)4p Y 5/2]s 15,180 13,075
Arl 614,543 9 VW 38 3p° ((PP)5d [5/2]% 352 3p° (PPPu)4p q3/2], 15,319 13,302
Arl 557,255 9 VW 32 3p° (P°1)5d [5/2]% 32 3p° ((PPa)dp 52, 15,319 13,004
Arl 549,587 10 w 352 3p° (P%4)6d [7/2]% 357 3p° (PPan)dp 5/2]; 15,331 13,075
Ar | ionisation limit 15.76

Ar 11 ground state 352 3p° 2%, 0

Ar 1l metastable state 3¢ 3p° 2P°y, 0.177
Arll 480,607 11a M 3¢ 3p* CP)4p *Psz 3¢ 3p* (CP)4s Pz 19,222 16,643
Arll 500,935 1la w 352 3p* CP)4p P52 352 3p* CP)4s Py 19,222 16,748
Arll 473,593 11b M 35 3p* CP)4p Py 352 3p* (CP)4s Pz 19,261 16,643
Arll 484,790 1lc M 3¢ 3p* CP)4p PPy 35 3p* CP)4s Py, 19,305 16,748
Arll 401,386 12 M 3¢ 3p* CP)4p ‘D%, 3¢ 3p* *P)3d ‘Dz 19,494 16,406
Arll 434,811 12 S 3¢ 3p* (*P)4p ‘D° 35 3p* (*P)4s P, 19,494 16,643
Arll 487,986 13a M 3g 3& E3P;4g ZDOZZ 3g 3§4 E3P;4s szz 19,680 17,140
Arll 472,691 13b M 3¢ 3p* CP)4p D% 3 3p* (CP)4s Py, 19,762 17,140
Arll 488,904 14a W 3¢ 3p* CP)4p PPy, 3¢ 3p* (CP)4s %Py, 19,801 17,265
Arll 454,508 14b M 35 3p* CP)4p 2P 4 352 3p* CP)4s %Py, 19,867 17,140
Arll 476,489 14b M 32 3p* CP)4p P4, 35 3p* CP)4s %Py, 19,867 17,265
Arll 501,716 15a W 3¢ 3p* ("D)4p F’s 3¢ 3p* (°P)3d *Dg» 21,127 18,656
Arll 611,492 15b W 3¢ 3p* ("D)4p Fs2 3¢ 3p* (*D)3d *Gg;, 21,143 19,116
Arll 294,290 15¢ M 3¢ 3p* (*D)4p 2P, 35 3p* (*P)4s %Py, 21,351 17,140
Arll 297,905 15d M 3 3p* (*D)4p P’y 3 3p* (CP)4s %Py, 21,426 17,265
Ar |l ionisation limit 27.63

&/S = very strong; S = strong; M = medium; W = weak; VW = very weak
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5.1.1.3 Hydrogen (line, band and continuum) spectrum

The presence of hydrogen in the GD plasma can be detected in various forms:

(i)

even at very small hydrogen concentrations, i.e., far below 1% v/v, first atomic lines
belonging to the BALMER and LYMAN series can be observed by means of the
monochromator attached. The 121.1 nm H,, line of the LYMAN series can be acquired
through a dedicated channel of the polychromator in most commercial spectrometers.
The intensities of the emission lines H, and Hg of the BALMER series together with the
H, line of the LYMAN series in dependence on the hydrogen relative partial pressure
are plotted in Fig. 5-3. The reduced intensities expressed as intensities ratioed to the

w
=3

N
o

-
=)

H1656.2 nm H1486.1 nm H1121.5nm

o

Reduced intensity (a. u.), Intensity (a. u.)

00 02 04 06 00 02 04 06 00 02 04 06
Hydrogen relative partial pressure (%)

Fig. 5-3: Intensity (dotted lines) and reduced intensity (solid lines) of emission lines of atomic

(i1)

hydrogen, as functions of the hydrogen relative partial pressure. Experimental conditions as
for Figs. 5-1 and 5-2.

discharge current are also represented. The general trend, which will be recovered
reproducibly for other materials, is a strong increase of the reduced intensities only up
to ~0.2% hydrogen partial pressures. Higher concentrations affect dightly the
hydrogen lines or even effect a slight decrease. This genera behaviour of the
hydrogen lines is of a crucial importance in the analysis of layered structures
containing large amounts of hydrogen, such as polymers, lacquers, paints, etc. One
should take care that, e.g., the measured intensity of the H | 121.5 nm line might mean
two different H concentrations according to Fig. 5-3. A further discussion is givenin
Sec.5.1.1.4.

At the very low hydrogen concentrations used in this experiment, contrary to the
expectations, no sign of band spectrum of molecular hydrogen was observed. The
band spectrum of the hydrogen molecule is a line-characteristic one, which is similar
in appearance to an atomic one. Only at a hydrogen content of over 20% relative
partial pressure weak lines of molecular hydrogen have been identified in the spectral
range ~440-470 and ~570-620 nm. One can conclude that the excitation of the band
spectrum of molecular hydrogen in the argon GD source is an unlikely process.
Further discussions are givenin Sec. 5.1.1.4.
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Fig. 5-4: 240-450 nm scan spectra of copper sputtered in pure argon and in 0.1% Hy/Ar gas mixture.
Experimental conditions asfor Figs. 5-1 and 5-2.

(i)  Definitely one key point in the understanding of the complex changes caused by
hydrogen in the GD plasma is the occurrence of an emission background, which
spreads over the spectral range ~220-440 nm, see Fig. 5-4. According to the literature
[121-124] this feature was attributed to hydrogen and therefore named hydrogen
continuum. The intensity of this continuum is dependent on the hydrogen content in
the argon GD source. Due to its importance in understanding of processes involved,
the dependence on the sputtered matrix and other parameters will be discussed in a
dedicated section (Sec. 5.1.3). A theoretical background of the hydrogen continuum
will be also given.

Other molecular bands were also observed as being characteristic for contamination
compounds, e.g., see the bands having heads at ~306-309 nm (OH, observed by WINCHESTER
and MARcuUS, too [125]) and at 336-337 nm (NH), respectively, in Fig. 5-4b. Due to the high
purity of the carrier gas used, this contamination is supposed to come from the
argon/hydrogen mixture part. Despite its high purity, the gaseous mixture might give rise to
emission of such easily excitable bands typical for contamination. In order to separate and
identify better these patterns, various materials were used as a sample and higher
concentrations of hydrogen were added. The results are arranged in Sec. 5.1.6.

5.1.1.4 Discussion

The features in the emission spectrum of a GD containing small quantities of hydrogen
presented in the previous subsection will certainly distort the anaytical information.
Corrections for the hydrogen effect are imperiously necessary, otherwise a faulty
quantification is the result. However, in apreliminary stage, the understanding of the changes
caused by the hydrogen addition into the GD plasma can have a magjor contribution to the
general understanding of the GD excitation and ionisation mechanisms - a field which is
anyway only partially known.
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In order to get an overview on the large number of investigated emission lines of copper,
argon and hydrogen presented in the previous subsections, the energy levels responsible for
the corresponding transitions are schematically presented in energy level diagrams. Hence,
Fig. 5-5 puts together partial energy diagrams of copper (Cu | and Cu I1), argon (Ar | and Ar
[1) and the hydrogen molecule. From this picture, some elementary processes become evident:

The emission lines mostly affected by hydrogen are those belonging to the Cu Il lines group
excited at 8.23-8.78 eV above the ionisation potential and presented in Fig. 5-1b. It has been
demonstrated by STEERS and FIELDING,[28] that the Cu Il 224.7 nm and 229.44 nm lines
(same upper state, 8.23 + 7.73 eV) are excited by an asymmetric charge transfer (CT) process
from ametastable state, Ar 11 2Py, 0.18 eV above the Ar 11 2Py, ground state (15.76 eV):

Art™ 4 Cu® L5 Ar% L Cut + 2E, (v-1)

where the symbols O, +, g, *, and m indicate neutral, single ionised, ground, excited, and
metastable states, respectively. AE in this case is 0.20 eV. Furthermore, for the next Cu Il
levels above the 8.23 eV, for which AE becomes negative, it was shown by RozsA et al. [126,
127] that when the argon ions have sufficient kinetic energy, CT is still possible. This sustains
the experiments of STEERS and FIELDING.[28] According to them, the Cu Il lines intensity in
argon relative to those in helium (where no selective excitation is possible) decreases
exponentially with ascending excitation energy above the 8.23 €V. In other words, the lower
the energy matchingis (i.e., the bigger the energy gap), the less efficient the CT process. Note
that if krypton is used as the plasma gas, so that no CT excitation is possible (as in helium),
all this group of lines have similar intensities.[29] Looking at the gradual changes of the Cu Il
lines from Fig. 5-1b, it becomes obviously that the addition of hydrogen to argon causes an
effective quenching of the CT process (see Fig. 5-5).[128-130]

Further on, following the reasons of the quenching of the Cu Il line intensities, one can
conclude that, the Ar 1l 2Py, metastables as well as very likely the Ar 11 2Py, ground state
ions, in turn are strongly depopulated by hydrogen. Two comments may be helpful at this
point: (i) This last assumption is in accord, at least partially, with the decrease of the
discharge current, when it is the dependent GD parameter (point suggested in [131], too), see,
e.g., Sec. 5.1.7; (ii) GD-M S measurements of copper in argon having added hydrogen show a
drop in the intensity of argon single ionised (see Sec. 5.1.4). Hence, both evidence make
realistic the assumption on the depopulation of the Ar |1 ?Ps;, ground state by hydrogen.

On the other hand, a very clear "block™ behaviour, namely decrease, is shown by the Ar |
lines presented in Fig. 5-2a. Moreover, the higher the excitation energy of the Ar | lines (and
hence the closer the excitation energy to the Ar | ionisation limit), the more similar is the
guenching of the Ar | lines intensities to that of the Cu Il line intensities reported above.
Hence, it seems that, for both quenching processes (i) of the Ar 1l 2Py, ground state and the
Ar 11 ?Py, metastables and (ii) the Ar | states there is the same reason. If the following
assumption, that part of the excitation of the of Ar | lines and the production of ground state
Ar 1l is due to a two-step process via the metastable states,[132, 133] then one can further
assume that hydrogen quenches efficiently the Ar | metastables at 11.55 and 11.72 €V (see
Table 5-2).

At this point one should refer to the appearance of the hydrogen continuum, which by the
understanding of its emission process can offer more linking information. Details are given in
Sec. 5.1.3. Nevertheless, Fig. 5-5 already shows that one possible excitation of the hydrogen
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continuum can be by collisions of the hydrogen molecules in the ground state with the Ar |
metastables having the excitation energies of 11.55 and 11.72 eV, respectively, i.e.,, by a
Penning excitation (PE) process. Section 5.1.3 will also clarify that a possible competitive
process of excitation of the hydrogen continuum by electron impact is very unlikely. For this,
an aternative noble carrier gas, having its metastables at other energies, was used at the same
GD parameters.

Hence, one can draw the conclusion that hydrogen quenches directly (by PE) (i) the Ar |
metastable states, which in turn causes further (ii) the quenching of the production of the Ar |
excited states and Ar |1 ground states, and further on (iii) of the Cu Il excited states reported
above. The whole process can be easily followed in Fig. 5-5.

Taking into account now the behaviour of the Ar Il line intensities when hydrogen is present
in an argon GD plasma (see Fig. 5-2a), surprisingly, it seems that they are not considerably
affected by the presence of hydrogen. However, there are evidence [132, 133] that the
excitation of the high energy transitions of Ar 1l is most probably due to electron impact of
the argon atom ground state, i.e., a one-step electron impact process. This means that this
latter process would not be directly affected by the quenching of the metastable Ar | states.
BOGAERTS [117] has recently also shown that for a GD-MS cell at any rate, the addition of
hydrogen to the argon does not alter the electron energy distribution function (EEDF). A
similar figure could likely be extended for the GD plasma in the conditions used in this work,
too. Hence, in spite of the slight changes in the Ar 11 line intensities measured here, the total
Ar Il density decreases as a result of the presence of hydrogen in an argon GD plasma. This
will be confirmed by GD-MS measurements (Sec. 5.1.4) and of the decrease of the current as
the dependent GD parameter. On the other hand, hydrogen molecules can be ionised by CT
by the argon metastable ions (see Fig. 5-5). If the Ar metastables are quenched by hydrogen, a
supplementary decrease of the density of the hydrogen molecular ions may follow.

The Cu | lines shown in Fig. 5-1a, being emitted by energy levels having very low excitation
energies, are at the first sight subject to arbitrary increases or decreases of their intensities at
the hydrogen addition. Enhancements of the intensities of Cu | lines could be assumed as
coming from de-excitations of copper states having higher excitation energies. As one can see
in the next sections, the general trend of the change in the emission spectra at the hydrogen
addition is a decrease.

Fourier Transform Spectroscopy (FTS) measurements performed by STeEeErs [133] on the
811.5 nm Ar | line have been performed in order to get direct information on the Ar |
metastables. The lower level of the appropriate transition is one of the two metastables of Ar |
at 11.55 eV and the upper state has a 13.08 eV excitation energy, see Fig. 5-5. Two situations
were investigated: pure argon and hydrogen/argon mixture. In the first case the high-resolved
line profile shows a clear self-reversal. The occurrence of self-absorption is attributed to the
absorption of the light quanta emitted in the GD part near to the sputtered sample by the same
species (involving the same energy transition, but in the inverse way) in the cold part of the
GD, i.e., by the non-emitting population near the edge of the GD between GD and detection
system.[134, 135] If the self-absorption is severe enough, a minimum in the centre of the line
profile, i.e., aself-reversal, can be observed. In the case when hydrogen is added to the
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argon GD, no self-absorption is present. Thus, this confirms that the presence of hydrogen in
the GD causes a depopulation of the Ar | metastablesin the cold part of the GD.

Some comments on the occurrence of the hydrogen spectrum (Sec. 5.1.1.3) are also
necessary.

A very similar behaviour of the H | 121.5 nm line will be re-found for different configurations
of the GD source and for other materials, too. It isinteresting to relate these data to the values
from the experiments of WILKEN et al.,[32] who have found for hydrogen as an analyte in
powder pellets (various concentrations of TiH, mixed with copper) nearly linear calibration
curves up to a maximal concentration corresponding to 100% TiH,. This dependence is in
agreement with the hydrogen curves shown in Fig. 5-3 if one takes into account the
dissolution of the analytes in the GD plasma of afactor of ~10°. In other words, the WILKEN's
curves for hydrogen contained in pellets are "hidden” in the sharp rise of the curvesin Fig. 5-
3inthelow range of concentration up to ~0.2 % hydrogen.

On the other hand, BOGAERTS and GIJBELS [136] have predicted the dissociation degree for
the hydrogen molecules in a GD-OES source. Their estimate based on simple balance
equations was of ~67% under typical GD-OES conditions (GRIMM type GD source) and ~5%
for a low current GD-MS cell. However, more accurate modelling calculations, just
published,[117] have shown that the original GD-MS figure was a considerable over-estimate
(severa orders of magnitude). Moreover, the dissociation degree was found as decreasing
exponentially-like with increasing hydrogen concentration. Even at these different conditions,
the new predicted results of BOGAERTS [117] must be definitely considered at further
investigations. E.g., the behaviour of the predicted atomic hydrogen density with the
(molecular) hydrogen added into the argon GD plasma looks qualitatively very similar to
those of the hydrogen atomic lines measured in thiswork (and shown in Fig. 5-3).

In order to find more experimental evidence which could support the suggestions above, next
sections deepen further the investigations on the understanding of the hydrogen effect.

5.1.2 Effect of hydrogen in a neon GD when copper isthe sample

It should be noted that this subsection is intended to have the similar structure as the previous
one (Sec. 5.1.1), with use of neon as the noble carrier gas instead of argon. The same samples
of bulk copper were used. However, due to the large volume of information only the most
relevant features are selected for presentation here. For more details, see [137].

5.1.2.1 Emission lines of copper (Cu | and I1), neon (Nel and I1) and hydrogen

The same instrumentation and the same GD parameters were used as in the previous section
in order to compare better the two situations. Due to the higher ionisation potentia of neon it
IS necessary to increase considerably the total pressure in order to get the same GD power as
in the argon case. Hence, at the voltage of V4= 1000 V atotal gas flow (including the Ne/H
flow line) of 1200 sccm - corresponding to a GD pressure of ~2310 Pa - was necessary.
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All the emission linesof Cul and Il and Nel and Il monitored are represented together with a
partial diagram of the hydrogen molecule in Fig. 5-6. The general trends of particular species
are semi-gquantitatively expressed by arrows in the same figure:

(1) Those Cu | lines excited by very low energies (3.79 and 3.82 eV) decrease
considerably under the presence of small quantities of hydrogen in the neon plasma.
Contrary, Cu | lines excited at energies close above 6 eV remain unchanged or
increase slightly.

(i)  The Cu Il lines could also be classified in two groups of different trends. The lines
coming from the 8.23-8.78 eV levels (the same group as in the argon GD case) vary
thistime just alittle. A group of relatively intense Cu Il lines, not observed in the case
of argon at all, and identified as being emitted from levels having higher energies of
~13-14 eV, CT excited by neon ions,[28, 133] clearly decrease.

(iii)  The intensities of some Ne | lines increase monotonically, others (at lower energies
excited) increase only after an initial fall.

(iv)  Considerable decreases are observed in the behaviour of the Ne |l line intensities.

As far as the hydrogen spectrum is concerned, the intensity variations of the atomic lines of
hydrogen look very similar to those in the argon case. However, high resolution FTS
measurements [133] have shown that with neon, the hydrogen lines H | 486.1 nm and H |
656.2 nm have a clear DopPPLER (GAUSSIAN) profile. With argon the lower part of the profile
is dramatically broadened with a shape characteristic of collisional interactions. The band
spectrum of molecular hydrogen is aso not visible at all at these small concentrations of
hydrogen. The crucia difference lies in the absence of the hydrogen continuum in the case of
using neon.

5.1.2.2 Discussion and comparison with the argon case

As aready stated above, the use of neon as a noble gas is treated not as largely as in the
corresponding section when argon is used. Not only the complexity of the mechanisms
changed by hydrogen, but also the fact that neon is more expensive and supplementary
necessary in enhanced quantities make neon not so attractive for routine GD-OES analysis.

However, its use in this study is worthwhile at least for the clarification of the excitation of
the hydrogen continuum. The fact that the hydrogen continuum does not appear any more if
neon is the carrier gas sustains the suggestion in the previous sub-section (Sec. 5.1.1.4), that
the excitation of the hydrogen continuum in argon is done by PE with the argon metastables
of 11.55 and 11.72 €V. The metastables of neon, being situated at significant higher energies,
i.e., 16.62 and 16.72 €V, are not able to excite the hydrogen molecular state 2sc 329, see Fig.
5-6 (for comparison, the argon metastables are shown in grey). Secondary changes such as the
guenching of the intensities of the Cu Il line group at 8.23-8.78 €V by hydrogen in argon
remain then to be attributed to the quenching of the argon metastables.

Similar to the argon metastables, the neon metastables are able to ionise (by PI) the hydrogen
molecules (IP+= 15.42 eV). However, because the neon metastables are not quenched by
hydrogen, Pl can compensate for any loss of neon ions.[133] This might constitute the reason
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of the slight change of the current when hydrogen is added to aneon GD (seg, e.g., Fig. 5-14b
in Sec. 5.1.7).

With other words, it is clear now that, the "unhappy" energy match of the atomic metastables
of the conventionally used carrier gas argon and the molecular hydrogen state exciting the
hydrogen continuum emphasises the decisive role of the metastables in a GD. It should be
noted that this PE process was not predicted in the GD literature [136] as being so efficient.
The next section (Sec. 5.1.3) evidences the features of this hydrogen continuum by various
experiments.

5.1.3 Hydrogen continuum

In Fig. 5-4 one could already see the hydrogen continuum at 0.1% hydrogen in argon in the
case of copper as a sputtered material. In order to investigate better the characteristics of the
hydrogen continuum, higher concentrations of hydrogen were deliberately added to the
plasma gas. Various pure bulk materials and again neon, as an alternative carrier gas, were
used. The experimental results are presented in Sec. 5.1.3.1 and the theory of the hydrogen
continuum in Sec. 5.1.3.2.

5.1.3.1 Experimental investigations

Fig. 5-7 shows an overview on various experimental conditions resulting in the appearance of
the hydrogen continuum. In the left column argon is the carrier gas, and in the right one neon,
respectively. Three representative bulk samples were used: copper, stainless steel and
titanium; a block of four scan spectra belongs to each of them. The second row of each block
are scan spectra emitted when argon and neon, respectively, are mixed with a defined fraction
of hydrogen (2% v/v).

A very clear continuum can be observed in the case of argon containing hydrogen. Moreover,
under similar conditions the features of this continuum are independent of the sample. On the
other hand, no sign of an emission background is visible in the case of using neon. Note that
both iron and titanium emit very dense line emission spectra, which can therefore be
misinterpreted as a continuum.

The lower wavelength sensitivity of the spectrograph (and of the monochromator used, too)
ends at about 200 nm. Therefore, no statement about the behaviour of the background below
this wavelength is possible from this experiments. The explanations given in the next section
(Sec. 5.1.3.2) will suggest that this continuos background also exists below 200 nm.

One can also see in Fig. 5-7 that the general trend of the changes in the emission lines of the
spectra emitted in argon is a decrease. The signal given by the total light emitted was not
recorded, however, it isvery likely that it decreases by adding hydrogen to argon, in the same
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Fig. 5-7: Emission scan spectra (230-360 nm) of a pure bulk copper, steel and titanium sample
sputtered in pure argon and neon and in their mixtures with 2% v/v hydrogen, after 5 min
acquisition time with a plane grating spectrograph. GDL anode diameter = 8 mm, Vq4= 1000
V, pwrr 420 Pa for the argon case and ~ 1030 Pa for the neon case. (The photographic
density provides aroughly logarithmic intensity scale.)
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manner in fact as the current (as the dependent parameter) and the sputtering rate do (see Sec.
5.1.7). In opposite, only slight changes can be seen for the neon case - this agreeing
correspondingly with the slight changes in the measured discharge current and sputtering rate,
as will be described in the next sections (e.g., Sec. 5.1.7). Looking carefully at Fig. 5-7 for
copper in argon one can immediately remark several lines, whose intensity increases, e.g., Cu
| 249.21 nm and Cu | 261.84 nm. Their behaviours with hydrogen are already known from
Fig. 5-1ain Sec. 5.1.1.1. The vast mgjority of the lines belong to argon.

In order to establish the nature of a possible excitation of the hydrogen continuum in a GD
when neon is the carrier gas, a further series of experiments were carried out. Hydrogen in
higher concentrations (far away from the normal percentage below 1% v/v in the GD) were
added into the neon GD, see Fig. 5-8. The hydrogen continuum is scarcely visible at 5% v/v
hydrogen, but becomes clearly visible at 10% v/v. The same features of the continuum in
neon were observed for other samples, too. Again, its appearance is independent of the
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Fig. 5-8: Emission scan spectra (230-360 nm) of a pure bulk copper sample sputtered in neon
containing relevant selected relative partial pressures of hydrogen: (a) 0% v/v; (b) 2% vl/v;
(c) 5% viv; and (d) 10% v/v. GDL anode diameter = 8 mm, V4= 1500 V, pior= 458 Pa.
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Thus, generally speaking, the intensity of the hydrogen continuum is dependent on the GD
parameters, i.e., current, voltage and pressure, and on the hydrogen relative partial pressurein
argon, in accordance with RICHARDSON.[123] Fig. 5-18 in Sec. 5.1.8 shows an example of
dependence of the hydrogen continuum on the hydrogen partial pressure in argon, when
titanium is the sample. Additionally, the continuum emitted by the hydrogen coming from a
TiH, layer is aso related. Further evaluations of the hydrogen continuum will be made in Sec.
5.1.8, where akey point in the comparison of using different origins of hydrogen (as a gas and
as an analyte) constitutes the hydrogen continuum.

5.1.3.2 Theory and discussion

The emission of the hydrogen continuum is possible by the excitation of the 2so 329 hydrogen
molecular state, which subsequently decays to the repulsive 2po °%, state, for which the
energy levels are not quantised, see Fig. 5-9. The hydrogen molecules cannot remain in this
state and dissociate (the dissociation energy marked with D¢ in Fig. 5-9):[122, 123, 138]

* 3 continuum * 3 dissociation
H, (2ss %y ) —2mmm " (2ps °y,) —d=ddon 4 H (Process 1)
15 4 \ I 15 4
2Sc 3Zg
3 3
P, P,
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> \
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= 2pc °s
a’ u T
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L Ek|
5 - L 54
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1sc 'z
H, ground state e
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0 N L 04 0
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T T
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0 0,1 0,2 0,3 0,4
Internuclear distance /nm

Fig. 5-9: Energy levesinvolved in the emission of the hydrogen continuum and the potential curves
of the corresponding levels of the hydrogen molecule explaining its dissociation. De:
dissociation energy; Eyin: the kinetic energy of the dissociated hydrogen atoms.
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Depending on the magnitude of the emitted quanta in accordance with the FRANK-CONDON
principle (see Fig. 5-9) the two hydrogen atoms will fly apart with corresponding kinetic
energies, Eyin.[123] This would agree with the evidence related to the presence of hydrogen in
its atomic form (see, e.g., Fig. 5-3, Sec. 5.1.1.3), despite itsintroduction into the GD sourcein
molecular form. The dissociation of the hydrogen molecule was predicted by BOGAERTS and
GIJBELS.[136] However, very recently, BOGAERTS [117] has corrected the initially estimates
of the dissociation degree from ~67% for a typical GD-OES source and ~5% for a GD-MS
cell, respectively, down to below 0.1% in a GD-MS cell, depending on the hydrogen
concentration. Note that these predictions are the only data referring to the dissociation of
hydrogen in argon GDs existent in the GD literature and therefore, at least qualitatively, very
useful.

As experimentally demonstrated in the previous sections and in accordance with PRINCE et
al.,[93] the excitation of the 2sc 329 state, 11.79 eV (V'=0), isvery likely by PE by the argon
metastables at 11.55 €V and especially at 11.72 eV (see Figs. 5-5 and 5-9):

Ar™+H,* (Iss 'S) —E>Ar'+H, (2ss °%). (Process 2)

The excess energy required for the PE process can be supplied by thermal energy, e.g., 0.05
eV by the PE process between the 11.72 €V argon metastable state and the 11.79 eV
vibrational level vi= 0 of the 2sc 329 state.[93, 127] On the other hand, higher vibrational
states (i.e., other than v= 0) of the hydrogen 1sc 1Zg ground state participate to the PE
process, too, and hence no need of supplementary energy in thislatter case.

The wavelength range over which the hydrogen continuum (Process 1 excited by Process 2)
was observed was ~220-440 nm, the corresponding valuesin eV being ~5.6 downto ~2.8 eV.
Lower energies, which would mean excitation of higher upper vibrationa levels, is less
likely, but possible. This part of the continuum in the spectral region above ~440 nm was
experimentally not observed. At the other continuum edge, i.e.,, under 220 nm, hydrogen
continuum can be also theoretically emitted, however, the instrumentation used being no
more sensitiveto it.

From the gained results on the hydrogen continuum in neon one can conclude that the main
process of continuum excitation is very likely the electron impact:

e +H,% (Iss 'y ) —deronimet o 1 7 (255 °%). (Process 3)

Although controlled by the FRANK-CONDON principle, the electron impact allows also the
excitation hydrogen continuum over a large spectral range, similar to the argon case above.
Converted in wavelengths, the energy gap of ~2.5-10.3 €V (limited by the dissociation
energy of the upper state) of Process 1 excited by electron impact (Process 3) corresponds to a
theoretical broader continuum, i.e., ~120-490 nm range.

Hence, the experimental data do not show significant differences in the spectral features
between the continua found in neon and in argon, respectively. Further costly investigations
could clarify this not yet completely understood aspect. Summing up the results presented till
now, one can evidence the decisive role of the argon metastables. Confirmatory results have
been provided by GD-M S measurements (next subsection).
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5.1.4 Additional investigations of the hydrogen effect by GD-M S

In order to get supplementary information to those obtained with GD-OES, a glow discharge
source based on the plane cathode GRIMM source, but specialy designed for mass
spectrometry [70] was used. Copper and titanium were chosen as samples for comparative
experiments in argon and in neon. In neon the pressure needed to be higher asin argon, i.e.,
840 Pa (corresponding to 200 sccm) compared with 392 Pa (corresponding to 50 sccm). Only
two situations were tested: (i) pure argon and neon and (ii) their mixtures with 2% v/v
hydrogen. The detected ionic signals are represented for each casein Fig. 5-10.
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Fig. 5-10: Mass spectrometry signals of: (a) copper sputtered in pure argon and in 2% v/v H,/Ar; (b)
copper sputtered in pure neon and in 2% v/v Ho/Ne; (¢) titanium sputtered in pure argon
and in 2% v/v HJ/Ar; (d) titanium sputtered in pure neon and in 2% v/v Hy/Ne; and the
corresponding currents. GD source anode diameter = 8 mm; Vg= 800 V; pirr 392 Pa
(corresponding to 50 sccm) for argon and ~ 840 Pa (corresponding to 200 sccm) for neon.

Argon case: A clear quenching of the argon ion signal, independent of the sample, can be
observed as a result of the hydrogen presence in the glow discharge. This may be partly due
to a drop in the argon metastable population, but is at least partly due to the formation of
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ArH" (observed by KNEwsSTUBB et al., too [139, 140]), which is very prominent in the mass
spectrum, the reaction:

Arf+H, >ArH" +H (v-2)

occurring with a high rate coefficient (in the order of 10'°-10° cm® s?), as pointed out in ref.
[136]. Similar to the results of SaITO,[82] the copper signal increases considerably and the
titanium one varies dlightly. The fact that the signals recorded for masses 46 (natural
abundance 8.0), due only to *°Ti, and 47 (natural abundance 7.5), which could be *Ti or
“5TiH, vary in the same way when hydrogen is introduced into the GD source shows that no
significant quantity of titanium hydride is formed in the plasma. The decrease of the current is
more or less similar to the OES-sources, as expected. The great reduction in the argon ion
intensity, explains the marked decrease in the intensity of Cu Il spectral lines excited by
charge transfer, despite the fact that the intensity of Ar Il spectral lines increase. It was
suggested in Sec. 5.1.1.4 that these levels are excited directly from the ground state of the
atom and are not affected by changes in the populations of argon atomic metastables or
ground state ions.

Neon case: By contrast with the argon case, for a copper sample the Ne" signal increases
considerably when hydrogen is introduced (by a factor of about 3 for a 50% increase in
current) and for a titanium sample both current and Ne* signal remain almost constant. Both
the Cu” signal and the Ti" one increase considerably on the addition of hydrogen. Again, the
fact that the Ne" signal is not quenched explains the OES observation that Cu Il lines excited
by CT in neon are only moderately affected by the presence of hydrogen. Thus, it is
confirmed that the neon metastables are not affected by hydrogen. This stresses the need for
both OES and M S experiments to get a fuller picture of processes in the discharge. Again no
titanium hydride is formed. Similar to the OES sources, the current increases for copper and
dlightly decreases for titanium.
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5.1.5 Effect of hydrogen on lineintensities of various analytesin common bulk materials
(copper, low alloy steel, titanium, aluminium and silicon wafer s)

A few years ago WANSTRAND and co-workers [141, 142] found by analysing of various
carbides, nitrides and carbonitrides significant quantities of hydrogen coming from the
deposition using hydrocarbon gases. Those measurements were carried out by A. BENGTSON
and are likely the very first results of quantified data of hydrogen by means of GD-OES. Just
very recently a series of publications of various authors [4, 17, 18, 128, 143-145] shown that
the presence of hydrogen in the GD plasmaeven in very small quantities (0.01% v/v) causes a
considerable change in the intensities of most analytical lines and that changes can also be
corrected for. However, due to the lack of reference materials containing hydrogen in certified
quantities, (i) the corrections for the hydrogen effect on the other analytical lines, but (ii)
especialy the quantification of hydrogen itself cannot be considered as being in the final
stage yet. Experimental data of changes occurred in the analyte intensities at the addition of
small quantities of hydrogen are presented in the next subsections. Due to the large variations
observed when hydrogen is present in the conventional carrier gas, i.e., argon, the same series
of analytical lines were taken into account in a neon GD in hopes that the hydrogen effect
takes place in alower extent.

5.1.5.1 Effect of hydrogen on line intensities of various analytes when argon is the
carrier gas

The intensity changes produced by the addition of hydrogen on various analytical emission
lines - commonly used in the GD-OES routine analysis - are shown in Fig. 5-11. Maybe not
so clearly to seein Fig. 5-11, but in further experimentsin Sec. 5.1.7, one should state that the
discharge current (as the dependent GD parameter) as well as the sputtering rate decrease
significantly with the addition of small quantities of hydrogen. In view of the reduced current
and sputtering rate (for more details see Sec. 5.1.7), lower intensities might be expected for
lines of all elements apart from hydrogen. In general, the lines of most of the sputtered
elements decrease, but at different rates. However, many Cu | linesincrease in intensity when
amassive copper sampleis sputtered (Sec. 5.1.1.1).

The contrasting behaviour of the two Cu lines belonging to one and the same analyte caused
by the presence of hydrogen (see Fig. 5-11a) confirms the same occurrence, however for the
Cr 1 305.4 and Cr | 425.4 nm lines found by BENGTSON and HANSTROM,[17] according to
which individual excitation processes in the argon GD plasma are effected by hydrogen. The
Ar | line 415.8 nm decreases as in Sec. 5.1.1.2 already shown (however over alarger range of
hydrogen concentrations).

Looking at the Si | 288.1 nm line (Fig. 5-11€) it appears that this line is a special case, i.e.,
increase of the intensity of ~3 times at 0.1% hydrogen relative partial pressure. Therefore, an
additional series of Si | lines was measured. Surprisingly, the intensities of al the strongest Si
atomic emission lines behave very similar with that of the Si | 288.1 nm line. Possible
explanations are given in Sec. 5.1.5.3.




5 Fundamental investigations

65

Intensity (a. u.)

4 T T T T 15 5 T T T T T T T T T T T
/A\A A —&— Fel —o— Fe2 —5— Cr —o—Ni
—=—W ——Mn —<«—Mo-G Ar
ot —d Hom
31 \V : ~
o \ . 110
\o“*~o\ \ 3
\O\ ——4
29 _—a—cul S ~e _
——Cu2 —°
-G Ar 2
—% H
fl % 15
14 dc /.,X _____ ¥ - —
x
./' 17
./% K
-7 (a) copper matrix %./' (b) steel matrix
0 T T T T T T T T O 0 T T T T T T T T T
5 20
e o Til
4 A ] \\\l ] ~ L] ] -
n ]~
u = =] —415 —a— Al ~
—a i A\xo -G Ar o~
_& Ar —% H oS
31 —*%H yaN 4 = Idc So~ _ 4
m-| 1 a— o
! 410 \\ X
/X"/
27 /‘/>K A\A i}
2- -~
p.— X 15 s
14 T X ]
/./x" a
/*" . . . ’ . . .
P (c) titanium matrix ¥ (d) aluminium matrix
0 \/ T T T T 0 0 T T T T T T
0,00 0,02 0,04 0,06 008 0,10
5 T T 20
——Si
-G Ar
—% H
44 el
Bm / 115
\\O\ L} N
- =0« (] ]
34 /0\
S
e
410
XK
21 -
/ PR
Ay /é
Y 15
11 e
./.
e (e) silicon matrix
e 0

0,00 0,02 0,04 0,06 0,08 0,10

Hydrogen relative partial pressure (%)

15

25

20

15

10

Discharge current /mA

Fig. 5-11: Intensity of emission lines of analytes coming from some common matrices as functions of
the content of hydrogen: (a) copper, Cu | 327.3 nm (Cul), Cu Il 219.2 nm (Cu2); (b) steel,
Fel 371.9 nm (Fel), Fe Il 249.3 nm (Fe2), Cr | 425.4 nm, Ni | 349.2 nm, W | 429.4 nm,
Mn | 403.4 nm, Mo | 386.4 nm; () titanium, Ti | 365.3 nm; (d) auminium matrix, Al |
396.1 nm and (e) silicon matrix, Si | 288.1 nm, together with the Ar | 415.8 nm and H |
121.5 nm lines recorded with a commercid LECO SDP-750 spectrometer and the
discharge current | 4. GD source anode diameter = 2.5 mm; Vy.= 800 V; pressure pi~ 770
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5.15.2 Effect of hydrogen on lines intensities of various analytes when neon is the
carrier gas

The same analytical lines and materials as those shown in Fig. 5-11 are investigated under the
same instrumentation this time using neon as a carrier gas. In order to get similar discharge
currents as in the case of argon, a higher neon pressure was necessary, i.e.,, #2310 Pa,
corresponding to 1200 sccm total mass flow. The added hydrogen content is much higher than
in the argon case, in order to observe the behaviour or even possible trends of the emission
lines over larger hydrogen concentrations. And indeed, similar to the argon case, see Figs. 5-1
and 5-2, the significant changes take place aready at low hydrogen concentrations, i.e.,
0.2-0.3 % vlv, followed by a plateau in the most cases.

Fig. 5-12 shows the intensities of the same analytes from the same materials asin Fig. 5-11,
but in neon. Because no photomultiplier is set for recording a neon line, the attached
monochromator was used as a supplementary acquisition channel for monitoring the intensity
of an arbitrarily selected neon line, namely Ne | 594.48 nm. This line is representative for a
whole group of Nel lines as shown in Fig. 5-6.

The intensities of most analytical linesin Fig. 5-12 decrease exponentially-like to a greater or
a lesser extent quite similar with the argon case, however over a larger range of hydrogen
concentrations. Both lines of copper decrease in intensity at approximately the same rate.
With atitanium sample in neon, there is a dramatic fall in the intensity of the Ti | 365.3 nm
line. As in the argon case, using a silicon wafer, the intensity of the Si | 288.1 nm line
increases with hydrogen content, however not so drastic as in the argon case. Possible causes
are given in the next subsection.

5.1.5.3 Discussion

Generadlising, one can state that the alterations of the intensities of analyte lines caused by
hydrogen are considerably, but extremely complicated as well, in both argon and neon cases.
The greatest rates of change are at hydrogen contents of up to ~0.25% v/v in the GD source.
Taking into account that the analytes are diluted by sputtering into the GD plasma down to
typically 0.1% from the plasma density, the hydrogen concentration range in the GD plasma
relevant for practical purposesis also below 0.1%. This means exactly within the range where
the alterations of the analytical lines due to hydrogen are maximal. A specia attention must
be paid to this aspect at the quantification of the hydrogen effect.

The data reported here, namely in Fig. 5-11, have constituted reference data for an innovative
correction procedure developed very recently by PAYLING et al.[18] The algorithm used is on
the other hand rather speculative. Following assumptions were made by him: (i) the hydrogen
effect is linearly dependent on the hydrogen contents in the GD plasma, (ii) the calibration
curve of hydrogen can be ssmulated by using hydrogen as an added gas and (iii) the hydrogen
effect isindependent of the GD parameters.
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Intensity of emission lines of analytes coming from some common matrices depending on
the content of hydrogen: (a) copper, Cu | 327.3 nm (Cul), Cu Il 219.2 nm (Cu2); (b) steel,
Fel 371.9 nm (Fel), Fe Il 249.3 nm (Fe2), Cr | 425.4 nm, Ni | 349.2 nm, W | 429.4 nm,
Mn | 403.4 nm, Mo | 386.4 nm; () titanium, Ti | 365.3 nm; (d) auminium matrix, Al |
396.1 nm and (e) silicon matrix, Si | 288.1 nm, together with the Ne | 594.48 nm and H |
121.5 nm lines recorded with a commercid LECO SDP-750 spectrometer and the
discharge current 4. GD source anode diameter = 2.5 mm; V= 1000 V; pressure pyr=

2310 Pa.
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If the first assumption could be accepted as being quite reasonable for practical purposes, the
latter two ones are clarified just in the present work. Sec. 5.1.8 and 5.1.9 show that the latter
two hypotheses are fortunately (1) true in afirst approximation.

The genera pattern of the hydrogen line(s) in dependence on the content is a considerable
increase up to ~0.2% v/v hydrogen in the GD plasma, followed by a saturation or even slight
decrease. As highlighted in Sec. 5.1.1.4, the results of WILKEN et al.,[32] who used powder
pellets, can be also approximated in alinear calibration curve for hydrogen in the range below
~0.2% v/v hydrogen in the GD plasma. However, after a careful observation of the hydrogen
linein Fig. 5-11, one can see that the dependence of its intensity on the hydrogen content is
not linear, actually asin the results of WILKEN et al.,[32] too.

Nevertheless, PAYLING et al. [18] have liniarised the changes in the intensity of the analytical
lines with the hydrogen content in the GD plasma (!), Cuog, from Fig. 5-11. Hence, the
emission yield, R, of an affected analytical linei includes the hydrogen effect in the following
form:

Ri 1+ N 116aChica (v-3)

where h; oq 1S the slope of the dependencies from Fig. 5-11.

On the other hand, the changes in the intensities of analytical lines with the hydrogen signal
(M, Iy, can be monitored by each user at the analysis of samples containing hydrogen. In other
words, one needs to monitor the hydrogen signal for at least one sample containing hydrogen.
Again alinear dependence describes this time the hydrogen effect on an analytical line i with
the measured hydrogen signal:

R, =1+h]l,, (v-4)
where h; is the slope of the dependency. It remains only to re-scale the two dependencies:

N 10aCrioa =il (v-5)

the scaling factor F=h,/h,,,, being enough to be determined only once, i.e, for an
analytical line.

Thus, by the PAYLING'S concept it is possible to correct for the hydrogen effect on the
analytical lines, using the dependencies from Fig. 5-11 and measuring only the hydrogen
signal of the user itself. It is not necessary to know the amount of hydrogen in the samples
used for calibration. The PAYLING's concept is aready commercially available for the JOBIN-
YVON machines.[146] On the other hand, the other two GD-OES spectrometer producers,
LECO and SPECTRUMA, have also implemented a hydrogen correction based on a concept of
BENGTSON.[147] Nevertheless, whereas the correction of the hydrogen effect on the analytical
lines has been recording notably progresses, the quantification of hydrogen itself remains
further a more problematic aspect. Efforts directed in the development of standards materials
containing hydrogen of certified quantities are in progress.

Looking at the changes in the intensity of the analytical lines in both cases argon and neon,
one can remark the huge increase of the Si | 288 nm line (excitation energy 5.08 eV) at the




5 Fundamental investigations 69

addition of hydrogen. Moreover, its behaviour is similar to silicon lines (in argon aswell asin
neon) with upper energies in the range 4.92—6.62 €V. Given the large energy range (1.7 V),
an energy selective excitation process can be excluded. This considerable increase of the
intensity of the silicon linesisin conflict with the clear decrease of the sputtering rate and the
discharge current in the presence of hydrogen (see Sec. 5.1.7). If the similarity in behaviour of
the Si | lines to the hydrogen one in both argon and neon cases is taken into account, one can
suggest that chemical processes having partners silicon and hydrogen can occur during
sputtering or afterward in the GD plasma. Formation of new bindings such as silane could
occur.[133, 148]

As expected from the explanations given in Sec. 5.1.2.2, the general pattern (of alteration) of
the carrier gasline, Ar | 415.8 nm and Ne | 594.48 nm, respectively, when hydrogen is added
to the GD, is amost independent of the matrix. Thus, the use of an argon line for the RF-GD-
OES quantification [63, 64] of non-conductive samples which very often contain hydrogen
must take care of the hydrogen effect (e.g., use of an Ar 1l line?).

From the practical analytical point of view, the increase of the intensity of some analytical
lines and moreover linked to the decrease of the sputtering rate and discharge current, i.e., the
increase of the emission yield, caused by the presence of small quantities of hydrogen in the
GD plasma can be used to improve the sensitivity (emission yields) and even the detection
limits of the corresponding analytes. Appropriate candidates for this might be for example: Si
| 288.1 nm, Mg | 383.3 nm, Zn | 330.2 nm, Cu | 327.3 nm, etc. Chapter 6 presents some
relevant examples of improving analytical performances by adding hydrogen to an argon GD.

It might be relevant to explain the use of the constant voltage/pressure mode in the
measurements regarding the hydrogen affect presented till now. Firstly, it is much easier
experimentally to control the hydrogen content in the GD plasma by gas mixing and so
keeping the pressure and the voltage constant for various hydrogen concentrations than
keeping the voltage and current constant and have defined hydrogen concentrationsin the GD
plasma. However, with corresponding effort various GD parameters and operating modes
were tested, too. The results are presented in Sec. 5.1.9. Hence, the dependent GD-parameter,
the discharge current, always decreases significantly aready at hydrogen concentrations of
~0.1% v/v in argon for al the samples analysed. Section 5.1.7 will show that the use of neon
as a carrier gas effects amuch sighter decrease. If voltage and current are kept constant, then
the pressure will vary by adding hydrogen. According to BENGTSON,[149] the changes in the
pressure will not have a significant effect on the emission yields of the analytical lines.
However, it will be shown in Sec. 5.1.9 that the changes in several analytical features caused
by hydrogen are rather similar, independent of the GD parameters. Further extensive
measurements are necessary.

On the other hand, the constant voltage/pressure mode is that working mode which is
recommended for analysis of thin films. Trying to regulate the current by adjusting the
pressure at the very beginning of a depth profile, where the GD source contamination is
certainly present to a more or a lesser extent, will results in a faulty control of the GD-
parameters.




5 Fundamental investigations 70

5.1.6 Molecular bands of compounds containing hydrogen

The presence of small quantities of hydrogen in the GD plasma gives also rise to other (than
those already presented in Sec. 5.1.1.3) spectral occurrences such as molecular bands of
compounds containing hydrogen or even contamination specifically containing hydrogen or
not. Some selected examples of molecular bands appeared at 0.1% v/v hydrogen added to an
argon GD plasma are shown in Fig. 5-13. In order to distinguish better the molecular band
structures in Fig. 5-13, emission scan spectra of other pure materials (copper) are presented,
too.

In the case of using pure bulk aluminium as a cathode the 424.1 nm band system belonging to
AlH [150] is clearly to see. The prominent double-heads at 424.1 and 425.9 nm and the open
structure degraded to red are characteristic for the AIH 424.1 nm band. Signals from these
bands could contribute to the signal attributed to the Cr 425.4 nm line, and lead to a faulty
quantification of chromium in aluminium matrices, if small amounts of hydrogen, such as
contamination, are present.

Another example of a molecular band of a binding sputtered analyte — hydrogen is the 414.2
nm system identified as belonging to SiH.[150] In the second picture in Fig. 5-13 one can
observe the double-head at 414.2 nm and 412.8 nm of the SiH band and the degeneration to
red.

A clear message that molecular bands occurred typically as contamination is delivered by the
last two pictures of Fig. 5-13. The 336.0 nm system of the NH molecule [150] shows the two
well defined broad maxima (the Q branches) at 336.0 and 337.0 nm (easily mistaken as an
atomic doublet) and the R and P branches spread symmetrically. The brackets in Fig. 5-13c
show explicitly the two heads only. Note that all the small linesin Fig. 5-13c are part of this
band system.

Very reproducibly to see in the works of even various GD-experimenters is the occurrence of
the 306.4 system of the OH molecule.[150] This is another clear measure of contamination,
and namely water vapours. This band system has four heads at 306.4, 306.7, 307.8 and 308.9
nm as a characteristic and is degraded to red. Note that the strong linesin Fig. 5-13d are argon
and copper lines, not part of band. This band system is not only to see in the last picture of
Fig. 5-13, but also with high regularity in all the measurements independent of the material
sputtered involving addition of hydrogen from a cylinder containing either argon or neon, see
Figs. 5-7 and 5-8 in Sec. 5.1.3.1. Despite the high efforts to keep the cleanliness of the GD
source to minimum, it is assumed that traces of contamination might come from the cylinder
containing the hydrogen mixture. Interesting at this point to consult similar findings in the
results of BENGTSON et al.,[4, 149] who show the occurrence of the similar band system when
the surface of a sample (copper) was deliberately contaminated (“finger-printed"). Hence, the
beginning of a depth profile will contain faked near surface peaks such as Nb 316.3 nm or Zn
330.2 nm in the form of transient signals belonging actually to spectral bits of molecular
bands. Of course, the implication on the quantification becomes grave. The first corrections
are already proposed,[4] nevertheless, further investigation are still necessary. It should be
noted that the influence of contamination - at least expressed in terms of appearance of the
most intensive OH emission band described above - seems to be the same whether it comes
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Fig. 5-13: Selected emission scan spectra recorded with a monochromator attached to a commercial
LECO SDP-750 spectrometer showing some examples of molecular bands of hydrides
(above) and contamination (below). For comparison spectrain pure argon and in 0.1% v/v
hydrogen in argon are shown. GD source anode diameter = 2.5 mm; V= 1000 V; pressure
Pror= 770 Pa.
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from the sample itself or from the GD source (walls, pre-vacuum pumps, residual
moisture,...). A discussion on the formation of molecules containing hydrogen and analyte
will be given in Sec. 5.1.8 after a presentation of results on effects of hydrogen when
hydrogen comes from different origins.

The presence of molecular bands was also proved by HOFFMANN et al. [76, 79] in the case of
analysis of powder pellets. An emission band degenerated to lower wavelengths having the
head at 315.9 nm [150] is dlightly to identify as belonging to the N, molecule. Hence, the
evidence that the pellets do not sea perfectly the GD source from the surrounding
atmosphere. It is demonstrated that by using of a special cap around the sample, any sign of
air leak vanishes.

The calibration of the monochromator used has been proved as very useful at the correct
identification of the fine spectral features described above. By means of fixing wavelengths of
a large number of well-known atomic lines significantly distributed over the 200-750 nm
spectral range a non-linear calibration function have been fitted.

5.1.7 Effect of hydrogen on the sputtering rate and sputtering crater shape

In the previous sections the effect of hydrogen on the analytical lines was largely reviewed.
However, just as so important are the changes caused by the presence of hydrogen of
macroscopical GD-parameters such as sputtering rate, sputtering crater shape and roughness.
Till here, due to the simply experimental way to achieve it, the constant voltage/pressure
working mode only was used. For all investigated materials, a sensitive increase of the plasma
resistance with the hydrogen content was remarked. Generaly speaking, this means a
decrease of the discharge current, but also an increase of the voltage in the use of the constant
pressure/current mode, as in the experiments performed by Sreers.[133] Various GD
working modes and parameters are presented further in Sec. 5.1.9.

In order to get a better insight into the changes in the discharge current and sputtering rate
caused by hydrogen Fig. 5-14 puts together these two macroscopical parameters for the case
when pure copper is the sputtered material by using argon and neon, respectively, as a carrier
gas.

With the progressive addition of hydrogen (up to 1% v/v) into the GD source, the discharge
current drops about a third at 1% v/v hydrogen in argon. If neon is the carrier gas (Fig. 5-
14b), in the same range of hydrogen content no significant change in the discharge current is
observed. However, if the sputtering rate in argon is direct proportional to the discharge
current, and hence in good agreement with the BOUMANS equation,[38] in neon a decrease of
the sputtering rate is observed, too, despite of the constancy of the current. Note that the
current decrease in neon isto alesser extent asin argon, i.e., about afifth at 1% v/v hydrogen
in neon. In other words, the reduced sputtering rate (the sputtering rate divided by discharge
current) is amost constant in the argon case and falls somewhat for neon.

The results for copper were completed with other examples, such as bulk steel, titanium and
silicon. Table 5-3 presents the variation of the discharge current in argon and neon containing
hydrogen.
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Fig. 5-14: Discharge current (l4.), sputtering rate (SR) and reduced sputtering rate (SR/l¢) during
sputtering of pure copper at different concentrations of hydrogen: () in argon, and (b) in
neon, respectively. GD source anode diameter = 2.5 mm, V4= 1000 V, pir 770 Pain the
argon case, and px 2310 Pain the neon case, so adjusted that in pure noble gas the same
discharge current is reached, i.e., lq~ 15 MA.

Table5-3 GD parameters of argon and neon GD at voltage Vq= 1000 V and similar currentsin each
gas, and with 2% v/v hydrogen in each case (the discharge current is the dependent
parameter), for three common bulk samples. GD source anode diameter: 8 mm.

Dischargein argon Dischargein neon
Totd Pure Ar: 2% v/iv Ho/Ar: Totd Pure Ne: 2% v/v Ho/Ne:
Sample pressure pressure
/Pa Current/mA  Current /mA /Pa Current/mA  Current /mA

Copper 400 76 62 1030 78.3 83.2
Stainless

edl 440 62.5 45 870 64 67.5
Titanium 420 86.5 54.4 1040 84.8 80.5

These measurements were deliberately carried out on a separate GD source package having
an anode of 8 mm diameter, in order to follow better the changes caused by hydrogen not only
on the dependent GD parameter, but on the sputtering crater shape and roughness, too. The
total pressures in the case of neon were chosen so that the resulting currents in pure neon is
rather similar to those for the pure argon GD. Note the significant decrease of the discharge
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current in the argon case for all three materials and the slight change (increase or decrease,
depending on sample) in the neon case. In order to follow further the change of the discharge
current in neon, higher concentrations of hydrogen were tested. The results are shown in
Table 5-4:

Table5-4 Variations of the discharge current as the dependent parameter in a neon GD source for
different common samples. GD source anode diameter: 8 mm; Vy.= 1200 V; pior~ 458 Pa.

Hydrogen in neon (% v/v)

0 1 2 5 10
Sample Discharge current /mA
Copper 24.3 28.4 29.1 29.1 28.5
Stainless steel 27.8 33.0 334 34.8 34.7
Titanium 25.0 24.5 24.7 24.9 24.3

Again note that the most significant alteration in the discharge current takes place at low
hydrogen concentrations, i.e., under 1% v/v in the GD source.

The crater profiles corresponding to the situations shown in Table 5-3 are put together in Fig.
5-15.

Several clear items can be pointed out looking to Fig. 5-15:

(1) First of al, it is clearly to observe that the erosion rate of all three materials sputtered
in argon decreases significantly if hydrogen is added. This is not the case when the
same materials are sputtered in neon, the erosion rate being barely altered by the
hydrogen addition.

(i)  Thecrater shape is changed by hydrogen. The tendency given by hydrogen in the first
two cases, i.e., for copper and steel, is a more convex crater shape. Silicon provides
the same pattern (the silicon case is treated separately below). If bulk titanium is
sputtered, the addition of hydrogen has the inverse effect, and namely a more concave
crater shape. However, care must be taken in the titanium case, due to the poor quality
of the profilograms, this being due to the deformation of the titanium plates (~1.5 mm
thickness) during the sputtering.

Keeping in mind this sensitive reaction of the crater shape to the presence of
hydrogen, possible exploitation of this effect in order to correct for the depth
resolution for analytical purposesis described in Sec. 6.2.

(iii)  Theroughness of the craters from Fig. 5-15, especially when argon is the noble gas, is
diminished by hydrogen. This fact can very likely be linked up with the slowing down
of the sputtering process caused by the presence of hydrogen in an argon GD. A
supplementary improvement of the depth resolution might be hence achieved by this
smoothing effect of sputtering, e.g., for very thin layers of some nm.
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Fig. 5-15: Crater profilograms for copper (Cu), stainless steel (SS) and titanium (Ti) in argon and

neon, and their mixtures with 2% v/v hydrogen, respectively, after 5 min sputtering. GD
source anode diameter = 8 mm, V4= 1000 V and the other GD-parameters from Table 5-3.

As aready pointed out in Sec. 5.1.5 one special case can be considered the sputtering of a
silicon matrix. In spite of the considerable reduction of the sputtering rate in the presence of
hydrogen in argon (see Fig. 5-16), i.e.,, of about a half at 1% v/v Hy/Ar, al the silicon
emission lines recorded increase severa times (!) in intensity. As generaly expected, the
discharge current drops aso from 15.5 mA in pure argon down to 12.5 mA in 1% v/v HJ/Ar,
however, this meaning a marked fall in the reduced sputtering rate.

The decrease of the sputtering rate caused by the presence of hydrogen in the case of silicon
may be a result of the decrease of the discharge current (in conformity with the empirical
BOUMANS equation), but could also be the result of other changes in the sputtering process.
As a reactive trace gas in an argon plasma, hydrogen may affect, to a greater or a lesser
extent, the physical sputtering taking place in a pure argon discharge and its partial
displacement by chemical sputtering.[151, 152] At physical sputtering, the incident particles
transmit sufficient energy to the sputtered particles to overcome the surface binding by atomic
collisions. At chemical sputtering, chemical reactions between the bombarding ions
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Fig. 5-16: Crater profilograms of a silicon wafer sputtered 1000 s in pure argon and 1% v/v HJ/Ar.
GD source anode diameter = 2.5 mm, V= 1000 V and py~ 670 Pa.

and the target atoms will result in the formation of molecules on the surface, which have a
binding energy low enough to desorb at the temperature of the solid under investigation. On
the other hand, chemically reduced physical sputtering, due to the formation of stable
compounds/phases (hydrides) at the sample surface during the sputtering in a reactive argon
mixture, may occur.[151] This might be exactly the case of formation of silane from hydrogen
from the GD plasma and silicon from the sample with the result of a (supplementary to those
due to the current change) reduction of the sputtering rate.[133, 148] On the other hand, the
emission intensity of the silicon lines increases (see Sec. 5.1.5).

Further studies of parameters relevant to this point (surface temperature, energy distribution,
etc.) are required, but they are technically difficult to be performed. The partial contributions
to the significant alteration of the sputtering yield of the silicon matrix in argon containing
small quantities of hydrogen (i) by the changes of the total numbers of charge carriersin the
GD plasma and/or (ii) by accompanying chemical sputtering is very difficult to estimate even
qualitatively.

5.1.8 Compar ative use of different hydrogen sources (i) as a gaseous impurity and (ii) as
a sample constituent (TiHy)

A specia attention in the investigation of changes induced by hydrogen in the GD features
was paid to the comparison of the effects caused by the use of different hydrogen sources: (i)
as amolecular impurity introduced into the GD source together with the noble carrier gas, and
(i) as a sample constituent. This strong interest is generated by the analytical point of view:
(i) mainly the construction of a hydrogen calibration curve - impossible at present due to the
lack of standard samples containing certified amounts of hydrogen - could be simulated by
using defined concentrations of hydrogen in the GD source added as a gas, as well as (ii) the
extrapolation of the hydrogen effect on the other analytical lines and analytical parameters,
too, from the case of gaseous form to the case of analyte in an unknown sample.
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The use of samples containing certified quantities of hydrogen is a very critical point, due to
the high mobility of hydrogen, even at the room temperature. Investigations related to the
production of materials of an acceptable stability of the hydrogen concentration are in
progress. In the present work hydrated titanium in form of a TiH, layer of approx. 5 um thick
produced in SIMR, StockHoLM and in IFW DRESDEN was used to investigate the case of
hydrogen as an analyte. X-ray spectrometry measurements proved that the layer produced
contain TiH, as a crystalline phase.

BENGTSON and HANSTROM [17] have shown that the emission yield of the Cr 425.4 nm line
was approximately the same when a metallic sample was sputtered in an hydrogen-argon
mixture and when the same sample, but hydrated was sputtered in pure argon. Similar
experiments are carried out in the present work, but investigating more features. In order to
gain a better insight in this comparative study, again argon conventionally and neon as an
alternative carrier gas were used.

Fig. 5-17 illustrates the similar values of the parameters measured by a commercia LECO
GDS-750 spectrometer, observed when hydrogen is supplied into the argon GD from the TiH;
layer and then when hydrogen is added externally while the titanium substrate is sputtered.

107 L HJAL 0 ' 006 . 012 . ' : [
T L H A . 006 . 012 ! 019 :0.25.0.34 |

layer Ti substrate
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Discharge current /mA
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Fig. 5-17: Depth profile of a TiH,/Ti sample in pure argon, up to 300 s, followed by sputtering of the
titanium substrate when different contents of hydrogen are added. GD source anode
diameter = 2.5 mm; V= 1000 V, pirr 770 Pa. The two hatched areas show the similar
intensity patterns for different origins of hydrogen.
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After that the TiH, layer had been sputtered away in pure argon, and the hydrogen signal
dropped to zero (see Fig. 5-17), a controlled low gas flow of hydrogen was introduced and
increased in a number of steps. For the H | 656.2 nm line the attached monochromator
channel was used. The two hatched zones in Fig. 5-17, corresponding to two different
hydrogen origins (one from the hydride layer and the other, added 0.19% v/v hydrogen), show
similar values for al the parameters recorded, i.e., the discharge current, intensity of the
anayte line (Ti | 365.3 nm), intensity of the carrier gasline (Ar | 415.8 nm) and intensities of
the hydrogen lines (H | 121.5 nm and H | 656.2 nm).

Emission spectra acquired with the spectrograph PGS-2, using longer acquisition times,
enabled the comparison to be made over the whole spectral range 200—-400 nm between the
spectra emitted during the sputtering of the TiH, layer and of the titanium substrate using
different concentrations of hydrogen. The similarity of the continuum is easily observed in
Fig. 5-18, where the spectrum of the TiH, layer is inserted between the other spectra of
titanium acquired for progressive addition of hydrogen in gaseous form, at hydrogen
concentrations close above 0.5% v/v.

%, 350 g
%% 400 (@\®
% ge®
K st
Fig. 5-18: Emission spectra of titanium sputtered in mixed Ar/H, and of TiH, sputtered in pure argon,
after 5 min exposure time, acquired with a plane grating spectrograph. GDL anode
diameter = 8 mm; Vg= 1200 V, piorr 350 Pa.

It should be noted that different sources with different anode diameters were used for the data
presented in Figs. 5-17 and 5-18, so that the relative partial pressure of hydrogen may differ
in the two cases. The discharge current values measured during the acquisition of the spectra
from Fig. 5-18 are shown in Table 5-5.
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Table 5-5 Values of the discharge current for a titanium sample and for progressive addition of
hydrogen and TiH, in pure argon, measured during the 5 min acquisition of the spectra shown in Fig.
5-18. GDL anode diameter = 8 mm; Vy.= 1200 V; pio~ 350 Pa.

Hydrogen rdl. partial pressure (%) 0 0.5 TiH, 0.7 1.0
Discharge current /mA 73-75 69-71 62—-56 57-59 54-56

One can observe from Table 5-5 and Fig. 5-18 that not only in terms of discharge current, but
also in terms of the hydrogen continuum occurrence it appears that the two hydrogen origins
cause similar effects. The results above can be completed with the case when neon is the
carrier gas. Fig. 5-19 is the corresponding experiment to the argon case, i.e., to Fig. 5-17, but
using neon. Comparable values with those obtained when TiH, is sputtered in pure neon can
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Fig. 5-19: Depth profile of a TiH,/Ti sample in pure neon, up to 300 s, followed by sputtering of the
titanium substrate when different contents of hydrogen are added. GD source anode
diameter = 2.5 mm; Vy4.= 1000 V, pior= 2310 Pa. The two hatched areas show the similar
intensity patterns for the two different origins of hydrogen.

be reached when the titanium substrate is sputtered in neon containing 0.066% v/v hydrogen,
in terms of discharge current, the neon line Ne | 594.48 nm, hydrogen line H | 121.5 nm and
roughly the Ti | 365.3 nm line. The neon line was measured by use of the external acquisition
channel provided by the attached monochromator. Also, due to the instrumentation, the order
of the changes in hydrogen concentrations is towards low values, in contrast to the similar
picture (Fig. 5-17) using argon. Thus, also from this experiment, it results that, at least in a
rough approximation, the hydrogen effect is similar for both sources of hydrogen.
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Nevertheless, the obvious differences must be kept in mind, when Ar/H, mixtures are used at
the development of models for correction.

If the results regarding the emission of the hydrogen continuum already presented in 5.1.3 are
taken into account, it would be expectable that the sputtering of TiH, in pure neon does not
giverise to any hydrogen continuum. The confirming response is given by Fig. 5-20.
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It becomes clear now, that at least from the point of view of the hydrogen continuum, this
could be suppressed by the alternative use of neon as a carrier gas. For samples containing
high amounts of hydrogen, as the example of TiH,, the neglect of the hydrogen continuum -
which is not "seen" by the polychromator in the most commercial GD spectrometers - results
inincreased, i.e., false signals (especially in the spectral range of ~200—-400 nm).

Asfar asthe argon case only is concerned, for both (!) hydrogen origins (as an analyte and as
a gas), the emission of the continuum suggests that the dissociation process of the molecular
hydrogen takes place. This is not surprising for the case when molecular hydrogen is
externally introduced into the GD source, but the process of formation of the hydrogen
molecule, when a hydride sample is sputtered is still not sufficiently clear. Either a direct
sputtering of hydrogen molecules as a secondary product or a sputtering of hydrogen atoms
followed by their recombination in the glow discharge plasma, i.e., as a tertiary product,
could supply (in equilibrium with the dissociation process) the hydrogen molecules in the GD
source. It is known from the sputtering theory [153] that atoms, and not clusters or molecules,
are normally predominant from the sputtering of metal alloys, so the second pathway seems to
be more likely. On the other hand, matrix molecules having high binding energy and a great
difference between the masses of the constituent atoms would very likely be sputtered as
molecules and not as constituent atoms,[114, 115, 154, 155] the TiH, molecules being able to
be a very good example (mass ratio 48:1) of this possibility. A possible consequent process
could be in this last case the fracture of the TiH, molecules in the glow discharge plasmainto
tertiary products such as titanium atoms and hydrogen molecules, which could supply a
further emission of the observed continuum. Further investigations, e.g., GD-MS for other
samples containing hydrogen, are required to clarify this difficult point.
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5.1.9 Influence of the GD parameters on the hydrogen effect

The conclusions on the hydrogen effect drawn till now are based on results obtained only at
fixed GD working conditions, i.e., voltage and pressure were the GD parameters kept constant
at rather arbitrary values. In other words, e.g., 1000 V and about 20 mA attained by regulating
the pressure could be an extreme case of excitation for a GD source having an anode of only
2.5 mm diameter.[149] Therefore, in order to implement realistically empirical corrections for
the effect of hydrogen on the other analytical lines the dependence of the effect on the GD
parameters as well as on the working mode at all are necessary to be investigated. In the
following two sections a few relevant analytical lines are selected as subject to thorough
investigations.

5.1.9.1 Use of different operating modes

Zinc coated sheets are rather often analysed in the routine GD-OES. Aswill be shown later in
chapter 6 the zinc coatings electrolytically plated contain considerable quantities of hydrogen.
Moreover, the intensity of the 330.2 nm Zn line (as a conventional channel in many
commercial GD-OES spectrometers) is enhanced in the presence of hydrogen. Therefore, the
emission yield of this analytical line is evaluated at a complex variation of the GD
parameters. Fig. 5-21 puts together the results obtained in two GD operating modes. (@)
constant voltage/pressure and (b) constant voltage and current, at progressive addition of
hydrogen to the argon GD plasma, both modes having as starting point the pure argon
situation at Vge= 700 V and | 4= 20 mA.

Firstly the already known operating mode constant voltage/pressure (Fig. 5-21a) is taken into
account. As expected, the discharge current and the sputtering rate for zinc sputtered in argon
at increasing hydrogen concentrations decrease in a manner similar to those of other materials
presented in the previous sections. As the Zn 330.2 nm line intensity increases ~2 times at
1.2% v/v hydrogen, it follows that the emission yield (Y) - evaluated here as the measured
intensity divided by the discharge current and sputtering rate - increases ~8 times at 1.2% v/v
hydrogen. If one selects now the same voltage and currents as above, but in pure argon, the
result is a decrease of the intensity (of course due to the decrease of the current) and overall a
dlight decrease of the emission yield (Yo). With other words, the emission yield of the Zn
330.2 nm line (o), rather unaffected by the change in the current, increases considerably (!)
in the presence of hydrogen (at the same electrical GD parameters). A similar discrepancy is
observed also between the sputtering crater forms in pure argon and in hydrogen/argon
mixture, see Fig. 5-21a The schematic crater profiles A, B and C show that hydrogen changes
the profile o give a more convex crater; profiles A and D show the similar but smaller effect in
pure argon caused by the same current change and the pressure change needed to reduce the
current appropriately.
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Fig. 5-21. Intensity of the Zn 330.2 nm line (Int), sputtering rate (SR), discharge current (1) and the
corresponding emission yield () at progressive hydrogen partial pressure in an argon GD.
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case of pure argon and those currents (dotted I4c) corresponding to the hydrogen/argon
case. GD source anode diameter = 4 mm; (@) Vge= 700 V, prorx 500 Pg; (b) Vge= 700 V, l4c=
20 mA. Schematically, the sputtering crater form is also shown for some relevant points.

If one holds constant the voltage and current, as Fig. 5-21b shows, a considerable increase of
the emission yield is the result, too. At least in the low range of hydrogen concentrations, up
to ~0.4-0.5% v/v, the variation of the emission yield is amost identical to those from the
other GD working mode above. To note that the variation of the pressure — as the dependent
GD parameter — might also be taken into account, see Fig. 5-21b. Asfar as the crater formis
concerned, the schematic E, F and G craters suggest that the crater form is dependent in a
decisive manner on the hydrogen concentration and not on the GD working mode.

Just as an additional information for the example of the hydrogen effect when pure zinc is the
sample on the "conventional” H | 121.5 nm and the Ar | 415.8 nm lines. Reproducible with
the results reported in the previous sections, independent of the GD working mode tested
above, the hydrogen line presents a maximum at ~0.15% v/v hydrogen and the Ar one
decreases so that at ~0.15% v/v hydrogen a saturation is reached.

Hence, from the example given here on pure zinc, in terms of the emission yield of the Zn
330.2 nm line and the sputtering crater form, these are strongly changed by the presence of
hydrogen, however the change being in a first approximation quantitatively independent of
the GD working mode.

5.1.9.2 Use of various GD parameters

The further dependence on the GD parameters of the changes of the emission yields caused
by hydrogen is shown for a pure copper samplein Fig. 5-22.
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The two copper lines Cu | 327.3 nm and Cu Il 219.2 nm are deliberately selected due to their
so different excitation mechanisms (see Sec. 5.1.1). As Fig. 5-22 shows, the change of the
emission yields of the two copper lines with the hydrogen content is not greatly affected by
the variation of the GD parameters (the voltage was increased at constant pressure). The
changes in the discharge current, sputtering rate and in crater form are also included in Fig. 5-
22. Measurements involving a much larger number of lines/elements are necessary to confirm
thistrend.
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Fig. 5-22: Intensity of the copper lines Cu | 327.3 (Cul) and Cu Il 219.2 nm (Cu2), discharge current
(lsc), sputtering rate (SR) and the corresponding emission yields (normalised to the pure
argon values) in dependence on the hydrogen content in the argon GD for various GD
parameters: (a) Vge= 700 V, prorr 645 Pa; (b) Vge= 1000 V, porr 645 Pa and (c) Vg= 1300
V, purr 645 Pa. GD source anode diameter = 4 mm. Schematically, crater profiles are
shown, too.

Summing up the effect of hydrogen in the GD source resulted from the experimental
evidences presented, i.e., discharge current (as the dependent GD parameter), analytical
intensities, hydrogen lines intensity and hydrogen continuum seem to be independent of the
hydrogen provenience (as a gas or as an analyte). Moreover, the effect (in changing the
emission yields and crater shape) is firstly independent of the GD working mode and,
surprisingly, of the GD parameters quantitatively, too. However, the production of at least one
CRM containing hydrogen in certified quantities would definitely complete the understanding
of the effect of hydrogen further as well as would enlarge significantly the GD-OES
application fields of quantitative analysis of hydrogen - a very sensitive point for the existing
analytical methods at all.
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5.2 Depth profiling of thin multilayer coatings. Optimisation of the depth resolution

GD-OES was initially developed for the elemental analysis of bulk materials. However, as
described in PRE-CONSIDERATIONS the main field of applications is nowadays the analysis of
coatings. As a prerequisite for this kind of depth profiling technique, where the bombarding
argon ions provide both the material sputtering and its subsequent excitation in the GD
plasma, the optimisation of the GD plasma parameters with respect to the sputtering crater
shape is necessary. The attaining of a flat sputtering crater, which guarantees the optimal
depth resolution, may become time consuming when the investigated coatings are non-
conductive or if they are thin layers. In many cases the attaining of a depth profile of
multilayer stacksis even not possible at all. For example glass substrates of more than ~3 mm
thickness are one of the biggest problems for the rf-generators commercially available. One
very suggestive result is a inter-laboratory comparison launched by BAM on the "Evaluation
of multilayer reference coatings for quantitative GD-OES depth profiling”;[156] from 60
prospects interested in the analysis of a 5x(100 nm SiO, / 100 nm TiOy) / BK7 glass (1 mm
thick) sample only three () have been able to obtain reliable results.

In the next two sections are presented optimisation procedures for multilayer stacks of thin
layers for GD-OES, and also for a competitive depth profiling technique, namely plasma
SNMS. The processitself of deposition of the multilayer stacks can be on one hand controlled
by GD-OES depth profiling, but on the other hand, such coatings can be used as reference
coatings for GD-OES.

Thin layers such as Ti and Al were selected as conductive multilayer stacks, due to the very
large application fields of Ti and Al and their compounds (TiN, TiC, AIN, Al,O;s,...), e.g.,
adhesion, tribology, decorative coatings, high temperature and electronic applications, etc.
Multilayer stacks of SIO,, TiO,, SisN4 thin layers were selected as non-conductive materials
for their dielectric, electronic, high temperature or wave guiding applications.

5.2.1 GD-OES procedurefor the optimisation of the depth resolution

Especially in the rf-powering mode the optimisation procedure for depth profiling of
multilayer coatings with respect to the depth resolution is laborious. An example of attaining
the optimal depth resolution is selected for a 5x (250 nm Al / 50 nm Ti) / 100Cr6 steel
sample, where a constant peak-to-peak voltage was applied and the argon pressure was varied
as presented in Fig. 5-23. The same layer stack is resolved and quantified without
considerable effort in the dc-mode.[157]

It should be noted that this driving mode (constant peak-to-peak voltage and pressure) of the
GD plasma proved to be the most valuable for the free-running rf-generators. The rf
measurement technique available does not allow a reliable control of the GD electrical
parameters at the surface of the sputtered sample; therefore, the peak-to-peak voltage
measured at the output rf-generator was selected as the steering rf-parameter.
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Many papers in the recent years were dedicated to the dependence of the depth resolution on
various parameters.[158-165] If conductive multilayered materials are relatively well
resolved, considerable difficulties are encountered for non-conductive ones. In the next
chapter (Sec. 6.2) various examples of non-conductive multilayer systems are shown as being
possible to be well resolved, the optimisation procedures being based on those presented
above for conductive layers. Hence, at least on the instrumentation existent at BAM,
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Fig. 5-23: 5x (250 nm Al / 50 nm Ti) / 100Cr6 steel depth profiles measured by applying a peak-to-
peak voltage Vy,,= 2000 V and various argon flow rates of (a) 125 sccm, (b) 75 scem and
(c) 40 sccm. GD source anode diameter = 2.5 mm. Measured emission lines: Al | 396.1
nm; Ti |1 365.3 nm; Fe | 371.9 nm and Cr | 425.4 nm.
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acceptable GD parameters were relative high rf-powers and low argon pressures. It should be
mentioned that too high powers might damage the non-metallic (thin) samples. Too low rf-
powers diminish considerably the analyte signals and must be also avoided. On the other hand
for non-conductive substrates of more than ~3 mm thickness the maximal voltage supplied by
the existent rf-generators might be still too low to compensate for the losses mainly owed to
the high impedance of the sample and the material is barely sputtered if at all.

As far as the evaluation of the depth resolution is concerned, various formulae may be used.
In order to characterise the depth resolution in the example from Fig. 5-23, i.e., a very poor
depth resolution during the optimisation procedure, the simple ratio of the time Ats necessary
to obtain a constant intensity of a substrate signal (Fe) to the sputtering time t; necessary to
remove the layered coating completely is taken into account as a measure for the relative
depth resolution. Further information on the dependence of the depth resolution on the argon
pressure over alarger range can be found in [96]. Interesting in this selected rf-working mode
isthe rapid transition to a very good depth resolution by reducing the argon pressure. It seems
that a very narrow transition range (where the sputtering crater development is unstable)
separates two different sputtering regimes with respect to the attended depth resolution: one at
higher pressures where the depth resolution is rather independent of the pressure and one at
low pressures where the depth resolution is significantly better than in the other region. This
individual behaviour cannot be observed so clearly for coatings of a single layer. Further
investigations referred to this "short-transient” behaviour, which however supplies
empirically avery good depth resolution for various layered materials, are necessary.

It should be once again noted, the conditions found here simply constitute only one of the
different possibilities conferring a good depth resolution.

For further examples of well-resolved multilayered materials see Sec. 6.2, where
comparatively other competitive depth profiling techniques are also taken into account.

5.2.2 HFM plasma SNM S procedure for the optimisation of the depth resolution

Rather close to GD-OES from the whole range of depth profiling techniques, plasma SNM S
[166, 167] was extensively used in this work in order to stress better the advantages and
limitations of GD-OES. Similar to the GD-OES case, an example of optimisation procedureis
also selectively presented in Fig. 5-24, for a 5x (133 nm SiO, / 76 nm TiO,) / BK7 glass (3
mm thickness) sample. A general presentation of the method and instrumentation used was
made in the Sec. 2.3 and 4.4. In many cases it is useful to start the optimisation sequence and
with multilayered conductive materials. Hence one can find good start parameters for non-
conductive samples in a reasonable time, being known that SNMS/SIMS depth profiling is
very time consuming. In the HFM of plasma SNMS the parameters to be modified in order to
obtain optimal depth resolution are mainly the distance between the sample surface and the
grounded aperture near the plasma sheath edge (see Fig. 4-7, Sec. 4.4). HFM voltage (Unrm),
frequency (v) and duty cycle () should be adapted to the sample capacity and primary ion
current density in such a way, that the mean surface potential stays near the optimum
bombardment voltage found for conducting samples. This holds for defined typically constant
plasma parameters (plasma density and electron temperature).[168] Contrary to RF-GD-OES,
care must be taken of the sample arrangement and its holder, sputtering features being able to
be affected from. Based on plasma physics theory, amodel for the calculation of the optimum
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bombardment voltage is available for plasma SNMS. However, this is in practice available
only approximately and further experimental optimisation is necessary. In Fig. 5-24 it is
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Fig. 5-24: Example of an optimisation procedure in the HFM of plasma SNMS of 5x (133 nm SiO, /
76 nm TiO,) / BK7 glass, 3 mm thickness, together with the corresponding sputtering
crater profiles, for three different Uygy voltages: (a) 390 V, (b) 340 V and (c) 300 V and
keeping constant the sample-mask thickness (x= 3.9 mm), the frequency (v= 800 kHz) and
the duty cycle (y= 80%). Measured masses: 2Si%; Ti?% °0°% #Na’ and "'B°.
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presented an optimisation sequence carried out by changing the Uyrm. The sample selected
was 5x (133 nm SIO, / 76 nm TiOy) / BK7 glass (3 mm thickness). Considering a rf-voltage
as high as 390 V (see Fig. 5-24b), a convex sputtering crater is the result. Similar to the
experience in GD-OES, a lower rf-voltage is needed. At Uyem= 340 V the depth resolution is
improved and the convexity of the crater bottom is lowered. The optimum depth resolution
was reached at Uyrv= 300 V (see Fig. 5-24c). The flatness of the sputtering crater confirms
this. A further decrease of the rf-voltage has significantly diminished the analytical intensities
due to the very weak sputtering yields.

It should be noted that the Si signal detected in the case of plasma SNMS - by a quadrupole
mass analyser - suffers from interference (contamination such as CO), the Si intensity being
rather high in the TiO; layers.

The variation of Uyry for a fixed distance between sample surface and grounded aperture
described here for non-conductive materials is mainly the same as in the DBM (Direct
Bombardment Mode) analysis of conductive samples.[169] However, an optimisation
procedure for such thick non-conductive layers is nowhere detailed presented in the literature.
Based on the procedure described above optimised depth profiles of other relevant layered
non-conductive materials are presented in the next chapter (Sec. 6.2) by comparing
competitive depth profiling techniques on some examples.
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6 Applicationsin material science

In the competition for the characterisation of thin films and coatings presenting combined
interfaces between metals, semiconductors and insulators, GD-OES has established itself as a
powerful analytical tool in determining the elemental composition and the layer
thickness.[157, 159, 170, 171] The most important advantages of GD-OES against other
depth profiling techniques such as SIMS, SNMS, AES, XPS, RBS, NRA are: low
instrumentation and operational costs, high sample throughput (due to the high sputtering rate
as well as no need of sample preparation), large range of analysed depth from several nm up
to more than 100 um, low detection limits in pg/g range or the possibility to acquire light
elements such as H, C, N, O. However, taking into account the limitations of GD-OES, e.g.,
lateral resolution, chemical bonding information or depth resolution, GD-OES must be seen
as an analytical technigue which is complementary to the other ones and therefore essential in
an analytical laboratory.

The next sections are intended to show the capabilities of GD-OES on some relevant
examples. Three main directions are emphasi sed:

(1) The exploitation of the hydrogen effect on the intensity of those analytical lines whose
emission yield is increased (see examples in Sec. 5.1) in order to improve analytical
figures of merit such as sensitivity and detection limit (Sec. 6.1).

(i)  GD-OES depth profiling of multilayer systems of particular relevance, i.e., non-
conductive thin layers and very thin layers (Sec. 6.2). The possibilities and limitations
of the available GD-OES technique are discussed and compared selectively with other
competitive analytical methods (Sec. 6.2.1). This time the hydrogen effect on the
sputtering crater shape is exploited in order to improve the attained depth resolution
(Sec. 6.2.2). It will be pointed out that especially very thin layers are able to be
analysed by GD-OES, however under appropriate conditions. As Sec. 6.2.3 will show,
the GD contamination (from the GD source itself, but also from the sample) consisting
mainly of hydrogen, has to be brought under acritical level.

(i)  GD-OES depth profiling of thick coatings containing hydrogen (Sec. 6.3). Even if not
quantitative, the GD-OES analysis of hydrogen in thick coatings, but at the
coating/substrate interface and in the substrate as well proved to be very useful. Very
often GD-OES is the single depth profiling technique able to be implemented at the
analysis of such materials.

6.1 Improvement of sensitivity and detection limit in GD-OES by hydrogen addition

As emphasised largely for bulk materials in Sec. 5.1.5 and concretely exemplified on
applications at the point (ii) in Sec. 6.2.2, there are emission lines, whose intensity is
considerably enhanced by the hydrogen added to an argon GD. The following experiments try
to demonstrate this quantitatively by using an appropriate set of CRMs. Fig. 6-1a shows in
black a calibration curve of Mg contained as traces in a copper matrix. Two CRMs which do
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not contain Mg at all define the spectral background at 383.3 nm (the black dotted line at 0.29
a. u. in Fig. 6.1a). Adding deliberately 1.8% v/v hydrogen into the argon GD, so that beside
the constant voltage the current remains the same, too, approximately 2.5 higher intensities of
Mg | 383.3 nm are obtained.

As shown in Sec. 5.1.9, the sputtering rate, even at the same voltage and current, is reduced
by hydrogen. Even though, taking into account that all the high purity copper CRMs used
change the sputtering rate identically, not only higher signals, but also a slightly higher
sensitivity are observed when hydrogen is added. The sensitivity is defined as the slope of the
curves in Fig. 6-1. Hence, hydrogen increases dlightly the sensitivity of the Mg | 383.3 nm
line from 0.328 t0 0.438 [(a. u.) / (ug g1)]. Note that the arbitrary units on the ordinate in Fig.
6-1 are in fact Volt measured by the photomoltipliers of the LECO spectrometer. Actually, it
was expected that the BAM-360 CRM having 4 ug/g Mg, which are not detected in pure
argon (the black curve in Fig. 6-1a), might be separated from the background in the case of
hydrogen addition (red curve in Fig. 6-1a). Unfortunately, this has not occurred, despite the
improved sensitivity resulted and therefore, another example was taken into account.

Note that one could use the emission yield instead of sensitivity as defined above by its
division to the sputtering rate. The emission yield is expected to increase more yet due to the
reduced sputtering rate in the case of the addition of hydrogen.

A calibration curve for the Si |1 288.1 nm line is plotted in Fig. 6-1b again for a set of pure
copper CRMs. The background is defined this time by other two pure copper CRMs, which
do not contain S, i.e, the black dotted line at 0.039 a u. in Fig. 6-1b. If one takes into
account the IARM-78A sample, one can observe that the Si present as a trace is not
differentiated from the background. However, if hydrogen is added to the argon GD, it is
clearly observed that the IARM-78A fits excellently to the calibration curve (red curvein Fig.
6-1b). The intensity corresponding to 12 pg/g S is in this case considerably above the
background level. Thus, in Fig. 6-1b, the sensitivity of the Si | 288.1 nm line is drastically
increased by hydrogen, approximately 8 times, from 0.09 to 0329 [(a u.) / (ug g™)].
Moreover, the detection limit of silicon isimproved.

It makes sense to discuss the provenance of the enhanced background measured for both
analytical linesin Figs. 6-1a and b, when hydrogen is added. As investigated extensively in
Sec. 5.1.3, at hydrogen concentrations in argon plasma as high as 1.8% v/v, an intense
hydrogen continuum is emitted over a large spectral range. Thus the measured line intensities
at 383.3 nm and 288.1 nm, respectively, are superimposed by it. Nevertheless, this strong
hydrogen continuum, being very stable in intensity, minimises the relative standard deviations
of the measured line intensities corresponding to a very low range of analyte concentrations.

One could certainly go further with other examples of improved analytical figures of merit
obtained by hydrogen addition. However these last two sections were intended to show only
demonstratively that thisis possible at all by a such unconventional, but efficient way.
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Fig. 6-1: Intensity of (@) Mg | 383.3 nmand (b) Si | 288.1 nm emission lines versus (a) Mg and (b) Si
content, respectively, in CRMs of copper matrix in pure argon (black curves) and in
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background; GD source anode diameter= 4 mm; V4= 700 V; 4= 20 mA.
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6.2 Exploitation of the hydrogen effect on GD-OES thin film analysis

The most thin layers used in industrial applications are electrically non-conductive. This
makes necessary the use of the rf-excitation in order to be able to sputter the sample. On the
other hand, the "start-up" contamination typically for GD-OES (at the beginning of a depth
profile) worsens considerably the GD-OES analysis of thin and very thin layers. This section
is dedicated to the study of the possibilities and limitations of the available GD-OES
techniquein thin film analysis. Comparative analytical methods are selectively used to inspect
some relevant multilayer materials (Sec. 6.2.1). It will be shown (Sec. 6.2.2 and 6.2.3) that the
attained depth resolution can be successfully improved in some cases and start-up phenomena
reduced almost completely, if the effect of hydrogen is exploited and controlled, respectively.
For conductive materials, where GD-OES quantified depth profiles are also shown (Sec.
6.2.3), the DC-GD-OES quantification was easily to perform.

6.2.1 Possibilities and limitations of GD-OES depth profiling of thin multilayer
materials. Selective comparison with HFM plasma SNMSand ToF-SIMS

Sections 5.2.1 and 5.2.2 have already shown examples of optimisation sequences necessary to
be performed when "difficult" materials such as very thin layers or especialy thin non-
conductive layers are GD-OES and SNMS, respectively, in-depth profiled. In this section
other examples of aready optimised depth profiles are also offered. The optimisation
procedure is similar to those described in Sec. 5.2. However, each particular class of materials
has itsindividual optimised conditions.

A 6 pm multilayer stack of 10, respectively 30 alternating CrAIN and CrN layers having
individual thickness of 300 and 100 nm respectively were in depth profiled by RF-GD-OES.
The sample were prepared by BAM VI11.2901. The optimised depth profiles are shown in
Fig. 6-2a and b. Note that this type of ceramics is electrically conductive. Hence, the same
GD parameters found to be optimal for the example shown in Sec. 5.2.1 for (Ti/Al)u./steel
were taken into account for the (CrAIN/CrN)ui/steel. The recorded sputtering crater profiles
present a flat bottom corresponding to the attained depth resolution. Further details are
described in [96, 170, 171]. Comparing the two Figs. 6-2a and b, it is easily to observe that
the thinner layers (case b) are worse resolved, despite the same depth resolution. Note the
poor sensitivity of the N signal.

It should also be noted that layer stacks of thickness in the um range is well resolved by
plasma SNMS, however, the time necessary to sputter the whole stack exceeding one normal
working day. Hence, very thick coatings are not typical for plasma SNMS, the stability of the
plasma becoming problematic over such long times of analysis.
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Fig. 6-2: Typical optimised RF-GD-OES qualitative depth profiles of the multilayers structures: (a)
10x (300 nm CrAIN / 300 nm CrN) / 100Cr6 steel and (b) 30x (100 nm CrAIN / 100 nm
CrN) / 100Cr6 steel. V= 2000 V and Ar flow rate = 40 sccm; GD source anode diameter =
2.5 mm. Measured emission lines: Cr | 425.4 nm; Al | 396.1 nm; N | 149.2 nm and Fe |
371.9 nm.

As described in Sec. 5.2, too, S and Ti and their oxides and nitrides were selected for
developing layered certified reference materials. Due to their manifold applications, the very
stable oxides and nitrides are largely used in thin film technology. On the other hand, these
systems were developed in BAM also in order to support step-by-step the GD-OES analysis
of non-conductive layered materials. The difficulties encountered at the RF-GD-OES analysis
of non-conductive layered systems can be overcome. For example, by using of these well-
defined layered materialsit is possible to check out the stability of the rf-generator.

The alternating thin layers SiO, and TiO, deposited on a BK7 glass by SCHOTT GLAS
GmBH, Mainz, are maybe the most relevant example in the present investigation. The initial
thickness of the glass substrate of 3 mm was adjusted down to 1 mm, a decisive aspect for the
RF-GD-OES. The 3 mm glass substrate is barely sputtered at maximum applied rf-power with
the instrumentation existent at BAM.

Optimised SNMS depth profiles obtained with both glass substrate thickness of 1 and 3 mm
are comparatively presented in Fig. 6-3b and d. Note that under identical conditions of
analysis, slight variations in sputtering time and depth resolution are found. However, due to
the voltage fall on the sample, this dependence should be theoretically stronger. From these
experiments it results that the Us voltage from Fig. 4-8, Sec. 4.4, which is in fact responsible
for the sputtering of insulators, remains rather unchanged at different sample thickness (4Us=
unchanged, too). A resistance parallel to the sample (possibly the plasma itself) seems to be
the reason. Also the whole sample arrangement, especialy in the case of non-conductive
materials, is a critical point (see the experimental section, Sec. 4.4, Fig. 4-7). Considering the
optimised RF-GD-OES profiles of the same samples shown in Fig. 6-3a and c, the substrate
thickness was found this time to influence decisively the sputtering rate. The voltage loss
influence across an insulator sample, being proportional to the thickness, effects lower
sputtering rates for thicker samples. It takes approximately four times longer to profile in-
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depth the 3 mm substrate sample. Note that for reaching the depth resolution presented in Fig.
6-3a and c, a very high rf-voltage (Ver~ 2000 V) was supplied. If the 1 mm sample was
successfully sputtered with the instrumentation existent in BAM, the 3 mm one was no more
possible to be sputtered at an acceptable depth resolution, due to the limited maximal rf-
voltage. Therefore the measurements were performed in IFW-DRESDEN, where the
instrumentation is able to supply a higher effective rf-power.
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Fig. 6-3: Optimised qualitative depth profiles of 5x (100 nm SIO, / 100 nm TiO,) / BK7 glass, 1 mm
thickness: (8) RF-GD-OES; (b) HFM plasma SNMS and 5x (133 nm SiO, / 100 nm TiO,) /
BK7 glass, 3 mm thickness; (c) RF-GD-OES and (d) HFM plasma SNMS; for RF-GD-OES:
Vg = 2000 V, Ar flow rate = 200 sccm; GD source anode diameter = 2.5 mm; measured
emission lines; Si | 288.1 nm; Ti | 3653 nm; O | 130.2 nm and B | 208.9 nm; IFW-
DRESDEN instrumentation; for HFM plasma SNMS: Upem= 300 V, x= 3.9 mm; v= 800 kHz,
v= 80%; mask diameter= 3 mm; measured masses: 5% “Ti?% 0% 2Na” and "'B°.

Not only the limited rf-voltage supplied by the commercia rf-generators, but also the existent
technique for the measurement of the rf-parametersis in a continuing progress. Both aspects
congtitute in fact ultimate contributions to a reliable RF-GD-OES quantification of non-
conductive materials.

Summing up the results from Fig. 6-3, the same features as for the previous examples are re-
found: dlightly better depth resolutions for the SNMS case and much more rapid analysis
(approximately 100 times) in GD-OES. The calculated values for the depth resolution in
dependence to the thickness are systematically shown in Sec. 6.2.4.
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Finally, a third analytical technique, namely ToF-SIMS, was used to compare the results
obtained with RF-GD-OES and HFM plasma SNMS. The (100 nm SiO, / 100 nm TiOy) layer
stack on 1 mm glass sample was cross-sectioned in order to get a depth profile in an
aternative way, because of the extremely low sputtering rates in the normal (dynamic)
sputtering mode. ToF-SIMS images of the cross-section were acquired and a depth profile
was obtained by adding up al lines perpendicular to the layered structure in the picture for
selected elements, see Fig. 6-4.

Normalised intensity (a. u.)

Depth /um

Fig. 6-4: ToF-SIMS qualitative depth profile reconstructed from images of the cross-sections 5x (100
nm SiO, / 100 nm TiO,) / BK7 glass sample (1 mm substrate thickness). Measured masses:
gt ®Ti": ZNa" and *K*. Si and Ti images are included, too.

Comparing the results with those found by the other two techniques, the depth resolution is,
as expected, lower. This is due to the limited minimal diameter of the incident ion beam of
~120 nm for our TOF-SIMS instrumentation.[172] Nevertheless, the depth resolution
calculated according to the simple principle 16-84% at interfaces where the signal goes down
to ~0, is ~40-50 nm (and in this case independent of the depth !).[173] However, one can
make use of the high sensitivities for alkali metals, one of the characteristics of SIMS. It is
possible to evidence the alkali diffusion from the substrate into the stack layer, as suggested
by the Naand K profilesin Fig. 6-4, i.e.,, Naand K in the glass substrate and also enrichment
inthe TiO, layers as well. Further conclusions are drawn in Sec. 6.2.4.

Similar features with those found for the examples above are also observed for a 5x (100 nm
SisNg / 100 nm SIO,) / BK7 glass sample, 1 mm thickness, see Fig. 6-5. An excellent depth
resolution was attained for the HFM plasma SNMS case (Fig. 6-5b). The corresponding rf-
voltage was 340 V, i.e, higher than for the optimum found for the layered materials
mentioned above. A considerable worse depth resolution was attained for the same sample by
RF-GD-OES, again under conditions which are in the same range found relevant in Sec. 5.2.2
for other layered materials. From Fig. 6-5a one could conclude that the sensitivity of the Si |
288.1 nm line is too poor to make a distinction between the SizN4 and the SIO, layers.
Unfortunately, the product Si concentration - sputtering rate of each layer results in nearly
identical intensities of the emission lines. Nevertheless, the RF-GD-OES depth resolution for
thistype of layer stack is considerable improved in comparison with that obtained at an earlier
stage.[159] On the other hand, as a result of numerous measurements of non-conductive
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layered materials, it is fact, that non-conductive coatings on non-conductive substrates are
more accessible to RF-GD-OES depth profiling than non-conductive coatings on metallic
substrates. A micro-pore across the non-conductive coating might be enough to giveriseto a
local arc discharge to the conductive substrate and hence to degenerate the abnormal regime
of the glow discharge.
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Fig. 6-5: Optimised qualitative depth profiles of a 5x (100 nm SizN, / 100 nm SiO,) / BK7 glass
sample, 1 mm substrate thickness: (a) RF-GD-OES, V,,= 2000 V, Ar flow rate = 40 sccm;
GD source anode diameter = 2.5 mm; (b) HFM plasma SNMS, Uyey= 340 V, v= 800 kHz
and y= 80%; mask diameter = 3 mm.

As for the other samples above, the depth resolution attained for this type of sample by both
methods is calculated and discussed comparatively in Sec. 6.2.4.

6.2.2 Improvement of the GD-OES depth resolution by hydrogen addition

The limitations of RF-GD-OES depth profiling of electrically non-conductive thin layers are
already known now from previous sections (e.g., Sec. 5.2 and 6.2.1). It makes sense to exploit
the effect of hydrogen, largely investigated in Sec. 5.1, and hence improve analytical figures
of merit by simply adding of small controlled quantities of hydrogen. One should note that the
addition of controlled amounts of hydrogen is in the meantime very easily to perform
experimentally. A separate hydrogen supplying-line is permanently attached over a T-piece at
the commercial instrumentation at BAM.

Fig. 6-6a shows a RF-GD-OES depth profile of a layered structure similar to those aready
investigated in Sec. 6.1.1 (SO, & TiO,). However, due to the different thickness of the glass
substrate, i.e, 2 mm, a new optimisation procedure is necessary. Lower rf-powersGD
pressure worsen drastically the depth resolution attained in Fig. 6-6a. On the other hand,
higher rf-powers might likely improve the depth resolution, but unfortunately this was not
supported by the rf-generator.
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Being known that the sputtering crater form can be efficiently changed by hydrogen (Sec.
5.1.7), defined quantities of hydrogen were added to the argon plasma, under the same
conditions as those from Fig. 6-6a, i.e., the same peak-to-peak voltage and pressure. Hence,
an improved depth profile of the same sample but when the argon GD plasma contains 1% v/v
hydrogen is shown in Fig. 6-6b.[5, 6, 174] Looking comparatively at the two depth profiles

Sio Tio, SiO,/TiO

. ; glass substrate
5«90 NM 120 nm 60 nm
'

2mm

Intensity (a. u.)

Intensity (a. u.)

Intensity (x10° cps)

' T T T T Y T
0 2000 4000 6000 8000
Sputtering time /s

Fig. 6-6: Depth profiles of alayered coated glass (a) best RF-GD-OES result obtained in a pure argon
plasma; (b) RF-GD-OES in an argon plasma containing 1% v/v hydrogen. GD source anode
diameter= 2.5 mm; V= 3500 V; pio= 370 Pa; recorded emission lines: Si | 288.1 nm; Ti |
365.3 nm; O 130.2 nm; Cal 393.3 nm; Mg 1 383.3 nm; C| 156.1 nm; H | 121.5 nm; (c) the
equivalent depth profile recorded by ToF-SIMS.
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represented in Fig. 6-6aand b, there are some comments to be done:

(i)

(i1)

(iii)

First of al, the depth resolution is considerable improved by adding hydrogen. Thisis
explicitly the case for the third thin layer from the top surface, i.e., the SIOJ/TiO;
mixed layer. Both the Ti | 365.3 nm and Na | 588.9 nm emission lines show in the
improved depth profile the correct homogeneous distributions. It should be noted that
the addition of hydrogen, as expected (Sec. 5.1.7), decreases the sputtering rate. In
order to have a confirmation that the depth profile shown in Fig. 6-6b is the correct
one, the same layered material was in-depth profiled by ToF-SIMS. The resulted
depth profile is presented in Fig. 6-6¢. In other words, comparable depth resolutions
are reached by both methods, RF-GD-OES and ToF-SIMS, however after a much
shorter analysis time with RF-GD-OES (see also the discussion in Sec. 6.2.4). Note
that crater profilometry was carried out after the measurements.

Figs. 6-6a and b offer also avery nice example of variations caused by the addition of
small quantities of hydrogen in the emission line intensities of the analytes. As already
discussed in Sec. 5.1.5, the intensity of the Si | 288.1 nm line is strongly enhanced by
the hydrogen addition, in the SIO, layer in Fig. 6-6 being ~8 times higher at 1% v/v
hydrogen in the GD source as in pure argon. Among the slight decrease of the
intensities of all the measured emission lines from Fig. 6-6 (this being in fact the
general pattern of the line intensities at the hydrogen addition), the Mg | 383.3 nm line
is enhanced, too. Thus, one can expect that a deliberate addition of controlled small
quantities of hydrogen increases the sensitivity of some emission lines of analytical
interest (such as Si | 288.1 nm and Mg | 383.3 nm) and even the detection limits. This
would be of great help for the analytical applications. Investigations on this subject
were aready performed and the results presented in Sec. 6.1.

A third effect which is observed at the addition of hydrogen is the inhibition of so
called "start-up” phenomena. As Fig. 6-6a shows, strong alterations of the emission
line intensities at the very beginning of a depth profile are caused by contamination.
Contamination can come from the GD source, but from the sample itself, too. This
seems to make no difference on the analytical implications occurred at the beginning
of a depth profile. Especially critically is the situation when very thin layers (such as
those presented in Sec. 6.2.3) are analysed. In this case no pre-sputtering of the sample
can be applied. Hence, the signals shortly after plasma ignition become more stable if
a higher level of hydrogen - which acts in this circumstance as a part of the discharge
gas - is added to argon, the conventional discharge gas.

6.2.3 Influence of the GD source contamination in the GD-OES analysis of very thin

layers

One very good example able to show the capability of GD-OES to analyse very thin layersis
the system presented in Fig. 6-7, i.e., 10x (5 nm Ni / 5 nm Cr) / Si. This conductive sample
was produced in ISAS DORTMUND and it is used as a rapid test system for the SNMS
optimisation procedure. The thickness of the individual thin layers of only 5 nm is actually
untypical for GD-OES. However, surprisingly, as one can seein Fig. 6-7a, GD-OES is able to
resolve the whole layer stack. If both the sample surface and the GD source are contaminated,
i.e., under working conditions which are typical to GD-OES routine analysis, contamination
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Fig. 6-7: GD-OES qualitative depth profiles of a very thin multilayers structure 10x (5 nm Ni / 5 nm
Cr) / Si: (8 in a contaminated GD source and (b) in a clean GD source with (c) the
corresponding quantified depth profile. V4= 700 V and lge= 15 mA; GD source anode
diameter = 4 mm. Measured emission lines: Ni | 349.2 nm; Cr | 425.4nm; Si |1 288.1 nm; H |
121.5 nm; C1 156.1 nm, and O | 130.2 nm. (d) HFM plasma SNM S optimised depth profile
of the same material. Uypy= 340 V, v= 800 kHz, y= 80%; mask diameter= 3 mm; measured
masses 59Ni0; 52Cr°; 280

signalssuch asH, C, O, N are present at the beginning of the depth profilein Fig. 6-7a. Based
on the observations presented in Sec. 2.2, one can suspect that the high intensities of the light
elements at the beginning of the depth profile, mainly hydrogen, might be responsible for the
alterations of the analyte signals (strong increases of the Ni | 349.2 and Cr | 425.4 nm).
Therefore, it is expected that the features of the depth profile in Fig. 6-7a can be improved, if
the level of contamination is reduced as low as possible. Indeed, after a thorough cleaning of
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the GD source by simply sputtering a silicon sample for ~1 hour, a better resolved depth
profile of the same sample from Fig. 6-7a is obtained, see Fig. 6-7b. This results can be
quickly quantified and as Fig. 6-7c shows, the quantitative depth profile is acceptable at least
with respect to the thickness. A very similar result of the same sample was independently
obtained by BENGTSON and HANSTROM.[4]

As noted above, this kind of sample is actually typical for plasma SNMS, such very thin
layers being resolved without problems, however after an appropriate optimisation procedure
as described in Sec. 5.2.2. An optimised HFM plasma SNMS depth profile of the 10x (5 nm
Ni /5nm Cr) / S sample is presented comparatively in Fig. 6-7d. Without being necessary to
evaluate the depth resolution, it is clear that the SNMS depth profile is better resolved than
the GD-OES one. However, start-up effects are also present, very likely due to contamination,
too. On the other hand, the SNMS analysis time necessary to sputter the entire layer stack is
approximately hundred times longer than that for the GD-OES case. The SNMS
quantification was not performed, but it is considered to be easy.[71]

For al the layered systems presented in this section (Sec. 6.2), the depth resolution can be
quantitatively evaluated after various formulae. In order to get a better overview of the depth
resolution attained by different depth profiling methods and for different layer materials the
dependence of the calculated depth resolution on the depth is presented summarily in Sec.
6.2.4.

6.2.4 Evaluation of the attained depth resolution

For all the examples of multilayer stacks presented in the previous sections it is worthwhile to
evaluate the depth resolution and to put the results together comparatively. There are various
formulae to calculate the depth resolution. In both cases, GD-OES and plasma SNMS, the
sputtering crater has a particular cylindrical symmetry/development, i.e., the signal response
presents a non-GAussian relation (as in [175-177]). Thus, the depth resolution Az was
determined from the intensity - time profiles (shown in the sections above) at the steepest
concentration changes, as follows:

Az=q Imax(%lj_ , (vi-1)

where g isthe erosion rate, |y is the maximum intensity of an analyte line and (AI/At) ™ isthe
inverse of the steepest slope of an analyte emission line intensity at the layer interfaces. This
formulaislargely accepted and used by the GD-OES community.[158, 160, 161, 163] Hence,
according to the formula (vi-1), for each depth profile presented in this section (Sec 6.2), the
depth resolution was calculated for two elements and for two depths, namely the first
interface and the pre-last one. The surface and the very last interface were not taken into
account due to other secondary effects such as start-up phenomena, etc. Thus, having two
values for the depth resolution for each layer stack at two different depths, all the data were
represented in Fig. 6-8.
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Fig. 6-8: Genera picture of the depth resolution attained for the optimised RF-GD-OES and HFM
plasma SNM S depth profiles of the multilayer materials presented in Sec. 6.2 in dependence
on the depth. Depth resolution is calculated corresponding to formula (vi-1); red lines: RF-
GD-OES; black lines: HFM plasma SNMS.

As one can see in the legend of Fig. 6-8, the calculated depth resolution is shown for all the
multilayer structures in the same succession as presented along the Sec. 6.2. The depth
resolution attained by ToF-SIMS, found as low as ~40-50 nm and not varying with the
thickness, due to the different criterion of calculation, is not included in Fig. 6-8. The clear
messages provided by Fig. 6-8 are: (i) the attained depth resolution is proportional to the
depth; (ii) the values reached with HFM plasma SNMS (from 5 nm at the near surface region
up to ~40 nm at a depth of 900 nm) are better than those reached with RF-GD-OES (ranging
from ~5 nm in the near surface up to ~60 nm at 900 nm), and (iii) not to see directly from this
figure, but observed in al the depth profiles above, due to the very high sputtering rates (~100
times higher than those in plasma SNMS), the prospected depth is much higher in GD-OES.
Note that better performances are expected in the near future from RF-GD-OES, the present
rf-technique limiting strongly the obtained results. Adding the ToF-SIMS data, the following
overviewing table sums up comparatively the most relevant features resulted from the
experiments above:

Table 6-1: Comparison of some relevant features of the analytical methods used for investigating of
electrically non-conductive layered materials (++: very well, +: well)

RF-GDOES HFM plasma SNMS ToF-SIMS
Depth resolution + ++
Anaysistime ++
Maximal depth ++
Detection of akali diffusion ++




6 Applicationsin material science 102

6.3 GD-OES analysis of hydrogen in electr oplated systems

Beside hot dipped galvanic coatings and, more and more, hard coatings (conductive and non-
conductive as well), electrolytically deposited coatings still constitute the greatest field, which
routine GD-OES depth profiling is dedicated to. Well controlled constant thickness and
composition homogeneity make electroplated coatings one of the best samples for the GD-
OES analysis. This section (Sec. 6.3) is focussed on some examples from the routine GD-
OES analysis of electroplated coatings. However, as one can see in the following, almost
overall where electroplating or CVD procedures using hydrocarbons are involved, light
elements (mainly hydrogen) are also present. One must separate between different situations,
where, e.g., (i) hydrogen is unwanted at al in the material and where its residua presence -
even if in very small amounts - causes serious degradation of the materia (eg.,
embrittlement) or of particular properties; (ii) where hydrogen is present, but does not effect
negatively (decorative platings, etc), and may be the most demanding case (iii) the presence
of hydrogen in certain quantities (e.g., DLC-layers), which confers particular performancesto
the material (e.g., hardness and adhesion). Thus, analytical proofs are imperiously necessary.

Hydrogen analysis in technical layers by NRA supplies "standard-free" quantitative results.
Depending on the individual material and coating procedure, hydrogen contents of even ~9
at.-% have been detected by NRA, what by no other method was possible.[107] However, this
analytical method is strongly restricted to sample thickness of up to ~1-2 um. Compared to
GD-OES, NRA is a costly and time-consuming analytical method, it being hence not so
successful for industrial applications.

Strictly referred to the analysis of hydrogen present in coatings of a very large thickness range
and in very small quantities (of pg/g), GD-OES is the analytical technique able to deal with
depth profiling of such systems, without having competitors at all. GD-OES is able to analyse
materials by sputtering up to a thickness of more than 100 um, e.g., thickness in the range of
~100 pum being typically for Cr coatings in the aircraft industry. On the other hand, it is
already demonstrated in the literature on materials charged with hydrogen that even 1 pg/g
can be easily detected by using the H | 121.5 nm line.[19, 20] This line is available in the
most of the commercial GD-OES spectrometers. Moreover, it is reported that GD-MS can
detect hydrogen as low as ~50 ng/g.[178] The lack of suitable RMs containing certified
amounts of hydrogen is well-known. Either their size (too small) or the use of pellets are
rather impediments. Even despite of limited quantification possibilities, qualitative GD-OES
depth profiles have very often a decisive contribution to the quality controlling process.

6.3.1 GD-OES analysis of hydrogen in various electroplated coatings (CoPtW, Cr, Cd)

In this section severa examples of various electrolytically coated materials, which present
particular hydrogen problems, are analysed by GD-OES.

Fig. 6-9 shows an example of a CoPtW layer electrolytically coated on copper. Large series of
test materials prepared at FEM, Schwabisch-Gmund, of CoPt and CoPtW coatings were
electrolytically deposited on copper substrates under various conditions. This kind of material
GD-OES measurement was possible, due to the small size of the sample. Despite of this
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impediment, GD-OES depth profiles of reasonable accuracy were obtained, see Fig. 6-9. It
was suspected by the producer that some properties of the resulting coating might be caused
mainly by the presence of hydrogen evolved during electroplating.
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Fig. 6-9: GD-OES depth profiles of an electrolytically CoPtW coated copper (sample prepared at
FEM, Schwébisch-Gmiind, Germany); (a) as plated and (b) after a heat treatment 24 h, at
400°C in argon; GD source anode diameter= 4 mm; Vg= 700 V; l@= 20 mA; measured
analytelines: Col 345.3 nm; Pt1 265.9 nm; W | 400.8 nm; H | 121.5 nm; Cu | 327.3 nm; P
177.4nm; C1156.1 nm; N | 149.2 nm and O | 130.2 nm.

An empirically optimised procedure of post-heating (24 h, at 400°C in argon), intended to
cause the diffusion of hydrogen out from the coating, proved as bringing the material
properties to expected values. In Fig. 6-9a the material as after the plating procedure is GD-
OES depth profiled. The presence of hydrogen in the CoPtW layer is evident. Fig. 6-9b shows
that indeed hydrogen has diffused out from the coating. No sign of hydrogen can be seen in
the copper base metal, which is known to form a very efficient diffusion barrier for
hydrogen.[179-182] From Figs. 6-9a and b one can also observe that the hydrogen diffusion is
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accompanied by the oxygen one. Carbon seems to increase dlightly (possibly a "hydrogen
effect").

Hence, one can conclude that hydrogen present in the CoPtW coating in bound form, at |east
partly as OH™ or similar (see the oxygen signal in Figs. 6-9aand b), is able to diffuse out after
the disruption of the corresponding bonds during the heat treatment.

The following two examples are two electrolytical coatings largely used in industria
environments, namely hard chromium and cadmium.

Beside the decorative function, due to its reflective and corrosion-resistance properties
offering avery popular surface finish, chromium coatings fulfil wide engineering applications
In all these cases the primary coating method is electrodeposition. The latter type of
chromium coating, the hard chromium one, provides an enhanced resistance to friction, wear,
heat and corrosion as well. Other than the decorative chromium coatings, which have a
typical thickness in the range of ~100 nm-1.3 um, the hard chromium ones have a typical
thickness range of ~2.5-500 um. Especially for hard chromium, for which the plating times
are, e.g., ~10 h for typical high-strength aircraft engine parts requiring chromium coatings of
~75-180 um thickness, the main part of the plating current evolves hydrogen at the surface of
the part. The low current efficiency of the hexavalent chromium plating process is well
known. Therefore higher current efficiencies are searched as an aternative, e.qg., trivalent
chromium, which is also non-toxic. On the other hand, whilst the presence of hydrogen is not
so problematic for decorative applications, in hard chromium coatings it has a crucial
importance with respect to hydrogen embrittlement of critical substrates. In order to avoid
this, post-plating thermal treatments are required.

Fig. 6-10 shows two GD-OES depth profiles of typical hard chromium plated steel sheets as
used in the aircraft industry () as plated, and (b) after athermal treatment, 24 h, at 200 °C in
argon.[6] It should be noted that, due to the low sputtering rate of chromium, rather high dc-
power was applied in order to obtain good sensitivities (mainly for hydrogen). One can
observe in Fig. 6-10 that the hydrogen distributed homogeneously in the chromium coating
diffuses out during the heat treatment. Due to the very low content of hydrogen (the hydrogen
acquisition channel was set on maximal sensitivity in Fig. 6-10) it is a difficult task to
establish the hydrogen nature by other analytical methods. As the oxygen signal in Fig. 6-10
shows, hydrogen within the deposited layer is obviously not bond to oxygen, but is supposed
to be present as a chromium hydride.

Complementary but competitive to the coatings of zinc and its alloys (see Sec. 6.3.2) as well,
cadmium coatings are widely employed for providing sacrificial (cathodic) protection to steel.
In marine environments for example a cadmium coating is better than a zinc one of equal
thickness. A key property responsible for many of its applications is cadmium'’s lubricity and
capability to prevent galing between dliding surfaces. When corroded, cadmium forms
thinner and less harmful corrosion products than zinc. The additional solderability, low torque
and compatibility with aluminium make cadmium as one of the most popular finish for the
aircraft industry (e.g., fasteners), but also for the automotive one (e.g., disc brakes, door
latches, etc). Electroplating in cyanide solutions is the most popular method for applying
cadmium coatings, the fine-grained deposits and the good thickness homogeneity being
decisiveitems.
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Fig. 6-10: GD-OES depth profiles of a typical hard chromium coating electrolytically deposited on
stedl (sample prepared by LUFTHANSA, Hamburg, Germany); (a) as plated and (b) after a
heat treatment 24h, at 200°C in argon; GD source anode diameter= 4 mm; Vg= 900 V; l 4=
30 mA; measured analyte lines: Cr | 425.4 nm; Fel 371.9 nm; H 1 121.5 nm; C 1 156.1 nm;
N1149.2 nmand Ol 130.2 nm.

Hydrogen embrittlement is unfortunately typically for this type of electrolytical coatings, too.
Heat treatments procedures applied after the plating are in this case also necessary to
avoid/reduce the risk of embrittlement by driving out the hydrogen evolved during plating and
present in material. Fig. 6-11 shows two GD-OES depth profiles of real samples used in the
aircraft industry (samples offered to investigations by generosity of LUFTHANSA, Hamburg,
Germany): (a) as plated and (b) after a heat treatment.[6, 179-181] It should be noted that this
kind of samples, in their usua form, are rather improper to GD-OES analysis, the sample
surface being very rough and powdery as well. The samples were able to be in-depth profiled
by GD-OES. However rather high signals of nitrogen and oxygen were observed and basic
pressures higher than normal were attained. Of these both impediments it was got rid
successfully by pressing the coated sheets at an appropriate pressure (10 kt). As one can see
in Fig. 6-11, after a necessary optimisation procedure in terms of depth resolution, hydrogen
ispresent (i) in the coating, very likely mainly as contamination from
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Fig. 6-11: GD-OES depth profiles of a typical cadmium coating €electrolytically deposited on steel
(sample prepared by LUFTHANSA, Hamburg, Germany); (a) as plated and (b) after a heat
treatment; GD source anode diameter= 4 mm; V4= 900 V; 4= 30 mA; measured analyte
lines: Fel 371.9nm; H 1 121.5 nm; C | 156.1 nm; N | 149.2 nm and O | 130.2 nm. Cd

profile is omitted due to the absence of a corresponding recording channel.

the sample, and (ii) much more important, at the interface cadmium coating - steel substrate
(see Fig. 6-114) as causing embrittlement.[183-186] The GD-OES result presented in Fig. 6-
11b confirms the models (and the empirical observations) on hydrogen embrittlement.
According to them, the trapped atomic hydrogen present at the interface is liberated by the
post-plating heating and diffuses out from the coating or into the bulk of the substrate at
concentrations below a critical threshold. More details on similar behaviours see in the next
section (Sec. 6.3.2) for zinc electroplated coatings.
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6.3.2 GD-OES analysis of electrolytically coated zinc on steel. Comparison with hot dip
zinc coating.

Zinc plating is most widely employed in industrial environments for sacrificial protection
(preferential to cadmium, which is very toxic).[2, 187, 188] The relative low cost, its
protective nature, attractive appearance, serving also as an effective undercoat for paints,
make zinc a popular coating for the industry of domestic appliances or automotive. Enhanced
corrosion resistance especially for automotive applications can be reached by depositing zinc-
aloys, preferable Zn-Co, Zn-Fe and Zn-Ni. The most available and common method of
applying zinc coatings is by far electroplating (by using one of cyanide, alkaline non-cyanide
or chloride plating solution). As in the examples described in the previous section (Sec.
6.3.1), hydrogen evolved during plating, but cathodic alkaline cleaning and acid pickling
before plating as well may reduce the fatigue strength of especially low-alloyed high strength
steels (such as those used in the aircraft industry).[183-186] In order to reduce/eliminate this,
post-plating heat treatments are necessary. For special applications hot dip galvanising can be
used, where no hydrogen embrittlement occurs, if the pre-treatment is done properly.

Fig. 6-12a and b shows two GD-OES depth profiles of typical electrolytical zinc and hot dip
zinc, respectively, deposited on steel. As expected, a considerable and homogeneously
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Fig. 6-12: GD-OES depth profiles of (a) atypica eectrolyticaly zinc coated steel (sample prepared
at OTEK, Brieselang, Germany); (b) a typica hot dipped zinc coated steel (THYSSEN-
KRUPP-STAHL AG, Duisburg, Germany); (c) bulk zinc sputtered in pure Ar; (d) bulk zinc
sputtered in a GD plasma containing 0.1% v/v Hy/Ar. GD source anode diameter= 4 mm;
Vae= 800 V; pior= 700 Pa; measured analyte lines: Zn | 330.2 nm; Fel 371.9 nm; H | 121.5
nm; C1156.1 nm; N | 149.2 nm; O | 130.2 nm and Ar | 415.8 nm.
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distributed signal of hydrogen is observed in the electrolytically coated zinc layer. Other light
elements, such as C, N, O, P, S were also observed in the electroplated coating. In contrast,
the hot dip zinc coating is very "clean". The exponential-like decreasing signals of H, N, O
and C at the beginning of the depth profile in Fig. 6-12b are characteristic to contamination
(from the sample and/or GD source). Additionally, the hot-dip zinc coating is passivated (due
to the active nature of zinc) through a very thin chromate layer. Because this type of
passivation layers is electrically non-conductive, the rf-powering mode should be applied to
resolve successfully this structure by GD-OES (e.g., see Fig. 6-17).

As demonstrated in Sec. 5.1, choosing the discharge current as the dependent GD-parameter,
one could very easily "sense" the presence of hydrogen. Indeed, looking comparatively at the
current values in Figs. 6-12a and b, a reduced current (of ~37 mA) is observed for the
electroplated zinc relative to the hot dip one (of ~41.5 mA). Based on the knowledge won
from Sec. 5.1, one can suspect mainly hydrogen in the electrolytical zinc layer as being
responsible for this effect. Moreover, the dight increase of the Zn | 330. 2 nm line and the
decrease of the Ar | 415.9 nm line are already known to be caused by the same reason, i.e.,
presence of hydrogen, however added in gaseous form and not as an analyte. In order to
verify this, and also the similarities found in the TiH, features by using various sources of
hydrogen, a simple experiment using pure bulk zinc and mixing small amounts of hydrogen to
the argon plasma was carried out. The results are presented in Figs. 6-12c and d. One can
observe that the presence and the effect of hydrogen as an analyte could be simulated by
hydrogen added in gaseous form. Whilst Fig. 6-12c is nearly identical with Fig. 6-12b, Fig. 6-
12d is similar to Fig. 6-12a, in terms of current, argon line and, very important, the hydrogen
line. In other words, by adding known quantities of hydrogen one could approximate the real
hydrogen content in the electrolytical coating from Fig. 6-12a. Prerequisite is to assume that
sputtered material from the sample constitutes roughly one hundredth of the plasma density.

In order to have an absolute measure of the hydrogen concentration, zinc electroplated
coatings of only 1 um thickness and of the same composition with those as in Fig. 6-12a (of
~12 pum thickness) were in-depth profiled for hydrogen by NRA (see Sec. 4.6).[105] Two
independent measurements are shown in Fig. 6-13:
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Fig. 6-13: NRA hydrogen depth profile (on two different places, "1" and "2") of an electrolytically
zinc coated steel of ~1 um thickness (sample prepared at OTEK, Brieselang, Germany);
measurement performed at BAM, Laboratory 1.41, by Mr. U. Reinholz.
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As one can see, the concentration of hydrogen found by NRA in the zinc coating is about 9-
10 at.-%, i.e., a very high amount, which is not taken into account at al in the GD-OES
routine analysis. This high amount of hydrogen in typically electroplated zinc coatings on
steel could be confirmed by the GD-OES analysis from Figs. 6-12a and d. 0.1% v/v hydrogen
in the argon GD plasmaisin fact able to correspond to such ~100 times higher concentrations
in the sample. This experimental result would be in agreement with those found in Sec. 5.1.8
for TiH, case (see Fig. 5-17). There, ~0.19% v/v hydrogen added as a gas gave a similar
effect as the hydrogen coming from the sample. This trend was found by BENGTSON as
well.[149] Precise calculations are difficult to perform, but it seems once again that also from
this experiment on zinc the hydrogen effect coming from different sourcesisvery similar (!).

From Fig. 6-13 one can also conclude that for an interface at 1 um depth, NRA is not able to
deliver reliable data, the method being exactly on its limits. Therefore, further experiments
intended to investigate the hydrogen behaviour at the interface electroplated zinc - steel
substrate were performed by GD-OES. For this purpose, the steel substrate was very carefully
prepared (grinded, polished, etc) and the maximal sampling rate was set for the GD-OES
acquisition at interface. From the beginning on, the working mode most appropriate for this
particular study of the interface proved to be constant voltage/current.[149] It is proved that
especialy the interface region is very sensitive to the GD parameters and working mode
chosen.[e.g., 189]
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Fig. 6-14: GD-OES depth profiles of (a) atypical electrolytically zinc coated steel (sample prepared
by OTEK, Brieselang, Germany); (b) a typical hot dipped zinc coated steel (THYSSEN-
KRUPP-STAHL AG, Duisburg, Germany), i.e., the same materialsasin Fig. 6-12aand b, but
analysed in constant voltage/current mode; GD sorce anode diameter= 4 mm; Vg.= 700 V;
le= 20 mA; measured analyte lines: Zn | 330.2 nm; Fe | 371.9 nm; H | 121.5 nm; Al |
396.1 nm; C | 156.1 nm; N | 149.2 nm; O | 130.2 nm and Ar | 415.8 nm.

Analysing Fig. 6-14, one can remark more clearly by using the constant voltage/current mode
firstly the effect of hydrogen on the Zn | 330.2 nm line, and namely the increase of its
emission yield. Secondly, and relevant with respect to the embrittlement problem, is the
profile of hydrogen at the interface. The shoulder in the hydrogen profile at the interface, if
normalised to the other profiles, denotes a light hydrogen enrichment. According to recent
models,[183-186] this hydrogen may be responsible for the material embrittiement. The
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process is very similar to that observed at the cadmium electroplated coatings presented in
Sec. 6.3.1.

If so, this very low signal of hydrogen at the interface should disappear after appropriate heat
treatment procedures applied after the plating.[183, 185, 186, 190, 191, 192] Extensive
experiments performed at BAM by PAATSCH et al. several years ago proved explicitly the risk
of hydrogen embrittlement by developing of special tests. Moreover, procedures for the
prevention of hydrogen embrittlement were established.[185, 190] The parts subjected to a
constant-load test were fuse holder rings with an inner diameter of 4.68 +0.01 mm mounted
on a cylindrical pin with a diameter of 5.00 mm. 175,000 fuse holder rings were plated and
tested under various conditions. The testing time was chosen as long as two months. Just as
an example, Fig. 6-15 shows the dependence of the fracture rate on the post-plating heat
treatment.
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Fig. 6-15: Fracture rate dependence over a test period of two months on the duration of post-plating
heat-treatment at 220 °C.[185]

From Fig. 6-15 one can observe that the fracture rate firstly increases up to a maximum and
then approaches zero with increasing the duration of the post-plating heat treatment. Thus,
after an annealing procedure of 24 h the risk of embrittlement is practically eliminated.
Models explain this phenomenon by diffusion (activated by heat) of the hydrogen trapped at
the interface (i) further into the steel substrate, so that the concentration of hydrogen in the
bulk isbelow acritical value or (ii) even through the zinc coating. Fig. 6-16 supports point (i).
Firstly, the shoulder in the GD-OES hydrogen profile at the interface is slightly reduced by
the heat treatment applied. Secondly, one observes the slight hydrogen enrichment in the
substrate. However, the hydrogen signal in the steel substrate decreases rapidly from a
measurement to the next one. One reasonable explanation for it would be that the high
temperatures occurred locally at the surface of the sputtered material during sputtering [193]
force the very mobile hydrogen atoms to diffuse preferably out from the sample. It is known
that pure zinc congtitutes a very efficient barrier against hydrogen diffusion. Note that the
hydrogen signals in the coating and at the interface remain nearly identical, see Fig. 6-16.
However, electroplated zinc shows a high density of dislocations serving as diffusion paths.
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Fig. 6-16: GD-OES depth profiles of hydrogen (H | 121.5 nm) in electrolytically Zn coated steel
(St37) (i) as plated (black profile) and (ii) heat-treated (coloured profiles) 24 h, 220 °C in
argon; GD source anode diameter= 4 mm; Vg= 700 V; lg= 20 mA. Three GD-OES
measurements after the post-plating heat treatment were carried out in the sequence "1%";
"2 and "3 shot.

Similar phenomena of hydrogen vanishing are noted for other samples, too (e.g., TiH,). The
stability of hydrogen over larger periods of time is in fact the most difficult problem to be
solved in order to certify the amount of hydrogen in reference materials.

In contrast to the atomic hydrogen trapped at the interface and which is able to diffuse as soon
as it is activated by heat treatment, as one can see in Fig. 6-16, the homogeneous in-depth
hydrogen distribution in the zinc coating remains completely unchanged after the heat
treatment. This means that hydrogen is present in the coating as a compound such as Zn(OH),
or organic additives. The dissociation energy of these compounds is high enough not to be
reached by the heat treatment at 220 °C. It should be noted that higher heat treatment
temperatures were tried, too, in order to follow the behaviour of the bound hydrogen in the
zinc electrolytical coating. However, at 330 °C (still ~100 ° under the melting point) already
the zinc coating was drastically altered (colour changed to dark).

Hence, in the case of electrolytical coatings of zinc on steel thereis (i) the bound hydrogen in
the coating, which is not able to diffuse and does not have negative effects on material
properties (in contrast, it assures partly the finishing brightness), and (ii) the trapped atomic
hydrogen at the interface, which is very damaging by causing the embrittlement, but which is
able to effuse under appropriate heat treatment procedures and thus avoiding embrittlement.

Models [184] try to explain the hydrogen charging of such electrolytically deposited steels by
different mechanisms: (i) pore mechanism, at the very beginning of the deposition procedure,
when the coating is not enough dense yet; (ii) diffusion mechanism, which continues after the
pore mechanism, but which is however not possible at all for cadmium and zinc layers with a
thickness exceeding 3 to 5 um, both being diffusion barrier for hydrogen; (iii) absorption-
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diffusion mechanism, characteristic for plating with cadmium and zinc and which is aso
suggested to be responsible for the strong increase of the fracture rate in Fig. 6-15, after
relative short (~1 h) duration of heat treatment; and (iv) chemical mechanism, which,
depending on the akali metals added to the deposit (of, e.g., cadmium and zinc) and the
corresponding reactions, gives rise to water decomposition and hence formation of atomic
hydrogen.

Investigations reported in literature [184] demonstrated that, despite of the fact that, e.g.,
cadmium and zinc do not absorb hydrogen in their lattice, it is physically possible that they
adsorb hydrogen at the intercrystaline surfaces, where hydrogen diffuses to. These
intercrystalline surfaces are rather large exactly at the coating/steel substrate interface, where
it isproved that the crystals sizeis very low.
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Fig. 6-17: RF-GD-OES depth profiles of electrolyticaly Zn coated steel (sample prepared by
ENTHONE GMBH, Langenfeld, Germany) having a thin nickel interlayer (a) as plated and
(b) heat-treated 24 h, 220 °Cin argon; GD source anode diameter= 2.5 mm; V= 2100 V;
p~ 500 Pa. Note the very thin top-surface layer of non-conductive (blue) chromate.
Measured analyte lines: Cr | 425.4 nm; Zn 1 330.2 nm; Ni | 349.2 nm; Fel 371.9 nm; H |
121.5nm; C | 156.1 nmn and O | 130.2 nm.

Just as a more efficient alternative to the costly post plating heat treatment, a very recent
procedure of deposition of a nickel interlayer was proposed to "cut" the absorption-diffusion
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phenomena of the hydrogen trapped at the zinc/steel substrate interface.[186, 194] Fig. 6-17
shows RF-GD-OES depth profiles of such test samples. No indication of hydrogen in the steel
substrate and at the interface nickel-steel substrate as well could be found neither before nor
after a heat treatment procedure (Fig. 6-17b). This suggests that the new interface zinc/nickel
suppresses the phenomena originating hydrogen embrittlement.

The results reported in this section show how GD-OES, as the only analytical method able to
deal with hydrogen depth profiling over very thick coatings, can contribute to the control of
such damaging phenomena as hydrogen embrittlement. Its consequences are much more
devastating than, e.g., corrosion. The GD-OES results reported here are the very first ones
published with this respect, not yet fully quantitative. Nevertheless, at least qualitatively, they
confirm the existing models. Further involvement of other laboratories in investigating such a
sensible field would be welcome.
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7 Conclusions

As dready stated in "Objectives’, two main fields have been extensively investigated in this
work by using GD-OES: (i) the multiple effect of hydrogen on emission line intensities,
emission yields, sputtering rate, sputtering crater shape and GD parameters; (ii) depth
profiling of layered materials, in particular thick coatings containing hydrogen and
optimisation of thin multilayer non-conductive materials.

With respect to point (i) firstly fundamental investigations have been carried out (Sec. 5.1) in
order to understand better or at all the elementary mechanisms of excitation and ionisation
taking place in the GD plasma and actually causing the hydrogen effect when small quantities
of hydrogen are present. The alternative use of neon instead of the conventional discharge gas
argon or additional GD-M S measurements have been proved to be very useful in this attempt.
Due to the complexity in the behaviour of the line intensities at the hydrogen addition, the
relative simple and well-known emission spectra of copper, beside those of the noble carrier
gas, have been thoroughly investigated (Sec. 5.1.1 and 5.1.2). Depending on the excitation
energy of the emission lines, individual decreases (even down to amost vanishing of certain
lines) in general, but enhancements as well of line intensities of analytes in particular have
been observed. The comprehension of the (partial) energy diagrams of the noble carrier gas
and hydrogen to that of the analyte gives definitely a very useful overview on the main
processes. E.g., one of the key points in the understanding of the hydrogen effect is the
observation of an emission continuum in the spectral range of ~220-440 nm (Sec. 5.1.3)
already at hydrogen concentrations of ~0.1% v/v in the GD plasma. Being excited at an
energy very close to that of the argon metastables, 11.55 and 11.72 eV, respectively, the
hydrogen continuum proves the decisive role of the argon metastables (directly and efficiently
guenched by hydrogen) in the GD. Consequently, a series of secondary linked occurrences are
explained, e.g., the decrease of the density of the argon ions or the quenching of the Cu I
lines excited at 8.23-8.78 eV above the first ionisation potential of copper. For a fuller
understanding of the changes in the emission lines intensity, e.g., of the Cu | linesor the Si |
lines, further investigations are still necessary. The most experimental results obtained in the
present work are more and more supported by very recent work of modellers.[117, 136]
Nevertheless, the extension of the models to the high current regime is also necessary.

Thinking on GD-OES analysis of materials containing hydrogen, it becomes decisive to
interpret correctly the measured depth profiles, i.e., (i) the hydrogen itself, and (ii) the other
(affected) analytical lines, too. On the other hand, knowing the emission lines providing
enhanced emission yields under the hydrogen influence, it was proved (Sec. 6.1) that the
controlled addition of hydrogen improves relevant analytical figures of merit such as
sengitivity of detection for certain elements (such as Mg, Si, Cu), and even the detection
limits.

Common emission lines of analytes have been investigated under the influence of hydrogen
added as a gas up to 0.1% v/v into an argon GD plasma (Sec. 5.1.5). Based on the resultsin
this concentration range, i.e., corresponding approximately to the whole concentration range
of hydrogen in the sample, PAYLING et al. have proposed an agorithm for the correction of
the alterations in the emission lines intensities caused by hydrogen. So, whilst part of the
hydrogen effect (the change in the emission lines intensity) seems to be possible to be
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corrected for, the quantification of the hydrogen itself remains unsolved yet and this due to
the lack of suitable CRMs containing hydrogen. Nevertheless, by using of materials
containing hydrogen (stable at least temporary), it is demonstrated that the hydrogen effect
seems to be nearly the same with respect to various aspects (the dependent GD parameter,
hydrogen emission lines and continuum, noble carrier gas and analyte emission lines)
independent of the source of hydrogen, i.e., as a gas and as an analyte (Sec. 5.1.8 and 6.3.2).
Hence, this similarity allows the simulation of the hydrogen effect by (experimentally easily)
adding defined quantities of hydrogen instead of using hydrogen as an analyte.

The presence of hydrogen in small quantities in an argon GD plasma causes the increase of
the GD resistance, this meaning a decrease of the sputtering rate for the most materials
investigated. More important from the analytical point of view, the sputtering crater shape is
also very sensitive to the content of hydrogen in the GD plasma. In turn, knowing this facet of
the hydrogen effect (Sec. 5.1.7) one could imagine experiments, where the best attainable
depth resolution, sometimes limited from technical reasons, can be enhanced by the
controlled addition of hydrogen. This is demonstrated on real examples of layered non-
conductive materials (Sec. 6.2), for which it is well-known that the optimisation of the depth
resolution is strongly limited by the maximal rf-voltage supplied by the rf-generator or by the
sample properties.

Examples of systematic optimisation procedures with respect to the depth resolution are
reported for thin multilayer materials (Sec. 5.2). These costly procedures have been
comparatively tested by using other competitive depth profiling methods, such as plasma
SNMS and SIMS. Some challenging materials (such as thin non-conductive layers on non-
conductive substrates) have been deliberately selected in this experiment. Especially for non-
conductive layered materials, there are certain and narrow ranges where the GD parameters to
be driven give the optimal depth resolutions. However, each material (composition of the
coated layers and composition and thickness of the substrate) requires its particular
parameters. Classes of certain materials can be established and the trends of the sputtering
crater form with the GD power and pressure should be known. A dlightly worse depth
resolution, but a much shorter analysis time have been evidenced for GD-OES against the
other techniques (Sec. 6.2).

Depth profiling of very thin layers (5 nm asingle layer) is shown to be possible not only with
conventional techniques such as SNMS, but aso with GD-OES. However, specia cares
uncommon to the routine GD-OES analysis must be taken into account. The prerequisite in
GD-OES analysis of very thin layersis to keep the contamination level in the GD source to a
minimum by long prior sputtering of clean materials (ideally Si). Not only the depth
resolution, but the analyte line intensities are affected by contamination, which may come
from the GD source and/or the sample itself, but having the same negative effect
exponentially-like at the beginning of a depth profile. The basic element responsibly for
contamination is hydrogen. One can explain the ateration of the depth resolution, but also the
change in the emission line intensities by changes in the excitation mechanisms (as in Sec.
5.1.5), by interference with molecular bands of contamination compounds containing
hydrogen (Sec. 5.1.6) and, not least, by the superposition of the hydrogen continuum. The
knowledge of such particularities of the GD-OES analysis can be successfully used for very
thin films analysis, the results being comparable with those obtained with SNMS (Sec. 6.2.4).

The thorough knowledge of the hydrogen effect in GDS contributes thus decisively to the
correct interpretation of the GD-OES depth profiles of materials containing hydrogen and of
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thin layers not containing hydrogen but being affected by it from contamination. The simple
qualitative monitoring of the hydrogen signal often proved to be very useful. The GD-OES
analysis of hydrogen itself is at least qualitatively or comparatively (good - bad samples) also
possible and, due to its uniqueness, opens up new and large application fields of interest.
Electroplated coatings are only one of them. There is no other analytical method which is able
to analyse hydrogen in concentration ranges of pg/g at interfaces in a depth of, e.g., some tens
of um. Some materials relevant with this respect have been selected for investigations by GD-
OES (Sec. 6.3).

Section 6.3.1 shows examples of materials where hydrogen in electrolytical coatings such as
CoPt or CoPtW deposited on copper worsens the properties of the substrate material. GD-
OES shows successfully how hydrogen is dispensed by diffusion from the coating by
appropriate post-plating heat treatments. Similar behaviour is noted for other electroplated
coatings such as, e.g., hard chromium. In both cases it is assumed that hydrogen in atomic
form is able to diffuse out from the sample after breaking of compounds (hydride) containing
hydrogen. Dueto their very low content, it is very difficult (or even impossible) to investigate
them by other analytical methods. In the aircraft industry cadmium coatings are largely used.
However, due to the presence of low amounts of hydrogen at the interface with the steel
substrate such materials are sensitive for delayed embrittlement. This can be again suppressed
by post plating heat treatments. GD-OES investigations have proved to be the only analytical
tool able to deal with and to confirm the expectations.

Another case is electroplated zinc coatings, to which special attention have been paid (Sec.
6.3.2). High amounts (some at.-%) of bound hydrogen (unable to diffuse) are proved by NRA
to be homogeneously distributed through the coating. Simulation of the hydrogen contained in
the layer with hydrogen controlled added as a gas in GD-OES has confirmed roughly the high
concentrations of hydrogen in the zinc coatings used in this work. However, hydrogen hasin
this case no damaging effects on the sample properties, rather improves them, e.g, by
providing glance. The hydrogen embrittlement caused by atomic hydrogen trapped at the
zinc/steel substrate interface is difficult to be investigated by GD-OES, due to the much
higher content of hydrogen in the coating itself. Nevertheless, very careful and subtle GD-
OES analyses prove qualitatively the presence of the trapped hydrogen at the interface, and
additionally, the diffusion of the liberated hydrogen after a post-plating heat treatment further
into the steel substrate, too. It should be noted that there are also cases, when hydrogen in the
electroplated zinc coating is present in much lower contents (depending on the produce).

By the investigations of the effects presented in this work new fields of applications
especialy in the steel, aircraft and automotive industry are opened up. In many aspects, GD-
OES is at present the only analytical method able to be implemented successfully. For the
preliminary results presented in this work interest from these industries has been signalised,
further common investigations being already planned.
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