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ABSTRACT

The provision of accurate composition-depth profiles is important in
the investigation and characterization of thin and thick films, surface
coatings, surface treatments and many other technological applications.
Such profiles are normally obtained using a combination of sputter ion
etching and surface énalyticai techniques. However, there are problems
with this approach, particulariy at depths greater than %pm, since surfaces
are generally eroded in a non;uniform way., Profiles to these depths are
best achieved by using Auger electron spectroscopy in combination with a
technigque for mechanically tapering the specimen surface. Ball-cratering,

. which employs a rotating steel ball coated in fine diamond paste to abrade.
a well-defined spherical crater in the surface, is shown to be a convenient

and accurate method.

The depth resolution'of composition-depth profiles obtained by ball-
cratering depends on the crater geometry, the diameter of the probing
electron beam and the degree of surface roughness preduced by the wear
process, A model systen, consisting of an electrodeposited haxd chrome
coating on a polished mild steel substrate, is used fof a series of

experiments aimed at defining the depth resolution as a function of the

operating parameters,

The wear mechanisms in.Baii—cratering‘afe éxamined in detail_for a
series of metals with a range of hardness, undgﬁ'a variety of conditions.
Useful information concerning tﬁe'natureLof tﬁélﬁear mechanisms is given
by the value of the wear coefficient ;‘obtaiéé&-from measurements of the
wear rate. The surface topography produced is characterised by means of

scanning electron microscopy and stylus measuring techniques.:



Pinally, composition-depth profiles through some commercially
important protective coatings and nitrocarburised surface treatments

are presented to illustrate the.usefulness of the techniques.
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Chapter 1 INTRODUCTION

The top few atomic layers of a material may determine its
characteristics with regard to processes which occur at the surface.
Such processes may be of great scientific and technological interest,
for example adhesion, corrosion, wear. catalysis and other chemical
reactions, The study of surfaces, especially of metals, can help to
reduce corrosion and_improve their mechanical and chemical properties. '
Since a monolayer of contamination can condense onto a c¢lean surface
in less than an hour. even at a pressure of 1022 atmospheres. the
current use of surface analytical techniques is due in part to-the

development of ultra high vacuum technology.

1. Surface analysis technigues

A number of techniques are available, principally Auger electron
spectroscopy. X-ray photoelectron spectroscopy and secondary ion mass
spectrometry which enable the chemical composition of the outermost
atomic layers to be determined. These techniques employ a beam of
electrons, photons or ions which give rise to the emission of secondary
partiéles characteristic of the surface composition. Each method of
surface analysis 1s described in Chapter 2, wifh emphasis on Auger
electron spectroscopy. The capabilities and limitations of the methods
are discussed and a comparison is made of their relative merits. A
more detailed description of AES is then presented, since it is the
most suitable method for use with taper sectioning techniques,
Particular reference is made to quantitative analysis, and some electron

bean artefacts are discussed.

2. Composition=-depth profiling

It is often desirable to compare the chemical composition of the
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surface layers with that of the bulk. Such composition-depth profiles
can be obtained by one of several methods, discussed in Chapter 3,
according to the ultimate depth required. For shallow profiles use can
be made of non;destructive methods which depend on variations in the
escape depth for the emitted electrons. The electron escape depth is a

function of energy, and the angle at which they emerge from the surface.

- Profileé to greater depths are required for the investigation and
characterization of thin and thick films, suxface coatihgs and surface
treatments, The combination of ion beam etching and Auger electron
spectroscopy is normally used to obtain these profiles, Although ion
etching is a good means for composition-depth profiling, there are
several artefacts of the sputtering process. Surfaces are generally
eroded in a non-uniform way, particularly in the case of industrial
' s;mples, causing a roughening of the surface. This leads to a

' corresponding deterioration of the depth resolution with sputtered depth.

There is an increasing requirement for profiles to depths greater -
than Jum for the examination of industrially important protective coatings
such as those produced by electrodeposition, and nitrocarburised surface
treatments, Iﬁ addition to the artefacts mentioned above, sputtering
to theée depths is relatively slow, making it inefficient and wasteful of
instrument time. This has lead to the adoption of external mechanical
tapering techniques, including ball-cratering which is described in
Chapter 3. The ball-cratering instrument employs a rotating steel ball,
coated with fine diamond paste, to abrade a well-defined spherical crater
in the specimen, the depth and width of which can be accurately controlled,
Composition-depth profiles can be obtained from point to point Auger analysis

down the walls of the crater or by means of elemental linescans.



3. Depth resolution

The definition of depth resolution used in ball-cratering follows
from that which has been applied to sputter depth profiles, The.factors
affecting the depth resolution in profiles obtained by ion etching are
discussed in Chapter 4. The main contributions are atomic mixing effects,
jon-induced microtopography, and factors due to the statistical nature of
the sputtering process itself, Consideration of the statistical sputtering
contribution predicﬁs that the ﬁrofile of an initially sharp interface
will have the shape of a Gaussian error function. The broadening of the
interface is definéd as twice the standard deviation of:tﬁe Gaussian,
which is e&ﬁivalent.fo the depth over which the intensity of the output
-signal decreases from 84% to 16% of its maximum value. This definition
is generally used as a measure of the depth resolution in all depth

- profiling techniques.

Taper-sectioning has an important advantage over ion etching in
that the depth.resolutionvis independent of depth. The main factors
affecting the depth resolution are the surface roughness produced by the
wear process, and a'geometrical term due to the finite diameter of the
probing electron beam. A series of experiments is described in Chapter 4
in which an electroplated hard chrome coating is used as a model system, in

order to investigate the relative importance of these contributions.

4., . Wear mechanisms

The depth resolution of composition depth profiles obtained with
ball~cratering is a function of the éurface roughness produced by the wear
p¥ocess. The ultimate surface finish is dependant upon the nature of the
wear mechanism itself, A survey of the principal wear mechanisms is

presented in Chapter 5, with emphasis on abrasive and adhesive wear. A
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detailed study of the wear processes involved in ball-cratering is made
under a variety of conditions for a series of metals with a range of hardness
Useful information concerning the nature of the wear mechanism ip each case

" is obtained from measurements of the wear rate, and the corresponding

value of the wear coefficient. The surface finish obtained is chatactérised
using scanning electron microscopy and stylus measuring teachniques.

Flnally, the effect of the cratering process on the surface topography of
the ball is discussed.

5. Applications

In order to illustrate the usefulness of ball-cratering for the
prevision of composition-depth profiles, the technique is applied to a
range of industrially important protective surface coatings and treatments.
Electroplating is an important process for the protection of steel surfaces,
and an example is given of a profile through a commercially available zinc
coating., The usefulness of the technique is further illustrated in the

case of ion plated coatings and nitrocarburised surface treatments.



Chapter 2 SURFACE ANALYSIS TECHNIQUES

1. Introduction

There are now a éonsiderable number of techniques available which
provide valu#ble information on the chemical composition of surfaces
(Kane and Iarrabee 1974 Czanderna 1975park 1975, Treitz 1977, Werner 1980)
The characteristics of the most common methods of surface analysis are
discussed and a comparison' is made of their capabilities and limitations,
Auger electron spectroscopy is described in more detail since this is the
most appropriate technique for composition-depth profiling, particularly
when used in combination with taper-sectioning techniques, The major
constituents of the spectrometer are described, and the méans for obtaining

_quantitative analysis are outlined.

2, (Qlassification of techniques

Surface analysis techniques may be classified according to the
incident probe and the type of emitted p@rticles or radiation (Lichtman 1975)
The most widely used incident probes are electrons, photons and ions.
The electron probe commonly gives rise to secondary eiégffons (Auger
electron spectroscopy (AES) ) and X-ray photons (electron probe
microanalysis (EPMA) ).  Incident X-ray Thotons generate electrons in X-ray
photoelectron spectroscopy (XPS), while ions are the incident particles in
secondary ion mass spectrometry (SIMS), ion scattering spectrometry (ISS)
~ and Rutherford backscattering (RES).

Table 2.1 summarises the incident probe and type of emitted radiation
for the main surface analysis techniques (AES, XPS, SIMS, ISS and RBS).
The electron microprobe (EPMA) is also included although it is not strictly
a surface sensitive technique since it provides information from depths of

up to one micron.



INCIDENT PROBE EMITTED PRRTICLES OR RADIATION

Electrona [ Photons | Ions
Electrons AES . EPMA
Photons - XpS (ESCAlL
. SIMS
Tona ' I5s
Table 2,1 The type of emltted particles ox radiation and

the usua) means of excitation for the majer
surface analytical technicues .



2.1 Incident Electrons

An incident electron with sufficient energy can remove an inner
shell eléctron from an atom. An electron from an outer shell will then
drop into the vacant site, with the emission of energy equal to the
difference between the initial and final atomic states. This energy may
‘be released in the form of an X ray photon characteristic of the emitting
atom., This proceés forms the basis of electron probe microanalysis (EPMA)
(Hutchins 1974). Alternatively the enérgy can be given to another electron,
causing it to leave the atom and the material. The energy of this
.emitted electron is also related to the energy level differences in the
atom and it is known as an Auger electron. The kinetic energy of both
the Auger electrons and‘emitted X ray rhotons is not dependent on the

Primary beam energy but only on the energies of the initial and final states
of the atom,

Auger emission and X ray fluorescence do not occur with equal
probability in all elements (Hercules and Hercules 19?4). and the'dependence
on atomic number is shown in figure 2.1. The probﬁbility of X-ray
emission is very small for the lighter atoms, but above atomic number 11
for sodium Auger emission decreases as the probability for X ray emission

becomes greater,

An X ray spectrum consists of characteristic X ray lines of the
~elements present in the bombarded volume. This spectrum is then dispersed
using either an energy or wavelength spectrometer. Elements are identified
according to the wavelength of the characteristic lines, and quantitative
information can be obtained by measurement of the appropriate line
intensities. The mean free path of X rays is much greater than the
penetration depth of the incideﬁt electron beam. The degree of surface
sensitivity is therefore dependent on the accelerating voltage of the

electrons, typically 10-30kv, and is generally about one micron.
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However Auger electrons can in practice only be detected from a
maximum of ten atomic layers. This is limited by the mean free path of
the electrons which have a high probability of undergoing inelastic
collisions in leaving the material. Composition depth ﬁrofiles can be
obtained in Auger electron spectroscopy, either using ion etching for

naterial removal or by mechanically tapering the specimen surface.

2,2 Incident photons

The well known photoelectric effect whereby incoming prhotens give
rise to the emission of electrons forms the basis of X ray photoelectron
spectroscopy (Siegbahn et al 1967, Carlson 1975, Briggs 1977) . Phﬁtons
. are well suilted to the study of surfaces since they have negligible
nomentum, causing minimum disturbance, and being neutral the problém of

charging of the specimen is greatly reduced.

Electrons from all orbitals with a binding energy EB less than the
X ray energy are éxcited. but not all with equal probability. If the
kinetic enerzy EK of the ejected electron is measured, and the X ray energy

is known then by the law of conservation of energy

B Rrg | (2.1)

where ¢s is a correction for the spectrometer work function.,

Although the X rays penetrate deep into the sample, the ejected
electrons come from only the top few atomic or molecular layers. This is
determined by the mean free path of the electrons, and therefore the

technique has a similar surface sensitivity to that of Auger electron

spectroscopy.

The binding enercy EB of the emitted electrons .is affected by the



8

chemical environment and &aries for a series of compounds containing that
atom. A core electron experiences a strong attractive force propoftion&i

to the atomic number, and a repulsive force from the outer, valence
electrons. If an electron is removed from the outer shell the core electrons
experience an increased force of attraction from the nucleus, effectively
increasing the binding energy. The gain of an outer electron has the
opposite effect. These “chemical shifts" were observed in the early work

of S4egbahn and his co-workers (Nordling et al 1958), which led him to

coin the name "Electron spectroscopy for chemical analysis". The term ESCA

is now widely used and is synonymous with X ray photoelectron spectroscopy.

A disadvantage of XPS is the poor spatial resolution due to the
difficulty in focussing X rays, which means that large diameter, greater than

lem, lon beams are required for depth profiling.
2.3 Incident ions

A probing ion beam can give rise to reflected primary ions as well as
secondary ions from the target materials., The number of emitted ions may
be determined as a function of energy as in ion scattering spectroscopy

(13S) or of mass in secondary ion mass spectrometry (SIMS).

In ISS (Buck 1975) a monoenergetic beam of inert gas ions with an
energy of several KeV strikes the specimen surface and the energy distribution
of ions scattered at some particular angle, usually 90 degrees, is measured.
It is assumed that the bombarding ion undergoes a simple binary collision
with a surface atom and loses energy according to a simple kinetic exchange.
The relative energy loss of the ion is governed by the conservation laws of
energy and momentum, and in the special case when'the angle is 90 degrees the

relation may be written

E final = (Matom - Mion) (2.2)
E initial (Matom + Mion)




9

Information is obtained essentially from the uppermost atomic layer,

making ion scattering Spectrometry a specifically surface technique.

In contrast to ISS, Rutherford backscattering (RBS) employs a beam
of high energy (1-3 MeV) ions in order to provide depth information on
the distribution of atomic species (Reuter and Baglin 1981) . The method
is non destructive since low atomic number primary particles (H' or He')'
are used for which the sputtering yileld is negligible. Elements can be
detected to a depth of a few microns, the upper limit being determined
by.the mass of the-constifuent atoms. Quantitative analysis can be
obtained using values of the stopping power and the scattering cross-section
for the target atoms which are known and tabulated., The best mass resolution
is achieved when the incident ion has a mass close to that of the target

atom, but low mass ions are used to avoid inelastic scattering.

Rutherford backscattering is generally restricted to species which
contain only a few elements, and is best suited to the study of implanted
heavy dopants in a matrix of lighter atoms, or to a system where the
surface elements have a higher mass than those of the bulk. It is not
suitable for the measursment of light constituents in a matrix of heavier
atoms due to the low scattering cross-section of light elements, and the
presence of the large background from the matrix.

Ion bombardment also causes sputtering which is the ejection of
surface atoms either in the form of neutrals, or of positive or negative ionms.
In secondary ion mass spectrometry (SIMS) (McHugh 1975) the sputtered ions
are analysed by a mass spectrometer. SIMS is extremely sensitive, 1076

13gram.being possible, and has an important advantage over

monolayer or 10
AES and XPS in that all elements, including hydrogen, can be detected while
isotopés can be separated. It is alsov possible to obtain images showing
the distribution of the various elements and isotopes over the specimen

surface using the secondary ions emitted (Castaing 1980).
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Since the surface layer is removed by sputtering during an intense
ion bombardment, SIMS was initiallf regarded as unsuitable for the analysis
of individual monomolecular layers. _The introduction of a "“static" method
(Benninghbven 1972) reduced sputtering to a negligible level by the use of
extremely low primary ion current densities, making it into a non-destructive

technique.

In view of the inherent sputtering process occurring in SIMS, it appears
to be a straightforward technique for composition-depth profiling (Liebl 1975
However there are difficulties in quantification since the sensitivity
factors for the various elements can cover several orders of'magnitudg.
When the‘technique is used for depth profiling it is generally referred to

as "dynamic" SIMS or the ion microprobe,

2.4 A comparison

The major characteristics of each of the surface analytical technigues
which have'been}discussed are compiled in Table 2.2 The capabilities and
limjitations of the most important techniques are evaluated for surface and
thin f£ilm analysis in a review by Hofmann (1979). Chang (1981) has .
considered the relative merits of XPS and AES both in view of their current

performance and of that which is theoretically possible.

Each method of surface analysis has its particular advantéges and
shortcomings. However the information they provide is often complementary
and more than one technique may be used in the analysis of a specific

specimen,

The surface sensitivity and high spatial resolution of AES make it the

“ideal teéhnique for composition~depth profiling. Good spatial resolutlion is

essential, both in sputter depth profiling, where the diameter of the

incident electron beam should be small compared to_that of the ion beam, and



AES Xpg SIMS Iss RBS EFPMA

‘Incident probe electrons X rays ions ions ions electrons
.Emission of electrons ele&trons ions lons ions X rays
iElement range Z7 3 272 Z%1 Z» 3 "23 6 2312
‘Sensttivity (ppm) 1000 1000 0.1 1000 100 1000

(at %) 0.1% 0.1% 1075% 0.1% 1072% 0.1%
Information depth 5«30 10-30 3-10 3-10 30-10" 102

(Angstroms) .

:Lateral resolution > 0, Spm ¥ 1 mm > o,slum 100/Am P ]f.xm > lf;m

‘Table 2.2

The characteristic properties of the major surface analytical techniques
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in combination with taper sectioning techniques, In view of this a more

detailed description of Auger electron spectroscopy will be presented.

3. Auger electron specirosopy

The Auger effect was discovered by Pierre Auger (1925) who observed
their tracks in a Wilson cloud chamber. James lander (1953) identified
Auger electrons‘in the secondary electron energy distribution of electron
bombarded surfaces and pointed out that they could be used to determine |
surface chemical composition. The Auger electrons appear as small.peaks in
the total energy distribution, and it was not until Hartis (1968) used
electronic differentiation to suppress the large background that the high
sensitivity of the technique was realised. AES became popular when it was
demonstrated (Weber and Peria 1967) that readily available LEED instruments
could be used as retarding potential analysérs to record secondary electron
émission spectra. Hosf nodern instruments employ the cylindrical mirror
analyser, introduced by Palmberg (1969), which greatly increases the speed
and sensitivity of Auger electron spectrometers. Comprehensive reviews of
Auger electron spectroscopy, with emphasis on the experimental aspectis

(Grant 1982 ) and applications (Holloway 1980) have recently been published.

3.1 The Auger effect -

The production of Auger electrons can be understood by considering the
electron re-arrangement which takes places when an atom is ionised under
electron bombardment (figure 2.2). If an electron with primary energy EP
ionises an atom by removing an electron from a core level K then the vacancy
is immediately filled by an electron from an outer shell, Ll for example,
The energy released as a result of this transition Ek - ELl may be emitted
in the form of an X ray zhoton, as in X ray fluorescence or EPMA, orrit may

be transferred to another electron, in the L2 level for example, causing it

to leave the atom. Such an electron would be a KL3L2 Auger electron with an



Auger electron,

vacuum level

 [IIITTTTTTITITTT veioce von

incident

electron Ep\

(D\"—O

Figure 2.2 Energy level diagram showing the production of an
Auger electron :



12

energy glven by the relation

Ber, = % "B P, - % | (2.3)

where Qgis the work function of the spectrometer. The Auger electron energy
is dependent only on fhe specimen material and is independent of the primary
electron energy. Since at least two energy states and three electrons

are required for Auger électron emission, Hydrogen.andFHelium atoms cannot
give rise to Auger electrons. The electron energies of the principal

Auger transitions are shown in figure 2.3,taken from the 'Handbook of Auger

electron spectroscopy' (Davis et al 1976) .

3.2 The secondary electron energy distribution

' The electron energy distribution N(E) is shown in figure 2.4(a) where:
.iﬂe Augef eléctrons appear as Small peaks., The large peak at Ep is due to
the elastically scattered primary electrons and is useful for calibrating
the energy scale and aligningrthe electron analyser., The small peaks near
Ep are characteristic energy'loss.peaks, dus to plasmon and ionization losses,
and are studied in electron energy loss spectroscopy (EELS), The large peak
near E=0 is due to collisions between the primary electrons and surface
atoms leading to the production of secondary electrons. These secondaries
in turn create more secondaries which give rise to a cascade of electrons
with ever decreasing energy. The peak does not occur quite at E=0, but at
a value limited by the work function of the émitting surface. The Auger
electron peaks themselves occur between these features on a slowly changing

background and are considerably enhanced by differentiation {figure 2.4 (b) ).

Compilations of -standard Auger spectra for most elements have teen
published in this differential form ( Davis et al 1976, McGuire 19790.
The size of the peaks is dependent on the primary electron energy and this

dependence is shown in figure 2.5 ( McGuire 19?9) for the 356 eV silver peak.
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N(E)
(a)

dN(E)|
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(b)

Figure 2.4 Schematic diagram showing (a) the number of detected electrons
N and (b) the differentiated function 4N as a function of the
electron energy dE
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In practice certain fixed.energies are used for ease of comparison with
standard spectra, an example of which is shown in figure 2.6 (Davis et al
1976) for silver obtained with 3keV primary electrons.,

3.3 Experimental Methods

An Auger electron spectrometer consists of an ultra high vacuum systenm,
capablé of pressures of less than 10-9 Torr, an electron gun to provide the
prima;y excitation and an energy analyser for the emitted secondary electrons.
Since uhv conditions may take many hours to attain many Auger systems are
" equipred with a carousel, which enables a number of speciméns to be housed
in the system at any one time, Alternatively a fast entry lock is employed
so that specimens may be admitted one at a time without taking the whole

system up to atmospheric pressure.

3.3.1 YVacuum requirements
. °
When studying the composition of surfaces it is important that they
should be glean and free from contanination. The current use‘of surface
analytical techniques is due in’part to the development of ultra high vacuunm
technology. The vacuum requirements can be estimated from a consideration of
the kinetic theory of gases. The rate at which gas molecules impinge on

unit area of a surface is given by the relation { Yarwood 1967 )

N = PNA (2;4)

1

(27rMRT)?
where p is the pressure, T the temperature and M is the molecular weight
of the gas. N, is Avogadros number = 6,025 x lO23 and R is the universal

‘gas constant = 8,317 Joule deg “1 no1.7t



Figqure 2.5
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For nitrogen at room temperature

2.9 x 10%2 p ™2

N = 6.025 x 10°p

(277x 28x10f3x8.317x293)%

At a pressure of 1072 Torr, equivalent to 1.33 x 10~7 Nm'z, the number of

molecular collisions per second with a boundary of area lm2 is therefore

N = 2.9 x 10 x 1.33 x 10~/ = 3.86 x 10%°

and in one hour the number is 1,39 x'1019

19 stoms ™% so that if every

An atomic monclayer contains about 10
molecule impinging on the surface sticks to it, then it will become
completely covered in about an hour, which is normally sufficient time for

an experiment to be undertaken. e
The vacuum requirements in practice, however, are less stringent,
rarticularly when the surface is continually ercded by an ion beam in

sputter depth profiling.

3.3.2 The energy analyser

Several types of eﬁergy analyser. have been employed in the
development of Auger electron spectroscopy. Harris (1968) used a 127
degree cylindr?cal analyser for his early work, while the retarding field
analyser of the LEED-Auger apparatus ( Weber and Peria 1967) has been widely
used. However, because of its speed and excellent signal to noise ratio,
the cylindrical mirror analyser (CMA) (Palmberg et al 1669 )is the one most
commonlxaemployed in modern AE3S apparatus., A schematic diagram illustrating

the essential features of an Auger electron spectrometer incorporating a
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CMA is shown in figure 2.7, taken from the Handbook of Auger electron

spectroscopy (Davis et al 1976) .

The CMA incorporates an internal electron gun, provi@ing a beam of
electrons which is focussed on to the surface of the specimen., Secondary
electrons ejected from this point, located at the source of the CMA, pass
through an aperture on the inner cylinder. Electrons with a specific energy,
determined "by the negative potential appliéd to the outer cylinder, are
able to pass through a second aperture on the inner cylinder and reach the
small exit apeiture. The electrons enter an electron multiplier and the
amiplified signal is recorded as a function of the potential applied to the
outer cylinder. If a small a.c. voltage is superimposed on this potential
and the in phase signal from the electron multiplier is synchronously

‘detected with a lock-in amplifier, then the differential function dN!E!
dB

may be obtained,

The resolution _AE _ of the CMA is determingd by the precise geometry
but is typically O.j%.E This provides optimum signal to noise since the
Auger peaks of interest usually occur between 20 and 2000eV and are typically
2 to 10 eV wide, Some increase in signal to noise can be achieved by
increasing the modulation voltage but only at the expense of energy resolution,
The influence of modulation voltage on the amplitude and resolution for the

example of the silver MNN peak is shown in figure 2.8.

The hemispherical sector analyser (HSA) is also widely used for Auger
analysis, particularly in combined XPS and AES spectrometers. It consists
(figure 2.9) of two concentric hemispheres with a potential difference applied
between them so that only electrons with a particular energy can reach the
exit aperture and enter the electron multiplier. The analyser can be operated
in two modes, fixed retard ratio (FRR) or fixed analyser transmission (FAT).

In the FRR mode the voltage between the hemispheres is swept over a range of
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Fiqure 2,7 A schematic diagram showing the experimental arrangement
employed for cbtaining an Auger spectrum using a cylindrical
mirror analyser {Davigs et al 1976)
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Figure 2,8 Vartation of the silver MNN peak with modulation voltage
obtained using a cylindrical mirreor analyser
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vélues to select the energy of the transmitted electrons. In this mode,
which is used for AES, the analyser operates in the same way as the CMA,
and gives a resolufion which is proportional to energy. The fesolution
is superior to that of the CMA but this advantage is offset by a decrease

in transmission,

Alternatively the potential difference between the hemispheres may be
held constant and the eléctrons are pre-retarded by a potential applied to a
mesh in front of the entrance slit. In this FAT mode, generally used for
XPS, the retarding potential is swept through the required energy rangé,

and the analyser resolution remains constant throughout“the spectrum.

3.3.3 The electron gun

The electron gun employs electrostatic lenses enabling the beam to be
finely focussed and rastered over the specimen surface. Monitoring the
secondary electron-current enables an SEM image of the surface to be

obtained which is useful for identifying areas of specific interest..

The spectrometer can be set up to monitor a particular Auger peak
and the electron beam slowly scanned over the surface to give an elemental
linescan. This facility may be extended to produce an elemental map by
rastering .the beam and using the output of the spectrometer to modulate
the intensity of an oscilloscope spot (MacDonald and Waldrop 1971) .
Modern scanning Auger systems are equiﬁped with sub-micron electron beam
diameters for optimum spatial resolution, although this is not required for

most applications of AES.

3.3.4 The ion gun

The jon gun has a dual role in an Auger electron spectrometer where

it is used for sample cleaning and the provision of composition-depth
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profiles, It produces a beam of monoenergetic ions, usually of a noble
gas such as argon, which may be focussed or scanned over the specimen
surface to remove atoms by sputtering. The ion beam aﬁd electron bean
are arranged to be coincident at the specimen surface, and it is desirable

for the ion beam diameter to be much greater than that of the electron beam.

3.4 Quantitative Analysis

The current Ii from an Auger transition i, collected by an analyser

is given by (Chang 1974 )

;= ALK, _,onsﬁwm' (2.5)

where

A is the area irradiated by the primary electron beam
Iy is the primary electron beam intensity

P is the atomic density of element i

; € 1)

X, is the concentration of element i (0 £ X
D is the escape depth of électrons

is the backscattering factor

is the lonization cross-section
Auger transition probability

is the surface roughness factor

H O e | W
e
[1)]
24
fee]

is the instrument transmission.

However each symbol represents a complicated function of several variabies
and so the product notation is only symbolic. The escape depth D specifies
the region from which Auger electrons are emitted and is perhaps the most
important factorffor quantitative analysis. The value of D is governed Ey
the mean‘free path of electrons which depends on their energy and the
material, but is independent of the primary energy. Va;pes of the mean free

path, expressed in monolayers, are shown in figure 2.10 (Seah and Dench 1979 )
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Figqure 2.10 Experimental measurements of the inelastic mean
free paths for elements, expressed in monolayers
(Seah and Dench 1979)
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for various elements as a function of energy. The mean free path is very
high at low energies, falling to a minimum between 30 and 100 eV and then
rising again approximately as E% At low energies the electrons have
insufficient energy with which to excite any of the transitions by which they
may loserenergy. while\at high energies the cross—sections for such transitio
become small. In the energy range corresponding to the frincipal Auger
transitions, 20 to 2000 eV, the mean free path lies between 1 and 10
monolayers. ’This is the depth from which Auger electrons can be defected and

gives AES 1ts high degree of surface sensitivity.

3.4.1 Elemental sensitivity factors

Quantitative analysis from first principles is not practical at the
prresent time, However the atomic concentration of element i can be

expressed as

i i™s (2.6)
ss
735

where S, and 33 are the inverse Auger semnsitivity factors of elements
i and J. This is the most useful equation for quantitative analysis, but it
cannot be expected to provide answers with a high degree of accuracy since
variations in the backscattering factor-and escape depth with material

are neglected. Sensitivity factors, relative to the standard element silver
are shown for all the elements in figure 2.11 (Davis et al 1976) as a
function of atomiq number. Values for three types of Auger transition are

given, obtained with a primary beam energy of 3KeV.

3.5 Chemiecal information

. Changes in the electron binding energies of atoms occur when elements
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combine together to form a compound. This leads to changes in both the
_energy and the shape of the Auger peak (Rye et al 1978) . These effects
are collectively term ‘"chemical shifts" and have been used for some years

to provide empirical information on the chemical state (Haas and Grant 1970).

Although attempts have been made to predict and explain such shifts
(Coad and Riviere 1972, Jennison 1580) it is more usual to use a "fingerprint”
technique to identify compounds from Auger spectra. Bauer (1972) has
observed changes in the peak position and shape for a range of carbides,
while Allen énd Wild (1974) give examples of shifts occuring in metal oxides.
There have also been recent studies of fhe changes in the shape of the
sulphur peak in various compounds (Turner et al 1980) . The nature of the
chemical information which can be obtained from Auger electron spectroscopy
has been reviewed by Madden (1981); He presents a-survey cf the known
energy shifts with emphasis on those.which result from the pxidation of

solid materials.

However, chemical shifts may lead to problems in quantification since
changes in the peak width are combined with changes in the peak to peak
. height (Hall et al 19??) + Nevertheless such effects may be corrected by
using the area of the Auger peak which is proportioned to the current.
Grant et al (19??) have described a.fechnique whereby the Auger peak area
values can be obtained directly from the phase sensitive detector and ﬁiotted

using conventional‘multiplexing-equipment.

3.6 Electron beam artefacts

The incident electron beam can cause several effects which may adversely
~ affect the quality of Auger spectra and lead to difficulties in their
interpretation., These effects include elcctrostatic charging, specimen

heating and certain composition changes.
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3.6.1 Electrostatic charging

This is a particular problem in the case of insulators (Carriers
and Lang 1977) when the specimen becomes negatively charged if the
secondary electron yield is below unity. The Auger peaks are shifted
along the energy axis, but this is not a major problem if the whole
spectrum is shifted by a fixed determinable amount of energy. The
secondary electron yield is dependent on the primary beam voltage and
the angle of incidence, and so the effects of éharging may be minimised

by careful selection of these parameters,

3.6.2.Specimen heating

The temperature rise for a homogenous material of thermal

conductivity X is given by (Pittaway 1964)
P o= —— : (2.7)

where E, I and d are respectively the energy, current and diameter of
the primary electron beam. Specimen heating is not a problem for metals
but can become important in the Case of semiconductors and insulators.
High temperature rises may occur in the case of metallic films deposited
on insulating substrates such as glass . (Hofmann and Zalar 1979&) , and
can also be predicted (Roll 1980) .

Specimen heating may cause inter~diffusion and its effect on
composition-depth profiles has been studied by Roll et al (1979) in the
case of multilayer films of copper and nickel. Localised heating is likely
to be a particular problem in Auger microanalysis where high beam energies

and extremely small spot sizes are used.
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3.6.3 Composition changes

Electron stimulated desorption (ESD) (Madey and Yates 1971) causes
compositionai changes which can have serious consequenées in Auger electron
spectroscopy, and has been the subject of thorough studies (Pantano and
Madey 1981) . Hooker and Grant (1976) have obtained direct evidence for
the desorption of oxygen ions.in studies of CO monolayers on.nickel,

Van Oostrom (1979) has examined the case of the decomposition of A1,0,
ﬁnder electron bombardment. He observed a decrease in the Auger peak at
5heV, corresponding to Aluminium in the oxidised state, together with an
increase in the-metallic Aluminium peak at 68eV. The loss of oxygen leads
to a reduction of the surface oxide,_though changes in bulk composition
can occur rrovided there is diffusion of oxygen atoms to the surface.. BESD
has been shown to adversely affect the depth resolution of compesition-
depth profiles since it may lead to enhanced sputtering in the electron
jrradiated area ( Ahn et al 1975) .

Tﬁe presence of background gases in the vacuum chamber can also‘lead
to composition changes as a result of electron stimulated adsorption (ESA),
Although adsorption of residual gases may be expected on any clean surface,
enhanced adsorption of oxygén has been shown to occur on silicen in the
presence of carbon monoxide under electron bombardment ( Coad et al 1970 ).
Tompkins (1977) observed electron beam induced adsorption of oxygzen on
clean nickel surfaces, tﬁe rate of which was dependent on the partial
pressure of HZO' Decomposition. of watér vapour in the eiéctron beanm is
particulariy important for semiconductor materials and Van Oostrom (1979)
shows the adsorption of oxygen on a GaAs surface. The most common example
of ESA is the build up of carbon contamination at the surface due to the
cracking of hydrocarbons, and has been shown to occur by Joyce and Neave

(1973) in the cas2 of silicon.
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4, Discussion

The principles and major characteristics of the most widely used
surface analytical techniques have been described, and a comparison has
been made of their relative merits. Auger electron spectroscopy is the
most suitable technique for depth profiling due to its surface sensitivity
and high spatial resolution. A more detailed description of AES was then
given, with emphasis on the experimental aspects, and the means for

obtaining quantitative information were discussed.
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Chapter 3 COMPOSITION-DEPTH PROFILING

1. Introduction

Composition-depth profiles enable the chemical composition of the
éurface to be compared with that of deeper layers. There are a number of
techniques for obtaining such information, depending on the ultimate depth
required. Methods which depend on the variation of the electron escape
depth with energy are non-destructive but are only applicable to depths
of a few atomic layers. Profiles to greater depths are generally obtained
by a combination of lon beam etching and Auger electron spectroscopy. |
However surfaces may be eroded in a non-uniform way, particularly in the
case of industrial specimens, causing a deterioration in the depth resolution.
An alternative approach, which is suitable for profiles to depths greater
than 1};m, is to use techniques for mechanically tapering thé specimen
surface in combination with Auger electron speétroscopy. The principles
of each of these methods are described in this chapter, and their

capabilities and limitations are discussed.

2. Non=destructive methods

2.1 Angular dependence of Auger electron emission

Some information concerning the depth distribution of elements can be
found by changing the angle of incidence of the primary electron beanm
( Harris 1969) . Reducing the angle towards glancing incidence causes
the surface atoms to be preferentially excited compared to normal incidence.
Meyer and Vrakking (1974) calculated the ratio of the peak to peak heights
measured in the case of low and high energy prima;y electrons at glancing
incidence. This ratio decreased as a function of depth which can be

explained by the greater degree of scatterihg for the lower energy electrons,

making them less effective in exciting Auger transitions.
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2.2 BEscape depth variations

The dependence of the electron escape depth with energy provides a
means of obtaining information on depth distributjon sSince many elements
have both high and low energy Aug;r transitions (figure 2.3). For electrons
emerging along the surface normal the escape depth is equal to the mean
free path (figure 2.8) which varies between 0.4 and 4 nm (Seah and Dench

1979) over the energy range of interest, 20-2000eV.

The use:of this technique has been demonstrated (P.H. Holloway 1975)
for determining the thickness and uniformity of ultra thin films of chromiunm
oxide on gold substrates. The Auger signal from the substrate material
decays exponentially on the thickness of the uniform overlayer according to

the equation

I, = I exp (-x/\) 31)

where Io is the Auger signal from a.clean infinitely thick sample of the
substrate material and % is the overlayer thickness. %5 is the mean free
path of the Auger electrons from the substrate in the overlayer material,

but includes an analyser geometry term.

The effective escape depth A of Auger electrons emerging from an
angle © to the surface normal is given by
A= AN cosB (3.2)

o

where )\o‘ is the inelastic mean free path,

According to this relation, depth information can be obtained by
tilting the specimen with respect to the analyser. However, in practice it
is usually limited to systems employing the concentric hemispherical analyser

(CHA), commonly used in X-ray photoelectron spectroscopy, since this has a

emall acceptance angle. The technique is rarely used with the CMA, which
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has a more complicated geometry and shows a deviation from the cosine law

( Hofmamn 1981) .

Escape depth variations provide a means for depth profiling which is
non-destructive, but the method cannot be used beyond about 5 nm. It is
however useful for studies of adsorption, oxidation, contamination amd

surface segregation.

3. Ion etchin

Ion etching was first iﬁtrodﬁced in surface science as a méans of
cleaning solid surfaces in situ prior to examination ( Farnsworth 1958 ) .
It is necessary to remove greaéé and other contaminants which are acquired
" from the environment during handling as well as the remmants of cleaning
acids and solvents., JIons of noble gases such,'a.s'Ar+ are generally used
as they do not react with the specimen surface or with hot filaments in

the vacuum system,

Noble gas lons behave closely like hard spheres and physical sputtering
is the result of independent binary collisions in billiard ball fashion
( Caxter and Colligan 1968, McCracken 1975 ). The basic assumptions of
conventional sputtering theory have been reviewed by Oechsner (1975) and
Signund (1980). ' |

3.1 Sputter depth profiling

Combining sputter-etching with a surface analytical technique such as
Auger electron spectroscopy provides a means for obtaining composition-
depth profiles (Palmberg 1972) . The erosion rate is determined by the

value of the sputtering yield which is the number of atoms removed from

the surface per incident ion, This depends on the mass, energy,electronic
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configuration and angle of incidence of the incident ion, and on the atomic
mass, electronic structure, crystal structurs, oriéntation, binding energy
and surface topography of the target (Wehner 1975) . Values of the sputterir
yield of a number of metals and semiconductors have been determined by
Laegrid and Wehner (1961) and Rosenberg and Wehner (1962) for bombardment
by various noble gas lons with a range of energies, Quantitative aspects
of composition-depth profiles in AES using sputter ion etching are discussed
by Hall and Morabito (1978).

Commercially available sputter ion guns for depth profiling in AES are
usuall& of the hot filament type, based on the Bayard-Alpert jonisation
gauge (figure 3.1). The heated £1lament rroduces electrons which are
accelerated into the grid with sufficient energy to ionise gas atoms on
collision. The ions are accelerated by the anode into the focus eleétrode,
and are then electrostatically deflected onto the.target. The current
density of the ion beam has a Gaussian distribution and nnfmally produces a
crater in the specimen surface of 1 to 2 mm diameter. This type of source
produces ion# having a narrow spread of energies, with only a small number
of multiply charged and neutral species, It is normally operated with argon
ions at energies between 1 and 5 KeV, and with current densities of between
100 and 200 PA cm-z. Under these conditions material can be removed at
rates between 10 and 40 nm per minute which is adequate for many depth
profiling applications.

In order to obtain an accurate and meaningful profile.it is desirable
that the analysed area should be much smaller than the sputtered area. This
demand can be met in AES, but not in ESCA since X rays cannot in general be
focussed and large diameter ions.beams are required., Such beams may be
achieved by scanning the focussed beam over a larger area, but this is

accompanied by a much reduced sputtering rate. An alternative approach is

to use a cold cathode ion source, such as the twin anode electrostatic ion gm
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.shown in figure 3.2. A discharge is maintained between the anodes, held

at a positive potential, and the earthed cathode. The gas species is fed
directly into the source so that there is a differential pressure between
the source and the specimen chamber. Ions which are formed in the discharge
emerge through an exit aperture ih the cathocde. Sources of this type can
produce intense ion currents over a large area. However the ions have a
wide energy distribution since their energy depends on the precise position
of formation, and a large number of multiply charged ions and neutrals are

produced,

For eomposition-depth profiling in AES, the electron beam can be made
at least two orders of magnitude smaller than that of the ion beam and be
directed towards the centre of the crater. A schematic diagram showing the
relative positions of the ion and electron beams when profiling through a
thin film is given in figure 3.3. Composition-depth profiles may be
obtained either by sequential ion bombardment and surface analysis using AES,
or the analysis may be performed simultaneously @ M. Holloway 19?5)

The latter method possesses an advantage in that surface contamination is
greatly reduced., For many applications it is umnecessary to obtain a full
spectrum each time and, when the concentration of only a few elements is of
interest, it is more efficient to use a multiplexing system, Narrow energy
windows are adjusted to cover only relevant peaks, and these are repetitively
scanned in sequence, The peak to peak amplitude of the Auger peak is
electronically measured and plotted automatically on the Y axis of an X-Y

recorder, with sputtering time on the X axis.

3.2. Ion beam artefacts

Although sputtering provides a universal means for obtaining composition-
depth profiles, many details of ion etching are unpredictable and are still

unexplained, This can lead to several artefacts and impair the depth resolutior
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of the profiles, which deteriorates with increasing depth. The factors
which influence the depth resolution in sputter depth profiling may be
divided into instrumental or geometrical ones and those due to the sputtering

process itself.

3.2.1 Geometrical effects

Geometrical effects arise from a non-uniform ion current distribution,
and misalignment of the electron and ion guns  (Malherbe et al 1981,
Duncan et al 1982) . Attempts have been made to correct for such effeéts
analytically (Hoffman 1975, Tsongiet'al.l980) , but they can be almost
eliminated by improved experimental techniques. Non-uniformity of the ion
- beam should not cause a problem so long as its diameter is much éreater than -
tha# of the electron bgam. Redeposition is another problem associated with
the crater edge and refers.to the sputtering of atoms from the. crater wall

and their subsequents transfer to the floor of the crater.

3.2.2 The sputtering process

Artefacts of the sputtering process itself have been reviewed by
Coburn (1976) and Holloway and Bhattacharya (1981). The elemental composition
of a sputter etched crater will in general be different from that of the bulk
material due to the substantial differences in the sputtering yields of
various elements. The surface coverage of elements with high sputtering
yields is decreased and. enriched with elements of low sputtering yields
(Holloway and Nelson 1979, Tompkins 1979 ).

Ion bombardment can cause motion of atoms in the specimen material by
collisional mixing (Sigmund and Gras~Marti 1980) and radiation-enhanced
diffusion ( Rivaud et al 1632) ., Collisional mixing is the collective name

for the two separate effects of recoil implantation (Sigmund 1979) and
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-

cascade mixing(Andersen 1979) . Recoil implantation refers to a direct
momentum transfer between the bombarding ion and the target atom producing
both a shift and a broadening of the profile. Cascade mixing generally
refers to indirect processes involving other target atoms, producing
primarily a broadening of the initial profile.

3.2.3-Surface topography

_ The most important factor affecting the depth resolution of sputtex
depth profiles, particularly for technological and industrial specimens is
the presence of surface roughness. Apart from any initial surface roughness
of the specimen, sputtering causes the formatién of what is generally
referred to as‘ion-induced microtopography (lLaty et al 1979) . Naundorf'ani
Macht (1980) found that surface roughness increased as a function of  ~
sputtered depth for copper bombarded with various low energy ions, The
degree of surface roughness'produced was much less in the case of single
crystal than polycrystallic specimens. A review of the surface changes

which are induced by ion bombardment is given by Navinsek (1976).

The presence of impurities gives rise to local variations in sputtering
yield which can lead in extreme cases to the formation of cones ( Wehner
and Hajicek 1971 ). In the case of polycrystalline metals grain boundaries
and dislocations become delineated as furrows or pits. Each grain shows-
characteristic fine etch features, or facets, which revea; the crystalline
orientation. As well as any intrinsic defects, ion-induced dislocations
( Webber and Walls 1979) can occur even on homogenous and isotropic specimens
having a smooth initial surface. These effects do not occur on amorphous

materials, or on semiconductors which tend to become amorphous during ion

bombardment ( Dennis and Hale 1976).

The sputtering yield is a sensitive function of angle and so for a
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monodirectional ion beam the etch rate will be different at differently
inclined microslopes. This leads to further modification of the surface
topogravhy. Smith and Walls (1979) have given a three dimensional theory
which accounts for the development of surface topography on amorphous
surfaces and leads to some recommendations regarding the optimum conditions
for depth profiling. The theory has been extended to include crystalline
materials by Smith et al (1981).

Since the sputtering ylield is a sensitive function of angle, the
formation of iom-induced surface roughness could be suppressed by rotating
the specimen. However this is impractical due to the technical difficulties
. associated with ultra high vacuum, and the limitations of current sample
manipulators. Sykes et al (1950) have described a system employing two!
ion guns, symmetrically inclined to the sample normal, which produced a
significant improvement in the depth resolution of profiles through a
Ag/Cu multilayer sandwich. This 1mproveﬁent may be attributed to a suppressio
of ion-induced microtopograrhy, confirmed using scanning electron microscopy -
by Makh et al (1982) who also considered the problem theoretically and

accounted for the difference in topography observed,

4. Crater-edge profiling

In this form of sputter depth profiling the wall of the crater formed
under ion bombardment is used as a taper section through the specimen.
Taylor et al (1976) have used the technique to examine the interface region
of phosphorous~doped silicon/silicon oxide films. The slope of the crater
is determined by the current density of the incident ion beam, which can be
measured with a Faraday cup. Taylor et al obtained an angle of 1.3 x 10-3
degrees at the interface for a crater with a maximum depth of about 1200X.
Crater-edge profiling is well suited to high resolution scanning Auger

systems and is useful for many semiconductor device applications. For
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example, van Oostrom et al (1980) have used the technique for the
characterization of epitaxially grown films on GaAs substrates to depths of
about 1 um.

If the current density of the ion beam is assuméd to have a Gaussian
distribution then tﬁe cross-section of the crater should have a similar shape.
According t§ Zalar and Hofmann (1980) the maximum slope’for a Gaussian
profile is given by

tan X_ = 0'6(%;) (3.3)

where Z is the depth of the crater at the centre and X, is the x wvalue
corresponding to the standard deviation o~of the Gaussian function., Zalar
and Hofmann used a muitilayer Ni/Cr sandwich of known thickneés to evaluaie
the slope of the crater. A layer thickness of 11.5 nm was magnified to 60um

on the X scale giving a magnification of tan o = 1.93 x 1074

, S0 that
c<m = 1,23 x 10'2 degrees., This gives a value for X, of 0.72mm for
Zo = 230 nm, corresponding to an ion beam diameter (full width at half

maximum (FWHM) = 2,350~ ).

Although the taper angles for crater-edge profiling appear to be some
two orders of magnitude smaller than those involved in éonventional angle=-
lapping or ball-cratering, it must be remembered that much shallower depths
are involﬁed. The maximum angle o(m is shown in figure 3.4 as a function of
the crater depth Zo for various ion beam diameters, In the case of an ion

beam diameter of lmm (FWEM) the taper angle reaches 1 degree at a depth of
about 12 pm.

5. Taper-sectioning techniques

Taper-sectioning tecﬁniques have been used over a number of years for
a variety of purposzes, including the characterization of surface foughness

(Bowden and Tabor 1973 ). The specimen is electroplated with a layer of
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metal of approximately the same hardness, andwis then cut and polished at a
small angle to the surface. The section may then be examined by optical
or electron microcsopy. Angles use& in this case are relatively large,

typically 6 degrees, which produces a magnification of ten times.

Similar angle lapping techniques have been used in combination with
electron probe microanalysis (EPMA) for the examination of composition
gradients. Hutchins (1974) gives an example of a 3 degree lap used in the
characterization of a flux-grown crystal. The chief drawback of this
approach is the poor depth resolution of the EFMA due to the relatively
largé depth, the order of ljlm, to which X-rays are excited., It is desirable.
to make this depth as small as possible by using low accelerating voltages

and soft X~-rays for the analysis.

Another important application of angle lapping is its use in _
combination with the spreading resistance technique»(mazur and Gruber 1981 )
for the determination of the depth distribution qfdopantq in silicon. To
obtain the best resolution the taper angle should be as small as possible.
Severin et al (1975) have described a lapping and polishing jig which can
achieve angles of less than 0.1 degrees. The measurement of such small
angles is difficult, but is normally carried out using some form of optical
interference technique ( Tong et al 1972 ).

5.1 Angle lapping and Auger electron spectroscopy

Tarng and Fisher (1978) combined the angle lapping technique with Auger
electron spectroscopy, using a taper of 0.5 degrees for the analysis of
thick insulating multilayers. A similar approach has also been used by
Chubb et al (1980) in the characterization of single and multilayer coafed

carbide cutting tools. The geometry of an ideal angle lapped specimen is

shown in figure 3.5. The specimen is lapped and metallographically polished
at a small angle @ to the surface to reveal the entire -depth to be
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Figure 3.5 A schematic diagram illustrating the geometry of an
angle-lapped surface ‘



33

profiled., The depth at any point on the taper is x tan #§ where x is
lateral distance from the edge. The taper effectively provides a
magnification of the revealed region of cotan @. The production of the
small angles required for depth profiling, 0.5 degrées or less, 1s not
routine and cannot be measured readily. An important disadvantage of the
technique is that it is, in general, limited to perfectly flat samples,

Moulder et al (1979) have described a technique whereby thick film
structures are cut and polished perpendicular to the surface, giving a
cross-gsection of the specimen. However, as the section is not magnified
at all, it is necessary to use a very fine electron beam in the subsequent

'analysis. |

5.2 Ball-crateri

" Happ and Shockley (1956) described a forerunner of the technique which
involved the cutting of a cylindrical groove_ for the measurement of Epe
depth of diffused layers in silicon. A cylinder is rotafed against the .
specimen in the presence of a fine abrasive to rroduce a groove of well
defined geometry. The method was evaluated by McDonald and Goetzberger (1962)

‘and compared with conventional angle lapping techniques.

Ball-cratering provides a means for producing a spherical crater in
the specimen surface and was first reported by Thompson et al (1979). It was
used in combination with Auger electron spectroscopy to obtain a composition-
depth profile of a TiN coating on a steel substrate. Walls et al (1979)
further illustrated the usefulness of the technique, and recognised the
advantages of combining ball cratering with sputter ion etching for the

analysis of deep interfaces.
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5.2.1 Geometry

The principle of the technique is illustrated in figure 3.6.
A rotating bearing steel ball :coated in fine diamond paste is used to
abrade a spherical crater in the sample surface. The ball rests in the
V-shaped groove of a hardened:.steel shaft and is made to rotate against
the specimen which is mounted on an inclined table, the angle of which
controls the load. The mass of a 3 cm diameter steel ball is 110 grams,

giving loads on the specimen typically in the range 20 to 70 grams force.

' The spherical geometry of the crater (figure 3.7) allows the depth

d to be determined simply frbm. a measurement of the diameter, since

(2)2 = a(2R-d) - (3.4)
\3
D° = 2RI-A%
L
Therefore
a = p° | (3.5)
| BR S |

if R>» 4 where R is the radius of the ball,

Ball cratering is a useful means for ﬁzea.suring thetthickness of a thick
film or surface coating, The thickness t is given by

t = D% - Dsz (3.6)

8R

vhere ]'.}s is the diameter of the revealed substrate region.

The stherical geometry of the crater is illustrated in figure 3.8
which shows an interference micrograph of a typical crater., For a spherical

surface the radius of the dark fringes r is related to the fringe number
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Figure 3,6 A schematic diagram showing the essential features
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Figure 3,7 A schematic diagram illustrating the spexical geometry
in hall-omatering
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n by the equation

r* = nRA (3.7)

where R is the radious of curvature of the surface, and X is the

wavelength of light used,

The corresponding plot of =2 against n, shown in figure 3-8, is

found to be a straight line, and confirms the sphericity of the crater.

5.2.2 Compesition-depth profiling

Combining the ball~cratering technique with Auger electron spectroscopy
enables composition-depth profiles to be obtained. The probing electron
beam may be electrostatically scanned across the crater to give elemental
linescans, or full spectra can be taken at a series of positions on the
crater wall., Although the gradient of the taper is not constant as in
simple angle-lapping, the depth at the point of analysis may still be found
by measuring the lateral distance x from the crater edge.

x{D=x) = 2 (2R-d=-(d-Z) ) (3.8)
= 7 (2R-244Z2)
= 27(R-d) +Z°

= x{D=x - (3.9)
For small =z, z §{§:E%

The gradient tan § at depth z is given by

tan § = 2%‘%3‘) (3.10)

The angle @ is shown as a function of the lateral distance (%'- x)
from the centre of the crater in figure 3.9 for various values of the ball

radius R, Over this range the angle increases almost linearly, and for a
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Figure 3.8 An interference micrograph of a typical crater surface together

* with the corresponding plot of the square of the ring radius as
a function of the ring number
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30 mm diameter ball is less than ) degree within 0.2 mm of the centre.

. The special geometry of ball cratering gives it an advantage over the
ordinary angle lapping technique since the gradient at the base of the
crater becomes vanishingly small, During depth profiling it can be arranged
for a coating-substrate interface, or some other region of specific
interest, to.be located towards the centre to give the maximum magnification,

and correspondingly the best depth resoclutien. '
6. Discussion

The combination of ion etching and surface analytical technigues is
the most widely used means for obtaining composition~depth profiles.
However there are several artefacts of the sputtering process which give
rise to the formation of surface microtopography and impa.ii; the depth
resolution. This, tbgether with the relatively slow ré.te of material
removal, makes sputter on etching unsuitable for profiling to depths of -
more than a few microns, Préfiles to greater depths :.re best achieved using
taper-sectioning techniques in combination with Auger elsctron spectroscopy.
The principles of these techniques have been described, with emphasis on
ball cratering, and the means for obtaining compositioh-depth profiles have
been outlined. The particular geometry of ball-cratering gives it several
advantages over convention-a.l angle lapping techniques. The precise position
of analysis can be chosen more accurately, it can be used on curved surfaces,

and the gradient at the base of the crater becomes vanishingly small,
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Chapter 4 DEPTH RESOLUTION

1. Introduction

The definition of depth resolution which is used in sputter depth
profiling forms the basis of that which will be used to characterise
prcfiles obtained using taper sectioning techniques. In view of this
the theoretical models for sputtering are first reviewed, and the other
factors which affect the depth resolution of sputter depth profiles are
mentioned, The main contributions to the depth resolution in profiles
obtained with taper-sectioning techniques are then discussed. A model
system is used for a series of experiments aimed at defihing the relative
importance of these contributions in profiles obtained using ball cratering

and Auger electron spectroscopy.

2. Sputter depth profiles

2.1 The sequential layer sputterinz model

. The dependence of depth resolution on sputtered depth can be
estimated from the sequential layer sputtering (SIS) model proposed by
Benninghoven (1970, 1976), This states that the probability of sputtering
is the same for all atoms in an& layer which have become exposed during
sputtering, and that the sputtering yleld is the same for all layers
independent of composition., The contribution to the depth resolution, at
depth Z, due to the sputtering process has been derived by Hofmann (1976)

oz, = 2(3.2)%L : (4.1)

where a is a measure of the layer thickness. This equation is only

applicable for z 3 8.
a
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When sputtering through a sharp interface the SIS model predicts a
profile having the shape of a Gaussian error functien. The broadening of
the interface {AZ) is defined as twice the standard deviation of the
Gaussian. This corresponds.to the width between the intensity at 84% of

the maximum signal and that at 16%.

Hofmann (197?) showed that the depth resolution as given by the SIS
model agreed well with a number of experimental results obtalned by
different authors, for example Ho and Lewis (1976), Mathieu et al (1976)
and Hofmann and Zalar (1976). However it now seems that this agreement m&y
have been fortuitous since equation 4.1 does not incorporate the contribﬁtions
to the depth resolution of other factors such as knock~on effects and
“topographical changes, It is 1ike1y'that such agreement occurs because the
result is coincidentzally a good description of the combined effects in
sputtering (Seah and Lea 1981 ) .

Roll and Hammer (1978) obtained results for multilayer films which
obeyed the empirical formula

72 = oA + ﬁz% , (4-2)

According to Roll and Hammer the additional constant term o< was due to
the initial roughness of the interface, Hofmann and Zalar {1979b) also
found a deviation from equation 4.1 at small z, but they attributed this

to the depth independent contribution of the Auger electron escape depth.

2.2 Criticisms of the SIS model

Wittmaack and Schulz (1978) have presented evidence against the
sequential layer sputtering model such as the results of Hofer and lLiebl
(1975) who found that Az remained approximately constant with depth after an

initial increase., Wittmaack and Schulz concluded that the parameter 'a’ in
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equation 4.1 could not be regarded as a constaq}, and that it decreased with
depth. This indicates that bombardment induced atomic mixing and the
original surface roughness play important roles. However the results of
Hofer and Liebl and the later oﬁes of Hofer and Martin (1978) were obtained
with rather higher energy ( ~ 10 KeV) ions than those used in the
compilation of Hofmann, and so do not satisfy the requirements for ‘soft’
sputtering implicit in the SIS model.

Werner (1982) proposed a relation of the form
Az = o+ B2° | (4.3)
where o< accounts for the intrinsic specimen contribution to the depth
resolutioh due to effects which are present at z=o0 or are independent of
depth, including initial surface—roughness. /3 includes all instrumental
éffects,‘and the development of surface roughness as a result of processes
such as preferential sputtering. Werner concluded then an 'ad hoc'
compilation of the results of different authors is inappropriate since
different values of X, Band § may exist depending on the specimen
composition and the instrumental set up.

2,3 Modifications to the SIS model | e

The main assumptioﬁs of the SIS model have been considersd by a number
of authors in order to improve the model, The sputtering yield of each
individual event is not constant, but is only on average equal to the
measured sputtering yield. Shimizu (1979) éuggested that since the
sputtering process consists of two mechanisms, ion bombardment and sputtering,
it should be treated as a conditional probability. He incorporated the
sputtering yield into equation 4.1 such that

az = 2 [az (1+y)]% (&.4)

where y is the sputtering yield. For the assumption of soft sputtering
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(y > 0) the above equation reduces to that of Hofmann.

. Erlewein and Hofmann (1980) incorporated the effects of atomic
migration into the SLS model, and predicted that there was a tendency

for Az to become constant at greater depths.

In the original SLS model the probability of sputtering was considered’
to be independen{: of atomic position. However it is clearly influenced by .
the occupancy of neighbouring sites, and is .dependent on the binding energy. A
atomic coordinate dependent sputtering rate has been incorporated into the
SIS model by Seah et al (1981), who also found that the depth resolution

remained constant for more than 10 atomic layers.

We may conclude from the above that the modified SIS contribution to the
depth resolution does not increase as the square root of depth, but is
constant and may in practice be dominated by insmentﬂ, topographical
and atomic mixing effects.

2.4 Other contributions to the depth resolmtion

In addition to the contributim Az g from the basic sputtering process,
there are a series of other factors which contribute to the total depth
resolution in a real system., Ion bombardment also causes a certain amount
of roughening of the surface, ;av.nd there are knock-on and ion mixing effects.
The initial roughness of 'f:he specimen surface, the finite depth resolution
of AES due to the escape depth of electrons, and a number of instrumental
effects also determine the magnitude of the depth resolution ( Hofmann 1980,
1981) + The measured depth resolution Az is a function of all these
different contributions AZi. If they are mutually independent then they may
be -a.dded according to the general error law by a quadratic sun (Hofmann 1977),

AT = [i%laz; I | (4.5)



41
Seah and Iea (1981) have examined the depth resolution of composition-depth
profiles obtained by ion sputtering for single and multilayer films on real
substrates. They found that the obsefved broadening depends on the orientatior
of the surface peaks as well as the magnitude of the roughness, The
broadening also depends on the orientation of the jon beam, and the best
resolution is obtained at normal incidence. The broadening of the interface
is given by the quadratic sum of the sputter broadening and that due to“the
initial roughness of the interface, Az, (Lea’ and Seah 1981)

az - (e, P+ op? ]2 +.6)

Carter et al {(1982) have reviewed theoretical models of surf&ée
topography development and atomic mixing, and describe some new approachés.
It is shown that the depth resolution is a complex function of depth, and
that both broadenings and shifts are to be expected. They conclude that,
in general, the relaéionship of the depth resolution with depth cannot be

expressed in a simple mathematical form.

3. Taper sectioning techniques

The definition of depth resoiution used to characterise composition-
depth profiles obtained with taper sectioning techniques follows from
that which has been applied to sputter depth profiles. Again it is measured
according to the degree of broadening of an initially sharp interface. The
two major contributions are that due to the roughening caused by the
mechanical lapping process used in producing the taper, and a geometricall
term arising from the finite diameter of the electron beam. If £>zB is
the contribution of the electron beam diameter and bZ, is that due to

mechanical roughening then
42 2 1%
2 = [(ag P+ (oa? ) (+.7)

Taper sectioning techniques possess an important. advantage over ion
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etching in that the depth resolution is independent of depth., Although
a small amount of éputtering is always necessary to remove the top few
layers of contamination, the term due to the sputtering process AZS is
insignificant compared to those mentioned ahove.

3.1 Geometrical contribution

At any position on the taper the electron beam of diameter b gives
rise tq secondary electrons from a depth AZB given by
AZB = p tan g (4.8)
where §§ is the taper angle (figure 3.3). ‘The intensity of the electron
beam has a Gaussian distribution, and to be consistent the diameter is
defined as twice the standard deviation from the position of maximum current

density.

The angle # is not a constant in ball cratering (figures 3.5and 3.6)
and the electron beam contribution to the depth resolution depends on the
precise position of analysis. However this does not present too much of a

problem in practice, since ﬂ can be expressed (equation 3.9) in terms of the
lateral distance from the crater edge. |

3.2 Experimental determination

The purpose of this series of experiments is to investigate the
rrincipal factors controlling the depth resolution in ball crateringz, and
to compare the measured resolution with that predicted from the sum of
the contributions of the individual factors (Brown et al 1981) . A model
system consisting of a hard chrome coating, electrodeposited on to a polished
mild steel substrate, was chosen for this invesfigation. Electroplated

coatings of a suitable thickness (;;5 }xm) can be produced routinely, and
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they provide a sharp intexrface with a minimum of intermixing, The mild
steel substrate was metallographically polished prior to deposition of the
coating using variocus grades of silicon carbide paper followed by 6}4m.
1 um and finally 0.25 pn diamond polishing wheels, Attempts were made to
deposit a number of metals on to the polished substrate but there were
rroblems with most due to poor adhesion., Hard chrome was found to have
suitable mechanical properties and strongly adhered to the substrate. The
precise thickness of the coating is umimportant but 5 to 10f¢m was thought
to be suitable. It was found to be 6}1m‘thick when measured with the ball
cratering iﬁgtrument. An optical micrograph of a ball crater through the
electrodeposited hard chrome coating is shown in figure 4.1, |

The contribution of the electron beam diameter to the depth resolution
depends on the position of the ﬁoint of anaiysis on the crater wall, To
investigate the effects of surface roughness it was decided to fix this
rosition so that the interface in each case was at a height of 3)Jm above
the tase of the crater. A series of craters was produced in the hard chrome/
mild steel specimen to a total depth of 9;1m, using a 30 mm diameter ball
and three grades (6}1m, 1 )Am and 0.25‘1m) of diamond paste.

3.2.1 Auger analysis

Analyses were performed in a varian 10 KeV scanning Auger electron
spectrometer. The specimens were cleaned ultrasonically using a suitable
solvent, propan=-2~-o0l, before being inserted in the vacuum chamber,
Surface contamination was removed prior to analysis by sputtering with
3 KeV argon ions at a current density of 75 pA en2, The length of time

required for cleaning was.typically 1 to 5 minutes,

Compositim~depth profiles were obtained by means of elemental linescans

across the diameter of the crater. The electron beam energy used was 5 KeV






Figure 4.1 An optical micrograph of a ball crater through an
electrodeposited hard chrome coating (thickness 6fu.m)
on a polished mild steel substrate.



(UL Y

e e
: \, - .




44
aﬁd the beam current O.S)JA,Jgiving an electron beam diameter of 10 Jan.
This was measured by performing a linescan across a knife-edge; and
measuring the observed broadening (figure 4.2), The electron beam diameter
was taken to be the lateral distance over which the signal decreased from
84% to 164 of its maximum, corresponding to itwice the standard deviation for
a Gaussiah beam, Elemental linescans for chromiun ahd iron across the
interface region of a typical crater are shown in figure 4.3. The
horizontal distance Ax over which the chromium signal decreases from 84%
to 16% is indicated, |

It is important that the linescans are performed along the diameter of
the crater; The use of a scamming Augé} spectrometer allows a secondary
electron image of the crater to be seen on a T.V. menitor, enabling the
R rosition of the electron beam to be located fairly accurately. Figure.u.h
shows the effect of performing linescans along a series of chords of the
crater., The diameter coﬁresponds to the linescan where the interface is

positioned at the furthest left of this series,

Linescans are normally performed orthogonally to the unidirectional
grooves formed by the wear process, However large scratches were sometimes
observed in the case of the hard chrome/ mild steel coatings. The effect of
this on the depth profile can be seen in the linescan in figure 4.5 (a).
Performing ﬁhe linescan parallel to the direction of the grooves resulted
in figure 4.5 (b) which has a more regular shape. The width of the

interface, however, and consequently the depth resolution obtained, is the

same In each case.

3.2,2 Results

The lateral-distance Ax is converted to a depth resolution by means

of the equation
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Figure 4.2  An elemental linescan for iron performed across a
knife-edge, enabling the electron beam diameter to
be determined '
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Flgure 4.3 Elemental linescans for chromium and iron across the
interface region of a hard chreme coating on mild

steel illustrating the measurements used to determine
depth resolution
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Figure 4.4 Elemental linescans for chromium along a series of parallel

chords of the crater, The diameter corresponds to the

linescan where the interface is positioned at the furthest
left of this series
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Figure 4.5 BElemental linescans for chromium along perpendicular diameters
of the crater (a) orthogonally and (b) parallel to the
unidirectional grooves formed by the wear process
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Az = Axtan @ . (4.9)

where @ is the slope of the crater wall at the point of analysis, For
this series of craters the position of the interface was fixed at 3 um
above the base of the crater. This gives a value for tan@ of 0.02.
Values of the depth resolution obtained with each grade of diamond. paste

used are given in table 4.1,

The depth resolution in ball cra.tei‘ing can be predicted from equation
L,7 which. takes into account the broadening caused by the finite diameter of
the electron beam, and that due to the surface roughness produced by the -
Wwear process, For fea.l samples there is an additional term due to the
initial interface roughness O Z. Equation 4.7 now becomes
| az = [(az?+ @z? + (AzI‘)z] : (h20)

The initial interface roughness, obtained from a Talystep profile of the

polished mild steel substrate prior to deposition of the céa.ting, was 25 nm.

The geometrical contribution to the depth resolution AZB is given by
equation 4.8 in terms of the electron beam diameter b and the gradient ta.x}‘ 1S
of the crater at the point of analysis. In this case b= 10um and tan g =
0.02 so that the value of 2 is 0.20 e

The surface roughness produced by the wear process in ball cratering was
measured using a Talystep instrument, having a stylus tip radius of 12.5 pm.
Profiles across the mild steel substrate region are shown in figure 4.6 for
each grade of diamond paste used. The contributiom of the surface roughness
OZp  to the depth resolution was defined as twice the standard deviation (2o
of the surface from the mean position. Values obtained from figure 4.6 were
0,70, 0.20 and 0,025 um for 6, 1 and 0,25 jam diamond paste respectively,

In each case the roughness was much less than the diamond particle size.



DIAMOND RMS INTERFACE ELECTRON BEAM DEPTH RESOLUTION
PASTE ROUGHNESS ROUGHNESS CONTRIBUTION -

SIZE (ym) AZp (um) AZy (um) AZg (um) EXPERTMENTAL PREDICTED

AZ (um) AZ (um)

0.25 0.025 0.025 0.20 0.27 + 0.08 0.20

1 0.20 0.025 0.20 0.51 + 0.16 0.28

6 0.70 0.025 0.20 1.07 + 0.22 0.73

Table 4.1 The measured roughness of the lntexface and crater surface,

the calculated sampling depth due te the finite stze of the

electron beam, together with a cemparisen ef predicted and
experimentally determined depth resolution




6pum paste

1pm paste

—25pm—— | - 0-25um paste

Flgure 4.6 Talystep profiles of craters formed on mild steel
using various grades of diamond paste
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Predicted values of the depth resolutim, calculated from equation
4,10, for each grade of diamond paste are given in table 4.1 where they

‘may be compared with the experimental values,

3.2.3 Discussion of results

Although there is good agreement, the predicted values of depth
resolutiwn are consistently less than the experimental values., There are
two factors which may _a.ccount fo;r: this discrepancy. First, the Talystep
will tend.rto underestimate the magnitude of surface roughness when the”
pe:iodicity is less than the size of"-:ﬁhe stylus tip, the error becoming
greater as the size of diamond paste is decreased. Secondly, when the
periodicity of the surface rcughnegs becomes large in comparison with the
"electron beam diameter th;a peak to peak magnitude of the roughness may
become more important. In the case of . 6 un diamond> paste, for example, .
the electron beam diameter is comparable witl'; the periodicity of the surface
roughness and it is likely tha.f the relevant measure of surface roughness
is between-the 2o~ and peak to peak values,

For craters produced using 6 pn diamond paste the surface roughness
of the crater is the major contribution to the depth resolution. When
finer diamond paste is used, however, the contribution of the 10 pm diameter
electrcn beam becomes more significant, and it is the limiting factor for

the 0.25};.111 paste,
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Chapter 5 THE WEAR PROCESS IN BALL CRATERING
1. Introduction

One of the most important factors affecting the depth resolution of
composition-depth profiles obtained using ball cratering is the surface
t0pogra§hy.developed in the crater., The ultimate surface finish is
determined by the natu:e of the wear processés involved, These processes
depend on the operating conditions, including the abrasive size used, and
the mechanical properties, particularly the hardness, of the specimen
material, In view of this a survey of the 1likely wear mechanisms is -
présented, and a. series of experiments is undertaken in order to determine

. the relative importance of these mechanisms.

Ball cratering is a good means for measuring the wear rate, and enables
the value of the wear coefficient to be determined, This can provide
useful information concerning.the nature of the wear mechanisms occurring
in each case. A The worn surface is examined using the scanning electron

microscope and stylus measuring techniques.

2. Mechanisms of wear

Wear is generally classified into four main categories (Rabinowicz
1965 ). These are adhesive wear, abrasive wear, corrosive wear and surface
fatigue wear. Other procésses such as fretting and erosion are sometimes
classified as types of wear (Eyre 1978) , but the former occurs as the
result of the combination of other wear mechanisms while erosion by

impinging particles is not strictly a form of mechanical wear.

Adhesive wear is the most common form of wear and occcurs whenever one
material is slid over the surface of another or is pressed against it.

Abrasive wear occurs when a rough hard surface slides against a softer
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surface to producé a series of grooves., Corrosive wear can occur when
sliding takes places in a corrosive environment. It does not occur unless
the sliding materials react chemically with the atmosphere or lubricant in
which they operate. Surface fatigue wear can take place during a repeated
sliding or rolling process. Repeated loading and unloading cycles may lead
to the formation of subsurface cracks, eventually causing the treak-up of
the surface and the production of lafge wear particles. It can only occur
when the other forms of wear are very low, otherwise the surface material

will be continuously removed before it can become fatigued.

The two dominant wear mechanisms as far as ball-cratéring is concerned
are abrasive wear and adhesive wear. Abrasive wear arises primarily as a
result of the diamond paste introduced between the.ball and the specimen,
while adhesive wear occurs to some extent in all systems where two solids

are in contact with each other,

2.1 Adhesive wear

When one material slides against the surface of another local plastic
deformation takes place at the contacting asperities, and adhesion occurs at
a certain proportion of these contacts. The junctions rupture at their
weakest point, resulting iﬁ material transfer or the formation of loose
wear par%icles. This situation is illustrated in figure 5.1, However the.
creation of wear particles is a relatively rare event, and the sepaxration

of the contacting surfaces is most likely to occur at the interface.

From studying the results of many experiments, carried out mainly_with
unlubricated metals, the laws of adhesive wear can be expressed empirically

as follows (Halling 1976)
1. The volume of wear is proportional to the distance of sliding L

2. The volume of wear is proportional to the applied load W



Figure 5.1 A schematic diagram of the adhesive wear process which
results in material transfer or the formation of
locose wear particles
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3. The volume of wear is inversely proportional to the hardness H of
the softer material,

These laws may be expressed in the form
VvV = OWL (5.1)
H .

where C is a non~dimensional constantQ ' .

Archard {1953) derived the above equation by considering a model for
the sliding process. He assumed that when two asperities come into contact
t§ form a junction there is a constant probability K that a wear fragment
wiil be forméd. The constant of proportionality in equatiqn 5.1 is now
replaced by X/3 so that

vV = L : (5.2)

X
3

mia

where K is the_adhesive wear coefficient, usually referred to as the
Archard constant.

Typical values of the'wear coefficient for metals under clean and
- lubricated conditions are given in Table 5.1 (Rabinowicz 1965 ).
Lubrication prevents or minimises the contact between the sliding surfaceé,
reducing the number of asperities in contact and so reducing the probability
of creating a wear particle,

2.2 Abrasive wear

When a rough hard surface slides against that of a softer material

the hard asperities dig into the softer surface to produce a series of
grooves., This process, which is generally referred to as two body abrasive
wear, is made use of in grinding with abrasive paper. If hard particles

such as diamond are introduced between the two sliding surfaces then the



Condition Like metals . Unlike metals

Clean 5 x 107> "2 x 1072
Poorly lubricated: 2% 10 ) 2 x 10

1-5 '-5
Average lubrication 2 x 10 2% 10
Excellent lubrication 2 % 10“6 - 10“7 2 x 10”6 - 1077

Table 5.1 Typical values of the adhesive wear coefficient for metals
under clean and lubricated cenditions (Rabinowicz 1965).
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rrocess is known as three body abrasive wear. This latter form of

abrasive wear is made use of in lapping and polishing, and occurs in

ball-cratering where diamond paste is used to produce the crater.

A similar equation to that which applies to adhesive wear may be
derived (Rabinowicz 1965)to describe abrasive wear, with an abrasive wear

coefficient Kabi replacing the Archa;d constant K. Values of Kabr
1

to 102 for two body abrasive wear, and

are
generally in the range 10~
about on order of magnitude smaller, 1072 to 10'3,,for the three body case.

2

This compares with values in the range 10 < to 10™7 for the adhesive wear.

coefficient.

3. Polishing

| Although pelishing is an important subject, and has been extensively
studied, it is not well understood and no wholly satisfactory mechanism
has been devised (Rabinowicz 1970) . Polishing normally refers to the use
of very small abrasive grains, the order of 5}Am or less, on an elastic
backing or cloth, to produce a smooth, reflecting surface. The most obvicus
explanation for the polishing process 1s that the use of finer and finer
abrasive particles leads to the formation of progressively narrower grooves
in the surface. According to this explanation polishing is simply an

extension of abrasive wear, but on a smaller scale,

However early this century Sir George Beilby (1921) put forward an
alternative theory, proposing that polishing occurs as a result of material
being smeared over the surface to eliminate surface features and produce a
smooth surface. A surface formed in this way will have a different structure
from the bulk and Beilby proposed that an amorphous<like layer was produced,
A mechanism for the formation of this Beilby layer was put'forward by Bowden

and Hughes (1937), who noted that very high temperatures can be produced by
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frictional heat;ng at the contacting asperities, They suggested that this
could lead to a softened or molten layer; enabling material from the high
points on the surface to flow into neighbouring depressions, The main
evidence to support the Beilby layer was.that wear tracks or other
topographical features could not be seen on polished surfaces. However, it
now appears that this was mostly due to the limitations of the microscopical

techniques available at the time,

Later work of Samuels (1956, 1967) showed that the amér@hous Beilby
layer does not generally form, and that polishing is closely related to the
ordinary abrasive wear process. However, the mechanism of materizl removal
is not quite the same due to the presence of the elastic backing or cloth,
This appears to play an important role‘in producing the highly reflecting
surfaces observed but the precise polishing mechanisms are still not well
understood.

Althougp fine diamond paste (é 6 )um) is used in ball=-cratering, the -
steel ball pﬁovides an inelastic bacggng and so the mechanism for material

removal is likely to be predominantly abrasive wear, rather than polishing.

4. The wear coefficient and the measurement of wear

The wear coefficient is a useful parameter, since its value can provide
valuable information concerning the type of wear occurring. The quantities
of load W and hardness H are generally known,or can be easily measured, so
that the value of K in a particular case can be found using equation 5.2
from measurements of the wear volume. The amount of material removed is
generally obtained by weighing, mechanical gauging using a micrometer, or by
means of optical examination, A disadvantage of most of the conventional
techniques is that the specimen must be remaved, which means that the volume

of wear cannot normally be monitored during the course of an experiment.



52

4,1 Measurement of wear in ball cratering

Ball cratering is a very convenient means for the measurement of wear.
The wear volume can be found simply from a measurement of the cratér diameter
and the ball is self-centring so that the measurements can be performed
without removing the specimen., Equation 5.2 can be re-arranged so that
gv = K X (5.3)
dL 3 H

and the wear coefficient is given by
K = 20 a&v - (5.%)
"W 4L
- It is generally more convenient to monitor the frolume of wear as a funetion

of time, rather than of sliding distance., In this case we may write
X = 3H (gz)(gg (5.5)
W dt / \dL

The volume of material removed in ball cra:heriné is simply that of a
sPherical cap, and the geometry is illustrated in figure 5.2. Consider 2 '
disc of radius x and thicknesséy at an arbitrary distance y from the centre
of the .ball. The volume of this disc is given by

§V = TTx%Sy (5.6)

For a crater of depth d, the volume is given, in the limit as y -0, by
-(r-d) _
= T j 2
vV = x“dy (5.7)
=R

Since the equation of a circle is xz + y2 = Rz, we can substitute for x so
that
~(R-d)
v= T (§°-y°) ay

- [#)

-(r-4)

-R
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Figure 5.2 The gecmetry of a spherical cap, illustrating the
velume of material removed in ball cratering
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Therefore V = 77d° (R-d) (5.8)

3
The depth d.of the crater is normally very much less than the ball radius
R so that the above equation becomes

v = Tra’R (5.9)

4,1,1 Measurement of load

The load imparted by the ball on the specimen, when the inclined table
is at a given angle, can be measured by means of a strain gauge (figuré 5.3)
The strain gauge consists of a transducér fixed to a sheet of aluminium
formed into a stiff spring which takes the place of the specimen, This
transducer, together with an identical one as a standard, forms part of a
bridge, and changes in resistance are detected by a galvanometer. The
calibration of the galvanometer, for angles of 70 and 80 degrees of the
specimen tabie, is shown in figure 5.4, For a standard 30mm diameter bearing
steel ball the load on the specimen was found to be 60.grams at 70 degrees,
and 37 grams at 80 degrees.

4.1.2 Dependence of the wear rate on abrasive size

In order to show the effect of diamond paste on the wear rate in ball
cratering, the wear volume for a copper-beryllium alloy (hardness 420 kgmm,'2
Vickers) is shown as a function of time in figure 5.5 for a variety of
conditions, The wear rate is dependent on the size of diamond paste used and
the rate for 6 um diamond (2x10-5 mmBS-l) exceeds that for 1 um diamond

(9x10“6 m s~1),

In both these cases the diamond paste and lubricant
were renewed after each reading and, apart from an initial effect, the wear

rate is constant,



‘transducer

ball

shaft

standard

Figure 5.3 A schematic diagram illustrating the essential features
of the strain gauge used to determine the lcad on the
specimen in ball cratering
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Figure 5.4 Calibraticn of the strain gauge galvanometer for angles
of ineclination of 70 and 80 degrees of the specimen table.
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Figure 5.5 also shows the effect of not replenishing the diamond
abrasive, in the case of lfum paste., The wear rate decreases as the
abrasive is displaced, and eventually the gradient tends: towards that for
lubricated two body wear (also shown). |

4.1,3 Deﬁggdence of the wear rate on specimen hardness

Wear rates were measured for a series of metals and alloys with a
range of hardness (7 to 1600 kgmm'z) and the results are presented in table
5,2. Results were’obtained for two body wear, under both lubricated and
unlubricated conditions, and for three body wear using 1pm and §pm diamond
paste (Walls et al,1982) .

The wear rate for two body wear tends to decrease as the hardness of
the specimen increases, and the use of lubricant generally reduces the wear
rate by an order of magnitude. The relationship. between the wear resistance,
which is the reciprocal of the wear rate, and hardness for.the unlubricQted
case is shown graphically in figure 5.,6. The wear coefficient was calculated
in each case and the results are presented in tablie 5.3. It remains fairly
constant over the entire hardness range, particularly under unlubricated
conditions where it lies between 2 and 6x10-4. indicating that the wear
mechanism is similar in all cases, Values are consistent with those

generally obtained for adhesive wear (table 5.1).

The Wwear rates in the case of three body wear, where diamond paste is
introduced, do not show a clear dependency on hardness, and the values
obtained are within the same order of magnitude throughout the entire hardness
' range, However, values of the wear coefficient K range from 6x107° in the
case of lead to 107 for the hardest materials, This is shown graphically
in figure 5.7, for l}gm diamond, and indicates that the wear mechanism is

dependent on the hardness of the specimen, In the case of the harder
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3 S—l

Wear rate C—i) mm

Three body wear

Two body wear

with a range of hardness,

qu diamond paste

Material Hardness (Diamond Paste) {No diamond Paste)
1 61 lubricated | unlubricated
Lead 7 4x10°] 7x 107 4x 1070 2 x 1077
Aluminum 45 5x10°( 3x 107 4 x 10°° 3 x 1070
Copper 66 4x100) 2 x107 3% 1077 2 x 1070
Mild steel 106 1x10%! 4x 108 4x 1077 2 x 10°°
Brass 120 6 x10°%| 6x10° 1 x 1078 2 x 1078
Cu/Be 420 9x10°%] 2 x 1070 1 x 1077 6 x 1077
Stellite 800 2 x 10| 2.5 x 10 3x 1078 3x 10”7
Tungsten 1600 1x10° | 3x107 9 x 107 1x 1077
Table 5.2 Values of the wear rate obtained in ball cratering for a series of metals

Results are presented for two body wear under both
lubricated and unlubricated conditions, and for three body wear using’lfm and
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‘Wear coefficient k

Three body wear . Two body wear
Material Hardness ] ' {Diamond Paste) (No Diamond)
ity by lubricated | :unlubricated
Lead 7 ,' 6x 107" | 9x 10" 6 x 107° 2 x 1074
Aluminum 45 6 x 10--4 3 x 10'-3 g 3x 10—4 3x 10—4
Copper 66 | 6x 104 3x 107> 3x 1077 2 x 107
Mild steel 106 3 x 10“4 9 x 10.-4 9 x 10”5 3 x 10'_4
Brass 120 | 1x10°]|1x103 3x107% 6 x 107
Cu/Be 420 : 8 x 1073 | 2 x 1072 1 x 1074 6 x 107
Stellite 800 1 3x107% | 3x 1072 6 x 107 6 x 107
Tungsten 1600 . 3% 1072 | 1x 107" 3 x 1077 3 x 107
Table 5.3 values of the wear coefficient obtailned:in ball cratering under two and three

body wear conditions
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Figure 5.7 The relationship between the wear coefficient and hardness
for three body wear using 1 }J.m diamond paste
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materials the magnitude of K is consistent with values generally associated
with abrasive wear, but values obtained for the softer materials suggest that

there is an adhesive component present.

5 Scanning electron microscopy

Further evidence concerning the nature of the wear mechanisms in ball
cratering was obtained from observati§ns using the scanning electren
microscope. The appearance of craters produced in the coppervberyl;ium
alloy using 6}1m and l)xm.diamond paste is shown in figure 5.8, The
pericdicity and magnitude of the surface roughness is comsistent with the
grade of diamond paste used, but the general appearance is similar indicating

that the same wear mechanism operates in each case.

Figure 5.9 shows the appearance of craters obtained with 1}4m diamond
Paste for a series of metals and alloys having a range of hardness. The
well-defined faiallel grooves present in the case of copper~beryllium
(hardness 420 kgmmfz) are typical of those produced under abrasive wear
conditions. For the harder materials such as stéllite (800 kgmmﬂz) the wear
tracks are narrower since the diamond particles do not penetrate as far into
the surface of the specimen. The tracks become even narrower in the case of
tungsten (1610 kgmm'z), and cracks are present in a direction perpendicular
to that of the wear tracks, This appearance is typical of that produced in
brittle materials, and indicates the occurrence of brittle fracture which is

a form of surface fatigue wear.

The mild steel specimen (106 kgmm-z) has wear tracks which are rather
less well-defined than those found in copper-beryllium, although the grooves
are still clearly visible. There is a certain amount of surface roughening
superimposed on the wear tracks, possibly caused by local plastic deformation’

due to the greater ductility of mild steel., The wear tracks in aluminium






- Figure 5.8 A comparison of the wear tracks in craters formed
in the copper-beryllium alloy using (a) 6 pn and
(v) 1 p diamond pasts.









Figure 5.9 The appearance of the wear tracks obtained using

diamond paste for a series of metals with a

range of hardness

(a)
(b)
(c)
(a)
(e)
(£)

tungsten (hardness 1610 kg mm-z)
stellite (800 kg mn 2)
copper-beryllium (420 kg mm'z)
mild steel (106 kg mm =)
aluninium (45 kg mmnz)

lead (7 kg mn"2)
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(45 kgmm“z) show the same effect, but to a greater degree. However the
worn surface of lead (7kgmn <) has a totally different appearance, and the
grooves are no longer present. This suggests that a different wear
mechanism is taking place, and is consistent with the results of the wear
rate measurements. In addition it appears that particles of diamond have
become embedded in the specimen surfaée. This impaction of diamond may
have an effect on the wear rate, and provide further explanation for it
being rather less than might be expected.

6., Investigation of surface topogravhy using stylus profilometzy

A stylus profilometer (Talystep 1, stylus radius 12.5pun) was used to
examine the surface topography produced in ball cratering for a series of
metals with a range of hardness. The résulting.profiles of cratera formed
using 1 pm diamonﬁ-paste are shovn in figure 5,10. The roughness generally
decreases with increasing hardness'as the diamond particles form shallower
indentations in the harder materials, However the roughness is less than
expected for the metals:with a hardness below about 100 kgmm-z. This could
be due to the presence.of local plastic deformation as a result -of the
greater ductility of these metals, This explanation for the effect, whicﬁ
is greatest in lead, is supported by the evidence of the scanning electron

micrographs discussed earlier. The occurrence of such plastic deformation

would tend to modify and suppress the topography formed by the abrasive wear
mechanism,

The influence of hardness on the surface topography is evident in the
case of surface coatings where the hardness is different from that of the
substrate, Figure 5.11 shows a Talystep profile of the inteface region’ for
the example of an electirodeposited hard chrome coating on a mild steel
substrate. The difference iu amplitude of the surface roughness can clearly

be seen. The roughness produced in the substrate region (hardness 106 kgmm"z)1
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Figure 5.10 Talystep profiles of craters formed using !I,um diamond paste
in a series of metals with hardnesses in the range 7 to 1600
kg mm~2  (Vickers) |



Figure 5.11 A Talystep profile of the interface region for an
. electrodeposited hard chrome coating on a mild steel
substrate )
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as measured by twice the standard deviation (2¢) of the surface from its

mean position, is 0.20mm. A much smoother surface (2on= 0.06 um), however

is produced in the hard chrome coating (hardness approximately 1000 kg —

6.1 Effect of ball-cratering on the surface topograthy of the ball

Figure 5.12 shows the effect of preducing a crater using 1};m diamond
paste in a2 mild steel speciﬁen of hardness 106 kg mm-z. This is much less
than that of the ball, which is made from bearing steel, and has a hardness
of about 900 kg m2, Thres Talystep profiles are given in figure 5.12,
showing the initial topography of the ball, the topograrhy of the crater and
the final topograrhy of the ball, As might be expected the surface roughness
Froduced in the crater itself (2c-= 0.20um) is considerably greater than

that of the ball (20v= 0.02 un}, which remains largely unchanged.

Figure 5.13 shows the topography produced for a tungsten specimen of
hardness 1610 kg mn 2, which is greater than that of the ball. A relatively
smooth crater is obtained in this case (2o0= 0.03 Pm), but the ball has
become coﬁsiderably rougher, The rougﬁness produced on the ball is 0,09 um,
compared with its initial value of 0,01 um, This demonstrate# . that wear is
a two way process and occurs on both the specimen and the ball. The amount ‘

of wear on each surface depends on their relative hardness,

Similar Talystep profiles are shown in figure 5.14 for a crater formed
in an electrodépositgd hard chrome coating. This has a hardness of about
1000 kg min-z which- is of the same order as that of the ball., In this case
| the roughness obtained on the ball (20~= 0.06 um) is comparable with that

produced in the crater, which is also 0.06’Am.

7. Discussion

The surface topography produced in ball cratering under a variety of
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Figure 5.12 The effect of producing a crater using lum diamond paste
in a mild steel specimen of hardness 106 Kg mm~2 .
Talystep profiles are shown illustrating the initial
topography of the ball, the topography of the crater and
the final topography of the ball
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Figure 5.13 Talystep profiles showing the topography of a crater
formed in a tungsten specimen (hardness 1610 Kg mm"ZI
and on the ball itself using 1)}111 diamond paste
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Figure 5.14 Talystep profiles showing the topography of a crater
formed in an electrodeposited hard chrome coating
(hardness approximately 1000 kg mm=2) using 1 pm diamond
paste, together with the initial and final topography of
the kall.
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operating conditions has been examined for a series of metals with a range
of hardness, Evidence from the scanning electron microscope and the values
of the wear coefficient indicate that the material is removed by abrasive
wear for hard metals (> 150 kg mm-z). In the intermediate range
(40-150 kg mm'z) the mechanism is still predominantly abrasive, but the
appearance of the ﬁear tracks indicates a contribution from the adhesive
wear mechanism. For the softest materials such as lead (7 kg mm-a) tﬁe value
of the wear coefficient and the lack of well-defined wear tracks indicate
that the wear process is predominantly adhesive. Thus difficulties may arise
in the sofiest materials since the adhesive wear mechanism may lead to
material transfer, and the impaction of diamond and wear debris in the sample
surface. However, in practice these effects‘may often be minimised by

careful use of low loads and slow rotation speeds.
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Chapter 6 APPLICATIONS

1. Introduction

Auger electron spectroscopy and other surface analytical techniques
Provide information concerning the éhemical composition of the top few
atomic layers of the surface. Some information concerning the depth
distribution of elements can be found by using vari#tions in the escape
depth of the emitted electrons. This, non-destructive, method is limited
to a total depth of about 5 nm, but is useful for studies of oxidaticn,
adsoiption and surface segregation. Profiles to greater depths are usually
obtained using a combination of sputter~ion etching and Auger electron
spectroscopy. This method has provided useful information concerning the
depth distribution of elements in a range of thin films and surface t?eatments
( Holloway 1975, Walls 1981 ) . These include those produced by vapour
deposition and ion plaﬁing( Walls et al 1978 ), while the layered structures
of certain electroplated specimens such as tinplate and tin free steel have
also been examined { Johannessen et al 1980) . However the‘use of this
technique is generally limited to depths of less than linm, and there are a
number of applications for which composition-depth profiles to much grgater
depths are required. Profiles to sﬁch depths are best.achieved by the use
of taper-sectloning techniques. In the following examples ball-cratering,
in comBination with Auger electron spectroscopy, is shown to provide valuable
information on the composition of a range of industrially important surfage'

coatings and treatments,

2, Electroplated coatings

Zinc coatings formed by electrodeposition are industrially important

for the protection of steel surfaces {( Gabe 1978) . The appearance of a

ball crater through a commercially available electroplated zinc coating on
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mild steel is shown in figure 6.1. The crater was developed to a total
depth of 481pm using a 30 mm diameter ball. The total diameter of the
crater was 2.40 mm and that of the revealed substrate region 1.34% mm.

This gives a value for the coating thickness of 33 un.

Composition—depfh profiles were obtained using a combination of |
elemental linescans, and full Auger analysis at specific points on the crater
wall. A linescan showing the variation of the total secondary electron
current enabled the precise position of the crater edge to be determined,
This.is important in calibrating the depth scale for the elemental linescans,
Alternatively the crater edge can be located by coating the specimen with a
thin film of gold prior to ball cratering (Thompson et al 1979 ).

A series of linescans for the selected elements of zine, iron, chromium
and oxygen is shown in figure 6.2. These linescans show the distribution
of elements through the specimen, but are not generally used to provide
quantitative information. However they are useful in selecting the most
appropriate positions for point analysis. In this example full Auger spectra
were obtained from the 14 points indicated in figure 6,2. These spectra
provided quantitative information which was used to construct the composition-
depth profile with a linear depth scale shown in figure 6.3. There is a
relatively thin chromate treatment present at the surface, detectable to a
depth of about 5I¢m. This treatment is used to prevent oxidation and
atmospheric discolouration (Williams 1972 ), The interface between the zinc
coating and the steel substrate is very sharp which is typical of coatings
produced by electrodeposition. Sputier-ion etching may be combined with
ball cratering to provide a more detailed examination of this interface
regilon, Positioning the ion beam at point 'X' in figure 6:1 enables a
conventional sputter depth profile to be carried out from this position. The

use of this procedure exploits the advantages of both techniques.






Figure 6.1 An electron micrograph showing the appearance of a
ball crater through a commercially available
electroplated zinc coating on a mild steel substrate.
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Figure 6.2 Elemental linescans for zine, iron, chromium and
oxygen showing the distribution of elements through
the specimen shown in figure 6.1
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3. Ion plated coatings

Ton plated coatings (Mattox 1973) have excellent adhesion and the
technique is becoming increasingly important for producing high quality
coatings for wear resistance and materials protection. A system of currgnt
interest is the use of.mixed aluminium/aluminium oxide to protect mild steel
components (Ahmed an@ Teer 1982) . Flat steel samples were polished and
ultrasonically cleaned with detergent before being insertéd into a vacuum
chamber at a pressure of 3x}0'5 Torr. The steel substrates were cleaned bf
sputtering with 2 keV argon ions at a pressure of 1('.}-2 Torr. The argon
pressure was then reduced to 10"3 Torr and-the substrate bias voltage was
set to the required value. Aluminium was thermally evaporated on Fhe
substrate in Fhe desired pressure of oxygen, which Qas admitted to the
chamber in pulsed intervals. The Sﬁbstrate was water cooled so that the

temperature never exceeded 25000.

Ball craters were produced in the specimens with a 30mm diameter ball
using lum diamond paste and a rotation speed of 2% r.p.m. The appearance of
a crater formed in an ion plated sample is shown in figure 6.4. A close up
of the interface region is shown in figure 6.5. This specimen was obtalined
in an atmosthere of 1 x 10~ Torr of argon and 5 x 10~ Torr of oxygen, with
a bias of 3kV on the substrate. The corresponding composition-depth profile
is shown in figure 6.6f The data for this profile was obtained by a
combination of linescan techniques and point analysis, and the deptg scale
was converted from spherical to linear geometry. The profile clearly shows
the variation of oxygzen content through the coating, and it peaks near the
interface. Examination of the crater in figures 6.4 and 6.5 indicates a
corresponding region which appears to have a different composition to the
rest of the coating. The relative strengths of the aluminium Auger peak
in the oxide'position (51eV) and the metal position (68eV) suggest that the

oxygen is entirely in the form of A1203. The increased oxide contribution at






Figure 6.4 An electron micrograph showing the appearance of a
ball crater through an ion plated aluminium/aluminium
oxide coating on a steel substrate.

Fizure 6.5 An electron micrograph showing a close-up cf the
interface region of the above specimen
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plated specimen shown in figures 6.4 and 6.5. The
specimen was produced in an atmosphere of 1 x 10~ ° Torr
argon and 5 x 10™3 Torr oxygen.
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the interface is probably due to an increased partial pressure of oxygen
during the initial stages of deposition. '

Figure 6.7 shows the corresponding depth profile for an ion plated
specimen produced under similar conditions-except that the oxygen pressure
was lower at 1 x 10'3 Torr., Although the coating is thicker, 8.5mmn
compared to 5.5};m, the profile showé the expected decrease in the oxide
composition. The provision of profiles such as these can help to predict
and control the free metal/oxide ratio in the coating as a function of the

oxygen partial pressure,

4. Nitrocarburised surface treatments

Nitrocarﬁurizing is an important industrial process used for hardening
steels and improving their tribologig§1 prope:ties. Nitrogen and carbon can
be introduced inte thersurface of ferrous metals by a number of methods
including gaseous diffusion, ion implantation and chemical salt bath technique:
The precise amounts of carbon and nitrogen énd the depth.to which they

penetrate are important in determining their service performance.

Ball cratering, in combination with Auger electron spectroscopy, is well
suited to the analysis of such treatments since composition profiles to depths
of up to 20 Fﬁ are often required. The electron probe microanalyser is not
a good technique for this application as it is relatively insensitive to the
low atomic number elements such as carbon and nitrogen. A composition-depth
"profile for a specimen of an EN8 steel which has been nitrocarburized using a
chemical salt bath treatment is shown in figure 6,8. Quantitative analyéis
was achieved using a Fe3N standard and the results are presented in the form
of weight per cent to facilitate comparison with the Fe/C/N thase diagram

(Bell 1975) . The composition is consistent with that for the € carbonitride

rhase, and the levels of nitrogen and carbon are such that this phase
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penetrates to at least 10 um beneath the surface. As a result the specimen
should possess the desired chemical and tribological properties, and is

taken from a treatment with a reliable service history.

In contrast, a composition-depth profile for a second sample of a
nitrocarburised treatment is shown in figure 6.9, Although the near surface
compdsition is consistent with the € phase, the concentration of nitrogen
decreases rapidly beyond about 4um. VIt is 1likely that the ¥ and ¥ rthases,
which have less desirable tribological properties, are also present aﬁ these
depths.

5. Discussion

'In the preceding examples, ball cratering has been shown to provide a
convenient means for compos?tion-depth profiling to depths of up to 50};m.
Howevei there -is no particular maximum depth up to which the technique is
applicéble; and it may in theory be used to any reasonable depth. The
minimm depth is determined by that beyond which the depth resolution in
ball cratering is superior to that obtained with sputter ion etching, This
depends on factors which are a function of the particular specimen under
investigation such as’the initial surfacé topography. However, as a general

rule, ball cratering gives better resulis at depths greater than about l}Am.

The compositiog-depth profiles were obtained by means of point to point
analysis down the walls of the crater using Auger electron spectroscopy.
Elemental linescans across the crater diameter are useful for an initial
examination, but are seldom used for quantitative analysis, More detailed
information concerning the composition in the vicinity of a deep interface,
as in the example of the electroplated zing coating, can be obtained by
combining spufte:—ion etching with ball cratering. The nitrocarburized

surface treatment shows the advantage of the technique over the electron

microprobe, since the latter instrument is relatively insensitive to the low
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Chapter 7 SUMMARY AND SUGGESTIONS FOR FUTURE WORK

1. Methods of surface anmalysis -

A survey has been made of the principal surface analytical techniques
énd the major characteristics of each have been discussed. The high spatial
resolution of Auger electron spectroscopy makes it the ideal technique for
composition-depth profiling, particularly when used in combination with -
taper-sectioningrtechniques. In view of this a more detailed review of AES
was presented in chapter 2, including a description of the experimental
techniques and a 6onsideration of the factors involved in obtaining
quantitative analysis, PFinally several artefacts arising from the electron
beém were discussed, including electrostatic charging, specimen heating and

electron beam induced composition changes.

2, Composition-depth profiling

The techniques available for obtaining composition-depth profiles using
Auger electron spectroscopy were discussed in chapter 3. The most common
method employs ion beam etching, but there are problems with this approach
since surfaces are generally eroded in a non-uniform way. In addition ion
etching is a relatively slow process, so that profiling to depths of more
than about 1 um is inefficient and wasteful of instrument tim;. Taper-

sectioning techniques provide a means for obtaining composition-depth profiles

to much greater depths,

3., Ball-cratering

In contrast to profiles obtained by ion etching, the geometry of ball-
cratering, described in chapter 3, provides a well-defincd depth scale.

Depth profiles can be obtained by point to point Auger analysis down the
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walls of the crater, or by means of elemental linescans. The depth at any

point is given simply in terms of the lateral distance from the crater edge,

It can be arranged for some region of specific interest, for example a
coating-substrate interface, to be located near the base of the crater. The
gradient of the crater wall becomes vanishingly small at this point, providin
the maximum magnification., This gives ball-cratering an advantage over

convéntional angle~lapping, which is in generai also limited to flat surfaces

The value of ball-cratering in composition-depth profiling ha$ been
demonstrated for a number of industrially important protective coatings and
surface freatments. These were a commercially available electrodepesited
coating, ion platai coatings produced under different conditions, and
nitrocarburized surface treatments. h

[ ™

3.1 Depth-resolution

The factors which affect the depth resolution of profiles obtained by

~ ball-cratering and Auger electron spectioscopy were discussed in chapter 4,
These are principally the surface roughness produced by the wear process,
and a geometrical contribution due to the finite diameter of fhe probing
electron beam. An important advantage of ball-cratering over ion etching is

that the depth resolution is independent of depth.

The depth resclution was examined for a2 model system consisting of an
electrodeposited haxd chrome coating on a mild steel substrate. In oider to
investligate the effects of surface topography, the contribution of the
electron beam #as kept constant by fixing the position of the interface
. relative to the base of the crater, The range of depth resolution obtained
with each grade of diamond paste used was compared with values predicted from
the quadratic sum of the individual contributions, There was found to be
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good agreement between these values, showing that the depth resolutioen,

in contrast to sputter depth profiling, can be controlled and predicted,

In the case of 6um diamond paste the major contribution to the depth
resolution is the surface roughness of the crater, but when fine diamond
paste (0.25}xm) is used the depth resolution is limited mainly by the finite

diameter of the elecgtron beanm.

3.2 Wear mechanisms

The surface finish obtained in ball-cratering is dependent on the
precisé nature of the wear processes involved. A detailed study of the
wear mechanisms was presented in chapter 5 for a series of metals with a
range of hardness, Evidence from scanning electron microscopy and the values‘
of the wear coefficient indicate that the material is removed by abrasive
wear for hard metais. In the intermediate range the mechanism is still
rredominantly abrasivé, but "in the case of the softest metéls_adhesive.wear
becomes the dominant process. This may lead to material transfer, or the
impaction of diémond and wear debris, but these effects can be minimised by

careful experimental procedures,

Although a better finish is generally obtained on hard surfaces, some
caution is required on such surfaces since, if the hardness approaches that
of the ball, significant wear and subsequent roughening of the ball can tzke
DPlace. This can lead to the unpredictafle occurrence of scratches,possibly
caused by the ball itself, It is advisable, therefore, when dealing with
hard materials to discard the tall after each operation,

4. Suggestions for future work -

The geometrical contribution to the depth resolution would be imﬁroved

by the use of a ball having a greater diameter, since this would reduce the

taper angle, However a larger ball would be correspondingly heavier, °
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increasing the load on the specimen, which may lead to problems with delicate
materials, The depth resolution would also be impréved by reducing the

electron beam diameter.

Investigation could be made of the effects of usiné a ball of a
different hardness. The use of a softer metal may leéd to diamond hecoming
embedded in the ball, so approaching the condition for polishing., However
there may also be a greater amount of wear on the ball itself, shortening
its useful life.

Problems may occur with very.soft metals due to material transfer, and
a smearing of the interface in the case of surface coatings. This could'm;
investigated using Auger electron spectroscopy for a suitable, well-
.characterised specimen,

As well as its use:with AES, ball-cratering may also prove useful with
other microfocus techniques such as the electron microprobe {(EFMA) and the

ion microprobe (dynamic SIMS).
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