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Preface to First Edition

When one of us (JEW) wrote an earlier introductory text in electron spectroscopy
the aim was to fill a gap in the market of the time (1990) and produce an accessible
text for undergraduates, first-year postgraduates, and occasional industrial users
of XPS and AES. In the intervening years the techniques have advanced in
both the area of use and, particularly, in instrument design. In XPS, X-ray
monochromators are now becoming the norm and imaging has become
commonplace. In AES, field emission sources are to be seen on high-performance
systems. Against that backdrop it was clear that a new, broader introductory book
was required that explored the basic principles and applications of the tech-
niques, along with the emerging innovation in instrument design.

We hope that this book has achieved that aim and will be of use to newcom-
ers to the field, both as a supplement to undergraduate and master’s level lec-
tures, and as a stand-alone volume for private study. The reader should obtain
a good working knowledge of the two techniques (although not, of course, of
the operation of the spectrometers themselves) in order to be able to hold a
meaningful dialogue with the provider of an XPS or AES service at, for example,
a corporate research laboratory or service organisation.

Further information on all the topics can be found in the Bibliography and
the titles of papers and so on have been included along with the more usual
citations to guide such reading. The internet provides a valuable resource for
those seeking guidance on XPS and AES and rather than attempt to be inclusive
in our listing of such sites we merely refer readers to the UKSAF site and its
myriad of links. Finally, we have both been somewhat perturbed by the degree
of confusion and sometimes contradictory definitions regarding some of the
terms used in electron spectroscopy. In an attempt to clarify the situation,
we have included a glossary of the more common terms. This has been taken
from ISO 18115 and we thank ISO for permission to reproduce this from their
original document.

John E Watts

Guildford, Surrey, UK

John Wolstenholme

East Grinstead, West Sussex, UK
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Preface to Second Edition

It is now some 16years since the publication of the first edition of this book.
We have both been gratified by the positive manner in which it has been
received by the community, testament to the need for an introductory text
written by experienced practitioners. It gives us much satisfaction to see it
in research and contract labs across the globe and frequently referenced in
undergraduate and postgraduate reports. It thus appears to have fulfilled the
perceived need outlined in the Preface to the first edition.

This perhaps begs the question ‘why wait sixteen years to produce the second
edition? The answer to this is probably familiar to many practicing scientists
and engineers in that the plan had informally been in place for several years, as
had a formal contract; it was merely a question of allocating time in busy
schedules.

The aim of the text remains the same, as enunciated in the first edition, and
we have retained the same overall format. Basic principles remain, but instru-
mentation is constantly changing and improving as manufacturers seek better
and better performance and functionality from their products. We have tried to
reflect such developments in the text and make sure that it is as up to date as
possible. In particular, we deal with a number of recent innovations in a manner
accessible to newcomers to surface analysis. These include:

o Gas cluster ion sources.

o Newly developed high-energy X-ray sources (CrKo and GaKa) that are now
available on commercial XPS systems.

Near ambient pressure XPS, (a technique which is in its infancy but where
the UK is arguably developing a lead).

Fully automated, entry-level, high-performance systems.

Certain areas, such as sample preparation, sample mounting, quantification,
peak fitting, energy loss background analysis, multi-technique analysis and
multi-technique profiling are treated in more detail than before.

The year of publication (2019) is the Golden Jubilee of the launch of XPS and
AES as commercially available analysis methods. It is a rather salutary thought
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Preface to Second Edition

that both of us have been involved with applied surface analysis for more than
three quarters of this time, which gives us cause to reflect on the many innova-
tions that have taken place during this time. As a celebration of 50 years of XPS
we include images of one of the first commercial XPS systems and a sectioned
analyser from such a system, overleaf.

As they say at all Golden Jubilee celebrations ‘Here’s to the next fifty years!

John E Watts

Guildford, Surrey, UK

John Wolstenholme
Crowborough, East Sussex, UK

The first commercial XPS system from VG Scientific (now Thermo Fisher Scientific), a 1969
ESCA 2 electron spectrometer, installed at the University of Surrey
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Sectioned concentric hemispherical analyser from the above spectrometer.
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Electron Spectroscopy: Some Basic Concepts

1.1 Analysis of Surfaces

All solid materials interact with their surroundings through their surfaces.
The physical and chemical composition of these surfaces determine the nature
of the interactions. Their surface chemistry will influence such factors as
corrosion rates, catalytic activity, adhesive properties, wettability, contact
potential, failure mechanisms, etc. Surfaces, therefore, influence many crucially
important properties of the solid.

Despite the undoubted importance of surfaces, only a very small proportion
of the atoms of most solids are found at the surface. Consider, for example, a
1cm cube of a typical transition metal (e.g. nickel). The cube contains about
9x10** atoms of which about 6x 10" are at the surface. The proportion of
surface atoms is therefore approximately 1 in 10°® or 10 ppb. If we want to detect
impurities at the nickel surface at a concentration of 0.1% then we need to
detect materials at a concentration level of 0.01 ppb within the cube. The exact
proportion of atoms at the surface will depend upon the shape and surface
roughness of the material as well as its composition. The above figures simply
illustrate that a successful technique for analysing surfaces must have at least
two characteristics:

a) It must be extremely sensitive.
b) It must be efficient at filtering out signal from the vast majority of the atoms
present in the sample.

This book is largely concerned with X-ray photoelectron spectroscopy (XPS)
and Auger electron spectroscopy (AES). As will be shown, each of these tech-
niques has the required characteristics but, in addition, they can answer other
important questions:

a) Which elements are present in the near-surface region of a solid?
b) Which chemical states of these elements are present?

An Introduction to Surface Analysis by XPS and AES, Second Edition.
John F. Watts and John Wolstenholme.
© 2020 John Wiley & Sons Ltd. Published 2020 by John Wiley & Sons Ltd.
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¢) How much of each chemical state of each element is present?
d) What is the spatial distribution of the materials in the near surface region in
three-dimensions and how does that vary with time?
e) If material is present as a thin film at the surface:
i) How thick is the film?
ii) How uniform is the thickness?
iii) How uniform is the chemical composition of the film?

In electron spectroscopy, we are concerned with the emission and energy
analysis of low energy electrons, usually in the range 20-2000eV" (the use of
X-ray anodes that generate X-rays having a photon energy much higher than
2000V is becoming more popular). These electrons are liberated from the
sample being examined as a result of the photoemission process (in XPS) or the
radiationless de-excitation of an ionised atom by the Auger emission process in
AES and scanning Auger microscopy (SAM). The distinction between AES
and SAM is worthy of consideration. AES is a broad term that implies excita-
tion of Auger electrons using a beam of electrons but makes no claim to be a
technique that features high spatial resolution. SAM, on the other hand, always
makes use of a finely focussed electron beam, typically in the range 10-100 nm,
and provides results in the form of spatially resolved images derived from
Auger electron data.

In the simplest terms, an electron spectrometer consists of the sample under
investigation, a source of primary radiation, and an electron energy analyser all
contained within a vacuum chamber, preferably operating in the ultra-high
vacuum (UHV) regime. In practice, there will often be a secondary UHV chamber
fitted with various sample preparation facilities and perhaps ancillary analytical
facilities. A data system will be used for data acquisition and subsequent pro-
cessing. The source of the primary radiation for the two methods is different;
XPS making use of soft X-rays, most commonly monochromated Al Ka X-rays,
although a twin anode arrangement is still often used (the most popular being
Al Ko combined with Mg Ka), whereas AES and SAM rely on the use of an
electron gun. The specification for electron guns used in Auger analysis varies
tremendously, particularly as far as the spatial resolution is concerned, which,
for finely focused guns, may be between 5pm and<10nm. In principle, the
same energy analyser may be used for both XPS and AES; consequently, the two
techniques are often to be found in the same analytical instrument.

Before considering the uses and applications of the two methods, it is helpful
to review the physical principles of the two processes along with their strengths
and weaknesses.

1 Units: In electron spectroscopy, energies are usually expressed in the non-SI unit ‘electron volt
(eV)’ which is a unit of energy equal to the work done on an electron in accelerating it through a
potential difference of 1V. 1eV~1.6x107"].
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1.2 Notation

XPS and AES measure the energy of electrons emitted from a material. It is
necessary therefore to have some formal way to describe which electrons are
involved with each of the observed transitions. The notation used in XPS is
different from that used in AES. XPS uses the so-called spectroscopists’ or
chemists’ notation while Auger electrons are identified by the X-ray notation.

1.2.1 Spectroscopists’ Notation

In this notation, the photoelectrons observed are described by means of
their quantum numbers. Transitions are usually labelled according to the
scheme nl;.

The first part of this notation is the principal quantum number, n. This takes
integer values of 1, 2, 3, etc. The second part of the nomenclature, /, is the quan-
tum number which describes the orbital angular momentum of the electron.
This takes integer values 0, 1, 2, 3, etc. However, this quantum number is usually
given a letter rather than a number as shown in Table 1.1.

The peaks in XPS spectra derived from orbitals whose angular momentum
quantum number is greater than 0 are usually split into two. This is a result of
the interaction of the electron angular momentum due to its spin with its
orbital angular momentum. Each electron has a quantum number associated
with its spin angular momentum?, s. The value of s can be either +% or —%. The
two angular momenta are added vectorially to produce the quantity j in the
expression nlj, i.e. j = |l +s|. Thus, an electron from a p orbital can have a j value
of % (I-s) or 3/ (1 +5); similarly, electrons from a d orbital can have j values of either
3/, or °/,. The relative intensity of the components of the doublets formed by
the spin orbit coupling is dependent upon their relative populations (degenera-
cies) which are given by the expression (2j+1) so, for an electron from a d

Table 1.1 Notation given to the quantum numbers
which describe orbital angular momentum.

Value of / Usual notation
0 s
1 p
2 d
3 f

2 The electron spin quantum number, s, should not be confused with the description of the
orbitals whose angular momentum is equal to zero were the S is normally given in upper case.

3
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’

Table 1.2 The relationship between quantum numbers, spectroscopists
notation and X-ray notation.

Quantum numbers

Spectroscopy

n | s notation X-ray notation
1 0 +% 181" K
2 0 1 281" Ly
2 1 +% 2p1/2 L,
2 1 E37) 2ps/2 L3
3 0 % 3s12" M;
3 1 th 3pi M,
3 1 +% 3pss2 M3
3 2 % 3ds/» M,y
3 2 E7) 3ds, M;

etc.

“usually identified as 1s, 2s, 3s, in XPS, the subscript is omitted.

orbital, the relative intensities of the 3/2 and 5/2 peaks are 2 : 3. The spacing
between the components of the doublets depends upon the strength of the spin
orbit coupling. For a given value of both n and |, the separation increases with
the atomic number of the atom. For a given atom, it decreases both with
increasing n and with increasing .

1.2.2 X-ray Notation

In X-ray notation, the principal quantum numbers are given letters K, L, M,
etc. while subscript numbers refer to the j values described above. The rela-
tionship between the notations is given in Table 1.2.

As will be seen later, the Auger process involves three electrons and so the
notation must take account of this. This is done simply by listing the three
electrons, for example a peak in an Auger spectrum may be labelled KL,L3 or
L,M;sMs, For convenience, the subscripts are sometimes omitted.

1.3 X-ray Photoelectron Spectroscopy

In XPS we are concerned with a special form of photoemission, i.e. the ejec-
tion of an electron from a core level caused by an X-ray photon of energy hv.
The energy of the emitted photoelectron is then analysed by the electron
spectrometer and the data presented as a graph of intensity (usually expressed
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as counts or counts per second) versus electron energy; the X-ray induced
photoelectron spectrum.

The kinetic energy (Ex) of the electron is the experimental quantity measured
by the spectrometer, but this is dependent on the energy of the X-ray source
employed and is therefore not an intrinsic material property. The binding energy
of the electron (Ep) is the parameter which identifies the electron specifically,
both in terms of its parent element and atomic energy level. The relationship
between the parameters involved in the XPS experiment is as follows:

Eg=hv-Ex-¢

Where hv is the photon energy, Ex is the kinetic energy of the electron, and
¢ is the work function of the spectrometer.

As all three quantities on the right-hand side of the equation are known or
measurable, it is a simple matter to calculate the binding energy of the electron.
In practice, this task will be performed by the control electronics or data system
associated with the spectrometer and the operator merely selects a binding or
kinetic energy scale whichever is considered the more appropriate. It should be
emphasised that the positions of XPS peaks on the binding energy scale are inde-
pendent of the X-ray photon energy but the positions of X-ray induced Auger
peaks will depend upon the photon energy. On the other hand, if the spectrum is
displayed on a kinetic energy scale then the position of the Auger peaks will remain
constant while the position of the XPS peaks will change with photon energy.

Figure 1.1a is a schematic representation of the arrangement of the electrons
in a carbon atom as a 1s electron is being ejected following an interaction with
an X-ray photon. The carbon 1s (C 1s) region of the XPS spectrum of diamond
is shown in Figure 1.1b.

() (o)

Diamond
KE. s (~1486.6 V285 eV = 1201.6 eV) Cis
[ ]
[>2]
2p (L2g) Epp~10eV
2s (L) Eps~20eV  [E/ev

hv = 1486.6 eV M
1s (K) E1s~285 eV

296 292 288 284 280
Binding Energy/eV

Figure 1.1 (a) Schematic of the XPS process, showing photoionisation of an atom by the
ejection of a 1s electron from an atom of carbon; (b) The C 1s region of the XPS spectrum
of diamond. [Note: the arrangement of the electrons in diamond differs from that shown in
(a) because, in diamond, the 2s and 2p orbitals form a set of four equivalent sp* hybrid
orbitals resulting in a single peak in the XPS spectrum.]
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4f Figure 1.2 Photo electron
spectrum of lead showing the
manner in which electrons
escaping from the solid can
contribute to discrete peaks
or suffer energy loss and
contribute to the background.
The spectrum is
superimposed on a schematic
of the electronic structure of
lead to illustrate how each
orbital gives rise to
photoelectron lines.
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Energy
e‘\x‘\d‘“g

E“QV Q\J

The photoelectron spectrum will reproduce the electronic structure of an
element quite accurately as all electrons with a binding energy less than the
photon energy will feature in the spectrum. This is illustrated in Figure 1.2
where the XPS spectrum of lead is superimposed on a representation of the
electron orbitals (represented as circular orbits in Figure 1.2).

Those electrons which are excited and escape without energy loss contribute
to the characteristic peaks in the spectrum; those which undergo inelastic scat-
tering and suffer energy loss contribute to the background of the spectrum.
Once a photoelectron has been emitted, the ionised atom must relax in some
way. This can be achieved by the emission of an X-ray photon, known as X-ray
fluorescence (XRF). The other possibility is the ejection of an Auger electron.
Auger peaks may be seen in the XPS spectrum of tin shown in Figure 1.3. As
will be seen later, the position of the Auger peaks in the XPS spectrum can
provide valuable chemical information.

Figure 1.3 shows the XPS spectrum of Sn with the peaks labelled according
to the above notation and illustrating the splitting observed in the peaks due to
electrons in 3p and 3d orbitals while splitting in the 4d and 4p peaks is too
small to be observed.

XPS provides sensitive elemental analysis of a surface, but its great advantage
is that it can provide a chemical state analysis as well. This is because the bind-
ing energy of the core electrons in an atom is affected by the chemical environ-
ment of the atom. Figure 1.4 illustrates this with a C 1s spectrum of poly(ethylene
terephthalate) (PET). The spectrum consists of three major peaks; one due to the
carbon atoms in the aromatic ring (carbon with no oxygen attached), one due to
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Figure 1.3 Survey spectrum from Sn showing the XPS transitions accessible using Al Ko

radiation. The features marked with an asterisk are electron energy-loss features due to
plasmon excitation (see Section 3.3.8).
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Figure 1.4 The C 1s region of the XPS spectrum of poly (ethylene terephthalate) (PET).

the carbon atoms in the ethylene group (carbon with one oxygen atom attached),
and one due to the carbon atoms in the ester group (carbon with two oxygen
atoms attached). It should be noted that the oxygen atoms in the two different
chemical environments also show a chemical shift in their 1s spectrum.

Table 1.3 shows examples of C 1s binding energies for a range of compound
types, many more may be found in, for example, the National Institute of Standards
and Technology (NIST) data base (https://srdata.nist.gov/xps/Default.aspx).
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Table 1.3 C1s binding energies for a range of compound types.

Chemical state Example C 1s Binding energy/eV
sp? carbon Graphite, graphene, aromatic polymer, 284.4
e.g. polystyrene
C-C Polyethylene 284.8
sp> carbon Diamond 284.8
Cc-O Poly(ethylene terephthalate) (PET) 286
C-Cl Poly(vinyl chloride) (PVC) 287
Cc=0 Poly(ethyl ketone) (PEK) 288
0=C-0 Poly(methyl methacrylate) (PMMA) 288.5
CF, Polytetrafluoroethylene (PTFE) 292
COs* Metal carbonate 288-290
c" Metal carbide 283-284
CF; CF, plasma treated polymers 294

1.4 Auger Electron Spectroscopy (AES)

The processes of Auger electron emission and X-ray emission are illustrated in
Figure 1.5. A high-energy incident electron causes the emission of an electron
from an atom, (a K electron in this example). The incident electron loses energy
and is scattered within the sample. The scattered incident electron and the
emitted K electron contribute to the background signal in an Auger spectrum.
The emission of the K electron from the atom leaves a ‘hole’ in the electronic
structure which means that the ionised atom is in an excited state and will relax
to a lower energy state in one of two ways.

1) An electron from a higher level, an L electron in this example, fills the hole
causing an X-ray photon to be emitted. This is the basis of electron probe
microanalysis (EPMA), carried out in many electron microscopes by either
energy dispersive X-ray spectroscopy (EDX) or wavelength dispersive X-ray
spectroscopy (WDX) spectrometers.

2) The core hole may be filled by an electron from a higher level, the L, 3 level
in Figure 1.5. In accordance with the principle of the conservation of energy;,
another electron is ejected from the atom, e.g. an L; electron in the schematic
of Figure 1.5. This electron is termed the KL;L, 3 Auger electron.

With increasing atomic number, the relative yield of Auger electrons decreases,
see Figure 1.6, while the yield of X-ray photons increases. Implicit in this obser-
vation is the fact that AES, in common with XPS, has good sensitivity for light
elements.
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Figure 1.5 The competing processes of X-ray photon emission and Auger electron emission
as a result of the ejection of a core level electron caused by a high-energy, incident electron.
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Abbreviated forms of the Auger notation are often used, for example:

e KLL is used, omitting the subscripts, to refer to the whole group of KLL
emissions from silicon.

o NVVisa general term used to refer to Auger emissions in which an electron
is removed from the N orbital, replaced by an electron from the valence shell,
causing a second valence electron to be emitted.

o CVVis a general term to indicate the involvement of one electron from a
core level and two from the valence band. The broadness of the valence
band is convoluted within the final Auger distribution leading to very
broad peaks.

e VVVis a general term to indicate Auger emissions involving three valence
electrons.
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