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QUALITATIVE AND QUANTITATIVE
SURFACE ANALYSIS VIA X-RAY PHOTOEMISSION
AND AUGER ELECTRON SPECTROSCOPIES

MASSIMO SANCROTTI®
Laboratorio Tecnologie Avanzate Superfici e Catalisi (TASC)
Istituto Nazionale per la Fisica della Materia (INFM)
Padriciano 99, 1-34012 Trieste, ltaly

1. Introduction

The last three decades have seen the birth and devel-
opment of a wide variety of experimental techniques
in solid-state research which share surface sensitivity
as a key character.*™® These methods enable one to
probe chemical and physical properties of solids in a
spatial region confined to within a few atomic lay-
ers below the solid surface. This opportunity, which
crucially bepefited from the parallel advance of a
wide series of technological areas such as electronic
and vacwyum industries, has ignited a progressively
increasing number of fundamental and applicative
researches on the peculiar properties of the surface
and near-surface region of solids. At present, a set
of these surface-sensitive techniques (SST) are rou-
tinely utilized over an unlimited series of technolog-
ical domains encompassing metallurgic, electronic,
chemical, and vacuum industries.

Depending on the specific technique, elemental
and chemical information, surface morphology, sur-
face topography, surface structure, or magnetic
properties can be addressed. An in-depth under-
standing of a problem usually demands for the use
of a combined series of SST such as photoemission
spectroscopy, Auger spectroscopy, electron energy-
loss spectroscopy, scanning tunneling microscopy
and spectroscopy, secondary-ion mass spectroscopy,
surface x-ray diffraction, electron diffraction, atom
scattering, and x-ray absorption spectroscopy. Each
of the SST is moreover characterized by spe-

*Also at Dipartimento di Fisica, Politecnico di Milano, Italy.
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cific figures of merit as far as, for example, the sur-
face sensitivity, the spatial resolution, the elemen-
tal sensitivity and other significant parameters are
concerned.

Whenever a solid interacts with a gas or liquid en-
vironment, like in corrosion, oxidation, and catalysis,
the near-surface region of the solid plays a crucial rote
in determining the evolution of the process (Fig. 1).
Thereby, an in-depth evaluation of the near-surface
properties as a function of external parameters (tem-
perature, chemical agents, humidity, etc.) is of major
relevance to an understanding and a control of the
technological applications.

However, SST can be of invaluable importance
also in the characterization of processes accurring in
the bulk of matter. This is, for example, the case
of fracture and creep where nanosized segregations
at grain boundaries of polycrystalline materials can
govern the macroscopic behavior of massive matter
(Fig. 1). In this case, SST can be applied to study
fractured surfaces and find chemical species or com-
pounds which can affect the macroscopic behavior.

Another field which is unavoidably linked to the
use of SST is the synthesis of artificially structured
materials spanning a wide variety of methods such
as molecular beam epitaxy, ion implantation, ion-
beam assisted deposition, and laser ablation (Fig. 1).
For many of these applications, an evaluation of the
growth process on a real-time scale and with atomic
layer sensitivity is of fundamental importance, as
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Fig. 1. Examples where SST can be usefully applied for
studying surfaces and interfaces.

well as a characterization a posteriori via SST com-
bined with controlled erosion via ion sputtering.
What is moreover rapidly emerging is the pos-
sibility of using some SST for atomic manipulation
and engineering at solid surfaces as can be done with
the tips of scanning tunneling microscopes (Fig. 1).
In a simplified view, all SST are based on the
excitation of a solid via particle bombardment and
on the measurement of the response of the solid. In
most cases, this response is the emission of particles
whose properties (energy, charge, direction of emis-
sion, angular momentum, etc.} can be traced back
to the properties of the solid. Surface sensitivity can
be determined by differing causes. In the case of
electron spectroscopies, surface sensitivity is mostly
determined by the energy-dependent inelastic mean-
free-path of electrons in solids (Fig. 2). Imagine an
electron is excited at some energy value as a result of
a specific excitation mechanism (Fig. 3). The proba-
bility that this energy is conserved is lower than one

i 1 b1 [
o] N 00 300 1000 000 10000

Electron Energy (eV)

Fig. 2, Plot of the electron inelastic mean-free-path ver-
sus the electron kinetic energy. Shaded is the area where
mast of the experimental points measured from different
solids fall.

Fig. 3. Sketch of how an electron created at a depth =
below the surface can escape from the solid.

and depends on the path described by the particle
within the solid. If I(z) is the flux of electrons cre-
ated at a selected depth (z) below the surface and
at a specific energy value (E), the flux of electrons
[I(2)) which do not suffer an inelastic process prior to
being emitted by the solid, and thereby conserving
their energy, is related to z and the inelastic mean-
free-path (A) as foliows

-—z
I = R
(2) = Io(2) exp 35—,
where 8 is the angle of emission. It should now be

clear that the exponential decay of the above for-
mula makes a signal related to electrons of selected



energy more and more atenuated as electrons are cre-
ated deeper in the solid, over a very wide energy
range. If the final-state energy of the electrons is
somehow tunable, as can be done in photoemission
spectroscopy by tuning the excitation photon energy,
one can control the degree of surface sensitivity.

It is worth mentioning that most of the SST re-
quire high-vacuum conditions for being operative. In
the case of electron spectroscopies, this is primarily
dictated by the limited number of inelastic scatter-
ing events that emitted electrons must suffer with the
gas molecules of the residual gas prior to detection
for not being sharply attenuated in intensity. More-
over, the full control of surface-science experiments
imposes even more severe constraiats that is to work
in ultrahigh-vacuum conditions {(107'1-10~1° mbar
range). On the basis of kinetic theory of gases and
under the assumption that the sticking probability
of a gas molecule at a solid surface is equal to one, it
can be easily found that the adsorption of an atomic
monolayer of molecules would be completed in 1 sec-
ond at & 1 x 10~% mbar. The lower the pressure, the
longer the lifetime of a surface before being signifi-
cantly contaminated.

Among the surface-sensitive experimental meth-
ods, x-ray photoemission spectroscopy (XPS) and
Auger electron spectroscopy (AES) are easily recog-
nized as the historical roots of the neverending devel-
opment of SST and are also by far the most widely
utilized techniques for both qualitative and quantita-
tive analysis of solid surfaces. It is worth remarking
that the large families of materials (single- and poly-
crystals, amorphous, adsorbates, polymers, conduc-
tors, semiconductors, insulators, etc.) can be fruit-
fully studied via XPS and AES, the only severe
limitation being the vacuum compatibility of the
specimen.

In this paper, we will give a survey of the basic
principles, the instrumental aspects, and a selected
set of applications of XPS and AES. The text is con-
ceived as a primer for newcomers and a more pro-
found level of understanding can be achieved in the
quoted literature.

2. Basic Principles

2.1. X-ray photoemission speclroscopy

This technique'™!® is based on the photoelectric
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Fig. 4. Pictorial view of a photoemission experiment
showing the impinging photon and the emitted electron.

effect. Figures 4 and 5 give a schematic view of a pho-
toemission experiment along with the corresponding
energy diagram sketched in a one-particle picture.
Monochromatic photons are sent toward a solid and
the emitted photoelectrons are analyzed in energy.
This simplified view allows one to appreciate the in-
herent powerful characters of the technique. The dis-
tribution in energy (final-state kinetic energy) of the
detected electrons (Fig. 5), which leave the system in
a one-hole final state, is expected, to a first approx-
imation, to mimic the distribution in energy of the
occupied electron states in the ground state of the
solid, the energy being conserved consistently with
the following relation

Ef=hU—Ei—‘i),

where Er and F; represent the final- and initial-state
energies of the electron, respectively, hv is the photon
energy, and & is the solid work function.'* Deviations
from this simplified picture can occur and it will be
described further below. Nevertheless, the real effec-
tiveness of this technique stems essentially from the
direct insight it can provide on the electronic struc-
ture (core levels and valence-band states) of a solid.

A real photoemission spectrum®® is shown in
Fig. 6. It is given as a function of the initial-state
binding energy, consistently with the above formula.
The measured profile is characterized by sharp struc-
tures which can be related to the atom and orbital
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Fig. 5. Diagram of the energy levels relative to the ground state of a solid and a hypothetical photoemission spectrum
where valence-band states and core levels are excited. Ev and Ef represent the vacuum level and the Fermi energy,

respectively.

specific core levels. These features, usually called
primary structures, are actually superimposed onto
a mostly featureless background which exhibit a huge
peak in the very low energy region (= 5-10 eV} of
the spectrum (see Fig. 5). This background is as-
cribed to the almost continuum distribution of the
secondary electrons which are produced after inelas-
tic scattering within the solid and have left memory
of their primary energy. The excitation of most core
levels requires at least soft x-rays and this explains
the more usual acronym of the technique, i.e., x-ray
photoemission spectroscopy (XPS). Also used is the
acronym ESCA meaning electron spectroscopy for
surface analysis.

The atom specificity of this technique is inher-
ently related to the discreteness of the core-level
energies in nature, i.e., each core-level distribu-
tion is a fingerprint of a specific chemical element.
Handbooks!3:1® collecting XPS spectra for each ele-
mental solid are currently available and are used as
reference database for core-level identification.

A very important point which opens up the pos-
sibility for a profound understanding of the chemical
state of an atom within a solid is related to the so-

called core-level shift (CLS). Actually, a core-level
binding energy depends on the chemical bonds and
environment local to a specific atomic site. Thereby,
if reference specimens are studied and quoted, the
identification of the chemical state of an atom in a
priori unknown solid system is made possible, consis-
tently with the energy resolution and the actual size
of the CLS. Figure 6 gives a list of core-level binding
energies of Zr in a wide number of compounds.

Another key point for an analysis of the chemical
state of a solid is related to the study of the energy
distribution of the valence-band states. The typi-
cal feature of these shallow states, is their delocal-
ized character, compareq to the local nature of core
levels. They are thus exjpected to markedly change
their distribution in endrgy as the chemical bonds
are changed.

In a one-particle framework, given an impinging
flux of photons, the currdnt density of photoelectrons
can be expressed in termp of a Fermi golden rule for-
mula where the matrix elpment, in the dipole approx-
imation, can be written hs

Mg = (¥dAlp+p- AlT),
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Fig. 6. Reference XPS spectrum excited from solid Zr with a Mg-anode x-ray source (hv = 1253.6 eV). Also shown
are an expanded view of the spin-orbit split Zr-3d core-level emission and a table indicating the Zr-3ds;2 core-level

binding energy for a set of Zr compounds.

where ¥¢ and ¥; are the final- and initial-state elec-
tron wave functions, respectively. A is the elec-
tromagnetic vector potential, and p is the electron
momentum.

The quantitative character of the technique re-
sides in the behavior of the core-level photoionization
cross sections. If a specific value of photon energy
is selected, the probability of core-level photoemis-
sion for incident photon depends on the specific core

level of the specific atom under study. This is shown,
for example, in Fig. 7 where calculated cross sec-
tions are reported!” for Yb. The relative intensities
of core-level photoemission peaks for say element A
and element B in @ priori unknown composition,
should thereby reflect the relative atomic concentra-
tions of these elements in the spatial region of the
solid probed via XPS, once the behavior of the cor-
responding core-level cross sections is known.
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Yb binding energies(eV) are:

15( 2) 57009.8
3s( 2) 2086.76
3d(10) 1561.01
44(10) 190.652
41(14) 15.9818

2s( 2) 9290.78
Ip{ &) 1904.14
4p( 6) 327.481
Sp{ 6) 30.7582

2p{ 6) 8887.20
45( 2) 402.610
Ss(2) 50.8637
6s( 2) 5.16038

Fig. 7. Calculated photoionization cross sections for a set of Yb core levels in atomic Yb as a function of the photon

energy.

2.2. Auger electron spectroscopy

Figure 8 depicts a view of the energy-diagram
scheme relative to an Auger de-excitation pro-
cess. !~ 71213,18-21 The starting point is to create a
core hole inside the solid leaving an atomic site in an
ionized state. This condition can be attained bom-
barding the solid with electrons, photons, ions, or
other particles. The de-excitation of the system can

occur along two distinct and competing processes:
(i) an electron on a more shallow energy level can
collapse over the core hole emitting a photon consis-
tently with the fluorescence mechanism and leaving
the system with {V — 1} electrons; (ii} an electron
at lower binding energy can refill the initially cre-
ated core hole, the energy of this electronic transition
being transferred to another electron. Provided the
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Fig. 8. Pictorial view of an energy-level scheme for an
atom in a solid in its ground state (left), after creating a
deep core hole and subsequent electron emission (center),
and in the two-hole final state (right).
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Fig. 9. Plot representing the Auger de-excitation proba-
bility and the x-ray fluorescence probability after creating
a K hole as a function of the atomic number.

energy of the thus-excited electron falls above the
vacuum level and the particle is able to escape from
the solid, the electron is called an Auger electron and
the overall de-excitation mechanism is called Auger
process. The relative probability of the fluorescence
versus Auger processes are plotted in Fig. 9 as a func-
tion of the atomic number (Z) for initial K core hole.
The lower the atomic number, the higher the Auger
yield.

In Auger spectroscopy, the system is left with
two holes in the final state. The nomenclature of
Auger spectroscopy indicates the transition with the
sequence of the involved energy levels, say XYZ for
the scheme of Fig. 8. The labeling of the energy levels
is the same typically used in x-ray spectroscopy and
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Fig. 10. Relative energies in the K'LL Auger series.
Also indicated is the transition from L-S to j—j coupling
through intermediate coupling.

can change along with the atomic number depending
on which scheme (j—j versus LS versus intermedi-
ate) is more appropriate for the addition of the an-
gular momenta of the electron states. {See Fig. 10
for Ref. 1.) The Auger process is characterized by
the conservation of energy, angular mementum, and
parity for the N-particle system. To a first approxi-
mation, the expression of the energy conservation is
given below

Exyz = Ex - By —Ez2 - &,

where Ex, Fvy, and Eg are the one-particle core-level
binding enrergies, Exuz is the Auger electron energy
measured with respect to the vacuum level, and @ is
the solid work function. However, final-state effects
can play a significant role. Therefore, corrections to
the above formula are included such as

Exuz=Ex —Ey—Ez~%®—-Fyz+Hhyz,

where Fy z and Ry z represent a two-final-state cor-
relation energy and a final-state relaxation energy
{(including intra- and extra-atomic contributions},
respectively.
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By relying on the one-particle electron scheme
of Fig. B, it should be clear that the distribution
in energy of the emitted Auger electrons should be
somehow reminiscent of the discrete distribution in
energy of the electron states in the solid. Thereby,
Auger spectroscopy i3 immediately recognized to be
elemental sensitive. Handbooks with standard Auger
spectra from elemental solids are currently available.

In Fig. 11 a table with the principal Auger transitions
is reproduced.??

Core-level chemical shifts are also expected to
play a role in the Auger spectroscopy thereby pro-
viding, in principle, the chemical sensitivity to this
technique. This means that Auger lines are to be
measured for a wide series of standard elemental and
compound solids for identification of the chemical

Chart of Principal Auger Electron Energies
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Fig. 11. Table of the principal Auger electron energies as a function of the atomic number.
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Fig. 12. Auger spectra from a contaminated Cu speci-
men as measured via pulse counting and derivative
detection.

state of a specific element in an a priort unknown
system. Chemical sensitivity will also be discussed
further below in connection with Auger transitions
involving valence-electron states.

An Auger spectrum from a contaminated Cu
specimen!? is shown in Fig. 12. Likewise the case
of XPS, the corresponding spectroscopic features are
superimposed on a secondary-electron background.
Strictly speaking, Auger electron are secondary elec-
trons as well. For the sake of clarity, they are usually
referred to as elastic secondary electrons whereas the
electrons which have lost memory of their initial ex-
citation energy are called inelastic secondaries.

It is worth noting that the final-state energy of
Auger electrons do not depend on the energy and on
the nature of the particles used for creating the initial
core hole. The ionizing particles can be classified
depending on their ionization cross section. This is
shown in the case of electrons in Fig. 13 where the

1.0

Gax

Eo/Eax

Fig. 13. Cross section of core-hole creation by electron
impact as a function of the primary-beam energy (Eo)
normalized to the core-hole energy {Eax) for a set of
selected species.

cross section for ionizing a core level is plotted as
a function of the primary-electron energy normal-
ized to the core-hole threshold. It is easily concluded
that the best condition corresponds to selecting a pri-
mary energy approximately three timas the core-hole
energy.

Auger transitions are also classified as to the
localized versus delocalized nature of the involved
electron states. It is usual to distinguish between
core—core—core (CCC), core—core-valence (CCV),
and core—valence—valence (CVV) transitions depend-
ing on whether the electrons are core or valence elec-
trons. We will come back to this point further below.

The Auger process is governed by a matrix
element which can be expressed in the following
way

Mp = (fIH %),

where the final- and initial-state vectors |f) and
i} can be represented in a two-particie picture as
[Ty Pz}, (Tx A}, respectively. H is the Hamilto-
nian describing the Auger transition which in the
nonrelativistic imit becomes a Coulomb term. 0y
refers to the Auger electron.

Since the Auger effect is a three-level transition
and leaves the system in a doubly ionized state, mul-
tiplet effects are expected to dominate the energy dis-
tribution of the emitted Auger electrons, especially
for CCC processes. This is, for example,?3:24 shown
in Fig. 14. The nature of the matrix element dic-
tates the character of the CCC transitions which is
predominantly intra-atomic.

What makes Auger spectroscopy a quantitative
method is the direct relation between the intensity
of an Auger spectral feature and the number of
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Fig. 14. Auger spectra of solid and vapor cadminm. The
vertical bars represent the terms of the calculated multi-
plet distributions.

atoms supporting the Auger transitions through the
transition-specific cross section. Similarly to the XPS
case, atomic concentrations can be determined rela-
tive to the limited spatial volume which is probed by
the surface sensitivity of the technique.

Of special importance are Auger transitions in-
volving one or two valence-electron states. In a
simple-minded scheme, the energy distribution of
CCV or CVV Auger electrons is expected to mimic
the valence density of states or the self-convolution
of the valence density of states, respectively. See
Fig. 15, for reference. More precisely, (i) the presence
of a core-level wave function in the matrix element
makes the valence density of states to be probed lo-
cal to the atomic site where the initial core hole is
created; (ii) the matrix element acts as a filter for
the relative weights of the Auger structures depend-
ing on the angular momentum of the valence-band

Ayger CVV linesnape

Core ve
level

m

Fig. 15. Pictorial view of a one-particle energy-level
scheme for a solid and the expected spectral distribution
for a CVV Auger transition assuming a pure band-like
picture.

states. This property of CCV or CVV line shapes
yields additional chemical sensitivity to Auger spec-
troscopy. Deviations from the above picture can arise
from the two-hole final state of the transitions. Let
us therefore focus onto CVV line shapes whose cross
sections are usually stronger than CCV transitions.
Empirically speaking, there are many CVV transi-
tions which can be successfully interpreted in terms
of the density-of-states picture whereas other CVV
line shapes resemble more closely the Auger response
typical of free atoms where multiplet effects do play
a dominant role. On a qualitative basis, it is rea-
sonable to expect that, whenever the two holes left
in the final state cannot efficiently delocalize from
the ionized site, the electronic structure local to the
Auger site can be significantly perturbed up to the
breakdown of the Bloch theorem. The atom sup-
porting the Auger transition can be envisioned as
an impurity in the host solid with a peculiar local
electronic structure. This will in turn determine an
Auger response closer to that of free atoms. A gen-
eral theory predicting the actual Auger CVV line
shapes from solids is still lacking. However, in the
late seventies a theory?®2% has been formulated for
filled band systems and is referred to as the Cini-
Sawatzky theory. The criterion yielded by this theo-
retical approach can be schematized as follows

> Uy band-like limit

' Uy atomic-like limit ,

where I' is the valence-bandwidth and U} is the
two-hole correlation energy. The band-like limit is
typical of covalent systems while the atomic limit is
often encountered in d-metals. The case of the Si-
L, 3VV line shape in solid Si is shown®” in Fig. 16
along with two theoretical predictions. The validity
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of a band-like approach is quite clear. Also noticeable
is the role of the matrix elements in determining the
relative weights to the main structures. In Fig. 17 a
significant selection of experimental CVV Auger line
shapes of d-metals?® is compared with self-folded lo-
cal density of states. Note the element-specific agree-
ment versus disagreement of this comparison. The

behavior of T and Up.n in a selection of transitional
metals?® is given in Fig. 18.

2.3. Ecxtra-contributions to XPS

and AES profiles

Features other than the mentioned primary struc-
tures of XPS and the elastic secondary Auger fea-
tures are usually found in experimental spectra.
Moreover, the real line shapes are also affected by
a wide series of effects. An understanding of these
aspects is of fundamental importance for a reliable
line-shape analysis. A significant selection of such
effects is given?® in Fig. 19 and is briefly discussed
here. (i) Lifetime broadening — all electron spec-
troscopies measure the system in an excited state
of finite lifetime. This is unavoidably reflected in
the finite broadening of the lines according to the
Heisenberg uncertainty principle. A wide number
of core-hole lifetimes has been quoted in the litera-
ture. (it) Phonon broadening — the vibrational mo-
tion of atoms in the solid occurs usually on a time

ST e
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Fig. 17. Experimental CVV Auger line shapes from
solid quasinoble and noble metals. Also indicated (dashed
line) are the self-folded valence density of states {N x N).
The vertical bars (Cu and Ag) represent terms of multi-
plet distributions as predicted in an atomic-like calcula-
tion. The energy scale is the so-called two-hole final-state
energy scale. Ex and E, indicate the core-hole binding
energy as determined via XP3 and the measured Auger
kinetic energy, respectively.

scale longer than the temporal interval of the spec-
troscopic excitation. Thereby, atoms are probed in
an infinite series of inhomogeneous positions dur-
ing the acquisition of an XPS or AES spectrum.
This is reflected in a Gaussian broadening of the
final-state line shape. (iii) Loss-induced broadening -
the excited electrons can promote inelastic scattering
events while propagating in the solid such as excita-
tion of plasmon modes of the Fermi gas or valence—
to—conduction band state transitions. The result is
typically the presence of extra features in the XPS
or AES response. (iv) Core-level asymmetry - it is
related to the many-body response of the solid to
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Fig. 19. Schematic view of the main processes which
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the creation of a core hole and it is the stronger the
higher the demnsity of states at the Fermi level. It is
a typical marker of metallicity.

3. XPS Core-Level Line-Shape
Fitting

A variety of fitting procedures has been proposed
and utilized.!? Regardless of the specific method of
core-level fitting, some general remarks can be put
forward.

A singlet contribution is expected from spheri-
cally symmetric orbitals for each of the homogeneous
sites of a specific element in a solid. Orbitals of other
than s-symmetry contribute with a spin—orbit split
doublet. An exception to this scheme is the case of
the shallow 4f states in the rare earths, where the
partial filling of the orbitals is responsible of signifi-
cant multiplet effects in the ionized final state.

Core-level fitting is usually accomplished via
Voigt profiles which properly include both Lorentzian
(lifetime) and Gaussian (phonons, instrumental
width) broadening effects. Most of the fitting pro-
cedures also include the secondary-background line.
Various modeis have been proposed for the secon-
daries profile.

As in any fitting procedure, the results must be
critically examined. Any experimentalist is invited
not to consider the recipes used for the core-level fit-
ting as black boxes with a priori legitimate income
and outcome. This means that for each core level,
different choices of parameters must be explored. A
fitting procedure will be considered reliable not only
in terms of statistical criteria but also by checking
whether the general trends emerging as outcome
are crucially affected by small variations of the
parameters.

4, Quantitative Analysis

It is not our intention to cover all the detailed as-
pects of quantitative analysis based on XPS or AES.
For this, the reader is referred to monographs or re-
view papers. Here, we just limit ourselves to give the
fundamental elements for this analysis.

Assume we have an homogeneous multielement
solid. The basic idea is that the intentisy I; of an
element-specific spectral feature is proportional to
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Atomic Sensitivity Factors X-ray Sources at 90°

Element Line ASF  Element Line ASF  Element Line ASF  Element Line  ASF
Ag 3d 5.198 Eu 4d 2.210 Na 1s 1.685 Si 2p 0.283
Al 2p 0.193 F 1s 1.000 Nb 3d 2.517 Sm 3ds;s 2,907
Ar 2p 1.011  Fe 2p 2683  Nd 3d 4.697  Sn 3ds;,  4.095
As 3d 0.570 Ga 2pasa 3341 Ne 1s 1.340 St 3d 1.578
Au 4f 5.240 Gd 44 2.207 Ni 2p 3.653 Ta 4f 2.589
B 1s 0.159 Ge 2p3sz 3.100 O 1s 0711 Tb 4d 2.201
Ba 4d 2.627 Hf 4f 2.221 Os 4f 3.747 Te 3d 3.266
Be 1s 0.074 Hg 4f 5.797 P 2p 0.412 Te 3ds,2 4925
Bi 4f 7.632 Ho 4d 2.189 Pb 4f 6.968 Th 4f7/2 7.498
Bre 3d 0.895 I 3ds;2 5.337 Pd 3d 4.642 Ti 2p 1.798
C 1s (.296 In 3dsyz 3777 Pm 3d 3.754 Tl 4f 6.447
Ca 2p 1.634 Ir 4f 4,217 Pr 3d 6.356 Tm 4d 2.172
Cd 3ds;2  6.032 K 2p 1.300 Pt 4f 4.674 u 4f79 8.476
Ce ad 7.399 Kr 3d 1.096 Rb 3d 1.316 \'% 2p 1.912
Cl 2p 0.770 La 3d 7.708 Re 4f 3.327 W 4f 2.959
Co 2p 3.255 Li 1s 0.025 Rh 3d 4.179 Xe 3ds;2 5702
Cr 2p 2.201 Lu 4d 2.156 Ru ad 3.696 Y 3d 1.867
Cs 3dgy. 6.032 Mg 2s 0.252 5 2p 0.570 Yb 4d 2.169
Cu 2p 4798  Mn  2p 2.420  Sb 3dy;, 4473 2Zn 2pyz  3.354
Dy 4d 2.198 Mo 3d 2.867 Sc 2p 1.678 Zr 3d 2.216
Er 4d 2.184 N 1s 0.477 Se 3d 0.722

Fig. 20. Table of relative XPS atomic sensitivity factors for the main core-line emissions. In this scale, the reference
value is the sensitivity factor of fluorine which is set equal to one.

the flux F of incident particles (photons in XF3, pho-
tons or electrons in AES), the atomic concentration
of the ith species, the cross-section () of the spec-
tral transition under examination, and the transmis-
sion function (T') of the instrumental apparatus for
the corresponding energies. Moreover, this must be
thought of as confined in the limited spatial volume
sampled through the inelastic mean-free-path of the
corresponding XPS or AES electrons. Joint analysis
of the most intense spectral features for each element
detected in a specific XPS or AES spectrum should
allow one to determine the relative atomic concen-
trations in the solid.

An easier aproach makes use of the so-called sen-
sitivity factors (s; for the ith element). Tables of
atomic sensitivity factors are given in Figs. 20 and
21 for XPS'5 and AES,?? respectively. These factors

are usually referred to a specific spectrometer oOp-
erated in a well-defined mode, e.g., constant versus
varying energy resolution, and are based on reference
measurements made on elemental solids in well-
controlied conditions. These factors include eb-initio
cross-section effects. The evaluation of the atomic
concentrations (z;) is thus performed along the fol-
lowing formula for the ith element

I;
34

2

I, =

@l

J

where the summation is performed over all the
species detected in the specimen and I; represents
the spectroscopic intensity of the ith element.
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Relative Auger Sensitivities of the Elements
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Fig. 21. Relative Auger sensitivity factors for various families of Auger transitions.
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Fig. 22. Pictorial view of the spatial distribution of an
electron beam after impinging a solid surface.

Various factors other than those already men-
tioned can affect the experimental intensity of the ith
species in a solid. Just to make an example, Auger

o o b
o W o

Reported Xa

0 02 04 06 08 10

True Xa

Fig. 23. Comparison of the real composition and that
estimated ignoring matrix effects in a binary solid.

electrons in electron-excited spectra can be signifi-
cantly produced by high-energy electrons backscat-
tered well below the near-surface region (see Fig. 22).



The backscattering process depends unfortunately
on the matrix and this poses limitations to the above-
illustrated scheme. Figure 23 shows real versus re-
ported atomic concentrations in homogeneous binary
systems for different values of the matrix factor which
includes the just-mentioned backscattering effect.
For more details, see Ref. 12.

5. Instrumentation

Some instrumental elements needed for both XPS
and AES are the same: {i) an UHV apparatus; (ii} a
sample with related in-situ preparation facilities;
(iii) an electron-energy analyzer; {iv) an electron de-
tector; (v) a pulse-counting electronics; and (vi} a
computer driving the instruments.

The excitation source can be different. XP3 is
based on photon sources while AES is primarily uti-
lized in the electron-excited version therby needing
an electron gun. For this latter application, a cur-
rent signal is more usually detected and this implies
the use of phase-sensitive lock-in amplifiers.

A schematic picture of an electron spectroscopy
experiment is shown in Fig. 24. For the UHV tech-
nology and related apparatus the reader is referred
to Refs. 12 and 29. Hereafter, we will provide some
details concerning photon and electron sources, and
electron-energy analyzers.

1 I A Celelee
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5.1.

Most of the commercial photon sources are based
on either gas discharges for UV photons or electron
bombardment of properly chosen anodes for soft x-
rays. An exampie of an anode-based x-ray source
is given in Fig. 25. A hot filament is usually the
source of thermally emitted electrons which are then
accelerated toward the anode. A thin window is
usually inserted between the anode and the sample
for cutting a significant fraction of the continuum
bremsstrahlung radiation and preventing electrons
from reaching the sample. In Fig. 26, a selection
of the most promising lines provided by nature is
given along with their natural width. It is notewor-
thy, that the charging effects which typically occur
when doing photoemission of insulators are usually
neutralized by low-energy electron beam sent toward
the specimen surface.

Of fundamental and progressively increasing im-
portance is the use of storage rings used as syn-
chrotron radiation sources. The key features of these
sources are (i) the continuum distribution of photon
energies which can be properly selected by insert-
ing a monochromator prior to the analysis chamber;
(ii) the polarization of the synchrotron light whose
electric-field vector is naturally parallel to the plane
of the storagering orbit. Right-hand or left-hand
circular polarization can be achieved by working

Photon sources

COMPUTER
ANALYZER SYSTEM
CONTROL (MACS)
IoN
SuN PULSE COUNTING
/ DETECTION
X-RAY INNER OUTER MAGNEELIC
. YLIN
souncz\ ’ CYLINDER CYLINDER SHIEL
!
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Fig. 24. Pictorial view of a surface-science spectroscopic experiment.
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Fig. 25. Schematic view of an anode-based x-ray source.

Ar LASER
10" Ar LASER _
o qg®L 4 fdoubled width e 1 8V
5 Hz | AlKa
: |
3 Nor Hell ypg Mgka  Crka
L Nell
S 10"}
[=]
=y
o
L T s .
10° 10 10 10 10

Photon Energy (eV?)

Fig. 26. A significant selection of characteristic UV and
x-ray lines provided by nature.

in off-plane geometry; (iii} the high flux of photons
achievable over a very wide photon energy range;
(iv} the high brilliance of the photon beams. This
is crucially important for high energy-resolution ex-
periments and spectromicroscopy. The recent use of
insertion devices in storage rings has allowed an
advance in the achievements of most of the above-
mentioned parameters as is reported in some papers
in this volume,

5.2. Electron sources

Strictly speaking, AES poses less severe constraints
to the design and construction of electron sources
rather than other electron-excited spectroscopies

such as electron energy loss and inverse photoemis-
sion. Actually, an ultrahigh energy resolution is not
required, the energies of Auger electrons not being
determined by the excitation source. Typically, a
beam with good stability in intensity and a fine
spot are required. Most of the electron guns use
thermionic emitters. Also used are emission-field
sources.

5.3. Electron-energy analyzers

Various families of analyzers have been designed and
constructed. They are usually classified along with
the specific trajectory the electrons describe. The
mostly utilized analyzers are the double-cylindrical-
mirror analyzer {CMA) and the hemispherical ana-
lyzer (HSA). Both of them can work for XPS
and AES. The latter is fruitfully used when angu-
lar resolution is required as for angle-resolved UPS
or photoelectron or Auger electron diffraction experi-
ments. Electron-energy analyzers have been recently
designed allowing one to target spectromicroscopy by
selecting small areas of the photoelectron-emitting
specimens,

6. Applications

Here, a selected set of scientific cases will be given
for showing the potential of the XPS and AES tech-
niques in studying protlems in surface and interface
sciences. The possibility of addressing elemental and
chemical aspects of any kind of solid material (single-
vs poly-crystals; chemisorbed and variously surface-
treated systems), being limited just for the vacuum
compatibility, should be appreciated. For more de-
tails concerning the examples which will be shown,
the reader is referred to the original literature. The
following overview is far from being complete but
it should in any case be considered a good starting
point for a further thorough examination.

Before we continue, it is worth mentioning the
typical figures of merit of XPS and AES. For XPS,
the constraints on energy resolution reside in the
photon source (best values achieved so far: =2 0.3 eV
for commercial apparatus; =~ 0.02-0.05 eV at syn-
chrotron sources). The best lateral resolution at-
tained so far is of the order of 5 um for commer-
cial apparatus and tens of nanometer at synchrotron
beamlines. The elemental sensitivity amounts to
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Fig. 27. Oxidation states at the Si02/Si(100) interface,
as measured by the Si 2p core levels. The top curve rep-
resents the raw data. The bottom curve has the Si-2py,2
line and the secondary-electron background subtracted.

s 0.1%, this value being subject to change markedly
by making use of ultrabright synchrotron radiation.
XPS can directly detect all the elements of the peri-
odic Table except H and He.

For AES, the best lateral resolution is of the or-
der of 5 nm while the elemental sensitivity is of the
order of 0.1%. Energy resolution is not usually a
bottleneck, the Auger line shapes being spread over
extended energy ranges. Like XPS, AES cannot di-
rectly measure H and He.

In Figs. 27 and 28 are shown XPS Si-2p spectra®
from silicon surfaces after oxygen chemisorption com-
bired with thermal annealing. All these treatments
were performed in UHV starting from in-situ cleaned
Si surfaces. Clearly identified, even in the raw data
are the various chemically distinct contributions of
Si atoms reflecting differing chemical environments
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Fig. 28. Si-2pys2 core-line emission for two distinct ox-
ide thicknesses at the Si02/Si(100) interface.

and spanning the Si?, Si*+, Si**, Si**, and Sitt
oxidation states. The sizeable oxidation-dependent
core-level shift enables one to distinguish the various
components within the instrumental resolution with-
out sophisticated line-shape fitting. In this case, the
use of the tunable synchrotron radiation allowed the
authors to enhance the photoemission signal of the
topmost layers, i.e., the final-state kinetic energies of
the Si-2p photoelectrons fall in the broad minimum
of the inelastic mean-free-path (Fig. 2). Also notice-
able is the different relative weights of the various
oxidation states depending on the evolution of the
oxide thickness grown on the pristine substrate.
The effects of controlled exposure of different 5i
surfaces to fluorine, studied by XPS,*! is shown in
Fig. 29. A variety of oxidation states is found in
both cases. These test cases are then compared with
the results of fiuorine etching. This shows that SiF;
is the dominant contribution left after the etching
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treatment. Removal of SiF3 is thus the bottleneck /\
of the etching reaction. Needless to say, this is an
important information in the domain of solid-state J \
electronics. Figure 29 also shows the behavior of the 04
core-level shift spanning a wide variety of oxidation S B - A N
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. Core-level X_PS has been p.roven T,O be quite effec- Fig. 30. Si-2p core-level photoemission spectra from the
tive for addressing the eveclution of interface growth Ce/Si(111) interface as a function of the Ce coverage.
both for the chemical state identification and for Also shown are the fitting components which are assigned
the quantitative description of the growth mode. In to clean Si (Si-1), reacted Ce—Si pseudosilicide (Si-2), and
Fig. 30 a series of Si-2p spectra measured at the surface segregated Si (Si-3).
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Fig. 31. Attenuation curves for the S5i-2p core-level
intensity relative to the total and distinct component
signals shown in Fig. 30.

Ce/Si(111) interface as a function of the Ce cov-
erage is reported.’? Line-shape fitting allowed the
authors to identify up to three different Si sites.
The plot of the intensities of such components as a
function of the Ce thickness is also shown (Fig. 31).
Comparison with reference models for the interface
growth (layer-by-layer versus island formation versus
layer-plus-island formation) suggests the real growth
models as indicated in the top panel of Fig. 30. Stud-
ies of this kind have been widely performed for semi-
conductor—-metal, metal-metal, and semiconductor-
semiconductor interfaces.

An increasing number of studies have been re-
cently devoted to evaluate the near-surface behavior
of the so-called nonevaporable gettering alloys. The
key feature of these systems, which can include d-
metals, rare earths, or alkali atoms, is the ability of
absorbing huge amounts of gases after proper ther-
mal activation procedures. This property can also
be engineered so as to be molecular-selective. Appli-
cations of these alloys are found in vacuum industry
(pumping elements), in the field of gas purification
(selective filters), and in the nuclear-fusion technol-
ogy (tritium recycling). XPS spectra® from two im-
portant Zr-based alloys are shown in Figs. 32 and 33
as a function of the annealing temperature. In both
cases, the alloys have been fractured in air and then
inserted in the UHV apparatus where they have been
thermally treated at selected steps (annealing dura-
tion = 20 min) and measured after each annealing.
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Fig. 32. Zr-3d core-level XPS spectra from ZR,Fe and
ZrVFe alloys after annealing treatments at selected
temperatures.
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Fig. 33. (-1s core-level XPS spectra from ZRaFe and
ZrVFe alloys after annealing treatments at selected
temperatures.

The XPS spectra hereby reported refer to Zr-3d and
C-1s core levels. [t is noteworthy that:

(i) the surfaces of fractured specimens exhibit pre-
dominantly Zr-3d core levels associated to ZrO»
and C-1s signal typical of chemisorbed C-
containing molecules such as hydrocarbons, CO,
and COQ;
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(ii) the progressively increasing annealing promotes
the growth of intermediate oxidation states of
Zr which appear at lower binding energies at
the expenses of the Zr*t component and the ap-
pearance of a more shallow contribution in the
C-1s spectra which is ascribed to the formation
of metal carbides in the near-surface region of
the alloys. The joint ZrgsFe versus ZrVFe analy-
sis allows one to appreciate the different behav-
ior of the two alloys after the same annealing
steps thus enabling one to explore differences in
the kinetics;

(iii) the high-temperature treatments enrich the
near-surface region in Zr atoms which are pre-
dominantly in a metallic environment (alloyed
or elementally segregated);

(iv) the residual content of carbon in ZroFe at high
temperature is typical of solely metal carbides
whereas ZrVFe shows also contributions as-
cribed to cheémisorbed molecules and graphitic
carbon.

'_‘I
o o
B & 8 8 8

Atomic concentration (%)

(=]

——Ir % —a—C R
-0 ] —a—rFe R
—— R
100 i 1 T
ZiVFe
80 .

Atomic concentration (%)

0 200 400 600 800 1000
Temperature (°C)

Fig. 34. Relative atomic concentrations as a function of
the annealing temperatures from ZRsFe and ZrVFe.
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If the line-shape analysis allows one to establish
how the chemistry local to the different species sites
evolves, an analysis of the signal intensities does es-
tablish how the relative atomic concentrations are
affected in the near-surface region by the thermal
treatments. This is shown in Fig. 34. The main
messages are the progressive increase, as the tem-
perature is raised, of Zr content at the expenses of
carbon. Moreover, Zr;Fe is able to remove all the
oxygen atoms whereas a sizeable oxygen contribution
is seen in ZrVFe even after the highest temperature
annealing. Remarkable is the fact that the tempera-
ture range (= 400-500°C for Zr,Fe and ~ 400-600°C
for ZrVFe) where the Zr {C) sharply increases (de-
creases) has a direct correspondence with the tem-
perature ranges found by studying the macroscopic
gettering efficiencies of these alloys. This gives a
fruitful example of systems where macroscopic mea-
sured properties can be accounted by an investiga-
tion focused onto the atomic-scale behavior.

The case of Fig. 35 deals with the combined use of
a SST (AES) with controlled ion-induced erosion.34
An important point is that both qualitative and
quantitative aspects are addressed altogether within
the same approach. In the domain of metallurgy a
relevant point is to check whether surface properties
of solid materials can be properly engineered, e.g., in-
crease of the resistance to wear or to - hemical agents.
The use of thin films deposited via novel techniques
seems to be promising, implying at the same time
to find out good recipes for good adhesion with the
substrate. Here, steel and copper specimens have
been coated with an ¢-SiC film to increase the hard-
ness of the surface. Samples of SiC films have also
been nitrogen-implanted for improving the adhesion
with the substrate. The depth profiles give the dis-
tribution of the atomic species as a function of the
depth below the surface and, in particular, make ev-
ident the presence of nitrogen just across the film-
substrate interface. Moreover, the evolution of both
N-K'LL and C-KLL Auger line shapes (Fig. 36) for
the a-5iC/steel sample enables one to recognize the
formation of Si—(N, C)}-Cr complexes at the inter-
face. These determine the improved film-to-substrate
adhesion for the ion-implanted specimen.

A way for enhancing surface sensitivity is to ex-
ploit the dependence on the angle of emission of the
electrons consistently with Fig. 3. This is especially
important when the electron kinetic energy is not
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Fig. 35, Auger signal amplitudes as a function of sputtering time from as-deposited a-SiC film on a steel substrate
(left side, top panel), N-implanted {1 x 10'7 jons/em?) SiC-steel sample (left side, bottom panel), as-deposited a-SiC
film on a Cu substrate {right side, top panel}, N-implanted (1 x 10'7 ions/cm?) a-8iC/Cu bilayer,
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Fig. 36. N-KLL and C-KLL Auger spectra at three selected points of the N-implanted &-SiC/steep specimen
of Fig. 35.
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tunable and the corresponding inelastic mean-free-
path is sizeable. Figure 37 collects a series of XP5
spectra from polycrystalline gold taken with a con-
ventional x-ray source.’® A significant Au-4f;;; line
shape change is visible as the angle of emission is
varied. Line-shape fitting allows one to identify two

1©0° COUNTS

BINDING ENERGY (oV)

Fig. 37. Least-squares fits to Au-4f;;2 XPS line shape
as a function of the angle of emission of the electrons
from poly-Au. The surface components are shaded.

20F T T T T T

10% COUNTS

8 6 4 2 OE,
BINDING ENERGY (ev)

Fig. 38. Separation of bulk versus surface contributions
in the valence-band photoemission spectra of poly-Au.

prominent contributions, which are respectively as-
cribed to two inhomogeneous families of gold sites:
bulk and surface atoms. The behavior of the energy
distribution of the 3d-derived valence-band states is
shown in Fig. 38. The intensity analysis of the Au-
4f core level allowed the authors to discriminate the
energy distribution local to the surface sites with re-
spect to the bulk matter.

The following example illustrates how the tun-
ability of the photon energy of synchrotron radia-
tion can be exploited for discriminating surface ver-
sus bulk contributions. Figure 39 shows Ga-3d and
As-3d core levels measured from a GaAs{110)
single crystal.3 By changing the surface sensitivity,
the surface-related core-level contribution is signifi-
cantly enhanced or depressed compared to the bulk
compuonents.

An example of spectromicroscopy via AES® is
given in Fig. 40. The annealing of thin noble-metal
films grown in situ on Si substrates promotes the
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Fig. 39. Ga-3d and As-3d core-level photoemission spectra of the GaAs(110) surface. Shown are the bulk- aand
surface-related contribution as determined after line-shape fit.
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Fig. 40. Laterally resolved (= 200 nm) Si-LzsV'V Auger
line shapes from a thermally agglomerated Cu/Si(111)
interface. (a) island, (b) flat region, and (c) flat region
after soft Art sputtering.

formation of an inhomogeneous pattern with micron-
sized islands superimposed on flat regions. AES.
XPS, and low-energy electron diffraction (LEED)
performed by averaging over an extended lateral area
reveal an ordered two-dimensional phase where Cu
and Si atoms are arranged to give rise to a super-
structure with a weak chemical interaction between
Cu and the topmost Si atoms. However, when a
laterally resolved Auger analysis (lateral resolution
~ 200 nm) is performed on the various morpholo-
gies, one finds that (i) the islands are Cu-rich systems
where Si is also present and the Si-L, 3V'V Auger line
shape is typical of a Cu-silicide (see Fig. 41 for refer-
ence); (ii) the flat regions are characterized by Auger
spectra which closely resemble the laterally averaged
profiles. This example combines both the line-shape
analysis for chemical identification and the intensity
evaluation for the distribution of the atomic species.
Imagine now to record the intensities of the Auger
Cu- and Si-related signals as the narrow electron
beam is focused onto a specific surface point and to
do this while scanning over a laterally extended re-
gion. The result is the map of the chemical elements
as they are distributed over the explored area. Ex-
amples of spectromicroscopy via XPS are widely dis-
cussed in the paper by Coluzza and Moberg in this
volume.
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N{E) € {arb.units)
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Fig. 41. Si-LzaVV Auger line shape from Si(111}
(solid lines) and Si{111) + = 25 Cu monoclayers {room-
temperature growth) {points). Spectra (a) as measured
in the pulse counting mode and (b} after numerical dif-
ferentiation. The data refer to an averaged extended area
of the specimens.

7. Other Topics

Other versions of photoemission and Auger spectro-
scopies have been developed since the birth of these
techniques. Some of them are discussed in other pa-
pers of this volume such as angle-resolved photoe-
mission, photcelectron diffraction, and spin-resolved
photoemission. At present, they are mainly utilized
for fundamental and applicative research but not for
routine analysis in industrial environments. The next
few years will certainly make these exotic approaches
more familiar in the industrial areas.
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electrons; (c) hole de-excitation via the Auger process; and {a) inelastic
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Figure 2.18 Schematic of dual-anode X-ray source. The tapered anode has two faces, on which
fims of magnesium and aluminium respectively are deposited. Each anode face has its own
semi-circular filament. near ground polential, from which electrons are accelerated through a
potential of up to 15kV to the anode face nearer 1o it. Switching from one anode face to another
can be accomplished without the need to break the vacuum, (Reproduced from Yates, Barrie and
Street® by permission of The Institute of Physics)
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Figure 2.32 Diagram showing the clectron optical arrangement in the ESCASCOPE instrument
designed 1o produce energy-resolved two-dimensional images of the surface of a sample. Compared
to the conventional lens-plus-analyser system, the addilional clements are the input lens (3) the
output lens {5} and the channcl plate image deteclor. The principles of the imaging technique are
discussed in the text. (Reproduced from Coxon et al.?* by permission of Elsevicr Science Publishers)
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Appendix E. Atomic Sensilivity Factors for X-ray Sources at 90°

This toble is based wpom smpirical peak ara values® cornecied for she ryuem’s wonimission funciion, The valier are only valid for and
Hhould oniy be applied wien the electron energy analyzer used has e wamsmizsion charucieristics of ike spherical capacitor rype
anclyzee squipped wisk an Owai Focus Mi lens supplied by Perkin-Ebner The dosc are calewlared Jor 5-rays a1 90" relasive 1o the
amolyzex

Element Line  ASF Element Llse  ASF Elemesd Line  ASF Ekmest Lise ASF
T ag M s Eu 20 Na B Les S5 2 am
A % 0191 F 1 1.000 N k™ 2587 Sm he 2907
Ar p 1on Fe 2p 2604 Na 3d 4697 Sa M 4095
A k| 0510 Ca e 3040 Ne Iz 1340 Se k| 1578
Au L 5.240 Gd « 220 Ne p 3453 Ta & 389
B 1s 0.159 GCe 2pa 20D [+ 3 la 0T ™ 4 2201
Ba 44 1417 w o m [+ “ A7 Tc k] 3206
Be H oM Hy o 397 r » 0412 Te Mw 4925
Bi o 76 Ho « b AT Pb af 6.968 Th iy 1498
Br k- 0.495 ] g 3307 Pd k) 4.642 Ti 1 1.798
c Is 296 - 3y AT Pm 34 3754 T « 6.H7
Ca b 1634 ¥ af 417 P M 6.356 Tm 4« un
o] kL P ¥E K 2p 1.300 h o 474 v afa A6
Ce M 1359 Ks 3 1.0% b X 1Lie v b 1912
Q 2 .70 La 3d 7.708 Re o 330 w Y 2959
Co 2p 3158 L 12 o0 Rix k] 4579 X M AH2
Cr b 220 Le “« 215 R M 3% Y M 1567
Cs e 4032 Mg 2 ©.252 3 p 0370 Yo “« ;09
Cw I 4™ Mo b 2420 » Myz 4473 I 2 1IN
Dy L s Mo M 1867 Sc 2 [y 2r M 2216
Er 4 P A1 N s 0477 Se k™ 0.722

*C.0 Wagner, et al. Surf. Inverfoce Anal. 3, 211 (1981).
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Yb binding energies(eV) are:

1s( 2) 57009.8
3s{ 2) 2086.76
3d{10) 1561.01
4d(10) 190.652
41(14) 15.9818

2s( 2) 92%0.78
3p( 6) 1304.14
4p( 6) 327.461
Sp( 6) 30.7582

2p( 6) 8897.20
4s5( 2) 402.610
5s( 2) 50.8637
6s{ 2) 5.16038



XPS

* Elemental sensitivity
via
Core level binding energies

* Chemical environment sensitivity
via
Core level chemical shift

* Quantitative evaluation
via
Core level intensity analysis
& cross section evaluation

* Stru:tural information
via
Photoelectron diffraction

* Access key to many body realm
via
Spectral line shape analysis



XPS

e ELEMENTAL  SENSITIVITY
NI
CoRE LEVEL BWNDPING ENERGIES

# CHEMICAL ENVIRoNMENT SENSITIVITY
VUD
CORE LeNEL che rieal. SHIFT

o QUAN‘(‘[I—A.T{\Ig' EVALATIoN
Vi S

cCoHre LEVEL INTENSITY  ANALYSIC

% Clo S¢ secTio i Eva LUATION

e STRUCTURAL INFDEMATION
Vi3
PuoipELECTR 0N ~ P F+RACT loN
. AcEss KeY To MARNY BoPY REALM
via
StectRAL  LINE SHAPE  ARALY LS



-

]

Si2p
hr = 130 eV

S4100)
Oxidzed i O,

Photoemission intensity ( Arb, Units ) -

/

STRITPED

~107 -106 105 —104 103 —102 -101 —100 —99 -98
DATA Wital-State Enargy (oV roletve 1o E )

FIG. 1. Intermediate-oxidation states at the $i0,/Si(100) in-
terface, identified by their Si 2p core-level shifts. The top curve
represents the raw photoemission data for the Si 2p, .37 COTE
levels. The bottom curve has the Si 2p, ; line and the secondary
clectron background subtracted. Al three intermediate-
oxidation states are seen. For a truncated bulk structure only
Si** would be present since the Si(100) surface has two broken
bonds per atom.
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FIG. 3. Si 2p,,, core level spectra for 5 and ll-}&,—thick oxides decomposed

into five components. The black crosses represent the experimental spectra
and the solid lines indicate the theoretical functions and the diffcrent com-

ponents.
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FIG. 4. Core-level spectra from ultrathin SiO, overlayers on
Si(100) and Si(111) surfaces. The Si{111) substrate has less Si?*
and more Si'* than the Si(100) substrate. $i>* is enhanced by a
factor of 1.7 at this photon energy due to a cross-section reso-
nance (sec Table II}. The films were grown in 2X 10~ Torr O,
at 750°C for 20 sec.
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Fig. 6. Si 2p,,, core level spectra for fluorine-exposed Si surfaces
[21). The Si2p,,, contribution has been subtracted. At low
exposure, about a monolayer of fluorine is chemisorbed and
exhibits a distribution of oxidation states that varies with the
surface structure. At high exposure, where the surface is etched,
one finds predominantly SiF, indicating that the removal of SiF,

from the surface is the botileneck of the etching reaction
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Fig. 5. Linear relation between core level shift [18] and oxidation
state for fluorinated silicon and carbon. Fluorine on Si surfaces
(crosses, from [2173; see Fig. 6) exhibits similar core level shifts as
expected from an interpolation between SiH, and SiF,. The
calculated shift (dot) is for a Ruorine-terminated Si(111) 1 x|
surface [22]
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Separation of Au bulk and surface density of
states from the difference between 8=0" and 70° spectra.
Note different scales for raw data. Weightng factors
0.42 and 0.80 were determined from corresponding core- -

BINDING ENERGY (4V) level spectra as in Fig. 2. Centers of gravity {¢) for bulk

Least-squares fits to Audfs, photoemission and surface DOS are also shown.
data as a function of 8. Each spectrum was fitted individ-
ually assuming iwo lines of equal shape with all line-
shape parameters and line positions frecly adjustable. The
surface component is shaded. Note excellent consistency
int binding energy of the bulk and surface components for
each data set. ' .
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ments). The weighting factors were determined irom
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Fig. 2. The bulk theory is {rom Ref. 16.
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from Au, Ag, and Ca as a functlon of increasing sur-
face sensitivity (increasing @0, ~—6b-—



- Side view of 3 slab of five GaP(110) layers.
The surface layer !s relaxed according to the rotation-
relaxation model with a surface bond~-rotation angle 2
=27.5°. Chzins of atoms along & {110) plane passing
either through P (chain .4) or through Ga (chain B) sur~

face atoms are shown.
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‘III—V Pal.)d (a): Schematic indication of the surface atomic geometry for the (110) surface of
semiconductor compounds. The layer spacing is dy = a, /2yZ, where ag i the bulk lattice

constant. Panel {b): Surface unit cell. Space latti
ag is the bulk laitice constant. pace 1altiee parameters Aedy=aoamda, = a0/V2. where
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FIG. 1. Photoemission spectra for 3d and 4d core
levels In GaAs({110) and GaSb(110). Spectra for low

photon energies {(~10 eV above threshold) show mainly
bulk emission (B) while spectra for higher photon en~
ergles {~40 eV above threshold, small escape depth)
show additional surface core-level emission (S). BG
denotes the inelastic secondary-electron background.
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FIG. 1. Valence-band pholoemission spestra of evaporat-
ed Yb metal at different substrate temperatures. The heavy
solid line represents the result of a least-squares-fit analysis
of the data points of four 4/ '? final-state multiplets originat-
ing from the bulk [light solid curve (dotted bar diagram)]
and the surface shaded curve areas (solid bar diagram}].
The dotted lme represents the integral background. The
coreiation between the surface peaks and the corresponding
surface alom coordination numbers is indicated. Note the
strong intenaity variation of the surface peaks with substrate
temperature.
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above 1 ML [161).

SORDPIO M /5;((,,)

S¢ zp XPS

L _ 4 REACTED coMPONENT



[1]

-

CLEAN =,

W .~ REALTED Tuase

. GLIR
S e Si SEGREGATED

CIRIQH /gf (,“5

Co COVERAGE (ML)
2 4 [ ) 8 10 -4

T, L T T ¥ LA | T L]

Ce/Silii)
Sizp

PHOTOELECTRON INTENSITY (Arb unds)

si2p REDUCED INTENSITY

Fig. 70. Auenuation of the total Silp emission (solid line at top) and attenuation of each of the
three Silp components, deconvolued in fig. 69 Although the subsirate atienuation % monoLenic.
the reacted component grows 10 a maximum near 2.5 ML and is then attenuated. The surface
segregated component appears only alter the reacted componett is covered up by Ce and i nearly

constant in magnitude 10 high coverage {170

) JPEE R <

Fig 6% Si2p core phploemission specira for $m-Si(111) interfaces. The spectra are fitted with”
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FiG. 2. Topographs of (@) well-ordered Cy monolayer on Agl(§10) with
nearest neighbor distance of ~9.4 A. The linc indicates Ag{110] direction.
{b} Cyq istund formation {J} on terraces and Ag seps {5} running along
[110] indicated by the line. 12.300X2.400 Ay ¥, =83V, i,=1 nA. (c) Defect
(D) indicated in beragonal Tayer on one of the iskinds. The line indicates
Ag{170] divection.
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FIG. 2. EDC's for the valence-band emission of Pd,Si
at hy=:80, 110, and 130 ¢V are shown (top) normalized to
the main 44 structure. In the lower part of the figure we
show, for comparison, the total DOS {solid fine) and the
Si-derived s-p partial DOS as calculated by Bisi and
Calandra in Ref. 14. The vertical bars mark the eaperi-
mental features A —E identified in Fig. 1. Experimental-
ly, the suppression of the Pd-derived & emission at the 44
Cooper minimum (kv> 100 ¢V} results in the emergence
of the Si-derived s states at 9.3 eV and of the Si p states in
bonding combination with metal d orbitals 3.5-6.5 eV
below Ep. Theory does not show a similar one-to-one
correspondence for the other experimental featurss but
the qualitative agreement suggests that structures A and B
arise from 44 nonbonding states. The emission within 1.5
eV from Ey is strongly enhanced at the Cooper minimum
but the nature of the cotresponding states is less clear.
Either a substantial amount of metal s-p character is
present near E or the antibonding Si p —metal-d orbitals
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room temperature). The top pancl displays the CM and the hr =80 eV photoemission data. and a
threc-peak partial DOS that accounts for the Si hybridized Isp charge at the interface; a gap s
present in correspondence to the locatized Pt5d states, The same three-peak partial DOS is then
self-convoluted and compared to the integrated SiL, ¥V lineshape. The correspondence of all
peaks and relative intensities {a part of the known reduction of the $13s contnibution) confirms the
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modulation of the relative intensity of the experimental RE:S
features reflects the suppression of the 4d character at an-
tiresonance, where the Si-derived states are more visible
(hv~350 cV), and the following reenhancement at reso-

VA e N c€ nance (see Fig. 3). Resonant photoemission represents an

important tool for analyzing the different orbital contri-
Sb.ﬂ D butions to the valence states and, unlike the Cooper
minimum technique, can in principle be applied to all 4 AKS
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Surface and bulk states for Cu(111). The structure S; at E,—0-4eV in the normal emission
photoelectron spectra is a surface state; the other peaks are bulk states. Two

characteristics of a surface state can be

seen: S, islocated in the L)-L, gap of bulk states.

The binding energy of the surface state is'independent of the photon energy Av in
contrast to the bulk states which move due to dispersion along the &' axis as shown on

the left-hand side.
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(a) Polarization-dependent angle—resdlved photoclectron spectra for CO on Ni{(100) which

demonstrate that the axis of the CO molecule is perpendicular to the surface (after
Smith et al. 1976 b). For normal emission and with the electric field vector parallet to the
surface (bottom) the emission from the lowest orbital (4a; strucrure 2) is symmetry
forbidden. () Photoemission from CO on a Zn0O(1070) surface giving evidence for
inclined CO (from D’Amico et al. 1980) by comparing the angular dependence of the4o
emission (dots) with oriented-molecule calculations (line, see Davenport 1976).
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Cu(110) &

N(E) |

INITIAL ENERGY (V)

Fig. 5. Photoelectron spectra for normal emission from Cu(110),

which demonstrate polarization selection rules. With the electric

field vector E parallel to the {001) plane {dashed lines), states of 24

symmetry are excited; with E parallel (110), Z3 states are excited
(after Ref. 23).
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FIG. 5. The panial {s,p,d,f,g) and total density of states

curves for Al as compared to the measured BIS spectrum

corrected for plasmon losses. With the exception of one total

DOS curve, the DOS have been broadened to account for instru-
mental and lifetirne broadening effects (see text).
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Fig. 4. Companison between photoemission and inverse photo-

emission for surface states (tickmarks) on different Si surfaces

[17]. Photoemission measures occupied states whereas inverse
photoemission measures unoccupied states
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€ombined XPS-BIS apparatus. !—Electron gum: 2—
sample: 3—x-ray monochromator: 4—x-ray photon detector; S—
electron gun power supply; 6 —counting electronics and data outputs:
7—photoelection energy analyzer: 8-—photoelectron detector: and

9—x-ray tube;

3

L VYUV
“coniave
miciol

sampalie
Kk - resaeed
g15
qienter-zesot ed isochromat

cror positiun is gven inthe

X - intagraling
Bls
Sotvemetic of an apparatys fur me

SpecizesCipy. AR entarzed view of the d2te

low 27 teft corner.

" posilion-sensitive grotings
. detector {25mm #] 400 men radius

I
@‘ - - . pating

@'idlvn
b 3 e
;.:TT. hamber \ aleciron gua
ation cham P
S HL o manpiater
R -

Fig.18.3. Top view of a grating spectrograph for inverse photoemission: showing
retractable electron source and sample. The light from the sample is dispersed
by one of the two gratings and focused on a positionsensitive detector.
Sample preparation is performed in a separate vacuue chamber
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Fig. 1. Experimental setup with. two photon detectors
(D) for measuring light-polarization gffects in inverse

photoemission. G = electron gun, S =sample..
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in the rXUL-azimuth for various angles of incidence.
The left panel shows spectra obtained with detector 1,
the sight panel those of detector 2. The spectra have
been renommalized 1o equal background intensity at
BeV.
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* Elemental sensitivity
via
Kinetic energies of AES lines

* Chemical environment sensitivity
via
Shift of line energies & line shape analysis

* Quantitative evaluation
via
Line intensity analysis
& cross section evaluation

* Structural information
via
Auger electron diffraction

* Access key to many body realm
via
Spectral line shape analysis &
theoretical calculations
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FIG. 12, N XKLL and C KLL Auger inkcgral spectra at thaee selected points across the a-SiCssicel i
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FIG. 2. (3} Comparison of the L, ,V'V Auger specira
observed on Pd;Sl and 81 (211) surfaces. {b) Decompe-
sition of the Auger spectra Into two portions with the
scld-line pordon proportional to the elemental peak and
the dashed-line portion showlng the change as a rescit
of silicide formation. (c) Schematics of the Auger tran-
sittona for 81 L, ,VV In Pd; S according to caleulated
slate densities.
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FiG. 3. First- and second-derivative Si LVV Auger spectra of several silicides.
Scale factors of the individual curves were adjusted to produce similar overall
peak amplitudes in the plotted spectra. The silicide enthalpies of formation
AHj expressed per metal atom per formula unit are alsc indicated.
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