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1. Introduction

X-ray photoelectron spectroscopy (XPS) is probably the most
used method for quantitative characterization of elements at sur-
faces on the nano-meter depth scale [1,2]. The reason is that the
typical distance A between inelastic-scattering events for electrons
of energies between 100 and 2000 eV (which are typical for XPS)
is of the order of 1nm [3-6]. If elastic scattering is neglected,
measured emitted electron intensities I(z) are then attenuated
exponentially as a function of distance z/(A cos8) to the surface
according to

I(Z) — Ioe(—z/kcose) (1)

where 6 is the angle of emission with respect to the surface normal.
With A ~0.5-2 nm, XPS is thus ideal for the study of the outermost
few nm.

It turns out that the presence of the surface may cause consid-
erable changes in the energy loss spectrum as well as in the peak
intensity [7-9]. The change in peak intensity can conveniently be
described by a simple parameterization where the surface excita-
tion is expressed as the extra probability for an energy loss event
when the photoelectron crosses the surface. This effect is not huge
but has received considerable interest in the past few years[10-16].

For quantitative XPS it has been, and still is, quite common to
assume that the peak intensity is representative for the amount of
atoms that are on or in the near-surface region. This is however far
from being the case. The fundamental flaw is clear from Fig. 1 [17].
In the right-hand panel, model spectra of Au4d have been calcu-
lated for different depth distributions of a 1 nm thick gold layer.
The same amount of Au atoms gives a hugely varying intensity
because electrons excited at larger depths have a smaller proba-
bility (by Eq. (1)) of surviving at the peak energy but are likely to
lose energy and end up at lower energies in the spectrum. This is
clearly seen as an increase in the intensity below the peak energy
and a corresponding decrease in the Au4d peak intensity as the
1 nm thick gold layer is buried at increasingly larger depths. The
left-hand panel shows model spectra of Cu2p corresponding to four
different surface morphologies of Cuatoms in an Au matrix. The XPS
peak intensity from all four solids is identical although the surface
compositions are very different. Analysis of these spectra under
the assumption that the surface concentration is proportional to
the peak intensity, would result in an inaccurate quantification as
the true concentration at the surface could be anywhere from 0%
(as in (c) and (d)) to 100% (as in (a)) and the true total amount of
copper material within the surface region could be anywhere from
the equivalentof 1.1 A (asin(a)) or 10A(asin(c)) or even higher (as
in (d)). These two examples show that there is actually very little
quantitative informationin the peakintensity. If the nano-structure
of the sample is known in advance it is a simple matter to take these
effects into account using Eq. (1) and obtain an accurate analysis.
However this is of course not possible because the nano-structure
is hardly never known in advance because it is exactly the purpose
of the XPS analysis to determine that. From Fig. 1, it is however clear
that both the peak intensity and the peak-shape vary strongly and
itis very easy experimentally to distinguish between the spectra in

a 50eV energy region below each peak. This effect has been used
to greatly improve XPS quantification [17-23].

It is thus clear that it is very important to understand electron
energy-loss processes in XPS spectra. There are two origins to the
energy-loss structure. The first is due to the sudden creation of an
electric field from the core-hole created after photoexcitation of
the electron. This field excites valence electrons and the excita-
tion energy is lost by the photoelectron. Secondly the electric field
from the photoelectron will, as it moves towards the surface, also
cause excitations and thereby energy loss and such processes occur
even after the photoelectron has left the surface. The corresponding
energy loss processes are usually called “intrinsic” and “extrinsic”
excitations, respectively [24-28].

Model calculations of energy loss in XPS have been done
from first-principles quantum-mechanical descriptions [29-42]
and these have been extremely valuable to enlighten the funda-
mental mechanisms behind the photoexcitation process. But the
complexity of this approach makes it impractical for calculations
other than for the free-electron-like solids. A more feasible semi-
classical model [9] has been used in recent years [42-45] in which
the interaction of valence electrons with the field from both the
static core-hole and the moving photoelectron is described by the
dielectric function of the medium. With this model, extensions
beyond the nearly free-electron-like materials are straightforward
because the only input in the calculations is the dielectric function.
A major step forward in the practical application of this model has
been the parallel development of methods to deduce the dielec-
tric function from experimental Reflection Electron Energy Loss
Spectra (REELS) for solids of any composition and even from nano-
meter thin films [8,46-48]. This dielectric-response XPS model has
been shown to describe experimental XPS quantitatively quite well
[9,42-45]. User-friendly software has been developed [49] which
facilitates the calculations and this is useful for investigations of
the fundamental excitation mechanisms in XPS. But this is still a
fairly complex analysis procedure which is not useful for practical,
routine XPS analysis.

The description of XPS becomes much simpler if one assumes a
complete decoupling of intrinsic, extrinsic, surface effects and exci-
tations when the electron moves in the vacuum. In this model, the
photoemission process is considered to be separable into two or
three processes, i.e. first the core-electron is excited followed by
the second step in which the electron is transported to nearby the
surface and finally, in the third step, it escapes through the surface
region and travels in the vacuum to the electron energy analyzer.
A further simplification is obtained in the two-step model, where
the excitations in the third step are replaced by the bulk excitation
cross-section for paths up to the surface-vacuum interface and the
excitations while the electron travels in the vacuum are ignored.
Although the extrinsic/intrinsic contributions to the energy-loss
structure vary considerably with energy, geometry and depth, it
turns out that the two-step model is valid to describe the changes in
both peak intensity and energy loss structure caused by variations
in the depth distribution of excited electrons.

To calculate the change in the energy spectra in the two-step
model, it is necessary to know the inelastic-scattering cross-
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Fig. 1. Left panel: four widely different surface and near-surface distributions of Cu atoms in and on Au that give identical Cu XPS peak intensities, but quite different inelastic
backgrounds, from [17]. Right panel: Au4d spectra from samples where the same 1 nm thick Au film is placed at increasingly larger depths in a Cu matrix.

section. This may be calculated from the dielectric function [7,50]
of the solid or by analysis of a REELS spectrum [51,52]. However in
practical samples, the composition varies along the path the elec-
tron follows which complicates the description considerably and
the introduction of the concept of Universality classes of cross-
sections [53,54] was an important step for practical modeling of
the energy loss in XPS. Although these will not account for the finer
details, they turn out to be sufficiently accurate to describe the main
changes.

Rigorous algorithms to calculate the XPS energy spectra
within the two-step model were developed a long time ago
[17,18,20-23,55,56]. From this, quite detailed quantitative infor-
mation can be determined from the XPS spectra. There are
two different but equivalent approaches for quantitative nano-
composition analysis within the two-step model. Either one starts
with an intrinsic spectrum and calculates the changes due to extrin-
sic energy loss and compares the resulting spectrum on an absolute
scale to the measured XPS (software to simulate this energy loss is
available [57,58]). The extrinsic contributions will vary with the
depth distribution of photoemitting atoms and by trial and error
this depth distribution is determined. In the other approach, one
corrects the measured XPS spectrum for the extrinsic contributions
and determines the intrinsic XPS spectrum. This spectrum can be
compared to a standard spectrum determined from analysis of a
spectrum from a sample with known depth distribution. Usually
(but not necessarily), a sample with homogeneous depth distribu-
tion is used. Again the depth distribution of atoms is varied until a
good match between the two intrinsic spectra is obtained.

User-friendly software [58] has been developed which makes
this technique available also for the non-specialist. Since XPS is
generally non-destructive and all information is found from anal-
ysis of a single spectrum, it is possible to monitor composition
changes on the nano-scale as they happen. Thus it is very easy to
follow the evolution of nano-structures as, e.g. more material is
sequentially deposited onto a surface or to study the gradual change
in morphology as a consequence of, e.g. chemical reactions or
annealing.

Application of this formalism is, in principle, straightforward.
However since operator interaction is necessary, it is not well suited
for automated data processing. Automation is particularly impor-
tant for routine analysis and in XPS imaging where thousands
of spectra must be analyzed. Such an algorithm was suggested
recently [59,60]. It provides quantitative information on the atom
depth distribution as well as on the number of atoms within the
outermost ~10 nm. Its validity has been tested experimentally [60]
and it was recently shown to successfully provide quantitative 3D
XPS images [61-63]. Besides the application in 3D nano-imaging it
is expected that this algorithm will be useful in the development
of expert systems for automatic XPS analysis.

The above topics will be discussed in this paper.

2. Photoelectron spectra

In the simplest interpretation of XPS, a one-electron wave func-
tion is used in the “sudden approximation” and the effects of the
surface are neglected. Although this approach is not strictly valid
(see below), many of the practical applications of XPS for quantita-
tive determination of composition and depth profiles can actually
be quite well explained by this model (see below). However,
for a fundamental understanding of the photoelectron intensity
and energy spectrum, it is essential to consider a model that
includes many-electron and surface effects. The energy-loss struc-
ture originates from both the static core-hole created during the
photoexcitation of the core-electron and by the excitations that
take place during transport of the photoelectron in and out of the
solid. The corresponding energy-loss processes are usually called
“intrinsic” and “extrinsic” excitations. Intrinsic (also called shake-
up) excitations can sometimes be seen as distinct peaks on the
low kinetic energy side of the main photoelectron peak. Several
models have been proposed in the past for evaluation of XPS spec-
tral line shapes [9,29-42]. Most models have been based on a
quantum-mechanical description of the perturbation induced by
the photoexcitation process of the electron states of the solid.
A review on this subject was recently reported [39]. This first-
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principles approach has been extremely valuable to enlighten the
fundamental mechanisms behind the photoexcitation process. But
the complexity of this approach makes it impractical for calcula-
tions of XPS for solids other than the free-electron jellium-type
solids (see example in the upper panel of Fig. 4 below). It is,
however, only for a few solids that electronic excitations can
be quantitatively described within this model and, in general,
it is insufficient. A method which makes calculations practically
manageable for general materials, was proposed in [9]. In this
semi-classical model, the interaction of the medium with the core-
hole and the effect of the surface, as well as the excitations that
take place during transport of the electron, are described by the
complex dielectric function of the medium. A clear advantage of
this dielectric-response description over the quantum-mechanical
models, is that extensions beyond materials that can be described
by the nearly free-electron model are straightforward because the
only input in the calculations is the dielectric function. This is of
paramount importance for practical applications because, as men-
tioned above, very few materials are well described within the
free-electron model.

2.1. Dielectric-response model of XPS

The basic mechanism in the dielectric-response description is
that the static core-hole as well as the moving photoelectron
induces a potential in the medium. The photoelectron is in turn
affected by this potential and this leads to energy-loss processes in
which energy Aw and momentum #k are transferred to the valence-
and core-electrons of the solid. The variation in time and space of
the induced potential is conveniently described by the complex
dielectric function e(k,w) of the medium. For an electron traveling
in an infinite medium we define by K(E,T) the differential inelastic
electron scattering cross-section, i.e. K(Ey,T)dRdT is the probability
that an electron of energy Eg will lose energy in the interval T, T+dT
after having traveled a path length dR in the solid. This is given by

[7,50]
1 dk 1
naoEO/?’m{ e(k,hw)} )

where hw =T, Ey is the initial energy of the electron, ag is the Bohr
radius, and k is the wave vector transferred from the electron. k;. =
(2m/F12)1/2[E(1J/2 +(Eg — Tw))l/z] are the limits of integration over k,
imposed by energy and momentum conservation in the inelastic-
scattering process.

The complex dielectric function of the medium is conveniently
described by an expansion in terms of oscillators [52,64]:

m{ s

= O(hoo — Eg)i

. 2 2
=t ((hwm‘ +05ih227,lf12> —hw2) +(yiho)?

where A;, y; and hwy; are the strength, width and energy position
of the ith oscillator. The dispersion for each oscillator is «;. For a
free-electron-like material such as Al, «; =1, while «; ~ 0 for core-
electrons and for wide-gap insulators like SiO, [65,66] because
of the typical weak k-dispersion for the corresponding electron
energy bands. The step function 6 (hw — Eg) is included to simu-
late the effect of a possible energy gap Eg because no energy-loss
processes are possible for aw < Eg. Eq. (2) describes the energy-loss
processes of an electron moving in an infinite medium.

Fig. 2 shows schematic representations of different situations
in which an electron interacts with the surrounding valence elec-
trons in the medium near a surface [42,67]. Thus, Fig. 2a shows a

K(EO . ha)) =

Ajyiho (3)

Lo+ "'+++@ i
+ ¢+ 4+
(a) (b)
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+ F+
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Fig. 2. Different experimental situations that give rise to different boundary condi-
tions for the calculations of energy-loss processes, from [67].

static situation where the charge of an electron at rest is screened
by the surrounding electrons of the solid and an electric field is set
up. Fig. 2b shows the situation where the electron is moving in the
solid and the screened charge lags behind the moving electron. This
gives rise to a time-varying electric field and the electrons of the
solid may interact with this field and be excited to states at higher
energy. The excitation energy is taken from the moving electron
which, in turn, loses energy. Fig. 2c shows the situation where the
electron is approaching the surface. Here the spatial extension of
the electric field is modified by the presence of the surface. After
the electron has left the surface it will still induce charge redistri-
butions in the solid and the electron will interact with this field and
may thus still lose energy while it moves outside the solid in the
vacuum as in Fig. 2d. Fig. 2e shows the situation where there is a
static core-hole left behind at the point of excitation corresponding
to a photon excited core-electron. The photoelectron will interact
with the electric field from this static positive charge in the first
few angstroms as it moves away which, in turn, will change the
probability distribution for energy loss.

2.1.1. Effects of the core-hole and of the surface

In the semi-classical model [9,42,67] based on a dielectric
description of the electron energy losses of a photon excited core-
electron, it is assumed that an electron-hole pair (both considered
as point charges) is created at a given depth inside a semi-infinite
medium, characterized by a dielectric function &(k,w). The calcula-
tion applies the “specular reflection model” [68,69] which allows
one to solve the electrodynamic problem with the proper boundary
conditions for the electric potential and field at the surface-vacuum
interface. The geometry of the situation is defined in the inset in
Fig. 3. The core-hole is assumed to be static with infinite lifetime, i.e.
itremains at a fixed location forever after being created at time t=0.
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Fig. 3. Cross-section for emission in XPS (Si, Ep=1000eV, normal emission,
Xo=10A). The contribution to the losses induced by the static core-hole has been
isolated from that of the moving photoelectron, from [67].
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The photoelectron escapes from the semi-infinite medium with a
velocity vin a rectilinear trajectory. Within this model, one defines
an effective inelastic-scattering cross-section Keg{(Eg,hw;£,0,x0) in
terms of the induced potential. Kg(Ep,hw;€,0,X0) is defined as the
average probability that a photoelectron excited at depth xo with
energy Eg shall lose energy hw per unit energy loss and per unit
path length while traveling in the specified geometry. The energy
loss includes processes that take place after the electron has left
the surface but the average is taken over the path length traveled
inside the solid, i.e. x=xg/cos 8, where 8 is the angle to the surface
normal. Neglecting angular electron deflection one gets [9]

2
K,¢(Eg, hw; €, 0, Xg) = ————Ne /dt/d3r (r, t)i/d3kk‘
A 0 (2m)* R wx { pe

where r is the position, pe(r,t) the charge density of the escaping
photoelectron, and @;,4(k,w;e,0,x9) the Fourier transform of the
potential induced by the escaping photoelectron and the static
core-hole in the semi-infinite medium.

The final expression for @;,4(k,w;&,0,%p), given in [9], has several
terms which, from their dependence on the charge of the static
hole, can formally be identified as being due to the static core-hole
(denoted “hole” terms) and the rest which are independent of the
hole (denoted “no-hole” terms) so that

¢ind(k! w; &, 95 XO) = (pind,no—hole(ka w; &, 97 XO)
+¢ind,hole(kv w; &, 93 XO) (5)

This is a formal division and it is not strictly possible to make
this distinction because the different contributions interfere. More
details and the precise expressions for the “no-hole” and “hole”
contribution to the total induced potential can be found in [9]. The
expressions are quite involved and will not be repeated here. It
is common to denote those excitations that are due to the poten-
tial @jpq pole as “intrinsic” and those that are due to the potential
Dind no-hole as “extrinsic”. With this identification, the total cross-
section is decomposed in the form:

Ko (Eo, s €, 6, x0) = K& (Eo, hiw; €, 0, x0) + K" (Eo, s &, 6, Xo)

(6)
where K;}}”(Eo,hw; &,0,xg) is the sum of the terms that would
disappear if the hole were not there and Kgf’]‘c"(Eo,hw;s,@, X0)
is the sum of the remaining terms. Note that with this sep-
aration into “intrinsic” and “extrinsic” excitations, these terms
include the so-called “interference” effects that may be attributed
to the interference between the fields from the core-hole and
the moving electron. Since the interference effect diminishes
the total energy loss, the intrinsic cross-section may be neg-
ative (see Fig. 3). The total cross-section is, however, always
positive.

Fig. 3 shows an example of such a calculation [67] of the XPS
from a photoexcitation of a Si core-electron to 1000 eV energy in a
Si matrix at depth xo =10 A at normal emission. With the present
notation, K& = Kefr_puik + KO o - and KIg" = KX25, . Note that
most of the bulk plasmon losses (seen as the peak at ~ 16 eV energy
loss) are due to intrinsic excitations. Thus, less than half of the bulk
plasmon intensity is caused by the extrinsic processes occurring
as the electron is transported from 10 A depth and out of the solid
while the major part of the bulk plasmon intensity is intrinsic, i.e.
caused by the static core-hole. Note that the only input in this calcu-
lation (which was done with the generally available software [49])
is the dielectric function for Si.

In an experimental XPS measurement, there will be contri-
butions from photoelectrons excited at a range of depths. It is
therefore necessary to account for their relative contributions to

the spectrum. This is done by introducing an averaged effective
cross-section [42]

Kefr.a(Eo, Tiw; €, 0) = KMo, haos &, 0) + K arSi(Eg, hav; &, 0)
7)

where the “extrinsic” and “intrinsic” contributions can each be esti-
mated as a weighted average over the total pathlength x traveled
by the electron inside the medium as

VvOing(k, w; &, 6, xo)ei(kr—wt)} @

K:fj)i’t;i}nsic/intrinsic(Eo’ how: e, 9)

o0
= /W(EO; e, 0, a)I(eefjfm"SiC/i“m"Sic(EO, hw; €, 0, a)dx (8)
0

The weight function W(Ey;e,0,a) takes into account the pathlength
distribution of the electrons having suffered only a single inelastic-
scattering event [42].

For comparison to photoemission experiments, the elastic peak
must be included. If F(E) is the primary excitation spectrum, the
model spectrum J(E) from a homogeneous sample corresponding
to one inelastic-scattering event is given by

J(E)  F(E) + A / F(E')K . au(Eo, E' — E)dE’ (9)
E

where E' — E = hw. In order to be self-consistent with the calculated
Kefrav, A is usually taken as the inverse of the area of Kepq, Thus, J(E)
represents the model XPS spectrum corresponding to a zero-loss
peak F(E) together with the single inelastic-scattering contribution.
In practice, F(E) can be taken as a mixed Gaussian-Lorentzian curve
with a width given by the lifetime broadening of the excitation
[42]. A software package is available that allows to do all these
calculations [49].

In [38], the XPS dielectric-response model was compared to a
quantum-mechanical calculation and Fig. 4 shows the comparison
for Al and the dependence of the satellite spectra as a function
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Fig. 4. Bulk and surface plasmon satellite spectra in Al according to a quantum-
mechanical model (top curves) and the dielectric-response model (bottom curves)
at various energies and normal emission, from [38].
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experimental results for A1 2s photoemission in Al sample from [70] for the same experimental conditions used in the model calculations, from [42].

of photon energy for normal emission. The surface contribution
decreases relative to the bulk one, and the bulk peak becomes
sharper with increasing energy. The trends roughly agree but the
large broadening in the dielectric-response calculations, which is
absent in the quantum-mechanical calculations, makes a quantita-
tive comparison difficult [38].

2.1.2. Experimental verification of the dielectric-response XPS
model

The validity of the dielectric model for the simulation of XPS
spectral lineshapes has been investigated by comparison to exper-
iments [9,42-44]. For example in [42] it was shown that the theory
accounts well for the peak-shape observed in experiments [70] for
angular dependence of the Al2s emission. The comparison is shown
in Fig. 5 where the bulk and surface plasmons (at ~15 and 10eV,
respectively) are clearly seen to depend strongly on the geome-
try, with the surface plasmon being more prominent for glancing
emission angles.

The model calculations reproduces the absolute intensities as
well as the shapes of both bulk and surface excitations for the whole
series of experimental spectra taken at exit angles from 10° to 80°.
The only fitting parameter in this model is the width of the elas-
tic peak since the parameters that define the dielectric function
were taken from independent experiments. The calculation scheme
can easily be applied to other materials and experimental condi-
tions. The only input in the calculations is the dielectric function
which for a given solid may be taken from compilations [71] or it
may be determined experimentally from a fairly simple analysis of
REELS spectra using a dielectric-response model and accompanying
software developed for this purpose [8,46,72].

In [42], the excitations were split into extrinsic and intrinsic
contributions to the measured spectra. As was discussed above,
these contributions are related to the electronic excitations due
to the moving electron or to the core-hole, respectively. Fig. 6
shows that both extrinsic and intrinsic surface losses are enhanced
with respect to the corresponding bulk losses at glancing emis-
sion angles. However, the change with angle of emission in the
absolute contribution of extrinsic and intrinsic losses to Kefqy is
different. For the “surface” losses (identified as the region around
the peak at ~10eV), the “extrinsic” contribution to K4, accounts
for more than 95% of the intensity for all studied angles of emis-
sion. Note that, as described above, the slightly negative intrinsic
cross-sections in Fig. 6 are due to the “interference” effect [42].

For the bulk losses (identified as the peak at ~15eV and the
accompanying tail) the relative intensity of “intrinsic” to “extrin-

sic” excitation varies with the emission angle. Thus ~62% of the
total area of the bulk plasmon is due to intrinsic losses at normal
emission, while it is ~35% at 80° [42]. The shape of the intrinsic
losses is clearly different from the extrinsic. The intrinsic losses are
more step-like in shape being very asymmetric with excitations
that extend to much larger energy losses than the extrinsic losses
(see Fig. 6). This shows that the characteristic asymmetric shape of
the bulk plasmon peak which is observed in experiments is caused
by the intrinsic contribution to the bulk plasmon while the extrinsic
bulk plasmon has only a small asymmetry towards higher energy
loss. The spectra taken at glancing angles have less intrinsic losses
than those at normal emission. This is easily understood since, for
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Fig. 6. Effective average cross-sections K4, corresponding to the model calcula-

tions in Fig. 5. The extrinsic and intrinsic contributions to the spectra are indicated
as dashed and dot-dashed lines, respectively, from [42].
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glancing angles the photoelectron loses more energy (to extrinsic
excitations) while it moves in the vacuum above the surface where
it interacts for a longer time with the electrons in the solid com-
pared to an electron being emitted normal to the surface. Therefore
the relative contribution of intrinsic excitations decreases with
increasing emission angle. This is also likely to be the explanation
why the surface excitations are almost purely extrinsic for all angles
of emission because the extrinsic excitations that take place as the
electron travels in the vacuum occur mostly at the surface plasmon
energy [42].

Fig. 6 and Refs. [9,42,67] show that the extrinsic/intrinsic contri-
butions to the energy loss structure vary considerably with energy,
geometry and depth, and it is not strictly possible to separate the
excitations due to the hole, the moving electron, and the effect of
the surface. However, as it turns out, for energies >100 eV, this is in
fact a useful and valid model to describe the changes in peak inten-
sity and energy loss structure caused by variations in the depth
distribution of excited electrons. It is these changes that are most
important for practical quantitative XPS. This model will now be
discussed.

3. The two- and three-step models of XPS

The description of XPS becomes much simpler if one assumes
a complete decoupling of intrinsic, extrinsic, surface effects and
excitations when the electron moves in the vacuum. In this model,
the photoemission process is considered to be separable into two
or three processes, i.e. first the core-electron is excited by the
incoming photon at the atoms that are located at different depths
z (Fig. 2e). This spectrum (denoted F(E) in the following) includes
the intrinsic excitations and its shape is determined by the lifetime
of the core-hole and interactions of the static core-hole with the
valence electrons as were discussed in Section 2. This is followed
by the second step in which the electron is transported to nearby
the surface (Fig. 2b). In this step, the energy spectrum is modified
by inelastic-scattering events, i.e. extrinsic excitations which are
evaluated according to the bulk cross-section (Eq. (2)). Finally, in
the third step, it escapes through the surface region and travels in
the vacuum to the electron energy analyzer (Figs. 2c and d). If one
is not interested in the detailed XPS energy spectrum but only in
the peak intensity, one can conveniently describe the excitations in
the third step by the surface excitation parameter Ps (see Section
3.5.1).

3.1. Two-step XPS model

The excitations in the third step are complex, because as was
discussed in Section 2, starting from depths slightly below the sur-
face the probability for bulk excitations gradually decrease and the
probability for surface excitations increase and then after the elec-
tron has left the surface, there is still a probability for energy loss
due to interaction with the valence electrons in the surface region.
These complications are avoided in the two-step model, where the
excitations in the third step (i.e. as the electron travels in the sur-
face region and the vacuum) are replaced by the bulk excitation
cross-section for paths up to the surface-vacuum interface and the
excitations in the vacuum are ignored.

Within this two-step model, if F(Ey,$2)d2 §2dE, denotes the flux
of electrons excited from an atom in an energy interval dEg at Eg into
the solid angle element d$2, then the number of electrons emitted
per second, per unit energy and solid angle £2 is given by [18]

JE. 2)= / dEoF (Eo. £2) / f@)G(Eo, —: E)dz (10)

where G(Eg,R;E)dE is the probability that an electron with initial
energy Ep has energy in the interval E, E + dE after having traveled
the path length R, and f{z) is the number of atoms per unit volume
at depth z. In Section 3.3, algorithms to calculate G are considered.

For energy spectra where the total energy loss is small compared
with the primary electron energy, K(E,T) = K(T), independent of E.
In this case, Landau [73] showed that

G(Eg, R;E) = %/eis(Eo—E)e—RE(s)ds (11)
with
2(s) = Al - /I((T)e‘iSTdT (12)
i
0

where s is an integration variable without physical significance.
To determine the original (intrinsic) XPS spectrum F(E,§2), a rig-
orous solution to Eq. (10) has been found [22]:

F(E, 9):,,11 [J(E, 9)—% / dEJ(E', £2) / dse~iSE-E") (1_1312))}

(13)
where
P(s) = / f(2)el=#/c0s0)2) gz (14)
with
P, =/Oof(z)e‘l/“°59dz (15)
0

Since P; =lims_, +oP(s) and 1 — P1/P(s)— 0O for s — oo it follows that
the function 1 — P;/P(s) is suitable for discrete Fourier transforma-
tion [74]. Then the integral over s in Eq. (13) may be evaluated
numerically by fast Fourier transformation. The remaining integral
over E’ and the integral over z may be evaluated by standard numer-
ical methods. In this way, the original excitation spectrum corrected
for inelastically scattered electrons F(E,S2) is determined. Eq. (13)
may be used to determine either F(E,$2) if f(z) is known (e.g. for
a pure homogeneous sample) or it may be used to determine the
in-depth concentration profile f(z) if F(E,§2) is known. Consider-
able information on f{z) may be found even if F(E,{2) is not known
because, in general, one may always use the fact that F(E,§2)~0
for all energies more than ~30eV below the peak energy where
the intrinsic excitations are negligible. For certain classes of atom
depth distributions, part of the integration in Eqgs. (14) and (15)
may be done analytically [22]. In Section 5 we will consider some
practical examples of application of Egs. (10) and (13). First we shall
however discuss the inelastic-scattering cross-section K(E,T) which
is needed to evaluate the above expressions.

3.2. Inelastic electron scattering cross-sections

The formulas for J(E,§2) and F(E,§2) involve X(s) which depends
on the inelastic-scattering cross-section K(E,T). This quantity may
be calculated from the dielectric function of the solid (by Eq. (2)).
An alternative widely used technique is to determine A(E)K(E,T)
experimentally by analysis of REELS [51,52] and software to do
this analysis is also available [75]. These and related methods have
been applied to systematic studies for a number of solids in a wide
energy range [21,52-54,76,77]. We shall not review details of these
methods here.
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Table 1
Parameters for the Universal cross-sections, from [54].
Class of materials B [eV?] BN [eV2]2 CleV?] D [eV?]
Universal cross-section
Metals and their oxides 2866 3286 1643 -
Three-parameter Universal cross-section
Polymers 434 396 551 436
Silicon dioxide 325 299 542 275
Silicon 132 131 325 96
Germanium 73 93 260 62
Aluminum 16.5 214 230 45
REELS cross-section for transition metals and their oxides®
Fit to Universal cross-section (Eq. (16)) 760 1100 550 -
Fit to three-parameter Universal cross-section (Eq. (17)) 4210 4645 1000 13300

2 BN is the value of B for which the cross-section is normalized. Some of the cross-sections are plotted in Fig. 7.

b The REELS cross-sections were determined from analysis of REELS spectra of Fe, Pd, Ti, Cu, Ag, and Au recorded at 2000 eV primary electron energy [54]. Note that although
these cross-sections are determined from experiment, they are expected to overemphasize the influence of surface excitations. This is the reason why their maxima are at
lower energy compared to the Universal cross-section which neglects surface excitations (see Fig. 7).

3.2.1. Universality classes of cross-sections

The concept of a Universal cross-section is an important step for
practical modeling of the energy loss in XPS. This is so because for
practical application of the algorithms in this section, it is essen-
tial to have general methods for fast and easy calculations of the
probability for energy loss of electrons at any energy as they move
in solids of general and non-uniform composition. The Univer-
sal cross-sections that was introduced in 1987 [53] was based on
the observation that in general, the product A(E)K(E,T) depends
strongly on T, moderately on the specific solid, and only weakly on
E. Universal cross-sections will not account for the finer details but
these are actually less important in this context, because the details
in the energy spectra will be smeared out in measured spectra due
in part to convolution with the intrinsic peak width and in part to
multiple scattering. In the light of extensive and systematic exper-
imental investigations of their validity, a critical discussion of the
Universal cross-sections was given in 1997 [54]. The conclusions of
this are as follows:

For most metals, their oxides, and alloys, the Universal cross-
section

BT

AMEXK(E,T)= ———
EK(ET) =

(16)

with C=1643eV2 and B=3000eV? applies with reasonable
accuracy. The cross-section is normalized to unit area for
B=2C=3286¢eV2, This cross-section has successfully been applied
in experimental studies of many systems (including metals, alloys,
and metal-oxides).

The value C= 1643 eV2 was determined by a fit to cross-sections
from a dielectric-response calculation [53] that neglected surface
excitations. As seen in Table 1, a fit of Eq. (16) to cross-sections
determined from experimental REELS spectra gives C=550eV?
and the maximum in the corresponding cross-section is at ~14 eV
rather than at ~25eV (see Fig. 7). This difference is due to sur-
face excitations which are exaggerated in REELS where the electron
passes the surface region twice compared to XPS where it passes
the surface region only once and the best description of the aver-
age cross-section might be obtained with C somewhere in between
these two values. It is interesting to note that Seah [78] found that
the ratio of experimental XPS peaks from homogeneous samples,
analyzed with the Universal cross-section was rather independent
of the applied C value [78].

For solids (like Al) with a narrow plasmon structure, the
cross-sections cannot be described well by a function with two
parameters. For these solids, the main characteristics of the cross-
section can be described well by the Three-parameter Universal

cross-section [54]
BT
(C -T2y + DT2

where the three parameters B, C, and D have been determined for
different classes of materials (e.g. polymers, semiconductors, and
free-electron-like solids [54] (see Table 1 and Fig. 7). This cross-
section is particularly useful for solids with a narrow distribution
of energy loss such as Al, Si, SiO,, Ge GeO,, and polymer films.

It was found [54] that the Universal cross-section, Eq. (16) is
quite accurate for solids when their cross-section has a full width
at half maximum >20eV. For solids with a cross-section width of
10-15eV, the Universal cross-section is still fairly good for the
description of the far-peak region (>30eV from the peak energy)
butitis less accurate in accounting for the near-peak region (<10 eV
from the peak energy). For solids with a cross-section width <5 eV
(e.g. Al, Si), the Three-parameter Universal cross-section, Eq. (17)

ME)K(E, T) = (17)
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Fig. 7. Cross-sections for different classes of materials. See Table 1, from [54].
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is always significantly more accurate than the Universal cross-
section.

The basic idea behind the Universal cross-section is that the
material and energy dependence of K(E,T) is separated in the fac-
tor A(E). For practical application with the formulas in Section 3,
the absolute cross-section K(E,T) is found from Eqs. (16) or (17)
by division with A. There is plenty of knowledge available on A(E)
[3-6] and for a general solid it can be estimated by, e.g. the TPP-2M
formula [4].

3.3. Extrinsic excitations in the two-step model

There is a strong correlation between the intensity of a given
spectral energy region and the depth where these electrons were
emitted [23]. For example, the elastic peak intensity (Eq. (1))
depends strongly on the atomic concentration at depths <1A but is
ratherindependent of the concentration at depths exceeding 31.0n
the other hand, the spectral intensity 100 eV below the peak energy
depends strongly on electrons excited from atoms at 3-4A depth
but depends much less on the atomic concentration for depths <1A.
Different energy regions of the spectrum thus carry information
on the atomic concentration at different depths. To facilitate one’s
thinking while doing practical spectral analysis, it is useful, together
with Fig. 1, to have a rough model in mind. If the typical energy loss
in a single-scattering event is denoted by JE, then the intensity in
an energy range AE below the peak energy is primarily determined
by the distribution of electron emitters within the outermost depth
range:

AE

R= SE (18)
where typically §E ~ 15-30eV depending on the solid (see Fig. 7).
With AE=100eV, one gets R~4-7\. The spectrum in an energy
range up to ~100eV from the peak energy is then primarily
determined by the composition within the outermost 5A and the
contribution from electrons excited at larger depths will be small.
Since the cross-section for electron energy loss in solids is in general
awide function of energy loss (see Fig. 7), there is considerable over-
lap in the intensity contributions at a given spectral energy from
electrons excited at different depths. For this reason, there is not
a direct one-to-one correspondence between depth of origin and
energy loss. For a typical case, it has been shown [23] that 100eV
below the peak energy, the spectral intensity contribution from
electrons that are excited at all different depths between 0.73X and
5.1X vary by only a factor of two. It is this smearing effect that pri-
marily determines the practical accuracy for depth profiling using
peak-shape analysis. However, as shown in [23], this smearing
effect has very little influence on the accuracy of the amount of sub-
stance (or the average surface concentration) in the surface region
determined from the inelastically scattered electrons by analyzing
the peak-shape.

For accurate calculation of energy spectra with Eq. (10), the
change in energy distribution as a function of path length R traveled
isgiven by Eqs.(11)and (12). These expressions look simple, but are
rather complex to evaluate, and numerical methods are required
to calculate the energy loss function G. As shall be seen in Section
4, algorithms for removal of the inelastic background from mea-
sured spectra with Eq. (13) can be effectively solved numerically
by means of discrete Fourier transformation using a fast Fourier
transformation algorithm. This approach will however not work
for numerical evaluation of Egs. (11)-(12). The reason is that, as
discussed above, for a general depth distribution f{z), both small
and large path lengths R=2z/cos @ will contribute to the spectrum.
For larger path lengths, the electron energy distribution function
G will have appreciable intensity over an energy range of several
hundred electron-volts. The discrete approximation of this func-

tion, given by a discrete Fourier transforms, therefore fails [79].
Other numerical methods have therefore been applied to evaluate
the energy distribution spectrum. Two such methods are discussed
in the following two subsections.

3.3.1. Expansion method

By a Taylor expansion of Eq. (11) in multiple scattering terms,
one obtains formulas for numerical evaluation of the energy distri-
bution function [55,56]

o0
G(Eg, R;E) = % / elS(Eo—E)e—RX(S)gs—e~R/*(§(Ey — E) + RK(Eg — E)

—00

R? R3
+5 /dTK(T)K(EO —E-T)+ & /dTK(T)

x /dT’K(T’)K(EO—E—T—T’)+...} (19)

The number of expansion terms needed to get sufficient accuracy
depends on the energy range studied. The four terms in Eq. (19)
correspond to unscattered, single, double, and triple scattered elec-
trons, respectively. The typical energy loss in a single-scattering
event is 15-30eV (see Fig. 7) and correspondingly the four terms
are fully sufficient to describe the energy spectrum in a ~50eV
energy loss range below a peak. For accurate description of wider
energy spectra, expansion to higher orders is required. The con-
volution integrals in Eq. (18) are most effectively evaluated by
multiplying the discrete Fourier transformed functions followed
by an inverse Fourier transformation, and numerical calculations
to say 10th order scattering are then completed within a fraction
of a second.

3.3.2. Layer doubling method

A convolution technique [80] was used early on to simulate XPS
spectra [21,81]. Because of the basic principle of this technique,
it was given the name layer doubling method [82]. Thus, it relies
on the fact that the probability that an electron has lost energy T
after traveling the distance 2R may be evaluated by convoluting the
distribution of electrons that have lost energy T— T over a distance
R with the distribution of electrons that have lost energy T over the
distance R. With the present notation, this gives [82]:

Eg—E
G(EO,ZR;E):/ G(Eo, R; E — T)G(Eq, R; E + T)dT (20)
0

For sufficiently small R, denoted by r, with r~ 0.014A, the chance for
multiple electron scattering can safely be neglected and the prob-
ability for energy loss T is rK(Ep,T), while the probability that the
electron remains unscattered is (1 —r/A), i.e.

G(Eo, 13 E) = (1 - %) 8(Eo — E) + rK(Eo, T) 1)
Inserting Eq. (21) into Eq. (20) gives
2 r
G(Eo, 2 E) = (1 - X) S(Eg — E)+2 (1 - X) rK(Eg, T)
Eo—E
+ / r?K(Eg, T — T))K(Eg, T')dT’ (22)
0

By repeated use of this procedure, the function G may be evaluated
for any depth, and after n convolutions:

r\2"
G(Eo,2”T:E)=<1—X) 5(Eo — E) + gn(Eo — E) (23)
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Fig. 8. Energy distribution of a single electron of initial energy 1167 eV after having traveled the distance R in Al, from [81].

where

r on-1 T
aM=2(1-7)" gD+ / g (Tgn (T =TT (24)
0

with go(T)=rK(Eo,T)

This algorithm (as well as the Landau formula (Egs. (11)-(12))
is valid when the total energy loss is sufficiently small compared
with the initial electron energy Eq that the dependence of the cross-
section on Ey can be neglected. Fig. 8 shows spectra calculated
with this procedure [81] for 1167 eV electrons that have traveled
various distances in Al for which the plasmon excitation energy
is 8E=15.6eV and A=21.5A. The peaks corresponding to multi-
ple plasmon excitations are clearly seen and these structures are
smeared out for larger R. From Eq. (18) we find an estimate for the
mean energy loss AE=36, 73, 145, and 290 eV for R=50, 100, 200,

and 400 A, respectively, which are in rough agreement with the
distributions in Fig. 8.

3.4. Validity of the two-step model

In the past two decades, the two-step model used together with
the Universal cross-sections has been applied with considerable
success to describe the changes in peak intensity and extrinsic elec-
tron energy distribution caused by variations in the atom depth
distribution. Numerous systems have been studied a few of which
are described in Section 4. Here we take two examples. Fig. 9 shows
spectra from samples where various amounts of ZnO are deposited
on a SiO, substrate, and on an oxidized Al surface, respectively [83].
The Zn2p,Zn LMM, Si KLL, and Al KLL spectra were acquired sequen-
tially (denoted 1, 2, 3, 4) after increasing amounts of ZnO were
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Fig. 9. Left panel: spectra for the Ni2p, Zn LMM, Si KLL, and Al KLL peaks measured for increasing depositions of ZnO. Right panel shows the same spectra after being corrected

according to the two-step model, i.e. by Eq. (13), from [83].
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deposited. With increasing overlayer thickness, the energy spectra
are strongly affected due to the corresponding change in multiple
inelastic-scattering processes that the Si KLL and Al KLL electrons
will undergo on their way out. This is seen as a gradual decrease
in peak intensity and an increase in the background signal below
the peak energy. A similar phenomenon is seen for the Zn2p and
Zn LMM peaks, where both the peak and the background intensity
increase as the Zn layer thickness increases (see also Fig. 1) In the
right-hand panel, these spectra have been corrected for the second
step in the two-step model, i.e. the effects of the inelastic-scattering
processes are removed with Eq. (13) while f{z) in Egs. (14) and (15)
is varied until a good account of the extrinsic electrons is achieved
(see Section 4 for details of how this is done; the determined f(z)
are shown in Fig. 19 below). The resulting F(E) spectrum is the exci-
tation spectrum in step 1, i.e. the intrinsic spectrum at the point
of excitation in the solid. To the extent that the two-step model
is valid, the spectra should be identical. As can be seen, the spec-
tra are almost identical over the 1-200 eV energy range. Note that
the F(E) spectra are determined on an absolute scale and have not
been scaled. Using synchrotron radiation, it was shown [84] that
the two-step model also gives approximately identical Au4f intrin-
sic spectra (from a gold foil) for photon energies of 300-1600 eV
although observed small deviations could be ascribed to surface
excitations which will be more pronounced at lower energies but
which are not included in the two-step model. If the angle of emis-
sionis varied, one might get larger deviations (see Fig. 5) but usually
quantitative XPS is done with the analyzer in a fixed position. A
similar example is shown in Fig. 10 where a thin layer of Au was
evaporated onto the surface of a Ni sample. This was followed by
evaporation of increasing amounts of Ni on top. This results in very
large changes in both the peak intensity and the energy distribu-
tion of extrinsic electrons. After correction for extrinsic electrons
by Eq. (13), varying f(z) in Eqs. (14)-(15), the intrinsic spectrum is
determined [22]. They are all practically identical.

These two examples, as well as numerous other examples show
that the variations in intensity and peak-shape caused by variations
in atom concentration with depth are quite well described by the
two-step model.

3.5. Peak intensity

If one is only interested in the peak intensity, the detailed distri-
bution of energy loss is not important and further simplifications
of the model may be made. The measured intensity depends on the
instrumental efficiency Dj,s which describes the characteristics
of the X-ray source and the electron energy analyzer. This can be
separated into two factors, Dj,s =D T(E), where T(E) is the energy
dependent part (often called the analyzer transmission function),

20
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and D the energy independent part. Procedures to determine T(E)
have been developed [85] and in general T(E) is a smooth func-
tion of E and is for hemispherical analyzers often approximated by
E-™with m=0.7 (in general 0.5<m<1, and m depends on E and the
pass energy of the spectrometer). If one uses standard spectrain the
analysis, this correction is not essential. Consider now photoelec-
trons excited from atoms of type A resulting in a peak centered at
energy E, with peak intensity Ifeas“red. Correction of the measured
intensities by the energy dependent part of the detector efficiency
results in Iy = Igle““r“’/T(EA). For the situation where atoms A are
in a thin layer of thickness dz at a depth z in a solid and assuming
that the X-ray irradiated surface area is larger than the area Ap from
which photoelectrons are accepted into the analyzer, the intensity
from the layer is

AO :| |:dO'A(hU)

o] [ Zae Walr. B)] INaCFa(z. 6. En)]

I(z) = {D A

x exp (72) dzA$2

(AcosB) (25)

where A2 is the solid acceptance angle of the analyzer, o4(hv) the
photoionization cross-section for the particular core level in atom
A for photons of energy hv, N4 the atomic density of A atoms, y the
angle between the incident x-ray beam and the electron detector,
and Wa(y,Ba)=1+1/284(3/2sin?(y) — 1) describes the anisotropy
of the photoemission. o4 and the asymmetry parameter 84 for the
core level A can be taken from theoretical or experimental tables
[86-89].For y =54.7°, W, is independent of 84 and many spectrom-
eters are designed to operate close to this geometry.

The factor CF4(z,0,E4) accounts for the effects of elastic elec-
tron scattering [90]. By definition, CF=1 when elastic scattering is
negligible, i.e. when the electron moves along a straight line from
the point of excitation to the detector entrance. This factor was
introduced [90] as a practical way to account for elastic electron
scattering effects. From extensive Monte Carlo simulations, it was
found that CF can be expressed in a simple parameterization, which
becomes particularly simple for the experimental geometry where
6<30° and 45° < y <65°, which is typical for most instruments. For
this geometry, the expression was found [91]

CF(z, 0) = exp(—0.1577641 — 1.25132) + exp(—0.05624171>

4+0.006988497 — 0.201962) (26)

where T=z(A+Ay)/(AAer), Ay being the transport mean free-path.
Thus CF is independent of 6 for 6<30°. For larger values of 6, a
more general parameterized expression was found [91]. For those
cases where the majority of the detected photoelectrons come
from atoms at depths <1 —2A, CF is generally a small correction
(~0.9-1.1). For homogeneous materials, CF~1 because electrons

2.5

Samples I, II, III, IV, V
2 F(E)

o5 L— vy
1000 1050 1100 1150

1200

Fig. 10. Left panel shows Au4d spectra measured from a ~1 nm thick gold layer on a Ni surface (I) and after being buried at increasingly larger depths (II-V) by consecutive
evaporation of nickel on top. Right panel shows the same spectra after being corrected according to the two-step model, i.e. by Eq. (13), from [23].
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Fig. 11. Monte Carlo calculation of the distribution of path lengths Q(R) traveled by Au4d electrons (of 1140 eV energy) before they escape from the surface after being excited
at depth z in a Ni-solid. If there were no elastic scattering, all electrons would escape with R=z and Q(R) ~ §(z — R), from [93].

from the shallower layers dominate the measured peak inten-
sity. In situations where all the photoelectrons come from depths
>2) (e.g. a substrate with a thick overlayer), the CF correction can
be substantial. Thus, the effect of elastic scattering is more pro-
nounced for samples where most atoms of interest are distributed
at large depths. This is also evident from Fig. 11 which shows Monte
Carlo calculations of the distribution of path lengths Q(R) traveled
by Au4d electrons (of 1140eV kinetic energy) before they escape
along the surface normal after being excited at depth z in a Ni-
solid [92,93]. It is evident that when the electrons are excited at a
depth of 41 A (equivalent to 2.51), a typical electron has traveled
a distance that is substantially larger than that corresponding to a
straight line trajectory. Fig. 11 also shows that for depths <12, this
redistribution of path lengths caused by elastic electron scattering
is small. For atom distributions where CF~ 1, Eq. (25) becomes Eq.
(1)

Here we have described the effect of elastic electron scattering
by the CFfactor. An alternative procedure is to replace A by an effec-
tive attenuation length. This attenuation length will then depend
on both the depth z and the experimental geometry [94]. Effective
attenuation lengths have been studied in detail by Monte Carlo sim-
ulations [95]. It should be noted that the formulation presented in
Sections 3.1 and 4 neglect the effect of elastic electron scattering.
The exact effect of elastic scattering is complex to describe but in
essence it will change the effective depth scale and this can approx-
imately be described by replacing A by an effective attenuation
length.

3.5.1. Surface excitation parameter

In Section 2.1.2 it was shown that the presence of the surface
may cause considerable changes in the energy loss spectrum. If one
is not interested in the detailed change in peak-shape but only in
the change in peak intensity caused by the surface, this can con-
veniently be described by a simple parameter where the surface
excitation is expressed as a probability, namely the surface exci-
tation parameter (SEP) Ps(E,f) which is originally defined as “the

average number of excitations an electron of energy E undergoes
when it crosses the surface once at an angle 6 with respect to the
surface normal” [96,11,14]. It has been pointed out [16] that there
are several ambiguities with this definition; such as the decrease of
the bulk inelastic cross-section close to the surface while the sur-
face excitations increase. The effect of this is not included in this
definition and another ill-defined quantity is the exact extension
of the effective surface region. That implies that Ps obtained within
this definition cannot be directly used as a correction factor to the
elastic peak intensity (on the form exp(—Ps(E,0))). This complica-
tion is overcome by redefining the surface excitation parameter as
the “change in excitation probability, for an electron caused by the
presence of the surface in comparison with the excitations suffered
by an electron that travels the same distance in an infinite solid”
[13,16]. This definition gives a transparent meaning of Ps which can
then readily be applied in practical surface analysis and Eq. (1) is
changed into

I(Z) — Ioe—z/(lcos(ﬁ)efPs (27)

Fig. 12 shows examples of Ps calculations for different materials,
energies and geometries using a software package QUEELS-<(k,w)-
REELS [72] which is based on the semi-classical dielectric-response
model for REELS [46,67] which is similar to the model described in
Section 2.1, for XPS. In both cases, the only input in the calculations
is the dielectric function of the medium.

An approximate parameterization of the dependence on energy
and angle was found [11]

1

Py(E, 0) =
S(E.0) = S 73aE 2 cosf 1 1

(28)

where a is a material dependent parameter, E is in eV and the factor
0.173isin eV—1/2, In Fig. 12 the lines denoted Oswald are fits by Eq.
(28). Determined a values for selected materials are given in Table 2.

Most published Ps values have been based on analysis of spectra
from a REELS geometry [11,13,97-100]. However due to the effect
of the core-hole, one expects Ps to be different for XPS. The extent
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Fig. 12. Upper panel: angular distribution of the SEP Ps for Au and energies of 300,
1000 and 3400 eV as well as the fits obtained by Eq. (28) (with a=1.09), from [100].
Lower panel: Ps for Al at 1000 eV [: theoretical data obtained from XPS spectra;
A: theoretical data obtained from REELS spectra. Solid line [11] from experimen-
tal REELS: Eq. (28), from [100] Note that the values were determined for a REELS
geometry and may not apply for XPS due to the influence of the core-hole.

of this difference was studied [101] by the model in Section 2.1 and
an example for Al at 1000eV is shown in Fig. 12 as a function of
the exit angle. Also shown are results found from theoretical REELS
spectra [12] as well as the experimental REELS results taken from
[11].

The agreement between theoretical and experimental REELS
determined values is quite good. Considering the points obtained
from the theoretical XPS calculation, one observes that Ps for XPS
is consistently smaller by ~5-10% for Al compared to REELS. This
effect is due to the presence of the core-hole which produces an
attractive potential to the photoelectron and increases the energy
losses in the bulk while the surface loss remains almost unchanged.
This systematic decrease of 5-10% is however not very large in
comparison to observed variations [11] in the surface excitation
probability due to surface roughness.

It must be emphasized that Ps in these XPS simulations were
determined using the definition of Ps in [96,11,14] rather than the
definition in [13,16]. Consequently one should be cautious about
using the values for Ps, given in this section and in Fig. 12, to correct

Table 2
Values a in Eq. (28) for selected materials (PE is polyethylene). Note that the values
were determined for a REELS geometry and may not apply for XPS, from [12,16].

Medium  Si Au Cu Fe Pd Ti Si0, TiO, PE
a 072 109 123 187 140 178 366 214 229

XPS peak intensities with Eq. (27). Thus, more investigations are
required in order to determine the correct values for Ps taking the
influence of the core-hole into account and using that definition of
Ps for which Eq. (27) is valid.

4. Evaluation of XPS energy spectra

There are two different but equivalent approaches for quantita-
tive nano-composition analysis within the two-step model. Either
one starts with an intrinsic spectrum, and calculates the changes
due to extrinsic energy loss and compares the resulting spectrum
on an absolute scale to the measured XPS. The extrinsic contribu-
tions will vary with the depth distribution of photoemitting atoms
which is thus determined.

In the other approach, one corrects the measured XPS spec-
trum for the extrinsic contributions and determines the intrinsic
XPS spectrum. This analysis can be done without a reference spec-
trum; however the accuracy is enhanced when it is compared to a
standard intrinsic spectrum determined from analysis of XPS from
a sample with known depth distribution. Usually (but not neces-
sarily) a sample with homogeneous depth distribution is used for
this purpose. Again the depth distribution of atoms is varied until
a good match between the two intrinsic spectra is obtained.

4.1. Determine the total (extrinsic plus intrinsic) spectrum

Calculation of the spectrum J(E,£2) from Eq. (10) requires that
the depth concentration distribution of atoms f{(z) and the initial
excitation energy spectrum F(E,§2) are known. F(E,§2) may, e.g. be
determined from analysis, with Eq. (30) below, of a spectrum from
asample with a known in-depth distribution, for example the spec-
trum J;(E,§2) from a pure homogeneous sample. It can also be both a
practical and computational advantage to reformulate Eq. (10) such
that the spectrum Ji,(E,£2) enters directly into the formalism [79].
The energy distribution G of electrons, as a function of the path
length traveled in the solid, is calculated by one of the methods
described in Section 3.3. The resulting model spectrum is overlaid
with the measured spectrum and the absolute intensity and the
peak-shape compared. This is done for different assumed in-depth
concentration profiles f{z). When a good agreement between the
model spectrum and experiment is found, the corresponding f(z) is
the true in-depth distribution concentration profile of atoms. This
method was applied in several cases see, e.g. [17,40,79,102-110]
(see also Section 5).

4.2. Determine the intrinsic spectrum

If the analyzed peaks do not overlap in energy, it is often pre-
ferred to apply Eq. (13) which removes the extrinsic electrons
and determines the undistorted (intrinsic) spectrum. This has the
advantage that the intrinsic spectrum does not necessarily need
to be known. This method was applied in several cases see, e.g.
[17,21,23,27,55,56,83,103,108-130] (see also Section 5).

4.2.1. General inversion formula

A rigorous and general solution for F(E,§2) is given by Eq. (13).
However analytic expressions have been found for certain classes
of depth profiles f(z), and these are now described.

4.2.2. Homogeneous and exponential depth profiles
When the distribution of atoms is either constant or exponen-
tially varying with depth, i.e.

f(z) = ce ?/L (29)
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there is an exact solution to the inversion problem [81]:

L+ Acos@ AL - ,
F(E, £2) = “Lcosh J(E, 2)— m/dE](E , S)K(E' —E)
E

(30)

For a homogeneous depth distribution, L — oo and [18]

1 218U ’_
F(E, £2) = Hcosd J(E, .Q)—k/dE](E , §2)K(E' —E) (31)
E

4.2.3. General exponential depth profiles

If the exponential in-depth profile is such that the concentra-
tion is not vanishing for large depths but approaches a constant
concentration C,, in the bulk (see Fig. 13a) then

f@)=(C - e+ G (32)
and analytic expressions for P; and P(s) can be found
L) cosf
P'l :Cb)\.COSG-F(CS—Cb)m (33)
and
cos 6 Lcos6
P(s):Cbm +(Cs—cb)m (34)

which are then used in Eq. (13). Note that although formulas
(32)-(34) have been implemented in the QUASES software [58]
since Version 3.1 many years ago, this is the first time these expres-
sions are published in a scientific journal.

4.2.4. Delta layer profile
When N atoms are all at depth zg

f(2) = N&(z - z0) (35)
and one obtains the exact expressions [22]

Py = Ne—zo/(Acosﬁ) (36)
and

P(S) — Ne—ZOZ(s)/COSQ (37)

4.2.5. Box-shaped profiles (overlayer, substrate and sandwich)
Overlayer and substrate profiles are special cases of the general
sandwich profile shown in Fig. 13b and c. The atoms of type A in

the sandwich layer have the concentration profile

0 for0<z<z
fa(z)=<{ C4 for zg <z <zy+ Az (38)
0 forzg+Az<z

and then [22]
Py = C4A cos ee—zo/(kcose)“ _ e—Az/(kcosﬁ)] (39)
and
cosf _, s _
— 02(s)/cosf1 _ ,—AzX(s)/cosb
P(s)=Cya Z‘(s)e [1-e | (40)

The matrix material that surrounds the sandwich layer consists of
type B atoms with the atom concentration as a function of depth z
given by

Cg for0<z<z
fa(z)={ 0 forzg<z<zg+Az (41)
Cp for zp+Az<z
and then [22]
Py = CghcosO{1 — e—zo/(kcosﬁ)[] _ e—Az/(kcos@)]} (42)
and
P(s) = Cg CZ(‘)(SO;“ _ e—zoE(s)/cosé)[l _ e—AzE(s)/cosG]} (43)
S

Algorithms for analysis of spectra from atoms in an overlayer of
thickness Az and from atoms in a substrate covered with an over-
layer of thickness Az are obtained by setting zy = 0 in the above sets
of equations.

4.2.6. Island structures

Here, a general island structure as in Fig. 13d, where atoms of
type A cover the surface of a substrate of atoms of type B, is consid-
ered. In the general case, a layer of height Az, covers the surface
completely, and islands with mean height Az — Az, are formed on
top. The spectrum from the structure in Fig. 13d is the same as the
spectrum from Fig. 13e, which again is the same as the spectrum
from the atom distribution shown in Fig. 13f (note that this is not
true for very glancing emission angles where a shadowing effect
may occur. It is therefore preferred to measure at normal or near
normal emission angles (<45°) when such structures are studied).
Denoting the fraction of the surface that is covered by islands by f1,
the atom concentration profile for the overlayer atoms is

Ca for 0 <z < Azy
fa(z)=< fiCy for Az <z< Az (44)
0 for Az<z
and then [22]
Py = CA)» cos 9{1 _ (1 —fl )e—Az] /(X cosO) _fl e—Az/(AcosG)} (45)
and
P(s) = Cy (;(59){1 —-(1-f; )e—Azl X(s)/cosO ~fi e—AzZ‘(s)/cos(?} (46)
S

For the substrate atoms of type B, the atom concentration as a
function of depth z is

0 for 0 <z< Az

f(z)=< (1 =f1)Cg for Azy <z < Az (47)
Cp for Az<z

and then [22]

Py = CgA cos 9{(1 —fl )e—Azl /(A cos6) +f1 e—Az/(kcosB)} (48)
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and

cos 6
%55

The situation where only a fraction of the surface is covered with
islands is obtained with Az; =0. The general case where the surface
structure consists of several types of islands with different height
and surface coverage are obtained by generalization of the above
formulas and are implemented in the QUASES software [58].

P(s) = (1 _fl )e—Azl X(s)/cosO +f1e—AzE(s)/cos 9} (49)

5. Applications of the formalism to non-destructive depth
profiling

The accuracy and limitations of the formalism in Section 4
to quantitative nano-structure analysis was established about a
decade agoin [23] from a detailed analysis of a range of model spec-
tra and three sets of experiments. It was found that information on
the concentration-depth profile in the surface region up to depths
of 5 is primarily contained in the spectral energy region up to
~100eV below the peak energy and is essentially completely con-
tained by the energy region up to ~200 eV below the peak. Analysis
of alarger energy range than 100 eV does not add much to the infor-
mation on the details of the structure in the outermost 5A but gives
the possibility to determine additional structural parameters that
describe the composition at larger depths. In [23], the structural
parameters that describe the chemical composition of the outer-
most 5-10A of the solid were divided into primary and secondary
parameters: the primary parameters are the three most important
parameters needed to describe the main characteristics of the dis-
tribution of atoms; the secondary parameters are parameters, other
than these three primary parameters, that describe the finer details
of the depth distribution of atoms in the outermost 5-10A of the
surface region. The uncertainty in the determined three primary
parameters is typically 5-10%. The uncertainty in the determined
secondary parameters is typically >35%. Different models of depth
profiles can be distinguished when they differ significantly over
a width of more than ~1/3A at any depth <5A. The uncertainty
in the total determined amounts of atoms within the outermost
5A (regardless of their depth distribution) is 5-10%. These uncer-
tainties hold for situations when the peak can be isolated from
overlapping peaks in an energy range from a few eV above to at
least 50 eV below the peak energy. If this is not the case, analysis is
still possible but the fitting procedure gets more involved and the
accuracy may be worse.

In this section we will discuss only a few of the many published
practical applications of the formalism in Section 4. The examples
have been selected to illustrate the basics of both the potentials,
the validity, and the limitations of the technique. First we discuss
an example where it was used to determine the growth mechanism
for deposited thin films. As we shall see, it is very easy to determine,
e.g. whether the film forms a continuous layer on the substrate or
if islands are formed. Since the technique is non-destructive and
all information is found from analysis of a single spectrum, it is
possible to do real-time analysis. Thus, it is easy to, e.g. follow the
gradual redistribution of atoms caused by chemical reactions or dif-
fusion during annealing. Much of the information determined with
XPS peak-shape analysis is hard to get by other techniques. Thus,
atomic force microscopy (AFM) and scanning tunneling microscopy
(STM) are very powerful to determine the surface topography but
they give limited information on the type of atoms and no informa-
tion on what atoms are in the second, third and deeper layers. On
the other hand, Rutherford backscattering spectrometry (RBS) and
X-ray fluorescence (XRF) cannot provide detailed depth informa-
tion on the nano-scale, but they are rather accurate in determining
the total amount of atoms in the surface region. There are sev-
eral papers in which this quantity was compared with the XPS

results and a couple of these will be discussed below. In cases where
comparison is possible, there is a good agreement between the
techniques. In some cases deviations on the absolute scale have
been found, while the agreement on the relative scale is very good.
This is of course eliminated when local calibration is used, as is
the usual practice. Another purpose of background subtraction is
to simply isolate the peak for peak-area determination and for
identification of the chemical states. The influence of background
subtraction on the determined chemical state energy was stud-
ied, e.g. in [131]. Here we shall focus on application of inelastically
scattered electrons for quantitative analysis of nano-structures.

To put the discussion in this section into a practical perspec-
tive, we add a brief remark on the angle-resolved XPS (ARXPS)
method [132,133] which is another possible method to correct for
the depth dependence of the intensity. This method relies on anal-
ysis of spectra of an XPS peak measured at two or more angles
of emission. Since the attenuation of the peak varies with depth
of origin of the electron-emitting atom, information on the depth
distribution can be determined. While this method works well for
very flat surfaces, it fails completely when the surface is quite rough
or when tall nano-structured islands are formed on a flat surface
because of the shadowing effect [134,135]. To correct for this, a-
priori information on the morphology must be available [132,133].
The peak-shape analysis method does not have these limitations
since all information is extracted from a single spectrum taken at
a fixed angle of emission and, if this is chosen close to the surface
normal, the shadowing effects are eliminated or minimized. Thus,
the peak-shape analysis method always gives a “top-down” anal-
ysis in the spectrometer axis direction at the analyzed spot on the
surface.

In [114], the mechanism for growth of Cu, Ag, Au and Pt metals
on Si(11 1) was studied. The analysis procedure is shown in Fig. 14
taking Pt as an example. First, a reference intrinsic F(E,§2) for Pt
was determined by analysis of XPS of the Pt4d peak measured from
a pure Pt foil using Eqgs. (38)-(40) with zg=0A and Az=co. This
was followed by analysis of Pt4d taken from the thin-film struc-
ture, after deposition of a certain amount of Pt on Si(11 1). This
is done with assumed growth parameters which are varied until
good agreement with the reference F(E,§2) is obtained both with
respect to intensity and shape. If it is assumed that the film cov-
ers the complete surface, the best overall agreement (see Fig. 14)
is obtained with a 5.25 A layer thickness (i.e. Eq. (38) with z5=0
and Az=5.25A or equivalently Eq. (44) with fi=1 Az; =0, and
Az=5.25A). However, in comparison to the reference F(E,§2) the
intensity is too low at the peak and too high on the low-energy
side of the peak. Assuming now that the Pt forms islands (using Eq.
(38) with f; =0.365, Az; =0, and Az=18A) one gets a much bet-
ter agreement both at the peak energy and below the peak (see
Fig. 14 lower left panel). From this it is then concluded that Pt
forms islands with an 18 A mean island height covering 36.5% of
the surface. In the panels to the right in Fig. 14 the uncertainty in
the growth parameters is explored. In one, the height is kept but
the coverage is increased to 55% and in the other, the coverage is
kept while the island height is decreased to 12 A. These structures
give considerably worse agreements with the reference F(E,§2) and
the actual uncertainty on height and coverage is only ~5%. From
this and several other studies, it has been concluded that in general
the uncertainty is typically less than ~5-10% on the determined
nano-structural parameters [23].

With the availability of user-friendly software [58] that allows to
quickly going through the analysis procedure, such information is
easily obtained. It is non-destructive and it is very easy to follow the
evolution of structures as more material is sequentially deposited
onto a surface or to study the gradual change in morphology as a
consequence of, e.g. chemical reactions or annealing. The latter was
done in [114] where not only the growth but also the redistribu-
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Fig. 14. Left panel: fits for Pt4d using different structures. (a) Rectangular layer on top of the substrate, 5.25 A thick; (b) single island, 18 A high, covering 36.5% of the surface.
Right panel: fits for Pt4d using different parameters for the single island. (a) Single island 18 A high, covering 55% of the surface; (b) single island 12 A high, covering 36.5%

of the surface (from [115]).

tion of Cu, Ag, Pt, and Au on top of and into Si were determined as
a function of gradual annealing. For temperatures ~120°C it was
found that Cu and Au diffuse deep into the bulk silicon, whereas
for Ag and Pt, the metal atoms remained on the surface but were
found to agglomerate, i.e. the Ag and Pt islands grow higher, while
the coverage decreases. It is worth to note that this information can
easily be monitored in real-time as it happens.

In another example [116], the temperature-induced rearrange-
ment of larger molecules was studied in the form of spin-coated
thin films of poly(styrene)-poly(dimethylsiloxane) (PS-PDMS)
diblock copolymers. The O1s spectra for one of the studied
PS-PDMS polymers are shown in Fig. 15 as a function of annealing
temperature. There are clear variations in the O1s peak which are
due to temperature-induced rearrangements. Since only the PDMS
part of the diblock copolymer contains oxygen atoms, the O1s peak
intensity and shape can be used as a probe of the depth distribu-
tion of the PDMS end of the PS-PDMS molecules with respect to the
surface, and in this way surface segregation of the PDMS end was
studied. From the variations in the O1s peak-shape and intensity it
is easy to determine the detailed PS-PDMS depth distribution [116]
by analysis of spectra recorded sequentially during the annealing
process and the segregation process was found to vary with the size
of the polymer.

In [118], the quantity and distribution of fluorine in silicon after
and during spontaneous etching with F atoms, F,, and XeF, were
studied. Despite its practical importance, there is still a lack of
understanding of how fluorine reacts with silicon even after almost
30 years of research and development [118]. A problem is that it is
difficult to detect the distribution of F in the Si lattice. Electron- or
ion-based analytical techniques, e.g. Auger or secondary ion mass
spectroscopy (SIMS) change the composition and distribution of
fluorine so rapidly that reliable measurements are not possible.
Angular-resolved photoemission could yield some information, but
unlike XPS peak-shape analysis it is not valid for rough surfaces
[132-135]. The XPS peak-shape analysis is however straight for-
ward. Fig. 16 shows an example of this analysis. Note that the
spectra are reversed in comparison with the other spectra shown
here because they are plotted as a function of the binding energy
rather than the kinetic energy. In Fig. 16 different F distributions
are considered and in each case, the original spectrum, the inelastic
background, and the difference are shown. The latter is the intrin-

sic spectrum and must consequently have near-zero intensity in
a wide energy range on the low kinetic, i.e. high binding energy
side of the peak. Fig. 16 shows analysis assuming that F forms a
layer at the surface. The layer thickness is varied from 20A in (a)
to 50 A in (b) and 120 A in (c). From this it is clear that the fluorine
concentration must be significant to large depths to account for
the inelastic background because the fit gets progressively better
for larger thickness. However, even though there is a reasonable
account for the intensity in the near-peak region for 120 A, there
is a poor account for the electron intensity in the background at
larger energy loss which implies that there is a significant amount
of Fat depths >120A. This is confirmed in (d) which shows an anal-
ysis where the F concentration is taken to be exponentially varying
with depth (i.e. Egs. (32)-(34)) and in this particular example, the
best fit (shown in (d)) is obtained with f{z) = Cs[0.45 + 0.55e*2/10A].
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Fig.15. O1sspectra from a PS-PDMS diblock copolymer taken at room temperature
and after annealing to 90° and 130° and from a PDMS homopolymer film, from [117].
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Cs and thereby also the absolute quantity of fluorine in the lat-
tice were also estimated using photoionization cross-sections [86].
This method was also used to study the variation in the amount and
depth distribution of F with type of gas, fluence and the level of n-
and p-type doping of the Si [118].

Note that (in contrast to Fig. 14) the analysis in Fig. 16 is done
without use of a F reference spectrum. Instead the fact was used
that the intrinsic spectrum F(E,£2)~ 0 for all energies larger than
~30eV from the peaks.

In [119] XPS peak-shape analysis was used to study Au nano-
cluster growth mechanism on polystyrene (PS) as a function of
the amount of deposited Au. In addition, the authors studied the
embedding of the produced nano-clusters into PS as a function of
subsequent annealing at temperatures in the range from room tem-
perature to above the PS glass transition temperature. By analysis
of the Au 4f peak, the Au coverage and height could be determined
with the same procedure as for Pt in Fig. 14. It is noted here that
although in [119] the shape of the nano-cluster was modeled as a
sphere using the generalized version of Eqs. (44)-(46) with multi-
ple islands of varying height, the analysis is not sensitive enough
to discriminate between a sphere and a cube as long as the volume
is identical (this is actually also mentioned in [119] but it is worth
to stress in the present context because the figures in [119] might
give this impression). Thus with peak-shape analysis, only the three
primary parameters that describe the main characteristics of the
nano-structure are determined with high accuracy (see also the first
paragraph of this section and [23]). In the present case these three
parameters are the gold coverage, height and concentration. How-
ever all information can be deduced from the determined island
height and coverage. Thus, taking the height as the nano-cluster
diameter, the nano-cluster density can readily be calculated from
the coverage. The determined Au nano-cluster size and density
are shown in Fig. 17 for different amounts of Au deposition. XPS
peak-shape analysis gives this information without the need for
any other complementary and time-consuming techniques such
as AFM, transmission electron microscopy (TEM) and the destruc-

tive cross-sectional TEM technique. For one of the samples, the
authors measured the TEM image which is also shown in Fig. 17.
Both the cluster size and cluster density which can be determined
from this image agrees well with that determined by XPS. However
the XPS analysis is much faster. It is also very easy to determine the
embedding of the Au nano-particles into the PS substrate as the
temperature is increased. To do this, Eq. (38) is applied and zy and
Az are varied until a good agreement with the reference intrin-
sic F(E,Q2) (determined from analysis of the XPS spectrum from a
pure Au foil) is obtained. The result is seen in Fig. 18 which shows
that the 25 A nano-particles are embedded deeper than the larger
55 A particles at a given temperature. Thus the method is efficient
to study quantitatively how metal nano-clusters grow, diffuse and
distribute on and in a polymer as a function of cluster size and
temperature. The information is obtained without the need for any
other complementary and time-consuming technique such as AFM,
TEM and cross-sectional TEM. Therefore, besides being fast and
non-destructive, it can stand-alone and is also suitable to mon-
itor and control the degree of intermixing of metal-clusters and
polymers which is of high technological importance [119].

The spectra in Fig. 9 above were taken from thin ZnO films
deposited by plasma-enhanced chemical vapor deposition on
different substrates [83,135]. The analysis was done with Egs.
(44)-(49) (using the QUASES software package [58]) and it was
found (with analysis similar to that in Fig. 14) that ZnO grows in
the form of islands. The determined island height and surface cov-
erage for growth on sapphire is shown in Fig. 19. Here the island
height is shown vs. surface coverage. Dashed lines in the figures
correspond to fixed amount of substance (AOS) (i.e. ch constant, as
indicated). The heights h and coverage c increase gradually as the
ZnO film grows thicker. As seen, analysis of the three peaks (two
from atoms in the overlayer and one from atoms in the substrate)
gives reasonably consistent morphologies for the ZnO films grown.
The lower island height determined by analysis of the Zn2p peak
for the tallest islands is consistent with the lower probing depth
of the low-energy Zn2p electrons (A =0.74 nm) compared with the
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Fig. 16. XPS spectra from a 2 x 103 © cm p-type Si(11 1) sample exposed to XeF, to saturation. The same spectra with the background subtracted and the background are
also shown. Analyses with different assumed F atom depth distributions are shown. Three assume a uniform distribution at the surface. The fourth assumes an exponential
distribution followed by constant concentration of F in the bulk lattice. It is clear that an exponential distribution which extends deep into the bulk gives the best account

for the intensity over a wide energy range, from [119].
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cluster size and density is seen to be good, from [120].

high-energy Al KLL (A =2.5nm) and Zn LMM electrons (A =2.0 nm).
Therefore the sensitivity towards island height determination sat-
urates for heights >3-4A4, i.e. ~2.5 nm for Ni2p.

In [135] the determined amount of substance (AOS) found by
XPS peak-shape analysis was compared to the AOS determined
with RBS and XRF. As seen in Fig. 20 there is an almost perfect
linear relation between the AOS determined with the three tech-
niques. The absolute amounts of substance determined by RBS
and XRF, however, are consistently factors of 2.1 and 1.5 lower
than those determined by XPS peak-shape analysis. The deviations
could be due to inaccurate calibration, uncertainty in the density
of the ZnO films as well as in A. We note here that, in general, the
determined depths change linearly with the applied A, i.e. if A is
increased by 30% the height of the structures and the AOS will also
increase by 30%. The linear relations in Fig. 20 show that the rela-
tive AOS is in perfect agreement for the three techniques. For most
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Fig. 18. Depth profile for 2 A (open circles) and 8 A (solid circles) (i.e. 25 and 55 A Au
nano-cluster diameter) Au deposition as a function of temperature. Ad; and Ad;
are the depth interval over which the nano-clusters are distributed, from [120].

practical applications, the discrepancy in the absolute values is
however not important because local instrumental calibrations are
used.

In another earlier inter-technique comparison [136], Ag and Au
were deposited in varying amounts onto the (11 1) surface of a Ni
single crystal. The amounts of deposits were determined by a quartz
crystal microbalance (QCM). For both systems, the spectra were
analyzed and compared to intrinsic reference spectra from pure Ag,
Ni, and Au samples. In all cases, the corrected spectra were found
to agree extremely well in both peak-shape and absolute intensity
using the layer-by-layer plus island growth (Stranski-Krastanov)
and the growth-structural parameters were determined. From the
determined growth structure the total amount <Dx> (see Fig. 21) of
Ag or Au in the film could be determined and this was found to be
proportional to the observed QCM frequency shift to within ~10%.
As seen very consistent amounts were determined from analysis of
all peaks from both the overlayer and the substrate.

A similar comparison [137] was made between XPS peak-shape
analysis and RBS with respect to the average thickness of Au-layers
in the range of 5-100A deposited on Ni. By peak-shape analysis
of the Au4d XPS peaks, the structure and amount of Au was deter-
mined and this was compared to the Au thickness determined with
RBS. The deviation between XPS and the mean value of the RBS
thickness showed good quantitative agreement to within ~7% for
depths up to 7-8A.
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Fig. 19. Island height h vs. surface coverage c obtained from analysis of the spectra
in Fig. 9 taken after sequentially growth of thicker layers of ZnO on alumina. The
quantification obtained from analysis of the Zn LMM, and Al KLL peaks is indicated
by circles and triangles, respectively. Dashed curves correspond to a fixed amount
of material, from [83].
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A similar comparison of ultrathin SiO, layers on Si in the range
from ~0.5 to ~8 nm was studied with different techniques (RBS,
ellipsometry, TEM and XPS) [138,139]. Fig. 22 shows the oxide
thickness (“QT”) determined from XPS peak-shape analysis of the
O1s peak compared to the thickness (“standard equation”) deter-
mined from analysis of the ratio of the peak-area of elemental Si2p
and oxidized Si2p by a formula based on the exponential attenua-
tion law in Eq. (1) [139]. As seen in Fig. 22, peak-shape analysis of
XPS spectra taken at three different angles of emission (0°, 34° and
45°) gave practically identical film thicknesses. There is a good lin-
ear agreement between thicknesses obtained with the techniques.
Similar to the ZnO films (see Fig. 20), the absolute values deter-
mined with different techniques are off by a constant factor. Again,
for most practical analysis purposes, only changes in the relative
film thicknesses are important because a local instrument calibra-
tion will usually be applied which will eliminate the deviation as
long as it is a constant factor.

The peak-shape technique was used to study changes in sur-
face composition during oxidation [105-107,109,130]. A recent
example is a quantitative in situ investigation of the initial oxida-
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Fig. 22. Thickness “QT” of SiO, layers obtained by XPS peak-shape analysis of the
O1s peak for 0°, 34°, and 45° emission angle, plotted against the nominal thickness,
from [140].

tion stages on three FeCrNi-alloy surfaces, focusing on the effect of
minor alloying elements [105]. The composition and morphology
of the nano-scale surface oxides were determined quantitatively
by peak-shape analysis using the QUASES software [58]. An exam-
ple of the fitting procedure for one alloy composition is shown in
Fig. 23. By this type of analysis quite detailed information on the
nano-structures was obtained for different alloys as seen in the
lower panel of Fig. 23 (see [105] for details).

Note that, rather than removing the extrinsic electrons (as in
Figs. 14 and 16), the method in Section 4.1 was used in Fig. 23, i.e.
the spectra are modeled by Eq. (10) and reference spectra of the
various metal and oxide peaks were used as input spectra in these
calculations.

6. Approximate algorithms for spectral inversion

The set of equations presented in Section 4 are exact. They may
be solved efficiently by proper application of numerical fast Fourier
transformation methods and in this way provide detailed quanti-
tative information as also seen in the above examples. However,
for some applications it may be of interest to use a simpler set of
approximate inversion algorithms published earlier [55,56,81,140]
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Fig. 21. (A) The total amount (Dx) of evaporated Ag on Ni(11 1) as determined by peak-shape analysis of the Ag3d and the Ni2p spectra plotted against the frequency shift
of the QCM. (B) The total amount (Dx) of evaporated Au as determined by the peak-shape analysis of the Au 4f, Au4d, and Ni2p spectra plotted against the frequency shift of

the QCM, from [137].
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which were obtained by expanding the expressions in Section 4 for
F(E,$2) in terms of multiple inelastic-scattering events. The com-
plex integral over the variable s is then avoided and the formulae
can readily be evaluated with simple numerical methods. These
approximate algorithms are summarized in this section. To simplify
the formulas, we define the convolution integral

Emax
KH(E) = / J(EK(E' — E)dE’ (50)
E

6.1.1. Exponential and homogeneous depth distribution

Many profiles may be approximately described by an exponen-
tial atom depth distribution
f@)=ce (51)

In this case, the simple and exact formula, Eq. (30), applies [81]
and

L+ Acos6 AL

F(E, £2) = cALcos® JE, $2)— L+ A cos QKH(E)} (52)

6.1.2. Delta layer profile

For
f(2) = Né(z - z0) (53)

one obtains [140]

2
NF(E, £2) = e%0/(-cosf) {](E, 2)- C(Z)%KH(E)+ % (ccfze)

Emax
x / dE’K(E’—E)KH(E’)} (54)
E

6.1.3. Substrate with an overlayer

For
0 for 0<z< Az
f(z):{c for Az<z (55)
one obtains [56]
~ 1 Az/(kcosé)){ _ ( Az )
F(E, 2) = A cosd cos@e J(E, 2) Zosd + A ) KH(E)
Az 1 Az \Z] [P
+ {cos@ + j(@) } /E dE"K(E" — E)KH(E")
zEmax Emax
Al Az - "
_E(cow) /dE K(E —E)/dE K(E" — E")KH(E")
E’/I
(56)

6.2. Algorithm for automatic XPS data processing

Application of the above formalism and of the rigorous for-
malism in Section 4 is, in principle, straightforward in particular
with the availability of user-friendly software [58]. However oper-
ator interaction is necessary to decide by visual inspection when
a good set of structure parameters has been obtained. It is there-
fore not well suited for automated data processing. Automation is
very important for routine analysis and in particular it is manda-
tory for XPS-imaging where thousands of spectra must be analyzed.
In recent years there has therefore been interest in alternative

Table 3

Rules for estimating the depth profile from L, from [59,60].
L Depth distribution
6A<|L| Almost uniform

—31<L<0
0<L<3A

Most atoms are at depths >A
Most atoms are at depths <\

If the same peak from two samples has values L; and L, then

ifO<Ly <Ly Atoms are surface localized in both samples and
are at shallower depths in sample 1 than in sample
2

ifL; <L, <0 Atoms are primarily in the bulk of both samples

and at deeper depths in sample 2 than in sample 1

algorithms which may be less accurate but which can be used for
automation.

Such an algorithm, based on analysis of electron energy loss, was
first suggested in [55,56] and later improved [59] and its validity
has been tested experimentally [59,60] and was recently applied to
3D XPS imaging [61-63]. The algorithm is naturally less accurate
than the more detailed peak-shape analysis method but it is very
robust [59] and it gives an accurate determination of the amount
of substance AOS;3;, (i.e. the number of atoms per unit surface area)
at depths z between 0 and 3X and it gives also a depth section-
ing which estimates the depth distribution of the atoms. In this
method, all depth distributions are approximated as exponential,
i.e. exp(—z/L) where L is a characteristic decay length for the pro-
file. The basic idea behind the method is that Eq. (30) is an exact
solution to the analysis of the spectra for all depth profiles of expo-
nential form, and application of this to a general (not necessarily
exponential) profile therefore determines the “best” exponential
profile fit to the actual depth profile. If most atoms are at shallow
depths, L will turn out to be small and positive, while if most atoms
are at large depths, L will be small and negative. To be specific, the
method is as follows: the measured spectrum, J(E), is first corrected
by

Emax /
FE) = J(E) — B, / JEe—E=E __ap
E

(57a)
(C+(E —ERY

where C=1643 eV2. For polymers, and other materials (such as Si
and Al) with sharp plasmon structure, the three-parameter cross-
section (see Section 3.2.1) is more accurate and then
Emax
/ E' —E /
F(E) =J(E) - By / JE) — ~dE
E (C—(E'—E)) +D(E—E)

where C and D depend on the material (see Table 1).

Rather than attempting to fit the spectrum over a wide energy
range, By is adjusted to give zero intensity (F(E)=0) at a point 30 eV
below the peak centroid E, (see Fig. 24) (in [59] it was found that
the result of the analysis varies only little if this point is chosen at
20 or40eVrather thanat30eV).Itis simple to get a computer to do
this and thus to automate the analysis. From By, the decay length

(57b)

By

"= BB
is determined. Here By is the value of B; determined from anal-
ysis, by Eq. (57a), of the spectrum from a homogeneous sample.
In practice, By is ~ 3000 eV? for most materials. The depth distri-
bution is then estimated from the rules in Table 3 [59,60]. These
rules were found from a systematic study of sets of both model and
experimental spectra.

This tedious systematic study of numerous sets of theoretical
model spectra calculated with Eq. (10), which is the foundation
behind the rules in Table 3, is largely unpublished [141] but some
of these as well as the experimental proof of their practical validity
are found in [59,60]. A negative value of L corresponds to a depth

A cos6 (58)



148 S. Tougaard / Journal of Electron Spectroscopy and Related Phenomena 178-179 (2010) 128-153

Fe-19Cr-17Ni Ols
oxidation, 323 K, 1000 L (|
=2 Experimental .
5 |- o--Modetiea " ,
? Cr2p : : 1.3 nm
S 1 ]
- 1 ] Alloy
E 1 1
w 1 1
z. | 1
= 1
= 1
4
= La L L1 A R 1
880 900 920 940 960 980
KINETIC ENERGY (eV)
—~ [|Fe-19Cr-17Ni Experimental
2 |loxidation, 323 K., 1000 L| - o- - Madelled
E
: Ni LMM »
2 e Ey Cr.0,
& ' '
= 1 1
- Cr2p,, ——
E : F P 1 13 nm
w0 1
Zz . Cryy
= 1
[}
4
=

i { - 1 L

SZlO 8‘;0 860 880 900 92l|]
KINETIC ENERGY (eV)

940

Fe-19Cr-17Ni Experimental
’é‘ oxidation, 323 K, 1000 L|= -0= : Modelled
= -
3 Fe2p E,
=8 ' 1 0.8 nm
= ] ' F==7"
s ' '
| 1

2 ! : o
@ . NiLMM |
g - |
& [o-o-00-- | :
Z ) o

N N N il N Pl B

740 760 780 800 820 840 860 880
KINETIC ENERGY (eV)

|| Fe-19Cr-17Ni Experimental
é oxidation, 323 K, 1000 L |- 0= - Modelled
s Fe LMM Fe2p,, PVe2r,
2 Fe 0,
& 0.8 nm
N :
= 13 nm
7] Flur
Z
=
=
Z

6{;0 7(‘10 72I0 T:lU 760 7;]0 81.]0 Séﬂ
KINETIC ENERGY (eV)

Fe cations Cr cations

293 nm3 8.8 nm3 18.0 nm-3
Oxide
layer #10.8 nm
Interface
Ni-rich L3 nm
layer
(a) (b)

Fe-19Cr-17Ni

Oxidation, 323 K, 1000 L

Fe cations Cr cations
3.8 nm3

Fe-19Cr-18Ni-1Al

Fe cations Cr cations
153 mm3? 5.0 nm3

Fe-19Cr-18Ni-1Al-(TiC)
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(c) Fe-19Cr-18Ni-1AI-(TiC). Upper panels show examples of the peak-shape analysis of individual peaks and the lower panel shows the determined structure. Interface

denotes the depth range where both metal atoms and cations are present, from [105].

distribution that increases with depth within the analyzed depths
(i.e.for zup to ~51). The accuracy is enhanced if, for a given system,
the value By is fine-tuned by replacing it by B’l’ where B’{ is deter-
mined by analysis, from Egs. (57a) and (57b), of a spectrum from a
sample that is known to have a homogeneous atom distribution.

The absolute amount of substance within the outermost ~3A is
[59]

L+ Xcos@ CH _a/L
(AOS):”‘ = 1 — e—(3AcosO+L)/(L cosQ)Ap/E(‘l -e ) (59)
where the peak-area is
Emax
Ap :/ F(E)dE (60)
Ep_30ev

and Alz;’ is the peak-area from a solid with a homogeneous atomic
distribution of density cy. If the objective is to find the relative
(AOS)3) in a set of samples, then it is not necessary to use a refer-

ence sample and determine cy /A{,’ . It is often convenient to define

an equivalent film thickness

_ AOSs;,
==

d (61)

which is the thickness of the material if it were distributed as a
uniform film with the same atom density as in the reference. If cy
is in atoms/nm?3 and X is in nm, then AOS is in atoms/nm? and d is
in nm.

The algorithm is exact to the extent that the depth distribution
is exponential. However it gives a good measure for the amount of
substance even if the depth profile deviates considerably from an
exponential. This was shown in [59] for experimental spectra pro-
duced by placing the same ~1 nm thick Au-layer at varying depths
ina Nimatrix. The obtained L values agreed with the expected depth
profile and the error in (AOS)s3; was found to be only ~15% when
this method is used. This should be compared to an error of up to
900% when the morphology effect is neglected and the amount of
substance is taken to be proportional to the Au4d peak-area.
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Fig. 24. Definition of the parameters used in Eq. (57), from [59].

Another experimental test was done in [60] by application to
analysis of thin films of varying thickness (in the range ~0.5-10 nm)
of Au evaporated on a Ni polycrystalline sample. The film thick-
nesses had previously been determined by both the more detailed
XPS peak-shape analysis method in Section 4 and by RBS. Spectra
from five samples and from pure Au and Ni reference samples taken
in the Ni2p and Au4d energy regions are shown in Fig. 25 (upper
left panels). The spectra were analyzed with Eq. (57a). Examples
of analyzed Ni2p and Au4d spectra are shown in Fig. 25. Note also
that although the Ni2p intensity for samples 5 and 4 are very low,
analysis of these spectra is still straightforward and can easily be
automated as seen in the right-hand panels of Fig. 25. The detailed
outcome of this analysis is given in [60]. In brief, it is found that the
result for both (AOS)3; and the rules in Table 3 were in very good
agreement with the known nano-structures of these samples.

7. Application to 3D XPS imaging

XPSimaging has become of increasing interest in the past decade
due to both improvements in data-acquisition and subsequent

22500

149

processing. In particular, it is important for nanotechnological
applications to determine the depth distribution on a nano-meter
scale accurately. Most XPS imaging is done by plotting the peak
intensity measured for each pixel. This may give erroneous results.
Thus, for a nano-structured sample where different pixels have
depth distributions of Au atoms as in Fig. 1 in Section 1, since
the Au4d peak intensity is identical for all pixels, an XPS image
based on peak intensities from such a nicely nano-structured sam-
ple would show no contrast. Improved imaging of film thickness by
ARXPS [142] has been achieved. This, of course, will work fine for
rather flat surfaces but for rough or nano-structured surfaces, the
shadowing effect will ruin the depth information in the XPS sig-
nal at non-normal emission angles. Images where the peak-shape
is taken into account using ratios of peak-area to background sig-
nal [144] for each pixel, have also been obtained [143]. Recently the
algorithm in Section 6.2 was applied and this will now be discussed.

The algorithm in Section 6.2 produces two numbers for each
pixel, namely the characteristic depth L and the AOSs; and those are
used together with the rules in Table 3 to produce several images of
the structure as a function of depth. In[61] it was demonstrated that
this produces detailed images of a plasma-patterned polymer on
Teflon. The rules in Table 3 were used to qualitatively categorize the
pixels into three groups: those pixels where F atoms (from Teflon)
are at depths <A (surface), at depths >\ (bulk), and where the F
atoms have a roughly constant concentration throughout the depth
interval from 0 to 31 (homogeneous), respectively. The produced
images were in good agreement with the expected qualitative
nano-structure of the sample. In a further paper [62], a quantita-
tive test of the algorithm was made by analyzing sets of Ag3d XPS
spectra taken from a series of samples with different effective thick-
nesses of plasma-patterned octadiene (2, 4, 6 and 8 nm) on a silver
substrate. The width of the octadiene strip was 125 wm. The authors
produced images of the amount of silver atoms in the outermost
~3A (=9nm) of the samples as well as images of depth sections
from the L values and the rules in Table 3. The latter are shown
in Fig. 26, which gives a surprisingly detailed picture on the nano-
depth scale of the studied structures. The first column shows pixels
with |L| >3A (corresponding to a roughly homogeneous distribution
of Ag). And as seen very few pixels fulfill this criterion (due to sur-
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Fig. 25. Upper left panels show the Ni2p and Au4d spectra after increasing amounts of Au are deposited on five Ni substrates lower left panels show examples of analyses
of the Au4d and Ni2p peaks with Eq. (57a). The right panel shows analyses of the Ni2p spectra from the two samples with the largest amount of deposited Au, from [60].



150 S. Tougaard / Journal of Electron Spectroscopy and Related Phenomena 178-179 (2010) 128-153

(@) (®) (c

2nm

(d) (e) ®

4nm

6 nm

8 nm

Fig. 26.. Pixels for which (a) —-1.25<L/(3A)<-1.1, (b) —1.1<L/(3X)*<-0.9, (c) —0.9<L/(31)<-0.78, (d) —0.78<L/(3A)<-0.7, (e) —0.7<L/(3A)<-0.62, and (f)
—0.62 <L/(3\) < —0.58 (black means the criterion is fulfilled). The corresponding approximate depth scale is shown in the bottom, from [62].

face contamination). The following columns show pixels for which
the Ag atoms are buried at increasingly larger depths. The row at
the bottom shows the approximate depth scale (34 =9nm)is in all
cases the depth probed. Thus, e.g. column (c) of Fig. 26 shows the
pixels where the overlayer is (9-7.5) nm = 1.5 nm. Consider now the
top row for the sample with a nominal 2 nm thick octadiene strip,
where the image in (a) shows that very few pixels have uniform
Ag distribution (i.e. it is contaminated), (b) shows that the thick-
ness of the contamination layer is ~0.5 nm and (c) together with
(d) shows that the octadiene strip is ~1.5nm in the middle and
lower end and 3 nm thick at the top end, while (e) and (f) show
that no pixels are covered with an overlayer >3 nm as expected.
For the nominal 4 nm sample, Fig. 26 (a) shows that in no pixels
is Ag uniformly distributed (i.e. all are contaminated). Fig. 26 (b),
(c), and (d) shows that most pixels outside the strip are contami-
nated with a 1.5 nm thick layer and a few are covered with a 0.5
and 3 nm contamination layer. Fig. 26(d) and (e) show that for the
4nm sample, the octadiene layer thickness is ~3 at one end and
~5nm at the other; (f) shows that no pixels are covered with over-
layer >5 nm. For the nominal 6 nm sample, we see from Fig. 26(a)
that the distributions of Ag atoms are homogeneous in very few
pixels. In Fig. 26(b) we see that the thickness of the contamination
layer is ~0.5 nm. Fig. 26(c) and (d) shows that the nominal 6 nm
thick octadiene strip has a border with a thickness varying from
~1.5 to 3nm (see also Fig. 27). Fig. 26 (e) shows pixels which are
covered with ~5 nm octadiene. Fig. 26f shows that for a few pixels
the thickness of the octadiene overlayer is ~6.5 nm. From Fig. 26c-f,
one gets an impression of the shape of the octadiene strip. For the
8 nm sample, a similar trend as for the 6 nm sample is seen. Fig. 27
shows a schematic of the structure deduced from the images of the
sample with 6 nm nominal thick strip. The width across the strip
in the series (b)-(c)-(d)-(e) decreases gradually which shows that
the structure is tapered as in Fig. 27.

These results clearly show the potential of the method for quan-
titative and non-destructive imaging of the in-depth distribution

of atoms with sub-nano-meter depth resolution and therefore, the
ability to produce 3D images. In both Refs. [61,62], the algorithm
was applied to relatively strong XPS peaks, and the data-acquisition
time was also rather long. The spectra were smoothed using a
quadratic,7-point Savitzky-Golay filtering [145] followed by pixel
averaging. However, this procedure for noise-reduction may not
be sufficient for imaging of atoms with a low photoionization
cross-section. Furthermore, it would be a significant advantage for
practical use if the data-acquisition time could be reduced, which,
however, would lead to increased noise. More efficient methods
for noise-reduction such as principal component analysis (PCA),
which utilizes the full set of data, may be expected to give a

6 nm nominal thickness

Images of pixels where Ag is covered by increasingly larger layers

0 nm 0.5 nm 5 nm 6.5 nm

contamination

Ag

Fig. 27. Images of the pixels with different overlayer thickness for the nominal 6 nm
thick octadiene and a schematic showing the interpretation of the structure. The
thickness is converted from Fig. 26 by taking the probing depth 3A(=9 nm) minus
the values in the lower row in Fig. 26. Note that this shows sub-nano-meter depth
resolution. The images were taken from [62].
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d~2nm

O1s analysis
Pixels with different oxide thickness

d> 7nm

Cls analysis
Pixels with different carbon thickness

O-(AOS)3

Fig. 28. 3D XPS imaging of a patterned structure made by thermally oxidizing a silicon wafer. The images of pixels with different oxide and carbon thickness were determined
from analysis of the O1s and C1s peaks. The schematic shows the interpretation of the structure. The images were taken from [63].

further improvement in the signal-to-noise ratio. This was recently
addressed by studying a patterned structure made on a thermally
oxidized silicon wafer [63]. It was coated with positive resist and
then exposed with UV light through a mask. The exposed resist
was developed away and the oxide was etched with HF acid and
then the remaining resist was stripped off using plasma. Spec-
tra in 256 x 256 pixels from an area of 800 wm x 800 wm of O1s,
Si2p and C1s peaks which have rather low photoionization cross-
sections were measured without using a high spectrometer pass
energy. Therefore, the signal-to-noise level for these spectra was
very low. In [63] the effect of noise-reduction procedures was stud-
ied in detail and PCA was found to be very efficient in reducing the
noise in these large sets of spectra.

Images from analysis of the O1s and the C1s peaks are shown in
Fig. 28.The O1s images show a thick oxide layer outside the squares
and a ~1.5 nm thick oxide layer in the squares. It is interesting to
see that the edges of the etched patches have a ~3 nm oxide thick-
ness. The corresponding structure is shown schematically. Similarly

the C1s images show that the C-contamination is ~1 nm thick out-
side and <0.5 nm thick in the etched squares. A region in the upper
left corner has a ~3 nm thick C-contamination and this structure is
conical as seen from the image of pixels with 2 nm thick C.

8. Conclusions

Energy-loss processes are important to interpret X-ray pho-
toelectron spectra (XPS). First-principles quantum-mechanical
descriptions have been valuable to enlighten the fundamental
mechanisms behind the photoexcitation process but their com-
plexity makes them impractical for general calculations. In recent
years, a more feasible semi-classical model was used where the
interaction of valence electrons with the field from both the static
core-hole and the moving photoelectron is described by the dielec-
tric function of the medium. With this model, calculations for
general materials are straightforward provided the dielectric func-
tion is known.
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There are in principle two origins to the energy-loss structure.
The first is due to the sudden creation of the core-hole and the
second to the photoelectron as it moves towards the surface. The
corresponding energy-loss processes are usually called “intrinsic”
and “extrinsic” excitations, respectively. In addition, the presence of
the surface may cause considerable changes in the energy loss spec-
trum as well as in the peak intensity. Model calculations show that
these processes can in principle not be treated as separate effects.
The dielectric-response model gives an adequate description but is
impractical for fast routine XPS analysis.

The description of XPS becomes much simpler if one assumes
a complete decoupling of the effects by separating them into two
or three processes, i.e. first the core-electron is excited followed by
the second step in which the electron is transported to nearby the
surface and finally, in the third step, it escapes through the surface
region and travels in the vacuum to the electron energy analyzer.
A further simplification is obtained in the two-step model, where
the excitations in the third step are replaced by bulk excitations
for paths up to the surface-vacuum interface and the excitations
while the electron moves in the vacuum are ignored. Although the
extrinsic/intrinsic contributions to the energy loss structure vary
considerably with energy, geometry and depth, it turns out that the
two-step model is valid to describe the changes in both peak inten-
sity and energy-loss structure caused by variations in the depth
distribution of excited electrons.

The change in energy spectra in the two-step model depends on
the inelastic-scattering cross-section. Calculations from the dielec-
tric function or determination from experiments are possible but
in practical applications, the composition varies along the path the
electron follows which complicates the description considerably.
This problem is simplified with the introduction of the concept of
universality classes of cross-sections.

Rigorous algorithms to calculate the XPS energy spectra within
the two-step model were developed almost two decades ago. The
extrinsic contributions will vary with the depth distribution of
photoemitting atoms and from analysis of this, quantitative infor-
mation on the depth distribution of atoms can then be determined.
Since this method is non-destructive and all information is found
from analysis of a single spectrum, it is possible to monitor compo-
sition changes on the nano-scale as they happen for example during
deposition, annealing or chemical reactions.

Application of this formalismis straightforward and a few exam-
ples were discussed. Automatic data analysis is important for
routine XPS work and mandatory for XPS-imaging where thou-
sands of spectra must be analyzed. We then discussed a recently
proposed simpler algorithm which is less accurate but which is
suitable for automation, and its recent applications to quantitative
3D XPS imaging. This algorithm is also expected to be useful in the
development of expert systems for automated XPS analysis.
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