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Abstract

The high importance of X-ray Photoelectron Spectroscopy (XPS) in surface analysis

is well established. In XPS, the shape of the measured peaks is affected by two

classes of energy loss: extrinsic losses, due to the transport of photoelectrons in the

matter, and intrinsic losses, due to the sudden creation of the static core hole. In

order to perform a quantitative, comprehensive determination of the zero-energy loss

spectrum, a systematic and physically meaningful background subtraction method

must be used. In this paper, we propose a universal analytical expression to model the

energy loss cross-section of the emitted photoelectrons for transition metals and their

oxides. The proposed expression is a generalization of the well-known Tougaard’s
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universal inelastic scattering cross-section, to also account for the intrinsic losses. We

demonstrate the use of this to determine the primary excitation spectra of several

transition metals and their oxides and we compare the results to a more accurate

calculation based on the dielectric response model for XPS.
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Universal cross-section; XPS; intrinsic excitations, extrinsic excitations.
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1 Introduction

X-ray photoelectron spectroscopy (XPS) is presently one of the most heavily used

analytical techniques to probe the chemical and compositional properties of solid

surfaces [1], and also to determine the surface electronic structures [2].

An XPS spectrum can be seen as the addition of the contribution from electrons

that have undergone an increasing number of energy loss events. The zero-energy

loss event, namely the primary excitation spectrum or F (E), of a particular peak is

thus obtained from XPS after the removal of intensity corresponding to all energy

losses due to inelastic scattering events experienced by the electrons after their initial

excitation. That is the background subtraction procedure. However, so far in most

cases, only a qualitative comparison between experimental and theoretical F (E) has

been done because the commonly used background subtraction methods (linear and

Shirley methods [3]) do not rely on a quantitative description of the energy loss

processes [4].

The energy loss processes responsible for the background have two origins, usu-

ally denoted “extrinsic” and “intrinsic” excitations [5, 6]. Extrinsic excitations take

place during the photoelectron transport out of the surface and are due to the time

and space varying electric field from the moving photoelectron. These energy losses

occur not only when the electron travels inside the medium but also in the vacuum

where the photoelectron interacts with its image charge. Thus extrinsic excitations

are themselves generally separated into bulk, occurring in the medium, and surface

processes, occurring while the electron is moving in a shallow region in the medium

and in the vacuum (note that such strict separation between surface and bulk pro-
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cesses is not exactly valid because the effects interfere [7]). Intrinsic excitations are

due to the sudden creation of the static core hole during the photoexcitation process

and the associated suddenly created electric field. Similar to the extrinsic processes,

the intrinsic excitations are also characterized by bulk and surface losses. Moreover,

it is the intrinsic losses that are responsible [8] for the asymmetric peak shape which

is generally observed for metals (the so-called Doniach-Sunjic line shape [9]).

We have previously proposed a method [10–12] that allows to directly determine

F (E) from an experimental XPS spectrum. This method is based on the use of

an effective inelastic electron single scattering cross-section for XPS, KXPS
sc , taking

into account extrinsic and intrinsic excitations as well as interference between them.

KXPS
sc can be calculated from the dielectric function of the medium or equivalently

its energy loss function (ELF). For a given material, the ELF can be obtained from

optical data (e. g. available in Palik’s tables [13]), extracted from REELS spectra

(after removing multiple inelastic scattering contributions [14] and comparing to the-

oretical calculations [15] or by simulating and comparing full REELS spectra using

Reverse Monte Carlo (RMC) algorithm [16]), or calculated with density functional

theory (DFT) [17]. However, Palik’s data are limited and sometimes deviate con-

siderably from other published results, REELS spectra are not always available, and

DFT calculations are usually complex and require input parameters that are not

available for many materials. Moreover it is quite difficult to obtain the ELF for non

elemental materials, as e. g. thin films materials.

It is the goal of this work to provide a “universal” inelastic electron single scat-

tering cross-section A(T ) for XPS (called here “Intrinsic-Extrinsic-Universal (IEU)

cross-section”), that could be used to obtain an approximate F (E) for a wide range
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of materials without any precise knowledge of their exact structure. To reach this ob-

jective, we have used a method similar to the one Tougaard used to obtain his epony-

mous universal cross-section [18] which describes the extrinsic excitations, namely a

fitting of the scattering cross-sections of various materials, with the difference that we

now also include surface and intrinsic excitations. In many previous papers [8,10–12],

F (E) denotes the spectrum after removal of only the extrinsic excitations. We no-

tice that our present F (E), where both extrinsic and intrinsic energy loss processes

have been removed, does not necessarily provide more accurate peak areas for quan-

titative composition analysis. This will depend on the sensitivity factors used for

quantification, because when using theoretical sensitivity factors the intrinsic exci-

tations should in principle be included in the peak area. It still remains to be tested

to what extent the present F (E) enhance the accuracy of XPS quantification based

on peak area ratios. The present method however removes (within the limitations

of the model) all intrinsic and extrinsic excitations. This opens for a much clearer

quantitative interpretation of the remaining structures and as was demonstrated in

several recent papers [8,10–12], it results in an F (E) that is in quite good quantitative

agreement with theoretical first principles calculations.

In the following sections we first describe the model used to calculate the effective

scattering cross-section, as well as some theoretical explanations on the physical

origin of intrinsic excitations in transition metals. This is followed by a presentation

of our fitting procedure to obtain the IEU cross-section A(T ) for transition metals

and their oxides. Finally, to test the validity of this, primary excitation spectra of

different materials, calculated respectively with KXPS
sc and A(T ) are compared and

the results are discussed.
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2 Theoretical basis

2.1 The semi-classical dielectric model of energy losses in
XPS

To calculate electron energy losses in a XPS experiment, we consider here the di-

electric response model developed in Ref. [7], which describes the interactions of the

photon excited core electron and the core hole with semi-infinite media in terms of

the dielectric properties of the bulk material. This model incorporates the effects

of the surface, of the static core hole created during the photoionization process,

and excitations in the vacuum after the photoelectron has left the surface, as well

as interference between these effects. As the principles of this XPS formalism has

been abundantly described in the literature [6, 7, 19], we only present here its basic

elements.

After the absorption of the photon energy by a core electron, it is assumed that

an electron-hole pair is created at a depth x0 below the surface of a semi-infinite

medium characterized by its dielectric function ε(k, ω). The electron then travels

along a straight line with velocity v, energy E and angle θ with respect to the surface

normal, while the core hole is stationary with infinite lifetime. We define, within this

model, the effective inelastic electron scattering cross-section KXPS
eff (E, h̄ω, x0, θ) as

the average probability that the electron, excited at a given depth x0, loses an energy

h̄ω per unit energy loss and per unit path length travelled inside the solid.

KXPS
eff (E, h̄ω, x0, θ) is expressed in terms of the induced potential Φind(k, ω) cre-

6

This article is protected by copyright. All rights reserved.



ated by the static hole and the moving electron [7]:

KXPS
eff (E, h̄ω, x0, θ) =

2

(2π)4x0h̄
2ω

∫ +∞

−∞
dt

∫
drρe(r, t)

×Re

[
i

∫
dk kvΦind(k, ω)ei(kr−ωt)

]
, (1)

where k is the transferred momentum, r the electron position, ρe(r, t) the charge

density of the electron, t the time (the photoexcitation occurs at t = 0), and Re[]

refers to the real part of the quantity in brackets.

Φind(k, ω) is obtained within the surface reflection model [20] in which the poten-

tial of a system of moving charges in a semi-infinite medium is obtained by considering

two infinite pseudomedia, the medium (M) and the vacuum (V).

In the pseudomedia M and V, we have to consider all charges and their images.

For XPS, the relevant charges are the electron ρe, the core hole ρh, their images

ρei , ρhi and fictitious surface charges σM and σV introduced to satisfy the boundary

conditions. For t < 0, all charges are equal to zero and for t > 0 we have (with

x0 = (−x0, 0, 0)): 

ρe(r, t) = −eδ(r− x0 − vt)

ρei(r, t) = −eδ(r + x0 − vit)

ρh(r, t) = eδ(r− x0)

ρhi(r, t) = eδ(r + x0).

(2)

Fictitious surface charges σM and σV are determined by the requirement that the

potentials, and the normal components of the displacement vectors in each pseu-

domedium must be continuous at the surface. Then, solution of Poisson’s equation

in Fourier space for each of the two infinite pseudomedia allows to obtain the induced

potentials ΦM
ind and ΦV

ind. The final expressions for KXPS
eff are quite complex and are

given in Ref. [7].
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In XPS experiments, electrons from a wide range of depths are sampled. A

weighted average of KXPS
eff is thus performed over the total of all path lengths x

[7] with the weight function Q(E, x, θ). Q(E, x, θ) is the path-length distribution

function for those electrons that have undergone a single inelastic collision:

Q(E, x, θ) =
x exp

(
−x/λXPSeff

)∫∞
0
dx x exp

(
−x/λXPSeff

) . (3)

The result is the inelastic scattering cross-section, KXPS
sc , including bulk, surface and

core hole effects as well as interference between these effects:

KXPS
sc (E, h̄ω, θ) =

∫∞
0
dxQ(E, x, θ)KXPS

eff (E, h̄ω, x, θ)∫∞
0
dxQ(E, x, θ)

. (4)

This formalism has been implemented in the user-friendly software package QUEELS-

XPS (QUantitative analysis of Electron Energy Losses at Surfaces for XPS) which

can be freely downloaded from [21]. The only required input is the energy loss func-

tion (ELF) of the medium, Im{−1/ε(k, ω)} which, in QUEELS-XPS, is expanded in

Drude-Lindhard type oscillators [22]:

Im

{
− 1

ε(k, ω)

}
=

n∑
i=1

Aih̄γih̄ω

(h̄2ω2
0ik − h̄

2ω2)2 + h̄2γ2i h̄
2ω2

θ(h̄ω − EG) (5)

with the dispersion relation:

h̄ω0ik = h̄ω0i + αi
h̄2k2

2m
. (6)

Ai, h̄γi, h̄ω0ik and αi are the strength, width, energy and dispersion of the ith

oscillator, respectively and the step function θ(h̄ω − EG) is included to describe the

effect of the energy band gap EG present in semiconductors and insulators.

8
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2.2 Theory of intrinsic excitations of photoelectrons in tran-
sition metals

In order to choose a suitable, physically meaningful analytical expression for the

IEU cross-section, we must refer to a theoretical description of intrinsic excitations in

transition metals. As explained in detail in [23], the core hole created during the XPS

photoemission process is responsible for several electronic relaxation phenomena.

Considering a time dependence for those phenomena is the key element to describe

(both qualitatively and quantitatively) the different features that appear in transition

metal XPS spectra. This time dependence of the electric fields as the photoelectron

travels away from the core hole is also a key element in the semi-classical model

described by eqs (1) and (2).

We first consider, as in Ref. [23], a core electron from an isolated atom, in a

single-particle orbital of energy ε0 , excited by a photon with electromagnetic energy

hν. After the photoemission process, the time in which the nearby electrons feel, and

thus respond to the created positive hole, depends on the kinetic energy of the excited

photoelectron. Near the extreme limit of zero kinetic energy (i.e. for hν close to the

orbital energy ε0), the photoelectron moves so slowly from its excitation site that the

resulting hole potential switches on adiabatically. This is because electrons nearby

the created core hole lower their energy by relaxing around the positive charge, but

the ion remains in its ground state. As the total energy has to be conserved, the

emitted photoelectron picks up this relaxation energy εa, and thus emerges with a

kinetic energy εt = hν - ε0 + εa.

In the other extreme limit, where the photoelectron kinetic energy is very high,

the photoelectron leaves so quickly that the hole potential appears to be switched

9
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on instantly. In this so-called sudden limit, the other electrons near the core hole

have the possibility to be excited to a higher energy state, and as the total energy is

conserved, the emitted photoelectron appears with a kinetic energy εk that is lower

than the adiabatic energy (εk < εt). The different (discrete) excitation levels of the

created ion give rise to different values of εk.

In a solid system, composed of many atoms, the adiabatic case leads to a single

kinetic energy XPS peak, while the sudden limit gives rise to both plasmon excita-

tions and to several electron-hole pairs excitations. In practice, depending on the

specific band structure of the considered solid, and on the values of hν and ε0, the

observable XPS line shape will be close to the adiabatic or the sudden limit. For met-

als, it can be shown that a continuum of excited electron-hole pair states is expected,

which leads to an asymmetric line shape in the XPS spectra, with a singularity at

the adiabatic energy. This singularity is known as the Mahan shake−up structure,

and is expressed as [23]:

D(ε
′
) =

1

ε′(1−α)
(7)

where ε′ = εt − εk is the energy lost by the photoelectron due the excitation of

the electron-hole pairs in the solid. α is known as the asymmetry parameter and

is related to the phase-shift of the emitted photoelectron wave function due to its

scattering in the core hole potential.

Expression (7) does not account for the finite lifetime of the created core hole

which results in a broadening of the XPS line shape. This leads to the general
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expression for the XPS line shape IDS(ε):

IDS(ε) =

∫ ∞
0

ρhole(ε+ ε′)D(ε′)dε′ (8)

with

ρhole(ε+ ε′) =
γ

π(ε+ ε′) + γ2
(9)

where the notations have been chosen so that ε = 0 at the maximum of IDS, i.e.

at the adiabatic energy (for which the photoelectron has an energy εt). ρhole is the

symmetric core hole lifetime broadening and γ is the effective lifetime of the hole.

Moreover, in eq. (8), one can only use the Mahan shake-up structure (eq. (7))

as an expression for D(ε′) if the core hole potential Vh is considered to be static

(time independent). To account for the switching rate of Vh in XPS experiments,

the following expression has been proposed in [23]:

Vh(r, t) =

{
0 if t ≤ 0

Vh(r)
[
1− e(1−ηt)

]
if t > 0.

(10)

where η is the switching rate of Vh. This expression leads to a modified shake-up

structure D(ε′), to account for the time dependence of Vh:

D(ε′) =

(
1
η2

+ 1
ω2
c

)α
2

Γ(α)

( η
ε′

)(1−α)
e

(
− ε
′
η

)
. (11)

Using eq. (11), IDS(ε) (eq. (8)) can now be recalculated to obtain a more general

expression for the observable line shape. The detailed calculations and the final

complete analytical expression can be found in [23]. Note that the higher the value

of η, the quicker the potential Vh switches on. At the extreme limit where η −→∞,

the so-called Doniach-Sunjic line shape is obtained for IDS(ε) [24], and is expressed
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as:

IDS(ε) =
Γ(1− α) cos

[
πα
2

+ (1− α) arctan
(
ε
γ

)]
(ε2 + γ2)

1−α
2

. (12)

Expression (12) is asymmetric, due to intrinsic photoelectron energy losses (electron-

hole pairs excitations) in the solid system. This asymmetry is governed by the pa-

rameter α. We illustrate this in Figure 1, where IDS(ε) is shown for 4 different values

of α (with γ = 0.5).

6 4 2 0 2 4 6
 = max k [eV]

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

I D
S
(

)

= 0.1
= 0.2

= 0.3
= 0.4

Figure 1: The Doniach-Sunjic XPS line shape for different values of the asymmetry
parameter α.

Eq. (12) is valid when valence electrons can be excited from occupied to unoccu-

pied states with arbitrarily small energy difference. This is the case for metals.

Note that in the above, the details of the band structure of the material have

been ignored. Eqs (7-12) are therefore only valid for small energy losses (∼ a few

eV) although eq. (12) is often applied for large energy loss. In contrast to this, the

dielectric response model presented in section 2.1 calculates both the effect of shake-

up structure and the switching on time of the potential directly from the dielectric
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This article is protected by copyright. All rights reserved.



function ε(k, ω) and the photoelectron kinetic energy, and is valid for all energy

losses.

3 Analytical expression for the IEU cross-section

Expression (12) is a valid analytical expression for the XPS line shape of transition

metals for small ε. As discussed in detail by Doniach and Sunjic in [24], this asym-

metric line shape can also be derived from quantum mechanics calculations, starting

from the Hamiltonian of the conduction electrons in presence of the static core hole

potential. Based on this Hamiltonian, and ignoring band structure effects, Doniach

and Sunjic showed the probability dσ/dT that the emitted photoelectron lose an

amount of energy T due to intrinsic electron-hole pairs excitations in transition met-

als can be expressed as [24]:

dσ

dT
=

sin(α/2)

Γ(α)T 1−α (13)

Which has exactly the same analytical form as the the Mahan shake − up

structure, with the same asymmetry parameter α introduced in (7). Here Γ(α)

designates the Γ-function (evaluated at α). We show in Figure (2) the evolution of

dσ/dT as a function of T (in the range [0,5] eV) for 4 different values of α.

Figure (2) clearly illustrates that the core hole related intrinsic energy losses

which lead to individual electron-hole pair excitations mainly occur in the vicinity

of εmax. The higher the energy loss, the lower the probability. As our goal is to find

a suitable form which can serve as a IEU normalized energy loss cross-section A(T )

(where T designates the energy loss of the photoelectron), a first intuitive choice for

the intrinsic part of A(T ) simply consists of an expression similar to eq. (13). Such
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Figure 2: Evolution of dσ/dT as a function of the energy loss T for α = 0.1, 0.2, 0.3
and 0.4.

a choice leads to the following expression for A(T ):

A(T ) = λKXPS
sc (T ) = Z(T ) +

a′1
T a
′
3
. (14)

In expression (14), the first term Z(T ) includes all the extrinsic (inelastic scatter-

ing) energy losses. The second term is very similar to the photoemission cross-section

dσ/dε derived by Doniach and Sunjic for transition metals (see eq. (13) and Figure

2) and accounts for the asymmetric tail of the line shapes. But this second term

presents a singularity at T = 0 which is due to the assumed infinite life-time. In

order to account for the finite lifetime, we modify this second term slightly, and thus

select the following general expression for A(T):

A(T ) = Z(T ) +
a1

a2 + T a3
(15)
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For the first term Z(T), we select the same expression as the one Tougaard chose

for his eponymous universal inelastic scattering cross-section for transition metals

[18]:

Z(T ) =
BT

(C + T 2)2
(16)

where the parameters B and C were derived by fitting the cross-sections of dif-

ferent transition metals to eq. (16). Tougaard obtained the best fit for B = 2866eV 2

and C = 1643eV 2 for his universal cross-section taking into account only extrinsic

losses. Here we use the same procedure. We consider the same behaviour for the

extrinsic part of our IEU cross-section A(T ) and we simply add a new term to Z(T )

to have A(T ).

Note however that intrinsic losses are not limited to small energy losses (< 2

eV) as explained above (although these are dominant for metals). Indeed intrinsic

effects also imply excitations at larger energies (> 2 eV) as well as intrinsic plasmon

excitations [19]. Accordingly, values of B and C in eq. (16) have to be modified

compared to the result obtained by Tougaard to also take into account these intrinsic

energy losses and the interference between extrinsic and intrinsic losses [19]. Finally

we fit a1, a2, a3 as well as B and C in eq. (15).

4 The fitting procedure

To determine the values of the parameters B, C, a1, a2 and a3, we followed three

steps:

First, we calculated the KXPS
sc cross-sections of seven transition metals (copper

(Cu), nickel (Ni), tantalum (Ta), gold (Au), silver (Ag), palladium (Pd) and iron

(Fe)), for different primary energies E (in the range [250,3000] eV), using the soft-

15
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ware package QUEELS-XPS [21]. The calculations were based on the Energy Loss

Functions (ELFs) of these materials, described by eqs (5) and (6), where the values

of the oscillators that characterize the ELFs are taken from [25] and [26].

Secondly, we calculated the mean normalized cross-section (λ(E)KXPS
sc )mean, av-

eraged over all seven transition metals and all primary energies E, where λ(E) is

the inelastic mean free path of a given photoelectron at the energy E, related to the

energy loss cross-section KXPS
sc by:

λ(E) =
1∫∞

0
KXPS
sc (T )dT

(17)

At this step, the deviations between (λ(E)KXPS
sc )mean and the individual normal-

ized cross-sections (λ(E)KXPS
sc ) of each material at the different primary energies are

expected to be small enough to justify the universality.

Finally, (λ(E)KXPS
sc )mean is fitted to expression (15) to determine the best values

of the constants B, C, a1, a2 and a3.

To perform the fitting, we used the Levenberg-Marquardt (LM) algorithm [27].

It is a nonlinear mean squares optimization method, which alternates between the

steepest-descent (conjugated gradient) and the Gauss-Newton approaches, to find

the local optimum of a given nonlinear function f(x, β), where β is the vector of the

unknown parameters and x the independent variable. Given a set of points (xi, yi),

the nonlinear function S to be optimized is defined as:

S =
n∑
i=1

[f(xi, β)− yi]2, (18)

In the present case, the xi are the energy losses and the yi are the normalized

cross-sections λK. The function f is A in the present case.

16
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4.1 Calculation of the KXPS
sc cross-sections

We summarize in table I the parameters that we defined in QUEELS-XPS to calculate

the KXPS
sc cross-sections of the seven transition metals.

Emin[eV ] Emax[eV ] Estep[eV ] Range for E [eV ]

0.2 100 0.2 [250,3000]

Table I: The parameters used to compute the KXPS
sc cross-sections.

Emin and Emax respectively designate the minimum and the maximum values of

the energy loss T , and Estep is the discretization step in the interval [Emin,Emax].

The choice of Estep = 0.2 eV is sufficiently low to obtain enough details in the cross-

sections features, including the intrinsic losses. The energy range chosen for the

electrons primary energy E is [250,3000] eV. This is the typical energy range for

photoelectrons excited by Al or Mg Kα X-rays.

In addition, the number of core holes is set to qhole = 1 corresponding to photo-

electron emission (qhole = 2 being the case for Auger Electron Spectroscopy (AES)

experiments). The take-off angle θ of the photoelectrons with respect to the surface

normal was set to 0.

Figure 3 shows the mean values of the normalized cross-sections λKXPS
sc , for each

transition metal, averaged over all considered primary energies E.

The zoom in the [0,10] eV energy loss range qualitatively illustrates that the

behaviour is similar for all the materials except for silver (Ag), which exhibits a plas-

mon structure around 3-4 eV. However we quantify the variations of the normalized

cross-sections λKXPS
sc with respect to the primary energy E for each material. This

was done by calculating the standard deviation σ at each value of the energy loss T.
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Figure 3: The normalized cross-sections calculated with QUEELS-XPS for copper,
silver, gold, tantalum, palladium, iron and nickel.

Indeed, the maximum value of σ, σmax, is a good estimation of the error made when

approximating λ(E)K(E, T ) by its average taken over all the primary energies E.

The σmax values for each material are presented in table II.

Material Ag Au Cu Pd Fe Ni Ti

σmax (10−2) 2.7420 1.5074 2.5015 2.0680 2.3469 2.0156 2.5372

Table II: Maximum standard deviations σmax of λ(E)K(E, T ) for each material.

We observe that these overall deviations are very small. The highest σmax =

0.02742 is obtained for Ag, which reflects the large deviation at ∼ 3 − 4 eV. It is

also interesting to quantify the deviations σ2 between the mean λK of each material

(averaged over all the primary energies E) and the global mean cross-section λKmean,

averaged over all the materials. Indeed, λKmean is used in our fitting procedure to

determine the best parameters for A(T ). We summarize the values obtained for σ2
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in table III.

Material Ag Au Cu Pd Fe Ni Ti

σ2 (10−2) 1.5343 1.3636 0.4250 0.5550 0.5210 0.3310 0.8510

Table III: The maximum deviations σ2 between the cross-section of each material
and λKmean.

The values of σ2 give an estimation of the overall averaged accuracy that should

be expected when analyzing the selected transition metals with our IEU cross-section

based on λKmean. A fitting procedure with a root mean square error lower than the

highest σ2 can be considered as a satisfactory result.

4.2 Nonlinear optimization results

Using an implementation of the LM algorithm [27], we determined the best possible

parameters for the analytical expression that we selected for A(T ). The result of the

fit is shown in Figure 4, in the [0,40] eV range of energy loss T.

We summarize in table IV the corresponding values of the parameters B, C, a1,

a2 and a3.

B C a1 a2 a3

2192.8 1643.1 0.082 0.8217 0.0695

Table IV: The values of the parameters of our IEU cross-section A(T ) for the best
fit.

The global mean square error of the fit is ε2rms = 7× 10−3, which is clearly lower

than all the values of σ2 in table III. This indicates that the overall error due to the

fit is one order of magnitude lower than the systematic deviations assumed by taking

the global mean value of λK, averaged over all the materials.
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Figure 4: The mean cross-section λKmean and the derived IEU cross-section A(T ).

As explained above and shown in Figure 4, intrinsic effect principally occurs for

energy losses smaller than 2 eV. However, the IEU cross-section cannot be considered

as simple sum of Doniach-Sunjic cross-section and universal Tougaard cross-section.

Indeed, intrinsic excitations occurring at large energy losses as well as interference

between intrinsic and extrinsic effects have to be taken into account [19]. This is

expressed for instance by a B-value different from the one obtained by Tougaard.

4.3 Accuracy of the IEU cross-section A(T )

For a complete validation of our background subtraction method, we have to check

to what extent the proposed IEU cross-section A(T ) can be used to determine the

primary excitation spectra of different transition metals with sufficient accuracy.

For this validation step, we determined the primary excitation spectra F (E) of two

transition metals: gold (Au) and copper (Cu), and for copper oxide II (CuO). The

program we used is QUASES-Tougaard, a software package dedicated to quantitative
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analysis of XPS spectra [28]. The main parameters to be defined when determining

F (E) with this software are the surface structure of the material and the cross-

section used for the background subtraction. For comparison purpose, we performed

the background subtraction with A(T ), with the KXPS
sc cross-sections of the analyzed

materials (calculated with QUEELS-XPS) and with the universal inelastic scattering

cross-section Z(T ) derived by Tougaard and valid only for extrinsic losses.

It must be noted that in our model a unique inelastic scattering cross-section

is used to account for the multiple inelastic scattered electrons. Considering KXPS
sc

and A(T ), this is obviously a rough approximation since these multiple scattered

electrons are expected to be essentially unaffected by the electron-hole interaction

included in these cross-sections. However, it has been shown in Ref. [10] that the

multiple scattered electrons are convolutions of cross sections and that the main

effect of these electrons is to smear out any structures. Consequently, they do not

create any new distinct features in the final spectrum.

4.3.1 Analysis of the Au4f line shape of gold

Figure (5) shows an analysis of an experimental Au4f XPS line shape, measured from

a pure gold foil. The primary excitation spectra have been determined using Z(T ),

A(T ), and the real KXPS
sc cross-section of Au4f , respectively.

4.3.2 Analysis of the Cu2p line shape of metallic copper

Figure (6) shows a comparison between the primary excitation spectra determined

with Z(T ), A(T ) and the real KXPS
sc cross-section of the Cu2p line shape of metallic

copper, respectively.
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Figure 5: Primary excitation spectra F (E) of the Au4f peak of gold, calculated
with three different cross-section models: Tougaard universal inelastic scattering
cross-section Z(T ) in red, our IEU cross-section A(T ) in green and the true KXPS

sc

cross-section of gold in magenta.

270 280 290 300 310 320 330
Kinetic Energy [eV]

0.0

0.2

0.4

0.6

0.8

1.0

Pe
ak

 In
te

ns
ity

 [a
. u

.]

Measured spectrum
Tougaard

KXPS
SC

A(T)

Figure 6: Primary excitation spectra F (E) of the Cu2p line shape of metallic copper,
calculated with three different cross-section models: Tougaard inelastic scattering
cross-section Z(T ) in red, our IEU cross-section A(T ) in green and the KXPS

sc cross-
section of gold in magenta.
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4.3.3 Analysis of the Cu2p line shape of copper oxide II (Cu0)

We finally represent in Figure (7) the analysis of copper oxide II (CuO) using the

same three cross-sections (Z(T ), A(T ) and KXPS
sc ). The spectrum of CuO as well

as the dielectric function were taken from Ref. [29] Note that we accounted for the

gap of CuO by setting this A(T ) to zero in the gap range of CuO (i.e. for energy

losses lower than 1 eV). We note that, for materials with large energy band gap, the

first term in eq. (15) becomes dominant. The resulting spectra F (E) are shown in

Figure (7).
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Figure 7: Primary excitation spectra F (E) of the Cu2p peak of copper oxide II (CuO),
calculated with three different cross-section models: Tougaard inelastic scattering
cross-section Z(T ) in red, our IEU cross-section A(T ) in green and the KXPS

sc cross-
section of gold in magenta.

4.3.4 Discussion

From Figures (5), (6) and (7), we can clearly conclude that Tougaard’s inelastic

scattering cross-section Z(T ) does not account for the losses in the vicinity of the
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characteristic peaks. This is expected since these losses are intrinsic (related to the

core hole). For the Au4f peak (Figure (5)), the two primary excitation spectra F (E)

obtained using the KXPS
sc cross-section and A(T ) show very negligible discrepancies.

This is directly related to the values of maximum deviations σ2 between the mean

λK of each metal and λKmean (see table III). Indeed, Au is the material presenting

the smaller σ2 among all, which means the values of its KXPS
sc and A(T ) cross-section

are very close. The same reason explains the slightly higher discrepancies found for

Cu (Figure (6)) and the much higher difference for CuO (Figure (7)). For these

two materials, A(T ) undervalues the losses in the vicinity of the Cu2p1/2 and Cu2p3/2

peaks compared to the KXPS
sc cross-sections.

The results presented in this paper should be seen in the context of two possible

uses of A(T) for background correction:

It was previously shown that using KXPS
sc for background correction results in

F (E) that are in quite good quantitative agreement with theoretical first principles

calculations [8,10–12]. Therefore, our IEU cross-section A(T ) can be used to obtain

general insight in the fundamental photoelectron excitation process and the electronic

structure of the atom in its local chemical environment. The results in Figures (5-7)

indicate however that one should be cautious when using A(T ) to determine F (E)

and from this learn detailed insight in the fundamental excitation processes.

Moreover, A(T ) may serve as a practical means to determine peak areas where

approximately all intrinsic and extrinsic energy loss have been removed. As noted

above, F (E) determined by removing both extrinsic and intrinsic energy loss pro-

cesses does not necessarily provide more accurate peak areas for quantitative com-

position analysis. This will depend on the sensitivity factors used for quantification,
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because when using theoretical sensitivity factors the intrinsic excitations should in

principle be included in the peak area. It still remains to be tested to what extent

the present F (E) can enhance the accuracy of XPS quantification based on peak

area ratios. The present cross-section A(T ) may be used as a practical means for

such studies.

5 Conclusion and outlook

This paper aimed to demonstrate that a systematic (non material-specific) and phys-

ically meaning-full primary excitation spectrum determination of a wide range of

transition metals and their oxides can be performed, based on a unique analytical

expression for the energy loss cross-section A(T). For oxides, the energy gap has to

be specified and taken into account when using A(T). Our accuracy investigation on

copper oxide II (CuO) showed that A(T) is sufficient to obtain the general shape

and intensity of the primary excitation spectra of metal oxides, but is insufficient to

determine the details of these spectra.

An interesting next step is to investigate the accuracy of a quantitative analysis

of compound materials, directly based on peak areas obtained using this IEU cross-

section A(T) as a background subtraction method. This work is on-going for several

metal alloys and metal oxides.
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