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We present improved formulae for the correction parameters Qx and βeff that are used to account for elastic scat-
tering of photoelectrons in quantitative X-ray photoelectron spectroscopy (XPS). The new formulae are based on
newMonte Carlo simulations for 584 photoelectrons in 39 elemental solids that could be excited by Mg Kα and
Al KαX-rays in 315 different XPS configurations. The new simulations differed from similar earlier calculations in
that differential elastic-scattering cross sections calculated from the Dirac–Hartree–Fock potential were utilized
rather than those from the Thomas–Fermi–Dirac potential, a smaller analyzer acceptance angle was chosen, and
the number of trajectories in each simulation was an order of magnitude larger. New values of Qx and βeff were
obtained for each photoelectron line, each X-ray source, and each XPS configuration. These Qx and βeff values
could befitted to simple two-parameter expressions, each a function of the single-scattering albedo and the pho-
toelectron emission angle. Values ofQx from the newpredictive formula differed from the previous expression by
less than 1%. Larger deviations in the values of βeff, up to 2.5%, were found from the new fit to the βeff parameter.
The new expressions forQx and βeff provide a convenientmeans for correction of elastic-scattering effects in XPS.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

An important application of X-ray photoelectron spectroscopy
(XPS) for several decades has been determination of the composition
of the surface region of a sample frommeasured photoelectron inten-
sities [1]. If the sample is homogeneous within the information
depths for the detected photoelectrons, simple expressions can be de-
rived relating the photoelectron intensities to the surface composi-
tion [1]. If elastic scattering of the photoelectrons is neglected, for
the moment, the photoelectron signal intensity, Ix, can be expressed
as

Ix ¼ C ΔΩ λinN dσ x=dΩð Þ; ð1Þ

where the constant C comprises certain instrumental parameters and
settings [1],ΔΩ is the solid acceptance angle of the analyzer, λin is the
inelastic mean free path (IMFP) for the signal photoelectrons, N is the
atomic density of elemental species (number of atoms in a unit vol-
ume) responsible for the detected photoelectrons, and dσx/dΩ is the
differential photoelectric cross section (PCS) for the relevant subshell.
This cross section, for unpolarized X-rays, is given by

dσ x=dΩ ¼ σ x
1
4π

1−β
4

3 cos2ψ−1
� �� �

¼ σ xW β;ψð Þ; ð2Þ

where σx is the total PCS, β is the asymmetry parameter, and ψ is the
angle between the X-ray direction and the analyzer axis (cf. Fig. 1).

It has been known for many years that elastic scattering of the
photoelectrons can appreciably affect the photoelectron signal inten-
sities [2]. Jablonski and Zemek [3] have shown, however, from Monte
Carlo simulations of electron transport supported by experiment that
the photoelectron intensity can still be described by Eq. (1) if the dif-
ferential PCS is replaced by the expression

dσ x=dΩð Þcorr ¼ σx Qx W βeff ;ψ
� �

¼ σx Qx
1
4π

1−
βeff

4
3 cos2ψ−1

� �� �
; ð3Þ

where Qx is a parameter directly correcting the photoelectron intensity
and βeff is a modified asymmetry parameter. Jablonski and Powell [4]
have shown that the correction parameters Qx and βeff, for a given ele-
ment and photoelectron line, depend on the experimental configura-
tion. Both correction parameters depend weakly on the photoelectron
emission angle, α (see Fig. 1), up to about 50°, while this dependence
becomes more pronounced at larger emission angles.

Information on the correction parameters Qx and βeff is presently
available from two types of sources [4–9]:

1. values from analytical expressions that had been fitted to results of
Monte Carlo calculations [4–7];

2. values derived from the kinetic Boltzmann equation within the so-
called transport approximation [8,9].
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The former approach is expected to yield more reliable values of
Qx and βeff than the latter.

The analytical expressions for Qx and βeff proposed in Refs. [5–7]
were based on the results of an extensive set of Monte Carlo simula-
tions published in 1995 [5]. These simulations were performed for
396 photoelectron lines that could be excited by Mg Kα and Al Kα
X-rays from the 27 elemental solids for which IMFP data were then
available. For each photoelectron line, 315 different experimental
configurations were considered. In total, more than 120000 separate
simulations were made. The most recent expressions for Qx and βeff

[6,7] were functions of the photoelectron emission angle, the IMFP,
the transport mean free path (derived from the transport cross sec-
tion in Eqs. (5a) and (5b) below), and, in Ref. [6], the atomic number.

Monte Carlo simulations of photoelectron trajectories in a solid re-
quire knowledge of the differential cross section (DCS) for elastic
scattering of photoelectrons for the relevant solids and photoelectron
energies. In the original set of simulations, Jablonski [5] used DCSs de-
termined from the Thomas–Fermi–Dirac (TFD) potential, an approxi-
mate description of the interaction between a photoelectron and an
atom in the solid. It has been found, however, that DCSs calculated
from the Dirac–Hartree–Fock (DHF) potential agree better with mea-
sured DCSs than DCSs from the TFD potential [10]. It is reasonable to
assume that values of the parameters Qx and βeff derived from Monte
Carlo simulations with DCSs from the DHF potential would be more
accurate than the corresponding parameters obtained from the previ-
ous simulations with DCSs from the TFD potential [5]. Furthermore,
values of the transport mean free path depend on the atomic poten-
tial selected for the DCS calculation.

We have performed a new series of Monte Carlo simulations with
DCSs from the DHF potential. These simulations, for the same two X-
ray lines and the same 315 configurations, were performed for 39 el-
emental solids instead of the 27 solids considered previously (solids
for which IMFPs were then available [11]) since IMFPs have now
been published for additional solids [12]. It was also decided to per-
form new calculations of the correction parameters Qx and βeff from
the new simulations for a larger number of photoelectron lines.

A brief description of the strategy for the Monte Carlo simulations
is presented in the next section. Our results are presented and dis-
cussed in the following section, and we conclude with a summary of
our results.

2. Monte Carlo simulations

We utilized a typical Monte Carlo strategy designed for estimating
the signal intensity for a given photoelectron line and experimental
configuration. The relevant algorithm has been described in detail in
the literature [3,4,8,13]. This algorithm provides an estimation of the
photoelectron current, IxMC, which is normalized so that it is equal to
the intensity Ix from Eq. (1) with C≡1 (when elastic-scattering events
are ignored in the Monte Carlo calculation). Eventually, we determined

the value of the photoelectric cross section corrected for the effects of
elastic scattering from

dσ x=dΩð Þcorr ¼
IMC
x

ΔΩ λin N
: ð4Þ

Monte Carlo simulations were performed for the chosen solids,
Al Kα and Mg Kα X-ray sources, photoelectron lines, and the 315 dif-
ferent experimental XPS configurations utilized previously [5]. Each
configuration is characterized by the angle of X-ray incidence, θx,
and the photoelectron emission angle, α, with respect to the surface
normal, as shown in Fig. 1. We assumed that the direction of X-rays,
the analyzer axis, and the surface normal were in one plane. Conse-
quently, ψ=θx+α.

We performed simulations for 39 elemental solids for which IMFPs
with satisfactory accuracy are available.We chose to disregard graphite
and diamond since their IMFPs could have larger uncertainties than
those of the 39 other solids [12]. We note, however, that the calculated
IMFPs for diamond are consistent with IMFPs determined from elastic-
peak electron spectroscopy experiments by Zemek et al. [14]. The IMFPs
for most solids are also available from the National Institute of Stan-
dards and Technology (NIST) Electron IMFP database [15]. For the cho-
sen 39 solids, we identified 584 photoelectron lines that could be
excited by Mg Kα and Al Kα X-rays.

The sources of data for the parameters needed in the simulations and
the choices made for the XPS configurations are summarized below:

1. The binding energies of the considered photoelectron lines, EB,
were taken from the compilation ofWilliams [16]. The correspond-
ing kinetic energies of the photoelectrons could then be deter-
mined from the energy of the selected X-rays.

3. The differential and total elastic-scattering cross sections for the
relevant photoelectron kinetic energies were calculated from the
ELSEPA software that implements the Dirac–Hartree–Fock interac-
tion potential between the photoelectron and a scattering atom in
the selected solid [17]. These cross sections are also available from
a NIST database [18].

4. For each photoelectron line, the X-ray incidence angle, θx, was var-
ied between−85° and 85° in steps of 5° for a given emission angle,
α. These calculations were repeated for different emission angles,
α, between 0° and 80° in steps of 10°. Thus, a total of 315 experi-
mental configurations were considered for each line.

5. The solid acceptance angle of the analyzer was assumed to be a cone
with a half-cone angle of Δα ¼ 5B. This solid acceptance angle is
smaller by a factor of four than the analyzer solid angle assumed in
the previous calculations (that had a half-cone angle of 10°) [5].

6. For a given experimental configuration, 2×107 photoelectron tra-
jectories were generated. This number of trajectories is an order of
magnitude larger than the number selected previously (2×106

trajectories) [5].
7. An improved sampler of photoelectron polar scattering angles was

used here in simulations of elastic-scattering events. The sampler
used previously [5] that was implemented in the NIST Database
64 [18] did not perform correctly when the differential cross sec-
tion for elastic scattering exhibited sharp features (i.e., sharp min-
ima or maxima).

In total, 183960 separate Monte Carlo simulations were per-
formed. Eq. (3) was then fitted to the calculated set of values of cor-
rected photoelectric cross section, (dσx/dΩ)corr, to provide values of
the parameters Qx and βeff for each solid, X-ray source, photoelectron
line, and XPS configuration.

3. Results and discussion

DCSs calculated from the DHF potential have been found to differ
considerably from the corresponding DCSs obtained from the TFD

Fig. 1. Schematic of the XPS configuration considered in this work. Note that the direc-
tion of the X-ray beam, the analyzer axis, and the surface normal are located in one
plane.
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