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ABSTRACT

Information is provided on four terms that are used for different purposes in x-ray photoelectron spectroscopy (XPS): the inelastic mean
free path (IMFP), the effective attenuation length (EAL), the mean escape depth (MED), and the information depth (ID). While the IMFP is a
parameter that depends on both the material and electron energy, the other three terms depend on the IMFP, the instrumental configuration,
and the magnitude of elastic-scattering effects in the sample material. In addition, different EALs can be defined for different XPS applications,
and the numerical values for each application can differ. Guidance is given on sources of IMFP and EAL data and on predictive equations for
IMFPs, EALs, MEDs, and IDs. This guide is one of a series intended to highlight best practices in the use of XPS.

https://doi.org/10.1116/1.5141079

I. INTRODUCTION MED, and ID.* The IMFP definition is “average distance that an
electron with a given energy travels between successive inelastic col-
lisions.” The IMFP is thus a parameter with a value that depends
on the material and electron energy.

The EAL definition is “parameter which, when introduced in
place of the IMFP into an expression derived for AES and XPS on
the assumption that elastic-scattering effects are negligible for a
given quantitative application, will correct that expression for
elastic-scattering effects.” Two important notes accompanying this
definition have recently been revised to read:

The inelastic mean free path (IMFP), the effective attenuation
length (EAL), the mean escape depth (MED), and the information
depth (ID) are four terms that are commonly used as different
measures of surface sensitivity and for quantitative applications in
x-ray photoelectron spectroscopy (XPS) and the related technique
of Auger-electron spectroscopy (AES)."” Since these terms have
often been misunderstood or used incorrectly, we provide guidance
on the meanings of each term in Sec. IT and on sources of data for
each quantity in Secs. III-VI. In particular, we give information on
the magnitude of elastic-scattering effects that affect values of

EALs, MEDs, and IDs for photoelectron signals. (1) The EAL can have different values for different quantita-

This article is one of a series that is intended to be a practical tive applications Of. AES and .XPS.- However,. the most
guide for XPS users in planning, conducting, and reporting XPS common use of EAL is the determination of the thicknesses of
measurements and to provide sources of practical information and overlayer films on flat substrates from measurements of the
data for XPS analyses.’ changes of overlayer and substrate Auger-electron or photo-

electron signal intensities as a function of film thickness or of
electron emission angle. For emission angles of up to about
60° (with respect to the surface normal), it is often satisfactory

Technical Committee 201 of the International Organization of to use a single value of this parameter. For larger emission
Standardization (ISO) has published definitions for the IMFP, EAL, angles, the EAL can depend on this angle. EALs have also

1. DEFINITIONS OF IMFP, EAL, MED, AND ID
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been used in equations for determining the shell thicknesses
of core-shell nanoparticles and for quantitative analysis (to
describe the changes in AES and XPS signal intensities due to
elastic scattering).

(2) Since there are different uses of this term, it is recom-
mended that users specify clearly the particular quantitative
application and the definition of the parameter for that appli-
cation (e.g., by giving an equation or by providing a reference
to a particular source). EALs developed for one application
should not be used for another application unless this usage
has been validated.

An EAL generally differs from the corresponding IMFP in
two ways. First, as a result of elastic scattering of photoelectrons in
the sample material, the numerical value of the EAL will generally
differ from that of the IMFP. Second, the EAL is not simply a
material parameter for a given solid and electron energy similar to
the IMFP but depends also on the instrumental configuration.
Despite this apparent complexity, use of the EAL is convenient as
it provides a mechanism for using relatively simple expressions
developed in the early years of XPS when elastic-scattering effects
had not been recognized.

One of the most common EAL applications is the determina-
tion of the thicknesses of overlayer films on planar substrates.
However, such EALs will generally be different for XPS with polar-
ized x-rays (such as from synchrotron-radiation sources) and with
unpolarized x-rays (such as from the x-ray sources in most labora-
tory XPS instruments). Another EAL application is the determina-
tion of surface composition. We will describe the EALs for these
and two other applications in Sec. IV.

The definition of the MED is “average depth normal to the
surface from which the specified particles or radiations escape as
defined by

00

Jm zo(z, a)dz/ J o(z, a)dz,
0

0

where ¢(z, @) is the emission depth distribution function (DDF)
for depth z from the surface into the material and for angle of
emission ¢ with respect to the surface normal.” The DDF, in turn,
is defined, “for a measured signal of particles or radiation emitted
from a surface, as the probability that the particle or radiation
leaving the surface in a specified state and in a specified direction
originated from a specified depth measured normally from the
surface into the material.” While these definitions appear complex,
we will show later a simple expression for the MED based on the
assumption that elastic-scattering effects are negligible. The MED
is then the product of the IMFP and the cosine of the photoelec-
tron emission angle, . This MED value is an approximate estimate
of the average depth from which the detected photoelectrons origi-
nate for a particular instrumental configuration. If elastic-scattering
effects are considered, however, the actual MED values can differ
from the estimated values. The MED is principally used as a
measure of surface sensitivity for a particular material and mea-
surement configuration.

ARTICLE avs.scitation.org/journalljva

The definition of the ID is “maximum depth, normal to the
surface, from which useful information is obtained.” Three notes
accompany this definition:

(1) The IDs for different surface-analysis methods may differ
significantly. The ID for each technique depends on the mate-
rial being analyzed, the particular signals being recorded from
that material and the instrument configuration.

(2) The ID can be identified with the sample thickness from
which a specified percentage (e.g., 95% or 99%) of the
detected signal originates.

(3) The ID may be determined from a measured, calculated,
or estimated emission DDF for the signal of interest.

The ID is useful for assessing whether or not a particular sample
can be regarded as homogeneous (e.g., for the determination of
composition) for the particular measurement conditions.

Similar to the EAL, the MED and ID depend on the material
and the instrumental configuration. All three terms depend on the
emission DDF for the particular material and instrument configu-
ration. While some measurements have been made of the DDF, it
is generally more useful to calculate this function and then to
derive EALs, MEDs, and IDs for the materials and measurement
conditions of interest. We will describe such calculations below and
their use for providing data and predictive equations for EALs,
MEDs, and IDs.

While the simple expressions derived on the assumption
that elastic-scattering effects are negligible can provide rough esti-
mates, we will show that these effects can lead to EAL, MED, or ID
changes of up to about 40% for common XPS measurement condi-
tions (i.e., conventional XPS with Al or Mg Ko x-ray sources).
We also note that XPS is being increasingly used with higher x-ray
energies (e.g., x-ray tubes with Ti, Cr, Ga, or Zr anodes or synchro-
tron radiation). Synchrotron radiation is advantageous in that the
x-ray energy can be varied to increase surface sensitivity or to
increase bulk sensitivity for particular materials and applications.
As we will see, elastic-scattering effects are generally weaker for
x-ray energies higher than the commonly used Al Ko x-ray energy
(1486.57 V)’ and stronger for lower x-ray energies.

lll. INELASTIC MEAN FREE PATHS

There are three main applications of IMFPs in XPS. First,
IMFPs are utilized in calculations of EALs, MEDs, and IDs, as
described in Secs. IV-VI. Second, IMFPs can be used to make
so-called matrix corrections for the relative sensitivity factors in
quantitative surface analyses.” These corrections, however, can be
made more directly with the EAL for quantitative analysis
described in Sec. IV B. Finally, IMFPs are important parameters
in Monte Carlo and similar simulations of photoelectron trans-
port in matter. We note that there are similar applications of
IMFPs in AES and other electron spectroscopies.

In Subsections III A-III D, we describe IMFP calculations,
IMFP measurements and comparisons of these measurements with
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calculated IMFPs, predictive formulas for IMFPs, and sources of
IMFP data.

A. IMFP calculations

The most extensive sources of IMFP data are the calculated
IMFPs of Shinotsuka et al. for 41 elemental solids’ and 42
inorganic compounds’ for electron energies between 50 eV and
200 keV, the calculated IMFPs of Shinotsuka et al. for liquid
water” for energies between 50 eV and 30 keV, and the calculated
IMFPs of Tanuma et al.” for a group of 14 organic compounds
for energies between 50 eV and 2 keV. These IMFPs were calcu-
lated using an algorithm proposed by Penn'’ and experimental
optical constants in most cases or calculated optical data for some
compounds.” The optical constants over a large photon energy
range (typically about 1 eV to 200 keV) are used to determine the
energy-loss function (ELF), which describes the probability for
inelastic scattering as a function of energy loss for zero momen-
tum transfer. The theoretical full Penn algorithm (FPA) provides
the dependence of the ELF on momentum transfer in an
inelastic-scattering event and thus the inelastic-scattering proba-
bility as a function of momentum transfer.’

In earlier publications, Tanuma et al. reported IMFP calcula-
tions for a group of 27 elemental solids'' and a group of 15 inor-
ganic compounds'” for electron energies between 50 eV and 2 keV.
These calculations were motivated by the need to provide IMFPs
for practical applications in AES and XPS. They later reported IMFPs
for 41 elemental solids for energies between 50 eV and 30 keV since
IMFPs at higher energies were needed for the growing use of
so-called hard x-ray photoelectron spectroscopy (HAXPES)."” More
recently, they extended their IMFP calculations to 200 keV to provide
IMEPs for transmission electron microscopy (TEM).””

Figure 1(a) shows illustrative results of the IMFP calculations
of Shinotsuka et al® for Al, Si, Cu, Ag, In, and Au for energies
between 50 eV and 20 keV, while Fig. 1(b) provides an expanded
view of these IMFPs for energies between 50 and 1500 eV.
The energy range between 2 and 20 keV is of most interest for
HAXPES, while the energy range between 50 and 1500 eV is most
relevant for conventional XPS with Al or Mg Ko x-ray sources.
Figure 2 shows similar plots of the calculated IMFPs of
Shinotsuka et al.” for AlAs, Al, O3, NaCl, KCl, SiC, and SiO,. The
IMEFP plots in Figs. 1 and 2 are qualitatively similar in that similar
dependencies on energy are observed although there are differ-
ences in the shapes of the IMFP versus energy plots at energies
below 200 eV."*

Further details of these and other IMFP calculations have
been described by Powell and Jablonski'® and by Tanuma and
Powell.'® Powell and Jablonski' have also concluded that IMFPs
calculated from optical data have uncertainties of up to about 10%.
It is possible that they might have smaller uncertainties but better
estimates await the development of better experimental tests.

B. IMFP measurements

Most measurements of IMFPs have been made by a technique
known as elastic-peak electron spectroscopy (EPES), in which a mea-
surement is made of the intensity of electrons of a selected energy
that were elastically backscattered from a sample material in a
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FIG. 1. IMFPs calculated by Shinotsuka et al. (Ref. 6) for Al, Si, Cu, Ag, In,
and Au as a function of energy above the Fermi level for (a) electron energies
between 50 eV and 20 keV on a logarithmic scale and (b) energies between 50
and 1500 eV on a linear scale.

5

particular direction.'” A similar measurement is also made with a
reference material such as Ni, Cu, Ag, or Au for which the IMFP is
believed known. These measurements were then compared with the
results of Monte Carlo simulations for the same conditions to deter-
mine the IMFP of the test sample for the selected electron energy.
Similar measurements could be made for a range of electron ener-
gies. Tanuma et al.'” reported IMFPs from EPES experiments for a
group of 11 elemental solids and Werner et al'®'? determined
IMFPs from EPES experiments for 17 elemental solids. Tanuma
et al.”” made comparisons of their calculated IMFPs with the EPES
IMFPs and found average root-mean-square (RMS) differences of
12% and 15% for the Tanuma et al.'” and Werner et al.'®"” experi-
ments, respectively. These RMS differences are similar to those found
in a 1999 comparison by Powell and Jablonski,”” who reported an
average RMS difference of 17.4% between average calculated IMFPs
for seven elemental solids (Al, Si, Ni, Cu, Ge, Ag, and Au) and the
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FIG. 2. IMFPs calculated by Shinotsuka et al. (Ref. 7) for AlAs, Al,O3, NaCl,
KCl, SiC, and SiO, as a function of energy above the bottom of the conduction
band for (a) electron energies between 50 eV and 20 keV on a logarithmic scale
and (b) energies between 50 and 1500 eV on a linear scale.

corresponding IMFPs from EPES measurements. This comparison
was based on at least two independent IMFP calculations and at
least two independent EPES measurements for each solid.

Figure 3 shows a recent comparison of calculated and mea-
sured IMFPs for Cu that were obtained for electron energies
between 10eV and 10 keV.'® The solid line shows the calculated
IMFPs of Shinotsuka et al.® from the FPA. Although these authors
reported IMFPs for energies above 50 eV, they showed plots of
IMEFPs for energies above 10 eV to indicate trends since the FPA is
known to become more approximate for energies less than 50 eV."”
The dashed lines in Fig. 3 show Cu IMFPs that were calculated
from the Fermi-liquid (FL) theory by Nagy and Echenique,”’
density functional theory (DFT) by Nguyen-Truong,”" and higher-
order corrections (HOCs) to the first Born approximation used in
the FPA by de Vera and Garcia-Molina.”” The FL IMFPs of Nagy
and Echenique are described as lower bounds but show a different
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FIG. 3. Comparison of measured and calculated IMFPs for copper as a function
of electron energy (Ref. 16). The symbols show IMFPs from the X-ray absorp-
tion fine structure (XAFS) experiments of Bourke and Chantler (Ref. 23), the
elastic-peak electron spectroscopy (EPES) experiments of Tanuma et al.
(Ref. 17), and the photoemission spectroscopy (PES) experiments of Knapp et
al. (Ref. 24). The lines show the calculated IMFPs from the full Penn algorithm
(FPA) of Shinotsuka et al. (Ref. 6), the Fermi liquid (FL) theory of Nagy and
Echenique (Ref. 20), the density functional theory (DFT) of Nguyen-Truong
(Ref. 21), and the higher-order corrections (HOC) to the first Born approximation
by de Vera and Garcia-Molina (Ref. 22).

energy dependence to other results for energies less than 75eV.
The symbols in Fig. 3 show IMFPs derived from three different
experimental approaches. The solid squares in Fig. 3 are IMFPs
that were derived from high-accuracy x-ray absorption fine structure
(XAFS) experiments by Bourke and Chantler for energies between 10
and 100 eV.” Their IMFPs are appreciably smaller than the calculated
IMFPs from the FPA, DFT, and HOC approaches. These calculated
IMFPs, however, are consistent with IMFPs from photoemission
spectroscopy (PES) by Knapp et al, shown as solid triangles.”*
The solid circles in Fig. 3 show IMFPs from the EPES experiments
of Tanuma et al.'” that are consistent with IMFPs from the HOC
calculations and are slightly smaller than IMFPs from the FPA
calculations. While further investigations are needed to resolve
the differences shown for Cu in Fig. 3 between calculated and
measured IMFPs for energies less than 100 eV, there is much
better agreement for higher energies.

C. IMFP predictive formulas

An approximate form of the relativistic Bethe”” equation for
inelastic scattering of electrons in matter was developed by
Shinotsuka et al.® for describing the dependence of the IMFP, 4,
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on electron energy in condensed matter,

a(E)E

Ain = E2[B In (ya(E)E) — (C/E) + (DIE?)] ’

(1a)

where

o(E) = 1+ [E/(Zmecz)]z ~ 1+ E/1021 999.82, (1b)
{1 + [E/(m.c®)]}* (14 E/510 998.9)

N 0.5
E, = 28.816{%} (eV), (10)

where E is the electron energy (in eV) above the Fermi level for con-
ductors or above the bottom of the conduction band for nonconduc-
tors, m, is the mass of an electron, c is the velocity of light, N, is the
number of valence electrons per atom or molecule, p is the density
(in g/cm3), M is the atomic or molecular weight, and S, %, C, and D
are parameters. Shinotsuka et al.”” made satisfactory fits with Eq. (1)
to their calculated IMFPs for 41 elemental solids and 42 inorganic
compounds for energies between 50 eV and 200 keV. They found
that the average root-mean-square (RMS) deviation between the
calculated IMFPs and the fitted values was 0.68% and 0.60%
for the elemental solids and inorganic compounds, respectively.
Equation (1) is thus a convenient means for determining IMFPs
at a particular energy for each of these solids with the tabulated
values of B, 7, C, and D. We note here that the relativistic term
a(E) [Eq. 1(b)] increases from unity by 0.1%, 0.2%, 0.5%, 1%, and
2% for energies of 1, 2, 5, 10, and 20 keV, respectively.

Tanuma et al.” analyzed their early calculations of IMFPs for
27 elemental solids'' and 14 organic compounds’ for energies
between 50 and 2000 eV with Eq. (1) and developed the following
predictive equations for the parameters f, ¥, C, and D:

B=—10+944/(E + E)" +0.69p" (eVv'nm™),  (2a)

y =0.191p7%° (eV 7)), (2b)

C=19.7—-9.1U (nm™}), (20)

D =534 — 208U (eVnm™}), (2d)
N,

U= Mp — (E,/28.816)%, (2e)

and where the bandgap energy E, is expressed in eV. Equations (1)
and (2), designated as the TPP-2M equation for estimating IMFPs,’
have later been found generally satisfactory for energies between
50eV and 200 keV.™ However, for a few materials (diamond,
graphite, Cs, cubic-BN, and hexagonal-BN), there were large RMS
deviations (of 70.7%, 46.6%, 34.7%, 65.6%, and 34.3%, respectively)
between the predicted IMFPs and the calculated IMFPs for each
material. If these five materials are ignored, the average RMS devia-
tions between the predicted IMFPs and calculated IMFPs were
8.9% and 8.7% for the remaining elemental solids and inorganic
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compounds, respectively. The large RMS deviations between the
calculated IMFPs and the values from the TPP-2M formula for
diamond, graphite, cubic-BN, and hexagonal BN occurred for rela-
tively small values of the parameter 8 from Eq. (2a), i.e., for
Brep.om values less than about 0.13.” While the TPP-2M formula is
useful for estimating IMFPs in a variety of solids (and also for
liquid water®) for energies between 50 eV and 200 keV, the accuracy
of these estimates is likely to be poorer for energies less than
200 eV.°"® Recommended values of the parameter N,, for most ele-
ments have been published by Tanuma et al.”®

Seah”” has derived another predictive IMFP equation based
on an analysis of the IMFP calculations of Tanuma et al. for 41
elemental solids,"” 15 inorganic compounds,'” and 14 organic com-
pounds.” His S1 formula for electron energies between 100 eV and
10 keV is

Ain = (44 0.442%° + 0.104E°72)a7/[Z2°3(1 — W)]  (am), (3a)

where Z is the atomic number (or average atomic number for a
compound). The parameter a is the average atomic spacing
given by

; 102! M

_ 3
a _p—NA(g n (nm’), (3b)

where N, is the Avogadro constant and g and h are the stoichiome-
try coefficients if the material of interest was a binary compound
G,H},. For an elemental solid, g=1 and k= 0. The average atomic
number for a binary compound is

_ng+hZh
(g+h °

where Z, and Z, are the atomic numbers of the constituent
elements. The term W in Eq. 3(a) is given by W=0.06H or
W =0.02E, where H is the heat of formation of a compound
(in eV per atom).”’

Seah found that the average RMS deviations between IMFPs
from Eq. (3) and the calculated IMFPs of Tanuma et al. were 8.5%,
8.3%, and 7.9% for the groups of elemental solids, inorganic com-
pounds, and organic compounds, respectively.”” We note that Seah
was able to correct the calculated IMFPs of Tanuma et al.'* for the
substantial sum-rule errors found for many of the inorganic com-
pounds in their early calculations. The RMS deviations of about 8%
found by Seah between IMFPs from his S1 formula and those cal-
culated by Tanuma et al.”'>"’ were slightly smaller than those
reported by Shinotsuka et al.”’ Seah’s analysis, however, was made
for energies above 100 eV, while Shinotsuka et al. also considered
energies between 50 and 100eV where often larger deviations
occur than for higher energies.

Calculation of IMFPs for a material from the TPP-2M
formula requires knowledge of three parameters (M, p, and N,) for
conductors and a fourth parameter (E,) for nonconductors. While
bandgap energies are available for many compounds,”*™*” we note
that evaluations of the earlier TPP-2 formula showed only a
weak dependence of IMFPs on E,."" That is, only rough estimates
of E, are needed if specific data do not exist in available
resources.”””" For example, E, is generally between 6 and 11 eV for

VA (30)
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highly ionic compounds such as the alkali halides and is often
between 1 and 9 eV for oxides. Similar calculations of IMFPs from
the S1 formula require knowledge of Z (or the average atomic
number for a compound), M, and p for conductors and either E,
or H for nonconductors. Data for H are available for many inor-
ganic compounds.”

D. IMFP data

IMFP data can be obtained from the National Institute
of Standards and Technology (NIST) Electron Inelastic-Mean-
Free-Path Database.” This database contains IMFPs calculated
from experimental optical data and IMFPs determined by EPES,
mostly for energies less than 2 keV. If no calculated or measured
IMEFPs are available for the material of interest, IMFPs can be esti-
mated from the TPP-2M formula. IMFPs can also be obtained from
the NIST Database for the Simulation of Electron Spectra for Surface
Analysis (SESSA).”° IMFPs for the 41 elemental solids calculated by
Shinotsuka et al.® are available in SESSA, and IMFPs for other mate-
rials can be estimated from the TPP-2M and S1 formulas.

IV. EFFECTIVE ATTENUATION LENGTHS

Many experiments were performed in the 1960s and 1970s to
determine the surface sensitivity of AES and XPS.” ™’ Thin films of
a known thickness were deposited on substrates of another material,
and measurements were made of the intensities of Auger-electron
peaks or photoelectron peaks from the substrate or overlayer materi-
als as a function of overlayer thickness. The substrate intensities were
often found to decrease exponentially with overlayer thickness,
and the overlayer intensities were similarly found to increase
exponentially with thickness, as represented by Eq. (4) below.
The resulting exponential parameters were then regarded as
useful measures of surface sensitivity and were termed “inelastic mean
free paths,” “attenuation lengths,” or “escape depths.” These terms
were then thought to be synonymous and were used interchangeably.
However, each term now has a separate definition, as shown in Sec. II.

In the 1980s, however, it was realized that there were two
main problems associated with use of the so-called overlayer-film
method to determine the surface sensitivity of AES and XPS experi-
ments."! First, there was a large scatter in the results for the same
material.”’ The early experiments were conducted before the
advent of scanning tunneling microscopes and low-energy electron
microscopes, and it is now known that the nucleation and growth
of thin films is generally more complex than had been assumed
earlier.””" Instead of layer-by-layer growth, thin films often grow
as islands that eventually coalesce with increasing film thickness.
It had also been tacitly assumed that exponential increases or
decreases of signal intensities with increasing film thickness were
proof of film uniformity. Recent work, however, has shown that
exponential changes of signal intensities could also occur with the
growth of islands on the substrate.*’

The second main problem was the realization that photoelec-
trons and Auger electrons could be scattered elastically in the sub-
strate and overlayer materials.""’ Electron trajectories were then
generally longer than if they had been no elastic scattering, and it
was then necessary to define the EAL initially as the parameter
resulting from the overlayer-film experiments. Monte Carlo
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simulations and similar calculations also showed that EAL values
could depend on the instrumental configuration and the overlayer-
film thickness."*"" It then became clear that the EAL was not just a
material parameter like the IMFP.

The EAL is a useful parameter for determining film thick-
nesses as well as for other XPS applications. Due to the difficulties
in making reliable EAL measurements, we will describe EAL calcu-
lations for different applications in the following Subsections and
indicate sources of relevant EAL data. Illustrative comparisons of
measured EALs with corresponding calculated EALs are presented
elsewhere.”

A. EALs for thickness measurements of an overlayer
film on a planar substrate

The most common EAL application is the measurement of the
thickness of a thin film deposited on a planar substrate using a lab-
oratory XPS instrument (i.e., with unpolarized x-rays). A number
of simplifying assumptions were made in the original development
of this application:*"’

1. The surface of the substrate material is flat;

2. An overlayer film of a known uniform thickness can be depos-
ited on the substrate;

3. The sample is amorphous or polycrystalline (i.e., there are no
significant angular anisotropies in the photoemitted intensities
due to diffraction or forward-focusing effects);

4. X-ray reflection and refraction are negligible (i.e., the x-rays are
not incident on the sample at a near-grazing angle of incidence);

5. The sample area irradiated by the x-ray beam is larger than the
sample area viewed by the analyzer;

6. Attenuation of the x-ray beam is negligible within the informa-
tion depth for the measurements; and

7. Elastic scattering of photoelectrons in the sample is negligible.

It was then possible to derive simple expressions for the intensities
of a substrate photoelectron peak, I(#), and an overlayer photoelec-
tron peak, I{?), as a function of film thickness, ,

14(6) = I exp{ ~t/[2],(E:) cos o] } (4a)

and

I(t) = I {1 — exp[—t/(Z,,(Ef) cos )] }, (4b)

where I° and I are the corresponding intensities for the substrate
material without an overlayer film and for the bulk overlayer mate-
rial, respectively, /l{n(Es) and /l{n(Ef) are the IMFPs of substrate
photoelectrons with kinetic energy E; in the overlayer film and of
overlayer photoelectrons with energy Ey in the overlayer film,
respectively, and « is the photoelectron emission angle with respect
to the surface normal. If the IMFPs are known, Eqs. (4a) and (4b)

can be rearranged to provide expressions for the film thickness,

t= f/l{n(Es) cos afln L(t) — In I] (5a)
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and

t = —2,,(Ef) cos a In{1 — [L;(O/I7]}. (5b)

Another approach is to measure ratios of photoelectron peak
intensities from the substrate and overlayer. If the observed photo-
electrons have similar energies (e.g., from an elemental solid and its
oxide), ,,(E,) ~ A, (E;) = A, and

t= l{n cosaln(R+1), (6a)

where
R= If(t)I;"/Is(t)If”. (6b)

It is now known that assumption 7 above is invalid."*™’
Fortunately, it is still possible to make use of Eqs. (52), 5(b), and (6)
by replacing the IMFP in each equation with a corresponding EAL
for film-thickness measurements, Lpy. That is, LfTH(Es) replaces
l{n(ES) in Eq. 5(a), LfTH(Ef) replaces l{n(Ef) in Eq. 5(b), and LfTH
replaces A, in Eq. 6(a) so that these equations become™"

t = —I,(E;) cos alln I(t) — In I*], (7a)
I (¢t
t= —LfTH(Ef) cos a ln{l - [%] }, (7b)
f
and
t= LJ;H cos a In(R+1). (7¢)

We now describe approaches for calculating EALs for XPS with
unpolarized x-rays (i.e., most laboratory XPS instruments) and with
linearly polarized x-rays (i.e, XPS instruments at synchrotron-
radiation facilities).

1. XPS with unpolarized x-rays

EALs can be calculated from the depth distribution function
(DDF) for the emitted photoelectrons of interest for a particular
substrate-overlayer material combination, overlayer-film thickness
(t), photoelectron emission angle (o), and angle between the direc-
tion of x-ray incidence and the analyzer direction (y). There are
two approaches for such calculations."””" First, Monte Carlo (MC)
simulations can be performed for the materials and measurement
conditions of interest. For these simulations, data are required for the
relevant photoionization cross sections, photoionization asymmetry
parameters, differential elastic-scattering cross sections, IMFPs, and
differential inverse IMFPs. Second, a DDF can be obtained from a
solution of the Boltzmann equation within the transport approxima-
tion (TA). In this approach, the overlayer and substrate materials are
assumed to have identical elastic- and inelastic-scattering properties.
While this assumption may appear to be a drastic oversimplification,
EALs from the TA approach agree closely with those obtained from
MC simulations.”” A major benefit of the TA method is that the
calculations are much faster than MC simulations. EALs from the
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TA approach can be conveniently obtained from the NIST
Electron Effective- Attenuation-Length Database™ for electron
energies between 50 eV and 2 keV.

A single parameter is used in the TA method to describe the
magnitude of elastic-scattering effects. This parameter, the so-called
single-scattering albedo, o, is given by

@ = Ain
)“in + ;l-tr ’

®)

where A, is the transport mean free path (TRMFP). For elemental
solids, the TRMFP is defined by

At = (NO'")_I, (9)

where N is the atomic density, (i.e., the number of atoms per unit
volume), oy, is the transport cross section (TCS) given by

dael
dQ

Oy = J (1 — cos 6) dQ, (10)
4r

where 6 is the polar elastic-scattering angle, and do,;/d<Q is the dif-
ferential elastic-scattering cross section. For an alloy or a com-
pound), the TRMFP can be determined from Eq. (9) with an
average TCS determined from the stoichiometry-weighted TCSs of
the constituent elements.””*

Figure 4 shows plots of @ versus electron energy for Al Si, Cu,
Ag, In, and Au.” For Al and Si, ® decreases monotonically with

0.6 T ——
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FIG. 4. Plot of calculated values of the single-scattering albedo, w, from Eq. (8)
as a function of electron energy for Al, Si, Cu, Ag, In, and Au.
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increasing electron energy. For the other elements, @ can show a Jablonski’' has recently reported further evaluations of
maximum (Cu and Au), a minimum (Au), or other structure Eq. (1la) for determining Ly values for use in replacing the
(Ag and In). For energies above about 1 keV, however, w decreases IMFPs in Egs. (5a), (5b), and (6a). He performed extensive MC
with increasing electron energy, while the magnitude of  depends simulations for a wide range of overlayer materials on different
on the atomic number. The magnitudes of elastic-scattering effects substrates, a wide range of film thicknesses, the magic-angle XPS
thus depend in a complex manner on electron energy and the configuration, and photoelectron emission angles of 0° and 50°.
atomic number. He found that overlayer-film thicknesses assumed in the MC simu-
Jablonski and Powell’* reported EAL calculations for Si 2s, lations were reproduced from the predictive formulas with mean
Cu 2ps/2, Ag 3ds),, and Au 4f;), photoelectrons excited by Mg Ko, percentage deviations between 1.6% and 2.4%.
Al Ko, Zr Lo, and Ti Ko x-rays for which the photoelectron kinetic Figure 5(a) shows plots of the ratio of the EAL to the IMFP,
energies varied between 321 eV and 4.426 keV. These calculations Ry, versus electron energy for Al, Si, Cu, Ag, In, and Au where
were performed with the MC and TA approaches for y = 55° (the
so-called magic-angle configuration), photoelectron emission angles Ryt = Lyl = 1 — 0.7380 (12)

between 0° and 80° and a range of overlayer-film thicknesses that
corresponded to reduction of substrate photoelectron intensities
to 10%, 5%, and 1% of their original values (for no overlayer).
Although the EAL values varied with film thickness and the pho-
toelectron emission angle, these variations were generally small
(within a few percent) if the photoelectron emission angle was
between 0° and 50°."%"> For these conditions, average EALs could
be represented by the simple relation

Lty = Ain(1 — 0.738w). (11a)

The root-mean-square (RMS) difference between the calcu-
lated EALs and the values from Eq. (11a) was 1.44%. In an earlier
study, Jablonski and Powell” reported EALs from the TA
approach for 16 photoelectron lines excited by Mg Ko and Al
Ko x-rays and for 9 Auger-electron lines of five elemental solids
(Si, Cu, Ag, W, and Au) and four inorganic compounds (ZrO,,
ZrSiO,, HfO,, and HfSiO4). These EALs, for electron energies

PR BRI

between 61 and 2016 eV, could be fitted in a similar way, 0.5 buu 7 — g el ry
10 10 10
Lys = Ain(1 — 0.7350), (11b) ‘o Electron Energy (eV)

a result essentially identical to Eq. (11a). The average difference " (b) Linearly polarized X-rays ]
between the calculated EALs and the fitted values was 0.61%. [ “;l:::xx ]

Equations (1la) or (11b) can thus be used to predict Lyy ‘A‘A‘ R
values for use in Eqgs. (7a) and (7b). These values are suitable for ‘c“ i
electron energies between 61 eV and 4.426 keV, for a useful range ot 1
of film thicknesses, and for photoelectron emission angles between N
0° and 50° if the XPS configuration is close to the magic-angle 1
geometry (i.e, y = 55°). Needed values of IMFPs and TRMFPs
can be obtained from the NIST SESSA™ and EAL”’ databases for a e Al ]
particular material and electron energy and then used to compute = Sj 1
o from Eq. (8). For other XPS configurations and for other photo- + Cu |
electron emission angles, EALs can be obtained from the NIST 4+ Ag 1
EAL database or from SESSA simulations.”® v In j

We note here that the TA model is an analytical theory in » Au
which no account is taken of the finite acceptance angle of the XPS i o o
analyzer. In contrast, MC simulations can be performed with par- : 1 10° 10*

ticular choices for this acceptance angle. In the MC calculations of El
5 ectron Energy (eV
Jablonski and Powell,”” an analyzer half-cone angle of 5° was gy (V)
selected but there was still close agreement between the EALs from
the TA and MC models. The effects of different analyzer accep- FIG. 5. Plot of the ratio Ry of the EAL for overlayer thin-film thickness measure-

. . ment, Ly, to the IMFP, 4,,,, as a function of electron energy for Al, Si, Cu, Ag, In,
tance angles for a Parncular XPS configuration can be evaluated and Au. (a) XPS with unpolarized x-rays. (b) XPS with linearly polarized x-rays.
from SESSA simulations.
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from Eq. (11a). We see that elastic-scattering effects are relatively
weak (Rpy>0.9) for Al and Si at electron energies greater than
about 1.2 keV, but these effects are similarly weak for Cu and
In only at energies above about 4.9 keV, for Ag at energies above
about 7.3 keV, and for Au at energies above about 20 keV.
For energies between 200eV and 1.5 keV (the range of most
frequent use for XPS with Al and Mg Ko x-ray sources), the
elastic-scattering effects are stronger with Ryy between 0.77 and
0.92 for Al and Si and between 0.68 and 0.85 for Cu, Ag, In, and
Au. It is clear from Fig. 5(a) that Rpy has complex dependences on
electron energy for medium- and high-Z elements.

Figure 6 shows plots of Ly values from Eq. (12) as a function
of energy for Al Si, Cu, Ag, In, and Au for comparison with the
corresponding IMFPs in Fig. 1(b). While the Al and In IMFPs in
Fig. 1(b) are very close, they are well separated in Fig. 6 at energies
above about 500 eV due to the stronger-elastic scattering effects for
In, as shown in Fig. 5.

We now mention two additional predictive EAL equations.
Seah and Gilmore™” proposed a relation similar to Eq. (12) that was
based on fits to earlier EAL calculations by Cumpson and Seah:*

Rypr = Lrp/Ain = 0.979[1 — 0(0.955 — 0.0777 InZ)]. (13)

This equation has a weak dependence on atomic number Z
that becomes stronger with increasing @.”> Jablonski and Powell
compared their calculated EALs from the TA and MC approaches
for Si, Cu, Ag, and Au photoelectrons excited by Mg Ko, Al Ko, Zr
Lo, and Ti Ko, x-rays with EALs from Eq. (13).”” This comparison,
for photoelectron energies between 321 eV and 4.426 keV, yielded
an RMS difference of 1.71%, a result similar to that found with
Eq. (12) (1.44%).

Seah®” later proposed an analytical expression for Lyy that
was based in part on his predictive IMFP equation [Eq. (32)] and
in part from averaging over the elastic-scattering effects as a
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FIG. 6. Plots of Ly values from Eq. (12) for Al, Si, Cu, Ag, In, and Au for ener-
gies between 50 and 1500 eV.
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function of Z,

(5.8 + 0.0041Z"7 + 0.088E"93)q!-82
ZO.38(1 _ W)

Ly = (innm) (14)

where a is defined in Eq. (3b) and W is discussed in Sec. III C.
Jablonski and Powell”” found an RMS difference of 9.29% between
their calculated EALs for Si, Cu, Ag, and Au with Mg Ko, Al Ka,
Zr Lo, and Ti Ko x-rays for energies between 321 eV and 4.426
keV. Although Eq. (14) is easy to use, particularly as it does not
include any dependence on w, it is not as accurate as either
Eq. (12) or Eq. (13). That is, the relatively simple dependencies on
Z in Eq. (14) do not fully represent the complex dependences of
on Z shown in Fig. 4.

Many experiments were performed in the late 1960s and the
1970s to determine what are now known as EALs.””~*’ These early
EAL measurements were often described by simple empirical
expressions such as

Lry = kEP, (15)

where the electron energy was expressed in eV and k and p were
material-specific parameters. Although there is no theoretic basis for
Eq. (15), it was a useful means for describing the dependences of
measured EALs on electron energy.’' In 1980, Wagner et al.*’ fitted
Eq. (15) to groups of EAL measurements for a given solid and for a
particular range of energies from a single laboratory. They found that
the exponent p was material dependent (as was k) and ranged
from 0.54 to 0.81. Powell’' later obtained similar values of p for
the following materials and energy ranges: p=0.78 £ 0.05 for Al
(360-1730eV); p=0.75+0.03 for Si (321-3574eV); p=0.61+0.02
for Ge (350-1404eV); p=0.54+0.04 for Au (940-3208¢V);
p=054+002 for ALO; (556-1404eV); p=0.70+0.02 for SiO,
(719-3570 €V); p = 0.73 + 0.04 for NaF (415-1403 eV); p = 0.56 + 0.03
for NaCl (415-1403 eV); and p =0.59 £ 0.03 for KI (350-1404 eV).
It was unclear then why the parameter p varied from material
to material.

Figure 7(a) shows plots of the values of Lry calculated from
Eq. (12) for Al, Si, Cu, Ag, In, and Au and the IMFPs of
Shinotsuka et al.” versus energy on logarithmic scales. We see that
these plots are close to linear for energies between 1 and 20 keV.
Fits have been made with Eq. (15) to the Lyy values for energies
between 992.3 and 19930 eV (i.e., roughly between 1 and 20 keV),
and the resulting values of p and their standard deviations are
shown in Table I(a). We see that the p values are similar (between
0.858 and 0.872). Similar fits have been made for electron energies
between 492.7 and 1480.3eV (i, for energies corresponding
roughly to a binding-energy range of 1000 eV for XPS with Al Ko
x-rays), and the resulting values of p are given in Table I(b). The
values of p for this energy range are smaller than the corresponding
values for higher energies as a result of the increasing curvature of
the plots in Fig. 7(a) for energies less than about 1 keV. There is
also a wider variation in the p values (ranging from 0.694 for Au to
0.833 for Al). The varying curvatures in the plots of Fig. 7(a) at low
energies are associated with the very different dependences of the
albedo w in Fig. 4 on electron energy for energies between 500 eV
and 1.5 keV.

J. Vac. Sci. Technol. A 38(2) Mar/Apr 2020; doi: 10.1116/1.5141079

38, 023209-9


https://avs.scitation.org/journal/jva

JVSTA

Journal of Vacuum Science & Technology A

™ (nm)

-
= |

-—

1l ! [ e | 1 L3 1 aaal 1

Effective Attenuation Length, L

10° 10° 10*
Electron Energy (eV)
g .'('b')'l L B LR | L """l. ;
3 o Al _ﬁfe’g
1op T8 . 1:;;;2*‘ 3
-4--Ag v;,;;;
: ATU -&Qo ";

10° 10° 10
Electron Energy (eV)

Effective Attenuation Length, L

FIG. 7. Plots of (a) Ly values from Eq. (12) and of (b) L, values from Eq. (17)
for Al, Si, Cu, Ag, In, and Au for energies between 50 and 20 keV on logarithmic
scales.

The values of p from the calculated values of Lyy for Al and Si
in Table I(b) for the low-energy range (0.833+0.002 and
0.832 +0.002, respectively) are close to but larger than the corre-
sponding values from the measured EALs (0.78 = 0.05 for energies
between 360 and 1730 eV and 0.75 + 0.03 for energies between 321
and 3574 eV, respectively). For Au, however, the values of p from
the calculated values of Lyy; for the high-energy range in Table I(a)
(0.869+0.003) and for the low-energy range in Table I(b)
(0.694 +£0.011) are much larger than the value from the measured
EALs (0.54 £0.04 for energies between 940 and 3208 eV). These
results are now believed to be associated with different effects of
island growth in the deposited overlayer films."® There are two
important issues here. First, exponential decreases of substrate
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TABLE I. Values of the parameter p and their standard deviations resulting from fits
with Eq. (15) to the calculated values of Lyy for Al, Si, Cu, Ag, In, and Au in
Fig. 7(a) as a function of energy for (a) energies between 992.3 and 19 330 eV and
(b) energies between 492.7 and 1480.3 eV.

Element p

(a) Energies between 992.3 and 19 330 eV

Al 0.858 +0.001
Si 0.859 +0.001
Cu 0.872 £ 0.001
Ag 0.866 + 0.001
In 0.864 + 0.001
Au 0.869 +0.003
(b) Energies between 492.7 and 1480.3 eV

Al 0.833 £ 0.002
Si 0.832 +0.002
Cu 0.808 = 0.006
Ag 0.783 £ 0.007
In 0.801 £ 0.005
Au 0.694 +0.011

photoelectron intensities or exponential increases of overlayer-film
intensities can occur for a nonuniform overlayer film.*® That is,
measured exponential dependences do not necessarily mean that
the overlayer film is uniform. Second, the effects of island growth
would be expected to be more severe at relatively low energies, e.g.,
for energies less than 1 keV where the calculated IMFPs are
between about 0.4 nm and 2 nm, as shown in Fig. 1(b). The effects
would be less severe at higher energies where the calculated IMFPs
are larger. In the latter case, thicker overlayer films would be uti-
lized in the experiments and full or partial coalescence of any
islands would be more likely.

We conclude that the calculated values of Ly are expected to
be more reliable than the early experimental measurements.”’ We
also point out that valid film-thickness measurements using EALs
similarly depend on whether the film of interest is known or can be
expected to be uniform.

2. XPS with linearly polarized x-rays

Jablonski® calculated Lz values from MC simulations for
photoelectrons from Si, Cu, Ag, and Au excited by linearly polar-
ized x-rays. These calculations were performed with multiple pho-
toelectron lines from each solid (Si: 2s and 2ps/»; Cu: 2s, 2ps/p, and
3p3/2; Ag 3s, 3p3/2, 3d5/2, and 4s; Au: 4s, 4p3/2, 4d5/2, and 4f7/2), six
photoelectron energies (100 eV, 500V, 1 keV, 3 keV, 5 keV, and
10 keV), and 17 photoelectron emission angles ranging from 5° to
80° in steps of 5°. The most useful calculations were made for an
XPS configuration in which the polarization vector was located in a
plane perpendicular to the sample surface, the analyzer axis was
perpendicular to the direction of the x-ray beam, and the x-ray
beam was at near-glancing incidence with respect to the sample
surface plane, preferably in the vicinity of 5°.

Jablonski found that the calculated EALs did not vary appre-
ciably for emission angles between 5° and 50°.°” The average EALs
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for this range of emission angles could be represented by an equa-
tion similar to Eq. (11),

Ry = LTH//’Lin =1-0.836w. (16)

The average percentage deviation of the calculated EALs
from the fitted line was 1.85%. Figure 5(b) shows plots of
Ryy = Lry/Ain versus electron energy for Al, Si, Cu, Ag, In, and
Au from Eq. (16). These plots are similar to those in Fig. 5(a) but
the elastic-scattering effects are slightly stronger for XPS with line-
arly polarized x-rays than for unpolarized x-rays. This difference
occurs because of the different photoionization cross sections for
unpolarized and linearly polarized x-rays.*”

B. EALs for quantitative analysis

The intensity of a photoelectron peak from a homogeneous
solid depends on both material and instrumental parameters and,
if elastic-scattering effects are neglected, one of the material param-
eters is the IMFP.” Since peak intensities are known to be affected
by elastic scattering of the photoelectrons,” it is convenient for
some applications to represent these effects by an EAL for quantita-
tive analysis, Loa. As for the EAL for determining the thicknesses
of overlayer films on planar substrates, Los can be used to replace
the IMFP in expressions for photoelectron intensities that had been
derived using the assumption that elastic-scattering effects were
negligible,***°"-%3

Jablonski and Powell reported calculations of Lo for
selected photoelectron lines of Si (2s, 2ps,2), Cu (28, 2ps/2, 3P3/2);
Ag (3s, 3p3/2, 3ds, 45), and Au (4s, 4p3,2, 4ds2, 4f7)2) excited by
Mg Ko and Al Ko x-rays for the magic-angle configuration and
photoelectron emission angles between 0° and 85°.°° It was found
that values of Loa/Ai, varied weakly with photoelectron emission
angle in the range of 0° < o < 50°. For these conditions, average
EALs for quantitative analysis could be represented by the rela-
tion

Roa = Loaldin = 1 — 0.1470 — 0.1640”. (17)

The RMS deviation between the calculated EALs and the
fitted values was 0.085%.

The dashed line in Fig. 8 shows a plot of Rg, as a function of
o from Eq. (17). We see that the Rg, values are between 0.9 and
unity; i.e., the elastic-scattering effects are weak for this application.
The solid line in Fig. 8 is a plot of Ryy from Eq. (12), and it can be
seen that the values of Rps and Ryy for a given value of w are
clearly different. EALs for one quantitative application should obvi-
ously not be used for another unless this use has been justified, as
discussed further in Sec. IV C.

The EAL for quantitative analysis is also needed in simplified
expressions for photoelectron peak intensities’’ rather than the EAL
for overlayer-film thicknesses measurements although this distinction
was not recognized until recently.”” We therefore show calculated
values of Loy from Eq. (17) and the IMFPs of Shinotsuka et al® for
Al, Si, Cu, Ag, In, and Au in Fig. 7(b) as a function of energy on log-
arithmic scales. Like Fig. 7(a), the plots in Fig. 7(b) are close to linear
for energies between 1 and 20 keV.
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FIG. 8. Plots of Rga (dashed line) from Eq. (17) and of Rry (solid line) from
Eq. (12) as a function of w.

We can write the following expression for Ly, analogous to
that for Ly in Eq. (15):

Loa = kEP. (18)

As for our analysis of the Ly data in Fig. 7(a), fits have been made
with Eq. (18) to the Loa values in Fig. 7(b) for energies between
992.3 and 19930¢V, and the resulting values of p are shown in
Table II(a). These values range between 0.814 +0.003 for Au and
0.834 +0.001 for Al and Si, and are slightly smaller than the corre-
sponding values in Table I(a) which range between 0.858 +0.001
for Al to 0.872+0.001 for Cu. Similar fits have been made with
Eq. (18) to the Lou values for energies between 492.7 and 1480.3 eV,
and the resulting p values are given in Table II(b). These values
range between 0.702 +0.006 for Au to 0.777 £0.003 for Al. While
five of these values are smaller than the corresponding values in
Table I(b), the p value for Au in Table II(b) (0.702 £+ 0.006) is essen-
tially identical to the Au value in Table I(b) (0.694 + 0.011).

The average value of p for the six solids in Table II(b) is 0.75.
This value for the exponent in Eq. (18) can be used to describe the
energy dependence of photoelectron intensities for energies
between 493 and 1480 eV.

C. EALs for determination of shell thicknesses of
core-shell nanoparticles

XPS has been frequently used to characterize core-shell nano-
particles (NPs),* and we now consider the ideal case of an NP
with a spherical core and a concentric spherical shell. Shard®” pro-
posed a series of analytical expressions for determining shell
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TABLE II. Values of the parameter p and their standard deviations resulting from
fits with Eq. (15) to the calculated values of Lqa for Al, Si, Cu, Ag, In, and Au in
Fig. 7(b) as a function of energy for (a) energies between 992.3 and 19 930 eV and
(b) energies between 492.7 and 1480.3 eV.

Element p

(a) Energies between 992.3 and 19 930 eV

Al 0.834 +0.001
Si 0.834 +0.001
Cu 0.819 +0.002
Ag 0.815 +0.002
In 0.824 £ 0.001
Au 0.814 £ 0.003
(b) Energies between 492.7 and 1480.3 eV

Al 0.777 £0.003
Si 0.774 £ 0.004
Cu 0.728 £ 0.006
Ag 0.734 £ 0.005
In 0.760 + 0.004
Au 0.702 £ 0.006

thicknesses from the ratio of measured photoelectron intensities
from the core and shell materials and from knowledge of the core
radius. The Shard expressions are parameterizations of the results
of numerical calculations of XPS intensities for a range of core
radii, shell thicknesses, material densities, and electron energies. It
was assumed in these calculations that the photoelectrons traveled in
straight lines and that the photoelectron signal could be described by
an exponential decay in intensity with distance in a given material. It
was further assumed that both elastic- and inelastic-scattering effects
could be represented by EALs obtained from attenuation measure-
ments or from calculations for overlayer films on planar substrates,
i.e., values of L.

Powell et al.”° reported results of an assessment of the Shard
equation based on simulations of photoelectron intensities with
the SESSA database.”® These simulations were made for Au-core/
C-shell, C-core/Au-shell, Cu-core/Al-shell, and Al-core/Cu-shell
NPs with a wide range of core diameters and shell thicknesses.
These material combinations were chosen because they had suit-
ably large or small values for two parameters in the Shard equa-
tion. One of these parameters, B, was the ratio of the EAL for
photoelectrons from the shell in the shell material to the EAL for
core photoelectrons in the shell material, and the other, C, was
the ratio of the EAL for photoelectrons from the shell in the shell
material to the EAL for shell photoelectrons in the core material.
Powell et al. determined values of the shell thickness, Tnp, from
the simulated intensities with the Shard equation using Ly
values from Eq. (11b) and compared these values with the actual
shell thicknesses, T, chosen for each simulation. Of the 768 values
of Typ/T, the average was 1.00 and all but 26 were within 10% of
unity. This result was considered a satisfactory validation of the
Shard equation because the uncertainties of IMFPs have been esti-
mated to be about 10%." Cant et al.”” have extended the Shard
approach to core-shell-shell nanoparticles. In this case, iteration
is required if both shell thicknesses are unknown.
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D. EALs for determination of marker depths

We now consider briefly the case of a marker or delta layer
buried at some depth, z,;, in a matrix of another material. It is
possible to determine this depth from measurements of the photo-
electron intensity from the marker layer before and after deposition
of the overlayer material. If elastic-scattering effects are neglected,
the marker depth could be derived from the IMFP for the marker-
layer photoelectron energy in the matrix material.”’ An EAL for
determination of the marker-layer depth, Ly, can be defined to
correct for elastic-scattering effects in these measurements."*”’
So-called local EALs for this purpose’” can be obtained from the
NIST EAL Database™ for the marker-layer photoelectron energy,
the matrix material, and the particular experimental configuration.

V. MEAN ESCAPE DEPTHS

The mean escape depth (MED) is a useful measure of the
surface sensitivity of an XPS measurement for a particular material
and instrument configuration. If elastic scattering of the signal elec-
trons is neglected, the MED, A, is

A = A; cosa. (19)

Elastic-scattering effects generally cannot be neglected and it
is then necessary to determine MEDs from a calculated or mea-
sured DDF for a given material and measurement configuration, as
indicated by the defining equation given in Sec. II.

Jablonski and Powell® reported MED calculations from the
TA method for 16 photoelectron lines (excited by Mg Ko and Al
Ko x-rays) and 9 Auger-electron lines of five elemental solids
(Si, Cu, Ag, W, and Au) and 4 inorganic compounds (ZrO,, ZrSiO,,
HfO,, and HfSiO,). These calculations were made for the magic-angle
XPS configuration and for photoelectron emission angles between
0° and 80°. As for the EALs described in Sec. IV A 1, the MEDs did
not vary appreciably for emission angles between 0° and 50° and it
was useful to determine average MEDs for this range. These average
MEDs, D, could be fitted to the simple expression

Ryp = D/IA = 1 — 0.7360, (20)

a result close to the dependence on @ shown for the EAL in Eq. (12).
The average difference between the calculated MEDs and the fitted
values was 0.25%. We note that MEDs for homogeneous solids and
for a user-specified XPS configuration can be obtained from the NIST
Electron Effective-Attenuation-Length Database.”

Jablonski®® determined MEDs from MC simulations for
linearly polarized x-rays and the materials and XPS conditions
described in Sec. IV A 2. These MEDs varied weakly with a photo-
electron emission angle for emission angles between 5° and 50°.
The average MED:s for this range of emission angles could be fitted
to the following equation:

Ryzp = D/A =1 — 0.8310, 21

where the average difference between the calculated MEDs and the
fitted values was 1.86%. Equation (21) shows a similar dependence
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on w as Eq. (16) for Ly, the EAL for overlayer-film thickness mea-
surement determined for linearly polarized x-rays.

VI. INFORMATION DEPTHS

The information depth (ID), sometimes referred to as the
sampling depth, is a useful measure of the depth in a sample from
which useful information is obtained for a particular material and
XPS configuration. As stated in a Note to the definition (Sec. II),
an ID can be chosen as the depth from which a specified percent-
age, P, of the detected signal originates. Values of P such as 95% or
99% are often selected for this purpose.

If elastic-scattering effects are neglected, the ID, %, is

1
= lin cos a In [m} . (22)

In general, these effects cannot be neglected and it is necessary
to obtain the ID from a calculated or measured DDF for a particu-
lar material and measurement configuration.

Jablonski and Powell’® reported ID calculations from the TA
for the same solids and measurement conditions described in
Sec. V, excitation by Al Ko and Mg Ka x-rays, and for P =90%,
P=95%, and P=99%. As for the MEDs and EALs, the IDs varied
weakly with emission angle over the range 0°-50°, and it was con-
venient to determine average values of the ID, S, for this range.
These average IDs could be fitted to the following equation:

Rip =S/E=1-0.787w. (23)

The average difference between the calculated IDs and Eq. (22) was
0.54%.

IDs can also be determined from SESSA simulations.”® This
approach is useful if the XPS configuration is different from the
magic-angle configuration, if photoelectron emission angles larger
than 50° are being utilized, or if x-rays other than Al Ko and Mg
Ko are employed.

Vil. SUMMARY

Guidance is provided for four terms that are useful for differ-
ent purposes in applications of XPS: the inelastic mean free path
(IMEFP), the effective attenuation length (EAL), the mean escape
depth (MED), and the information depth (ID). The IMFP is a
material parameter that depends on electron energy while the other
three terms depend on the IMFP and the XPS configuration. In
addition, different EALs can be defined for different applications
and the numerical values for each application can differ.

IMFP data can be obtained from the NIST Electron Inelastic-
Mean-Free-Path Database’ and the NIST Database for the
Simulation of Electron Spectra (SESSA).”® EALs for the measure-
ment of the thicknesses of overlayer films on a planar substrate
with unpolarized x-rays are available in the NIST Electron
Effective- Attenuation-Length Database.”” These EALs can also
be used in the determination of shell thicknesses of core-shell and
core-shell-shell nanoparticles.”””” Values of the EAL for quantitative
analysis and of the MED are also available from Ref. 53.
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Two predictive equations are available for IMFPs [Eqs. (1)-(3)
in Sec. III C]. Two predictive equations are recommended for deter-
minations of the EAL for measurement of overlayer-film thicknesses
on a planar substrate with unpolarized x-rays [Eqs. (12) and (13) in
Sec. IV A 1]. Predictive equations are also available for the EAL for
the measurement of overlayer-film thicknesses on a planar substrate
by linearly polarized x-rays [Eq. (16) in Sec. IV A 2]. EALs for quan-
titative analysis by XPS with unpolarized x-rays can be obtained
from Eq. (17) in Sec. IV B. Equations (20) and (21) in Sec. V are
predictive MED equations for MEDs in XPS experiments with
unpolarized and linearly polarized x-rays, respectively. Equation (23)
in Sec. VI is a predictive equation for IDs with unpolarized x-rays.

The predictive equations for EALs, MEDs, and IDs are
functions of the single-scattering albedo, w, that is defined by
Egs. (8)-(10) in Sec. IV A 1. This parameter, a convenient
measure of the strength of elastic-scattering effects in a particular
material and for a given electron energy, is a function of the IMFP
and the transport mean free path (TRMFP). TRMFP values can be
obtained from the NIST Electron Effective-Attenuation-Length
Database” and the NIST Database for Simulation of Electron
Spectra for Surface Analysis (SESSA).”° In addition, TRMFP and o
values are available in Ref. 50 for the 41 elemental solids and 42
inorganic compounds for which Shinotsuka et al.”" have calculated
IMFPs. These TRMFP and @ values were determined for the same
energies as the IMFP calculations in the range of 54.6-29 732.6 eV.
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