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Abstract

A convenient measure of surface sensitivity in Auger-electron spectroscopy (AES) and X-ray photoelectron spectroscopy
(XPS) is the mean escape depth (MED). If the effects of elastic-electron scattering are neglected, the MED is equal to the
electron inelastic mean free path (IMFP) multiplied by the cosine of the emission angle with respect to the surface normal, and
depends on the material and electron energy of interest. An overview is given here of recent calculations of IMFPs for 50—
2000 eV electrons in a range of materials. This work has led to the development of a predictive formula based on the Bethe
equation for inelastic electron scattering in matter from which IMFPs can be determined. Estimates show, however, that elastic-
electron scattering can significantly modify the MED. Thus, for AES, the MED will be reduced by up to about 35%. For XPS,
however, the MED can be changed by up to = 30% for common measurement conditions although it can be much larger (by up
to a factor of 2) for near-grazing emission angles. Ratios of MED values, calculated with elastic scattering considered and
neglected for XPS from the 3s, 3p, and 3d subshells of silver with Mg Ko X-rays are approximately constant (to about 10%)
over a range of emission angles that varies from 40° to 60° depending on the subshell and the angle of X-ray incidence.
Recommendations are given on how to determine the optimum range of emission angles for satisfactory analysis of angle-
resolved XPS (ARXPS) data. Definitions are included of three terms often used for describing surface sensitivity (IMFP, MED,
and effective attenuation length (EAL)), and examples are given of the varying magnitudes of these quantities for different
analytical conditions. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Auger-electron spectroscopy; X-ray photoelectron spectroscopy; Surface sensitivity; Elastic-electron scattering; Inelastic-electron
scattering :

1. Introduction

Auger-electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS) have developed
rapidly since commercial instruments became avail-
able about thirty years ago [1]. These techniques are

* Corresponding author.

now used extensively in many different areas of
science and technology. For XPS alone, a recent
computer-aided literature search revealed that
approximately 2000 papers were being published
each year in over 400 journals.

An important objective in the early days of AES
and XPS was to determine the surface sensitivity -of
these techniques. For this purpose, many experiments
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were performed to measure changes of signal inten-
sities as films of one material were deposited on
another. Dick Brundle was the author of one of
three review articles published in 1974 [2-4] that
reviewed the state of knowledge in this field at the
time. One important benefit of the Brundle review
was to dispel the notion that had arisen suggesting
that the surface sensitivity of Auger electrons in a
material might be different from that of photoelec-
trons of the same energy. The three 1974 reviews
were largely superseded by a 1979 compilation of
similar data by Seah and Dench [5]. It was not until
the 1980s, however, with the advent of scanning
tunneling microscopy, that atomic-scale measure-
ments could be readily made of the structure and
morphology of growing films. These experiments
led to the realization that data from the earlier over-
layer experiments should be regarded as, at best, a
semi-quantitative guide because the overlayer films
were unlikely to be of uniform thickness, as assumed
in the analysis [6]. Indeed, the extreme values of repli-
cate measurements in eight laboratories of effective
attenuation lengths (see Appendix for definition) for
photoelectrons excited from the silicon 2p shell by
aluminum and magnesium characteristic X-rays
differed by a factor of up to three [7]. While it
might be tempting to consider the extreme values as
‘‘outliers,”” there is no known justification for this
assumption.

One result of the initial attempts to determine
surface sensitivity in AES and XPS was the develop-
ment of a concept known as the ‘‘universal curve.”’
The early measurements of effective attenuation
lengths (EALs) for different solid elements did not
show an appreciable material dependence [2-4]
although, as we know now, the uncertainties in the
EAL measurements were considerable. The available
measurements tended to cluster about a common
curve when the EALs were plotted against electron
energy on logarithmic scales, and this curve was
referred to as the universal curve. Specific curves of
this type were later developed for groups of elements,
inorganic compounds, and organic compounds [5].
The universal curve concept was indeed helpful in
providing a general orientation to students or to new
users of AES and XPS and was also very useful in
early determinations of surface composition by AES
and XPS. Nevertheless, there can be appreciable

variations in the inelastic mean free paths (see
Appendix for definition) for different materials (at
the same electron energy) and in the dependence of
the inelastic mean free path on energy for different
materials [8,9]. It is therefore disappointing to find
early examples of the ‘‘universal curve” still
appearing in a recent text [10].

Three terms, the inelastic mean free path (IMFP),
the effective attenuation length (EAL), and the mean
escape depth (MED), have been used in different
contexts to give a measure of the surface sensitivity
of AES and XPS. Since these terms are often used
incorrectly (many authors regard the terms as inter-
changeable), we give their definitions in the
Appendix. In this article, the MED will be used as
the measure of surface sensitivity since comparisons
can be easily made of values determined with and
without consideration of the effects of elastic-electron
scattering.

If the effects of elastic-electron scattering in the
specimen material are ignored, the MED of the
detected electrons in AES and XPS is given simply by

A = Acosa 1)

where A is the IMFP and « is the electron emission
angle with respect to the surface normal. This simple
relation is the basis of much recent work [11,12] to
obtain composition-versus-depth information using
angle-resolved XPS (ARXPS) and AES. It has now
been established, however, that elastic-electron scat-
tering can appreciably modify the contributions to the
signal arising from different depths (the depth distri-
bution function) and thus the MED [13-15] This
effect is particularly pronounced for XPS since the
photoionization process is anisotropic. As a result,
the XPS signal intensity in certain emission directions
can be appreciably enhanced or reduced due to
elastic-scattering effects.

In this article we give an overview of recent work to
evaluate the MED for AES and XPS. In Section 2, we
describe recent calculations of IMFPs and the devel-
opment of a predictive IMFP formula [16-21]. We
then show the magnitude of elastic-scattering effects
on the MED for XPS [22-24] and AES [25-28] in
Section 3. Specific guidance is given on the selection
of an appropriate range of emission angles for reliable
analysis of ARXPS data. Atomic elastic-scattering
cross sections have been used here, and the results
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Fig. 1. IMFPs calculated for Al, Cu, Ag, Au[16-21] and K [34] as a
function of electron energy. The IMFPs shown for 10-40 eV elec-
trons illustrate trends but are not considered reliable because the
Penn algorithm {29] is not valid for such low energies [16-21].

are thus applicable only to amorphous or polycrystal-
line solids. A summary is given in Section 4.

2. Calculations of inelastic mean free paths

Tanuma et al. [16--21] have calculated IMFPs for
50-2000 eV electrons in over 60 materials (including
elements, inorganic compounds, and organic
compounds). These calculations were made using an
algorithm due to Penn [29] in which the dependence
of the inelastic scattering probability on energy
transfer was obtained from experimental optical data
and the dependence of the scattering probability on
momentum transfer was obtained from theory. The
latter procedure was necessary because of the lack
of relevant experimental data. For each material,
checks were made of the optical data using two very
useful sum rules [30].

Fig. 1 shows IMFPs for five elements that were
calculated from the optical data for each solid. The
calculated IMFPs for four of the elements (Al, Cu, Ag,
and Au) are of similar magnitudes for electron ener-
gies greater than 200 eV. The IMFP for the other
element (K) which has the smallest density, however,
is about three to four times greater than the corre-
sponding IMFP for the element with the largest
density (Au) at energies greater than 200 eV. For elec-
tron energies less than 200 eV, the behavior of the

IMFP-versus-energy curves is more complicated, the
minimum in each curve appearing at substantially
different energies. These results are expected from
the different electron energy-loss functions for each
of these solids [8,9]. The IMFPs shown in Fig. 1 for
energies less than 50 eV are given only to indicate
trends because the Penn algorithm is not considered
reliable in this range [19, 29] but they suggest that the
IMFPs for Au are now larger than for the other four
elements.

The calculated IMFPs for each material [16-21]
were fitted by a modified form of the Bethe [31] equa-
tion for inelastic-electron scattering in matter:

A = E/{E2[BIn(yE) — (CIE) + (DIE®)]} 2)

In Eq. (2), A is the IMFP (in A), E is the electron
energy (ineV), E, = 288 (N, p / M) is the free-
electron plasmon energy (in eV), p is the density (in
gem™), N, is the number of valence electrons per
atom (for elements) or molecule (for compounds),
and M is the atomic or molecular weight. The terms
B.v, C, and D in Eq. (2) are regarded simply as adjus-
table parameters in the fits to the calculated IMFPs.
The modified form of the Bethe equation (that is, the
addition of other terms) was suggested by Inokuti [32]
and Ashley [33] and was needed to describe the IMFP
dependence on energy for energies less than 200 eV
[17].

Values of B,y, C, and D derived from the fits to the
calculated IMFPs for 27 elements and 14 organic
compounds were analyzed to yield the following
expressions in terms of material parameters [20]:

B= —0.10 + 0.944/E; + E2) '* + 0.0690"'  (3a)

y=0.191p~ %% (3b)
C =197 - 091U (3c)
D =53.4—-20.8U (Bd
U=N,p/M = E,/829.4 (3e)

where E, is the bandgap energy (in eV) for noncon-
ductors. We note here that IMFPs for a group of 15
inorganic compounds were excluded from this
analysis because the optical data for about half of
these compounds were judged to be of lower overall
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Fig. 2. IMFP values (solid circles) calculated for sodium as a

function of electron energy [34]. IMFP values are shown for 10—
40 eV electrons to illustrate trends but these results are not consid-
ered reliable because the Penn algorithm [29] is not valid for such
low energies [16—21]. The solid line is a fit to the IMFP values with
the modified Bethe equation (Eq. (2)) and 8,7y, C and D are para-
meters. The dashed line shows IMFP values calculated from the
predictive formula TPP-2M (Egs. (2) and (3a—e)) where values of
the four parameters were calculated from property data for sodium
using Egs. (3a—e). The inset shows the low-energy region on an
expanded energy scale.

accuracy (and the resulting IMFPs to be less reliable)
than for the groups of elements and organic
compounds [18]. If appropriate values of material
constants are used in Egs. (3a—e), the average root-
mean-square (RMS) deviations of the IMFPs calcu-
lated with Eq. (2) from the values calculated directly
from optical data were found to be 10.2% for the
group of 27 elements, 8.5% for the group of 14
organic compounds, and 18.9% for the group of inor-
ganic compounds. These deviations were considered
acceptably small taking into account the empirical
nature of Egs. (3a—e) and the sum-rule errors of the
optical data [20]. Egs. (2) and (3a—e) provide a conve-
nient means to estimate IMFPs for materials other
than those for which direct IMFP calculations have
been made. These relations have been referred to
collectively as the TPP-2M equation [20].

As an example, Fig. 2 shows IMFPs for sodium that
were calculated from optical data as described above
[34]. The solid points in Fig. 2 are the calculated
IMFPs and the solid line is a fit to these data with
the modified Bethe equation (Eq. (2)). The dashed

line shows IMFPs determined from TPP-2M (Eqgs.
(2) and (3a—e)). In this case, the RMS deviation
between the latter values and the IMFPs from the
optical data was found to be 4.9% over the 50-
2000 eV energy range. From this and other published
examples [20], it was concluded that the TPP-2M
equation can provide acceptable estimates of IMFPs
for bulk solids. We note here that surface excitations
are expected to be important for electron energies less
than about 200 eV, and corrections to IMFP data for
bulk solids are to be expected [35,36].

An IMFP database will be issued by NIST in 1999
[371].

3. Calculations of mean escape depths

3.1. XP§

Eq. (1) can be used to calculate an MED A from an
IMFP A and an electron emission angle « if elastic-
electron scattering is neglected. In general, elastic
scattering cannot be neglected [13-15], and it is
then necessary to calculate the MED D as follows:

D= J : )z / J : $(z, )z @

where ¢(z,a) is the emission depth distribution func-
tion (DDF) defined in the Appendix. Calculation of D
with Eq. (4) is appropriate because the DDF in AES
and XPS can be nonexponential. If elastic-scattering
effects were negligible, however, the DDF would be
exponential and Eq. (1) could be used to determine the
MED.

A formalism has been developed to determine the
MED D for signal photoelectrons from amorphous
and polycrystalline elemental solids [22-24], and
the following analytic formula was derived [24]:

D = A\ [cosa + (S/S)]/(A + Ay) (5a)
-
Ay = [N J a- cosf)(da/d.())d.(l] (5b)
4ar
Si=(1-w) "y (5¢0)

S, = (1 — w) " +(@daW(y, B) — 1)/H(cosa, w) (5d)

o= M\+\,) (5¢)
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Fig. 3. Comparison of the normalized photoelectric cross sections W(i,8) with MED results calculated from Egs. (5a—h) (solid lines) and from
Monte Carlo simulations using Eq. (4) (open circles) as a function of the angle of X-ray incidence 6 for XPS of the Al 2s, Ag 3s and Au 4s
photoelectron lines excited by Mg Ko X-rays [24]. The MED values are shown as the ratio of D from Eq. (4) or (5a-h) to A from Eq. (1). The
horizontal dashed lines show unity and indicate the result obtained if elastic-electron scattering is neglected. (a) Emission angle o = 0°, (b) &
= 60°and (¢c) & = 80°
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1
x= @1~ 02 utt (s o) (50)

Wy, B) = 1~ (814)(3c05?y — 1)jam (5g)

H(p. @) = (1 + 1.908)/[ 1 + 1.908u(1 — &)°]
(5h)

In Egs. (5a-h)), N is the density of atoms in the
elemental solid, A, is the transport mean free path
(TMFP), do/dQ is the differential elastic-electron
scattering cross section, & is the polar elastic-scat-
tering angle, 3 is the asymmetry parameter describing
the anisotropy of photoemission, ¢ is the angle
between the direction of the X-rays and the direction
towards the electron energy analyzer, u = cosa,
H(p,omega;) is the H function of Chandrasekhar
[38] for an isotropic scattering medium, and Egq.
(5h) is an approximation to this function (with a
maximum deviation of 3%) proposed by Tilinin and
Werner [39]. The ‘‘approximately equals’’ signs in
Eqs. (5¢) and (5d) represent the result of simplifica-
tions which lead to errors in D of less than 4% for
emission angles smaller than 60°, as judged by XPS

calculations for the Al 2s, Al 2p, Ag 3s, Ag 3p, Au 4s,
and Au 4p lines with Mg characteristic X-rays and
numerous experimental configurations [22-24]; the
errors were less than about 8% for larger emission
angles. In the formalism leading to Egs. (5a~h), use
was made of the transport approximation [40] in
which a realistic differential elastic-scattering cross
section was replaced by an isotropic cross section
such that the total cross section is given by the trans-
port cross section (NA,) .

If the electron emission is isotropic, as is expected
for AES from amorphous or polycrystalline solids,
then 8 = 0 in Eq. (5g), and the MED can be deter-
mined from the simple formula:

D= A, (A + A,) ' (x + cosa) (6)

If the emission angle « is sufficiently large that cosa
<, x,then D = AA, y/(A + Ay). However, if the
effects of elastic scattering are negligible, A,, > 1,
x = 0, and D from Eq. (6) becomes the same as A
from Eq. (1).

We proceed now to determine MED values for XPS
of elemental solids but will later indicate how MEDs
can be found for multicomponent solids. The IMFPs
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Fig. 4. MED results (shown as the ratio of D from Eq. (4) or (5a~h) to A from Eq. (1)) as a function of the angle of X-ray incidence 6 for XPS
with Mg Ka X-rays from (a) the Ag 3s subshell, (b) the Ag 3p subshell and (c) the Ag 3d subshell [24]. The solid lines show MED results from
Egs. (5a—h) and the open circles represent Monte Carlo simulation data (Eq. (4)). The scale on the ordinate axis refers to the emission angle of
80°. The same scale applies to other emission angles, where the horizontal dotted lines correspond to unity for the plotted ratio.
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needed to determine D from Egs. (5a-h) can be
obtained from available data for specific elements
[17] or otherwise computed using TPP-2M (Section
2). We note here that tabulations of elemental TMFPs
have been published by Jablonski and Tilinin [41] for
the most intense photoelectron lines excited by Mg
and Al characteristic X-rays; information on TMFP
calculations for other photoelectron energies is
given below.

We first show comparisons of D values from Egs.
(5a-h) and from Monte Carlo simulations using Eq.
(4) [24]. The main value of the Monte Carlo simula-
tions is that structure in the differential elastic-elec-
tron-scattering cross sections can be included in the
calculations. These simulations, however, are very
time consuming. Calculations of D from Eqgs. (5a-h)
are about a factor of 1000 faster. The comparisons
presented as examples here were made to check the
reliability of the MED values determined from the
transport approximation with Eqs. (5a-h) against
values from the Monte Carlo simulations. Details of
the calculations are presented elsewhere [24], but we
emphasize that the same elastic-scattering cross
sections and the same values for other needed para-
meters (e.g., differential photoionization cross
sections and IMFPs) were used in both sets of calcu-
lations. One important difference in the two types of
calculations, however, was that an analyzer accep-
tance half-cone angle of 10° was used in the Monte
Carlo simulations in order to obtain reasonable statis-
tics in an acceptable time; determinations of D from
Egs. (5a—h) were made on the assumption that the
analyzer acceptance angle was negligibly small.

Fig. 3 shows comparisons of MED results from
Egs. (5a-h) and from Monte Carlo simulations
using Eq. (4) [24]. Tt is convenient to plot the MED
results in the form D/A = DJ/(A cosa) since this ratio
would be equal to unity if elastic-scattering effects
were negligible; deviations of D/A from unity in
Fig. 3 indicate the significance of photoelectron
elastic scattering. In addition, the quantity (D/cosa)
would be the same as the EAL (see Appendix) in
situations where the DDF has at least an approxi-
mately exponential variation with depth. Fig. 3
shows MED values for photoelectrons from s
subshells (for which the effects of photoemission
anisotropy are largest) for three elements (Al, Ag,
and Au) covering a wide range of atomic numbers

(and thus a wide range of elastic-scattering cross
sections). MED values are plotted as a function of
angle of X-ray incidence 6 (with respect to the surface
normal) and for three photoelectron emission angles
(0°, 60°, and 80°). For simplicity, the X-ray incidence
direction and the photoelectron emission direction
have been assumed to be in the same plane normal
to the surface; we also note that negative values of #
correspond to the X-ray and analyzer directions being
on the same side of the surface normal. In all cases,
MED values from Eqs. (5a—h) (shown as the solid
lines in Fig. 3) are in generally very good agreement
with the corresponding values from Monte Carlo
simulations (shown as open circles).

The upper left panels in Figs. 3(a—c) show the func-
tion W(4,8) which specifies the angular anisotropy in
the photoemission process (Eq. 5(g)). It can be seen
that maxima in the MED plots occur at values of 0
corresponding to minima in W(i,) and vice versa.
The maxima in the MED values for a given emission
angle occur when the X-ray direction is close to the
analyzer direction. Such XPS configurations are not
common in practice although some measurements
have been reported using thin films where the analyzer
axis has been close to the X-ray direction [42—44]. For
high asymmetry of photoemission (e.g., emission
from s shells), photoelectrons originating from
atoms close to the surface will have a very low prob-
ability of entering the analyzer when its axis is close
to the surface normal and § = 0°. Some of these
photoelectrons can enter the analyzer but only after
one or more elastic collisions. Thus the recorded
signal will originate deeper, on the average, than for
other configurations, and the MED is cotrespondingly
larger.

Figs. 3(a~c) also show that the ratio D/A may
exceed unity for certain experimental configurations.
At glancing emission angles (¢ = 80°), D/A is larger
than unity for all values of 8 (Fig. 3(c)). The ratio D/A
is larger than unity when & = 60° for 6 between
—85° and —45° (Fig. 3(b)). These results are in
contrast to the common expectation that the EAL is
always smaller than the IMFP. Similar results have
been reported previously [14,45].

Fig. 4 shows MED results for XPS from three
subshells of silver with Mg Ka X-rays [24]. These
MED results are shown as plots of D/A as a function
of angle of X-ray incidence, as in Fig. 3, for nine
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Fig. 5. MED results (shown as the ratio of D from Monte Carlo simulations using Eq. (4) to A from Eq. (1)) as a function of photoelectron
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photoelectron emission angles. The plots were made
to show changes in the MED for photoemission from
the 3s, 3p, and 3d subshells for which the asymmetry
parameter 8 is 1.99, 1.56, and 1.21, respectively. As
expected, the range of D/A values for the various
emission angles is less for the Ag 3d subshell
(which has the the smallest anisotropy) than for the
Ag 3p subshell which has a smaller range of D/A
values than for the Ag 3s subshell. Despite the simpli-
fications introduced by use of the transport approxi-
mation in deriving Eqgs. (5a-h) [22-24], good
agreement is again found between the MED results
from Egs. (5a—h) and the Monte Carlo simulations
except when @ = 80°. The agreement is typically
better than about 3% for common XPS conditions (8
= =*45°and « = 70°. For « = 80° however,
larger deviations are found.

Fig. 5 shows MED results from the Monte Carlo
simulations of Fig. 4 that have now been plotted as a
function of photoelectron emission angle «. The D/A
values are shown for XPS from the same three Ag
subshells and for six different angles of X-ray inci-
dence 6. These values of 6 were selected to corre-
spond to those that are common or might be
selected in many XPS measurements and particularly
for ARXPS. The angle between the X-ray and
analyzer directions in commercial XPS instraments
is generally constant; in some instruments, this
angle is close to the so-called magic angle (54.7°)
but can vary between 35° and 90° [46]. We show
MED results in Fig. 5(d) for 8 = 55° (close to the

magic-angle configuration) and for which photoelec-:

trons can be readily detected at emission angles
ranging from 0° to 80°. We also show MED results
for three smaller values of # (15°, 30°, and 45°) in
Figs. 5(a—c) and for two larger values of 6 (65° and
75°) in Figs. 5(e) and (f) to illustrate the effects of
changing 6. We note here that the effects of elastic-
electron scattering are now ignored in the algorithms
used to obtain composition-versus-depth information
from measurements of photoelectron or Auger-elec-
tron signals as a function of emission angle [11,12].
The MED results in Fig. 5 show two important
results. First, over a range of emission angles of typi-
cally 40°-60°, values of D/A are approximately
constant to within 10% for a given value of 6 and

for a particular subshell. For 8 = 55° for example,

the average value of D/A is 0.747 for the Ag 3s

subshell and « varying from 0° to 60°, 0.744 for the
Ag 3p subshell for « varying from 0° to 50°, and 0.764
for the Ag 3d subshell for « varying from 0° to 50°.
Similar but not identical values of this ratio occur for
the other values of 6 shown in Fig. 5. The particular
range of emission angles, however, over which D/A is
approximately constant varies from about 10° to 70°
for the Ag 3s subshell with & = 15° to about 0° to 40°
for the Ag 3p subshell with § = 75°. Depending on
the particular value of 6 and the particular Ag
subshell, the average value of D/A (calculated over
the emission-angle range where this ratio does not
change by more than 10%) varies from 0.73 to 0.79.
This result is useful because it shows that ARXPS data
for Ag could be analyzed with confidence over a now-
known range of emission angles where D/A is suffi-
ciently constant for most ARXPS applications and
where the EAL (given by D/cosa) is here approxi-
mately 0.76 of the IMFP for the relevant photoelec-
trons. The particular value for the EAL
(corresponding to the subshell, 6, and the range of
emission angles being analyzed) could then be used
to establish the depth scale in the derived composi-
tion—depth profile.

The second main result from Fig. 5 is that the
values of D/A increase substantially for the more
grazing emission angles. For example, D/A for @ =
80° can be twice or more the values found for emis-
sion angles between 0° and 60°. This result shows very
clearly that the improvement in surface sensitivity (a
smaller value of D) from acquiring XPS data at « =
80° would be much less than expected from a naive
use of Eq. (1) (which is based on neglect of the effects
of elastic-electron scattering). A similar conclusion is
obtained from the D/A values shown in Fig. 3(c) for
XPS from the Al 2s and Au 4s subshells.

It is recommended that those applying ARXPS
make use of Eqs. (Sa~h) to determine the emission
angle range over which D/A is approximately constant
(for a particular element, photoelectron line, and value
of 6). This angular range should not be exceeded in
the ARXPS experiments. The calculated EAL value
for this angular range can then be used (as the
‘‘lambda value’’) to determine the depth scale in the
analysis of the ARXPS data.

We consider now MED values for multicomponent
solids (e.g., compounds and alloys). Egs. (5a—h) can
be used for this purpose except that TMFP values
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should be computed from

-1
Ay = [No > (%A, J)] (7)

J=1

rather than Eq. (5b). In Eq. (7), n is the number of
elements in the solid, N, is the atomic density of the
solid, N; is the atomic density of the jth element in its
pure form, and x; is the atom fraction of the jth
element. If the solid contains elements that are
normally gaseous (e.g., oxides or chlorides), the
value of Ay can be expressed in terms of the transport
cross sections o, ; for the elemental constituents [47]:

A = (Noa,) ™! (8a)

where

Ty = D X0y, (8b)
j=1

Values of o,; can be estimated from the quasi-clas-
sical expression of Tilinin [48,49], taken from
published tables [50], or calculated from the defining
formula:

do
oy = i d__(l(l - cosé)d(2
- 27TJ'7T 49 (| — cospsinédt (8¢)
Ty ant ¢

where do/df) is the differential elastic-electron scat-
tering cross section for polar scattering angle £.
Differential cross sections for all elements and for
electron energies between 50 and 10,000 eV are avail-
able in a database [51].

Cumpson and Seah [52] have recently reported
calculations of EALs in 27 elements based on the
IMFP results of Tanuma et al. [17]. These authors
performed Monte Carlo simulations of electron trans-
port for overlayer films of varying thickness on a
substrate of the same element and for various emis-
sion angles. From an analysis of their EAL values,
Cumpson and Seah derived two formulae (for 100~
2000 eV electrons and a specified range of emission
angles) which can be used to calculate EAL values
and thus to derive overlayer film thicknesses in AES
and XPS experiments. We point out here two limita-
tions of this analysis which are only briefly noted in

their paper [52]. First, it is expected that there will be
different EAL values for overlayer and substrate
materials with substantially different atomic numbers
(as a result of their different elastic-scattering proper-
ties), as found previously by Jablonski and Tougaard
[53]. Second, no account was taken in the simulations
of the effects of photoionization anisotropy which is
known to be important in XPS (as discussed here and
elsewhere [13-15,54,55]). It is therefore recom-
mended that the results and formulae of Cumpson
and Seah not be used for EAL calculations in XPS
until the effect of photoionization anisotropy on their
derived EAL values has been examined. We also
point out that the Cumpson—Seah formulae were
derived from data for elemental solids and their relia-
bility for determining thicknesses of compounds (e.g.,
oxides) on elemental or other substrates has not yet
been evaluated.

Zemek et al. [56] have measured MEDs from the
intensities of O 1s photoelectrons (with a kinetic
energy of 956 eV) and Al 2s photoelectrons (with an
energy of 1368 eV) excited by Al Ka X-rays in thin
layers of AL,O; on Al. The intensities were measured
as a function of oxide thickness for photoelelectron
emission angles ranging from 0° to 60°. Although the
effects of elastic-electron scattering are weak in O and
Al (because of their low atomic numbers), ratios of
measured MED values for ¢ = 0°and @ = 60° were
about 2.7 while the calculated ratios assuming
neglible elastic scattering were 2.0. The MEDs
measured by Zemek et al. were also found to be in
good agreement with values calculated from Monte
Carlo simulations and from Eqs. (5a—h). The elastic-
scattering effects are expected to be larger for heavier
elements.

Tilinin [23] has derived an analytic formula which
can be used to obtain MED values for photoelectrons
emitted from solids by polarized X-rays (which can be
frequently encountered in XPS experiments with
synchrotron radiation). The ratio D/A can vary
substantially, between 0.7 and 2.9 for photoemission
from the Al 2s and Au 4s subshells by 1486.5 eV X-
rays, depending on the X-ray polarization and the
photoelectron emission direction.

3.2. AES

We consider now EAL and MED values for Auger
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electrons emerging from elemental solids. As for
XPS, IMFPs can be estimated using TPP-2M (Section
2).

Jablonski [25-28] has reported the results of many
Monte Carlo simulations of Auger-electron intensities
that would be measured by a cylindrical-mirror
analyzer (CMA) with its axis normal to the specimen
surface. He found that the DDFs from the simulations
for many elements and matrices were close to expo-
nential with depth. The resulting values of the EAL,
AgaL, could then be related to the corresponding
IMEFEPs by the simple relation:

k= /\EAL//\ (9)

Values of k fell in the following ranges for the KLL,
L;MM, and MsNN Auger series: (a) from 0.882 to
0.926 for the most pronounced KLL Auger transitions
of C, Al, and Si (with energies from 272 to 1619 eV);
(b) from 0.700 to 0.868 for the most pronounced
L;MM transitions for Al, Si, Cr, Fe, Ni, Cu, Ge, Zr,
Nb, and Mo (with energies from 68 to 2044 eV); and
(c) from 0.664 to 0.794 for the most pronounced
M;NN Auger transitions in Zr, Nb, Mo, Pd, Ag, La,
Gd, Ta, W, Pt, and Au[25]. Values of k were slightly
smaller for the boron KLL Auger transition in a
number of matrices [26]. For these analytical situa-
tions, the MED is simply given by:

D= /\EALCOSOC (10)

For a CMA with its axis normal to the specimen
surface, the average value of « is 42.3°, and D is
then simply 0.74Aga. I, for illustrative purposes,
we use an average value of k = 0.8 [25], D would
then be 0.59A.

We also note that the value of & = 0.709 found by
Jablonski [25] for a CMA measurement of the Ag
M;VV Auger transition at 356 eV is very close to
the corresponding values of D/A ( = 0.75) for XPS
from the Ag 3s subshell at a somewhat larger photo-
electron kinetic energy (536 V) and for non-grazing
emission angles in Fig. 5.

Ding and Shimizu [57] performed Monte Carlo
simulations to determine MEDs for a CMA with its
axis tilted at varying angles to the surface normal. For
zero tilt angle, these authors found values of D
ranging from 047X to 0.57A for the Cu MVV
Auger transition at 59 eV and the Au NVV transition
at 238 eV, respectively; D values for the Cu L;VV

Auger transition at 916 eV and the Au N,VV transi-
tion at 2025 eV were close to the value for the 238 eV
Au transition. As the CMA axis was tilted up to 60°,
the D values changed very little; for larger tilt angles,
unlikely to be used in practical AES, the D values
decreased to 0.41 A and 0.46\ for the 59 eV Cu and
238 eV Au transitions, respectively.

For a hemispherical analyzer, values of D can be
simply calculated from Eq. (6) for the particular
element, Auger-electron energy, and emission angle.

4. Summary

We have presented an overview of methods to
determine the surface sensitivity in XPS and AES.
A basic parameter is the inelastic mean free path
(IMFEP) for bulk solids. IMFPs have been calculated
for many elemental solids, inorganic compounds, and
organic compounds, and the predictive IMFP formula
TPP-2M (Egs. (2) and (3a—¢)) can be used to estimate
IMFPs for other materials [20]. The so-called
“‘universal curve’” [10] is generally not a reliable
guide to IMFP magnitudes or to the dependence of
IMFP on electron energy. Formulae based on early
measurements of effective attenuation lengths [5]
are similarly expected to be useful only as semi-quan-
titative guides because of substantial uncertainties
concerning the morphology and structure of the
films used in the early experiments.

If elastic-electron scattering is neglected, the depth
distribution function (DDF) of the signal electrons
will be exponential with depth and the exponential
parameter will be the IMFP. The effective attenuation
length (EAL) will then be equal to the IMFP and the
mean escape depth (MED) will be the product of the
IMFP and the cosine of the emission angle (Eq. (1)).

We have examined the elastic-scattering effects in
AES and XPS using atomic elastic-scattering cross
sections and expect the results to be applicable to
amorphous and polycrystalline solids. We find that
the effects of elastic scattering are usually not negli-
gible, and that the DDF is often not exponential with
depth. For some analytical situations (e.g., AES with a
cylindrical-mirror analyzer (CMA)), the DDF is
approximately exponential and the exponential para-
meter will be the EAL. The EAL can be up to about
35% smaller than the IMFP. Since the average
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emission angle for a CMA with its axis normal to the
specimen surface is 42.3°, the MED for AES measure-
ments will be 0.74 times the EAL (Egs. (8a—c)). If, for
example, the ratio of the EAL to the IMFP is 0.8, the
MED will be 0.59 times the IMFP. This example
illustrates the magnitude of the numerical differences
that can arise among the IMFP, EAL, and MED.
These three terms are not only conceptually different
(see Appendix) but can have different magnitudes that
can be important in practical applications.

For XPS, the situation is more complicated than for
AES on account of the angular anisotropy in the
photoemission process. The DDF is generally not
exponential with depth, and it is then appropriate to
use the MED as a measure of the surface sensitivity.
MEDs can be determined analytically using Eqgs. (5a—
h) for elemental solids with calculated or estimated
IMFPs, values of the transport mean free path (deter-
mined from atomic elastic-electron scattering cross
sections), and information on the experimental config-
uration (angle of X-ray incidence and photoelectron
emission angle) [22-24]. Comparisons have been
made here between MEDs from Egs. (5-h) and values
obtained from Monte Carlo simulations for XPS with
Mg Ka X-rays. These comparisons were made for
photoelectrons from the Al 2s, Ag 3s, Ag 3p, Ag 3d,
and Au 4s subshells and a wide variety of possible
instrumental configurations. In general, the agreement
between the two sources of MED data was very good.
Since MEDs can be computed much more rapidly and
easily with the analytic formalism than by Monte
Carlo simulations, the former approach can be readily
used to provide MEDs for different possible XPS
experiments. The MED values found here for near-
normal emission angles are up to about 30% less than
the values found from Eq. (1) (for which elastic-scat-
tering effects were neglected). In addition, MEDs can
be much larger (by up to about a factor of two) than
expected from Eq. (1) for near-grazing emission
angles or for certain other instrumental configura-
tions. For common XPS measurement conditions,
MEDs can deviate substantially (typically by
£30%) from the results of Eq. (1). It is therefore
possible for photoelectrons and Auger electrons of
the same energy from some material to have different
MED:s.

ARXPS is now commonly used to obtain composi-
tion—depth information but elastic-scattering effects

are ignored in present data-analysis algorithms
[11,12]. We have shown that there is a limited range
of photoelectron emission angles over which the ratio
of MEDs from Eqgs. (5a-h) and Eq. (1) does not
change by more than 10%. This angular range was
found to be between 40° and 60° for the case of photo-
emission with Mg Ka X-rays from three silver
subshells considered here. In general, ARXPS experi-
ments should be performed over a sufficiently limited
range of emission angles to minimize artifacts caused
by the neglect of elastic-electron scattering. MEDs
can be computed from Egs. (5a-h) for the element
and subshell of interest, the angle of X-ray incidence,
and the experimentally accessible range of emission
angles to find the emission-angle range for ARXPS
over which the ratios of the MED to the results from
Eq. (1) are sufficiently constant. This ratio also
provides an EAL for use in the analysis of the
ARXPS data, thereby establishing the experimental
depth scale.

Finally, we point out that the ratio of the MED for
an emission angle of 80° in XPS to the value found
from Eq. (1) can be twice or more the value found for
emission angles between 0° and 60°. It is therefore
clear that any improvement in surface sensitivity
from use of the near-grazing emission angle would
be much less than that expected from a simplistic
use of Eq. (1).

Acknowledgements

One of the authors (A.J.) wishes to acknowledge
support under KBN Grant No. 2PO3B 009 10.

Appendix A. Definition of terms

The following definitions of terms relating to
surface sensitivity were developed by ASTM
Committee E-42 on Surface Analysis [58].

Inelastic mean free path: the average of distances,
measured along the trajectories, that particles with a
given energy travel between inelastic collisions in a
substance.

Emission depth distribution function (for a measured
signal): for particles or radiation emitted from a
surface in a given direction, the probability that the
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particle or radiation leaving the surface in a specified
state originated from a specified depth measured
normally from the surface into the material.

Average emission function decay length: the negative
reciprocal slope of the logarithm of a specified expo-
nential approximation to the emission depth distribu-
tion function over a specified range of depths, as
determined by a straight-line fit to the emission depth
distribution function plotted on a logarithmic scale
versus depth on a linear scale.

Effective attenuation length: the average emission
function decay length when the emission depth
distribution function is sufficiently close to exponen-
tial for a given application.

Mean escape depth: the average depth normal to the
surface from which the specified particles or radiation
escape as defined by: [§" zd(z, a)dz/ [ Pz, a)dz,
where ¢(z,a) = the emission depth distribution
function for depth z from the surface into the material
and for direction of emission a with respect to the
surface normal.

Information depth: maximum depth, normal to the
specimen surface, from which useful signal informa-
tion is obtained.

Note 1. The information depth can be identified
with the specimen thickness from which a specified
percentage (e.g., 95% or 99%) of the detected signal
originates.

Note 2. The information depth can be determined
from a measured, calculated, or estimated depth distri-
bution function for the signal of interest.
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