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There is currently renewed interest in the backscattering correction for Auger electron spectroscopy (AES).
There are several reasons for this interest. First, the energy of the primary-beam energy reaches 25 keV in modern
AES instruments and Shimizu’s predictive formulae based on calculations for primary energies between 3 keV and
10 keV are of uncertain validity at higher energies. Second, it has been shown recently that the present definition of
the backscattering factor is based on a simplified model of electron transport that breaks down for low primary
energies and/or more grazing-incidence angles. A new term, the backscattering correction factor (BCF) has
therefore been introduced that is based on an advanced model of electron transport. Third, much progress has been
recently made in the theory of electron transport and the data for electron-scattering parameters which should
improve the reliability of calculated backscattering correction factors. Finally, the BCF from the advanced
theoretical model has been found to depend on numerous parameters defining the solid, the selected Auger
transition, and the experimental configuration. Since the derivation of a simple predictive formula for the BCF does
not seem to be feasible, a computer-controlled database has been developed to provide BCFs for a user-specified
material and experimental configuration. Examples are given of BCFs from the advanced and simplified models for

Ag MyNysNys Auger electrons from silver.

1. Introduction
The relation between the Auger electron signal
intensity and the number of atoms of a given
element in a solid is generally expressed in terms
of a set of parameters similar to those used
electron microprobe analysis. For an elemental
solid, this relation typically has the form [1-3]
l1,=C, A

ORN, (1

in

where C, is depending on

instrumental configuration, particular settings,
and the selected Auger transition, A, is the

a parameter

inelastic mean free path of the detected Auger
electrons, (, is the correction for elastic

scattering of the Auger electrons, N is the atomic
density of the element (number of atoms per unit
volume), and R is the backscattering factor (BF).
The latter parameter accounts for additional
ionizations of atoms in the surface region due to
backscattered electrons. The correction for
electron-backscattering effects was proposed by

Copyright (c) 2011 by The Surface Analysis Society of Japan

-213-

Bishop and Riviere [4] in one of the first papers on
the formalism for quantitative AES analysis.

Recent advances in the theory of electron
transport in solids have led to the conclusion that
the theoretical model assumed in previous
derivations of the formula for the backscattering
factor is oversimplified [5-11]. As a result, BFs
calculated from this simplified model are
unreliable for low primary energies and/or
more-grazing incidence angles. Much effort has
been devoted recently to the development of an
advanced theoretical model that would accurately
predict Auger-electron signal intensities for a
wide range of primary energies and experimental
configurations. It has also been found necessary to
define a new term, the backscattering correction
factor (BCF), to describe the correction needed for
quantitative AES. Finally, the BCF has been found
to depend on an additional parameter, the
Auger-electron emission angle.

Four issues are briefly addressed in the present
report. We describe the definition of the
backscattering correction factor in Section 2 that
is based on the advanced model of electron
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transport. It has been recently found that the BCF
depends not only on the Auger-electron emission
angle but also on the shape of the solid acceptance
angle of the analyzer [11]. The relevant theory is
summarized in Section 3, while an example
illustrating this effect is given in Section 4. Finally,
a brief description is given of a new National
Institute of Standards and Technology (NIST)
database that provides BCFs from the simplified
and advanced theoretical models for a
user-specified Auger transition and instrumental
configuration.

2. Definitions

According to the ASTM International
terminology standard, the backscattering factor is
defined as “the fractional increase in the Auger
current due to backscattered electrons” [12]. A
similar definition of this parameter is found in the
vocabulary standard of the International
Organization for Standardization (ISO) [13]:
“Factor defining the increase in the Auger electron
current due to additional ionizations in the sample
caused by backscattered electrons above that
arising directly from the primary electrons”. Both
definitions indicate that the backscattering factor
is larger than unity. There is some ambiguity in
usage, however, with some authors referring to the
BF as the fractional increase defined above (often
denoted ) while other authors refer to the BF as
the correction, R, of the AES signal intensity as in
Eq. (1), where R =1+ r. To clarify this situation,
a note was added to the ISO definition: “Different
usages exist; the factor is commonly the fractional
increase, as defined above, and sometimes unity
plus that fractional increase. The latter usage is
deprecated. For clarity, the particular usage needs
to be defined.”

The ISO Technical Committee on Surface
Chemical Analysis is currently considering the
definitions of two new terms for AES: the
backscattering correction factor (BCF) and the
backscattering fraction. The BCF is defined as
“equal to the ratio of the total Auger-electron
current arising from ionizations in the sample
caused by both the primary electrons and the
backscattered electrons to the Auger-electron
current arising directly from the primary
electrons”. The backscattering fraction is defined
as “the ratio of the Auger-electron current arising
from ionizations in the sample caused by
backscattered electrons and the Auger-electron
current arising directly from the primary
electrons”. Both definitions are accompanied by
the same note: “In simple theories, evaluations of
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the backscattering correction factor or the
backscattering fraction may be based on the
assumption that the primary beam is unchanged,
in intensity, energy or direction, within the
information depth for Auger-electron emission.
This assumption becomes progressively less
useful as the primary energy becomes closer to the
core-level ionization energy for the relevant
Auger transition or for increasing angles of
incidence of the primary electrons. In such cases, a
more advanced theory of electron transport should
be used. For example, if the primary energy is less
than twice the core-level ionization energy, the
total Auger-electron current emitted from the
sample may be less than that calculated for an
unaltered primary beam alone so that the effective
value of the backscattering fraction is then
negative. In addition, the separate classification of
electrons as primary or backscattered becomes
progressively less useful.”

In the present work, we utilize only the first
new term, the BCF.

3. Theory

Jablonski [5] has shown that the general
formula for the BCF, resulting from the advanced
theoretical model, has the general form:

R J.AQ J.:CD(Z’EOseo)ﬂQ,Z) dz dQ

.[AQ .[0 o (Ey,0y) 9(Q,z) dz d2

2)

where AQ is the solid acceptance angle of the
analyzer, ®(z,E,,0,) is the excitation depth

distribution function (EXDDF), ®“(E,,8,) is
the EXDDF for the idealized case of ionizations
created only by primary electrons, and @¢(€2,z) is

the emission depth distribution function
(EMDDF). The EXDDF is a function of depth z,

primary energy £, , and the primary-electron

incidence angle . The EMDDEF is a function of

the direction of emitted Auger electrons within the
acceptance angle of the analyzer, O, and the
depth z. This notation is illustrated in Fig. 1 which
shows an example of an experimental
configuration with an analyzer having a solid
angle corresponding to a cone with semi-angle
A« and with its axis perpendicular to the sample
surface.

The EXDDF can be conveniently normalized
with respect to the number of ionizations by the
primary electrons alone:
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D(z,E,,6,)

D (E,,0,)
Suppose that a given direction Q is located at

an Auger-electron emission angle « . One of the

normalization conventions for the EMDDF is that
the integral over depth is equal to unity [14]:

¢*(a,z) — M.

DN (2,E,,0,) = 3)

“4)

Such a normalization leads to a convenient
expression for the BCF for an analyzer with a
small solid acceptance angle [5,11]:

R:chN(z,Eo,eo)¢*(a,z)dz. (5)
0

Q

Aol

6o

7

Fig. 1. Outline of an experimental AES configuration with an
analyzer having a large conical acceptance angle.

Jablonski and Powell [11] analyzed the case of
an analyzer with a large solid acceptance angle,
AQ . These authors introduced a new function,
the integral emission depth distribution function
(IEMDDF), to simplify the notation and BCF
calculation. The following defining formula for

the IEMDDF was proposed:
j #(Q,2) dQ
#" (AQ,z) = —22 )
[ [ #@.2)dzde
AQ 0

Introducing Egs. (3) and (6) into Eq. (2), we obtain
[11],

R:jan(z,EO,eomN(AQ,z)dz, )
0

to give the BCF from the advanced model.
Jablonski [5] has shown that, under certain

assumptions, Egs. (2) and (5) simplify to the form
often used in previous calculations (i.e., the
simplified model):

R=1+ (8)
Ey /2
cos, I,(E,ap) 0,(E)
— : dogdE,
IOO'i(EO)EIC -([ cosay g

where 0,;(E) is the relevant inner-shell
ionization cross section at an electron energy E,
I, is the primary-electron current, and

I5(E,ap) is the energy and angular distribution

of backscattered electrons. Note that Eq. (8) is
independent of the size and location of the
analyzer solid angle.

4. Results and discussion

We analyze the influence of the size of
analyzer solid angle on the BCF for an illustrative
Auger transition, Ag MyN4sNy4s Auger electrons
from silver. Calculations were performed for the
experimental configuration shown in Fig. 1. The
algorithm used for these calculations is described
in Ref. 11. Figure 2 shows the IEMDDF
calculated for two analyzer acceptance solid
angles: a cone with Ao =10° and a cone with
Ao = 80°. Although the analyzer axis is
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Fig. 2. The IEMDDF for Ag MyN4sNys Auger electrons from
silver. Open circles: Aa =10° ; filled circles:

Aa = 80°; solid line: the EMDDF calculated from the
transport approximation [15].
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Fig. 3. The EXDDF calculated for the Ag M, subshell for the indicated primary energies between 1 keV and 30 keV. Arrow indicates

the 95% information depth. (a) Primary beam incidence angle (90 =0°; (v) (90 = 80° . The vertical arrow indicates the maximum
information depth (ID) for detection of 95 % of the Ag MyN,sNys Auger electrons.

normal to the surface in both of the considered
cases, we see a distinct influence of the size of the
solid angle on the IEMDDF. For comparison, the
EMDDF calculated from the transport
approximation [15], a more approximate model,
for normal emission of the Auger electrons is also
shown in Fig. 2. We see that this function
compares well with the IEMDDF for an analyzer
solid angle with A =10°. Thus, the IEMDDF
does not appear to vary significantly for small
half-cone angles, A« , less than 10°.

The second function needed for calculations of
the BCF is the EXDDF [Eq. (3)]. This function
calculated for the Ag M, subshell is shown in Fig.
3. The EXDDF clearly depends on primary energy
and to a much greater extent for the more grazing
incidence angle of the primary beam [Fig. 3(b)]. In
the so-called common formalism of AES [1-3],
the density of inner-shell ionizations is assumed to
be uniform within the depth from which the
detected Auger electrons originate. This
assumption is also made in the simplified model
for the BCF. The vertical lines in Fig. 3 indicate
the maximum information depth (ID) for detection
of 95 % of emitted Ag MyN4sNys Auger electrons.
Figure 3 clearly shows distinct variations of the
EXDDF within the ID, particularly for low
primary energies and for glancing incidence of the
primary beam. These variations lead to differences
between the BCF wvalues calculated from the
advanced and simplified theoretical models.
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Figure 4 compares the energy dependences of
BCFs calculated from different theoretical models
for incidence angles of (a) 0° and (b) 80°. As
expected, there are pronounced differences
between BCFs calculated from the advanced and
simplified models, particularly at glancing
incidence of the primary beam. For a primary
energy of 1 keV, the difference between BCFs
from the simplified model and from the advanced

model for 6, =80° and Aa =10° exceeds

50 %. This difference decreases to 4.5 % at 30 ke V.
At normal incidence, the difference is smaller,

reaching 10% in the vicinity of £, = 2 keV. A

distinct difference is observed between BCFs
calculated from the simplified model [Eq. (8)] and
those from the Shimizu predictive formula [16].
The BCF difference varies between 10 % and
13 % for energies between 3 keV and 10 keV (the
energy range for which the Shimizu formula was
developed), and increases to 17 % for higher
energies. The Shimizu predictive formula is based
on BCF calculations with the simplified model but
different input parameters (elastic scattering cross
sections, ionization cross sections, stopping
powers) were used by Shimizu and coworkers
[16-18] than in the present calculations [10,11]. In

addition, there is a singularity at &, = 7 /2 in Eq.
(8), and this problem was circumvented in each

algorithm in a different way. Finally, the Shimizu
formula was obtained from fits to results
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Fig. 4. Energy dependence of BCFs for Ag M,N,;sNys Auger electrons from silver. Open circles: advanced model for Aax = 10°;
filled circles: advanced model [Eq. (7)] for Acx = 80° ; triangles: simplified model [Eq. (8)]; dashed line: the Shimizu formula [16].

(a) Primary-beam incidence angle 00 =0°; (b) 90 =80°.
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Fig. 5. Plot of the percentage difference AR from Eq. (9)
between BCFs calculated from the advanced model for

analyzer-acceptance solid angles with AQ =10° and
AQ =80° . The open circles show AR for a
primary-beam incidence angle of 0° and the solid circles
show AR for an incidence angle of 80°.

of Monte Carlo calculations for many solids, and
some differences of BCFs for individual solids
from BCFs from the formula are expected.

We now calculate the differences between
BCFs from the advanced model for the two
considered solid angles, i.e., between
R(Aa =10°) and R(Aa =80°):
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R(Aa =10°) — R(Aa = 80°)
R(Aa =10°) '

AR =100

)

Figure 5 shows plots of AR versus primary energy
for incidence angles of 0° and 80°. For normal
incidence of the primary beam, AR is rather
small, reaching 2 % for primary energies between
2 keV and 3 keV. Larger values of AR are
observed for glancing incidence of the primary
beam. At 1 keV, AR is about 20 % but decreases
with increasing energy to less than 1 % at 30 keV.
A similar result has recently been obtained for Pd
M;NysNys Auger electrons from palladium [11].

5. The NIST BCF Database for AES

Recent work has shown that BCFs from the
advanced model are a function of the
Auger-electron emission angle in addition to other
parameters [6-11]. As shown above, the BCF also
generally depends on the size of the
analyzer-acceptance angle. We note that the solid
acceptance angle of an analyzer may be
complicated and require some additional defining
parameters. Suppose that the solid acceptance
angle is contained between two cones defined by

half-cone angles Aa (external) and Ag,,
(internal), as outlined in Fig. 6 (e.g., as for a

cylindrical mirror analyzer or a retarding-field
analyzer with an axial electron gun).
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Furthermore, the analyzer axis may be located
at a certain angle ¢, with respect to the surface

normal. We see that three angles are then needed
to describe the analyzer solid acceptance angle. It
seems that it would be very difficult to develop a
predictive formula for the BCF in which this
angular information could be included. One of the
possible solutions would be the availability of a
computer-controlled database to provide BCFs
from the advanced model for a user-specified
experimental configuration. Such a database is
currently under development [19]. The NIST
Backscattering-Correction-Factor Database for
Auger Electron Spectroscopy will provide BCFs
from the simplified and advanced models for
primary energies up to 30 keV. In calculations of
the EXDDF, one of the three formulae for the
inner-shell ionization cross section can be selected,
i.e., the formulae of Gryzinski [20], Casnati et al.
[21], or Bote et al. [22]. BCFs can be determined
for ionizations of the K, L, M and N shells. For the
advanced model, an experimental configuration as
outlined in Fig. 6 can be selected. Finally, BCF
data are available for elements and compounds.

Qlax

EO 9()

7

Fig. 6. An example of a complicated structure of the solid
acceptance angle of an analyzer.

6. Conclusions

In view of advances in the theory of electron
transport in solids, the definition of the correcting
factor accounting in AES for ionizations by
scattered electrons needs to be modified. The term
“backscattering correction factor” is presently
proposed for this correction. We find that the BCF
depends on the size and shape of the analyzer
acceptance angle. Preliminary calculations show
that the influence of the analyzer-acceptance angle
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is not significant at normal incidence of the
primary beam, but may be very pronounced at
glancing incidence. Since numerous parameters
influence the BCEF, it would be difficult to derive a
predictive formula for BCFs from the advanced
model. A useful tool would be a database
providing BCFs for particular analytical
conditions [19].
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