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Electron Rutherford back scattering (ERBS) is a new spectroscopy for determining the composition of
surfaces. In this work the surface sensitivity of ERBS was investigated by changing the entrance and exit
angle of the electron beam while keeping the scattering angle constant. It was found that in this way
the surface sensitivity of the technique can be varied considerably. We use aluminium as a test case for
ERBS, as it is well studied. The technique has been used to investigate the oxide film of aluminium foil as
manufactured and the native oxide (Al,0O;) film formed on a clean aluminium surface exposed to air. We
have also used ERBS to investigate the presence of Xe, implanted during the sputter cleaning process, at a
variety of depths within an aluminium matrix. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Electron Rutherford back scattering (ERBS) is a relatively new
surface analysis technique.!~* Analogous to (ion) Rutherford
back scattering (RBS), it relies on the elastic scattering
of particles from the surface and near-surface region at
high-momentum transfer. However, in ERBS the scattered
particles are electrons rather than ions. Electrons, which
scatter elastically from materials, are often naively thought
to have the same incident and exit energy because of the
relatively large mass ratio between the target and projectile.
In reality, only the total kinetic energy (electron and target)
is conserved as the electron transfers momentum and thus
a small, but measurable, amount of energy to the scattering
atom. This energy transfer (the recoil energy) results in an
energy loss of the scattered electron. The amount of energy
loss of the electron scattering from a particle at rest is given
by E, = q*/2M (where E, is the energy loss, g is the magnitude
of the momentum transfer q and M is the mass of the atom).
Further, even at 0 K the atoms are vibrating in the lattice.
This produces a Doppler broadening of the elastic peak such
that the energy loss of an electron scattering from a target
with momentum p is given by:
¢ ., ap

Thus, for high-momentum transfer the elastic peak will
split into peaks individual for each of the constituent
elements (with atomic mass M) with a peak width which is
related to the vibration motion of that nucleus in the lattice.
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The intensity of electrons scattered from each constituent
element is proportional to the elastic cross-section at the
chosen scattering angle which, to a first approximation, can
be described by the Rutherford cross-section and is thus
proportional to Z2, with Z being the atomic number.

Only electrons that have not scattered inelastically will
contribute to the elastic peak. The probability (I;) that an
electron has not scattered inelastically decreases with I, the
path length inside the material as:

I = el (2)

where 1 is the inelastic mean free path (IMFP).

Thus, for a reflection ERBS experiment of a homogeneous
system the elastic signal on average comes from electrons
which have a total path length of
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In the work presented here, the sample can be rotated
around the vertical axis which in turn changes the incident
(6in) and outgoing (Aou) angle that the electron beam makes
with the surface normal. In this way, the average signal
depth (5) at which the electrons scattered elastically can be
varied. Figure1l shows a schematic representation of the
measurement, it follows from this figure that the average
signal depth is related to 6, 0o and the IMFP by
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Assuming a single scattering approach, ie. contributions
from multiple elastic scattering are minor, then the count
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Figure 1. Geometry used to calculate the average signal depth
from the incident and outgoing beam angles at the average
signal depth §,a +b = A.

rate (I19™) for the elastic peak of a homogeneous Al layer is:
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With C, a constant, determined by the experimental con-
ditions (beam current, detector opening angle, etc). For an
overlayer-substrate system, this becomes slightly more com-
plicated. Consider the special case of an Al,O; overlayer
(with thickness a) on aluminium. The substrate contribution
is attenuated from the value given by Eqn (5) as electrons
scattered elastically from the substrate may scatter inelasti-
cally in the overlayer.

—a 1 1
+
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The intensity of electrons scattered from oxygen is given

by
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For aluminium, the observed intensity is the sum from the
contribution of Al in the overlayer and substrate:
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In the previous (—) are the differential elastic scat-
ds2) oAl

tering cross-sections, Naj a0, the atomic densities of Al and
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Figure 2. Schematic representation of the experiment. The
sample can be rotated around the vertical axis to change the
depth sensitivity. If the sample surface normal is in the vertical
plane through the gun, « = 0. The experiment is in its most
bulk sensitive geometry when the sample is rotated by ~20°
towards the analyzer (@« = —20°) see Fig. (3).

AL O3, and Aapano, the respective IMFP. The elastic cross-
sections and IMFPs are available from relativistic partial
wave calculations® and TPP-2M calculations,® respectively.

EXPERIMENT

Figure 2 shows the experimental configuration used for the
ERBS measurements. An electron gun (Kimball Physics ELG-
2 with BaO filament for reduced energy spread ~300 meV)
produces a beam of electrons at 550 eV, the electrons are
accelerated by the sample which is held at 39450 kV. Thus,
the 40 keV electrons hit the sample. This energy allows
the Xe, Al and O elastic peaks to be separated within our
experimental resolution. The choice of such a high energy
also allows the sample to be investigated over a significant
depth. The electron gun is mounted below the horizontal
plane at an angle of 45°. The analyzer is placed such that
the scattering angle is 120°. At this angle, the mean recoil
energy according to Eqn (1) is then 4.3 eV (O), 2.5eV (Al)
and 0.5 eV (Xe), and under these conditions the calculated
differential elastic cross-section is 9.02 x 10~ cm~2/Sr for
0, 2.44 x 1072 cm~2/Sr for Al and, 6.33 x 1072 cm~2/Sr for
Xe).? For Al and O, the cross-sections increases proportional
to Z? (as expected for the Rutherford cross-section), but for
Xe the increase in cross-section is less than expected from
the Rutherford formula. This is due to screening of the
nucleus by bound electrons included in the calculations but
absent in the Rutherford cross-section. At 40 keV, the IMFP
as determined by the TPP-2M formula is 544 A for ALO; and
528 A for Al®

Electrons, which scatter from the sample into the entrance
slit of the analyzer, are decelerated to 200 eV and focussed at
the entrance of a hemispherical electron-energy analyzer. The
scattered electrons are energy dispersed as they pass through
the analyzer. Electrons that scatter elastically and with small
energy loss (<40 eV loss) are detected simultaneously by
the two-dimensional detector at the exit of the electron-
energy analyzer. Electron-energy loss spectra can be obtained
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over a wider energy range by scanning the potential of
the analyzers. Scanning also corrects for inhomogeneities in
the channel plate efficiency. The electron-energy analyzer is
mounted in the horizontal plane at 45° to the plane formed
by the gun and the vertical direction. The electron-energy
analyzer has been described in more detail elsewhere.”

Beam currents for these measurements are typically 5nA.
Measurements generally take 1.5 h and consist of a number
of scans across the region of interest (elastic peak). With the
elastic peak centered on the detector count rates are of the
order of 200 Hz. Signal-to-noise ratio is determined from the
“dark counts” in the region of negative energy loss and the
total counts in the elastic peak and is greater than 300:1.

By rotating the sample around the vertical axis, the
angle that the incident and outgoing electrons make with
the surface changes, and thus the length over which the
electrons, originating from a certain depth, travel is either
increased or decreased. This changes the sensitivity of the
technique from depth sensitive when the sample normal is
toward the analyzer to more surface sensitive when it is
rotated away (Fig. (3)).

RESULTS AND DISCUSSION

First, an aluminium foil sample (99.99% purity: metal content
only, supplied by Alfa Aesar) was cleaned with ethanol and
placed in the vacuum. In the ERBS measurement, the elastic
peak showed a small shoulder at the positive energy loss
side of the main aluminium peak (Fig. (4)). As the absolute
energy scale of our apparatus is unknown within ~ +0.5 eV,
the peak positions cannot be measured. As such, the main
elastic peak is aligned with the expected recoil energy for
Al (2.53 eV). The shoulder appears then at an energy that
corresponds to the recoil energy for oxygen (4.21 + 0.03 eV)
in good agreement with 4.27 eV as predicted by Eqn (1). For
each spectra, the peak areas were determined by nonlinear
fitting using two Gaussians, one for each constituent element.
Doppler broadening is clearly resolved as the full width
at half maximum (FWHM) of the aluminium and oxygen
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-45 -30 -15 0 15 30 45

Sample angle o (degrees)

Figure 3. Average signal depth for homogeneous materials as
a fraction of the IMFP for accessible sample angles as
calculated using Eqgn (4). Squares-indicated angles measured
in this work.
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are 1.0+ 0.1 and 1.5+ 0.1 eV respectively, larger than the
experimental resolution of ~0.6 eV.

The relative peak areas Fig. (4) obtained from Gaussian
fits of the elastic peaks are then compared with values
obtained from Eqns (5)—(8). These calculations use the
accepted values for the bulk density and stoichiometry of
Al,O;. For the o = 0 sample orientation, good agreement
with the measurement was found for a layer thickness of
~190 A. This thickness is more than the oxide thickness that
grows on clean Al when exposed to atmosphere (referred to
as the native oxide). It is presumably caused by a combination
of the native oxide layer and oxygen introduced into the
surface by the rolling procedure used in forming the foil. This
value is in good agreement with an oxide layer produced
at ~300°C® a surface temperature which would likely be
attained during cold rolling.

By rotating the sample to the more surface sensitive
position and performing the same measurements, one finds
that the relative intensity of the O-peak increases, but not
as much as calculated based on Eqns (5)—(8). This would
be indicative of a inhomogeneous oxide layer covering the
surface. At the 40° position, the average signal depth is
0.08 times the IMFP and so the peak-area ratio Al: O should
approach oAlNa1/0oNo = 1.803 (& (132 x 2)/(8 x 3) = 1.76)
for a thick oxide film. The measured value is 2.5, which
would support the hypothesis that the film is indeed
inhomogeneous as the beam would only need to see a small
amount of substrate for this to occur. Le et al.’ investigated
the fracturing of the oxide layer in cold rolled aluminium
and found that in the cold rolling process, pure aluminium
could be extruded through cracks in the oxide layer. This
process will increase the amount of aluminium observed on
the surface layer, thus the Al:O ratio could approach that
measured.

By changing the angle we change the fraction of the Al
signal that originates from the substrate. For « = 0°, the
majority comes from the substrate; for « = 40° the majority
comes from the overlayer. As the bonding of Al in Al metal
and in Al,Oj is different, its vibrational properties (and hence
Doppler broadening) are not necessarily the same. However,
we do not observe a clear trend in the Al peak width in Fig. 4.

The sample was then cleaned of the oxide layer by Xe
sputtering at 3 keV for ~3 h and 2 pA/cm? current density
with the ion beam perpendicular to the sample surface. In
this case, the oxygen peak is removed but a surprisingly
large additional peak appears at the low energy loss side
of the main aluminium peak Fig. (5). Again by aligning the
Al peak with the position determined from Eqn (1) this new
peakis centered at 0.56 £ 0.02 eV in good agreement with the
calculated energy loss for Xe of 0.52 eV. The peak is therefore
attributed to Xe which is implanted into the aluminium
surface. The large intensity of the peak can be explained
by its large elastic scattering cross-section. The width of the
Xe peak (FWHM 0.6 £ 0.1 eV) is less than that of either the
aluminium or oxygen peaks and is probably determined
mainly by the combined energy resolution of analyzer
(<500 meV) and energy spread of the gun (=300 meV).
Measurements of Xe-ion deposition at higher energies have
found that these implanted ions precipitate to form bubbles
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Figure 4. Comparison of the native oxide layer from the raw foil

in each of the three measurement geometries. Solid line

a = 0°, dashed line « = +25° and dotted line o = +40°. The
ratios of Al- to O-peak area as determined by curve fitting are
given in the legend. This figure is available in colour online at
www.interscience.wiley.com/journal/sia.

below the surface.l’1> Our measurements at this lower
energy have found the ions to become similarly trapped
in the matrix, however the form of the Xe is unknown. A
SRIM™ simulation of the sputtering indicates that these ions
are implanted at a depth up to ~60 A. However, keep in
mind that the sputtering process also erodes the surface. By
measuring the sample in the 0°, —25° and +25° positions the
Xe elastic peak appeared largest in the most surface sensitive
measurement. This would suggest that the Xe distribution
was centered at a depth smaller than §, the average signal
depth. In order to test our understanding aluminium was
evaporated on the Xe-cleaned Al film, in three steps: 100, 150
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and 150 A. Hence, assuming that the Xe-depth distribution
after implantation is centered at 60 A, after evaporation the
Xe ‘layer’ appears at a total depth of 160, 310 and 460 A
for the respective aluminium depositions. The thickness of
deposited aluminium was calibrated by conventional ion
RBS in a separate evaporation on molybdenum.

Table 1 shows the incident and outgoing beam angles
for the three sample positions and the average signal depth
as a function of the IMFP. These calculations indicate that
for an implantation depth of ~0.3x the IMFP that to a
first approximation rotating the sample will have only a
small effect on the observed Xe intensity. The energy loss
spectra of the 60, 160, and 460 A (Xe depth) measurements
in each of the three geometries is presented in Fig. (5). These
measurements demonstrate three possible cases; where the
Xe is above the average signal depth; where the Xe is at the
average signal depth and when the Xe is below the average
signal depth. It can be clearly seen that in the as implanted
film, when Xe is close to the surface, rotating the sample to
the surface sensitive position increases the Xe-peak intensity.
Alternatively, for Xe that is at a depth of 460 A rotating the
sample to the bulk sensitive position increases the Xe peak.
However, when the Xe is near the average signal depth of
the Al, rotating the sample to the three positions causes only
small changes in the Xe intensity.

In Fig. (6), we present calculations for the Al-to-Xe ratio
for each of the three measurement angles for Xe depths up
to 600 A for three different values of the IMFP compared to
the measurements of the Al: Xe ratio from the depths of 60,
160, 310 and 460 A. It can be seen that the average signal
depth (where the three lines are closest) changes as the IMFP
varies. The measurement is in agreement with the TPP-2M
calculation'* of the IMFP 528 A.

Finally, we prepared a clean aluminium surface by
evaporating 1500 A of Al (99.98%) over an aluminium
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Figure 5. Measurements of the elastic peak for Xe-implanted Al for three Xe depths and the three sample angles.
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Figure 6. Calculated peak ratios for each of the three geometries for Xe impurities in Aluminium at different depth, compared to the
measured peak ratios (top left). Calculations were done assuming different values for the inelastic mean free path, as indicated. Solid
line « = 0°, dashed line « = —25°, dotted line « = +25°. This figure is available in colour online at www.interscience.wiley.com/

journal/sia.

Table 1. Angular values for each of the three sample positions
and the associated average signal depth

average
Sample Incident outgoing signal
Description angle o (°) angle 6y, angle 6,y depth$
Bulk sensitive —25° 50° 20° 0.384
Normal 0° 45° 45° 0.351
Surface sensitive +25° 50° 70° 0.22x
Extremely surface +40° 57° 85° 0.08x

sensitive

substrate. The cleanliness was confirmed with ERBS; no
sign of oxygen was present in the measurement (Fig. (7)) and
the elastic peak consisted of only one component. The sample
was then removed from the vacuum and exposed to air at
21°C for approximately 2 x 10° s before being returned to
vacuum and measured again with the ERBS technique at the
—25°, 0° and +25° orientations. The native oxide layer was
determined to be 554 10 A thick in reasonable agreement
with measurements by other groups'®!® who determined the
native oxide layer to be ~40 A thick. Figure (7) also shows
that the oxygen peak is indeed larger for the rolled film than
for the film oxidized in air.

By changing o to 40°, the outgoing electrons become very
glacing (85°). Now, even at such large glancing angles, the
substrate still contributes (as the oxide overlayer is quite
thin) and given the difference in cross-section between Al
and O if the beam ‘sees” only a small amount of substrate it
will affect the observed ratio considerably. The Al: O peak-
area ratio is found to be 8.7:1 while that calculated from
Eqns (5)—(8) (assuming a oxide film thickness of 55 A)is2.9: 1

Copyright © 2007 John Wiley & Sons, Ltd.

in comparison to 1.76:1 (assuming bulk oxide) determined
from the simple ratio oa1Na1/00No. One explanation may be
the rough nature of the evaporated film, and the spectrum is
mainly due to those surfaces for which the outgoing angle is
less than 85°.

SUMMARY AND CONCLUSION

Measurements using the ERBS technique have been used to
determine the thickness of the oxide layer caused by cold

T T T T T T T
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Figure 7. Comparison of ERBS measurements from clean
aluminium, the oxide layer from cold rolling and the native
oxide layer formed by exposure of clean aluminium to air. All
measurements taken with o« = 0°. Solid line, native aluminium
oxide; dashed line, raw aluminium foil; dotted line evaporated
aluminium foil. This figure is available in colour online at
www.interscience.wiley.com/journal/sia.
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rolling. From measurements in a bulk sensitive geometry,
we obtain an oxide thickness of ~190 A, which is good
agreement with other measurements of an oxide layer
created in air at 300°C.8 At large glancing angles, the Al: O
peak-intensity ratio does not approach the ratio calculated for
Al O3 which suggests that the oxide film is inhomogeneous.

The oxide layer created by exposing a freshly deposited
aluminium layer to air was determined to be 55410 A
in comparison to a value of ~40A as determined by
other groups.’>!® Measuring at large glancing angles (85°
between surface normal and analyzer) again does not lead to
the peak-intensity distribution as calculated for an ALO;
compound. In this configuration, we see more Al than
expected. This could be explained by the rough nature
of the evaporated films. However, there is an alternate
explanation for the deviation observed at large glancing
angles. A similar problem has been observed before for other
stoichiometric compounds? and was then attributed to errors
in the calculated cross-sections. The same could be true for
the discrepancy seen in the large angle measurement of the
cold rolled aluminium foil and oxidized evaporated films.

This technique has also been used to examine ion
implantation of Xe into an Al matrix. When the implanted
layer is centered at smaller depth than the average signal
depth, the signal from the Xe layer can be increased by
making the measurement more surface sensitive and vice
versa. As the average signal depth is related to the IMFP
of electrons in the material, we have found good agreement
between our measurement and a TPP-2M calculation of the
IMEFP of aluminium at 40 keV.

Doppler broadening is clearly resolved for Al and
O as their observed width (1.0£0.1eV and 1.5+0.1eV
respectively) is larger than the width of the Xe peak
(0.6 £0.1 eV) The FWHM of the peaks is clearly related
to its mass (as expected from Eqn (1)), with lighter elements
exhibiting a larger Doppler broadening.

In this work, a strong dependence on Z for detection in
an ERBS spectrum has been shown. For heavy impurities
in a light substrate, the ERBS technique does very well
and only a small amount of the heavy element (Xe in this
case) is required for a strong elastic peak to be observed.
In cases where light elements are in the presence of heavy

Copyright © 2007 John Wiley & Sons, Ltd.
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elements (oxygen into aluminium), the large difference in
cross-section (x Z*) means that even for cases where the
light element constitutes the majority, as in the case of AL, O3,
their contribution to the elastic peak is small. Thus small
amounts of a light element will be difficult to detect in a
heavy element matrix. In the case where the two elements
are of similar mass, the Doppler broadening of the individual
peaks means that their peaks can not be resolved.

In general, ERBS is an electron spectroscopy with a
rather unique set of characteristics. We think that it has the
potential to be developed into a quantitative surface analysis
technique, especially for study of materials on a somewhat
larger depth-scale than can be studied by conventional
electron spectroscopy using energies of ~1 keV and less.
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