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Abstract

In large-angle elastic scattering events of keV electrons a significant amount of momentum is transferred from the electron to a
nucleus in the target. As a consequence kinetic energy is transferred from the energetic electron to the nucleus, and hence these processes
can be referred to as ‘quasi-elastic’. How much energy is transferred depends on the mass of the nucleus. In this paper, we present mea-
surements from a two-layer system (a germanium layer and a carbon layer), and at high energies the quasi-elastic peaks of Ge and C are
clearly resolved. It is demonstrated that the sample geometry has a huge effect on the observed relative intensities. It is shown that the
intensities are influenced by the elastic scattering cross-section of the atoms in the film, film composition and selective attenuation, due to

varying amount of inelastic scattering for layers of the film. However truly quantitative agreement is not obtained.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Electrons scattering elastically from surfaces have been
used to study sample composition of the outermost layer.
In this so-called elastic peak electron spectroscopy (EPES)
the measured intensity is determined by an interplay be-
tween the elastic scattering cross-section and the inelastic
mean free path (as inelastic processes remove intensity
from the elastic peak) [1]. Indeed by assuming that the elas-
tic scattering processes are understood, the EPES measure-
ments are often used to determine the inelastic mean free
path (see e.g. [2,3]).

Since the work of Boersch et al. [4] it is known that there
is an energy loss involved in large-angle elastic scattering
events, consistent with momentum transfer to a single atom
in the scattering event. If an incoming electron with
momentum p, scatters over an angle 6 its momentum
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changes by a magnitude g = 2pysin(6/2). This momentum
is transferred to a target atom with mass M. If the target
atom is at rest before the collision the recoil energy E,
transferred will be ¢°/2M.

The recoil energy is conveniently obtained in eV by
E,=C¢* /M with M in atomic mass units, and C=
0.00741 and the momentum transfer g expressed in atomic
units (7 =m,=1), or C=0.00207 when the momentum
transfer is expressed in A~' (lau. of momentum
~1.89 A*l). Thus the energy loss of a 30 keV electron

0 =90.02 A"") scattered over 45° (¢=68.9A7") is
9.8 eV for scattering from a proton, 0.81 eV for scattering
from C, and 0.14 eV for scattering from a Ge nucleus.
Hence good energy resolution is required if one wants to
separate Ge from C under these conditions.

If the target atom has a momentum k before the collision
(and corresponding kinetic energy k*/2M) the energy trans-
fer is given by:

(k+4q)’

E== i~ )
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Thus there is a shift in energy and a Doppler broadening of
the elastic peak. For the same scattering angle the shift and
broadening decreases with increasing atomic mass. In re-
cent years elastic scattering experiments have confirmed
both the shift and broadening convincingly for light and
medium mass nuclei. For heavy elements the broadening
and shift is still of the order of the experimental resolution.
These experiments were done both in reflection [5,6] and in
transmission [7]. Especially the contribution of electrons
scattered from hydrogen was well resolved from that of
carbon in polymer films. The hydrogen peak width in these
measurements could not be explained by assuming k7 ki-
netic energy per degree of freedom. Instead it reflects the
zero-point motion of the bound hydrogen nucleus in the
polymer film [7]. The underlying physics of these scattering
experiments is analogous to that of neutron Compton
scattering. Indeed consistent results were obtained in a
comparative study of neutron and electron scattering
experiments of polymer films [8,9].

Here we want to continue this line of research. We
improved the energy resolution and now we can resolve
carbon signal from that of heavier elements such as germa-
nium. By evaporating germanium on a thin, free-standing
carbon film we prepared a target suitable for study in a
transmission and reflection geometry. We investigate the
influence of measurement geometry on the observed inten-
sities, as well as the dependence of the spectra on the energy
of the incoming electrons.

Interpretation of these measurements depends on the
elastic differential cross-section and the inelastic mean free
path. We give the relevant quantities in Table 1. We calcu-
lated inelastic mean free path values using the semi-empir-
ical expression given by Tanuma et al. [10] for electrons
with energy E (in eV) and 4 (in A):

/.~ E[|E fIn(yE)] (2)

with E,, the plasmon energy, f and y tabulated parameters
[10]. This formula was developed for XPS energies (up to
2 keV), and the current extrapolation to 30 keV is pushing
the limits.

In recent publications rather different values are given
for the inelastic mean free path, especially for graphite
[11,13]. We reproduce the calculated inelastic mean free
path based on the [10 and 11]in Table 1. For Ge an exper-
imental determination at 30 keV gives a value of 350 A [14],
which is in surprising good agreement with the extrapo-

Table 1

lated values given in Table 1. Recent experimental determi-
nation of the inelastic mean free path of Ge at lower
energies were published by Berényi et al. [15].

An alternative approach is to use mean free path values
obtained in the literature for electron energy loss spectro-
scopy (EELS) and extrapolate these to smaller energies.
Here a semi-empirical formula was proposed by Malis
et al. [16]. It is intended for use in an electron microscope,
where an aperture in front of the analyzer sets an upper
limit f to the angular range of the detected electrons. This
approximation gives for A in nm and E in keV:

106FE

~ EnIn(2PE/En) ()

with E,, = 7.4Z°3%, and F a relativistic correction factor:
1+ (E/1022)
(14 (E/511))*

In applications without aperture, we have to restrict the
range of allowable S angles, as the underlying theory ap-
plies only in the dipole region. This limited range can be
approximated roughly by replacing f by \/E,/E [17]. In
this way this approach gives values that are 15-25% smaller
than the equation by Tanuma et al. [10].

The differential elastic cross-sections were obtained from
the ELSEPA package written by Salvat et al. [12]. In these
experiments we are starting to approach the Rutherford
limit, where the differential cross-section is proportional
to Z*/E?. In this limit the Ge cross-section is 28.4 times that
of C.

2. Experimental details

Thin evaporated carbon films (supplied by Arizona
Carbon Foil Company) with a nominal thickness of 8 ug/
cm? were transferred on a shim with 2 mm holes. These
samples were introduced into the electron momentum spec-
trometer, extensively described in Ref. [18]. The spectrom-
eter was used in this work for elastic scattering. The carbon
films were annealed to ensure is was conductive and to
clean it from adsorbates. A 2 A or 20 A thick Ge layer
was evaporated on this film (as judged from a crystal thick-
ness monitor), the pressure during evaporation was in the
107¢ Pa range. After evaporation the sample was trans-
ferred under vacuum to the main chamber (pressure in
the 107° Pa range). An electron beam of 0.2-1nA

The inelastic mean free path (calculated according to [10] and according to [11]), the differential cross-section for elastic scattering at 45° for C and Ge [12],

at the energies used in this paper

Ey(keV)  An C(A)[10]  Zin C(A)[11]  Jin Ge (A)[10]  An Ge (A)[11]  do/dQ C 45° (A%)  do/dQ Ge 45° (A%)  do/dQge:de/dQc
15 270 171 206 190 9.7%x107° 23%x1073 23:1
20 346 221 264 243 5.6%x1073 14x1073 25:1
25 421 268 320 294 3.6x107° 0.96x 1073 27:1
30 494 314 375 345 2.5%107° 0.70 x 1073 28:1

The last column shows the ratio of the differential elastic cross-section of Ge and C at 45°.
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Fig. 1. Schematic view of the experiment.

impinged on the sample. The measurements were either
done in a reflection geometry, or a transmission geometry.
In both cases most of the beam was transmitted through
the sample and collected in a Faraday cup behind the sam-
ple (see Fig. 1). The beam diameter (0.1 mm) is much smal-
ler than the 2 mm holes. Even when we use a support shim
with 0.3 mm holes we do not detect counts in the analyzers,
if there is no film covering the holes. Hence we are confi-
dent that in this case, using 2 mm holes, no electrons scat-
tered from the support shim are detected, even when we
come in or out at a relatively glancing angle of 22.5°, as
is sometimes the case in this experiment.

In order to get good energy resolution we used as a fil-
ament a barium oxide dispenser (supplied by Heatwave
Labs Inc., model 311 M), operating at a very low heating
current The pass energy of the analyzer was set to
200 eV. A spectrum was collected in about 1 h.

The performance of the spectrometer was tested using a
self-supporting Au film. Due to its high Z (and hence large
elastic scattering cross-section) spectra could be taken with
an extremely low beam current (0.05 nA, rather than the
0.5-1.0 nA used for the measurements on Ge and C). The
Au measurements were done at 0.58 A current heating
the dispenser (the value used for all the other measure-
ments of this paper), and at 0.49 and 0.70 A. These results
are shown in Fig. 2. All peak shapes are asymmetric, the
measurements taken with high-filament current more so
than the low filament current one, and the Gaussian fit,
shown in Fig. 2 is clearly not describing the data well.
The temperature dependence suggest that the Maxwell-
Boltzmann energy distribution of the emitted electrons is
reflected in the shape of the elastic peak. The Gaussian fits
have a full-width-half maximum of 0.35eV at 0.7 A,
0.27 eV at 0.58 A and 0.22 eV for the 0.49 A measurement.
We think that this reflects the spectrometer performance,
and that the Doppler broadening due to the motion of
the Au atoms is negligible, due to the large mass of Au

(see Eq. (1)).

Intensity (arb.units)

Energy Loss (eV)

Fig. 2. Au elastic peak, taken at different filament currents (0.49 A: O,
0.58A: @, 0.70 A: +), and their Gaussian fit (dashed line, full line and
dashed-dotted line, respectively). The asymmetry of the peak increases
with filament current. This is thought to be due to the Maxwell-
Boltzmann energy distribution of the emitted electrons.

Unfortunately the energy scale of our spectrometer is
somewhat dependent on the sample position and filament
conditions. Hence it is not possible to compare the energy
positions of measurements that have the sample re-aligned
(with 0.2 mm accuracy). The spectra were plotted in such a
way that the position of the Carbon peak coincides with
the prediction of Eq. (1). In practise the peak decomposi-
tion was always straight forward and the separation in en-
ergy AE of the C and Ge contribution was not affected by
the uncertainty in the absolute energy scale.

3. Results

In the top panels of Fig. 3 we show the quasi-elastic
peak of 30 keV electrons scattered from a 8 pg/cm? carbon
film, both in transmission and in reflection. These peaks are
much wider than the Au peaks shown in Fig. 2 (both are
0.8 eV FWHM), and this is due to the Doppler broadening.
The peaks are fitted with a Gaussian and a Shirley back-
ground [19].

For an isotropic harmonically bound solid the momen-
tum distribution is Gaussian, and the observed width is
conveniently expressed in terms of the mean recoil energy
E,=¢*/2M (0.81 eV for 30 keV electrons scattering from
Carbon over 45°) and the mean kinetic energy of the atoms
Ex. The standard deviation ¢ of the observed Gaussian is
given by [20]:

- [, 0
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Fig. 3. The dependence of the elastic peak on the measurement geometry and Ge thickness. The carbon film thickness is 350 A in all cases and the energy
30 keV. In the transmission experiment the incoming beam was along the surface normal, in the reflection measurement the angle between the surface

normal and both the incoming and outgoing beam was 67.5°.

Using the mean kinetic energy for graphite of 108 meV
as derived from neutron Compton scattering (NCS) [21]
we obtain ¢ =0.34¢eV ie. the full-width-half-maximum
(FWHM) I' is 0.79 eV, within the limits of error identical
with our experimental estimate of 0.80 eV.

However, the Gaussian fit is not perfect, but in this case
it is not due to the Maxwell-Boltzmann energy distribution
of the emitted electrons, as this asymmetry is completely
obscured by the large width of the carbon peak. Indeed
the asymmetry for carbon peak is of opposite sign as that
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observed for Au. A possible source of this deviation is a
failure of the impulse approximation. In the derivation of
Eq. (1) we assume that we scatter from a free particle. In
reality the particle is part of the lattice. Possible conse-
quences of this fact are discussed extensively in the neutron
Compton literature, see for example [22]. It predicts that,
due to the failure of the impulse approximation, the maxi-
mum will shift to slightly lower energy loss values, and the
onset of the peak at the low energy loss side to be sharper
than the decline at the high energy loss side. The latter
observation is consistent with the deficiencies of the Gauss-
ian fit. The fitting parameters obtained for the C spectra,
and those obtained after Ge deposition are summarized
in Table 3.

Now we deposit 2 + 1 A of Ge on the carbon film. We
measure again a reflection and a transmission spectrum,
in both cases the side of the film on which the Ge is depos-
ited faces the analyzer. In spite of the thin deposited Ge
film there is a clear difference in the shape of the elastic
peak (second pair of spectra, Fig. 3). In the transmission
case there is a distinct shoulder on the high energy side.
For the reflection case there is a large peak at the same en-
ergy as the shoulder in the transmission case. We will as-
sume that these new peaks are due to germanium. Peak
positions were obtained from a two-component fit plus a
Shirley background. The Ge peak is considerable sharper
than the C peak, and its width is indeed very similar to
the width of the Au peak taken with the same filament cur-
rent. The separation of Ge and C peak was calculated using
Eq. (1) and this is compared in Table 2 with the experimen-
tally obtained separation. The separation seems to be sys-
tematically 0.1 eV smaller than the calculated one. Again
this is consistent with a noticeable shift of the C peak to
lower energy loss values, due to a failure of the impulse
approximation.

The small amount of germanium is easily observed, as
its cross-section for elastic scattering is much larger than
that of carbon (see Table 1). Indeed, for very thin Ge
and C films, much thinner than the inelastic mean free
path, the areas of the components is expected to be propor-
tional to the number of atoms per unit area times the dif-
ferential elastic cross-section. The fact that the relative

Table 2

intensity of the Ge component is much larger for the reflec-
tion geometry compared to the transmission geometry indi-
cates that the effective probing depth in the first case is
much less than 350 A, the thickness of the carbon film.
In the transmission case the whole film contributes
(although the side facing the analyzer a bit more than the
other side, as we will see later).

Additional deposition of 18 + 2 A of Ge (total nominal
thickness is now 20 A) results in a Ge peak that is higher
than the C peak in the transmission case. In the reflection
case the C peak is reduced to just a tail at the high
energy-loss side of the Ge peak (third pair of spectra,
Fig. 3).

Clearly the amount of Ge observed depends on the mea-
surement geometry. This is confirmed by spinning the sam-
ple over 180° and measuring the samples with a 20 A Ge
layer again. Now the Ge peak height is reduced signifi-
cantly in the transmission geometry, and disappears below
the detection limit in the reflection geometry.

For the transmission geometry with 20 A Ge at the exit
side we studied the energy dependence of the shape of the
elastic peak. The results are shown in Fig. 4 and Table 3.
Clearly the separation of the Ge and C peak becomes less
with decreasing energy, and the peak decomposition and
peak width determination becomes more and more ques-
tionable with decreasing energy.

To get more information about the selective attenuation
of the elastic peak signals as a function of measurement
geometry, we prepared a new sample, again 8 ng/cm?
(~350 A thick) carbon film with a 20 A Ge layer deposited
on this. We now do transmission measurements, again for
30 keV electrons, but vary the angle of the electron beam as
indicated in the inserts in Fig. 5. The spectra (a—f) are or-
dered in such a way that the relative intensity of the Ge
peak increases. In the case (a—c) the carbon layer is facing
the analyzer, in case (d-f) the Ge layer is facing the ana-
lyzer. Spectrum (c) and (d) are almost identical. Spectrum
(b) and (d) are taken in the same geometry, and for nomi-
nally the same sample composition as the two spectra in the
bottom of the left column of Fig. 3. Indeed the shape of
these spectra are almost identical. The fit results are sum-
marized again in Table 4.

The energy separation AE and peak width, as obtained from the fitting procedure, for the various geometries, shown in Fig. 3

Configuration Qe AE observed FWHM Ge FWHM C Ratio observed Ratio calculated Ratio calculated
(A) (eV) (eV) (eV) AgelAc AgelAc [10] AgelAc [11]

C only transmission 0.0 - - 0.80 - -

C only reflection 0.0 - - 0.79 - -

Ge at exit transmission 2 0.54 0.22 0.85 0.044 0.07 0.08

Ge side reflection 2 0.52 0.33 0.92 0.56 0.23 0.36

Ge at exit transmission 20 0.54 0.29 0.86 0.36 0.73 0.79

Ge side reflection 20 (0.54) 0.30 (0.87) 5.7 2.7 4.2

C at exit transmission 20 0.54 0.26 0.85 0.17 0.53 0.48

C side reflection 20 - - 0.74 <0.03 0.05 0.009

Agd/ Ac is the Ge peak area divided by the C peak area. Values in brackets were kept fixed in the fitting procedure. The theoretical AE value, according to
Eq. (1) is 0.66 eV for 30 keV electrons. The calculated intensity ratios, shown in the last two columns use the mean free path as given by [10] or [11]

respectively.
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Fig. 4. The dependence of the elastic peak on the energy of the incoming electrons, measured in transmission for a carbon film with 20 A of Ge on the exit

side.

Table 3

The calculated and observed energy splitting, ¢ and area ratio as obtained
from the fit for various incoming electron energies for the data shown in
Fig. 4

Ey AE calculated AE observed FWHM FWHM C Ratio

(keV) (eV) (eV) Ge (eV) (eV) AgeAc
15 0.33 0.25 0.31 0.59 0.51
20 0.44 0.31 0.31 0.71 0.27
25 0.55 0.41 0.26 0.80 0.22
30 0.66 0.54 0.28 0.84 0.36

4. Discussion

We used a carbon film with density of 8 pg/cm?. In situ
we evaporated 20 A of Ge (as judged from a crystal thick-
ness monitor) on this free standing film, corresponding to a
density of 5.32x20x 103 = 1.06 pg/cm?> Thus the ratio
of the number of Ge atoms per cm 2 to the number of C
atoms per cm > is Nge:Nc = (1.06/mge):(8/mc) = 1:45.2.
The differential cross-section ratio varies from 23:1 at
15keV to 28:1 at 30 keV. If attenuation effects (due to
inelastic energy loss events, which reduce the number of
counts in the elastic peak, for both C and Ge) could be ne-
glected we would thus expect the Ge:C peak area to be
1:1.61 at 30 keV. The wildly varying peak areas observed
demonstrate clearly that attenuation effects are very impor-
tant indeed.

In order to get some quantitative insight we will now try
to calculate the elastic peak area ratio for the spectra
shown in Figs. 3 and 5. We assume that each detected elec-
tron has been scattered in a single collision over 45°. The
thickness of the Ge and C layer is tg. and fc respectively.
The probability that an electron is deflected over 45° at a
certain depth 7 is proportional to the differential elastic
cross-section of the atom at that depth times the number
of atoms per unit volume. However, this electron will only
contribute to the elastic peak if it is not scattered inelasti-
cally, before or after the deflection. Hence we have to
consider the length of the trajectories, as is illustrated in
Fig. 6.

Consider first the case of the deflection occurring in the
first layer, referred to in the following as layer «, at depth 7,
1 <t, The length of the trajectory in layer a is /,=
t/cos(0in) + (1, — 1)/co8(0ou). The length in layer b is
I, = t3/c0s(04y;). The probability P(t) that an electron from
an elastic scattering event at depth 7 reaches the detector
without energy loss is then: P(t) = exp —1,/2, exp —Ip/ 2.
Similar expressions can be derived for scattering in the sec-
ond layer, layer b.

The intensity due to layer « is thus proportional to

tq
I, =Cp, (g—g (45°)> /0 P(t)dr,

and similarly for layer b:

()
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Energy Loss(eV)

Fig. 5. The measured spectra as a function of sample angle. Spectra are taken with the incoming beam making an angle 0 with the surface normal of 22.5°
(case a and f), 0° (case b and e) and —22.5° (case ¢ and d). The geometry is sketched as an insert in each plot.

Table 4

The various quantities as obtained from the fitting procedure for the various geometries, shown in Fig. 5

Configuration O (deg) AE observed FWHM Ge FWHM C Ratio observed Ratio calculated Ratio calculated
(eV) (eV) (eV) Age/Ac Age/Ac [10] Age/Ac [11]

C at exit 22.5 0.53 0.25 0.84 0.09 0.33 0.23

C at exit 0.0 0.52 0.28 0.87 0.14 0.53 0.48

C at exit —-22.5 0.51 0.28 0.89 0.20 0.62 0.62

Ge at exit —-22.5 0.54 0.29 0.87 0.23 0.62 0.62

Ge at exit 0.0 0.52 0.29 0.89 0.38 0.73 0.79

Ge at exit 22.5 (0.53) 0.33 0.85 1.2 1.06 1.36

Further as Table 2.

I —c do (45°) fatty P()d (6) integration using the nominally known thicknesses and
b= Py do i e cross-sections. This procedure can be modified somewhat

with p,, the number of atoms per unit volume. Thus the
ratio of the peak intensities can be obtained by numerical

for the reflection geometry. Here the intensity of elastically
scattered electrons in the surface layer is not affected by
inelastic scattering in the substrate, but the intensity of
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Fig. 6. Schematic drawing of the path lengths in a two-layer target.

elastically scattered electrons in the substrate is influenced
by inelastic scattering in both surface and substrate layer.
The calculated results are given as well in Tables 2 and 4.
Generally there is a poor agreement with the experiment.
For transmission measurements the calculated Ge/C inten-
sity ratio is about a factor of three larger than the observed
one, whereas in reflection measurements it is the other way
around.

There is one special case. If 0;, = —22.5° then for our
scattering geometry, cos6;, = cosf,,, and the path length
through either layer « or b is independent from the depth,
(and even in which layer) the elastic deflection occurs.
Hence the attenuation is the same, independent of depth
and the element one scattered from. The observed peak
areas should then relate simply as

Age : Ac = Nge (j_g (45°)>Ge . Ne (g—g (45°)> g (7)

Thus for this angle it should not matter which element faces
the analyzer, or what is the value of the inelastic mean free
path in either layer. Experimentally the similarity of case (c)
and (d) in Fig. 5 confirm this observation. This is an impor-
tant fact. Assuming that the differential cross-section is
known we can determine at 0;, = —22.5 the ratio of the
number of Ge and C atoms in the film. Subsequently by
rotating away from —22.5° we can determine uniquely the
thickness and order of the two layers. Alternatively, if the
thickness of both layers is known, we can use the same pro-
cedure to determine both the differential elastic scattering
cross-section and the inelastic mean free path in both layers.

5. Summary and conclusion

We have demonstrated that at high energy resolution
the peaks of electrons scattered from heavy and light
elements (in particular carbon and germanium) can be
separated. At relatively low energies of 15-20 keV the

separation is not complete, but especially at the highest en-
ergy (30 keV) the decomposition of the measured signal is
quite unambiguous. By changing the measurement geome-
try large differences are observed in the intensity of the Ge
and C peak, much larger than expectations, based on a
naive model and using mean free path taken from the
XPS literature or EELS literature.

Our interpretation is based on a single scattering
approximation. This approximation is known from Monte
Carlo simulations to be poor for heavy elements and at low
energies but should become quite reasonable at the energies
considered in this paper [23].

We have thus demonstrated here that quasi-elastic elec-
tron scattering spectra, taken at high-resolution contains at
least qualitatively, interpretable information about the thin
film composition, both in reflection and transmission. This
technique shares some aspects of Rutherford back scatter-
ing (scattering of particles of the potential of a nucleus) and
electron spectroscopy (information is contained in the sig-
nal of those electrons that have not scattered inelastically).
The first characteristic is favorable for a quantitative inter-
pretation of the data, whereas the second characteristic
makes the technique surface sensitive. The combination
of these two characteristics is quite unique and makes this
technique of interest for quantitative surface analysis or
electron microscopy. The probing depth is larger than in
XPS or Auger spectroscopy due to the high energy of the
electrons involved.

However there are also clear limitations. Currently we
can only separate the lightest elements (up to, say, carbon)
from heavy ones. Spectrometers operating at higher
momentum transfer could in principle separate more ele-
ments, and the separation of, for example, Si and Ge could
be accomplished by a 30 keV spectrometer with similar en-
ergy resolution, but a scattering angle of 135° (separation
more than 1 eV, a larger beam current would be required
due to the reduced cross-section). Also this technique is
suitable for detecting small quantities of heavy elements
in a low-Z matrix, but the other way around is not possi-
ble, due to the approximate increase of the cross-section
with Z°.

The relative small beam current required (<1 nA) would
allow for the use of field emitters, making it possible to col-
lect spectra from small areas. The fact that this technique
uses high-energy electrons makes integration in an electron
microscope attractive, in particular in a scanning electron
microscope, where it is straight-forward to measure elec-
trons scattered over large angles.

The disappointing agreement between the calculated
and observed intensity ratio can be attributed to deviation
of the sample structure from the assumed one (wrong Ge
layer thickness, islanding of the Ge overlayer), uncertain-
ties in the inelastic mane free path, failure of the single
scattering approach and uncertainties in the peak decom-
position, influences of surface/interface plasmons neglected
in our analysis. The influence of the latter is expected to be
small at these high electron energies [24]. We plan to
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investigate this further by making samples suitable for ion
beam and electron microscope analysis, and further
increasing the energy of the incoming electrons. The valid-
ity of the single scattering approximation can be studied
using Monte Carlo simulations. Once fully understood this
method will be very helpful in sample characterization, or,
for samples with known morphology an accurate way of
determining the inelastic mean free path. Note that there
is a large redundancy in the data. It is, for example, impos-
sible to obtain a good fit for both transmission and glanc-
ing spectra by treating the Ge thickness as a fitting
parameter. The glancing spectra seem to suggest that the
Ge thickness is too large, whereas the transmission spectra
generally seem to indicate that the Ge thickness is too
small.
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