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Abstract

®

CrossMark

For heavy ions implanted in low-Z targets it is possible to determine the depth and
concentration of introduced heavy impurities by studying the energy spectra of electrons
scattered from the surface. Here, we demonstrate this for the case of 30 and 300 keV Au
implantation in SiO,. For high-energy incoming electrons the elastic peak splits up in different
components as the recoil losses depends on the mass of the scattering atom. Heavy impurities
also affect the partial intensities and hence changes in the shape of the energy loss spectra

are observed. These effects are reproduced by a simple model that uses sample composition,
atomic elastic scattering cross sections and target dielectric function as input.
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1. Introduction

Electron spectroscopy, in particular photoemission, has been
a central tool for studying the near-surface composition
of materials. The analysis is typically limited to the near-
surface (i.e. 5-10nm) but can be extended to greater depths
(~50nm) by using higher energy photons, as available at larger
synchrotrons. As an alternative way to probe relatively deep
into materials, one can use high-energy incoming electrons
(540 keV) and study the energy distribution of the scattered
electrons. In this case the recoil energy can be used to deter-
mine the approximate mass of the scattering atom, and thus
the near-surface composition of materials. This technique is
often referred to electron Rutherford backscattering spec-
trometry (ERBS) [1] to stress the similarity to ion-beam based
RBS technique. Besides the elastic peak, the measurement can
also record those electrons that have made electronic excita-
tions. Then the technique is usually referred to as reflection
electron energy loss spectroscopy (REELS) [2].

We will show that the REELS spectrum is sensitive to
implanted heavy impurities due to the much larger elastic
scattering cross section for electrons of high-Z elements.
This strongly affects the partial intensities that make up the
REELS spectrum, even for relatively low (a few %) impurity
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concentrations. A simple model is introduced that describes
both the elastic peak and REELS part of the spectra. The study
described here is closely related to the analysis of the back-
ground of buried layers in Hard-x-ray photoemission (e.g.[3,4])
and relevant for the interpretation of Z-contrast measurement
based on backscattered electrons in a scanning electron micro-
scope (e.g. [S]).

2. Experimental details

Samples were taken from a Si wafer with a 1000 A thick SiO,
thermally grown oxide layer. Two samples were implanted
at UFRGS, one with 30 keV Au ions up to a fluence of
7 x10' ions cm~2 and another with 300 keV Au ions up to
a fluence of 1 x10'® ions cm~2. The fluence was checked
with (ion) RBS and agreement with the nominal value was
better than 4%. Based on SRIM [6, 7] the mean depth (strag-
gling) of the ions after implantation under these conditions is
207 A (44 A) at 30 keV and 928 A (152 A) at 300 keV. The
TriDyn software [8] predicts somewhat larger values for the
range (straggling) of 250 A (55 A) at 30 keV and 1150 A
(225 A) at 300 keV. These differences are due to the rather
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large electronic stopping power SRIM uses for heavy ions in
light targets at low energies [9].

These and an unimplanted sample were measured at the
high-energy electron scattering spectrometer at the Australian
National University. Electron beams with a diameter of
0.2mm and energy between 5 keV (~1 nA current) and 40
keV (=8 nA current) were used and spectra were recorded
with an overall resolution of 0.5eV. The analyser float voltage
was scanned, changing the kinetic energy of the electrons that
were detected, so the energy loss spectrum could be measured
over an extended energy range. The beam current was moni-
tored and the scan would progress to the next voltage after
a preset amount of charge was accumulated. The scattering
angle was 135°, the incoming beam was along the surface
normal (fp = 0), and the outgoing beam was thus at ; = 45°.

3. Theory

Fast charged particles interact with both the nuclei and elec-
trons. In the case of large-angle deflection the electron scatters
from a single atom and the interaction can be described as if
the atom was a free particle. For the justification and limita-
tion of this approximation see e.g. [10, 11]. Due to their large
mass-mismatch the interaction of fast electrons with nuclei
results in substantial deflections and a small energy transfer
that depends on the mass of the deflecting nucleus (due to
the recoil effect). For 40 keV electrons scattering through
135° the (mean) recoil losses for Au, Si and O are 0.4¢V,
2.8eV and 4.9eV, respectively. These recoil losses can be
resolved experimentally [1].

In contrast, interaction of the projectile electron with the
target electrons results in only small deflections but signifi-
cant energy losses. These inelastic processes can be described
using the dielectric theory [2, 12]. The probability of an elec-
tron with energy E(; making an electronic excitation with
energy w per unit path length is given by the differential ine-
lastic inverse mean free path W, (w, Eo):

1 (% dg -1
Wb(”’E(”wEo/q qlm[e«u,q)]’ m

where ¢ are the limits of kinematically allowed momentum
transfers:

g+ = \/2MEy £+ \/2M(E) — w), ()

in atomic units. Integrating equation (1) over all energy losses
gives the probability that any excitation occurs, which corre-
sponds to the inverse inelastic mean free path 1/X. W;(w, Ep)
normalized to unit area is indicated by wy(w, Ep) and is the
probability distribution that a certain loss w occurs in an
inelastic event.

The observed spectra consists of contributions of trajec-
tories with O (elastic peak), 1, 2... inelastic events. Inelastic
events occur along the trajectory randomly, with an average
separation given by A. As the energy losses considered here
are small compared to the incoming energy, we assume the
energy-dependence of A can be neglected. Then the probability

that along a trajectory of length L, N statistically-independent
inelastic events occur is described by the Poisson distribution
[2]:

(L/N)"

pn(L) = N et/
L

= exp{N1In () L InT'(N + 1)},
A A

where the latter expression, using the I" function is more stable
for large N values. The energy distribution of trajectories with
only a single inelastic loss event is given by wj(w, Ep). The
distribution of those electrons that have had two energy loss
events is given by the self-convolution of wy(w, Ep). The
distribution after N energy loss events is indicated by Vy(w)
which is obtained by (N — 1)x convolutions of wy(w, Ep)
with itself, where Vp(w) = §(w) i.e. the delta function cor-
responds to the ‘elastic peak’.

Assuming only a single large-angle reflection (i.e. a
v-shaped trajectory) the total path length is related to the scat-
tering depth z by:

L =1z/cos(by) +z/cos(0)) = az 4)

with a describing the relation between L and z. The assump-
tion of v-shaped trajectories also underlies the interpreta-
tion of almost all ion-beam based RBS measurements. It is
expected a suitable approximation for the near surface area
of low-Z targets, when the distances considered are much
less than the transport mean free path (x~10° A for 40 keV
electrons in low-Z targets). The relation between depth z and
number of inelastic events, as well as corresponding relevant
energy loss distributions, are illustrated in figure 1.

If we make a few additional simplifying assumptions it is
quite straightforward to calculate the ERBS/REELS spectrum
using the partial intensity analysis [2]. The first one is that
all inelastic events can be described by Wj(w, Ey) for SiO,,
i.e. that the effect of the Au impurities on the dielectric func-
tion can be neglected and the excitation cross section does not
change as the electrons slow down slightly while penetrating
the SiO, film. We also neglect here the effect of the Si sub-
strate i.e. assume that the SiO; layer is infinitely thick. Surface
plasmons will not be considered here, as they represent as
small effect at these large incoming energies.

As there is only one large angle scattering event in a
v-shaped trajectory the electron scatters from either Si, or O
or Au. We keep track of which atom we scatter from in the
calculation. At a given depth z there is a concentration c,(z) of
elements i. Element i has a differential scattering cross sec-
tion (DCS) o; at 135°. These are taken from the ELSEPA pro-
gram [13]. The contribution to partial intensity N of element i
due to atoms at depth z is given by:

3)

dz

Integrating over all z gives us 14. Note that:

= ¢i(z)oipn(az). o)

/ pr(L)dL = 1 ©
0
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Figure 1. The probability for N inelastic events as a function of the
path lenght (top horizontal scale) or depth for the case of 40 keV
electrons in SiO; (top panel). The approximate mean range of 30
and 300 keV Au ions is indicated as well. The central panel gives
the contributions for A inelastic events for a depth corresponding
to the mean implantation depth of 30 keV Au (50nm) and 300 keV
Au (235 nm). The lower panel gives the distribution Vy(w) i.e. the
energy distribution after N inelastic events.

for all N i.e. within the v-shape approximation all partial
intensities are the same, if the concentration of element i is
homogeneous. Now the energy loss spectrum S;(w) of element
i can be calculated as:

Si(w) = IiVn(w). @

There is one additional energy loss process we have to
incorporate: the recoil losses due to the backscattering event

from element i. The recoil losses are centred at the mean
recoil energy E'* = ¢2,/2M; with g, the momentum transfer
for scattering from atom i (with mass M;) over 135°. Due to
atomic vibrations there is Doppler broadening around this
mean value. To take this into account we convolute S;(w) with
a Gaussian G;(w), with area 1, centered at E!*° and a width
s; that reproduces the experimentally observed width of the
elastic peak of element i:

Ti(w) = Si(w) * Gi(w). )

Finally, the experimental spectrum is then obtained by adding
the contributions T;(w) of all elements.

4. Experimental results

The electron scattering result for a sample implanted with
7 x 10" 30 keV Au* ions per cm? is shown in figure 2 for
E, values between 5 and 40 keV. The corresponding A values
vary between 108 A (5 keV) and 600 A (40 keV). For large
incoming energies 3 peaks are seen in the elastic peak, corre-
sponding to Au, Si and O. Measured and simulated spectra
(both for the ERBS and the REELS part) were normalised to
the Si elastic peak area. With decreasing E the area of the Au
peak decreases, as the experiment probes less deep at lower
E, values.

Surprisingly, the shape of the REELS part of the spectrum,
i.e. due to electrons that created also electronic excitations,
is also a strong function of Ej. Compared to the spectra from
Si0, (normalised to equal area of the SiO, elastic peak fea-
tures after implantation) the intensity after Au implantation
has increased. For Ey =40 keV the extra intensity has a
maximum near w = 25 eV and decreases for larger w values.
These larger w values tend to be associated with longer path
lengths and for Ey = 40 keV correspond to depths beyond
the Au implantation range. With decreasing E, values the
extra intensity extends to larger losses and for Ey =5 keV
it increases with w up to at least 120eV energy loss. For
Ey=15 keV the A is such that for low w values we probe
mainly at depth smaller than the Au implantation range.

Simulated spectra were generated based on the theory
described above. The number of Au atoms in the sample was
taken from the implantation fluence and their depth distribu-
tion from the TriDyn simulation. Wj(w, Ey) was calculated
using the Mermin dielectric function and oscillators essen-
tially as given in [14]. The corresponding A values were in
good agreement with the (relativistic) TPP2M values [15] as
obtained via the Quases-IMFP program.

The simulated spectra for the SiO, reference sample have
a slightly different slope compared to the experiment. This
was attributed to the fact that the partial intensities were not
constant but increased slowly with N. A good description was
obtained by assuming that Iy increases like 1 4+ 0.03N. This
can be seen as an indication that the trajectories are not all
truly v-shaped, or that the dielectric function is slightly dif-
ferent at larger energy loss values [16]. In this way the simu-
lated SiO, spectrum was a good description of the measured
energy loss spectrum from 0 to 600eV energy loss. 40 partial
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Figure 2. Measured spectra from 30 keV Au implanted SiO, samples using E values between 5 and 40 keV (blue), compared to those of
part of the sample that was not implanted (black). The Au contribution to the elastic peak decreases with decreasing Ey values. The main
differences in the energy loss part is at low w values at high energies, but extends to large w values for lower Ej values. These trends are all

reproduced by the calculation (lines).
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Figure 3. The measured spectra (dots) for 300 keV Au implanted SiO, compared to the calculated spectra based on the mean range and
straggling of TRIM (dashed line) and TriDyn (full line). Only the TriDyn values describe the experiment well. The dotted line is based on a
calculation using the Rutherford cross section (and TriDyn depth), rather than the ELSEPA one.

intensities were considered and the SiO, layer was taken to be
10000 A thick. Then, for w < 600 eV, the spectrum did not
change any more if either N or the thickness (i.e. the depth up
to which equation (5) is integrated) was increased.

With the same modification of the partial intensity of the
implanted sample, we get the results shown also in figure 2.
The elastic peak is well described and all the main changes
in the REELS part of the spectrum were reproduced as well.
Clearly the changes in the REELS spectrum are dominated
by the enhanced backscattering probability due to Au with its
very large DCS.

For the 300 keV implanted sample (fluence of 1 x 10'® cm—2)
the Au peak was less intense and the enhancement of the
energy loss part extended to larger w values, as is evident
from figure 3. This all indicates that the Au is deeper in the
sample as expected. For this case we calculated the expected
spectrum based both on the depth distribution from TRIM-
2013 and TriDyn (version 2017). Clearly the latter reproduces
the experiment much better, both in the ERBS and REELS
part of the spectrum. Thus, by combining the ERBS and
REELS part of the spectrum the measurement is sensitive to
both the amount of impurity present and its depth distribu-
tion. Ion based RBS also showed results consistent with the
TriDyn predicted mean depth. The fact that in this case most
of the implanted Au is beyond the SiO,/Si interface and hence
a small fraction of the electron trajectory is in Si, rather than
Si0; is not taken into account in the simple model described
here, but is not expected to change the result much. Indeed
in the spectra of the sample without implantation we do not
observe any noticeable features at energies where the Si layer
start contributing as much as the SiO, layer. At these large
energy losses, corresponding to larger depth, details of the
shape of the loss function are not resolved anymore. Changes
would be observed, of course, if the SiO, layer was grown on
a high Z substrate, but in this case the average Z of the sub-
strate and overlayer are not too different.

It is instructive to try to simulate the spectra based on
the Rutherford cross section (DCS proportional to Z?) rather

than the ELSEPA one. Then the additional intensity due to
Au is too low as is evident in figure 3. Changing the depth
of the Au does not affect, within the v-shaped model, the
additional intensity of the spectrum, just the energy loss at
which it appears. There is thus no satisfactory description
of the experiment possible based on the Rutherford cross
section and the number of Au atoms present, as is known
from the implanted fluence. These measurements are thus
a confirmation of the validity of the ELSEPA cross sec-
tions under these conditions, where it is hard to test them
otherwise. The physics behind the enhancement of the cross
section relative to Rutherford (more than a factor of 2 for
40 keV electrons backscattered from Au) was described
elsewhere [17].

5. Conclusion

In this paper we have shown that for the case of heavy impu-
rities in relatively low-Z substrate the elastic peak and the
energy loss part of a spectrum both contain information about
the depth distribution of the heavy impurities. The exper-
imental results can be reproduced using a simple model, based
on partial intensity analysis and well-established elastic scat-
tering cross sections. In the particular case of Au implanted
Si0,, studied here, it was only possible to fit the depth dis-
tribution using the TriDyn based range and straggling, and
not using the TRIM/SRIM based one. We attribute this not to
dynamical effects (e.g. sputtering), but to differences in the
stopping used by both programs. In short we demonstrated a
novel way of electron-beam based depth profiling. Depth res-
olution of the technique is about 20% of the electron inelastic
mean free path.

Similar information, as obtained here, is also buried in the
energy spectrum of electrons backscattered in a scanning elec-
tron microscope. More precise determination of their energy
would enhance the 3D-compositional information obtained
from such analysis greatly.
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