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Abstract

Spectra of electrons with energies between 5 and 40 keV reflected from a homogeneous Au surface have been measured and analyzed
to give the normalized distribution of energy losses in a single surface and volume excitation, as well as the total probability for excitation
of surface plasmons. The resulting single scattering loss distributions compare excellently in (absolute units) with data from previous
work taken at lower energies (150-3400 eV). An empirical relationship is derived for the total surface excitation probability as a function
of the energy. For high energies the surface scattering zone represents only a small fraction of a typical electron trajectory and hence
interference effects should be small at these energies. Since we find that both the energy dependence of the surface plasmon excitation
probability and the shape of the single scattering loss distributions are the same at high and low electron energies, we conclude that there
is no evidence for interference effects in the entire energy range studied.

© 2007 Elsevier B.V. All rights reserved.
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While electron energy loss spectroscopy (EELS) in the
transmission electron microscope is routinely used to deter-
mine the dielectric function of solids for over 30 years [1],
extraction of the dielectric function from reflection electron
energy loss spectra (REELS) has met with certain difficul-
ties connected with the elimination of multiple scattering
effects from experimental spectra. In particular the fact that
both surface as well as volume excitations need to be con-
sidered for REELS complicates data analysis. Two differ-
ent approaches to extract the single scattering loss
distribution and the optical constants from REELS are
presently being investigated: (1) the deconvolution proce-
dure proposed by Tougaard and Chorkendorff [2], in com-
bination with the semiclassical dielectric response model by
Yubero and Tougaard [3] (refered to as TCY hereafter);
and (2) Ritchie’s original model for the single scattering
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loss distribution in a surface excitation [4-10] applied to
deconvoluted spectra obtained by a bivariate reversion of
two REELS spectra [11-14]. Both approaches are funda-
mentally different in that TCY assume that it is strictly
impossible to separate the contributions of surface and vol-
ume excitations in a REELS spectrum due to interference
effects between the in- and out-going part of the electron’s
trajectory [3,15,16]. In the approach based on bivariate
reversion of two spectra, separation of the surface and vol-
ume components of a REELS spectrum represents the first
step. Surface and volume components decomposed in this
way have been found to agree well with single scattering
loss distributions derived within Ritchie’s theory for mea-
surements in the energy range between 150 and 3400 eV
[11,12].

In the present paper, high energy REELS data (in the
range between 5 and 40 keV) are analyzed and the results
are compared with the earlier analysis at lower energies.
This is expected to give a clearer insight on the importance
of interference effects since the relationship of the mean
travelled pathlength and the width of the surface scattering



zone is quite different at such high energies. The width of
the surface scattering zone is given in atomic units as
(zes) = V2E/w,, where E is the electron energy and oy is
the surface plasmon frequency [4]. The quantity (z) varies
between ~1 A at 100eV and ~10 A at 40 keV. On the
other hand, Monte—Carlo (MC) simulations for the distri-
bution of pathlengths in a REELS experiment show that
the mean travelled pathlength (s) varies between ~10 A
at 100 eV and =2000 A at 40 keV. This implies that for
the present data set, the ratio (z)/(s) covers quite a large
range between 0.1 and 0.005.

The high energy (5, 10, 20 and 40 keV) REELS spectra
analyzed in the present work were obtained on a polycrys-
talline Au sample using the high-energy electron scattering
spectrometer at the Australian National University at a
base pressure of 1x 107'° mbar [17]. Sample cleaning was
performed by Xe' ion bombardment and sample cleanli-
ness was monitored by recording low energy REELS spec-
tra (at 1 keV) and comparing these with literature data.
The incidence angle was 45°, the emission angle amounted
to 45° (all angles with respect to the surface normal), the
scattering angle was 120°, the analyzer (half polar) opening
angle amounts to about 0.5°. The energy resolution varied
with energy but was always better than 0.5 eV (FWHM of
the elastic peak). The low energy (150-3400 eV) spectra
were taken in a Thermo-VG Microlab 310-F at a base pres-
sure of 1 x 107! mbar on a polycrystalline Au film sputter
deposited onto a Si wafer. Experimental details are given in
Ref. [18]. Here we merely note that the incoming electrons
hit the sample along the surface normal, while the analyzer
(with a half polar opening angle of about 12°) observes the
sample under an angle of 60°. The energy resolution
(FWHM) for the low energy data was about 1.5 eV.

Fig. 1 compares the high energy spectra with a pair of
spectra taken at lower energies (1000 and 3400 eV). The
data are represented by the open circles and have been nor-
malized with the intensity of the elastic peak. Successive
spectra are shifted by 0.005eV~' for clarity. The energy
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Fig. 1. Experimental REELS spectra (dots) for several energies along with
the best fit to Eq. (1) (solid curves) using the average number of surface
excitations (ng) as free parameter and the DIIMFP and DSEP retrieved
from the high energy data shown in Fig. 3. Successive curves have been
shifted by 0.005 units for clarity.
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resolution of the low energy data is seen to be slightly
worse as for the high energy data, as judged by the width
of the elastic peak. The major differences in these spectra
are observed at energy losses below <25 eV, being the re-
gion where the main influence of surface plasmon excita-
tion is expected (see also Fig. 3 below). It is clearly seen
that the surface excitation probability decreases with
increasing energy. For energy losses =25¢eV, the spectra
are very similar in shape, except for 1000 eV where the
intensity decreases faster with increasing energy loss than
for the other spectra.

The features seen in the experimental spectra can be
quantitatively described by a simple theory by realizing
that the recorded intensity consists of groups of electrons
that have experienced a certain number (n,) of volume
(or bulk) excitations and (n) surface excitations. The rela-
tive number of electrons within each group is given by the
reduced partial intensity o, , . The energy loss distribution
of each group is glven by w) (T/)®w"h (T—-T1") [11],
where w™)(T) and w"b (T) represent the (ns — 1)-fold and
(n, — 1)- fold selfconvolutlon of the normalized single scat-
tering loss distributions. Here wy(7) is the differential sur-
face excitation probability (DSEP) and wy(7) denotes the
differential inverse inelastic mean free path (DIIMFP),
and the symbol ® represents a convolution. The spectrum
y(T) is a superposition of all groups [11]:

=ZZ won W (T) @ W™ (T = T), (1)
np=0 ng=0

It turns out that the partial intensities for surface and bulk
scattering are uncorrelated to a good approximation
Oy i, = Oy X oy, [20]. The bulk partial intensities can be cal-
culated by an MC simulation [21], the surface partial inten-
sities follow from the expression for the average number of
surface excitations in a single surface crossing [10]

(2)

where 0 = arccos u is the polar direction of surface crossing
and « is a material parameter, the so—called surface excita-
tion parameter. Assuming that plural surface scattering is
governed by Poisson statistics, the reduced surface partial
intensities are found as:

ns
gy = e (3)

ng!

The reduced volume partial intensities for the present set of
experimental data were calculated with the Monte—Carlo
method [21] using the TPP-2M formula for the IMFP
[22] and the elastic scattering cross sections from Refs.
[23,24]. To speed up the calculations, they were performed
for a polar semi—angle of detection of 5°. Since the elastic
scattering cross section is a smooth function of the scatter-
ing angle, this is not expected to lead to any noticeable
changes in the reduced partial intensities. Representative re-
sults are shown in Fig. 2. It is seen that the sequence of
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Fig. 2. Volume partial intensities for quasi-elastic electron reflection for
the present high energy measurements (filled symbols, 5 and 40 keV,
arccos u; = 45°, arccos g = 45°) and the data reported in Refs. [19,11]
(open symbols, 1000 and 3400 eV, arccos i; = 0°, arccos yy = 60°).

bulk partial intensities is qualitatively different for the var-
ious energies and geometrical configurations considered
here. For the 1000 eV case, the volume partial intensities
decrease monotonically with the scattering order n;,, while
for all other cases the sequence of partial intensities exhib-
its a maximum at a given scattering order. This is attrib-
uted to differences in the shape and magnitude of the
elastic scattering cross section that gives rise to qualitative
differences in the path length distribution and the partial
intensities [25,20]. Considering that the magnitude of the
first order partial intensity is mainly responsible for the first
~50¢eV of the loss spectrum, the difference between the
REELS spectrum taken using 1000 eV for the primary elec-
trons and the other spectra in Fig. 1 above 30 eV energy
loss is explained.

The unique solution of Eq. (1) for the unknowns wy(7T)
and wy(7T) can be found by analyzing two spectra with dif-

ferent sequences of partial intensities «,, ,, and f,, , , using
the formula [11,26]:
2 2
w(T) = Z Z%/Ykz(T)
=0 1=0
T 2 2
_ / SO S b YT - T)w(T)dT, @)
7'=0 %=0 "1=0

where the quantity Y (7) is the (k,/)-th order cross convo-
lution of the two REELS spectra. The coefficients a,; and
br,in Eq. (4) are functions of the partial intensities of the
two spectra [26] and are different for the surface and bulk
single scattering loss distribution, the formula for retrieval
of the DIIMFP and DSEP is identical and given by Eq. (4).

The result of application of this procedure to the (5000—
40,000 eV) and (1000-3400 eV) spectrum pairs shown in
Fig. 1 is presented in Fig. 3. The resulting single scattering
loss distributions for the high and low energy pair are in
good agreement within the experimental accuracy. Note
that this comparison is in absolute units. The somewhat
noisy nature of the DSEP extracted from the high energy

0.025

— (5keV-40keV)
0.02 [DSEP (x0.25) —(1000eV-3400eV) 1
0.015

0.01

0.005

DIIMFP, DSEP (eV"")

0#

-0.005
0

energy loss T (eV)

Fig. 3. Comparison of the (normalized) DSEP and DIIMFP retrieved
with Eq. (4) from the high energy REELS spectra (5 and 40 keV,
arccos u; = 45°, arccos o =45°, thin solid curves) with the results
obtained earlier [11] (1000 and 3400 eV, arccos y,; = 0°, arccos yy = 60°,
thick solid curves). The data for the DSEP have been scaled by a factor of
0.25, for clarity.

data is a consequence of the fact that the determinant
A =y ofo.1 — %,1P1.0 1 quite small for the high energy
case (45000, 40,000 = 0.09) indicating that in the retrieval of
the high energy DSEP a small difference between large
numbers is being evaluated [11]. In other words, since the
contribution of surface excitations is quite small for both
spectra of the high energy pair, the procedure is close to
its numerical limit for extraction of the DSEP. For the
low energy pair the determinant is closer to unity
(41000,3400 = 0.35) and the data for the DIIMFP and DSEP
exhibit the same noise level.

Using the DIIMFP and DSEP retrieved from the high
energy spectral pair together with the partial intensities cal-
culated by means of MC simulations, the experimental
data were fitted to Eq. (1), using the average number of sur-
face excitations (ng) as a fitting parameter and employing
Eq. (3). The resulting fit is represented by the solid curves
in Fig. 1. It is seen that in this way the experimental spectra
over a wide energy range and different scattering geome-
tries, giving rise to qualitatively different sequences of par-
tial intensities (see Fig. 2), are quantitatively accounted for.
The corresponding values of (ng) are presented in Fig. 4 as
a function of the energy. The low energy data consist of
two series of measurements conducted a year apart to
check the experimental uncertainty.

Chen [28] proposed that the probability of a surface
plasmon excitation would be given by (n,(1, E)) = a/VEu
with a value of a = 3.06 eV'/ for Au. Fitting our data with
this type of dependence we obtain a reasonable fit with
a=(3.09 +£0.05) eV'2 in good agreement with the value
calculated by Chen. Kwei and coworkers [27] concluded
that the dependence should be of the form: (ny(w,E)) =
a»/E’n, with values for Au of a,=1.7612 eV”? and
b=0.4404 for an ingoing and a, = 1.4946 eV and
b =0.4208 for an outgoing surface crossing along the sur-
face normal. Fitting our data with this formula we obtain
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Fig. 4. Surface excitation probability (n;+ nso) wo/(w+ o) as a
function of the energy. Filled circles: present data, filled diamonds: Ref.
[19]. The solid and dashed curves are a fit of these data to the functions
(ndw,E)) = a/ E°u [27] and (ny(1, E)) = a/v/En [28), respectively.

an excellent fit with a» = (1.76 £0.05) eV'/%, b=0.43 +
0.02, surprisingly close to the values calculated by Kwei
and coworkers.

For the high energy data set any eventual interference
effect between the in- and out-going part of the trajectory
and the concurring interference between surface and bulk
excitations predicted by YTC [3,15,16] is expected to be
strongly reduced since the surface scattering zone is much
smaller than the average pathlength travelled for high ener-
gies, (z4)/(s) ~ 0.005. The surface scattering zone for the
high energy data is even much smaller than the pathlength
travelled without an inelastic gollision, the inelastic mean
free path 1 (being about 250 A at 40 keV), implying that
(zss)/A ~ 0.2. Indeed, the influence of surface excitations
for the high energy spectra is much less pronounced at
higher energies as seen in Figs. 1 and 4. The retrieved DII-
MFP and DSEP nonetheless match the ones at lower ener-
gies within the experimental uncertainty. Furthermore, the
energy dependence of the total surface excitation probabil-
ity exhibits the same behaviour for low and high energies,
as can be seen from Fig. 4. From these findings it is con-
cluded that interference effects in REELS spectra are too
weak to be observed with experiments as the one described
in the present paper for the entire energy range investi-
gated, i.e. from 150 to 40 keV. Note that this conclusion
is also in perfect agreement with Vicanek’s theoretical
assessment that such interference effects may be pro-
nounced for individual reflected electrons, but cancel out
in a measured REELS due to the broad pathlength distri-
bution giving rise to strong fluctuations in the interference
effects that are smeared out accordingly [29].

Recently the magnitude of interference effects as a func-
tion of scattering geometry has been studied theoretically
[30] for a free electron material (Al), an insulator (SiO,),
a semiconductor (Si) and a transition metal (Cu). The re-
sults showed no qualitative differences among these differ-
ent classes of materials. Significant interference effects
were found only for scattering angles in excess of 165°, a
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situation that is difficult to realize experimentally. Further-
more, a decrease of the magnitude of interference effects
with increasing energy was found. The present experiments
represent two different scattering geometries that are both
typical for REELS and simple to realize experimentally.
The experimental energy range includes sufficiently low
energies where interference effects should occur. This sug-
gests that interference effects can be generally disregarded
when obtaining information on the optical or electronic
properties of solids with a typical REELS experiment.

It should finally be noted that the single scattering loss
distributions have been used to extract the optical con-
stants of Au from REELS [14] giving good agreement with
independent sources of optical data such as density func-
tional theory calculations [31,32] and optical measurements
[33] or transmission electron energy loss measurements
[34]. On the other hand, Fig. 1 demonstrates that the ex-
tracted DIIMFP and DSEP, in combination with realistic
partial intensities (see Fig. 2) consistently describe REELS
spectra measured over a large energy range and for differ-
ent scattering geometries, using a single fit parameter, the
average number of surface excitations in a single surface
crossing (ns). The latter quantity also compares well with
independent theoretical assessments [28,27], as can be seen
from Fig. 4.
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