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ABSTRACT

Reflection electron energy loss spectroscopy (REELS) spectra were measured for three inorganic compounds (SiO,, HfO, and
CaF,). VIS-XUYV optical constants were extracted from the measured REELS spectra after elimination of multiple inelastic scat-
tering by deconvolution. The derived normalised single scattering loss distributions were fitted to a Drude-type dielectric func-
tion. The resulting optical constants reasonably satisfy the Kramers-Kronig and f-sum rules. Values for the energy band gap
were also determined from the deconvoluted loss spectra. Special attention is paid to the extension of the optical constants onto
the complex plane and its relation to the kinematics in an inelastic collision for a material with a given electronic structure. The
analysis suggests differences in the elementary scattering kinematics in a REELS experiment between insulators and metals.
Describing the dispersion of the loss features on the complex plane by the dispersion constant a, we find that the dispersion con-
stant a in the analysis of REELS data should be treated as a fit parameter or, alternatively, use of a vanishing value for insulators
and a = 1 for conductors is recommended. For evaluating the inelastic mean-free path (IMFP) from optical constants, & should
always be taken to be unity.

1 | Introduction by many authors to derive the dielectric function e(w, ) of a ma-

terial, where w and q represent the energy loss and the momen-

Inorganic insulating materials, such as those used in the pres-
ent study, that is, hafnium oxide (HfO,), calcium fluoride (CaF,)
and silicon dioxide (SiO,), have a wide range of applications in
science and technology. Hafnium dioxide (HfO,) is one of the
mature high-k dielectrics in the microelectronics industry as it
is an alternative to SiO, [1]. Calcium fluoride (CaF,) is one of the
most widely used thermoluminescent detectors in environmen-
tal monitoring, medical and space dosimetry [2, 3] and is also
used as an optical component because of its chemical stability
under adverse conditions [4].

Electron energy loss spectroscopy in reflection mode (Reflection
electron energy loss spectroscopy [REELS]) has been employed

tum transfer in an interaction. While REELS measurements are
experimentally the most simple means to determine VIS-XUV
optical constants of solids, there exists some confusion in the
literature regarding the quantitative interpretation of the raw
data. Since REELS spectra contain contributions of multiple
scattering in the volume of the materials as well as surface ex-
citations occurring during the penetration of the surface, the
first step is to deconvolute multiple scattering [5, 6]. Then, the
resulting single scattering loss distributions are fitted to a model
dielectric function modelled through a series of oscillators with
a given resonance frequency w,, damping coefficient y;, and am-
plitude A;. Here, an assumption needs to be made concerning
the dispersion, that is, the dependence of each oscillator with
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resonance frequency (energy) w on the momentum transfer g,
which is generally unknown. The following approximation is
usually used:

w;(q) = w;(q =0) + ag’/2 6))

The choice of @ = 1is generally made when studying free elec-
tron materials, whereas a value close to zero is often used for
flat band materials or insulators [7]. Alternatively, the value
of « is also varied in the fitting procedure, together with the
values for the resonance frequencies, oscillator strengths and
damping parameters. While it has been stated in the literature
[7] that the above choices for a are justified by the electronic
structure of the involved materials, it is not clear how and
why the dispersion of the energy bands in a solid are related
to the dispersion of the loss features, such as a plasmon [8].
Furthermore, for sufficiently large values of the momentum
transfer g, energy conservation requires any loss feature to
merge into the Bethe-ridge, corresponding to a = 1. Indeed,
Vos [9] has shown in the case of TiO, that for large g-values,
the Mermin-dielectric function, which inherently assumes
a quadratic dispersion (@ =1), describes the electron scat-
tering Compton profile (the momentum profile across the
Bethe-ridge) very accurately. Thus, for the evaluation of in-
elastic scattering parameters, such as the IMFP, a value of
a = 1should always be used (as, e.g., in Reference [10]). These
considerations imply that the parameter « used in the fitting
procedure of REELS cannot generally be identified with the
plasmon dispersion.

A quadratic plasmon dispersion (corresponding to « = 1) has
been experimentally verified for PMMA by energy loss mea-
surements in transmission as a function of the momentum
transfer in a transmission electron microscope. On the other
hand, in our earlier work [11], which included derivation of
optical constants for PMMA from reflection electron energy
loss spectra, only the choice (@ ~ 0) gave realistic results for
the fitting procedure, while for calculation of the IMFP com-
parison with elastic peak electron spectroscopy (EPES) exhib-
ited differences of up to a factor of 2 [8]. This comparison is
deemed to be decisive since for EPES measurements, the only
input parameter in the analysis is the elastic scattering cross-
section; no elements of linear response theory whatsoever are
required.

In the present paper, an attempt is made to shed further light
on the above questions in the analysis of loss spectra of HfO,,
CaF, and SiO, to yield the VIS-XUYV optical constants. It is in-
deed found that a value of a used in the fitting procedure close to
zero is consistent with the choice of the dielectric function and
the measured data. On the other hand, in evaluating, for exam-
ple, the IMFP on the basis of the retrieved optical constants, one
should use @ = 1. A similar observation has been made earlier
for organic insulators [12].

2 | Experimental
The surfaces of SiO, consisted of a 100-nm-thick amorphous

film thermally grown on an amorphous Si-substrate (see also
Reference [13]), whereas the layers of HfO, were grown by

atomic layer deposition on a Si-substrate. The surface of the
CaF, sample was freshly cleaved using a razor prior to its in-
sertion into the UHV-chamber and subsequently annealed
over night at a temperature of 500°C. Samples were inserted
into the UHV-chamber (base pressure ~ 2x107° mbar),
and surface cleanliness was monitored by means of X-ray
Photoelectron as well as Auger-Meitner Electron Spectroscopy
(XPS & AMES). A series of REELS measurements was ac-
quired on each sample for bulk- and surface-sensitive condi-
tions, in order to disentangle the contribution of surface and
volume excitations in the analysis. The kinematical conditions
in a REELS experiment can be varied either by changing the
primary energy (E,) of the incident beam or by changing the
incidence and emission angles.

Energy loss spectra on the SiO,-surface were measured in a
Thermofisher Microlab 310F instrument equipped with a hemi-
spherical mirror analyser (HMA) operated at a pass energy of
20eV in constant analyser energy mode, resulting in a constant
energy resolution of 0.5 €V [14]. The bulk-sensitive REELS spec-
tra from the SiO, surface were acquired by bombarding the tar-
get with 3000eV-primary electrons and with the sample being
in the flat position (incidence angle 0°, detection angle 60° with
respect to the surface normal). The second more surface sensi-
tive measurement used a primary energy of 500V, the angle of
incidence was 20°, while the detection angle was 80° relative to
the surface normal.

REELS spectra of HfO, and CaF, were measured in a modified
VG ESCALAB MKII spectrometer equipped with a hemispheri-
cal mirror analyser (HMA) with a sector angle of 150°, operated
at a pass energy of 20eV. In this instrument, a Kimball Physics
ELG-2 electron gun was used as electron source, defocussed to
a spot size of about 1 mm in order to minimise radiation dam-
age and surface charging and to suppress diffraction effects in
the case of the single crystalline sample of CaF,. While surface
charging of a few volts occurs for all three samples (monitored
using a Time of Flight spectrometer in our experiment), this
merely leads to a corresponding slight change of the landing
energy and the escape energy which does not affect the results
(as explained in detail in Reference [11]). The bulk-sensitive
measurement was carried out with 1600 eV-primary electrons
(incidence and emission angles both 60° relative to the sur-
face normal); 500 eV-primary electrons were used for the more
surface-sensitive measurement (incidence and emission angles
of 40° and 80°, respectively).

The dispersion curves for PMMA were measured directly, em-
ploying EELS in a transmission electron microscope (TEM). For
this purpose, we used a FEI TECNAI G20 TEM equipped with
a GATAN GIF2001 energy filter. The TEM was operated in dif-
fraction mode, and thus, access to g-space is given directly. The
diffraction pattern was shifted across the spectrometer entrance
aperture, and a set of 10 data points were recorded within 247"
for PMMA. The sample was cooled with liquid nitrogen in order
to reduce knock-on damage caused by the electron bombard-
ment, Additionally, low-dose conditions were chosen. The beam
energy was set to 200 keV, since lower beam energies would have
increased radiolysis tremendously. Aluminium is not beam sen-
sitive at all at 200 keV; thus, cooling and low-dose conditions
were not employed.
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3 | Data Analysis

Optical data, in particular in the VIS-XUYV regime, are import-
ant physical parameters to quantitatively describe the interac-
tion of charged particle beams with solid matter. Measurement
of the dielectric function can be performed employing different
techniques. Among the most frequently used techniques are op-
tical reflection or absorption measurements [15-18] and electron
energy loss measurements, either in transmission [19] or in re-
flection [6, 20, 21]. Each of these techniques has its advantages
and drawbacks, both with respect to the involved experimen-
tal challenges as well as data interpretation. The main differ-
ence concerns the dependence of the dielectric function &(w, q)
on the momentum gq. In the case of optical measurements, the
probing particles carry no significant momentum since the rest
mass of the photon is zero, giving the optical dielectric function
e(w,q =0). In the transmission electron microscope, the mo-
mentum transfer imparted by the probing electron to the solid
can be sensitively monitored by varying the detection angle. In a
reflection experiment, the situation is more complicated: A large
momentum transfer is required to reverse the direction of the in-
coming electrons, which is provided by an elastic scattering pro-
cess, where the mass of the interaction partner (the ionic cores
in the solid) greatly exceeds the mass of the incoming electrons.
An inelastic interaction with the solid state electrons, having a
mass comparable to the probing particle, cannot provide a mo-
mentum transfer with the required magnitude to effect a direc-
tion reversal. Therefore, the momentum transfer in the inelastic
processes, g, measured in a reflection energy loss measurement
cannot generally be inferred from the experimental conditions.

Such measurements are assumed to comprise all different kine-
matically possible values of g.

The pair of raw electron energy loss spectra y; ,(w) of all sam-
ples is shown in Figure 1, along with the electron spectra
after application of the deconvolution procedure described in
References [5, 21, 25] and the extraction of the characteristic
surface and bulk excitation components, the differential surface
excitation probability (DSEP, w(w)) and differential inverse in-
elastic mean-free path (DIIMFP, w,(®)). The first step is equiv-
alent to the Tougaard-Chorkendorff algorithm, yielding the
spectra yiz(w) (shown in the middle panels) which consist of a
linear combination of the single scattering loss distributions for
volume (DIIMFP) and surface scattering (DSEP), as well as a
mixed term. The normalised DIIMFP can then be obtained to
first-order by the following simple algorithm [5]:

wy(@) = ug Yy (@) + Yy (@) + Uy, ® yy(w) @)

where the symbol “®” denotes a convolution over the energy loss
and the coefficients u,, are a function of the partial intensities for
surface and bulk scattering. The same formula (with different
coefficients) is used to retrieve the DSEP.

The values of the band gap E, were determined from the onsets
of the normalised DIIMFPs by means of a linear fit of the onset
of energy losses (red lines in Figure 2). The resulting values of E,
are given in Table 1.

The DIIMFP is related to the dielectric function as follows [28]:
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FIGURE 1 | Upper panels: raw energy loss spectra y, ,(w) (after removal of the elastic peak) in absolute units of reciprocal eV for the surface-
sensitive measurement (red) and the bulk-sensitive measurement (blue); middle panels: energy loss spectra y; , () after application of the Tougaard-

Chorkendorff deconvolution [6]; lower panels: normalised DIIMFP in absolute units of reciprocal eV (blue) and DSEP in arbitrary units (red), com-

pared with the energy loss loss function (ELF) (Im{ — 1/e(w,0)}) as found in the literature, represented by the black curves (scaled by a factor
facilitating comparison); (a) SiO,; black curve: Palik [22]. (b) HfO,; black curve: Couillard et al. [23]. (c.) CaF,; black curve: Palik [24].
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(1+E'/c?)
1+E/2¢2 zE' / [e(w q)]

3
where A is the inelastic mean-free path (IMFP), Im[ —1/e(w, q)]

is the energy loss function (ELF) and E’ = E,, — E, and integra-
tion limits are given by the following:

q+
d*a?
WilonBo) = / dwdg 1=

q_

L= VERHE) (B o)+ (E -0)/2] @

Here and below atomic units are used (7 =e=m, =1). Note
that the lower panels of Figure 1 compare two distinctly differ-
ent physical quantities: the normalised DIIMFP (Equation (3),
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FIGURE 2 | Normalised differential inverse inelastic mean-free
path (DIIMFP) for SiO,, HfO, and CaF,, illustrating the method to de-
termine the band gap (see text).

TABLE 1 | Material parameters used in this study: molecular weight M, number of valence electrons per molecule
E,, width of the valence band E,j, free-electron plasmon energy E,,.

density n,, static refractive index n(0), band gap

blue curves) and the energy loss function Im| — 1/e(w, g)| (black
curves, scaled to facilitate comparison), appearing in the inte-
grand of Equation (3).

In the present work, the complex dielectric function
€(w, q) = €; + ie, is modelled as a sum of Drude oscillators with
amplitudes A;, binding energies w; and damping parameters I';:

Ai(@0? - 0(@)?)
i ((02 —coi(q)z)2 + l"l.za)2

_ Z Alw
T (02— w,(q?)” + o2 ®

€1 =€, —

where €, denotes the background dielectric constant due to the
polarizability of the core electrons [31].

The optical constants represented by the oscillator parame-
ters A;, w;, I'; of the three inorganic compounds were extracted
from the normalised DIIMFPs using the approach described in
Reference [21]. Optimum values of the oscillator parameters A,
w;, T'; are found by fitting the NDIIMFP to Equation (3) using
the nonlinear optimisation library NLopt [32]. First, a global
optimum was obtained employing the augmented Lagrangian
algorithm [33, 34] which was then used as a starting point for a
local optimization to improve the optimum to a greater accuracy
employing the COBYLA (Constrained Optimization BY Linear
Approximations) algorithm [35]. Consistency checks were per-
formed employing the Bethe f-sum and Kramers-Kronig or KK-
sum rules. The f-sum rule can be evaluated by the following:

meX

1
Zeg= —— wlm
eff 2”2na/
E,

8

-1
[—e(w, e O)] do (6)

where n, = N, is Avogadro's number, p
is the mass density and M is the molecular weight. At the maxi-
mum energy loss w,,,, — oo, the value of Z . must approach the
atomic number Z. The Kramers-Kronig sum or KK-sum is eval-
uated as follows:

wmax

2 1
Py=2= [ =I
off = 7 E/ 1) m[e(w q= 0)] n(O) ™

g

where n(0) is the limiting value of the refractive index at low
photon energies [28]. At @, — o, the value of P.; must ap-
proach 1. The physical quantities used in Equations (6) and (7)
are listed in Table 1.

N,, mass density p, atomic

0 —3
Compound M N, p(g-cm™) n, (A ) n(0) E, (eV) E, (eV) E, (eV)
Sio, 60.085 [26] 16 [27] 2.19 [26] 0.065 1.4585 9.0+0.5 10 [28] 22.0
HfO, 210.49 [26] 16 [27] 9.68 [26] 0.083 1.89 [29] 5.3+0.5 6.5 24.7
CaF, 78.075 [26] 16 [27] 3.18 [26] 0.073 2.61 [24] 10.3+1.5 5.84[30] 23.2
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The IMFP A for an electron energy E, > E, + E,;, measured from
the bottom of the valence band is then determined by integrating
the DIIMFP given by Equation (3) over the energy loss @ as follows:

Ey—E,—Ey,

BE) = [ Wile.B)do ®

Eq

where E,;, is the width of the valence band.

4 | Results and Discussion

The method to deconvolute a pair of loss spectra taken at differ-
ent kinematical conditions is shown in Figure 1. The upper panels
are the raw data which have been subjected to a Lucy-Richardson
deconvolution [36]; the elastic peak was fitted to a Gaussian and
the intensities were brought on an absolute scale of reciprocal eV
by division with the elastic peak area [5]. The red and blue curves
show the results for the surface- and bulk-sensitive conditions,
respectively. The middle panels are the results of the Tougaard-
Chorkendorff procedure [6]. In all cases, higher intensity is seen for

Si0; «— Experiment

— Fit

HfO,

0.04{ CaF,

0.02
0.01

0.00

0 20 40 60 80 100
Energy loss w (eV)

the surface-sensitive spectra at low energy losses (below ~10 eV),
demonstrating the fact that these spectra consist of contributions
due to surface and bulk excitations as well as a mixed term [5]. The
lower panels are the resulting normalised DIIMFP and DSEP. The
comparison of the DIIMFP with available literature data (repre-
sented by the black curves) is satisfactory; for CaF,, literature data
in the UV regime are sparse.

Determination of the band gap from the REELS spectra is illus-
trated in Figure 2, and the resulting band gap values are also
shown in Table 1.

Figure 3 shows the fit of the normalised DIIMFP extracted
from the REELS spectra to the normalised DIIMFP calculated
using Equation (3) based on the Drude model dielectric function
(Equation 5). A value of @ = 0.1 in Equation (1) was assumed for
each compound. Table 2 shows the f-sum and KK-sum errors
for the studied inorganic compounds demonstrating acceptably
small discrepancy with the errors less than 10%. The resulting
oscillator parameters optimally fitting the experimental data on
a model Drude dielectric function are presented in Table 3. The
similarity of the present data for the normalised DIIMFP (blue

(b.)

1.2

o o Palik
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FIGURE 3 | (a) Fit of the normalised DIIMFP data extracted from the measured REELS spectra using the Drude model dielectric function.
(b) Comparison of the ELF derived from the REELS measurements (this work) with the ELFs derived from other measurements: SiO, [22],

HfO, [29, 37, 38], CaF, [24].
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TABLE 2 | Values of the atomic number Z, Z  from Equation (6), errors in the f-sum rule, values of P from Equation (7) and errors in the KK-

sum rule.
f-sum rule KK-sum rule
Compound z Z g error (%) P error (%)
SiOo, 30 29.19 2.7 0.968 -3.2
HfO, 88 86.84 -1.3 0.976 -2.3
CaF, 38 35.06 =77 0.99 -1.2
TABLE 3 | Optimised oscillator parameters to model the Drude dielectric function defined in Equation (5).
Sio, HfO, CaF,
A; Yi ®; A; Yi o; A; Yi o;
18.16 1.50 10.58 17.29 1.36 7.75 29.50 1.93 11.25
25.94 2.78 12.13 42.74 2.08 9.11 56.38 2.39 13.39
39.79 3.51 13.72 65.83 2.80 10.96 21.35 1.53 15.57
42.60 3.92 16.90 49.92 4.06 12.67 2.11 1.00 16.53
91.29 8.53 20.61 107.58 12.84 17.63 27.84 3.51 20.53
134.48 30.18 35.17 124.10 12.39 24.93 70.38 5.17 25.08
186.26 79.87 69.21 102.81 9.46 34.92 12.13 2.28 27.87
181.61 10.38 44.64 140.76 3.45 32.52
208.15 22.98 64.65 8.65 2.23 37.43
134.25 19.28 82.22 37.34 6.10 44.04
206.31 24.59 102.23 40.77 13.20 53.85
100.29 12.06 123.82 200.35 41.71 75.06

curves in the lower panels in Figure 1) with the energy loss func-
tion in the optical limit, Im{ — 1/e(w,0)} (black curves) shows
that the REELS data are dominated by electron scattering with a
small momentum transfer. The choice of @ = 0.1 then is justified
[29, 39].

A comparison of the ELFs calculated using the oscillator param-
eters listed in Table 3 with the ELFs in the optical limit derived
from different measurements found in the literature is shown
in Figure 3b. In the case of SiO,, the ELF obtained in this work
is in reasonable agreement with the ELF obtained by Kramers-
Kronig analysis of reflectance data augmented by absorption
measurements [22].

For HfO,, Jin et al. [38] derived the dielectric function employ-
ing the Drude-Lindhard model with no dispersion from REELS
data taken at E, =300 eV and E, = 500 eV. Behar et al. [37]
obtained the same property from high-energy (E, =20 keV)
transmission (TEELS) measurements performed by Frandon
et al. [40] using the Mermin model with dispersion built-in (i.e.,
a = 1.0 is implicitly used in the Mermin loss function). More re-
cently, Vos and Grande [29] derived the dielectric function from
REELS measurements with the incident energies E, = 5keV and
E, = 40 keV which are close to those typically used in transmis-
sion EELS experiments. A value of 0.1 was assumed for a. Vos

and Grande used the Tougaard-Chorkendorff deconvolution
[6] to derive the NDIIMFP from the REELS spectra as well as
the approach employed in the present work demonstrating a
good overall agreement between the resulting NDIIMFPs (see
Reference [29]).

Regarding CaF,, the only ELF data available for comparison
were found in Reference [24] with sparse data in the XUV range
but being in reasonable quantitative agreement with our exper-
imental data.

The IMFP values for SiO,, HfO, and CaF, as a function of the
electron energy measured from the bottom of the conduction
band were calculated using Equation (8) employing the Drude
model dielectric function with oscillator parameters listed in
Table 3. A value of @ =1 was used for the IMFP calculations
for meaningful comparison with the IMFP values obtained
by other authors which assume a quadratic dispersion of the
dielectric function (see also the discussion below). The result-
ing IMFPs for SiO,, HfO, and CaF, are shown in Figure 3c.
The IMFPs calculated in the present work for all three com-
pounds are seen to be consistent with the IMFPs calculated
using the relativistic TPP-2M formula given by Equation 12
in Reference [28]. The parameters for this formula were cal-
culated using Equations (15a-15¢) from Reference [28] with
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the values of the band gap E, and the mass density p listed
in Table 1; the values of the plasmon energy were estimated
as E, =28.8164/N,p/M (see Table 1). The average RMS dif-
ference between the IMFPs calculated in this work and the
IMFPs calculated using the TPP-2M formula for SiO,, HfO,
and CaF, is 22%, 16% and 23 %, respectively, for the energy
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FIGURE 4 | Comparison of the IMFP calculated using the energy
loss function derived from the REELS measurements (this work, filled
circles) with the data obtained by other authors (dash-dotted curves):
Si0, [28], HfO, [29], CaF, [3]. The TPP-2M IMFP values were calculated
using Equation (12) from Reference [28]. (solid curves).
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range between 200-30000 eV. The lower limit of this energy
range is due to the TPP-2M equation being less reliable for en-
ergies under 200 eV [28].

The IMFP data for SiO, and CaF, in Figure 3c are also com-
pared with those reported by Shinotsuka et al. [28] and Flores-
Mancera et al. [3], respectively, demonstrating a reasonable
agreement. Regarding HfO,, the IMFP values calculated in this
work were compared with the IMFP values (green solid curve in
Figure 3c) computed using Equation (8) employing the Drude-
Lindhard model dielectric function with the oscillator param-
eters listed in Table 1 of Reference [29], exhibiting reasonable
agreement with a 12% RMS-difference over the energy range
between 50-30000 eV.

At this stage, the treatment of the dispersion in the frame-
work of inelastic electron scattering deserves to be discussed
in some detail. This concerns the value of the dispersion con-
stant a used in (1) evaluation of the DIIMFP in the procedure
to extract optical constants and (2) the value of the dispersion
constant used in evaluating the IMFP. In the present work, a
value of @ = 0.1 was used throughout in the fitting of the nor-
malised DIIMFP. In addition, the fitting has also been carried
out using « as an additional fit parameter, resulting in small
values for @ ~ 0.05-0.1. Similar results were obtained earlier
for a number of organic insulators [8, 11]. In the case of met-
als, however, a value close to unity always represents a reason-
able choice [20].

Furthermore, and most importantly, when evaluating the IMFP,
the use of a value of a close to zero underestimates IMFP values
by a factor of two or more [8]. Similar results were obtained in
the present work for the IMFP using Equation (8) (not shown):
For a ~ 0, the IMFP values are a factor of 2-3 below the values
shown in Figure 4. The fact that the correct IMFP values are ob-
tained by using « ~ 1 in Equation (8) was proven by comparing
IMFP values derived from EPES [8] with values obtained from

(b)

Momentum transfer q (A1)

FIGURES5 | (a)The energy loss function of the dielectric function for PMMA calculated based on the Drude model using the oscillator parameters
from [21] is shown on a false colour scale on the complex (g, )-plane; the blue circles are the experimental results for the dispersion as determined

by energy loss measurements in transmission, the error bars indicate the width of the plasmon. The solid curve illustrates the dispersion according
to Equation 1 with @ = 1. The white dashed dotted line is the Bethe-ridge E ~ g?/2; the dashed white lines indicate the lower limit of the Compton
profile, (the electron-hole pair continuum), that is, the function E = ¢?/2 + 2gkz, where kg is the Fermi wave vector; the green dashed (g_) and solid
(g,) curves describe the limits of integration (Equation 4) of the momentum transfer in the evaluation of the DIIMFP as per Equation 3, for a primary

energy of Eo = 50 ¢V. (b) Raw experimental energy loss spectra of aluminium shown on a false colour scale.
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linear response theory and optical data in which a is set to unity.
These latter two approaches give excellent mutual agreement for
organic insulators [8]. In this connection, it is important to note
that the only parameter needed for analysis of EPES is the dif-
ferential elastic scattering cross-section [41, 42]; the dispersion
of loss features does not play any role in the analysis of EPES-
data to determine the IMFP. It is also important to realise in
this connection that while the electrons making up the elastic
peak are coming from the very surface of the solid, the intensity
of the elastic peak is determined by those electrons that are not
elastically scattered, that is, those that wind up in the inelas-
tic background in a REELS spectrum. Obviously, the inelastic
background corresponds to scattering processes taking place
deeper inside the volume of the material. In other words, EPES
intensities provide a measure of the IMFP inside the volume of
the surface. On the other hand, the part of the REELS spectrum
used to extract optical constants is the single scattering contri-
bution which predominantly corresponds to an inelastic process
taking place very close to the surface (typically at depths less
than the IMFP for any given incidence and emission angle).

A measurement of the dispersion of the plasmon in polymethyl-
methacrylate (PMMA) and Aluminium is presented in Figure 5.
The white solid curves indicate a quadratic dispersion, which
is directly confirmed by the raw data for Al in Figure 5b. The
blue data points in Figure 5a represent the plasmon dispersion
in PMMA, which are also seen to follow a quadratic dispersion.
The error bars in the blue data points give an impression of the
width of the plasmon for a given momentum transfer q. For val-
ues beyond g ~ 110\_1, the plasmon width becomes excessively
large, indicating strong damping, both for Al and for PMMA.
This is expected since for a momentum transfer exceeding the
Fermi wavevector (with a typical value around kj ~ IA_I), the
electron-hole pair continuum is reached; that is, the plasmon
oscillation, essentially a collective excitation brought about
in a distant collision (small q), is no longer sustained and the
regime of direct knock-on collisions leading to electron-hole
pair excitation is reached for large momentum transfers. The
latter regime coincides with the electron-Compton profile
® = q*/2 + 2gkz around the Bethe-ridge w = ¢*/2, which dictate
energy and momentum conservation in the scattering process.
The plasmon dispersion slowly converges towards the Bethe-
ridge for large energy losses.

The green dashed and solid curves indicate the minimum and
maximum momentum transfer in an inelastic collision (see
Equation 4) for a 50 eV primary electron. The plasmon disper-
sion intersects the (dashed) g_-curve but does not extend beyond
the Bethe-ridge, also for higher primary energies. The above im-
plies that the integrand in Equation (3) under the g,-curve is
always small. This changes dramatically when a value of a =0
is used in evaluating the IMFP. In this case, the plasmon loss
contributes to the integrand both under the q_- and g,-curves,
leading to a much larger value of the integrand under the q,-
curve. Consequently, a smaller value for the IMFP would result.
However, such a procedure would also imply violation of energy
and momentum conservation in the collision.

From the above considerations, it must be concluded that a qua-
dratic dispersion governs the scattering process but that small
momentum transfer inelastic processes dominate in a REELS

spectrum in the case of insulators, consistent with a retrieved
value of @ ~ 0 in the analysis of REELS data. In metals, the com-
monly made assumption that all possible momentum transfers
contribute to the inelastic processes in a REELS spectrum is con-
firmed. While we have no conclusive answer to the question why
the kinematics in REELS are different for conducting and insu-
lating materials, we note that the character of the collective exci-
tations can be more “plasmonic” or more “excitonic” depending
on the extent of localisation of the involved states [43, 44], but the
influence on the kinematically allowed (or prefered) transitions
has not been worked out for electron backscattering experiments.

In practice, the above suggests that for analysis of REELS spec-
tra, it is recommendable to treat a as a fit parameter or, alter-
natively, use a vanishing value for insulators and @« =1 for
conductors. For evaluating the IMFP using optical constants, «
should always be taken to be unity.

5 | Summary

Normalised DIIMFPs were derived in absolute units from elec-
tron energy loss spectra acquired in reflection mode (REELS)
for three inorganic compounds SiO,, HfO, and CaF, employing
the deconvolution procedure of Refs. [5, 36, 45]. The optical con-
stants were obtained by fitting the normalised DIIMFPs with
a set of oscillator parameters using the extended Drude model
dielectric function [31] assuming a weak g- dependence intro-
duced by a quadratic dispersion of the dielectric function with
a = 0.1in Equation (1). The resulting energy loss functions (ELF)
calculated based on these oscillator parameters were compared
with the ELFs found in the literature (SiO, [22], HfO, [29, 37, 38],
CaF, [24]) demonstrating an acceptable agreement. The inelas-
tic mean-free paths (IMFP) were calculated based on the optical
constants obtained in this work assuming a full quadratic dis-
persion of the dielectric function with & = 1in Equation (1). The
resulting IMFP values were found to be in satisfactory agreement
with those calculated employing the relativistic TPP-2M formula
[28] as well as the results reported by other authors [3, 28, 29].

In practice, the above suggests that for analysis of REELS spec-
tra, it is recommendable to treat a as a fit parameter or, alter-
natively, use a vanishing value for insulators and a =1 for
conductors. For evaluating the IMFP using optical constants, «
should always be taken to be unity.
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