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Compton scattering in electron energy loss spectroscopy (EELS) is used to quantify the momentum distribution of
occupied electronic states in a solid. The Compton signal is a broad feature with a width of several hundred eV.
Furthermore, the weak intensity results in a low peak-to-background ratio. Removing the background under the
Compton profile is therefore particularly challenging, especially if there is an overlap with EELS core loss edges.
Here an empirical background subtraction routine is proposed that uses input data from a bright-field EELS
spectrum that does not have a Compton signal. The routine allows for multiple elastic-inelastic scattering within
the EELS collection angles. Background subtraction is demonstrated on a Compton profile in silicon that overlaps

with the Si L-edge. Systematic errors in the method are also discussed.

1. Introduction

Compton scattering in dark-field electron energy loss spectroscopy
(EELS) provides information on the ground state projected momentum
density distribution of electronic levels in a solid (Williams et al., 1984;
Schattschneider and Exner, 1995; Feng et al., 2013, 2019; Talmantaite
et al., 2020; Mendis and Talmantaite, 2022). Due to Fermi-Dirac sta-
tistics and the large momenta of solid-state electrons (Kittel, 2005) the
Compton peak is broadened over an energy loss range spanning several
hundred eV. Furthermore, the weak Compton signal is superimposed on
an EELS background that must be accurately subtracted in order to
extract reliable electronic structure data. The traditional EELS back-
ground subtraction method of extrapolating an analytical function, such
as a power law (Egerton, 2011; Fung et al., 2020), however breaks down
over the large energy loss range of a Compton profile. Overlap with core
loss edges in the EELS spectrum further complicates background
removal. An example is shown in Fig. 1a; the Compton profile appears as
a weak signal superimposed on a rapidly varying Si L-edge background
and has a width greater than 700 eV.

Su et al. (1992) proposed an analytical method, that includes mul-
tiple elastic-inelastic scattering, to remove the background. This model
however assumed an isotropic solid, and is therefore not valid when the
specimen is crystalline and in an orientation that is strongly diffracting.
Furthermore, calculating the shape of core loss edges is a non-trivial task
(Mizoguchi, 2010, Mendis and Ramasse, 2021), which makes it difficult
to remove the background when there is strong overlap between the
Compton profile and a core loss edge (e.g. Fig. 1a). Therefore, a more
robust background subtraction procedure, which is ideally based on
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experiment rather than simulation, is desirable. A potential method is
schematically illustrated in Figs. 1b and 1c. The Compton profile is ac-
quired in centred dark-field EELS mode, with tilted illumination and
with the EELS detector along the electron optic axis (Fig. 1b). On the
other hand, a bright-field EELS spectrum (Fig. 1c), acquired from the
same region of the sample but with normal beam incidence will not have
a Compton signal, since at small scattering angles the Compton energy
loss is less than the binding energy of the solid-state electrons (Tal-
mantaite et al., 2020). Therefore, by subtracting a suitably normalised
bright-field EELS spectrum from the dark-field EELS spectrum the
background under the Compton profile could potentially be removed.
However, we have found this approach does not always produce satis-
factory results, which is apparent by examining Figs. 1b and 1c more
closely. First the distance travelled through the specimen will be
different for a tilted and normal incidence beam, which alters the degree
of multiple inelastic scattering. Furthermore, the specimen diffraction
conditions are also different. Bragg diffraction and thermal diffuse
scattering will alter the angular distribution of energy loss electrons.
However, only those electrons that exit the specimen in the direction of
the EELS spectrometer, i.e. parallel to the electron optic axis in Figs. 1b,
1lc, are detected in the far-field. The multiple elastic-inelastic scattering
contribution will therefore also be different between the bright-field and
dark-field EELS spectra.

In this Short Communication the bright-field EELS background sub-
traction method is modified to allow for variations in multiple inelastic
and elastic-inelastic scattering. The advantage of this new approach is
that it is entirely empirical, can be applied to almost any sample and
does not require any complex modelling of the background. The theory
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Fig. 1. : (a) Dark-field EELS spectrum from a silicon sample showing the Si L-
edge and overlapping Compton profile. (b) and (c) are schematic illustrations of
potential electron beam scattering paths within the sample for dark-field and
bright-field EELS respectively. The EELS spectrometer is along the electron
optic axis in the far-field, so that only electrons that exit the specimen parallel
to the optic axis are detected.

is outlined in Section 3. Section 2 describes the experimental procedure,
while results are presented in Section 4.

2. Materials and methods
The background subtraction routine is tested on the Compton profile

in Fig. 1a, which has previously been reported in Mendis and Talman-
taite (2022). This particular example was chosen due to the complexity
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of the background, which contained the Si L-edge, and therefore poses
significant challenges for background subtraction. The EELS spectrum
was acquired in centred dark-field image mode from an ion-beam pol-
ished, [110]-oriented silicon sample, using a 200 kV JEOL 2100 F field
emission gun transmission electron microscope (TEM) and Gatan Tri-
diem EELS spectrometer. The parallel electron beam was tilted 48.8
mrad away from the [110] zone-axis using the microscope beam tilt coils
and was in the 004 Bragg diffraction condition. The EELS spectrometer
was along the electron optic axis, and had a 5.3 mrad collection
semi-angle, as defined by the objective aperture used for centred
dark-field imaging. A bright-field EELS spectrum was also acquired from
the thinnest possible region of the specimen in image mode with no
objective aperture (the EELS collection semi-angle is therefore only
limited by the TEM vacuum tube). The single scattering distribution for
this spectrum is extracted via Fourier log deconvolution (Section 3),
performed using Gatan Digital Micrograph software assuming a re-
flected tail model for the zero loss peak. It is important that the specimen
is weakly diffracting when acquiring the bright-field EELS spectrum.
This condition was satisfied by tilting the specimen 213 mrad away from
the [110] zone-axis; the resulting diffraction pattern did not reveal any
Bragg reflections that were strongly excited. All EELS spectra were ac-
quired with 0.5 eV/channel dispersion. The low and high energy loss
regions were acquired separately, and subsequently spliced to ensure a
good signal-to-noise ratio over the entire spectrum.

Multiple elastic-phonon/plasmon scattering was simulated using the
multislice method described in Mendis (2019) and Barthel et al. (2020).
Here plasmon energy loss events are modelled using Monte Carlo
methods within a standard frozen phonon multislice simulation for
(pseudo) elastic scattering. Specifically, computer generated random
variables are used to estimate the plasmon scattering path length and
angles. The plasmon mean free path in silicon is 105 nm and the critical
scattering angle is 27.6 mrad (Mendis, 2019). The [110] silicon supercell
was 700 A thick and had lateral dimensions 37.8 A x 38.2 A, or equiv-
alently 7a, x 5\/2ao, where q, is the unit cell lattice parameter. The
incident electron beam was a 200 kV plane wave tilted 48.8 mrad away
from the [110] zone-axis and in the Bragg condition for the 004
reflection. The specimen thickness and electron beam match the
experimental conditions for the dark-field EELS spectrum in Fig. la.
Ishizuka’s (1982) transmission and propagator functions for tilted illu-
mination are used in the multilsice simulation, with the supercell
divided into slices that are a,/+/8 or 1.9 A in thickness. The projected
potential for each slice was calculated using Kirkland’s (2010) atom
scattering factors with 512 x 512 pixel sampling. A 0.078 A rms random
displacement was imposed on each atom to model thermal diffuse
scattering. A total of 3000 frozen phonon configurations were simulated
for improved statistics (see also Section 4), the results being classified
according to the number of plasmon scattering events.

3. Theory

The starting point is to express the background EELS spectrum I(E) as
the sum of multiple inelastic scattering distributions:

I(E) = aS(E) + bD(E) + ¢T(E) + ... (1a)

at+b+c+..=1 (0<a,b,c,...<1) (1b)

where S(E),D(E) and T(E) are the single, double and triple inelastic
scattering distributions which do not contain a Compton signal and a,b
and c are the corresponding linear coefficients. S(E) is derived from a
bright-field EELS spectrum using Fourier log deconvolution (Egerton,
2011). Higher order inelastic scattering distributions are calculated
iteratively, i.e. D(E) = aS(E) ® S(E), T(E) = pD(E) ® S(E) etc., where ,
are normalisation constants and the ® symbol represents a convolution
operation. The integrated intensities for the dark-field EELS spectrum,
I(E) and all inelastic scattering distributions are normalised to unity,
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which imposes the condition given by Eq. (1b) on the linear coefficients.
The energy loss range for intensity normalisation must be chosen so that
there is no overlap with the Compton profile.

The linear coefficients a, b, c etc. must be suitably chosen so that I(E)
reproduces the pre-Compton background region in the measured dark-
field EELS spectrum  O(E). This requires minimising the y? metric for
Poisson statistics (Hughes and Hase, 2010):

) O(E) — I(E) |
4= jg:[ ( i(zz; )] @

where the summation is over energy loss channels E; that precede the
Compton profile. The inelastic scattered intensity is assumed to be a
Poisson distribution (Egerton, 2011):

= () ®
where I, is the intensity of nM-order inelastic scattering, t is the specimen
thickness and 4 is the inelastic mean free path. The linear coefficients in
Eq. (1a) must therefore have fixed values if the background spectrum
I(E) were to follow a Poisson distribution. The fact that the linear co-
efficients are allowed to be ‘free’ variables, subject to the constraint
imposed by Eq. (1b), is because the angular distribution of the energy
loss electrons depends on multiple elastic-inelastic scattering. The
fraction of I, passing through the EELS aperture may therefore deviate
from a Poisson distribution.

The Fourier log deconvolution routine for extracting S(E) assumes a
Poisson distribution for I, and therefore the EELS collection angle must
be as large as possible (Egerton, 2011). Hence the bright-field EELS
spectrum is acquired in image mode with no objective aperture (Section
2). Strictly speaking, the large collection angle would mean that there is

x108
5
4
2
‘@ 3
c
(9]
k=
2
1
0 . . .
-10 0 10 20 30 40 50
Energy Loss (eV)
(@)
0.05
—S(E)
—D(E)
2004 —T(E)
‘@
c
Q
€ 0.03
°
Q
L
 0.02
£
2
0.01
0
0 20 40 60 80
Energy Loss (eV)
(©)

Micron 163 (2022) 103363

some contribution from the Compton signal, which could potentially
lead to errors in background subtraction. However, the bright-field EELS
spectrum is found to be dominated by small angle scattering, and
therefore any Compton signal is buried within the experimental noise.

The bright-field EELS spectrum must also be acquired from a thin
sample region that is weakly diffracting. This is because the path length
of any Bragg diffracted or thermal diffuse scattered electrons through
the specimen is longer than the unscattered beam (Fig. 1c), meaning that
the thickness t in the Fourier log routine is not well defined. From Eq.
(3), the inelastic intensity is linear in thickness for only I, so that for
accurate results Iy and other higher order intensity terms must be
negligible. Furthermore, it has been shown theoretically that a Poisson
intensity distribution is valid when the inelastic scattering is highly
delocalised, such as, for example, in plasmon excitation (Mendis, 2020).
For more localised interactions, such as core loss edges, channeling of
the electron beam can influence the inelastic intensity (Taftg and Kri-
vanek, 1982; Kimoto et al., 2008). Channeling is however suppressed by
the kinematical diffraction conditions required for acquiring the
bright-field EELS spectrum.

4. Results and discussion

The low and high energy loss regions of the bright-field EELS spec-
trum are shown in Figs. 2a and 2b respectively. The (t/1) value for this
spectrum is only 0.24, and inevitably there are artefacts due to the
specimen free surfaces, such as a surface plasmon peak at ~8.5 eV (Reed
et al.,, 1999) and an O K-edge due to surface oxidation. Nevertheless,
these features are minor compared to the bulk features in the EELS
spectrum. For example, the dominant energy loss is due to bulk plasmon
excitation at 17 eV. Fourier log deconvolution gives the single scattering
distribution S(E), from which higher order scattering distributions can
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Fig. 2. : (a) and (b) are the low and high energy loss regions of the bright-field EELS spectrum. The arrows indicate surface plasmons in the low loss region and O K-
edge in the high energy loss region. The single S(E), double D(E) and triple T(E) inelastic scattering distributions are superimposed in (c) and (d), which cover the low
and high energy loss regions respectively. For each distribution, the integrated intensity within a 0-150 eV energy loss range is normalised.



B.G. Mendis

also be derived. As mentioned in Section 3 for the extracted S(E) to be
accurate multiple inelastic scattering must be negligible. For (t/1)
= 0.24, Eq. (3) predicts that the I,/I; ratio is 12%. On the other hand,
least squares fitting Gaussian profiles to the plasmon peaks in the
bright-field EELS spectrum results in a much smaller ratio of ~1% for
double to single plasmon excitation. Since plasmons have a high scat-
tering cross-section the above plasmon ratio should be approximately
I /I, which is however not the case here. Systematic errors in fitting a
simple Gaussian curve to the plasmon peak shape may be a contributing
factor to the discrepancy, as well as the presence of some surface plas-
mon intensity. Nevertheless, it is clear from Fig. 2a that single bulk
plasmon excitation, and by extension single bulk inelastic scattering, is
by far the dominant process, so that S(E) is assumed to be sufficiently
accurate for our purpose. S(E) and other higher order inelastic scattering
distributions are shown in Figs. 2c and 2d for the low and high energy
loss regions respectively.

A reflected tail model was used to remove the zero loss peak from the
dark-field EELS spectrum in Fig. 1a. The pre-Compton background of the
resulting spectrum was modelled by least squares fitting multiple scat-
tering distributions derived from the bright-field EELS spectrum (Egs.
la-1b). A10-150 eV energy window was chosen for least squares fitting
using scattering distributions up to third order. A comparison of the
measured and fitted spectra are shown in Figs. 3a and 3b for the low and
high energy loss regions respectively. There is reasonable agreement
between the two spectra over the entire pre-Compton energy loss range.
The difference spectrum in Fig. 3c represents the background subtracted
Compton profile. The Si L-edge onset has been undersubtracted, while
the pre-edge background is oversubtracted. The background subtraction
errors are largest at the Compton edge onset, since the Compton signal
intensity is relatively weak in this region compared to the background.
However, at the Compton peak maximum and beyond any background
subtraction error will have a smaller effect, as evidenced by the
smoother appearance of the difference spectrum (Fig. 3c). The high
energy tail of the difference spectrum could therefore be used for a more
accurate Compton analysis of the solid. Furthermore, by increasing the
Compton scattering angle the Compton peak position can be shifted to
higher energy loss (Talmantaite et al., 2020), thereby improving the
quality of background subtraction, although due consideration must also
be given to the weaker signal at large scattering angles.

Note that the Compton profile shape in Fig. 3c is highly asymmetrical
due to strong Bragg diffraction within the sample. A detailed analysis of
the Bragg scattering mechanisms and its effect on the above Compton
profile can be found in Mendis and Talmantaite (2022). In that paper the
Compton profile was simulated using a double multislice technique. The
simulated Compton profile is superimposed in Fig. 3c, and shows good
agreement with the experimental result, especially around the peak
maximum. The agreement is less satisfactory at higher energy loss,
which is likely due to inaccuracies in the simulation, as is clear from the
kink in the simulated profile at ~625 eV. The overall good agreement
between the two profiles further supports the validity of the background
subtraction routine proposed here.

The best fit linear coefficients in Fig. 3 area = 0.891,b = 0.108 and ¢
= 0.001. Since the energy loss range for least squares fitting contained
the high intensity plasmon peaks, the linear coefficients must be
approximately equal to the multiple plasmon scattering probability over
the EELS collection angles. This can be tested via plasmon multislice
simulations (Section 2). Figs. 4a-4d show multislice simulated zero,
single, double and triple plasmon excitation diffraction patterns
respectively. Plasmon scattering broadens the width of the unscattered
and Bragg reflections, which is clearly observed in the single plasmon
diffraction pattern, but less so for double and triple plasmon excitation
due to a lack of convergence, e.g. there were only 14 cases of triple
plasmon scattering out of a total of 3000 multislice iterations. The EELS
collection aperture used for Compton measurement is superimposed in
each diffraction pattern. The integrated intensity within the EELS
aperture for single, double and triple plasmon excitation is in the ratio
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Fig. 3. : Inelastic dark-field EELS spectrum and the best fit background. The
latter was determined from Eqgs. la-1b. The integrated intensity within a
10-150 eV energy window of the dark-field EELS spectrum was normalised
before fitting. (a) and (b) are the low and high energy loss regions respectively.
(c) is the experimental difference spectrum representing the background sub-
tracted Compton profile. The simulated Compton profile from Mendis and
Talmantaite (2022) is also superimposed. For direct comparison, the maximum
intensity of the simulated profile is adjusted to match experiment.
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Fig. 4. : Multislice simulated (a) zero, (b) single, (c) double and (d) triple plasmon excitation diffraction patterns for dark-field EELS experimental conditions. The
intensity is displayed on a logarithmic scale to reveal fine features such as Kikuchi bands. The red circle in each figure outlines the EELS spectrometer aperture.

0.83:0.15:0.02, which is similar to the values obtained from least
squares fitting (the error is 4+ 0.01 based on the convergence of the
simulations). This confirms that the best fit linear coefficients represent
the relative fraction of multiple inelastic scattering as measured by the
EELS spectrometer. The linear coefficients may vary from the global
average, due to multiple elastic-inelastic scattering and finite size of the
EELS aperture.

Finally, consider the potential sources of error in background sub-
traction. The conflicting requirement of using a thin specimen region for
acquiring the bright-field EELS spectrum without introducing any free
surface artefacts has already been highlighted. The single scattering
distribution S(E) extracted from Fourier log deconvolution has the same
energy resolution as the bright-field EELS spectrum (Egerton, 2011).
However, the longer acquisition time for Compton measurements may
mean the effective energy resolution for dark-field EELS is degraded by
instabilities in the EELS spectrometer and/or room environment. In
principle, this can be mitigated by convolving S(E) with a Gaussian.
However, the quality of plasmon (Fig. 3a) and pre-Si L edge background
(Fig. 3b) fitting suggests that there is no significant difference in energy
resolution for this particular case. There are nevertheless some funda-
mental errors in Eq. (1a) as a potential background fitting model. The
first is that dispersion is not taken into account. For example, the plas-
mon energy increases with scattering vector magnitude and above a
critical wavenumber is damped by single electron excitations (Wata-
nabe, 1956). Furthermore, for anisotropic materials such as graphite and
boron nitride there is a change in the core loss edge shape with

scattering vector (Leapman et al., 1983). Dispersion and anisotropy are
averaged over a large angular range in S(E), but can be important for the
limited collection angles in a dark-field EELS spectrum. Second Eq. (1a)
treats different inelastic scattering mechanisms on an equal footing. As
an example, for double scattering both double plasmon excitation and
the (Si L-edge + single plasmon) excitation have the same linear coef-
ficient. The former affects the background under the Si L-edge, while the
latter alters the Si L-edge shape. The cross-section for both plasmon and
core loss scattering have a Lorentzian distribution with a characteristic
scattering angle given by 0 = (E/2E,), where E is the energy loss and E,
is the primary beam energy (Egerton, 2011). For silicon, 0 for the Si
L-edge is larger by a factor of ~6 compared to plasmons. Strictly
speaking, the two scattering events should therefore have different
weightings, rather than a single linear coefficient assigned to the double
scattering distribution D(E). However, it is unlikely this would lead to a
significant error in the present example, since the 5.3 mrad EELS
collection semi-angle is significantly larger than g, which has a calcu-
lated value of 0.25 mrad for the Si L-edge and 0.04 mrad for plasmons.

5. Summary

A background subtraction routine for electron Compton spectros-
copy is presented, which accounts for multiple elastic-inelastic scat-
tering within the angular range for EELS detection. The background is
modelled using multiple inelastic scattering distributions derived from a
bright-field EELS spectrum, which has the Compton signal suppressed.
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Unlike the previous method of Su et al. (1992) this new background
subtraction procedure is largely empirical and does not require any
complicated simulations. Application to a Compton profile in silicon
that shows strong overlap with the Si L-edge produced satisfactory re-
sults, apart from the Compton profile onset region, where the
peak-to-background ratio is small. Systematic errors in the background
subtraction are also discussed.
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