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Abstract—We have reported on the results of a complex investigation of iron disilicide FeSi2 using character-
istic electron energy loss spectroscopy, inelastic electron scattering cross section spectroscopy, and X-ray
photoelectron spectroscopy. It has been shown that the main peak in the spectra of inelastic electron scatter-
ing for FeSi2 is a superposition of two unresolved peaks, viz., surface and bulk plasmons. An analysis of the
fine structure of the spectra of inelastic electron scattering cross section by their decomposition into Lorentz-
like Tougaard peaks has made it possible to quantitatively estimate the contributions of individual energy loss
processes to the resulting spectrum and determine their origin and energy.
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INTRODUCTION
Iron disilicide FeSi2 is of considerable interest for

fundamental and applied studies [1–4]. Iron disilicide
is obtained by molecular-beam epitaxy [5], thermal
evaporation [6–9], and solid-phase and reactive epi-
taxy [7, 10, 11]. The physicochemical properties of
Fe/Si2 are analyzed by widely used methods of elec-
tron spectroscopy, including Auger-electron spectros-
copy (AES) [4, 7, 8, 10–13], X-ray photoelectron
spectroscopy (XPS) [1, 2, 6, 9, 10, 14], and character-
istic electron energy loss (EEL) spectroscopy [4, 5–8,
10–13, 15–17].

In EEL spectroscopy, the energy of a bulk plasmon
is used to identify various phases of silicides. Accord-
ing to different sources, the bulk plasmon energy for
FeSi2 amounts to 20.4–21.3 eV [7, 11–13, 16, 17].

Apart from the EEL spectroscopy, the spectros-
copy of inelastic electron scattering cross section (Kλ-
spectroscopy) has been most often used in recent years
to analyze the inelastic interaction of electrons with
the substance. The Kλ-spectra were calculated from
experimental EEL spectra using the Tougaard–
Chorkendorff algorithm [18] and contain only single
energy losses with the intensity determined in absolute
units. The inelastic electron scattering cross section
spectroscopy has been used to test various materials
[15, 18–32]. The advantages of the Kλ-spectra as

compared to EEL spectra was noted in [26–28]. A
complex analysis of the Fe/Si system using the meth-
ods of EELS spectroscopy and inelastic electron scat-
tering cross section spectroscopy is carried out in [15,
29, 30].

In this study, we report on the results of complex
analysis of iron disilicide by the methods of EELS,
Kλ-spectroscopy, and XPS. The decomposition of
experimental Kλ-spectra into Lorentz-like Tougaard
functions has made it possible to separate the loss
peaks of the bulk and surface nature [31, 32].

1. EXPERIMENTAL TECHNIQUE
The FeSi2 sample was prepared by fusing the sili-

con and iron mixture in an atomic ratio of 2 : 1 in a
vacuum no worse than 10–4 Pa. X-ray diffraction anal-
ysis confirmed the single phase composition of the
obtained alloy. We cut an approximately 1-mm-thick
washer from the alloy and performed spectroscopic
analysis.

The photoelectron spectra and integrated spectra
of energy loss of reflected electrons were measured on
ultra-high vacuum photoelectron spectrometer
SPECS (Germany). The spectrometer was equipped
with a spherical energy analyzer PHOIBOS MCD9,
an X-ray tube with a twin diode as a source of Mg Kα
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X-ray radiation, and electron gun MicrofocusEK-12-
M (STAIB Instruments) for exciting electron energy
loss spectrum. Surface contamination was removed by
etching with Ar+ ions (accelerating voltage 2.5 kV, ion
current 15 μA) using the PU-IQE-12/38 scanning ion
gun (SPECS) directly in the spectrometer chamber
prior to recording the electron spectra.

2. EXPERIMENTAL RESULTS

The X-ray photoelectron spectra of iron disilicide
were obtained using Mg Kα radiation with an energy of
1253.6 eV. The atomic concentrations of Si and Fe
atoms and carbon and oxygen impurity atoms were
obtained from the survey spectra by the method of ele-
mental sensitivity coefficients after subtracting of the
background using the Shirley method. The total con-

centration of impurities after cleaning of the surface by
ion etching did not exceed 15%. The ratio of atomic
concentrations of silicon and ion was 0.66 : 0.34,
which is close to the composition of the initial alloy
mixture. We determined the binding energies of the 2p
(Si) and 2p (Fe) photoelectron lines. Calibration was
performed according to 1s carbon line with energy
285.0 eV. The binding energy of the 2p (Si) line was
99.7 eV. The binding energies of the 2p3/2Fe and 2p1/2
Fe doublet were 701.1 and 720.0 eV, respectively.
The resultant values of the binding energy are in con-
formity with the available literature data for iron sili-
cides [1, 2, 16].

The experimental spectra N(T) of reflected elec-
tron energy losses in integrated form (Fig. 1a), where
N is the number of reflected electrons that have lost
energy T, were obtained in the range of 150 eV with a

Fig. 1. (a) Integrated and (b) differential EEL spectra of FeSi2 for different energies of primary electrons.
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Fig. 2. (a) Integrated and (b) differential spectra of inelastic electron scattering cross section of FeSi2.
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step of 0.1 eV. Energy loss T was calculated as the dif-
ference between energy E0 of primary electrons (zero
losses) and energy E of reflected electrons, T = E0 – E.
The energies of primary electrons were 300, 600, 1200,
1900, and 3000 eV.

The integrated EEL spectra of FeSi2 (see Fig. 1a)
display two peaks, viz., an intense peak at energy 21 eV
and a lower-intensity peak at 42.7 eV, corresponding to
the excitation of single and double bulk plasmons in
iron disilicide [7, 11–13, 16, 17]. The bulk nature of
these peaks manifests in an increase in their relative
intensity upon an increase in the energy of primary
electrons. To determine the energies of the loss peaks
more precisely and to reduce the effect of the struc-
tureless background, we performed a numerical differ-
entiation of the N(T) experimental curves (Fig. 1b).

The spectra of inelastic electron scattering (product of
the average inelastic mean free path λ and differential
inelastic scattering cross section K(E0, T)) were obtained
from the experimental energy loss spectrum for reflected
electrons using the QUASESTMXS REELS program
package (quantum analysis of surface by electron
spectroscopy cross sections determined by REELS) in
accordance with the algorithm proposed in [18]
(Fig. 2a). The spectra of the cross section of inelastic
electron scattering reflect the probability of energy
loss T by an electron upon single scattering over the
inelastic mean free path per unit length. The heights of
the peaks in these spectra determine the probabilities
of single energy losses for surface or bulk excitations.
The absolute values of the energy loss intensity in the
spectra of inelastic electron scattering cross section
make it possible to compare and analyze the spectra of
different materials (including those obtained by differ-

ent authors) without preliminary processing and nor-
malization.

The main peak in the inelastic scattering cross sec-
tion spectra for FeSi2 (see Fig. 2a) is formed by two
unresolved peaks (surface and bulk plasmons). This
follows from the decreasing width of the spectrum at
half amplitude from 19.1 to 12.5 eV upon an increase
in the primary electron energy from 300 to 3000 eV.
With increasing energy of primary electrons, the
intensity of the bulk plasmon increases relative to the
surface plasmon; as a result, the intensity of the low-
energy region decreases.

The differential Kλ-spectra for FeSi2 are shown in
Fig. 2b. Apart from the main peak in the Kλ-spectra in
the form of d(λK)/dT, a singularity with energy 3.2 eV
close to the energy of the interband transition is clearly
observed in the EEL spectra of FeSi2 [8, 17].

The energies of the peaks determined from the dif-
ferential EEL spectra and the spectra of inelastic elec-
tron scattering cross section for FeSi2 are shown in
Fig. 3. The bulk plasmon energy is almost indepen-
dent of the energy of primary electrons in the EEL
spectra and increases monotonically with the energy
of primary electrons in the spectra of inelastic electron
scattering cross section spectra. Upon an increase in
the energy of primary electrons, the depth of the yield
of reflected electrons increases, which causes an
increase in the intensity of bulk-like excitations and a
decrease in the intensity of surface-like excitations,
which in turn leads to a change in the shape and posi-
tion of the peak in the spectra of inelastic electron
scattering cross section.

A comparison of the EEL spectra with the spectra
of the cross section of inelastic electron scattering
shows that the shape of the Kλ-spectra is more sensi-
tive to an increase in the primary electron energy. This
result can be associated with the subtraction of the
background of multiple processes of inelastic scatter-
ing in the calculation of the Kλ-spectra, which leads to
an increase in the intensity of the surface-like exci-
tations and their effect on the energy corresponding to
the peak in the Kλ-spectrum. Figure 3 also shows the
energy of the bulk plasmon in the EELS and Kλ-spectra
on the energy of primary electrons for Si and Fe.

Thus, in determining the energies that correspond
to the peaks in the Kλ-spectra, the intensity of surface
excitations can affect the resultant values.

3.1 Approximation of the Spectra
of the Cross Section of Inelastic Electron

Scattering Using Universal Tougaard Functions
To quantitatively estimate the contributions of dif-

ferent origins to the spectra of inelastic electron scat-
tering cross section and to reliably determine their
energies, we approximated the spectra for FeSi2 by the
three-parametric Lorentz-like Tougaard functions as
follows [21, 31, 32]:

Fig. 3. Dependence of the bulk plasmon energies deter-
mined from the EEL spectra and spectra of the cross sec-
tion of inelastic electron scattering on primary electron
energies for Si, Fe, and FeSi2.
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Parameter B determines the intensity of the peak,
parameter C determines its position, and parameter D
determines the width and indirectly affects the posi-
tion and intensity of the peak. The description of the
spectra of inelastic electron scattering cross section
with the help of Lorentz-like functions (universal
classes of the inelastic electron scattering cross sec-
tion) was proposed by Tougaard [21].

An analysis of the processes of electron energy
losses by separating contributions of different origins
from the spectra of inelastic electron scattering cross
section is a topical problem in electron spectroscopy,
which can be used to estimate the effect of surface
excitations on the EELS, XPS, and AES [23–28].

Figure 4 shows the results of an approximation of
the spectra of inelastic electron scattering cross section
for FeSi2 for primary electron energies of 300 and 3000 eV.
Since an analysis of the Kλ-spectra of FeSi2 revealed
three types of contributions (bulk, surface, and weak
low-energy contributions), we used three peaks for

λ =
− +2 2 2 .

( )
BTK

C T DT

approximation (peaks 1, S, and V in Fig. 4). The
parameters of the Tougaard peaks were chosen in
order to achieve the minimal standard deviation
between the fitting and experimental spectra. The
mean energies of the fitting peaks were 5.5, 14.4, and
21.1 eV. The ratio of the energies of the bulk and sur-
face plasmons was 1.47, which is close to  in corre-
spondence with the free electron gas approximation
[34]. Low-energy peak 1 is close in energy to the inter-
band transition in the EEL spectra of FeSi2 [8, 17].

Figure 5 shows the dependence of the areas of the
fitting peaks determining the intensity of excitations in
the primary electron energy. Monotonically decreas-
ing dependences of the areas of peaks S and 1 reflect
their surface origin, while the opposite dependence of
the area of peak V indicates its bulk origin.

The method of the decomposition of the spectra of
the cross section of inelastic electron scattering into
the peaks of losses makes it possible to quantitatively
estimate the contributions of individual loss processes
to the resultant Kλ-spectrum and more precisely
determine the loss energies of the characteristic peaks,
which excludes the effect of the summation of intensi-
ties of unresolved peaks on the position of the resultant
maximum.

CONCLUSIONS
We have analyzed the spectra of characteristic elec-

tron energy losses and of inelastic electron scattering
cross section for FeSi2. We have determined the ener-
gies that correspond to the loss peaks in the EEL spec-
tra and in the spectra of inelastic electron scattering
cross section; the energy of the peak in the EEL spec-
tra is almost independent of the energy of primary
electrons, while the energy that corresponds to the
peak in the Kλ-spectra increases with the primary

2

Fig. 4. Spectra of inelastic electron scattering cross section
for FeSi2 for primary electron energies of (a) 300 and
(b) 3000 eV approximated by Lorentz-like Tougaard func-
tions.
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electron energy, which can be associated with the sub-
traction of the background of multiple energy losses in
the calculation of the Kλ-spectra. An analysis of the
mechanisms of electron scattering and the quantitative
estimation of the contribution of individual scattering
processes to the Kλ-spectra of FeSi2 were carried out
by analyzing the fine structure of the spectra of inelas-
tic electron scattering cross section. The peaks of the
surface and bulk origins were identified from the
dependences of the areas of the fitting peaks on the
primary electron energy.
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