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Abstract—The inelastic electron scattering cross section spectra of Fe have been calculated based on experi-
mental spectra of characteristic reflection electron energy loss as dependences of the product of the inelastic
mean free path by the differential inelastic electron scattering cross section on the electron energy loss. It has
been shown that the inelastic electron scattering cross-section spectra have certain advantages over the elec-
tron energy loss spectra in the analysis of the interaction of electrons with substance. The peaks of energy loss
in the spectra of characteristic electron energy loss and inelastic electron scattering cross sections have been
determined from the integral and differential spectra. It has been shown that the energy of the bulk plasmon
is practically independent of the energy of primary electrons in the characteristic electron energy loss spectra
and monotonically increases with increasing energy of primary electrons in the inelastic electron scattering
cross-section spectra. The variation in the maximum energy of the inelastic electron scattering cross-section
spectra is caused by the redistribution of intensities over the peaks of losses due to various excitations. The
inelastic electron scattering cross-section spectra have been analyzed using the decomposition of the spectra
into peaks of the energy loss. This method has been used for the quantitative estimation of the contributions
from different energy loss processes to the inelastic electron scattering cross-section spectra of Fe and for the

determination of the nature of the energy loss peaks.

DOI: 10.1134/S106378341605019X

1. INTRODUCTION

Iron is one of the most promising materials for
nanoelectronics, spintronics, and photonics [1—3].
Multilayered Fe/Si structures are interesting for theo-
retical and practical applications [1—3], and are being
intensively studied by various methods. One of the
most popular methods for the analysis of nanomateri-
als is electron spectroscopy. In this work, we have per-
formed a detailed analysis of the characteristic elec-
tron energy loss spectra (EELS) and inelastic electron
scattering cross-section spectra (KA-spectra) of Fe.

The interest in inelastic electron scattering cross-
section spectroscopy is caused by the fact that, in con-
trast to the initial spectra of the characteristic reflec-
tion electron energy loss, the KA-spectra are free from
the loss due to multiple excitations and the intensity is
expressed in absolute units. These spectra are also
more sensitive to variations in the energy of primary
electrons and the emission angle [4—6]. The inelastic
electron scattering cross-section spectroscopy makes

it possible to determine the elemental composition
with a significantly higher accuracy than the tradi-
tional reflection electron energy loss spectroscopy [7].

The inelastic electron scattering cross-section
spectra are calculated on the basis of experimental
reflection electron energy loss spectra and make pos-
sible the quantitative analysis of the elemental compo-
sition of two-component composite structures. Ear-
lier, the possibility of quantitative determination of
atomic concentration of elements from the maximum
in the KA-spectrain Fe,Si; _, [8, 9], Mn,Si, _ . [7], and
Ge,Si; _ , systems was studied [10].

Computer simulation of the inelastic electron scat-
tering cross-section spectra in the framework of the
dielectric theory was applied for the analysis of distri-
bution of elements through depth, the formation of
different phases of silicides in the Fe/Si system [9],
and for determining the thickness of the silicon diox-
ide on the surface of a silicon substrate [11].
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Fig. 1. Panoramic XPS of the Fe film on the Si substrate.

In this work, we have performed a comparative
analysis of the characteristic reflection electron energy
loss and inelastic electron scattering cross-section
spectra of Fe. The maximum energy in the inelastic
electron scattering cross-section spectra depends on
the intensities of its peaks, which manifests itself in
experimental K\A-spectra and is confirmed by the sim-
ulation of spectra by the superposition of two peaks
with close energies.

For the analysis of the inelastic electron scattering
cross-section spectra of Fe, we applied for the first
time our method [12, 13] making possible a quantita-
tive estimation of contributions from different energy
loss processes to the inelastic electron scattering cross-
section spectra.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The Fe samples were fabricated by high-vacuum
thermal evaporation. Three samples were studied: a
bulk Fe sample, a 50 nm-thick Fe film on a Si substrate,
and a 50 nm-thick Fe film on a glass substrate.

Measurements of the photoelectron spectra and
integral reflection electron energy loss spectra were
performed on a SPECS (Germany) ultra-high-vac-
uum photoelectron spectrometer at the incidence and
detection angles with the normal to the sample surface
of o, = 59° and o, = 0°, respectively. The spectrometer
was supplied with a PHOIBOS MCD9 spherical
energy analyzer, an X-ray tube with a double anode as
the X-ray source, and a Microfocus EK-12-M (STAIB
Instruments) electron-beam projector for excitation of
electron energy loss spectra. Surface impurities and
protective and oxide layers were removed by Ar'-ion
etching (an accelerating voltage of 2.5 kV and an ion
current of 15 pA) with a PU-IQE-12/38 (SPECS)
scanning ion gun in the spectrometer chamber before
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Fig. 2. Fe EELS normalized to the elastic peak in the
(a) integral and (b) differential forms.

recording the electron spectra. The completeness of the
removal of oxygen and impurities was controlled from
X-ray photoelectron spectra (XPS): the degree of oxy-
gen and carbon contamination after the Ar™-ion etching
was on the order of 5%. Figure 1 shows the panoramic
XPS of Fe on a Si substrate, in which photoelectron
peaks and Auger peaks are marked.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

3. 1. Characteristic Electron Energy Loss
Spectroscopy

Experimental spectra of characteristic reflection
electron energy losses were obtained in the interval of
0—150 eV with a step of 0.1 eV. The energy loss 7' was
calculated as the difference between the energy of pri-
mary electrons, E,, (zero loss) and the energy of
reflected electrons, E: T= E, — E. The energies of pri-
mary electrons were 300, 600, 1200, 1900, and 3000 eV.
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Table 1. Energies of peaks (in eV) in EELS

Integral EELS Differential EELS
Ey, eV
ho, | My |peak 1|peak2| hw, | My
300 22,751 56.11 | 5.93| 15.36 | 22.81 | 55.46
600 22.46 | 56.78 | 6.47 | 15.44| 22.77 | 55.98
1200 22.74 1 56.52| 7.01 | 15.42 | 22.79 | 55.87
1900 229315691 | 6.80| 15.70 | 22.90 | 55.74
3000 22.93| 57.05| 6.88| 16.24 | 22.89 | 56.03
Mean value| 22.76 | 56.68 | 6.62 | 15.63 | 22.83 | 56.21
Deviation 0.19 | 0.37| 0.43]| 0.36| 0.38| 0.23

The EELS of three Fe samples differed insignifi-
cantly. Figure 2 shows the spectra averaged over three
samples in the integral (a) and differential (b) forms.
In the integral spectra, we observe well-resolved peaks
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Fig. 3. Inelastic electron scattering cross-section spectra of
Fe in the (a) integral and (b) differential forms.
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at the loss energies about 22.8 and 56.7 eV and small
peaks in the low-loss region, the energy of which is dif-
ficult to determine. The peak at 22.8 eV, apparently, is
connected with the excitation of the bulk plasmon in
Fe (in the generally accepted notation, 7®,) and is
close to data published in [14—18], and the peak at
56.7 eV corresponds to the M,; interband transition
[14, 15, 17—20]. The energies of the loss peaks were
determined from the integral and differential EELS
and are presented in Table 1. The differentiation of
EELS makes it possible to subtract the structureless
background and determine the energies of small peaks
(Fig. 2b). The peak at 15.6 eV (peak 2 in Table 1),
apparently, corresponds to the excitation of the surface
plasmon in Fe, and its energy is close to publishes val-
ues [17, 18]; the peak at 6.6 eV (peak I in Table 1) cor-
responds to an interband transition [16]. As is evident
from Table 1, the energy of the bulk plasmon in the
integral and differential EELS is practically indepen-
dent of the energy of primary electrons. With an
increase in the energy of primary electrons, the contri-
bution of the bulk plasmon relative to the poorly
resolved peaks in the low-energy region containing the
surface plasmon increases (Fig. 2).

3.2. Inelastic Electron Scattering Cross-Section
Spectroscopy

From experimental reflection electron energy loss
spectra, with the help of the QUASES™ XS REELS
(quantitative analysis of surfaces by electron spectros-
copy cross sections determined by REELS) software
package [21], by the algorithm suggested in [22], the
inelastic electron scattering cross section was
obtained as the product of the electron inelastic mean
free path A by the differential inelastic electron scat-
tering cross section K(E,, E, — E) (Fig. 3a). The
inelastic electron scattering cross-section spectra
reflect the probability of the energy loss 7T by an elec-
tron in a single scattering in the inelastic mean free
path per unit energy. The maxima of these spectra
determine the probability of a single energy loss due
to surface and bulk excitations. The absolute values of
the energy loss in inelastic electron scattering cross-
section spectra make possible the comparison and
analysis of spectra of different materials (including
those obtained by different authors) without prepro-
cessing and normalization.

The inelastic electron scattering cross-section
spectra of Fe are close to those presented in [23, 24].
In the K\-spectra of Fe (Fig. 3a) as compared to the
EELS, the peak at the energy of 15.3 eV (peak 3 in
Table 2), which corresponds to the excitation of a sur-
face plasmon in Fe [17, 18], is resolved better and is
more intense. Peak 2 in the KA-spectra (Table 2) is
close in the energy to peak I in the differential EELS
(Table 1) and corresponds to an interband transition
[16]. In the KA-spectra, this peak is resolved better and
Vol. 58

No. 5 2016
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Table 2. Energies of peaks (in eV) in KA-spectra

Integral K\-spectra Differential KA-spectra
Ey, eV

peak 2 peak 3 ho, My, peak 1 peak 2 peak 3 ho, My,
300 7.06 14.68 55.73 1.67 5.92 14.90 21.89 55.03
600 7.47 14.49 56.15 1.85 5.82 15.21 22.19 55.55
1200 7.78 15.18 21.21 56.08 1.79 6.12 15.22 22.58 55.52
1900 7.71 15.93 21.67 56.30 2.11 6.29 15.71 22.74 55.84
3000 8.08 16.23 21.67 56.68 2.68 6.08 15.80 22.75 55.74
Mean value 7.62 15.30 21.51 56.19 2.02 6.05 15.37 22.43 55.54
Deviation 0.38 0.76 0.27 0.35 0.40 0.18 0.38 0.38 0.31

is more intense than that in the EELS. The intensity of
the loss due to surface excitations in the KA-spectra is
higher than in the EELS, because the Tougaard—
Chorkendorffalgorithm [22] presumes the subtraction
of the background and removal of multiple plasma
losses. In addition, the KA-spectra of Fe exhibit peaks
at the energies close to those in the EELS (21.5 and
56.2 eV), which correspond to the losses due to the

excitation of the bulk plasmon 7w, and the M,; inter-
band transition.

The variation in the shape of the inelastic electron
scattering cross-section spectra with an increase in the
energy of primary electrons is caused by the increase in
the escape depth of reflected electrons, which results
in an increase in the intensity of bulk excitations and a
reduction in the intensity of surface excitations. From
the comparison of the EELS and inelastic electron
scattering cross-section spectra, it follows that the
shape of the KA-spectra is more subjected to changes
due to variations in the intensity of primary electrons.

For a more accurate determination of the energy
loss peaks, numerical differentiation of the K\-spectra
was performed (Fig. 3b). The energies of peaks in the
inelastic electron scattering cross-section spectra of Fe
were determined from the integral and differential
spectra and are presented in Table 2. The differentia-
tion of the inelastic electron scattering cross-section
spectra, as well as EELS, made it possible to deter-
mine the energies of small peaks. The energy loss of
the peaks 7m,, M,;, and peak 3 are close to those
determined from EELS and from published data on
EELS [14—20] and KA-spectra [25]. Peak 7 at 2.02 eV
(Table 2) corresponds to a one-electron transition
from the top of the Fe 3d band to unoccupied states
1.5 eV above Ep [17, 18], and peak 2 at 6.05 eV, to the
interband transition [16], which is also observed in the
differential EELS.

The energy of the bulk plasmon is practically inde-
pendent of the energy of primary electrons in the
EELS and monotonically increases with increasing
energy of primary electrons in the inelastic electron
scattering cross-section spectra (Fig. 4). The mean
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energy of the bulk plasmon determined from the dif-
ferential EELS, is 22.8 & 0.1 €V; it is practically inde-
pendent of the energy of primary electrons. The
energy of the bulk plasmon determined from the dif-
ferential inelastic electron scattering cross-section
spectra as a function of the energy of primary electrons
is approximated well by the exponential function and
asymptotically tends to 22.8 eV, which equals the mean
value determined from the EELS.

This result demonstrates a high sensitivity of the
inelastic electron scattering cross-section spectra to
variations in the energy of primary electrons. Since the
KA-spectrum is a superposition of different processes
of inelastic electron scattering, the variation in the
energy of the bulk plasmon in the K\A-spectra may be
connected with the redistribution of intensity over
peaks of energy losses due to surface and bulk exci-
tations.

In order to confirm the influence of the relation-
ship between the intensities of peaks in the spectrum,
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Fig. 4. Energy of the bulk plasmon determined from EELS
and inelastic electron scattering cross-section spectra vs.
the energy of primary electrons.
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with the relative fraction of the area of the high-energy
peak of 76% and (b) the energy of the maximum of the
model spectrum vs. the relative fraction of the area of the
high-energy peak.

the K\-spectrum was simulated by a sum of two unre-
solved peaks. The shape of the peaks was described by
Lorentz-like Tougaard functions [23]

_ BT
(©€-TH»*+97’

Here, 9B, 6, and 9 are fitting parameters, which have
definite values for each element [23]. Parameter 9B
determines the intensity of the peak, parameter @
determines its position, and parameter &% determines its
width and indirectly influences the position and inten-
sity of the peak. The description of inelastic electron
scattering cross-section spectra by Lorentz-like func-
tion (universal classes of the inelastic electron scattering
cross sections) was proposed by Tougaard [23].

We chose peaks of the same width and the energy
losses close to the energies of the surface and bulk
plasmons in Fe: 14.9 and 22.8 eV.
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Fig. 6. Inclastic electron scattering cross-section spectra of
Fe for primary electron energies of (a) 300 and (b) 3000 eV,
approximated by Lorentz-like Tougaard functions.

Figure 5a shows the resulting spectrum with the
areas of the peaks in its composition relating as 24 and
76%. The peaks are practically unresolved in the
energy, and the position of the maximum differs from
the position of the dominant peak. With an increase in
the intensity of the high-energy peak, the maximum of
the resulting spectrum shifts toward the dominant
peak (Fig. 5b). This dependence tends to the energy of
the high-energy peak.

Thus, the loss energy of the peak corresponding to
the excitation of the bulk plasmon can be determined
with a higher confidence than the energy of other
peaks, because in this case we may eliminate the influ-
ence of the intensities of different contributions on the
resulting position of the maximum in the spectrum.

3.3. Approximation of the Inelastic Electron Scattering
Cross-Section Spectra by the Tougaard
Universal Functions

For the quantitative estimation of the variation in
the contributions of different nature to the inelastic
Vol. 58

No. 5 2016
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Fig. 7. Areas of the fitting peaks vs. the energy of primary
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electron scattering cross-section spectra, it was pro-
posed in [13, 14] to approximate the spectrum by the
three-parameter Tougaard functions [23]. The study
of the processes of electron energy loss by separating
contributions of different nature from inelastic elec-
tron scattering cross-section spectra is an urgent prob-
lem of electron spectroscopy, which can be used for
estimating the influence of surface excitations on
EELS, XPS, and Auger-electron spectra [4—6, 25—28].

Figure 6 shows the result of approximation of the
inelastic electron scattering cross-section spectra of Fe
at the energy of primary electrons of 300 (Fig. 6a) and
3000 eV (Fig. 6b). The number of fitting peaks was
chosen from the condition of the minimum root-
mean-square deviation of the fitting spectrum from
the experimental one. For a good approximation, it
suffices six peaks, including M,;.

The inelastic electron scattering cross-section
spectra of Fe were approximated by six Tougaard
peaks: peaks A, B, C, D, E, and M,;. Parameters 9B, 6,
and 9 of the Tougaard function were varied until
reaching the best agreement between the fitting and
experimental spectra. In the approximation, the

Table 3. Energies of fitting peaks (in V)

Ey, &V A B c D E | My
300 1.60 | 6.55 |15.73 |22.80 [28.98 [56.07
600 1.75 | 6.70 |[15.15 |22.80 [31.17 |56.36
1200 1.75 | 6.99 [15.00 {22.80 [34.52 |56.51
1900 1.89 | 6.99 |15.00 |22.80 [35.25 |56.51
3000 2.62 | 7.14 |15.00 |22.80 [34.66 [56.66
Mean value | 1.92 | 6.87 [15.18 [22.80 [32.92 [56.42
Deviation 0.40 | 0.24 | 0.32 | 0.00 | 2.72 | 0.22
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energy of peak D (bulk plasmon) was set as equal to the
mean energy determined from the EELS for the bulk
plasmon (22.8 eV).

It is evident from Fig. 6 that, with an increase in the
energy of primary electrons, the intensity of peak D
increases and the intensities of peaks A, B, and C
decrease. The variation in the intensities of separate
peaks causes variation in the shape of the whole spec-
trum. The decomposition of the inelastic electron
scattering cross-section spectra into loss peaks makes
it possible to estimate the contributions of separate
processes to the resulting KA-spectrum.

Figure 7 shows the dependence of the area of fitting
peaks, which determines the intensities of excitations,
on the energy of primary electrons. The monotoni-
cally decreasing dependences of peaks B and C evi-
dence their surface nature, and the opposite tendency
in the dependence of the area of peak D evidences its
bulk nature. The nature of the other peaks is hard to
determine uniquely because of their low intensity. The
mean energies of the fitting peaks and the root-mean-
square deviations are presented in Table 3.

The energies of peak C in the approximation was
freely varied and, as a result, took a value close to the
published data for the surface plasmon in Fe [17, 18]
and the ratio of the energy loss of the bulk plasmon to

the energy loss of peak C is close to \/5, which is well-
known from the classical plasmon theory for free elec-
tron gas [29].

The energy of peak B, obtained as a result of the
approximation, is close to the energy of experimental
peaks in the EELS and KA-spectra.

The energy of peak A4 varies from 1.6 to 2.6 eV as the
energy of primary electrons varies from 300 to 3000 eV,
as well as the energy of this peak determined from dif-
ferential K\A-spectra (Table 2). Thus, peak A can com-
prise two unresolved peaks: surface-like and bulk-like
ones. In this case, the energy loss of the surface-like
peak is lower than that of the bulk-like one. The mean
energy of peak A is close to the energy of peak 7 in the
differential inelastic electron scattering cross-section
spectra of Fe (Table 2). With an increase in the energy
of free electrons, the intensity of the bulk-like peak
increases and the position of the resulting peak A shifts
to the high-energy region.

4. CONCLUSIONS

The characteristic electron energy loss spectra and
inelastic electron scattering cross-section spectra of Fe
were studied. The comparative analysis demonstrated
the advantages of inelastic electron scattering cross-
section spectra for the quantitative analysis of the
interaction of electrons with matter over the EELS.
The fine structure of the inelastic electron scattering
cross-section spectra was studied by the approxima-
tion of the experimental spectra by three-parameter
Tougaard functions. A quantitative estimation of the
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contributions of different inelastic electron scattering
processes to the KA-spectra of Fe obtained at different
energies of primary electrons was performed. The
nature of the loss peaks was determined from the
dependence of their intensity on the energy of primary
electrons.

This method can be used for the analysis of mech-
anisms of electron scattering and quantitative estima-
tion of the contributions of separate scattering pro-
cesses to the inelastic electron scattering cross-section
spectra of various materials.
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