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Abstract—The feasibility of determining the elemental composition, chemical state, and element distribu-
tion across the depth in a subsurface region using the computer simulation of the electron inelastic scattering
cross section is demonstrated with iron layers on silicon substrates. Analysis is carried out based on the dielec-
tric theory and on the experimental determination of the product of the electron inelastic mean free path by
the inelastic scattering cross section from reflected electron energy loss spectra.
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INTRODUCTION

Metal-on-semiconductor nanostructures are rou-
tinely characterized by electron spectroscopy meth-
ods, such as photoelectron spectroscopy, Auger elec-
tron spectroscopy, and characteristic electron energy
loss spectroscopy. Owing to a recent tendency toward
electron device miniaturization, interest has quick-
ened in growth mechanisms of low-dimensional mag-
netic structures, namely, quantum wires and quantum
dots.

Investigation into Fe/Si nanostructures is associ-
ated first of all with application of these materials in
microelectronic, nanoelectronic, and spintronic
devices. Because of fast interdiffusion of iron and sili-
con atoms, different semiconducting, dielectric,
and/or magnetic silicides arise in these structures
depending on growth conditions [1—6]. A variety of
iron—silicon compounds forming in the course of
growth of iron nanostructures on silicon suggests that
this process is very complicated and inconstant, so that
the need for new techniques to examine the physico-
chemical properties and structure of these and related
materials becomes obvious.

In this work, we elaborate upon the method [7] of
determining the atomic concentration of elementsin a
Fe Si,_, system from the maxima of the electron
inelastic scattering cross section. Using these data,
one can find the elemental composition and thickness
of the iron film and interface by computer simulation
of the electron inelastic scattering cross section in lay-
ered structures.

EXPERIMENT

Iron films were grown on single-crystalline Si(100)
substrates by thermal evaporation in ultrahigh vac-
uum. Growth conditions (substrate temperature and
the amount of iron arrived at the substrate for the
growth time) were varied so as to provide different dis-
tributions of the elements in a subsurface layer of the
structure due to the interdiffusion of iron and silicon
atoms and the formation of various iron silicides. For
each substrate temperature, the growth rate of the iron
film was the same, 0.2 nm/min, so that the effective
thickness of the film for an evaporation time of 10 min
reached 2 nm. At a substrate temperature of 620°C, we
prepared two additional samples: in one of which the
effective thickness of the iron film was 0.1 nm, and in
the other an iron film was deposited on a silicon sub-
layer covering the substrate.

Reflected electron energy loss (REEL) spectra were
recorded in situ with a 0910S-03 electron spectrometer
built in an ultrahigh-vacuum multi-module processing
facility [8]. The REEL spectra were recorded in differen-
tial form for a primary electron energy of 1200 eV. To
determine the energy losses corresponding to peaks in the
spectrum, experimental curves were numerically differ-
entiated. In this case, the energy losses correlate with
maxima in the curves —d?> N/dE?* (N is the number of elec-
trons with energy F).

After subtracting the instrument function from
experimental REEL spectra and numerically integrat-
ing them with the QUASES™ XS REELS (QUantita-
tive Analysis of Surfaces by Electron Spectroscopy,
cross sections determined by REELS) [9] program
package, we found the product of electron inelastic
mean free path A by differential inelastic scattering
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Table 1. Growth conditions and plasmon energies in the samples

No. Sample Subst;z;i ’te(:)lgpera— Evapor?rtl%ﬁn time, Plasmoelb energy, Note
1 Fe 20 — 22.310.2
2 A 20 10 20.7 £0.2
3 B 270 10 21.0£0.2
4 C 620 10 17.2 £ 0.1
5 D 620 10 17.1 £0.2 Silicon sublayer
6 F 620 0.5 17.2 £ 0.1
7 Si 20 — 17.0 £ 0.1

cross section K(E,, E, — E), where E, is the energy of
elastically scattered electrons. The computational
algorithm is given in [10],

AK(E,, Ey— E)

E

) (1
= i{j(E)— IM((EO, E'- E)j(E)dE"),

where j(E) is an experimental spectrum and c is the
area under the elastic peak.

RESULTS AND DISCUSSION

Growth conditions for seven Fe/Si(100) systems
are listed in Table 1.

A reference REEL spectrum for iron was taken of
sample 1 (an iron film about 50 nm thick grown by
room-temperature evaporation on a silicon substrate
in ultrahigh vacuum). In this case, Auger and REEL
spectra were the same as those taken of bulk iron. A
spectrum taken of a pure Si(100) substrate (sample 7)
was used as a reference spectrum for silicon.

Figure 1 shows differential REEL spectra normal-
ized to the elastic peak for the test and reference sam-
ples (the energy of primary electrons was 1200 eV).
The spectrum of the sample grown at 620°C contains
a peak of electron energy multiple losses due to the
excitation of volume plasmons. The plasmon energy
averaged over all energy loss peaks are listed in Table 1
(the plasmon energies were determined by the
repeated differentiation of the differential loss spec-
tra). The spectrum of sample 4 obtained at room tem-
perature is similar to the spectrum of bulk iron except
for the volume plasmon energy. In this sample, the
energy of volume plasmons, being 1.6 eV lower than in
bulk iron, is close to published data for the volume
plasmon energy in iron silicides [1, 11]. The spectrum
of sample A exhibits a noticeable peak at 57.5 eV,
which resembles the peak of band-to-band transition
M, in iron (55.5 eV) [1]. In the spectrum of sample B
obtained at a substrate temperature of 270°C, peaks
due to multiple plasmons stand out and their energy is
also close to that typical of iron silicides. Samples C,
D, and F grown at the same substrate temperature
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(620°C) differ either in the amount of deposited iron
(C, E) or in the presence of the additional silicon sub-
layer (C, D). Their spectra are similar to that of pure
silicon and show many multiple loss peaks. Note that
the loss peak height increases with growth tempera-
ture, because the electron inelastic scattering cross
section grows from sample A to sample E.

To quantitatively characterize the variation of the
electron inelastic scattering cross section in the sam-
ples, we calculated the product of the electron inelas-
tic mean free path by the inelastic energy loss cross
section, fiw: AK(fiow) (Fig. 2), using the QUASES™
XS REELS program package.

The product LK, (fi®) characterizes the probabil-
ity of electron energy losses over the inelastic mean
free path per unit energy. Since the basic mechanism
through which electrons lose energy in collisions with
a solid is the plasmon excitation, a maximum in the
inelastic energy loss cross section corresponds to the
energy of volume plasmon excitation. The loss rate is
determined by the maximum of the product of the
electron inelastic mean free path by the inelastic scat-
tering cross section. It is seen from the above results
that the maximum of AK,,,(f®) in the Fe/Si system is

dN/dE

0 40 80
Energy loss, eV

Fig. 1. Differential loss spectra for the reflected electron
energy (the primary electron energy is 1200 eV).



0.06 -

0.02

Energy loss, eV

Fig. 2. Spectrum of the inelastic scattering energy loss
cross section.

more sensitive to growth conditions and, hence, to a
change in the composition and chemical state of the
samples than to a change in energy losses.

To treat the results on a quantitative basis, we used
the technique [7] for determining the atomic concen-
tration of elements in the Fe/Si system from an exper-
imentally found linear dependence of the maximum of
the product of the electron inelastic mean free path by
the electron inelastic scattering cross section in this
system.

Figure 3 plots the silicon concentration in a
Si Fe, _, system calculated from a calibration curve
constructed based on experimental data for the refer-
ence Fe (x = 0) and Si (x = 1) samples. Filled squares
are experimental values of AK,,(fAm) for the samples
(Fig. 2). To each data point, there corresponds an
effective (without regard to the element distribution
across the depth) silicon concentration. Table 2 lists
loss maxima and the atomic and volume concentra-
tions of silicon.

Table 2. Composition of the Si Fe, _ structure

No.| Sample )Leli/“f‘l"’ cé?}tc()e:rﬁtlga— fr:gﬁ)mn?v
tion, x
1 Fe 0.0315 0 0
2 A 0.0368 0.116 0.182
3 B 0.0570 0.557 0.681
4 c 0.0636 0.701 0.799
5 D 0.0651 0.734 0.824
6 E 0.0713 0.869 0.918
7 Si 0.0773 | 1
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Fig. 3. Determination of the silicon atomic concentration
in the Si Fe; _ , system.

The element distribution across the depth of the
structures was described with computer simulation in
terms of the dielectric response theory as applied to
the electron inelastic scattering cross section in lay-
ered structures. Here, we elaborate upon the Yubero—
Tougaard model and computational technique [12] for
interaction between electrons and a semi-infinite
medium that is characterized by a complex dielectric
function of the wavenumber and frequency, (k, ®).
The algorithm suggested by us for computing the elec-
tron inelastic scattering cross section based on the
dielectric response theory in bilayer (film/substrate)
structures with a sharp interface is given in [13]. In this
work, the contribution to the inelastic scattering cross
section for electrons scattered at depth a from the sur-
face of the bilayer structure (Fig. 4) is given by

d
KBy, i) = L [2aexp(-2a/ha) Kii' (B, ho, @)da

effo (2)

o0

T [2aexp(-2a/1) K (Ey, ho, a)da.

effd

Here, d is the thickness of the film; Ky and K’y® are

the effective inelastic scattering cross sections includ-
ing the contribution of electrons scattered at depth a
inside the film and substrate, respectively, and calcu-
lated by formula (15) in [12]; and A is the effective
inelastic mean free path of electrons in the bilayer
structure. It was assumed in our calculations that the
electron inelastic mean free path varies with depth lin-
early from a value typical of the film material to that
typical of the substrate.

The above simulation approach and the MLCS
(MultiLayered Cross-Sections) program for comput-
ing the inelastic scattering cross section are described
in [14]. This program is intended for island films and
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x=0

d/7
e V= vX
O—> t<0 a

t>0 ‘—%

Fig. 4. Geometry of the theoretical model. An electron
moving with velocity v from x = —oo crosses the surface of
a solid (x = 0) and is mirror-scattered at depth x = a and
time instant # = 0.

film—interface—substrate systems in which the inter-
face includes the film and substrate materials variously
distributed over the depth. To simulate the inelastic
scattering cross section, we, according to the Drude—
Lindhard model, represented the complex dielectric
functions for silicon and iron as a superposition of
Lorentz oscillators the parameters of which were found
by fitting to our reference silicon and iron spectra.

Figure 5 shows the results of simulation of the
inelastic scattering cross section for sample A obtained
by applying an iron film about 2 nm thick on a Si(100)
substrate at room temperature. Curve 7 is the experi-
mental spectrum, and curve 2 is a model spectrum
taken of a sharp film—substrate interface for a film
thickness of 2.15 nm. It is at this empirically found
thickness of the film that the maximum of LK meets an
experimental value of 0.0368 eV~!. However, the posi-
tion of the energy loss maximum differs markedly from
the experimental position. Attempts to simulate the
inelastic scattering cross section by varying the iron
and silicon distributions across the interface (linear,
exponential, or uniform) did not result in reasonable
agreement between experimental and model data. The
energy positions of the maxima of the electron inelas-
tic scattering cross section, which correspond to the
excitation of volume plasmons, also disagree with
experimental data. Satisfactory agreement between
the theory and experiment was obtained only under
the double-interface consideration, when an addi-
tional silicide layer was introduced with its own dielec-
tric function differing from those of pure silicon and
pure iron (Fig. 5, curve 3).

It was reported [11, 15] that, when an iron film is
applied on a silicon substrate at room or low tempera-
ture, an iron silicide (FeSi) interfacial layer frequently
forms. For thickness dm of the interfacial layer and
effective cross section K. of inelastic scattering in the
interface, the inelastic scattering cross section of the
system is given by

d
1 im
K Ep, 7o) = = [2aexp(-2a/h) Kif'(Ey. fio, a)da
eﬁo
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AK, eV
0.04 +

0.02

Energy loss, eV

Fig. 5. (/) Experimental spectrum of the electron inelastic
scattering cross section for sample 4 and model spectra in
the case of (2) a sharp film—surface interface and (3) a
monosilicide interfacial layer.

d+dm
+ L [ 2aexp(-20/h) KBy ho, a)da (3)
eff 4

+L2 J. 2aexp(=2a/ k) e'Efbs(EO, ho, a)da.
g+ dm

As in the first case, the effective inelastic mean free
path of electrons is a linear function of the above quan-
tities in the film, interface, and substrate. For iron sili-
cides, the inelastic mean free path of electrons was
interpolated in accordance with the iron-to-silicon
volume concentration ratio.

The parameters of Lorentz oscillators were simu-
lated by modifying them for pure silicon so that the
maximal product of the electron inelastic mean free
path by the inelastic scattering cross section was
0.0544, which corresponds to the Fe, 5Si, s composi-
tion in the calibration curve (Fig. 3), and the energy
position of the maximum of this product was close to
the mean published value [11] for the energy of a vol-
ume plasmon in iron monosilicide (20.9 eV). Using
these parameters, we achieved the best agreement for
the structure Fe(1.3 nm)/FeSi(2.5 nm)/Si(100).
The effective thickness of the iron layer in this case is
2.5nm, which somewhat exceeds the technological
value (2.0 nm).

For sample B grown at a substrate temperature of
270°C, we failed in simulating a spectrum of inelastic
scattering cross sections assuming that the interface
consists of iron monosilicide only. The experimental
value of the maximal product of the electron inelastic
mean free path by the inelastic scattering cross section
for this sample was larger than for iron monosilicide.
Therefore, to correctly treat experimental data, we
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Fig. 6. Experimental and theoretical spectra of the electron
inelastic scattering cross section for sample B grown at a
substrate temperature of 270°C.

had to consider the influence of iron disilicide (which
forms at higher temperatures according to publica-
tions) on the model spectra. As for the monosilicide,
the parameters of Lorentz oscillators for pure silicon
were modified so that the maximum of AK corre-
sponded to the Fe; 3,Si, ¢ composition with a plasmon
energy of 20.6 eV. The best agreement was achieved for
the upper homogeneous iron monosilicide + iron dis-
ilicide layer with volume fractions of 0.64 and 0.36,
respectively (Fig. 6).

For the samples obtained at 620°C, the iron con-
tent is less than 30 at % and depends on growth condi-
tions. At such a low iron concentration in the subsur-
face layer, it seems unlikely that the silicide content
will be high. This is also indicated by the experimental
values of the volume plasmon energy (Table 1), which
coincide with the plasmon energy for pure silicon
accurate to a measurement error. Presumably, due to
the very fast diffusion of iron atoms into the silicon
substrate, a sufficiently thick layer (with a thickness of
this layer far exceeding the inelastic mean free path of
electrons) of iron—silicon solid solution arises. Based
on this assumption, we simulated a spectrum of the
inelastic scattering cross section for samples C, D,
and E, considering them as homogeneous silicon—
iron composites.

Figure 7 shows the experimental spectrum of the
inelastic scattering cross section for sample FE, in
which the iron concentration is the lowest, and a spec-
trum obtained by simulating the uniform distribution
of silicon and iron with volume concentrations of 90.7
and 9.3%, respectively. The deviation from the volume
concentration of silicon for this sample (Table 2),
which was calculated from the atomic concentration
in accordance with the calibration curve (Fig. 3),
equals 1.1%.
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Fig. 7. Experimental and theoretical spectra of the elec-
tron inelastic scattering cross section for sample £ grown at
a substrate temperature of 620°C.

CONCLUSIONS

New opportunities for quantitative analysis of the
elemental composition, chemical state, element dis-
tribution across the depth, and formation of different
silicide phases using the computer simulation of the
electron inelastic scattering cross section is demon-
strated with Fe/Si(100) nanostructures obtained
under various growth conditions.
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