Texunonocuueckue npoyeccsl U mamepudiol

UDC 543.428
Doi: 10.31772/2587-6066-2019-20-1-99-105

For citation: Igumenov A. Yu., Parshin A. S., Andryushchenko T. A. [Factor analysis of inelastic electron scatter-
ing cross section spectra of iron monosilicide FeSi]. Siberian Journal of Science and Technology. 2019, Vol. 20, No. 1,
P. 99-105. Doi: 10.31772/2587-6066-2019-20-1-99-105

Jasa nutupoBanus: Urymenos A. 10, ITapmun A. C., Anapromenko T. A. dakTopHbIN aHATU3 CIEKTPOB CEYECHUS
HEYNPYTOTO paccestHus deKTpoHOoB cunuiuaa FeSi // Cubupckuii xypHan Hayku U Texaonorumit. 2019. T. 20, Ne 1.
C. 99-105. Doi: 10.31772/2587-6066-2019-20-1-99-105

FACTOR ANALYSIS OF INELASTIC ELECTRON SCATTERING
CROSS SECTION SPECTRA OF IRON MONOSILICIDE FeSi

A. Yu. Igumenov*, A. S. Parshin, T. A. Andryushchenko

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: igumenovau@mail.ru

The inelastic electron scattering cross-section spectra of FeSi silicide were calculated from the experimental re-
flected electron energy loss spectra as the product of the average inelastic mean free path and the differential cross
section of the inelastic electron scattering. To inelastic electron scattering cross-section spectra study, factor analysis
was used. This method allowed us to quantitatively separate the surface and bulk contributions to the spectra, and de-
termine the energy of the bulk plasmon more accurately than it is possible using traditional methods.

Inelastic electron scattering cross-section spectra (KA-spectra) are the products of the average inelastic mean free
path A and the differential inelastic scattering cross-section K (Ey, E)— E), where E, and E are the energies of the pri-
mary and reflected electrons, respectively. The advantage of inelastic electron scattering cross section spectroscopy is
that, unlike the reflected electron energy loss spectra, the KJ-spectra exclude losses due to multiple excitations, and the
intensities are determined in absolute units. These spectra are also more sensitive to changes in the energy of the pri-
mary electrons and the angle of emission. Inelastic electron scattering cross-section spectroscopy allows to determine
the element composition with much greater accuracy than the traditional method of reflected electron energy loss spec-
troscopy.

In this work, factor analysis is used to study the inelastic electron scattering cross section spectra of the FeSi sili-
cide. This method allowed to solve the actual problem of separating spectra into contributions of a different origin,
quantify them and determine the energies of a bulk plasmon more accurately compared with traditional methods. The
study of electron energy loss processes by isolating contributions of different origin in the inelastic electron scattering
cross section spectra is one of the urgent problems of electron spectroscopy, which can be used to assess the effect of
surface excitations in REELS, XPS and AES.

Keywords: inelastic electron scattering cross-section spectra, electron energy loss spectroscopy, factor analysis,
iron silicides.
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Cnexmpbl ceuenus Heynpy2o2o paccesHus d1ekmpoHos cunuyuoa FeSi paccuumansl uz sxcnepumenmansHuix cnex-
MpoO8 XapaKmepucmuieckux nOmepb HEPSUU OMPAN’CEHHBIX INEKMPOHO8 KAK 3A6UCUMOCIU NPOU3BEOCHUs] CPeOHell
ONUHbBL HEYNpYy2020 npobe2a U OUppepeHyuanbHo20 ceHeHus Heynpy2020 PACCesHU INEKIMPOHO8 OM HOmepb IHep2ull
ONeKMPOHO8. [ UCCIe008anUsl CHEKMPOS CEUeHUsl HEYRPY2020 PACCESIHUSL JIeKMPOHOE NPUMEHEH (DAKMOPHBIT AHANUS.
Omom memod no3gonun pazdenums 6KIA0bl HOGEPXHOCHOU U 0OBbEMHOU NPUPOObI 8 CHEKMPbL, KOIUYECHEEHHO UX
OYeHUumsb U onpederums HePeUr) 00bEMHO20 NIA3MOHA 00Nlee MOYHO NO CPAGHEHUIO C MPAOUYUOHHBIM MEmOoOOM
CReKMPOCKONUY NOMEPb IHEPSUU OMPANCCHHBIX IJLEKMPOHOE.

Cnexmpul ceuenus Heynpy2020 paccesnus 31ekmporos (KA-cnexmpol) npedcmasnsiiom cobotl npouszeederust cpeo-
Hell OIUHbL HEYNpY202o npobeza IAeKmpoHo8 A u ouggepenyuanvrhoeo ceuenusi neynpyeoeo paccesnus K(E) E)— E),
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20e Ey u E — oHepeuu nepeuuHbIX u OmMpasiCeHHblX 2NeKMpOoHO8, COOmeemcmeenHo. IIpeumywecmseo cnekmpockonuu
CeyenUsl HEYNPy2020 PACCEsIHUSL DNIEKMPOHOE 3aKIOUAEMCsl 8 MOM, YMo, 8 OMauyue om CneKmpos Xapakmepucmuye-
CKUX NOMepb IHepeUU OMPANCEHHBIX INEKMPOHO8, 8 KA-Cnekmpax uckuioyensl nomepu Ha MHO20Kpamuvie 6030yicoe-
HUSl, a4 UHMEHCUBHOCU ONPedeNsiomecst 6 AOCOMOMHbIX eOuHUYax. Dmu cnekmpuvl makoice 6onee YyeCcmeumenbHbl
K UBMEHEHUIO SHeP2UU NePEUYHBIX DIIeKMPOHO8 U yena smuccuu. CReKmpOCKONUst Ceuenusi HEYnpy2020 PACCesiHusL dNeK-
MPOHO8 NO360sEM ONPeOensimy INEMEHMHbI COCMA8 CO 3HAYUMENbHO OONbUeEl MOYHOCbIO, YeM MPAOUYUOHHbLI
Memoo CneKmpOoCKOnUY NOMepb IHEPUU OMPANCEHHBIX DNEKMPOHOB.

B oaunot pabome 011 uccnedo8anus Cnekmpos ceuenus Heynpy2020 paccesuus 3nekmponos cuiuyuoa FeSi npume-
HeH (hakmopHbulll aHAIU3. DMom Memoo NO360IUL Peumb AKmyaibHyio 3a0ayy pazoeieHusi CReKmpo8 Ha 6KI1A0bl pa3-
HOU Npupoobl, KOMUYECMBEHHO UX OYEHUMb U ONpedenumb IHepeUU 00beMHO20 NIA3MOHA O0Nlee MOYHO NO CPAGHEHUIO
¢ mpaduyuonnvimu memooamu. HMccrnedosanue npoyeccog nomepsb dHepeuu 31eKmMpoHO8 NymeM 6blOeleHUss U3 cnex-
MpOG ceueHus HeYyNpPy2020 PACCesHUsL GKAA008 PAHOU NPUPOObL AGISEMCsE OOHOU U3 AKIMYANbHBIX 3a0a dNeKMPOHHOU
CHEeKMpOCKONUU, KOMOPAsL MOJCem Oblmb UCNONb308AHA ONIsL OYEHKU GIUAHUS NOBEPXHOCMHBIX 6030YHCOCHULl HA CNEK-
Mpbl XAPAKMEPUCTNIUYECKUX NOMEPb IHEPSUU INEeKMPOHO8, PEHMeeHO8CKUe Gomodnekmponnvie cnexmpul u Ooice-
NEKMPOHHbBIE CNEKMPDL.

Kniouesvie cnosa: cnekmpockonuu ceyeHnus Heynpy2020 paccesHus 1eKmpoHOos8, CNeKMPOCKONUS XapaKmepucmu-
YecKux nomepb dHepeuU deKmpoHO8, PaKmoOpHbIU AHAU3, CUTUYUObL dHcelle3d.

Introduction. The successful development of Previously [16-21], we studied Si, Fe and FeSi,,
nanoelectronics, nanophotonics and spintronics devices  FesSi; silicides using an author's technique of spectra de-
requires compliance with a number of requirements to the ~ composition into energy loss peaks.
methods of structures synthesis on the basis of silicon and Experimental technique. The iron silicide FeSi is
the transitional metals and to the methods of their analy- made by alloying of iron and silicon mixture in atomic
sis. For such structures research the greatest distribution  ratio 1x1 under high vacuum conditions. The mixture was
gained such electronic spectroscopy methods as Auger-  kept at melting temperature for 15 min. then the alloy was
electron Spectroscopy (AES), X-ray photoelectron spec-  crushed and annealed for 15 min. 1 mm thick washers
troscopy (XPS) and reflected electron energy loss spec- were cut out from bulk samples and after grinding the
troscopy (REELS). Fe-Si system, is of research interest  spectroscopical research was conducted.
from the fundamental and applied points of view [1]. Photoelectron spectra and integrated reflected electron
However, the elemental analysis of iron silicides using energy loss spectra measurements were carried out on the
XPS and REELS methods is difficult because the values  ultra-high vacuum photoelectron spectrometer SPECS
of photoelectron and plasmon peaks energies for silicides  (Germany) at angles between the incidence and detecting
with different structure are close to each other [2]. electrons and the sample surface normal respectively

Inelastic electron scattering cross-section spectra (KA- o, = 59°, a; = 0°. The spectrometer is completed with a
spectra [3]) are the products of the inelastic mean free  spherical energy analyser PHOIBOS MCD9Y, an X-ray
path A and the differential cross section for inelastic elec-  tube with the double anode as a source of X-ray radiation,
tron scattering K (E,, Ey — E), where E, and E are the en-  an electronic Microfocus EK-12-M gun (STAIB Instru-
ergies of the primary and reflected electrons, respectively.  ments) for exaltation of electron energy loss spectra.
The advantage of inelastic electron scattering cross sec-  Surface contamination, protective and oxide layers were
tion spectroscopy is that, unlike the reflected electron removed using argon ions Ar' etching (accelerating
energy loss spectra, the KA-spectra exclude losses due to  voltage 2.5 kV, ionic current 15 mA) with the raster
multiple excitations, and the intensities are determined in  ion PU-IQE-12/38 (SPECS) gun immediately in the
absolute units. These spectra are also more sensitive to  spectrometer camera before electron spectra registration.
changes in the primary electron energy and the emission The completeness of oxygen and contamination
angle [4-6]. Inelastic electron scattering cross-section removal was controlled with X-ray photoelectron
spectroscopy allows to determine the element composi-  spectra (XPS).
tion with much greater accuracy than the traditional From the experimental reflected electron energy loss
method of reflected electron energy loss spectroscopy [6].  spectra using the QUASES™ XS REELS software pack-

In this work, factor analysis (FA) is used to study the age (Quantitative Analysis of Surfaces by Electron Spec-
inelastic electron scattering cross section spectra of FeSi  troscopy cross section determined by REELS) [22], ac-
silicide. This method allowed to solve the actual problem  cording to the algorithm offered in [23] the inelastic elec-
of spectra separating into different origin contributions, tron scattering cross section spectra — the product of the
quantify them and determine the energies of a bulk plas- inelastic mean free path A and the differential cross sec-
mon more accurately compared with traditional methods.  tion for inelastic electron scattering K(E,, E, — E) are re-
The study of electron energy loss processes by isolating  ceived. Inelastic electron scattering cross section spectra
contributions of different origin in the inelastic electron are defined by electron energy loss T probability at single
scattering cross section spectra is one of the urgent prob-  scattering on the inelastic mean free path A, related to an
lems of electron spectroscopy, which can be used to as- energy unit. These spectra maxima values determine
sess the effect of surface excitations in REELS, XPS and  probabilities of single energy loss on the surface or bulk
AES [1-15]. exitations. Due to absolute values of energy loss intensity
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inelastic electron scattering cross-section spectra, in com-
parison with traditional reflected electron energy loss
spectra, allow to carry out comparison and the analysis of
different spectra not only on peaks energies, but also on
their intensity.

Factor analysis is the statistical method widely used in
electron spectroscopy [10]. Application of factor analysis
is possible for spectra representing as a linear combina-
tion of components which concentration changes during
any process. This method is relevant for AES where sim-
ple decomposition of spectrum lines on components is
impossible as in Auger spectra, besides chemical shift
there is also a change of a lines form [11-13]. In elec-
tronic Auger spectroscopy FA is used for study the proc-
esses of layer-by-layer etching of thin films [12], the
processes of adsorption [13; 14].

In [15] XPS method was applied to study chemical
changes induced by He" bunch influence in a natural crys-
tal of pyrite (FeS,). It is shown that the routine analysis
use together with FA can be a powerful method of ele-
ments identification when changes in bond energy and
broadening happen simultaneously. Due to the routine
analysis and FA of XPS spectra combination the complete
signal Fe 2p XPS was analysed.

As noted in [15], the advantage of FA, in comparison
with the XPS routine analysis, is that whole set of spectra
is used (usually in XPS each spectrum is separately ana-
lysed) and FA does not need the preliminary knowledge
of XPS peaks form and position, that allows to get these
data using only experimental data. On the other hand,
the FA disadvantages is noise component existence and
nonideality of a components form, in comparison with
XPS results.

The inelastic electron scattering cross section spectra
received at various primary electron energy or the angles
of falling/detecting electrons represent sequences of data
in which the relative contributions of surface and bulk
loss change systematically depending on the experimental
conditions. In [5] the factor analysis is used as a way of
inelastic electron scattering cross section spectra decom-
position into two contributions (bulk and surface) in Si
and SiO, research.

Factor analysis is carried out as follows. The matrix
which columns are intensity values of energy loss at vari-
ous primary electron energies is formed. At the first stage
the selection of principal factors (components), which
provide a spectrum in total, close to the initial, is made.
Later, two columns with the greatest intensity — principal
abstract factors (principal components) are allocated from
the received matrix. Further, these factors conversion is
carried out by multiplication to a matrix of rotation R

(target rotation):

Target rotation transforms abstract factors to physical
ones by achievement of predetermined criterion of a peak
form and the maximum provision. In [5] the Lorentzian
peak form corresponding to bulk plasmon exaltation is
taken as such criterion and by means of ¢ angle change

cos@ sin@

—sing cosQ
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the component form, close to the Lorentz peak having a
maximum at bulk plasmon energy, is reached. Then
the most accurate form of the surface was reached
by additional rotation. Further reconstruction of the initial
spectrum as a two factors linear combination is carried
out.

In this work, unlike [5], the peaks form was not se-
lected close to standard Lorentzian peaks, but to Tougaard
peaks form. [24]:

BT

AK =——m———.
2

(c-1*) +D1°

The B, C, D parameters are adjustable and for each
element have defined values [24]. Parameter B defines
peak intensity, parameter C defines the position (influ-
ences to position, but does not correspond to it in an ex-
plicit form), parameter D defines the width and indirectly
influences peak position and intensity. The Tougaard
functions (universal classes of inelastic electron scattering
cross-section) are used for the description of inelastic
electron scattering cross-section spectra.

The three-parametrical Tougaard function was trans-
formed to:

BT

((Tp (—Tp +\/4TTD)) —szz +DT? ’

where T, parameter corresponds to the position of a peak
maximum in absolute units.

In fig. 1, 2 the model spectrum which consists of 2 un-
solved peaks is presented.

A set of such spectra at a different peaks amplitude ra-
tio was considered.

By means of the factor analysis 1 and 2 peaks factors
are allocated from initial spectra, they coincide with ini-
tial peaks. For an example factors at rotation at different
angles (fig. 3, 4) are given.

Experimental results. In fig. 5, 6 FeSi silicide spectra
at primary electron energies 300 and 3000 eV are
presented. The main maximum energy in FeSi inelastic
electron scattering cross-section spectra is close to the
bulk plasmon energy [16; 25] and possesses the value
20.1 = 0.6 eV. The low-energy KA-spectra area has a
weak peak with energy about 3 eV.

These spectra are approximated with the sum of two
factors. When receiving actual factors the angle was se-
lected so that the bulk factor was well approximated by
the Tougaard peak, similarly for the surface factor, but its
form remained irregular, that means the existence of sev-
eral unsolved peaks of the different origin. In [16; 17] the
decomposition of these spectra into the elemental compo-
nents described by the Tougaard functions was carried
out. The method [16-21] allows to allocate a higher quan-
tity of peaks in KA-spectra than the factor analysis, includ-
ing separation the surface origin peaks in low-energy
spectrum area.

The bulk and surface factors ratio is close to ~/2 that
corresponds to the classic plasmon theory for the free
electron gas [26].
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In fig. 7 the primary electron energy dependences
of factor amplitudes are presented
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Fig. 7. Primary electron energy dependence
of factor amplitudes
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With increasing of primary electron energy the bulk
factor amplitude increases, and the surface factor ampli-
tude decreases. This regularity is a confirmation of its
origin.

The factor analysis, along with the method
of KA-spectra decomposition on the elemental compo-
nents described by the Tougaard functions [16-21] can
be used for the quantitative assessment of the change of
various origin contributions to inelastic electron scattering
cross-section spectra.

Conclusion. The applicability of the factor analysis
for bulk and surface contributions division in FeSi inelas-
tic electron scattering cross-section spectra has been
proved.

The surface and bulk origin contribution separation
and quantitative assessment in FeSi inelastic electron
scattering cross-section spectra with factor analysis were
carried out. Factor amplitudes dependences on primary
electron energy reflect their surface and bulk origin.
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