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A systematic study of the iron-silicon interfaces formed upon preparation of (Fe/Si) multilayers has been
performed by combination of modern and powerful techniques. Samples were prepared by thermal evap-
oration under ultrahigh vacuum onto a Si(100) substrate. The morphology of these films and their inter-
faces was studied by a combination of scanning transmission electron microscopy, X-ray reflectivity,
angle resolved X-ray photoelectron spectroscopy and hard X-ray photoelectron spectroscopy. The
Si-on-Fe interface thickness and roughness were determined to be 1.4(1) nm and 0.6(1) nm, respectively.

E:?lsviv iradrf;layers Moreover, determination of the stable phases formed at both Fe-on-Si and Si-on-Fe interfaces was per-
Interfaces formed using conversion electron Méssbauer spectroscopy on multilayers with well separated Si-on-Fe
Fe silicides and Fe-on-Si interfaces. It is shown that while a fraction of Fe remains as «-Fe, the rest has reacted with
Compositional depth Si, forming the paramagnetic c-Fe; ,Si phase and a ferromagnetic Fe rich silicide (DO5 type phase). We
HAXPES conclude that the paramagnetic c-Fe; _,Si silicide sublayer is identical in both Si-on-Fe and Fe-on-Si inter-

CEMS faces, whereas an asymmetry is revealed in the composition of the ferromagnetic silicide sublayer.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

A large amount of work has been dedicated to the growth and
characterization of ferromagnetic metal/semiconductor nanostruc-
tures because of their unique physical properties for applications
in Spintronics [1-8]. Particularly, a lot of this attention has been
focused on the case of Fe/Si multilayer magnetic structures since
they are quite compatible with Si microchip technology. However,
in this type of multilayers, technical issues arise from the atomic
diffusion and iron silicides formation at the Fe/Si interface during
the deposition process. Indeed, iron silicides at the interfaces can
affect their physical properties and possible applications [9,10].
Therefore, a characterization of the Fe-Si interfaces, including the
morphology and formation of iron silicides during the deposition
process, is of paramount importance.
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The silicide formation at the Si-on-Fe and Fe-on-Si interfaces is
known to be asymmetric [11,12,14,15]. In spite of the work done
on this subject, there are contradictions in the literature; for exam-
ple, the sequence of phase formation is still unclear. Different sili-
cide phases like FeSi [16,17,14], c-Fe;_,Si [18,19,12], FeSi,
[20,17,15] and Fe3Si [11,21,22] have been proposed to be formed
at the Fe-on-Si interface. In contrast, in the Si-on-Fe interface some
authors report only the presence of the paramagnetic c-Fe;_,Si
(0 <x<0.5)[11,19,12,23], while others state that a ferromagnetic
Fe rich Fe(Si) solid solution is also present [18,15,24]. The con-
tradictions may be caused by differences in the samples used; spe-
cifically, the substrate and the number and thickness of the Si and
Fe layers. It is unclear if some of the results can be assigned to sin-
gle Si/Fe interfaces, or they should be ascribed to the interfaces in
particular (Fe/Si), systems.

To contribute to clarify this situation the present work deals
with an exhaustive study on the morphology and composition of
the Fe-Si interfaces as a function of depth. Firstly, we proceeded
to study a Si-on-Fe interface on a single (Si/Fe) bilayer deposited
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on a passivated Si substrate, by means of a combination of tech-
niques. Specifically, we performed scanning transmission electron
microscopy (STEM) imaging combined with electron energy loss
spectroscopy (EELS) and X-ray reflectivity (XRR) for the morpho-
logical characterization, whereas for the compositional study,
angle resolved X-ray photoelectron spectroscopy (ARXPS) com-
bined with hard X-ray photoelectron spectroscopy (HAXPES) were
used. Secondly, we aimed to elucidate the differences in silicide
composition existing between the Fe-on-Si and Si-on-Fe interfaces.
The information on the Fe-Si interface constituents was obtained
by using the isotope selective technique, conversion electron
Mossbauer spectroscopy (CEMS). To this end we prepared a series
of samples consisting of a triple repetition of the (Si/Fe) stack
deposited on a SiO, substrate, containing >’Fe probe layers placed
at different regions in the Fe layers, and Fe layer thickness large
enough to ensure that the two Si/Fe interfaces could be observed
separately.

All the studied samples were prepared by thermal evaporation
in the molecular-beam epitaxy “Angara” set-up [25] under ultra-
high vacuum. A Si(100) substrate prepared by Shiraki method
was used [26]. The background pressure was better than
1.0 x 1077 Pa. Elements were evaporated from boron nitride cruci-
bles. Growth rates were 0.4 nm/min for >’Fe, 2.5 nm/min for >Fe
and 1.7 nm/min for Si, which was checked in situ by high speed
laser ellipsometry. Final thickness was measured ex situ by X-ray
fluorescence. All the Fe and Si layers were deposited at room tem-
perature (RT). After fabrication, all the studied samples were
exposed to air.

2. Morphological study of the Si-on-Fe interface

The morphological characterization of the Si-on-Fe interface
was performed on a single (Si/Fe) bilayer grown on a Si(100) sub-
strate with thickness sequence Si(100)/SiO4/Fe(18 nm)/Si(4.3 nm).

2.1. Microstructure characterization

High angle annular dark field (HAADF) STEM imaging combined
with EELS was performed on the (Si/Fe) bilayer in a probe corrected
FEI Titan Transmission Electron Microscope equipped with a Gatan
Tridiem 866 ERS energy filter and operated at 300 kV. To prepare
the transversal section with FIB for (HAADF) STEM measurements

Si S0, Fe Si
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Fig. 1. HAADF-STEM image of the (Si/Fe) bilayer. A Pt layer was deposited on top of
the sample for protection.

a Pt layer is deposited as a step in the process of cutting. The
HAADF-STEM image (Fig. 1) reveals a good layer by layer growth
in spite of some appreciable roughness observed at the interfaces.
The STEM-EELS profile shows the presence of a SiO, passivating
buffer layer on the Si substrate. This buffer layer has 20(4)% oxygen
content and a maximum of 35(4)% on its surface. On top of it, the
Fe layer is shown to be polycrystalline with no oxygen content. An
Fe layer thickness of 20(3) nm is obtained from this profile, which
compares well with the nominal value of 18 nm. The Si layer
deposited on the Fe one is oxygen free until the naturally oxidized
SiO; region by contact with air. Finally the auxiliary Pt thick over-
layer is observed on top. The thicknesses of the pure Si and SiO,
layers in the upper-most deposited layer are determined by XRR
in the next section.

2.2. Reflectivity measurements

X-ray reflectivity (XRR) was measured on the (Si/Fe) bilayer to
deepen in determining its morphology and composition. The XRR
experiment was carried out at the Spanish CRG Spline beamline
at the European Synchrotron Radiation facility (ESRF), using pho-
tons of a fixed wavelength 4 = 0.9538 A (13 keV). The use of high
energy photon radiation allows to obtain information at larger
depths than with a conventional X-ray source.

The morphology and composition of the stack can be obtained
from the fit of the experimental XRR data to a layer sequence
model. Specifically, the oscillations periodicity and the intensity
decay in the XRR curve provide the layer thickness and roughness,
respectively. The analytical software LEPTOS with a Nevot-Croce
model and the Genetic Algorithm as fitting method, was used to
perform the XRR fit.

The XRR experimental data and the corresponding fit (solid
line) are displayed in Fig. 2. Besides the layers observed by STEM
(Fig. 1), an additional layer is required to achieve acceptable fits:
an iron silicide phase between the Si and Fe layers (see the stack
model of Table 1). Thickness, roughness and mass density at each
layer were refined, except the densities of the pure Si and Fe layers
which were fixed. The fitted values of each layer forming the stack
are shown in Table 1.

The XRR results reveal that the deposited Si upper layer of
4.3 nm nominal thickness is naturally oxidized (p = 2.60(10)
g/cm?) to be compared to crystalline SiO, (p. = 2.65 g/cm?) [28],
but a pure Si layer of 2.8(1) nm thickness still remains. The iron sil-
icide layer at the Si-on-Fe interface shows a thickness of 1.4(1) nm
and p = 5.05(10) g/cm®. This fitted density is similar to that of the
stable stoichiometric e-FeSi phase (p = 5.19 g/cm®[29]), but it also
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Fig. 2. XRR measurement on the Si/Fe bilayer. The experimental data are repre-
sented by the open circles while the solid line represents the corresponding fit [27].
Fitted thickness and roughness of each layer are summarized in Table 1.
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Table 1

Fitted thickness, roughness and density values of each layer forming the Si/Fe bilayer,
according to the stack model used in the XRR fit. The density values of the pure Si and
Fe layers are both fixed parameters.

Stack model Thickness (nm) Roughness (nm) Density (g/cm?)
Si0, 2.9(1) 1.3(1) 2.60(10)

Si 2.8(1) 0.8(1) 2.33

FeSi 1.4(1) 0.6(1) 5.05(10)

Fe 19.4(1) 0.8(1) 7.87

SiOy 18.7(1) 0.7(1) 2.51(10)

Si substrate - - 2.33

lies between the value 4.73 g/cm® of the highly Fe-defective and
epitaxially stabilized c-FeqsSi [30] and the close to stoichiometric
c-FepggSi [31], both with the CsCl structure. c-Fe;_,Si has been
claimed to appear in the Fe/Si interface [18,19,12,15]. The fitted
thickness has to be compared to a previous determination by GIXRR
[14], where the Si-on-Fe interface showed also a thickness of
1.4 nm and the fitted optical constant turned out to be that of FeSi.
Finally, a thickness of 19.4(1) nm is obtained for the Fe layer, which
is in agreement with the value of about 20 nm from the STEM
measurements. All the layers forming the stack, except the oxidized
Si top layer, show roughness values lower than 1nm, which
indicates a good layer growth.

It is worth remarking that the interlayer region in the stacking
sequence has been modelled differently in this work than in Refs.
[13,14]. While we have used abrupt interfaces with a Nevot-Croce
form, Refs. [13,14] used scattering length density (SLD) profile cal-
culations, where each layer thickness was determined when the
SLD attains that of the adjacent layer within a 10% difference. In
either case silicides with Si content below 10% close to the «-Fe
could have been neglected and therefore the obtained Si-on-Fe
interface thickness [1.4(1) nm] should be considered as a lower
limit.

2.3. X-ray photoelectron spectroscopies

In order to obtain information on the composition of buried lay-
ers and interfaces as a function of depth, we use two specific non-
destructive XPS techniques. On one hand, angle-resolved X-ray
photoelectron spectroscopy (ARXPS) provides depth profiling
based on tilting the specimen with respect to the analyzer, to
obtain XPS spectra at several angles of emission [32]. On the other
hand, hard X-ray photoelectron spectroscopy (HAXPES), which
consists of XPS performed with high energy photons and fixed
geometry; working with high variable photon energy and subse-
quent kinetic energy of the produced photoelectrons allows to
probe interfaces and layers that are buried at sample positions
ten times deeper than in a standard XPS.

In this section, the experimental data are shown in terms of the
binding energy (Ege), Ege = Epn — Exin, Where Ep, is the photon
energy and Ey;, the kinetic energy of the photoelectrons.

2.3.1. Angle resolved X-ray photoelectron spectroscopy (ARXPS)

ARXPS measurements at the Si 2p and Fe 2p core-levels were
performed on the Si/Fe bilayer, at RT and fixed photon energy.
The spectra were collected using a hemispherical analyser (SPECS
EA-10 Plus). A twin anode (Mg and Al) X-ray source was operated
at a constant power of 120 W; the Al Ko radiation was chosen
(Epn = 1486.7 eV). Spectra at emission angle, i, from 0° to 75° in
steps of 15° were acquired sequentially by tilting the sample with
respect to the analyser. The emission angle is referred to the
surface normal, so that photoelectrons emitted perpendicular to
the surface emerge at iy = 0°. As the emission angle changes, the
depth from which information can be obtained varies, which is
the key-feature of ARXPS.

The Si 2p and Fe 2p core-level spectra taken at increasing emis-
sion angles y = 0°, 30° and 75°, are displayed in Fig. 3(a) and (b),
respectively. The fits of the spectra were performed with CasaXPS
sofware, using a Shirley type background and Voigt peak lineshape.
It should be recalled that the spectrum at a given emission angle,
i.e,, a given information depth (%), includes the information of
spectra of larger emission angles (shorter ).

The 84-108 eV region shows the Si 2p and Fe 3s core-level spec-
tra at all emission angles, except for {y = 75°, where only the Si 2p
spectrum is observed. The fit of the Si 2p core-level part required
five peaks at binding energies of 99.3, 99.8, 100.8, 102.4 and
103.1 eV (values for vy =0°) (see Fig. 4(b)). The peaks at 103.1,
102.4 and 100.8 eV are shifted by 3.8, 2.1 and 1.0 eV with respect
to the 99.3 eV Si® 2ps),, so the peak at 103.1 eV will be assigned
to Si** (Si0,) and the other two to SiO, suboxides [33]. The peak
at 99.8, i.e., shifted by +0.6 eV with respect to Si® 2ps)2 originates
either by Si in an iron silicide [34] or the Si® 2p;;; component
[35,36]. While the ratio of intensities of the Si°® 2p;,; and Si® 2ps;
doublet is 1/2 for a single Si phase, an additional contribution of
Si from an Fe silicide should increase the observed ratio. Fig. 4(a)
shows this ratio as a function of the emission angle, where a clear
increase is observed for angles below 50°, i.e., for increasing probed
depth, which shows the presence of the Fe silicide.

The estimation of the depth at which the Fe silicides appear
using ARXPS data requires to relate the emission angle and the
information depth X, i.e., ¥ = —4j; cosy In[(1/(1 — P/100)], where
P is the percentage of photoelectrons by the time they reach the
surface and /;, is the inelastic mean free path (IMFP) [37]. The
usual P = 95% was chosen, whence X = 3;,cosy. However, elastic
scattering effects can be important and dependent on the emission
angle [37]. The practical information depth, S, which includes the
elastic scattering effects can be calculated as S=RX, with
R=1-0.787w for 0 <y < 50° and the single-scattering albedo
@ = Ain/(Ain + %) [37]. 4 is the transport mean free path (TMFP)
[37,38].

In order to estimate the information depth at the present mea-
surements, the studied multilayer will be simplified to a single
layer of Si on a flat Fe substrate. IMFP values were obtained from
the NIST database SDR 71 [39] and TMPF values through the NIST
Elastic-Scattering Cross-Section Database SDR 64 [40], for the pho-
toelectron kinetic energies in the Si 2p region. At / = 0°, practical
information depth values, S = 8.7 and 5.3 nm for the Si 2p and Fe
2p regions, respectively, were obtained. This accounts for 95% of
the photoelectrons produced at Si or Fe atoms and passing through
a single Si overlayer. If the Si layer is substituted by a SiO, layer,
similar S values are obtained, S = 10.8 and 6.3 nm for the Si 2p
and Fe 2p regions, respectively, so that the actual structure of the
deposited Si top layer should not affect the information from the
deeper Fe and Fe silicide layers. For y = 50° where Fe silicides start
to show up, S = 5.6 nm was obtained, which is consistent with the
XRR determination of a SiO, + Si top layer thickness of 5.7 nm.

The Fe 2p core-level spectra (Fig. 3(b)) were well fitted with
four components. The peaks at Egz = 706.8 eV and 719.8 eV, corre-
spond to the Fe® 2ps;; and Fe® 2py; levels, respectively, and they
were fitted with the 2:1 relationship in the areas. They may corre-
spond to pure Fe or Fe in a Fe-rich alloy in the buried Fe layer. The
peak at Eg; = 707.13 eV, i.e. shifted +0.3 eV with respect to the Fe®
2ps;; peak, is assigned to the FeSi phase [41,34,42,13,43-47].
Finally, the peak at Egz = 711.6 eV has been previously assigned
to a plasmon of Fe silicides [45,48]. The alternative interpretation
of this peak as an Fe oxide can be discarded by the EELS analysis
in Section 2.1 above.

2.3.2. Hard X-ray photoelectron spectroscopy (HAXPES)
The Si 1s and Fe 1s core-level HAXPES spectra were collected at
the SpLine beamline of the ESRF. The photoemission peaks were
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Fig. 3. (a) ARXPS Si 2p spectra and (b) ARXPS Fe 2p spectra at different emission angle values.

measured for increasing incident photon energies (E,;); therefore
increasing photoelectron kinetic energies were involved (Egi,)
and information depths larger than in conventional soft X-rays
XPS were accessible. The spectra were corrected for the photon
flux, the detector efficiency, the analyser transmission function
and the photoionization cross sections of the Fe 1s and Si 1s sub-
shells [49-51]. The normalized HAXPES spectra as a function of
Epy (from 9 to 15 keV) are shown in Fig. 5.

In a similar way to XPS above, the practical information depth
can be estimated. Because of the much higher kinetic energies of
photoelectrons, larger S values are expected, and both Si 1s and
Fe 1s spectra will include electrons which have traveled through
the ~18 nm-thick Fe layer and the SiO,/Si capping layer. Since NIST
databases can provide the IMFP in a limited kinetic energy range,
they are only useful for the lowest photon energies. Therefore, in
the case of HAXPES we will make use of IMFP and single scattering
albedo from Ref. [52]. Neglecting the capping Si layer, i.e., assum-
ing that electrons will only travel through Fe, S for the Si 1s spectra

from 22 nm to 39 nm for E,; =9 to 15 keV can be estimated. Since
albedo for Si is smaller than for Fe [52], including the capping layer
will only produce larger S values. Such large values of the practical
information depth in the Si 1s spectra suggest that the oxidized Si
substrate could show up in the spectra.

Both Si and Fe HAXPES spectra show a very important back-
ground below the intrinsic 1s core level peaks, which increases
with increasing incident photon energy. In order to obtain binding
energies of the involved core level through a fit of the measured
spectra with peak lineshapes, the background has to be included.
The complexity of the 1s spectra, even in single element samples,
requires the use of a Tougaard background to account for extrinsic
energy loss processes and the modelling of the contribution of the
intrinsic energy loss processes [53,54]. The application of such
complex procedure to the present samples, where several com-
pounds contribute to the spectra, is out of the scope of the present
work. For practical purposes, a Tougaard background was used,
and the intrinsic energy loss processes were simulated by a broad
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lineshape centered at the bulk plasmons and additional lineshapes
between the plasmon and the highest contribution in the spectra
produced by the core level photoelectrons. This allows to obtain
a set of binding energies from the data, which will be discussed
below.

2.3.2.1. Si 1s spectra. Fig. 5(a) shows the spectra of the Si 1s core
level. These are dominated by two main features, which have been
fitted with three components: a peak at Ez: = 1838.9 eV, corre-
sponding to the Si® 1s core-level [55-59] and two peaks with bind-
ing energies shifted ~+3.3 and +4.5 eV with respect to Si®, one of
which should be assigned to SiO, at the outermost layer [55-57],
as in the ARXPS spectra. Since the Si 1s peak from SiO, should
appear at a binding energy shift +0.62 eV higher than in Si 2p
[60], the peak with the chemical shift of +4.5 eV will be assigned
to 5102

The present HAXPES experiment does not allow to resolve a
core-level peak to be assigned to an Fe silicide in the same way
as we found by ARXPS at a binding energy shift of +0.6 eV with
respect to the main Si° peak. Indeed, the total instrumental resolu-
tion, which includes the analyser resolution and the photon line
energy width, ranged between 2.0 and 2.7 eV, depending on Ep,.
However, the iron silicide could show up in a different way. In fact,
the low binding energy “pre-peak” in the Si spectra, shifted
~—3.5 eV with respect to Si° 1s, is also found in the Fe spectra with
a shift of ~—5 eV with respect to Fe® 1s (Fig. 5), which suggests that
it is produced by an Fe silicide compound. Such “pre-peaks” have
been observed in XPS Fe 2p spectra of Fe oxides [61] with a binding

energy shift of ~—2 eV and were attributed to defects at the sam-
ple surface produced by the mechanical preparation process giving
rise to iron suboxides. In the case of the buried FeysSi phase
formed at the Si/Fe interface, this is an iron defective and strained
phase [12] with a very small thickness of approximately 0.5 nm
[12]. Then, this silicide layer has a large surface to volume ratio,
where Si and Fe atoms in the iron silicide can contribute to a spec-
trum in two forms; as bulk, and as strained surface, so that an addi-
tional low intensity “pre-peak” of defects origin could appear. We
note that, in contrast to HAXPES, where large IMPSs are involved,
the “pre-peaks” are not observed in the Si 2p and Fe 2p ARXPS
spectra because of the much shorter IMFP and consequent smaller
contribution of the iron silicide to the total spectral intensity.

2.3.2.2. Fe 1s spectra. It is the first time that the Fe 1s photoemis-
sion spectra of a multilayered system composed by not only metal-
lic iron, but also other silicide phases, have been recorded as a
function of the E,. In the analysis of the Fe 1s core level spectra
(Fig. 5(b)), it is not trivial to separate all the different components
which are overlaid [54]. As HAXPES allows to probe deeper than
standard XPS, the main peak will contain not only the intrinsic bulk
and surface contributions from the different Fe silicides at the
interface layer, but also those from the metallic Fe present in the
buried Fe layer. Additionally plasmons appear in the high binding
energy region. Here, we will present a qualitative description of
the data.

Fig. 5(b, upper panel) shows the Fe 1s spectra measured at dif-
ferent E,, energies. As a representative example, we discuss here
the Fe 1s spectrum measured at E,, = 9 keV, which is shown in
Fig. 5(b, middle panel). The bulk plasmon loss for Fe 1s [54] is
observed as a very broad peak centred at Eg; = 7135 eV. A “pre-
peak” was also included in the fit to account for the tail at the
low binding energy region. The peak at Egz = 7113 eV corresponds
to bulk metallic Fe (Fe®) [54], while the peak shifted ~+1.2 eV from
the Fe® main peak comes from Fe silicide phases. Finally, the com-
ponents with Eg; shifts >+5 eV from the main peak can be related
to surface intrinsic energy loss portions of Fe [54] and the Fe
silicides.

The results of the photon spectroscopies have enabled to char-
acterize the morphology and compositional depth profile of the (Si/
Fe) bilayer. Specifically, the STEM-EELS measurements have shown
the existence of some oxygen content in the first deposited Si layer
(SiOy layer) and an oxidized Si layer in the sample surface. Addi-
tionally the XRR results along with ARXPS and HAXPES also
showed SiO, suboxides at the surface layer, and the presence of a
Si-on-Fe interface with a thickness of 1.4(1) nm and a roughness
of 0.6(1) nm at a depth of ~ 5.7 nm, mainly consisting of the
c-Fe;_4Si phase. This information about the (Si/Fe) bilayer has been
summarized in a schematic image of the multilayer stack (see
Fig. 6).

We note that the thickness and roughness values of the Si-on-Fe
interface obtained from XRR and those reported previously for Fe/
Si multilayers fabricated with e-beam deposition [13] and ion-
beam deposition [15] on different substrates are in excellent
agreement.

3. Compositional study of the Si-on-Fe and Fe-on-Si interfaces
by CEMS

The study of the Fe/Si interfaces by means of CEMS has been
previously attempted by Strijkers et al. [12], Gupta et al. [15] and
Badia-Romano et al. [27,24]. The selectiveness of 3”Fe to probe spe-
cific regions in a multilayered structure by the deposition of thin
layers of °’Fe into a >°Fe layer (the use of >°Fe guarantees that
the CEMS signal only comes from the >’Fe probe layer) can be a
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Fig. 5. (a) HAXPES Si 1s spectra, (b) HAXPES Fe 1s spectra, (measured at RT). (Upper panels) HAXPES spectra at different E,;,, (middle and lower panels) HAXPES spectra at the
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AT T T T 0.4-0.5nm [19,12,23]. Additionally, a ferromagnetic Fe;_,Siy

<z :_2'9 nm ARXPS | HAXPES phase has also been observed with an estimated Si atomic con-

Si | 2.8nm centration in the range 15-18% [12,24]. However, since in all

SilFe (Fe silicides) | _ i4nm Ezur?;ness= ;n;llzilayers st'uflied by CEMS the Fe layers haq a thicknes.s from
' .1 to 4 nm, it is unclear whether the Fe,_,Si, phase with the

! proposed concentration is intrinsic to a single Fe/Si interface

Fe ! 19.4 nm or it is the average concentration produced by interdiffusion

v from the two Si spacers into the sandwiched Fe layer. On one

Sio, hand, no sextet with hyperfine values of «-Fe were detected

at the centre of the Fe layers, which would have marked the
separation of the two Si/Fe interfaces. On the other hand, from
reflectivity measurements [13,14] on bilayers and multilayers
the total Si-on-Fe plus Fe-on-Si interface thickness was
determined to be about 2 nm. Consequently, the >’Fe layers
(0.6 nm [12] or 2 nm [15]) might not give intrinsic information
of a single Si/Fe interface as long as the ferromagnetic phase is
concerned, but instead information of the Si/Fe interfaces in the
particular fabricated multilayers. In order to discriminate
between the Si-on-Fe and Fe-on-Si interfaces, the Fe layer thick-
ness has to be large enough to contain an unambiguous «-Fe
region at the centre separating both interfaces.

Si(100) Substrate

Fig. 6. Schematic image of the as-deposited (Si/Fe) bilayer. Blue arrows indicate the
maximum information depth that can be obtained by the different techniques,
STEM, XRR, ARXPS and HAXPES. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

very powerful tool. Especially, an asymmetry between the Si-on-Fe
and Fe-on-Si interfaces has been proposed, which has also been
derived from other type of experiments [14]. Notwithstanding,
before new CEMS spectra are presented and analyzed, it is relevant
to make a few comments with respect to the use of the thin >’Fe

probe layers method: (2) The deposition of an >Fe layer introduces a new stage in the

fabrication process. When it is deposited directly onto a Si layer

(1) It has been proved that the Fe/Si interface contains a
paramagnetic silicide, claimed to be the epitaxially stabilized
c-Fe;_,Si paramagnetic phase with a thickness of about

it reacts with it and silicides are produced. In contrast, when it
is deposited onto a >®Fe layer just before the subsequent Si layer
is added, intermixing of the two nuclear species can take place,
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a °’Fe[>Fe interface is formed with non-zero roughness and
therefore the nominal 0.6 nm >’Fe layer could probe a larger
region than expected.

(3) The characteristics of the CEMS measurement technique can
also make difficult the analysis of the Si/Fe interfaces in a mul-
tilayer system. When a repetition of the Si and Fe layers is used
to improve the CEMS signal, it must be taken into account that
the electron yield from layers at different depths is affected by
electron absorption processes dependent on the depth. This is
not an issue as long as the contribution from every >’Fe layer
is identical, but can make the quantitative analysis very com-
plex if the silicide layer composition is different in any of the
Fe layers.

The present CEMS measurements were performed on separately
grown samples with 0.6 nm >’Fe probe layers at the bottom, on top
and at the middle of >6Fe layers. In order to improve the CEMS sig-
nal, the samples were multilayers consisting of the triple repetition
of the (Si/Fe) bilayer, where the >’Fe probe layer was deposited on
every Fe layer. Samples were grown on a Si(100) substrate plus a
SiO, buffer by the same deposition method as explained above for
the sample studied by HAXPES, with Fe layer thickness of 10 nm,
where the 0.6 nm >’Fe probe layer was included, and 6 nm of Si
spacer. The sample Si(100)/SiO,/[*5Fe(9.4 nm)/>’Fe(0.6 nm)/
Si(6 nm)] x 3, is denoted below as S-u, and was intended to probe
the Si-on-Fe interface, while the sample Si(100)/SiO,/
[*’Fe(0.6 nm)/*°Fe(9.4 nm)/Si(6 nm)] x 3, denoted S-b, was
intended to study the Fe-on-Si (see Fig. 7, insets). To ensure that
the three Fe-on-Si interfaces are identical, an additional sample,
S*-b, was fabricated, where a Si layer was first deposited on the
SiO, buffer, on which the >’Fe layer was subsequently grown.
Finally, sample S-m, with the >’Fe layer in the middle of the Fe lay-
ers was used as reference of the separation of the silicide formation
from the two limiting Si spacers.

The CEMS spectra were acquired at RT using a constant acceler-
ation spectrometer with symmetrical waveform and a >’Co (25
mCi) source. A Rikon-5 detector with a 96%He-4%N, mixture was
used. The spectra were fitted with NORMOS program [62].

The spectra of the four produced samples are collected in Fig. 7.
The reference sample, S-m, with the >’Fe probe layer placed in the
middle of the Fe layer, shows only one sextet with the hyperfine
parameters of «-Fe and intensity ratios 3:4:1:1:4:3 (Table 2), i.e,,
with the magnetization parallel to the layer plane. No silicides
are present at the centre of the 10 nm Fe layer.

The S-b sample shows a CEMS spectrum whose shape is clearly
different from that of the S-u and S*-b samples. The main differ-
ence resides in its doublet intensity, which is about one half of
the doublet intensity shown by the S-u and S*-b spectra. The qual-
itative and quantitative differences between the S-b and S*-b spec-
tra come from the samples morphology. Indeed, S-b has only two
real Fe-on-Si interfaces, since the third >’Fe layer is deposited on
the SiO, buffer. This proves the necessity of the S*-b sample, which
has three identical Fe-on-Si interfaces.

The S-u and S*-b samples are expected to show the Si-on-Fe and
Fe-on-Si interfaces, respectively, from the CEMS electron yield of
the three presumably identical interfaces. The spectra contain a
central paramagnetic intensity and a distribution of intensity that
extends between prominent peaks compatible with an o-Fe-type
sextet and the paramagnetic contribution (see Fig. 7). The spectra
were fitted in two ways: (i) a doublet and a distributions of sextets
with increasing hyperfine fields from 15 to 34 T at constant steps
and linearly increasing isomer shifts, as in previous works
[12,9,15,24] and (ii) a doublet and a reduced number of fully
adjustable sextets to account for the remaining intensity. Method
(ii) is intended to analyze the different types of Fe environments
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Fig. 7. (a) CEMS spectra of Si(100)/SiO,/[Fe(10 nm)/Si(6 nm)] x 3 samples with a
0.6 nm °’Fe probe layer deposited at various positions in the multilayer stack. (b)
CEMS spectrum of the S*-b as-deposited sample.

and to try to get relevant information about the magnetic silicides
in the interfaces. Up to five sextets were necessary to account for
the intensity distribution in the spectra (Table 2).

The fitted doublets account for 50% of the total intensity in
both spectra (S-u and S*-b), and they also show the same quadru-
polar splitting QS ~ 0.67 mm/s and isomer shift 6 = 0.22 mm/s,
within experimental errors (Table 2). We conclude that the for-
mation of the paramagnetic phase is symmetric at the Si-on-Fe
and Fe-on-Si interfaces. This doublet is assigned to the paramag-
netic c-Fe;_,Si phase [19,63,12,23]. This assignment does not rely
on a well defined value of QS; in fact, stoichiometric c-FeSi with
the ideal CsCl structure should show no quadrupole splitting,
since it is cubic. However, values of QS from 0.43 mm/s to
0.68 mm/s in Si/Fe multilayers have been reported [18,12,15]
and even a value of 0.8 mm/s in a single Fe/Si interface of Fe
deposited onto a (7 x 7) reconstructed Si(111) surface has been
found [19]. Since the QS splitting is caused by non-stoichiometric
c-Fe;_,Si or interface stress which produce local non-cubic envi-
ronments, its value can be very much dependent on the substrate
and deposition method. Using the c-FeSi cell parameter
a = 0.55 nm [30], the 50% of the nominal deposited >’Fe thickness
would result in an estimated thickness of the c-Fe;_,Si layer of
0.50(2) nm, which agrees with the values that can be estimated
from Refs. [63-65,24].

The analysis of the sextets in terms of environments of Fe atoms
has to take into account surface effects, since the >’Fe probe layer is
very thin and therefore a significant proportion of these atoms
have local environments largely influenced by adjacent phases.
Although a direct analysis in terms of a homogeneous phase as
in bulk silicides is not possible, there is significant information that
can be drawn from the spectra of samples S-u and S*-b:
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Table 2

Fitting parameters of the as-deposited samples CEMS spectra. I refers to the relative
intensity of each component with respect to the total area of the spectrum, and I;
indicates the relative intensity with respect to the sum of sextet areas. I[somer shifts
are given with respect to o-Fe.

S-u

QS (mmy/s) S (mmy/s) I
Doublet 0.68(1) 0.22(1) 0.49(1)

By (T) é (mm/s) I Is
Sextet #1 32.90(3) 0.004(4) 0.30(1) 0.59(2)
Sextet #2 28.9(1) 0.07(1) 0.009(6) 0.02(1)
Sextet #3 25.8(2) 0.05(2) 0.065(6) 0.13(1)
Sextet #4 18.3(2) 0.59(2) 0.071(5) 0.14(1)
Sextet #5 16.4(2) 0.65(2) 0.068(7) 0.13(1)

S-m

By (T) d (mm/s) I Is
Sextet 33.02(1) 0.008(1) 1 1

S-b

QS (mmy/s) S (mm/s) 1
Doublet 0.76(1) 0.23(1) 0.24(1)

By (T) & (mm/s) I Is
Sextet #1 33.02(2) 0.008(2) 0.32(1) 0.42(3)
Sextet #2 30.2(3) 0.08(2) 0.13(2) 0.17(2)
Sextet #3 26.9(3) 0.04(2) 0.13(2) 0.17(2)
Sextet #4 17.5(3) 0.51(3) 0.09(1) 0.12(1)
Sextet #5 15.4(5) 0.44(4) 0.10(1) 0.13(2)

S*-b

QS (mmy/s) & (mm/s) 1
Doublet 0.65(1) 0.22(3) 0.51(1)

By (T) § (mm/s) I Is
Sextet #1 33.06(1) 0.007(2) 0.34(1) 0.70(2)
Sextet #2 28.3(1) 0.01(2) 0.034(4) 0.07(1)
Sextet #3 21.0(2) 0.34(2) 0.028(4) 0.06(1)
Sextet #4 17.5(1) 0.68(2) 0.044(4) 0.09(1)
Sextet #5 16.1(1) 0.07(2) 0.042(4) 0.09(1)

(i) As long as the recoilless fraction is assumed to be the same
for any Fe environment, the sextets intensities are proportional
to the Fe site environment probabilities, while the hyperfine
field values are determined by the number of Fe nearest neigh-
bors (n.n.). In bulk silicides, a By ~ 33 T sextet with high inten-
sity is indicative of low Si concentration Fe;_,Si, alloys
(x < 0.1), where the Fe environment with 8 Fe n.n. has the high-
est probability, while a sextet with By < 19 T appears only at
concentrations higher than x = 0.25 [66,67], where environ-
ments with 3 Fe n.n. become significantly probable. The pres-
ence of both types of sextets in the present spectra reveals an
apparent contradiction that may happen if results from bulk
samples environments are used in such a thin 3’Fe layer. In fact,
since 50% out of the 0.6 nm of the 3’Fe probe is in the paramag-
netic silicide, only about 0.3 nm (or < 3 ML) of the nominal
deposited probe layer is available to disclose other silicides at
the Fe/Si interface and is therefore highly influenced by the
close paramagnetic silicide phase. In the present case, the
sextets with the lowest hyperfine fields (sextet #5 of S-u and
S*-b in Table 2) can be assigned to Fe atoms close to the c-FeSi
layer, where environments with few Fe atoms are most likely.

(ii) The intensity distribution among the sextets is different in
each spectrum, which shows that there is an asymmetry in
the Fe/Si interfaces, and it resides in the ferromagnetic silicides
and not in the paramagnetic phase. The spectra are dominated
by a ~ 33T sextet, which should correspond to Fe nuclei with
the highest number of Fe n.n., either in a very low Si-content sil-
icide, or «-Fe. Since the on top and at the bottom >’Fe layers

have the same nominal thickness, and the contribution to the
spectra of the paramagnetic silicide phase is identical, the
higher probability of the ~ 33 T sextet in the Fe-on-Si interface
indicates that the thickness of the remaining ferromagnetic
Fe;_,Siy alloy is narrower than the Si-on-Fe one, as proposed
by Naik et al. [14].

The assignment of individual sextets to specific Fe environ-
ments in very thin layers should take into account the effect of sec-
ond and third n.n. on the hyperfine field values, since some such
neighbors could be missing at the interfaces and Fe atoms at those
positions can constitute an important part of the total contribution
to the CEMS spectra because of the large surface to volume ratio. In
fact, in bulk magnetic silicides second and third n.n. contribute to a
decrease in By by as much as ~ 0.73 T per Si atom [68,69]. There-
fore, the fitted values of By in the present spectra could be lower
than those in bulk silicides with the same first n.n. environment,
in particular for Fe atoms close to the c-Fe;_,Si paramagnetic
phase. Then, the sextets in the sample S-u spectrum, which
includes the low intensity sextet #2 (Table 2), are compatible with
environments similar to those in a bulk Fe;_,Si, silicide with x in
the range 0.18-0.20 [G6]. In contrast, the spectrum of samples
S*-b, where that sextet #2 contributes to the spectrum as much
as the others, would require first n.n. environments similar to
those in the silicides with x < 18.

The spectral analysis method used in this work leads to differ-
ent conclusions than those from the sextet distribution analysis
method applied by other authors. The latter method can overesti-
mate the sextet contribution to the spectrum in detriment of that
of the paramagnetic doublet, as the separation between both spec-
tral components will depend on the lower limit of the hyperfine
field range and the actual composition of the magnetic silicide
phases at each interface. In fact, the fit of the present spectra with
a distribution of sextets with hyperfine field ranging from 15 to
34T produces a doublet area of 46.5% and 30.5% for the Si-on-Fe
and Fe-on-Si interfaces, respectively, i. e., lower values than with
the individual sextet method, and an asymmetry is also obtained.
This has to be compared to the doublet areas found in previous
works on multilayers, analyzed with the sextet distribution
method. In 4 nm thick Fe layer samples and sextet distribution
with lower limit of 10T [15], the respective doublet areas found
were 18% and 26% of the deposited >”Fe layer, while in 3.1 nm thick
Fe layer samples [12] those areas were 29% and 15%, the opposite
to Ref. [15], and much larger doublet intensity percentage per nm
of deposited >’Fe. Moreover, on similar multilayers with only
2.6 nm thick Fe layers with a particular >’Fe probe layer deposition
sequence, the analysis of CEMS spectra with the individual sextet
method yielded to doublet areas of 16% in both interfaces [24],
i.e.,, symmetric with respect to the paramagnetic sublayer, but of
the order of those obtained in previous works [12,15], where a dis-
tribution of sextets were used. Thus, we note that (a) the asymme-
try in the paramagnetic phase appears in Refs. [12] and [15] as a
result of the sextet distribution analysis and (b) that for Fe thick-
ness below 4 nm there is no clear separation of the two Fe/Si
interfaces.

Recently the interface structure and composition of similar Fe/
Si multilayer structures have been studied by X-ray magnetic cir-
cular dichroism (XMCD) in the electron yield mode [22]. Using
the surface sensitivity of XMCD, the authors have related the expo-
nential decrease for increasing depth of the emitted photoelectron
yield to a model of interface with a nonmagnetic FeSi layer and a
magnetic layer with a linear spatial distribution of Fe;_,Si, solid
solution from FesSi to o-Fe. For a sample with the layer sequence
Si(100)/Si0,/(Fe/Si); with Fe thickness of ~10 nm and Si thickness
of 1.1 nm, and with the restriction of a full Fe/Si interface thickness
as determined by XRR [14], a nonmagnetic FeSi thickness of
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0.23 nm and a magnetic solid solution layer thickness of 1.17 nm
for the Si-on-Fe interface were found. Besides, for the Fe-on-Si
interface, a sample with Fe thickness ~8 nm and Si thickness of
1.5 nm was used. At this interface, the thicknesses of the nonmag-
netic and magnetic parts were determined to be 0.15 and 0.55 nm,
respectively [22]. The values of the nonmagnetic phase thickness in
Ref. [22] are smaller than the estimation of 0.50(2) nm in this work
and those obtained from Refs. [63-65,24], which range from 0.32
to 0.55 nm per interface. In those works multilayers with smaller
Fe layer thickness than in the present paper were used.

As commented above in the section on the XRR results, the XRR
determination of the thickness of the total Fe/Si interface could be
underestimated, since it neglects low concentrations of the Fe;_,Siy
solid solution. However, the model used in Ref. [22] included a
linear spatial distribution of Fe;_,Si, solid solution from FesSi to
a-Fe, in the thickness determined by XRR (1.4 nm for the Si-on-
Fe interface). If in the model of [22], the total Si/Fe interface
thickness, without neglecting low concentration solid solutions,
were larger than considered, then the resulting nonmagnetic phase
thickness would result in a larger value, thus approaching the
results shown in previous [63-65,24] and in the present work. As
for the asymmetry in the nonmagnetic part found in that XMCD
work, contrary to our conclusion of symmetric contributions
derived from the CEMS analysis, it also depends on the mentioned
hypothesis restricting the total interface thickness, on one hand,
but it could be an effect of using such a thin Si layer deposited
thickness in the XMCD measured samples, on the other.

4. Conclusions

We performed an exhaustive study of the iron silicide formation
at the interfaces of as-deposited (Fe/Si) multilayered structures.
Firstly, the morphology and compositional depth profile of a (Si/
Fe) bilayer was determined by combination of STEM, XRR, ARXPS
and HAXPES. A thickness value of 1.4(1) nm and a roughness of
0.6(1) nm were found for the studied Si-on-Fe interface, in agree-
ment with previous results [13,15].

Additionally, the stable phases formed at both types of inter-
faces (Fe-on-Si and Si-on-Fe) on specific (Fe/Si); multilayered sam-
ples was determined by CEMS. This powerful technique has
allowed us to identify and quantify the different silicide phases
which compound the probed zone of each interface.

In contrast to previous CEMS data on Si and Fe multilayers
[12,15], the present results indicate that the paramagnetic silicide
sublayer in the Si/Fe interfaces is identical in both Si-on-Fe and
Fe-on-Si interfaces, while an asymmetry is revealed in the compo-
sition of the magnetic silicide sublayer. The main experimental dif-
ference with respect to those previous works is that the Fe and Si
layer thickness is larger in the present samples. This has allowed
us to assert that each studied sample would provide information
on a single Si/Fe interface, which was checked with the S-m sample.

In view of the composition depth profile of the interfaces a pic-
ture of the reactions during the deposition process emerges. When
Fe is deposited on Si, the paramagnetic Si-rich FeSi-type phase is
readily produced and a thin ferromagnetic Fe,_,Si, alloy sublayer
also develops. However, when Si is deposited on Fe, the Fe;_,Siy
is first formed as high Si concentration magnetic silicide and finally
the paramagnetic c-Fe;_,Si is formed with the available Fe. In
either case, the c-Fe;_,Si phase consists of only a few monolayers.
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