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ARTICLE INFO ABSTRACT

Keywords: The phase and composition of several transition metal silicides are challenging to identify with common surface

Silicide analysis techniques such as X-ray photoelectron spectroscopy (XPS). While silicide formation is concomitant with

g“omelecm’n spectroscopy a distinct change in electronic structure, only minute changes in the main spectral features are observed for
asmon

example for the family of Ru silicides. Here, the authors combine XPS, grazing-incidence X-ray diffraction, and
density functional theory calculations to demonstrate that the characteristic excitation energies of plasmons in
Ru and its silicides are a sensitive and easily accessible descriptor that reflects the change in electronic structure
upon the formation of specific silicides in the XPS spectra. Electron energy loss satellites are reported to shift by
more than 4 eV upon the formation of Ru silicide, by 1.1 eV between RuSi and Ru,Si3 and by 1.9 eV across the
measured range of silicide layers, making these changes accessible even for basic experimental equipment. In the
context of literature on metal silicides and electron energy loss spectroscopy, this approach is considered

Electron energy loss
Chemical characterization
Ruthenium

promising as a general pathway to enhance the chemical sensitivity of surface spectroscopy methods.

1. Introduction

Semiconducting transition metal silicides have generated interest for
potential use in optoelectronics, photovoltaics, and thermoelectrics
[1,2]. In the family of ruthenium silicides, the two semiconducting
compounds Ru,Si3 and RuSi have received most attention. RuySis is a
direct gap material with reported band gaps between 0.44 eV and 1.08
eV [1,3,4], while the gap of the low-temperature phase of RuSi is
smaller, ranging from 0.2 to 0.4 eV [5,6]. These narrow band gaps are of
interest for infrared detectors[7], light-emitting diodes [8], and ther-
moelectric applications[9]. Moreover, Ru silicides are compatible with
existing Si-based technology and are non-toxic.

Among the thermodynamically stable Ru silicides, RuSi and RuySi3
have been studied most extensively [10]. Upon deposition of Ru layers
onto Si, Ru silicide has been observed to form spontaneously at the
interface [11,12]. While the phase of this layer of a few unit cells is
difficult to ascertain, the preferred phase of RusSis has been observed to
form at the interface at 375 °C. Annealing the Ru layers on Si at tem-
peratures above 400 °C results in further formation of RuySis, and full
conversion of the ruthenium layers is achieved at 625 °C [13]. The
formation of RuSi has been reported upon annealing mixtures below
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475 °C[13]. While the only experimentally confirmed structure of
RuySi3 is orthorhombic (Pbcn) [14,15], two polymorphs have been
observed for RuSi. The CsCl-type structure (Pm 3 m, B2) forms at high
temperature, whereas at low-temperatures RuSi assumes a FeSi-type
structure (P23, B20) [16,17]. Already small variations in composition
have been reported to cause a strong structural preference for the CsCl-
type structure in the case of Ru excess [5].

In the case of bulk silicide specimens or thick Ru-Si films, standard
analysis tools such as simple X-ray diffraction are sufficient to confirm
the formation of silicides and determine the predominant phase. A
confirmation that thin Ru-Si films are converted to a silicide, on the
other hand, is challenging with common surface analysis techniques
such as X-ray photoelectron spectroscopy (XPS). The characteristic XPS
peaks, Ru 3d and Si 2p, show only subtle changes in peak position be-
tween the elemental materials and the silicides. Comparably small shifts
are observed for other transition metal silicides,[18,19] making the
determination whether a silicide is present challenging with XPS, in
particular if no monochromatic X-ray source is available or different
phases and contaminants such as oxygen or carbon are present. Chal-
lenges in application-oriented cases are expected for example for
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surfaces with oxide overlayers, layered structures of metal and Si, or Si
surfaces with low admetal coverage. The reported difference between
the Ru 3d XPS peak shapes of metal and silicide[11] is only of limited
help without high-resolution spectra of high-purity samples.

Here, we demonstrate on the example of Ru silicides that plasmon
loss peaks are well suited to identify selected compounds of different
electronic structure but similar core level energies in XPS, inspired by
reports of distinct differences between transition metals and their sili-
cides in electron energy loss spectroscopy (EELS).[20,21] Upon
annealing of a Ru layer on Si(1 00), as well as for Ru-Si multilayer stacks
with compositions between RuSi and Ru,Sis, distinct shifts of the plas-
mon loss peaks by several electron volts are observed in in situ XPS
measurements. The presence of RuSi and RuySiz is confirmed via
grazing-incidence X-ray diffraction (GI-XRD). We expect this approach
to be relevant beyond the Ru-Si system, since the formation of transition
metal silicides and other compounds generally affects the electron
density of a metal, which is expected to change the plasmon loss energy.

2. Methods

Sample preparation: Ruthenium and silicon were deposited on Si
(100) and Al,03(0001) substrates by pulsed laser deposition (PLD)
using a KrF excimer laser (Coherent Compex 201F, A = 248 nm) in
4.0x10"2 mbar Ar. The substrates were positioned 55 mm from the PLD
target. The depositions were performed at a laser fluence of 8.5 J/cm?, a
shot frequency of 10 Hz, and a spot size of 0.4 mm?. For pure Ru and Si
films on Si(1 00) with native oxide, 20,000 deposition pulses were used
(“Ru-Si(100)” and “Si-PLD”, respectively). The mixed Ru-Si films were
produced using 20 alternating double-layers of silicon and ruthenium
deposited on Al;03(0001) at 700 °C. The number of deposition pulses
was varied between 160, 210, and 320 for Si while it was kept constant
at 600 for Ru, resulting in films of RuSi (“RuSi-PLD”) and close to Ru,Sis
stoichiometry (“(RugSis + RuSi)-PLD” and “(RugSis + Si)-PLD"),
respectively. The deposition of 1 nm of material requires 700 deposition
pulses for ruthenium and 190 pulses for silicon. Annealing a 28 nm Ru
film at 550 °C resulted in interdiffusion of Si to form a single Ru,Sis
silicide phase (“RuySi3-Si(100)”)[13].

X-ray photoelectron spectroscopy: The XPS analysis was carried out
with a HiPP-3 spectrometer using a monochromatic Al Ka source. The
HiPP-3 analyzer is used with a 0.8 mm entrance cone aperture and a slit
setting of 1.0 mm. XPS peak fitting is performed using KolXPD. The core
level spectra were fitted using a Shirley background across the entire
range shown in the figures and Voigt doublet peaks for all but the
metallic Ru peak, for which a Doniach-Sunjic line shape convoluted with
a Gaussian curve was employed. The plasmon loss energies were
determined by fitting the loss features using Voigt doublets, restricting
the peak area ratios and peak split to be the same as in the respective
core level. Atomic ratios were calculated using the peak area divided by
the respective photoemission cross-section. Survey and Si 2p broad
range spectra were measured at a pass energy of 500 eV, Ru 3d broad
range spectra at a pass energy of 300 eV, and high-resolution spectra at a
pass energy of 100 eV. The peak positions of all samples grown on
Al,03(0001) have been corrected for small charge shifts using the Si 2p
spectra of elemental Si and RusSis as reference. In the analysis, probing
depth effects due to different inelastic mean free paths of the Ru 3d and
Si 2p photoelectrons were taken into account using the QUASES soft-
ware package for the calculation of the inelastic electron mean free
paths by the Tanuma Powell and Penn algorithm (TPP2M) [22] based on
the materials parameters for Ru,Sis.

Grazing incidence X-ray diffraction: GI-XRD measurements were
performed ex-situ using a Bruker D8 QUEST diffractometer system
equipped with an Incoatec IpS 3.0 Cu Ko X-ray source (A = 1.5406 A)
and a PHOTON II Charge-integrating Pixel Array Detector (CPAD). The
XRD patterns were acquired in grazing-incidence configuration to
minimize the signal from the substrate. Powder diffractograms have
been calculated using VESTA[23] for the phases existing in the
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temperature range according to the phase diagram: Si, RuSiy, RusSis,
RuSi, RusSis, and Ru. The diffractograms have been corrected for errors
introduced by positioning using the peaks of the single-crystalline sub-
strates Al;03(0001) and Si(100) as reference. Small residual shifts be-
tween experimental and calculated diffraction peaks are ascribed to
three-dimensional specimen displacement errors going beyond the z-
correction that has been applied.

Density functional theory simulations: To obtain the theoretical loss
function, the dielectric function was calculated from density functional
theory (DFT) simulations performed in the GPAW code[24-26]
following the methods outlined in references [27-31]. The energy cutoff
and k-point mesh were after convergence tests set to 800 eV and a k-
spacing of 0.07 A~L. For each phase (Si, RuSi, and Ru,Sis), the lowest
energy structures were obtained from DFT cell optimization as imple-
mented in the projector-augmented wave method (PAW) [24,32], with
Perdew-Burke-Ernzerhof (PBE) functionals[33,34].

3. Results

The analysis of Ru silicide was performed on Ru-Si thin films pre-
pared using two different approaches, based on annealing a Ru layer on
Si(100) at 550 °C and on the growth of multilayer stacks of alternating
Si and Ru layers on Al,03(0001) at 700 °C. Fig. 1 shows an overview of
the GI-XRD diffractograms obtained on stacks of different composition
(“RuSi-PLD”, “(RuspSiz + RuSi)-PLD”, and “(RusSis + Si)-PLD”) and the
annealed Ru layer on Si(100) (“RuxSis-Si(100)”). Diffraction signals
from the Al;03(0001) and Si(1 00) substrates are strongly suppressed at
highly grazing X-ray incidence angles and hence not discernible in the
data. For comparison, the calculated powder diffraction patterns of Si,
RusSiz (Pbcn), and RuSi (P2,3), based on literature results[17,35,36],
are shown. In agreement with literature[13], annealing of a Ru film on Si
(100) was observed to result in phase-pure RusSis, serving as reference
sample for this silicide phase. Different stoichiometries were explored by
depositing films of fixed Si/Ru ratios on Al;Os. In the case of the most Si-
rich sample (RusSis + Si)-PLD the presence of both the Ru,Si3 phase and
elemental Si was identified. At a decreased Si content ((RusSiz + RuSi)-
PLD), the coexistence of RuySi3 and RuSi was observed. In the sample
RuSi-PLD, a RuSi majority phase was observed to coexist with a small
contribution from Rus,Sis.

The stoichiometry of the Ru and Ru silicide layers close to the surface
was determined using XPS. The resulting ratios of Si/Ru are shown in
Table 1. These values reflect the average composition in the surface
region and were calculated assuming a homogeneous distribution of Ru
and Si in the surface region. Variations in probing depth due to different
inelastic mean free paths of the Ru 3d and Si 2p photoelectrons were

RuSi-PLD

(RuySiz+Rusi)-PLD

(Ru,Sis+Si)-PLD

Ru,Si3-Si(100)

Intensity (arb.units)

20 30 40 50
20 (degrees)

Fig. 1. GI-XRD results of RuSi-PLD, (Ru,Siz + RuSi)-PLD, (Ru,Siz + Si)-PLD,
and Ru,Si3-Si(100). Calculated powder diffraction patterns of Si, RuSi, and
Ru,Sis. (*) artefact due to saturated pixels on the 2D detector.
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Table 1

Atomic ratios determined by XPS of Ru-Si(100), RuSi-
PLD, (Ru.Siz + RuSi)-PLD, (Ru,Siz + Si)-PLD and
Ru,Si5-Si(100).

Si/Ru
Ru-Si(100) 0.00
RuSi-PLD 0.78
(RuySis + RuSi)-PLD 1.08
(RuySi3 + Si)-PLD 1.58
RuSis-Si(100) 1.48

taken into account. Measurements at different probing depths indicate
that the low Si/Ru ratios for Ru-rich samples are likely due to Ru-
enrichment in the surface region (see Supporting Information (SI)).
High-resolution XPS spectra of the Ru 3d and Si 2p regions are shown in
Fig. 2 A and B, respectively. The binding energy (BE) values are sum-
marized in Table 2. Detailed fitting parameters of the Voigt doublets for
the Si 2p core level spectra are provided in the Supporting Information.
The ruthenium layer Ru-Si(100) shows the Ru 3d BE and the asym-
metric line shape which are expected for metallic Ru. In the sample
RuSi-PLD, the Ru 3d BE is shifted by +0.22 eV in relation to metallic Ru
and exhibits a lower asymmetry. Even though (RusSi3 + RuSi)-PLD,
(RuySis3 + Si)-PLD, and Ru,Si3-Si(1 00) are close in composition, their Ru
3d BEs exhibit measurable variations, which are attributed to their
phase purity. The peak shapes of these Si rich samples, on the other
hand, are symmetric and near-identical. In Fig. 2B an overview of the Si
2p spectra of the samples Si-PLD, RuSi-PLD, (RusSis + RuSi)-PLD,
(RuySis + Si)-PLD, and Ru,Si3-Si(100) is provided. The peak position of
the Si 2p doublet of the Si-PLD sample agrees well with elemental sili-
con,[37] but its line width is significantly larger compared to that re-
ported for single-crystalline Si. This broadening is ascribed to disorder
and defectivity in the layers produced by PLD at room temperature.
Also, the spectra of RuSi-PLD and RuySi3-Si(100) correspond to a single
doublet, whereas the Si 2p spectra of (RuySiz + Si)-PLD and (RusSi3 +
RuSi)-PLD require the addition of a second species, at binding energies
corresponding to elemental Si and RuSi, respectively. While the binding
energy variations between the silicide species remain small, the binding
energy difference between the Ru 3d and the Si 2p levels exhibits a
significant step between RuSi-PLD and the two Ru,Si3 samples.

All materials in this study present clear, characteristic plasmon loss
satellites, which are located at higher apparent binding energy (lower
kinetic energy) than the XPS peaks. Extended spectra of the Ru 3d and Si
2p regions for the same samples as in Fig. 2 are shown in Fig. 3. The
locations of the energy loss peaks are summarized in Table 3.

For Ru-Si(100), electron energy loss peaks are observed at +8.0 eV
and +29.4 eV from Ru 3ds 5, in good agreement with reported values for
surface and bulk plasmon features for metallic Ru[38]. For the silicide
layers, the respective plasmon loss peaks are located at distinctly
different binding energies, corresponding to loss values of +23.3 eV

A Ru 3d
-
Ru-Si(100) __/\_______/ %
RuSi-PLD

Counts (arb. units)

A AN J ‘;
1 “‘f‘ 1 \s;_‘ I “f A‘x“ n
286 284 282
Binding Energy (eV)

(Ru,Sis+Si)-PLD

Ru,Si3-Si(100)
L 1 L

290 288
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Table 2
XPS binding energies of Ru 3d, Si 2p, and the difference between Ru 3d and Si 2p
of Ru-Si(1 00), RuSi-PLD, Ru,Si3-PLD, Ru,Sis-Si(100), and Si-PLD.

BE Ru 3d BE Si 2p BE Ru 3d-Si 2p
Ru-Si(100) 279.8
RuSi-PLD 280.0 100.0 180.0
Ru,Siz-PLD 280.1 99.7 180.4
Ru,Siz-Si(100) 280.2 99.7 180.5
Si-PLD 99.4

(RuSi-PLD), +22.5 eV ((RuzSiz + RuSi)-PLD), +22.2 eV (RugSis-Si
(100)), and +21.4 eV for (RupSiz + Si)-PLD. Over the full range of
silicide layers, the plasmon loss energy varies by 1.9 eV, while the dif-
ference between RuySi3 and RuSi amounts to 1.1 eV. The extended-range
Si 2p spectra in Fig. 3B illustrate that the plasmon loss features for all
silicide samples are also observed at comparable loss energies at the Si
2p peak, albeit with poorer signal-to-noise ratio owing to the lower in-
tensity of the Si 2p peak. Moreover, the relative peak area of the plasmon
features is lower in the Si 2p region than in the Ru 3d region, indicating a
higher excitation cross section of plasmons for the Ru 3d electrons (at
lower kinetic energy). The elemental Si-PLD sample exhibits plasmon
loss features at +17.0 eV and +34.0 eV (single and double plasmon
excitation) from the Si 2p3/5 peak. The experimentally observed trends
and peak positions are furthermore in good agreement with DFT simu-
lations of RuSi (22.55 eV), RusSi3 (21.83 eV), and bulk Si (16.67 eV),
which also reproduce the decreasing plasmon loss energy with
increasing Si content.

4. Discussion

The presented X-ray diffraction, photoelectron spectroscopy, and
density functional theory results connect changes in structure, stoichi-
ometry, and electronic properties to a systematic change in the spectral
features of Ru and Si in XPS. While only subtle shifts and changes in peak
shape between metal and silicide are observed in the core level spectra,
the apparent binding energies of the plasmon loss features present
substantial changes with the formation of a silicide and changes in its
stoichiometry.

The differences in the Ru 3d core level spectra of Ru metal, RuSi, and
RuySis are subtle but discernible in high-resolution spectra with a
monochromatic X-ray source and can be related to changes in electronic
structure with Si content. The Ru 3d peak shapes are observed to change
from asymmetric in the case of a metal layer (Ru-Si(100)) to mostly
symmetric for RuSi and fully symmetric for RuySiz samples. This
observation is in agreement with the metallic character of ruthenium
and the semiconducting nature of RuSi and Ru,Sis, and their respective
density of states at the Fermi level.[39] In addition to the small changes
in absolute binding energy values of Ru 3d and Si 2p, a clear change in
the energy difference between the Ru 3d and Si 2p peaks was observed

T
B fit ——
Si (RusSi)
Si (RuSis)
Si(Si) ——
Rusi-PLD

Si2p

-PLD

(RuzSig+RuSi)

(Ru,Siz+Si)-PLD

Counts (arb. units)

Ru,Si3-Si(100)

Si-PLD

102 100
Binding Energy (eV)

98

Fig. 2. High-resolution XPS spectra of Ru silicide layers. A) Ru 3d region of Ru-Si(1 00), RuSi-PLD, (Ru,Si3 + RuSi)-PLD, (Ru,Si3 + Si)-PLD, and Ru,Si3-Si(1 00). B) Si
2p region of RuSi-PLD, (Ru,Siz + RuSi)-PLD, (Ru,Siz + Si)-PLD, Ru,Si3-Si(100), and Si-PLD.
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Fig. 3. Extended-range XPS spectra. A) Ru 3d region of Ru-Si(100), RuSi-PLD, (RusSi3 + RuSi)-PLD, (Ru,Siz + Si)-PLD, and Ru5Si3-Si(1 00). B) Si 2p region of RuSi-

PLD, (RusSiz + RuSi)-PLD, (RuySis + Si)-PLD, Ru,Sis-Si(100), and Si-PLD.

Table 3
Energy loss peaks for Ru-Si(100), RuSi-PLD, (Ru,Siz + RuSi)-PLD,
Ru,Si3-Si(100), (RusSiz + Si)-PLD, and Si-PLD.

Energy loss peak (eV)

Ru-Si(100) +8.0 and + 29.4
RuSi-PLD +23.3
(RuSi3 + RuSi)-PLD +22.5
Ru,Si3-Si(100) +22.2
(RuySis + Si)-PLD +21.4

Si-PLD +17.0 and + 34.0

for the different silicide phases, from 180.4 eV and 180.5 eV for RuSis
prepared in two different ways to 180.0 eV for RuSi. The combination of
different absolute binding energies of Ru 3d and Si 2p, differences in
their relative position, and systematic changes in their peak shapes
provides clear evidence for a change in electronic structure between
RuSi-PLD and RuySi3-PLD. However, these changes to the spectral fea-
tures are subtle and should not generally serve as the basis for a reliable
identification of Ru silicides.

The shifts in the apparent binding energies of the plasmon loss sat-
ellites, on the other hand, are evident already from the extended-range
spectra and do not rely on high experimental resolution. The transition
from elemental Ru and Si to the silicides under investigation is accom-
panied by a plasmon peak shift of more than 4 eV. In the compositional
range between RuSi and Ru,Sis, the GI-XRD results show the formation
of phase mixtures. Even though the two silicide phases are expected to
have a characteristic plasmon loss energy, a comparison of the respec-
tive XPS spectra reveals a gradual shift towards lower plasmon loss
energies (lower apparent binding energy) with increasing Si content.
This observation is interpreted as a gradual shift in intensity between
two coexisting plasmon features for RuSi and RuySis, which show a
substantial energy difference but also a large line width. The plasmon
loss energy thus provides an indication of the average Si content of the
silicide, whereas a quantitative identification of the RuSi and RusSis
content remains difficult. Based on the distinct shift of the plasmon loss
energy with the formation of ruthenium silicide phases, however, the
satellite position can be used to unambiguously separate the coexistence
of elemental phases from silicides.

The rich information contained in electron energy loss processes is
rarely used in photoelectron spectroscopy, partly because the XPS peak
shifts already contain information about the oxidation state and chem-
ical environment of the elements. Examples of loss features in XPS have
been reported in the context of work that is material-specific to Fe sili-
cides [20,40], while the underlying changes of the dielectric function of
the material are a general phenomenon. Electron energy loss spectros-
copy, on the other hand, makes use of the characteristic electron energy
loss of materials as fingerprint for their composition but also their
electronic structure[21]. Examples of the reliable identification of sili-
cides include compounds of Si with Ni [21,41], Fe [20,42,43], and Cr

[44], some of which also allow identifying the specific silicide species.
Electron energy loss features often exhibit substantially larger peak
shifts than the core level peaks in XPS and are thus promising as pathway
of the chemical analysis of materials.

An identification of silicides based purely on core level peak shifts in
XPS, on the other hand, is challenging for many elements.[11,18,19]
The XPS literature on Ru-Si compounds reports small and subtle changes
upon silicide formation [11,37,45,46], and could thus strongly benefit
from an additional unambiguous probe of the change in electronic
structure induced by silicide formation. Moreover, we expect that the
electron energy loss features for various metal silicides provide a clearer
signature of the formation of silicide than the respective core level peak
positions and shapes, thus alleviating the requirements for resolution
and peak deconvolution.

5. Conclusions

In summary, we demonstrate on the example of Ru silicide that the
energy of plasmon loss features in photoelectron spectra can serve as
sensitive descriptor for the identification of compounds with different
electronic structure. For Ru, which exhibits only subtle core level shifts
upon silicide formation, the plasmon loss peak position changes by
several electron volts compared to elemental Si and Ru, and progres-
sively shifts with Si content. This approach to identify compounds is
common in EELS but rarely used in XPS and holds potential for appli-
cation to a broad range of materials.
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