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Abstract. A full study of the electronic structure of 4d and 5d silicides (RuSi, RhSi, PdSi,
OsSi, IrSi, 18Sis, IrSiz, PtSi) is undertaken including XPS VB and XES (SB#s and Si Ly 3)
measurements and LMTO band structure calculations. It is found that d bands which dominate
the density of states are more localized with increasing atomic nuéhbéthe transition metal.

A strong hybridization between silicon 3p and transition metal d states occurs over the entire
valence band. Si 3s states are found to be not mixed with Si 3p:dreflates but Si 3d states
participate in bonding and hybridize with transition metal d states. The non-bonding character
of the majority ofnd states is not confirmed for 4d and 5d silicides.

1. Introduction

A study of the electronic structure of transition metal silicides is of great relevance for
an understanding of the interactions at metal-silicon interfaces. Among many metallic
compounds, silicides have attracted attention as materials for metal—-semiconductor junctions
required for Schottky barriers and for ohmic contacts due to their high conductivity, high
thermal stability and compatibility with Si. To better understand chemical bonding at the
interface and to identify potential structural and electronic differences between bulk silicides
and silicide-like phases, one must examine both bulk and interface silicides. In addition,
x-ray emission spectra of reference silicides are important for the analysis of solid phase
reactions at metal-silicon interfaces under heat treatment [1]. Up to now only the electronic
structures of 3d transition metal silicides have been studied in detail [2-7]. Among the
4d and 5d transition metal silicides generally those with few d electrons [8] and some
near-noble-metal monosilicides [9-11] have been analysed.

In the present paper a complete study of the electronic structure of specially prepared 4d
and 5d near-noble-metal silcides (RuSi, RhSi, PdSi, OsSi, I53isIrlrSis, PtSi) was made
using x-ray photoelectron spectroscopy (XPS) and x-ray emission spectroscopy (XES). XPS
provides useful information on the total density of states (DOS) distribution in the valence
band (VB), while XES gives the partial DOS allowed by the dipole selection rule for electron
transitions. The obtained results were compared with LMTO band structure calculations for
these compounds.

4 Corresponding author. E-mail address: kurmaev@ifmlrs.uran.ru
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2. Experimental and calculation details

Binary 4d and 5d silicides were obtained by arc melting of the metals and silicon in argon
atmosphere. Quoted purities of the materials used were for silicon 99.999% (Highways
International) and for the metals 99.9% (Johnson—Matthey). All samples except RhSi(HT)
and IrS(LT) were annealed at 100C in evacuated silica tubes for 24 h. RhSIi(HT)

was quenched directly from the melt, and B@&T) annealed at 900C, under the same
conditions as the other samples. Phase identification and cell parameter determination was
performed using Guinier-&ijg-type x-ray powder cameras with CuwKradiation for all
samples except the two IrSsamples for which Cr K; was used due to extensive peak
overlap. The structural data of 4d and 5d silicides are given in table 1. For more details
see [12] and [20-24].

Table 1. Structural data of 4d and 5d silicides.

Compound  Structure Space group  Cell paramei&}s ( Composition

RusSi CsClI Pm3m a=2914618 RgoSiso
RhSi (LT) MnP Pnma a = 555263 RBoSiso
b =3.06892
c=16.37404
RhSi (HT) FeSi P2:3 a = 4.686 39 RRQgSis1
PdSi MnP Pnma a =5.61405 PdsSis»
b = 3.38604
¢ =6.14985
OsSi FeSi P2;3 a=4.72415 OsoSiso
IrSi MnP Pnma a = 555359 I50Siso
b =321876
¢ =6.267611
PtSi MnP Pnma a =558175 PigSiso
b =359623
¢ =5.92586
IrSiz monocl. — a=7.70028 IpsSizs
b =4.37766
¢ =6.54698
B =9161110
IrSiz orthorhomb. — a=7.554116 1poSigo
b = 4.35099
¢c=6.631716
Ir3Sis Ir3Sis P21/c a = 6.407010 160Siso
b = 141572
c =115672
B = 1166689

The XPS measurements have been carried with an ESCA spectrometer made by Physical
Electronics (PHI 5600 ci). The monochromatized A& Kadiation had an FWHM of
0.3 eV which combined with the energy resolution of the analyser (1.5% of the pass
energy) provided an estimated energy resolution somewhat less than 0.35 eV for the XPS
measurements of 4d and 5d silicides. The pressure in the vacuum chamber during the
measurements was less thar 50-° mbar. All of the compounds studied were available in
an ingot form which was suitable for cleavage in ultra-high vacuum for XPS measurements
of surfaces free of contaminations. All the investigations have been performed at room
temperature on the cleaved surface of ingots. Thus contaminant free surfaces with a
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relatively small number of defects could be used to obtain the intrinsic properties of
the samples. The XPS spectra were calibrated using Ad 4fgnal from an Au foil
(Eb_g,(AU 4f7/2) = 84.0 eV)

Si L, 3 x-ray emission spectra (valence 3s3d2p transition) excited by an electron
beam were measured with an ultrasoft x-ray spectrometer [4] with a spatial resolution of
4-5 um and energy resolution of 0.4 eV. The Sid x-rays were produced by a 130 nA
current of 4 keV electrons and were diffracted by &n= 600 lines mm?* diffraction
grating havilg a 2 mradius of curvature.

The Si K81 3 x-ray emission spectra (valence 3p 1s transition) were measured with
a fully focused Johan type spectrometer (energy resolution was about 2.5 eV). The x-ray
tube was operated at an anode voltage of 5 keV and a current of 100 nA and the position of
the sample was changed with respect to the focused electron beam for each scan to reduce
sample decomposition and contamination.

The x-ray emission spectra have been adjusted to the scale of electron binding energies
with respect to the Fermi level by using the XPS binding energies of the Si 2p states (see
table 2). The value of the Sidg line (2p— 1s transition),E = 17401 eV, was used to
calibrate Si o3 and Si K813 XES of 4d and 5d silicides.

Table 2. Energy position of the spectral maximum of Si 4. (XES), Si KB1 3 (XES) and binding
energies of Si 2s (XPS) and Si 2p (XPS) core levels of 4d and 5d silicides (in eV).

Compound  Siks (XES) SiKBis (XES) Si2s (XPS) Si2p (XPS)

RUSi 90.3 1835.0 150.4 99.0
RhSi(MnP)  90.4 1834.5 150.6 99.1
RhSi(HT)  90.5 1834.8 150.6 99.3
PdSi 91.3 1834.8 150.8 99.3
OsSi 90.3 1835.5 150.7 99.3
IrSig(HT) ~ 91.7 1836.1 150.6 99.4
IrSig(LT)  91.6 1836.1 150.9 99.4
IrsSis 90.6 1834.8 150.9 99.4
IrSi 90.3 1835.2 150.9 99.4
PtSi 1834.8

The valence band DOSs were calculated using the linear muffin-tin orbital method in
the atomic-sphere approximation (LMTO-ASA) [13, 14]. The core electrons were treated
separately in a fully relativistic program and kept frozen in the band structure calculations.
Relativistic effects were included except spin—orbit coupling for the valence electrons. The
local density approximation for exchange and correlation with the potential of von Barth and
Hedin [15] was used. For silicides having the FeSi-type structures 506 mesh points were
used in the irreducible /24 first Brillouin zone (BZ), while for silicides having the CsCl
structure 680 mesh points were used in the irreduciph8 Ifirst BZ, and finally silicides
with the MnP-type structure required 252 mesh points in the irreducit8ditst BZ. Plots
of the density of states (DOS) against energy were constructed from calculated eigenvalues
by the tetrahedron integration method at the calculated equilibrium volumes. These volumes
differ by less than 5% from the experimental volumes. s, p and d basis functions were used
for all atomic spheres. The exact amount of calculated silicon d states will depend strongly
on the choice of atomic sphere size since these electrons are concentrated in the outer parts
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Figure 1. Comparison of Si 1§, 3 and Si Lo 3 XES and XPS VB for 4d silicides.

of the Si atomic sphergs The selected ratios between metal and silicon atomic sphere radii
range from 1.02 (RuSi) to 1.10 (PtSi), following the trend in metallic radii for the elements.
This gives approximately the same potential at the surface of the metal and silicon spheres
respectively.

3. Results and discussion

The x-ray emission and photoelectron spectra of 4d and 5d silicides are presented in figures 1
and 2 and energies of features in the spectra are given in table 2. In accordance with dipole
selection rules Si k3 and Si K81 3 XES probe Si 3s3d and Si 3p partial DOS in the valence
band, respectively. The intensities of Sidand Si K81 3 XES and XPS VB are not given

in absolute units, and therefore cannot be used to estimate the ratio of the contribution
of Si 3p to Si 3s3d and transition metatl states. The results of LMTO band structure
calculations given in figures 3 and 4 can be used for this comparison. According to [16] the

1 The DOS features labelled as silicon d electrons have their origins in the outer parts of the metal d shells.
Calculations performed for IrSi show that the total d DOS can be reproduced if silicon d states are removed from
the calculations, provided the metal spheres are allowed to expand so as to contain the outermost d-electron density
(atomic sphere radius ratiQ, /rs; >~ 1.4).
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Figure 2. Comparison of Si 1§, 3 and Si L, 3 XES and XPS VB for 5d silicides.

atomic photoionization cross sections at the A &xcitation energy (1.476 keV) for Ru 4d,

Rh 4d, Pd 4d, Os 5d and Ir 5d subshell electrons are nearly two orders of magnitude larger
than the Si 3p and Si 3s subshell photoionization cross sections. This large difference in the
cross sections leads us to suggest that the XPS valence band data of the 4d and 5d silicides
provide information mainly about the transition metal-state distribution in the valence
band. In figure 1 the Sids XES spectra (line), the Si & 3 XES (solid squares) and the

x-ray photoelectron valence band spectra (XPS VB) (open circles) are compared. We infer
that the Si valence states of 3s symmetry are concentrated at the bottom of the valence band
(7-13 eV belowE; because of the dipole selection of states of s symmetry in the §i L

XES spectra. The valence states of s symmetry show up weakly in the XPS VB spectra
because the VB states of 3s symmetry have a very small photoionization cross section. At
intermediate energies between 2 eV and 7 eV belpwve infer the presence of bands with

3p symmetry from the intensity profile of the SigKs emission band which emphasizes
states of p symmetry. Overlap of the SBKs XES with XPS VB spectra suggests the
hybridization of the Si 3p electrons with the transition metal 4d electrons. In the vicinity

of the Fermi level (in the range of 0-2 eV) the distribution of electronic states is more
complicated. On the one hand, 4d states prevail in this region (at least for RuSi and RhSi).
On the other hand, the Si 3p and Si 3s(3d) electrons also make an essential contribution to
the DOS.
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Figure 3. Results of LMTO-ASA band structure calculations for 4d silicides.

We have not detected great differences between experimental spectra of RhSi(HT) and
RhSi(LT) phases shown in figure 1 except some broadening of the peaks centred at 9.3 eV
binding energy of Si k3 XES of RhSi(HT) (compared to similar spectrum of RhSi(LT)).
This broadening can be explained by increasing number of Si neighbours of the Si atom
from four to six. The Si-Si interatomic distances are similar in both cases (as noted in
table 3).

Let us next consider the variation of the 4d DOS near the Fermi level for the set of
silicides RuSi—-RhSi—PdSi. The variation of the XPS spectra of these compounds, shown in
figure 1, provides evidence that the XPS VB intensity maximum is very close to the Fermi
energy for RuSi, at an intermediate value for RhSi and at a binding energy of a few eV for
PdSi. Thus the contribution of 4d states to the total DOS at the Fermi edge is decreasing
steadily from RuSi to RhSi and PdSi. At the same time the intensity maximum of XPS
VB shifts from the Fermi energy to binding energies of about 3 eV. We suggest this is due
to the localization of the 4d states as a function of the atomic nuribef the 4d metal.

This shift is about 1 eV for RhSi in respect to that of RuSi and increases to about 3 eV

for PdSi. These conclusions about the electronic structure of 4d monosilicides which have
been extracted from XPS and XES data are in a good accordance with our band structure
calculations of the same compounds which are shown in figure 3. It is seen that a strong
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Figure 4. Results of LMTO-ASA band structure calculations for 5d silicides.

hybridization between transition metatl states and silicon 3p states takes place over the
whole valence band and the centre of gravity of Si 3p states is shifted in PdSi to a higher
binding energy with respect to that of RhSi following a similar shift of the d band.

We can conclude from similar analysis of the XES:XPS spectra of the 5d silicides (in
figure 2) that the Si 3s-like band has a binding energy of approximately 10 eV, the Si 3p
DOS extends over an energy range of 1-8 eV binding energy and finally the changing
intensity and energy position of the XPS VB data reflect the filling of the partial DOS with
5d symmetry. The results of LMTO band structure calculations of 5d silicides (figure 4)
are consistent with our interpretation of the experiments. As in the case of 4d silicides, a
strong transition metal 5d—Si 3p hybridization is found for 5d silicides and the centre of
gravity of Si 3p states is shifted to a higher binding energy in PtSi with respect to that in
IrSi. The overall agreement of theory and experiment can be illustrated by comparing the
Si KB13 XES of 4d and 5d silicides with the calculated Si 3p DOS in figure 5 (shown as
the line) that has been broadened to include instrumental distortion in figure 5.

Comparing the experiments with theory we observe a pronounced peak near the Fermi
edge in the Si k3 spectra that is not seen in the calculated silicon density of states with
either s or p symmetry. We conclude that these additional features near the Fermi energy are

1 For PtSi we could not measure XPS VB with a good accuracy because of oxidation of the surface.
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Table 3. QOordination numbers (CN) and average distances (AD) of Me—Me, Me-Si and Si-Si
bonds (inA) of 4d and 5d silicides obtained from [11] and [16-20].

CN AD CN AD CN AD
Compound Me—-Me Me—Me Me-Si Me-Si Si-Si Si-Si Ref.
RuSi 6 291 8 2.52 6 291 [11]
RhSi 2 2.85 2 2.38 2 2.66 [11]
(LT) 2 2.99 1 244 2 3.07
2 3.07 2 2.50
1 251
RhSi 6 2.87 3 2.45 6 2.90 [16]
(HT) 1 2.47
3 2.57
PdSi 4 2.90 1 2.45 2 2.76 [17]
2 2.46
1 2.54
2 2.57
OsSi 6 2.90 1 2.35 6 2.94 [11]
3 241
3 2.74
IrSi 2 2.84 2 2.34 2 2.69 [11]
2 3.01 1 2.52
2 3.22 2 2.53
1 2.54
PtSi 2 2.87 1 241 2 2.84 [18]
2 2.90 2 243
1 2.52
2 2.64
Ir3Sis 2.3 2.85-3.00 5.5 2.30-2.50 2.9 2.50-2.70 [19]
1.2 2.50-2.80 0.9 2.70-2.90
0.5 2.80-3.10 0.4 2.90-3.10
IrSiz 6 4.16 6 244 2 1.97 [20]
(HT) 3 2.49 2 2.37

due to bands formed by hybridizing Si 3d states with the transition metal 4d and 5d states.
When the partial densities of states with d symmetry at the silicon site are projected out and
broadened according to instrumental distortion we obtain extremely good agreement with
the observed Si 43 spectra. In figure 6 the Sizlg Spectra (dots) for the 4d and 5d silicides

are compared with the calculated Si partial density of statestofl symmetry (solid line).

The silicon d-partial DOS is shown separately as the shaded area. We note the very good
agreement obtained when the states with d symmetry are included in the calculation. A
similar conclusion was reached for 3d monosilicides (FeSi, CoSi, NiSi) and disilicides
(FeSp, CoSp, NiSiy) in [4], [5] and [7]. Our measurements support the conclusion given in
[7] that a p—d bonding model [19] does not provide a complete description of the electronic
structure of d silicides and Si 3d—-metad hybridization must be taken into account.

For the Ir-Si system a full set of binary compounds (high-temperature (HT) and
low-temperature (LT) modifications of Ir&ilr3Sis and IrSi) was specially prepared (in
connection with a study of solid-phase reactions at the Ir/Si interface under different heat
treatments [17]). We also measured the XES and XPS spectra of these materials, shown in
figures 1 and 2. XPS VBs of Ir silicides given in figure 2 definitely show that the density
of states on the Fermi level is highest for IrSi and is decreasing with Ir content because
of the Ir 5d shift to lower binding energy [25]. This shift can be explained by increasing
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Figure 5. Comparison of Si 1§13 XES and Si 3p DOS of 4d and 5d silicides.

of silicon content per unit formula in Si-rich silicides. In this case the antibonding states
are being filled and the quasigap is shifted to belbw[11]. The greatest changes are
found also for Si L3 XES of IrSi and IrS§ which are shown separately for convenience

in figure 7. An energy shift (about 1 eV) and some broadening and even splitting of the
main intensity maximum is seen in Spb XES of Ir binary silicides with Ir content (top
dotted curve). In order to interpret the Sj4 XES in silicides we need to take into account
both Si-metal and the Si—Si interactions. According to structural data, an Si atom in IrSi
is coordinated by only two Si atoms whereas in 4r@iis coordinated by four Si atoms

as in crystalline Si (see table)3 This additional coordination is illustrated by comparing
the Si Ly 3 spectrum of IrSj with that of crystalline Si (the solid line in figure 7). The
corresponding Si—Si bonds are shorter in 4r8ian in IrSi, thus the contribution of the
Si—Si interactions increases and it is not surprising to observe that SKES of IrSi

has nearly the same splitting of the main maximum as crystalline silicon (c-Si) (figure 7).
According to [9] the strength of Si—Si bonding increases with decreasing distance between
silicon neighbours which enhances the amount of wave-function overlap of the Si 3s states,
resulting in the broadening of the Sp b XES.

1 For IrSk(HT) only a very approximate structure description is given.
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Figure 6. Comparison of Si k3 XES and Si 3s3d DOS of 4d and 5d silicides.

The general trends in transition metal silicide bonding [18,19] can be classified as
follows.

(i) Transition metal d bands dominate the DOS and have increased binding energy with
increasingZ. This energy shift is found to be relatively small when the d band density of
states is high aE; and larger when the d band is almost filled.

(i) As the atomic number of the d metal is increased, the centre of gravity of the Si 3p
states moves to the higher binding energy following the corresponding shift of d-metal states.
This observation is connected with hybridization of silicon 3p orbitals with transition metal
d states.

(iif) The Si 3s-derived states overlap relatively little with Si 3pnai-metal states and
these states are not important in bonding.

(iv) Various authors emphasize that the majority of the transition metal d states form a
dominant non-bonding d state between the bonding and antibondirgi 3p bonds which
is considered a characteristic feature of silicide formation.
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The results obtained in the present paper for 4d and 5d silicides generally confirm
conclusions (i)—(iii) stated above. A shift of the d band to the higher binding energies is
observed a¥ increases as well as hybridization between silicon 3p and transition metal
d states. The Si 3s states according to LMTO band structure calculations do not mix with
Si 3p and transition metald states.

On the other hand, conclusion (iv) about the non-bonding character of the majority of
nd states seems to be incorrect for 4d and 5d silicides. According to our XPS and XES
measurementsd states are strongly hybridized with Si 3p states over the whole valence
band. In addition we have obtained new evidence of the participation in chemical bonding
of Si 3d states which are hybridized with transition metdlistates.

4. Conclusion

A fairly complete study of the electronic structure of 4d and 5d silicides (RuSi, RhSi,
PdSi, OsSi, IrS, Ir3Sis, IrSi, PtSi) has been undertaken which included XPS VB and
XES (Si K813 and Si L, 3) measurements and LMTO-ASA band structure calculations.
We found that the d bands dominate the DOS and are more localized with incréasing
Measurements and calculation provide evidence for strong hybridization between silicon 3p
and the transition metald states over a large part of the valence band. Si 3s states are
found to be not mixed with Si 3p andll states; however, Si 3d states participate in bonding
and hybridize withnd states of the metallic atoms and lead one to the conclusion that the
majority of nd states are bonding states for 4d and 5d silicides.
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