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Electronic structure of iridium silicides
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%e present a detailed ultraviolet and x-ray photoelectron spectroscopy investigation of the elec-
tronic structure of three bulk iridium silicide compounds, IrSi, IrSi (x=1.6), and IrSi3. %e ob-
served a narrowing of the iridium d band and a concomitant broadening of the Si 2p band in the sil-

icides which indicate that the bonding in these compounds is caused by a hybridization of the Ir d
states and the Si sp hybrids. This is consistent with bonding models proposed for 3d and 4d
transition-metal silicides. However, a d-band shift was not observed as reported in other transition-
metal silicides. Also, we found that IrSi and IrSi3 are metallic. However, we observed that
IrSi„(x=1.6) is a semiconductor, in agreement with earlier work. %'e discuss this difference in
terms of chemical trends in the bonding of iridium silicide compounds.

I. INTRODUCTION

Silicon and transition metals can form a variety of
stable silicide compounds. Early research on silicides
focused on the growth kinetics and sequence of silicide
phases that form when a metal layer is reacted with sil-
icon. ' Later on the widespread use of silicide interfaces in
semiconductor devices and the quest for the nature of the
Schottky barrier have stimulated extensive studies
of metal-semiconductor interfaces. Although our
knowledge of the chemical bonding and reactions at
metal-semiconductor interfaces has been broadened by
these studies, a unified picture of the Schottky barrier is
still lacking. In comparison, much less attention has been
paid to the electronic structure of bulk silicides. This
knowledge is an important prerequisite for the under-
standing of the more complex electronic structure of
silicide-silicon interfaces.

Recently, Weaver et al. ' have reported on a systematic
study of the bonding and the band-structure properties in
3d transition-metal silicides from CaSi2 through NiS12.
They combined synchrotron radiation photoemission ex-
periments with self-consistent augmented-spherical-wave
calculations of the density of states to elucidate the depen-
dence of the band structure on d-band occupancy. They
found that silicon-p —metal-d mixing is important for all
silicides they investigated. On the other hand, they indi-
cated that the silicon s states play a relatively unimpor-
tant role in the bonding. In addition, they observed that
the disilicides of Ti through Co all show an important d
character within 3 eV of the Fermi energy (EF ) and point
rut that these states generally constitute the nonbonding
3d states. Apart from this study, photoemission results
have been reported for bulk silirides of group-VIII transi-
tion metals, NiSi2, PdqSi, and PtSi. The role of
the metal 4d and 5d states, respectively, and silicon s and

p states in the chemical bonding of PdzSi and PtSi are
similar to the 3d transition-metal silicides. The p-d bond-
ing states are found near the bottom of the d band at
about —5.5 eV for Pd2Si, ' and a peak of bonding states

has been observed at —4.5 eV for PtSi.
In this paper we report on ultraviolet photoelectron

(UPS) and x-ray photoelectron spectroscopy (XPS) studies
of the electronic structure of bulk iridium silicides. These
silicides are particularly interesting because they have ex-
ceptional electronic and metallurgical properties: Three
stoichiometric iridium silicide compounds exist, IrSi,
IrSi„(x=1.6), and IrSi&. This allows the investigation of
the effect of compositional changes on the electronic
structure. The iridium silicides exhibit selective growth in
that each silicide compound forms in a specific tempera-
ture range and only one silicide compound grows at any
time. 'o In addition, the barrier heights of iridium silicide
Schottky diodes prepared on n-type silicon are the highest
barrier heights known to date of any silicides. "' For
this reason, it is of great interest to study the electronic
properties of iridium silicide-silicon interfaces. We will

report on this subject in a subsequent publication. It has
been shown recently that the silicide compound IrSi
(x=1.6) is a semiconductor. ' In contrast, we will show
that IrSi and IrSiq are metallic. This raises the intriguing
question, why the silicon-poor and the silicon-rich sili-
cides are metallic and the compound with intermediate
silicon content is semiconducting. Thus, it appears that
iridium silicides are interesting systems for an exploration
of their electronic structure.

II. EXPERIMENTAL

The iridium silicide films used in this study were
prepared in two different ways. The first set of samples
was prepared by coevaporating iridium and silicon in a
dual e-beam system on chemically cleaned Si(100) wafers.
The base pressure prior to deposition of the films was
3&(10 Torr. Sihcide films about 1500 A thick were
then coevaporated by adjusting the individual deposition
rates of iridium and silicon by means of independent crys-
tal rate monitors to obtain a specific film composition.
Subsequently the wafers were annealed in a furnace
flushed with helium to complete the reaction of the iridi-
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um with the silicon and to form a silicide layer of proper
stoichiometry. The annealing temperatures were 400'C
for IrSi, 600'C for IrSi (x=1.6), and 1000'C for IrSii. '

The other set of sainples was prepared by first eva-

porating iridium films of 70 and 650 A thickness, re-
spectively, on clean Si(100) wafers at a pressure of
5X10 Torr. The wafers with the thick iridium films
were then annealed in the helium furnace at the same tem-
perature as the coevaporated samples to form silicide
layers of proper stoichiometry. Samples of the wafers
with the thin iridium films were used for annealing in situ
the ultrahigh vacuum (UHV} chamber of the photoelect-
ron spectrometer.

For comparison purposes we have also measured the
photoelectron spectra of Si(100) and polycrystalline Ir.
The silicon sample was prepared from n-type wafers of 5
0 cm resistivity by repeated sputtering with 1000-eV Ar+
ions and annealing at about 850'C for 3 min. During an-
nealing the pressure did not rise above 2&10 Torr.
This cleaning procedure produced a sharp (2X1) two-
domain low-energy electron diffraction (I.EED) pattern.
The Fermi level was determined by subsequent evapora-
tion of iridium onto the silicon sample.

Photoemission measurements were performed in an
angle-resolved spectrometer model No, ADES 400 by
Vacuum Generators, Inc. The resulting energy resolu-
tions were 0.15 eV for UPS (hv=21. 2 eV) and 1.2 eV for
XPS (hv= 1253.6 eV}. The samples were loaded through
an air lock into the preparation chamber. The oxide and
carbon surface contaminations were removed by sputter-
ing with 1000-eV Ar+ ions for 30 min, followed by a
pump down of the chamber to 1X10 Torr. The sam-
ples were then annealed i'n situ to restore the proper
stoichiometry and crystal structure in the surface region
of the films. The annealing temperature was chosen typi-
cally 150'C higher than the corresponding annealing tem-
perature in the helium furnace and the annealing time was
3 min. This cleaning procedure was repeated with a 10-
min sputtering step and a 1-min annealing step. The sam-
ples were then ready for transfer into the analysis
chamber. The cleanliness of the surface was investigated
with XPS. The 0 1s and C is core excitations were not
discernible from the background noise, indicating a sur-
face contamination of less than 1% of a monolayer of 0
or C.

The base pressure in the spectrometer was 2X10
Torr and rose to 1X10 Torr during the operation of the
gas discharge lamp for ultraviolet photoemission. The ul-
traviolet photoemission spectra were obtained at 21.2 and
40.8 eV by using He I or He II radiation, respectively. For
UPS, the photons were incident at 45' measured from the
sample normal and the analyzer registered electrons emit-
ted at a normal direction from the sample. The analyzer
was operated in the constant-resolution mode with a pass
energy of 10 eV for HeI and 20 eV for Hei' radiation.
X-ray photoemission was performed with an Mg Ka x-
ray source. The angle of incidence of the x rays was 45'
and the photoelectron spectra have been measured at an
emission angle of 15'. The analyzer was again operated in
the constant-resolution mode with a pass energy of 50 eV.

Auger electron spectroscopy (AES) measurements were

performed in the undifferentiated mode by using Mg Ka
x rays as excitation source. The pass energies of the
analyzer operated in the constant-resolution mode was 20
eV for the Ir N6 q VV and 50 eV for the Si I.2 3 VV tlailsl-
tion.

In situ temperature measureinents were performed with
an Ircon model No. 300 infrared pyrometer. The dif-
ferent emittances of the iridium silicides were taken into
account by comparing the temperature of a graphite spot
(Aquadac) painted on the surface of a dummy sample
with the temperature of the silicide film adjacent to the
graphite spot. The emittance adjustment on the pyrome-
ter was then set for equal temperature readings.

Before and after surface analysis the composition of the
silicide films was analyzed with Rutherford backscatter-
ing (RBS) spectrometry. The silicide compounds were
identified with glancing angle x-ray diffraction in a
Seeman-Bohlin camera.

III. RESULTS AND DISCUSSION

The crystal structure of two of the thermodynamically
stable iridium silicides are well known. IrSi is the silicide
compound that forms first in the temperature range of
400 to 600'C (Ref. 10) in a reaction of a thin film of Ir
with Si. Its crystal structure is orthorhombic and of the
MnP type with lattice constants a =5.558 A, b =3.211
A, and c =6.273 A. ' The space group of IrSi is Pnma.
The next silicide compound that forms in the temperature
range of 500 to 950'C is nominally IrSi„(x=1.6). The
stoichiometry has been reported as x =1.5 (Ref. 15) to
x =1.75 (Ref. 10). Although the space group of this
compound has not yet been determined, it is known that
the crystal structure is monoclinic with a =5.542 A,
b =14.166 A, c =12.426 A, and P=120.61'. ' ' The
large unit cell presents great difficulties in the complete
structure characterization of this compound. The third
silicide compound, IrSi&, forms at temperatures around
1000'C. Its crystal structure is hexagonal and of the
Na3As type with lattice constants a =4.350 A and
c =6.630 A. ' The space group of IrSiq is P6&/mmc
In view of the incomplete structural characterization of
IrSi„(x=1.6), we start the presentation of our results
with an investigation of the bulk composition of our co-
evaporated and reacted silicide films.

A. Bulk composition of the iridium silicide films

In Fig. 1 we present RBS spectra obtained with 2.3-
MeV He+ particles of four different samples, the first
showing the spectrum of a 650-A-thick iridium films
deposited on a silicon substrate and the others showing
the spectra of the coevaporated silicide films IrSi, IrSi„
(x=1.6), and IrSi3 on silicon substrates. Because of the
large scattering cross section of the iridium compared to
the silicon, the low-energy parts of the spectra in Fig. 1,
which contain the silicon profiles, have been enlarged by a
factor of 5. It is clearly seen that the yield of the iridium
signal decreases while that of the silicon signal increases
in correspondence with the changes in stoichiometry of
the films. The composition of the coevaporated silicide
films can be calculated from the relative peak heights of
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FIG. 1. 2.3-MeV He+ RBS spectra of a polycrystalline iridium film on Si(100}and of the three iridium silicide compound films
prepared by coevaporation of iridium and silicon and subsequent annealing in a helium furnace. Identical results were obtained when
the polycrystalline iridium film was reacted with the silicon substrate at the temperatures indicated in the insets.

iridium and silicon. ' From the spectra of Figs. 1(b), 1(c),
and 1(d), we obtain atom ratios of Si: Ir equals 1.0+0.05,
1.6+0.05, and 3.0+0.05, pointing to the compounds IrSi,
IrSi„(x=1.6), and IrSii, respectively. Because of the in-
complete structure characterization of IrSi, (x=1.6), we
refrain from assigning a chemical formula to this com-
pouild.

Positive phase identification can be obtained by x-ray
diffraction. The diffraction patterns of the three coeva-
porated and annealed silicide films are shown in Fig. 2.
The diffraction lines of IrSi and IrSii have been indexed
in accordance with their published powder diffraction
data. ' ' In case of the compound IrSi, (x=1.6) we cal-
culated the diffraction lines on the basis of the known lat-
tice parameters, ' ' but without considering selection
rules because of the unknown space group. The results of
Fig. 2 confirm the compositions deduced from RBS
analysis. If the samples are not annealed following coeva-
poration of the thin films, then x-ray diffraction reveals
only a few broad lines. This indicates that mixing of iri-
dium and silicon atoms is the main process that occurs
during coevaporation, whereas the amount of silicide for-
mation is limited. Consequently, an annealing step is re-
quired to obtain fully crystallized silicide films.

X-ray and RBS analysis do not provide information on
the surface composition of the silicide films. However,
this information is available with XPS core-level spectros-
copy by calibrating the core-level intensities of iridium
and silicon in the silicide compounds with those of the
pure constituents. For that purpose we measured core-
level intensities on a clean silicon sample and on one

0

covered with a 650-A-thick evaporated iridium film. The
agreement of surface and bulk compositions was within
10%.

8. Ultraviolet photoemission results

For each silicide compound we have investigated a
number of samples which were prepared in both ways,
namely by coevaporation of iridium and silicon and by re-
action of an evaporated thin film of iridium with the sil-
icon substrate. Nevertheless, we have not observed a
difference in the valence-band structure of the two dif-
ferently prepared sets of samples. Thus, the two methods
of preparation yield identical silicide films and we will not
distinguish between them in the following. However, it
should be noted that we were able to form each of the
three iridium silicide compounds by annealing a thin film
of iridium on silicon in situ of the UHV chamber.

In Fig. 3 we present the valence-band spectra observed
in normal emission for IrSi, IrSi, (x=1.6), and IrSii at a
photon energy of 21.2 eV. For comparison, the valence-
band spectra of UHV cleaned Si(100) and of a 70-A-thick
evaporated Ir film have been included in the figure. Two
features are immediately apparent in Fig. 3. The first is
the broad and relative structureless appearance of the
spectra for the silicides. This is due most likely to the
polycrystalline microstructure of our iridium silicide films
and to the large spin-orbit splitting in iridium as men-
tioned in the Discussion section. The second is the ab-
sence of electronic states near the Fermi energy in the
valence-band spectrum of IrSi, (x=1.6). This points to
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the existence of an energy gap of a semiconducting ma-
terial. Indeed, the semiconducting nature of IrSi„
(x=1.6) has been reported by Peterson et al. '3

Band-structure calculations can be useful in interpret-
ing the experimental emission features in photoelectron
spectra. However, 5d transition-metal silicides necessitate
the inclusion of relativistic corrections. To our knowledge
such calculations have not been performed for any iridi-
um silicide compound. In the absence of support of
band-structure calculations we start our discussion of the
valence-band spectra by inspecting first the spectrum of
pure Ir. The electronic structure of Ir has been investigat-
ed in detail by van der Veen et al. ' with angle-resolved
photoemission using synchrotron radiation. Their results
are in reasonable agreement with recent band-structure
calculations performed by Noffke and Fritsche' and
Nemoshkalenko et al. These studies show that the elas-

tic spectrum (spectrum of elastically emitted electrons) is
dominated by d states. As in the angle-resolved photo-
emission study, ' we observe two donunant peaks in the
iridium spectrum shown in Fig. 3. The peak at —0.9 eV
is attributed to direct transitions from the upper d band to
the free-electron-like sp final-state band. van der Veen
et al. ' observed a maximum in this transition for photon
energies of hv=20. S eV. The other peak at —4.1 eV as
well as the shoulder at —2.3 eV are due to transitions
from the lower spin-orbit split d bands into the lower-

energy part of the free-electron-like sp final-state band.
This transition was found to be very weak at photon ener-
gies of hv=20 —21 eV for normal emission from both
Ir(111) and Ir(100).' However, in our case the iridium
film is polycrystalline and the normal emission spectrum
does not sample transitions occurring just at the I' point
but rather averages over transitions taking place in a
larger part of k space. This gives rise to a larger intensity
of the transition in polycrystalline samples. A texture was
not observed in the microstructure of iridium films eva-
porated on (100) and (111)oriented silicon wafers. '

Other features that are observable in the valence-band
spectrum of iridium are the shoulder at —1.8 eV and the
structures at —8.4 and —10.9 eV. Following the interpre-
tation of van der Veen et al. ,

' the shoulder at —1.8 eV is
attributed to transitions from the uppermost valence
bands to the sp free-electron-like final-state band. The
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FIG. 2. X-ray diffraction patterns of the three iridium sili-
cide compound films. The diffraction peaks of IrSi and IrSi3
are indexed according to published pomander diffraction data
(Refs. 14 and 16). The indexing of the diffraction peaks of IrSi„
(x 1.6) is based on calculated diffraction data.

FIG. 3. Valence-band photoelectron spectra of IrSi, IrSi
(x 1.6), and IrSi3 obtained in normal emission at a photon en-
ergy of hv=21. 2 eV. For comparison, the valence-band pho-
toelectron spectra of UHV-cleaned Si(100) and of a 70-A-thick
polycrystalline Ir film are included.
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structures at —8.4 and —10.9 eV may be due to a minor
adsorption of carbon monoxide. '

Next we consider in Fig. 3 the valence-band spectrum
of Si(100) obtained in normal emission. The overall shape
of the spectrum is in very good agreement with published
photoemission spectra of Si(100 (2X 1 ). The dominant
emission peak at 0.7 eV below E~ has been observed in
several photoemission studies of Si(100) and originates
from intrinsic surface states. The shoulder at —1.3
eV is also due to surface states. '23 The other features of
the spectrum can be associated essentially with bulk tran-
sitions. The broad emission with features at —2.4, —3.0,
and —3.9 eV is due to emission from the p-like top
valence bands. 25 The broad peak at —7.6 eV and the
shoulder at —6.8 eV are attributed to emission from @-

like states with s admixture, and the weak feature at —9.3
eV is due to the lowest s-like states. t5 The photoemission
data of Si(100) have been interpreted reasonably well with
an asymmetric dimer model. 26

Using the valence-band spectra of Ir and Si(100) as a
reference, we can now proceed with the discussion of the
valence-band structure of the iridium silicides. The
valence-band spectrum of IrSi is dominatei by intense
emission in the region —1.0 to —5.0 eV and shows
shoulders at —1.6 and —4.5 eV. This emission is due to
metal d states because the large photoionization cross sec-
tion of these states and the large number of valence elec-
trons of Ir relative to Si cause the IrSi spectrum to be
dominated by the Ir 5d band. It is apparent that the oc-
cupied state density is shifted to higher binding energies
by about 0.6 eV as a result of silicide formation. The cen-
tral peak of the emission intensity is at —3.3 eV and the
bottom of the emission is found at —6.2 eV. The central
peak shows a shift to lower energies for IrSi, (x=1.6)
and IrSi3. The spectrum of IrSi shows two relatively
weak peaks at —6.8 and —8.9 eV. They could be attri-
buted to Si-derived s and p states. In addition, the spec-
trum of IrSi has a characteristic Fermi edge which
demonstrates the metallic character of IrSi.

The energy gap at EF in the valence-band spectrum of
IrSi, (x=1.6) distinguishes the electronic structure of
this phase from the other two silicide compounds. The
Fermi level is found close to the valence-band edge. A
direct band gap of Es ——1.2+0. 1 eV was reported for IrSi,
(x=1.6) on the basis of optical-absorption measure-
ments. ' The main peak of the emission intensity in IrSi
(x=1.6) is at —3.6 eV with a shoulder at —1.3 eV. Fi-
nally, a feature at —8.9 eV is observable, which is seen as
a peak in the spectrum of IrSi. However, the intensity of
this feature in the IrSi„(x=1.6) spectrum is much weak-
er. It may also be associated with Si-derived s states.

The valence-band spectrum of IrSi3 shows much more
structure than those of IrSi and IrSi (x 1.6). The emis-
sion has a marked peak at —4.2 eV and shoulders at
—6.2, —2.5, and —1.1 eV. The existence of electronic
states near E~ indicates that the silicide IrSi3 has metallic
character.

The bottom of the d band in pure iridium is found at
about —S.8 eV in Fig. 3. In contrast, the iridium silicides
show emission in the region of —5.5 to —7.2 eV with
well-discernible features for IrSi and IrSi3. These emis-

sion features can be associated with bonding orbitals and
are likely to stem from states which have been pulled
down from the d band by the bonding between iridium
and silicon.

It is informative to complement UPS spectra obtained
with Her radiation with spectra taken with Hea radia-
tion. At higher photon energies the photoelectron spectra
represent more closely the density of the initial states be-

cause the influence of the final states in the photoioniza-
tion process is reduced. Also, emission from states with d
character is emphasized. In Fig. 4 we show UPS spectra
of pure iridium and the three sihcides at a photon energy
he=40. 8 eV. The relative intensity of the d-band emis-
sions are now much stronger as a result of the higher pho-
ton energy. It is clearly seen that the widths of the d
bands are very similar for the three silicides, but signifi-
cantly smaller than that of pure iridium. The bottom of
the d band is at about —8.5 eV for pure iridium and at
about —6.5 eV for its silicides. The d bands have a com-
mon emission peak at —3.7 eV. This is in contrast to the
trend of the main emission peak observed at a photon en-

ergy h v=21.2 eV which shifts towards higher binding en-

ergy with increasing silicon atoms per unit formula. We
believe that this discrepancy arises mainly from a differ-
ence in photoelectron excitation cross sections across the
emission band. Lower photon energies emphasize the
electron states near EF. s'2 For IrSi, which has a high
density of states near Ez, the maximum of the emission
appears thus closer to E~. In contrast, IrSi3 has a lower
density of states near EF, and hence the maximum of the
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FIG. 4. Valence-band photoelectron spectra of IrSi, IrSi„
(x 1.6), and IrSi3 obtained in normal emission at a photon en-
ergy of hv=40. 8 eV. Note the absence of a shift of the d-band
maximum.
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emission turns up at lower energy. Higher photon ener-
gies do not emphasize the electron states near EF and,
consequently, a shift of the emission peak is not observed.
Thus we conclude from Fig. 4 that the d bands become
much narrower in the silicides but that a clear shift of the
d bands is not observed. With Het radiation amplitude is
picked up from d states with p and s admixture and re-
sults in the emission features observed at the low-energy
side of the d band. These features which are attributed to
bonding orbitals are not discernible at a photon energy
hv=40. 8 eV because they do not have pure d character
and because the signal-to-noise ratio with He D excitation
is much inferior to that with Her excitation. Neverthe-
less, several additional features can be found in the spectra
of Fig. 4. There are shoulders at —0.4 and —2.0 eV for
IrSi, —0.7 and —2.4 eV for IrSi, (x=1.6), and —0.6 and
—1.6 eU for IrSi3. Finally, the spectrum of IrSi„
(x=1.6) exhibits a gap at EF, in accordance with the re-
sult of Fig. 3.

C. x-ray photoemission results

The core-level transitions of iridium and silicon have
been investigated with x-ray photoemission in order to ob-
tain information on the nature of the chemical bonding in
iridium silicides. In Table I we present the results of an
investigation of the Ir 4f and Si 2p core-level transitions
for the three iridium silicide compounds and their constit-
uents. Table I shows the binding energy, Eq, and the
asymmetry parameter, a/b, of the 4f7/2 transition. The
asymmetry of the core-level line has been determined in
the following way. The line shows a broadening for
higher binding energies. The shape of the line can be ap-
proximated by two Gaussian distributions with different
variances. The quotient of the two variances was used to
quantify the asymmetry of the line. Thus, an asymmetry
parameter of 1.0 corresponds to a perfectly symmetric line
shape.

A comparison of the binding energy of the Ir 4f7/2 core
level in pure iridium and the iridium silicides indicates
that the binding energy is shifted for the silicide com-
pounds. This chemical shift, &&~, is different for the
three silicide compounds. IrSi shows a very small chemi-
cal shift of 0.10 eV towards lower binding energies. This
number is an average of a systematic chemical shift ob-
served on six different IrSi samples. In contrast, the sili-
cide compounds IrSi„(x=1.6) and IrSi3 show a chemical
shift of this core level of 0.50 and 0.55 eV, respectively, to
higher binding energies. A chemical trend is also notice-

able in the asymmetry parameter of the Ir 4f7/2 core line.
The asymmetry of the line is high for pure Ir. For IrSi
it is intermediate and drops to a value near 1.0 for IrSi„
(x 1.6) and IrSi3, indicating that the line shape becomes
more symmetric with increasing silicon atoms per formu-
la unit. The asymmetry in core-level lines can be inter-
preted as originating from satellite lines. ' Satellite lines
usually occur if the photoionization process causes the
transition of an electron from a filled valence-band state
across the Fermi level into an empty conduction-band
state. Since there are numerous states involved in this
many-electron process, a tail on the high-binding-energy
side of the core hne is observed rather than discrete satel-
lite lines. This tail represents a continuous distribution of
satellite lines and is due to electron-hole excitations near
EF. A decrease in the local density of states leads to a de-
crease in the probability for the excitation of electrons at
Eq and in turn to a decrease in the core-level asym-
metry. The reduced asymmetry of the Ir 4f7/q core line
in the silicide compounds is thus consistent with the low
Fermi-level state densities resulting from the narrowing of
the d bands. This d-band narrowing and the concomitant
chemical shifts are clear fingerprints of the nature of the
chemical bonding in the iridium silicide compounds.

Chemical shifts are also found for the Si 2p core-level
lines. For the metallic silicide compounds IrSi and IrSi3
the shifts are 0.30 and 0.20 eV, respectively, towards
higher binding energy. In contrast to these metallic sili-
cides, a marked shift of 0.60 eV towards higher binding
energy is found for the semiconducting silicide compound
IrSi, (x=1.6). We could not resolve the spin-orbit split
Si 2p doublet in our spectra because the separation of the
2p&~q and 2p3&2 peaks amounts only to 0.61+0.01 eV,
which is below the resolution limit of our instrument in
the XPS mode. For that reason we do not discuss the
asymmetry of the Si 2p core line. However, the binding
energy of the Si 2p core level listed in Table I is in excel-
lent agreement with the mean of the published binding en-
ergies of the doublet (2pi/i. 99.2 eV; 2p3/2 99.8 eV).

D. Auger electron spectroscopy results

In general, it is very difficult to extract information on
the electronic structure of concentrated alloys and com-
pounds from Auger electron spectroscopy alone, because
three electrons are involved in the excitation process. Of
particular interest in the present study is the structure of
the valence band. For that purpose it is important to in-
vestigate the Auger transitions which involve valence elec-

TABLE I. Binding energy, chemical shifts, and asymmetry parameter of core-level excitations in iri-
dium silicides and their constituents. E~ calibration: E~ ——84.0 eV.

Au 4f7&2

Material

Ir
IrS1
IrSi„(x=1.6)
IrSi3
Si

60.80+0.05
60.70+0.05
61.30+0.05
61.35+0.05

Ir 4f„,
AEg (eV)

—0.10
+ O.SO

+ 0.55

1.35
1.25
1.10
1.15

Si 2p

99.80+0.05
100.10+0.05
99.70+0.05
99.50+0.05

+ 0.30
+ 0.60
+ 0.20
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tron states. Such investigations are only meaningful for
bandlike transitions. A transition is bandlike if the rela-
tive magnitude of the bandwidth W is larger than the ef-
fective Coulomb interaction UErr. If W & U,rr, then the
transition is atomiclike and information on the valence-
band structure is obscured by large Coulomb interactions
of the two final holes. ' In the present case, the transi-
tions are bandlike and in combination with XPS useful in-
formation can be obtained, particularly if the same elec-
tron states are investigated with both methods. For this
reason we have performed AES analysis of the iridium sil-
icides in the undifferentiated mode by using Mg Ka x
rays as the excitation source.

In Fig. S we present Si Lz 3 VV Auger spectra of UHV-
cleaned Si(2X1) and of the three iridium silicides. Two
features are immediately apparent in Fig. 5: The Auger
spectra of the sihcides show considerable line broadening
compared to the spectrum of pure silicon, and a chemical
shift of the Auger peak for the silicides is not discernible
for IrSi and IrSiq. The broadening of the Si Lq 3 VV line
is an indication of the involvement of the valence elec-
trons of Si in the bonding orbitals. A close inspection of
the Si Lz 3 VV Auger peak position for IrSi, (x=1.6) re-
veals a small shift of 0.3 eV to lower energies. The impli-
cations of this shift on the electronic structure of IrSi„

(x=1.6) will be discussed in the next section.
Spectra of the Ir N6 7 VV Auger transition are shown in

Fig. 6 for an evaporated Ir film and for the three iridium
siHcides. In contrast to the Si L2 3 VV Auger transitions,
the N67 VV transitions of Ir exhibit a marked chemical
shift towards lower energies and a narrowing for the three
silicides. The chemical shifts observed in Fig. 6 amount
to —2.6, —3.3, and —2.7 eV for IrSi, IrSi„(x=1.6), and
IrSi3, respectively. These shifts are significantly larger
than the photoelectron 4f7~ chemical shifts listed in
Table I. This fact is in agreement with general observa-
tions of Auger and photoelectron chemical shifts.

E. Discussion

%e start the discussion by commenting on the valence-
band structure of the iridium silicides. The UPS spectra
presented above demonstrate clearly that both IrSi and
IrSi3 are metallic, but that IrSi„(x=1.6) is a semicon-
ductor. The metallic nature of IrSi and IrSi3 is not
surprising since the majority of transition-metal silicides
possesses metallic character. It is one of the properties
that is responsible for the widespread use of silicides in
silicon semiconductor devices. On the other hand, the
semiconducting nature of IrSi (x=1.6) is unexpected.
Only a few transition-metal silicides are known to be a
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FIG. 6. Iridium %6 7VVAuger spectra observed with Mg Ea
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and IrSi3. Note the chemical shift of the Auger peaks for the
silicides.
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semiconductor, the roost prominent ones being CrSi2,
Mg2Si, and MnSi2. Often, semiconducting silicides are

highly doped and show good electrical conductivity. This
is due to minor departures from the exact stoichiometry
as given by the chemical formula. In the case of IrSi„
(x=1.6) the Fermi level was found close to the top of the
valence band, which is characteristic of a p-type semicon-
ductor. Indeed, a preliminary investigation by Petersson
ei ol. ' revealed that IrSi„(x=1.6) is a hole conductor.
The semiconducting nature of IrSi„(x =1.6) is also mani-
fested in studies on the thermal oxidation of silicide thin
films. The linear term of the formation kinetics of Si02
on IrSi„(X=1.6) was found to be much smaller than that
for metallic silicides and comparable to that of pure sil-
icon. It was proposixl that the lower density of states at
the Fermi level impedes charge transfer between the oxy-
gen atoms and the oxidizing material, thus slowing the
oxidation of thin films of IrSi, (x=1.6).

The absence of a d-band shift in the iridium silicides to
higher binding energies is in contrast to d-band shifts ob-
served in other transition-metal silicides such as Pt sili-
cides, Pd2Si 6' and Ni silicides. Rather, we observed a
narrowing of the d band in the iridium silicides. In par-
ticular, the density of states associated with the upper
spin-orbit split d band in pure iridium is much attenuated
in its silicides. It is likely that these states are pulled
down to higher binding energies in the silicides. Only a
weak feature at —0.9 eV in the iridium-rich silicide IrSi
can be attributed to these states. Also, emission from the
lower spin-orbit split d band is much reduced in the sili-
cides compared to pure iridium. This is clearly seen at
the higher photon energy. However, at the lower photon
energy we observed new emission features which we asso-
ciated with bonding orbitals. These findings are a clear
indication that the valence d electrons of the transition
metals participate in the chemical bonding between metal
and silicon atoms. The bond is formed by a hybridization
of the d states of the transition metal with the valence
states of the silicon which creates a bonding hybrid that is
more tightly bound than either of the states from which it
is formed These. bonding hybrids can be identified with
the structures observed at energies between —5.5 and
—7.2 eV in Fig. 3. Some of the d states do not partici-
pate in the bonding and constitute the nonbonding states.
They can be associated with the emission peak around —4
eV in Figs. 3 and 4. We have also found that the width of
the d band is much smaller in the silicides than in pure
iridium. This is expected because the insertion of silicon
atoms into the transition-metal lattice to form silicide
compounds pulls the transition metals farther apart, re-
sulting in a decrease of the width of the d band. The
bonding model implies that the Si s states are relatively
unimportant in the bonding of iridium silicides. Indeed,
we found that the Si s-derived states in IrSi and IrSi„
(x=1.6) are unchanged at —8.9 eV. Finally, we would
like to stress that we observed the same iridium silicide
compounds at the surface of the sainples as in the bulk of
the thin films.

Next we turn to the discussion of the core level and
Auger data. Table I shows that the asymmetry of the Ir
4f7/i core-level line is significantly smaller for the silicide

compounds than for the pure metal. This is in agreement
with our finding that the local Ir 5d density of states at
EF decreases in the silicides due to a narrowing of the d
band. The compound IrSi„(x=1.6) has the least asym-
metry of the Ir 4f7/2 core-level line because it has the
least density of states at EF due to the existence of a gap.
The trend in the asymmetry of the Ir 4f7/2 core-level line
is also in accordance with the shift of the Ir %67VV
Auger transition. IrSi„(x=1.6) has the largest Auger
shift (Fig. 6), indicating that the top of its valence band is
shifted most to lower energies.

The broadening of the Si Li &
VV Auger spectra of the

silicides indicates that the occupied Si sp band is broader
in the silicide than in pure silicon. Band-structure calcu-
lations have shown that in metal-rich silicides such as
Ni3Si the Si s and p orbitals dehybridize, whereas in
silicon-rich silicides such as NiSi2 and CoSi2 the sp hy-
bridization in the Si atoms is preserved. From this point
of view the bonding in silicon-rich silicides has similari-
ties with that in bulk silicon. Thus, the broadening of the
Si L2 3 VV Auger peak in the silicon-rich iridium silicides
IrSi„(x=1.6) and IrSi& infers that the Si sp hybrids par-
ticipate in the chemical bonding between transition metal
and silicon, whereas in IrSi only the Si p states do. The
interaction between Si sp hybrids and the Ir Sd states ap-
pears to be strong and constitutes the bonding in the iridi-
um silicides.

We have mentioned that the Si L2 & VV Auger peak of
IrSi (x =1.6) is shifted to lower energies by about 0.3 eV.
This shift is consistent with a larger Si 2p binding-energy
shift by the same amount as compared to the metallic iri-
dium silicides. It is also manifested by a valence-band
shift of a similar amount as observed with UPS in Fig. 3.
On the other hand, the Ir X6 7 VV Auger transition exhib-
its large shifts. The reason is that the Ir 4f core levels
shift only a little whereas the valence bands shift consider-
ably and contribute twice to the Auger shift.

The energy of an Auger transition is dominated by the
binding energy of the initially ionized core levels. Terms
of lesser importance in a bandlike Auger transition are the
Coulomb energy of the two holes and the two-hole final-
state relaxation energy. In general, the binding energy of
the initial state as well as the relaxation energy change
when the chemical environment changes. Assuming that
the Coulomb energy is the same in Ir and its silicides, we
can determine the difference in Auger chemical shift
&R(jkl) and photoelectron chemical shift &E~ according
to

b E(jkl) &F'Ii ——2~ (kI) =ba .—

This difference b,a, where a is known as the Auger pa-
rameter, ' is then due to differences in the final-state re-
laxation energies ER(kl) between chemical states. We
have listed the results of this calculation in Table II. It
can be observed from Table II that the largest difference
for the Ir as well as the Si transition occurs for the silicide
IrSi„(x=1.6). Conductive materials have a higher
Auger parameter than insulating compounds.

' Thus a
smaller difference in the Auger parameter is expected be-
tween Ir and its metallic silicides. Table II demonstrates
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TABLE II. Auger shifts, core-level shifts, and Auger parameter differences for the iridium silicide
compounds in eV.

Material

IrSi
IrSi„(x 1.6)
IrSi3

—2.6
—3.3
—2.7

—0.10
0.50
0.55

—2.5
—3.8
—3.3

0
—0.3

0

Si
~g(2p)

0.30
0.60
0.20

—0.3
—0.90
—0.2

that this is the case.
So far, our discussion has presented a consistent picture

of the electronic structure of the three iridium silicide
compounds under study, but has not yet delivered any ex-
planation as to why one of the silicides is semiconducting
while the other two are metallic. Therefore, in the
remainder of our discussion we will try to shed some light
on this issue. The answer to this interesting question is
related to the bonding mechanism in transition-metal sili-
rides. Our results show enough evidence that bonding in
iridium silicides is established through hybridization of Ir
5d and Si sp states. This type of bonding has been pro-
posed for all transition-metal silicides investigated to date
and is characteristic for compounds formed between tran-
sition metals and elements with only s and p electrons in
their valence shells.

The spin-orbit splitting in pure iridium is about 1

eV. ' ' This large splitting leads to a broad d-band struc-
ture in the iridium silicides which is partly responsible for
the broad and featureless photoemission spectra.

The hybridization of the transition-metal d states with
the silicon sp states creates bonding as well as antibonding
states. The formation of bonding and antibonding states
opens a quasigap in the density of states near EF. In
metal-rich silicides the bonding states are generally occu-
pied with electrons and the antibonding states are empty.
This places the Fermi energy in the middle of the quasi-

gap as is confirmed from band-structure calculations of
Pd3Si, Ni3Si, and V3Si. However, the quasigap never
develops into a real gap. There are always states near EF
because the band of nonbonding states is broad due to
strong metal-metal interactions and overlaps EF. For
silicon-rich silicides, such as IrSi3, the silicon-silicon in-
teractions dominate and lead to a large density of states at
Ez. This causes the quasigap to disappear. The band
structure of these silicides has much in common with me-
tallic silicon. This explains the metallic nature of IrSi&.

Between these two extremes of composition are the sili-
cides IrSi and IrSi (x=1.6). A small compositional
difference is responsible for a change from metallic to
semiconducting behavior. The semiconducting behavior
necessitates that the quasigap develops into a real gap.
This can happen under the following circumstances.
Metal-metal and silicon-silicon interactions need to be
minimized, leading to strong covalent bonding between
metal and silicon atoms. The band of nonbonding states
near E~ needs to be narrowed by increasing interatomic
distances between metal atoms. If both conditions are ful-

filled, then a real gap may develop between nonbonding
and antibonding states. Intuitively one expects this to
occur for an intermediate composition of perhaps 50%
metal and 50% silicon. However, we found IrSi to be me-
tallic. Thus, it is likely that a small density of nonbond-
ing states at the Fermi level is responsible for the metallic
nature of IrSi. On the other hand, IrSi (x=1.6), which
has a slightly richer silicon content, apparently has the
proper stoichiometry that puts the Fermi level into the
gap. This makes it a semiconductor. Presently, the de-
tails of the electronic levels in IrSi, (x=1.6) cannot be
worked out because its structure is not yet fully character-
ized. If the silicon content per unit formula is further in-
creased, then antibonding states are being filled and the
quasigap is shifted to below E~. This has been observed
in band-structure calculations of VSiz (Ref. 43) and WSiz
(Ref. 44) and the 3d transition-metal disilicides. ' The
small but finite density of states at Ez is due to contribu-
tions from antibonding states as well as from silicon-
silicon interactions, and accounts for the metallic charac-
ter of these silicides.

Finally, it is interesting to note that negligible Fermi-
level state densities are representative of systems with en-
ergetically favorable atomic arrangements. ' This ac-
counts for the remarkable thermal stabihty of IrSi
(x=1.6) in the temperature range of 500 to 950'C. io Ar-
guments similar to the above may be advanced for Ru2Si3,
which apparently is another semiconducting silicide.

IV. CONCLUSIONS

Our UPS and XPS measurements have shown that IrSi
and IrSi3 are metallic whereas IrSi, (x-1.6) is semicon-
ducting. The semiconducting nature of IrSi„(x=1.6) is
consistent with published results on optical absorption in
this silicide compound. In contrast to other transition-
metal silicides, we did not observe a d-band shift in the
iridium silicides. Rather, we found a narrowing of the d
band and a concomitant broadening of the Si 2p band in
the silicides, indicating that a hybridization of Ir d states
and Si sp hybrids constitute the bonding in these com-
pounds. The information we obtained from the different
experimental data yields a consistent picture of the chemi-
cal bonding and the electronic structure in these silicides.
%e propose a model which explains the semiconducting
nature of IrSi„(x=1.6). Band-structure calculations
would be helpful in substantiating this model.
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