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The initial stages of formation of the Ir/Si interface were investigated with ultraviolet and x-ray
photoelectron spectroscopy. It was found that submonolayer coverages of iridium change the (2 1)
reconstruction of the clean silicon surface and increase the band bending. With increasing coverage
a bilayer structure forms consisting of an interfacial layer of IrSi-like silicide and an overlayer of
pure iridium. The Schottky barrier is fully developed after deposition of the first monolayer of iridi-
um. By annealing a thin film of iridium deposited on silicon in UHV in the temperature range of
400—1100°C we demonstrate the consecutive formation of three silicide compounds in the sequence
IrSi, IrSi, (x~1.6), and IrSi; and the concomitant transitions from metallic to semiconducting and
semiconducting to metallic behavior. Finally, we show that the barrier heights of the irtdium sili-
cides on silicon do not obey the simple Schottky model and compare our photoelectron results with

current theoretical models of the Schottky barrier.

I. INTRODUCTION

The electronic properties of transition-metal—silicon in-
terfaces are subjects of continuing interest for both funda-
mental and practical reasons. Such interfaces find a
widespread application as Ohmic contacts and Schottky-
barrier diodes in microelectronic devices. Though the
fabrication of reproducible and reliable metal-silicon in-
terfaces is easily achieved today, an unified picture of the
nature of the Schottky barrier and the chemical trends in
the variations of the barrier height are still lacking. This
situation has stimulated intensive experimental'~!3 and
theoretical'*~!® investigations of the chemical bonding
and the electronic structure of transition-metal—silicon
interfaces. In spite of the large number of such studies,
the physical and chemical mechanisms underlying the
barrier height of a metal-silicon interface are not yet fully
understood.

We have chosen to study the Ir/Si(100) interface be-
cause its electronic structure is of particular interest for
the following reasons: A study of the growth Kinetics of
iridium silicide thin films has shown that three
stoichiometric iridium silicide compounds, IrSi, IrSi,
(x=~1.6), and IrSi; form sequentially, i.e., only one of
them grows at any time in a specific temperature range.!
In addition, iridium silicide Schottky diodes on n-type sil-
icon exhibit the highest barrier height (0.93 eV) known to
date of any silicides.”® Thus, the electronic properties of
iridium-silicide—silicon interfaces and their dependence
on compositional changes are of great interest in a quanti-
tative understanding of the Schottky barrier. Such a
study has not yet been carried out.

Recently, we have reported on the electronic structure
of the three bulk iridium silicide compounds.?! We con-
cluded from the observed narrowing of the iridium d
band and the concomitant broadening of the Si 2p core
levels in the silicides that the bonding in these compounds
is caused by a hybridization of the Ir d states and the Si
sp hybrids. This type of bonding has also been reported
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for 3d and 4d transition-metal silicides.>®” In contrast,
we did not observe a d-band shift as reported in other
transition-metal silicides. But we found that IrSi and
IrSi; are metallic and IrSi, (x~1.6) is semiconducting.?
We proposed a model to explain this difference in terms
of chemical trends in the bonding of iridium silicide com-
pounds. In the following we will refer to this work as pa-
per L

In this paper we present an ultraviolet photoelectron
(UPS) and x-ray photoelectron spectroscopy (XPS) study
of the initial stages of iridium-silicon interface formation.
We will show that the properties of the Ir/Si(100) inter-
face are dominated by compound formation, pointing out
the strong reactive character of this interface. By anneal-
ing of a thin iridium film deposited on a silicon substrate
at successively higher temperatures, we will demonstrate
the consecutive formation of the three silicide compounds
in the order of IrSi, IrSi, (x~1.6), and IrSi;, and reveal
the concomitant transitions from metallic to semiconduct-
ing and semiconducting to metallic behavior. Such a
behavior has not been previously reported for a series of
transition-metal silicides. Finally, we will correlate the
measured work function of the three silicides with their
barrier height values published in the literature?®® and
compare the results with existing models of the Schottky
barrier.

II. EXPERIMENTAL

The silicon substrates used throughout the course of
this work were cut from n-type wafers of (100) orientation
and 5 Qcm resistivity. Cleaning of the substrates was
performed in an ultrahigh vacuum (UHV) preparation
chamber by a repeated sputtering with 1000-eV Ar* ions
and annealing at about 850°C for 3 min. The pressure
rise during annealing was kept below 2Xx10~° Torr. A
sharp (2 1) two-domain low-energy electron diffraction
(LEED) pattern was obtained with this cleaning pro-
cedure. The silicon substrates were then ready for
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transfer into the analysis chamber.

The iridium overlayers were deposited by direct sub-
limation from a resistively heated iridium filament. Care
was needed due to the relatively small difference in tem-
perature between the onset of sublimation and the melting
point of iridium (2410°C). Best results were obtained by
using 7 turns out of 0.25-mm-diam. iridium wire of
99.9% purity wound with a diameter of 2.5 mm. Stable
deposition rates were achieved by passing a constant
current of 5.6—6.0 A through the filament. The filament
was supported in a cylindrical housing together with a
quartz-crystal thickness monitor. Deposition of iridium
onto the sample was performed through a shutter operat-
ed window. The thickness of the deposited film was mon-
itored by the frequency deviation of a quartz-crystal oscil-
lator. Water cooling of the quartz-crystal monitor
prevented frequency shifts due to heating of the crystal.
Calibration of the thickness in terms of frequency devia-
tion was carried out by analyzing deposited layers with
Rutherford backscattering (RBS) spectrometry.”® The ac-
curacy of the thickness calibration was 0.1 A and a typi-
cal deposition rate was 1 A/min. In the following we will
be referring to film thicknesses in the order of 0.1 A.
Such thicknesses are obtained from the frequency devia-
tion of the quartz-crystal oscillator and correspond to
about 0.1 ML of pseudomorphic growth of Ir on Si(100).
One filament lasted for iridium depositions of about 80 A
before it failed.

Annealing of the deposited iridium films was per-
formed inside the analysis chamber by resistively heating
the Si substrate. The annealing temperature was moni-
tored with an Ircon Model No. 300 infrared pyrometer.
The calibration of the pyrometer for different emittances
of the deposited layers has been described in paper I. The
accuracy of the temperature measurement was estimated
to be +£25°C.

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 base pressure in the spec-
trometer was 2 107!° Torr. During operation of the gas
discharge lamp for UPS the pressure rose to 1x107°
Torr. The UPS spectra, obtained at 21.2 eV with Hel ra-
diation, were recorded with the photons incident at 45°
measured from the sample normal and the analyzer was
set to register electrons emitted at a normal direction from
the sample. The analyzer was operated in the constant-
resolution mode with a pass energy of 10 eV for Hel radi-
ation. The XPS spectra were obtained with a Mg Ka x-
ray source. The radiation was incident at 45° and the XPS
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.

Before iridium deposition, the cleanliness of the Si sub-
strates was investigated with XPS. The O ls and C 1s
core excitations were not descernible from the background
noise, indicating surface contaminations of less than 1%
of a monolayer of oxygen or carbon. After surface
analysis the composition of the silicide films was analyzed
with Rutherford backscattering spectrometry (RBS). The

silicide compounds were identified with glancing-angle x-
ray diffraction in a Seeman-Bohlin camera. The micro-
structure of the silicide films was investigated with
transmission electron microscopy (TEM) in a Philips 420
STEM (scanning TEM) instrument. The point resolution
of the instrument is 3 A. Samples for TEM analysis were
prepared by thinning from the back side with a dimpler to
a thickness of about 2 um. Thinning to the final thick-
ness for TEM analysis was performed in a Gatan 600 ion
miller with the sample holder cooled to near-liquid-
nitrogen temperature.

III. RESULTS AND DISCUSSION

We have reported in paper I on the electronic structure
of the three iridium silicides. The crystal structures of the
thermodynamically stable iridium silicides IrSi and IrSi;
are known. IrSi and IrSi; are the metallic silicide com-
pounds that form at low (400—600°C) and high
(~1000°C) temperatures, respectively. The crystal struc-
ture of the semiconducting IrSi, (x~1.6), which forms in
the intermediate temperature range, is not yet fully
characterized. We have investigated all three silicide
compounds with RBS and x-ray diffraction and reported
for x a value of 1.6+0.05 (paper I). However, we do not
attempt to assign a chemical formula to IrSi, (x~1.6) be-
cause of its incomplete structure characterization.

A. Characterization of the interface

Valence-band spectra after sequential deposition of sub-
monolayer quantities of iridium on Si(100) are shown in
Fig. 1. They were obtained in normal emission at a pho-
ton energy of 21.2 eV. The incident light was unpolar-
ized. Included in Fig. 1 are the valence-band spectra of
UHYV cleaned Si(100) (bottom spectrum) and of a 650-A-
thick polycrystalline iridium film (top spectrum). These
two spectra have been discussed in detail in paper I. Here
we will limit their description to a brief summary of vari-
ous spectral features.

The photoemission spectrum of Si(100)-(2x 1) has a
dominant peak at 0.7 eV below Er and a shoulder at
—1.3 eV which originate from surface states.’* The other
emission features are associated with bulk transitions.
The peaks at —2.4, —3.0, and —3.9 eV are related to p
states, the peak at —7.6 eV and the shoulder at —6.8 eV
are due to emissions from p states with s admixture, and
the weak feature at —9.3 eV is associated with s states.?’
The strong emission in the valence-band spectrum of iridi-
um with two dominant peaks at —0.9 and —4.1 eV and
the shoulder at —2.3 eV is due to emission from d
states.’® The shoulder at —1.8 eV is associated with the
uppermost valence band?® and the weak feature at — 10.9
eV griginates from a minor adsorption of carbon monox-
ide.

An iridium deposition of only 0.1 A causes a dramatic
modification of the clean Si(100) valence-band spectrum.
Most striking are the almost complete disappearance of
the intrinsic surface-state peak at —0.7 eV and the loss of
the surface-state feature at —1.3 eV. This is strong evi-
dence that a small number of iridium atoms readily
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FIG. 1. Valence-band photoelectron spectrum of the clean
Si(100) surface and corresponding spectra obtained following
sequential deposition of iridium at room temperature. For com-
parison, the valence-band spectrum of a 650-A-thick polycrys-
talline iridium film is included. All spectra were obtained in
normal emission at a photon energy of hAv=21.2 eV. The
meaning of thicknesses below 1 Ais explained in the text.

change the (2X 1) reconstruction of the clean Si(100) sur-
face. Furthermore, the peak at —3.9 eV
originating from the valence band and the feature at —9.3
eV associated with s-like states have disappeared too.
These observations indicate that the interaction between
iridium and the topmost silicon atoms is strong and re-
sults in the removal of the surface reconstruction. In ad-
dition, the remaining emission peaks associated with p
and sp states are shifted to lower binding energy by
0.25—0.38 eV with respect to clean Si(100) which is a re-
sult of the band bending as discussed later. The interac-

tion with iridium creates a more metal-like silicon surface
as is evident from the strong reduction of the energy gap
near Ef. .

An increase of the iridium coverage to 0.3 A produces
less dramatic changes in the valence-band spectrum. The
intensity of the emission in the region —0.5 to —5.5 eV
has increased due to emission from metal d states. This
trend is clearly visible for larger coverages and is caused
by the large photoionization cross section of the d states
and the larger number of valence electrons of iridium rela-
tive to silicon. Particularly, the peak at —3.3 eV has in-
creased and also shifted to higher binding energy. The
other emission peaks at —1.8, —6.4, and —7.2 eV have
not changed. .

At a coverage of 0.6 A the valence-band spectrum be-
comes distinctly dominated by the metal d states. The
peak at —1.8 eV associated with Sip—like states has
disappeared and intense emission in a broad region of
—0.5 to —5.5 eV with a peak at —3.4 eV is visible.
However, the emission features at —6.4 and —7.2 eV
originating from s-p states have not changed and remain
visible at even higher coverages. An iridium coverage of
0.9 A further enhances emission from the Ir 5d band and
produces a new emission feature at —4.7 eV. This feature
which starts off as a shoulder at low coverages, develops
into a distinct peak and gradually shifts towards lower
binding energy with higher coverages. The d band emis-
sion peak at —3.2 eV has also shifted towards lower bind-
ing energy and continues to do so with increased
iridium coverages. .

An iridium coverage of 1.6 A produces a valence-band
spectrum that has striking resemblance with that of IrSi
(see paper I and Fig. 5). The well-defined spectral
features at —3.1, —4.6, and —7.0 eV agree well with
those observed in bulk IrSi. A difference in the spectra
exists near Er. While IrSi showed a well-defined Fermi
edge the spectrum in Fig. 1 displays a very small intensity
at Ep. The photoemjssion spectrum of bulk IrSi was ob-
tained from a 1800-A-thick layer whereas in the present
case the layer thickness is only 1.6 A. Since the escape
depth of 21.2-eV photoelectrons in silicon is about 5 A
(Ref. 25), a considerable contribution of the Si substrate is
present in the spectrum of Fig. 1 which explains the rela-
tive low density of states at Er. Thus, we conclude that
at a coverage of 1.6 A the photoemission spectrum clearly
points to the formation of an IrSi-like silicide at the inter-
face. As we shall see below, however, the atomic struc-
ture at the interface may not be the same as in bulk IrSi.

Further increases in iridium coverage result in the
development of spectral features that are specific to me-
tallic iridium. The emission features at —2.8 and —4.5
eV for an iridium coverage of 2.5 A shift towards lower
binding energy with increasing iridium coverage and
evolve into the two dominant d band peaks of the iridium
spectrum shown in the top part of Fig. 1. In addition, a
well-defined Fermi edge is discernible at an iridium cover-
age of 2.5 A and the density of states at Er gradually in-
creases with increasing coverage. These observations
demonstrate unambiguously the metal enrichment of the
surface and the evolution of an unreacted iridium layer at
the surface. This trend continues for increasing iridium
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FIG. 2. Relative intensities of the Ir 4f,,, and Si 2p core-
level transitions vs iridium coverage at room temperature.

coverages and is clearly supported by the valence-band
spectra obtained for coverages of 5 and 10 A. At an iridi-
um coverage of 20 A the valence-band spectrum has a
close resemblance to that of a 650-A-thick polycrystalline
iridium film.

Additional information about the reactivity of the Ir/Si
interface can be obtained by investigating core-level tran-
sitions of iridium and silicon with x-ray photoemission.
In Fig. 2 we present the relative intensities of the Ir 4f;,,
and the Si 2p transitions as a function of iridium cover-
age. In the absence of atomic intermixing of iridium and
silicon at the interface the attenuation of the Si 2p transi-
tion should follow an exponentially decreasing curve and
the intensity profile of the Ir 4f;,, transition should rise
asymptotically to one if it is assumed that the escape
depth of the electrons is unaltered by subsequent cover-
ages. Indeed, the exponential decay of the Si L,;VV
Auger intensity with coverage for the unmixed
Ag/Si(111) interface?® shows that a constant escape depth
is a valid assumption. Thus, the departure from an ex-
ponential behavior in Fig. 2 is a clear sign of the intermix-
ing of iridium and silicon atoms across the Ir/Si interface.

The presence of chemical bonding between iridium and
silicon atoms is deducible from the chemical shifts of the
corresponding core lines. Figure 3 illustrates the depen-
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FIG. 3. Dependence of the chemical shift AEz and the asym-
metry parameter a /b of the Ir 4f,,, core line on iridium cover-
age. AEjp is calculated relative to the binding energy of pure
iridium (E§ =60.80+0.05 eV).
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dence of the chemical shift AEz and of the asymmetry
parameter a /b of the Ir 4f;,, core line on iridium cover-
age. AEjp is calculated relative to the binding energy of
pure iridium and the definition of the asymmetry parame-
ter has been given in paper I. The latter is the quotient of
the variances of two different Gaussian distributions fit-
ted to the line shape and as such is a measure of the
asymmetrical shape of the core line. A value of one
represents a perfectly symmetric line shape. The progres-
sive decrease of chemical shift of the Ir 4f;,, core line
with increasing iridium coverage reflects the transition
from submonolayer coverages of iridium on silicon to
bulk iridium. Since band bending effects are negligible
for coverages above 2 A, the continuous shift towards
lower binding energies is due to compositional changes
from a region of mixed iridium and silicon atoms to a re-
gion of bulk iridium. The binding energy_ approaches
that of pure iridium for coverages over 15 A. At these
coverages the iridium atoms see very few silicon neighbors
so that the chemical environment of the iridium atoms is
no longer influenced by the presence of dilute silicon
atoms. The chemical shift of the Ir 4f;/, level at a cover-
age of 1.6 A is different from the one observed in bulk
IrSi (paper I). At such low coverages the difference in
chemical shift is due to a combination of band bending
and possible deviations of the local atomic arrangements
at the interface from that in bulk IrSi. The presence of an
IrSi-like silicide at the interface is also supported by the
trend in the asymmetry parameter of the Ir 4f;,, core
line. At low coverages the asymmetry parameter is close
to one, pointing to a low density of states at Er (paper I).
The low Fermi-level state densities for low iridium cover-
ages is evident in Fig. 1 and is characteristic of the sili-
cides of iridium (paper I). With increasing metal coverage
the surface becomes more metallic and the density of
states at Er increases. This results in a larger asymmetry
parameter of the Ir 4f,, core line which is in agreement
with the trend observed in Fig. 3.

The energy shift of the Si 2p core line is shown in Fig.
4. Again, AEp is calculated relative to the binding energy
of pure silicon. Because the escape depth of electrons at a
photon energy of 1253.6 eV is 30 A (Ref. 25), which is
much smaller than the depletion layer thickness of the sil-
icon (~1 um), the Si 2p core line probes the electronic
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FIG. 4. Dependence of the chemical shift AEy of the Si 2p

core line on iridium coverage. AEj is calculated relative to the
binding energy of pure silicon (E5 =99.50+0.05 eV).
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structure of the Ir/Si interface. Figure 4 shows a clear
trend to decreasing binding energy for iridium coverages
below 1.0 A that reverses for coverages around 2.0 A and
changes into a trend to increasing binding energy for high
iridium coverages. The valence-band spectrum of Fig. 1
for an iridium coverage of 1.6 A indicates that a IrSi-like
silicide is formed. The negative Si 2p core-level shift for
iridium coverages below 1 A does not originate from the
bonding between Ir and Si atoms, because the chemical
shift is positive for all iridium silicides (see Table I in pa-
per I). Rather, the negative shift is related to an increase
in surface band bending and consequently to the evolution
of the Schottky barrier at the IrSi/Si interface. Since the
energy of the Si 2p core level is measured with respect to
Ep, the shift of —0.2 eV is representative of a change in
the band bending at the interface relative to Er by the
same amount. The implications of this result for the for-
mation of the Schottky barrier will be presented in Sec.
IITE. At a coverage of about 2.0 A of iridium the in-
crease in the Si 2p binding energy indicates the formation
of the IrSi-like silicide. From the valence-band spectra of
Fig. 1 we know that at higher converges a metallic iridi-
um overlayer is formed whose thickness increases with in-
creasing iridium coverage. This renders the measure-
ments of the Si 2p core level more interface sensitive and
is responsible for the slow increase in the Si 2p binding
energy above 2 A of iridium coverage. The Si 2p core-
level shift should approach the value of 0.3 eV measured
for bulk IrSi (paper I) as indicated by the dashed line in
Fig. 4, but the decrease in the intensity of this core level
for thick iridium coverages results in a larger inaccuracy.
We have not attempted to determine the asymmetry pa-
rameter of the Si 2p core line because the limited resolu-
tion of our instrument does not permit us to resolve the
spin-orbit split Si 2p doublet.

B. Sequential formation of the silicide compounds

Thin-film studies have shown!® that the iridium sili-
cides IrSi, IrSi, (x~1.6), and IrSi; form subsequently in
different temperature regimes. In the following we will
demonstrate that this is consistent with the changes ob-
served in the valence-band spectra of an in situ annealed
50-A-thick film of iridium. More important, we will
show the growth and disappearance of the semiconducting
compound IrSi, (x~1.6). For this purpose we have an-
nealed the same sample consecutively at higher tempera-
tures in the range of 400—1100°C. We have repeated the
experiment and found that the results are perfectly repro-
ducible. The annealing time was 5 min. It was kept con-
stant throughout the annealing cycles.

The valence-band spectrum of the unannealed sample
and corresponding spectra obtained after subsequent heat
treatments are shown in Fig. 5. Additional spectra at in-
termediate temperatures were obtained but are not includ-
ed in Fig. 5 because the relative changes in the spectra are
not important. The valence-band spectrum of the 50-A-
thick iridium layer deposited on Si(100) is indistinguish-
able from that of bulk polycrystalline iridium (see Fig. 1).
No change in the valence-band spectrum was observed
when this sample was annealed at 400°C. However, an-

nealing at 450°C causes some noticeable spectral changes.
The overall intensity of the d band emission decreases and
both the peak at —0.9 eV and the density of states at Ep
drop considerably. The spectral features at —2.3 and
—4.1 eV shift slightly to higher binding energies and a
new feature appears at —8.0 eV. A subsequent heat treat-
ment at 510°C causes the loss of the d band peak at —0.9
eV and a significant reduction of the other d band peak at
—4.3 eV. The visible bottom of the d band that was at
about —5.8 eV for the unannealed iridium film is now
found at —6.2 eV. These changes are a clear indication
of the formation of bonding orbitals between Ir d states
and Si sp hybrids as discussed in paper I.

An additional heat treatment at 560°C produces a
valence-band spectrum that is identical to that of IrSi (pa-
per I). The spectral features agree very well with those
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FIG. 5. Valence-band photoelectron spectrum of a Si(100)
sample covered with 50 A of iridium at room temperature and
corresponding spectra obtained after annealing the same sample
in situ at consecutively higher temperatures in the range of
400—1100°C. The annealing time was 5 min and the spectra
were obtained in normal emission at a photon energy of
hv=21.2¢eV.
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observed in bulk IrSi and the Fermi edge is clearly visible
in Fig. 5. Composition analysis from the core-level inten-
sities of iridium and silicon as well as the chemical shifts
of the core-level transitions confirm that the silicide com-
pound formed is IrSi. Further annealing at 670°C results
in a valence-band spectrum that still resembles that of IrSi
but shows a much lower density of states at Er. The
development of an energy gap at Er is clearly seen after
an additional heat treatment at 840°C. This evolution
shows the transition from metallic to semiconducting
behavior. The overall shape of the spectrum and the spec-
tral features at —1.3, —2.4, —3.6, and —8.9 eV are
characteristic of the semiconducting silicide compound
IrSi, (x~1.6) (paper I). The formation of this compound
is also confirmed from the analysis of core-level intensi-
ties and chemical shifts of iridium and silicon core lines.

The growth of the silicon rich silicide compound IrSi,
is found after a final heat treatment at 1100°C. The
phase IrSi; is clearly identified by the valence-band spec-
trum and the core-level data. The existence of a well-
defined Fermi edge demonstrates the transition from the
semiconducting character of IrSi, (x~1.6) to the metallic
character of IrSi;. At this point, we would like to em-
phasize that the spectra of Fig. 5 were obtained from a
single sample that has been annealed sequentially at
higher temperatures. Thus, the valence-band spectra
shown in Fig. 5 illustrate clearly the metal-
semiconductor-metal transitions accompanying the for-
mation of the three thermodynamically stable iridium sili-
cide compounds. Also, they demonstrate the sequential
formation of the iridium silicide compounds in the order
of IrSi, IrSi, (x~1.6), and IrSi; in the temperature range
of 400—1100°C.

C. Work-function measurements

We have measured the work function ¢ of surface
layers by monitoring the secondary electron cutoff in UPS
mode and correcting for the work function of the
analyzer. The accuracy of this method is about £20 meV.
Table I lists the work function of Ir, Si(100), and its sili-
cides. The value of ¢$=4.91 eV for UHV cleaned Si(100)
is in excellent agreement with the result obtained by Al-
len?’ using the contact potential difference method. Also,
¢=5.65 eV for a thick polycrystalline film of Ir agrees
well with the value of 5.67 eV published for Ir(100)*° but
is lower than that of 5.76 eV reported for Ir(111).3! How-
ever, the published values were obtained with field emis-

TABLE I. Work function ¢ and Schottky-barrier height ¢,
of iridium and its silicides. RT denotes room temperature.

dpn” (V)
Material ¢ (eV) Si(100) Si(111)
Ir(dep. at RT) 5.65+0.02 0.93 0.90
IrSi 4.93+0.02 0.93 0.91
IrSi, (x~1.6) 4.81+0.02 0.85 0.83
IrSi; 4.88+0.02 0.94 0.92
Si(100) 4.91+0.02

“Reference: 1. Ohdomari et al., J. Appl. Phys. 50, 7020 (1979);
J. de Sousa Pires er al., Appl Phys. Lett. 35, 202 (1979).

sion measurements. The agreement between different ex-
perimental methods is not always satisfactory. Table I
shows that there is a dependence of the work function on
the composition of the silicide compound. The semicon-
ducting IrSi, (x~1.6) was found to have the lowest work
function. Both IrSi, (x~1.6) and IrSi; have a work
function that is lower than that of Si(100) whereas the
work function of IrSi is close to that of Si(100).

The dependence of the surface work function on iridi-
um coverage is shown in Fig. 6. The work function in-
creases linearly at low coverages and saturates at a value
close to that for bulk iridium at high coverages. At low
coverages, the straight line guiding the eye in Fig. 6 inter-
sects the ordinate at 4.85 eV. This value of the work
function is lower than that of 4.91 eV measured for the
reconstructed Si(100) surface?® and may be attributed to
the unreconstructed surface. We recall here that an iridi-
um coverage of 0.1 A readily removes the surface features
in the valence-band spectrum of Si(100) pointing to the
loss of the surface reconstruction. Indeed, the work func-
tion of crystalline silicon is dependent on the surface
reconstruction. For Si(111) surfaces for example, a differ-
ence in ¢ of about 0.18 eV was observed between the
(2x1) and (7Xx7) reconstructed surfaces.’> The linear
dependence of the work function on iridium coverages
below 7 A is in general agreement with the typical
behavior found in the low-coverage regime of an adsor-
bate on metals.>> At low coverages where the distance be-
tween adatoms is large the dipole moment per adsorbed
iridium atom is independent of coverage and consequently
the work function change shows a linear dependence on
coverage. 3

At an iridium coverage of 1.6 A the work function has
a value of 4.94 eV as shown in Fig. 6. This value is prac-
tically identical to that of IrSi (see Table I) and strongly
supports the formation of an IrSi-like phase at a very low
iridium coverage. In contrast, a significant delay in the
onset of changes of ¢ and the attainment of the value of
Pd,Si has been found for Pd coverages on Si(111).® Thus,
it appears that the initial stages of the Ir-Si interface for-
mation are different from those of the Pd-Si interface.

5.9 T T T T T T T T T T
57r ¢Ir(7o)l) —
5.5 /‘ . 4

~53F / 1
3 . !
B5.1F / Ir/Si (100) 1

49" ——Pbsi0100) Ts5=300K J
47 .

45554 6 6 10 12 14 16 18 20 22

COVERAGE (R)

FIG. 6. Dependence of the surface work function ¢ on iridi-
um coverage. The work function was derived from the secon-
dary electron cutoff in UPS mode. Note the absence of a delay
in the onset of changes of ¢ with iridium coverage.
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D. Microstructural investigation

Transmission electron microscopy analysis of surface
layers and thin films provides complementary information
to results obtained with photoelectron spectroscopy. The
interpretation of valence-band and core-level data depend
crucially on the knowledge of the morphology of surface
layers and the microstructure and composition of thin
films. For this reason we have investigated as-deposited
as well as in situ annealed films of iridium on Si(100) with
TEM.

In Fig. 7 we present a bright-field micrograph and the
corresponding electron diffraction pattern of a 5-A-thick
iridium film deposited in situ the UHV chamber onto a
clean Si(100) substrate. A very fine surface structure that
is homogeneously distributed is readily apparent in the
bright-field micrograph. None of the investigated sam-
ples with 5- and 6-A deposits of iridium showed island
formation. Thus, we conclude that a 5 A or thicker film
of iridium deposited on Si(100) is homogeneous. Using
dark-field imaging we estimate a feature size of about 10
A of the surface structure of the deposit.

The electron diffraction pattern in Fig. 7 exhibits two
diffuse ring patterns as well as matrix spots from the
Si(100) substrate. A third diffraction ring is visible on the
negative but could not be reproduced in Fig. 7. The ma-
trix spots closest to the transmitted beam are the 220 dif-
fraction spots of the silicon lattice. They can be used to
accurately determine the camera length which is necessary
for the analysis of the ring pattern. The inner ring corre-
sponds to a d spacing of 3.145 A and the outer to one of
1.927 A. The largest d spacing of iridium is found for
diffraction of (111) planes and amounts to 2.2170 A (Ref.

W Fn L

(a

34). Thus, the inner ring cannot originate from iridium.
The d spacing associated with this inner ring is close to
the d spacing of 3.13 A for the 002 diffraction of IrSi.%
Likewise, the d spacing associated with the outer ring
agrees well with that of 1.9197 A for the 200 diffraction
of iridium. In conclusion, the electron diffraction pattern
of a 5-A-thick iridium film on Si(100) demonstrates that
iridium and silicon atoms at the Ir/Si interface reacted
with each other to a limited extend to form a few mono-
layers of IrSi-like silicide beneath some monolayers of un-
reacted iridium. This result is in excellent agreement with
the interpretation of the valence-band spectra shown in
Fig. 1. Whether the structure of the IrSi phase is crystal-
line or amorphous is yet unclear. Reaction between iridi-
um and silicon during sample preparation for TEM
analysis can be ruled out because the samples were cooled
to near-liquid-nitrogen temperature during ion milling.
The compounds and their microstructure that form
during in situ annealing of a 50-A-thick iridium film on
Si(100) are identified in Fig. 8. The electron diffraction
pattern and the corresponding bright-field micrograph
were taken at the same spot of the sample. The com-
pound formed at 560°C is clearly identified as IrSi by its
diffraction pattern.’®> The numerous spots in the diffrac-
tion pattern point to a very fine-grained microstructure
which is verified by the bright-field micrograph. The
average grain size was found to range between 100 and
300 A. At 840°C, the diffraction pattern confirms
the formation of the semiconducting silicide IrSi,
(x~1.6) (Refs. 19 and 22). The grain size shown in the
corresponding bright-field micrograph is larger than that
of IrSi due to the higher temperature of silicide forma-
tion. It ranges between 250 and 550 A. The strong twin-

(b)

FIG. 7. Bright-field micrograph and corresponding electron diffraction pattern of a 5-A-thick iridium film as deposited on a
Si(100) substrate. The spots in the diffraction pattern are matrix spots of the silicon lattice. The inner diffraction ring originates
from IrSi and the outer ring from unreacted iridium.
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ning observable in some of the grains might be responsible  tern verifies the formation of IrSi; (Ref. 36). Its micros-
for the many weak diffraction spots that are discernible in tructure is polycrystalline with a grain size ranging from
the diffraction pattern. The very large unit cell of this 500 to 1300 A as shown by the bright-field micrograph.
compound causes also a large number of closely spaced Annealing at 1100°C for periods longer than 5 min can
diffraction rings. Finally, at 1100°C the diffraction pat-  lead to island formation of the IrSi;. We observed this ef-

122

—zr— 121
20

140
4
12,201

— 102
-— 100

FIG. 8. Bright-field micrograph and corresponding electron diffraction pattern of 50-A-thick iridium films on Si(100) anealed in

situ at 560°C, 840°C, and 1100°C, respectively. The compounds formed are clearly identified as (a) IrSi, (b) IrSiy, (x~1.6), and (c)
IrSi; by the indexing of their diffraction pattern.
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fect with UPS which showed a valence-band spectrum
that resembled a superposition of IrSi; and Si spectra and
confirmed it with TEM analysis.

E. Discussion

The above results provide ample evidence that sub-
monolayers of iridium react with Si(100) substrates at
room temperature. First of all, the disappearance of the
silicon surface state features and the disappearance and
energy shift of bulk silicon emission peaks are clear signs
that a coverage of 0.1 A of iridium not only alters the
(2 1) surface reconstruction but also increases the band
bending. The change in surface reconstruction implies
that bonding occurred between iridium and silicon atoms.
The change in the relative intensities of the core-level
transitions with increasing iridium coverage indeed points
to a mixing of iridium and silicon atoms across the Ir/Si
interface. The formation of bonding orbitals can be in-
ferred from the chemical shifts of the core-level lines.
However, the chemical shift of the Ir 4f;,, level for sub-
monolayer coverages relative to bulk iridium is not neces-
sarily a sign of chemical interaction because of differences
in the atomic structures, but in combination with the shift
of the Si 2p level, which points to the formation of a sili-
cide phase, a chemical reaction of iridium with silicon can
be deduced. In addition, the valence-band spectrum for
an iridium coverage of 1.6 A cannot be explained as a
simple superposition of pure silicon and pure iridium
valence-band spectra. Rather, it resembles that of bulk
IrSi as mentioned before. These facts not only support
chemical reaction but also rule out island formation of
iridium on silicon. Final proof of chemical reaction be-
tween iridium and silicon is provided by the electron dif-
fraction pattern in Fig. 7 which reveals the presence of
IrSi at the Ir/Si interface. A reactive Ir/Si interface is
consistent with most metal-silicon interfaces that have
been investigated to date. Even the V/Si (Ref. 10) and
Ti/Si (Ref. 11) interfaces that were first reported to be
nonreactive have recently been found to form com-
pounds.>” The Ag/Si(111) interface is probably the only
known nonreactive metal-silicon interface.?® Finally, we
would like to point out that the bright-field micrograph in
Fig. 7 shows that a deposit of 5 A of iridium on Si(100) is
homogeneous. The valence-band spectra suggest that this
is also the case for deposits below 5 A thickness.

The room-temperature reaction of iridium and silicon is
limited. The reaction starts at the interface and progres-
sively diminishes further away from the interface due to
the build up of a pure iridium overlayer. This is evident
from both the valence-band spectra of Fig. 1 and the elec-
tron diffraction pattern of Fig. 7. The little change ob-
served in the valence-band spectra for iridium coverages
between 0.6 and 1.6 A is due to the stability of the p-d
bonded IrSi silicide (paper I). For iridium coverages
above 2 A the reaction stops and an unreacted iridium
overlayer grows as evidenced by the similarity of the
valence-band spectra to that of pure iridium. This obser-
vation is also a clear proof of the absence of any silicon
surface segregation as it seems to occur to a certain extend
in the Pd/Si (Ref. 6) and Pt/Si (Ref. 9) systems. The

growth kinetics of thin films of IrSi from Ir/Si bilayer
couples obeys a parabolic law,'® which means that the dif-
fusion of the constituent atoms to the reaction interface is
the rate limiting mechanism. In our case, it is therefore
possible that the limited extend of the Ir-Si reaction is due
to the low diffusivity of iridium and silicon atoms at
room temperature. Finally, it is noteworthy to mention
that the gradual buildup of the Fermi edge with increased
coverage and the lack of changes in the density of states
near Er point to the absence of interface states below Ep.

Extended reaction between iridium and silicon can be
obtained by annealing a thin iridium layer deposited on a
silicon substrate. The valence-band spectra presented in
Fig. 5 and the TEM results shown in Fig. 8 demonstrate
that only one silicide compound forms at a time. This
sequential formation of silicide compounds during slow
heating is a characteristic of most thin-film transition-
metal—silicon systems.®® This is in contrast to rapid
thermal annealing which is known to produce multiple
compounds as well as metastable silicides.’®* In the
present case we confirm the formation of three silicides in
the sequence of IrSi, IrSi, (x~1.6), and IrSi; as reported
earlier.!?° However, we have demonstrated the transi-
tions from a metallic to a semiconducting and a semicon-
ducting to a metallic silicide with increasing temperature
of annealing. This unique feature of the Ir-Si system has
not been observed in other transition-metal silicides.

So far our discussion has provided a detailed picture of
the chemical reactions occurring at the Ir/Si interface.
We will now address the implications of this picture on
the formation of the Schottky barrier. For this purpose
we have listed the published barrier heights of iridium
deposited at room temperature and its silicides on Si(100)
and Si(111) substrates®”*’ in Table 1. First of all, it is in-
teresting to note that the barrier heights of Ir and IrSi are
the same within the experimental accuracy of +0.01 eV.
This is not surprising and agrees well with our finding of
an IrSi-like interfacial layer. We therefore conclude that
at room temperature the barrier height of Ir on Si is very
much like the barrier height of IrSi on Si. Next, the bar-
rier height of the semiconducting silicide is close to those
of the metallic silicides. It is possible that the p-type
semiconductor IrSi, (x~1.6) (paper I) becomes metallic
by stoichiometric deviations and/or impurities which
push the Fermi level into the valence band. The listed
barrier heights of IrSi, (x~1.6) are then those of a de-
generate semiconductor on Si(100) and Si(111). Last of
all, the difference of 20 meV in the barrier heights on
Si(100) and Si(111) substrates was not explained in the
literature.?’

For an ideal metal-semiconductor interface that is free
of defects and interface states the Schottky model*!
predicts that the barrier height ¢, is the difference be-
tween the metal work function ¢,, and the electron affini-
ty X; of the semiconductor, ¢z, =¢» —X,. Because of the
compound formation, ¢,, is in this case that of the sili-
cides. With X;=4.20 eV (Ref. 42) and the measured
values of ¢,, from Table I we obtain barrier heights of
0.73 eV for IrSi, 0.61 eV for IrSi, (x~1.6), and 0.68 for
IrSi;. It is immediately apparent that this simple picture
of the Schottky barrier does not agree with the experimen-
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tally determined barrier heights. Though we have neglect-
ed contributions from surface dipoles, such effects should
make a small correction®’ to the calculated value of the
barrier height. In contrast, our core-level data agree very
well with the measured barrier heights. The Fermi level
at the Si(100)-(2 X 1) surface is 0.41 eV above the valence-
band maximum.** The band bending of 0.2 eV deduced
from the Si 2p core-level shift implies a barrier height of
E, —(Ep—E,)+AEg,,=0.91 eV. This value agrees
very well with the experimentally measured barrier height
of IrSi.

Deviations from the Schottky model can be caused by
intrinsic or extrinsic surface or interface states. Bardeen®
suggested that surface states of the clean semiconductor
surface might persist under a metal overlayer and pin the
Fermi level. In the present case, however, we have clear
evidence that the surface states of silicon vanish upon
metal coverage and that a subsequent formation of a
chemical compound causes a geometric rearrangement of
atoms at the metal-silicon interface. It is important to
stress at this point that the Schottky barrier is fully
developed after deposition of the first monolayer of the
metal onto the clean semiconductor surface. This is not
only true for the Ir/Si interface but is a generally observed
phenomenon.*® Consequently, we can rule out the pres-
ence of intrinsic surface states and have to consider only
extrinsic surface states. Extrinsic surface states are new
states induced by the metal and can originate from inter-
facial defects*’~* and metal-induced gap states.’® Within
the capabilities of our instrumental techniques we have
not been able to detect any defect states at the Ir/Si inter-
face. Though their existence is thereby not demonstrated,
they might not be ruled out altogether. The kind of inter-
facial defects that have been proposed for covalent
semiconductor-metal interfaces are dangling bonds.*
However, a direct experimental observation is not possi-
ble. Recently, metal-induced gap states received a lot of
attention as possible candidates to explain the Schottky-
barrier heights of transition metals on group IV semicon-
ductors. For a coverage of one monolayer of metal on sil-
icon it is appropriate to talk of surface states rather than
metal-induced gap states. The surface states can pin the
Fermi level just as the metal-induced gap states do. With
increased metal coverage there is likely to be a continuous
transition from surface to metal-induced gap states.
However, the Fermi level pinning position may also
change and be different for surface states and metal-
induced gap states. The nature of the pinning states is
thus not clearly identified.

It is not clear which of the models of extrinsic surface
states satisfactorily explains the deviation of the iridium-
silicide—silicon barrier heights from the classic Schottky
model. A common feature of all theoretical models pro-
posed until now is the assumption of a highly idealized
metal-silicon interface that is sharp and does not include
chemical reactions and diffusive transport of atoms across
the interface. These chemical effects, however, are very
important in view of the fact that most metal-silicon in-

terfaces are reactive and their influence in the determina-
tion of the Schottky-barrier height is not clear. Photo-
emission spectroscopy investigations of metal-silicon in-
terfaces indicate that these interfaces are much more com-
plicated than generally assumed in theoretical models.
Strong diffusive intermixing may result in a graded inter-
face as proposed by Freeouf.’! In this context it is in-
teresting to note that most theoretical investigations used
the experimental results of gold-semiconductor interfaces
as test vehicle and in general found satisfactory agree-
ment. However, it is well known that the gold-
semiconductor interface is a reactive one,’? as is expected
from the low eutectic temperatures of gold-semiconductor
alloys (Au/Si, 363°C, Ref. 53; Au/Ge, 361°C, Ref. 54;
Au/GaAs, 339°C, Ref. 55), and that gold is also a fast
diffuser in most semiconductors.’® Because both facts
seem inconsistent with a sharp metal-semiconductor inter-
face, the agreement between theoretical Schottky-barrier
models and the experimental data of gold-semiconductor
contacts is rather astonishing. It remains to be seen
whether new experiments and theoretical models are able
to finally resolve the nature of the Schottky barrier.

IV. CONCLUSIONS

Our photoelectron spectroscopy and TEM investigation
of the Ir/Si interface has shown that submonolayers of
iridium react with silicon at room temperature. However,
the reaction is limited and for thicker layers leads to the
formation of an interfacial silicide resembling IrSi and an
unreacted iridium overlayer. We have also demonstrated
the subsequent formation of the three thermodynamically
stable silicide compounds IrSi, IrSi, (x~1.6), and IrSi; in
the temperature range of 400—1100°C and the concurrent
transitions from metallic to semiconducting and semicon-
ducting to metallic behavior. We showed that the simple
Schottky model does not correlate our measured work
functions with the published barrier heights of the three
silicides on n-type silicon. However, our core-level data
agrees well with the measured barrier height of IrSi and
we were able to explain the identity of the published bar-
rier heights of Ir and IrSi on silicon. Finally, we com-
pared existing theoretical models of the Schottky barrier
with our experimental data and suggest that the disrup-
tion of the silicon surface by the chemical reactivity of
most metal-silicon interfaces may contribute to the pin-
ning of the Fermi level and thus influence the barrier
height.
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FIG. 7. Bright-field micrograph and corresponding electron diffraction pattern of a 5-A-thick iridium film as deposited on a
Si(100) substrate. The spots in the diffraction pattern are matrix spots of the silicon lattice. The inner diffraction ring originates
from IrSi and the outer ring from unreacted iridium.
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FIG. 8. Bright-field micrograph and corresponding electron diffraction pattern of 50-A-thick iridium films on Si(100) anealed in
situ at 560°C, 840°C, and 1100°C, respectively. The compounds formed are clearly identified as (a) IrSi, (b) IrSi,, (x~1.6), and (c)
IrSi, by the indexing of their diffraction pattern.



