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We present extensive results on synchrotron-radiation angle-integrated photoemission
from Si(111) surfaces onto which increasing amounts of Pt (coverages © from 0.07 to 40
monolayers) were deposited. Both core lines (Si2p and Pt4f) and valence-band states
have been measured. In the latter case we present results taken at a photon energy of
hv=280 eV where the Pt 5d contribution is dominant and at Av=130 eV where the Coop-
er minimum effect reduces the Pt 5d photoemission considerably so that information on
the Si contribution to the valence states can be revealed. We show that submonolayer
coverages (© >0.07) of Pt disrupt the surface sufficiently to introduce considerable
changes in the photoemission spectra with respect to that of clean Si(111). An interface
with a photoemission spectrum resembling that of a silicide has developed at about 2—10
monolayers. At increasing © the region explored with photoemission shows enrichment
of the metal, but the situation at © =40 is still very far from that of the pure Pt metal,
thus indicating a very strong chemical interaction at room temperature on the depth scale
of tens of monolayers. Opposite chemical shifts of the Si and Pt core lines are seen (Pt
towards lower and Si towards higher binding energies with increasing ©) and, moreover,
the shape of the Si2p core lines is modified towards that typical of a metallic phase. All
these results are discussed in terms of the nature of the chemical bond between Si and Pt.

I. INTRODUCTION

The study of semiconductor — transition-metal
interfaces is becoming a central topic in solid-state
surface physics both for fundamental and practical
reasons. The fundamental interest in these systems
lies in the connection between surface chemistry
parameters and the electronic properties of the
junction! —® whose low-barrier (Ohmic) or high-
barrier (rectifying) characteristics are not complete-
ly understood in terms of the mechanism underly-
ing the formation of different barriers.

A better understanding of the physical chemistry
of different semiconductor —d-metal interfaces also
provides valuable information of practical use since
low- and high-barrier junctions are highly utilized
in the production of active devices.’

This article presents the first systematic energy-
dependent photoelectron-spectroscopy study of the
Si-Pt interface at room temperature. Special atten-
tion has been given to the low-coverage regime
since the very first stage of the interface growth is
probably determined by the semiconductor surface
disruption caused by the metal adatoms as dis-
cussed in an earlier paper.!® At increasing cover-
ages, we have followed the evolution of the elec-
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tron states of the Si(111)-Pt interface by taking full
advantage of the unique tunability of synchrotron
radiation (SR). In addition to extensive core-level
spectroscopy data, we present valence-band photo-
emission spectra at two energies, one (hv=130 eV)
corresponding to the Cooper-minimum region for
the Pt 5d photoemission (hv=130—160 eV), so
that the information on the Sisp contribution to
the energy distribution curves (EDC’s) can be re-
vealed. This method, introduced for the first time
in an earlier publication,!® has turned out to be
very useful in understanding the nature of the
chemical bond between Si and d metals.!'~* In
fact it allows us to make a scheme for the assign-
ment of the Si—d-metal chemical reactions on a
pure experimental basis.

The hv dependence of the 4d- and 5d-electron
photoionization cross section which shows a deep
minimum in the region between #v=130 and 160
eV (Cooper minimum) is of great advantage in in-
terface photoemission studies where the density of
valence states can be probed, tuning the sensitivity
to the d contribution. The presence of Cooper
minima in solids has been proved experimentally in
a number of recent synchrotron-radiation photo-
emission works both for pure 44 and 5d metals!’
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and for d-metal compounds.’~!* A theoretical
analysis of the Cooper minimum effect for
valence-band states is still lacking and possible de-
viations from the pure atomic levels have not been
explored in detail. In this paper we will, therefore,
not argue about the Cooper-minimum effect per se
or try to make quantitative comparisons between
our results and the calculated atomic cases because
that could only be highly speculative at present
and is beyond the purpose of this work on Si—d-
metal interfaces. Of importance for the present
work is that the reduced d emission at the Cooper
minimum allows a detailed study of the sp contri-
butions to the total density of states which are hid-
den at all the other energies where the d emission
is the dominant feature in the EDC’s.

The Si-Pt junction belongs to the so called
Si—transition-metal reactive interfaces as do Si-Pd
(Refs. 11, 16, and 17) and Si-Ni (Refs. 18 and 19).
One characteristic of the Pt-Si system is that two
stable bulk compounds are known: PtSi and Pt,Si,
with the Si-rich silicide formed at higher tempera-
tures.” Some spectroscopic information on these
two phases of Pt (Ref. 21) as a function of the tem-
perature?? is already available in the literature.

In general, rather than being characterized by a
single stoichiometric reaction product, the nonan-
nealed reactive transition-metal —silicon interfaces
present (Refs. 10—12, 16—19, and 21 —23) a broad
mixed region where semiconductor-rich and
metal-rich phases clamp a silicidelike phase, with
concentration gradients defining the boundaries be-
tween these phases. A sharp interface has been re-
ported for Si(111)-Pd where a Pd,Si-like overlayer
is formed'"16!7 as a result of a solid-state reaction,
although a concentration gradient is present in the
metal-rich side.!!

This paper adds new information to the previous
theoretical and experimental literature on the
physical chemistry of the reactive interfaces, which
has implications for the Schottky-barrier formation
process and for the derivation of the barrier height.
Reference to this literature will be made
throughout the paper and in particular to the em-
pirical correlations of these properties to such
macroscopic observables as the eutectic tempera-
ture’ and the heat of formation of the
semiconductor-metal bond.®

The paper is organized as follows. An account
of experimental techniques is given in Sec. II and
the experimental results are collected in Sec. III.
The discussion in Sec. IV is carried out with refer-
ence to three coverage intervals [in units of mono-
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layers (ML)] which have their own features: sec-
tion A—low coverages (© <0.51 ML), section B—
medium coverages (0.5 < © < 10 ML), and section
C—high coverages (© > 10 ML). In Sec. V, we
summarize the main results in connection with the
interface growth mechanism.

II. EXPERIMENTAL

Medium-doped (10'® atoms/cm?) n-type Si sam-
ples were carefully cleaved in situ at a working
pressure of 4X 10~!! Torr. The cleaves produced
highly reproducible angle-integrated valence-band
photoemission spectra. This is an important point
because the Si(111) photoemission spectra are very
surface sensitive at the energies used (hv=80 and
130 eV), and the relative intensities of the different
valence peaks can vary depending on the quality of
the cleaves as will be discussed later. What typi-
cally happens for certain qualities of cleaves is that
the two deepest structures of the Si(111) valence
band are depressed in intensity with respect to the
top of the valence band. Examples of these kinds
of EDC’s can be found in a paper published ear-
lier."?

The Pt overlayers were deposited by evaporation
from a thin Pt wire wound around a W filament
wire. Resistive heating at a power level of about
50 W was necessary for the evaporation. This re-
quired a very careful outgassing procedure and a
special design of the evaporator assembly, similar
to a source for MBE (molecular beam epitaxial)
growth. The evaporations were done at a pressure
lower than 1.5X107!% Torr. The deposition rate
was controlled with a quartz oscillator located on
the sample carousel and alternatively put in the
sample position in order to avoid any geometrical
correction factor and any heating from the evap-
gration filament. Very stable rates, typically 1
A/min, were easily established and the desired cov-
erages were obtained by operating a shutter in
front of the Pt source. The evaporation rate was
checked again immediately after the completion of
the overlayer preparation. The accuracy of the to-
tal coverages should be better than 20% for the
lowest coverages and slightly better for the thicker
depositions. No traces of contaminants were
detected using either x-ray photoemission or core-
line SR spectroscopy.

The angle-integrated EDC’s were taken with a
double-pass cylindrical mirror analyzer (CMA) in
the retarding mode in an ultrahigh vacuum (UHV)
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system described previously.”® The light source
was the 4° beam line at the Stanford Synchrotron
Radiation Laboratory (SSRL) equipped with a
“grasshopper” monochromator providing intense
monochromatic light in the range Av=65—500
eV.?* The surface of the sample was normal to the
CMA axis and the light was impinging at grazing
incidence (15°). The overall resolution was 0.5 eV
which is sufficiently good for the purpose of this
study.

III. RESULTS

This section is a summary of the experimental
photoemission results which will be discussed in
Sec. IV. The main trends in the experimental data
are given in representative plots. The valence-band
dependence on the Pt coverage (© in monolayer
units) is summarized in Figs. 1 and 2 for hv=80
and 130 eV, respectively. At hv=280 eV the Pt 5d
photoionization cross section is much greater than
the Sisp (Ref. 25) so that already at submonolayer
coverages (©>0.33 ML), and Pt 5d emission is the

LI L L A RN A B B BN B N
Si (111) « Pt ,RT VALENCE BAND, hy=80eV

4OML Pt

20 ML Pt |
| 15ML Pt \/J\;\ -
10ML Pt

-

SML Pt '
[ 251 MLPY \J\ 4

1.44 ML Pt |

INTENSITY (arb. units)

F 0.51 ML Pt | A

- 0.33ML Pt

0.14 ML Pt
-
Si(111) + 0.07ML Pt

Si (111) CLEAN CLEAVE

T G VN TN S NI

-20
INITIAL-STATE ENERGY (eV)

FIG. 1. Angle-integrated photoelectron energy distri-
bution curves (EDC’s) at hv=280 eV for Si(111) and Pt
at increasing coverages at room temperature. The Pt
coverages quoted in the figure are in monolayer units
where 1 ML=7.8X 10" atoms/cm?, i.e., the surface
density of the Si(111) substrate.
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FIG. 2. Angle-integrated EDC’s for Si(111) and Pt in
the Cooper-minimum region for the Pt 5d photoioniza-
tion cross section (hv=130 eV). Coverages in ML.

dominant feature in the EDC’s. On the other
hand, at Av=130 eV the Cooper effect (strong in
Pt metal between 130 and 160 eV) reduces the
emission and the evolution of the Si valence states
are clearly revealed. The photon energy depen-
dence is seen better in Fig. 3 where we contrast, at
selected ©, the EDC’s at the Cooper minimum and
those with the dominant d contribution.

The Si2p (unresolved doublet) core lines taken at
a photon energy of 160 eV are plotted versus O (at
selected values) in Fig. 4. In the figure, the peaks
are normalized to the same height to illustrate the
shape modifications as a function of coverage.
There is a very pronounced asymmetric broadening
of the line towards higher binding energy with in-
creasing coverage. The intensity variations of the
Si2p and Pt4f levels versus © are given in Fig. 5.
From this plot alone, it can be deduced directly
that the Si-Pt interface is not atomically abrupt but
that some intermixing takes place since the Si and
Pt peak intensities change over a much larger
coverage interval than the electron escape depth
(which is typically 5 A at these energies.?® The
shift in binding energies for the same Si and Pt
core lines as a function of coverage is shown in
Fig. 6. The observed chemical shifts are fairly
small and in opposite directions for Pt and Si.
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FIG. 3. Photon energy dependence of photoemission spectra for Si(111) and Pt: comparison between hv=_80
eV and the Cooper minimum (hv=130 eV) at selected low, intermediate, and high coverages (in ML).
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FIG. 4. Coverage dependence of Si2p core-line
photoemission (unresolved doublet) at h~v=160 eV. The
amplitude of the spectra has been normalized to the
same value in order to follow the position and shape
evolution. The spectra are plotted vs the kinetic energy
of the photoelectrons; in fact, the absolute binding ener-
gy is uncertain by a factor of +0.3 eV because of the
monochromater calibration.

It is noteworthy that all the photon energies
used for the valence-band and core-level results
shown in Figs. 1—4 give similar values for the
electron kinetic energies, corresponding to the
minimum of the escape depth.?® This makes the
core and valence information directly comparable
since they refer to the same sampled depth of the
Si-Pt interface (about 5 A).
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FIG. 5. Intensity profiles of Si2p and Pt4f core lines
as a function of the coverage. The intensities are nor-
malized to the maximum value of amplitude of the Si
and Pt signals obtained in the experiment [i.e., the clean
Si(111) surface and the ©=40 Pt coverage, respectively].
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FIG. 6. Binding-energy variations for the Si2p and
Pt4f core lines as a function of coverage. The curves
are the best fits to the experimental points.

IV. DISCUSSION

In order to carry out a systematic analysis of the
© dependence of the spectra, it is important to
note some general features present in the spectra of
Figs. 1 and 2. The valence spectra never reach the
shape typical of pure Pt even at the highest cover-
age (©=40) explored in the present research. This
is evident by comparing the spectra shown in Fig.
7 for pure Pt (both at and away from the Cooper
minimum) with the highest coverage spectrum
(©=40) of the Si(111)-Pt interface in Figs. 1 and
2. It is clearly seen that even at very high cover-
ages the Si(111)-Pt spectrum is very different with
respect to that of pure Pt. This confirms the very
strong chemical interaction at the Si(111)-Pt inter-
face which has already been pointed out for lower
coverages at room temperature in previous work by
Abbati et al?’ The pure Pt measurements were
taken in a different run with the same SSRL beam
line from a (111)-oriented clean Pt crystal.”® The
scaling factor between the two EDC’s (80 and 150
eV) can be directly compared to those of the inter-
face measurements. This comparison provides
direct evidence for the reduction of d emission due
to the Cooper-minimum effect also for d states in-
volved in bonds with Si; the total counting rate in
the spectra at hv=130 eV is smaller by a factor
variable between 10 and 3 with respect to the spec-
tra at hv=380 eV. It is apparent that relevant con-
tribution from local density of states around Si can
be deduced from the results at the Cooper mini-
mum.

It is important to note that, in the intermediate
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FIG. 7. Valence-band angle-integrated EDC’s for
pure Pt [Pt(111)] at hv=280 eV and in the Cooper-
minimum region (Av=150 eV) (Ref. 28). The amplitude
of the curves has been normalized to the same value; the
counting rate ratio between the spectrum at Av=2380 eV
and the spectrum at Av=150 eV is I (hv=80
eV)/I(hv=150 eV)=38.

© region, the valence-band photoemission is al-
ready typically “silicidelike.” For example, at
©=1.45 and 2.50 the valence photoemission at
hv=280 eV is similar to that from Pt,Si and PtSi
at hv=21.2 eV as reported by Abbati et al.*
Thus, at these coverages, the reaction has proceed-
ed up to a silicidelike situation. This observation
suggests a natural way to divide up the coverage
regions into three intervals, which will be discussed
separately below. In the submonolayer region

(© <0.51) there is not sufficient metal present to
develop a silicidelike interface, while at high cover-
ages (© > 10) there is a metal-rich phase, although
some general features typical of silicides are still
present. Of course there is not a clear-cut distinc-
tion between the three regions, and the selection of
the coverage intervals is somewhat arbitrary;
nevertheless, the division is of great help for the
discussion.

A. The low-coverage region (© <0.51 ML)

In this coverage region the most interesting re-
sult is the strong modification of the EDC when a
very small quantity of Pt is deposited onto the
surface (©=0.07). The Pt contribution to the
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valence-band emission is very small (3—4 % of the
total signal at Av=_80 eV, as can be deduced by
scaling from the high-coverage cases, © =20 and
40). Thus, in the absence of substrate modifica-
tions, the EDC is expected to be basically invari-
ant. On the contrary a dramatic modification of
the clean Si valence-band contribution is seen in
Fig. 1 (hv=80 eV) and in Fig. 2 (hv=130 V),
mainly in the high-binding energy region of the
valence band. This indicates that a small fraction
of Pt atoms has a strong effect on the rearrange-
ment of the Si(111) surface, most probably the top-
most layer. This observation indicates that the in-
teraction between Si and Pt is very strong so that
Pt atoms with surrounding Si from very distorted
localized regions which alter the long range proper-
ties of the clean Si surface. No systematic low-
energy electron diffraction (LEED) studies are
available on this subject but would obviously be of
great value. The available results by Roth and
Crowell® confirm that a small amount of several
transition metals gives a strong background with a
considerable attenuation of the (2 X 1) pattern.
This is consistent with the strong effects seen in
the present photoemission study which are direct
evidence of a disruption of the Si surface from the
very beginning of the interface formation.

As far as the nature of this disruption is con-
cerned we can only present some speculations
which should stimulate further research on this in-
teresting problem. A first possibility is that the in-
teraction with Pt induces a partial disordering of
the surface. This would be consistent with the de-
crease of the photoemission intensity from the two
deepest valence structures, since a trend of this
kind has already been seen in the comparison be-
tween crystalline and amorphous Si (Refs. 30 and
31) (generally observed whenever the Si states be-
come more localized). Another possibility is that
the interaction with Pt induces changes in the re-
laxation of the top Si layer with a consequent
modification of the surface back bonds which con-
tribute to the deeper region of the valence band.*
A qualitative comparison to the calculations by
Pandey and Phillips®® for the (1 1) Si surface
shows that the modification of our EDC’s is in
agreement with a strong reduction of the relax-
ation. In this case the reduction should be origi-
nated by the metal atoms interacting with the sur-
face lattice.

Of course the two processes can be present at the
same time and further work is needed to assess the
problem. In any case, this strong modification is

of crucial importance since it creates the surface
which interacts with Pt deposited at increasing
coverages.

The importance of this disruption mechanism is
also confirmed by comparing the present results
with our previous work'? where the clean Si(111)
spectrum is very similar to that obtained for 0.07
ml in the present experiment. This is most likely
due to a different quality of the cleaves. Imperfec-
tions in the cleavage procedure probably have an
effect analogous to the disruption induced by the
very thin Pt overlayer. With these precautions in
mind, there is no contradiction between the present
results for the Si(111)-Pt interface and those re-
ported earlier.'°

When O increases beyond 0.07, a small 5d con-
tribution is detectable and the deeper-lying Si states
are modified, as can be seen from the spectra at
the Cooper minimum, Figs. 1 and 2. This is the
first evidence for the formation of mixed orbitals
between Pt 5d and Sisp states, which is also con-
firmed by the progressive chemical shifts of the Si
and Pt core lines in opposite directions (see Fig. 6).
At these coverages the situation is not yet that typ-
ical for silicides, but the chemical shifts of the core
lines indicate the presence of a chemical reaction
and a starting trend towards a silicidelike situation.

B. The intermediate-coverage region
(©6=1—-10 ML)

The intermediate-coverage region presents a high
degree of stability for the shape of the valence-
band EDC’s both at 4v=80 and 130 eV and can
be characterized as the silicidelike region of the in-
terface. In fact the energy position of the major
peak and its width®* are typical for silicides as al-
ready observed in the ultraviolet photoemission
spectroscopy (UPS) experiments at hv=21.2 eV,?’
and for other reactive Si— transition-metal inter-
faces such as Si-Pd (Refs. 11, 16, and 17) and Si-
Ni.!® The stability over such a broad interval of
coverages is the result of a chemical reaction in-
volving the deposited Pt atoms and the Si sub-
strate, leading to a silicidelike phase several mono-
layers wide. In fact, for the highest coverages in
this region (5 and 10 ML), the unreacted Si surface
is at least 10—15 A beyond the depth sampled by
photoemission (5 A).

Before discussing the details of this coverage re-
gime, we recall the interpretation scheme for the
Si—transition-metal bond introduced by Riley
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et al.®® and lately applied to Pd-Si,'° based both on
experimental results and theoretical calculations of
the orbital contributions to the various EDC struc-
tures. The scheme is in agreement with that ob-
tained independently by Rubloff ef al.!® The

three main features of the valence states due to a
Si—transition-metal bond are (compare Figs. 1 and
2): (i) a structure 4 around 0.5 eV below the Fer-
mi level containing mixed orbital contributions
from Sip and metal d electrons having antibonding
character; (ii) the main structure B containing
dominant Sip and Ptd hybrid-bonding contribu-
tions extending between —0.45 and —2.5 eV, being
typical (with respect to the Fermi level) of the sili-
cide bond and having a stronger Ptd character in
the peak region (—2 eV), and (iii) a deeper struc-
ture C, less involved in the bonding, due to Sis
electrons with a minor contribution of metal d
states. The bonding scheme is discussed in detail
by Rossi et al.'” and the reader is referred to this
work for further information.

The stability of the bond involving hybridization
between Ptd and Sip states is evident throughout
this coverage region as shown by the presence of
only minor changes in the EDC shape at Av=130
eV (Fig. 2). On the other hand, the details of the
valence-band emission at both photon energies, as
well as the core-line spectroscopy results, indicate a
change in composition of the silicidelike phase as
the Pt coverage is increased. The leading peak in
the EDC’s at hv=_80 eV shifts towards lower bind-
ing energies for increasing Pt coverages. This is
consistent with the changes observed for increasing
Pt depositions in a silicidelike interface, as reported
by Abbati et al. in Ref. 34 where temperature-
dependent UPS results for Si-Pt were presented.

The analysis of the core-line intensities presented
in Fig. 6 shows for this interval a strong decrease
of the Si2p emission and an increase in the Pt4f
emission. This accounts for a concentration gra-
dient throughout the silicidelike phase. Additional
information can be obtained by analyzing the
chemical shifts of the core levels. The Pt4f level
shift towards lower binding energies is completed
within this coverage interval (for ©=10), and the
shifted peak remains stationary in energy in the
high-coverage region, suggesting that the Pt atoms
see gradually fewer Si near neighbors and are even-
tually no longer sensitive to the presence of dilute
Si in the high-coverage region. The Si2p core
lines, on the other hand, keep shifting towards
higher binding energies with increasing Pt coverage
which is consistent with a trend towards higher di-

lution.

It should be noted that the chemical shifts seen
in the present system and in related systems are
very small. Thus, their interpretation merely in
terms of a charge-transfer mechanism is open to
difficulties since other processes are also expected
to contribute to core-line shifts. Such contribu-
tions may come from the change of the atomic
configuration due to Si-Pt bond formation, the re-
normalization of atomic levels due to variations of
the volume available per atom, and the variation of
relaxation energy as a function of Av. The discus-
sion of the charge transfer must wait for accurate
theoretical accounts of these effects and the present
data can constitute a valuable experimental basis
for such theoretical work.

Here we note only that a trend of core-line
shifts as in Fig. 6 with a monotonic and opposite
behavior of Si and Pt levels is not compatible with
a model based uniquely on charge transfer.

Another important point in this coverage region
is the modification of the Si2p line shape, which
broadens gradually and has a growing tail on the
high-binding energy side of the unresolved doublet.
The broadening can be interpreted as the simul-
taneous presence in the sampled depth [~6 A for
electron kinetic energies of 55 eV (Refs. 26 and
30)] of Si atoms in slightly different surroundings
while the presence of the skewed line shape, much
more enhanced in the high-coverage region as dis-
cussed in the next section, is related to the metallic
nature of the interfacial compounds in which Si is
present. We note that this is the first time that the
development of the skewing of the Si2p line shape
is clearly followed experimentally, step by step, as
a function of coverage.

C. High coverages (6> 10 ML)

When increasing amounts of Pt are deposited
onto Si at room temperature, departure from the
typical silicidelike situation is observed, and the re-
gion explored with photoemission becomes richer
in the metal as seen from Fig. 5. It is noteworthy
in this case that the EDC never reaches that of
pure Pt, thus indicating that the fraction of Si
present in the region explored with photoemission
is of paramount importance in determining the
valence states (compare Figs. 1 and 2 with Fig. 7).
Furthermore, it is important to note that the struc-
ture C (around — 10 eV) is still present (Figs.
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1—3). This indicates that the gross features of the
chemical bond between Si and Pt are basically the
same although the system is richer in the metal
than at intermediate coverages. This structure in-
creases in intensity when © increases and provides
evidence that some metal contribution is also
present in C. This result is analogous to what was
seen previously for the Si-Pd interface and is con-
sistent with the Si—Pt and Si—Pd bond calcula-
tions by Abbati et al.’** However, this paper pro-
vides a new insight, namely that the structure C is
observed not only at the Cooper minimum, but
also at Av=_80 eV for ©=40 and thus must con-
tain d-electron character as suggested by calcula-
tions on silicides.?> 3%,

Another important point is the modification of
the EDC shape at increasing ©. In the d-band re-
gion the deepest states give a stronger contribution
to the photoemission spectra, mainly at the Cooper
minimum, than the most shallow ones. This trend
is also found in pure Pt (see Fig. 7) where the
deeper states give a smaller Cooper effect. In the
interface this trend would seem to be enhanced.

The presence of Si in the region explored does
not imply that Si is present at constant concentra-
tion in the overlayer. Strictly speaking, we cannot
exclude that something similar to the Si-Au case™®
takes place, where an intermediate Au-rich layer is
found beneath a Si-enriched surface layer. This
point deserves further investigation with depth-
profiling techniques. But it is very likely that the
strong energy gain in the Si-Pt reaction, as com-
pared to the small one for Si-Au, does not lead to
a Pt-rich layer with Si segregated on top.

In the metal-rich phase seen at high © a strong
change is seen in the Si2p emission, both in energy
position and in line shape, enhancing the trends al-
ready mentioned for the intermediate © region in
Sec. IVB. The line-shape change is of the Sunjic-
Doniach type observed for core levels in metals
when hole-pair formation around the Fermi level
accompanies the photoemission excitation.® Of
course we cannot exclude the fact that energy-loss
mechanisms can also contribute to the line-shape
modification. The skewed line shape (see Fig. 8)
for higher coverages (©=20) is consistent with the
Sunjic-Doniach model, which predicts this will
happen with the increase of available states in the
E{ region when the system becomes metal rich.
The same results have been found for the Si-Pd in-
terface at high coverages.!! Therefore, it is prob-
ably a reliable characteristic of the change from a
Si-rich to a metal-rich situation.

hv=160 v |

FIG. 8. Si2p core line-shape evolution between the
clean Si(111) case and ©=20 ML of Pt onto Si(111).
The peak positions have been aligned in order to demon-
strate the broadening and the change in line shape. For
the binding-energy shift between ©=0 and 20, see Figs.
4 and 6.

V. SUMMARY OF INTERFACE
GROWTH AND CONCLUSIONS

The current work is the first extensive study of
the Si-Pt interface at room temperature by means
of the Cooper-minimum photoemission technique.
Here we summarize schematically the results con-
cerning the interface growth when increasing
amounts of Pt are deposited onto the Si(111) sur-
face.

(1) At submonolayer coverages the major effect
is a dramatic change of the relative intensities of
the Si(111) valence-band peaks indicating that a
very small number of Pt atoms have long-range-
order effects on the surface and can change the
surface relaxation even before silicidelike bonds are
formed.

(2) At increasing coverages the Si-Pt reaction
leads to a wide silicidelike interface with a bonding
configuration of strong Sip —Ptd hybridization.
This region has a concentration gradient leading
gradually to a metal-rich mixed phase. The chemi-
cal reaction proceeds with small chemical shifts of
the Si2p and Pt4f core levels towards higher and
lower binding energies, respectively.
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(3) A metal-rich phase, containing diluted Si, is
eventually reached at high coverages; this phase
still has silicidelike bonding characteristics and a
valence band markedly different from pure Pt. In
this region the Si2p core lines have a typical asym-
metric line shape.

A more detailed analysis of the present data will
be possible when theoretical treatments of the
Cooper effect in transition-metal compounds and
of core lines (both chemical shifts and line shapes)
will be available together with more experimental
structural information. The present paper will
hopefully stimulate further work in this direction.
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