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* Most metal-semiconductor interface-formation studies investigate the chemisorption of metal adatoms on
semiconductor substrates. We extended the investigation of the Si-Au interface to the chemisorption of Si
atoms on Au. We found that the formation of an extended, alloyed interface region is a common feature
of both interface-formation processes. Thus, the changes in the surface and bulk substrate thermodynamic
parameters do not affect the qualitative morphology of the interface.

The crucial importance of metal-semiconductor interfaces
has stimulated a large number of photoemission studies of
their formation in the past decade.!"'* These investigations
have explored the chemisorption of metal atoms on semi-
conductor substrates. We present the results of what is to
our knowledge the first photoemission experiment investi-
gating the chemisorption of silicon atoms on a metal
substrate—Si deposited on Au. These results demonstrate
that the two processes— Au deposition on Si and Si deposi-
tion on Au—are essentially symmetric. In particular, we
find a systematic correlation between formation of Au-Si al-
loys and change in Au 5d crystal-field splitting®® in both
cases. We also find evidence that the formation of an ex-
tended alloyed interface region saturates at comparable cov-
erages (atoms per unit surface) for Si deposited on Au and
for Au deposited on Si.°

The experiments were performed at the PULS synchro-
tron radiation facility of the Frascati National Laboratory,
with the beam line equipped with a Jobin-Yvon toroidal
grating monochromator. Photoemission experiments were
performed in the photon-energy range 20-60 eV with the
experimental equipment described in Ref. 10. The overall
resolution was of the order of 0.4 eV. The substrate was
prepared by depositing a Au from a W coil on a Ta sheet in
situ, at a pressure below 5x107!° Torr. The thickness of
the polycrystalline substrate was of several hundred
angstroms. Si was deposited also in situofrom an electron
beam source at a rate of the order of 1 A/min. The over-
layer thickness was measured with a quartz thickness moni-
tor.” Data taking and processing were controlled by a CA-
MAC system interfaced with a Tektronix 4052 microcom-
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puter.

Figure 1 shows a series of photoelectron energy distribu-
tion curves (EDC’s) taken at a photon energy of 21 eV with
the horizontal scale referred to the Fermi level. Figure 2
shows the corresponding spectra taken at a photon energy of
35 eV, which enhances the cross section of the d-d anti-
bonding states. The bottom curve in each figure corre-
sponds to the clean Au substrate. The other curves corre-
spond to the same substrate covered by a Si overlayer of in-
creasing thickness. Figure 3 shows for comparison a series
of EDC’s taken!! at a photon energy of 40 eV for Au depo-
sited on cleaved Si(111).

The most important conclusions obtained from Figs. 1, 2,
and 3 are the following. First, when Si is deposited on Au
the antibonding d-d state signal at — —2.6 eV is progres-
sively attenuated.®!12 A symmetric increase in this signal is
observed in Fig. 3 when Au is deposited on Si. Second, the
d features shift to higher binding energies due to the Si ad-
atoms on Au. This effect also has a symmetric counterpart
in Fig. 3. )

The similarity between the results for Si on Au and those
for Au on Si is further demonstrated by a detailed compar-
ison of the results of Figs. 2 and 3. The main effect of the
Si adatoms in Fig. 2 is an apparent decrease of the energy
splitting of the two main Au 5d features. We see in Fig. 3 a
symmetric apparent increase of this splitting when the Au
thickness increases. This effect has been explained’ by the
formation of a Au-Si alloy in which the Au atoms are far
from each other—and therefore the splitting becomes closer

- to that of atomic Au, 1.5 eV.

Calculations by Bisi et al.® provided a detailed theoretical

6917 ©1985 The American Physical Society



RAPID COMMUNICATIONS

6918 A. FRANCIOSI et al. 32

Si on Au

N T L T SR S TN
-10 -5 OzEF
E(eV)

FIG. 1. Photoelectron energy distribution curves (EDC’s) taken
with a photon energy of 21 eV on a clean Au film and then on the
same substrate covred with a Si overlayer of increasing thickness.
The energy scale is referred to the Fermi level E.

background for the above explanation. The results of these
authors indicate that the antibonding d-d states are those
mostly affected by alloy or compound formation. In the
case of pure Au, these states correspond to the shoulder
2-3 eV below the Fermi level in Fig. 1. For photon ener-
gies of 35-40 eV, Figs. 2 and 3, the d-d antibonding states
dominate the shallowest-in-energy Au 5d feature.!”> Thus,
their shift in energy is the main cause of the apparent
change of the Au 54 splitting on going from pure Au to the
Au-Si alloy.

Therefore, the behavior of the Au 5d energy splitting at
photon energies of 35-40 eV is a good probe of the forma-
tion of a Si-Au alloy at the interface.” We show in Fig. 4
this splitting as a function of the overlayer thickness (in
equivalent monolayers; see Ref. 9), for Si on Au and for
Au on Si. We see from this figure that most of the change
occurs for equivalent converages of 0-8 monolayers for Au
on Si and 0-4 monolayers for Si on Au. To interpret this
observation, one must consider the definition of the
equivalent coverages in the two cases (Ref. 9). This defini-
tion implies that the interface layer formation is completed
after depositing approximately the same number of atoms
per unit substrate area in both cases, (6-7)x10%
atoms/cm?. This result is somewhat surprising, since the
adatom chemisorption energy was considered’ the dominant
promoting factor for the Si-Au intermixing. Thus, the ex-
tent of the intermixing should be proportional to the
number of atoms per unit substrate area. This, however, is
not consistent with the results of Fig. 4, since there are ap-
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FIG. 2. EDC’s similar to those of Fig. 1, taken at a photon ener-
gy of 35 eV.

proximately twice as many atoms per unit area for the Au
substrate than for the Si substrate. The reason of this ap-
parent discrepancy could be, for example, a different near-
surface defect-formation enthalpy for the two cases.

We also see that the asymptotic values of the splitting for

Au on Si(111)
hv=40eV
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FIG. 3. EDC’s taken for Au deposited on clean Si(111) at a pho-
ton energy of 40 eV. The data are from Ref. 11.
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FIG. 4. The apparent Au 5d energy splitting as a function of the
overlayer thickness for Au deposited on Si (Fig. 3) and for Si depo-
sited on Au (Fig. 2 and Ref. 11). The overlayer thickness is ex-
pressed in equivalent monolayers in both cases, as discussed in
Ref. 9.

large equivalent thicknesses are different by approximately
0.25 eV. This difference cannot be taken as evidence for a
different average stoichiometry of the alloyed interface
layer. In fact, the asymptotic value for Au on Si has been
associated” !> ! with the presence of segregated Si atoms at

the Au-vacuum interface. Similarly, in the case of Si on Au
one could have segregated phases that give a constant Au
5d splitting for large coverages.

In summary, the most important result of our experiment
is that interface alloyed species are formed both when Au is
deposited on Si and when Si is deposited on Au. Processes
of this kind, involving either alloys or interface compounds,
have been observed in many investigations of metal over-
layers on silicon.!-”15-17 Several factors have been proposed
to control the formation of these extended interfaces. Our
results enable us to rule out some of these factors, at least
in the case of Si-Au. For example, we can rule out an im-
portant role of mass transport, of the segregation energies,
and of the adatom kinetic energy. We also find similar
numbers of atoms involved in the alloyed interface species
for both Au on Si and Si on Au. One important result is
that the changes in bulk and surface thermodynamic param-
eters caused by interchanging substrate and overlayer do not
affect the qualitative morphology of the interface region.
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