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Synchrotron-radiation photoemission of the metal-semiconductor interface has a unique advan-

tage in identifying the bonding characteristics of the rehybridized orbitals between the metal and the
semiconductor. By varying the photon energy and measuring the magnitude of the photoionization
cross section, the bonding peak at the metal-semiconductor interface can be identified as being

formed with or without hybridization with the metal's d orbitals. The latter case is clearly illustrat-

ed by the annealed Ag/Si(111) interface. A sharp structure at 3.8 eV below the Fermi level grows as

a result of annealing of the Ag/Si(111) interface. This structure is also accompanied by the forma-
tion of the V'3 X V3(R 30') low-energy electron diffraction pattern and the narrowing of the Ag 4d
band signal. Since the so-called Cooper-minimum effect is not observed for this annealing-induced

peak, it is concluded that the structure does not have 4d-orbital characteristics within the regime of
the theory of linear combination of atomic orbitals. This is the direct evidence to show that the Ag
4d band does not hybridize with the substrate Si sp' orbitals in forming Ag—Si bonds after high-

temperature annealing. Judging from the photoionization cross-section variation, it can instead be

inferred that the sharp structure has mostly Ag Ss or Sp and Si sp characteristics. The methodology
shown here can be extended to other metal-semiconductor interfaces and can provide information on

the bonding formation of the metal atoms and the semiconductor substrate. This is important in

discussing metal-semiconductor interfaces but difficult to obtain unambiguously with other tech-
niques and in theoretical predictions.

I. INTRODUCTION

The bonding characteristics of the metal-semiconductor
interface have always been an important factor in under-
standing the interface structure. This information, unfor-
tunately, is difficult to obtain experimentally and one has
to rely on theoretical calculations for the particular sys-
tem' to interpret the valence-band structure. Partial pho-
toionization cross-section (PPCS) measurements with syn-
chrotron radiation in the soft-x-ray region, however, show
the potential to distinguish the contribution of distinctive
atomic orbitals to a particular structure such as that
formed at the interface when the metal interacts with the
semiconductor. To separate contributions from the metal
and the semiconductor, the Cooper-minimum (CM)
method is applied. Because of the destructive interference
of the initial and the final state of the photoexcited elec-
tron, emissions from the d bands are strongly suppressed
in the Cooper-minimum spectrum. Therefore, the other-
wise small signals from the substrate are enhanced. Tak-
ing data at the metal valence electron's Cooper minimum
makes it possible to see the contributions from the semi-
conductor substrate. It will be shown that the PPCS's of
the 4d or 5d orbitals are quite different from those of the
sp electrons, and this turns out to be a good fingerprint to
distinguish the characteristics of the structures at metal-
semiconductor interfaces. The interpretation of the data
in this way does not require any specific theoretical calcu-
lation. The Ag/Si interface was used to demonstrate the
methodology because Ag/Si forms a new structure at
higher temperature which is not seen right after deposi-

tion at room temperature. This annealing-induced struc-
ture has a PPCS that resembles those of sp orbitals and
not the d orbitals and it consequently implies that Ag d
electrons do not participate in the bonding between the
Ag/Si interface.

The details of the Ag/Si interface have been investigat-
ed for a long period with various techniques and there-
fore are not discussed in this article. The experimental
setup in measuring the PPCS's of the orbitals in the
Ag/Si interface is described in the next section. Results
are presented in Sec. III and followed by discussions and
the conclusion in Secs. IV and V.

II. EXPERIMENTAL

The experiment was performed at beam line I-1 of the
Stanford Synchrotron Radiation Laboratory during the
dedicated run with 3 GeV and about 50 mA beam current.
Photon energies between 70 and 140 eV were used to look
at the valence-band energy distribution curves (EDC's) of
the Ag/Si interface. Angle-integrated photoemission
spectra were taken with a double-pass cylindrical mirror
analyzer (CMA). The Si(111)-7X7 surface was produced
using a cleaved n-type Si(111) crystal resistively heated at
700'C for 5 min. Ag films, two monolayers (ML) thick (1
monolayer = 7.8X 10' atoms/cm ), were then evaporat-
ed onto this surface from a well-outgased Ag bead on a
Mo filament. The ~3 X ~3(R 30') Ag/Si surface was
prepared also by resistive heating. The surface was an-
nealed three times at 500 C and then once at 600'C. All
heat treatments were 10 sec in duration. The temperature
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III. RESULTS

After normalization to the photon flux variation during
the experiment, the valence-band spectra taken at dif-
ferent photon energies at various stages of annealing are
shown in Fig. 1. generally speaking, the 70-eV spectra of
the Ag/Si interface are similar to other results using con-
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was monitored with an infrared pyrometer which was
calibrated against a thermocouple (+25'C). Ultrahigh
vacuum (base pressure 3 X 10 " Torr) was maintained
during sample-preparation and data-acquisition processes.
The pressure during evaporation was about 1.4)&10
Torr. The same low pressure was also achieved when an-
nealing the Si(111)-2X1 surface into a 7)& 7 surface recon-
struction. The pressure during the other annealings were
all below 7&10 " Torr. The ultrahigh vacuum condi-
tions reduced possible C or 0 contamination as checked
by monitoring of the Si 2p core-level spectra. The
valence-band spectra were taken around the maximum
(hv=70 eV) and the minimum (hv=140 eV) of the Ag
4d PPCS. This changes the intensities of the valence-
band Ag 4d and Si sp states and allows observation of the
modification on the substrate electronic structure.

ventional uv photon sources since the high Ag 4d PPCS
dominates the valence-band signal over this photon energy
region. In contrast, the Cooper-minimum effect of the
Ag 4d orbitals makes the 140-eV EDC quite different and
the change of electronic structure of the Si substrate can
be examined better. In the following paragraph, spectra
taken at 70 eV and 140 eV after Ag deposition at various
annealing stages will be compared.

After the Ag metal deposition, [curve (1)], the Ag 4d-
band signal dominates the valence band in the 70-eV spec-
tra. The Ag d band is mainly composed of 2 structures at
6.2-eV (peak 3 ) and 4.7-eV (peak 8) binding energy
below the Fermi level which is consistent with earlier re-
ports. The structures are less pronounced in the 140-eV
spectra but the first peak of the Si valence band close to
the Fermi edge—the most p-like peak can be clearly iden-
tified. After the first annealing at 500 C [curve (2)], the
surface displays a sharp V3Xv 3(R30 ) low-energy elec-
tron diffraction (LEED) pattern. The 70-eV spectrum
shows that the Ag 4d band shrinks from about 2.6 to 1.7
eV full width at half maximum (FWHM), and the cen-
troid moves 0.4 eV from 5.7-eV to 6.1-eV binding energy,
which is the same as that reported at 50 eV. More
changes can be seen in the 140-eV spectra: A new peak,
noted as C in the figure, at 3.8-eV binding energy emerges
and at the same time the emission at the previous 8 posi-
tion disappears. This structure C is not observable in the
70-eV spectra at this stage because it is probably buried in
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FIG. 1. The valence-band spectra referred to the Fermi level

(EF) of the Ag/Si interface as a function of annealing at two
different photon energies are shown here. (a) is the 70-eV spec-
tra and (b) is the 140-eV spectra. The 70-eV spectra show very
strong Ag 4d signals and the 140-eV spectra (the Ag 4d Cooper
minimum) show contributions from the substrate Si. Curves
(1)—(3) in both (a) and (b) are as follows: curve (1), the valence-
band EDC of 2 ML Ag deposited on Si at room temperature;
(2), the system annealed at 500 C for 10 sec, a new structure at
3.8-eV binding energy emerges and is denoted as C; (3), another
annealing at 500 C for 10 sec, one more annealing at same tem-
perature gives same spectra indicating the existence of a meta-
stable phase; (4), annealing at 600'C for 10 sec. The surface is
free of Ag after the last annealing. These spectra are exactly the
same as the clean Si(111)-7& 7 valence-band spectra.
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FIG. 2. Photoionization cross sections of the Ag 4d, peak C
and the emission close to the Fermi level together with theoreti-
cal calculations of the Ag 4d and Si 3p PPCS's (Ref. 14). The
experimental PPCS's are normalized to the theoretical value at
70 eV, where the Ag 4d signal is the strongest. It is clear that
the PPCS of peak C does not show the strong modulation from
the Cooper-minimum effect where about a 2 order-of-magnitude
change should be seen. This is used as the evidence that the
bonding between Ag and Si has no Ag 4d-orbital component but
is instead composed of Ag Ss or 5p and Si sp orbitals.
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the signal from the Ag 4d band. The total Ag signal de-
creases as is detected from the Ag 3d core-level spectra
(not shown) taken with x rays. After the second annealing
at 500'C for 10 sec [curve (3)], the total Ag signals de-
crease again in both Ag 3d x-ray photoemission spectrum
and valence-band 4d signal. A tiny shoulder now appears
at the right hand side of the d band in the 70-eV spec-
trum. Besides these changes, the valence band at 70 eV
looks more or less the same compared with the first an-
nea1ing. The Cooper-minimum spectrum at 140 eV is
quite different though. The 4d peak is almost absent and
appears only as a small bump next to the new and sharp
peak at 3.8-eV binding energy ( C with FWHM about 1

eV). All spectra remain the same with further annealing
at 500 C indicating that a metastable phase exists at this
temperature. In order to see any further reaction, the
sample was heated to 600'C for 10 sec [curve (4)], but it
turned out that all of the remaining Ag was desorbed at
this temperature and the spectra become those of clean Si ~

In order to compare the characteristics of these structures
in the valence band, the PPCS of the Ag 4d orbitals (after
the first annealing), the new peak C, and the emission (3-
eV to 1-eV binding energy) close to the Fermi level (after
the second annealing) together with theoretical calcula-
tions are plotted in Fig. 2. The PPCS's are measured by
calculating the peak area and then normalizing to the
ideal CMA transmission function, the monochromator
transmission function, and the beam current decay. For
small signals like peak C at 70 eV or Ag 4d at 140 eV, the
PPCS is only correct to an order of magnitude, but this
does not effect the main conclusion of the result.

IV. DISCUSSION

The details of the Ag/Si interface as a function of the
annealing will be presented elsewhere since the purpose of
this article is only to demonstrate the use of PPCS in
identifying the characteristics of peaks formed at the
metal-semiconductor interface. Comparisons with the
other noble-metal —Si interface electronic structures
(Cu/Si, Au/Si) are also left out for the same reason. Due
to the variations of the PPCS's of different orbitals, it
should be emphasized that the interface should be exam-
ined at different photon energies at the same time for a set
of different coverages and annealing conditions. For in-
stance, if one focuses on the evolution of the VB at the Ag
4d Cooper minimum as a function of annealing only, it
can very easily lead to the impression that part of the Ag
d band forms bonds with the Si atoms and appears as
peak C; this peak obviously grows with further annealing
when more Ag atoms bond to the Si substrate. On the
other hand, the evolution of the Ag/Si interface at 70 eV
shows no clear sign of Ag-Si interaction; the contraction
of the Ag 4d band could also be explained in terms of re-
rnoval or dissociation of the Ag clusters, the opposite of
the Ag 4d-band formation during cluster formation.
Peak C is not clearly observable at this photon energy (or
lower) and it is too ambiguous for any interpretation. It
could easily be neglected or mistaken for a Si(111)-7X7
structure.

The new peak C provides clear and direct evidence that
Ag bonds with Si when the Ag/Si interface is annealed
into the v 3 X ~3(R 30 ) structure. The cohesive energy of
this surface structure measured by isothermal desorption
spectroscopy is 65 kcal/mole. What remains unanswered
is how Ag bonds with Si ~ Previous Auger line-shape
analysis by Housley suggested that the Ag 5s electrons
bond with the Si 3p electrons when Ag was deposited on
the Si surface at room temperature, in agreement with the
prediction of a theoretical calculation. ' On the other
hand, based on the comparison with other d-metal-
serniconductor photoemission spectra, Rossi" suggested
that the Ag 4d band rehybridized with the Si sp hybrid
at the as-deposited Ag/Si interface. From angle-resolved
photoelectron spectroscopy, Yokotsuka et aI. ' and
Hansson et al. ' mapped out the dispersion relations of
the Ag-Si "bonding" peaks and the extrinsic surface states
of an ordered v 3X V'3(R 30') Ag/Si surface and men-
tioned that no Ag 4d and Si sp rehybridization occurred
(though no experimental evidence was presented). Al-
though the as-deposited Ag/Si interface may or may not
have the same bonding scheme as the ordered
v 3Xv 3(R30') surface, all of the results obtained so far
do not clarify whether the Ag 4d participates in the bond-
ing with Si substrate. In other words, it is necessary to
ask whether the peak C is from the rehybridization of Ag
4d or Ag 5s(5p) with the Si sp hybrids. Within the re-
gime of the theory of linear combination of atomic orbi-
tals (LCAO's), orbitals in the solid can be considered to
keep the character of the atomic wave functions and
therefore have similar energy dependence of the photoion-
ization cross sections. Based on this guideline, one can as-
sume that a new structure, like peak C, is unlikely to have
a 4d-orbita1 component if peak C has quite a different
PPCS energy dependence from that of 4d orbitals. For
comparison, different PPCS's of the Ag 4d and Si 3p
from Hartree-Fock-Slater (HFS) theoretical calculation'
are also plotted in Fig. 2. Since the emissions close to the
Fermi edge are mainly the hybridized Ag Ss or 5p and the
Si sp orbitals, the PPCS of this portion does not show
strong variation, in agreement with theory. On the other
hand, the Ag 4d orbitals have very strong modulation of
the PPCS over this short photon energy range due to the
Cooper-minimum effect. By using these spectra as refer-
ences, it is seen that the peak C has the same trend as the
VB emission and shows no strong modulation between 70-
and 140-eV photon energy. It is therefore concluded that
the peak formed at the Ag/Si interface after annealing
has very little Ag 4d character, if any. Instead, the trend
of the PPCS of the peak C is similar to the PPCS of the
sp orbitals. Assuming that the d orbital still keeps it
PPCS behavior even if it hybridizes with Si sp orbitals,
the observed behavior of peak C is the evidence that Ag
5s or 5p orbitals participate in forming the bond with Si
and not Ag 4d orbitals. It is certainly not easy to justify
experimentally or theoretically this assumption. However,
this is generally true for other transition
metal —semiconductor interfaces like Pd/Si, Pt/Si where
the d band hybridizes with Si sp orbitals but the valence
band spectra still shows very clear Cooper-minimum ef-
fect from the synchrotron radiation studies. ' '
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V. CONCLUSION

The advantage of the synchrotron-radiation photoemis-
sion in identifying the bonding characteristics of the peaks
formed in an interface has been illustrated by the Ag/Si
system where the valence electrons of Ag and Si have sig-
nificantly different PPCS's. Other examples' are the or-
bital pairs like 5d and sp or 4d and 3d, etc. where one of
the orbitals has Cooper minimum (4d, 5d) and one of
them does not ( sp, 3d ). Since the atomic subshell pho-
toionization cross sections were calculated and plotted in
the soft-x-ray to x-ray region for all elements
1 (Z ( 103, ' the same approach can therefore be applied
to other interfaces directly if no other interference of the
PPCS exists (see example in Ref. 2). Based on the nature
of the orbital's PPCS the metal —semiconductor bonding
characteristics can be determined to some extent and these
conditions are actually met for most transition
metal —semiconductor and noble metal —semiconductor
interfaces. From the measured PPCS's of different peaks
in the valence band, it is possible to tell the atomic nature

of those peaks within the regime of LCAO theory. In the
case of the Ag/Si system, it was found that the Ag 4d
electrons do not participate in forming the bonds with the
Si atoms when the Ag/Si interface is annealed. The new
peak which emerges after annealing at 500 C shows no
sign of the 4d-orbital's characteristics (the Cooper-
minimum effect) and it is therefore concluded that this
peak comes from the bonding of Ag Ss or 5p and Si sp or-
bitals.
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