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Surface states of ordered Au, Ag, and Cu overlayers on Si(111) studied

by inverse photoemission
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The 43&@3-Au, J3xv3-Ag, "5x5"-Cu, and 6X6-Au overlayer interfaces on Si(111)are stud-

ied with k-resolved inverse photoemission. Strong surface-state emission is observed at -2.0 eV
above the Fermi level for all these surfaces, which is attributed to the local bonding between the
metal atoms and the Si(111)substrate. The long-range order of the larger unit cells manifests it-
self as weak surface states at the Fermi level.

Lately, the geometric and electronic properties of or-
dered overlayers of metals on semiconductor surfaces have
gained increasing interest in experimental as well as in
theoretical studies. To this day though, very few direct ob-
servations of the unoccupied surface-state bands have been
made from such interfaces. The technique of k-resolved
inverse-photoemission spectroscopy (KRIPES) has so far
been applied mainly to the study of unoccupied states on
clean surfaces of metals and semiconductors. ' s In these
studies, KRIPES has made possible accurate determina-
tions of bulk and surface band structures. In the present
work, KRIPES is applied to the ordered interfaces of Au,
Ag, and Cu overlayers on Si(111).

In a recent study of image and field states of surfaces, s

the close relationship between inverse photoemission and
tunneling spectroscopy has been stressed. A particularly
interesting surface system studied with tunneling spectros-
copy (TS) and scanning tunneling microscopy (STM)s is
that of the Au/Si(111) interface. 7 In this study, regions of
%3&%3R(+ 30') and 6X6 reconstructed areas on the
same sample surface have been observed to show different
surface electronic structure. [The v 3&J3R(~ 30') unit
cells are hereafter denoted J3x v 3.] The electronic struc-
ture of the Au/Si(111) interface as revealed by the spatial-
ly very local probe of TS and STM is compared in the
present study with that probed locally in reciprocal space
by KRIPES.

Room-temperature-deposited overlayers of noble metals
on Si(111) are known to give several different surface
reconstructions upon annealin~. Among the s stems
studied are the E3&J3-Au, " 6 x 6-Au, 3 x E3-
Ag, ' ' and quasi-5 & 5-Cu overlayers. ' ' One of the
most interesting properties of these surfaces is the local
atomic geometry and the type of bonding involved. Do the
noble metals form similar local bonds on the Si(111)sur-
face in analogy with that observed for group-III metals on
Si(111)'?'s'9 Unfortunately, no detailed band-structure
calculations for the noble-metal overlayers exist. How-
ever, by comparing the measured electronic structures of
the different metal overlayers, valuable information can be
gained, and the differences and similarities can be related
to the various unit cells present.

In the inverse-photoemission experiment, a well-
collimated electron beam (beam divergence 68~3') is
produced from a custom-made electron gun2' with an in-

directly heated BaO cathode. A Geiger-Miiller-type pho-
ton detector filters photons of energy h v 9.7 eV, and a
total energy resolution (photons and electrons) of AR'-0. 7
eV is obtained. 2~

The clean and metal-deposited surfaces were character-
ized with low-energy electron diffraction (LEED), Auger
electron spectroscopy (AES), and ultraviolet photoelect-
ron spectroscopy (UPS) (h v 21.2, 40.8 eV). Clean and
well-ordered Si(111)7&&7 surfaces were produced by resis-
tive heating of the sample (p doped -0.03 Qcm) up to
-1100'C. The ordered metal overlayers were produced
by evaporating ultrapure metals from well out-gassed Ta
filaments, with the sample at room temperature, followed
by careful annealing. During evaporation, no simultane-
ous registration of the deposited amounts was made, but
coverages were subsequently determined from the AES
signal ratios. The base pressure in the ultrahigh-vacuum
(UHV) system was ~ 5 & 10 "Torr, and remained below
3 x 10 'o Torr during evaporation and annealing.

Inverse-photoemission spectra recorded for the clean
Si(ill)7&&7 surface and for the ordered gold overlayer
surfaces Si(111)v5& v 3-Au and Si(111)6 && 6-Au are
shown in Fig. 1. For a wide interval of angles of the in-
cident electrons, three structures are present on the
Si(111)7X7surface, here denoted S~, A~, and 8~ at nor-
mal incidence. As previously reported, 23 a surface state
(S~) is present at -0.5 eV above the Fermi level (EF) on
this surface. The structures A~ and 8~ show no sensitivity
to contamination and are associated with unoccupied
states in the bulk conduction-band structure. Further, the
energy positions of these structures are in good agreement
with two conduction bands observed with inverse photo-
emission by Straub, Ley, and Himpsel on the Si(111)
2X l surface.

Spectra recorded for the Si(111)43 x J3-Au surface are
shown in Fig. 1 for various angles of incidence along the
I -1t.' direction in the 1&&1 surface Brillouin zone (SBZ).
For normal incidence (8 0'), a strong Au-induced sur-
face feature (Sq) is situated at -1.7 eV above the Fermi
level. For larger angles of incidence on both sides of the
surface normal, the S2 peak decreases in intensity and is
not clearly separated from the bulk features. Similar
emission patterns with strong intensity close to normal in-
cidence are observed for dispersing unoccupied adatom-
induced surface states for the group-III metals on
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FIG. 1. Inverse-photoemission spectra from the Si(111)7&7,
Si(111)J3&83-Au, and Si(111)6&6-Au surfaces. Strong sur-
face states are observed for the overlayer surfaces, different from
that of the clean surface. For the 6X6-Au reconstruction, the
surface state ($3,-1.5 eV) is shifted relative to that of the
J3& J3 reconstruction (52,-1.7 eV), and an additional shoulder
(C) is present at the Fermi level.

Si(111).'9 A comparison with the inverse-photoemission
spectra of the clean Si(111)7X7surface, to sort out fully
the surface and bulk contributions for larger angles, is not
possible since the spectra from this surface do not reveal
the bulk features clearly enough. Instead the bulk features
are smeared out, probably owing to surface umklapp
scattering. To verify that the $2 peak corresponds to an
interfacial state of the ordered Si(111)%3x&3-Au sur-
face, spectra were also recorded from the surfaces of thick
room-temperature Au deposits. These spectra showed
only a uniform distribution down to the Fermi-level cutoff,
and no features similar to the S2 peak were present. At
normal incidence, two structures (A2, B2) are present at
about the same energies as the A~ and B~ structures for
the clean Si(111)7x 7 surface, and consequently these are
associated with the Si bulk conduction-band structure.
The peak B2 is more pronounced for the Si(l 1 l)&3X&3-
Au surface, probably owing to less scattering from the
(J3x J3)-reconstructed surface, as compared to the

(7 x 7)-reconstructed surface.
It is known that for deposits of more than 1.0 ML of Au

on Si(111),a 6 x 6 reconstruction appears on continued an-
nealing. In the present case, a sharp surface feature is
present for the 6X 6-Au surface at a lower energy, EF+1.5
eV (see Fig. I, topmost spectrum). The bulk peak (B3)
now has a somewhat different shape with a weak shoulder
on the high-energy side. A very weak shoulder at the Fer-
mi level increased in intensity (structure C, topmost spec-
tra) as the %3xJ3 reconstruction transformed to 6&6.
Thus, it seems as if the strong peak corresponds to the Si-
Au bonding for a complete monolayer, and that the weak
structure at the Fermi level corresponds to Au-Au metallic
bonding, forming from atoms on top of the first mono-
layer. Such an interpretation would be in analogy with the
STM topography measurement, where the 6X6 recon-
struction is observed to consist of a regular pattern of in-
complete J3& v 3 cells. In the TS measurement (dI/dV vs
V) of the Au/Si(111) interface, 7 a relatively broad surface
peak at -1.5 V was observed to shift to lower voltages and
simulataneously sharpen up considerably when going from
the (J3&v%- to the (6x6)-reconstructed surface.

To verify the surface-state character of the Au-induced
peak (S2) for the v5& J3 reconstruction, the surface was
exposed to various amounts of hydrogen and oxygen gas,
activated by a hot filament. The inverse-photoemission
spectra of the Si(111)J3xv3-Au surface were largely
unaffected by these treatments, and not before exposure of
several thousands of langmuirs (I L 1&10 s Torrsec)
were any effects observable. Then, however, the whole
spectrum including the bulk features was influenced, and a
separation of surface features from hulk features could
still not be performed unambiguously. The inertness of
this surface'0 is natural in the case that the gold-induced
feature originates from the bonding orbitals between the
silicon "substrate" and the Au adatoms. In contrast, the
unoccupied surface state on the clean Si (111)7 & 7 surface,
originating from dangling-bond orbitals or weaker adatom
bonds, is much more sensitive to contamination. '9

To study further the nature of noble-metal-semi-
conductor interfaces, and to verify the surface-state char-
acter of the gold-induced features, ordered overlayers of
silver and copper on Si(111) were also studied. On an-
nealing a room-temperature de sit of silver on the
Si(111)7&7 surface, a (J3& 3)-reconstructed surface
can be produced, and for this surface a bonding geometry
similar to that of the Si(111)43&83-Au surface can be
expected. On annealing Si(111)7x 7 surfaces with various
amounts of copper (parts of monolayers to several mono-
layers) deposited at room temperature, an incommensu-
rate structure is found, previously reported as a 5 x 5 super-
structure. 2~ Careful investigations of this surface show
that the observed reconstruction relates neither to a 5X5
nor a 6X6 pattern, but that an average value of 5.3 is
found for the surface periodicity with LEED. '6 This struc-
ture will hereafter be referred to as a "5x 5" structure.

Figure 2 shows inverse-photoemission spectra for the
S1(11 1)&3xJ3-Ag surface, along the I -K direction in the
1 x 1 SBZ, and Fig. 3 shows spectra for the
Si(111)"5 x 5"-Cu surface along the I -M direction. For
the J3Xv 3-Ag surface, a surface state (S4) is present at
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FIG. 2. Inverse-photoemission spectra from the Si(Ill) J3
&v3-Ag surface Asu.rface state (S4) similar to that of the
E3&J3-Au surface is present at -2.0 eV above the Fermi level
for normal incidence.

-2.1 eV above the Fermi level which is 0.4 eV higher in

energy than the S2 state for the J3&J3-Au surface (see
Fig. 1). For various angles of incidence, a relatively broad
structure is present in the spectra as the surface state coin-
cides with the bulk states. From comparison with the
spectra of the 43&83-Au surface, it can be concluded
that either the S4 state undergoes strong intensity varia-
tions or it disperses towards higher energies. The "5& 5"-
Cu reconstructed surface shows an even stronger surface
peak (Ss) at -2.4 eV above the Fermi level, 0.7 eV above
the Au-induced S2 peak (see Fig. 3). The spectra from the
Si(111)"5X5"-Cusurface have a general shape different
from those of the J3x J3-Au, Ag surfaces (Figs. 1 and 2).
The surface peak Sq is wider and remains with a high in-
tensity at nearly the same energy for a wide region of
angles.

For the clean Si(ill)7&&7 surface and for the other
overlayer surfaces, the bulk structure A at about the same
energy as the peak Sq is of the same size or smaller than
the bulk structure 8, i.e., also for the (J3& J3)-
reconstructed surfaces, where a reduced umklapp scatter-
ing is expected. It is less probable therefore, that the
strong peak Sq in Fig. 3 would correspond to the bulk state
A. For additional evaporation of Cu onto the "Sx5"-Cu
surface, the peak Sq has disappeared while the bulk peak
85 is still visible. This further indicates the surface-state
character of the S5 peak, and that it corresponds to the
Cu-Si interface formation. However, the Sq peak may
also contain some contribution from the lower-lying bulk
state (at some incidence angles the structure appears to be
composed of two features). The less pronounced angular
dependence of the bulk state Bs as well as the existence of
a structure of relatively high intensity at the Fermi level,

RM'
I I I I I I I I I I I I

Ep =0 2 4 6 8 10 12
ENERGY (eV)

FIG. 3. Inverse-photoemission spectra from the Si(111)"5
&5"-Cu surface. A strong surface state (S5) is present for a
wide interval of angles at -2.2 eV above the Fermi level.

suggest similarities between the Si(111)"5 & 5"-Cu and
Si(111)7 x 7 surfaces.

Since the spectra in Figs. 1-3 are recorded with the
electron gun and the photon detector in a fixed position
relative to each other, and the angle of incidence as well as
the acceptor angle of the photon detector are simultane-
ously varied, matrix-element effects may be expected and
the intensity of the surface states may vary on the two
sides of the surface normal. The bulk states are symmetric
on both sides of the normal when the I Edirection is-
probcd, but also in this case strong intensity variations can
be expected on different sides of the surface normal.

As sharp metal-induced structures are observed for all
the noble-metal overlayer surfaces, but at different ener-
gies relative to the bulk states, there is little doubt that
these features are really surface states. A somewhat
surprising result is that the surface features are so similar
in shape and in energy position for the small size &3xJ3
unit cells and thc larger 6X6 and "Sxs" unit cells. This
indicates that the observed surface states originate from a
similar bonding mechanism, and are predominantly local
in nature. This is in analogy with that observed for the
group-III metals on Si(111),where good agreement with
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existing band calculations is observed, ' and the strong
surface features can be assigned to the local chemical
bonding of the interface. In contrast, the weak contribu-
tions at the Fermi level for the 6x6-Au and "5x5"-Cu
surfaces can be attributed to the long-range order of the
reconstructions.

From a number of different experimental techniques,
several models have been proposed for the reconstructed
noble-metal-Si(111) interfaces for various cover-
ages. s"'~'s'7 It is evident though that band-structure
calculations of energy-minimized geometries are needed
for these surfaces for a detailed understanding of their
geometric and electronic properties.

To summarize, different types of noble-metal/Si(111)
surfaces have been observed to have similar but signifi-

cantly different electronic structures. The small size unit-
cell surfaces Si(111)J3xv3-Au and Si(111)v3XJ3-Ag
have strong unoccupied surface states at the center of the
surface Brillouin zone, whereas the Si(111)"5 x 5"-Cu sur-
face has a large unit-cell character with a nearly disper-
sionless surface-state band. The Si(111)6&&6-Au surface
has a strong unoccupied surface state, shifted relative to
that of the 83Xv 3-Au surface, in agreement with tunnel-
ing spectroscopy measurements. It is suggested that the
pronounced surface states observed on these surfaces cor-
respond to the local bonding between the Si(111)substrate
and the noble-metal atoms.

Skillful technical assistance from M. Tschudy is grate-
fully acknowledged.
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