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Angle-resolved photoelectron spectroscopy and surface —core-level chemical shifts have
been used to study electronic structure and derive structural models of the Al, Ag, and¹metal-induced reconstructions on Si(111). We show, for the first time, the connection
between the Ni-stabilized ~19&& ~19 and clean 7&& 7 surfaces, and report a new Si(111)-(~7
&& ~7)Al structure at & 0.5 monolayer coverage of Al.

PACS numbers: 73.20.Hb, 73.40.Ns, 79.60.6s

The origin of the surface reconstructions on the
Si(111)surfa. ce have been of active interest for
some time. '2 The interaction bebveen silicon
and initial metal overlayers has also been the
subject of many studies with low-energy electron-
diffraction (LEED), electron energy-loss, Auger,
and photoelectron spectroscopies, "but a full un-
derstanding of the reconstructions and surface
electronic states has not been obtained. '

New results are presented in this paper which
provide insight into metal-silicon surface struc-
tures from angle-resolved valence-band photoe-
mission and surf ace- core-level chemical-shif t
measurements carried out on ordered metal-sili-
con systems where the number of metal atoms
ranges from &0.1 monolayer Ni to 0.5 monolayer
Al to 1.0 monolayer Ag. We show the similarity
of the electronic states for the (M19xv19)Ni and
7X 7 reconstructions and present for the first
time a model which relates the two. By using the
angular dependence of the emission as well as the
energy dispersion of the metal-silicon bands we
derive structural models for the (W3xv 3)Al and
(W3x~3Ag and the new (v Vx&7)Al surface struc-
tures on Si(111).

The metal-silicon structures have been pre-
pared by evaporating controlled amounts of metal

onto clean room-temperature Si(111) Vx 7 sur-
faces. This generally results in a metal-covered
surface that shows a 7&7 reconstruction, but
does not necessarily correspond to an ordered
metal overlayer. To obtain the ordered metal-
silicon reconstructions, the surfaces have to be
annealed. Typically the change to an ordered
phase is accompanied by a change in surface
chemical shifts. For exa,mple, for the Al 2P at
submonolayer coverages on Si(111), a binding en-
ergy 0.15 eV higher than the metallic core line is
obtained. When the surface reconstructs to either
the &3xW3 or the WVxv 7, the shift to higher bind-
ing energy further increases to 0.35 eV. The line
shape broadens by 15% with respect to the metal-
lic core line because of the Si-Al bond. We have
also studied the characteristic surface-core-lev-
el line shapes and shifts of the Si(111)2p for the
2~1 and 7~ 7 surfaces" in the course of this
work and this will be reported elsewhere.

We discuss first the Si(111)M19xv19, which is
often obtained as an unintentional impurity-stabi-
lized surface' after long annealings at quite high
temperatures (1000-1200 'C). The Auger spectra
always show some amount of impurity Ni. We al-
so have found that, under some circumstances,
such high-temperature annealing can produce cop-
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M19xM19 impurity-stabilized surface. (An impur-
ity-stabilized structure is defined as one where a
minority of the silicon surface atoms interact di-
rectly with the metal atoms. ) The data were ob-
tained at the Stanford Synchrotron Radiation Lab-
oratory with use of a new multidetection angle-
resolved spectrometer. "

Figure l(a) shows the photoemission in the nor-
mal direction for 22 eV excitation which was em-
phasized because the cross section from the dang-
ling bond on the clean 2&&1 surface has a local
maximum. Figure 1(b) shows the angle-resolved
photoemission measured in the off-normal direc-
tions for the 7&&7 and (M19&&vl9)Ni surfaces. The
similarity between the spectra suggests that the
two reconstructions are quite similar.

The dangling-bond emission marked by arrows
can be identified as structures near the valence-
band maximum on all three surfaces. The inten-
sities of the structures are very sensitive to oxy-
gen contamination and the polarization of the
light. To excite these dangling-bond states the

per contamination which results in features re-
ported to be due to silicon surface states. ' All
the results reported here eliminated these prob-
lems.

To determine the concentration of Ni atoms
needed to get a good &19&&M19 structure, con-
trolled amounts of Ni were evaporated from an
electroplated tungsten filament. The surf ace was
exposed to Ni flux for typically 20 sec with a con-
stant evaporation rate of 0.005 M. L./sec (1 M. L.
=1 monolayer) established with a, thickness moni-
tor. The surfaces. were then annealed at 800 C.
At this temperature the uncontrolled diffusion of
impurity Ni to the surface was not observed. We
find that excellent M19&&vl9 LEED patterns can be
obtained with 0.08+ 0.03 M. L. of Ni. This rules
out the possibility that the surface is a recon-
struction involving a monolayer of silicide. Rath-
er, the unit cell of 19 Si-lattice sites contains on-
ly one Ni atom.

Figure 1 compares the photoemission from the
clean 2&1 and 7&&7 surfaces" with that from the
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FIG. 1. Normal-emission and various polar and azimuthal spectra from the various Si(111) surfaces selected to
emphasize the physics discussed in this paper. +a=22.0 eV; p polarized; ~;=45'. (a) ~„=0'. (b) ~„=27. (c) The
dispersion for the extrinsic-state emission for' the (~3«3)Al and (~3X ~3)Ag surfaces derived from the full range
of data as a function of angle.
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Si (111)7 X 7 Si (111)~19 X~19, Ni
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FIG. 2. Proposed model for the nickel-impurity-
stabilized ~19x ~19 surface based upon the buckled
ring concept for the 7&& 7 surface. Note that this sur-
face is a precursor of the ¹i siIicide formation.

light has to have a component of A normal to the
surface. The dangling bond is a sharp feature for
the 2x1 and has a strong dispersion (0.6 eV) in
some directions of k space, while for the 7~7
and v19xM19 surfaces all the emission is broader.
The photoemission reaches up to the Fermi level
for the 7&7 surface indicating a metallic surface,
while this is not conclusive for the M19xv19 sur-

facee.

The new model we propose for the v'19xv'19 im-
purity-stabilized surface is shown in Fig. 2 and
is derived from the smooth 7X 7 reconstruction
model' previously obtained with the energy-mini-
mization technique which showed that ringlike
structures of up and down atoms are energetical-
ly favorable. We propose that the raised three-
atom "ring" is surrounded by nine down atoms
followed by fifteen up atoms. The resulting up-
down pattern shown in Fig. 2 has ten up and nine
down atoms, which is close to the 50/50 ratio ex-
pected from the lowered atoms to the raised
atoms as in the 2~ 1 and 7&& 7 reconstructions of
the clean surface. In this v'19xv'19 model, the Ni
atoms sit in the hollow position between the first
two Si layers, and, with respect to the silicide,
the atoms above and below are missing in the six-
fold site. The Ni-Si distance for this position is
very close to the value in the silicide where the
lattice parameter of the silicide (5.406 A) is an
excellent match to that of silicon (5.428 A). Since
the silicide, NiSi„ is known to grow epitaxially
on Si(111)at the annealing temperatures used, ""
it is reasonable that the geometric configuration
for the Ni atoms on the 4'19 xv'19 surface is simi-
lar to the silicide structure. To make the geom-
etry even more similar to the silicide configura-
tion, the three Si atoms in the top layer would be
raised and the three second-layer atoms lowered.

Al and Ag behave differently than ¹i and new
surface structures have only been obtained at high
enough metal coverages that all surface silicon
atoms are bonded to metal atoms. We find that
the (v 3x~2A1 arises at & monolayer coverage
and the (W7x~7A1 surface, which has not been
reported before, arises at 0.5 monolayer cover-
age. The (W3x~3Ag arises at 1 monolayer cov-
erage and thus it is structurally different although
it has the same size unit cell as (W3x ~3A1.

For the v 3xW3and v7xv 7 metal overlayers of
Al, there is no detectable dangling-bond emission
in the normal direction. The normal emission
from the (W3x~3Ag surface is dominated by two
peaks from the 4d states of Ag at -5.7 and —6.6
eV. The center of gravity of this emission is 0.8
eV lower than the emission from the I' point in
bulk silver. '4 This shift of 4d states can be ex-
plained by the induced dipole due to the charge
transfer from the hybridized 5s states around the
silver atoms to the bonding orbitals between sil-
ver and silicon atoms.

Comparing the emission from all the surfaces,
we find the 7X 7 surface has the strongest emis-
sion close to the Fermi level, i.e. , stronger me-
tallic character than the metal-covered surfaces.
In the energy region where the dangling bond oc-
curs for the clean surface, we see only a weak
shoulder on the metal-silicon surfaces. One
would expect the dangling bond to be changed by
some orbital bonding to the metal atoms.

The polar- and azimuthal-angle dependences of
the photoemission from the new states that re-
place the dangling bond on the Al and Ag overlay-
er structures have been studied. In Fig. 1(b), we

show examples where these states are strong and
for reference we also show a 7&7 spectrum
where the low-energy (-2 eV) surface state is
seen. The emission from this state on the clean
surface has a threefold symmetry, peaking to-
wards the [112]direction. We interpret it as a
backbond state, since it does not have the p„s
character of the dangling bond.

For the aluminum overlayer surfaces we find a
new state around —1.7 eV, i.e. , intermediate in
energy between the dangling bond and the back
bond for the clean surface. The extrinsic-state
emission has a strong azimuthal- and polar-angle
dependence. For p-polarized light with 8,. = 45',
we find the maximum intensity at 25 polar angle
with k,

~

in the [112]direction (threefold symmet-
ric). Strong similarity with the emission pattern
from the backbond state on clean Si(111) 7x 7 with

nearly the same final-state energy indicates that

1035



VQLUME 46, NUMBER 15 PHYSICAL REVIEW LETTERS l. g APRIL 1981

g3 X AI

0

Oeo
Ai-ATOM Ci Si 1st LAYER ei

iI) Ag-ATOM ' Si 2nd LAYER 'I'j'I' g3 X~3 Ag

FIG. 3. Structural models proposed for Al- and Ag-
metal-induced surface reconstructions discussed in
the text.

the final-state scattering is similar in the two
cases. This is consistent with the aluminum
atoms in the threefold hollow site, but not on the
threefold site with a second-layer silicon atom
below. Figure 3 shows the reconstruction models
that we have deduced which show this site.

For the silver overlayer surface, an extrinsic
state at —1.4 eV arises that has a maximum emis-
sion at 25' polar angle. The threefold azimuthal
dependence is, however, opposite to that for the
(1ijSx~SA1 surface with the maximum intensity
for kii in the [112]direction. This means that the
bonding direction is opposite for the two overlay-
er structures, as can be seen in the models pre-
sented in Fig. 3. We conclude from this result
that the three Ag atoms in an earlier proposed
model" are centered above the second-layer Si
atom (Fig. 3).

The experimental dispersion obtained from the
angle-resolved photoemission for the extrinsic
state on the Si(111)-(1JSx~SA1 surface (inset in
Fig. 1) shows that the dispersion is symmetric
around a minimum at M' in the I"K'M'K' direc-
tion. (Primed letters indicate high-symmetry
points in the 1J Sx1j 3 surface Brillouin zone. ) The
absolute minimum of the dispersion is at the out-
er 1"' point in the 1M'1' direction. It is interest-
ing to note that the shape of the dispersion with
respect to the 1x 1 surface Brillouin zone is the
same as has been calculated for the dangling-
bond band of the ideal clean 1x1 surface. "

We propose that the extrinsic state on the
Si(111)-(1iSx~SA1 surface has enough character
of the dangling bond so that the similarity in dis-
persion is not accidental. The effect of the Al
overlayer is twofold. First, it makes the surface
unit cell three times larger than for the 1x 1 sur-
face, which means that the dangling-bond band

will correspond to three bands in the surface 1J 3
xti 3 Brillouin zone. Secondly, the Al atoms bring
one Sp electron per unit cell that is close enough
in energy to interact with the dangling-bond elec-
trons. We thus end up with four electrons per
unit cell that can fill two of the three dangling-
bond-derived bands. The experiment shows that
there are two occupied bands, since the meas-
ured dispersion gives different energy values for
states at two different M' points, which are equiv-
alent points in the 1i Sxv 3 surface Brillouin zone.
Since She width of the peak is relatively large
(full width at half maximum = 0.7 eV), compared
with the dispersion 0.3 eV, we have not been able
to resolve the two bands in any spectra.

Our experiments show that the aluminum atoms
contribute electrons to the extrinsic surface state
since we find an increased intensity with increas-
ing Al coverage. Based on the similarity in elec-
tronic structure of the 1j 7xv 7 surface with the
vYx11 3 surface as well as the determined value of
~ 0.5 M.L. Al coverage, we have constructed a
model for the v 7x1j7 structure shown in Fig. 3
in which both the 1J Sx 1j 3 and Wx 1J 7 models satis-
fy the criterion that there is an even number of
electrons per unit cell that can contribute to the
high-energy surface state, i.e. , counting the dan-
gling-bond electrons on Si plus the 3p electrons
on the Al atoms.

The energy dispersion of the extrinsic surface
state on the Si(111)-(WSx~SAg surface shown in
the inset in Fig. 1 is similar to the Al-covered
surface and it is at ~0.3 eV higher energy. We
find the peak position at equivalent M' points to
be at different energies showing that there is
more than one occupied band in the 1i SxWS Bril-
louin zone for this surface.
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