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Structure of submonolayer gold on silicon (111)from x-ra3 standing-wave triangulation
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The three-dimensional registry of a submonolayer Au film adsorbed on a Si(111)surface was mea-

sured using the x-ray standing-wave method. Au photoelectron yields were monitored as the (111),
(220), and (111) reflections from the substrate were scanned. These results were combined with

symmetry considerations in order to triangulate the Au position relative to the bulk crystal struc-
ture. An unusual adsorption site, one which is embedded in the substrate and bridges two Si atoms
in the lower half of the (111)double layer, agrees well with the data.

I. INTRODUCTION

The Au/Si interface has been the subject of extensive
investigation because of its use in semiconductor-device
technology. ' At Au coverages exceeding -3 monolayers
(ML), interdiffusion occurs at room temperature, leading
to a film of complex structure which has a diffuse inter-
face with the substrate and is capped with a mixed Au/Si
surface layer. At high temperature (&400'C), Au-
film growth follows the Stranski-Krastanov mechanism,
in which islands of Au agglomerate on top of a surface
monolayer; ' the islands are believed to be covered by a
mixed, reacted Au/Si skin. Less is known of the struc-
ture of the Au/Si(111) interface in the monolayer Au cov-
erage range. Ordered superstructures for annealed inter-
faces have been identified through low-energy electron
diffraction ' (LEED) and correlated with Au coverage
using Auger-electron spectroscopy (AES).' Recent
electron-diffraction and microscopy, "' low-energy ion-
scattering, ' ' and scanning-tunneling-microscopy' mea-
surements have provided more information on the atoInic
structures of these Au superlattices. Ion-scattering data
for a surface covered with 0.3 ML of Au, exhibiting a
(5 X 1) reconstruction, ' were consistent with a model in
which the Au atoms embedded below one Si atom layer. '

From ion-scattering data for a surface with a higher Au
coverage, which exhibited a (&3X&3R30 ) superlat-
tice, ' it was concluded that the Au atoms clustered into
triplets above the surface. '

In this paper we report results of x-ray standing-wave
measurements on a 0.35-ML Au film adsorbed on a
Si(111) surface in ultrahigh vacuum (UHV). Au photo-
electron yields were monitored as the (111), (220), and
(111)Bragg reflections from the substrate were scanned.
These results, and symmetry considerations, enable us to
triangulate the Au-atom position relative to the bulk Si
atomic positions. These data constitute an extension of
results we previously reported using the (111) reflection,

which identified the coordinate of the Au atoms normal
to the (111)diffraction planes. ' Since the (220) and (111)
diffraction planes are inclined relative to the Si(111) sur-
face, the new data also provide information on the coor-
dinates of the Au atoms in the (111)planes.

The x-ray standing-wave method of atom location'7's
has been applied in several investigations of bulk and sur-
face structures. When a perfect crystal is oriented to ex-
cite a Bragg reflection, the incident and diffracted x-ray
beams interfere to produce a wave traveling along the
diffraction planes with nodal and antinodal planes paral-
lel to the diffraction planes. ' ' The total wave is usually
referred to as a standing wave. In the Bragg diffraction
geometry (in which the entrance and exit beams pass
through the same surface), the standing-wave nodes move
continuously from the diffraction planes to between the
planes as the incidence angle is scanned through the
reflection; the nodes move inward by half a d spacing
with respect to the planes as the angle is advanced. By
monitoring fluorescence, Auger, or photoelectron yields
from particular types of atoms in the crystal, as the
standing-wave field is moved, the positions of these atoms
relative to the diffraction planes can be determined. The
standing-wave field extends beyond the surface, so that
atomic positions can be determined even in distorted sur-
face regions ' and overlayers. Such measurements
have pinpointed atomic positions to better than 10 of a
d spacing.

Batterman' first determined the location of a bulk im-

purity from standing-wave measurements using sym-
metric Bragg reflections from samples of different orien-
tation. Golovchenko et al. later demonstrated that
three-dimensional positional coordinates of a surface ad-
sorbate could be determined by combining results from
measurements on one sample using nonparallel
diffraction planes. Similar triangulation studies have
been performed by others. The data presented in
this paper were collected using diffraction from the (111),
(220), and (111)sets of Bragg planes of a Si(111)sample.
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II. EXPERIMENTAL PROCEDURE

The measurements were performed at the Cornell High
Energy Synchrotron Source (CHESS) in the B-Cave sta-
tion, with the same experimental setup used in our previ-
ous work. ' The variable-angular-resolution monochro-
mator optics ' ' and some aspects of the UHV
chamber' have been described. For this particular ex-
periment, four bounce Si(111) and Si(220) channel-cut
crystal monochromators ' were used for the [111] and
(220) reflection standing-wave measurements, respective-
ly. The sample was positioned at the focus of a double-
pass cylindrical mirror analyzer (CMA) for the mea-
surements. The locations of the entrance and exit berylli-
um windows on the chamber constrained the scattering
plane to be horizontal. Hence, the UHV sample holder
was outfitted with special goniometry to allow the (111),
(220), and (111)reflections to be rotated into a symmetric
scattering geometry in the horizontal plane while main-
taining the sample at the CMA focus. The base pressure
of the chamber was 1.5 &(10 ' Torr during the measure-
ments.

A Si(111) sample was fabricated from float-
zone —refined stock, Syton polished, and chemically treat-
ed using Henderson's method prior to insertion in the
UHV chamber. This treatment involves the growth of a
nearly carbon-free surface oxide layer, which will volati-
lize in UHV when heated to =900'C. A short flash to
=1200'C is then required to remove the residual carbon
contamination. Our samples have consistently been
found to be clean to within the detectability limit of our
Auger spectrometer (1% of a monolayer of impurities)
following this treatment, and give sharp (7X7) LEED
patterns. Sample annealing was accomplished using tan-
talum "hot heaters. "

An unfortunate side effect of heating the sample to
1200'C is plastic deformation. In this and our previously
reported UHV standing-wave measurements, ' ' plastic
deformation often resulted in observed sample reflectivity
curves which were distorted in comparison with those
from control samples in open-air bench tests ' and from
unheated samples mounted in our UHV chamber. We
carefully characterized the deformation in the sample
used for this work through x-ray reflectivity, x-ray topog-
raphy, and etch-pit profiling; these showed that slip in-
duced by thermal stress caused it to become concave,
with a radius of curvature of =700 m. Although enor-
mous, this radius was still small enough to significantly
distort the reflectivity curves, which themselves were just
a few arcsec wide. An important conclusion of these
characterizations was that the sample strain fields were
sufficiently long ranged that they would not prevent the
formation of the standing wave. In fitting theory to the
observed reflectivity data, we have included corrections
for sample distortion since the area of the surface sam-
pled in the measurements (a few mm ) was large enough
to introduce systematic perturbations of the expected
curves. The thermal-stress-induced distortion becomes
significant for annealing temperatures higher than
1OOO'C. Future standing-wave work on Si should use the
recently developed low-temperature cleaning procedure

of Ishizaka and Shiraki, which has already been used
successfully in UHV standing-wave experiments.

After preparing a clean surface showing a sharp (7 X 7)
LEED pattern, 0.35 ML of Au (Ref. 41) was deposited
onto the surface at room temperature from an evapora-
tion cell. This resulted in a (1 X 1) LEED pattern with a
high background. A first set of standing-wave measure-
ments was performed for this surface. The sample was
then annealed at 650'C to produce a sharp (5 X 1) LEED
pattern. A second set of measurements was then per-
formed, followed by a third set of measurements [except
for the (220) reflection] a day later without disturbing the
sample. Each set of data was collected over the course of
a day. After the final set, the LEED pattern was still ob-
served to be (5X1). The third set of measurements was
made primarily to observe the effect of surface contam-
ination from the residual gas background on the data,
since small carbon and oxygen Auger peaks were found
to build up over the duration of the experiment.

The data-collection procedure was similar to that used
in our earlier work. ' The sample Bragg angle for the ap-
propriate reflection was set to diffract an x-ray energy
which was 1700—1800 eV above a Au L absorption edge,
producing a sharp Au L photoelectron peak in the CMA
spectrum, in a region of relatively low background (i.e.,

beyond the Si Auger peaks). The CMA window (energy
width of 30 eV) was tuned to the Au photoelectron peak,
and a first set of data was collected by monitoring the
photoelectron yield as the sample reflectivity curve was
scanned. This was accomplished by scanning the mono-
chromator angle while leaving the sample fixed. To re-
move the background contribution to the observed CMA
output, another set of data was collected after lowering
the x-ray energy enough to move the Au L photoelectron
peak below the fixed CMA window. The difference of the
two sets represents the net Au L photoelectron standing-
wave yield. This procedure guarantees that the net yield
is produced solely by x-ray excitation, an advantage not
realized when monitoring features of fixed energy due to
Auger and fluorescence transitions.

Au L&&& photoelectron yields were monitored for the
(111)and (111)reflections, and L» yields were monitored
for the (220) reflection. The nominal x-ray energies were
13.7 keV for the [111I reflections and 15.5 keV for the
(220) reflection. For the [111I reflections the angular
width of the beam transmitted by the monochromator
was set to approximately one-quarter of the sample
Darwin reflectivity width [the case corresponding to
Fig. 5(d) of Ref. 31]. For the (220) reflection the
transmitted width was set to approximately one-half of
the Darwin width [corresponding to Fig. 5(c) of Ref. 31].

III. MODEL-INDEPENDENT
DIFFRACTION ANALYSIS

The data are presented in Fig. 1 for (a) the (1 X 1) (Au
as-deposited), (b) the fresh (5X1) (annealed), and (c) the
day-old (5X1) surfaces. For each reflection the lowest
curve is the reflectivity and the upper ones represent the
appropriate Au emission yield, normalized to unity away
from the Bragg reflection. The solid lines are fits to the
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FIG. 1. Au photoelectron standing-wave yields are shown for
(a) the (1X1) (Au as-deposited), (b) the fresh (5X 1) (annealed),
and (c) the day-old (5X1) surfaces, using the (111) (left), (220)
(middle), and (111) (right) reflections. Curves (b) and (c) are
successively displaced by one unit along the ordinate. The
lowest curves are the measured reflectivities and the solid lines
are fits using dynamical theory. The reduced angle interval be-
tween + 1 and —1 corresponds to the appropriate Darwin an-
gular width [3.8 arcsec for the I 111} reflections and 2.2 arcsec
for the (220) reflection]; decreasing reduced angle means in-

creasing x-ray energy.

data. The average net Au photoelectron count rates
away from the Bragg condition were =50 sec ' for the
(111)reflection, =2 sec ' for the (220) reflection, and =8
sec ' for the (111)reflection, at incident photon fluxes of
=1)&10,=2&10, and =5&(10 sec, respectjvely.

The photoelectron yield from a single Au atom would
have a strong modulation as the reflection is scanned,
simply representing the electric-field —intensity variation
at its position. If the collection of Au atoms assumes not
one but several positions relative to a set of diffraction
planes, the emission yield is expected to have a much
weaker modulation, representing an average of several
phases of the standing-wave field. The strong variations
for the (111)-reflection data sets [particularly the (5X1)
surface sets] suggest that a large fraction of the Au atoms
took on a unique position relative to the (111)planes, i.e.,
along the surface normal. Since the highest Au emission
is close to the high-angle side of the (111) reflection, the
preferred position must be close to the (111) diffraction
plane, since the standing-wave —field antinode converges
toward the diffraction plane on the high-angle side of the
reflection. It is evident that more than one position with
respect to the inclined (220} and (111)planes was taken
up by the Au atoms, for all surface conditions. This
means that the Au atoms occupied more than one ad-
sorption site in a surface (1 X 1}unit cell.

The reflectivity curves were fitted by convoluting the
instrumental resolution function with the intrinsic
Darwin-Prins reflectivity curve. ' The determination

of the resolution function, as well as the absolute angular
reference and calibration for the yield data, establish the
amplitude and phase of the experimentally produced
standing wave. The resolution function itself consists of
the convolution of the monochromator transmission
function ' with a function which accounts for the defor-
mation profile of the sample. A Gaussian function was
used for the latter, with a determined 20. width of 0.6
arcsec for the (111)reflection and 1.5 arcsec for both the
(220) and (111) reflections. The (220) and (111)
reflectivity curves appear more rounded than the (111)
curve due to different contributions to the resolution
function from the strain field.

In fitting the photoelectron-yield data, the standing-
wave yield, given by

2

Y(8)= Y,s 1+C) [8]
E

0

EH
+2C2 [8] f cos(u[8] —2m.4)

0

was convoluted with the resolution function and com-
pared with the data for a best fit using a least-squares
technique. Eo and EH are the (complex) incident- and
diffracted-beatn electric fields, respectively. u(8) is the
phase of EH relative to Eo, and also represents the posi-
tion of the standing-wave antinodes relative to the
diffraction planes, with a suitable choice of unit-cell ori-
gin. ' The C, and C2 coefticients can be determined
from dynamical diffraction theory' ' if the photoelec-
tron yield is proportional to the electric field intensity at
the center of the absorbing atom; C, is unity and C2 is
a polarization factor, unity for the o- or TE-polarization
geometry, and cos28s (where 8s is the nominal Bragg an-

gle) for the ~ or TM geometry (used in our measure-
ments). Y,s is the emission yield away from the Bragg
reflection. f and 4 are usually referred to as the
coherent fraction and coherent position, respectively.
They represent, respectively, the amplitude and 1/2m
times the phase of the Fourier component of the Au-atom
distribution relative to the diffraction planes. Extinc-
tion effects have been ignored in Eq. (1), since the detect-
ed photoelectrons emanated from surface Au atoms. The
parameters which were varied for a best fit to the data
were Y,s, f, and 4.

The coherent position is a weighted average position of
the Au atoms relative to the diffraction planes. It takes
on a value between ——,

' and +—,', with a value of 0 corre-
sponding to a position on the planes, and +—,

' correspond-
ing to a position midway between the planes. The
coherent fraction is related to the spread of Au-atom po-
sitions. A value of 1 means that all the atoms are located
at the same (coherent) position, and a value smaller than
1 means that they take on more than one position relative
to the planes. It is the simple and direct extraction of
phase as well as amplitude information which makes the
standing-wave method powerful.

Table I lists the coherent position 4 and coherent frac-
tion, f, values for the data shown in Fig. 1. The (111)-
reflection data for the fresh and day-old (5&(1) surfaces
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(1X1)

fresh (5)(1)

day-old (5)&1)

(111)
(220)
(ill)
(111)
(220)
(111)

—0.01+0.01
—0.32+0.04
—0.31+0.04

+ 0.05+0.01
—0.34+0.02
—0.25+0.02

+ 0.04%0.01
—0.24+0.01

0.52+0.01
0.23+0.07
0.14+0.05

0.89+0.02
0.36+0.05
0.25+0.05

0.86+0.02
0.28+0.05

have high coherent fractions, consistent with the ob-
served strong yield modulations. Since the coherent frac-
tion was near unity, it can be concluded, without any de-
tailed modeling, that the Au atoms were clustered around
a position 0. 15+0.03 A above the (111)diffraction plane,
along the surface normal for the fresh (5X1) surface.
This agrees within experimental error with our previous
results. ' The (220) and (111) data have low coherent
fractions, indicating that the Au atoms occupied more
than one position relative to these inclined diffraction
planes. The major differences between the (1X1) and
(5 X 1) surface data are relatively large coherent fraction
increases for all of the reAections, suggesting more order
in the Au overlayer for the (5X1) surface. Finally, the
fresh and day-old (5X 1) surface data are in agreement
within experimental error, indicating that the effect of
surface contamination from the residual gas background
on the data was not important.

IV. GOLD-ATOM LOCATIONS

The following analysis will concentrate on the fresh
(5 X 1) surface. Two classes of adsorption, "embedded"
(Au penetrating into the substrate) and "atop" (Au sitting
above the surface), can be tested for consistency with the
data. For the embedded case the Au atoms "sit" within a
Si double layer at 5% of a (111)interplanar spacing above
the (111) diffraction plane, which is the rnidplane of the
double layer. For the atop case the preferred Au height
corresponds to a position 105&o of a (111) interplanar
spacing above the last (1 1 1) diffraction plane in the bulk
[i.e., S%%uo of a (111) spacing above the first (111)plane in
the vacuum]. A (111)-reflection standing-wave measure-
ment cannot distinguish between these two cases. To ac-
count for the measured (111) coherent-fraction value of
0.89, we will assume that 10% of the Au atoms are ran-
domly distributed normal to the (1 1 1) planes, and use a
(111)-reflection Au-overlayer Debye-Wailer factor of 0.99
determined from LEED data on the (5 X 1) surface ' to
account for thermal vibrations. The product of the
"commensurate" fraction of 0.90 with the Debye-
Waller factor gives the coherent fraction.

The coherent fractions for the (220) and (111)data are
much lower than that for the (111) data. The sharp
LEED patterns and the trends observed with sample an-
nealing indicate that these low values are more likely to

TABLE I. Values for the coherent position, 4, and coherent
fraction, f, are presented for the data shown in Fig. 1.
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FICx. 2. Side and top views of an ideal Si(111) double layer
for the embedded adsorption case. The Au atoms adsorb within
a surface (1X 1) unit cell (dashed) at a height of 5% of a (111)
interplanar spacing above the (111) diffraction plane, which is
the midplane of the double layer. A candidate adsorption site
"1"has polar coordinates r and 0 relative to the unit-cell center.
Sites 2—6 are equivalent to site 1 due to the symmetries of the
(111)surface.

be due to a multiplicity of preferred sites than to random-
ness in the distributions along the normals to these in-
clined planes. We wi11 assume the random fraction to be
10% for the (220) and (111)distributions, as for the (111)
case.

Figure 2 shows side and top views of the Si-atom posi-
tions within a surface (1X 1) unit cell appropriate to the
embedded adsorption case. The plane of the cell is at the
Au-atom height, just above a (111)diffraction plane that
is inside the bulk. The corresponding views for the atop
case are shown in Fig. 3, in which the plane of the cell is
just above the first (111)diffraction plane in the vacuum.
The atop cell is shifted laterally by a I 112I interplanar
spacing relative to the embedded cell. If the stacking of
Si atoms is continued into another double layer in Fig. 3,
they would project into the plane of the unit cell as in
Fig. 2.

A candidate adsorption site "1"is represented by polar
coordinates r and 8 relative to the centers of the unit cells
in Figs. 2 and 3. If the Si substrate is ideally terminated
with threefold rotational symmetry about the surface
normal, and one type of bonding configuration between
the Au atom and the substrate dominates, the sites la-
beled 2 and 3 will be equivalent to site 1 in Figs. 2 and 3.
Sites 4—6 would also be equivalent due to the mirror sym-
metries about the I 110[ planes that are perpendicular to
the surface, so that the (220) and (111) standing-wave
yields should average over six equivalent positions. Nat-
urally, steric hindrance would preclude the occupation of



38 STRUCTURE OF SUBMONOLAYER GOLD ON SILICON (111).. . 5401

more than one of these sites by Au atoms within any one
unit cell.

The (220) and (111} standing-wave yields from the Au
atoms were computed for different values of the coordi-
nates r and 0. The ranges of coordinates which resulted
in (220) and (111) coherent-position and coherent-
fraction values that fall within the error bars of the mea-
sured ones are represented by filled patches in Figs. 4(a)
and 4(b} for the embedded and atop cases, respectively.
The (220) and (111)patches, though not overlapping, are
very close to each other, and closely surround the mid-
points of imaginary "bridge" lines which connect two
second-layer Si atoms for the embedded case [Fig. 4(a)]
and two first-layer Si atoms for the atop case [Fig. 4(b)].
We therefore conclude that these bridge sites are the
most likely adsorption sites. The absence of any Au-atom
density at or near the projected Si-atom positions, or at
the centers of the hollows, seems to eliminate the substi-
tutional, embedded sixfold hollow center, and the
onefold- and threefold-coordinated atop sites. The sub-
stitutional site has been found for As. The embedded
sixfold hollow site has been identified for Ag, Ni,
Cu 56 and Pt, , and also suggested for Au. ' Br, I,58 and
Cl (Ref. 59}are believed to occupy the singly coordinated
atop site.

Figure 5 shows the calculated standing-wave yields for
the (220) and (111)reflections, from (a) Au atoms embed-

SIDE

(a) Embedded Case

iio]

[oii]

(b) Atop Case
[ioi]

FIG. 4. The filled patches indicate the ranges of Au adsorp-
tion sites for (a) the embedded case and (b) the atop case. The
black patches are consistent with the (220)-reflection data for
the fresh (5X1) surface and the dotted patches are consistent
with the (111)data.
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FIG. 3. Side and top views of the first Si(111)double layer for
the atop adsorption case. The Au atoms adsorb within a surface
(1X1) unit cell (dashed) at a height of 5% of a (111)interplanar
spacing above the first (111) diffraction plane in the vacuum.
The Si atoms project into the atop cell differently from the em-

bedded cell of Fig. 2, since the former is laterally shifted by a
[112J interplanar spacing relative to the latter.
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FIG. 5. The calculated photoelectron yields from Au atoms
embedded at (a) sites which bridge two second-layer Si atoms
and (b) hollow center sites, and atop the surface at (c) twofold-
coordinated sites, (d) onefold-coordinated sites, (e) threefold-
coordinated sites above the hollow, and (f) threefold-
coordinated sites above a second-layer atom, are compared with
the fresh (5 &( 1)-surface (220)-reflection data (left) and (111)data
(right).
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ded at sites which bridge two second-layer Si atoms, and
(b) Au atoms embedded at hollow center sites. Also
shown are the corresponding yields for the atop adsorp-
tion case, with Au atoms situated at (c) the twofold-
coordinated sites, (d) the onefold-coordinated sites, (e) the
threefold-coordinated sites above the hollow, and (Q the
threefold-coordinated sites above a second-layer Si atom.
The quality of the fit to the experimental data may be
characterized by the reduced 7, i.e., P . P„=1for a fit
which is considered to be good. Table II lists the
coherent position 4, coherent fraction f, and X„values
for the calculated yield curves shown in Fig. 5, as well as
for the fitted data shown in Fig. 1. Only for the embed-
ded and twofold atop bridge sites are the X„values in the
neighborhood of unity.

The analysis was repeated using different assumed
values between 0% and 50% for the Au random fractions
relative to the (220) and (111)planes. The effect of mod-
eling the Au-atom distribution normal to the surface with
a Gaussian function [of 2cr width equal to 14% of a (111)
d spacing] rather than assuming any random fraction was
also explored. Neither of these modifications changed
the conclusions as to the most likely Au adsorption sites.

V. DISCUSSION

Possible arrangements of adsorbed Au atoms forming
embedded and atop (5)&1) overlayers which are con-
sistent with the standing-wave data are shown in Figs. 6
and 7, respectively; they each represent one of three
equivalent domains. Other arrangements consistent with
the data in which the Au atoms take on the remaining
bridge sites within a (5 X 1) unit mesh can be suggested,
and could be tested via analyses of LEED and glancing-

incidence x-ray-difFraction intensities. The Au-overlayer
meshes shown in Figs. 6 and 7 have been suggested from
LEED and AES data. ' The standing-wave data provide
information on the registries of these meshes relative to
an ideal substrate, and therefore complement the symme-
try information available from LEED.

The models involve no assumptions about relaxations
of the substrate atoms. However, for the model shown in
Fig. 6 the unrelaxed substrate would have first-layer Si
atoms (not shown in the model) only 1.1 A from the Au
atoms and second-layer Si atoms at 2.0 A. Since the bulk
Si—Si and Au—Au bond lengths are 2.35 and 2.88 A, re-
spectively, some substrate rearrangement must take
place. Certainly the first-layer Si atoms omitted from
Fig. 6, if present, must undergo substantial displace-
ments. For the twofold-coordinated atop model shown in
Fig. 7, the Au—Si bond length would be 3.5 A without
substrate relaxation. Since this seems to be too large, at
least part of the first Si layer would have to be relaxed. Si
relaxations were not determined in our experiment, since
the standing-wave measurements refer the Au position to
an extrapolation of the bulk diffraction planes.

The embedded adsorption model of Fig. 6 is of the "in-
terstitial" type proposed by Tu, ' in which Si—Si bonds
are weakened due to charge transfer to bonds with Au
atoms which had diffused into interstitial sites in the sub-
strate. Recent electron-spectroscopy measurements
seem to support the interstitial model.

The Au atoms shown in Fig. 6 need not be embedded
in the first Si double layer for agreement with the
standing-wave data. Embedding in deeper double layers
would also be consistent. However, recent low-energy
ion-scattering data from the (5 X I) surface indicated that
the Au submonolayer was shadowed by only one Si atom

TABLE II. Values for the (220) and (111) coherent position, 4, coherent fraction, f, and X„are
presented for the emission-yield curves (Fig. 5) from Au atoms adsorbed at various embedded and atop
sites. The corresponding values for the fitted data from the fresh (5X1) surface (Fig. 1) are shown for
comparison.

(220) reflection
Au adsorption site

(a) embedded bridge
(b) embedded sixfold hollow
(c) twofold atop
(d) onefold atop
(e) threefold atop a hollow
(f) threefold atop a second-layer atom

Fresh (5)(1) surface data

—0.27
—0.44
—0.27
+ 0.23
—0.10
—0.44

—0.34+0.02

0.29
0.87
0.29
0.87
0.87
0.87

0.36+0.05

1.4
8.8
1.4

11.3
22.9

8.8

0.7

Au adsorption site

(a) embedded bridge
(b) embedded sixfold hollow
(c) twofold atop
(d) onefold atop
(e) threefold atop a hollow
(f) threefold atop a second-layer atom

Fresh (5)&1) surface data

(111) reflection

—0.32
—0.48
—0.32
+ 0.18
—0.15
—0.48
—0.25+0.02

0.30
0.89
0.30
0.89
0.89
0.89

0.25+0.05

1.9
37.0

1.9
22.0
38.3
37.0
0.8



38 STRUCTURE OF SUBMONOLAYER GOLD ON SILICON (111).. . 5403

TOP VIEW
Second Layer Sl

[ I I 0]

5xl
Unit
Cell

[lol]

SIDE VIEWUi&i~~M [II2 ]

FIG. 6. Top and side views of one domain of an embedded
Au overlayer that is consistent with the fresh (5X1j surface
standing-wave data. The Au coverage is assumed to be 0.4 ML,
slightly higher than the actual coverage in the measurements.
The first-layer Si atoms, which would be less than 2 A from the
Au atoms in an unrelaxed substrate, are not included; other-
wise, the Si atoms are sho~n at bulklike positions.
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layer, ' making the first double layer the preferred
choice. The centers of the open surface hollows were
specified as the adsorption sites, ' instead of the lower-
symmetry displaced sites suggested here. More recent
high-energy proton-scattering data from an annealed
Si(111) surface covered with 0.7 ML of Au (Ref. 66)
agreed with the low-energy ion-scattering data. '

The atop adsorption model of Fig. 7 is of the type pro-
posed by Hiraki, but is not consistent with the low-
energy ion-scattering results. ' This unusual twofold
coordination has been identified for Te adsorbed on
Si(111),ss but is not expected for Au, which shows mono-
valent and trivalent oxidation states. '

A potentially serious complicating factor in the
analysis of the standing-wave data is the presence of a

stacking fault in the (111)surface. While there appears to
be no evidence that the first-layer stacking fault of the
clean (7X7) reconstructed Si(111}surface ' survives Au
deposition, we have nevertheless carefully studied how
such a fault would complicate the interpretation of the
standing-wave data. A complete stacking fault in the first
Si layer causes the atoms in this layer to exchange posi-
tions with the open surface hollows. This would not
affect the conclusions about nearest-neighbor coordina-
tion for the ideal-surface-embedded model shown in Fig.
6, since the second-layer arrangement is unaffected by the
first-layer fault. However, for the atop model shown in
Fig. 7, the locations determined for the Au atoms would
not be sites of high symmetry relative to the topmost Si
layer. These conclusions would not be altered if the
first-layer stacking fault covers half the surface, as for the
clean (7X7) surface.

It is clear that complementary measurements of the
Au—Si bond length using the surface extended x-ray-
absorption fine-structure (EXAFS) method 4 5 5 and
quantitative diffraction studies would be very helpful in
pinpointing relaxations of the Si surface layer. We con-
sidered performing standing-wave measurements on the
Au-covered surface using the low-energy Si LVV Auger
channel to achieve Si surface sensitivity, as in our previ-
ous measurement. ' Recent work, however, has shown
that the determination of the positions of Si atoms in the
surface layer using this particular yield channel with our
experimental setup is very diScult; the major problem
arises in separating primary and secondary contribu-
tions from underlying Si layers.

In another LEED study, evidence for a disordered
(5X2) structure has been observed from annealed Au
submonolayers on Si(111}. This was not seen in our
work. However, the (5X2}features could arise from the
multiphcity of bridge sites within a surface (1X 1) unit
cell. For example, adjacent Au atoms within the rows of
the proposed models (Figs. 6 and 7) could occupy two
different kinds of bridge sites, resulting in a doubling of
the (5 X 1) cell dimension to make it (5 X 2). The observed
LEED pattern may result from coexistence of (5X1)
and (5 X2) regions.

Finally, it should be noted from Table I that in
proceeding from the (1 X 1) (Au as-deposited) to the
(5 X 1) (annealed) Au-covered surface, there were relative-
ly large increases in the coherent fraction, but small
changes in the coherent position for all of the reflections.
This suggests that the (1 X 1) surface involves the same
types of adsorption sites as the (5X 1) surface, but with
considerable disorder. '

VI. CONCLUSIONS

SIDE VIEW

[II2]

FIG. 7. Top and side views of one domain of an atop Au
overlayer, which is consistent with the fresh (5X1)-surface
standing-wave data. The Au coverage is assumed to be 0.4 ML.

Standing-wave measurements of an annealed 0.35-ML
Au-covered Si(111) surface, which exhibited a (5 X 1)
reconstruction, have identified unusual Au adsorption
sites. The most favorable adsorption site is one embed-
ded in the substrate bridging two second-layer Si atoms,
0.15 A above the (111)diffraction plane (regardless of the
stacking of the first Si layer). More intuitive models in-
volving Au atoms taking on the embedded sixfold hollow
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sites, or sitting above the surface in onefold- and
threefold-coordinated sites, do not agree with the data.
The (1&&1) surface produced by Au deposition at room
temperature can be considered to be a disordered (5 X 1)
surface, with the preferred Au adsorption site being the
same for both surfaces.

This paper constitutes a summary of a Ph.D. disserta-
tion by the first author, which, in addition, contains a
discussion of the angular behavior of the photoelectron
yield when the Bragg-diffraction condition in a perfect
crystal is satisfied.
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