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Real-Space Determination of Atomic Structure of the Si(111)-+/3 X /3R 30°-Au Surface by
Low-Energy Alkali-Ion Scattering
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The Si(111)-v3x+/3R 30°-Au structure has been analyzed by low-energy alkali-ion-scattering
spectroscopy. It has been derived that (_1) Au triplet clusters form the V3 x+/3R 30° lattice and (2)
the Si first layer of honeycomb structure lies slightly below the Au layer.

PACS numbers: 68.20.+t, 68.55.+b, 79.20.Rf

Recently, the structural characterization of metal-
semiconductor (Si) interfaces has become a subject of
major interest. Of particularly crucial interest are
questions related to the intermixing between the metal
and the Si and to the abruptness of the interface. To
clarify these problems, the determination of atomic ar-
rangements of Si substrates carrying submonolayer
metallic deposits is of great importance. For the
Au/Si(111) system, the formation of a series of gold-
induced superstructures and the subsequent thin-film
growth process have been extensively studied with use
of various complementary techniques.! However, no
conclusive structural models have been obtained as
yet. In this Letter we present, for the first time, a
quantitative real-space determination of the surface
structure of a gold-induced superstructure, Si(111)-
V3%+/3R30°-Au. On the basis of impact-collision
ion-scattering spectroscopy (ICISS) analysis using
alkali-metal ions, we report that (1) Au triplet clusters
form the /3 /3R 30° lattice, and (2) the Si first layer
of honeycomb structure lies slightly below the Au
layer.

In the ICISS proposed by Aono er al.,%? the experi-
mental scattering angle 6 of low-energy noble-gas ions
is taken close to 180° so as to observe ions that have
made impact collisions against surface atoms wtih
nearly zero impact parameter. Because of this speciali-
zation of the scattering condition, ICISS allows one to
analyze the atomic structure of solid surfaces straight-
forwardly in real space. However, ICISS using noble-
gas ions involves difficulties arising from the ion-
neutralization effect as in conventional ISS. The diffi-
culty can be excluded by the use of alkali-metal ions
whose neutralization probability is very small, as re-
ported by Niehus and Comsa,* by Niehus,’ and by oth-
ers.® The method of alkali-metal ICISS (ALICISS) has
been applied to the Au/Si system, and the results are
given in this paper.

Experiments were performed in an ultrahigh vacu-
um system equipped with ion scattering and LEED-
Auger apparatus and a metal evaporation source by
which Au can be deposited at a rate of 1
monolayer/min. A Na*-ion source was made accord-

ing to a prescription reported by Weber and Cordes.’
Na* primary currents of the order of 1071 A or
below were sufficient to obtain spectra, and are a fac-
tor of 100 to 1000 lower than noble-gas—ion (He*)
currents. Scattered-ion intensity was measured in 7 s
(which corresponds to 3.9 % 10'? jons/cm? of ion dose)
per measuring point. Thus the amount of ion-induced
damage and of surface contamination during measure-
ments was practically negligible. We used a scattering
angle 0= 140° which we found to be large enough to
yield nearly the same features as a pure-impact-
collision condition of 6=180°. The Si(111) sample
was cleaned by repeated flashing at high temperatures.
After cleaning a sharp 7xX7 LEED pattern was ob-
served, and no impurities were detected by ISS. The
substrate temperature during Au deposition was
700 °C, at which the sticking coefficient is nearly equal
to 1, as studied by LeLay and Faurie.® With an in-
crease in the Au coverage, a series of superstructures
successively appeared; the Au coverage necessary for
the completion of each superstructure has been deter-
mined® ! to be about 0.4, 1.0, and 1.5 monolayers
(ML) for the 5x1, v/3x~/3R30°, and 6x6 phases,
respectively, in agreement with other reports,*® where
1 ML =7.8x10'* atoms/cm?, the density of Si atoms
in the (111) plane.

A typical energy spectrum of Nat ions scattered
from the Si(111)-/3 X~+/3R 30°-Au surface is shown in
Fig. 1. It can be seen that the spectrum is dominated
by a single peak at E/E,=0.66 in agreement with the
energetic position, 0.661, expected on the basis of the
single-scattering model between Au and Na at 6 = 140°
(a Si peak expected at E/Ey=0.015 cannot be ob-
served presumably because of the smaller detection ef-
ficiency of the analyzer for such very low-energy ions).
However, the contribution of quasi single scattering,!!
i.e., a small-angle scattering followed by a large-angle
scattering, may be significant for the intensity of the
observed peak since the energetic positions expected
for such quasi single scattering are very close to the
single-scattering peak (e.g., a 2° scattering followed by
a 138° scattering gives E/Ey=0.664). Anyway, it is
evident that the appearance of visible new peaks defi-
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FIG. 1. Energy spectrum of Na™ ions scattered at a large
scattering angle § = 140°. The arrow shows the energetic po-
sition of the single-scattering peak expected for Na-Au.

nitely separated from the single-scattering peak, as ob-
served in conventional alkali-ion scattering!? !3 and in-
terpreted as due to multiple scattering involving more
than two large-angle scattering processes, can be
minimized in ALICISS.

The intensity of Na* ions scattered from Au atoms
of the V/3x~/3R30°-Au phase in the ICISS condition
is plotted in Fig. 2 as a function of the ion incidence
angle measured from the surface, «, for two selected
azimuthal angles, ¢. As « increases, the Na* jon in-
tensity shows a fairly steep increase at a critical angle
a., and the features can be interpreted as follows. For
a < a,, all surface atoms are located in the shadow

cones of their preceding neighbors, and hence no’

scattering can be observed. By an increase of «, the
surface atoms step out of the shadow cone at a critical
angle a, which results in a sudden increase of the scat-
tered ions. The most important result in Fig. 2 is that
we have one a, for ¢ =0°, while there are two «,’s for
¢ =30°. The critical angle is determined by both the
shape of shadow cones and the geometrical arrange-
ment of the surface atoms.

By using the shadow cone determined from the
Thomas-Fermi-Moliere potential'* for Nat-Au and
Na*-Si, we have made a simple calculation in order to
obtain the critical angles to be expected for various
structural models. The number of Au atoms which are
not concealed by shadow cones of neighboring Si and
Au atoms is calculated as a function of incidence and
azimuthal angles. Models involving 1 ML of Au
atoms are mainly discussed here. They are (a) a triplet
overlayer (TO) model proposed by LeLay and Faurie,?
(b) a triplet coplanar (TC) model proposed by Yabuu-
chi et al,'® and (c) a modified triplet coplanar
(MTC) model derived in this study. Other models in-
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FIG. 2. Intensity of Na™ ions scattered from Au atoms in
the Si(111)-v/3 x+/3R 30°-Au surface measured in the ICISS
condition as a function of the incidence angle «; results for
azimuths ¢ = 0° and 30° are shown.

volving + and + ML of Au atoms are also considered
for comparison. For each model, the interatomic dis-
tance, S, of Au atoms parallel to the surface and the
height, H, of the Au layer relative to the Si first layer
are considered as structural parameters. The atomic
density of the Si first layer is also varied by a %-ML
step. We have assumed that one Au atom is affected
by the shadow cones originating from up to the third
and sixth neighbor atoms of Au and Si, respectively.
Neither focusing nor thermal vibration is taken into
account. The results are summarized in Table I, where
critical angles a, measured and calculated for five
kinds of structural models are shown, together with
the number of Au atoms responsible for each a,. As
can be seen, among these models the MTC model
gives a fairly good agreement with the experiment;
three a.’s predicted for the model are observed in the
experiment, but the one at 15° for ¢ =0° is not.

The modified triplet coplanar model that we propose
for the v/3%x~/3R30°-Au surface is shown in Fig. 3.
This model is constructed by both Au triplet clusters
arranged with the +/3 x~/3R 30° lattice and an underly-
ing Si layer of honeycomb structure; the Jnterlayer
spacing between the Au and Si layers is 0.3 A, and the
atomic density of the first layer is ¥ ML. Two a,’s
19.1° and 30.2°, calculated for ¢ = 30°, correspond to
the shadowing effect between Au atom pairs F-A (or
G-B) and B-C, respectively. As a decreases, the shad-
owing effect of B begins first at ¢ = 30.2° to conceal C,
and then that of F (or G) at 19.1° to conceal A (or B).
Thus, among the three Au atoms (e.g., atoms A, B, C
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TABLE 1. Critical angles a, measured and calculated for
various structural models. The number in the parentheses
indicates the number of Au atoms responsible for each «a.;
the TO, TC, and MTC models involve three Au atoms in
the unit cell, while there are two and one for the HC and %-

ML models, respectively.

Model ac(¢p=0°) ac(¢=30°)

TO* 15°(3) 18.5°(2), 30.8°(1)

TCP 15°(1), 27.1°(2)  17.8°(1), 23.3°(1), 31.5°(1)
MTC®  15°(1), 21.2°(2)  19.1°(2), 30.2°(1)

HC? 15°(1), 21.5°(1)  15.5°(1), 24°(1)

+ ML®  24.9°(1) 9.5°(1)

Expt. 2140.5° 19 £0.5°, 3240.5°

*Triplet overlayer model (Ref. 8), =288 A, H=25 A. The
atomic densities are Au, 1 ML, and Si, 1 ML. R .
bTriplet coplanar model (Refs. 9 and 10), S =2.80 A, H =0.0 A;

Au, 1 ML; Si,  ML.
‘Modified triplet coplanar model (this work), S§ =2.9 1&, H=0.3
A; Au, 1 ML; Si, 2 ML.
dHoneycomb model, S = 3.0 10\, H=03 /°\; Au, % ML; Si, 1 ML.
¢ 1ML model, S =3.8 &, H =0.3 &; Au, 3 ML; Si, 1 ML.

of Fig. 3) involved in the ~/3X~/3R 30° unit cell of the
MTC model, two Au atoms (A and B) are responsible
for the critical angle at 19.1° and one Au atom (C) for
the 30.2°, leading to the intensity drop at 19.1° being
larger than at 30.2°, as actually observed in the experi-
ment. The critical angle a,=21.2° calculated for
¢ =0° is due to the shadowing effect of an underlying
Si atom P (or Q) which conceals the Au atom D (or
E), as illustrated in Fig. 3. Another critical angle
a, = 15° predicted for ¢ =0° could not be observed in
our experiment. In the calculation, the 15° «, corre-
sponds to the shadowing effect of Au atom F which
conceals Au atom C. Though the reason for the miss-
ing angle is not clear at present, we can point out two
factors which seem to reduce the shadowing effect at
15°: (1) only one Au atom is responsible for the 15°
a., while two are responsible for the 21.2° «, (see
Table 1); (2) low-energy ion scattering is sensitive to
the short-range order of atomic arrangement, and
hence the shadowing effect between more separated
atoms is generally smaller (among the four «,’s
predicted, the 15° a, corresponds to the most separat-
ed atom pair). In Fig. 3, the interatomic distance
between B and C has been determined to be about 2.9
A, which is clo§e to the most close-packed distance of
bulk Au, 2.88 A. Though the direction of F-A (or G-
B) deviates from the incident beam direction of
¢ =30° by about 10°, the shadowing effect of F-A (or
G-B) is clearly observed because of the thick shadow
cone for low-energy heavy ions [e.g., the radius of the
shadow cone for a Nat (900 eV)-Au system is 1.6 A at
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FIG. 3. New structural model for the Si(111)-
V3x+/3R30°-Au surface, called the modified triplet co-
planar (MTC) model.

a position separated from the scatterer (Au) by 4 Al

The arrangement of the Au triplet cluster with the
V3x+/3R 30° periodicity was first proposed by LeLay
and Faurie® on the basis of their measurement of the
Au coverage (1 ML) required for the completion of
this structure. The present study thus provides, for
the first time, direct experimental evidence for the
triplet cluster. In addition, the arrangement of the
underlying Si layer has been determined in this study.
Because of the rather thick shadow cone described
above, the underlying Si layer can conceal the Au
atom to give rise to a,=21° for ¢ =0°. For the TO
model proposed by LeLay and Faurie,® where tge in-
terlayer spacing between Au and Si is about 2.5 A, the
calculated a, for ¢ =0° disagrees with experiment as
shown in Table I. Also, for the TC model which we
have previously derived on the basis of a combined
use of the LEED constant-momentum-transfer-
average method and noble-gas-ion scattering, the
agreement between experiment and calculation is not
satisfactory. Though the TC model has been recently
supported by photoelectron diffraction!> and by
transmission-electron-diffraction'® experiments, it can
be said that the new model described in this paper
modifies our previous TC model with respect to the
height of the adsorbed Au layer.

We have obtained the new model described above
under the assumption of the shape of shadow cones
calculated from the Thomas-Fermi-Moliere potential
with C =0.90.1 However, even when C is varied in
the probable range of 0.80-1.00, models essentially
the same as shown in Fig. 3 are derived, though thg
height of the Au layer changes to about 0.2 and 0.4 A
for C =0.80 and 1.00, respectively.
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