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Abstract

The evolution of Si 2p core-level photoemission during a structural conversion from the Si (1 1 1)=v/3 x v/3-Ag to the
Si(1 1 1)~v/21 x v/21-Ag superstructures induced by Ag adatoms adsorption at 140 K was studied using synchrotron
radiation. The component from the top-layer Si-trimer atoms on the former surface was found to split into two components in
the latter surface. The result is discussed in terms of a relaxation in some of the Si trimers induced by Ag adatoms sitting on
the nearby Ag triangles of the v/3 x v/3-Ag substrate. The intensity ratio between the split components is a key to exclude
some structure models proposed so far for the v/21 x /21 phases. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The \/ﬁ X \/ﬁ superstructures are commonly
formed by adsorption of sub-monolayer adatoms of
noble metals (Au, Ag or Cu) [1-6] as well as alkali
metals (Cs, K) [7,8] onto the Si(1 1 1)-v/3 x v/3-Ag
surface, at room temperature (RT) or lower tempera-
tures depending on the adatom species. Several tech-
niques including scanning tunneling microscopy
(STM) [1,2,6], reflection high-energy electron diffrac-
tion (RHEED) [3,5,9], angle-resolved photoemission
spectroscopy (ARPES) [10,11], surface conductance
measurements [5,12,13], together with theoretical
efforts [14], have been devoted to study these surface
phases. Then, some interesting common features in
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atomic/electronic structures and electrical transport
properties were found [8]. However, fundamental
questions such as adatom coverage required for these
phases and their adsorption sites still remain.

In this paper, we present the evolution of Si 2p core-
level photoemissions using synchrotron radiation dur-
ing the structural conversion from the /3 x v/3-Ag
surface to the v/21 x v/21-Ag surface induced by Ag
adatoms adsorption at 140 K. Core-level spectra con-
stitute a very sensitive, yet indirect, probe of the
atomic local structures; if measured with high resolu-
tion, surface core-level shifts from the substrate bulk
atoms can provide useful information about atomic
sites. The component from the top-layer Si-trimer
atoms of the v/3 x \/§-Ag surface was found to split
into two components on the V21 x \/ﬁ—Ag surface.
From the energy shifts and intensity ratio of the two
components, some of the models proposed so far for
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Fig. 1. LEED patterns at 140 K of: (a) Si(1 1 1)=v/3 x v/3-Ag surface, and (b) Si(1 1 1)=v/21 x v/21-Ag surface obtained by deposition of
about 0.17 ML of Ag adatoms onto the v/3 x v/3-Ag surface, respectively.

the v21 x V21 phases are excluded. Taking the the-
oretical results into account [14], none of the proposed
models are found to satisfy the structural features
required for this surface.

2. Experimental

The synchrotron photoemission experiments were
performed on a vacuum ultraviolet beam line BL-18A
at Photon Factory of KEK, Tsukuba, Japan. The spectra
were obtained with an angle-integrated-type hemisphe-
rical analyzer (VG-CLAM 2), and the photon irradiated
the surface at 45° off the surface normal. The emission
angle was selected to be 0° and 60° from the surface
normal. Linearly polarized synchrotron radiation was
used atenergy of 132 eV for surface-sensitive mode and
108 eV for bulk-sensitive mode. The energy resolution
of this system was about 80 meV.

The substrate was a p-type Si(l1 1 1) wafer of 8-
15 Q cm resistivity at RT. A clear 7 x 7-LEED pattern
was produced by flashing the sample at 1200 °C
several times by direct current of about 10 A through
it. The Si(1 1 1)—\/§ X \/§—Ag structure was made at
a substrate temperature of 450 °C by depositing 1 ML
of Ag atoms. After cooling the surface down to 140 K,
the Si(1 1 1)—\/ﬁ X \/ﬁ -Ag structure was formed by
depositing Ag of 0.14-0.19 ML coverage onto the
V3 x v/3-Ag surface with a rate of 0.50 ML/min.
The coverage and evaporation rate of Ag were cali-
brated by assuming that 1 ML of Ag was needed for

complete conversions in LEED patterns from the
7 x 7 clean structure to the /3 X \/§—Ag [15].
Fig. 1(a) shows a typical LEED pattern of the initial
V3 x \/g-Ag surface at 140 K, and Fig. 1(b) is that of
the v/21 x v/21-Ag at 140 K. Sharp diffraction spots
with low background mean good long-range orderings
for both phases.

3. Results

Fig. 2(a) and (b) shows Si 2p core-level spectra
taken with the surface-sensitive photon energy of
132 eV at normal emission from the initial /3 x
V/3-Ag and the v/21 x v/21-Ag surfaces, respectively.
The overall shapes of the two spectra look quite
different from each other, indicating different several
components composing the peaks. Then the spectra
were decomposed by using a standard method with
the following fitting parameters: Gaussian width =
205 meV at full width at half maximum (FWHM),
Lorentzian width = 83 meV (FWHM), spin-orbit
splitting = 602 meV, and p;,,/p3/» intensity branching
ratio = 0.52. These parameters were determined by
using the fitting results of bulk-sensitive spectra with
photon energy of 108 eV. As shown in Fig. 2, the peak
of the \/§ X \/§-Ag surface is decomposed into three
components, two surface components S and S,, and a
bulk one B. On one hand, the peak of the V21 x v/21-
Ag surface is composed of four components, three
surface components P, Q and S,, and a bulk one B. The
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Fig. 2. Surface-sensitive Si 2p core-level spectra taken with a photon energy of 132 eV at normal emission from: (a) Si(1 1 1)=v/3 x v/3-Ag
surface, and (b) Si(1 1 1)-v/21 x v/21-Ag surface, at 140 K, respectively. The relative binding energy scale is referred to the Si 2ps, line of
the bulk component. The decomposed components are shown by the curves under the spectrum. Solid lines with data points show the fitting

results.

asymmetry parameter o was set zero for B component,
while o = 0.04 for every surface components. We thus
had to introduce the non-zero « to obtain good fittings,
which means a metallic character of the surface. This
feature is already reported by a previous study for the
V3 x \/3-Ag surface [16]. These decompositions
were confirmed by the spectra taken at 60° emission
angle, too. The details of the respective components
are listed in Table 1.

Fig. 3 shows the Ag coverage dependence of the
core-level shape measured at various coverages
around 1 ML. The observed LEED patterns are indi-
cated on the respective spectra. Below 1 ML cov-
erages (Fig. 3(a) and (b)), the features in spectra are

Table 1
Energy shifts and intensities of the surface components with
respect to the bulk one for the respective surface superstructures

Surface Components Energy Relative
shifts (eV) intensity
V3 x V3-Ag B 0 0.41
N 0.22 0.41
S, —0.12 0.18
V21 x V21-Ag B 0 0.45
P 0.25 0.20
Q 0.14 0.15
S, —0.11 0.20
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Fig. 3. Ag coverage @ 5, dependence of the Si 2p core-level spectra at 140 K.

similar to that of the v/3 x v/3-Ag phase (Fig. 3(c)).
But once the coverage exceeds 1 ML (Fig. 3(d)), the
shape seems to change into that of the v/21 x v/21-Ag
phase (Fig. 3(e)); a shoulder A in Fig. 3(c) disappears,
and double peaks B and C become a single peak in
Fig. 3(e). The Ag adatoms over 1 ML coverage are
known to be in ‘two-dimensional adatom gas (2DAG)’
phase [6,17] though the adatoms do not make any
long-range orders. Around 0.17 ML coverage over
1 ML (Fig. 3(e)), the adatoms order in the V21x
V21 periodicity on the /3 x /3-Ag substrate.
Around 0.5 ML adatoms over 1ML coverage
(Fig. 3(f)), the adatoms begin to make clusters [6]
where the v/21 x v/21-LEED spots fade, remaining
the strong v/3 x /3 spots. The core-level shape at this
coverage looks similar to that of the v/21 x /21 phase
(Fig. 3(e)). In this way, the Si 2p core-level emission
peak depends sensitively on the Ag coverage, espe-
cially the spectra look quite different between below

and above 1 ML coverage, the saturation coverage for
the v/3 x \/§-Ag structure.

4. Discussion

In the honeycomb-chained triangle (HCT) model
for the v/3 x \/§-Ag structure [15], Si atoms in the top
layer form trimers (gray circles in Fig. 4), each of
which is bonded to an Ag atom (filled circles) by an
ionic covalent bond. Three Ag atoms arrange in a
triangle, and the triangles are connected to each other
to make honeycomb chains. This is why this surface is
called as HCT structure. In the previous studies of
core-level spectroscopy of this surface [16,18], the S;
component in Si 2p emission of Fig. 2(a) was assigned
as an emission from the Si-trimer atoms, while the S,
component come from the second Si layer bonded
directly to the Si-trimer layer.
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Si trimer

Ag triangle

Fig. 4. Schematic representation of the atomic arrangement of
Si(1 1 1)-v/3 x v/3-Ag surface superstructure, the so-called HCT
model. Upper panel: plan view; lower panel: sectional view. A gray
lozenge indicates the /3 x v/3-unit cell, and gray triangles
indicate ‘Ag triangles’.

The fitting results for the v/21 x v/21-Ag surface
(Fig. 2(b)) show that the S, component does not
change so much compared to that of the \/§ X \/§-
Ag structure (just slightly broadened). However, the
S; component of the v/3 x v/3-Ag splits into two
components, P and Q, which shift towards higher
and lower binding energies by 0.03 and 0.08 eV
compared to the initial S; position, respectively. This
means that the equivalent Si-trimer atoms at the
V3 x \/§—Ag structure become inequivalent at the
V21 x v/21-Ag phase.

Before assigning the respective components of the
V21 x v/21-Ag spectra in Fig. 2(b), it is useful to
address the structure models proposed so far for the
V21 x /21 surfaces with Au or Ag adatoms adsorp-
tions. Nogami et al. [1] proposed the adatoms sitting
upon the center of some Ag triangles of the /3 x
\/§-Ag substrate (Fig. 5(a)). The adatom coverage
is 0.24 ML in their model (five adatoms in the

V21 x /21 unit cell). On the other hand, Ichimiya
et al. [2] supposed the adatoms to be located above
some of the Si trimers (Fig. 5(b)). The adatoms cover-
age is 0.14 ML in their model (three adatoms in the
unit cell). Tong et al. [6] proposed a model in which
the Ag adatoms sit on some of the Ag-triangle centers
with the Ag adatom coverage of 0.19 ML (four ada-
toms in the unit cell) (Fig. 5(c)). All the models,
however, suggest a common feature that the HCT
framework of the initial v/3 x \/§-Ag substrate 1is
not broken, rather just distorted with the adatoms
adsorption in the v/21 x v/21 phases. Actually, the
recent X-ray diffraction results show some distortion
of the HCT framework, in which Tajiri et al. [19]
proposed the other model for the v/21 x v/21 phase in
which the unit cell contains five adatoms as Nogami’s
model (Fig. 5(d)). The Ag adatoms should sit on some
of the center of Ag triangles in their model again,
but the arrangement of adatoms is different from
Nogami’s model. In recent theoretical calculations
in which Ag adatoms sit on the every Ag-triangle
centers or every Si-trimer centers of the V3 x \/§-Ag
substrate to mimic the v/21 x v/21 structure [14], it
has been found that the adatom energetically prefers to
locate upon Ag triangles rather than upon Si trimers.
So we here discuss our Si 2p spectra by using models
in which Ag adatoms sit on some of the Ag triangles.

As mentioned before, each Si-trimer atom is bonded
to an Ag atom that forms a triangle with other two Ag
atoms (Fig. 4). All of the Si—-Ag bonds therefore are
equivalent in the /3 x v/3-Ag phase. But once Ag
adatoms adsorb on some of Ag triangle centers, the
chemical environment at the Si—Ag bonds would be
different depending on whether the Ag triangles have
Ag adatoms on their center or not. Thus the top-layer
Si atoms in the \/2_1 X \/2_1 -Ag phase should have two
different core levels. The P component (Fig. 2(b))
whose energy position is nearly the same as that of the
initial S; component (Fig. 2(a)) could be associate to
the top-layer Si atoms connected to the Ag-triangle
atoms without Ag adatoms sitting on (‘unaffected’ Si
atoms), while the Q component with a larger energy
shift could be emission from the top-layer Si atoms
connected to the Ag triangles with Ag adatoms sitting
on them (‘affected’ Si atoms). This consideration is
consistent with an RHEED rocking-curve analysis that
the Si trimers are relaxed in the \/ff X \/2‘1 phase [9].
Then we can count the numbers of top-layer Si atoms
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Fig. 5. Structural models proposed so far for the Si(1 1 1)-v/21 x /21 surface superstructures induced by Ag or Au adatom adsorptions. (a)
Nogami et al. [1]; (b) Ichimiya et al. [2]; (c) Tong et al. [5]; (d) Tajiri et al. [19]. A V21 x +/21-unit cell is indicated by a lozenge.

corresponding to the P and Q components in the ARPES for the valence bands [10,11] indicates that
respective proposed models in Fig. 5, which are Ag or Au adatoms in the v/21 x v/21 surfaces donate

listed in Table 2, together with other features of the their valence electrons into an empty surface-state
models. band of the /3 x \/§-Ag substrate which have
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Table 2

Comparisons among the proposed models for the v/21 x /21 surface superstructure with Ag or Au adatoms, together with experimental and

theoretical results

Models Adatoms Adsorption site Plane group No. of Si-trimer atoms
P component Q component

Nogami et al. [1] 5 Au Ag triangle p3 6 15

Ichimiya et al. [2] 3 Au Si trimer p3 12 9

Tong et al. [6] 4 Ag Ag triangle pl 9 12

Tajiri et al. [19] 5 Au Ag triangle p3 9 12

Theory [14] Ag triangle

Core-level PES* 12 9

“ Present work.

maximum density-of-states at the centers of Ag tri-
angles. Thus the adatoms are positively ionized.

In the initial-state picture of photoemission, the core-
level shift towards lower binding energy of the Q
component suggests that extra electrons exist at this
sites of Si atoms. The extra electrons should originate
from the Ag adatom sitting at the center of the nearby Ag
triangles. Charge transfer occurs from the Ag adatom to
the Ag triangle as revealed by the above-mentioned
ARPES of valence bands, and then further transferred
from the Ag-triangle atoms to the Si-trimer atoms due to
a larger electronegativity of Si than that of Ag atoms.

The intensity ratio between the P and Q components
is P:Q = 4:3, as shown in Table 1, which means that
there are 12 ‘unaffected’ Si atoms and 9 ‘affected’ Si
atoms in the unit cell. This result excludes the models
of Nogami et al., Tong et al. and Tajiri et al. (see the last
column in Table 2). The model of Ichimiya et al. only
seems consistent to the measured intensity ratio. It is,
however, already excluded by the theoretical calcula-
tions that Ag adatoms do not prefer to adsorb on the Si
trimers [14]. As a result, none of the structure models
proposed so far for the v/21 x v/21 phases satisfy the
requirements from the experimental and theoretical
results available. These requirements are listed in the
last two rows in Table 2. Although we cannot propose a
new model at the moment, these requirements should
be considered seriously for the future structure analysis
of the \/ﬁ X \/ﬁ surface superstructures.

5. Summary

We studied the Si 2p surface core-level shifts during
a structure conversion from the Si(11 1)-v/3 x

V3-Ag into /21 x v/21-Ag surfaces by adsorbing
sub-monolayer Ag adatoms at 140 K. The S; compo-
nent of the Si 2p emission from the Si-trimer atoms on
the v/3 x v/3-Ag phase was found to split into two
components P and Q on the V21 x \/ﬁ—Ag phase,
while another surface component S, hardly changed.
The Q component with an energy shift towards lower
binding energy was assigned to associate with the
Si-trimer atoms that bond to Ag triangles with Ag
adatoms sitting on (‘affected’ Si atoms), while the
P component at nearly the same energy position as the
initial S; component was assigned to the Si-trimer
atoms that bond to Ag triangles without Ag adatoms
sitting on (‘unaffected’” Si atoms). The intensity ratio
between the P and Q components was useful to
eliminate some of the structure models proposed so
far. We found that there are no models that satisfy all
the requirements from the experimental and theore-
tical results available.
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