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Abstract

We reinvestigate the Si 2p spectrum of clean Si(1 1 3)3 x 2 to testify two competitive structure models, i.e. adatom-dimer-interstitials
and oppositely puckered models, in comparison with recent theoretical calculations. This reveals that only the adatom-dimer-interstitials
model reproduces the surface components of the Si 2p spectrum. After decorating Na atoms on clean Si(1 1 3)3 x 2 at room temperature,
the 3 x 2 phase was found to transit into the 3 x 1 phase by low-energy electron diffraction and photoemission spectroscopy
experiments. We will discuss the (3 x 2)—~(3 x 1) phase transition on the adatom-dimer-interstitials model.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Studies of semiconductor surfaces have focused on low-
index surfaces such as Si(100) and Si(111) for several
decades. Recently, high-index Si surfaces have taken
interests and have shown exotic phenomena such as one-
dimensional growths of metal atoms and unusual stabilities
of some high-index Si surfaces. Intrinsic anisotropy makes
high-index Si surfaces more useful in fabricating one-
dimensional structures [1-5]. In addition, the unusual
stability of some high-index surfaces is interesting because
high-index surfaces usually facet into low-index surfaces
[6-8]. The Si(11 3) surface is one of the stable high-index
surfaces with its intrinsic reconstructed surface and without
a facet [7]. Theoretical calculations show that the energetic
stability of Si(113) is comparable to Si(111) and Si(100)
[9]. Moreover, some high-index surfaces are stabilized by
forming facets including {11 3} after chemical (or thermal)
treatments [10—-12].

Further studies of Si(113) have been limited by
conflicting structure models of clean Si(113)3 x 2. First,
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Dabrowski et al. [13] introduced interstitial (I) atoms,
inserted selectively in tetramers, to produce the 3 x 2
translational symmetry using scanning tunneling micro-
scopy experiments and ab initio total energy calculations,
which is called the adatom-dimer-interstitial (ADI) model
(see Fig. 1(a)). Another model explaining the 3 x 2 phase is
Wang et al.’s [14] oppositely puckered (OP) model (see
Fig. 1(b)), where the tetramers are alternatively buckled to
generate the 3 x 2 translational symmetry. This was
supported by photoemission spectroscopy, Kikuchi elec-
tron holograpy, and X-ray diffraction [15-17]. In this
report, we reinterpret the Si 2p spectrum of clean
Si(113)3 x2 to testify the ADI and OP models and
compare it with the previous theoretical calculations [18].
This suggests that only the ADI model can explain the
surface components of the Si 2p spectrum. In addition, Na
adsorptions on clean 3 x 2 at room temperature (RT) were
found to induce a (3 x 2)—(3 x 1) phase transition, which is
explained on the basis of the ADI model.

2. Experimental

The photoemission measurements were performed at
the beamline BL-18A of Photon Factory, high-energy
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Fig. 1. Atomic structure models of (a) Dabrowski et al.’s ADI [13] and (b)
Wang et al.’s OP 3 x 2 models [14].

accelerator research organization (KEK). The nominal
energy resolution is better than 150 meV at an angle-
integrated mode. Si 2p spectra were measured using a
photon energy of 135¢V and fitted with a Lorentzian width
of 80meV for all components and Gaussian widths of 300
and 350meV for bulk and surface components, respec-
tively. The clean Si(1 13)3 x 2 surface was prepared by the
repeated cycles of annealing at 800°C and subsequential
flashing at 1200°C, as confirmed by the low-energy
electron diffraction (LEED) patterns with clear non-integer
spots. Na atoms were deposited using well-degassed Na
dispenser, and relative Na coverage (6n,) was calibrated by
a work function change (A¢) which was measured using a
secondary electron cut-off in the normal-emission PES
spectrum. We estimate that all Si dangling bonds of clean
Si surfaces at a minimum work function are saturated by
alkali-metal (AM) adsorbates. In addition, the number of
Si dangling bonds of clean Si(1 13) in the 3 x 2 unit cell is
six and ten on the ADI and OP models, respectively. This
suggests that Oy, at a minimum work function is roughly
0.5 and 0.8 ML on the ADI and OP models, respectively. In
this report, we assign 0N, at a minimum work function as
0.5ML because the ADI model is compatible to our
experiments.

3. Results and discussion

Fig. 2 shows a work function change and a phase
transition as increasing 0n,. The non-integer spots of the
x2 periodicity begin to fade away at 0.12ML and
subsequently disappear at 0.25 ML, while the non-integer
spots of the 3x periodicity keep nearly the same intensities.
Consequently, the work function is reduced rapidly at
initial Oy, and the gradient of A¢ varies abruptly at On, =
0.12 and 0.5 ML. Recently, scanning tunneling microscopy
experiments of Na on Si(111) at RT suggested that a
change of a gradient of A¢ is closely related to a structure
transition [19]. This implies that (i) the Na-induced Si(1 1 3)
surface undergoes structure transitions at Oy, = 0.12 and
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Fig. 2. Work function changes (A¢) of Na/Si(1 13) as increasing O, at
RT with the (3 x 2)—(3 x 1) phase transition.

0.5ML and (ii) the Na-induced 3 x 1 phase begin to form
at Oy, = 0.12 ML and has optimal 6y, between 0.12 and
0.5ML.

To get further insight into the (3 x 2)-(3 x 1) phase
transition, we measured Si 2p spectra as increasing On,, as
shown in Fig. 3. The line shape of the Si 2p spectrum of
clean 3 x 2 reveals the existence of the two surface
components S1 and S2 with negative and positive surface
core-level shifts (ABE), respectively. Initial Na adsorptions
begin to make the S1 and S2 components fade gradually
and, at On, = 0.07 ML, nearly disappear. Consequently,
the new surface component S3 evolves and has a maximum
intensity at 0.10 ML, which is observed from the change of
the line shape near ABE = 0.3eV. At higher 0n,, another
new component S4 begins to grow and its intensity is
gradually enhanced as increasing On,. For a quantitative
analysis, the Si 2p spectra were fitted as shown in Fig. 4.
The Si 2p spectrum of clean 3 x 2 (see Fig. 4(a)) is fitted
well with four surface components; S2 (ABE = 0.72¢V), C2
(0.30eV), C1 (—0.21eV), and S1 (—0.61¢V). Moreover, the
exact binding energies of the Na-induced S3 and S4
components are found to be 0.26 and —0.32¢V, respec-
tively, from the analysis of the Si 2p spectra at On, = 0.10
and 0.61 ML.

Before further discussing about the (3 x 2)—(3 x 1) phase
transition, we need to interpret the Si 2p spectrum of clean
3 x 2 to testify the structure models. Recently, the Si 2p
surface core-level shifts of clean 3 x 2 were calculated using
the ADI and OP models (see Fig. 1) [18]. Hereafter, we will
call a Si tetramer with an interstitial as a Si pentramer. The
calculations suggest that Si adatoms (Sil and Si2) and Si
tetramers (Si3, Si4, Si5, and Si6) of the ADI model produce
surface components with ABEs between 0.5 and 0.7eV, and
the interstitials of Si pentramers (Si7) provide a surface
component with a ABE = —0.6¢V. For the OP model, it
was found that surface components with ABEs between 0.4
and 0.8eV originate from Si adatoms (Sil and Si2) and



228 J.R. Ahn et al. | Vacuum 81 (2006) 226-229

Si2p
E=135eV
0,=30°

0.43

Intensity (arb. unit)

2.0 1.0 0.0 -1.0
ABE (eV)

Fig. 3. Si 2p spectra of the Na adsorption on RT Si(1 1 3) with a photon
energy of 135eV and an emission angle (6,) of 30°. The variations of the
S1-S4 surface components are guided by dotted lines.

upper atoms of Si tetramers (Si3, Si5, Si9, and Sill), and a
surface component with a ABE = 0.2¢V is due to lower
atoms of Si tetramers (Si12 and Sil3). The S2 component
with a ABE =0.72¢eV is reproduced by both structure
models. However, the OP model cannot provide a
surface component corresponding to the S1 component
with a ABE = —0.61¢V, while the ADI model explains
well the existence of the S1 component. This suggests
that only the ADI model is compatible with the experi-
mental Si 2p spectrum and the S1 and S2 components
originate from Si interstitials and Si tetramers + Si
adatoms, respectively.

AM adsorptions on Si surfaces at RT have been found

not to induce an abrupt reconstruction, as observed on
AM/Si(111) [19,20] and AM/Si(100) [21,22]: the bound-
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Fig. 4. Si 2p spectra, at representative On, = (a) 0, (b) 0.10, and (c) 0.61
ML, with a photon energy of 135¢V and an emission angle of 30°. The
surface components are filled by different colors or patterns.

ary of the 7 x 7 unit cell on Si(111) is kept, while the
buckling angle of a Si dimer on Si(100) is raised or lowered
but the dimer structure is maintained. Na adsorptions on
clean Si(113)3 x 2, thus, are expected not to break the
building blocks of clean 3 x 2. For this reason, we will
explain the (3 x 2)—~(3 x 1) phase transition on the basis of
the ADI model. At first, Na-induced surface components
at RT were reported to locate at a ABE >~ —0.3¢V on both
Na/Si(100) [22] and Na/Si(1 1 1) [20]. In addition, the S4
component locates at a ABE = —0.32 eV and its intensity is
proportional to On,. This leads naturally to the interpreta-
tion that the S4 component originates from the Si tetramers
and/or the Si adatoms bonding with Na adsorbates. In
comparison to the S4 component, the S3 component has a
maximum intensity at On, = 0.10 ML with a positive ABE.
The S3 component, thus, may be due to charge redistribu-
tions of unsaturated Si tetramers and/or the Si adatoms
without Na—Si bonds. A remaining problem is that “the
coexistence of Si pentramers and tetramers cannot produce
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the 3 x 1 phase.” The interstitial of Si pentramer should
eject to satisfy the 3 x 1 phase. However, the ejection of the
Si interstitial may need a high activation energy in
comparison to a thermal energy at RT. This suggests that
Na adsorptions at RT produce a disorder 3 x 1 phase
rather than a order 3 x Iphase. Similar disorder phases
were observed on alkaline-earth metals (AEM) on Si(111)
[23]. The AEM/Si(111) surfaces form 3 x 2 phases with
short-range orders along the x2 direction, which results in
3 x 1 LEED patterns. For this reason, we suggest that the
3 x 1 LEED pattern of Na/Si(1 13) at RT originates from
a 3 x 2 phase with a shot-range order along the x2
direction.

4. Conclusions

We reinterpret the Si 2p spectrum of clean Si(113)3 x 2
in comparison with the theoretical calculations. This
suggests that only the ADI model explain well the two
surface component S1 and S2 with ABEs of —0.62 and
0.72eV, respectively. This leads to the interpretation
that the SI and S2 components originate from Si
interstitials and Si tetramers +Si adatoms, respectively.
Na adsorptions on clean 3 x 2 at RT were found to
induce the (3 x 2)—(3x1) phase transition. Na adsorptions
produce the two distinct surface components S3 and S4
with ABEs of 0.26 and —0.32¢V, respectively. The On,
dependence of the S4 component indicates that it is
due to the Si tetramers and/or the Si adatoms bonding
with Na adsorbates. To form an order 3 x 1 phase,
the Si interstitials are required to eject from the Si
pentramer, which needs a larger activation energy than a
thermal energy at RT. This implies that the (3 x 2)—(3 x 1)
phase transition is an order—disorder one, where the
disorder may come from a short-range order along the
x2 direction.
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