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Optical experiments on the Si�111�-2�1 surface show that the absorption peak due to dangling-bond
transitions exhibits a blueshift upon oxygen exposure. The effect is interpreted as due to quantum confinement
of surface electrons in �-bonded chains of atoms, whose length decreases with oxygen uptake �a particle-in-
a-box effect, the box being one dimensional�. This conclusion is supported by numerical simulation of the
optical spectra.
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The technological request of progressive miniaturization
of electronic devices continues to stimulate the interest on
confined structures. In particular, researches are focused on
testing novel materials �inorganic semiconductor alloys, un-
usual organic materials� as well as on processing procedures.
The latter topic includes conventional quantum wells, wires,
and dots but also the very appealing one-dimensional/zero-
dimensional �1D/0D� intermediate-regime structures �e.g.,
quantum rods1,2�. In this respect, confined quantum wires
may represent an appropriate starting system to go toward
further three-dimensional confinement.3 Nevertheless, there
is still a lack of systematic investigation on the intermediate-
size regime, caused by the experimental complexity in ob-
taining homogeneous and ordered 1D structures with well-
defined lateral sizes and controlled length.2,4

The 1D character of Si�111�-2�1 �-bonded chains has
been already assessed both experimentally and theoretically
in the past three decades.5 From an experimental point of
view, the strong optical anisotropy observed when using light
linearly polarized along the chains or in the orthogonal di-
rection demonstrated the 1D character of its surface
reconstruction6 also confirmed by scanning tunneling mi-
croscopy experiments.7 Recently, �-bonded chains have
been viewed as a sort of “natural” semiconducting wires.8

Moreover, taking advantage of the well established knowl-
edge on this surface, Si�111�-2�1 has been often considered
as a model system for theoretical calculations regarding ex-
citon properties in 1D structures.9–11

In this Brief Report, we present experimental and theoret-
ical results showing how silicon �-bonded chains can be
reduced in their extension �chains of finite length� by con-
trolled chemisorption of oxygen. The progressive blueshift of
the surface-related peak observed in reflectance anisotropy
spectroscopy �RAS� spectra as a function of the oxidation
stage is consistent with exciton quantum confinement along
the �-bonded chains due to their progressive shortening.
This demonstrates that Si�111�-2�1 offers well-ordered
“natural” wires which may represent a model to investigate
the initial stages of three-dimensional confinement.

Si �111� crystals were cleaved in ultrahigh vacuum �UHV�
at room temperature along the �2̄11� direction of the �111�

face, providing the well-known 2�1 Pandey
reconstruction.12 In situ low-energy electron diffraction was
used to check the domain structure after cleavage. Single-

domain surfaces, with unidimensional chains along the �01̄1�
direction, were then exposed to a controlled flux of molecu-
lar oxygen introduced into the UHV chamber. For RAS mea-
surements, a specifically built optical setup was used, oper-
ating in the near-infrared range �IR-RAS�.13 The polarization
directions of IR-RAS were aligned along the two orthogonal
symmetry axes, � and �, corresponding respectively to the

chain axis ��01̄1� direction� and its orthogonal direction

��2̄11��. The RAS signal is defined as

�R

R
= 2

R� − R�

R� + R�

,

where R� and R� are the intensities of reflected light for �
and � polarizations.13 Our IR-RAS setup has been employed
here to highlight very small changes in the optical line shape
thanks to its very high signal-to-noise ratio �more than one
order of magnitude better than commercial apparatuses
working in the visible-UV range�. The excellent stability of
RAS signal over time allowed monitoring oxidation with
very low oxygen flux.

In Fig. 1, the IR-RAS spectrum of clean Si�111�-2�1 at
room temperature is reported together with its evolution
upon progressive exposure to oxygen, after 200, 500, 700,
and 1200 L �1 L=1�10−6 Torr s�. During each oxidation
stage the RAS signal maximum intensity was continuously
monitored to control the oxidation rate accurately. A detect-
able blueshift of the RAS peak, amounting to almost 20% of
the clean surface peak energy, is observed. Besides this shift,
the exposure to oxygen of the clean surface induces a de-
crease of the intensity of the bell-shaped curve, as expected
when dangling-bonds are saturated. At the same time the
width of the curves tends to increase. The final spectrum
�measured after 1200 L� displays the residual background
anisotropy of the optical system to be subtracted from the
experimental curves.13 No further variations have been de-
tected at much larger exposure values.
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The spectrum evolution �Fig. 1� is a general result that we
observe in �-bonded Si�111�-2�1 surfaces. Indeed, within
the experimental uncertainty, the same blueshift of the main
peak is measured on samples of different doping, either at
room and low temperatures �90 K�. Such general finding
suggests that some microscopic process related to oxidation
affects the surface electronic levels.

Previous ab initio calculations of one of us �M.R.� have
shown that the exciton, which is responsible for the optical
response, is localized on the surface and has �quasi-� one-
dimensional character.9 In this calculation we have consid-
ered explicitly the shortening of chain length due to oxygen
adsorption. Oxidation changes the local chemistry along the
�-bonded chains, interrupting the conjugation of the elec-
tronic states. This constitutes a barrier for the 1D exciton.
The blueshift of the excitonic peak would be due to a
particle-in-a-box effect �the box being one-dimensional in
this case�, corresponding to a 1D/0D intermediate regime.

At the clean, perfect surface with infinite periodicity the
optical response results exclusively from surface excitons
with zero total momentum. At a surface with reduced peri-
odicity nonzero momentum becomes relevant and the band
dispersion of the surface exciton shows up. We have inves-
tigated this issue by a simplified tight-binding model, which
was chosen to reproduce the single-particle dispersion on an
infinite chain and the excitonic binding of the zero-
momentum exciton. On a �-bonded chain of finite length L
the exciton is confined and its energy rises. During the initial
three-dimensional confinement, namely for not too
short chains, this increase can be approximated by

E�L�=E���+h2 /8�2m��L+L0�2 with E��� being the free-
exciton transition energy, m� being the effective mass of the
exciton, whereas L0 accounts for some “spill-out” of the ex-
citon wave function over the boundary of the chain due to
the finite height of the potential barrier. We have assumed
L0=7.6 Å �2 surface sites� in the calculations. For the
Si�111�-�2�1� surface, we take E���=0.45 eV and
m�=0.11me.

9,10

Initially, we consider two different, extreme scenarios for
the oxidation process: �i� a “hit and diffuse” model, in which
molecular oxygen is first physisorbed on the surface and it
sticks after diffusion along the chains giving rise to oxide
island formation at their ends, �ii� a “hit and stick” model in
which oxygen is adsorbed where it hits, therefore in random
positions.14 In both processes two dangling bonds are satu-
rated.

In the following we will show that the first model is to-
tally inadequate to fit the experimental data, while the latter
model qualitatively accounts for the experimental results.
The above oxidation processes can be easily studied by
Monte Carlo simulation. For the starting surface, we assume
a random statistics of already existing defects limiting the
chain length, with a certain initial density q �here 1%�, yield-
ing a Laplacian distribution of chain lengths with mean value
a /q �a being the � bonded-chain lattice constant 3.8 Å�.

The evolution of computed RAS spectra, for increasing
oxygen coverage according to scenarios �i� and �ii�, are re-
ported in the left and middle panels of Fig. 2. It is seen that
scenario �i� leads to a negligible blueshift of the optical peak,
which becomes measurable only near the end of the process.
A totally different trend results from scenario �ii�, where a
large blueshift results already at the very early stages of oxi-
dation. However, this model overestimates the experimental
blueshift and exhibits also a crossing of the curves on the
high-energy side at variance with the experimental behavior.

Therefore, on a heuristic basis, we considered a third sce-
nario, labeled �iii�, including both random and diffusion pro-
cesses, which turned out to be in better agreement with the

FIG. 1. Reflectance Anisotropy spectra of Si�111�-2�1 mea-
sured at the clean surface �circles� and at different oxidation stages.
Data were taken at room temperature, starting from UHV condi-
tions. The final curve �squares� has been measured at the completely
oxidized surface and represents the residual optical anisotropy. Ver-
tical bars are just a guide for the eye, to highlight the shift of the
peak position.

FIG. 2. Evolution of the simulated RAS optical response of the
Si�111�-�2�1� surface from clean surface �highest curve,
coverage=0� to a fully oxidized surface �zero signal, coverage=1�
in coverage steps of 0.1. The data result from Monte-Carlo simula-
tion, starting from an initial defect density q=1%. The left panel
refers to adsorption with diffusion and consequent oxide island for-
mation �scenario �i��, the middle panel to random adsorption �sce-
nario �ii��, and the right panel to a combination of both �scenario
�iii�, see text�.
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experiment. Scenario �iii� is based on the following assump-
tions: �a� each chemisorbed oxygen molecule occupies two
adjacent sites in the chain, as in the peroxide-bridge model;
�b� an oxygen molecule hitting a clean segment of the chain
chemisorbs without diffusion; and �c� an oxygen molecule
hitting an already oxidized part of the chain diffuses until it
finds the end of the oxidized chain, where it chemisorbs,
increasing the size of the oxide island and reducing the re-
maining Pandey chain length.

The simulated spectra corresponding to this scenario are
reported in panel �iii� of Fig. 2. As it will be shown in the
following, this model is in excellent agreement with the ex-
perimental data of Fig. 1. In particular, we notice that the
crossing of the curves has considerably reduced.

For a quantitative comparison of the simulated curves of
Fig. 2 with the experimental results of Fig. 1 a small problem
should be solved: the simulated curves have been obtained as
a function of oxygen coverage while the experimental results
refer to optical transitions as a function of oxygen exposure.
It is reasonable to assume that the coverage is proportional to
the area of the curves �both experimental and simulated�.
However, the simulated ones extend outside the measured
interval �both to the high and low energy sides� because of
the technique of calculation and the simplicity of the model.
Such unphysical tails considerably alter the area of the
curves. However, in the range of interest �0.3–0.9 eV� the
areas of the theoretical curves are proportional to their
heights, within 20% on the average.

Since the scope of this work is to prove the effect of
confinement, we have neglected this small deviation and in
Fig. 3 we plot the relative blueshifts as a function of the
relative heights of the curves �1− I / Iclean� for the three sce-
narios �i�, �ii�, and �iii�.

Figure 3 shows a very good quantitative agreement
between the simulation based on model �iii� and the
experiment, suggesting that oxygen chemisorption on
Si�111�-2�1 is essentially a random process, attenuated by
some oxide island formation due to diffusion along the sur-
face. A further refinement should include also parameters as
temperature15 and step density.16 In addition, squeezing of
the exciton by strong confinement �I / I0	0.2� should also be
considered. However, such difficult implementations are
clearly beyond the scope of the present Brief Report.

We finally remark that the intention of the above simula-
tions is mainly to support and to strengthen the interpretation
of the experimental blueshift, observed for the first time in Si
�-bonded chains, in terms of three-dimensional exciton con-

finement at the surface, rather than to provide a truly quan-
titative explanation. The simulations are based on the model
assumption of a quadratic dependence of the blueshift on
chain length, combined with random oxidation plus oxide
island formation. The results point out the dependence of the
exciton energy on quantum confinement and in turn the de-
pendence of quantum confinement on the oxidation
kinetics.17

In conclusion, we report the first experimental evidence of
a blueshift in the optical transitions between dangling-bond
surface states in Si�111�-2�1, during the exposure to oxy-
gen. The effect is interpreted and simulated in terms of a
progressive electron confinement along the Pandey
�-bonded chains. Our results implicitly confirm that
Si�111�-2�1 can be regarded as an authentic 1D system and
represents an intriguing model structure for further investi-
gations in the new appealing 1D/0D regime physics.
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