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It is suggested that the 2X1 and 7X 7 reconstructions of Si(111) surfaces are inherently
quite similar and propose a 7X7 structure based on ringlike arrangements of positively
and negatively charged surface atoms. High~resolution angle-resolved photoemission
data are shown to provide strong support for the buckled, (2X1)-like nature of the 7X7

surface.

The 2X 1 and 7X 7 reconstructions of Si(111)
surfaces have been extensively studied.!”*® The
generally accepted description for the 2X 1 recon-
struction’” % is that rows of surface atoms are
alternately raised and lowered. This is accom-
panied by charge transfer between inequivalent
atoms and by a metal-semiconductor transition
at the surface. Because of the greater complex-
ity of the 7X 7 surface no comparable understand-
ing of its atomic and electronic structure has
been obtained yet. In this paper we present argu-
ments based on high-resolution angle-resolved
photoemission experiments, empirical energy-
minimization calculations, and other considera-
tions to suggest that the 7X7 and 2X 1 reconstruc-
tions are similar in character. We propose a
new model based on ringlike arrangements of
raised and lowered atoms for the 7x 7 surface
and use it to interpret various experimental re-
sults and to make predictions on the nature of the
surface electronic states.

The most extensively studied model for the 7
X T surface has been the Lander vacancy mod-
el 137152425 A pnumber of arguments have been
given in the past in support of this model. These
arguments, which are discussed and reexamined
below, are based on the following observations:

(i) A relatively high transition temperature of
700 °C for 2 X 1to 7 X 7 conversion. Lander'® in-
ferred that atomic mobilities became large at
700°C, leading to vacancy formation. Recent
measurements'® have shown, however, that the
transition temperature is as low as 200 °C for
low-step-density surfaces.

(ii) A shavp dvop of 0.6 eV in the work function'”
in a narvow tempevaturve vange sepavating the 2
X1 and 7 X 7 surfaces. Rowe and Phillips have ar-
gued!® that this would imply significant differen-
ces between 2X 1 and 7X 7 surface structures.
More recent measurements by one of the au-

thors®’+?® indicate, however, that the work func-
tion varies smoothly from the 2X1 to the 7X7
surface, there being no large drop in the work
function.

(iii) The different suvface reactivities of the 2
X1 and 7 X 7 structures. Chlorine?°**° and hydro-
gen®'**2 chemisorption studies have shown that 2
X1 structure transforms relatively easily into a
1 X1 structure, whereas the 7X7 surface is much
more stable. The stability of the 7x 7 surface
has been taken as strong evidence for the vacan-
cy model. The presence of only one vacancy (or
adatom, or some other internal feature) could in-
hibit the 7X 7 to 1X 1 conversion, and such a pos-
sibility cannot be ruled out. However, an alter-
native explanation for the greater chemical re-
activity of the 2x 1 surface should also be con-
sidered. This is related to the presence of steps
on cleaved surfaces. It has been shown®® that the
sticking coefficient of oxygen on the (111) surface
increases exponentially®® with the step density at
the surface. Steps could also play a crucial role
in facilitating the chemisorption of chlorine and
hydrogen on the 2X 1 surface.

Low-energy—electron—diffraction (LEED) stud-
ies® have shown that the 7Xx 7 surface has three-
fold rotational symmetry. At low incident elec-
tron energies (E ~40 eV), when only the top lay-
er of surface atoms contributes effectively to the
scattering, a sixfold rotational symmetry is ob-
served. Kinematical analyses®™:?¢ of LEED data
have led to the conclusion that vacancy'® and ad-
atom® models are inadequate and that rippled or
buckled surfaces are more suitable. Dynamical
studies are, however, necessary before the LEED
results can be used with certainty for structural
determination. Our model for the 7x 7 surface
which incorporates the symmetries required from
LEED is shown in Fig. 1(a). There are 25 raised
(open circles) and 24 (dark circles) atoms per
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FIG. 1. (a) Proposed model for the 7x 7 surface of
Si(111). (b) The hexagonal symmetry of the surface
atoms around the corner atom of the unit cell. Raised
and lowered surface atoms are represented by open
and dark circles, respectively.

unit cell. The lines connecting the surface atoms
are intended to show the nearly ringlike arrange-
ments of the atoms as compared to the linear pat-
terns of the 2x 1 surface. The atomic arrange-
ments of the first two rings around a corner atom
of the unit cell are shown in Fig. 1(b). We as-
sume that as on the 2X 1 surface, raised and low-
ered atoms become negatively and positively
charged, respectively. For the 7X 7 structure
the vertical displacements of surface atoms, as
discussed below, are calculated to be nearly
identical to those on the 2X 1 structure, except
for the corner atom which is raised less (by
~0.05-0.1 A) than the other “up” atoms. Bond-
length as well as bond-angle variations on the
two surfaces are also found to be very similar.
The relaxed atomic positions of the first double
layer at the surface were determined from an em-
pirical force-constant model. The model involves
the use of a Keating-type® elastic energy term
augmented by a term U which was taken to have
the form

U=2l-k(az,0 +ky(02,)]. (1)

In Eq. (1) the sum is over the top layer of sur-
face atoms with Az, representing displacements
normal to the surface. The term U is necessary;
otherwise a minimization of the elastic energy
for the Keating model will always lead to an unre-
laxed 1 X1 surface. The coefficients &, and %, in
Eq. (1) were chosen such that a reasonable de-
scription of the 2X1 reconstruction of Si(111)

was obtained through energy minimization. The
term k,(Az;)* was found to be needed since for k&,
equal to zero the surface remains 1X1 when &,

is small and it becomes unstable when &, is large.
To start the calculations surface atoms were
raised or lowered by an arbitrary amount and

the surface was then allowed to relax. For the 7
X7 surface ringlike geometries of raised and low-
ered atoms were tested. The innermost rings of
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FIG. 2. Normal-emission spectra for 2x 1 and 7x 7
surfaces. The photoemission measurements for the
7X 7 surface were performed at Laboratoire pour 1°Util-
isation du Rayonnement Electromagnétique, at the Or-
say Synchrotron Radiation Center (Ref. 24). The 2x1
results are from Ref. 20.

three atoms in Fig. 1(a) are required by the rota-
tional and translational symmetries of the sur-
face. The atomic relaxations were not constrained
to be consistent with threefold or sixfold (for the
top layer) rotational symmetries but these were
obtained as a result of the calculations. Within
the context of the empirical model used we esti-
mate the “elastic” energy of the 7 X7 surface to
be slightly (0.02 eV per surface atom) lower than
that of the 2x 1 surface. Assuming similar charge
transfers (of about 0.3 electron) on the 2x 1 and
7x T surfaces and ignoring screening effects, the
difference in the surface Coulombic energies of
the two surfaces is calculated to be small (~0,01
eV/atom).

Strong evidence for the (2 x1)-like (i.e., buck-
led) nature of the 7X7 surface is provided by our
high-resolution angle-resolved photoemission
measurements. Normal-emission spectra for
the 2X1 and 7TX7 surfaces obtained from two in-
dependent experiments on different samples are
shown in Fig. 2. The 2X1 sample was » type (10-
Q-cm resistivity) and was one of several prepared
by cleavage.?® The 7XT sample (also n type with
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a 0.005-Q-cm resistivity) was prepared? by flash-
ing and was characterized by LEED and Auger
spectroscopy. The photoemission measurements
for the TX 7 surface were performed for photon
energies 7w in the range 18< 7w < 120 eV at the
Orsay Synchrotron Radiation Center. The energy
resolution (monochromator + analyzer) was = 250
meV and the angular resolution was + 0.5°. A de-
tailed discussion of the results will be presented
elsewhere,*

The most interesting feature of the normal
emission spectra shown in Fig. 2 is that the dan-
gling-bond states on the 2X1 and the 7X7 sur-
faces occur at nearly the same energy (~-0.8
eV) with respect to the Fermi energy Ez. For
the 7XT7 surface the angle-resolved measure-
ments show that maximum emission intensity oc-
curs at normal emission for p-polarized light,
leaving no doubt as to the dangling-bond charac-
ter of this state. No dispersion with polar angle
was found. Another intesting feature revealed by
our measurements is that the intensities of the
surface states, in particular of the — 0.8-eV state,
exhibit an oscillatory behavior® as a function of
w. Previous angle-resolved measurements?! 22
as well as our own measurements done at low pho-
ton energies (Tw < 25 eV) show a weak peak at
- 0.8 eV. We find that this structure becomes
sharply peaked at Zw ~50 eV as shown in Fig. 2.
Overall, the normal-emission spectra for the 2
X1 and 7X7 surfaces are quite similar. Recent
measurements?® on the 2x1 surface using syn-
chrotron radiation show that the maximum emis-
sion intensity for the dangling-bond state of this
surface also occurs at normal emission, for a
photon energy near 50 eV and for p-polarized
light. The back-bonding surface states on the 7
X T surface appear to be broadened as compared
to those of the 2X 1 surface, most probably be-
cause of the greater variety of back-bonding ge-
ometries on the 7X 7 surface.

At the present time a calculation of the elec-
tronic structure of the 7X7 surface for compari-
son to the experimental results is too difficult to
carry out. However, on the basis of our structur-
al model the electronic states at the metallic
edge are expected to be dangling bond in charac-
ter. The 25 up atoms in Fig. 1(a) give rise to
dangling-bond surface bands that can be occupied
fully by 50 electrons; with only 49 dangling bonds
present these bands are 98% full, forcing the
empty states to be at the upper end of the dang-
ling-bond density-of-states distribution, result-
ing in a small density of states at Ey.

Internal-reflection®'® measurements and elec-
tron-loss spectroscopy,'? in combination with
photoemission measurements, have given evi-
dence for the presence of empty surface states
in the band gap of the 2 X1 surface but not'°+'? of
the 7XT7 surface. More precisely, the internal-
reflection measurements'® for the 7x 7 surface
show some evidence for a metallic surface with
Drude-like absorption, but strong absorption cor-
responding to excitations between filled and emp-
ty surface states seems to be absent. The buck-
led model of Fig. 1 would lead to the expectation
that the empty dangling-bond states of the 2 X1
and 7 X7 surfaces should be at approximately
the same energy. For the 7XT7 surface, empty
states in the bandgap have been observed in sur-
face photoconductivity measurements by Monch.!?+37
For the 2X1 surface his results are in good
agreement® with the internal-reflection measure-
ments of Chiarotti, et al.’®! The sensitivity of
the photoconductivity measurements is much
higher®® than that achieved in internal reflection.
The differences in the results of the two meas-
urements could be caused by the presence of an
indirect gap®® (in the extended Brillouin zone) on
the Tx7 surface. Evidence for the presence of
empty surface states in the band gap has also
been obtained recently by surface photovoltage
spectroscopy.®®

An analysis of the similarities and differences
between the 2x 1 and 7x 7 surface reconstructions
in terms of “frozen-in” surface phonons*® will be
discussed elsewhere.*!
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