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Photoemission studies using synchrotron radiation show that laser-annealed Si(111)-(1x1)
and Si(111)-(7 x 7) surfaces have very similar electronic structures; namely, both show (i) the
same two surface states (each with a characteristic angular emission pattern), (ii) similar surface
core-level spectra, and (iii) the same Fermi-level pinning. We observe that the (1 x 1) and
cleaved (2 x 1) surfaces are not related as recently reported. Low-energy-electron-diffraction
studies conclude that the (1 x 1) surface has a compressed ideal (1 X 1) geometry; this is incon-
sistent with a band-theory interpretation of our results.

It has been recently shown'™ that atomically clean
semiconductor surfaces can be prepared by pulsed-
laser-annealing techniques, and, moreover, that such
surfaces can be formed with novel atomic arrange-
ments and doping concentrations. The laser-annealed
Si(111) surface is of particular interest in that it ex-
hibits an unreconstructed (1 x 1) diffraction pattern
(via low-energy-electron diffraction, LEED); also, a
recent dynamical LEED analysis has been made
which describes normal incidence LEED data with a
model wherein the outer atomic layer is relaxed in-
wards (compressed) by °~0.2 A and the second layer
is expanded by — 0.07 A relative to the ideal (1 x 1)
geometry, with no lateral displacements.> Theoretical
band calculations (for reviews see Ref. 4) predict that
such a surface would be metallic, with a half-filled
band of dangling bond states at the Fermi energy £,
and would be very different from the annealed
Si(111)-(7 x 7) and impurity-stabilized Si(111)-

(1 x 1) surfaces as well as from the cleaved Si(111)-
(2x 1) surface. Recently two studies of laser-
annealed Si(111)-(1 x 1) surfaces have been report-
ed,>® and it has been suggested® that the laser-
annealed (1 x1) surface is buckled with no long-
range order, but with a short-range (2 x1) recon-
struction.

We have performed angle-resolved and angle-
integrated photoemission studies of both valence-
band surface states and surface core-level shifts’ for a
laser-annealed Si(111)-(1 x 1) surface prepared in the
same manner as was done for the LEED study® and
for a Si(111)-(7 x 7) surface which was prepared by
thermally annealing the (1 x 1) surface. We find that
these two (111) surfaces are remarkably similar; i.e.,
(1) both show predominant surface states at 0.85 and
1.8 eV below the Fermi level Er, (2) both show dis-
tinctive angular distribution patterns for these two
states which are the same, (3) both show the same
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Fermi-level position at the surface (within +20
meV), and (4) both show similar surface core-level
spectra. The principal difference observed between
the (1 x1) and (7 x7) surfaces is that the latter also
exhibits a small density of surface states at Er (me-
tallic surface) which is absent for the (1 x 1) surface.
In contrast with a recent study of a laser-annealed

(1 x1) surface,® we find that surface-state energies,
angular distribution patterns, and surface core-level
spectra for the (1 X 1) and (7 x 7) surfaces are all
quite different from those observed for single-domain
and multidomain cleaved Si(111)-(2 x 1).

These surface states and surface core-level shifts
indicate that the laser-annealed (1 x 1) surface, the
impurity-stabilized (1 x 1) surface,’'° and the
Si(111)-(7 x 7) surface!! all have similar local bond-
ing geometries, and differ only in long-range order
which does not drastically alter the local geometry.
This conclusion is consistent with the recent LEED
studies of Bennett and Webb,'? who have studied the
(7 x7) —(1x1) phase transition at 1140 K and
have found an order-disorder transition. There
remains the interesting question of why the LEED
analysis® yields such a good agreement with LEED
data using a model (1 x 1) geometry which appears
to be different from that needed to describe the sur-
face electronic structure. One possible explanation is
that LEED is not particularly sensitive to the long-
range disorder present on the (1 X 1) surface [com-
pare, e.g., the disordered high-temperature (1x 1)
phase observed in Ref. 12]. Another explanation is
that photoemission can rule out the relaxed ordered
(1 x 1) geometry only if the surface states are band-
like as assumed in all calculations to date; i.e., corre-
lation effects not considered to date might be very
important for these narrow surface levels.

Experimental photoemission techniques using syn-
chrotron radiation have been described.”'* Surfaces
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were prepared from Si(111) wafers (n-type 3-Q cm
P-doped) by light sputtering and laser annealing as
previously described; an area of ~0.7-cm diameter
was annealed with spatially homogeneous (+20%)
pulses (typically five pulses) of 2.0 J/cm? using a O-
switched pulsed ruby laser. After annealing, these
surfaces were characterized using LEED in the
preparation chamber, and were then transferred in
situ to the display spectrometer for photoemission
and Auger measurements. Working pressures were
<1x107' Torr.

In Fig. 1, angle-integrated photoemission spectra
are presented for a laser-annealed (1 x 1) surface
(full curve) and for a (7 x 7) surface (dashed curve),
which was prepared by annealing the (1 x 1) surface
to —1200 K. For the (1 x 1) surface, the dashed-
dotted line shows the spectrum obtained after a hy-
drogen exposure [~ 500 L (1 L =107% Torrsec) of
activated H] which results in about a saturation
monolayer coverage of H (same normalization); the
difference between the solid curve (a) and the
dashed curve within ~ 3 eV of Er represents
surface-state emission. Two predominant surface-
state features are seen, (i) at —1.8 eV and (i) at
—0.85 eV, which are essentially identical for both the
(1x1) and (7 x7) surfaces. For the (7 x7) sur-
face, a third weaker feature (iii) is seen at the Fermi
level Er which is at 0.5 £0.05 eV above the valence-
band maximum £, (see Ref. 7). These states at Ef,
which correspond to ~ 3% of the total emission in-
tensity from surface states within ~— 3 eV of Er, ap-
pear to originate via the (7 x 7) reconstruction from
the —0.85-eV states, which show a correspondingly
reduced intensity for the (7 x7) surface relative to
the (1 x 1) surface.

Angular emission distributions of the (i) —1.8-eV
and (ii) —0.85-eV surface state for the (1 x1) sur-
face are shown in Fig. 2. These were taken with a
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FIG. 1. Angle-integrated photoemission spectra for the
valence bands and 2p core levels of the laser-annealed
Si(111)-(1 x 1) and thermally annealed Si(111)-(7 x 7) sur-
faces. Two prominent surface-state levels are seen for both,
i.e., “p,-like” levels at —0.85 eV and levels at —1.8 eV.

(b)
FIG. 2. Pictures showing the angular (momentum) distri-
butions of (a) the —0.85-eV *‘p,-like” surface state and (b)
the —1.8-eV surface state for the Si(111)-(1 x 1) surface.
The hexagonal (1 x 1) surface Brillouin-zone boundary and

zone center as given by our two-dimensional spectrometer
system are marked.

display-type photoelectron spectrometer!® with mixed
s-p-polarized radiation (the electric field vector was
inclined ~ 55° from the surface normal). The dis-
torted hexagons in Fig. 2 denote the (1 x 1) hexago-
nal surface Brillouin zone for the electron energies
involved (~ 15 eV) as seen via our display spectrom-
eter. It is seen that surface state (i) at —1.8 eV ex- -
hibits a_small, sharp emission feature at the zone
center I', i.e., normal to the surface, and a more in-
tense emission ring near the zone boundary. Surface
state (i) at —0.85 eV exhibits a different pattern,
i.e., a broad, diffuse angular emission distribution
centered at " with little emission near the zone boun-
dary. The (7 x7) surface exhibits essentially identi-
cal angular distributions for the corresponding states
(not shown). The weak surface-state feature (iii) at
Er which is seen only for the metallic (7 x 7) surface
exhibits a well-defined hexagonal angular emission
distribution that is peaked at the Brillouin-zone boun-
dary of a (2 x2) surface unit cell (not shown).
Si2pj, core-level angle-integrated photoemission
spectra for the (1 x1) and (7 x 7) surfaces are
shown in Fig. 3 (solid lines) for a photon energy
hv=120 eV, an energy for which the spectra are sur-
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FIG. 3. Si2p3, core-level spectra for (a) Si(111)-(1 x1),
(b) Si(111)-(7 x7), and (c) Si(111)-H(1 x 1). The contri-
bution due to the outer double layer of surface atoms is
shown by dashed lines.

face sensitive [escape depth ~ 5.4 A (Ref. 7)] with
about % the emission intensity corresponding to the
outer double layer of Si surface atoms. Following
previously described procedures,” we have first
decomposed the spectra into similarly shaped 2p;/;
and 2pj, contributions, and then subtracted from the
2p3/; spectra a “‘bulk” contribution corresponding to
the layers below the outer double layer. The result-
ing curves (dashed lines in Fig. 3) show the spectral
distributions of surface core levels for the outer two
surface layers (one double layer). In Fig. 3, the en-
ergy scale 0 denotes the bulk 2p;/; line position.
Parameters determined from our fitting (for both
surfaces) are a spin-orbit splitting of A =0.61 £0.01
eV, a 2p;p-t0-2p3/; branching ratio of 0.51 tOél at
hv =120 eV, an electron escape depth of 5.4 A for
15-eV photoelectrons, a bulk intrinsic Lorentzian
linewidth of 2I' =0.19 eV, and an instrumental
broadening (Gaussian) of ~0.25 eV. The bulk line
position, bulk line shape, and instrumental broaden-
ing were determined using spectra for hydrogenated
surfaces with #v =108 eV which have a small surface
contribution, as previously described.” The bulk line

positions were found to be the same (within +20
meV) for both surfaces; i.e., both have the same
band bending at the surface (Er—E,=0.5

+0.05 eV). This result disagrees with the band-
bending change of —0.15 eV found in Ref. 6 between
the (7 x7) and (1 x 1) surfaces. However, the study
in Ref. 6 uses valence-band features to determine the
band bending which are much broader than the Si2p
core levels and affected by surface-state emission.

As seen in Fig. 3, 2p;/; surface core-level spectra
(dashed curves) for the (1 x1) and (7 x7) surfaces
are very similar, and differ greatly from the spectra
for Si(111)-H(1 x1). Both show characteristic low-
binding-energy peaks, with the (1 x 1) surface show-
ing a peak at —0.8 eV relative to the bulk with an in-
tensity corresponding to ~ (—i— + le-) of a surface

layer of atoms and the (7 x 7) surface showing a
peak at —0.7 eV with an intensity corresponding to
~ (% + le-) of a surface layer of atoms. Both surface
spectra also show core levels on the high-binding-
energy side of the bulk line at about the same position.
In summary, we have studied valence-band surface
states, including both their energy and angular distri-
butions, as well as surface core levels for the laser-
annealed (1 x 1) surface and thermally annealed
(7 x7) surface and find them to be remarkably simi-
lar. This strong similarity indicates that these sur-
faces have very similar local bonding geometries and
differ mainly in long-range order involving geometri-
cal rearrangements that are only a perturbation on
the average local bonding geometry. We have also
studied cleaved single-domain and multidomain
Si(111)-(2 x 1) surfaces,’ and find surface states with
different energies (Er—0.5 eV, Er—1.0 eV), with
different angular distributions, with different surface
core-level spectra, and with a different band bending
[EF—E,=0.33 eV vs 0.51 eV for the (1 x1) and
(7 x7) surfaces]l. Thus, we conclude that there are
significant differences in the local bonding geometry
of the (2 x1) vs the (1 x1) and (7 x7) surfaces. It
should be noted that the recently reported study® of
laser-annealed Si(111)-(1 x 1) employed somewhat
different experimental conditons [i.e., a Q-switched
frequency-doubled Nd-YAG (neodymium-doped
yttrium aluminum garnet) laser with a low power such
that a multiple-shot raster technique was used to an-
neal the surface area probed with photoemission and
LEED]. Thus somewhat different absorption depths,
anneal temperatures, and an about 50% faster re-
growth velocity!® were used, which could result in a
different (1 x 1) surface than the one we have
prepared. We do not believe that this causes a dif-
ferent (1 x 1) surface. Indeed, the surface-sensitive
EDC (energy distribution curve) (hv=21.2 eV) for
Si(111)-(1 x 1) reported in Ref. 6 has surface states
at the same positions as our surface for hv =21 eV
(Fig. 1) (intensities cannot be compared because of
different geometries). In particular, the strong
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—1.8-eV surface state exists on the (7 x7) and
(1 x 1) surfaces (in our work as well as in Ref. 6)
but not on the (2 x 1) surface.” !4

The question whether a buckling reconstruction
takes place on the laser-annealed Si(111) surface (as
suggested in Ref. 6) cannot be answered since the
geometry of neither the (7 x7) nor the (2 x 1) sur-
face is definitively established at present. We note,
in particular, that band calculations for buckled
(2 x 1) surface geometries disagree with recent pho-

toemission data (see Ref. 14).
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FIG. 2. Pictures showing the angular (momentum) distri-
butions of (a) the —0.85-eV “‘p,-like’* surface state and (b)
the — 1.8-eV surface state for the Si(111)-(1 x 1) surface.
The hexagonal (1 x 1) surface Brillouin-zone boundary and
zone center as given by our two-dimensional spectrometer
system are marked.



