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Surface-state energy bands for a single-domain Si(111)-(2 1) surface have been studied with angle-resolved
photoemission using synchrotron radiation. From the angular photoelectron distributions seen with a display-type
spectrometer, we conclude that there are two surface states near the top of the valence bands E,, one at E, — 0.7 eV
around 7" [0.65 eV full width half maximum (FWHM)] and a second at E, — 0.15 eV (0.4 eV FWHM) along the line
JK. These states are found to be nearly dispersionless along the symmetry lines /J" and JK . Their range of existence
can be related to different gaps in the projected bulk bands. The lower surface state lies in a band gap above the L,
point which we find at E, — 1.5 eV. Our findings are not well described by band calculations reported to date which
use buckled-surface model geometries. Our results also indicate that several discrepancies among different reported
experimental results are likely due to multidomain cleavage effects. We conclude that either the geometry of Si(111)-
(2 1) has not yet been determined unambiguously or that the surface states cannot be described by a bandlike

model which is the basis of present calculations.

INTRODUCTION

The cleaved Si(111)-(2x 1) surface has been
studied quite extensively using low-energy elec-
tron diffraction (LEED), angle-resolved photo-
emission, etc., and is widely believed to have
a buckled-surface (2x1) geometry in which al-
ternate rows of surface atoms are raised and low-
ered (e.g., see discussion and references in
Ref. 1). Experimentally, there have been dif-
ficulties in preparing single-domain cleavages"
with reproducible photoemission features,? ° e.g.,
peak positions can vary up to ~0.5 eV (Ref. 3) and
the amount of band dispersion measured along TJ'
has varied from 0.5 eV (Ref. 3) to <0.1 eV (Ref. 5).
Along T'J no band dispersion data have been re-
ported. We have taken care to prepare single-
domain Si(111)-(2x 1) cleavage surfaces which
are stable and reproducible, and have studied po-
larization-dependent surface-state bands through-
out the surface Brillouin zone by using an imag-
ing two-dimensional photoelectron spectrometer.
We have measured surface-state dispersions
E(EK,) along the main symmetry lines I'7 and TJ.
Also, we have measured the polarization depen-
dence of surface-state emission, which yields
symmetries. By exposing the (2x1) cleavage sur-
face to activated H, the Si(111)-H(1x 1) surface is
formed, and differences in emission from these
surfaces help distinguish bulk states from sur-
face states. Our main result is that we find two
distinguishable surface states near the top of the
valence band which exist in different areas of the
surface Brillouin zone and exhibit different sen-
sitivities to hydrogen exposure. These states
cannot be described in terms of calculated surface
bands reported to date for buckled surface geo-
metries.”" %13 Empirically, we locate the two sur-
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face states in two different band gaps of the pro-
jected bulk band structure. We conclude that either
the geometry of Si(111)-(2x 1) has not yet been de-
termined unambiguously or that the surface states
cannot be described by a bandlike model which is
the basis of present calculations.

EXPERIMENTAL

The energy and angular distributions of photo-
electrons from cleaved Si(111)-(2x1) and hydro-
gen-exposed Si(111)-H(1x 1) have been measured
with a two-dimensional photoelectron spectrom-
eter'! using synchrotron radiation from Tantalus I
at the University of Wisconsin-Madison. Intrin-
sic p-type (boron-doped, 20 £ cm) samples were
cleaved in a vacuum of <107 Torr. Single-domain
cleavages with low step density (i.e., no visible
streaking of the LEED spots) were selected with
LEED. For good-quality cleaves, the short sym-
metry direction TJ7 of the surface Brillouin zone
was parallel to the cleavage direction. All elec-
tron energies have been measured with respect
to the Fermi level E, which was determined from
the Fermi edge of the Ta sample holder. How-
ever, we reference the energies to the top of the
valence band E, for better comparison with theory
by using Ez— E,=0.33 eV for Si(111)-(2x 1) (see
Ref. 6). For Si(111)-H(1x 1) we obtain Ep - E,
=0.46 eV. For the data presented here, the elec-
tric field of the incident light was either polarized
in the TJ’ direction (s polarized) or mixed (s, p
polarized) with the main components along TJ” and
along the sample normal.

RESULTS

Figure 1 shows a set of angle-resolved photo-
electron spectra at high-symmetry points of the
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FIG. 1. Angle-resolved photoelectron spectra from a
single-domain Si(111)-(2x1) surface (full lines and
dashed-dotted line) and from Si(111)-H(1 x1) (dashed
lines) at kv=21.0 eV. The escape angle 6 from the
sample normal and the azimuth have been chosen such
that states near high-symmetry points of the surface
Brillouin zone (see Fig. 4) are selected. Adsorbate-
sensitive states are marked by tic marks.

(2x1) surface Brillouin zone. Spectra are shown
for the clean Si(111)-(2x 1) surface (full lines) and
for Si(111)-H(1x 1) (dashed lines). The dominant
adsorbate-sensitive structures are tic-marked.
For k,=0(T) there is a strong surface state at
0.7 eV below the valence-band maximum (strictly
speaking, this is a surface resonance since it
overlaps bulk bands). This corresponds to the
dominant structure seen in previous angle-inte-
grated and angle-resolved photoemission exper-
iments.?”® There is a certain scatter in the re-
ported values for the energy position of this sur-
face state (relative to E our value of —=1.03 eV
compares to —=1.15 eV in Ref. 2, about —0.6 eV
in Ref. 3, —=1.05 eV in Ref. 4, and —0.85 eV in
Ref. 5). This is much larger than the scatter
that we observe between different cleavages (less
than +0.05 eV). This may be due to difficulties
in determining the position of the Fermi level Ej.
The surface state at T is not excited when s-
polarized light (E | TJ’, dash-dotted line) is used,
i.e., it is only excited by the component of E

perpendicular to the surface. Therefore, it is
fully symmetric (4; symmetry) with respect to
the symmetry group operations at T, and corres-
ponds to an s, p,~type orbital. In addition to the
state at —0.7 eV, we observe a broad surface
resonance with A; symmetry at ~=3 eV. In con-
trast to a previous interpretation,3 we find that the
structure at —1.5 eV at T is due to a bulk band.
This feature is not sensitive to H exposure (see
Fig. 1) and disperses with varying photon energy
hv (Fig. 2) in contrast to the surface state at —0.7
eV. For this feature the symmetry of the initial-
state band is A; (p,,, type) since it is excited by
the component of E parallel to the surface (see
Fig. 1, s polarization). At zy=21 eV, in partic-
ular, one is at the bulk L point (to be discussed)
which leads us to assign the structure at —1.5 eV
to the Lj point.

Near J [Fig. 1, middle panel; see Fig. 4 for
(2x1) surface Brillouin-zone symmetry point lab-
els] we find a dominant surface state at —0.15 eV,
as well as a remnant of the above-mentioned -0.7
eV state. Two weak surface resonances appear
around J at —2.25 and —-2.85 eV.

Near J’ (Fig. 1, bottom panel) the predominant
surface state at —0.7 eV is seen with decreased
intensity and the —0.15-eV state is not seen. The
structure at —3.9 eV is due to bulk interband trans-
itions.

Following the dispersion of various surface
states with K, (Figs. 3 and 4), we find a very slight
(downwards) dispersion of the dominant -0.7-eV
surface state along TJ’. This is consistent with
Ref. 5 but in contrast to the results of Ref. 3

* where an upwards dispersion of 0.5 eV was found.

We also studied cleavages with multidomain LEED
patterns as reported in Ref. 3. In this case the
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FIG. 2. Normal emission spectra from Si(111)-(2x1)

and Si(111)-H(1 x1) for various photon energies in mixed
s,p polarization. The inset shows the surface-state
cross section relative to the bulk taken from difference
spectra.
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FIG. 3. Angle-resolved difference spectra between

Si(111)-(2 x1) and Si(111)-H(1 x1) along the main sym-
metry lines TJ and TJ’ showing the emission due to
surface states near the top of the valence band.

upper surface state appears in several escape
directions and an upwards dispersion in the TJ’
direction was sometimes observed. We explain
this by the presence of additional (2x1) domains
where the TK lines of additional domains are pro-
jected onto the TJ” line of the first domain.

Along T'J we find that the dominant surface-
state peak stays constant at —=0.7 eV up to ~0.7
TJ and appears to disperse rapidly towards -0.15
eV beyond that point. We cannot rule out such an
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FIG. 4. Experimental energy bands of surface states
for Si(111)-(2 x1). The projection of bulk bands is shown
by dashed areas. Two sets of projected bulk bands are
shown which correspond to the two (2x1) Brillouin zones
shown in Fig. 6. The main surface states at —0.7 and
—0.15 eV are found in the two different gaps of the pro-
jected bulk bands.

assignment but our data indicate that this rapid
peak shift with K, is better described by the appear-
ance of a new surface state near J than by a dis-
persion of a surface state band along TJ. This

is substantiated by the angular distributions of the
photoemission intensity at a given energy mea-
sured with the imaging two-dimensional spectro-
meter (Fig. 5). At E;=-0.7eV (relativetothetop
of the valence band), the emission is mainly con-
centrated in the interior of the surface-Brillouin
zone. At E;=10.1 eV, only the zone boundary
line JK contributes. At an intermediate energy
E;=-0.4eV, thesetwoareas of surface-state em-
ission coexist and form separate emission pat-
terns centered around 0.4 TJ and 0.7 TK, respec-
tively. Therefore, we assign two separate sur-
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FIG. 5. Angular distribution of photoelectrons from
the dominant Si(111)-(2 x1) surface states as viewed on
the screen of a two-dimensional spectrometer (Ref. 11)
with mixed polarized light (see experimental section).
For comparison, the projection of the surface Brillouin
zone onto the screen is shown in a separate panel. There
are two surface-state bands, one around E;=-0.7 eV
(relative to the top of the valence band), which exists in
two lobes within the Brillouin zone, and the second near
E;=-0.15 eV which exists in the region around the zone
boundary JK.
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face states to the data along TJ. This is further
confirmed by hydrogen exposure in the submono-
layer range (not shown here) which quenches the
lower =0.7 eV surface state much more rapidly
than the upper surface state.

DISCUSSION

The existence of the two predominant surface
states can be understood in terms of the projected
bulk bands (shown in Fig. 4 by dashed areas,
from Pandey, private communication) if one takes
the surface reconstruction into account. Near
the top of the valence band there are two sets of
projected bulk bands and the surface states exist
in gaps above these projected bulk bands. One set
of projected bulk bands (double hatched in Fig. 4)
are those as given for an unreconstructed 1x1
surface; these show a maximum gap opening up
near the zone boundary J where the upper surface
state has maximum intensity (see Figs. 3 and 5).
The second set of projected bulk bands (single
hatched in Fig. 4) originates from surface um-
klapp due to the 2X1 reconstruction, which folds
states near the zone boundary of the 1x1 Brillouin
zone into the zone center of the 2x1 Brillouin zone
via a surface momentum vector § as demonstrated
in Fig. 6. The range in K space for the two sur-
face states coincides with gaps in these two sets
‘of projected bulk bands (Fig. 4). The lower sur-
face state is located in a gap of the second set of
projected bulk bands and has maximum intensity
near the middle of the line TV (see Fig. 5) where
the gap is largest (see Fig. 4). The minimum in
the intensity of the lower surface state lies around
J” (see Figs. 3 and 5) where this state barely
overlaps with bulk bands (see Fig. 4).

Additional evidence for relating the two main
surface states to bulk band gaps is given by the

FIG. 6. Schematic explanatig)n of the range of exist-
ence in k space for surface states on Si(111)-(2 x1).
The hatched areas represent gaps in the projected bulk
bands at an average surface state energy of —0.4 eV
(relative to the top of the valence band). The two
rectangular 2 x1 surface Brillouin zones cover the area
of one hexagonal 1 x1 surface Brillouin zone and support
two different surface states. The § is the extra surface
momentum vector induced by the (2x1) reconstruction.

photon-energy-dependent cross section of the sur-
face states (see Fig. 2 inset). As shown in Ref.
12, there are periodic oscillations in this cross
section with maxima in the cross section at photon
energies Ay, such that final states are reached
which have the same (three dimensional) Kk vector
as the bulk states which span the gap. For normal
emission from Si(111)-(2x 1), the two bulk band
gaps shown in Fig. 4 are terminated by the top of
the valence band (I';5=0 eV) and by the point L}
=-1.5eV (-1.2eV calculated), respectively. Tak-
ing a free-electron final band (inner potential of
19 eV below the vacuum level) one finds L points
at +21 and +83 eV and an T point at +48 eV (above
the top of the valence band) along the sample nor-
mal. Experimentally, one observes maxima in
the cross section of the surface state at —-0.7 eV
in normal emission for zv=21 eV (see Fig. 2 in-
sertand Ref. 4) and for hv =48 eV (Ref. 5). The max-
imum at zy=21 eV correlates to the band gap
above the L point. Thus, the lower surface state
appears to be split off from the lower lying set

of projected bulk bands (single hatched, see Fig.
4). This can explain why this state seems not be
affected by the underlying bulk bands.

Previous data on Si(111)-(2x 1) have been com-
pared rather favorably to band calculations (Refs.
3, 4, and 10). We do not find such an agreement
for our new data which show differences with past
data that we have discussed. There is a number
of calculated surface-state bands for Haneman-
type buckled surface geometry models™ %2 of the
Si(111)-(2x 1) surface which can be compared with
our experimental surface-state bands. Common
trends in these calculations are (a) an s,p, dang-
ling-bond-type surface-state band very near E,
which disperses upwards by about ~0.3 eV from
T to J° and downwards from T to J, and (b) back~
bonds which are present for large buckling. The
latter can be pushed up to within 0.5 eV of E, by
the reconstruction’ and disperse more strongly
(21 eV) than the dangling-bond state. There are
two possibilities to assign our observed surface
states to calculated surface-state bands. First,
all surface states could be assigned to a single
dangling-bond-type surface-state band. Secondly,
the surface states at —0.15 eV along JK and at
—=0.7 eV around T could be assigned to the dang-
ling-bond and back-bond states, respectively.

However, there are several features in our data
which do not agree with such assignments. Con-
sidering the first assignment, all band calcula-
tions except Ref. 9 conclude that the dangling-bond
band disperses upwards from T to J’ and has a
maximum energy on the skort surface Brillouin-
zone boundary near J7. In contrast (Figs. 3 and
4), we observe very slight downwards dispersion



along TJ’. None of the calculations (Refs. 7-10,
13) gives an upwards dispersion for the dan-
gling-bond state from T to J, which could ex-
plain the surface state at —-0.15 eV. Consid-
ering the second assignment, band calculations
find the top of the back-bond state to be near T
and have antisymmetric character with respect
to the (110) mirror plane. In contrast, we find
the state at —0.7 eV to have symmetric s, p, char-
acter at T (see discussion of Fig. 1, top panel).
Also we find very little dispersion for this
state compared with calculations. Substan-
tial back-bond character has been suggested
(Refs. 2, 7, and 9) for the lower state be-
cause a threefold symmetry had been found for
the emission pattern.? It is remarkable that our
surface-state emission pattern reflects the two-
fold symmetry of the reconstructed surface Bril-
louin zone (see pictures in Fig. 5) and not the
threefold pattern of the projected bulk Brillouin
zone. The threefold pattern found in earlier ex-
periments2 could be due to a multidomain struc-
ture or to a different measurement configuration.
Thus significant discrepancies with such an as-
signment of dangling-bond and back-bond states
are observed.

In summary, our surface state observations sug-
gest that one-electron band calculations with
buckled-surface model geometries reported to
data (Refs. 7-10, 13) donot appeartogivea correct
description of Si(111)-(2x1); this does not preclude
all possible buckled-surface models. Further-
more, the surface states could be sufficiently lo-
calized in space to make a bandlike picture inap-
plicable. This would be consistent with the very"
weak dispersions which we observe as well as with
the small (s 1 eV) calculated bandwidths for the
(1x1) surface. Also, the large charge transfer
of almost a full electron from the lowered to the
raised atoms inferred from band calculations®*
appears to be inconsistent with the observed core-
level shifts!s'1® which suggest the transfer of about
0.1 to 0.3 electron. Possibly, the small band-
widths (i.e., weak overlap) of the Si dangling-bond
orbitals results in significant correlation effects
which are not included in the usual one-electron
band calculations.

It is interesting to compare our surface-state
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data on Si(111)-(2x 1) with similar data from
Si(111)-(7x7) and laser-annealed Si(111)-(1x1)
(Refs. 17-21). For Si(111)-(7x'7) and Si(111)-
(1x1), we find two surface states at —0.4 and
—-1.3 eV (relative to the top of the valence band).
The upper state is located near the center of the
surface Brillouin zone and has s, p, character."!?
This state has been identified'® with the lower
Si(111)-(2x 1) surface state at =0.7 eV (relative tothe
top of the valence band)which has similar symme-
try. However, the energies differ by 0.3 eV (rela-
tive to the top of the valence band E,)and only the
different band bending of the different Si(111) sur-
faces [Ep - E,=0.33 eV for Si(111)-(2x1) versus
Ez-E,=0.51 eV (Ref. 15) for Si(111)-(7x7) and
Si(111)-(1x1)] reduces this difference to 0.1 eV
when the Fermi level is taken as reference.'®

The upper surface state we observe for Si(111)-
(2% 1) has no analog on the other Si(111) surfaces.
Only Si(111)-(7x7T) has a higher-lying surface
state near the Fermi level. However, this state’
has a different location in K space, i.e., a sharp
emission cone with %, equal to one half of the
(1x1) surface Brillouin-zone boundary.?'? Like-
wise, the strong surface state at —1.3 eV for the
(7x7) and (1x1) surfaces has no analog on the
(2% 1) surface, except the bulk-Lj point at —=1.5
eV. Thus, there are substantial differences in
the surface electronic structure of various Si(111)
surfaces. This indicates significant differences .
in local bonding geometries for the (2x1) and
(7% 7) surfaces which perhaps can be understood
in terms of different reconstruction mechan-
isms.??
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FIG. 5. Angular distribution of photoelectrons from
the dominant Si(111)-(2 x1) surface states as viewed on
the screen of a two-dimensional spectrometer (Ref. 11)
with mixed polarized light (see experimental section).
For comparison, the projection of the surface Brillouin
zone onto the screen is shown in a separate panel. There
are two surface-state bands, one around E;=-0.7 eV
(relative to the top of the valence band), which exists in
two lobes within the Brillouin zone, and the second near
E;=-0.15 eV which exists in the region around the zone
boundary JK.



