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Photoemission study of the antibonding surface-state band on Si(111)2&1
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Cleaved Si(111)2&1 surfaces of a heavily n-doped crystal have been studied with angle-resolved photo-

emission. A new surface state is observed at the Fermi level, only appearing close to the J points in the
2&&1 surface Brillouin zone. The observed emission corresponds to the dispersion minimum of the anti-

bonding band in the m-bonded chain model. The direct surface-state band gap is found to be 0.45 eV, in

good agreement with results from absorption measurements. This indicates that excitonic effects are small

in those measurements.

%hen silicon or germanium crystals are cleaved, the
atoms on the surface rearrange into a 2x1 reconstruction.
According to, e.g. , the m-bonded chain model' of this
reconstruction a filled bonding surface-state band is formed
as well as an empty antibonding band. The energy disper-
sion of the bonding surface-state band on Si(111)2x1 has
been studied previously using angle-resolved photoelectron
spectroscopy. Although the results from the different
measurements are not in perfect agreement, they all support
the m-bonded chain model.

Evidence for the existence of an empty antibonding state
was first obtained in a photoconductivity measurement by
Muller and Monch and in an optical-absorption measure-
ment by Chiarotti, Nannarone, Pastore, and Chiaradia.
Further evidence has been obtained in experiments using
techniques such as electron energy-loss spectroscopy,
photothermal displacement spectroscopy, and polarization-
dependent reAectivity. ' Assuming that excitonic effects are
small, the optical-absorption experiments give the value of
the direct surface band gap. However, from the tempera-
ture dependence of energy-loss spectra" it has been sug-
gested that excitonic effects cannot be neglected.

In a recent angle-resolved photoemission experiment on
Ge(111)2&&1 surfaces using highly n-doped Ge crystals,
Nicholls, Martensson, and Hansson' have shown that it is
possible to populate the antibonding surface-state band
t".nough to make a direct observation in photoemission pos-
sible. From this experiment it is clear that, in the case of
Ge, excitonic effects are weak in absorption measurements
and that the position of the direct surface band gap is at the
J point in the surface Brillouin zone (SBZ).

In this paper we present an angular-resolved photoemis-
sion study on cleaved highly n-doped Si crystals. The bond-
ing and antibonding surface states have been observed
simultaneously in the region around the J points in the 2 & 1

SBZ. The surface-state band gap is located at the J point, in

agreement with the m-bonded chain model. The measured
value of the gap is in good agreement with the value ob-
tained in absorption measurements, ' implying that exci-
tonic effects are not strong in those experiments.

Angle-resolved photoemission spectra were recorded in a
UHV chamber at a pressure of ( 5&10 " Torr. Mono-
chromatized 10.2-eV radiation from a hydrogen discharge
lamp was used. The estimated combined energy resolution,
determined by the analyzer voltages and the monochroma-
tor slit widths, was —50 meV. A Si(111) rod, Sb doped
(p —8 m 0 cm, ND —8 x 10'8 cm ), was cut into bars with

a square cross section of 8x 8 mm'. The bars were cleaved
along the [2 11] crystal direction, and the distribution of the
three possible domains on the surfaces was determined with

photoemission and verified with low-energy electron diffrac-
tion (LEED) when the photoemission experiment was

completed. Only areas that sho~ed no multidomain spots in

LEED and that were larger than the lightspot were used in

the present experiment. The position of the Fermi level
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FIG. 1. Photoemission spectra recorded for various negative an-

gles of emission (8, ) along the I -J line in the 2x 1 SBZ. The peak
marked A corresponds to the bonding surface-state band (J at

8~ =45') and the peak B to the antibonding band (Jat 8~ =43 ).
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was determined to an accuracy of + 20 meV by photoemis-
sion from the metallic sample holder.

From high-resolution photoemission studies of the Si 2p
core levels on Si(111)2x1,'3 it has been shown that for
good-quality cleaves the Fermi level is pinned —0.40 eV
above the valence-band edge over a large range of doping
concentrations. For highly n-doped samples the resulting
band bending is —0.71 eV. At the doping level used in the
present experiment this corresponds to an estimated surface
charge of 0.01 electrons per surface atom, ' which is slightly
more than the amount that could be detected very clearly
on Ge(111)2 x 1.'2

Figure 1 shows photoemission spectra recorded for vari-
ous negative angles of emission (6, , defined in the inset of
Fig. 1) along the I-J line in the 2x 1 SBZ. The angle of in-
cidence of the photons is 0; = 60'. The peak marked A cor-
responds to the bonding surface state and the peak B to the
antibonding state. For 0, ( 35 there is negligible intensity
near the Fermi level EF. The strong localization in momen-
tum space of structure B indicates that this structure cannot
be due to localized defects.

In Fig. 2, we show the measured initial energy dispersion
[E~(k~~) ] for the bonding and antibonding surface states to-
gether with the bands from a calculation by Northrup and
Cohen. The calculation was made for the energy-mini-
mized geometry of the m-bonded chain model.

The measured dispersion for the bonding state band is
nearly the same as was found in the earlier study by

Uhrberg, Hansson, Nicholls, and Flodstrom. ' The total
dispersion is 0.8 eV in both experiments, while the experi-
ments by Himpsel, Heimann, and Eastman and by Houzay
et aI. both gave a dispersion of 0.6 eV.

The peak position of the antibonding state is at the Fermi
level, indicating that the antibonding state is responsible for
the pinning of the Fermi level on this surface. The bonding
peak has an initial energy of —0.45 eV at the J point and
we estimate the value of the direct surface band gap to be
approximately 0.4S eV. This is in good agreement with the
band gap found in experiments with optical absorption by
Chiarotti et al. (0.46 eV) and Chiaradia, Cricenti, Selci, and
Chiarotti'o (0.45 eV), and with photothermal displacement
spectroscopy by Olmstead and Amer9 (0.47 eV). This im-
plies that excitonic effects are quite small in those absorp-
tion measurements, in contrast to what was suggested by
the temperature dependence of the energy-loss spectra ac-
cording to DiNardo, Demuth, Thompson, and Avouris. "

In an inverse photoemission experiment Straub, Ley, and
Himpsel" have found the position of the antibonding band
at the I point to be —0.8 eV above the Fermi level. As-
suming that also in this experiment the Fermi level was
pinned at the energy minimum of the antibonding band, the
difference between the minimum energy position and the
energy position at I is therefore 0.8 eV. This is in rough
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FIG. 2. Initial-state energy dispersions for the bonding (A) and
the antibonding (B) surface states, along the I -J-E lines, and the
corresponding calculated bands for the m-bonded chain model (Ref,
2). E~ —E„=0.40 eV (Ref. 13).
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FIG. 3. Photoemission spectra recorded along the I -J line in the
2X1 SBZ for positive (a,b, c) and negative angles of emission (d,e).
Spectra b and e were measured after exposing the surface to 500 L
H2. Spectrum c was obtained for an angle of incidence 8; =0'.
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agreement with the value found for the m-bonded chain
model, 1.15 eV. The model predicts that the direct surface
band gap is located at the J point, but the calculated value
of the gap is only 0.25 eV.

Comparison of the present results with those obtained for
Ge(111)2&1 (Ref. 12) shows that the electronic structures
of cleaved Si and Ge surfaces are very similar not only for
the bonding dangling-bond band but also for the antibond-
ing band. There are, however, two minor differences that
can be discussed. First, we find that the surface-state peaks
on Si(111)2X1 generally are slightly broader than those on
Ge(111)2X1. This combined with the' difference in
surface-state band gap (Si:—0.45 eV, Ge: —0.50 eV)
makes the separation between the two surface-state peaks
less clear on Si(111)2X 1. Secondly, in the case of Ge there
is a very large difference in the ratio between the emission
intensities from the bonding and antibonding surface states
for positive (8, ) and negative (0, ) angles of emission,
respectively. The intensity ratio I~.IB changes from 70:1 for
positive to 1.5:1 for negative angles. Figure 3 shows that
this difference is much smaller in Si. For positive angles of
emission (Fig. 3, spectrum a) the ratio Iq.'Is is 20:1,
whereas for negative angles (Fig. 3, spectrum d) it is 10:1.

After exposing the Si(ill)2X1 surface to 500 L (where 1

L = 10 6 Torrsec) of hydrogen in the presence of a hot
filament no emission from the antibonding surface state
could be observed, whereas the bonding surface-state peak
was only slightly reduced (see Fig. 3, spectra b and e).
After this exposure, the surface still exhibited a clear 2&1
pattern in LEED. To reduce the bonding surface-state peak
by half an exposure of —2000 L of hydrogen was needed.

When the angle of incidence of the photons was changed

to 0; =0', the intensities from both surface structures on
the clean surface almost completely vanished (see Fig. 3, ,

spectrum c), indicating the p, character of the two surface
states.

In a previous study of the surface-state band structure on
Si(111)2X 1, in which crystals with low p-doping levels were
used, 3 only emission from the filled dangling-bond band
could be seen. The present results thus show that a large
portion of -the surface charge giving rise to the band bending
on highly n-doped surfaces can be attributed to filling of the
empty surface-state band. The fact that we have not seen
any defect-related (angle insensitive) pinning states could be
due to small matrix elements for transitions from such
states or to low concentration of defects on the surfaces
studied. The Fermi level has been reported to be pinned at—E„+0.40 eV also for p-doped crystals. ' It therefore
seems that defect-related states are necessary to explain the
pinning of EF near the top of the surface-state band gap for
p-doped crystals.

In conclusion, a new surface state at the Fermi level is
observed on the cleaved surfaces of heavily n-doped Si crys-
tals. This structure corresponds to the antibonding surface
state predicted by the 7r-bonded chain model. The direct
surface-state band gap is found to be 0.45 eV, in good
agreement with the value obtained in previously reported
absorption measurements.
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