RAPID COMMUNICATIONS

PHYSICAL REVIEW B

VOLUME 39, NUMBER 2

15 JANUARY 1989-1

Sb-induced bulk band transitions in Si(111) and Si(001) observed in
synchrotron photoemission studies
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The Sb saturation of Si(111) and Si(001) was found by angle-resolved photoemission to allow
the measurement of the bulk band-dispersion relations along the high-symmetry I'-A-L and I'-A-
X directions over a wide photon-energy range. Core-level spectroscopy revealed that the Si atoms
in the near-surface region are converted to exhibit a bulklike atomic arrangement after Sb cover-
age. Strain reduction mechanisms in the near-surface region are addressed.

We present an application of angle-resolved photoemis-
sion spectroscopy and molecular-beam epitaxy (MBE) to
a measurement of the Si bulk valence-band structure
along the [111] (I'-A-L) and [001] (I'-A-X) high-sym-
metry directions. The photoemission technique has prov-
en to be a valuable tool for mapping the bulk band struc-
ture of important semiconductors such as GaAs and
Ge.!"* However, previous attempts at obtaining the bulk
band dispersions of Si have produced only very limited
success. Using a normal-emission method, bulk band
transitions from the valence bands to the free-electron-like
final band were observed over a small part of the band
structure for the Si(001)-(2x 1) surface, while no discer-
nible dispersion was observed for the Si(111)-(7x7) sur-
face.* The present experiment demonstrates that by ter-
minating the Si(111) and Si(001) surfaces with Sb, previ-
ously unobserved bulk band-dispersion relations along the
I'-A-L and I'-A-X directions are now observed over a wide
photon energy range, allowing for a more complete map-
ping of the Si band structure. Core-level spectroscopy of
the Si 2p level and high-energy electron diffraction
(HEED) are also employed to assess the effects of the Sb
termination on the surface electronic and atomic struc-
ture. In general, fundamental studies of the interaction
between various group V adsorbates with the Si surfaces
are motivated by the current industrial interest for incor-
porating group III-V materials with the well-developed Si
technology.

The photoemission experiments were carried out with
synchrotron radiation dispersed by a 6-m toroidal-grating
monochromator on the 1-GeV storage ring at the Syn-
chrotron Radiation Center of the University of
Wisconsin-Madison at Stoughton, Wisconsin. A hemi-
spherical analyzer having a full acceptance angle of 3°
was employed for the normal-emission experiments, while
an angle-integrating hemispherical analyzer was used for
the core-level measurements. The overall instrumental
resolution was 100-200 meV. The Fermi-level position
was determined by observing the Fermi-edge emission of a
gold foil in electrical contact with the sample. The HEED
measurements and MBE growth were performed in the
same vacuum chamber. The n-type Si(111) and Si(001)
samples were cleaned by thermal annealing at 1100 and
1250°C, respectively, for 10 s. The Sb overlayers were
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prepared by evaporation with a rate of 3-10 monolayers
(ML) per minute. In this paper | ML of Sb is defined as
the site density for the unreconstructed surface in ques-
tion, which is 6.8x10'* and 7.8x10'* atoms/cm? for
Si(001) and Si(111), respectively. The sample tempera-
ture during evaporation was maintained within 320-
370°C, and typical Sb exposures ranged from 30 to 50
ML. Upon exposure to the Sb beam, the sticking
coefficient was found to approach zero once the surface
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FIG. 1. Si 2p core-level spectra taken with a photon energy of
150 eV for the Si(111)-(7x7), Si(001)-(2x1), and Sb-
saturated surfaces. The solid curves running through the data
points (dots) are fits to the data. The other curves show the
decomposition into bulk (B) and surface (S, S1, and S2) con-
tributions. The binding energy is referred to the bulk Si 2p3/
components.
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coverage approached the saturation limit of approximate-
ly 1 ML,>7 and the HEED results indicated that both
systems transformed into a (1x1) surface at saturation.
The photoemission measurements were performed with
the sample at nearly room temperature.

The Si 2p core-level spectra (filled circles) are shown in
Fig. 1 for both the clean and Sb-saturated surfaces. Pre-
vious studies of the clean surfaces employing a nonlinear
least-squares-fitting procedure have shown that the line
shapes contain surface and bulk contributions; the details
of this analysis can be found in earlier publications.?1°
The Si(111)-(7x7) spectrum shows two surface com-
ponents (labeled S1 and S$2) in addition to the bulk com-
ponent (labeled B), while the spectrum for the Si(001)-
(2% 1) surface shows one surface component (labeled S).
These surface-shifted components have been related to
specific details of the reconstruction.®!® With Sb cover-
age, the surface shifts are suppressed, and the core-level
spectra in Fig. 1 are seen to convert to exhibit a single
bulklike component. The simplest interpretation is that
the adsorption of Sb causes all dangling bonds on the Si
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FIG. 2. Normal-emission spectra for the Si(111)-(7x7) and
Sb-saturated Si(111) surfaces taken with the indicated photon
energies. The binding energy is referred to the valence-band
maximum (Ey). Dispersive peaks are indicated by the dashed
curves and labeled for clarity. The clean Si(111)-(7x7) spec-
trum is shown at the bottom for Av=22.0 eV; various surface
states are indicated by the labels T'1, T2, and T'3.

surfaces to become saturated and results in a bulklike
fourfold bonding arrangement for the Si surface atoms.
This behavior is similar to other covalently bonded adsor-
bate systems such as In/Si(001),° Sn/Si(001),!"' and
Ge/Si(111).% In addition to suppressing the surface com-
ponents, Sb coverage causes the bulk core-level com-
ponent to shift relative to the Fermi level, which is the
well-known band-bending effect. From the known
Fermi-level position within the band gap for the clean sur-
face and the measured change in band bending, the posi-
tion of the valence-band maximum relative to the Fermi
level was determined for each Sb-covered surface.’

The angle-resolved normal-emission spectra for the
clean Si(111)-(7x7) and Si(001)-(2x1) surfaces are
shown at the bottoms of Figs. 2 and 3, respectively, and
are consistent with previous measurements.*'>!3 The sur-
face states in the Si(111)-(7%7) spectrum are labeled T'1,
T2, and T3 and have been previously identified from
scanning tunneling microscopy (STM) as being derived
from the adatom dangling bonds, restatom dangling
bonds, and adatom back bonds, respectively.®'* The
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FIG. 3. Normal-emission spectra for the Si(001)-(2x 1) and
Sb-saturated Si(001) surfaces taken with the indicated photon
energies. The binding energy is referred to the valence-band
maximum (Ey). Dispersive peaks are indicated by the dashed
curves and labeled for clarity. The clean Si(001)-(2x 1) spec-
trum is shown at the bottom for hv=22.0 eV; the surface state
is indicated by the label 7.
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Si(001)-(2x1) spectrum contains a strong surface-state
feature labeled 7, and STM shows that it originates from
the dimer dangling bonds.!> At Sb saturation, the surface
states are no longer present. This is consistent with the
core-level findings which indicate that all Si surface dan-
gling bonds are saturated by Sb adsorption.

The normal-emission spectra for the Sb-saturated
Si(111) and Si(001) surfaces are shown for various pho-
ton energies in Figs. 2 and 3, respectively. Several non-
dispersive emission features are apparent. These peaks
may be derived from critical points associated with the
one-dimensional density of states, from three-dimensional
density-of-states features, or from Sb-induced surface or
interface states. Their assignment based on the present
experiment is uncertain and the emphasis here will be on
the dispersive features. Peaks B1 and B2 have a nearly
constant kinetic energy and are derived from the Sb NVV
Auger transition. The other dispersive peaks A1, C1, 42,
C?2, and D2 can be identified as direct transitions from the
bulk Si valence bands. Only peaks C2 and D2 have been
previously observed for the case of Si(001)-(2x1),* while
A1, C1, and A2 have not been previously observed.

The technique of kK, band mapping has been discussed
in detail for the GaAs and Ge surfaces,!™3 and the assign-
ment of the present dispersive peaks are facilitated by
comparison with these studies. The theoretical valence-
band dispersions of Si along the I'-A-X and I'-A-L direc-
tions obtained by Chelikowsky and Cohen using a local
pseudopotential (dashed curve) and a nonlocal pseudopo-
tential (solid curve) method are displayed in Fig. 4.'¢
Peaks C1 and C2 are assigned as direct transitions from
the uppermost valence band, while peaks 41 and 42 are
assigned as direct transitions from the lowest valence band
(the s-like band). The final-state band in this model is ap-
proximated by a free-electron dispersion relation, assum-
ing an inner potential of 5.6 eV referred to the valence-
band maximum.*”!”!8 This free-electron approximation
is good only for relatively high photon energies (hv= 30
eV); therefore, it is not applicable for peak D2 as dis-
cussed previously.* The resulting band dispersions from
the Sb-saturated Si(111) and Si(001) surfaces are indi-
cated in Fig. 4 by filled circles and squares, respectively.
The open circles represent the data obtained from clean
Si(001)-(2x 1) reported previously.* The typical energy
error shown in Fig. 4 reflects the uncertainty in peak-
position determination; the typical momentum error is
mainly due to the uncertainty in the inner potential and
the broadening of the free-electron final band by crystal-
potential and lifetime effects. Allowing for the errors, the
agreement between experiment and theory is generally
good. The most significant differences are in the binding
energies of the L3’ and X critical points; the theory puts
these two points too high.

The absence of dispersive bulk band transitions from
the clean Si(111)-(7x7) and Si(001)-(2% 1) systems un-
der similar experimental conditions was speculated to be
caused by surface strain and reconstruction, and the re-
sulting crystal-lattice distortion was argued to extend at
least on the order of the photoelectron escape depth of Si
(5to 7 A).* Since the Sb termination is found to suppress
the reconstructions and to saturate all surface dangling
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FIG. 4. Bulk valence-band structure of Si along the I'-A-L
and I'-A-X directions. The solid and dashed curves are theoreti-
cal calculations from a nonlocal and local pseudopotential calcu-
lation, respectively, from Ref. 16. The open circles are data
from Ref. 4. The filled circles and squares are data obtained
from bulk band dispersions on the Sb-saturated Si(111) and
Si(001) surfaces, respectively.

bonds, the Sb-induced bulk band transitions observed here
are possibly due to a reduction in lattice distortion caused
by adsorbate-to-substrate bonding. There exists other evi-
dence in the literature that adsorbates can modify the sur-
face strain. Uhrberg, Bringans, Olmstead, and Bachrach,
using a constant photon energy of 21.2 eV and off-normal
(ky=0) scans, demonstrated that the As termination of
Si(111) sharpens certain existing peaks in the valence-
band spectra.'® Low-energy electron diffraction results
also show that adsorbates can reduce the surface relaxa-
tion for a variety of metal surfaces.?°

In conclusion, core-level spectroscopy has shown that
the Sb termination of Si(111) and Si(001) removes all
surface-shifted components resulting in a bulklike atomic
environment for the outermost Si layers. The Sb termina-
tion is found to cause the appearance of bulk-band-
derived dispersive peaks in the normal-emission spectra
over a wide photon energy range which were previously
unobserved for the clean Si(111)-(7x7) and Si(001)-
(2x1) surfaces. The bulk band dispersions have been
mapped over a wide momentum range along the I'-A-L
and I'-A-X high-symmetry directions and are compared
with the theoretical calculations of Chelikowsky and
Cohen. The present results strongly suggest that the Sb
termination causes a reduction in strain for the cutermost
Si layers on Si(111) and Si(001).
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