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Synchrotron photoemission of the Sb-covered Si(001), Si(111),and Si(110) surfaces revealed that
the Fermi-level position crosses the conduction-band minimum (CBM) of Si for Sb coverages ap-

proaching a one-monolayer saturation limit. Momentum-resolved photoemission of the Sb-

saturated Si(001) and Si(110) surfaces showed the existence of an occupied initial state located near
the CBM. The photoemission intensity of the state has been examined as a function of photon ener-

gy with constant initial-state difference spectroscopy which showed various resonances occurring
due to transitions to different final states from the CBM. The metallic character of the surface is

shown to be due to degenerate doping in the near-surface region. Core-level spectroscopy of
Sb/Si(111) and Sb/Si(001) revealed that the Si atoms in the near-surface region are converted to ex-

hibit a bulklike arrangement after Sb coverage. The Sb saturation of Si(111)and Si(001) was found

to allow the measurement of the bulk band-dispersion relations along the high-symmetry I -A-I. and

I -6-X directions over a wide photon-energy range (37—153 eV). Strain-reduction mechanisms in

the near-surface region are discussed. The measured CBM-state resonances and the Si(001) bulk

band transitions indicate that the effective mass of the free-electron-like final band changes for vary-

ing photon energies.

I. INTRODUCTION

The modification of the electronic structure of clean Si
and Ge surfaces through adsorption of various materials
has been a prevalent topic in surface studies over recent
years. The propensity in industry towards a miniaturiza-
tion of devices and fabrication of devices relying on novel
forms of constructions requires constant improvements in
knowledge regarding the electronic and structural phe-
nomena which describe heterostructures. In particular,
an optimization of diode devices which are based on neg-
ative resistance and tunneling principles for special low-
power microwave and charge-coupled applications will
require a knowledge of the factors controlling dopant in-
corporation in semiconductors, and thus, the degenerate
doping of semiconductor surfaces and fabrication of 5-
function doped interfaces are topics of high current in-
terest. The ability to tailor surfaces or interfaces with
sharp doping characteristics is extremely important, and
molecular-beam-epitaxy- (MBE) prepared 5-function
doping layers which exhibit quantum confinement of
charge have been previously studied. '

In this paper we present the results of a synchrotron
photoemission study of the Sb-terminated Si(001), Si(111),
and Si(110) surfaces. For all three surfaces, the Fermi
level is found to move just above the conduction-band
minimum (CBM) of Si, resulting in a degenerate doping
condition in the near-surface region. For Si(001) and
Si(110), a distinct emission is measured within a narrow
energy window defined by the CBM of Si. The angle-

resolved photoemission techniques of "k~ and k~~
scans"

are employed to measure the CBM positions in k space
for the Si(001) surface. A previous study has examined
the CBM-state resonance over a limited range in k
space. The resonance behavior is further examined here
over a wider energy range and with a new variation of an
old technique: constant-initial-state spectroscopy (CIS).
The CIS technique was first employed by Lapeyre et al.
for a measurement of the density of final states of KC1 us-
ing an angle-integrated geometry. In the present experi-
ment the cross section of the CBM state is measured as a
function of the photon energy by a difFerencing of emis-
sions between two closely spaced initial-state positions to
account for background emission, and we refer to this
procedure as constant-initial-state —difference spectrosco-
py (CIDS). The photoemission measurements for
Sb/Si(001) show three distinct CBM-state intensity reso-
nances for varying photon energies, and are found to
correlate well with the conduction-band structure of Si.
A full determination of the wave vector k for the
conduction-band minimum of Si is carried out. This
work demonstrates that the Sb termination prepared by
conventional MBE techniques can degenerately dope
(n + type) the near-surface region of Si.

In addition, we apply the k~-scan technique to measure
the Si bulk valence-band structure along the [001] (I -b.-

X) and [111] (I A L) high-symmetry dire-ct-ions. The
photoemission technique has proven to be a valuable too1
for mapping the bulk band structure of important semi-
conductors such as GaAs and Ge. Previous attempts
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at obtaining the bulk band dispersions of Si by photo-
emission from the clean Si(111)-(7X 7) and Si(001)-(2X 1)
surfaces have produced only very limited success. Using
the 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
Si(001)-(2X 1), while no measurable dispersion was seen
for Si(111)-(7X7). In a preliminary study, we have
demonstrated that the Sb passivation of the Si(111) and
Si(001) surfaces have facilitated the measurement of the
Si bulk valence-band dispersion relations. In this study
we extend the measurements to a wider energy range to
obtain a more complete valence-band dispersion relation.
From the measured CBM-state resonance and the bulk
band transitions, we have found it necessary to introduce
an energy-dependent e6'ective Inass for the free-electron-
like final band.

Core-level spectroscopy is used to examine the
modification of the local chemical environment of the
Si(111) and Si(001) surfaces by the Sb adsorption.
From the core-level and bulk valence-band dispersion
results, conclusions are drawn regarding a Sb-induced
modification in strain occurring in the near-surface re-
gion of the Sb-terminated Si surfaces.

II. EXPERIMENTAL DETAILS

The photoemission experiments were carried out using
synchrotron radiation from the University of Illinois
beam line of Aladdin, the 1-GeV storage ring at the Syn-
chroton Radiation Center of the University of
Wisconsin —Madison at Stoughton, WI. Light from the
ring was dispersed by a 6-m toroidal-grating monochro-
mator and an extended-range grating monochromator, '

which were used for the angle-resolved and angle-
integrated photoemission measurements, respectively. A
hemispherical analyzer having a full acceptance angle of
3 was employed for the angle-resolved normal-emission
experiments, while an angle-integrating hemispherical
analyzer was used for core-level measurements. The
overall instrumental resolution was typically 100—200
meV. The sample Fermi level was determined by observ-
ing emission from the Fermi edge of a polycrystalline Au
sample in electrical constant with the Si samples.

High-energy electron diffraction (HEED) was em-
ployed to assess the clean-surface reconstructions and
changes due to the Sb termination; HEED and MBE
were performed in the same vacuum chamber used for
the photoemission measurements. The n-type Si(111)
samples were cleaned by thermal treatment at 1250 C,
while the n-type Si(001) and Si(110) samples were both
treated at 1100'C. The reconstructions for clean Si(111),
Si(001),and Si(110) were determined by HEED, which
showed sharp (7X7), (2X 1), and (4X 5) patterns, respec-
tively. The Sb overlayers were prepared by evaporation
with a rate of 1 —10 monolayers (ML) per minute. In this
paper 1 ML of Sb is defined as the site density for the un-
reconstructed surface in question, which is 6.8X10',
7.8X10'", and 9.6X10' atoms/cm for Si(001), Si(ill),
and Si(110), respectively. The sample temperature during
evaporation was maintained within 320—370'C. Upon

exposure to the Sb beam, the sticking coeScient was
found to approach zero once the surface coverage ap-
proached the saturation limit of approximately 1

ML, " ' and typical exposures of 30—50 ML were em-
ployed to ensure that full saturation was attained when
desired. The HEED results indicated that the Sb/Si(111)
system was transformed into a (1 X 1) surface at satura-
tion, while the Sb/Si(001) system exhibited a very faint
(2X 1) ordering within a (1 X 1) pattern. The Sb/Si(110)
system showed a sharp (2 X 3) pattern. The samples were
allowed to cool to near room temperature before the pho-
toemission measurements.

The CIDS technique used here is as follows. In the
conventional CIS technique, the analyzer kinetic-energy
passband and the monochromator are simultaneously
scanned so that the diA'erence between the photon energy
h v and kinetic energy EI, of the photoelectron remains
constant (thus, the initial-state binding energy remains
constant). The resulting intensity variation mainly
reAects the density of the allowed final states for the given
initial state. However, background emission at the
initial-state binding energy is also included in the mea-
surement. In CIDS, two CIS spectra are simultaneously
acquired with the analyzer passband setting alternately
switched back and forth for two initial states, one for the
state of interest (the CBM state) and the other for a state
nearby representing background emission. The
di8'erencing between the two spectra eliminates most of
the background contribution. For the CBM-state
intensity-resonance measurement, the reference initial
state for background subtraction is chosen to be within
the Si band gap; the emission is small yet measurable due
to secondary excitations by the stray higher-order light
from the monochromator.

III. RESULTS AND DISCUSSION

A. Si 2p and Sb 4d core levels for Si(001) and Si(111)

The Si 2p core-level spectra (dots) are shown in Fig. 1

for both the clean and Sb-saturated surfaces. Previous
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. ' ' The
Si(111)-(7X7) spectrum shows two surface components
(labeled Sl and S2) in addition to the bulk component (la-
beled 8), while the spectrum for the Si(001)-(2X1) sur-
face shows one surface component (labeled S). These
surface-shifted components have been related to speci-
fic details of the reconstruction. ' ' For Sb coverages
approaching saturation, the surface shifts become
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 surfaces to become saturated
and results in a bulklike fourfold bonding arrangement
for the Si surface atoms. The surface-electronic topogra-
phy of Sb/Si(100) has been examined with scanning
tunneling microscopy (STM), which confirms the satur-
ation of the dangling bonds. ' This behavior is similar to
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FIG. 1. Si 2p core-level spectra taken with a photon energy
of 150 eV for the Si(111)-(7X 7), Si(001)-(2X 1), 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 (8) and surface (S, S1, and S2) contri-
butions. The binding energy is referred to the bulk Si 2p3/2
components.

other covalently bonded adsorbate systems such as
In/Si(001), ' Sn/Si(001), ' and Ge/Si(111). '

A few typical Sb 4d core-level spectra are shown in
Fig. 2, and are found to consist of only one resolved
spin-orbit-split component, whose width remains con-
stant during the Sb growth for all exposures up to and in-
cluding saturation for both the Si(001) and Si(111) sur-
faces. The solid curves are the results of a one-
component fit; the fitting procedure is similar to that used
for the Si 2p core level. The existence of only one com-
ponent suggests that nearly all the Sb resides on the sur-
face with a fair degree of chemical equivalence. The solu-
bility of Sb in Si is less than 0.1% (5 X 10' cm ) for this
temperature range, ' and therefore Sb incorporation into
the bulk is not expected to induce a measurable efT'ect in
the Sb 4d core-level line shape.

Previous studies using modulated-beam mass-
spectrometry techniques have shown that the sticking
coe%cient of Sb on Si approaches zero after the com-
pletion of the first chemisorbed Sb layer for the present
substrate temperature range. " To illustrate this satura-
tion behavior, the measured Sb 4d core-level intensity as
a function of Sb exposure on Si(001) is shown in Fig. 3.
The intensity is seen to saturate for Sb exposures greater
than about 1 ML, implying that the accumulation of Sb
on the surface is greatly reduced beyond this exposure.
Similar results have been reported before for Sb on
Si(111)and As on Si(111)and Si(001). ' '

The dots in Fig. 3 indicate the Fermi-level position rel-
ative to the band gap for Sb/Si(001) as a function of Sb

exposure, which has been determined by measuring
changes in the bulk Si 2p core-level binding energy. The
Fermi level for Si(001), initially at 0.58+0.05 eV above
the valence-band maximum (VBM) for the clean (2X 1)
surface, ' gradually moves upward and reaches
1.21+0.12 eV above the VBM at, saturation, as shown in
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FIG. 3. Sb 4d core-level intensity (squares) and Fermi-level
position (dots) as a function of Sb exposure. The intensity scale
indicated on the right is linear. The energy scale indicated on
the left is referred to the VBM. The CBM is located at 1.12 eV
above the VBM and is labeled Ec. The abscissa scale is linear
for Sb exposures less than 1 ML and logarithmic for exposures
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FIG. 2. Sb 4d core-level spectra for the Sb-covered Si(111)
and Si(001) spectra. The various Sb coverages are indicated.
The dots are the data, while the overall fit to the line shape is in-

dicated by the curves. The binding energy is referred to the Sb
4d 5/2 core-level component.
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Fig. 1. Since the Si band gap is 1.12 eV, the Fermi level
for saturation coverage is thus very close to or above the
CBM. For Sb/Si(111) the Fermi level relative to the gap
shows a very similar behavior (data not shown), and its
6nal position at saturation coverage is the same as that
for the Sb/Si(001) case. As will be shown below, these re-
sults agree with the valence-band measurements.

B. Medium-energy CBM-state resonance for Sb/Si(001)

The normal-emission spectra for the Sb-saturated
Si(001) surface in the valence-band region are shown in
Fig. 4 for various photon energies. Only a limited region
of the valence band is shown, so that the emission occur-
ring near the Fermi level can be emphasized. The most
striking feature in Fig. 4 is the distinct sharp peak located
just below the Fermi level, indicating the presence of a
metallic state. This metallic peak is followed by a gap
with no emission. The onset of emission below the gap is
at 1.21+0.05 eV binding energy with respect to the Fer-
mi level for each spectrum shown in Fig. 4. This must
then be the position of the VBM, in agreement with the
core-level results shown in Fig. 3, and a dashed line la-
beled Fz is shown in Fig. 4 to indicate this position.

The metallic state was observed only after the Fermi
level was pushed up slightly above the CBM (see Fig. 3),
which only occurred at saturation coverages. The sur-
face after saturation coverage also becomes extremely in-
sensitive to residual-gas contamination. These observa-
tions suggest that this metallic state is not a surface state
of the usual kind. The most straightforward interpreta-
tion is degenerate doping of the near-surface region, re-
sulting in a significant population of conduction electrons

near the CBM (the 6, '" point in k space); these electrons
give rise to the sharp peak in Fig. 4. The shape of the
surfaces of constant energy near the Si CBM are ellip-
soids of revolution centered on the 6 line away from the
X point; in the event of degenerate doping, the Fermi sur-
face will form a small ellipsoid centered about the CBM.

To verify the assertion of degenerate doping, we have
determined the wave vector k of these electrons, which
should be at 6&

'" according to our model. For all photon
energies used, a slight departure from the normal-
emission direction ( —3') caused the peak to disappear,
meaning that the wave-vector component parallel to the
surface is zero. Figure 5 illustrates this by showing the
sudden evanescence of the metallic state for small angular
deviations 8 from the normal direction with kii~~[110] and
h v=37. 1 eV. A small dispersion of the metallic-state po-
sition towards the Fermi level for increasing 8 is observed
just before its disappearance; this is consistent with the
sign of the transverse effective mass of Si at the CBM.
Since the observed angular spread of the metallic state is
about the same as the acceptance angle of the analyzer, it
is impossible to determine accurately this effective mass
from the present data.

To determine k~, the wave-vector component perpen-
dicular to the surface, we use the well-known "k~-scan"
technique by plotting the normalized intensity of this
peak as a function of the photon energy. Since the
relevant final band is well approximated by a broadened
free-electron dispersion, the photon energy used can be
directly converted to the 6nal electron wave vector kf by
the formula

E; +h v =A' kf /2m ' —U,
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FIG. 4. Normal-emission spectra of the Sb-saturated Si(001)
system for various photon energies showing the low- and
medium-energy resonances centered at about 22 and 40 eV, re-
spectively. The binding energy is referred to the Fermi level EF
and the valence-band maximum of Si is labeled Ez.

FIG. 5. Spectra of the Sb-saturated Si(001) system for small
angular deviations 0 from the normal direction. The photon en-

ergy is h v=37. 1 eV and the direction of the component of the
momenta parallel to the surface is along [110]. The binding en-

ergy is referred to the Fermi level EF.
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final-state electron lifetime broadening; from the fit, a
value of 4.3 eV is obtained, which translates into a 6.2-A
mean free path using the free-electron group velocity at
kf =3k~x. This value is consistent with the mean free
path in Si obtained from core-level spectroscopy. The
Gaussian width represents the distortion and smearing of
the free-electron final-state character; the fit gives a value
of 3.4 eV, which is close to the expected values based on
the typical order of pseudopotential form factors ( —3
eV). ' Thus, all of the essential features of the
medium-energy-resonance behavior are nicely explained.

C. Low-energy CBM-state resonance for Sb/Si(001)
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FICs. 8. Constant-initial-state —difference spectroscopy mea-
surements for the low-energy CBM-state resonance near h v=22
eV. The photon energy is indicated on the abscissa.

The spectra in Fig. 4 and the cross section shown in
Fig. 6 indicate the existence of a weaker resonance near
h v=22 eV. The results from a CIDS scan are shown in
Fig. 8. An even weaker resonance can also be seen at
hv=19 eV. Since the model of a free-electron-like final
band is a good approximation only at high energies, the
analysis described above for the medium-energy reso-
nance is not expected to be applicable for such low pho-
ton energies. Indeed, a straightforward application of
the above model using Eq. (1) shows that the medium-
energy resonance is the lowest resonance. Since the actu-
al final band structure of Si at -20 eV above the Fermi
level is rather complex and not well known, we have not
attempted a detailed analysis for these low-energy reso-
nances.

Figure 9 shows off-normal scans of the resonance with
h v=22 eV. Again, the CBM peak is seen to rapidly de-
crease with increasing angular deviations 6I from the nor-
mal direction with kii~~ [110]. This result is consistent with
the suggestion that the low-energy resonances are due to
direct transitions to some unspecified final bands, so k~I

remains zero.

Binding Energy (ev)

FIG. 9. Spectra of the Sb-saturated Si(001) system for small
angular deviations 8 from the normal direction. The photon en-
ergy is 22 eV and the direction of the component of the momen-
ts parallel to the surface is along [110]. The binding energy is
referred to the Fermi level EF.

D. High-energy CBM-state resonance for Sb/Si(001)

Owing to the periodicity of the band structure, multi-
ple CBM-state resonances should be observed in the
normal-emission geometry for kf =(2n +1+0.09)kr~ for
integer n. The case of n =1 corresponds to the medium-
energy resonance discussed above. %'e have searched for
the next resonance at n =2; some of the spectra are
shown in Fig. 10 for 98~hv~118 eV. A distinct CBM-
state resonance is found to be centered about hv=106
eV. The measurement is distorted for 100~ hv~ 101 eV
due to Si 2p core-level emission excited by stray second-
order light from the monochromator; this second-order
peak can be clearly seen in the 99-eV spectrum just above
the VBM. Apart from this minor complication, the re-
sults are similar to those shown in Fig. 4 for the
medium-energy resonance. The metallic state in each
spectrum is followed by a gap with no emission, and the
onset of emission below the gap is at 1.21+0.05 eV bind-
ing energy with respect to the Fermi level. Using CIDS,
the intensity behavior has been analyzed, and the raw
data are shown in Fig. 11. A somewhat asymmetric peak
is seen at h v= 106 eV.

From Eq. (1), the predicted center of the resonance for
kf Sk &z using the free-electron mass for m * is at
h v=122 eV, but the only resonance that we found near
this region is that at —106 eV. It is apparent that a
modification must be made to the model. Depending on
the theoretical concepts, either the inner potential or the
effective mass could be taken to be energy dependent. In
the simplest interpretation, the inner potential is the
average electrostatic potential within the solid (Hartree
approximation) and is energy independent; all tnany-body
corrections beyond the Hartree approximation are
modeled by an energy-dependent effective mass. A sim-
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FIG. 11. Constant-initial-state —difference spectroscopy mea-

surements for the high-energy CBM-state resonance. The pho-
ton energy and the final-state mornenta calculated from Eq. {1)
using m *= 1.10m are shown on the lower and upper abscissa of
the figure, respectively.

pie example of many-body corrections is the interaction
with the core electrons. The motion of the hot electron
depends upon whether or not the energy of the hot elec-
tron is sufBcient to excite the core electrons to the con-
duction band. Likewise, the scattering by plasmons de-
pends on energy and contributes to the energy depen-
dence of the hot-electron effective mass. Free-electron-
like final-state models which incorporate an energy-
dependent effective mass have been used for photoemis-
sion of various noble-metal surfaces.

If we assume the peak center at h v=106 eV in Fig. 11
corresponds to k& =5k r~, then Eq. (1) yields
m */m = l. 14 and the photon energies corresponding to
the kf =(5+0.09)k„x transitions at b, ,

'" are 102 and 110
eV. An attempt to fit this line shape based on the same
procedure described above for the medium-energy reso-
nance was unsuccessful; clearly, the line shape of Fig. 11
is too narrow to account for two peaks separated by 8 eV.
In comparing the energy width between the medium- and
high-energy resonances, the final-state lifetime broaden-
ing should approximately scale with the group velocity
since the mean free path is not expected to change
significantly between hv=40 and 106 eV. Therefore,
the energy width of each 6&'" peak is expected to be
broadened in approximate proportion to the energy sepa-
ration between them, and with our model two peaks
should be observable. Therefore, it is apparent that the
sharp peak occurring at 106 eV cannot be caused by tran-
sitions from both kf =(5+0.09)kz~ resonances, and we
adopt the interpretation that only one of the resonances
causes the main intensity peak. A small asymmetric tail
is observed towards higher photon energies (112—115 eV)
relative to the lower-photon-energy side of the peak, and
this may be due to the second transition. We admit that
this tentative interpretation is speculative at this stage
(for example, why are the intensities of the two reso-
nances so different'?), but this is the best we can offer.
Additional supporting evidence for this assignment de-
rived from bulk band measurements will be presented
below. Using Eq. (1), with kf =4.9Ikrz for the peak at
hv=106 eV, we obtain m*/m=1. 10, and the upper
abscissa of Fig. 11 for kf is based on this effective-mass
value. A similar increase in effective mass value is ob-
served for the mapping of the final-state band dispersion
of Ag(111), where it is found that m "/m =1.08 for final
states —150 eV above the Fermi level.

In order to verify that the full wave vector k corre-
sponds to emission from 6&'", we have performed the
usual off-normal measurements, which are shown in Fig.
12. The sudden evanescence of the metallic state for
small angular deviations 0 indicates that ktI=0. The
barely detectable dispersion of the state towards the Fer-
mi level is, again, consistent with the sign of the trans-
verse effective mass of Si at the CBM.

E. Degenerate doping for Sb/Si(110) and Sb/Si(111)

By examining the onset of emission of the valence-band
region for the Sb-saturated Si(110) and Si(111)surfaces in
the normal-emission spectra, the position of the Fermi
level is found to lie —1.2 eV above the VBM. For
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FIG. 13. Normal-emission spectra of the Sb-saturated Si(110)
system for various photon energies. The binding energy is re-
ferred to the Fermi level EF and the valence-band maximum is
labeled E&.

Sb/Si(111) this corroborates the Si 2p core-level measure-
ments. The Sb-saturated Si(110) normal-emission spectra
are shown in Fig. 13 for various photon energies. The
position of the VBM is indicated with a dashed line and is
labeled Ev. A very small peak is observed just below the
Fermi leve1 for each spectrum in Fig. 13, similar to what
has been observed for Sb/Si(001). The X critical point
can be reached by normal emission from Si(110), which
samples momenta along the I -K-X direction of the bulk
Brillouin zone. While the 6, '" points are o8' normal in
this geometry, final-state broadening and the limited an-
gular resolution is expected to enable the detection of the
CBM state. For these low photon energies, however, the
final-state band dispersion is uncertain, and we have not
attempted to determine the k value for the initial state
since a full determination has already been done for the
Sb/Si(100) system. The Sb/Si(111) normal-emission spec-
tra of the Fermi-level region (not shown here) do not
show a metallic peak from the CBM state, even though
the VBM is at —1.2 eV below the Fermi level. This is
understandable, as the normal-emission geometry does
not allow the detection of direct transitions from the
CBM for this surface orientation.

F. Discussion of doping mechanisms

By comparing the integrated intensity of the CBM
state for Sb/Si(001) at resonance over its narrow cone of
emission of the integrated intensity of the valence-band
region summed over all angles due to the four valence
electrons per Si atom, we estimate a carrier concentration

of 10' —10 electrons/cm in the conduction band within
the photoemission probing depth of -6 A. This is close
to the expected doping concentration necessary to raise
the Fermi level into the conduction band. Zeindl
et al. ,

' using Hall measurements, have shown that a Sb-
dopant concentration of —10 cm in Si can cause me-
tallic conductivity. Since the spatial confinement of the
donor electronic charge is on the order of the Sb-donor
radius of 20 A, which is greater than the photoemission
probing depth, a dense Sb-doping profile near the surface
is sufficient to cause the degenerate-doping conditions ob-
served here. The modification in electronic properties
beyond the photoemission probing depth caused by this
Sb-saturation method depends on the details of the Sb-
solubility and bulk-difFusion phenomena, which cannot be
determined from our data. The concentration of donors
can significantly be enhanced by ion-implantation tech-
niques, although this tends to degrade the structural
quality of the crystal compared to MBE methods. In
another study, Eastman et al. , using a constant photon
energy of 21 eV and an o6'-normal emission geometry,
have shown that an As-implanted Si(111)-(1X1)surface
may exhibit a metallic emission due to an initial-state oc-
cupation at the CBM. However, the electron momentum
is uncertain in this study since the final-state band disper-
sion is unknown for this photon energy.

The fact that degenerate doping is achieved only after
saturation coverage on the surface can be explained in a
couple of ways. In Fig. 3 it is evident that for a coverage
of 0.5 MI. the Fermi level is still -0.4 eV below the
CBM. In a recent STM and core-level study of
Sb/Si(001) it was observed that at -0.5-ML coverage the
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Si 2p core-level spectrum exhibits no contribution from
dimer atoms, and all dangling bonds are saturated. '

This observation is important in connection with the
mechanisms which are believed to pin the Fermi level on
the clean Si(001)-(2X 1) surface. ' If one believes that
there is substantial empty surface density of states within
the gap due to the Si surface dangling bonds, ' then
saturation of all surface dangling bonds should eliminate
the surface density of states within the gap which can pin
the Fermi level. The fact that an additional -0.5 ML of
Sb is needed after the elimination of the dangling bonds
to move the Fermi level into the CBM points to other
mechanisms which may pin the Fermi level. Recently,
Hamers and Kohler have shown that certain defects may
play a role in Fermi-level pinning. Thus, further Sb
coverage after removal of the dangling bonds may be
needed to suppress defect-related states. In any event,
the behavior of the Fermi level with coverage in Fig. 3
suggests that the removal of the pinning mechanism is
gradual up to the saturation coverage.

An alternative explanation, and one not incompatible
with the above interpretation, is that the degenerate dop-
ing is actually due to Sb incorporation into the bulk lat-
tice. It is possible that significant bulk incorporation,
limited by bulk solubility, can occur only after all surface
sites are occupied. This is related to the question of bulk
diffusion versus surface segregation. The present results
cannot inAuence a decision on these possibilities. Experi-
mentally, it appears, however, that the degenerate-doping
condition is only a function of total coverage, indepen-
dent of annealing time and small variations in annealing
temperature (too high a temperature causes the Sb to
desorb, and too low a temperature causes bulk accumula-
tion of Sb on the surface). Thus, bulk diffusion probably
does not play an important role in the degenerate doping.
If we assume that essentially all of the active donors are
confined to the surface, then we can estimate the total
carrier density per unit surface area to be the product of
the donor charge radius ( —20 A) and the carrier density
near the surface (10' —10 cm ). The result is between
2X10' and 2X10" cm (or —„',——,', ML). This level of
active Sb donors out of 1 ML total Sb coverage can be
easily explained by the presence of defects, steps, and oth-
er minority sites at the surface. ' '

G. Sb-induced bulk band transitions in Si(001) and Si(111)

The effect of the Sb passivation of Si(001) and Si(111)
on bulk valence-band transitions and surface states has
been investigated. The angle-resolved normal-emission
spectra for the clean Si(111)-(7X7) and Si(001)-(2X1)
surfaces are shown at the bottoms of Figs. 14 and 15, re-
spectively, and are consistent with previous measure-
ments. ' ' The surface states in the Si(111)-(7X 7)
spectrum are labeled T1, T2, and T3, and have been pre-
viously identified from STM as being derived from the
adatam dangling bonds, rest-atom dangling bonds, and
adatom backbonds, respectively. ' ' The Si(001)-(2X1)
spectrum contains a strong surface-state feature labeled
T, and STM shows that it originates from the dimer dan-
gling bonds. At Sb saturation the dangling-bond states
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FIG. 14. Normal-emission spectra for the Si(111)-(7X7)and
Sb-saturated Si(111) surfaces taken with various photon ener-
gies. The binding energy is referred to the valence-band max-
imum (E&). 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 hv=22. 0 eV; various surface
states are indicated by the labels T1, T2, and T3.

are no longer present. This is consistent with the core-
level and STM findings, which indicate that all Si-surface
dangling bonds are saturated by Sb absorption.

The normal-emission spectra for Sb-saturated Si(ill)
are shown in Fig. 14, and the spectra for Sb-saturated
Si(001) are shown in Figs. 15-17. Several nondispersive
emission features are apparent. These peaks may be de-
rived from critical points associated with the one-
dimensional density-of-states features, 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 em-
phasis here will be on the dispersive features, labeled A1,
81, C1, A2, 82, C2, D2, A3, 83, and C3 in Figs. 14—17.
Peaks 81 and 82 have a nearly constant kinetic energy
and are derived from the Sb XVV Auger transition. In
Fig. 16 the data for 102~hvS112 eV showed a large
hump having nearly constant kinetic energy due to the Si
I.VV Auger transition, and this feature has been removed
from the spectra for the sake of clarity. The other disper-
sive peaks 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 clean Si(001)-(2X 1).s

The technique of k~ band mapping has been discussed
in detail for the GaAs and Ge surfaces, and the as-
signment of the present dispersive peaks are facilitated by
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comparison with these studies. The formalism is the
same which has been employed for the CBM state in
Sb/Si(001). The theoretical valence-band dispersions of
Si along the I"-5-X and I -A-I. directions obtained by
Chelikowsky and Cohen using a local pseudopotential
(dashed curve) and a nonlocal pseudopotential (solid
curve) method are shown in Fig. 18. Peaks Cl, C2, and
B3 are assigned as direct transitions from the uppermost
valence band, while peaks A1, A2, A3, and C3 are as-
signed as direct transitions from the lower valence bands.
Transition A3, the s-like band for h v ~ 120 eV, gradually
evolves into C3, the middle valence band for h v ~ 120 eV.

The final band used for band mapping is described by
Eq. (1). For both Sb/Si(111) and Sb/Si(001) systems we
have used a final-state effective mass m*=m for hv~86
eV, which corresponds to the same effective mass used
for the medium-energy CBM-state resonance of
Sb/Si(001). For higher photon energies (h v ~ 92 eV), we
have used m '= 1.10m, which is the effective mass used
for the high-energy CBM-state resonance. The same
inner potential of 5.6 eV is used for all energies. The
peak D2 corresponds to a final-state energy too low to be
approximated by the free-electron dispersion as discussed
previously, so it is not analyzed here. The resulting
band dispersions from Sb/Si(111) are indicated in Fig. 18
by solid circles, and diamonds and squares are used to in-

dicate the band dispersions for Sb/Si(001) for h v ~ 92 eV
and hv~81 eV, respectively. The typical energy error
shown in Fig. 18 rejects the uncertainty in peak-position
determination; the typical momentum error is mainly due
to the uncertainty in the inner potential, effective mass,
and the broadening of the free-electron final band by
crystal-potential and lifetime effects. Allowing for errors,
the agreement between experiment and theory is general-
ly good. The experimental determination of the X, and
X4 critical points ( —9.0 and —3.3 eV with respect to the
VBM, respectively) is in agreement between the low- and
high-photon-energy transitions; this further adds
credence to our effective-mass assignment for the final-
state band. If the other choice of m *= 1.14m were used,
which would place the center of the high-energy CBM-
state resonance (h v=106 eV in Fig. 11) at k; =5kr x, the
resulting Xi critical point would be too low ( —9.8 eV
with respect to the VBM), and the overall agreement with
the theoretical calculations would be much worse. Also
note that in Fig. 16 peak B3 evolves into a nondispersive
peak at about h v= 114 eV. This is a fairly typical behav-
ior observed in band mapping and is associated with
reaching a critical point (X„)on the zone boundary.
Subtracting the binding energy of 3.3 eV of X4 from the
photon energy h v=114 eV yields —111 eV above the
VBM for the final band at the.X point. This agrees with
Eq. (1) for m'=1. 10m and E;=0, which further sup-
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FIG. 16. Normal-emission spectra of the Sb-saturated Si(001)
surface for 92~ hv~ 124 eV. The binding energy is referred to
the valence-band maximum (F.& ). Dispersive peaks are indicat-
ed by dashed curves and labeled for clarity.
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ports our choice of the effective mass.
The absence of dispersive bulk band transitions from

the clean Si(111)-(7X7)and Si(001)-(2X 1) systems under
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
(5—7 A). Since the Sb termination is found to suppress
the reconstructions and to saturate all surface dangling
bonds, leading to a bulklike chem. ical environment, the
Sb™induced bulk band transitions observed here are possi-
bly 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
surface strain. Uhrberg, Bringans, Olmstead, and
Bachrach, using a constant photon energy of 21.2 eV and
off-normal scans, demonstrated that the As termination
of Si(111) sharpens certain peaks in the valence-band
spectra. -' Low-energy electron-diffraction results also
show that adsorbates can reduce the surface relaxation
for a variety of metal surfaces.

IV. SUMMARY AND CONCLUSIONS
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FIG. 17. Normal-emission spectra of the Sb-saturated Si(001}
surface for 125 ~ h v ~ 153 eV. The binding energy is referred to
the valence-band maximum {E&). Dispersive peaks are indicat-
ed by dashed curves and labeled for clarity.
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FIG. 18. Bulk valence-band structure of Si along the I -A-L
and I -5-X directions. The solid and dashed curves are theoreti-
cal calculations from a nonlocal and local pseudopotential
method, respectively, from Ref. 21. The open circles are from
Ref. 8. The solid circles are data obtained from bulk band
dispersions on Sb-saturated Si(111). The squares and diamonds
are data obtained from band dispersions on Sb-saturated Si(001)
for 37. 1 + h v ~ 81 and 92 ~ h v ~ 153 eV, respectively.

We have presented extensive photoemission results for
the Sb-saturated Si(001) surface, and to a lesser degree,
for the Sb/Si(111) and Sb/Si(110) systems. The photo-
emission results indicate clearly that the Fermi level
crosses the CBM of Si for all three systems. A distinct
metallic peak within a narrow energy and momentum
window is observed for Sb/Si(001), and distinct reso-
nances are observed which show characteristics features
of direct transitions from the hp'" points (CBM) to
different final states. For the medium energy resonance
located near k; =3k&&, the resonance is fitted we11 with a
model function which incorporates the inner potential,

position, and final-state electron lifetime- and
crystal-potential-broadening effects. CIDS has been em-
ployed to more accurately measure small changes in the
CBM-state intensity resonance. The high-energy reso-
nance near k; =5k„z suggests an increase in the electron
effective mass for the final band. A small metallic-state
emission from the CBM is also seen in the normal-
emission spectra for Sb/Si(110). The present experiment
demonstrates that the combination of k~ and k~~ scans
yields a full determination of the k-space location of the
conduction-band minimum of Si, and represents an in-
teresting application of angle-resolved photoemission
spectroscopy to explore conduction-band properties. The
results further reveal that under conventional MBE con-
ditions the Si surfaces can be degenerately doped by satu-
ration coverage of Sb. The present findings are particu-
larly relevant in view of the current interest in the metall-
ization of semiconductor surfaces and fabrication of
high-quality Ohmic contacts used to enhance device per-
formance. Even though degenerate doping can also be
achieved though ion implantation, this technique does
not allow for the high-quality crystalline and electronic
characteristics obtained from the MBE procedure.

The core-level measurements reveal that the Sb ter-
mination of Si(001) and Si(ill) causes the Si surface
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atoms to reside in a bulklike atomic environment.
Angle-resolved studies of the valence-band region over a
wide photon-energy range can show the presence of
dispersive peaks which were previously unobserved for
the clean Si(111)-(7X7) and Si(001)-(2X 1) surfaces.
These results strongly suggest that the Sb termination
causes a reduction in strain for the outermost Si layers on
Si(111)and Si(001). The bulk band dispersions have been
mapped along the I -A-L and I -6-X high-symmetry
directions and are compared with the theoretical calcula-
tions of Chelikowsky and Cohen. The inner potential
and electron effective mass for the final band obtained
from a model fitted to the medium-energy CBM-state res-
onance is seen to yield experimental valence-band disper-
sions for the Sb-saturated Si(111) and Si(001) surfaces
consistent with the theory. At higher energies it is found
to be necessary to adjust the effective mass to account for
the energies and peak evolution near the X& and X4 criti-

cal points, and the adjustment is consistent with that de-
duced from the high-energy CBM-state resonance.
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