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Photoelectron spectroscopy of the Si 2p core level has been performed in order to determine sur-
face core-level shifts for the Si(111)“7X 1”:H and Si(111)7 X7 surfaces, as well as to determine the
Fermi-level position in the bulk band gap for the ““7 X 1”:H surface. Angle-resolved ultraviolet pho-
toelectron spectroscopy has been used to determine the initial energy versus k-parallel dispersion
for the surface state on the hydrogen-exposed surface. The results of these measurements imply
that the monohydride phase is formed within the 7X 7 unit cell after the hydrogen exposure. The
core-level spectroscopy results obtained for the 7X 7 surface are in good qualitative agreement with
earlier results, but we suggest, in contradiction to a previous interpretation, that the surface com-
ponent which shifted to lower binding energy corresponds to the rest atoms and not to the adatoms.

I. INTRODUCTION

When the Si(111)7 X7 surface is exposed to activated
hydrogen the low-energy electron diffraction (LEED) pat-
tern transforms to a “7X1” pattern, which indicates a
substantial rearrangement of the atomic structure. The
resulting surface exhibits several similarities with the
monohydride phase of the hypothetical Si(111)1 X 1:H
surface,! considering, e.g., the surface-state dispersion.
In the monohydride phase each dangling bond on the
ideal 1X 1 surface is saturated by a hydrogen atom. The
H-exposed surface has been studied for several years with
many different techniques, e.g., ultraviolet photoelectron
spectroscopy (UPS),2”3 LEED, %’ reflection high-energy
electron diffraction (RHEED),?® electron-energy-loss spec-
troscopy,>° and infrared spectroscopy.!® Even though
the Si(111)*7X 1”:H surface has been studied quite a lot,
the answer to the central question about whether the
monohydride and/or the dihydride and/or the trihydride
phase is formed, still remains unclear. From the UPS
studies (Refs. 3-5) it was concluded that the monohy-
dride phase is formed at low hydrogen coverages. Pan-
dey' concluded that the trihydride phase is formed after
high coverages on the “quenched 1X1” surface. Recent-
ly a RHEED intensity analysis® of the hydrogen exposed
surface suggested the trihydride phase and an EELS
study (Ref. 9) indicated that the dihydride and/or the
trihydride phase is formed even at low coverages.

Our angle-resolved photoelectron  spectroscopy
(ARPES) measurements indicate that the monohydride
phase is formed on the Si(111)*7 X 1”:H surface, obtained
by hydrogen exposure of the Si(111)7X7 surface. Two
main features are seen in the spectra, centered around 5.6
and 7.6 eV below the Fermi level (Er). The structure
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centered around —5.6 eV corresponds to emission from
the surface state due to the Si—H bond, and the —7.6 eV
structure corresponds to a direct bulk transition. The
dispersion of the hydrogen-induced surface state has been
mapped out along the main directions in the 1 X1 surface
Brillouin zone (SBZ). The experimental dispersion is
similar to the surface-state dispersion for the monohy-
dride phase as calculated by Pandey. '

Measurements of the Si 2p core level have been done
for the Si(111)7X7 and the Si(111)“7X1":H surfaces.
From these data, surface core-level shifts and Fermi-level
positions are determined. The result obtained for the
“7X1”:H surface confirms the interpretation of the
ARPES spectra, i.e., the monohydride phase is formed
within the 7X7 unit cell. The surface core-level shifts,
obtained in this study, for the 7X7 surface are in good
agreement with previously determined surface core-level
shifts.!! We present, however, a different interpretation
of the origin of the surface shifted components, based on
the dimer adatom stacking-fault (DAS) model'? (shown in
Fig. 1 from Ref. 13) for the 7 X7 surface.

II. EXPERIMENTAL DETAILS

The experiments were performed at the toroidal grat-
ing monochromator beam line'* at the MAX synchrotron
radiation facility in Lund, Sweden. Both the ARPES and
the core-level measurements were performed in standard
UHV chambers with base pressures of =2 X 10~ '° Torr.
The ARPES spectra were recorded with a hemispherical
analyzer and the core-level spectra with a double-pass
cylindrical-mirror analyzer (CMA). The CMA accepts
electrons with emission angles in the interval 36°-48° if
the CMA axis is parallel to the surface normal. The
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FIG. 1. DAS model of Takayanagi et al. (Ref. 12), from Ref.
13. (a) Top view. Atoms in (111) layers at increasing depths are
indicated by circles of decreasing sizes. Adatoms are shown by
heavily outlined shaded circles, rest atoms are shown with cir-
cles marked A4 and B to indicate rest atoms in the faulted and
unfaulted halves of the 7X7 unit cell, respectively. The small,
shaded circles represent the dimer atoms. (b) Side view A cut
along the long diagonal of the 7X7 unit cell. Atoms that are
behind this cut are shown with smaller circles than those along
the diagonal.

spectra in this study were obtained with the CMA axis
30° off the surface normal, which implies that a wide
range of emission angles are probed.

The Si(111) samples were preoxidized with an etching
method!® and cleaned in situ by direct current heating at
850°C. This procedure resulted in a clean and well-
ordered surface, as evidenced by the strong surface-state
emission and a sharp 7X7 LEED pattern. Samples of
two different doping levels were used, n:(2-10) Qcm
(phosphorus) and n *:(4-6) m Q cm (arsenic), in order to
determine quantitative effects on the Fermi-level pinning
at the 7X7 surface due to different doping levels. The
ARPES spectra and the core-level spectra were recorded
at different occasions. The spectral features of the
valence band and the Si 2p core level, as well as the
LEED pattern, were well reproduced in the two studies,
which ensures that the two measurements were per-
formed on identical surfaces.

The hydrogen exposures were done with the samples
facing a hot (= 1700 °C) tungsten filament for 60 s at a hy-
drogen pressure of ~1.6X 107> Torr. Thus the surfaces
were subject to a total exposure of =1000 L [1 L (lang-
muir)=1X107° Torrs]. After the exposure, the samples
used for the measurements of the Si 2p core level were an-
nealed to =400°C. The sample used for the ARPES
measurement was prepared according to the above-
described procedure, though without any anneal. The
only difference observed in the ARPES data, before and
after annealing (=~400°C), was a change in the Fermi-
level position. Stepwise annealing of the samples up to

~500°C did not affect the surfaces, but when a tempera-
ture of =600°C was reached the LEED pattern
transformed to the 7X 7 pattern.

III. RESULTS AND DISCUSSION

A. LEED

After the hydrogen exposure of the Si(111)7X7 sur-
face, all the seventh-order diffraction spots of the clean
surface disappeared except those lying on the lines join-
ing the 1 X1 spots. The pattern thus appears like a three
domain 7X1 pattern. The transformation of the 7X7
pattern occurs gradually at room-temperature exposure
and the surface persists in showing seventh-order
diffraction spots (those lying on the lines joining the 1X1
spots), until the “7X 1" pattern is formed.® These facts
suggest that the structural change forced by the H expo-
sure involves only a local modification of the 7X7 unit
cell. This is consistent with the analysis of the 7X 1 pat-
tern done by McRae and Caldwell,® who could explain
the 7X1 pattern for the H-exposed surface as arising
from island arrays where each island is large compared to
a 1 X1 unit cell and where each island is of local 1X1
periodicity. This analysis, applied to the DAS model of
the 7X7 reconstruction, then suggests that a 1X1
hydrogen-terminated surface is formed on the triangular
terraces, while the corner holes and the dimer walls may
still be present in order to maintain the 7 X periodicity.

B. Core-level spectroscopy

Core-level spectra were recorded with photon energies
of 108 and 130 eV which results in kinetic energies of ~4
and =26 eV, respectively, for the Si 2p electrons [Ej for
Si 2p;,,=99.2 eV (Ref. 16) below the valence-band edge].
A kinetic energy of 26 eV corresponds to a very short
mean free path and the 130-eV spectra are thus revealing
the contribution from the surface layer to the Si 2p emis-
sion (surface sensitive: SS). The 108 eV spectra are, in
analogy, bulk sensitive (BS) due to the long mean free
path for electrons of =4 eV kinetic energy. Most of the
information about the surface is contained in the SS spec-
tra, and we have therefore limited our presentation to
displaying those spectra. However, the BS spectra were
used to determine certain fitting parameters (described
below) and they were also used to check that the binding
energies and surface core-level shifts, derived from the
fitting procedure, were the same in both BS and SS spec-
tra.

Figure 2 shows SS spectra from the Si 2p core level for
the Si(111)7X7 and Si(111)*“7X 1”:H surfaces. The spec-
tra were fitted with a nonlinear least-square method'’ us-
ing components consisting of convolutions of Gaussian
(experimental resolution) and Lorentzian (life-time
broadening) functions. Each component is split due to
spin-orbit interaction in the final state. The resulting
doublet is characterized by the spin-orbit split (energy
difference between 2p, ,, and 2p, ,,) and the branching ra-
tio (intensity ratio between 2p,,, and 2p;,,). The spin-
orbit split and the Lorentzian width were constrained to
be the same for both the BS and the SS spectra. The
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FIG. 2. Core-level spectra for Si(111)7X7 and
Si(11D)“7X 1":H. All three spectra were obtained with a photon
energy of 130 eV. The three solid curves show the three com-
ponents that were used to fit the experimental data (circles).
The solid curve through the data shows the resulting fit.

branching ratio and the Gaussian width were allowed to
vary between BS and SS spectra due to different final
states and different monochromator resolution, respec-
tively. In order to obtain the best fit, we have allowed the
Gaussian width in the SS spectra to become larger than
the expected experimental width as derived from the
analyzer and monochromator resolutions. Possible ex-

planations for the additional width of the components in
the SS spectra are discussed below. The fitting parame-
ters are tabulated in Table I as well as the surface core-
level shifts and the intensity ratios (described below). A
surface core-level shift will be defined as positive if the
core-level binding energy for a surface atom is larger than
for a bulk atom.

The intensity ratio for a surface component is here
defined as the area for that component divided by the
area for the bulk component and the second surface com-
ponent. Defining the intensity ratios in this way makes it
possible to do comparisons with intensity ratios calculat-
ed according to the following model. Assuming each
monolayer attenuates the intensity in an equal degree,
one obtains

X

1

1—e - d/}\cosf)Cry

—X

where R is the above-described intensity ratoio, d is the
average spacing between monolayers (1.57 A), A is the
mean free path, 6, is the emission angle in the crystal,
and x is the fraction of surface atoms, contributing to the
surface component, compared to a monolayer. In the fol-
lowing calculations of intensity ratios we will use a mean
free path of 3.9 A for the SS spectra. This value for the
mean free path was obtained, for a kinetic energy of 26
eV in vacuum, from a study of the Si(111)-Cl surface by
Morar et al.,'® by taking the average of the two experi-
mental curves presented. The values for the mean free
path for the different energies were calculated in Ref. 18
according to the above-described model with x =1 [1 ML
(monolayer) of chemisorbed CIlJ.

The emission angle in the crystal is related to the emis-

TABLE 1. Fitting parameters for the components used to fit the Si 2p core-level spectra shown in
Fig. 2. All energies are in eV. The Lorentzian and Gaussian widths refer to the full width at half max-
imum. The theoretical value for the branching ratio is 0.5. The intensity ratio R is defined in the text.
All spectra were fitted with an integrating background.

Si 2p Si 2p Si 2p
Si(111)7 X7 Si(111)7 X7 Si(11)“7 X 1":H
n doped n* doped n* doped

Spin-orbit split 0.614 0.614 0.614
Lorentzian width 0.15 0.15 0.15
Branching ratio 0.55 0.55 0.54
Bulk component (B)
Gaussian width 0.38 0.38 0.38
Surface component (S,,S})
Core-level shift 0.32 0.31 0.26
Gaussian width 0.42 0.42 0.45
Intensity ratio R 0.43 0.44 0.39
Surface component (S,,S5)
Core-level shift —0.76 —0.76 0.98
Gaussian width 0.38 0.38 0.38
Intensity ratio R 0.033 0.040 0.020
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sion angle in vacuum, 6, by'° (to a first approximation)

sinf,,,.

s‘necry = 172 »

where ¥, is the inner potential, relative to the vacuum
level, and E is the kinetic energy of the photoelectron in
vacuum. A value for the inner potential was derived in
an earlier study of direct bulk transitions in silicon.?® It
was shown in that study that the final band could
be approximated by a free-electron band using a value
of 12.1 eV relative to the valence-band maximum (E})
for the inner potential. For the Si(111)7X7 and the
Si(111)*“7 X 1”’:H samples this corresponds to inner poten-
tials of =17 and =~ 18 eV, respectively, relative to the
vacuum level. Due to the measurement geometry, the
emission angle 6, is here approximated by the average
emission angle inside the crystal. Using the refraction
condition and the values derived for the inner potential,
we obtain an effective emission angle of 33° for both
Si(111)7 X7 and Si(111)*“7 X 1”":H.

1. Si(111)7X7

Our results for the surface core-level shifts on the 7X7
surface are in good qualitative agreement with the results
obtained by Miller et al.!' As can be seen in Fig. 2 and
Table I the large surface component (S,) is shifted 0.32
eV for the n-doped sample and 0.31 eV for the n " -doped
sample. The small surface component (S,) is shifted
—0.76 eV for both the n- and the n*-doped samples.
The fitting parameters are tabulated in Table I.

Scanning tunneling microscopy (STM) of the 7X 7 sur-
face reveals 12 bumps, in each unit cell, slightly raised
above the mean surface level. Miller et al. attributed S,
to these bumps, i.e., to adatoms. Their assignment was
solely based on the different bonding configuration of the
adatoms compared to the other surface atoms. Further-
more, they attributed S, to the first full monolayer of the
7X 7 surface.

Based on the atomic and electronic structure associat-
ed with the DAS model'? of the Si(111)7 X7 surface we
come to quite different interpretations of the S, and S,
shifts. There are several different types of atoms in this
model that could give rise to different core-level binding
energies, e.g., adatoms (12), rest atoms (6), atoms binding
to the adatoms (36), and dimer atoms (18). It was con-
cluded from a theoretical study?! of the electronic struc-
ture that electrons are transferred from the adatoms to
the rest atoms. The result of this charge transfer is a
doubly occupied surface state on the rest atoms, at ~0.8
below Ef, and a surface state close to Er on the adatoms.
The electronic structure obtained by STM (Ref. 22) and
ARUPS (Ref. 23) confirms that the charge transfer takes
place. Such a charge transfer should, qualitatively, result
in a shift to lower binding energy for the rest atoms and a
shift to higher binding energy for the adatom core level.
This has indeed been suggested for Ge(111)c (2X8) (Ref.
24).

The R value for S, should, according to the above-
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described model, be =~0.049 (0.10) if it is the rest atoms
(adatoms) that contribute to S,. The observed R values
for S,, ~0.033 (n doped) and ~0.040 (n " doped), are in
fair agreement with the rest atom value. Based on the
charge-transfer argument and the observed intensity ratio
we thus attribute S, to the rest atoms. The deviation be-
tween the calculated and experimental R values, by a fac-
tor of 1.23 for the n *-doped sample (1.48 for the n-doped
sample), is probably due to the fact that the mean free
path is not known exactly and that an effective, average
emission angle was used.

From the charge-transfer argument one would, in anal-
ogy, expect the S, component to correspond to the ada-
toms. The observed R values for S| are =0.43 (n doped)
and 0.44 (n* doped). These values are significantly
larger than the 0.10 expected for the adatoms, and S, can
thus not correspond to the adatoms alone. In the
analysis of the 3d core-level spectra from the
Ge(111)c(2X8) surface, which also show two surface
shifted components, the smaller component (S,) was at-
tributed to the rest atoms and the larger component (S)
to the adatoms plus the atoms that bind to the adatoms.
We will continue the analysis by assuming that S, can be
assigned to the adatoms plus the atoms that bind to the
adatoms (12+36=48 atoms) also for the Si(111)7 X7 sur-
face. The calculated intensity ratio for these 48 atoms is
0.60 which should be compared to the observed R values
of 0.43 and 0.44 for the S| component. When these in-
tensity ratios are multiplied by the experimental correc-
tion factor 1.23 deduced for the S, component we obtain
0.53 and 0.54, respectively (The factor 1.48 gives 0.64 and
0.65, respectively). These corrected R values are in close
agreement with the calculated value of 0.60, which makes
the suggested assignment plausible. As shown by the
above analysis it is quite possible to arrive at the same ex-
planation for the S, and S, surface shifts for both
Si(111)7X7 and Ge(111)c(2X8). There is, however, a
need for a theoretical investigation to verify the assump-
tion that the adatoms and the atoms that bind to the ada-
toms exhibit a similar surface core-level shift. A second
thing that needs to be investigated is the negative surface
shift of S| on the Ge(111)c (2 X 8) surface.

The fairly large widths of the components in the SS
spectra may have a natural explanation in terms of the
atomic structure of the DAS model. In an STM study of
the 7X 7 surface?? there is a clear difference between the
faulted and unfaulted halves when tunneling from the
adatom states. This difference in the electronic structure
between the two halves may result in slightly different
core-level binding energies causing a broadening of the S,
component. The bulk component in the SS spectra corre-
sponds to atoms very near the surface and they may also
be affected by the difference between the faulted and un-
faulted halves. The above assignments of S; and S, im-
ply that the dimer atoms contribute to the bulk com-
ponent, which is another possible source for a broaden-
ing.

The change in kinetic energy of the bulk component
monitors the change of the Fermi-level position in the
band gap. We have used the SS spectra to determine the
Fermi-level shifts, since the very thin band-bending re-
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gion for the n *-doped sample results in an asymmetric
broadening of the bulk component in the BS spectrum,
which gives an artifical Fermi-level shift. As can be seen
in Fig. 2 there is only a very small difference (0.02 eV) in
the Fermi-level position between the n*- and the n-
doped sample. This change is of the order of the accura-
cy of the fitting procedure and the experimental data, and
we therefore conclude that the pinning of the Fermi level
at the 7 X7 surface is the same for both n- and n *-doped
samples. The Fermi-level pinning at the 7 X 7 surface has
been studied in detail by Himpsel et al.?® They deter-
mined that the Fermi level is pinned 0.63 eV above the
valence-band maximum.

2. Si(111)“7X1":H

The 130 eV spectrum for the Si(111)“7 X 1”:H surface
is shown in Fig. 2 and the parameters used for the fitting
are tabulated in Table I. The most apparent difference
between the Si 2p core-level spectra for the “7X 1”:H and
the 7 X7 surface is that the surface component S,, here
assigned to the rest atoms, now has disappeared. This
implies that the rest atoms are highly involved in the
structural change forced by the hydrogen exposure,
which is in agreement with a previous STM study of NH,
chemisorption on Si(111)7 X 7 performed by Wolkow and
Avouris.?® They concluded that the rest atoms are the
most reactive atoms on the 7 X7 surface with respect to
hydrogen. The largest surface component (S;) shows a
surface core-level shift of 0.26 eV and an intensity ratio of
~0.48, when corrected by the factor 1.23 (0.58 when
corrected by 1.48). A surface core-level shift of 0.26 eV
has previously been determined for Si atoms bonded to H
atoms on the Si(111)1 X 1:H surface,?’ obtained by expos-
ing the cleaved Si(111)2X1 surface to activated hydro-
gen. The observed intensity ratio for S is smaller than
the value for S| on the 7X7 surface. This intensity de-
crease can qualitatively be explained if the hydrogen
atoms displace the adatoms and bind to the terrace
atoms. The S| component would then correspond to 42
atoms (6 rest atoms plus the 36 atoms that bind to the
adatoms on the 7 X7 surface) instead of 48 atoms for S.
The calculated R value for the 42 terrace atoms is ~0.49
which is in good agreement with the corrected experi-
mental value of 0.48 (0.58). The core-level data then sug-
gest that the monohydride phase is formed on the tri-
angular terraces by simply replacing one adatom with
three hydrogen atoms and by saturating each rest atom
dangling bond with a hydrogen atom. The fairly large
width of the S| component may be due to some disorder,
which could be explained by the possibility that the satu-
ration coverage is not reached and/or that adatoms still
are present with or without chemisorbed hydrogen.
However, this larger width could also be explained by
different core-level binding energies on the faulted and
unfaulted halves. There is also a small surface com-
ponent (S3) in the Si 2p spectrum for the “7X1”:H sur-
face with a shift of 0.98 eV, which may correspond to
Si—O or Si—OH bonds,?*?° i.e., contamination due to
oxygen or water chemisorption.

Hollinger and Himpsel?® concluded that for oxygen

chemisorption on Si(111) the surface core-level shift is
linearly related to the number of adsorbed oxygen atoms
on a Si atom, i.e., one chemisorbed oxygen atom gave a
surface core-level shift of 0.9 eV, two gave a shift of 1.9
eV, and three gave a shift of 2.6 eV. For hydrogen chem-
isorption one could expect, in analogy, a surface core-
level shift of =~0.52 eV for a dihydride phase and a shift
of =0.78 eV for the trihydride phase. A Madelung-type
contribution to the surface core-level shift would spoil
this reasoning. However, the above-described linearity is
in fact also seen for the monohydride and dihydride
phase of the hydrogen-exposed Si(100) surface.® Since
no surface shifted components are detected at ~0.52 or
~0.78 eV we conclude that the monohydride phase is
dominating on the Si(111)*“7 X 1”’:H surface.

As can be seen from Fig. 2, the Fermi-level position
changes by 0.43 eV upwards in the gap after exposure
and Ep—E, is thus 1.06 eV for Si(111)*“7 X 1:H, assum-
ing Er—E;=0.63 eV (Ref. 25) for Si(111)7X7. The
Fermi-level position at the surface is thus almost
degenerate with the conduction-band minimum
(Ec—E,=1.12 eV). This is expected for the n *-doped
sample since the H exposure causes the surface states on
the 7X 7 surface to disappear and thus the Fermi level is
no longer pinned at the surface.
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FIG. 3. Photoemission spectra recorded with 21.2 eV photon
energy for various angles of emission along the '-K-M direction
in the 1 X1 SBZ. The 1 X1 SBZ is shown as an inset.
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C. Angle-resolved photoemission

ARPES spectra were recorded in the T-K-M and T-M
azimuthal directions in the 1X1 SBZ (see inset in Fig. 3)
using 21.2 eV photon energy. The spectra for the two
directions are shown for different emission angles in Figs.
3 and 4, respectively. The measurement geometry is
shown as an inset in Fig. 4. The three characteristic sur-
face states of the 7X 7 surface [0.2, 0.8, and 1.7 eV below
E. (Ref. 23)] are not at all present on the
Si(111)*“7X1”:H surface. Instead, a hydrogen-induced
structure (labeled S) appears in the spectra. There are
also two other distinct structures (labeled B, and B,;) in
the spectra. S and B, are seen for emission angles larger
than 25° along the I-K-M direction in the 1X1 SBZ,
while along the T'-M direction they are seen also for an
emission angle of 20°. The third distinct peak, B,, is seen
for small emission angles in the two main azimuthal
directions.

The dispersions (initial energy versus k parallel) deter-
mined in this study for S, B,, and B, are plotted, relative
to the valence-band maximum, in Fig. 5. The Fermi-level
position was 0.86 eV above the valence-band edge, for the
unannealed surface as determined by measurements of
the Si 2p core level. In the calculations of the dispersions
a value of 4.73 eV was used for the work function. For
the 7 X7 surface the work function is assumed to be 4.63
eV, determined by Hollinger and Himpsel,?® and accord-
ing to Sakurai and Hagstrum?® the work function has in-
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FIG. 4. Photoemission spectra recorded with 21.2 eV photon

energy for various angles of emission along the T'-M direction in
the 1 X1 SBZ. The measurement geometry is shown as an inset.
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FIG. 5. Dispersion of the surface state originating from the
Si—H bonds for the monohydride phase as calculated, by Pan-
dey (Ref. 1) (solid curve). The surface-state dispersion deter-
mined in this study is shown by the dots. Also included are the
dispersions for the bulk structures, which are shown as squares
(B,) and circles (B,). The shaded regions are bulk energy bands
projected on the 1 X 1 SBZ (Ref. 1).

creased by =~0.1 eV when the
transformed to the “7X 1" pattern.

The only true surface state, i.e., a state localized within
a band gap, seen in this study is centered around —5.6 eV
relative to E; and it shows a small dispersion. This sur-
face state originates from the Si—H bonds which are
formed when the H atoms saturate the dangling bonds.
As can be seen in Fig. 5 the surface-state dispersion is in
good agreement with the calculated surface-state disper-
sion for the monohydride phase (solid curve in Fig. 5). It
should be noted that S appears as a surface resonance
near K and that close to K the structure B, has a similar
dispersion (described below) as S, though B, is not seen
in this region of k space for the ““7X1”:H surface.
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FIG. 6. Photoemission spectra recorded with 21.2 eV for two
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Pandey' predicted that the hydrogen-induced surface
state for the monohydride phase should be visible only in
a band gap near the 1X1 SBZ boundary. For the trihy-
dride phase he predicted two hydrogen-induced states
centered around =6 eV below E, which should be visi-
ble in the whole 1X1 SBZ. Since we observe only one
surface state, just near the zone boundary and since the
experimental surface-state dispersion is in good agree-
ment with the calculated one for the monohydride phase
we conclude that the monohydride phase exists within
the 7X 7 unit cell after the hydrogen exposure.

Structure B, has been reported earlier by Uhrberg
et al.,?® and it was shown that this structure is due to a
direct bulk transition from the second topmost valence
band. Uhrberg et al. compared the calculated disper-
sion, obtained by assuming a free-electron final band,
with the experimental dispersion and found a very good
agreement. The dispersion of B,, obtained in this study,
for the “7X17:H surface is in good agreement with the
above-described dispersions, which proves that it is the
same bulk transition.

Structure B, has previously been reported as a
hydrogen-induced structure, i.e., an enhancement of a
sp-like band.>® It appeared in the angle-integrated spec-
tra as a broad structure centered around =7.6 eV below
E.. This is explained by the fact that the dispersion for
B, is quite small (see Fig. 5). The above-described
analysis of direct bulk transitions, assuming a free-
electron final band,?® has been applied in this study also
to B,. The experimentally determined dispersion is in
qualitative agreement with the calculated dispersion for a
direct bulk transition from the second valence band (from
the bottom). The assignment of B, to a direct bulk tran-
sition is further verified by the fact that B, is also seen
in photoemission spectra from Si(111)7X7 and
Si(11D)V3XV3:AL2

Photoemission spectra recorded for different incidence
angles, in order to further characterize the hydrogen-
induced surface state, are shown in Fig. 6. There is a
strong decrease in the emission intensity from the surface
state when 0, is changed from 45° to 0°, indicating that it
is mainly the electric field perpendicular to the surface
that is exciting the surface state. Therefore we conclude
that the surface state has a substantial p, character,
which is expected for the monohydride phase. The inten-
sity for B, is also highly reduced when 6, =0°. This po-
larization dependence is observed for this peak also for
the V'3 X V'3:Al surface.

IV. SUMMARY AND CONCLUSIONS

To summarize, measurements of the Si 2p core-level on
the Si(111)7X7 and the Si(111)*“7X1”:H surfaces have
been performed. In the interpretation of the result from
these measurements we have used the DAS model for the
7X7 surface. Based on a charge-transfer argument and
the observed intensities for the surface shifted com-
ponents on the 7X 7 surface we assign S, to the adatoms
plus the atoms binding to the adatoms and S, to the rest
atoms. With these assignments one arrives at the same
explanation of the surface core-level shifts for both
Si(111)7X7 and Ge(111)c (2 X 8) (Ref. 24).

In the Si 2p core-level spectrum of the Si(111)“7 X 1":H
surface a surface component (S}), with a shift corre-
sponding to Si atoms bonded to H atoms, is seen. The
observed intensity decrease for S}, as compared to S,
can be explained if each adatom is replaced by three hy-
drogen atoms and if each rest atom dangling bond is sa-
turated with a hydrogen atom. The formation of the
monohydride phase is further evidenced by the fact that
no components originating from the dihydride or the
trihydride phase are seen and also by the result of the
ARPES measurements on the hydrogen exposed surface.

We observe only one surface state in the ARPES spec-
tra for the Si(111)*“7X1”:H surface, the dispersion of
which is in good agreement with the one calculated for
the monohydride phase.! For the trihydride phase Pan-
dey' predicted two hydrogen-induced states in the same
energy region and thus the observation of only one
surface-state band excludes the trihydride phase. The
surface state has a substantial p, character which is ex-
pected for the monohydride phase.

The position of the Fermi level in the band gap is
determined. For the 7X7 surface the Fermi-level pinning
is the same for both the n- and the n *-doped sample.
For the annealed (=400°C) “7 X 1”":H surface the Fermi-
level is determined to be 1.06 eV above the valence-band
edge, assuming 0.63 eV (Ref. 25) for the 7X7 surface,
which is close to the bulk value for the n *-doped sample,
thus indicating that the Fermi level is not pinned at the
surface after the hydrogen exposure.
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FIG. 5. Dispersion of the surface state originating from the
Si—H bonds for the monohydride phase as calculated, by Pan-
dey (Ref. 1) (solid curve). The surface-state dispersion deter-
mined in this study is shown by the dots. Also included are the
dispersions for the bulk structures, which are shown as squares
(B)) and circles (B,). The shaded regions are bulk energy bands
projected on the 1 X 1 SBZ (Ref. 1).



