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Adsorption-site determination of ordered Yb on Si(111) surfaces
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Low-energy-electron-diffraction (LEED), scanning-tunneling-microscopy (STM), and photoelectron-
spectroscopy measurements have been performed on the ordered submonolayer surface reconstructions
of Yb on Si(111). Two of these reconstructions, namely, 3X1 and 2X 1, have been studied in detail.
STM and LEED revealed that what was considered to be the 3X 1 reconstruction is actually a 3X2
reconstruction. By combining STM and photoelectron-spectroscopy results from the 3X2 and 2X1
reconstructions, we conclude that the Yb atoms are adsorbed in bridge sites.

INTRODUCTION

The mechanisms behind the formation of metal-
induced surface reconstructions on semiconductor sur-
faces, such as the Si(111) surface, are still not fully under-
stood. The geometrical structures are in many cases still
under discussion. A class of surface structures that is be-
lieved to be known is the (V'3XV'3)R30° structures
formed by one-third monolayer (ML) [1 ML =1 atom per
Si(111) surface unit mesh] of the trivalent group-III ele-
ments (B,Al,Ga,lIn,...) on Si(111). The atoms of group III
have three valence electrons and, in a simplified picture,
energy minimization is obtained by completely eliminat-
ing dangling bonds simply by placing the atoms in a
threefold site on an unreconstructed Si(111) surface. It
has been shown that the group-III elements, except for B,
prefer to be adsorbed in the threefold site directly above
the second Si-layer atoms (T,) rather than in the site
above the fourth Si-layer atoms (H;).! If instead, a di-
valent atom is deposited on the Si(111) surface the situa-
tion changes completely. A complete elimination of all
dangling bonds can no longer be achieved ina Hyora T,
site and naively one might believe that a twofold bridge
site would be the most favorable position for a divalent
atom. An example where a bridge site has been suggested
for a divalent metal adsorbed on Si(111) is the Ca/Si(111)
surface.?

The divalent metal Yb adsorbed on Si(111) shows
several ordered surface reconstructions. In the present
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investigation two of these ordered structures, namely,
3X1 and 2X 1, have been studied in detail by photoelec-
tron spectroscopy (PES) and scanning tunneling micros-
copy (STM). From the combined PES and STM results
structural models with the Yb atoms adsorbed in bridge
sites are found to be the most plausible.

EXPERIMENT

The measurements were performed in two different
chambers, one equipped with a commercial STM instru-
ment® at the Ginzton Laboratory, Stanford, USA, and
the other equipped with a double-pass cylindrical-mirror
analyzer for the recordings of photoelectron spectra at
MAX-LAB, Lund University, Sweden. Both chambers
were equipped with low-energy-electron-diffraction
(LEED) optics. The base pressure in the chambers was
below 1X 10710 torr. The Si(111) wafers were cleaned by
flashings to ~ 1150°C and then slowly cooled down or by
chemical etching* prior to the insertion in the vacuum
chamber in which case the thin oxide formed in the etch-
ing procedure could be removed by heating to ~900°C.
Sample heating was done by electron bombardment from
the back side of the crystal or by Ohmic heating. Sample
cleanness was checked with LEED and STM which both
showed excellent 7X7 structures characteristic of clean
Si(111) surfaces. Surface cleanness was also checked with
PES which showed characteristic surface components in
core-level and valence-band spectra®® for the clean sur-
faces. A modified SX700 plane grating monochromator’
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at the synchrotron radiation facility at MAX-LAB pro-
vided the monochromatized photons. Two types of Yb
evaporators were used, one in which Yb was evaporated
from an outgassed Yb bead inside a tungsten wire basket.
The other type consisted of a Yb bead inside a tantalum
tube heated by radiation from a tungsten filament. A
quartz-crystal thickness monitor measured the evapora-
tion rate which typically was between 0.1-1 ML/min.
During evaporation the pressure was kept in the low
10~ torr region. Ordered LEED patterns were ob-
tained either by evaporating Yb onto warm (~500°C)
substrates or by annealing the samples after the evapora-
tions were completed.

RESULTS AND DISCUSSION

Upon Yb deposition onto a warm (~500°C) Si(111)
substrate, or onto the substrate at room temperature fol-
lowed by annealing, several submonolayer Yb-induced
surface reconstructions appear. Yb atoms can have
different valency in different environments. For Yb the
valency can be conveniently measured by PES of the Yb
4f level since the 4f levels of divalent and trivalent Yb
have a different appearance and are well separated in
binding energy (see, e.g., Ref. 8). It was found that Yb is
completely divalent in all submonolayer reconstructions.
Furthermore, since no Fermi edge is seen in valence-band
spectra from these reconstructions it is concluded that all
these surfaces are semiconducting. Earlier measure-
ments®® have shown that the Yb atoms are mixed valent
in the bulk of Yb silicides, that is, signals from both
trivalent and divalent Yb are seen in the PES of the Yb
4f level. From the absence of a trivalent signal in the
spectra from the submonolayer reconstructions and the
knowledge!® that the divalent configuration is stabilized
at the surface we conclude that the Yb atoms adsorb on
the surface. Furthermore, this is in agreement with a
previous ion scattering study.!! The ordered patterns ob-
served in LEED are, in order of increasing coverage,
3X1 with j-order streaks (Fig. 1), 5X1, 7X1, and

FIG. 1. A sketch of the 3X 1 LEED pattern with half-order

streaks.
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2% 1.'"! Similar series of metal-induced surface recon-
structions have also been observed for other divalent
atoms such as Ca (Refs. 2 and 12) and Sm (Ref. 13) ad-
sorbed on Si(111). The Yb-Si(111)3 X1 structure has a re-
markable feature. Besides sharp intense 3 X1 spots on a
low background, continuous lines were observed at i-
order positions in the LEED pattern, as sketched in Fig.
1. The most intense lines were generally observed from
the surfaces of the highest quality. These 1-order lines
are an indication of one-dimensional disorder, as will be
discussed below. The other reconstructions do not show
any sign of such one-dimensional disorder and the 2 X1
pattern has very sharp spots on a low background. The
quality of the 5X1 and 7X 1 patterns are not as high as
the quality of the 3X1 and 2X1 patterns and the 7X1
reconstruction is especially difficult to produce over large
areas which is probably the reason why it was not ob-
served in earlier work.!!

Figure 2 shows an STM picture from a preparation in
which a 7X7 pattern, characteristic of clean Si(111) sur-
faces, is seen in LEED together with weak 3 X1 spots. A
boundary between a 7X7 and a 3X1 domain is seen in
the image. The image clearly shows that the 3X 1 phase
consists of rows in the {(110) directions. The separation
between the rows is 3a, where a =3.84 A is the unit dis-
tance on an unreconstructed Si(111) surface. These rows

FIG. 2. An STM image showing a domain boundary between
a 7X7 and a 3X1 domain. Notice the structure in the [110]
direction which has the periodicity 2a, where a =3.84 A is the
length of the Si surface lattice vector.
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consist of protrusions separated by 2a. No correlation
exists between the position of the protrusions in adjacent
rows, and the structure may be described as a mixture be-
tween a 3X2 and a c(6X2) structure. Such one-
dimensional disorder gives rise to the observed half-order
streaks in the 3X1 LEED pattern [cf. Au/Si(111)5X2
(Ref. 14)]. From now on, this structure will be denoted as
3X2. Height measurements showed that the height of
the protrusions in the 3X2 structure over the surround-
ing 7 X7 structure is 1.1+0.2 A. If corrections are made
for the adatom height in the 7X7 structure, !’ this results
in a protrusion height above an unreconstructed Si sub-
strate of 2.2+0.3 A. Using the covalent radius of Si
atoms (1.17 A) and the ionic radius of divalent Yb (1.94
A), one finds a difference in height between the cores of
the Yb and the Si surface atoms in the threefolg, bridge,
and on top adsorption sites of 2.2, 2.4, and 3.1 A, respec-
tively. Thus the height difference between the pro-
trusions and the 7X7 surrounding from the STM mea-
surements does not contradict a structure where the pro-
trusions correspond to Yb atoms adsorbed on an un-
reconstructed Si(111) substrate. The Yb/Si(111)3X2
structure is thereby different from the 3 X1 structures
formed by monovalent atoms (i.e., Ag and the alkali met-
als) on Si(111) in which the 3X1 structure clearly in-
volves a rearrangement of the substrate Si rather than
simple metal-adatom adsorption.'® Since valence-band
spectra show that the submonolayer Yb/Si(111) surfaces
are semiconducting, there has to be an even number of
electrons in the surface unit mesh. It is not obvious how
this requirement can be fulfilled in a Yb-induced 3X1
reconstruction and it is thus satisfying to find that the
3X 1 reconstruction!! is actually a 3 X2 reconstruction.
In a 3X2 surface unit mesh an even number of electrons
in the surface unit mesh can be obtained in a simple
structure where the Yb atoms adsorb on an unrecon-
structed Si substrate.

At a Yb coverage three times that of the 3 X2 structure
STM shows a structure consisting of rows separated by
2a and LEED shows a distinct 2X 1 pattern. A Yb cov-
erage for the 2X1 surface three times that of the 3X2
surface is consistent with models having one Yb atom per
surface unit mesh in the 2X1 and the 3X2 structures.
The coverage of 0.5 ML is also consistent with the read-
ings of a quartz-crystal thickness monitor. In a structur-
al model with one Yb atom per 2X 1 surface unit mesh
the Yb atoms are quite densely packed which explains
why only a very small corrugation could be seen along
the rows in STM.

The STM data give us some information about the
metal registry with the underlying Si bilayer from exam-
ination of phase boundaries between the 3X2 and 7X7
images as in Fig. 2. Based on the dimer-adatom-stacking
fault model!” for the 7 X 7 structure it is possible to deter-
mine the position of the T, sites in the image by using
guiding lines through the corner holes and adatoms seen
in the 7X 7 part of the image. From such an analysis it is
possible to exclude H; and on top adsorption sites for the
Yb atoms [assuming that the protrusions seen in the im-
age are Yb atoms adsorbed on a truncated Si(111) sur-
face]. However, the bridge sites are very close to the T,
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sites and it is not possible to distinguish between the
bridge and T, sites as adsorption sites for the Yb atoms
from the analysis of the STM images. This problem may
be addressed with PES. The core-level binding energies
are sensitive to the chemical surroundings of the atoms
and differences in Yb-Si coordination numbers should be
possible to extract from PES. It should, for instance, be
possible to distinguish between Si atoms that are singly
and doubly coordinated to Yb. In the latter case the Yb-
induced Si 2p binding-energy shift should be approxi-
mately twice as large as in the former case.!®

Figure 3 shows two possible adsorption site models for
the 3X2 and 2X1 structures. In the first model [Figs.
3(a) and 3(b)] the Yb atoms are positioned in T, sites and
in the second model a bridge adsorption site is proposed.
For the 2X1 models, a major difference exists between
the bridge site model and the T, site model. In the
bridge model, Fig. 3(d), all surface Si atoms bond to one
Yb atom, whereas in the T, model [Fig. 3(b)] surface Si
atoms bonded to one and to two Yb atoms are present in
equal numbers. It is possible to distinguish between the
bridge and T, adsorption site models with PES since Si
atoms that are singly and doubly coordinated to Yb
should have different Si 2p binding-energy shifts. The Si
2p binding-energy shift from Si atoms that are singly
coordinated to Yb can be obtained from the Si 2p spectra
from the 3 X2 surface since, irrespective of what model is
used, the 3X2 structure only contains Si surface atoms
that are singly coordinated to Yb.

In Si 2p spectra, Fig. 4, from the 3X2 and 2X1 struc-
tures two main (spin-orbit-split) components are ob-

Yb A2 Al A0 Bl BO
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FIG. 3. Structural models of the 3X2 and 2X1 Yb surface
structures on the Si(111) surface. In (a) and (b) the Yb atoms
are placed in T, sites and in (c) and (d) the Yb atoms are placed
in bridge sites. A0, A1, and A2 are Si atoms in the top layer
coordinated to zero, one and two Yb atoms, respectively, BO
and B1 are Si atoms in the second Si layer.
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served. It is immediately seen that the binding-energy
difference between the components is approximately
equal for the 3X2 and the 2X1 surfaces. In order to
vary the escape depth of the emitted photoelectrons,
making possible a separation between bulk and surface
contributions, the spectra were recorded at different pho-
ton energies. The most surface-sensitive spectra were ob-
tained using a photon energy of 130 eV. From the
photon-energy dependence the high binding-energy com-
ponent is identified as a bulk component. A clear
difference between the spectra from the two surfaces is
that the intensity of the surface-shifted component in-
creases considerably when going from the 3X2 to the
2 X1 surface. This increase in intensity makes it possible
to assign this surface component to Si atoms with Yb
neighbors; this is also what is expected if the sign of the
Yb-induced shift is estimated theoretically.!® If the Yb
atoms are assumed to adsorb in high symmetry sites and
with the adsorption site being the same in the 2X1 and
3 X2 structures, then the similar shifts immediately show
that the Yb atoms adsorb in bridge sites, since these mod-
els are the only high symmetry models, not excluded by
the STM data, that give the same Yb-induced binding-
energy shift of the Si 2p levels in both the 3X2 and 2X 1
structures.

To extract further information decompositions of the
spectra in Fig. 4 were made. Spin-orbit-split Voigt func-
tions were used with the Lorentzian full width at half

3x2 Si 2p 2x1

hv =
130 eV

hv =
120eV __

hv =
110 eV
83 B S2S1 S3 B S2 S;
1 L 1 1 1 1 L 1 1 ) I 1 1 1
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Relative Binding Energy (eV)

FIG. 4. Si 2p core-level spectra (dots) from the Yb-induced
3X2 and 2X1 structures recorded at three photon energies.
The full lines show fits to the data using four spin-orbit-split
components. The dashed lines show the individual components
(for clarity, only the 2p;,, peaks of the model functions are
shown).
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maximum (FWHM) fixed at 0.11 eV. The Gaussian
FWHM was the same for all components but was allowed
to vary until optimum fits were obtained. The optimum
Gaussian FWHM was 0.28 eV. The main features in the
spectra are a bulk component (B) and a surface com-
ponent (S1) shifted 0.47 eV towards lower binding ener-
gy. Fittings using only these two components were im-
possible if photon-energy-dependent shifts and/or asym-
metries of the components were to be avoided. To avoid
these effects in the results of the fittings two additional
surface components, S2 and S3, were introduced on both
sides of the bulk component (shifted by 0.2 eV). The ab-
sence of S2 led to a photon-energy-dependent shift be-
tween the bulk and the S1 component. This effect was
especially noticeable in fittings of the spectra from the
2 X1 surface but was not as strong in fittings of spectra
from the 3X2 surface where reasonable fits could be ob-
tained without S2. In fittings of spectra from the 3X2
and the 2X1 reconstructions the S3 component was
needed in order not to get a photon-energy-dependent
asymmetric line shape of the bulk component. The abso-
lute positions and intensities of S2 and S3 are quite sensi-
tive to the linewidths and are therefore rather uncertain.

From the direct inspection of the spectra it was con-
cluded that the Yb atoms adsorb in bridge sites. These
conclusions were based on the similar Yb-induced shift in
spectra from the 3X2 and 2X1 surfaces. This is further
verified in the decomposition where, within the accuracy
of the curve fittings, the shift of S'1 relative the bulk com-
ponent is found to be equal in the 3X2 and 2X 1 spectra.
The results of the curve fittings also show that the inten-
sity of S'1 differs almost by a factor of 2 between the 3 X2
and 2 X1 spectra and since the Yb coverage increases be-
tween the 3 X2 and 2X 1 reconstructions this shows that
the S1 component is Yb related. The results of the
fittings of the Si 2p spectra from the 3X2 and 2 X1 recon-
structions thus lead to the same conclusions as were ob-
tained from a direct inspection of the spectra, i.e., that
the Yb atoms adsorb in bridge sites in the 3X2 and 2 X1
Yb-induced reconstructions of Si(111). However, there
are a few details in the spectra that need a more thorough
discussion.

In the bridge models the number of Si atoms bonding
to one Yb atom (the 41 atoms in Fig. 3) increases by a
factor of 3 in going from the 3 X2 reconstruction to the
2X 1 reconstruction. However, the intensity of the S'1
component of the Si 2p spectra, that has been attributed
to these atoms, does not increase by the same amount (it
only increases by a factor of 2) and is thus slightly (1.5X)
too large in the spectra from the 3X2 surface. This
might be due to an overlap of two components contribut-
ing to the intensity of S'1. Valence-band spectra have
shown that the 3X2 reconstruction is semiconducting
and therefore no half-filled dangling bonds should exist in
the surface. However, there are four Si atoms in the sur-
face unit mesh not bonding to Yb (the 40 atoms in Fig.
3). The semiconducting properties of the surface mean
that these atoms have to interact with each other in order
to eliminate the half-filled dangling bonds on these atoms.
This interaction could be in the form of charge transfer
from one Si dangling bond to another. Such a charge
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transfer can result in a Si 2p binding-energy shift, for half
the unbonded Si atoms, of the same magnitude as the
Yb-induced binding-energy shift.'®2%2!  Another contri-
bution to the discrepancy between the estimated relative
intensity for S'1 based on the bridge models in Fig. 3 and
the measured intensities could be diffraction effects.

The decomposition of the Si 2p spectra from the Yb-
induced 3X2 and 2X1 surface reconstruction revealed
three surface components. In interpretations of the spec-
tra where only the type and number of nearest neighbors
affect the core-level binding energy, the number of sur-
face components found in the decomposition does not
seem compatible with the models proposed in Fig. 3.
However, it has recently been realized that the core levels
of Si atoms in the second Si(111) surface layer are shifted
relative to those of the bulk Si atoms. This second-layer
effect has been seen in two different systems, the Al-
Si(111)(V'3XV'3)R 30° (Ref. 22) and the clean Si(111)2X 1
(Ref. 20) surfaces. In both of these cases the second-layer
core-level shift was about 0.2 eV towards higher binding
energy, that is, the same shift as is observed for S3 in the
present case. Therefore it is reasonable to assume that
second-layer Si atoms contribute to the intensity of S3.
A remarkable behavior of S3 is that it decreases drasti-
cally in intensity when going from 3 X2 to the 2X 1 and
instead the intensity of the S2 component is increasing.
This might indicate that both these components are from
the second-layer Si. If the result of the curve fittings is
put in relation to the bridge site models for the 3X2 and
2X 1 surfaces then the natural assignment would be that
the S2 component is due to Si atoms of B1 type in the
second layer and S'3 is due to the Si atoms of BO type (see
Fig. 3). In the Yb-Si(111)2X 1 surface the number of B1
atoms is much higher than in the 3 X2 surface which is
reflected in the increased intensity of S2. This core-level
shift would then be due to a second nearest-neighbor
effect; such an effect has, for instance, been seen in the B-
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Si(111)(V3XV3)R30° surface.”® Part of the decrease in
intensity of the S3 component between spectra from the
3X2 and 2 X1 reconstruction could of course also be at-
tributed to Si atoms in the first Si surface layer contribut-
ing to the S3 intensity in the spectra from the 3X2
reconstruction but not in spectra from the 2X1 recon-
struction. As discussed above half of the Si atoms in the
first layer not bonding to Yb in the 3 X2 structure may
contribute to the intensity of S'1. The other half of these
atoms may contribute to the intensity of S3 and since no
such atoms are present in the 2 X1 structure this would
result in a decrease of the S'3 intensity.

SUMMARY

It has been shown that PES combined with STM and
LEED can provide information on the detailed bonding
of adsorbed atoms on semiconductor surfaces. The ad-
sorption of Yb on the Si(111) surface has been studied
and it has been shown that the divalent Yb atoms adsorb
in bridge sites rather than in the H; site proposed in Ref.
11. This is consistent with an intuitive expectation based
upon experiences from the adsorption of trivalent metals
at low coverage. In these cases the adsorbed trivalent
atoms are found to adsorb in threefold sites in which the
three valence electrons of the adsorbed atom can saturate
three Si dangling bonds. Similarly, a divalent atom could
in a twofold site, i.e., in a bridge site, saturate two Si dan-
gling bonds.
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FIG. 2. An STM image showing a domain boundary between
a 7X7 and a 3X1 domain. Notice the structure in the [110]
direction which has the periodicity 2a, where a =3.84 A is the
length of the Si surface lattice vector.



