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Absorption of Li on the Si(100)2 X 1 surface studied with high-resolution core-level spectroscopy
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The adsorption of Li on the Si(100) surface has been studied over a wide coverage range with high-
resolution core-level spectroscopy. The dimer structure of the clean surface was preserved up to a cover-
age corresponding to A¢=—1.8 eV. Above this coverage intermixing and silicide growth starts. It is
shown that the silicide reaction is controlled by the amount of Li present on the surface. Up to four new
components shifted equidistantly by ~0.44 eV to lower binding energies appeared in the Si 2p spectra
upon the silicide formation. The Li 1s level displayed several components, indicating the presence of in-

creasingly Li-rich phases at high coverges.

I. INTRODUCTION

Adsorption of alkali-metal atoms on semiconductor
surfaces is studied for its prototypical role in surface
physics.? Despite extensive studies both theoretical-
1y> ¢ and experimentally>’ 13 especially on the Si(100)-
Na, K, and Cs systems, there still remains an unsettled
question about the electronic structure and absolute cov-
erage at saturation. Only a few studies have so far been
performed on the Si(100)-Li interface.!* ™!

The small size of the Li atoms leads to a higher ability
to intermix and react with a Si surface. In a combined
Auger electron spectroscopy, low-energy electron
diffraction (LEED), and electron energy-loss spectrosco-
py measurement of the Si(100)-Li system, it was shown
that Li intermixes at room temperature.'* In a recent
first-principles molecular-dynamics study of the Si(100)-
Li surface, Morikawa, Kabayashi, and Terakura showed
that Li can adsorb beyond one monolayer (ML) and that
at 2 ML the Si-Si dimerization disappears completely.
From an angle-resolved direct and indirect photoemission
spectroscopy study Johansson and Reihl report that up to
a coverage corresponding to a —1.8-eV change in work
function (A¢) the electronic structure of the Si(100)2 X 1-
Li surface is to a large extent similar to the Si(100)2 X 1-K
and Na systems.!® Hashizume et al. have shown from
scanning tunneling microscopy (STM) imaging in the
submonolayer regime, that the Li atoms reside on top of
one of the dimer atoms of the Si(100)2 X 1 surface.!”

In a recent core-level study of Li adsorption on the
Si(111)7 X7 surface it was shown that Li reacts with the
surface in a two step process. In the first the surface
reconstructs toward a “7X 1> reconstruction and in the
second Li reacts with the surface and forms thermostable
compounds.'® In the Si 2p level up to 4 Li-induced com-
ponents were observed, shifted equidistantly by ~0.4 eV
to lower binding energies (BE).
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In this paper, results from a high-resolution core-level
spectroscopy study of Li adsorption on the Si(100) sur-
face are presented. The adsorption process has been
studied at room temperature (RT) and at low tempera-
ture (LT). In the RT experiment the clean surface
showed a 2X 1 LEED pattern and at LT a ¢(4X2) recon-
struction was seen. At low metal coverage the basic 2 X1
geometry of the surface was presented. In this coverage
regime the metal atoms interact with the Si dimer atoms.
Above 1 ML of Li exposure the Li reacts with the surface
and forms several silicide phases. The reaction can be
followed by the appearance of new structures in both the
Li 1s and Si 2p core levels. At increasing Li coverage,
more Li-rich phases evolve on the surface. At high cov-
erage up to 4 equidistantly shifted (by 0.44 eV) surface re-
lated components were detected in the Si 2p level. The
shift in the Si 2p level is found to be correlated to the
number of nearest Si neighbors.

II. EXPERIMENTAL DETAILS

The experiments were performed at beamline 22 at the
MAX-lab synchrontron radiation facility in Lund,
Sweden. The beamline was equipped with a modified
ZEISS SX-700 monochromator and a 200-mm 180° hemi-
spherical energy analyzer.!' A total-energy resolution of
less than 0.1 eV was used in the experiment. After each
spectrum the Fermi level was measured from a polycrys-
talline Pt sample that was in electrical contact with the
Si(100) sample. Prior to insertion into the vacuum
chamber the n-doped (phosphorous 0.67-1.33 € cm)
single-crystal samples were cleaned in an etching pro-
cess.?’ Preparation of the Si(100)2X 1 surface in situ was
performed by resistive heating to 850-900 °C followed by
a slow cooldown process. Regeneration of the surface
after Li deposition was performed in the same way and
fully restored the quality of the original clean surface, as
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monitored by both low-energy electron diffraction and
photoemission. After regeneration no traces of Li were
observed in the photoemission spectra. All metal deposi-
tions where done on clean surfaces.

Li was evaporated from well outgassed chromate
dispensers (SAES Getters S.p.A.). During evaporation
the pressure in the chamber never exceeded 1X1071°
Torr. The flux from the Li source was controlled with a
mass spectrometer positioned in front of the source, and
was kept constant throughout the whole experiment.

At low coverages the amount of Li was determined by
the integrated intensity in the Li 1s level. In agreement
with an earlier study of the Si(100)-Li system, an approxi-
mately linear relation up to A¢g=—2.5 eV was found be-
tween the integrated intensity in the Li 1s level and the
deposition time.!*?! At high coverages, where the Li
reacts with the substrate, this approach was not useful
due to the finite mean free path of the photoelectrons.
Here the coverage was instead referenced to the deposi-
tion time under the assumption of a constant sticking
coefficient for the metal adsorption.

The actual sample temperature at LT was measured by
a thermocouple in a separate experiment to be —140°C.
Since the Si 2p and Li 1s levels developed in a similar
manner, both at RT and LT, core-level data from only
the former case will be presented here.

Fitting of the core-level data was performed using a
nonlinear least-squares fitting procedure, using spin-orbit
doublet components consisting of Voigt functions.?? The
backgrounds in spectra from surfaces with a submono-
layer coverage were modeled with exponential or linear
functions, whereas an integrated background was used in
spectra from surfaces covered with more than 1 ML of
lithium.

III. EXPERIMENTAL RESULTS
A. LEED

At RT the clean surface displayed the well-known
two-domain 2X1 LEED pattern. The 2X1 pattern
remained up to a Li coverage corresponding to
Ap=—1.8 eV, except in a small region (A¢g=—1.5 eV)
where a 2X2 pattern was observed. The coverage corre-
sponding to A¢=—1.8 will hereafter be defined as 1 ML.
Increasing the Li exposure further, into the high-
coverage regime, led initially to a mixed 2X1/4X4
LEED pattern followed after 1.6 ML (A¢=—2.0 eV) by
a streaky 4 X4 LEED pattern that gradually evolved into
a mixed 4X4 /3 X 3 pattern.

It should be stressed that both the 4 X4 and the mixed
4X4/3X3 LEED pattern were of low quality and ap-
peared rather streaky on a high background and thus in-
dicate an inhomogeneous growth of the overlayer. After
2.6 ML of Li deposition the surface displayed a 1X1 pat-
tern that gradually diminished in intensity with increas-
ing Li coverage and above 8 ML no LEED pattern could
be detected.

At LT, the clean surface displayed a c¢(4X2) LEED
pattern, which transformed into a 2X1 reconstruction
after 0.2 ML of Li deposition. A 2X2 LEED pattern was
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observed over a coverage range from 0.4 to 0.8 ML.
After 1 ML of metal deposition the 2X1 reconstruction
reappeared. At higher coverage the LEED pattern
evolved in the same way as at RT.

B. Si2p

The evolution of the Si 2p core level as a function of Li
deposition time is displayed in Fig. 1. By inspecting the
shape of the core level several important conclusions can
be drawn. In the Si 2p electron distribution curve (EDC)
from the clean surface a distinct feature is visible at ap-
proximately 0.5 eV lower BE referenced to the main com-
ponent. This shifted component has been identified as
originating from the up atoms of the asymmetric di-
mers.?»?* Upon Li adsorption, the feature to low BE ini-
tially becomes broader, moves toward the bulk, and in-
creases in intensity with increasing coverage. After 1.3
ML of Li exposure a new feature appears in the Si 2p
spectra, shifted to lower BE relative to the major com-
ponent. For higher Li coverages two new silicide-related
components appear at even lower BE, as can be seen in
the 2- and 4-ML spectra.

Significant shifts are observed in the energy positions
of the Si 2p main line in Fig. 1. These band-bending
shifts are better illustrated in Si 2p EDC’s recorded in a

Si(100)+Li
Si 2p level
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INTENSITY (ARB.UNITS)

161 160 919 98 97
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FIG. 1. The Si 2p spectra for various Li coverages recorded
with a photon energy of 130 eV.
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FIG. 2. The Si 2p spectra for various Li coverages recorded
with a photon energy of 108 eV.
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FIG. 3. Decomposed Si 2p spectra for various coverages
recorded with a photon energy of 130 eV. The fitting parame-
ters are given in Table 1.
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more bulk sensitive mode with a 108-eV photon energy,
as depicted in Fig. 2. Initially, after 0.22 ML a small
shift to higher BE is observed when referenced to the
clean surface, followed by a shift to lower BE and after
1-ML deposition a —0.10-eV shift is measured. When
passing from the low- to the high-coverage region the
bulk component becomes split into two components.
With increasing coverage the component to the highest
BE increases in intensity and after 2.6 ML (A¢g=—2.45
eV) only this component remains. An energy shift of 0.40
eV is measured between the 6.6 ML and the clean sur-
face. The change in work function between the 1- and 4-
ML spectra (0.75 eV) is to a large extent composed of the
band-bending shifts between the two EDC’s (0.51 eV).
When increasing the coverage beyond 2.6 ML only minor
movements are observed in the energy position of the
bulk related structure.

Figures 3 and 4 show the decomposed Si 2p level from
the clean surface, as well as for various Li coverages.
The fitting parameters, the BE of the bulk related com-
ponents, and the energy shifts of the decomposed struc-
tures are given in Table 1.

The clean Si(100)2 X 1 Si 2p spectrum is fitted with five
components. The components S, S’, and C [at —0.50-,
0.20-, and —0.23-eV BE relative the bulk (B) line] are at-
tributed to the dimer up atoms, the second layer, and
possibly the third layer, respectively (following a recent
study by Landemark et al.?*). In Ref. 24, the spectral
contribution from the down atoms in the asymmetric di-

Si 2p
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FIG. 4. The Si 2p level from the surfaces with 13 ML of Li
recorded in a surface (a) and a bulk sensitive mode with a pho-
ton energy of 130 and 108 eV, respectively.
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mers was identified, shifted 61 meV to the high-binding-
energy side. Because of the broadening of the Gaussian
width in the core levels observed upon Li deposition, it is
only possible to identify this component in the spectra
from the clean surface. For the sake of simplicity the
spectrum from the clean surface is thus also fitted
without the 61-meV component and the spectral intensity
of the down atoms is integrated in the bulk and S’ struc-
tures as an additional Gaussian broadening. This ap-
proach has only a minor impact on the quality of the fit.
In order to achieve a good fit, a fifth component, la-
beled C' in Fig. 3, shifted 137050 meV relative to B has
to be added. This component displayed the highest inten-
sity in the spectra from the clean surface. At higher cov-
erage the intensity of the C’ structure decreased and was
not detectable at all after exposing the surface to more
than 0.6 ML of Li. It can be argued that this peak origi-
nates from contamination by the rest gases of the vacuum
chamber. This is unlikely since in the case of oxygen or
hydroxy adsorption on the surface, a 1-1.1-eV shift is ex-
pected.?>?% Instead it is more likely that the C’ feature
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originates from a combination of shakeup and inelastic
scattering processes in agreement with observations made
in an electron spectroscopy for chemical analysis mea-
surement on the bulk Si 2p line.?’

In the low-coverage interval the components are la-
beled B (bulk), S, and S, and C; and Cj. In this cover-
age regime, a smooth development in the relative intensi-
ties of the fitted components as a function of coverage is
observed. The relative intensities of the B and S} com-
ponents decrease and the C, feature displays only minor
fluctuation, whereas an increase is observed in the S,
structure. In the 1-ML spectra the S; feature shows an
relative intensity that is 1.9 times larger than the S struc-
ture in the clean surface spectra.

The shift of the S, feature relative to the B structure
decreases with increasing coverage and a shift of 0.37 eV
is measured in the 1-ML spectra. The S| and C,; com-
ponents show only minor movements in the low-coverage
regime.

When increasing the coverage beyond 1 ML it was not

TABLE 1. The BE of the bulk Si 2p;,, component are given together with the energy shift to the fitted components in the Si 2p
level and the BE of the Li 1s components. The Gaussian width for the Si 2p components is given inside the parentheses appearing
after the energy values. A Lorentzian width BR, and S-O shift of, respectively, 0.085 eV, 2, and 0.602 eV was used for the Si 2p level
and a Lorentzian width of 0.030 eV and Gaussian width for all the Li 1s level.

Si 2p BE and energy Relative Li 1s BE (eV) Relative Asymmetry
shifts (eV) intensity intensity index
Clean
B 99.16(0.20) 0.49
S —0.50(0.26) 0.13
S’ 0.20(0.26) 0.28
C —0.23(0.20) 0.06
C’ 1.40(0.50) 0.04
1 ML
B 99.06(0.22) 0.45 56.60 1.00
S, —0.37(0.33) 0.25
S 0.20(0.33) 0.23
C —0.26(0.22) 0.07
1.3 ML
B 99.26(0.30) 0.67 56.65 0.57
I —0.42(0.35) 0.28 56.17 0.35
1I —0.84(0.35) 0.05 55.33 0.08 0.06
2.0 ML
B 99.49(0.26) 0.57 A 56.62 0.11
I —0.39(0.38) 0.24 B 56.13 0.44
1I —0.84(0.38) 0.12 C 55.58 0.37 0.15
IIT —1.12(0.38) 0.06 D 54.98 0.08 0.15
4.0 ML
B 99.57(0.26) 0.48 B 56.12 0.19
I —0.43(0.39) 0.14 C 55.54 0.47 0.15
1I —0.87(0.39) 0.23 D 55.01 0.34 0.15
II1 —1.27(0.39) 0.11
v —1.61(0.39) 0.04
13.0 ML
B 99.54(0.26) 0.04 55.20 0.27 0.15
I —0.44(0.36) 0.08 54.70 0.73 0.15
11 —0.87(0.36) 0.20
111 —1.29(0.36) 0.43

v —1.73(0.36) 0.26
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possible to resolve the spectral intensity from the S| and
C, components, as can be seen in the 1.3-ML spectra,
displayed in Fig. 3(c). Instead this Si 2p level is fitted
with one bulk and two Li-induced components labeled I
and II, shifted —0.42 and —0.84 eV, respectively. The
main problem associated with the decomposition of this
EDC is the treatment of the B structure, which, as can be
seen in Fig. 2, is composed of two components. Despite
this unambiguity is it clear that a new component (II) ap-
pears in this spectrum. Two new structures labeled III
and IV appear at —1.1 and — 1.6 eV relative to the bulk,
in the 2-ML [Fig. 3(d)] and 4-ML [Fig. 3(e)] spectra, re-
spectively.

The relative intensities of the Li-induced Si 2p com-
ponents in the 130-eV EDC’s develop as follows: At low
coverage the I structure dominates. Between 4 and 6.6
ML the II component shows the highest intensity and
above 6.6 ML the III component displayed the highest
intensity and the IV structure grows rapidly in intensity
with coverage.

Figures 4(a) and 4(b) depict the surface (130 eV) and
bulk (108 eV) sensitive Si 2p spectra, respectively, from a
surface exposed to 13 ML of Li metal. The difference in
mean free path is illustrated by the dramatic difference in
the relative intensity of the bulk component. The relative
intensity of the III and IV compared to the I and II struc-
tures is only slightly larger in the 130-eV spectrum than
in the 108-eV EDC. In the 13-ML spectra the energy
differences between the fitted components are
B—1=0.44 eV, I-11=0.43 eV, II-III=0.42 eV, and
III-IV=0.44¢V.

C. Lils

Depicted in Figs. 5(a)-5(f) are some selected EDC’s to
illustrate the general trend in the development of the Li
1s level as a function of coverage at RT. All fitting pa-
rameters used for Figs. 5(a)-5(f) are given in Table I. It
should be mentioned that a Gaussian width of 0.66+0.02
eV (RT) and 0.54+£0.02 (LT), were used for all the fitted
components, indicating a substantial phonon broadening
at RT. Since no appreciable differences were observed
between spectra recorded at LT and RT only the latter
are shown here. The spectra ride on the back of the
Auger Li KVV peak, that was modeled with a smooth
function and subtracted from the spectra in the figure.

Figure 6 shows the BE of the fitted components as a
function of coverage. Added to the figure (labeled with
roman numbers) are the coverage regions where the Li-
induced components in the Si 2p level are observed.

At low coverages the Li 1s level could be fitted with
only one component labeled A in the 1-ML spectrum of
Fig. 5(a). Despite the narrowing of the width at LT only
one component was resolved at coverages below 1 ML.
Above 2 ML the spectral intensity of the A peak disap-
peared (see Fig. 6). When referenced to the 0.2-ML sur-
faces, the BE of the A structure, in the low-coverage re-
gime, follows the band bending of the Si 2p bulk line and
an energy shift of —0.1 eV is measured between the 1-
ML and 0.2-ML spectra for this structure.

In the spectrum from the 1.3-ML surface, depicted in
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FIG. 5. The decomposed Li 1s level obtained with a photon
energy of 108 eV. The fitting parameters are given in Table I.

Fig. 5(b), two new components labeled B and C develop
to lower BE. The two peaks B and C display the highest
relative intensity in the 2-ML and the 2.6-ML spectra, re-
spectively. Above 6.6 and 8 ML the spectral intensities
of the two structures B and C, respectively, are too low to
be detected in the decomposition process. As can be seen
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FIG. 6. The BE of the fitted components in the Li 1s level as
a function of deposition time. Added in the figure with roman
numbers are the components observed in the Si 2p level at the
corresponding coverages.
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in Fig. 6, the appearance of the B and C components
coincides with the onset of the IT component in the Si 2p
level.

The D component appears after 2 ML [Fig. 5(c)], that
is, simultaneously with the III component in the Si 2p
level. The D structure shows the highest intensity after 8
ML of Li deposition and is present up to the highest cov-
erage probed in the experiment (13 ML). As can be seen
in Figs. 5(d) and 6 a fifth structure E becomes visible in
the 6.6-ML spectra depicted in Fig. 5(e). This peak in-
creases rapidly in intensity with coverage and dominates
the 13-ML spectra.

The 13-ML spectra shown in Fig. 5(f) can be fitted with
the two components D and E. A Doniach-Sunjic singu-
larity index of 0.15 was used in the fit of C, D, and E
components.

IV. DISCUSSION

A. Low-coverage regime

In the low-coverage region the surface displayed a 2 X1
LEED pattern except in a small region around 0.6 ML
(RT) and 0.4 ML-0.8 ML (LT) where a 2 X2 image was
visible. The small changes between the Si 2p spectra in
this coverage interval indicate that no major rearrange-
ment of the surface geometry has occurred. Instead it is
argued that the basic dimer configuration remains up to 1
ML.

On the clean Si(100)2 X 1 surface the structure to lower
BE (S) represents the 0.5 ML of up atoms in the asymme-
trical dimer configuration.??* The BE of the Li-induced
structure in the Si 2p level overlaps in energy with the S
component on the clean surface. The S| component is
therefore composed of contributions from both Si atoms
interacting with the Li overlayer and unperturbed up
atoms in the asymmetric dimer configuration.

In the 1-ML EDC the relative intensity of the S, struc-
ture is 1.9 times larger than the S feature on the clean
surface. Since the intensity increase has been transferred
from the B and S structure to the S, feature and the in-
tensity of the down atoms was integrated into the B and
S’ components in the clean surface spectrum, it is likely
that the S, structure represents all dimer atoms on the
1-ML surface. This implies that all dimer atoms have
equivalent environments on the 1-ML surface and it is
thus proposed that the dimer atoms have a symmetric di-
mer configuration at 1 ML, in agreement with a recent
theoretical study.'’

In the Li 1s core level only one component is observed
in the low-coverage regime. Despite the fact that the
Gaussian width of the 4 component decreased from 0.66
eV at RT to 0.56 eV at LT only one component was
detected at LT. Further, in an adsorption study of Li on
the Ge(111)c (2X 8) surface,”® a Gaussian width of 0.66
eV was observed at RT for the Li 1s level, supporting the
width used here and that the Li ls level in the low-
coverage region only contains one component.

The BE shifts of the Li 1s peaks follows the BE shifts
of the Si 2p bulk component, i.e., the band-bending shifts,
throughout the low-coverage region. Thus, no shifts
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occur that would indicate an increasing Li-Li interaction
with increasing coverage, and we conclude that the Li-Li
interaction is weak. This is reasonable considering that
the short side of the 2X 1 surface unit cell has a length of
3.84 A, and the metallic radius of Li is 1.52 A.2° It is
thus possible to adsorb Li atoms at equivalent sites in
neighboring unit cells without having a large Li-Li in-
teraction. This result is in good agreement with recent
inverse photoemission'® and STM results.!”

It is interesting to note that only the components in the
Si 2p EDC that are associated with the dimer atoms (S
and the peak buried under the bulk), are affected by the
Li adsorption. Thus it seems that the Li atoms mainly in-
teract with the dimer atoms. The wide discussion about
the adsorption geometries of the larger alkali metals on
the Si(100) surface has focused on two main models:
Levine’s model for Cs adsorption on Si(100),” and the so-
called double-layer model proposed by Abukawa, Okane,
and Kono for K/Si(100).8 In the former case, the alkali-
metal atoms adsorb on top of the dimer rows, between
adjacent dimers, while in the latter case both Levine’s po-
sition and another adsorption position between the dimer
rows are occupied. However, for Li adsorption, theoreti-
cal work has indicated that the adsorption positions may
be significantly different from that for the larger alkali
atoms.!>* STM studies have shown that for low cover-
ages the Li atoms sit on top of the Si dimer up atoms.!”3!

In view of these results and the above-described devel-
opment of the Si 2p and Li 1s core levels, we favor a full
Li monolayer at the 2X 1 saturation coverage (A¢=—1.8
eV), possibly bonding directly to the Si dangling bonds, in
the same geometry as for the hydrogen-chemisorbed
Si(100)2 X 1-H (monohydride) surface.*? This would ex-
plain the fact that only the dimer components in the Si 2p
spectra are affected by the Li adsorption, as well as a
symmetrization of the dimers and the apparent single Li
adsorption position. The possibility of a monohydride
geometry is also supported by results from studies of Li
adsorption on the Si(111)7X7 surface,!® where the Li
atoms were found to adsorb on top of the first-layer Si
atoms in the dangling-bond positions.

The shift of the S; component at 1-ML Li coverage to
lower BE (—0.37 eV) has the correct sign, but it is con-
siderably smaller than would be expected for Li-Si bonds,
using a simple charge-transfer model based on-the elec-
tronegativity difference.’® This suggests that we have to
consider other contributions to the shift, e.g., final-state
effects. Generally, one would expect that the addition of
Li atoms to the surface would lead to a more effective
screening of the Si 2p core hole, which would result in a
further shift to lower binding energy.’* This argument
leads us to conclude that the Li-Si bonds display only a
small charge transfer and thus should have a more co-
valent than ionic character in the low-coverage regime.
Similar results have been found in core-level studies of
other alkali adsorbates on Si(100).%3°

B. High coverage

It should be pointed out when discussing the spectra in
the high-coverage regime that the coverage assignment is
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based on the deposition time under the assumption that
the critical coverage represents 1 ML. In the low-
coverage region it was found from the integrated intensi-
ty in the Li 1s level that the sticking coefficient was con-
stant. At higher coverage the sticking coefficient may
vary with coverage. Despite this uncertainty in the cov-
erage assignment several important conclusions can be
drawn.

From the development of the Si 2p (Figs. 1-4) and Li
1s (Figs. 5 and 6) core levels it is clearly evident that the
surface reaction is controlled by the amount of Li present
on the surface. In spectra from surfaces covered with less
than 1 ML the Li 1s was composed of one structure and
the presence of Li on the surface was also detected in the
Si 2p level by the appearances of a single structure. After
passing the critical coverage (1 ML) new structures ap-
peared in both the Si 2p and the Li 1s levels. The new
structures clearly show that a reaction has taken place
between the Li metal and the Si surface and that Li sili-
cides are formed.

In the coverage range between 1.3 and 2 ML the sur-
face displayed a 2X1/4X4, a streaky 4X4, and a
3X3/4X4 LEED pattern. The low quality of the LEED
pattern in combination with the fact that two patterns in
some cases could be detected simultaneously shows that
the surface has low long-range order and that the reac-
tion occurs inhomogeneously over the surface in this cov-
erage regime. Further, the Si 2p levels recorded in the
bulk sensitive mode (hv=108 eV, Fig. 2) displays two
components in this coverage region, which shows that
there exist at least two domains with different Fermi-level
pinnings on the surface. The ambiguity with two bulk re-
lated components in this deposition interval was modeled
with an extra Gaussian broadening of the bulk com-
ponent in the surface sensitive spectra (hv=130 eV, Fig.
3) as can be seen in Table I. In the 1.3-ML Si 2p spec-
trum it is clear that a new structure [II, in Fig. 3(c)] ap-
pears on the low BE side. The appearance of this struc-
ture coincides with the development of the two new
structures B and C in the Li 1s level [Fig. 4(b)] and marks
the onset of silicide growth.

At 2.6 ML and above, the surface exhibited a 1X1
LEED pattern that decreased in intensity with increasing
coverage and above 8 ML no LEED pattern could be
detected. It is likely that the 1X1 LEED image stems
from the underlying lattice and that the overlayer has no
long-range order even though the distinct structures in
the Si 2p level reveal a high local order.

After 2 ML a new feature III is visible in the Si 2p
spectrum and the C and D features appear in the Li 1s
level. In the 4-ML Si 2p spectrum the IV structure ap-
pears and the E structure in the Li 1s level becomes visi-
ble after 6.6 ML of Li deposition.

As can be seen in Fig. 6 it is possible to connect the on-
set of the new Si 2p components with the appearance of
new structures in the Li 1s level. However, it is not possi-
ble to relate the development in the relative intensities of
the components in the Si 2p levels to the structures in the
Li 1s level. This indicates that mechanism behind the
core shifts in the Si and metal levels may be interpreted
differently.
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It is clear that the B and C Li 1s components spring
from a reacted, low-coverage phase on the surface. As
can be seen in Fig. 6, both the B and the C structure are
present after the D component has become visible, indi-
cating that this second phase is formed on areas of the
surface where the amount of Li is high enough. In the
6.6-ML spectra the E structure is visible. This structure
dominates the 13-ML spectrum. The asymmetry index of
the C, D, and E components is 0.15, which is smaller than
the value of 0.23 reported for metallic Li.%% In a core-level
study of the Ru(1000):Li system it was reported that the
BE of the bulk and surface component of Li is 55 and
55.5 eV, respectively.’” The fitted components D and E
in Fig. 6(f) have a BE of 55.2 and 54.7 eV, respectively,
that is, 0.5 eV lower than for the pure Li metal. The
width of the Li core level decreases at high coverages and
the number of peaks decreases to two in the 13-ML spec-
tra suggesting that the Li overlayer becomes more homo-
geneous at high coverages. On the other hand, the Si 2p
level displays four components at this coverage. We can
conclude that the induced structures in the Si 2p level
originate from Si atoms that interact with Li. Further, at
around 20-40 eV }he electron mean free path curve has a
minimum of 3—-5 A. This means that the Si 2p photoelec-
trons excited with a photon energy of 130 eV have a high
surface sensitivity. Despite this we see relative strong
emission from the Li-induced Si 2p components at high
coverages. Evidently Li does not grow in a Stransky-
Krastanov mode, since if this was the case emission
should be detected from both the metallic balls and the
reacted Li. Further, if Li was growing layer by layer not
only the emission from the Si 2p bulk related structure
but also the I, II, III, and IV components should disap-
pear with increasing Li coverage. Since this is not so it is
instead more likely that the two peaks D and E in the 13-
ML Li 1s spectrum can be related to the surface and bulk
component of a highly Si polluted Li film.

In the Si 2p level it is found that once a Li-induced
structure appears it is present at all higher coverages.
The I component could at low coverages be associated
with the A structure in the Li 1s level and the onset of
the Si 2p II component coincides with the appearance of
the Li 1s B and C structures. Despite the fact that nei-
ther the A nor the B and C structures could be detected
in the 13-ML Li 1s spectrum, the I and II components
could still be identified in the Si 2p EDC. It is also no-
ticeable that the shifts between the Si 2p components are
roughly the same (0.44 eV) at all the probed coverages.
This indicates that the origin of the shift in the Si 2p level
could be the same at all coverages.

It has been shown that the difference in electronegativi-
ty between the Si surface and an adsorbed species gives
information about the sign of the shift and also gives an
estimation of the magnitude of the shift.>* In particular
it has been shown to be possible to determine the
stoichiometry of the interface after the reaction between
a Si surface and the group-VII atoms F and CL*%* In
both cases the BE of the reacted components were found
at nearly equidistant energy positions and the shifts were
observed to be a linear function of the number of F or Cl
ligands. Similar observations have been made for the oxi-
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dized Si surfaces.** This model, which is based on a
charge-transfer argument, predicts a shift of —0.75 eV
between the components in the Si 2p level for each Li
ligand, i.e., almost twice the amount detected. Further,
in a charge-transfer model it is expected that the Li
should donate its 2s electron and appear as an ion. This
would imply that the binding energy of the Li 1s level
would be roughly independent of coverage. As can be
seen in Figs. 5 and 6 this is not the case.

It has been known for some time that most of the
alkali-metal atoms can form silicides under special condi-
tions. "1 —4 According to Refs. 41, 42, and 43 the follow-
ing compositions have been identified for the Li silicides:
Li,,Sis, Li,3Si,, Li,Si;, and Li;,Si;. In Refs. 44 and 45 it
is reported that depending on the stoichiometry of the Li
silicide the Si atoms are bonded in pairs or appear as sin-
gle Si atoms surrounded by Li atoms. For the Li;Si,
phase it is reported that Si coexist in both geometries.*

Despite the fact that the reaction at the surface cannot
be considered to be in thermodynamic equilibrium, the
results from the bulk studies give information about
which possible stoichiometries one might expect to find
on the surface. It is thus suggested that in the Li-rich
phases Si atoms can appear bonded in Si clusters embed-
ded in the Li metal. Moreover, it is likely that the shift in
the Si 2p level could be related directly to the number of
neighboring Si atoms so that the I, II, III, and IV Si 2p
components represent atoms coordinating 3, 2, 1, and 0
Si atoms.

In Fig. 4 the Si 2p spectra from a surface exposed to 13
ML of Li, recorded in both the surface (hv=130 eV) and
bulk (hv=108 eV) sensitive modes, are displayed. The
relative intensity of the Li-induced components is to a
large extent preserved at both photon energies despite the
fact that the Li 1ls component was composed of two
structures that are suggested to originate from the sur-
face and bulk of the Li-rich silicide. A possible explana-
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tion is that the Si atoms in the Li-rich films are bonded in
cluster with different sizes and that each cluster is com-
pletely surrounded by Li atoms.

Since no silicide was detected before the critical cover-
age was reached (1 ML) it is likely that in the low-
coverage region the adsorbed Li atoms polarize the elec-
tron cloud around the Si dimer atoms and thereby weak-
en the bonds to the substrate. After saturating all of the
dangling bonds of the surface the excess Li can mediate a
breaking of the bonds of the dimer atoms and as a result
the Li starts to react with the surface.

V. CONCLUSION

In conclusion, adsorption of Li on the Si(100)2 X1 sur-
face has been studied with high-resolution core-level
spectroscopy. It is found that below 1 ML the basic di-
mer structure is preserved and it is suggested that the Li
atoms interact mainly with the dangling bonds of the di-
mer atoms. From the development in the component on
the low BE side of the Si 2p level it is argued that at 1
ML the dimers become symmetric. Above the critical
coverage Li starts to react with the surface and it is ob-
served that the reaction path is controlled by the amount
of Li on the surface. In the Si 2p level up to four equidis-
tantly shifted Li-induced components were detected. It is
proposed that the shift in the Si 2p level is a linear func-
tion of the number of closest Si neighbors.
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