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Clean and Cs-exposed Si(111)v 3 X+3:Bsurface studied with high-resolution photoemission
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Both the clean and Cs-exposed Si(111)&3X&3830':Bsurfaces have been investigated by high-

resolution photoemission. In the spectra from the Si 2p level, contributions were identified from the

bulk, the adatoms plus the first layer, the second and
3

ML of the third-layer atoms not binding to the B
atoms, and, finally, the —,

' ML of third-layer atoms binding to the boron atoms. The interaction between

the Cs atoms and the surface is found to be dependent on the coverage. At low coverages the geometric
and electronic structure of the Si(111)&3X &3R 30:Binterface is only to a minor degree affected by the

presence of Cs on the surface. At high coverage the Cs atoms react with the surface and alter the bind-

ing configuration of the Si adatoms.

I. INTRODUCTION

Due to their simple electronic structure alkali-metal
(ns ') adsorption on the Ge and Si surfaces is studied as a
model system for the metal-semiconductor interaction.
In these studies it is important to have a well-defined sub-
strate surface. One example is the Si(111)+3X &3R 30':8
(Siv'3:8 for short) surface, which has been studied with a
number of surface science techniques. ' It has been
shown that this surface is terminated by Si atoms in the
+3Xv'3 geometry. The boron atoms occupy the 8-S5
position in the second layer directly below the Si ada-
toms. Since boron has a valence of III, one electron is
donated from the dangling bond of the Si adatom to the
boron atom directly below. As a result the surface
displays an unoccupied state of p, type (dangling bond).
Both the empty and the two filled back bond states asso-
ciated with the Si adatoms have been identified experi-
mentally by angle-resolved inverse and direct photoemis-
sion (KRIPES and ARPES). '

In the first core-level spectroscopy study of the clean
Si+3:8 it was shown by McLean, Terminello, and
Himpsel that the Si 2p spectrum recorded at 130 eV was
dominated by contributions from the overlayer and in or-
der to account for the large intensity in the surface relat-
ed component the whole of the top two layers had to be
taken into account. Later, Rowe, Wertheim, and Riffe
showed that the Si 2p core level is composed of at least
four components, one bulk and three surface related
structures representing [in progressively higher binding
energy (8E)] the adatoms, all the Si atoms in the first,
second, and fourth layers, and the atoms in the third lay-
er binding to the boron atoms.

In a recent core-level study of K adsorption on the
Si&3:8 surface it was argued that the interaction be-
tween the metal and the surface is mainly of an ionic na-

ture. In this picture electrons are donated from the
alkali-metal atom to an unoccupied state of the clean sur-
face. ' The partially filled band would then cross the Fer-
mi level, rendering a metallic surface. However, in two
recent ARPES studies of this surface no density of states
was observed at the Fermi-level. "' Instead a new state
was observed with a binding energy of 0.7 eV and when
probed in the I -M' direction, this state showed a disper-
sion of only 0.1 eV."' The lack of dispersion indicated a
low overlap of this state parallel to the surface. Weiter-
ing et aI. concluded that up to saturation coverage,
correlation effects determine the electronic properties of
the interface. '

In this paper results from a high-resolution photoemis-
sion study of the clean and Cs-covered surface are
presented. The Si 2p data from the clean surface are
decomposed into four components [in accordance with
Rowe, Wetheim, and Riffe ]. The assignment of the
fitted components is slightly different from those present-
ed in Ref. 7 and it is proposed that they stem from (a) the
bulk, (b) the —,

' ML of Si atoms in the second layer plus

the —', ML of atom in the third layer not binding to the
boron atom, (c) the adatoms plus the whole first layer,
and (d) the 1/3-ML atom in the third layer binding
directly to the boron atoms.

The interaction between the Cs atoms and the sub-
strate was found to be different at high and low coverage.
At low coverage only minor changes were observed in the
valence band and the Si 2p and Cs 4d and B 1s core lev-
els. This indicates a weak electronic interaction between
the Cs atoms and the substrate at low coverage. At high
coverage a new state developed in the valence band and
the B 1s level became split into two components. A com-
ponent to the low BE side in the Si 2p level displayed a
fast intensity increase in this coverage region. Based on
this experimental observation it is proposed that Cs
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reacts with the surface at high coverage and that the Cs
atoms mediate the breaking of bonds between the first
layer and the adatoms.

Si(111)43xl3:B

160

II. EXPERIMENTAL DETAILS

The photoemission studies were performed at beamline
22 at the MAXLAB Synchrontron Radiation Facility in
Lund, Sweden. This beamline is equipped with a
modified ZEISS SX-700 monochromator and a 200-mm
i 80 hemispherical energy analyzer. ' A total-energy
resolution of &0.1 eV was used for the Si 2p and Cs 4d
levels, while the valence-band data and the B 1s level
were recorded with a resolution of &0.2 eV. All spectra
shown in this paper were recorded at normal emission
relative to the surface plane. Fitting of the core-level
data was performed using a nonlinear least-squares fitting
procedure, utilizing spin-orbit (S-O) coupled doublets
consisting of Voigt functions. '

Prior to insertion into the spectrometer the samples
were implanted with B ions of 90-keV energy to a cover-
age of 5X10' cm (i.e., =6 ML), using a commercial
process. Outgassing of the sample and preparation of the
SiV'3:B surface were performed in situ by resistive heat-
ing to 600'C and 1050'C, respectively.

Cesium was evaporated from well outgassed chromate
dispensers (SAES Getters S.p.A.). During evaporation
the pressure never exceeded 1 X 10 ' Torr and the base
pressure was better than 8 X 10 "Torr.
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FIG. 1. The Si 2p level from the Si&3:Bsurface, recorded at
various photon energies. The spectra are decomposed into one
bulk t,

'8) and three surface related components (S&, S&, and S3 ).

III. RESULTS

A. The clean Si(111)V3X v 3:8surface

Depicted in Fig. 1 are Si 2p spectra from the clean
Si+3:8 surface, recorded at various photon energies.
The spectra are decomposed into four components la-
beled 8, S& S2, and S3. Fitting parameters and the BE of
the resolved components from some 130-eV spectra are
given in Table I. The relative intensities of the fitted
components show a large dependence on the photon ener-
gy. Since the electron mean free path curve has a
minimum at around 25 —35 eV the spectra recorded with
a photon energy of 130—140 eV (Ek;„-25—35 eV, respec-
tively) have the largest surface contributions and hence
the smallest representation from the bulk. It is therefore
clear that the component to lowest BE represents the
bulk atoms and that the other components can be attri-
buted to the surface. Since the S3 component cannot be
identified directly from the raw data, its absolute BE and
intensity is determined with some uncertainty. It is no-
ticeable that the BE of the bulk related component and
the shift of the fitted components were independent of the
photon energy, contrary to the observation made on less
heavily doped samples. Moreover it was found that re-
peated annealing cycles did not afFect the core-level spec-
tra. It is therefore concluded that the preparation used
here gives a well-defined and stable surface.

8. Si(111)/3X v'3:8-Cs

For all metal coverages the surface displayed a
+3X &3 low-energy electron difFraction (LEED) pattern,
which had a somewhat increased background after long
deposition times. The development of the work function,
measured by the onset of the secondary electrons, and the
integrated intensity of the Cs 4d level as a function of
deposition time, is shown in Fig. 2 (filled circles and tri-
angles, respectively). As a guide for the eye a curve is
fitted to each data set. Initially a linear relation is ob-
served for both the changes in the work function (b,P)
and the integrated intensity as a function of deposition
time. A minimum in the work function is observed after
130—150 s and b,P= —3.0 eV and around this deposition
time the Cs 4d intensity curve levels off. After longer
deposition times both the work function and the coverage
increase slightly.

Figure 3 displays the evolution of the Si 2p core level as
a function of Cs coverage. The fitting parameters used in
the decomposition process of the Si 2p and Cs 4d and B
1s core levels are given together with the BE for some
selected spectra in Table I. The raw data show only
minor changes in the shape below 60 s of Cs deposition
but an intensity transfer from the high to the low BE part
of the spectra is observed at high coverages.

A closer inspection of the decomposed components re-
veals that the bulk component moves to lower BE and in-
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TABLE I. The BE of the bulk Si 2@3/2 components are given together with the energy shift of the other fitted components, the BE
of the Cs 4d5&2 components and the B 1s level. The Gaussian width are given inside the parentheses appearing after the energy
values. Lorentzian widths of 0.085, 0.17, and 0.17 eV were used for the Si 2p, Cs 4d, and B 1s levels, respectively.

Si2p3

BE and
energy shifts

(eV)
Relative Asymmetry
intensity index Cs4d&&z BE {eV)

Si(111)&3X &3:B clean

Relative Asymmetry
intensity index B1s

BE
{eV)

Relative
intensity

B
Sl
S~
S3

B
Sl
S~
S3
S4

99.17 (0.27)
0.20 {0.27)
o.4 (o.27)
0.65 (0.27)

99.11 (0.28)
0.28 (0.28)
0.46 (0.28)
0.68 (0.28)

—0.38 (0.40)

0.28
0.18
0.48
0.06

0.37
0.18
0.41
0.01
0.03

Si(111)+3X+3:B-Cs45 s

C& 77.05 (0.72) 1

Bl 187.70(0.30) 1

B1 187 71{0.32) 1

B
Sl
S2
S4.

B
Si
Sq
S4.

99.06 (0.32)
0.34 (0.32)
0.59 (0.32)

—0.45 (0.37)

98.97 (0.30)
0.03 (0.30)
0.54 (0.30)

—0.44 (0.37)

0.49
0.24
0.20
0.07

0.51
0.25
0.15
0.09

0.03
0.03
0.03
0.03

0.09
0.09
0.09
0.09

Si(11jL)&3X&3:B-Cs 150 s
C

&
77.21 {0.69) 0.21

C2 76.74 (0.69) 0.79

Si{111)&3X+3:B-Cs300 s

C, 77.22 (O.69) O. 1O

C2 76.60 (0.69) 0.90

0.08
0.08

0.19
0.19

B1 187.94(0.40)
82 186.83(o.04)

B1 187.89(0.40)
B, 186.77(0.40)

0.86
0.14

0.68
0.32

creases in intensity with coverage. Using the bulk com-
ponent of the clean SiV'3:B spectrum as a reference, BE
shifts of —0. 11 and —0.20 eV were measured after 150
and 300 s of metal deposition, respectively.

The relative intensity of the 5& structure increases
from 18% for the clean surface to 24% in the 150-s spec-
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FIG. 2. The change in work function (circles and left axis)
and the integrated intensity in the Cs 4d level (triangles and
right axis) as a function of deposition times. As a guide to the
eye each data set has been fitted to a curve.
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FIG. 3. Decomposed Si 2p data recorded at different Cs cov-
erages with 130-eV photon energy.
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trum and the relative intensity of the S2 component de-
creases up to saturation almost linearly with coverage
from 48% in the clean surface to 20% in the 150-s spec-
trum. Finally, the S3 structure decreases rapidly in in-
tensity with coverage and no spectral intensity can be
detected in surfaces exposed to more than 45 s of Cs va-
por.

The adsorption of Cs on the surface induces a new
structure on the low-BE side of the bulk, labeled S4 in
Fig. 3. The intensity of the component is low up to ihe
75-s spectrum. Above 60 s the intensity of this com-
ponent grows quickly with increasing coverage. A BE
shift of —0.45 eV and a relative intensity of 7% and 9%
is measured for this component in the Si 2p spectrum
from the 150- and the 300-s surfaces, respectively. In or-
der to obtain a high-quality fit a I3oniach-Sunjic asym-
metry index had to be imposed when Atting the 150- and
300-s spectra.

At low coverage the Cs 4d level can be decomposed
into one component, labeled C, in Fig. 4. After 60 s of
metal deposition a new structure, C2 appears at low BE.
At higher coverages the Cz component displays the
fastest intensity growth and it dominates the spectrum
from the saturated surface. Similar to the fit of the Si 2p
spectra, an asymmetry index had to be used when Atting
the 150- and 300-s spectra.

In Fig. 5 the development of the valence band is
displayed as a function of coverage. The most interesting
changes in the spectra occur close to the Fermi level.
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time
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FIG. 5. The development of the valence band as a function of
Cs coverage.
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FICx. 4. The evolution of the Cs 4d level as a function of Cs
exposure time.

The BE of the bulk level in the Si 2p level from the clean
surface is 99.17 eV. This means that the energy
difference between the Fermi level and the valence band
maxima is 0.4 eV. ' In the valence-band spectrum from
the clean surface, the top of the valence band can be seen
0.4—0.5 eV below the Fermi level. The intensity of the
valence-band maximum decreases up to the Fermi level
and no density of states can be observed at the Fermi lev-
el. It is also possible that some intensity at a BE of
0.3—0.2 eV below the Fermi level could spring from de-
fect states observed on the clean surface. In a previous
study these defects were attributed to Si adatoms in a
&3 X &3 geometry but without a boron atom in the B-S~
geometry. Since prolonged annealing cycles did only
have a minor impact on the valence-band and Si 2p spec-
tra, we estimate the defect density to be low on the stud-
ied surfaces.

It should be noted that no spectral intensity is observed
ai the Fermi level at any coverages. A new state, labeled
V, becomes visible in the 75-s spectra. For high cover-
ages it shows a swift intensity increase.

The recorded 8 1s spectra are depicted for various
metal coverages in Fig. 6. Up to 150 s the B 1s level is

composed of one component. Up to 60 s of Cs deposition
the BE of this component is independent of the coverage.
At higher coverages the structure moves to higher BE. In
the 150-s spectrum a new structure becomes visible, and a
BE shift of 1.2 eV is measured between the two struc-
tures. The intensity of the low BE component increases
with coverage. Added in the top part of Fig. 6 is a spec-
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FIG. 6. The 8 1s core levels recorded at di8'erent Cs cover-
ages at room temperature. The uppermost spectrum was
recorded after depositing Cs on a sample held at 140 K.

FIG. 7. A model of the Si&3:8 surface. Added in the figure
is the notation used for the corresponding components in the Si
2p level. The large filled circles represent the adatoms and the
small filled circles represent the boron atoms.

trum recorded from a surface exposed to 300 s of Cs at
low temperature (140 K). The Cs coverage in this spec-
trum is 10% higher than in the corresponding spectrum
recorded from a sample held at room temperature.

IV. DISCUSSIQN

Depicted in Fig. 7 is a schematic drawing of the
Si&3:B surface. The surface region contains the follow-
ing groups of Si atoms: the adatoms, the first-layer
atoms, the —', ML of second-layer atoms, the —', -ML third-
layer atoms not binding to the boron atom, and the —,

' ML
of third-layer binding to the boron atoms. All atoms
below the third layer are attributed to the bulk. Since the
boron atom is more electronegative than the Si atom
(2.04 vs 1.90) (Ref. 16) an energy shift to higher BE can
be expected for the Si atoms binding to the boron
atoms. ' The S2 component in the Si 2p level showed the
highest intensity in the 130-eV spectra. Morar et al. '

have shown that the mean free path curve for the Si 2p
photoelectrons has a minimum around a kinetic energy of
25 eV, which for Si 2p corresponds to a photon energy of
about 130 eV. It is thus reasonable to assign the emis-
sions from the first layer to the S2 component.

In a recent core-level study of the Si(111)7X7 surface
the contribution from the adatoms was identified shifted
0.5 eV to higher BE relative to the bulk. ' ' Since the
adatorns on the Si(111)7X7 surface have half-filled dan-

gling bonds and the adatoms on the Siv'3:8 surfaces have
empty dangling bonds, in a charge-transfer model
(neglecting final-states eff'ects) it would be expected that
the latter should have a larger BE shift. This would
make the S3 structure a feasible candidate for the adatom
contribution. However, the intensity of this structure is
too small to comprise the emission from the adatoms.
We instead suggest that the adatom contribution is in-
cluded in the S2 component. It is possible that the S3
structure stems from atoms in the third-layer binding to
the boron atoms and shifted due to the strain induced by
the smaller bond length of the boron atom. On the other
hand, the intensity of the S3 component decreased rapid-
ly after Cs adsorption. The low intensity of this com-
ponent in combination with the fact that it is not possible
to identify it directly from the raw data makes the
identification of this structure somewhat uncertain.

The S& structure was only to a minor degree affected
by the Cs adsorption, which indicates that this com-
ponent originates from atoms in a subsurface position. In
order to rationalize the intensity in this component, con-
tributions from both the second layer and the -'; ML of
atoms in the third layer not binding to the boron atoms
has to be included.

After exposing the surface to Cs the LEED pattern still
exhibited a distinct &3 X &3 at low coverage that became
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less distinct at high coverages. In a previous study of the
Si&3 8-K surface a faint 2 X 2 pattern was observed at
high coverage. In the present study no sign of any extra
LEED spots could be found at any of the investigated
coverages.

A closer inspection of the Si 2p, Cs 4d, valence band
and the 8 1S levels in the 0—60-s coverage region reveals
only minor changes in the shape and the BE of the embo-
died structures. Above 60 s several changes took place:
the Si 2p component to lower BE (S&) displayed a swift
intensity growth with the coverage, a second component
became visible in the Cs 4d level, a new structure became
clearly visible at —1 eV below the Fermi level in the
valence band, and the 8 18 level started to move to lower
BE. After 150 s of Cs deposition the 8 1s level became
split into two structures shifted 1.2 eV apart. The ad-
sorption process can thus be divided into a low-coverage
region (0—60 s of metal deposition) and a high-coverage
region (75 s of metal deposition and above).

Since only minor changes were observed in the spectra
in the low-coverage regime it is reasonable to assume that
the interaction between the surface and the adsorbate is
weak. Hy a weak interaction we mean that no large
charge-transfer process has occurred and that the basic
electronic and geometric structure of the Si&3:8 surface
is preserved. Ma et a/. have performed x-ray photoad-
sorption (XAS) and core-level spectroscopy measure-
ments on the Si&3:8-K surface. At low coverage the
prespike (transition from the 8 ls to the unoccupied sur-
face state) in the XAS data from the 8 K edge showed no
apparent changes. At higher coverage an intensity at-
tenuation of the prespike follows the intensity decrease of
the 8 1s level. This indicates that the reaction path
might be similar for K and Cs on the SiV'3:8 surface.

No density of states was observed at the Fermi level in
the valence-band spectra at any coverages. A similar ob-
servation has been made for the Si&3:8-K surface. "'
On the clean Si&3:8 surface the empty state has an ener-

gy minimum that is 0.8 eV above the Fermi level. ' A
partial filling of this state by K has not been ob-
served. "' The absence of spectral changes and the per-
sistence of the surface geometry therefore points to that
the Cs valence electron is mainly localized to the metal
atoms at low coverages.

At low coverages the Cs 4d level was composed of one
component (C& ). In the 60-s spectra a new structure C2
became visible. This structure displayed a fast intensity
increase with coverage. As can be seen in Fig. 2 the cov-
erage after 60 s of Cs deposition is ——', of the value ob-
tained in the 150-s spectra where the C2 structure dom-
inates. The dramatic intensity redistribution occurring
after the surface is exposed to more than 60 s of the Cs 4d
level can therefore not be explained by assuming that CI
and C2 represents two geometrically di6'erent sites. In-
stead it is more likely that the Ci and C2 components can
be associated with patches on the surface with di6'erent
Cs-Cs distances so that C2 represents a more dense Cs
overlayer.

At high coverage the Cs reacts with the surface and
the reaction can be followed by the appearance of a new

component in the 8 1s spectra and the increase in the low
BE component (S~ ) in the Si 2p level. The energy shift of
the 54 component ( —0.45 eV) is of the same order as the
shift observed when adsorbing Cs on the
Si(111)7 X 7( —0.57 eV). '

The S2 component was identified as emission from
both the adatoms and the atoms in the first layer. The
relative intensity of this structure was 48%%uo, 20%%uo, and
15% in the spectra from the clean, 150- and 300-s spec-
tra, respectively. Part of the spectral intensity in the S2
structure is transferred to the S4 component. The de-
crease in intensity cannot be fully explained in terms of
attenuation due to the Cs overlayer. Instead a feasible
explanation for the intensity decrease in the S2 structure
is that at high coverage the Cs reacts with the surface
and rnediates a breaking of the bonds to the adatoms.
This will then alter the BE of the surrounding first-layer
atoms and as a consequence the relative intensity of the
S2 component is weakened.

In the 8 1s level a new component, shifted —1.2 eV to
lower BE, becomes visible in the 150-s spectra. As can be
seen in Fig. 6 the intensity of the low-BE component is
strongly dependent on the Cs coverage. A similar obser-
vation of the development of the 8 1S level as a function
of coverage has been made by Ma et ah. The extra com-
ponent in the 8 1s level can be associated with reacted
parts on the surface. A reaction between the Cs atoms
and the surface would involve breaking of bonds. Due to
the geometry of the surface the adatoms are the atoms
that are most likely to react. Moreover it has been shown
that I.i and K can mediate the removal of the adatoms on
the Ge(111)c(2X8) surface and that Li reacts with the
chemically stable Si(111)7X7 surface by removal of the
adatoms. It is thus likely that at high metal coverages,
the Cs atoms can also mediate the breaking of bonds to
the adatoms on the Si&3:8 surface. The resulting charge
balance after a reaction has occurred on the surface is
delicate. The valence-band spectra reveal no density of
states at the Fermi level, which indicates that we do not
have any, or only a very low concentration of, half-filled
dangling bonds on the surface. After breaking a bond to
an adatom the excess charge is dominated to the 8 atom,
which changes its valence, as shown by the appearance of
the low-BE component in the 8 1S spectra as arising from
boron atoms with a higher valence number.

In order to increase the sticking coefFicient of the sur-
face a sample held at low temperatures was exposed to Cs
for 300 s. This resulted in a 10% increase of the amount
of Cs on the surface relative to the room-temperature
deposition and a drastic increase of the low-BE com-
ponent in the 8 1s level. This shows that the reaction is
not kinetically controlled, instead it is found that the re-
action is highly dependent on the amount of Cs on the
surface. Similar observations have been made on the
Si(111)-Li, Ge(111)-Li, and Ge(111)-K (Refs. 21 and 22)
adsorption systems.

The work-function curve (Fig. 2) shows a minimum at
b.P —3.0 eV and a deposition time around 130—150 s. At
this coverage and above both the Si 2p and Cs 4d levels
displayed an asymmetric line profile. Since no density of
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states was observed at the Fermi level in the valence-band
spectra it is unlikely that the asymmetries can be con-
nected with the shielding of the core levels. Instead it is
possible that the asymmetry can be connected with the
creation of a free carrier plasmon as has been observed
for the clean surface.

V. CONCLUSION

In summary, the clean and Cs-exposed surfaces have
been investigated by high-resolution photoemission. The
Si 2p spectra from the clean surface could be fitted with
four components representing the bulk, the adatoms plus
the first layer, 2/3-ML second- and third-layer atoms not
binding directly to the boron atoms, and finally the atoms
in the third layer binding to the boron atoms.

It was found that the Cs adsorption process can be di-
vided into a low- and a high-coverage region. In the
low-coverage regime the interaction between the Cs

atoms and the surface is weak. Moreover, it is proposed
that the Cs 6s electron is mainly localized to the Cs atom
in this regime.

At high coverage significant changes are observed in
the probed core levels and the valence band as a result of
a reaction between the Cs atoms and the surface. The
evidences are as follows: the Si 2p S2 component became
strongly attenuated, the S4 component in the Si 2p level
showed a fast intensity increase with coverage, a new
state was observed in the valence band, and a new com-
ponent appeared in the 8 1s level.
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