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In this paper we present

a detailed photoemission

study of the K/Si(111)7X7 and

K/Si(111)(V3XV3)R30°-B interfaces. Angle-resolved valence-band spectroscopy reveals the presence
of an almost dispersionless interface state below Er. Both interfaces are clearly nonmetallic at room-
temperature saturation coverage. We critically address the issues of charge transfer and Fermi-level pin-
ning by a detailed analysis of the K 3p and Si 2p core-level spectra. We conclude that, up to saturation
coverage, correlation effects determine the electronic properties of these interfaces. Metallization occurs
during the development of the second layer at cryogenic temperatures.

I. INTRODUCTION

Alkali-metal adsorbates on clean semiconductor sur-
faces are considered ideal model systems for fundamental
studies of interfacial metallization and Schottky barrier
formation. It may seem surprising that the classic
Langmuir-Taylor model® for alkali-metal adsorption still
has significant impact on today’s understanding of the
alkali-metal—semiconductor interface. In this model, the
alkali-metal transfers its valence electron to the substrate
forming a large surface dipole, resulting in a dramatic de-
crease of the work function. At higher coverage, the
alkali-metal atoms begin to interact and a depolarization
mechanism takes over, resulting in the metallization of
the overlayer and the partial restoration of the work
function.

Intensive research efforts over the past few decades
have not only brought new insights into alkali-
metal/semiconductor systems, but also many controver-
sies. Basic issues such as interface structure, the nature
of the chemical bond, and interfacial metallization are
still subject to scientific discussions. For example,
numerous papers have already dealt with the atomic
structure of the K/Si(100)2X 1 interface.? Yet, no con-
sensus has been reached. Similarly, the electronic proper-
ties of this interface are still ambiguous. Whereas
valence-band photoemission studies have suggested that
this interface is nonmetallic at room-temperature (RT)
saturation coverage,’> inverse photoemission* and
scanning-tunneling-microscopy (STM) studies suggest
otherwise.>® Even more confusing, K 3p core-level pho-
toemission’ and  laser-induced  second-harmonic-
generation® experiments suggest a sudden onset of metall-
ization far below RT saturation coverage. Similar
discrepancies between valence-band and core-level photo-
emission studies have been reported for the
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Cs/GaAs(110) interface.””!! One might argue that

valence-band photoemission lacks the sensitivity for
detecting alkali-metal-induced interface states near Ej at
low coverages. However, electron-energy-loss studies on
the Cs/GaAs(110) interface corroborate the valence-band
photoemission studies.!?

Some of the experimental discrepancies may possibly
be due to experimental difficulties in obtaining atomically
clean alkali-metal overlayers. For example, Soukiassian
et al. recently showed that the absolute alkali-metal cov-
erage is very sensitive to small amounts of hydrogen and
oxygen.> Another complicating factor is that the absolute
saturation coverage may in fact be strongly temperature
dependent near RT.!3 This not only implies that a com-
parison between different RT studies may be nebulous,
but also that the interface may be quite disordered since
the adatom mobilities are high, complicating STM stud-
ies due to, e.g., tip-induced surface modification.>1*

Intuitively, a theoretical description of the alkali-
metal/semiconductor interface may seem quite straight-
forward because of the jelliumlike properties of the alkali
metals. However, even the fundamental issue of the na-
ture of the chemical bond between the alkali-metal atom
and substrate atoms has not been settled. For example,
calculations of Batra for Si(100) and Si(111) suggest that
alkali-metal atoms form predominantly ionic bonds with
the semiconductor surface atoms, even near saturation
coverage.!> No overlayer bands can be identified near Ey
meaning that the overlayer must be insulating and that
interfacial metallization occurs in the outermost atomic
layers of the substrate (substrate metallization). Howev-
er, other calculations have shown a varying degree of ion-
icity.!617

Recently, it has been recognized that a full understand-
ing of the phenomenon of metallization not only requires
a thorough understanding of the nature of the chemical
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bond between the alkali-metal atom and the substrate but
that one also needs to address the issue of electron locali-
zation. Because the overlap between neighboring adatom
states or dangling-bond-type surface states may be small,
it is perfectly conceivable that many semiconductor sur-
faces and ultrathin metal-semiconductor interfaces may
represent two-dimensional Mott insulators.!>#725 Obvi-
ously, the structure and density of overlayer atoms are
crucial parameters. Unfortunately, the absolute coverage
is often unknown, leading to structural models that are
based on electron-counting arguments, assuming that a
semiconducting interface requires an even number of
valence electrons per surface unit cell.?®?” The potential
fallacy of this reasoning becomes clear when electron-
electron correlation effects must be taken into account.?®
Therefore, a mechanism of interfacial metallization can
only be resolved if both the structure and absolute cover-
age are known.

In this paper, we present a detailed angle-resolved pho-
toemission _study on the K/Si(111)7X7 and
K/Si(111)(V'3XV3)R30°-B interfaces [the latter inter-
face consists of a K overlayer on a Si(111) surface with a
boron underlayer; see Fig. 1]. Although absolute cover-
ages for these interfaces have yet to be determined, a
comparative study of these structurally similar interfaces
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FIG. 1. Atomic structure of the Si(111)(V3XV'3)R30°-B
surface (a). The shaded circles represent the Si adatoms which
are located directly above the fivefold-coordinated B atoms, as
depicted in (b). The Si adatom sites are the most likely chem-
isorption sites for K atoms.
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reveals some important aspects of interfacial bonding and
metallization? " since the electronic properties of the
clean Si(111)7X7 and Si(111)(V'3XV'3)R30°-B surfaces
are distinctly different. Whereas the clean Si(111)7X7
surface is metallic,>"3? the Si(111)(V3XV'3)R30°-B sur-
face is semiconducting.’»** A unique property of the
latter surface is that trivalent B occupies a fivefold-
coordinated subsurface site (S5), directly below a Si ada-
tom at the T, pgsitior_l”—36 (Fig. 1). The presence of B
stabilizes the (V'3 XV/3)R 30° surface reconstruction with
respect to the (7X7) reconstruction and strongly
modifies the electronic properties of the Si(111) surface.
Consequently, the number of valence electrons involved
in interfacial bonding must be different for the (7X7) and
(V3XV3)R30°-B interfaces. This allows us to address
relevant issues such as charge transfer?>*° and localiza-
tion.

Based on a recent high-resolution Si 2p core-level
study, Ma et al. concluded that the K-Si bond is predom-
inantly ionic at the K/Si(111)(V3XV3)R30°-B inter-
face®® while is it covalent at the K/Si(111)7X7 inter-
face.?” They speculated that this can be qualitatively un-
derstood, realizing that occupancy of the K-Si hybrid
state is different. Single-particle considerations would
then predict that the K/Si(111)(V'3XV3)R30°-B inter-
face is metallic for all coverages up to saturation. In this
paper, however, we will demonstrate that both interfaces
are clearly nonmetallicc. We will argue that correlation
effects are important in determining the electronic prop-
erties of these interfaces. Furthermore, we will address
the issues of charge transfer and Fermi-level pinning by a
detailed analysis of the K 3p and Si 2p core-level spectra.
Finally, we demonstrate that these interfaces become me-
tallic during the growth of a second K layer at cryogenic
temperatures.

II. EXPERIMENT

Angle-resolved photoemission experiments were car-
ried out at beam line U12° of the National Synchrotron
Light Source at Brookhaven National Laboratory. The
incident light was dispersed by a toroidal grating mono-
chromator. The total energy resolution of our photo-
emission spectra was 0.15 eV at a photon energy of 20.9
eV, 0.3 eV at 40 eV, and 0.5 eV at 100 eV. The hemi-
spherical electron-energy analyzer has an acceptance an-
gle of £2°. Lightly doped n-type Si(111) wafers (p=1
Q cm) were cleaned by the Shiraki method®’ and inserted
into the vacuum chamber (base pressure 7 X 10~ !! mbar).
The thin oxide layer was removed by direct resistive heat-
ing to 800°C. After cooling to room temperature, sharp
(7X7) low-energy electron diffraction (LEED) patterns
were consistently observed. The Si(111)(V'3XV'3)R 30°-
B surface was prepared by exposing the clean (7 X 7) sur-
face to decaborane (B;yH,,) and by subsequent annealing
at 900°C. Following the procedure of Lyo, Kaxiras, and
Avouris.>®>  After cooling to RT, a very sharp
(V3XV'3)R30° LEED pattern with a remarkably low
background intensity was observed, indicating near-
perfect ordering.

K was deposited at RT onto the clean (7X7) or
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(V'3XV'3) surfaces, using thoroughly degassed SAES
dispensers, located close to the sample (~2.5 cm). In or-
der to accelerate the outgassing procedure, the source
current was increased to 7 A for about 5 min regularly.
During the deposition experiments, the source current
was kept at 5.5 A. Under these conditions, the pressure
increase Ap during deposition never exceeded 2X 10 !!
mbar. _ _

Upon K deposition, the (7X7) and (V'3XV'3) LEED
patterns were preserved, although the background inten-
sity was slightly enhanced. The relative K coverage
(®/0,,,) was determined by measuring the K 3p core-
level intensity as a function of deposition time for both
interfaces. The work function was determined from the
secondary cutoff in the photoelectron spectrum.
Coverage-dependent measurements were always per-
formed on a freshly prepared interface, i.e., after each
measurement, the K layer was desorbed. This way we
avoided accumulation of contaminants (mainly oxygen
and hydrogen from the getter source), which is known to
affect the growth mode and absolute coverage.>® During
angle-dependent measurements, the K layer was renewed
at least once every 40 min. After depositing another lay-
er, the previous measurement was repeated in order to
ensure that the data were not affected by contamination.

III. VALENCE-BAND PHOTOEMISSION

Angle-resolved ultraviolet photoemission spectroscopy
(UPS) data were obtained from the clean
Si(111)(V'3XV'3)R 30°-B surface, the K/Si(111)7X7 in-
terface and the K/Si(111)(V'3XV'3)R30°-B interface.
For spectra from the clean Si(111)7 X7 surface, we refer
to Hansson and Uhrberg.®

The initial-state energy E; is defined with respect to the
Fermi level, as determined from the Fermi edge of a thick
K layer grown at 77 K. The angle of incidence «; is
defined with respect to the surface normal. Electron dis-
tribution curves (EDC’s) were recorded with the parallel
wave vector k; along the [ 170] azimuth of the Si lattice,
corresponding to the I'K direction of the (1X1) surface
Brillouin zone (SBZ) (Fig. 2). Because the azimuthal
orientation of the sample could not be varied, we chose to
align the sample with its [110] azimuth in the polariza-
tion plane of the light (p polarization).

FIG. 2. The (1X 1) and (V'3 X V/3) surface Brillouin zones of
the Si(111) surface (solid and dashed lines, respectively).

A. Coverage-dependent UPS at room temperature

Upon K deposition at RT, the work function of the
(7X7) and (V'3XV'3) interfaces strongly decreases as a
function of deposition time (Fig. 3). After 200 s of depo-
sition time, both the work function and the K 3p core-
level intensity remain constant (A®~=~ —2.9 eV). We con-
clude that a saturated monolayer is formed after 200 s of
RT deposition. Interestingly, unlike the K/Si(100)2X 1
interface,!® the work function does not pass through a
minimum.

Normal emission valence-band photoelectron spec-
tra were recorded for the K/Si(111)7X7 and
K/Si(111)(V'3XV'3)R30°-B interfaces as a function of
coverage (Fig. 4). The corresponding values of AP are
indicated for each spectrum. The spectrum of the clean
(7X7) surface reveals the presence of the well-known
adatom state S; at Ep and the rest-atom state S, at 0.8
eV below E;.3% S| is usually considered responsible for
the metallic nature of the clean Si(111)7 X7 surface.’®3

Upon K deposition, the S| and S, surface states shift
to higher binding energy and eventually appear to merge
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FIG. 3. Work function decrease for the K/Si(111)7 X7 inter-
face (a) and the K/Si(111)(V3XV3)R30°-B interface (b), as
measured from the secondary cutoff in the photoemission spec-
trum. The low-temperature data are discussed in Sec. V1.
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into a different interface state (4 ;). At an intermediate
coverage, corresponding to A®~= —2.0 eV, the photo-
emission intensity at Ep has disappeared. At saturation
coverage (t 2200 s, A® = —2.9 eV), the interface is clear-
Iy nonmetallic. This is consistent with the fact that the
work function does not pass through a minimum up to
saturation coverage (Fig. 3).° These observations gen-
erally agree with a previous angle-integrated photoemis-
sion study by Magnusson and Reihl.*!

In contrast to the clean (7X7) surface, no surface
states were observed in the normal emission valence-band
spectrum of the clean (V'3 XV'3) surface [Fig. 4(b)]. The
Fermi level is situated 0.1 eV above the valence-band
maximum (VBM), as discussed in Sec. IV. Upon K depo-
sition, an interface state shows up just below the Fermi
energy (B;). This state does not cross E although it
comes very close. No semiconductor-to-metal transition
can be observed up to saturation coverage. This is con-
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FIG. 4. Normal emission spectra of the K/Si(111)7X7 (a)
and K/Si(111)(V'3XV'3)R30°-B (b) interfaces as a function of
K coverage at RT. The incidence angle «; for the polarized
light is 45°. The photon energy is 20.9 eV.
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sistent with the absence of a work function minimum for
this system.*

B. Angle-dependent UPS at room temperature

In Fig. 5, photoemission spectra of the saturated
K/Si(111)7X 7 (a) and K/Si(111)(V'3XV'3)R30°-B (b) in-
terfaces are plotted for different emission angles along the
[170] azimuth. These spectra reveal the presence of a
K-induced surface state just below the Fermi energy,
which is labeled 4; or B; for the saturated
K/Si(111)7X7 or K/Si(111)(V'3XV'3)R30°-B interface,
respectively. The two-dimensional dispersion of these
states is very small, indicating localized behavior. At the
(7X7) interface, 4, disperses from 0.9 eV below E. at
the center of the (1X1) SBZ (T) to 1.25 eV below Ej at
K. Thus the bandwidth is =0.35 eV. At the (V3XV'3)
interface, B, disperses from 0.65 eV below Ep at " to
0.85 eV below Ep at K. The bandwidth of B, is very
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FIG. 5. Angle-dependent photoemission spectra along [110]
for the RT saturated K/Si(111)7X7 (a) and the
K/Si(111)(V'3XV'3)R30°-B (b) interfaces. The incident angle
«a; for the polarized light is 45°. The photon energy is 20.9 eV.
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small (0.2 eV). No Fermi-level crossing can be observed
for all emission angles measured. This has been verified
at different photon energies.

In order to reveal the nature of the K-induced surface
states, we studied the surface-state emission at the
(V'3XV'3) interface under various excitation conditions.
From Fig. 6 it becomes clear that B, is enhanced by in-
creasing the angle of incidence a; or, equivalently, by in-
creasing the normal component of the polarization vec-
tor. This indicates that B; must have substantial
dangling-bond character. Since the polarization vector is
in the emission plane, we also conclude that the surface-
state wave function must have even symmetry with
respect to the emission plane. Most likely, this surface
state comprises a mixture of the Si dangling bonds and K
4s orbitals, retaining substantial dangling-bond character.

At the (V'3XV'3) interface, we also observe another
surface state (B,) at approximately 2.2 eV below the Fer-
mi level [®, >20° Fig. 5(b)]. The dispersion of this sur-
face state is symmetric around ®,=33°, which corre-
sponds to the K point of the (1X1) SBZ or the T
point of the second (V'3XV'3) SBZ (Fig. 2). This
behavior resembles that of the well-known back-
bond surface state at the Si(111)(V/3XV'3)R30°-B,*>*
Si(111)(V3XV3)R30°-ALP ™ Si(111)(V'3XV'3)R30"-
Ga,* and Si(111)(V3XV3)R30°-In (Ref. 46) surfaces.
This backbond state is mainly composed of the in-plane
DPx,>p, orbitals of the adatoms in the (V'3XV'3) surface
reconstruction and the dangling bonds of the Si sub-
strate.*’ For comparison, we have plotted the angle-
dependent spectra of the clean Si(111)(V'3XV'3)R30°-B
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FIG. 6. Incident-angle (c;) dependence of the surface-state
emission (B)) at the K/Si(111)(V'3XV'3)R30°-B interface near
the center of the (1X1) SBZ. The photon energy is 20.9 eV.
The emission angle ®, =5°.
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surface in Fig. 7. In this figure, the backbond surface
state is labeled Bj;. The similarity between the spectra
from the clean Si(111)(V'3XV'3)R 30°-B surface (Fig. 7)
and RT saturated K/Si(111)(V'3XV'3)R30°-B interface
[Fig. 5(b)] is clear and strongly suggests that B, in Fig.
5(b) can be identified as a backbond surface state. In or-
der to confirm this assignment, we have recorded
valence-band spectra for ®, =33° as a function of K cov-
erage (Fig. 8). The bottom spectrum in Fig. 8 corre-
sponds to the clean Si(111)(V'3XV'3)R30°-B surface.
Upon K deposition, the backbond state (B;) rapidly
shifts to higher binding energy. The important con-
clusion is that the backbond surface state is not disrupted
by K adsorption, which proves that the Si-adatom
geometry of the Si(111)(V/3 X v3)R 30°-B surface remains
unaltered, i.e., no Si-Si bonds are broken. The K-induced
shift of the backbond surface state is opposite to the K-
induced band bending shift (Sec. IV) and must therefore
be attributed to the K-Si interaction. _

The spectra from the clean Si(111)(V'3XV'3)R30°-B
surface and the RT saturated K/Si(111)(V'3XV3)R 30°-B
interface have been converted into a dispersion plot (Fig.
9), using standard procedures.*® In this plot, the binding
energies are referred to the VBM (Ep—Eygy is deter-
mined by Si 2p core-level spectroscopy; Sec. IV). The
projected band structure was taken from Ivanov, Mazur,
and Pollmann.** The K-induced surface states appear
below the VBM and are located in the projected band gap
of Si. It is interesting to note that K adsorption not only
causes a downward shift of the backbond surface state by
roughly 0.3 eV but also reduces its dispersion.
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FIG. 7. Angle-dependent photoemission spectra along [110]
of the clean Si(111)(V3XV'3)R30°-B surface. The incident an-
gle a; for the polarized light is 45°. The photon energy is 20.9
eV. Bj is the backbond surface state.
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FIG. 8. Coverage dependence of the valence-band spectrum
near K(T") for the K/Si(111)(V'3 X V3)R30°-B interface. The
incident angle «; for the polarized light is 45°. The photon ener-
gy is 20.9 eV. The backbond surface state for the clean
Si(111)(V'3XV3)R30°-B surface is marked as Bj. Upon K
deposition, B} shifts toward high binding energy. At the room-
temperature saturated K/Si(111)0(V3XV3)R30°-B interface,
this state is denoted as B,.

C. Discussion

1. K/Si(111)(V3XV3)R30°-B

Although the atomic structure of the K/Si(111)(V'3
X V'3)R 30°-B interface has not been determined directly,
the persistence of the (V3XV'3) LEED patterns after
deposition of K indicates that a K-induced structural
rearrangement of the outermost layer of Si atoms is un-
likely. Moreover, the persistence of the backbond surface
state at the (V'3 XV'3) interface indicates that the Si ad-
atom geometry remains unaffected. Hence, it is very like-
ly that the K atoms bond directly to the dangling-bond
orbitals of the Si adatoms in the (V'3 XV3) reconstruc-
tion. Since there is only one Si adatom per (V3XV 3)
unit cell, the saturation coverage for the K/Si(111)(V'3
XV3)R30°-B interface must be exactly 4 monolayer
(ML). In the following, we will assume an absolute satu-
ration coverage of -+ ML.

The dangling bonds of the Si adatoms in the clean
Si(111)(V'3 XV'3)R 30°-B surface reconstruction are com-
pletely empty, due to the presence of trivalent B directly
beneath the Si adatom.3* At saturation coverage, the
number of K atoms equals the number of Si adatoms.
Since K contributes only one valence electron, there must
be one unpaired valence electron per (V3 XV 3) unit cell.
Consequently, according to band theory, the saturated
K/Si(111)(V3XV3)R30°B interface is metallic. How-
ever, our photoemission data clearly reveal that this in-

FIG. 9. Diagram showing the energy-vs-wave vector relation
for the surface states at the clean Si(111)(V/ 3XV3)R30°-B sur-
face (circles) and K/Si(111)}(V3XV3)R30°-B interface
(squares). The shaded area is the projection of the bulk Si bands
onto the (111) surface (Ref. 49).

terface is nonmetallic. The uppermost surface state (B,)
is located at 0.65 eV below the Fermi level near the zone
center and slightly disperses downward for wave vectors
approaching the zone boundaries. One could argue that
photoemission lacks the sensitivity to detect alkali-
metal-induced surface states near Ep if they have a
predominantly s character. However, it is very likely
that the alkali-metal wave function hybridizes with the Si
dangling bonds, resulting in a bonding state in the lower
part of the band gap and an antibonding state forming a
resonance with the conduction-band continuum (Fig.
10).1218.30,50 Hence, B, probably represents the bonding
combination of K 4s orbitals and Si dangling bonds. Ac-
cording to band theory, this bonding surface state should
cross Ep unless there is an even number of valence elec-
trons per (V' 3XV'3) unit cell, in which case the surface
state must be located entirely below E. (Fig. 10). This,
however, requires precisely two K atoms per Si dangling
bond which is unlikely. Therefore, we conclude that
band theory cannot explain our observations.

An interesting alternative explanation is that the
K/Si(111)(V'3XV'3)R30°-B interface constitutes a two-
dimensional Mott-Hubbard insulator. In fact, it has been
suggested before that the dangling bonds at the ideally
truncated Si(111) surface should represent a two-
dimensional Mott-Hubbard system because the orbital
overlap between neighboring dangling bonds is very
small.?! ~?* Consequently, the hopping integral ¢ (also
called ““overlap energy”) is likely to be much smaller than
the on-site electron-electron Coulomb repulsion, U, even
though U is largely screened by the substrate. For exam-
ple, Harrison has calculated a bare Coulomb repulsion U
for a Si dangling hybrid of 7.6 eV which reduces to a
value U* =2.4 eV after accounting for the polarization of
the substrate.’> Hybridization can result in an even
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smaller U4 of approximately 0.5 eV.%! Since # <0.1 eV
at the Si(111)(1X 1) surface,?>?* we obtain Us>>t, sug-
gesting that the Si(111)(1X 1) surface should be an anti-
ferromagnetic Mott-Hubbard insulator.?>?® However, no
experimental evidence for an insulating antiferromagnetic
ground state of this surface has been provided to date.
The trivial reason is that an unreconstructed Si(111) sur-
face does not exist. The only experimental evidence for
significant electron-electron correlation in Si dangling
bonds comes from studies of isolated dangling-bond de-
fects in a-SiH (Ref. 52) or at the Si-SiO, interface.>
More recently, scanning tunneling spectroscopy experi-
ments revealed that U, >0.4 eV for isolated Si
dangling-bond  defect states at the Si(111)(V3
X V'3)R 30°-Al interface.>*

Our results suggest that electron-electron correlation is
responsible for the insulating behavior of the
K/Si(111)(V3XV3)R30°-B interface. Unlike isolated
defect states, the dangling-bond-type surface state at the

Conduction Band

\alence Band

(a)

Conduction Band

N\
\/\4— K 4s
/

Valenéand
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FIG. 10. Schematic diagram of the interfacial band structure
for the saturated K/Si(111)7X7 and K/Si(111)(V3X
V'3)R30°-B interfaces. According to band theory, the lower
surface-state band must be completely filled at the saturated
K/Si(111)7X7 interface (a) whereas it is half-filled for the
K/Si(111)(v3XV3)R30°-B interface (b). According to a
single-particle picture, the K/Si(111)(v/3 X V'3)R 30°-B interface
should be metallic.

K/Si(111)(V'3XV'3)R30°-B interface must be fully
periodic in two dimensions. Hence, this nonmetallic in-
terface possibly exhibits antiferromagnetic ordering.?® A
metallic ground state can only be realized through direct
K-K interaction. However, this interaction is expected
to be very small since the distance between the hybrid or-
bitals in the (V3 XV3) structure (6.65 A) is much larger
than the interatomic distance of bulk K (4.53 A). Corre-
spondingly, the dispersion of the dangling-bond-type sur-
face state should be small, in agreement with our photo-
emission results. The bandwidth W, as determined from
our angle-dependent photoelectron spectra, is =0.2 eV,
indicating that t <0.1 eV.%

According to the Hubbard model, B; would represent
the energy levels of the hole in the photoemission final
state (lower Hubbard band?®). Likewise, there must be a
narrow band above E corresponding to the energy levels
of the added electron in the final state of the inverse pho-
toemission process (upper Hubbard band?®). The split-
ting between these two bands is U.;. Unfortunately, due
to the lack of inverse photoemission data, we can only
give a lower limit for U, . Since B, is situated 0.7 eV
below E, we conclude that U ;> 0.7 eV.

We finally note that a Mott-Hubbard insulating ground
state has also been proposed previously for the
Cs/GaAs(110),'? Cs/InSb(110),%° and Na/Si(111)3X 1 in-
terfaces.’® Very recently, theoretical calculations sug-
gested that U.4=~0.56 eV for the Ga dangling-bond orbit-
als of the K/GaAs(110) interface.?

2. K/Si(111)7X7

Our LEED and angle-resolved photoemission spectros-
copy (ARPES) data strongly suggest that the absolute
saturation coverage of the K/Si(111)(V3XV3)R30°-B
interface must be exactly + ML. For K/Si(111)7X7, it is
less obvious what the absolute coverage might be, be-
cause the angle-resolved photoemission spectra are rather
featureless. Therefore, it is not possible to judge whether
the backbond surface state of the Si adatoms in the
(7X7) reconstruction has disappeared or whether it is
simply obscured. In any case, the persistence of the
(7X7) LEED pattern indicates that the stacking fault
must still be present at saturation coverage. Let us first
assume that the adatom geometry is preserved upon K
deposition. In that case, there are two possibilities for
site occupation. If the K atoms only bond to the adatom
dangling-bond orbitals, the absolute saturation coverage
would be 12/49=0.24 ML. On the other hand, if both
the adatoms and the rest atoms are involved, the absolute
saturation coverage would be 18/49=0.37 ML. The
latter possibility seems to be consistent with the fact that
the uptake of K, as measured from the K 3p core-level in-
tensity, is almost identical for the (7X7) and (V3XV3)
interfaces. Furthermore, Auger data unambiguously re-
veal that the absolute saturation coverages of both inter-
faces are nearly equal.’’>® Although we do not have
direct evidence that the adatom geometry remains
preserved upon K deposition, we will assume that the K
atoms directly bond to the rest-atom and the adatom
dangling bonds of the (7X7) reconstructed surface. In
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that case, the dangling-bond orbitals are completely filled
at RT saturation coverage. Indeed, Fig. 5(a) reveals that
the K-induced interface state is located below E.

We speculate that the following scenario may qualita-
tively explain our photoemission data. At the clean
(7X7) surface, the adatom states and rest-atom states in-
teract, resulting in a completely filled surface state at
~0.8 eV below E (usually denoted as the rest-atom
state) and a partially filled surface state at Ep (usually
denoted as the adatom state).’® Because the number of
adatoms and rest atoms in the (7X7) reconstruction is
different, the adatom state must cross Ep. Upon K ad-
sorption, these states move downward due to hybridiza-
tion with the K 4s orbitals. Bonding to the K atoms
reduces the energy splitting between the adatom and
rest-atom states, thereby increasing their mutual interac-
tion. This accounts for the observation that upon K
deposition, the S; and S, surface states merge into a
different interface state, 4,, which has significant disper-
sion (0.35 eV). This dispersion is much larger than that
of the rest-atom or adatom states of the clean (7X7) sur-
face (=~0.15 and =~O0 eV, respectively®®). Magnusson
et al. proposed a similar scenario for Cs adsorption on
Si(111)7 X 7.%° However, an important difference is that
the K/Si(111)7X7 interface is semiconducting over a
wide coverage range, up to RT saturation, while the
Cs/Si(111)7 X7 interface metallizes near satu_ratiorl.60

Unlike the situation for the K/Si(111)(V'3XV'3)R 30°-
B interface, these observations can be understood in a
single-particle picture. According to band theory, a crys-
tal with an odd number of valence electrons per unit cell
must always be a metal whereas a crystal with an even
number of valence electrons per unit cell can either be a
metal or a semiconductor, depending on the details of the
band structure. The semiconducting nature of the
K/Si(111)7 X7 interface can simply be understood in a
local bonding picture, as depicted in Fig. 10(a). On the
other hand, the metallic nature of the Cs/Si(111)7 X7 in-
terface suggests that at least two different surface-state
bands must cross E.2” Obviously, this cannot be under-
stood in a local bonding picture, suggesting that the me-
tallic nature of this interface is due to direct Cs-Cs in-
teraction. This is reasonable because the in-plane
nearesg-neighbor distance of the surface dangling bonds
(4.43 A) is much smaller than the interatomic distance of
bulk Cs (5.24 A). This suggests that the metallic nature
of the Cs/Si(111)7 X7 interface is most likely due to the
formation of an overlayer band crossing Er. It must be
emphasized that even though the nonmetal to metal tran-
sition at the Cs/Si(111)7X7 interface marks the transi-
tion from a localized ‘“bondlike” situation to a delocal-
ized “bandlike” situation, it does not require a many-
body explanation.

The energy of the K-induced surface state ( 4,) at the
center of the SBZ is 0.9 eV below Ep or 0.6 eV below
Eypm. This should be compared with the energies of the
adatom state and rest-atom state at the clean (7X7) sur-
face, which are located at 0.45 eV above Eygy and 0.2 eV
below Eypy, respectively.’! According to Magnusson
and Reihl, the much higher binding energy of the 4, sur-
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face state is due to electron-electron repulsion in the Si
dangling bonds.*! However, the only many-body effect
that could account for the larger photoionization poten-
tial is the on-site hole-hole repulsion in the photoemission
final state. Since the initial state at the saturated
K/Si(111)7X7 interface represents a closed-shell
configuration, there is only one hole in the final state and
the observed binding energy should be equal to the ion-
ization energy of the single-particle eigenstate. In con-
trast, hole-hole correlation in the photoemission final
state at the K/Si(111)(V3XV'3)R30°-B interface in-
creases the final-state energy. Hence, in the photoemis-
sion spectrum of this interface, B, is shifted away from
Ep, thus representing the lower Hubbard band. It is like-
ly that downward shift of 4, at the K/Si(111)7 X7 inter-
face is due to hybridization.

Electron-electron correlation effects are probably im-
portant for determining the electronic properties of the
K/Si(111)7 X 7 interface at coverages below saturation. It
must be realized that this interface already becomes semi-
conducting at low coverage and remains semiconducting
up to saturation coverage. Obviously, this cannot be un-
derstood on the basis of band theory. A reasonable ex-
planation is that, at intermediate coverages, only a frac-
tion of the available dangling-bond orbitals is hybridized
with the K 4s orbitals. Hence, the two-dimensional
periodicity of the dangling-bond-type surface states is dis-
rupted, leading to charge localization in the remaining
half-filled states. This situation resembles that of the
half-filled  dangling-bond defect states at the
Si(111)(V'3XV'3)R 30°-Al interface.>*

IV. Si2p CORE LEVELS: RESULTS AND DISCUSSION

In order to determine the position of Ep for the
different interfaces, we recorded Si 2p core-level spectra
from the clean Si(111)7 X7 and Si(111)(V'3XV'3)R 30°-B
surfaces and from the RT saturated K/Si(111)7X7 and
K/Si(111)(V'3XV'3)R30°-B interfaces. Since the posi-
tion of the Fermi level at the clean Si(111)7 X 7 surface is
known,®! we can in principle determine Er— Eypy for
the Si(111)(vV'3 X Vv'3)R 30°-B surface and K/Si(111) inter-
faces from the coverage dependence of the Si 2p core-
level energy. However, this procedure is not completely
straightforward because Si 2p core-level spectra are gen-
erally composed of a bulk component and one or more
surface components.®? In order to deduce the Fermi-level
shift, the spectra must be decomposed into surface and
bulk components and the adsorbate-induced shift of the
bulk component must be determined. Unfortunately, the
individual components cannot be clearly resolved, par-
tially because of the limited instrumental resolution (0.5
eV at hv=120 eV). Therefore, we rely on a least-squares
curve fitting of the experimental data. In order to decide
whether our fits are physically meaningful, we not only
relied on the residuals of our fits but also compared our
results with published high-resolution Si 2p core-level
studies.%* %2

Usually, Ex — Eygy for the clean Si(111)7 X 7 surface is
taken as 0.63+0.05 eV.%! It should, however, be realized
that this value was an average over several samples, i.e.,
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the Fermi-level position at the clean Si(111)7 X7 surface
may differ slightly from sample to sample. Therefore, we
determined Ep— Eypy independently by measuring the
surface photovoltage (SPV) at 77 K.®*% In the following
sections, we analyze our Si 2p core-level spectra in detail
and determine the magnitude of the band bending.

A. The clean Si(111)7 X 7 surface

Si 2p core-level spectra of the clean Si(111)7 X7 surface
were collected at RT and at 77 K. In Fig. 11, we show
the decomposition of the RT spectrum into a bulk com-
ponent (B) and two surface components (S; and S, ), rid-
ing on a smooth polynomial background. Each peak
represents a Lorentzian spin-orbit doublet, convoluted
with a Gaussian. Fitting parameters are listed in Table I.
Our results are in excellent agreement with high-
resolution studies.®>%? The S, surface core level has been
attributed to the rest atoms in the (7X7) reconstruc-
tion.®? Since the rest-atom states are completely filled,
the rest atoms accommodate excess negative charge, re-
sulting in a core-level shift toward lower binding energy.
The origin of the S, surface core level is less clear. It has
been suggested that it originates from the adatoms and
their nearest neighbors in the (7X7) reconstruction.®?
We will later show that these surface core levels are
affected by the adsorption of K.

Upon cooling to 77 K, the spectrum has rigidly shifted
to lower kinetic energy by 0.49 eV. This phenomenon is
well known and can be attributed to a combination of a

Photoemission Intensity (arb. units)

12 13 14 15 16 17
Kinetic Energy (eV)

FIG. 11. Normal emission Si 2p core-level spectra for the
clean Si(111)7 X7 surface (a) and RT saturated K/Si(111)7X7
interface (b). The photon energy was 120 eV. The angle of in-
cidence was 45°. The solid lines are the result of a least-squares
fitting procedure, as explained in the text. The dotted lines
represent a polynomial background function. Parameters are
listed in Table I.
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TABLE 1. Fitting parameters for the Si 2p core-level spectra
in Fig. 11. The following parameters were fixed: spin-orbit split-
ting (0.614 eV), branching ratio (0.5), Lorentzian full width at
half maximum (FWHM) (0.150 eV), and Gaussian FWHM (0.51
eV for the bulk component and 0.55 eV for the surface com-
ponents).

Si(111)7X7 K/Si(111)7X7
Binding energy
Si 2p;,, (eV)
B 99.79 99.51
S 100.11
S, 99.03
3 99.96
3, 99.06
Relative intensity
Ip /T 0.67 0.70
Isrzx/l“’"" 0.29 0.12
Isz,zz/lm,a, 0.04 0.18

surface photovoltage effect®>* and a temperature shift of
E;. For our wafers, Ecgpy—Efp is 0.24 eV at RT and
0.04 eV at 77 K.%° Hence, the temperature dependence of
E accounts for a spectral shift of 0.20 eV toward low
kinetic energy. Consequently, the SPV must account for
the additional shift of 0.29 eV. It can easily be shown
that the SPV generates flat-band conditions at 77 K,
whereas it is negligible at RT.®® Hence, the SPV shift at
77 K (0.29 eV) simply equals the band bending at RT.
This implies that at RT, the Fermi level is located at
0.294+0.24=0.53 eV below the conduction-band
minimum (CBM) or, equivalently, 0.59 eV above the
VBM. The estimated margin of error is =50 meV. Note
that our result is slightly different from Himpsel, Hol-
linger, and Pollak.®! It is, however, very close to the SPV
measurements by Demuth et al.%>¢7

B. The K/Si(111)7 X 7 interface

Upon K deposition, both the energy and line shape of
the Si 2p core-level spectrum have changed [Fig. 11(b)].
Similar to the clean (7X7) surface, this spectrum can be
fit with a single bulk component (B) and two surface
components (2, and =,). The fitting parameters are list-
ed in Table I. Magnusson et al. obtained qualitatively
similar fits for the Cs/Si(111)7X 7 interface.®® The sur-
face core-level shift for the =, component is 0.31 eV
smaller than for the related S, component at the clean
(7X7) surface. The relative intensity of the =, com-
ponent is strongly enhanced. The total surface-to-bulk
intensity ratios, however, are approximately the same for
the clean Si(111)7X7 surface and K/Si(111)7X7 inter-
face, suggesting that 3, increased at the expense of Z,.
Intuitively, it might be thought that the low binding ener-
gy component (Z,) should originate from the surface
atoms, which are directly bonded to K atoms. However,
the =, component is the main surface component, indi-
cating that other surface atoms contribute to the =, com-
ponent.
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Very recently, Ma et al. published high-resolution Si
2p core-level spectra of the K/Si(111)7X 7 interface.? In
their work, no attempt was made to fit the spectra. How-
ever, it was concluded that the S, core level of the clean
Si(111)7 X7 surface shifts to higher binding energy upon
K adsorption, which is at least qualitatively similar to
our observation. They attributed this shift to a K-
induced charge redistribution between the rest atoms and
adatoms in the (7X7) reconstruction. Although this in-
terpretation might be quite plausible, we believe that this
core-level shift simply indicates that the rest atoms are
somehow involved in the interfacial bonding. At this
stage, we consider any interpretation regarding the origin
of the surface core levels at the K/Si(111)7 X7 interface
as highly speculative.

As mentioned before, the Si 2p core-level spectrum of
the Cs/Si(111)7 X7 interface can also be decomposed into
one bulk and two surface core levels. A major difference,
however, is that the surface core levels of the
Cs/Si(111)7 X7 interface appear to be asymmetric. Mag-
nusson et al. introduced a Doniach-Sunji¢ (DS) line
shape®® in order to fit the surface core levels, indicating
that the Cs/Si(111)7 X7 interface has become metallic at
RT saturation coverage. In contrast, our spectra appear
perfectly symmetric. Thus unlike the Cs/Si(111)7 X7 in-
terface, the K/Si(111)7 X7 interface is nonmetallic, in
agreement with the valence-band spectra.

From the K-induced energy shift of the bulk com-
ponent (B ), we can determine the position of the Fermi
level. Compared to the clean Si(111)7X7 surface the
bulk component has shifted 0.28 eV toward high kinetic
energy. Hence, at the RT saturated K/Si(111)7 X 7 inter-
face, Er — Eypy equals 0.59—0.28=0.31 eV.

C. The Si(111)(V3 X V3)R 30°-B surface

The Si 2p core-level spectrum of the clean
Si(111)(V'3 XV 3)R 30°-B surface is shown in Fig. 12. Itis
obvious that this spectrum must be composed of more
than one spin-orbit doublet. According to McLean, Ter-
minello, and Himpsel, the spectra of the clean surface can
be fit with two spin-orbit doublets.® In their high-
resolution study, they identified a bulk component and a
surface component, shifted to high binding energy. This
B-induced surface component was analyzed in more de-
tail by Rowe, Wertheim, and Riffe.”” In their study, it
was argued that the surface component is composed of
several unresolved contributions from inequivalent Si
atoms in the first three layers near the surface. Our spec-
trum was fit with two Gaussian broadened spin-orbit-split
Lorentzian doublets [Fig. 12(a)]. The fitting parameters
are listed in Table II. The energy separation between the
bulk component (B) and surface component (T") is 0.47
eV, which is slightly larger than the splitting reported by
McLean, Terminello, and Himpsel (0.40 eV) but very
close to the one reported by Rowe, Wertheim, and Riffe
(0.48 eV). We therefore conclude that the fit of our un-
resolved core-level spectrum is reliable. From the bind-
ing energy of the bulk Si 2p core level, we infer that E is
located 0.11 eV above the VBM.

A comparison with other studies is quite interesting.
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FIG. 12. Normal emission Si 2p core-level spectra for the
clean Si(111)(V3 >£\/ 3)R30°-B surface (a) and RT saturated
K/Si(111)(V3XV3)R30°-B interface (b). The photon energy
was 120 eV. The angle of incident was 45°. The solid lines are
the result of a least-squares fitting procedure, as explained in the
text. The dotted lines represent an integrating background
function. Parameters are listed in Table II.

In the core-level study by McLean, Terminello, and
Himpsel,E was located ~0.5 eV above the VBM. In
that study, the Si(111)(vV'3XV'3)R30°-B surface recon-
struction was obtained after segregating B to the surface
of very heavily B-doped Si(111) wafers (2X10'° cm™3).
Rowe, Wertheim, and Riffe’® used even higher dopant
levels (1.5X10%° cm™3). In their study, E was located
below the VBM, i.e., the surface is metallic, probably due
to the degenerate dopant levels. Apparently, Ey critical-
ly depends on the B concentration near the surface.
Hence, in order to interpret our result on n-type Si, we
must consider the different preparation techniques and
their implications for the band bending measurements in
detail.

Previous studies on the heavily B-doped samples re-
vealed an unusual high intensity for the surface-shifted
component in the Si 2p core-level spectrum. While our
ratio surface-to-bulk intensity ratio was only 0.7
(Eyin=14.5 eV), McLean, Terminello, and Himsel and
Rowe, Wertheim, and Riffe reported 0.9 and 2.0, respec-
tively. A surface-to-bulk intensity ratio of 0.7 suggests
that the surface-shifted component arises solely from Si
atoms directly bonded to the B atoms, and from the ad-
atoms (see the Appendix). On the other hand, Rowe,
Wertheim, and Riffe argued that their surface-to-bulk in-
tensity ratio of 2.0 means that their surface stoichiometry
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TABLE II. Fitting parameters for the Si 2p core-level spectra in Fig. 12. The following parameters
were fixed: spin-orbit splitting (0.614 eV), branching ratio (0.5), and Gaussian FWHM [0.55 eV for the
Si(111)(V'3XV'3)R 30°-B surface and 0.62 eV for the K/Si(111)(V'3XV'3)R 30°-B interface]. In order to
get a better fit, we allowed the Lorentzian FWHM to vary (Ref. 71).

Si(111)(V3XV3)R30°-B

K/Si(111)(V3XV3)R30°-B

Binding energy
Si 2p;,, (eV)

B 99.31

99.44

r 99.78

r,

r,
Relative intensity

I /11

1 r / 1 total

It Mg

I I‘ZI total

Lorentzian FWHM (meV)
B 317
r 183
r,
r,

0.59
0.41

99.94
98.68

0.68

0.23
0.09

194

82
462

must be nearly ideal, provided that second-neighbor
atoms also contribute to the surface core-level signal.
Following their analysis, it may seem that our surface
must be B deficient. However, in that case one would ex-
pect to observe surface-state emission from the partially
filled dangling-bond states of the Si adatoms, which pin
the Fermi level at approximately 0.5 eV above the
VBM.33344269  Qince we do not observe any surface
states above the VBM, we can safely assume that our sur-
face is not B deficient. In fact, it is very likely that sur-
faces prepared by B segregation have excess B in the near
surface region.

Our measurements on n-type samples show that Ej is
located in the lower part of the band gap, suggesting a
large band bending of =0.8 eV. If our surface was per-
fectly stoichiometric and ordered, one would expect that
the surface would be unpinned with Ep close to the
CBM. The large upward band bending can only be un-
derstood if the Si(111)(V'3 XV'3)R 30°-B surface has sur-
face states or defects states close to VBM. Most likely,
this is not the case. A reasonable conclusion is that the
sample has become p type directly beneath the surface.
This idea is corroborated by the fact that we did not ob-
serve a SPV shift at 77 K. If the sample has become p
type with Ep— Eygy =0.1 eV, flat-band conditions exist
near the surface which readily explains the absence of a
SPV effect. We conclude that excess B is present beneath
the surface. Note that since the donor concentration is
only 3X10' ¢cm™ or 1 donor atom per 1.67X107 Si
atoms, very tiny amounts of B diffusing into the bulk al-
ready compensate the donor atoms near the surface, re-
sulting in a p-type selvedge.

D. The K/Si(111)(V3 X V'3)R 30°-B interface

The Si 2p core-level spectrum of the Si(111)}(V 3
XV3)R30°-B surface changes dramatically upon K ad-

sorption [Fig. 12(b)]. Based on the high-resolution spec-
trum of this interface as reported by Ma et al.,*® we fit
our spectrum using a single bulk component and two
surface-shifted components riding on an integrated back-
ground. There are a few unexpected observations. First,
the energy splitting between the bulk component (B) and
the main surface component (I';) does not change upon
K absorption. Second, the total surface-to-bulk intensity
ratio decreases by about 30%. Third, the width of the
surface component at low binding energy (I",) is much
larger than for the other peaks.”! The presence of I', was
considered evidence for substantial charge transfer.>® Un-
fortunately, it is hard to compare our fit with the data by
Ma et al., because their surface-to-bulk intensity ratios

Conduction Band

Si(111)7x7
! Cs/Si(111)7x7
K/Si(111):B 0.59 K/Si(111)7x7
i : A
A Si(111):B .y 0.38
oy i1 l ¥ v
7 Valence Band

FIG. 13. Schematic diagram, showing the pinning positions
(in eV) of the Fermi level at the clean Si(111)7X7 and
Si(111)(v3 X V3)R 30°-B surfaces and at the room-temperature
saturated K/Si(111)7X 7 and K/Si(111)(V3XV3)R 30°-B inter-
faces. The data for the Cs/Si(111)7X7 interface were taken
from Magnusson et al. (Ref. 60). The estimated margins of er-
ror are =50 meV.
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are very different, due to differences in sample prepara-
tion (B segregation) and surface sensitivity.

The bulk Si 2p core level has shifted =~0.13 eV toward
low kinetic energy as compared to the clean
Si(111)(V'3XV'3)R30°-B surface, indicating downward
band bending near the interface. Hence, the Fermi level
at the K/Si(111)(V'3XV'3)R30°-B interface is located
0.24 eV above the VBM. This is similar to the observa-
tion by Ma et al., suggesting that the pinning position at
this interface is intrinsic to the (V'3 XV'3) surface struc-
ture and does not significantly depend on the preparation
conditions. It is also close to the Fermi-level position at
the K/Si(111)7 X7 interface, suggesting a common pin-
ning mechanism. In fact, in both cases, E; might be
pinned by the low-binding-energy tail of the K-induced
surface states near the center of the SBZ. A similar pin-
ning mechanism was proposed for the Cs/Si(111)7 X7 in-
terface.®* The Fermi-level positions at the clean surfaces
and K/Si(111) interfaces are summarized in a schematic
diagram (Fig. 13).

V. K 3p CORE-LEVEL SPECTRA
AT ROOM TEMPERATURE

K 3p core-level spectra were recorded as a function of
coverage up to saturation. In Fig. 14, we show the K 3p
core-level spectra for the K/Si(111)7X 7 interface (a) and
K/Si(111)(V3XV3)R30°-B interface (b). Coverage-
dependent binding energies are plotted in Fig. 15. We
first discuss the line shape of these core-level spectra.
Binding energies will be discussed in Sec. V B.

A. Line-shape analysis

The linewidths of the K 3p core-level spectra from the
K/Si(111)7X7 and K/Si(111)(V'3XV'3)R30°-B inter-
faces are much larger than one would expect on the basis
of our experimental resolution (=0.25 eV). In fact, spec-
tra from a thick K film, grown at low temperature, clear-
ly reveal the spin-orbit-split components (A, , =0.26 eV;
see also Refs. 72 and 73). Near saturation coverage, our
spectra appear very broad and asymmetric. The large
width of the core-level spectra seems to be a general
property of alkali-metal adsorbates on metals and semi-
conductors’>7#7 and has been attributed to vibrational
broadening and to core-hole decay through an interatom-
ic Auger process.”>’> However, we must consider other
mechanisms to account for the asymmetric broadening of
the K 3p spectra near saturation coverage. Usually,
asymmetric broadening of core-level spectra is attributed
to metallic screening of the core hole, resulting in a DS
line shape.68 However, this would be in severe conflict
with our valence-band photoemission data and work
function measurements. Furthermore, the surface com-
ponents in the Si 2p core-level spectra appear to be sym-
metric. In order to resolve this controversy, we have
tried to fit the K 3p photoemission from the saturated
K/Si(111)7 X7 interface using a Gaussian broadened DS
function. As shown in Fig. 16(a), it possible to roughly
reproduce the asymmetric line shape. However, in order
to do so, an unphysical background has to be assumed
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(dotted line). Moreover, the residuals reveal that this fit
is very unsatisfactory. In Fig. 16(b), we used two DS
functions. The quality of the fit is much better, though
still not satisfactory. A slight problem with this fit is that
the intensity of the threshold peak becomes negative near
the low-binding-energy cutoff which is, of course, un-
physical. An even better fit is obtained by introducing
three Gaussian-broadened Lorentzians [Fig. 16(c)]
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FIG. 14. Coverage dependence of the normal emission K 3p
core-level spectra of the K/Si(111)7X7 interface (a) and
K/Si(111)(V'3XV3)R30°-B interface (b) at room temperature.
The photon energy is 30.8 eV. The angle of incidence is 45°.
The corresponding work function lowering is indicated at the
right side of each spectrum.
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FIG. 15. Coverage dependence of the K 3p core-level binding
energies for the K/Si(111)7X7 and K/Si(111)(V3 X V'3)R30°-B
interfaces. The data from regime III were recorded from a
thick K film, grown at 77 K.
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FIG. 16. Least-squares fits of the K 2p core-level spectrum
from the room-temperature saturated K/Si(111)7 X7 interface,
using a single DS function in (a), two DS functions in (b), and
three Lorentzians in (c). These line shapes were convoluted
with a Gaussian (FWHM is 0.8 eV). The residuals of each fit
are plotted, using scale factors as indicated. The dashed lines
represent the zero level for each spectrum. The dotted lines
represent an integrating background. The spectrum was record-
ed at normal emission, using a photon energy of 41.2 eV. The
angle of incidence was 45°.

without introducing asymmetry parameters. Of course, as
the number of parameters is increased, a better fit can al-
ways be obtained. Therefore, we believe that a physical
interpretation of the fitting parameters is nebulous.
However, from these fits we do learn that the apparent
asymmetry does not demand metallicity. Furthermore,
from (b) and (c) we learn that the Lorentzian width of the
second and third peak at high binding energy dramatical-
ly increases with distance from the threshold peak.
Therefore, it is unlikely that these peaks originate from
inequivalent K atoms (different chemisorption sites). In
that case, the photoemission spectrum probably
represents the envelope of a finite number of final states.
The same is true for the 3p core-level spectrum of the sa-
turated K/Si(111)(V'3XV'3)R30°-B interface (Fig. 17).
Interestingly, the K 3p core-level spectra from the
K/Si(100)2 X 1 interface are quite different and can be fit
with DS functions.” However, unlike the K/Si(111) inter-
faces, the RT saturated K/Si(100) interface is metal-
lic.#®~%13 Apparently, the lack of core-hole screening at
nonmetallic K/Si(111) interfaces allows shakeup satellites
in the photoelectron spectrum, resulting in an asym-
metric line shape that can easily be confused with that of
a fully screened final state (DS function).

It is interesting to note that a qualitatively similar evo-
lution of the core-level line shapes has been observed for
the Cs 4d and 5p spectra from the Cs/GaAs(110) inter-
face,>7% Li 1s spectra from the Li/Be(0001) interface,”’
and K 3p spectra from the K/Be(0001) interface.”® Ap-

Intensity (arb. units)

x 10
12 14 16 18 20
Kinetic Energy (eV)

FIG. 17. Least-squares fits of the K 3p core-level spectrum
for the RT  saturated K/Si(111)7X7 (a) and
K/Si(111)(V'3XV'3)R30°-B  (b) interfaces, using three
Gaussian-broadened Lorentzians. The integrated background is
indicated by a dotted line. The residuals are plotted, using scale
factors as indicated. These spectra were recorded at normal
emission, using a photon energy of 41.2 eV. The angle of in-
cidence was 45°.
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parently, asymmetric broadening near saturation seems
to be a rather general property of alkali-metal adsorbates.
Of course, a definite interpretation of these phenomena
requires a detailed evaluation of the dynamics of adsor-
bate core-hole screening. For some early theoretical
work on this problem, we refer to the papers of
Schénhammer and Gunnarsson.”

B. K 3p core-level binding energies

The coverage dependence of the K 3p core-level bind-
ing energy is completely different for the K/Si(111)7 X7
and K/Si(111)}(V3XV'3)R30°-B interfaces (Fig. 15). At
the K/Si(111)(V'3 X V'3)R 30°-B interface, the binding en-
ergy decreases rather monotonically from 19.3 eV at low
coverage to 18.8 eV at saturation. The 3p binding energy
at the K/Si(111)7 X 7 interface decreases from 19.05 eV at
low coverage to 18.25 eV at saturation, with a sudden
drop below 0.5 ML. This sudden drop appears slightly
beyond the metal-to-semiconductor transition. For com-
parison, the binding energies of the surface and bulk K
3ps3,, core levels for bulk K are 18.54 and 18.34 eV, re-
spectively.® We can roughly define three different cover-
age regimes, as indicated in Fig. 15. In regime I, the
K/Si(111)7 X7 interface is still metallic. In regime II, the
K 3p core-level binding energy at the K/Si(111)7X7 in-
terface is significantly reduced (=0.5 to =0.7 eV) and
the line shape becomes symmetric near RT saturation
coverage. In this regime, the interface is nonmetallic. Fi-
nally, regime III corresponds to multilayer growth at low
temperature, as discussed in Sec. VI.

A qualitative explanation of this behavior could be that
K is present as an ionic species at low coverage. As the
coverage increases, the K-Si bond weakens at the (7X7)
interfacewhereas it remains strong and ionic at the
(V3XV73) interface. This would be consistent with the
conclusion of Ma et al.?*3° However, this explanation is
probably too naive since the Madelung potential at the
core-hole site and the screening of the core hole should
also be taken into account.?!

It is interesting to note that the shift toward low bind-
ing energy also seems to be a rather general property of
alkali metals and other electropositive adsor-
bates.”> 7781784 For instance, Riffe, Wertheim, and Cit-
rin showed that the 3p core-level energy for K on W(110)
decreases until the first layer is completed.”® Neverthe-
less, it was concluded that the interfacial bonding is
predominantly covalent over the entire coverage regime,
even at very low coverage, suggesting that the binding en-
ergy shifts do not originate from the substrate-adsorbate
interaction. Moreover, since the core-level binding ener-
gies behave qualitatively similar on the variety of sub-
strates, it is likely that the reduction of the core-level
binding energies with coverage has its origin mainly in
the adsorbate-adsorbate interaction, mediated by the sub-
strate at low coverage.’? Furthermore, it must be real-
ized that both the substrate-adsorbate coupling and
adsorbate-adsorbate coupling changes upon photoioniza-
tion.%? This suggests that an explanation of the K 3p
binding  energies at the K/Si(111)7X7 and
K/Si(111)(V3XV/3)R 30°-B interfaces in terms of initial-
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state charge transfer may be too simplistic, even though
we cannot rule out the possibility that the nature of the
K-Si bond is different at these interfaces, as suggested by
Ma et al.?3° We believe that core-level photoemission
is inconclusive.

VI. MULTILAYER GROWTH AT LOW TEMPERATURE

After preparation of the saturated K/Si(111)7X7 and
K/Si(111)(V'3XV'3)R 30°-B interfaces, the samples were
cooled down to approximately 77 K to allow multilayer
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FIG. 18. K 3p core-level spectra (a; =45°, ®,=0°) as a func-
tion of coverage for the K/Si(111)7X7 (a) and
K/Si(111)(V3XV3)R30°-B interfaces. The spectra were
recorded at 77 K. The photon energy was 41.2 eV. The
plasmon-loss satellites are indicated by tick marks. The energy
shift between 2 and 2.5 ML in (a) is due to a quenching of the
surface photovoltage. The K/Si(111)(vV3XV3)R30°B inter-
face does not exhibit a surface photovoltage (Sec. IV).
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growth. Upon subsequent K deposition, the work func-
tion increases by about 0.5 eV, indicating that the inter-
face has become metallic (Fig. 3).%0 Indeed, at ~2 mono-
layers,®® a clear Fermi edge can be observed (not shown).
Moreover, at a coverage of ~ 1.5 monolayers, a shakeup
satellite appears in the K 3p core-level spectra of both in-
terfaces, as indicated by tick marks in Fig. 18. The ener-
gy separation between the threshold peak and this shake-
up feature is roughly 2.0 eV at 1.5 ML and increases up
to 2.7 eV for a very thick K film. The energy loss of 2.7
eV equals the surface plasmon energy of bulk K.%¢ A
similar coverage dependence of energy-loss features has
been observed at other metal-semiconductor interfaces as
well and is related to the development of free carrier in-
terface plasmons.!>°%87 This clearly indicates that the
interface metallizes during the growth of a second K lay-
er. A detailed high-resolution electron-energy-loss study
of these plasmons will be published elsewhere.’® We also
observe another feature at a kinetic energy of roughly 23
eV. This feature is not due to shakeup processes but can
simply be identified as the K M,; V'V Auger peak.”

Finally, at a coverage of approximately 2.5 ML, we ob-
serve an abrupt quenching of the surface photovoltage
effect at the K/Si(111)7X7 interface [Fig. 18(a)]. This
phenomenon is related to long-range conductivity in the
overlayer.® Interestingly, free carrier plasmon-loss
features already appear in the spectrum before the sur-
face photovoltage effect is quenched. We conclude that
metallic screening (e.g., intraband plasmon excitation)
takes place before the interface has become macroscopi-
cally conducting. Although the morphology of the subse-
quent layers is unknown, we speculate that the sudden
onset of long-range conductivity is related to a percola-
tion threshold of metallic K clusters on top of the first
layer.

VII. SUMMARY AND CONCLUSIONS

The adsorption of K onto the clean Si(111)7X7 and
Si(111)(V'3XV'3)R30°-B surfaces has been studied by
angle-resolved photoemission spectroscopy, LEED, and
work function measurements. At the RT saturated
K/Si(111)7X7 and K/Si(111)(V3XV3)R30°-B inter-
faces, a dispersionless K-induced surface state is present
just below Eg. This state is responsible for the pinning of
the Fermi level at =0.25 to =~0.3 eV above the VBM.

At the K/Si(111)(V'3XV'3)R 30°-B interface, a second
interface state is observed for ®, > 20°, at =2.2 eV below
E. This state can readily be identified as the backbond
surface state of the Si adatoms in the B-induced
(V3XV'3) surface reconstruction. The persistence of
this state upon K adsorption indicates that the K atoms
directly bond to the dangling bonds of the Si adatoms,
leaving all Si-Si bonds intact. On this basis, we suggest
that the absolute saturation coverage of this interface is 4
ML. The saturation coverage for the K/Si(111)7 X7 in-
terface is nearly equal.

On the basis of valence-band photoemission, Si 2p
core-level spectroscopy and work function measurements,
we conclude that both interfaces are semiconducting at
RT saturation coverage. Although the K 3p core-level

spectra near saturation coverage appear to be asym-
metric, our analysis reveals that this asymmetry does not
demand metallic screening. Instead, the asymmetry is
likely due to a finite number of shakeup excitations, due
to the lack of screening at these nonmetallic interfaces.

The nonmetallic ground state of  the
K/Si(111)(V'3XV'3)R30°-B interface cannot be under-
stood on the basis of single-particle considerations and
we argue that this interface represents a two-dimensional
Mott insulator. The lower limit of the on-site Coulomb
repulsion in the K-induced surface state is ~0.7 eV. Al-
though the semiconducting nature of the K/Si(111)7X7
interface can be understood in terms of a single-particle
picture, we argue that the insulating nature of the inter-
face at submonolayer coverages must also be due to elec-
tron correlation. More generally, we believe that these
findings may have important implications for future
theoretical studies of alkali-metal adsorption on semicon-
ductors because so far, most studies have been based on
single-particle electronic structure calculations.

Finally, we have shown that metallization occurs dur-
ing the growth of a second K layer at low temperature.
Evidence of metallization is based on the development of
an intraband plasmon satellite in the K 3p core-level
spectrum above 1.5 ML and on the appearance of a Fer-
mi edge in valence-band photoemission near 2 ML. The
sudden quenching of the surface photovoltage effect at a
coverage of approximately 2.5 ML marks the onset of
long-range conductivity in the overlayer.
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APPENDIX

The surface-to-bulk intensity ratio in the Si 2p core-
level spectrum of the Si(111)(V'3XV'3)R 30°-B can be cal-
culated, using a “layer-by-layer attenuation’ scheme. In
this model, we assume that the core-level intensity from
the outermost Si(111) double layer is directly proportion-
al to the number of Si atoms within the double layer, in-
cluding the adatoms. Furthermore, we assume that each
double layer attenuates the core-level intensity from the
double layer directly underneath by a factor exp(—d /A)
where d is the average spacing between the Si double lay-
ers (3.1 A) and A the inelastic mean free path which de-
pends on the kinetic energy of the photoelectrons. The
number of Si atoms in a double layer is 2N, N being equal
to the number of atoms in the (111) plane of Si. Based on
the structural model for the Si(111)(V'3XV/3)R 30°-B sur-
face (Fig. 1), we come to the following conclusions. The
number of Si adatoms is equal to the number of B atoms
and is exactly ({)N. In the outermost double layer, the
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number of Si atoms bonded directly to the subsurface B
atoms is N. In this double layer, there are also ()N
second-nearest-neighbor atoms (excluding the adatoms).
In the second double layer, 1N Si atoms are bonded
directly to the B atoms. Furthermore, there are exactly
N second-nearest-neighbor atoms in this double layer. If
we assume that the Si 2p surface core-level signal arises
from the Si adatoms and form the Si atoms directly bond-
ed to the B atoms, the surface-to-bulk intensity ratio R
will be given by

2+Llexp(—d /M)

2+2exp(—d/AM)+2 3 exp(—nd /L)

n=2

Likewise, if the second-nearest-neighbor atoms also con-
tribute to the surface core-level signal, we obtain
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2++exp(—d /M)

R= — (A2)
Zexp(—d/A)+2 3, exp(—nd/))
n=2
It is easy to derive that
hd _ exp(—2d/A)
—nd /A)=—"F——""""— ., A3
ngzexp( nd /\) —exp(—d/0) (A3)

Therefore, R can be calculated exactly, provided that the
inelastic mean free path A is known. In our experiment,
the kinetic energy of the photoelectron ~15 eV. In that
case, a typical value for A~4 A.%7 Using Eq. (A1), we
then obtain R =0.67 which is very close to the experi-
mental value. Alternatively, from Eq. (A2), we obtain
R =2.42. This strongly suggests that only the adatoms
and the Si atoms bonded directly to the subsurface B
atoms contribute to the Si 2p surface core-level signal.
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