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Surface states and Fermi-level pinning at epitaxial Pb/Si(111) surfaces
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The difference in Schottky-barrier height of epitaxial Si(111){+3X&3)R30'-Pb{P}and Si(111}(7X7)-
Pb interfaces, supports the view that the Schottky-barrier height at these interfaces is not determined by
bulk properties of the metal and the semiconductor, but that it depends on the local geometry and elec-
tronic structure at the interface. To elucidate the relation between the interface electronic structure and
the Schottky-barrier height, we performed an angle-resolved photoemission study on the Si(111)(7X7)-
Pb and the Si{111}{&3X&3}R30'-Pb{P}surfaces. The electronic structures of these two surfaces are
rather similar. Two different surface-state bands were resolved. One of them is fully occupied and is sit-
uated below the valence-band maximum (VBM). This state is interpreted as a Si dangling-bond state
that is hybridized with Pb 6p,p~ orbitals. The other state pins the Fermi level at approximately 0.1 eV
above the VBM. This state has no measurable dispersion and appears in regions of k space where a com-
mon gap is present in the projected band structure of Pb and Si. Therefore, this surface state may be-

come a true interface state at thick oyerlayers, pinning the Fermi level of the Si(111)(&3X&3)R30'-
Pb{P}Schottky diodes near the bottom of the energy gap.

I. INTRODUCTION

Recently we reported a remarkable di6'erence in the
Schottky-barrier height (SBH) of two different epitaxially
grown Pb/Si(111) contacts. ' Diodes, having a
Si(111)(7X7)-Pb interface, have an n-type SBH of 0.70
eV while diodes with the Si(111)(&3X&3)R30-Pb(P)in-
terface have a SBH of 0.93 eV. These SBH were mea-
sured with capacitance-voltage (C-V) and current-
voltage (I V) techniques. T-his difference cannot be ex-
plained on the basis of the bulk properties of Pb and Si,
and so it must be caused by difference in the local elec-
tronic structure at the interface. A similar atomic-
structure dependence of the SBH has been observed pre-
viously at epitaxial NiSi2/Si contacts.

The Fermi-level position at the 7X7 interface is close
to the charge neutrality level (CNL) of Tersoff's metal-
induced-gap-state (MIGS) theory. However, the barrier
height at the &3 X&3 interface is extremely high. This
requires a high density of interface states near the bottom
of the energy gap, at or below 0.93 eV below the
conduction-band edge. ' The Fermi-level position at this
interface is fully determined by the spectral distribution
of the interface states and is a1most independent of the
work function of the metal. This phenomenon is called
Fermi-level pinning. In order to understand the ob-
served SBH's, we have to identify these interface states.
This is not an easy task, because it is hardly possible to
probe the electronic states at a deeply buried interface.
However, at meta1 coverages of one or a few monolayers,
photoelectron spectroscopy can be used to probe the elec-
tronic structure in a direct way. Also the Fermi-level po-
sition at monolayer coverage can be deduced from photo-
emission experiments.

From core-level photoemission studies, Le Lay and co-

workers already derived n-type SBH's of approximately
0.9 and 1.0 eV for the Si(111)(7X 7)-Pb and
Si(111)(+3X &3)R30'-Pb(P) surfaces, respectively.
These measurements were performed on both n- and p-
type samples at monolayer coverage. The discrepancy
between the SBH's of the Si(111)(7X7)-Pb contacts at
monolayer coverage and at fully established (7 X 7) inter-
faces has been a matter of debate. However, the
Schottky barriers of the &3 X &3 diodes are rather close
to those at monolayer coverage.

In order to understand the relation between the inter-
face structures and the SBH, we studied the evolution of
the structural and electronic properties in the early stages
of interface formation for the Si(111)(7X 7)-Pb and
Si(111)(&3X&3)R30'-Pb(P) systems. In this paper we
will give a detailed account of our angle-resolved ultra-
violet photoelectron spectroscopy study (ARUPS). In a
separate paper, we report on the structural properties of
these interfaces. It will be shown that at a coverage of
one monolayer of Pb two new surface states have shown

up, and that the Fermi level is pinned near the valence-
band maximum (VBM). This means that the n-type
SBH's of these monolayer phases are extremely high. We
will discuss the relation between the SBH's inferred at
monolayer coverage and those at thick diodes.

The Ge(111)+3X+3)R30-Pb(P) surface has already
been studied with ARUPS by Tonner et al. The struc-
ture of this surface has already been determined with
grazing incidence x-ray diffraction, ' x-ray standing wave
experiments, " and low-energy electron diffraction
(LEED) I Vanalysis. ' This s-o-called P phase essentially
consists of a close-packed hexagonal Pb layer which is ro-
tated 30 with respect to the hexagonal Ge(111) lattice.
The saturation coverage is —', monolayers (ML) in sub-

strate units. This surface is closely related to the Si(111)
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(&3X V3)R 30'-Pb(P) surface. However, a small
difference is that the two-dimensional Pb layer is perfect-
ly commensurate with the Ge(111) lattice while it is
slightly compressed and incommensurate on Si(111).
This is due to the slightly smaller lattice parameter of Si.
We will show that the electronic structures of these
1/3 XV'3 phases on Si(111) and Ge(111) are rather simi-
lar. However, a remarkable difference is that the Ge(111)
(&3X&3)R30'-Pb(p) surface is semiconducting while
the related Pb/Si(111) surfaces are metallic. '

—[110]
K

II. EXPERIMENT

The photoemission experiments were performed in an
ADES 400 spectrometer equipped with a He discharge
lamp, an x-ray source for both Al I(.a (1486.6 eV} and Mg
Ka (1253.6 eV) radiation, a conventional LEED ap-
paratus, and an angle-resolving hemispherical electron
energy analyzer. The angle resolution of the analyzer is
2'. The energy resolution is approximately 0.1 eV. The
system is also equipped with a Pb evaporation source.
The evaporation rate was calibrated by determining the
kink in the intensity versus coverage plot for the Pb 4f7/2
XPS core-level signal. We used an evaporation rate of 1

ML per 150 sec. The pressure during the evaporation
was below 10 mbar.

We also performed ARUPS experiments using polar-
ized radiation produced by the synchrotron at the SERC
Daresbury Laboratory (United Kingdom). These spectra
were recorded with only a moderate angle resolution
(3.5'}. The energy resolution of the spectra is approxi-
mately 0.2 eV. This ADES 400 spectrometer is also
equipped with a retarding field Auger spectrometer,
which was used for calibrating the evaporation rate (I
ML per 180 sec).

Details about the sample treatment are found in Ref. 1.
We used n-type Si(111)wafers having a resistivity of 8.6
Qcm (ND=2X10' /cm ). The presence of the three
well-known surface states in the UPS spectrum was con-
sidered as a quality check for the clean Si(111)(7X 7) sur-
face.

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

1). In the next two sections, we will discuss the coverage
dependence and angle dependence of the photoemission
spectra.

A. Coverage-dependent UPS

In Figs. 2 and 3 we show the evolution of the UPS
spectra with the deposition of Pb, using unpolarized He I
(21.2-eV) radiation, at fixed emission angles of 22.5' and
0', respectively.

The lowest spectrum in Figs. 2 and 3 belongs to the
clean Si(111)(7X7)surface. The well-known S&, S2, and

V)

C

C)
U

U)
C
O
C

III. ANGLE-RESOLVED ULTRAVIOLET
PHOTOELECTRON SPECTRA (UPS)

Angle-resolved UPS spectra of the clean reconstructed
Si(111)(7X7) surface, the Si(111)(7X7)-Pb surface, and
the Si(111)(&3X &3)R 30'-Pb(P) surface were recorded.
The initial energies and parallel wave vectors were calcu-
lated from the following relations':
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The initial energy E,- is defined with respect to the Fer-
mi level. The angle 8 is defined as the detector angle with
respect to the surface normal. The sample work function
N, was determined by measuring the secondary cutoff in
the UPS spectrum at a different sample bias. The parallel
wave vector k~~ was along the [110]and [211]azimuths
of the Si lattice which corresponds to the I K and I M
directions in the 1 X 1 surface Brillouin zone (SBZ) (Fig.

4 2
Energy below E (eVj

FIG. 2. Angle-resolved UPS spectra (incident angle o.'; =45,
0=22.5') of the Si{111)(7X7)surface with di6'erent overlayers
of Pb, deposited at room temperature. The coverages are indi-
cated by the numbers at the right side of each spectrum. The
lowest spectrum corresponds to the clean Si{111)(7X7) surface.
The surface states S&, S2, and S3 are indicated. The uppermost
spectrum corresponds to the Si(111)(7X7)-Pb surface. The
shoulders, indicated by arrows, are the Pb-induced surface
states. The spectra are recorded along the I EC direction, using
unpolarized He I radiation (21.2 eV).
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FIG. 3. Angle-resolved UPS spectra (a& =17.5 8=0 ) of the
Si(111)(7X7)surface with different overlayers of Pb, deposited
at room temperature. The coverages are indicated by the num-

bers at the right side of each spectrum. The lowest spectrum
corresponds to the clean Si(111)(7X7) surface. The surface
states S& and S~ are indicated. The sharp peak is attributed to a
direct transition from the uppermost valence band of Si to a
free-electron-like final state (Ref. 20). The solid line follows the
shift of this bulk-state emission toward EF as the coverage in-
creases. This shift is due to band bending. The spectra are
recorded with unpolarized He I radiation (21.2 eV).

First, a random occupancy disorder is present. Second,
the surface exhibits a 7 X 7 periodicity and the photoelec-
trons will suffer strong Umklapp scattering at this sur-
face. And finally, the features from the UPS spectra will
be composed of unresolved sets of surface-state bands, be-
cause there are a lot of symmetry inequivalent Pb sites in
a 7X7 unit cell.

At normal emission, the S& and S2 surface states are
visible together with a prominent bulk feature at 1.8 eV
below EF (Fig. 3). This features does not correspond to
the S3 surface state as pointed out by Hansson and
Uhrberg. " The latter state only becomes visible at emis-
sion angles larger than 15' (Hei). From this figure, it is
evident that on depositing Pb, this bulk feature shifts to-
ward the Fermi level. This rigid shift is linear with the
coverage and stops abruptly at a coverage of 0.8 ML.
The magnitude of this shift is very close to the rigid shift
in the high-resolution Si 2p core-level spectra of Hrico-
vini and Le Lay. ' ' Therefore it is very likely that this
shift is solely due to band bending and that possible hy-
bridization effects are negligible. From the rigid shift of
the valence bands in the UPS spectra, we calculate the
SBH. The evolution of the n-type SBH is displayed in
Fig. 4, together with the photoemission intensity of the
Pb 4f7&2 core level. The kink in the latter data marks the
point where the first monolayer is completed. The final
shift in the UPS spectra is 0.45+0.05 eV. Because the
Fermi level of the clean 7 X 7 surface is pinned 0.63+0.05
eV above the valence-band edge, ' the final position of
the Fermi level will be 0. 18+0.10 eV above the valence-
band edge, leading to an n-type SBH of 0.94+0. 10 eV.

After annealing the Si(111)(7X7)-Pb phase at 300'C,
we obtain the Si(111)&3XV3)R30'-Pb(P) phase and the
valence bands undergo an additional shift of 0. 10+0.05
eV toward the Fermi level. A similar shift has been re-

S3 surface states of the Si(111)(7X 7) surface are indicat-
ed. The deep-lying S3 surface state is the so-called back-
bond surface state and is composed of Si dangling bond
states. These states are hybridized with the p and p or-
bitals of the adatoms which are present at the 7 X 7 recon-
structed surface. The S2 and S, surface states are local-
ized at the restatoms and adatoms, respectively. For a
more detailed discussion of the ARUPS spectra of the
Si(111)(7X7) surface, we refer to Hansson and
Uhrberg. '

At an emission angle of 22. 5' all Si(111) surface states
are visible. From Fig. 2 it is clear that the S& and S2 sur-
face states rapidly disappear long before the first mono-
layer is completed (approximately 1.3 Pb atom per Si sur-
face atom). The S3 state seems to survive a bit longer.
At a coverage of 1 ML, two new Pb-induced surface
states have shown up. One of them is close to the Fermi
level while the other appears as a broad shoulder and is
situated approximately 0.9 eV below the Fermi level.
These states are situated in the gap of the projected band
structure of Si and are therefore real surface states, as
will be discussed in Sec. V. These states do not emerge in
the spectra as sharp peaks as might be expected for
surface-state emission. Several mechanisms may be re-
sponsible for the broadening of the surface-state features.
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FIG. 4. The Schottky-barrier height, calculated from the
shift in binding energy using the data shown in Fig. 3, increases
linearly with the coverage. A comparison with the intensity of
the 4f7~2 XPS line shows that band bending stops abruptly be-

fore a monolayer is completed. Inset: work function change
determined from the width of the UPS spectrum at normal
emission.
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ported by Hricovini and Le Lay, using high-resolution Si
2p core-level spectroscopy. ' ' Therefore the SBH of the
Si(111)(&3X&3)R30-Pb(P) phase at monolayer cover-
age is 1.04+0. 10 eV. Because the band gap of Si is 1.12
eV, this means that the pinning at this incommensurate
phase occurs very close to the valence-band edge.

So far, we neglected the surface photovoltage effect. '

During the photoemission experiment, the excitation of
charge carriers across the band gap leads to the genera-
tion of a surface photovoltage. This photovoltage tends
to suppress the band bending so it is expected that the
high Schottky barriers as determined with photoemission
may even be too low. Especially for such high barriers
(=1 eV) on lightly doped samples (ND =2X10' /cm ),
the possibility of a photovoltage-induced shift of the pho-
toelectron spectra must be explored. Bauer et al. used a
simple model, based on the recombination of charge car-
riers by thermionic emission and tunneling, to calculate
the surface photovoltage effect as a function of dopant
concentration and temperature for p-type GaAs(110). '

This model can also be applied to calculate the photovol-
tage effect for our lightly doped Si(111) samples at room
temperature. Neglecting tunnel currents, we verified that
the photovoltage-induced shift of our UPS spectra should
indeed be negligible. Moreover, we also have experimen-
tal evidence that the photovoltage effect can be neglected.
First of all, we do not observe a shift of the Fermi-level
emission relative to that of the external reference level
(sample holder}. Second, we do not observe a shift of the
Fermi edge as we deposit thick metallic overlayers. Fi-
nally, the Fermi-level positions at monolayer coverage
are reported to be identical for n- and p-type samples.
Because the photovoltage effect would induce an opposite
shift for n- and p-type samples, we conclude that the
photovoltage-induced shift in our spectra is negligible.

The linear increase of the SBH usually suggests that
the submonolayer regime is a two-phase system. One is
the clean 7 X 7 surface with a pinning level 0.63 eV above
the valence-band maximum and the other is the
Si(111)(7X7)-Pb structure with its pinning level 0.18 eV
above the valence-band maximum. However the pres-
ence of such a two-phase system should be apparent from
a broadening or a splitting of the core-level spectra as is
nicely illustrated for the Si(111)(&3X &3)R30'-Ag sur-
face. ' Our core-level spectra only show a rigid shift and
broadening is not observed. This is in agreement with
the core-level spectra of Hricovini and Le Lay. ' ' There-
fore we must reject this explanation. Because little is
known about the evolution of the Si(111)(7X7)-Pb struc-
ture in the submonolayer range, other explanations will
remain highly speculative.

The strong emission at the Fermi level at coverages far
beyond 1 ML is due to emission from three-dimensional
metallic Pb islands. This Fermi edge was also used as an
additional check for the calibration of the spectrometer
work function.

%'e also measured the sample work function change
during deposition. This change is shown in the inset of
Fig. 4. Its decrease with coverage cannot be explained by
the extra negative charging of the surface, which is due to
the Ferxni-level pinning near the bottom of the energy

gap. For this moderately doped sample showing a final
band bending shift of 1 eV, the estimated surface charge
density balancing the positive charge in the depletion re-
gion is only about 1.5 X 10 e per surface atom. There-
fore it is more likely that the work function decrease is
due to an additional surface dipole created by the co-
valent bonding of the Pb atoms to the substrate atoms. A
similar decrease was also observed for Al, Ga, and In on
Si(111)by Margaritondo, Rowe, and Christman. ' From
the initial slope of the work function versus coverage
plot, they estimated the dipole charges per surface
atom. Applying the same method for Pb on Si(111}yields
a lower limit for the dipole charge of 0.05e per surface
atom. Note that the lowering of the total surface dipole
rejects the electronegativity differences between sub-
strate atoms and adsorbate atoms.
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FIG. 5. ARUPS spectra of the Si(111)(7X7)-Pb surface
along I K. The light source is polarized synchrotron radiation
with photon energies of 21.2 eV {left) and 40.8 eV {right). The
satellite above the Fermi level at 21.2 eV is due to Pb 5d photo-
electrons, excited by second-order radiation. Surface states are
indicated by arrows {left). The incident angle is 45 and the po-
larization vector is in the emission plane. The numbers indicate
the emission angle 0 of the photoelectrons.

B. Angle-resolved UPS

In Fig. 5 we show the angle-dependent UPS spectra of
the Si(111}(7X7)-Pbsurface along the I'E direction of
the 1X1 SBZ. These spectra were taken using polarized
light with photon energies of 21.2 and 40.8 eV, respec-
tively. The spectra measured at a photon energy of 21.2
eV show a pronounced peak above the Fermi level. This
emission is an artifact, because it originates from the Pb
Sd core levels which are ionized by second-order radia-
tion coming from the monochromator. The bulk emis-
sions of the Si substrate have already been extensively
studied. Apart from the band bending shifts, there are
only minor changes in the valence bands. Therefore we
will focus on the surface-state features. In Figs. 6 and 7
the angle-dependent spectra of the Si(111)(&3
X &3}R30'-Pb(P) surface are shown. These spectra were
taken with polarized radiation of 21.2, 31, and 40.8 eV,
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FIG. 6. ARUPS spectra of the Si(111)(&3X&3)R30'-Pb(p)
surface along I E. Polarized synchrotron radiation of 21.2 eV is
used. The satellite above EF is due to second-order radiation.
The pinning state is indicated by the arrow. The excitation con-
ditions are similar to those of Fig.5. The numbers at the right
are the emission angles of the photoelectrons.

respectively. We also recorded ARUPS spectra along the
I M direction using unpolarized HeI radiation. These
spectra are not shown but the data of all spectra are sum-
marized in Figs. 8 —10 as dispersion plots. For both types
of surfaces, two surface-state bands can be distinguished.
These bands are situated in the gap of the projected
bands structure as will be discussed in Sec. V. The sur-
face state near the Fermi level is poorly resolved, so it is
difficult to determine its dispersion. However, it is quite
clear that this state is present at E~ in most regions of k
space. Because this surface state can easily be detected
with UPS, its areal density must be sufficiently high to
pin the Fermi level at the surface. For the
Si(111)(7X 7)-Pb surface, the second surface-state band is
located at 0.9 eV below EF. A similar surface-state band
appears as a very strong and sharply peaked surface state
in the ARUPS spectra of the incommensurate phase. It
is located at approximately 0.8 eV below EF and has a
bandwidth of about 0.4 eV. Because the surface-state
dispersions of both structures are rather similar, we will
focus our attention on the electronic structure of the
&3X &3 phase.

The spectra of the Si(111)(&3X&3)R30'-Pb(P) sur-
face are remarkably similar to those of the
Ge(111)(&3X &3)R 30'-Pb(P) surface, which were re-
ported by Tonner et al. However, an important
diff'erence is that the Si(111)(&3X&3)R30'-Pb(P) sur-
face shows emission at the Fermi level while
the Ge(111)(&3X V'3)R 30'-Pb(P) surface is semicon-
ducting. The lowest-lying surface-state band at the
Si(111)(&3 X &3)R 30'-Pb(P) and Ge(111)(&3X
V'3)R30'-Pb(P) surfaces becomes apparent for ~k ~
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FICi. 7. ARUPS spectra of the Si(111)(&3X &3)R30'-Pb(p)
surface along I E. Polarized synchrotron radiation of 31 eV
{left) and 40.8 eV (right) is used. Pinning states are indicated by
arrows. The excitation conditions are similar to those of Fig. 5.
The numbers indicate the emission angle 0 of the photoelec-
tron s.

FIG. 8. Experimental dispersion of the
Si(111)(&3X&3)R30'-Pb(P) surface. The dispersion is calcu-
lated by the use of Eqs. (1) and (2). Filled symbols are data from
polarized radiation of 2.12 eV (angle resolution 3.5 ). Open
squares are data obtained with unpolarized He I radiation (21.2
eV). Solid lines are a guide to the eye.
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A and disperses downwards for increasing kI[ reaching its
minimum near the edges of the 1X1 surface Brillouin
zone.

Valuable information about the character of the
surface-state wave functions can be obtained by recording
the UPS spectra under various excitation conditions. For
convenience, we define the surface plane as the x,y plane.
The z axis is chosen along the surface normal. The
dependence of the emission intensity on the angle of light
incidence reveals to what extent the initial-state wave
function has z character. Also, the initial-state symmetry
can be determined by a proper choice of the direction of
the polarization vector A. In Fig. 11 we show the in-
cident angle dependence of the surface-state emission at
0.8 eV below EF. The polarization vector of the radia-

FIG. 11. Incident-angle dependence of the surface-state emis-
sion at the Si{111)(&3X+3)R30'-Pb(P)surface. The spectra
are obtained along I K (8=30 ) using polarized synchrotron ra-
diation (21.2 eV). The polarization vector lies in the plane con-
taining the surface normal and the [110]azimuth. The spectra
are scaled on the second-order radiation satellite above EF.

tion is parallel to the plane containing the surface normal
and the [110] azimuth (i.e., the emission plane). The
emission intensity is strongly reduced at normal in-
cidence. Therefore, this state has considerable z charac-
ter and must have even symmetry with respect to the
emission plane. %'e conclude that this surface state must
be mainly composed ofp, or dangling-bond-type orbitals.
Tonner et al. observed a similar behavior for the related
surface-state emission at the Ge(111)(&3X &3)R30'-
Pb(P) surface. In addition, they measured this surface-
state emission with the polarization vector perpendicular
to the emission plane. They showed that in this even-
state forbidden geometry, still some emission is left. This
must be due to some admixture ofp and p„orbitals. Be-
cause of the similarity between the surface-state emission
of both surfaces, it is therefore likely that for both sys-
tems, the lowest-lying surface state has strong z character
(or dangling-bond character) while some x,y character is
mixed in.

The situation for the pinning state is less clear. No
significant polarization or angular dependence could be
observed. Because this state cannot be properly resolved,
definite conclusions about its orbital symmetry cannot be
drawn. This state bears a strong resemblance with the
pinning state at the clean 7X7 reconstructed surface. A
similar state was also observed by Tonner et al. for the
Ge(ill)(&3XV3)R30-Pb(P) surface, although in that
case it is situated 0.4S eV below the valence-band max-
imum.
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IV. ORIGIN OF THE SURFACE STATES
AT THE Si( 111}(v'3 X +3}R30 -Pb(p} SURFACE

Because Pb, Si, and Ge all belong to the group-IV ele-
rnents, the heteropolar covalent binding between the Pb
adatoms and the Si or Ge substrate is expected to be sirni-
lar to the homopolar covalent binding of the Si or Ge
adatoms at the clean reconstructed Si or Ge surfaces.
For that reason, it is very useful to compare the Pb-
induced surface states with the surface states at the clean
reconstructed surfaces. This was done by Tonner et al.
for the surface states at the Ge(111)(&3X v'3)R 30'-
Pb(P) surface and the adatom induced states of the clean
Ge(111)c(2X8) surface. At the Ge(111)(&3
X&3)R30'-Pb(P) surface, two surface states exist at 1.2
and 0.45 eV below the valence-band maximum. Accord-
ing to Tonner et al. these states are related to the S3 and

S2 surface states of the clean reconstructed
Ge(111)c(2X 8) surface. The latter states are located at
1.35 and 0.65 eV below the VBM, respectively, and are
interpreted as adatorn and restatorn states, respectively.
It is believed that these states are similar to the adatom
and restatom states at the Si(111)(7X7) surface. The
adatom state at the Si(111)(7X7) surface is at present
well understood. It is composed of p„andp orbitals of
the adatom which are hybridized with Si dangling-bond
states having wave vectors in the outer regions of the
1 X 1 SBZ or in the second v'3 X V3 SBZ.26 In much the
same way, we will now compare the surface states at the
Si(111)(&3X &3)R 30'-Pb(P) surface with the surface
states at the clean Si(111)(7X7)surface. We will discuss
its energy position and dispersion.

In order to compare the surface-state energies of the
Pb/Si(111) and Pb/Ge(ill) surfaces with those of the
clean reconstructed surfaces, the energies must be re-
ferred with respect to the VBM because different surfaces
may have different pinning positions in the gap and a
comparison of energies with respect to the Fermi level
does not make sense. Because the pinning level of the
Si(111)(&3X3)R30'-Pb(P)surface lies approximately 0.1

eV above the VBM, the energy of its lowest surface state
is situated approximately 0.7 eV below the VBM. This
should be compared to the energies of the surface state
associated with the Pb adatoms on Ge(111) or Ge ada-
toms on Ge(111)c(2X8). These adatom states lie 1.2 and
1.4 eV below the VBM, respectively. So if the Ge ada-
toms on Ge(111) are replaced by Pb adatoms, the adatom
surfaces states shift toward the VBM. This is consistent
with the electronegativity difference between Pb and
Ge. At the Si(111)(+3X+3)R 30 -Pb(P) surface, the
even larger electronegativity difference between Pb and Si
also causes a larger upward shift of the Pb-induced sur-
face state to 0.7 eV below the VBM of Si. The upward
shift of these S3 related surface states for the heavier ada-
toms is also apparent from a comparison with the
ARUPS spectra of the Si(111)(&3X &3)R 30'-Al,
Si(111)(v 3 X &3)R 30'-Ga, Si(111)(Y3X &3)R30'-In,
and Si(111)(&3X &3)R30'-Sn surfaces. ' Also, the po-
sition of the S3 related surface state at the Si(111)(7X7)-
Ge and Si(111)(SXS)-Gesurfaces is consistent with this
view. Therefore, the energy of the lowest-1ying surface

state at the Si(111)(&3X v'3)R30 -Pb(P) surface is fully
compatible with the assignment of a Si dangling-bond
state which is hybridized with Pb 6p, p~ orbitals.

Also the dispersion of this surface state seems to be in
good agreement with this assignment. As shown in Figs.
9 and 10, this surface state appears in the outer parts of
the 1X1 SBZ for both the Si(111)(7X7)-Pb and the
Si(111)(&3X &3)R 30'-Pb(P) surfaces. It disperses
downward from 0.6 eV below EF to approximately 1 eV
below Ez at the zone boundary for both the I E and I M
directions. This behavior is qualitatively similar to the
surface-state dispersion at the Si(111)(&3X &3)R30'-In
surface. However, in our case a splitting of the surface-
state bands at the M point is not observed. Also, it is not
possible to estimate whether this surface has the syrnme-
try of a /3Xv'3 SBZ, because it cannot be observed in
the first &3X v'3 SBZ. Nevertheless, based on the exper-
imentally estimated dangling-bond character of this sur-
face state and on its dispersion and energy, we attribute
this surface state to a Si dangling-bond state, hybridized
with Pb 6p„,p orbitals.

The amount of Pb character of this surface state is not
known. If this state is strongly localized on the Pb
atoms, a much larger dispersion would be expected, be-
cause the Pb 6p„p~ orbitals must have a considerable
overlap with the orbitals at neighboring Pb sites. The
small dispersion (0.4 eV) indicates that there is only a
limited degree of orbital overlap although the Pb layer is
compressed having a mean in-plane interatomic distance
of 3.4 A. The temperature dependence of the surface
state emission was investigated by Tonner et al. ' for Pb
on Ge(111) and by Le Lay and co-workers for Pb on
Si(111). The surface-state emission of Pb on Ge(111)
shows a strong temperature dependence with a Debye
temperature much lower than that of Ge but similar to
that of Pb. This suggests that there must be a consider-
able contribution of Pb to the surface-state wave func-
tion. This behavior is not observed for Pb on Si(111)
which led Le Lay and co-workers to the conclusion that
the high-temperature 1X1 phase is not a liquid phase.
However in our opinion, arguments based on this ternper-
ature dependence of the surface-state emission are not
sufficient to make this assignment.

%e will now turn to the discussion of the nature of the
other surface state, i.e., the pinning state. This state is
rather dispersionless and bears a strong resemblance to
either the Sz or S, surface states of the clean 7 X 7 struc-
ture which are dangling-bond-like. In order to under-
stand the presence of the pinning state, we consider the
bilayer model of Huang et al. ' for the related
Ge(111)(+3X&3)-Pb(P) surface. This structural model
shows that there are four Pb atoms per &3X &3 unit
cell. One of the Pb atoms is chernisorbed at the II3 site
while three Pb atoms are placed on off-centered T, sites.
The presence of two different types of Pb atoms per
&3X&3 unit cell made Huang et a/. reach the con-
clusion that two different sets of surface states might be
present. In the case that there is only one Pb atom per
&3X &3 unit cell occupying the H3 site, we expect three
states close to the valence-band edge with mainly
dang1ing-bond character and three states close to the



45 SURFACE STATES AND FERMI-LEVEL PINNING AT. . . 9133

conduction-band edge with mainly adatom character.
Two of the lowest-lying surface states are fully occupied
and are lowered in energy by mixing with the p„andp
states of the adatom. The other low-lying dangling-bond
state mixes with the adatom p, state and is half filled.
The presence of the off-centered T, atoms gives rise to
another degenerate set of low- and high-lying surface
states. The off-centered Pb atoms are less stabilized than
the H3 chemisorbed Pb atoms, so the surface states relat-
ed to these off-centered atoms are closer to the Fermi lev-
el. Whereas this state is completely filled for the Pb/Ge
system, it is partially filled for the Pb/Si system. In fact
this might cause the strong pinning at the Pb/Si interface
because the areal density of these states is about 10'
states/cm . There are no Fermi-level states at the
Ge(111)(&3X &3)R30'-Pb(P) surface and to our
knowledge, no band bending measurements of this sur-
face have been reported.

The semiconducting nature of the
Ge(111)(/3 X v'3)R 30'-Pb(P) surface implies that there
must be an even number of valence electrons per
&3 X V 3 unit cell in contrast to the
Si(111)(&3X V3)R 30'-Pb(P) surface which is metallic.
However, counting of the number of valence electrons
present in the &3X&3 cell always yields odd numbers
(three Si or Ge dangling bonds plus four times the num-
ber of Pb adatoms). Even if the 6s states are fully occu-
pied and situated far below the Fermi level, the total
number of valence electrons will remain odd. Therefore,
from a single-particle picture, one always expects a me-
tallic surface, and so the semiconducting nature of the
Pb/Ge(111) system is quite remarkable.

We note that the clean Ge(111)c(2X8) surface is semi-
conducting and remains semiconducting after deposition
of Pb. The Si(111)(7X7)is metallic and remains metallic
after deposition of Pb. The different electronic structures
of the clean reconstructed surfaces are usually explained
by differences between the 7X7 and the c(2X8) recon-
structions. However, for the &3X+3 surfaces, there are
no differences between the two surface structures (and the
number of valence electrons) so that an explanation based
on differences in overlayer structures cannot hold. [The
only difference between the two overlayers is the incom-
mensurability of the Pb/Si(111) system, which probably
has little infiuence on the local electronic structure].

From the data of Tonner et al. it can be de-
duced that the uppermost surface state at the
Ge(111)(~3Xv'3)R30'-Pb(P) surface is situated below
the VBM throughout the whole Brillouin zone, whereas
the corresponding state for the Pb/Si(111) system is situ-
ated 0.1 eV above the VBM. Therefore the surface states
of the Pb/Ge(111) system must always be completely
filled. If we really have an odd number of valence elec-
trons per &3X &3 unit cell, the large amount of charge
needed for the complete filling of the surface-state bands
of Pb on Ge(111) cannot be provided by donors
alone, and the negatively charged surface must be
compensated by valence-band holes. This might also
explain the shift of the valence-band features of the
Ge(111)(&3XV3)R30-Pb(P) surface, found by Tonner
et al. They observed an upward shift of about 0.3 eV

while the Fermi level of the Ge(111)c(2X8) surface is
pinned only 0.1 eV above the VBM. ' Therefore, if this
shift is due to band bending, the Fermi level is situated
below the VBM. Of course, this means that this surface
must be metallic. However, the Fermi level must be close
to the VBM, so it might be difficult to observe a Fermi
edge with photoemission. A detailed core-level study on
the Pb/Ge(111) system might shed some light on this hy-
pothesis.

V. SURFACE STATES AND SCHOTTKY-BARRIER
HEIGHT

We now come to a discussion of the main issue of this
paper: the relationship between the electronic structure
of the Pb/Si(111) surfaces and the SBH's of thick diodes,
based on the same epitaxial interfaces. Generally, the
agreement between SBH's inferred from C-V and I-V
measurements and from photoelectron spectroscopy is
poor. ' Indeed, the SBH's of diodes having a
Si(111)(7X7) interface differ significantly from the bar-
rier heights established at monolayer coverage (0.70 and
0.94 eV, respectively. ) On the other hand, the barrier
heights for the v 3 X &3 surfaces and the diodes having a
v 3 X~3 interface are much closer (0.93 and 1.04 eV, re-
spectively; Fig. 12), suggesting that in that case essential-
ly the same electronic state might be responsible for the
pinning of the Fermi level. We argued that the surface
state at EF pins the Fermi level at a coverage of one
monolayer. This pinning state probably transforms into a
real interface state at a fully established interface. Such a
state has to be localized at the interface and should there-
fore be situated in both the Si band gap and in a gap in
the Pb band structure. A super-position of the projected
band structures of Si and Pb (Fig. 13) shows that there is
indeed a common gap near the Fermi level. It is situated
around the M point of the 1X1 SBZ. The measured
dispersion for the Pb-induced surface states is also drawn
into the same figure. The pinning level is evidently
present in this forbidden region. If this surface state sur-
vives after a thick layer has been deposited it will become
a real interface state.

This argument applies to both types of interfaces.
However, at the 7X7 interface, the pinning level returns

Conduction Band

Si (111)(7x7)

DIODE

7x7
Pb

Ax/3

/ / / / / / / / / / / / / / / / /
Va(ence Band

FIG. 12. Overview of measured Schottky-barrier heights.
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0O EF

On the other hand, the islands are in parallel orientation
with the intermediate 7X7-Pb layer, making mixing of
surface states with bulk states of Pb more likely.

Finally, it should be pointed out that defect levels
might be involved. However, the high number density of
defect levels needed for pinnning is hardly compatible
with the (well-characterized) ordered overlayer structures
used in this study. The same conclusion was drawn in a
recent study of the epitaxial NiSi2/Si system by
Vrijmoeth et al.

MPb

Ks-

KPb

ls

IPb

s
MPb

to approximately the midgap position after depositing a
thick Pb film. Its pinning might be due to metal-induced

gap states, because the pinning position is close to the
charge neutrality level.

The different behavior of the 7 X 7 and +3X &3 inter-
face cannot be explained by bulk properties, but must be
related to the different interface structures. To what ex-
tent the original surface structures will remain intact is
not certain for the &3 X+3 interface, but preliminary re-
sults with grazing-incidence x-ray diffraction show that
the 7 X 7 symmetry of the Pb/Si(111) interface is
preserved. From this we may at least draw the con-
clusion that the interfaces below thick layers of Pb must
be different because it is very unlikely that the &3X &3
structure would return to a 7X7 structure. Additional
evidence for this conclusion may be deduced from the
fact that in both cases slightly rotated metastable
domains are observed, but with distinctly different rota-
tion angles. ' In any case, it is likely that the orienta-
tion of the Pb over1ayers will play an important role in
determining the 6na1 position of the Fermi leve1. Be-
cause of the lack of registry for the Pb islands on top of
the incommensurate &3X &3 surface, a dangling-bond-
like interface state might persist even at higher coverages.

FIG. 13. Diagram showing the relation between the experi-
mental surface-state dispersion of the Si(111)(7X7)-Pb surface
{Fig. 10) and the bulk band structure of Si (hatched) and Pb
(grey) along the I M and I EC directions. Note that the Brillouin
zone of Pb is slightly larger. The projected band structure of Pb
is calculated with the localized spherical wave method (Ref. 38).
Spin-orbit coupling is not included. The projected band struc-
ture of Si is taken from Ref. 39. The Pb-induced surface states
are mainly present in the gap region of Si. The upper surface
state is even crossing a region where Pb and Si have a common

gap (close to the M points), suggesting that the Pb-induced sur-
face state may survive below a thick layer of Pb as a real inter-
face state.

VI. SUMMARY AND CONCLUSION

From the rigid shift of our UPS spectra, we determined
the SBH's for two different epitaxial Pb layers on Si(111).
The n-type SBH's of the Si(111)(7X 7)-Pb and
the Si(111)(v'3 X P3 )R 30'-Pb(P) surfaces are 0.94+0. 10
and 1.04+0. 10 eV, respectively. Consequently, the
Fermi-level position is very close to the valence-band
edge. Two surface states were observed for both types of
surfaces. One of them is situated approximately 0.9 eV
below EF while the other surface state crosses the Fermi
level. The former state was interpreted as a Si dangling-
bond state, which is hybridized with Pb 6p,p states.
The latter state pins the Fermi level near the bottom of
the energy gap, leading to the high Schottky barrier of
diodes with the Si(111)(v 3X&3)R30'-Pb(p) interface.
A similar state was reported for the
Ge(111)(&3X V 3)R30'-Pb(p) surface but there it is situ-
ated entirely below the VBM so that this state is com-
pletely filled. For the Pb/Si(111) system, we argue that
this state may become a genuine interface state at a fully
established interface.

Many questions remain. The evolution of the surface
states beyond a few-monolayers is not clear, in particular
for the Si(111)(7X7)-Pb interface. Also the assignments
proposed in this paper need con6rmation. Inverse-
photoemission spectroscopy and scanning tunneling
miscroscopy may provide important complementary data
about the nature and location of the pinning state. In ad-
dition, a slab-type calculation of a (commensurate)
Si(111)(+3X &3)R 30'-Pb(P) interface seems feasible.
This might prove the existence of true interface states.
For such calculations, a precise knowledge of the struc-
ture of the deeply buried interface is required. Grazing
incidence x-ray diffraction is a suitable tool for this pur-
pose.
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