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Photoemission spectroscopy with synchrotron radiation, Auger electron spectroscopy, and high-
energy electron diffraction have been used to study the Pb-induced reconstructions of the Pb/Ge(111)
system. The Ge 3d and Pb 5d core levels and valence bands are analyzed as a function of Pb coverage
and annealing temperature. We have observed three (V3XV3)R30° reconstructions with ideal Pb cov-
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erages of ¢, 3, and % monolayer (in substrate units), the latter being the completion coverage for the first
two-dimensional adlayer following the Stranski-Krastanov growth mode. The band bending for this sys-
tem will be discussed in the monolayer regime. Surface core levels and surface states were observed
which suggest a simple T, adatom geometry for the lower coverage (V' 3XV'3)R 30° reconstructions.

I. INTRODUCTION

Lead deposits on Si and Ge surfaces have received a
large amount of attention recently. Pb monolayers on
these substrates have been considered ‘“‘prototypical” sys-
tems with regard to metal-semiconductor interface forma-
tion.! This is due to the mutual insolubility and nonreac-
tivity of Pb with these substrates, which results in an
atomically abrupt interface. These properties eliminate
complications in reactive systems where intermixing
yields a system which is difficult at best to characterize
on an atomic level. This lack of intermixing and reaction
coupled with the fact that the Pb melting point is much
less than that of Si or Ge also allows the study of two-
dimensional (2D) melting of the Pb overlayer.

A fairly large body of work has been published for the
Pb/Ge(111) system, yet the phase diagram for this system
remains the subject of some debate. Early studies by
Métois and Le Lay,>3 using low-energy electron
diffraction (LEED), Auger electron spectroscopy, and
scanning electron microscopy, and by Ichikawa using
reflection high-energy electron diffraction (HEED),*’
found that Pb grows on Ge(111) in the Stranski-Kastanov
(SK or 2D adlayer plus 3D islands) mode. Métois and Le
Lay found two (V'3XV'3)R30° reconstructions, with
completion coverages of + and 1 monolayer (ML) (in sub-
strate units), labeled the a@ and B phases, respectively.
Ichikawa found completion coverages of 2 and 4 ML for
these phases. More recent surface x-ray diffraction
work,%”’ x-ray standing wave,® and a dynamical LEED I-
V analysis,9 have found a completion coverage of % ML
for the B phase. Structural models which have been pro-
posed by the various groups are summarized in Fig. 1.
The general consensus is that the a phase is composed of
1-ML Pb atoms occupying the so-called T, sites (see Fig.
1). The 1.3-ML B phase consists of a 1% compressed,
close-packed Pb(111) layer rotated 30° with respect to the
Ge substrate, with Pb{(112)||Ge{110). In this phase, -
ML Pb atoms are in H; sites and the remaining 1-ML Pb
atoms are in bridge sites (i.e., between T'; and T, sites).
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The 1-ML B phase structural models either consist of Pb
adatoms in T, sites with the Pb(111) adlayer in parallel
epitaxy’? 10 (see Fig. 1) or a modified honeycomb struc-
ture (not shown).!! 1In addition to these room-
temperature-stable reconstructions, the 3 phase is known
to undergo a reversible phase transition to a (1X1) struc-
ture at T'~200 °C; the nature of this phase transition has
been the subject of some debate.?>127 14

In the present work we present a detailed photoemis-
sion, Auger, and HEED study of the electronic and
atomic structure of the Pb/Ge(111) system. Although
some angle-resolved valence-band studies have been made
on this system,!®'>!% to our knowledge no Ge or Pb
core-level results have been reported. The Ge 3d and Pb
5d core levels and valence-band spectra will be analyzed
as a function of Pb coverage and annealing temperature.
Our measurements confirm the SK growth mode with the
2D adlayer completed at ~4 ML. The band bending for
this system will be discussed in the monolayer regime.
Based on our HEED studies we have found a
(V'3XV'3)R 30° reconstruction, in addition to the a and
B phases, with an ideal Pb coverage of - ML. This phase,
which is probably similar in structure to the “mosaic”
phase found in recent STM work for the Pb/Si(111) sys-
tem,!> will be labeled the y phase. The Ge 3d surface-
shifted core levels and surface states near the Fermi level
detected for the ¥ and a phases suggest a simple T, ada-
tom geometry. In contrast to our recent work on the
Pb/Si(111) system,'® we have found the ¥ and a recon-
structed surfaces to be strongly metallic: these surfaces
have a clearly detectable Fermi edge in the valence-band
spectrum.

II. EXPERIMENTAL DETAILS

The photoemission experiments were performed on the
1-GeV storage ring Aladdin at the Synchrotron Radia-
tion Center of the University of Wisconsin-—Madison. A
large hemispherical analyzer was employed to detect elec-
trons emitted from the sample in an angle-integrating
mode. All binding energies were measured relative to the
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FIG. 1. This figure displays in projection the various structural models proposed for the Pb/Ge(111) system. The a phase is a
(V'3XV'3)R 30° reconstruction which consists of % ML Pb atoms in T, sites. T, sites are threefold-symmetric sites located directly
above an atom in the second layer. The ¥ phase (not shown) is also a (V'3 X V'3)R 30° reconstruction but with an equal mix of Pb and
Ge adatoms in a T, registry. Structural models for the higher coverage B phase consist of a close-packed Pb layer in either parallel
epitaxy with the Pb adatoms in T, sites and a completion coverage of 1 ML (middle) or a 30° rotated close-packed Pb adlayer (right)
with a completion coverage of % ML. The latter reconstruction consists of Pb adatoms in H sites (threefold sites above fourth-layer
Ge atoms) and in bridge sites. The modified honeycomb model (not shown) for the 8 phase consists of %-ML Ge adatoms in H; sites
in 1-ML Pb atoms in bridge sites. The (1X 1) and (V'3 XV'3)R 30° unit cells are shown.

Fermi level, which was taken from a gold foil in electrical
contact with the sample. The overall experimental reso-
lution was between 100—170 meV, depending on the pho-
ton energy used. All spectra were acquired with the sam-
ple at or near room temperature (RT).

The Ge(111) sample used was oriented with the Laue
technique and polished to a mirror finish. The sample
was then etched in a CP-4 solution just prior to chamber
insertion. Cleaning of the Ge(111) surfaces was per-
formed by several cycles of 0.5-keV Ar-ion bombardment
while annealing at 500°C followed by 15-min anneals at
800°C. This procedure consistently yields very sharp
c(2X8) HEED patterns as well as strongly pronounced
surface-shifted core-level components and well-defined
surface-state features in the valence band. High-purity
(99.999%) Pb was evaporated from a tungsten crucible
heated with a feedback-controlled electron beam. The
deposition rate was measured using a quartz-crystal
thickness monitor; the uncertainty in absolute coverage
was less than =+10%.!7 The coverage units used
throughout this work are referred to the Ge(111) un-
reconstructed substrate: 1 ML=7.21X 10" atoms/cm?
=one-half of a Ge(111) double layer.

The core-level decomposition procedure used a non-
linear least-squares method utilizing Voigt line shapes
(convolution of a Gaussian and a Lorentzian) to represent
each spin-orbit-split component. Each spectrum was as-
sumed to consist of several such doublets, representing
the bulk and surface contributions, on top of a cubic po-
lynomial to approximate the secondary-electron back-
ground.

III. RESULTS AND DISCUSSION

Our HEED results can be summarized as follows. As
Pb is gradually added to the Ge(111)-c(2X 8) surface at

RT, the 1-, 1-, and l-order diffraction spots gradually
fade, leaving the characteristic }-order spots of a
(V3XV3)R30° reconstruction. However, the coverage
at which this c(2X8) to (V3XV'3)R30° transition is
completed was found to occur at + ML, not at + ML as
has been previously observed.? This result is not altogeth-
er surprising, as similar 1-ML “mosaic” reconstructions
have been recently found in the Pb/Si(111) system by
STM and isothermal desorption.'>'® We will label this
new submonolayer phase as the y phase. As more Pb is
deposited, the HEED pattern generally improves in qual-
ity (as accessed by the sharpness of the diffraction spots,
the level of background, and the sharpness of the Kiku-
chi lines) to +-ML Pb coverage. In the {—%-ML range,
the pattern at first becomes worse but then improves
again, so that by #-ML coverage, the general quality of
the diffraction pattern is superior as compared to the
low-coverage phases. Beyond about 1.5 ML, 3D
diffraction spots are observed along the shadow edge, in-
dicative of the formation of 3D Pb islands on the surface.

It is interesting to note that the long-range order noted
above based on HEED is opposite to that observed for
the Pb/Si(111) system.!® For the Pb/Si(111) system, the
submonolayer phases (denoted ¥y and fB) exhibit greater
long-range order than the Pb/Si(111)-a phase (the $-ML
completion phase for this system).!®* We will return to
this point later.

The general quality of the diffraction patterns was im-
proved by either depositing Pb on the Ge(111) substrate
at elevated temperatures (100-250°C) or by post RT-
deposition annealing to the same temperatures. The sur-
face core levels and surface states found for these recon-
structions (to be discussed below) were also improved
(sharpened) slightly by the annealing. Since all the basic
features of the phase diagram for this system are
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unaffected by deposition at these elevated temperatures
(which are much less than the Pb melting point of
340°C), we deposited Pb on Ge(111) substrates main-
tained at T =200°C, and all of the data presented in this
work were obtained using these deposition parameters.

We have studied in detail the modification of the Ge 3d
and Pb 5d core levels and Auger features as a function of
Pb coverage. In Fig. 2 we show the evolution of the I(Pb
MNN /I(Ge LMM) Auger intensity ratio (top curve), the
absolute Pb 5d photoemission intensity (middle curve),
and the I(Pb 5d)/I(Ge 3d) photoemission intensity ratio
(bottom curve), versus Pb coverage in ML. The general
shape of these curves is indicative of the SK growth
mode, with the break point showing the completion cov-
erage of the first adlayer (i.e., the transition point between
layer-by-layer and island growth). As can be readily ob-
served, each of the curves increases in a linear fashion
with a clearly defined break at ~% ML. This value for
the completion coverage agrees with the structural model
for the B phase shown in Fig. 1 with © =% ML, as first
proposed by Feidenhans’l et al.®

In the following paragraphs we will discuss the band
bending for the Pb/Ge(111) system in the monolayer re-
gime. In Fig. 3 is shown the Ge 3d core level obtained
for the clean Ge(111)-c(2X8) surface (lower spectrum)
and for the B phase with $-ML Pb deposited at 200°C
(upper spectrum). These spectra were obtained using a
photon energy of hv=40 eV, which increases the elec-
tron escape depth to 10—15 A and thus reduces the sur-
face sensitivity. These spectra thus contain a significant
contribution from Ge atoms in the bulk and are thus bulk
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FIG. 2. The Pb/Ge Auger intensity ratio (upper curve), the
absolute Pb 5d photoemission intensity (middle curve) and the
I(Pb 5d)/I(Ge 3d) photoemission intensity ratio (bottom curve),
are shown vs the number of ML of Pb deposited in substrate
units (1 ML=7.21X10" atoms/cm?. The Ge 3d intensities
were acquired using 40-eV photons (bulk sensitive). The verti-
cal dotted line indicates the completion coverage of the 2D ad-
layer, ~ % ML.
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FIG. 3. The Ge 3d core level obtained for the clean Ge(111)-
c(2X8) surface (bottom spectrum), and for the Pb/Ge(111)-8
phase (upper curve). Both of these spectra were acquired using
40-eV photons and are thus dominated by contribution from Ge
atoms in the bulk. The 0.225-eV shift to lower binding energy
shows the band bending induced by the deposition of % ML of

Pb to form the B phase.

sensitive. Ge core levels obtained using 90-eV photons
(discussed below) minimize the escape depth (2-5 A),
and are thus surface sensitive. As can be seen in Fig. 3,
the bulk Ge 3d5,, energy position moves from its value
for the clean surface to lower binding energy by 0.225 eV
upon formation of the 3 phase. By obtaining Ge 3d cores
for various Pb coverages, one may thus track the band
bending as a function of Pb coverage.

The binding energy position of the bulk Ge 3d5,, com-
ponent vs Pb coverage is given in Fig. 4. The Ge 3d;s,,
binding energy moves from its value for the clean surface
of 29.435 to 29.210 eV for the 8 phase. Note that the
band bending saturates at the same coverage as the
curves in Fig. 2. Given a knowledge of the Fermi level
pinning position for the clean Ge(111)-c(2X8) surface,
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FIG. 4. The Ge 3ds,, binding energy (with respect to the
Fermi level) is plotted versus the Pb coverage in ML.
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one may use these data to track the position of the Fermi
level (Ep) with respect to the valence-band maximum
(Evgm) versus the Pb coverage. However, in contrast to
the Si(111)-(7X7) surface, for which the pinning position
is well known (0.65 eV above Er),!° the pinning position
for the Ge(111)-c (2 X 8) surface is not firmly established.
In the angle-resolved photoemission study of Ref. 10, a
value of 0.1 eV is quoted, but this would lead to a final
Fermi-level position ~0.1 eV below the valence-band
maximum, which is unphysical. Based on reported
values for the binding energy of the bulk Ge 3d5,, com-
ponent with respect to Eygy, 29.36 (Ref. 20) or 29.10
(Ref. 21), we may utilize our measured value for the bind-
ing energy of the Ge 3d5,, component, 29.44+0.02, with
respect to Ep (determined from a gold foil in electrical
contact with the sample), to determine the position of the
Fermi level of the clean surface: 0.09 or 0.34 eV above
Evygm, respectively. The first value results again in an un-
physical final pinning position for the Fermi level,
whereas the second yields a value of 0.34—0.225=0.12
eV above the valence-band maximum. We have reason to
believe the value of 29.1 eV quoted in Ref. 21 is the more
reliable one since this study explicitly took into account
the surface state emission near the Fermi level. By using
the value of 0.12 eV for the final position of the Fermi
level, and by using the band gap of Ge, 0.67 eV, we deter-
mine an n-type barrier height of 0.55 eV for the  phase.
We now address the core-level and valence-band line
shapes. In Figs. 5-7 we show the Ge 3d core levels, the
valence-band spectra, and the Pb 5d cores obtained for

Pb/Ge(111)
Ge 3d Core

Photoemission Intensity (arb. units)

Relative Binding Energy (eV)

FIG. 5. Ge 3d core-level spectra acquired from clean
Ge(111)-¢(2X8) and the various Pb/Ge(111) surface phases.
The circles are the data points, and the lines through them are
the least-squares fits. The surface-shifted components (S1 and
S2 for the clean surface and P1 and P2 for the Pb covered sur-
faces) and bulk components (B) are shown as the curves under
each spectrum. The relative binding energy scale is referred to
the bulk component in each spectrum. See Table I for a list of
the fitting parameters.

the v, a, and f3 reconstructed surfaces, and for other Pb
coverages of interest. The Ge 3d core-level spectra
shown in Fig. 5 were acquired using 90-eV photons, and
are thus surface sensitive. The spectrum given at the bot-
tom of Fig. 5 shows the Ge 3d core derived from the
clean surface. Its decomposition into three spin-orbit-
split components (a bulk component B and two surface
components S1 and S2) has been documented in several
previous studies, and are shown in the curves underneath
the raw data.?? The fit is the solid line through the data
points. Table I summarizes some of the fitting parame-
ters used.

Based on the qualitative changes of the raw data (cir-
cles in Fig. 5), there are significant changes in the surface
environment for the Ge atoms. Between O and + ML,
there are drastic changes in the shape of the Ge 3d core-
level spectrum. This is not surprising, since the surface
reconstruction in this coverage range is changing from a
c(2X8) to a (V3XV3)R30° one. For the coverage
range + to - ML (transition from the y phase to the a
phase), the line-shape change is more subtle: increasing
intensity on the lower binding energy side of the spec-
trum. From { to # ML (from a to B), the line-shape
changes are again more pronounced.

Based on the appearance of the raw data acquired for
the a phase, there are at least two components which
comprise the spectrum. However, attempts to fit this
spectrum with only two doublet components led to
Gaussian widths much larger than the width which
would be expected based on the bulk sensitive spectra. A
three-component fit yielded very nice results, as shown in
Fig. 5. These three components are labeled B, P1,, and
P2, Based on a comparison of this spectrum with one
acquired using 40-eV photons (bulk sensitive, not shown),
we deduce that P1, and P2, derive from surface emis-
sion, whereas B derives from emission from Ge atoms in
the bulk. The same statements hold for the B, P1,, and
P2, components of the Ge 3d spectrum found for the y
phase as well as the B and Plg components for the 3
phase. Similar decompositions were made for the
Pb/Si(111) y and S surfaces.'®

Looking at Table I and Fig. 5, note that the ¥ and «
core results are very similar: essentially the same surface

TABLE 1. Fitting parameters for the surface sensitive Ge 3d
core-level spectra acquired for the clean Ge(111)-c(2X8) sur-
face and the y, a, and B phases. All energies are in eV. The
Gaussian and Lorentzian widths refer to the full width at half
maximum. Binding energy shifts are referred to the bulk com-
ponents B.

c(2X8) y phase a phase 3 phase

Spin-orbit splitting 0.600 0.591 0.596  0.584
Branching ratio 0.620 0.591 0.593 0.595
Gaussian width 0.310 0.380 0.392 0.352
Lorentzian width 0.130 0.130 0.130  0.130
S1 (P1) shift 0.275 —0.180 —0.180 —0.264
S2 (P2) shift 0.770 0.483 0.474

I[S1 (P1)]/I(SO (PO)] 1.100 0.430 0.427 1.021
I[S2 (P2)]/1I[SO (PO)] 0.225 0.385 0.520
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shifts and the same I(P1, ,)/I(B) intensity ratio. The
main difference is the I(P2, ,)/I(B) ratio. It changes
from 0.385 to 0.520. These data suggest that the P2 com-
ponents are derived from a direct Ge-Pb interaction (i.e.,
bonding) since the Pb coverage and the I(P2)/I(B) ratio
is strongly correlated (i.e., the increase in height of the
lower binding energy shoulder with Pb coverage). The
I(P1)/I(B) ratios are approximately uncorrelated, so it
seems likely that the P1 components are subsurface in
origin. Comparing the I(S2)/I(S1+B) ratio for the
clean Ge(111)-c (2X8) surface with I(P2,)/I(P1,+B,),
and by utilizing the fact that S2 represents emission from
L-ML adatoms on the surface,”?* we find that the P2
component for the a phase represents emission from
~1-ML Ge atoms. In light of the (V'3XV'3)R30° sur-
face reconstruction, it is likely that the P2, component
represents emission from Ge atoms located in the first
half of the first double layer on the Ge substrate bonded
to a Pb adatom in either a T, or H; geometry. The T,
registry is preferred based on energy minimization calcu-
lations,?* and is shown in Fig. 1.

The T, Pb adatom geometry is further supported upon
consideration of the valence-band data acquired for the a
phase. In Fig. 6 we show several valence-band spectra
obtained for the surface phases considered. For the y
and a phases, we have found two well-defined surface
states at about 0.3 and 1.2 eV below the Fermi level, as
are indicated by the arrows in Fig. 6. Similar surface
states were observed for the Pb/Si(111) system,16 and
have also been reported for the Al/Si(111)-
(V3XV3)R30° surface.””> The atomic origin of these
surface states is known to be due to the adatom complex:
the lower binding energy surface state (0.3 eV) is princi-
pally derived from adatom dangling p, orbitals, whereas
the higher binding energy state (1.2 eV) is derived from

Pb/Ge(111)
Valence Bands E

B phase
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FIG. 6. Valence-band spectra acquired for the clean
Ge(111)-c(2X 8) surface, the ¥, a, and 3 phases, and other Pb
coverages of interest. The triangles indicate surface-state posi-
tions.

adatom p,, orbitals (oriented in the plane of the surface)
coupled to substrate Ge dangling p, orbitals of the bulk-
truncated Ge(111) substrate.?> These valence-band data
thus further corroborate our analysis of the Ge 3d core
for the a phase.

The valence-band spectra acquired for the a and ¥y
phases are very similar. The main difference is that the
surface states appear somewhat broader for the y phase
as compared to the a phase. The fact that the ‘“same”
surface states are detected for these phases is not surpris-
ing, given consideration of recent work on the Pb/Si(111)
system. Ganz et al.!® found with STM that the ¥ (mosa-
ic) phase consists of an equal density of Pb and Si ad-
atoms, randomly distributed in T, sites. It is likely, be-
cause of the similarity between Pb/Si and Pb/Ge sys-
tems, that the Pb/Ge-y phase is also a mosaic phase. In
other words, the -ML y phase of the Pb/Ge system is
related to the 1-ML a phase by replacing one-half of the
Pb adatoms in the T, sites by Ge adatoms. Since all of
the T, sites on the surface are still occupied by either a
Pb or a Ge adatom, the same surface states should exist
with the same intensity on both surfaces. The differing
atomic species of the adatoms on the surface may alter
the energy and/or dispersion of these surface states,
which may in turn result in their broadened appearance
when viewed in our angle-integrated geometry. Our pho-
toemission data for the Pb/Si(111) system has shown a
similar finding.

A surprising difference between the Pb/Si(111) and
Pb/Ge(111) systems is that the Pb/Ge(111)-y,a surfaces
are metallic, as opposed to the Pb/Si(111)-y,f surfaces,
which are at best weakly metallic.!® The valence-band
spectra shown in Fig. 6, acquired from the y and «a sur-
faces, both show significant emission at the Fermi level,
whereas the valence band acquired from the Pb/Si(111)
surfaces show little intensity at the Fermi level. Actually,
based on simple electron counting, one would expect
these (V'3 X V'3)R 30° surfaces with group-IV adatoms in
T, registries to be metallic, since the adatom dangling
bond surface band should be partially filled.?* As was
pointed out in a recent angled-resolved photoemission
study,?® this could indicate that the surface structure for
the Pb/Si(111)-(V'3 X V'3)R 30° phases is more complicat-
ed than a simple T, adatom geometry.

The main difference between the Ge 3d cores observed
for the ¥ and a phases (see Fig. 5) is a decrease in intensi-
ty on the lower binding energy side of the spectrum (the
P2 component). Based on the fit, the decrease in intensi-
ty is about 25%. Since the P2, component for the a
phase corresponds to the top monolayer of Ge atoms in
direct bonding to Pb, we would expect this component to
be reduced in intensity by 50% upon replacing half the
Pb adatoms on the surface with Ge adatoms in going
from the a phase to the y phase. Ge atoms in the first
monolayer bonded to Ge adatoms should not display the
same shift in binding energy compared to those which
make up the P2, component. One might, however, ex-
pect the L-ML Ge adatoms for the y phase to display a
core-level shift of about —0.77 eV relative to the bulk, in
comparison to the S2'(adatom) component for the clean
Ge(111)-c (2X 8) surface.?? If we ignore the small energy
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difference between the S2 and P2, , shifts, we would ex-
pect an intensity reduction of the P2 peak from 1 ML for
the a phase to ++1=2 ML for the ¥ phase. This pre-
dicted intensity decrease of 33% is close to the experi-
mentally observed reduction of 25% mentioned above.

As the Pb coverage increases from 1 to + ML, more
pronounced changes are observed in the Ge 3d core-level
and valence-band spectrum (shown in Figs. 5 and 6). The
Ge core-level spectrum acquired for the 3 phase can be fit
quite nicely with two components (see Table I). The in-
tensity of the P1; component is consistent with its assign-
ment to emission from a full double layer of Ge atoms.
Once again, it is interesting to compare the results here
with our recent study of the Pb/Si(111) system. The
Pb/Si(111)-a phase, which has about the same com-
pletion coverage as the Pb/Ge-f3 phase, also consists of a
close-packed Pb layer rotated 30° with respect to a (bulk-
truncated) Si(111) substrate. In contrast to the
Pb/Ge(111)-8 phase, this reconstruction is slightly in-
commensurate [i.e., not a perfect (V'3 XV'3)R30° recon-
struction]. Despite the similarity of these two recon-
structions, the Si 2p and Ge 3d cores are quite different.
Whereas the Ge 3d core displays two components (B and
P1p), the Si 2p core essentially consists of only one dou-
blet component.!® This means that the Pb overlayer, in
the case of Ge, does not provide a bulklike environment
for the Ge atoms located in the first double layer under-
neath the Pb. How this difference relates to the recon-
struction difference (commensurate vs incommensurate)
and lattice mismatch is a matter of speculation.

As the Pb coverage exceeds + ML, the surface states
associated with the adatom complex become more diffuse
(see Fig. 6). Although more difficult to see in our angle-
integrated geometry, we still can discern the two surface
states in the valence band for the 3 phase, as reported by
Tonner et al.'° (see triangles in Fig. 6). In this study
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FIG. 7. Pd 5d core levels acquired for the y, , and 8 surface
phases and a 0.05-ML deposit. The photon energy used was 70
eV. The full width at half maximum (FWHM) of the Pb 5d;s,,
component is recorded to the right of each spectrum.

these surface states were attributed to Pb adatomsina T,
registry, but the 1-ML reconstruction consistent with this
assignment is inconsistent with the completion coverage
of £ ML discussed previously. Based on the structural
model in Fig. 1 and our photoemission data, we feel that
the lower binding energy surface state at ~0.3 eV below
the Fermi level is most probably due to Pb dangling p,
bonds from the Pb atoms in an H; geometry, whereas the
higher binding energy state at ~1 eV arises from Pb p,,
orbitals.

The Pb 5d core levels, obtained for the various recon-
structed surfaces considered, are shown in Fig. 7. The
most notable aspect of the Pb core-level data is the
dependence of the Pb 5d5,, full width at half maximum
(FWHM) on the Pb coverage. This dependence is illus-
trated in Fig. 8. The varying width of the Pb 5d core is
likely a result of multiple unresolved components in the
system due to the presence of inequivalent sites and/or
due to the varying degrees of long-range ordering of these
surfaces. Initially, for very small coverages ( <1 ML),
the FWHM is ~0.72 eV. As the y phase is completed,
the FWHM decreases to a minimum of ~0.62, but as the
coverage approaches + ML it increases to almost 0.75 eV
[see Fig. 8(b)]. This behavior of the Pb FWHM is
surprising, since the HEED pattern and surface states
both are “sharper” for the @ phase as compared to the y
phase. The structural model for the y phase involves

0.75

0.65

0.60

0.55

Pb 5d,,, FWHM (eV)

LI L L L

3 4
Pb Coverage (ML)
— T T

4 a (b)

Pb 5d, ,, FWHM (eV)

LS 0 B B D ¢

0.1 0.2 0.3 0.4 0.5 0.6
Pb Coverage (ML)

FIG. 8. Dependence of the Pb FWHM vs the Pb coverage in
ML. The upper panel (a) shows this dependence for the entire
Pb coverage range considered, whereas the lower panel (b)
shows the dependence in more detail for the 0.0-0.6-ML range.
The lines shown are a guide to the eye. Note that the Pb
FWHM saturates at the same coverage as the curves in Fig. 2.



3796 J. A. CARLISLE, T. MILLER, AND T.-C. CHIANG 47

random replacement of one half of the Pb adatoms by Ge
adatoms; this randomness could induce broadening. A
similar dependence of the Pb FWHM was found in the
Pb/Si(111) system.'® At the present time, we do not have
a good explanation for this behavior. As the Pb coverage
increases beyond 1 ML, the Pb FWHM decreases rapidly
from 0.75 to 0.54 eV at the completion of the 2D adlayer,
the narrowest value observed for the Pb/Ge system. The
dependence of the FWHM on Pb coverage in this cover-
age range is reversed as compared to the dependence
displayed by the Pb/Si(111) system.

IV. SUMMARY

Photoemission spectroscopy utilizing synchrotron radi-
ation, Auger electron spectroscopy, and high-energy elec-
tron diffraction have been used to study the electronic
and geometrical structure of the Pb-induced reconstruc-
tions of the Pb/Ge(111) system. Our photoemission and
Auger measurements have confirmed the SK growth
mode for this system, and have found a completion cov-
erage of + ML for the 8 phase. A structural model first
proposed by Feidenhans’l et al.,® which consists of Pb
atoms in H; and bridge sites, and which is consistent
with this completion coverage, is thus corroborated. The
band bending induced by the Pb overlayer has been stud-
ied in the monolayer regime, whereupon we determined
an n-type Schottky barrier height of 0.55 eV. Based on
our HEED study and the measured FWHM of the Pb 5d

core, we have found a new :-ML (V3XV3)R 30° recon-
struction. This is the ¥y phase. Our detailed core-level
and valence-band photoemission data are consistent with
a simple adatom geometry for the submonolayer ¥ and «a
phases. The a phase consists of +-ML Pb adatoms in a
T, geometry, whereas the ¥ phase consists of +-ML Pb
adatoms and ;-ML Ge adatoms. The varying degrees of
ordering of these surfaces have been addressed. Interest-
ing comparisons have been made between the Pb/Ge(111)
and Pb/Si(111) systems; the differences might be related
to effects of lattice mismatch on the surface morphology
and electronic structure.
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