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Electronic structure of the Si„001… surface with Pb adsorbates
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The electronic structures of the Pb-adsorbed Si~001! surface have been studied by angle-resolved photoelec-
tron spectroscopy~ARPES! using synchrotron radiation. In addition to the evolution of surface electronic states
during Pb initial growth at room temperature up to;2 monolayers~ML’s !, detailed surface-state band disper-
sions were investigated for the single-domain 232-Pb and 231-Pb surfaces occurring at;0.5 and;1.0 ML,
respectively. On the 232-Pb surface, four surface-state bands were identified within the bulk band gap. The
surface band structure of the 232-Pb surface is close to that of the Si~001!232-Al ~In! surface suggesting an
overall similarity of their surface structures. While the 232-Pb surface is found to be semiconducting with a
band gap larger than 0.5 eV, the 231-Pb surface is revealed to be metallic with five different surface-state
bands. Above 1.0 ML, the ARPES spectra of the Pb/Si~001! surface hardly change with increasing the Pb
coverage. The correlation between the surface electronic structures and the intriguing surface structures of
different Pb coverages is discussed.
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I. INTRODUCTION

The adsorption of group-IV elements on elemental se
conductor surfaces has been extensively studied due t
technological and fundamental importance. Especially
Ge and Si adsorption systems are treated as the model
tems of hetero- and homoepitaxy on silicon, respectively1–4

On the other hand, the Pb/Si system has attracted intere
a typical metal/semiconductor interface due to the neglig
mutual solubility of Pb and Si. Although most of the prev
ous studies on the Pb/Si surfaces have concentrated o
Si~111! substrate,5 the recent scanning tunneling microsco
~STM! studies unveiled the unique and interesting feature
the initial Pb growth on the Si~001! surface.6,7

For instance, the well-defined single-atom-wide chains
Pb adsorbates were identified for the Pb coverage less
0.5 monolayers~ML’s ! at room temperature.6,8 This one-
dimensional ~1D! feature resembles the well-establish
parallel-dimer chains of Al, Ga, and In adsorbates on
Si~001! surface, which are composed of symmetric addim
in parallel to the chains and to the substrate Si dimers@see
Fig. 1~a!#.9–16However, the Pb chains are reported to cons
of buckled parallel dimers@Fig. 1~b!#.6 The same buckled
parallel-dimer model has also been applied for the clos
related systems of the Sn/Si~001! and Pb/Ge~001!
surfaces.17–19Similar parallel-dimer chains are also observ
as metastable species for the Ge and Si initial growth on
Si~001! 231 surface but the buckling of dimers has not be
discussed.20–22 The recentab initio total-energy calculations
supported the buckled-parallel dimer configuration for
Pb/Si~001! and Pb/Ge~001! surfaces.23,24 However, there has
been no detailed structural analysis to confirm this uniq
structure model and, moreover, no detailed surface electr
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structure study is available yet in contrast to the group
adsorbate systems.14,16,25

Another interesting feature of the Pb/Si~001! surface is its
initial growth behavior beyond 0.5 ML. While the 2D growt
of group-III adsorbates saturates at 0.5 ML with the high
packed parallel-dimer chains in a 232 lattice,26,27 the Pb 2D
layer was reported to evolve further to form ac(438) phase
at ;0.8 ML and a 231 phase at;1 ML.6,7,28 It was even
reported that the second and the third layers of Pb grow
layer-by-layer fashion.28 The complex surface structures o
these Pb layers are uncertain. In particular, the 1-ML 231
structure was reported to have Pb dimers rotated by 90° c
pared to the conventional 132 phases formed by Ge and S
monolayers on Si~001!. That is, the Pb monolayer is not i
the conventional crystallographical stacking of a diamo
structure. To our knowledge, two different structural mod
for the 231-Pb phase have been proposed as shown in F
1~c! and~d!,6,29 but the validity of these models has not be
examined satisfactorily so far.

In this paper, we report on a detailed angle-resolved p
toelectron spectroscopy~ARPES! study for the Pb overlayers
on the Si~001! 231 surface. The evolution of surface ele
tronic structures are investigated for the Pb coverages u
;2 ML’s in the layer-by-layer growth regime at room tem
perature. Especially the detailed surface-state band dis
sions are measured for the well ordered single-domain
32 and 231 surfaces at 0.5 and 1.0 ML, respective
These results are discussed in terms of the proposed stru
models of the 232 and 231 phases.

II. EXPERIMENT

The ARPES experiment using synchrotron radiation w
performed at the vacuum ultraviolet beam line BL-7B
15 866 ©2000 The American Physical Society
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PRB 61 15 867ELECTRONIC STRUCTURE OF THE Si~001! SURFACE . . .
Photon Factory, Japan. The details of ARPES apparatus
been reported before.30 The overall angular and energy reso
lution chosen was;1.5° and;150 meV, respectively, at
photon energies (hn) of 16.2 and 22.0 eV. The base pressu
of the measurement chamber was under 2310210mbars. For
ARPES measurements, the incidence angle of photon w
respect to the surface normal (u i) was fixed at 45°. At first,
ARPES spectra for various Pb coverages were taken at
emission angles (ue) of 0 and 33° along the@010# azimuth in
order to monitor the evolution of surface states. For the we
ordered 232-Pb and 231-Pb surfaces, detailed angle-sca
ARPES spectra were measured with an angular step of 2
3° along the major symmetric axes of the 232 and 231
surface Brillouin zones~SBZ’s! @Figs. 1~e! and ~f!, respec-
tively#. The Fermi level position (EF) was determined from
a cleaned Ta foil in direct contact with the Si substrate.

Using a mirror-polished and well-oriented Si~001! wafer
~n type! as a substrate, a single-domain~SD! Si~001! 231
surface was prepared with a large terrace width as repo
before.30,31 Pb was deposited onto the SD Si~001! 231 sur-
face from a well-degassed Knudsen cell at a rate of;0.13
ML/min. The pressure and substrate temperature during
deposition were held below 131029 mbars and below 50 °C,
respectively. The clear SD 232, SD 231, andc(434) low-
energy electron diffraction~LEED! patterns were observed a
the Pb coverages of 0.4;0.6 ML, 1.0;2.0 ML, and above

FIG. 1. Structural models for~a! the Si~001! 232-Al ~-Ga and
-In! surface,~b! the Si~001! 232-Pb surface~Ref. 6!, and~c! and
~d! for the Si~001! 231-Pb surface proposed by STM~Ref. 1! and
surface x-ray diffraction~Ref. 29!, respectively. The surface uni
cells are indicated by dashed rectangles. The~e! 232 and ~f! 2
31 surface Brillouin zones with symmetry points marked.
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2.0 ML’s, respectively. Such evolution of LEED pattern
with coverage is consistent with those reported previous28

although we could not observe any clearc(438) LEED
pattern reported in the range of 0.6–0.9 ML.

III. RESULTS AND DISCUSSION

A. Coverage dependent ARPES spectra

Figure 2 shows ARPES spectra at different Pb covera
taken with hn516.2 eV atue of ~a! 0° ~normal emission!
and ~b! 33° along the@010# azimuth. This azimuth is taken
because the bulk band gap at off-normal emission angle
much wider than other azimuth making the identification o
surface state easier. The spectral feature denoted asb in Fig.
3~b! is due to the well-known bulk direct transition.32 The
energy shift ofb in the figure indicates the band bendin
induced by Pb adsorption. In particular, the binding ene
(EB) of b for the 232-Pb ~at 0.5 ML! and 231-Pb ~at 1.0
ML ! surfaces shifts toward the lower energy by;0.15 and
;0.1 eV from that of the clean surface, respectively. T
prominent peak atEB;0.6 eV in Fig. 2~a! ~denoted asA! on
the clean surface spectrum is the well-known dangling-bo
surface state of the Si~001! 231 surface.32,33 This dangling-
bond state splits into two spectral features atue533° @A and
B in Fig. 2~b!#.32,33 Upon increasing the Pb coverage,A and
B show a gradual but conspicuous decrease in their inte
ties with increasing the Pb coverage. At;0.5 ML, these two
states are replaced by a different surface stateS1 with a
much weaker intensity. In fact, from the spectra shown
Fig. 2, S1 is not so easily identified fromA. However, the
detailed ARPES data given below indicate clearly that t
state has different dispersion from that ofA, which is con-
sistent with the 232 surface periodicity observed by LEED
This confirms thatS1 is a different Pb-derived surface sta
intrinsic to the 232 surface phase. Other spectral featu
characteristic of the 232-Pb surface at 0.5 ML are found a
EB;1.2, ;2.0, and;3.5 eV, which are denoted asS2 , S3 ,
and S4 , respectively. These states will be discussed furt
below.

While the change of spectra is gradual and rather cont
ous up to 0.5 ML, the change between 0.5 and 0.7 ML
very drastic along with the disappearance of the 232 LEED
pattern. That is,S2 , S3 , andS4 ~and also other minor fea
tures! disappear and featuresSS2 andSS4 ~EB of ;1.6 and
;4.2 eV, respectively! emerge at both emission angles. O
can also find a tiny but noticeable featureS at ue533°,
which appears only at the coverage of;0.7 ML. The behav-
ior of S1 looks different fromS2 , S3 , andS4 since it seems
only to shift in binding energy. Between 0.7 and 1.0 ML, t
intensity ofSS2 andSS4 states gradually increase but that
S1 decreases gradually. In addition, a nontrivial photoem
sion intensity is observed atEF ~marked with M in Fig. 2!.
This metallic state appears from;0.7 ML and is obvious
above 1.0 ML. More detailed discussion on the meta
character of the surface is made below together with theSS2
andSS4 states in relation to the 231-Pb surface phase.

It is noteworthy that no noticeable change of the ARP
spectra has been observed above 1.0 ML. The 231 LEED
pattern observable from;1.0 ML also does not change a
1.0;2.0 ML. This suggests that no remarkable change of
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FIG. 2. ARPES spectra at different Pb cove
ages taken with a photon energy (hn) of 16.2 eV
at emission angles (ue) of ~a! 0° ~normal emis-
sion! and ~b! 33° along the@010# azimuth. The
incidence angle of photon (u i) is 45°. The LEED
patterns observed for corresponding Pb covera
are indicated. The surface states assigned~see
text for explanation! are marked with thick verti-
cal bars.
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surface structure occurs in spite of the growth of the sec
and third layers shown by STM. That is, the 2D layers abo
1 ML seems not to destroy the registry of the 231-Pb layer
significantly and have a similar local structures as
231-Pb layer. In consistent with this suggestion, a rec
STM study reported that the second Pb layer growing on
231-Pb surface also exhibits a 231 reconstruction with the
same local dimer structure as that of the first layer.6 In con-
trast, another recent STM study reported ac(434) recon-
struction with symmetric Pb dimers of 0.25 ML on top of th
asymmetric Pb dimer layer of 1 ML. Thisc(434) phase is
not consistent to the previous28 and the present LEED obse
vation although one cannot rule out the possibility of t
existence of a locally orderedc(434) phases at 1.25 ML.

B. Surface band structure of the 2Ã2-Pb phase
at half a monolayer

Detailed ARPES spectra for the 232-Pb surface taken
along the@010# azimuth are shown in Fig. 3. The bulk-direc
transition featureb is observed at 21,ue,48°. As the bulk
band b is known to be located near the edge of the b
band,32 the lowerEB region thanb roughly corresponds to
the bulk band gap. Within this band gap, two bands atEB
;0.6 and;1.9 eV are easily identified with little disper
sions. These states correspond toS1 and S3 , respectively,
mentioned above.S1 appears as a dominant structure at
,ue,15° but loses its intensity at largerue . S3 has a rela-
d
e

e
t
e

tively broad peak width. In a limitedue range of 0;9° or
18;24°, a small features denoted asS2 can be identified at
EB;1 eV. Inside of the bulk bands region ofEB;3.5 eV,
another band,S4 mentioned above, is observed. Althoug
there are other minor spectral features, we concent
mostly on the unambiguous surface states within the b
band gap induced by Pb adsorption.

Figure 4 shows the dispersions of the spectral featu
observed on the 232-Pb surface along the@010# azimuth
and also along the other two azimuths@110# and@ 1̄10# ~raw
spectra not shown!. In the figure, solid circles denote da
points taken withhn516.2 eV and triangles with 22.0 eV
The three observed bandsS1–S3 are within the bulk band
gap indicating that they are the surface states. The invaria
of their dispersions between the photon energies of 16.2
22.0 eV confirms the surface-state nature ofS1–S3 . S1–S3
show only little dispersions but it is clear that their dispe
sions follows the 232 SBZ symmetry. Hence,S1–S3 are
thought to be intrinsic to the 232-Pb surface phase. Th
coverage dependent ARPES data shown above sugge
that S4 ~within the bulk band region! can also be due to a
surface states of the 232-Pb phase but no further evidenc
is obtained.

In order to assign the origin of the surface states observ
the detailed local structure of the 232-Pb surface should be
discussed. The present structure model of the 232-Pb sur-
face is composed of the 1D chains of parallel Pb dime
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PRB 61 15 869ELECTRONIC STRUCTURE OF THE Si~001! SURFACE . . .
which is very close to the well-established 232 structures of
the Al, Ga, and In adsorbates on the Si~001! surface except
for the buckling of the dimers~see Fig. 1!.12–16For the sym-
metric parallel dimer structures of the 232-Al, -Ga, and -In
surfaces, the surface band structures have well b
established:14,16,25,34the surface bands are essentially iden
cal with five surface states localized on the adsorbate dim
i.e., the four back-bond~adsorbate-Si bond! and one dimer-
bond~adsorbate-adsorbate bond! surface states.14,16,25In Fig.
5, we directly compare the surface electronic structure of
232-Pb surface with that of the 232-Al surface reported
previously.14,25 The lowest binding energy surface states
232-Al is the dimer-bond state and the others the back-b
states. Two of the back-bond states depicted with ligh
gray lines are odd symmetry states, which cannot easily
detected in the present measurement geometry. In this c
parison, one can find the remarkable similarity between
band structures of the 232-Pb and the 232-Al surfaces.
This obviously indicates the surface structures of these
surfaces are very close and thus the parallel dimer mod
very plausible also for the 232-Pb surface. Along this line
of logic, it is tempting to assignS1 as the Pb-Pb dimer-bon

FIG. 3. Angle-scan ARPES spectra for the single-domain~SD!
Si~001! 232-Pb surface taken along the@010# azimuth~see Fig. 1!
at hn516.2 eV. The incidence angle of photon (u i) is 45°. The
emission angles (ue) are indicated for each spectrum which is no
malized by the background intensity above the Fermi level (EF).
The surface states assigned~see text for explanation! are marked
with thick vertical bars.
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FIG. 4. Experimental dispersion curves for the surface state
SD Si~001! 232-Pb surface along the~a! @010#, ~b! @110#, and~c!

@ 1̄10# axes. The solid circles and open triangles represent the
points taken withhn516.2 and 22.0 eV, respectively. The larg
and small symbols represent the relatively strong and weak spe
features, respectively. The hatched area shows the bulk bands
jected onto the 131 SBZ. The thick gray lines are drawn to guid
the dispersions determined.

FIG. 5. Comparison of the dispersions of the surface states
~a! the Si~001! 232-Al surface ~Ref. 16! and ~b! the Si~001! 2
32-Pb surface. The origins of the surface states of the Si~001! 2
32-Al surface are given as assigned in Ref. 16. Parts of the
persions drawn with lighter gray lines are the odd-symmetry surf
states, which cannot easily be detected in the present measurem
for the Si~001! 232-Pb surface~Ref. 16!.
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state andS2 andS3 as the Pb-Si back-bond states. This co
parison however does not count the possibility of the bu
ling of the Pb dimers and the presence of an additional e
tronic state, the dangling-bond surface state of Pb dim
With this simplification and with no available theoretical i
formation on the electronic structure of the Pb asymme
parallel dimers, the above assignment is only tentative
present.

It can also be noted that the surface band structure d
not possess any noticeable anisotropy, i.e., any 1D chara
along the Pb chains, in contrast to the strongly anisotro
initial growth behavior forming the well-defined 1D adso
bate chains.9 This can be due to the formation of strong loc
covalent bonding within the Pb dimers and between Pb
Si surface atoms preventing the delocalization of surf
electronic states along the 1D Pb chains. This behavio
also similar to the case of 1D chains induced by group
elements on Si~001!.14–16,25

C. Surface band structure of the 2Ã1-Pb phase
at one monolayer

Figure 6 shows a series of ARPES spectra for the
Si~001! 231-Pb surface taken along the@010# azimuth. The
dispersions of the observed bands are summarized in F
for the @010# azimuth and also for the@ 1̄10# azimuth ~raw
spectra not shown!. As mentioned in Sec. III A, three char

FIG. 6. Similar to the ARPES spectra of Fig. 3 but for th
single-domain Si~001! 231-Pb surface.
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. 7

acteristic spectral features,M, SS2 andSS4 , are observed a
EF , 1.5 eV, and 4.2 eV, respectively. These three sta
commonly show no noticeable dispersions. TheM and SS2
states lie well within the bulk band gap and their dispersio
are independent of the photon energy. This clearly indica
that M andSS2 are the surface states. The coverage dep
dent spectra shown in Fig. 2 indicate that the appearanc
M, SS2 , and SS4 is well correlated with the 231 LEED
pattern. Thus we assign all these three states as the intr
surface states of the 231-Pb phase at 1 ML. In clear contra
to the semiconducting 232-Pb surface, the 231-Pb surface
is metallic due to the presence ofM at EF . In addition, a
small spectral feature denoted asSS1 can be found only
around the normal emission atEB50.5;0.7 eV. As shown
in Fig. 7, SS1 disperses following the edge of the bulk v
lence band suggesting that it might be the low binding
ergy part of the bulk bandb ~see the dashed gray line of Fig
6!. At hn522.0 eV, we observed another weak bandSS3 at
EB;2.0 eV along the@010# azimuth within the band gap
~Fig. 7!.

Two different structure models of the 231-Pb surface
have been proposed so far. The model proposed by Itohet al.
is shown in Fig. 1~c!, which consists of 1-ML symmetric Pb
dimers.6 In this model the Si dimers seem to be preserv
and the Pb dimers are parallel to the Si dimers. In contr
another structural model has been mentioned, where two
ferent Pb sites exist with a total coverage of 1.5 ML@see Fig.
1~d!#. However, this 1.5-ML model for the 231 surface
does not agree with recent STM studies reporting the sat
tion of the first 231 layer at 1.0 ML.6 Our own coverage
calibration by thickness monitor also indicates that the
31 phase is formed at.1.060.15 ML. Further, the charac
teristic spectral features of the 231 phase in ARPES spectr
appears as early as 0.7 ML and then saturates at;1.0 ML.
Since the STM study also showed that the second laye
top of the first 231 layer also have a 231 registry,6 the
1.5-ML model may be related to a higher coverage ph
than the first 2D layer. Based on this 1.5-ML structu
model, Odassoet al. interpreted their ARPES results,29

which observed two surface states~denoted asSandE! at EB
of ;0.5 and;1.5 eV. They proposed that theS state is
related to the dangling-bond state of the Si dimers of
clean surface andE to the Pb-Si bonds. However, it seem
impossible that the bare Si dangling bonds are left even a

FIG. 7. Similar experimental dispersion curves to Fig. 4 but
the single-domain Si~001! 231-Pb surface along the@010# and
@110# axes.
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the saturation of the 1-ML 2D 231-Pb layers as shown in
STM.6,7 The Si dangling bonds must be saturated already
the 232-Pb phase of 0.5 ML. TheS~E! state of the previous
experiments is similar toSS1 (SS2) of the present study
After all, there are no reliable structural model and no th
retical calculations at present, which prevent any further d
cussion of the electronic structure of the 231-Pb surface.
However, the detailed surface-state dispersions given
will provide a crucial test of the structure models if a prop
theoretical calculation is provided. It can be mentioned t
the coverage-dependent ARPES data shown in Fig. 2 sug
a drastic change of the surface local structure between
and 0.7 ML. Thus a significantly different structure from t
parallel dimers may be expected for the 231-Pb surface.

Since the number of valence electrons in the 231 struc-
ture with 1 ML ~or even with 1.5 ML! Pb is even, the surfac
should be semiconducting within the simple electron cou
ing. However, the 231-Pb surface is shown to be metall
with a substantial photoemission intensity atEF . The previ-
ous photoemission study on the Pb/Si~001! surface35 also
reported an increase of photoemission intensity atEF above
1 ML, which was then correlated with the presence of 3 D
islands. However, since the metallization start even fr
;0.7 ML and the recent STM studies commonly observe
3D islands up to 2 ML, we conclude that the metallic ch
acter is an inherent property of the Pb 2D layer. Assum
that the 231-Pb surface consists of symmetric dimers
proposed by the STM studies, the surface metallicity mi
be due to the Pb dangling bond state of the symmetric dim
as in the case of the symmetric dimers of the Si~001! 231
surface.

IV. SUMMARY

The electronic structures of the Pb/Si~001! surface have
been investigated by ARPES using synchrotron radiat
r
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This surface is shown to be semiconducting up to a Pb c
erage of 0.5 ML and metallic above;1.0 ML. On the single-
domain Si~001! 232-Pb surface formed at;0.5 ML, we
have identified four surface states (S1–S4) with only small
dispersions. It is shown that the electronic structure of a
32-Pb surface is very similar to that of a Si~001! 232-Al
~In or Ga! surface. This similarity suggests that the surfa
structure of the 232-Pb surface is proximal to those of th
232 surfaces induced by group-III metals. That is, the
32 surface is thought to basically consist of the para
adsorbate-dimer chains on top of the dimerized Si~001! 2
31 surface. The surface states observed on the 232-Pb sur-
face are tentatively assigned following the correspond
surface states of the 232-Al ~In! surface: theS1 surface
state to the Pb-Pb dimer-bond state andS2 and S3 to the
Pb-Si back-bond states of Pb dimers.

On the SD Si~001! 231-Pb surface~the Pb coverage o
;1 ML!, three distinctive surface-state bands~M, SS2 , and
SS4! have been observed. Overall, this surface has a sig
cantly different electronic structure from that of the 232-Pb
surface at 0.5 ML. Of particular interest is the metallic su
face stateM located onEF with almost no dispersion. The
ARPES spectra and the LEED patterns of the Pb/Si~001!
surface hardly change above 1.0 ML, which indicates t
the surface structure does not change drastically during
layer-by-layer growth up to;2 ML’s
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