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Electronic structures of the Si„001…233-Ag surface
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Electronic structures of the double- and single-domain Si~001!233-Ag surfaces were investigated by angle-
resolved photoelectron spectroscopy using synchrotron radiation. All the surface states related to Si dimers are
shown to disappear upon forming the 233-Ag phase. Instead, five surface-state bands are identified within the
bulk band gap with binding energies 0.8–2.6 eV, whose dispersions are determined for symmetric lines of the
surface Brillouin zone. The Si~001!233-Ag surface is clearly shown to be semiconducting with a band gap
larger than 0.8 eV. This result can be in significant conflict with the presently available structure models of this
surface phase.@S0163-1829~98!01907-9#
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I. INTRODUCTION

Noble-metal, especially Ag, adsorption on Si surfaces
been at the center of the efforts to understand the fundam
tal physical properties of metal/semiconductor interfaces
metal ultrathin films on semiconductor surfaces during
past two decades.1,2 This is mainly due to the chemical non
reactivity of Ag with Si and the formation of well-define
interfaces. Apart from this fundamental issue, there has b
great technological interest in Ag/Si systems for the id
metal contact, Shottkey barrier formation, and more rece
the potential of quantum devices.3 Despite the great impor
tance of Ag/Si interfaces, the early stage growth of Ag on
Si~001! surface has received very little attention. This is
sharp contrast to the extensively studied Ag/Si~111! system.2

This had been partly due to the absence of well-orde
phases reported for the early stage growth of Ag on
Si~001! surface until very recently. Recent scanning tunn
ing microscopy4,5 ~STM! and low-energy electron
diffraction6 ~LEED! observations of a few ordered phase
such as 233,4,5 231,4,5 andc(632),6 have revived a wide
interest in the microscopic structures of Ag adsorption
Si~001!.

However, the structures of the surface phases formed
Ag adsorption on the Si~001! surface are still uncertain, al
though several structure models have been proposed fo
233 ~Ref. 7! and the 231 ~Ref. 7! phases. In addition to the
structures of these surface phases, there are interesting
evant issues in the growth of Ag on Si~001! such as the
surface unwetting,8 the domain ordering,9 and unusual island
structures.10 Most of these issues are very closely related
the detailed surface structures and the characteristics o
bonding between Ag and Si at the interface/surface. T
naturally leads to an urgent need for a detailed surface e
tronic structure study along with surface structure determ
tion of the Ag-induced phases on Si~001!, which has not
been available so far.

This paper reports an electronic-structure study of
rather well known 233 phase of submonolayer Ag adsor
tion on the Si(001)231 surface. To our knowledge, this
570163-1829/98/57~7!/3949~6!/$15.00
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the first such study for any of the ordered surface phase
Ag adsorption on the Si~001! surface. Employing angle
resolved photoelectron spectroscopy~ARPES! using syn-
chrotron radiation, several intrinsic surface states are ide
fied and their dispersions are determined. The implication
this result on the surface structure models is discussed.

II. EXPERIMENT

The ARPES measurements were done on the beam
BL-7B of Research Center for Spectrochemistry of the U
versity of Tokyo in Photon Factory, Japan. The beam l
has a Seya-Namioka–type monochrometer to deliver pho
beams with energy (hn) of 5–40 eV.11 It is equipped with
a commercial angle-resolved photoelectron spectrom
~VG ADES 400!. The base pressure of this system was;5
310211 mbar during the experiment. The overall angu
and energy resolutions chosen were;1.5° and;160 meV,
respectively.

A mirror-polished and accurately oriented Si~001! wafer
(2533.530.38 mm3) was used to produce a single-doma
~SD! 231 surface with very wide terraces. A SD Si(001
231 surface was prepared by preoxidation and cycles oin
situ heat treatments. The fraction of minor domain could
kept below 10% of the major domain as estimated from
intensity ratio of corresponding LEED spots. Details of th
procedure can be found elsewhere.12 Deposition of Ag was
done using a graphite effusion cell. The pressure dur
deposition was kept below;5310210 mbar. The evolutions
of LEED patterns during deposition of Ag at different su
strate temperatures were the same as recently reported6 In
brief, the 231 LEED pattern persists over;2 ML at room-
temperature deposition and the best SDc(632) and double-
domain~DD! 233 LEED patterns are acquired at a Ag co
erage of ;0.6 ML after postannealings of;200 °C and
;350 °C, respectively. The so-called SD 233 LEED
pattern6 is developed by a deposition of;0.6 ML at a sub-
strate temperature of;200 °C. The SD 233 and DD
233 phases were found to have the same local structure
x-ray photoelectron diffraction.6
3949 © 1998 The American Physical Society
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Photoemission measurements were done on the SD 233
and DD 233 phases formed at the same Ag coverag
ARPES spectra were taken at a step of;2° in the emission
angle (ue) @see Fig. 1~a!# along the most important symmet-
ric axes of the 233 surface Brillouin zone~SBZ! shown in
Fig. 1~b!. Linearly polarized synchrotron radiation was use
at hn ’s of 17.6 and 21.9 eV at an incidence angle (u i) of 45°
from the surface normal@Fig. 1~a!#. The Fermi level (EF)
was determined from the surface of a well cleaned Ta pla
in good electric contact with the Si sample. All spectr
shown below are normalized by background intensitie
aboveEF , which are proportional to the actual photon flux
on the sample surface.13,14 In order to help assign the Ag-
induced spectral features through comparison, detail
ARPES spectra of the clean SD Si~001! 231 surface were
also measured using the same sample andhn ’s.15

III. ARPES RESULTS

Figure 2~a! gives an overview of the drastic changes in
valence bands due to formation of the 233-Ag phase. At
first look, we can see the prominent contribution from Ag 4d
levels around a binding energy~BE! EB'6 eV. The appear-
ance of two other features, denoted asS1 andS3 in the fig-
ure, with EB,2 eV is also distinctive in the spectra of the
233 phase. These two lower-BE features replace the w
known surface state of the clean surface, denoted asA fol-
lowing the convention of Ref. 16. Considering their BE’s
and in comparison to clean surface spectra,S1 and S3 are
most likely due to new surface states of the 233 phase as
discussed below. For the discussion hereinafter, we will co
centrate only on the spectral features withEB,5 eV exclud-
ing the Ag 4d contribution and any other possible higher-BE
surface states/resonances.

One set of detailed ARPES spectra for the DD 233 sur-
face is shown in Fig. 3. These spectra are taken along t
diagonal azimuth@010# @see Fig. 1~b!#, where contributions
from the two 90°-rotated domains are identical. Since th
@010# azimuth has the widest bulk band gap~up to EB
;3.6 eV aroundue;40°; see Fig. 4 for the bulk band edge!,
it is relatively easy to identify a surface state. One of th

FIG. 1. ~a! Essential geometry of an ARPES measurement an
the definitions of the angles used.~b! The 233 SBZ with symmetry
points marked. The SBZ and symmetry points for the clea
Si(001)231 surface are also given together~dashed lines and bold
letters in parentheses, respectively!.
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most prominent features in this figure is that due to the w
known bulk direct transition~denoted as bandb in the fig-
ure!, which is close to the edge of the bulk band gap.16 By
comparing the BE of this bulk band with that observed
the clean surface as shown in Fig. 2~b!, it is possible to
estimate the amount of band bending. The corresponding
shift is ;0.05 eV, that is, almost no change in band bend
for the 233 phase from the clean surface. Accordingly, t
valence-band maximum is estimated to be located atEB
'0.65 eV for the 233-Ag surface.

Within the band gap, roughly above the bulk bandb, we
can find five different spectral features denoted asS1 , S2 ,
S3 , S4 , andS48 @see Figs. 2~b! and 3#, which are marked with
different symbols in Fig. 3. The lowest-BE stateS1 has
rather large intensity around the normal emission but
barely observed in the range 28°,ue,40°. This state is
very close to another parallel band ofS2, which appears
strong in theue range 8°–28°.S1 andS2 have very similar
BE’s to those of the dangling-bond surface states of the cl
surface@Fig. 2~b!#.16 Below S1 andS2 there are big bumps in
the spectra within the gap. A close look of these bumps le
to the identification of three different spectral features d
noted asS3 , S4 , and S48 bands. SinceS3 shows almost no
dispersion in the gap region, it is very likely to be connect
to the weak features out of the gap around the normal em
sion at the same BE of;1.8 eV ~open triangles in Fig. 3!.
The comparison with clean surface spectra, shown in F
2~b! for example, obviously indicates that these five sta
replaced all the surface states related to Si dimers on
clean surface16 within the bulk band gap. Another conspicu
ous feature observed in the spectra along@010# is the dispers-
ing bandS5 at EB;4 eV.

Dispersions of the bands observed are shown in Fig. 4
detail.S1 , S2 , andS3 are shown to have very small dispe

d

n

FIG. 2. Typical ARPES spectra for the DD Si~001!233-Ag
~dots! and clean SD Si(001)231 ~lines! surfaces taken with~a!
hn521.9 eV at normal emission (ue50°) along the@110# azimuth
and ~b! hn517.6 eV atue540° along the@010# azimuth. The in-
cidence angle of photon (u i) is 45°. Surface-state and bulk-relate
peaks~see the text! assigned are marked for both surfaces.
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57 3951ELECTRONIC STRUCTURES OF THE Si~001!233-Ag SURFACE
sions less than;0.2 eV. Due to their presence well withi
the bulk band gap, the five bandsS1–S48 can be assigned a
surface states. Since the bulk band features in ARPES s
tra of the Si~001! surface is well established,16 it is clear that
these states are not related to bulk direct transitions.
measured ARPES spectra of the clean Si~001! 231 surface
at the samehn of 17.6 eV at all the correspondingue’s. An
extensive comparison with such clean surface spectra
firms thatS1–S48 cannot be assigned to any surface or b
features of the clean Si~001! surface. It should also be note
that the featuresS1–S48 cannot be related to surface umklap
transitions of any bulk features around normal emiss
(Ḡ00) since all these states appear clearly at the SBZ poin
J̄118 . It is not clear whether or not the stateS5 ~well inside the
bulk band region! has a surface origin since a rather simi
feature is observed on the clean surface. There are also a
other minor features in the bulk band region that are
considered.

Although most of the previous literature has referred t
DD 233 phase with characteristic streaks in its LEED p
tern formed at annealing temperatures higher than;300 °C,
it was recently shown that a SD 233 phase without such
streaks can be formed by proper preparation.6 This SD sur-

FIG. 3. Normalized ARPES spectra for the DD Si~001!233-Ag
surface taken withhn517.6 eV along the@010# azimuth. The step
in emission angles~ue! is 2° and the incidence angle of photon (u i)
is 45°. The peak positions for different surface-state bands assi
~see the text! are marked with different symbols.
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face is ideal for the investigation of surface-state dispersi
along @110# and @1̄10# axes. This is mainly due to the ab
sence of the ambiguity from two coexisting domains
233 and 332. ARPES spectra for the SD 233 surface
along the@110# azimuth are shown in Fig. 5. In this set o
spectra, we can also find the two closely lying bands ofS1
and S2 at BE’s of ;0.9 and;1.1 eV, respectively.S3 oc-
curs also at the same BE as along the@010# azimuth of the
DD 233 surface~Figs. 3 and 4!. At higher BE,S5 is ob-
served clearly with almost no dispersion.

Figure 6 shows the dispersions of the spectral featu
along the@110# azimuth. The dispersions ofS1 , S2 , andS3
are very similar to those of the corresponding bands of
DD 233 surface along@010#. S5 peaks have relatively
prominent intensities also in this azimuth. On the other ha
the sharply dispersing state fromJ̄00 to J̄10 ~denoted byb8 in
the figure! is assigned as a bulk feature.16 ARPES spectra for
the DD 233 surface measured along the@110# azimuth~not
shown here! are essentially identical to those of the S
233 phase shown in Fig. 5. This can be naturally explain
from the identical surface structure of these two phases6 and
the small dispersions of the major surface states along b
@110# and @1̄10# ~shown below! axes.

Figure 7 shows the dispersions of the surface states o
SD 233 surface along the other major symmetric axis
@1̄10#. The raw spectra for this azimuth are not shown he
One can identify the three low-BE surface states within
gap region,S1 , S2 , andS3 , with similar dispersions to those
along the@110# azimuth. At the SBZ part ofJ̄018 2Ḡ02, a
dispersing band was observed atEB52.5– 2.8 eV. By com-

ed

FIG. 4. Experimental dispersions for the DD Si~001!233-Ag
surface along the@010# azimuth taken from the spectra shown
Fig. 3. The small and large symbols denote the rather distinc
and weak spectral features, respectively. The corresponding e
sion angles~ue! are also indicated by thin dashed lines. The thi
dashed line is the edge of bulk bands projected into the 131 SBZ.
The dispersions determined for the surface states are depicte
gray lines. The dashed parts of the gray lines indicate the amb
ous parts of the dispersions.
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paring its BE atJ̄018 to that of the equivalent SBZ point alon
@010#, J̄118 , ~see Fig. 4!, this band is identified asS48 . The
deep-lying surface resonance stateS5 is also observed with
only a small dispersion. The dispersing bandb9 at Ḡ01-Ḡ02 is
thought to be a bulk feature similar tob8 in Fig. 6.

The surface-state nature of these bands along@110# and
@1̄10# is also checked through a careful and extensive co
parison with clean surface spectra taken at the same co
tion as mentioned above.S1 , S2 , andS3 cannot be assigne
as surface umklapp features since there are no correspon
bulk features at the same binding energies and their inte
ties do not show any significant decrease at the second S
It might be possible to relateS48 as a surface umklapp featur
to a feature observed at a similar BE around normal em
sion.

To summarize the ARPES results, we have identifi
three clear surface states within the bulk band gap,S1 , S2 ,
and S3 , whose dispersions are very small. In addition, s
face statesS4 and S48 are observed with BE’s of;2.2 and
;2.6 eV, respectively, mainly in the deeper region of t
bulk band gap around; J̄118 along the@010# azimuth. In Figs.
3–7, it is shown that DD and SD 233 surfaces are semicon
ducting with a band gap larger than;0.8 eV. No sign of
spectral features atEB,0.8 eV was detected.

FIG. 5. Similar to Fig. 3, but for the SD Si~001!233-Ag surface
along the@110# azimuth.
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IV. DISCUSSION

Clarifying the origin of surface states observed requi
detailed information on the surface structure in advan
which is not available, as discussed below. However, i
tempting to relateS1 andS2 to the Si dangling bonds from
their BE’s. Two possibilities can be suggested:~i! the 233
unit cell itself has Si surface atoms with dangling bonds
saturated or~ii ! these states are due to the bonds between
and Si which still have a strong dangling-bond character.
an example of the former case, one can find the dangl
bond surface state of the Si(001)233-In surface, which
comes from the bare Si dimers intrinsic to the 233-In unit
cell.14,17 As examples of the latter case, one can ment
the alkali-metal-adsorbed18,19 and group-III-metal-
adsorbed13,14,17,20Si~001! surfaces. It should be noted tha
these low-BE states may also originate from the poss
overlap between 5s valence electrons of Ag adsorbates.

As for the higher-BE bands ofS3 , S4 , andS48 it can be
suggested that they are due to the bonds between Ags
valence electrons and Si dangling bonds or due to the bo
between the Si dangling bonds through reconstruction o
surface atoms. In fact, surface states similar toS3 , S4 , and
S48 have been found at similar BE’s on Si(001)232-Al ~Ref.
20! @-In ~Ref. 13!# and Si(001)233-In ~Ref. 14! surfaces,
which were assigned as being due to the bonds between
metals and Si dangling bonds. The Ag 4d band origin for
these surface states is not pluasible since their BE’s are
above the Ag 4d BE. Any further attempt to understan
origins of the surface-state bands observed in the pre
work is hindered by the lack of proper surface structure
formation.

As for the structure of the 233-Ag surface, there have
been two available models up to now. One is a simple str
ture model with Ag adsorbates between the intact Si dime5

The coverage of Ag in this model is13 ML. This structure is

FIG. 6. Similar to Fig. 4, but for the spectra shown in Fig. 5, th
is, for the ARPES spectra of the SD Si~001!233-Ag surface along
the @1̄10# azimuth.
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57 3953ELECTRONIC STRUCTURES OF THE Si~001!233-Ag SURFACE
very close to those of the alkali-metal-adsorbed 233 phases
on the Si~001! surface.21 This 1

3 -ML model, however, is in-
consistent with the present result since the possibility of p
served Si dimers can be ruled out clearly; a comparison
the present results with clean surface spectra reveals tha
the surface states related to the Si dimers of the clean su
~such asA, B, D, I , H, and G in Ref. 16! are found to
disappear on the 233-Ag surface as shown, in part, in Fig
2~b!. That is, the surface reconstruction of the233-Ag
phase is not based on Si dimers. This is in sharp contrast to
the cases of Si~001!232-In,13 Si~001!232-Al,20

Si~001!233-In,14 and Si~001!233-Cs ~Ref. 22! surfaces
where some of the surface states related to Si dimers h
been clearly identified due to the Si dimers preserved
neath the adsorbates. The1

3 -ML model is also inconsisten
with most of the recent investigations, which reported the
coverage of the 233 phase as> 1

2 ML. 4–7 It should also be
noted that the recent STM image showing a lack of mir
symmetry along the@1̄10# axis4 cannot be explained by thi
simple model.

The other available structure model was proposed
Michley et al.,7 which has a Ag coverage of12 ML, and a
topmost layer mixed with Ag and Si. This mixed layer mod
and all other possible structure models based on the1

2 -ML
coverage~three Ag atoms within a 233 unit cell! have an
odd number of electrons in the 233 surface unit
cell: twelve ~six! sp electrons of Si dangling bonds wit
dimer bonds broken~preserved! and threes electrons of the
Ag valence. In this counting the Ag 4d electrons are ne
glected since they are well isolated from the BE range
consider. Yet even taking into account Ag 4d electrons does
not affect the conclusion of an odd number of electrons
1
2 ML.

An odd number of electrons in a unit cell leads to a m
tallic surface, in apparent contradiction with the present r
sult, showing a clear and large band gap. The only way

FIG. 7. Similar to Fig. 4, but for the ARPES spectra of the S
Si~001!233-Ag surface along the@1̄10# azimuth, which are not
shown in this paper.
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avoid this contradiction is to resort to a strong electron c
relation, which might lead to a Mott-Hurbard–type insula
ing state. Such electron correlation effects have been
cussed in few cases of alkali-metal adsorptions
semiconductor surfaces.23 However, we think that one
should suspect the structure model before any serious
sideration of the very rare case of a strong electron corr
tion on a semiconductor surface. One strong reason to
pect the 1

2 -ML structure model comes from a recent x-ra
photoelectron spectroscopy~XPS! and LEED investigation
reporting a nominal coverage of the 233-Ag surface of 0.6
ML or larger.6 This was also the case for our own calibratio
of the Ag coverage for the best 233 LEED pattern. It is also
worthwhile to note that any efforts to theoretically simula
the measured photoelectron diffraction patters of the 233
phase by the1

2 -ML structure models was unsuccessful.24 A
Ag coverage of23 ML ~four Ag atoms in a 233 unit cell!,
instead of1

2 ML, is consistent with these reports. This lea
to an even number of surface electrons and naturally t
semiconducting surface. Thus a structure model based
Ag coverage of2

3 ML is strongly favored by the presen
result. Of course a very careful measurement of the Ag c
erage using the probes such as ion scattering can be
helpful in solving this problem. We leave as a task for futu
research the refinement of a structure model with2

3 -ML Ag
adsorbates and without Si dimers.

V. CONCLUSIONS

An ARPES study has been performed to investigate
electronic structures of single- and double-doma
Si~001!233-Ag surfaces. Through detailed ARPES measu
ments using synchrotron radiation for different SBZ line
we have identified the presence and dispersions of five
ferent surface state bandsS1 , S2 , S3 , S4 , andS48 within the
bulk band gap~0.8–3.5 eV in BE!. All surface states related
to the Si surface dimers disappear upon forming the 233-Ag
phase, indicating that all Si dimers are broken. This obse
tion denys the simple1

3 ML structure model proposed b
Winauet al.5 It is apparently shown that this surface is sem
conducting with no spectral features betweenEF and
;0.8 eV in BE. This result contradicts the recently propos
structure model based on an Ag coverage of1

2 ML ~Ref. 7!
through simple electron counting. From this and a rec
XPS/LEED result,6 it is suggested that the nominal covera
of the 233 phase could be23 ML with four Ag atoms in a
233 unit cell. Further detailed surface structure studies
this surface phase are required. The present investiga
provides the experimental surface-state dispersions, w
can play an important role in determining the surface str
ture of the 233-Ag surface if a proper theoretical calcula
tion is available.
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