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Low-temperature photoemission study of the surface electronic structure of Si„111…737
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The electronic structure of the Si(111)737 surface has been studied in detail at a sample temperature of 55
K with high-energy-resolution angle-resolved photoemission. The photoemission spectra show a previously
undetected surface-state structure at'0.5 eV below the Fermi level that we assign to dangling-bond states
located mainly to the adatoms near the corner holes of the 737 reconstruction. Detailed dispersion curves
obtained at 55 K are presented for the three uppermost, dangling-bond derived, surface states. Surface sensitive
Si 2p spectra obtained in this low-temperature study still show a comparatively broad line shape. Possible
reasons for this are discussed.@S0163-1829~98!51128-9#
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Angle-resolved photoemission studies have consiste
reported the existence of three surface-state bands on
Si(111)737 surface. The two bands closest to the Fer
level (EF) are interpreted as dangling-bond derived and
third surface state is associated with back-bonds. By com
ing photoemission results with information obtained fro
scanning tunneling microscopy~STM! a rather detailed as
signment of the surface states has evolved in terms of
tom, rest atom, and back-bond states. There are basi
three types of dangling bonds on the 737 surface. In a unit
cell there are 6 rest atom dangling-bond electrons, 1 cor
hole dangling-bond electron, and 12 dangling-bond electr
associated with the adatoms. The two uppermost surf
state bands observed by photoemission~commonly denoted
S1 andS2) show only a weak dispersion indicating a rath
localized nature in real space.1 This has been verified in STM
studies in which an assignment ofS1 and S2 were made.2,3

The S1 state, at'20.15 eV ~relative toEF), is located on
the adatoms andS2 , at'20.9 eV, is located to the rest atom
positions and at the corner-hole atoms. Since both the
atom and corner-hole dangling-bond derived states are
below EF they must be doubly occupied. This situation c
be obtained by a transfer of dangling-bond electrons from
adatom states that are higher in energy compared to the
atom and corner-hole states. This leads to a situation w
the 12 adatom dangling-bond electrons are reduced t
electrons.4 In a band picture these five dangling-bond ele
trons can give rise to two fully occupied bands and one h
full surface band in the 737 surface Brillouin zone~SBZ!.
Photoemission shows significant emission atEF implying
that the 737 surface is metallic which is consistent with th
odd number of adatom dangling-bond electrons. The
adatom electrons reveal themselves as the rather broaS1
state in photoemission.

In this Rapid Communication we have reexamined
surface states of the 737 surface in an angle-resolved ph
toemission study employing high-energy resolution at a l
PRB 580163-1829/98/58~4!/1730~4!/$15.00
ly
the
i
e
n-

a-
lly

r-
s
e-

r

st
ell

e
est
re
5

-
lf

e

e

temperature~55 K!. The spectra exhibit a new surface-sta
structureS18 located at'20.5 eV, which can be followed in
the inner half of the 131 SBZ. The low-temperature spectr
also provide more detailed information on the structure cl
est toEF . At approximately half the distance betweenḠ and
M̄ of the 131 SBZ there is a sharp minimum in the dispe
sion. The shape of the dispersion curve very much resem
what is observed for the Si~111!)3):Sn surface that is
metallic with a half-full dangling-bond band.5 A detailed dis-
persion of theS2 surface band is also obtained in this low
temperature study. The dispersion ofS2 is similar to what
has been reported earlier.1

The photoemission study was performed at beam line
at the Maxlab synchrotron radiation facility in Lund, Sw
den. A spherical grating monochromator produces usa
light in the range 14–200 eV. The electrons are analyzed
a hemispherical analyzer~VG, ARUPS 10! equipped with an
electronic lens that can be run at different angular reso
tions. The valence-band spectra were obtained with a pho
energy of 21.2 eV with a total energy resolution of,50 meV
~analyzer and monochromator! and an angular resolution o
62°. Surface sensitive Si 2p core-level spectra were als
recorded in this study at total energy resolutions between
and 90 meV. Then-type ~Sb, 3V cm! Si~111! sample was
chemically etched before it was inserted into the vacu
system.6 After extensive outgassing the silicon oxide w
removed by direct current heating to'930 °C. After the ini-
tial cleaning the sample was flashed to'1150 °C several
times. This procedure produced valence-band spectra
well-developed surface-state structures and high-quality
2p spectra. Low-energy electron diffraction~LEED! showed
a sharp 737 pattern at room temperature. At 55 K the
37 LEED spots were sharper and the background inten
was lower than at room temperature, as expected. No o
diffraction features than the 737 spots could be observed i
the LEED pattern. Neither the valence-band spectra nor
R1730 © 1998 The American Physical Society
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Si 2p core-level spectra showed any indication of contam
nation at 55 K. Thus, the spectra presented here are re
sentative of clean low-temperature Si(111)737 surfaces.

Figure 1 shows a set of valence-band spectra obtained
different sample temperatures at an emission angle of
along theḠ-M̄ direction. In the room temperature spectru
the two surface-state structuresS1 andS2 appear at'20.15
and'20.9 eV, respectively. Even thoughS1 andS2 are well
separated in energy~0.75 eV! there is a significant emissio
between these states that gives rise to an asymmetric s
of the S1 structure. The origin of the asymmetry is reveal
in the low-temperature spectra. A third surface-state str
ture, S18 , which has not been reported previously, can
identified at an energy position of'20.5 eV. S18 is clearly
observable in spectra obtained at 100 K and it becomes e
more well defined at 55 K as theS1 structure also become
narrower.

We have mapped the dispersion of the surface statesS1 ,
S18 , andS2 along theḠ-M̄ and Ḡ-K̄ lines of the 131 SBZ.
Spectra measured at 55 K were used to get the most det
information about the dispersions. Figure 2 shows spectra
various emission angles in theḠ-M̄ direction. TheS18 struc-
ture is resolved from theS1 peak up to an emission angle o
10°. Due to the increase in theS1 intensity and a downward
shift of that peak it is hard to resolve theS18 structure in the
spectra between 12.5° and 17.5°. For larger emission an
S18 can be identified in the spectra but the intensity is
small to obtain a reliable dispersion. In addition to theS18
structure, we also get new information aboutS1 from these
spectra. Earlier room temperature studies have reporte
characteristic intensity increase of theS1 structure at ap-
proximately half the distance betweenḠ and M̄ as is also
observed here. What we additionally find is that the intens
increase is accompanied by a dispersion resulting in a ra
sharp energy minimum.

The dispersions of theS1 , S18 , andS2 surface states ar
plotted in Fig. 3 along both theḠ-M̄ andḠ-K̄ directions. The
S18 state seems to have a small upward dispersion in theḠ-M̄

FIG. 1. Angle-resolved valence-band spectra obtained from
Si(111)737 surface at three different sample temperatures.
new surface stateS18 appears in the low-temperature spectra at'0.5
eV belowEF .
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direction while it does not exhibit any discernible dispersi
in the Ḡ-K̄ direction. TheS2 structure shows strong emissio
intensity all the way to the 131 SBZ boundary. S2 exhib-
its the largest dispersion in theḠ-K̄ direction with the high-
est energy position atki'0.44 Å21. In the Ḡ-M̄ direction
we note a slight upward dispersion to be followed by
downward dispersion closer toM̄ . The total bandwidth ofS2
from the data in Fig. 3 is 0.1260.03 eV. The dispersion
features and the bandwidth of theS2 surface state is simila
to what was reported in an earlier room temperature stu1

The dispersions of theS1 andS2 surface states are normall
plotted in the 131 SBZ but the extreme points of the dis
persions do not seem to be related to the 131 symmetry. It
is intriguing to note that the most pronounced features of
dispersion coincide with the symmetry points of the 737

e
e

FIG. 2. Valence-band spectra obtained at 55 K for various em
sion angles along theḠ-M̄ direction of the 131 SBZ.

FIG. 3. Dispersion of theS1 , S18, andS2 surface states along th
Ḡ-K̄ and Ḡ-M̄ symmetry lines of the 131 SBZ. The inset shows
the symmetry points of the 131 SBZ and several 737 SBZ’s. The
dashed lines indicate the positions ofḠ737 points along thek̄i axis.
Filled circles indicate strong emission intensity. The error bars
the Ḡ point indicate the maximum uncertainty in the energy po
tions.
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SBZ, i.e., the minimum ofS1 at 0.54 Å21 along Ḡ-M̄ and

the maximum ofS2 at 0.44 Å21 alongḠ-K̄; both occur atḠ
points of the 737 SBZ in a repeated zone scheme~see the
inset in Fig. 3!. The maximum at theḠ737 point in theḠ-K̄
direction does not show up at theḠ737 points probed in the
Ḡ-M̄ direction. Thus for the results to be consistent with t
737 periodicity, theS2 structure has at least to consist
two components. It has not been possible to directly reso
any additional structure in theS2 peak but the strong asym
metry of theS2 peak in the 25° spectrum in Fig. 2 provide
indirect evidence for more than one contribution. The o
served dispersion ofS2 is a result of both rest atom an
corner-hole dangling-bond contributions to theS2 emission.
TheS2 emission should correspond to the 12 electrons of
rest atom states and it should most likely also include th
electrons associated with the corner-hole states. Thus
band-structure picture,S2 is the result of seven bands that a
close in energy.

Based on a band-structure picture and the five ada
dangling-bond electrons the photoemission results forS1 and
S18 can be interpreted in terms of two rather flat doubly o
cupied bands~open circles at'20.5 and20.15 eV, respec-
tively! and one half full dispersive band~solid circles near
Ḡ737).

An alternative way to discuss the photoemission d
would be to use a more localized picture since the separa
between atoms on the 737 surface is quite large. STM
studies have shown that electrons with initial energies co
sponding to theS2 state are located to the rest atoms and
the atoms in the corner holes. Electronic states with ener
corresponding toS1 were found to be associated with th
adatoms in the 737 unit cell. All 12 adatoms are not equiva
lent according to the STM study.2,3 Due to the stacking faul
in one half of the unit cell there is a charge transfer betw
the halves that breaks the symmetry. Besides this differe
between the faulted and unfaulted halves, the six adat
within one half of the unit cell also appear inequivalent.
the filled state STM images the adatoms next to a corner
appear higher than the adatoms on the sides of the ad
triangles. Thus in a localized ‘‘atomiclike’’ picture we coul
expect at least two different binding energies for the ada
dangling bonds in each half of the unit cell, which leads
principle to a total of four possible energies for the adat
dangling bonds. This difference suggests that it is possibl
associate the photoemission structuresS1 andS18 with differ-
ent adatoms in the 737 unit cell.

From theoretical calculations of the electron
structure7–12 we can derive a plausible assignment of theS18
structure. A common result of the calculations is that th
find the adatom states close to the Fermi level. In the ca
lations by Qian and Chadi7 and Fujita, Nagayoshi, an
Yoshimori,8 the rest atom states and the corner-hole state
found to be close in energy while Brommer an
co-workers11,12 find a strong corner-hole state within 0.2 e
from the Fermi level. Only the results by Qian and Cha7

and Fujita, Nagayoshi, and Yoshimori,8 are consistent with
STM observations and we therefore exclude the corner-h
state as a possible explanation for theS18 peak. In the study
by Fujita, Nagayoshi, and Yoshimori8 the band structure wa
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presented for a fewk̄i points in the 737 SBZ along with
spatially resolved contour maps of the charge density
selected electron energies. For the adatom manifold, wh
crosses the Fermi level, the lowest states were found to p
erentially locate charge on the adatoms next to the co
hole. These are the atoms that appear brightest in STM
ages of the adatoms when tunneling out of occupied sta
The electronic states on adatoms next to a corner hole w
also found to be lowest in energy in the calculation
Stauffer and co-workers9,10 where density of state curve
were presented. Based on the STM results and on the a
able theoretical results, we assign theS18 band to adatom
dangling bonds mainly located to the adatoms next to
corner holes.

Si 2p core-level spectra were also recorded from the
37 surface at 55 K as a complementary way of verifying
high surface quality. Another incentive to carry out cor
level studies of the 737 surface was the very high spectr
resolution obtained on the Si(001)c(432) surface under the
same experimental conditions.13 Figure 4 shows a norma
emission Si 2p spectrum obtained from the same 737 sur-
face as that from which the valence-band data were recor
Surprisingly, this spectrum is very similar to those obtain
at 120 K in an earlier study.14 The significant improvemen
in resolution observed for the Si(001)c(432) surface is not
observed for the 737 surface. Increased energy resoluti
and decreased phonon broadening by measuring at lo
temperatures do not reveal any further details in the com
cated surface sensitive Si 2p spectrum of the 737 surface. It
seems that an intrinsic limit is reached in the resolution
the Si 2p core level of the 737 surface. The reason for th
comparatively broad Si 2p spectra from the 737 surface is
most likely to be found in the detailed atomic and electro
structure of the 737 surface. From STM studies it is know
that there is a charge asymmetry between the faulted
unfaulted halves of the 737 unit cell. Furthermore, there i
an inequivalence between adatoms within each half of

FIG. 4. Surface sensitive Si 2p core-level spectrum from the
Si(111)737 surface obtained at 55 K. A curve fitting analysis
the spectrum results in a decomposition into one bulk and five
face components. The energy shifts of the componentsC1 , C2 ,
C3 , C4 , andC5 are 253,2706, 553,2188, and 961 meV, respec
tively.
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737 cell as discussed above. Thus the structural featu
such as adatoms, rest atoms, second layer atoms, etc., d
represent homogeneous sets of atoms. Within each group
can expect slightly different Si 2p binding energies due to
details in the charge transfer that would manifest itself as
broadening of the Si 2p components. The inequivalence be
tween the two halves would also affect the width of th
‘‘bulk’’ component since the escape depth is only'3 Å at a
photon energy of 140 eV.14 The lack of improvement in
resolution in the Si 2p spectra from the 737 surface unfor-
tunately hampers any dramatic progress in t
understanding/assignment of the surface core-level shifts

Three recent high-resolution Si 2p studies14–16 agreed on
the main conclusions that the rest atoms give rise to
componentC2 shifted to lower binding energies and that th
adatom componentC3 is shifted toward higher binding en-
ergies compared to the bulk component. In the study by L
Lay et al.15 a singlet component was introduced in the fit at
binding energy of20.41 eV relative to the bulk component
It was assigned to a crystal-field splitting of the rest ato
component. This component was not present in the deco
positions of the Si 2p core-level spectra presented by Karls
sonet al.14 or by Paggelet al.16 In Fig. 4 we show a fit to the
55 K spectrum17 that is in very good agreement with that o
Ref. 14. We do not find any need for an extra singlet com
ponent contrary to the study by LeLayet al.15 Based on our
present results and two of the earlier studies14,16 we find that
there is no reason to introduce crystal-field splitting of th
rest atom state as an explanation of the Si 2p line shape.
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In this paper we have reported a surface stateS18 on the
Si(111)737 that becomes separated from theS1 surface
state at low temperatures. From comparisons with ear
STM studies, as well as theoretical studies of the surfa
states of the 737 surface, we assignS18 to dangling-bond
states mainly located at the adatoms near the corner hole
the 737 reconstruction. Detailed dispersion curves for th
dangling-bond derived surface statesS1 , S18 , and S2 have
been presented based on the 55 K photoemission data.
dispersion curves show features that can be attributed to
737 SBZ, such as the minimum of theS1 band at aḠ737
point. Since the dispersions do not fully follow the 737
periodicity the assignment of the dispersion features to t
737 SBZ must be regarded as tentative at this stage. T
surface sensitive Si 2p core-level spectrum recorded at 55 K
showed no improvement in terms of resolution, contrary
what has been observed for the Si(001)c(432) surface. The
intrinsically large widths of the bulk and surface componen
of the Si 2p spectrum were attributed to the inherent in
equivalence between the surface atoms in the faulted a
unfaulted halves of the 737 unit cell. In accordance with
two earlier high-resolution core-level studies of the 737
surface14,16 we do not find any evidence for crystal-field
splitting of the rest atom component as was recen
suggested.15
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