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Angle-resolved ultraviolet photoelectron spectroscopy has been used to determine the

initial-state energy versus k
~~

dispersion of surface states on the Si(100) (2X 1), two-

domain, reconstructed surface. One surface state was found at 0.70 eV below EF at the I
symmetry point. The energy dispersion relation for this surface state was measured along

the I —J, I —J', and J—K symmetry lines of the (2& 1) surface Brillouin zone (SBZ). A
second surface state was observed in the energy range between 2 and 3 eV below EF. The

energy dispersion relation for this surface state was obtained along the J—E symmetry

line of the SBZ and in the [010] bulk azimuthal direction. The experimentally obtained

dispersion relations are compared with the surface electron bands as given by a tight-

binding calculation of the asymmetric dimer model. The experiment gives a surface-state

band whose center of gravity is in good agreement with the calculation, while the

bandwidth is approximately half as large as the calculated. For the lower surface state

both initial energy position and dispersion are in good agreement with the calculation.

The upper surface state is assigned to a dangling-bond band and the lower is tentatively

assigned to the dimer bond.

I. INTRODUCTION

The ideal Si(100) surface has two broken co-
valent bonds (dangling bonds) per surface atom.
Since this situation is not energetically favorable,
the surface reconstructs in order to lower its ener-

gy. The reconstruction of the Si(100) surface was

first observed by Farnsworth and Schlier using
low-energy-electron diffraction (LEED).' They ob-

served a LEED pattern which could be explained

by a doubling of the surface unit cell in one direc-
tion, this doubling being induced by the recon-
struction. The actually observed LEED patterns
are complicated by the different domains present
on the Si(100) surface. One lattice step changes the
direction of the long axis of the surface unit cell by
90'. The observed LEED pattern thus represents a
superposition of two- (2 X 1) domain diffraction
patterris. The (2X 1) two-domain reconstruction is

the most commonly reported reconstruction of the
Si(100) surface.

A few groups have reported a c (4X2) recon-

struction seen in LEED experiments. The
c(4X2) reconstruction, as well as (2X2) recon-

structions, have also been found from He beam dif-

fraction experiments on the Si(100) surface.

Many different structural models have been sug-

gested to account for the surface reconstructions.
The models can be divided into chain models, '

vacancy models, ' ' and pairing (dimer)
models. " ' Surface electronic band calculations
have been performed on the basis of various sug-

gested models. ' ' The surface electron bands of
the pairing model (symmetric)' are found to give
the best agreement when compared to angular in-

tegrated photoemission data. ' However, all three
models give metallic surface bands, which is in

disagreement with photoemission results. ' ' An
asymmetric dimer model has recently been suggest-
ed. ' By making the dimer slightly ionic the sur-

face energy will be lowered. The electronic surface
band calculations' ' in this model display sem-

iconducting surface bands in agreement with exper-
imental data.

We have studied electronic structure using
angle-resolved photoelectron spectroscopy (AR-
UPS). LEED has been used to characterize the

symmetry of the surfaces investigated. In Sec. III
we present experimental dispersion relations E;(k~~)
(initial-state energy versus electron parallel momen-

tum) for two surface-state structures. One surface-

state structure is situated near the Fermi level (EF)
(Refs. 1S and 16) and the other structure is found
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in the region between 2 and 3 eV below Ez. In
Sec. IV the experimental data are directly com-
pared with theoretical calculations of the surface
electron bands. ' ' In this paper we denote the
states in the surface electron bands as surface states
although they sometimes are actual surface reso-
nances. We assign the upper surface state to a
dangling-bond band and the lower state tentatively
to the dimer bond.
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II. EXPERIMENTAL DETAILS

Angular-resolved photoemission spectra were
measured in an UHV chamber at a pressure of
1&10 ' Torr. The photoelectrons were excited
using the monochromatized radiation from a hy-

drogen discharge. Useful photon energies were ob-
tained in the range 7.0—11.6 eV. The emitted
electrons mere energy analyzed by a 180' spherical
deflection analyzer rotatable in the plane of light
incidence. Slit widths of the analyzer and analyzer
radius were chosen to give a resolution (hE/E) of
1.5%. Monochromator slits and analyzer voltages
were set to obtain a combined energy resolution of
&0.3 eV in the recorded spectra.

The sample was a Si(100) single-crystal boron
doped to 8 —12 0 cm. It was cleaned in situ by
repeated cycles of argon-ion bombardment (1000 V,
10 pA). Annealing at 800 'C for 5 min produced a
sharp (2X 1) two-domain LEED pattern. During
the final annealing the pressure never rose above
2X10 Torr. The Fermi-level reference was ob-
tained by photoelectron emission from the tan-
talum sample holder to an accuracy of +0.05 eV.

10.2 eV

9.4eV

8.6 ev
-8 -7 -6 -5 -4 -3 -2 -1 0

INITIAL ENERGY BELOW EF (eV)

FIG. 1. Angle-resolved photoemission spectra, nor-
mal emission (0,=0'), for photon energies from 8.6 to
11.6 eV.

sensitive to oxygen exposure, after 150-L 02 expo-
sure the emission is negligible (Fig. 2). The ob-
served (2X 1) two-domain LEED pattern remains

sharp after this exposure and the structures as-

signed to bulk transitions are not strongly affected.
We interpret peak A as due to surface-state emis-
sion. Peak A fulfills two of the criteria ascribed to
surface states: no initial-state dispersion with pho-
ton energy for normal electron emission and ex-
treme sensitivity to gas (oxygen) exposure. This
surface state has been reported earlier. ' ' ' The A

III. EXPERIMENTAL RESULTS

In Fig. 1 we show angle-resolved photoemission
spectra for the Si(100) (2X 1) reconstructed surface
measured in the normal direction for photon ener-

gies between 8.6 and 11.6 eV. Structures 8, C, D,
and E show a clear dispersion in initial-state ener-

gy with photon energy, and we interpret them as
due to direct interband transitions. These struc-
tures will not be further discussed in this paper.
Structure A does not show any initial-state disper-
sion with varying photon energy. Its position in
initial-state energy is 0.70 eV below the Fermi level

(Ez). There is a small shift of the peak position
for fun = 9.4 eV, which is induced by the bulk
structure 8 which is moving towards the Fermi
level for decreasing photon energies. The A peak is
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FIG. 2. Effect of oxygen exposure on the A surface-
state emission.
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The energy versus kI~ dispersion for the surface
state was measured in the [110],[010],and [110]
bulk azimuthal directions for duo=10.2 eV. As we
observe a (2X 1) ttco dom-ain pattern in LEED, we
have to consider contributions to the photoemis-
sion spectra from both domains. Each domain will
provide a (2&& 1) surface Brillouin zone (SBZ), but
as the domains are rotated 90 with respect to each
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FIG. 3. Dependence of the 3 surface-state emission
on the angle of light incidence. For normal light in-
cidence (8;=0'), the vector potential has no component
normal to the surface.
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surface-state emission also shows a.strong depen-
dence on polarization of the incident light. %'hen

varying the angle of light incidence to normal in-

cidence, which makes the p-polarized component of
the light disappear, we see very little emission from
this surface state (Fig. 3).
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FIG. 4. Superposed surface Brillouin zones (SBZ) in
the repeated zone scheme of the two (2&(1) reconstruct-
ed domains of the Si(100) surface. The symmetry points
of the (2&(1) SBZ's are poined out, with indices identi-
fying them with domain o. and domain P, respectively.
The bulk azimuthal directions are also indicated.

FIG. 5 (a). Angle-resolved photoemission spectra for
different angles of electron emission. k~~ for the emitted
electrons is directed along the [110]azimuthal direction.
(b) Initial energy vs k

~~
dispersion along the [110]az-

imuthal direction for peak A. The symmetry points JP
and J of the two domains are indicated. The points at
-0.7 eV near J' correspond to the shoulder for 0, )30'
in (a).
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other, we obtain the final SBZ configuration as
shown in Fig. 4. The [110],[010],and [110]direc-
tions have been indicated in the figure, these direc-
tions refer to the underlying three-dimensional bulk
unit cell.

Photoemission spectra for different angles of
emission (0, ) in the [110]azimuthal direction are
shown in Fig. 5(a). The surface state (A) at 0.70
eV below EF for 8, = 0' disperses downwards in
initial-state energy to 1.35 eV below EF for

0, = 55 (k~~ -0.84 A '), which corresponds to
the J' symmetry point (k~~ -0.82 A '). In calcu-
lating k~~ we have used the value of 4.85 eV for the
work function. ' For electron emission angles
& 30' we see a shoulder at approximately the same
initial-state energy as the A peak for 8, =O'. The
initial-state energy versus k

~~
dispersion has been

plotted in Fig. 5(b), where the symmetry points JII
and J~ are indicated. In the [110]direction, that
is rotating the crystal 90', we measure the same
dispersion for the A peak and we also see a should-
er coming up for emission angles )30'.

The interpretation of -the observed dispersions
along the [110]and [110]directions is that the
peak dispersing from 0.70 eV down to 1.35 eV
below EF corresponds to the A surface-state disper-
sion along the F—J' line in the SBZ. When prob-
ing the I —J direction in one Brillouin zone
(domain a) we also probe the I —J~—I p direction
in the 90' rotated zone (domain P). The shoulder
at 0.70 eV below EF at angles &30' can be ex-

plained as emission from the I"—J~—I ~ direction
in this rotated zone moved in emission angle by a
surface umklapp process. The relative intensities
of the dispersing peak and the shoulder are not the
same for the [110]and [110]directions. The weak

shoulder at 0.70 eV below EF in emission form the
[110]direction become more like a peak in the
[110]direction, while the emission from the
dispersed peak is reduced in this direction. An ex-
planation to this intensity variation is that we do
not have equal amounts of the two domains in the
surface.

The surface-state dispersion has also been mea-
sured in the [010] direction in order to eliminate
the ambiguity due to superposition of the two sur-
face Brillouin zones (Fig. 4). The photoemission
spectra and measured dispersion for the A peak in
this direction are shown in Fig. 6. Using fm
=10.2 eV, we could not reach the J'

p point in the
repeated zone scheme along the [010] direction.
We measured the dispersion up to 0, =70', which
corresponds to -0.84 of the I —J p distance. For
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FIG. 6 (a) Angle-resolved photoemission spectra for
different angles of electron emission. k

~~
for the emitted

electrons is directed along the [010] azimuthal direction.
(b) Initial energy vs k~~ dispersion along the [010] az-

imuthal direction for both the A and C' surface states.

8, ) 50' we observe a peak (E) at 0.85 eV below

EF, that is approximately the same energy as for
the surface state at I . In the [010] direction we
probe equivalent k~~ points in both Brillouin zones,
and this extra peak cannot be explained by the sur-
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face umklapp process suggested for the [110]and
[110]directions. In Fig. 6(a) we see an additional
surface related structure (C') for initial-state ener-

gies between 2 and 3 eV below EF. This structure
is not seen in the [110]or [110]directions. For
0, = 30' we see a broadening of the bulk structure
observed at 2.0 eV below EF in the 0, =0' spectra
(C in Fig. 1). For 8, =40 we see an asymmetric
peak at 2.5 eV below EF, indicating contribution
from two different peaks. For 8, = 50' and 60' we
clearly see that this additional surface peak has
split off from the original bulk peak and is dkspers-

ing downwards in energy with increasing angles of
electron emission, while the original bulk peak
shows no dispersion in 0, .

To check the surface character of the C' peak we
cannot use the criterion that no initial-state energy
versus photon energy dispersion should be observed
for surfaces state. in the normal emission spectra,
simply because the C' peak cannot be detected
there.

In Fig. 7 we display spectra taken in the [010]
azimuthal direction at 8, =55' for different oxygen
exposures. The position of the C' peak for the
clean surface is 2.45 eV below EF. We also see a
shoulder at 2.0 eV below EF, which is the C bulk

peak. For increasing oxygen exposures we observed
how the emission intensity of the 2.45-eV peak (C')
decreases, and at 400-L Oz exposure the remaining

I I I

Sl (100)(2 1)

h~ =10.2eV
e.= 55'
e,. =40'
towards t:010]
oxygen exp

structure observed is the 2.0-eV (C) peak. The A

surface-state peak at —1 eV below EF has also
disappeared at 400-L Oz exposure. After 400-L Oz
exposure we could still detect a two-domain (2&(1)
LEED pattern, but diffuse compared to the origi-
nal "clean" one. From the oxygen exposure data
we interpret the C' peak as being due to emission
from a surface state. The initial-state energy
versus k~~ dispersion for the C' surface state is

- shown in Fig. 6(b) for the [010] azimuthal direc-
tion. In Fig. 8 the dependence on light polariza-
tion is displayed, and we see that for normal light
incidence both the A surface-state and the C'
surface-state emission are reduced.

By choosing the azimuthal and the polar angle
of electron emission we can probe k~~ points at (or
very close to) the J K symm—etry line in the sur-
face Brillouin zone, but we still have the ambiguity
due to the two superimposed (2X 1) domains. In
the experimental data the C' surface state is only
observed for k~~ points being closer to the K than
to the J symmetry point. When varying k~~ from
E to J, the C' surface state moves closer to the
bulk state (C) at 2.0 eV below Ez, and for k~~

points close to J we cannot separate the two dif-
ferent contributions.

The J —K symmetry line in the surface Bril-
louin zone for domain a corresponds to a line
through the —, I Jp point and perpendicular to the
I —Jp line in the surface Brillouin zone for the 90'
rotated domain (domain P). k~~ points close to J
corresponds to k~~ close to —, I Jp in the 1st SBZ,
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FIG. 7. Effect of oxygen exposure on the 3 and C'
surface-state emission.

FIG. 8. Dependence of the 3 and C' surface-state
emission on the angle of light incidence.
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and k~~ points close to E corresponds to k~~

points close to —,I J~ in the 2nd SBZ (repeated

zone scheme) in the rotated domain. Since the C'
surface state was observed for k~~ points close to
E, i.e., close to —,I J~ in the 2nd SBZ in domain

P we would expect to observe the C' surface state

close to —,I Jp in the 1st SBZ if we tried to inter-

pret the data in the surface Brillouin zone of
domain P. However, since this point is the J~
point in domain u, where we cannot observe the C'
surface state, any interpretation using the rotated
domain (P) can be ruled out. The observed initial

energy versus k~~ dispersion is thus taken as the ac-
tual dispersion along the J—E symmetry line.

IV. DISCUSSION

FIG. 9. Comparison between the experimentally ob-
tained surface-state bands (filled circles) and theoretical
bands as given by a TB calculation for the asymmetric
dimer model (Ref. 12).

The (2X 1) LEED pattern is the most frequently
observed diffraction pattern from the Si(100) sur-

face. Additional quarter-order diffraction spots in-

dicating a c (4X2) reconstruction have been ob-

served in LEED by a few groups. . He beam
difFraction experiments by Cardillo and Seeker
have shown difFuse diffraction beams which are
consistent with the existence of c(4X2), p(2X2},
and c (2X2) reconstructed domains of the Si(100)
surface. In our LEED experiments we did not ob-

serve any diffraction spots or streaks indicating a
c (4X 2) or any (2X2} reconstructions. The dif-

fraction pattern was observed with the naked eye
for various kinetic energies (50—200 eV) of the in-

cident electrons. The discussion of the experimen-
tal angle-resolved photoemission results will thus
be done within the frame of the (2X 1) reconstruct-
ed Si(100) surface. The minima of the energy
dispersions for the surface state A in the [110]and

[110]azimuthal directions are at the J' symmetry
point (Fig. 4), which is expected for the (2X 1) sur-

face reconstruction.
One of the most common models for the (2X 1)

reconstruction of the Si(100) surface is the dimer
model suggested by Schlier and Farnsworth. ' This
symmetric dimer model can be further manipulat-
ed. By tilting the dimer bond and allowing for a
charge transfer between the two atoms participat-
ing in the dimer bond, n surface reconstruction of
lower total energy than the symmetric dimer ca,'n

be obtained. ' Surface band calculations for the
asymmetric dimer gives semiconducing surface
bands, contrary to the symmetric dimer. The sem-

iconducting surface bands are consistent with the

present and earlier reported photoemission experi-
ments. ' ' '

In Fig. 9 we have plotted the experimentally ob-
tained initial energy dispersion of the surface states
A and C' along the difFerent symmetry lines in the
(2X 1}SBZ. The shoulder near the Fermi level ob-
served in the [110]and [110]directions for emis-
sion angles )30' has been plotted along the I —J
line according to the interpretation suggested in
Sec. III. In Fig. 9 we have also plotted the
surface-state bands as given by a tight-binding (TB)
calculation for the asymmetric dimer model. '

The A peak is identified as the dangling-bond
surface state. ' We suggest that the C' peak can be
identified as the "bridge-bond" surface state, i.e., a
surface state induced by the covalent bond in the
surface plane between the atoms forming the di-
mer. For the symmetric dimer Appelbaum et al. '

found a peak in the calculated local density of
states for the bridge bond at 2.5 eV below E,. For
the asymmetric dimer model, a pseudopotential
calculation by Ihm et al. ' showed a bridge-bond
surface resonance at 2.2 eV below E„at the E sym-
metry point.

Qualitatively the agreement between the ob-
served and calculated surface bands for the
dangling-bond state (A) is quite good. The absence
of dispersion along the I —J symmetry line and
the general shape of the dispersions along the
J—E and I —J' symmetry lines deduced from the
experiments, agrees well with corresponding
features in the calculation. The center of gravity of
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the calculated dangling-band band is in good agree-
ment with our experiment, while the bandwidth is
twice as large. The calculated bandwidth for the
I —J' symmetry line is 1.2 eV, while the experi-
mental bandwidth is 0.65 eV. Earlier experiments
have reported a bandwidth of 0.5 eV. ' The exper-
imental initial energy for the dangling-bond state is
-0.40 eV below E„, ' while the calculated value is
0.12 eV below E„.' Pseudopotential calculations. '

give a better value for the bandwidth, but place the
dangling-bond band too high in energy. For the
lower surface state C' we find that both the disper-
sion along the J—E line and its energy position
are in good agreement with the corresponding
surface-state band in the calculation. It should be
noted that in the TB calculation no identification
of the calculated C' surface state with the dimer
bond is made. ' '

The asymmetric dimer-model gives only one
filled surface-state band near the valence-band
maximum; which is not consistent with the experi-
mentally observed additional peak at 0.85 eV below

EF in the [010] azimuthal direction. A possible
explanation to this peak in terms of the presence of '

additional domains of other reconstructions on the
Si(100) surface has been suggested, e.g., c (4X2),
c (2 X2), p (2 X2). Both the c(4X2) and the two
(2X2) reconstructions can qualitatively explain the
existence of the additional peak. A (2 X 2) recon-
struction provides a surface reciprocal-lattice vec-
tor which takes the J' point into the I point of the
1st SBZ. The additional peak at 0.85 eV below EF
for 0, )50' (Fig.6) can thus be explained as emis-
sion from k~~ points along the [010] direction in-

side the 1st SBZ that have been moved in emission

angle by a surface reciprocal-lattice vector of the
(2X2) reconstruction. The C' surface state crosses

the 1st SBZ boundary along the [010] direction at
0, =42'. With a (2X2) reconstructed domain
present, we would expect to observe in our spectra
a peak for 0, & 50' associated with emission from
the C' surface state for k~~ points inside the 1st
SBZ. Since the C' surface state is very close (or
degenerate) in initial-state energy with the C bulk
state for k~~

"inside" the 1st SBZ, we cannot judge
from our spectra if this surface umklapp process is
present as suggested for the A surface state.

%e have found that the general shape of the ex-
perimentally obtained initial energy dispersion, of
the dangling-bond surface state is in good agree-
ment with a TB calculation for the asymmetric di-
mer model along the symmetry lines of the (2X 1)
reconstructed SBZ. The bandwidth is, however,
50% smaller than in this calculation. The addi-
tional peak at 0.85 eV below EF for the [010] az-
imuthal direction cannot be explained in terms of
the dangling-bond surface state for the (2X 1)
reconstruction.

The TB calculation also gives a surface-state
band, whose energy position is in good agreement
with the observed C' surface state for k~

~

close to
the E symmetry point. A surface band calculation
for the c (4X2) reconstruction by the same au-
thor' does not give the same good agreement for
the C' surface state.

Note added in proof. The calculated surface
state at 2.3 eV near the K point (Ref. 12) is
predominantly a p, character orbital on second-
layer atoms on the chain that contains the lowered
atom of the surface dimer. About —, of its charac-
ter is p~ from the lowered atom of the dimer.
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