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Bulk and surface electronic structures of Si(111)2&&1 and Si(111)7)&7
studied by angle-resolved photoelectron spectroscopy
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By using polarization-dependent angle-resolved photoemission bulk direct transitions from the up-
permost two valence bands have been identified in spectra for both Si(111)2&&1 and Si(111)7)&7.
The experimental initial-energy versus k~~ dispersions for these transitions obtained in the (110) mir-
ror plane, are in good agreement with calculated dispersions for transitions to a free-electron final
band in the photon-energy range 10.2—17.0 eV investigated. The surface electronic structure of
cleaved Si(111)2&(1 is compared with that of the Si(111)7&7surface obtained both by annealing a
cleaved sample and by sputtering and annealing a polished sample. The two ways of preparing the
7)& 7 surface result in essentially identical surface electronic structures.

I. INTRODUCTION

Angle-resolved photoemission spectroscopy has been
shown by several authors to be a very powerful technique
for obtaining information about the electronic band struc-
ture of different materials. ' Experimental energy-band
structures have been obtained for several metals, but only
for a few semiconductors. GaAs is an often cited exam-
ple, for which the valence bands have been mapped along
several high symmetry lines in the Brillouin zone. More
recently this technique was applied to Ge(100) for which
valence-band dispersions along the I —X line were ob-
tained in a normal emission experiment. In spite of ex-
tensive studies of different Si surfaces, no detailed infor-
mation about its bulk band structure has hitherto been
presented. The general approach in band mapping is to
assume a free-electron final state for the photoemission
process. Since the conduction-band structure of semicon-
ductors is very complicated, it is difficult to find a final-
state band, sufficiently free-electron-like in character to
motivate the use of a free-electron final-state band. This
is particularly the case when low photon energies are used.

In this paper we report polarization-dependent angle-
resolved photoemission measurements from Si(111)2X1.
From normal emission data, in the photon energy range
10.2—21.2 eV, we have found an experimental final-state
band with a free-electron-like dispersion. Using this band,
we can identify direct transitions from the uppermost two
valence bands. E;(k~~) dispersion relations for these tran-
sitions were obtained from off-normal emission in the
photon-energy range 10.2—17.0 eV. These are found to

be in good agreement with calculated dispersions. A simi-
lar comparison between experimental and calculated
E;(k~~) dispersions have been reported for Ge(111) by
Bringans and Hochst, who also identified direct transi-
tions from the two uppermost valence bands.

The direct transitions from the uppermost valence band
for Si(111)2X1give rise to a prominent peak in the spec-
tra at 10.2-eV photon energy in the [112]azimuthal direc-
tion. This structure was first reported by Rowe et al.
and has so far been interpreted in the literature as a sur-
face state. Our interpretation of this structure as being
due to bulk transitions explains in a natural way the three-
fold emission pattern observed.

We also report on measurements performed using unpo-
larized light in which the bulk and surface electronic
structures of Si(111)2X1 and Si(111)7X7 are compared.
The transitions from the uppermost valence band are also
observed for Si(111)7X 7, while the surface-state emission
looks entirely different from that of Si(111)2X1.

II. EXPERIMENTAL DETAILS

Angle-resolved photoemission spectra were recorded us-

ing two different experimental setups. In the first study,
photoemission data from Si(111)2X1 in the [112]-
azimuthal direction were obtained in a VG ADES 400
spectrometer using synchrotron radiation from the
DORIS II storage ring at HASYLAB, DESY. The elec-
tron analyzer was rotatable in both the horizontal and
vertical planes. Two different geometries were used in
these measurements.
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(1) The light was incident normally (0; =0') with its po-
larization vector lying in the (110) mirror plane, parallel
to the [112]direction. For emission angles (8, ) between
0' and 10, 0;=15 was used. This geometry will be re-
ferred to as the A

~~

case.
(2) Both the analyzer plane and the crystal were rotated

90' azimuthally as compared to geometry (1). Because of
experimental limitations, 0; =15' was selected instead of
0;=0. This makes the direction of light polarization
essentially perpendicular to the mirror plane. This
geometry will be referred to as the Aj case. The total-
energy resolution was &0.2 eV at a photon energy of 10.2
eV and &0.25 eV at 13.0eV.

In the second study, photoemission spectra from
Si(111)2X1 and Si(111)7X7 were obtained in both the
[112]- and [1 12]-azimuthal directions using mono-
chromatized light from a hydrogen discharge. The elec-
trons emitted were analyzed by a 180' spherical deflection
analyzer. The total-energy resolution in the recorded
spectra was (0.2 eV at the photon energy of 10.2 eV.

The initial energies have been referenced to the
valence-band maximum (VBM) for Si(111)2X1 by com-
paring the energy of the bulk structure A for 10.2-eV pho-
ton energy in Fig. 1 with that for Si(111)7X7. For
Si(111)7X 7, we have used EF Ev 0.5—9 eV——. The

Fermi-level (E~) reference was determined to an accuracy
of +0.05 eV by photoelectron emission from the sample
holder. LEED was used in both experimental setups to
characterize the surface reconstruction.

III. EXPERIMENTAL RESULTS

A. Si(111)2X1: Normal emission and [112]azimuth

The 2)& 1 reconstructed surfaces were obtained by
cleaving Si(111) single crystals, of p type (p-43 Ocm),
inside the UHV chamber at a pressure of —1&10
Torr. Normal-emission spectra in the photon-energy
range 10.2—21.2 eV for the A~~ case shown in Fig. 1 ex-
hibit one dominating structure, denoted B. This structure
disperses downwards with increasing photon energy, hav-
ing initial energies from —0.60 to —1.60 eV. The varia-
tion of initial energy with photon energy suggests inter-
preting this structure as a direct transition.

Bulk energy bands for Si, obtained from a self-
consistent-field linearized augmented-plane-wave (LAPW)
(Ref. 9) calculation, are shown in Fig. 2 along the I L—
and I —K symmetry lines. Using the calculated bands

22

S i (111j 2 x1

9, =0

20(

lA
~~
C

J3
C

Cf
10

h4)
(eV}

21 ~ 2

aa Q

6

0—
IL3—

-2—

13 A, i 2

10.2
I I

-2 0
&N&T?AL ENERGY BELOg Ey (eV)

FICx. 1i Normal emission spectra from Si(111)2X1 for vari-
ous photon energies. Structure A was used to determine the
valence-band maximum. Structure 8 corresponds to direct tran-
sitions in the bulk.

FIG. 2. Calculated band structure for silicon along the I —L
and I —E symmetry lines (dashed lines). The experimental final
band for structure B (solid circles) was obtained using the exper-
imental valence band (solid line). The final band is approximat-
ed by the k+G»~ free-electron band. Included are also the de-
generate X +6-», and k +6;» free-electron bands.
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along the I L—line, we can try to identify the initial and
final bands involved in a direct transition giving rise to
structure B. There are three valence bands in the region
of experimental initial energies. The k points along the
I —I. line at which the direct transitions take place are
determined by the initial energies from Fig. 1, and by add-
ing the corresponding photon energy, the experimental fi-
nal band is obtained. The application of this procedure to
valence band (VB) 2 results in a very steep experimental
final band, incompatible with any calculated conduction
bands or assumed free-electron final bands. This lets us
exclude VB 2 as a possible initial band in this case.

The degenerate VB's 3,4 would give a final band with- a
realistic dispersion, but still they cannot account for all
the experimental initial energies, since the calculated L3
point is too high in energy. The calculated I.~ point ener-

gy is —1.15 eV, in good agreement with other calcula-
tions, ' while the lowest experimental initial energy is
—1.60 eV. In a recent photoemission experiment,
Himpsel et al." found the L

& point (reported to be
probed in normal emission at a photon energy of 21 eV) at
—1.5 eV. Accordingly, we find the L &-point energy to be
—1.6 eV from the 21.2-eV spectrum, in close agreement
with the earlier experiment. In Fig. 2 we have introduced
an experimental valence band (solid line) which is lowered
with respect to the calculated band. The lowering is pro-
portional to the distance from I so that the L &-point en-
ergy becomes —1.60 eV. The final band obtained by us-
ing this experimental initial band is plotted as solid circles
in Fig. 2. For some energies, 21.2. 19.0, and 13.0 eV, the
final-state points are close to calculated final bands of A~
symmetry, which is the proper symmetry for normal
emission, while for 15.0 eV and especially for 17.0 eV we
find a large deviation from calculated A&-final bands. At
the photon energy of 17.0 eV the final state lies in the
middle of the A& hybridization gap, —1.7 eV from the
nearest A& band. We did not observe any decrease in the
emission intensity of structure 8, for excitation to the hy-
bridization gap region. Taking all photon energies into
account, one finds that the experimental final band is
better described by a free-electron-like band than by the
calculated final bands. This finding will be used in the
analysis below.

The initial-energy dispersion as a function of the elec-
tron wave vector parallel to the surface, E;(k~~), has been
measured for structure B at four different photon energies
(10.2, 13.0, 15.0, and 17.0 eV). A comparison between ex-
perimental and calculated E;(k~~) dispersions is one way
of discriminating among different initial- and final-band
assignments for structure P. Using calculated final
bands, such a comparison has turned out to be very com-
plicated. In general, one obtains different dispersion
branches which lie in the same E; —

k~~ region, originating
from transitions to different final bands. To be able to
distinguish among the different branches, one would have
to calculate the transition matrix elements and compare
them with experimental intensities. The overall shapes
and energy positions of the experimental E;(k~~) disper-
sions are also difficult to reproduce using calculated final
bands. This is particularly obvious at a photon energy of
17.0 eV for which the experimental final state lies in the

A& gap far from the calculated bands. Furthermore, a
rather large uncertainty is introduced in the comparison
since the calculated final bands could be off by as much
as —1 eV at the higher final energies.

We will instead proceed by taking advantage of the ex-
perimentally obtained free-electron-like final band. To be
able to calculate the E; ( k

~ ~

) dispersions using this final
band, we have approximated it by the k+6»& free-
electron band (see Fig. 2). This "primary cone" band has
been fitted in energy to the experimental points for nor-
mal emission. This places the bottom of the free-electron
bands at —12. 1 eV. We have also assumed the lowering
of VB's 3 and 4, described above, in the whole mirror
plane.

We will now compare experimental and calculated
E;(k~~) dispersions for direct transitions from VB s 3 and
4 to the free-electron final band at photon energies of
10.2, 13.0, 15.0, and 17.0 eV. Angle-resolved photoemis-
sion spectra were obtained for both the A~~ and Az cases.
The different polarization conditions are used to deter-
mine the initial-state parity with respect to the mirror
plane. ' The initial energies of structure B for various
emission angles (8, ) are shown in Fig. 3 for a photon en-
ergy of 10.2 eV. Structure B first disperses downwards to
a local minimum in initial energy at 0, -20, then up-
wards to a local maximum at 8, -40', and finally moves
downwards again at higher emission angles. The E;(k~~ )
dispersion obtained from these spectra is plotted as solid
and open squares in Fig. 5. For the A~~ case the initial
state should have even parity, which corresponds to VB 3.
The calculated E;(k~~ ) dispersion using this initial band is
shown by the dashed-dotted line in Fig. 5. The calculated
dispersion is in good agreement with the experimental
one, with regard to both energy position and the overall
shape.

As shown in Fig. 4 the spectra obtained for the A& case
are very different from the AI~ spectra. There is a d'om-
inating structure, denoted C, with maximum intensity
around 8, =20 not observed for the A~~ case. The E;(k~~)
dispersion of this structure is plotted as solid and open
circles in Fig. 5. The dashed curve shows the calculated
dispersion using VB 4 which has the appropriate odd pari-
ty. For this structure C we again find good agreement be-
tween experimental and calculated dispersions. The ener-
gy positions of structures B and C will coincide for transi-
tions on the 1 L line in the [111]d—irection. This occurs
for both the experimental and the calculated dispersions0
at kI~ -0.7 A, as can be seen in Fig. 5.

Structures B and C were also observed at 13.0, 15.0,
and 17.0 eV and had qualitatively similar E;(k~~) disper-
sions. Spectra obtained at 13.0 eV for the A~~ case are
shown in Fig. 6. Close to normal emission we find struc-
ture B having high emission intensity, which has de-
creased drastically in the 0, =10' spectrum. For higher
emission angles 0, )20, there is a structure dispersing
first upwards in initial energy to a maximum around 45
and then downwards, in qualitative agreement with what
was found for structure B at 10.2-eV photon energy.
Turning to the Az case (Fig. 7) we can positively identify
structure C for 0, ) 15'. The experimental E;(k~~ ) disper-
sions for structures B and C are plotted in Fig. 8 together
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interpreted as a direct transition; see text for details.
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with calculated dispersions using VB s 3 and 4, respective-
ly. Open circles near k~~

——0 indicate the uncertainty in
the assignment of the structure. Similar experimental and
calculated dispersions shown in Fig. 9 were also obtained
for 15.0- and 17.0-eV photon energy. As can be seen from
Figs. 8 and 9, we also find good agreement between exper-

FIG. 5. Experimental E;(kI~ ) dispersions for structure C
(solid and open circles corresponding to strong and weak struc-

tures) and structure B (solid and open squares). The calculated
dispersions for direct transitions from the odd- and even-parity
valence bands (dashed and dashed-dotted lines) are in close

agreement with experimental dispersions.
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second-highest, even-parity, valence band. The origin of struc-
ture E is discussed in the text.
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FIG. 7. Photoemission spectra for different angles for the 3&
case. Structure C corresponds to direct transitions from the up-
permost, odd-parity, valence band.

imental and calculated E;(k~~ ) dispersions for structures B
and C at higher photon energies.

One virtue of the free-electron-like final band is that it
gives different initial energies for transitions on the I l. —
line in the [111]direction, compared with transitions on
the I 1. line in the [111] dir—ection, which is also ob-
served experimentally for the different photon energies.
Calculated final bands would instead have given the same
initial energies for transitions on the I —L, lines in the two
different directions.

As discussed elsewhere, ' structure C, first reported by
Rome et al. , has so far been interpreted as emission from
a surface state. This interpretation is definitely ruled out
by the significant changes in E;(k

~ ~

) dispersion as a func-

tion of photon energy found for the photon energies inves-
tigated. The polarization dependence and the good agree-
ment with calculated dispersions make us interpret both
structures 8 and C as direct transitions from VB's 3 and
4, respectively, to a free-electron-like final band. Our in-
terpretation of structure C as being a bulk feature explains
in a natural way the threefold emission pattern observed.
The sensitivity of structures B and C to contamination
was found to be far less than that observed for the
dangling-bond surface state. ' Knowledge of the origin of
structures B and C provides a basis for a more detailed
photoemission study of the experimental final bands, in-
vestigating the differences and similarities with calculated
conduction bands for Si.
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In the present experiment, where the [112] direction
corresponds to the I —J line in the 2X 1 surface Brillouin
zone, the dangling-bond surface state is observed as a
weak structure dispersing towards the valence-band edge.
Emission from the dangling bond is suppressed for both
the A

l ~

and A q cases because of the angles 8; used (0' and

15, respectively). There also seems to be some effect of
the different polarizations used on the emission intensity.
The dangling-bond emission is weaker for the Az case
than for the 3

~I
case at 10.2 eV, although the spectra were

measured at approximately the same time after cleavage.
In the A~ spectra obtained at 13.0 eV, the dangling-bond
emission was further reduced by contamination since a
longer time had elapsed after cleavage.

In the spectra obtained for the A~~ case at 10.2 eV, we
find another dispersive structure, denoted D, in Fig. 3.
This structure disperses from —1.1 eV in normal emis-
sion down to —4 eV at 0, =60', having maximum intensi-

ty at 8, =35'. Vr'e will discuss the origin of this structure
as a direct transition both using free-electron and calculat-
ed final bands. In the case of free-electron final bands, we
must also take the degenerate k+GI-I& and k+6&» free-
electron bands into account. These free-electron bands are
included in Fig. 2. There are two cases involving free-
electron bands which could possibly account for the ex-
perimental E;(klan) dispersion of structure D, plotted as
solid circles in Fig. 10. Transitions from the lowered VB
3 to the k+ 6,» -», -type free-electron bands give the
dispersion shown by the dashed line in Fig. 10. Transi-
tions from the VB 2 to the G»I final band give the
dispersion shown by the dashed-dotted line in Fig. 10. As
seen from the figure, the calculated dispersions come close
to each other for k &0.15 A ', and within this region the
intensity has its maximum at kI~ -0.4 A
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FIG. 10. Experimental E;(k~~) dispersion for structure D
(solid circles). Calculated dispersions for different direct transi-
tions are included. The different dispersion curves correspond
to transitions from VB 2 to the K+6&» final band (dashed-
dotted line), from VB 3 to the K+G»„G,» final band (dashed

line) and finally from VB 3 to three different calculated final
bands (solid lines).
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As can be seen from Fig. 2 there are calculated bands
which closely resemble the G, ii »i free-electron bands

along I —L. From this we can expect that the use of cal-
culated bands would also give dispersions in reasonable
agreement with experiment for structure D. To account
for the entire dispersion observed experimentally, we have
to involve three different final bands. Only even parity
bands need be considered, resulting in three different
branches shown by the solid lines in Fig. 10. The even
parity VB 3 serves as initial band for all branches. The
changes in emission intensity could be an effect of the dif-
ferent final bands involved. The region of high emission
intensity corresponds to transitions from VB 3 to conduc-
tion band (CB) 8.

At a photon energy of 13.0 eV, the use of free-electron
final bands predicts dispersions of the similar shape as for
10.2 eV, but shifted to lower initial energies. In the 13.0-
eV spectra for the A

~~
case (Fig. 6), a structure is observed

at —3.5 eV for 8, =15' (E), which disperses downwards,
crossing the energy position of the stationary —4.7-eV
peak. In this limited kI~ range, the dispersion agrees well
with that obtained using the two types of free-electron
bands in the region where the calculated dispersion curves
come close to each other.

Turning to the case of calculated final bands, CB 8 is
no longer a possible final band, which could explain why
we do not see any structure having high emission intensity
for 13.0 eV. Thus, to explain structure E with transitions
to the calculated final-state bands, its origin must be dif-
ferent from that of structure D, while with the use of the
free-electron final band it was possible to explain both D
and E as transitions between the same pair of bands.

E;(k~~) dispersion curves which look entirely different
from those obtained from the [112]direction. The differ-
ence can be seen by comparing Fig. 11, where the disper-
sions along the [1 12] direction are shown, with Fig. 5 for
the [112] direction. The strong asymmetry predicted by
the free-electron final band is also observed experimental-
ly. The upper spectrum in Fig. 12 was obtained at
8, =57' in the [112]-azimuthal direction. This spectrum
shows a sharp structure at —1.35 eV corresponding to
structures 8 and C close to the k~~ point where they have
the same initial energies. Since the spectrum was obtained
with unpolarized light, we obtain contributions from both
structures 8 and C. The dangling-bond emission is strong
because 8; =45 was used. In the lower spectrum obtained
at the same emission angle in the [1 1 2]-azimuthal direc-
tion the B,C structure has disappeared, we find instead a
sharp peak (F) at a lower initial energy ( —2.70 eV). The
dispersion of this peak is plotted as solid circles in Fig. 11.
It is difficult to identify structure I' above a binding ener-

gy of —2 eV because there are at least two other struc-
tures in this energy region. The use of polarized light
would probably reveal the entire dispersion curve as for
the [112] direction. The structures at ——3 eV in the
[112] spectrum and at ——1.4 eV in the [1 12] spectrum
do not show any E;(k~~ ) dispersion and should not be con-
fused with structures I' and 8,C, respectively. The
theoretically expected splitting of the dispersion curves
for large-k~~ values, see Fig. 11, is also observed experi-
mentally for 0, &65'. There are several other structures

B. Si(111)2XI: [112]azimuth

In the [1 1 2]-azimuthal direction direct transitions
from VB's 3 and 4 to the G

& i i free-electron band give th
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FIG. 11. Experimental E;(k~~ ) dispersion for structure F
(solid circles). The calculated dispersions for direct transitions
from the odd-parity and even-parity bands are included (dashed
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pl&. 12. Photoemission spectra obtained in the [112] and
[112] direction for 0, =57. Structure B,C corresponds to
direct transitions from the two uppermost valence bands at the

k~~ point where they have the same initial energies. Structure F
corresponds to direct transitions from the second-highest
valence band. The spectra illustrate the asymmetry in the
dispersion predicted by the k+G]~] free-electron band. The
dangling-band state is observed at E„.
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in the spectra which are difficult to resolve and character-
ize fully, since unpolarized light was used, and we will
therefore leave them without an attempt to explain their
origin.

C. Si(111)7~ 7

In this section we will discuss the differences and simi-
larities in the bulk and surface electronic structures of
Si(111)2X1 and Si(111)7X7 surfaces. The Si(111)7X7
surface was obtained in two different ways. Single-crystal
Si(1 11) wafers of p type (p-5000 0 cm) were cleaned i n
situ by Ar+ sputtering (1000 V, 10 pA). After repeated
cycles of sputtering the samples were annealed for 5 min
at a temperature, of 850'C. This treatment gave a sharp
7 X 7 low-energy electron diffraction (LEED) pattern.
The Si(111)7X7 surface was also obtained by annealing
the cleaved Si(111)2X1 crystal at 500 C for 10 min,
which also gave a good 7&&7 LEED pattern. Normal
emission spectra from 7&7 and 2&1 surfaces measured
at a photon energy of 10.2 eV for unpolarized light in-
cident at an angle of 45 are compared in Fig. 13. The
differences in the spectra are almost entirely limited to the
dangling-bond peak. In the spectrum for the 2)&1 sur-
face, the dangling-bond peak is found at -0.7 eV (S)
below the valence-band maximum (VBM), and has a high
emission intensity. After converting to the 7X7 recon-
struction, we observe a dramatic decrease in emission in-
tensity and a change in initial energy to -0.25 eV (Sq)
below the VBM for the surface-state structure.

Superimposed on the dangling-bond peak for the 2 & 1
surface, there should also be some contribution from the
bulk peak 8 at -0.6 eV below the VBM, although the

contribution is expected to be small since unpolarized
light at 45 incidence angle was used. For the lower-lying
structures, which we interpret as being due to bulk emis-
sion, the effect of the change of surface reconstruction is
small. There is an increase in emission above the VBM
from an additional surface state (SI ) reaching to the Fer-
mi level. Emission from the extra surface state was
stronger for the 7X7 surface obtained by sputtering and
annealing.

The 2X1 to 7X7 conversion is also followed by
changes in work-function (@) and Fermi-level pinning.
From the width of the normal emission spectra, we obtain
4z~& ——4.80+0.05 eV and 47x7 —4.60+0.05 eV. The ab-
solve values and the change in work function are con-
sistent with values reported by other authors. ' ' The
change in Fermi-level position was obtained by aligning
the bulk structure 3 in the two spectra. This gives

(EF Ev)7x7 (Ez Ev)qx, ———0.23+0.05 eV

for this sample. In Fig. 14 we show spectra measured for
0, =20'—30' along the [112]-azimuthal direction. The
lower part of the figure shows spectra for Si(111)7X7ob-
tained from the 2X 1 reconstruction, and the upper part
shows spectra for the 7X7 surface obtained from a sput-
tered and annealed sample. In this interval of emission
angles, the two surface states (SI and Sz) have high emis-
sion intensities. The surface-state peaks are more pro-
nounced for the sputtered and annealed surface. We have
not detected any dispersion for these surface-state peaks
along any of the [112]-,[1 12]-, or [110]-azimuthal direc-
tions for the 7)&7 surfaces obtained in these two different
ways. For the 7&7 surface there is a third surface state

I

S j (1'11) 7x 7
%u) =10.2 eV

I ~ I

-Si (111)
hu) =10.2 eV

th)

C

cj

0-

I—

0

C3

0

x1

x7

I I I ]

-5 -c+ -3 -2 -1 0
INITEAL ENERGY BELOIAI' E„(eV)

FIG. 13. Normal emission spectra for Si(111)2&&1 and after
converting the surface to the 7)&7 reconstruction. The spectra
show the different surface-state contributions.
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FIG. 14. Photoemission spectra for Si(111)7&& 7. The spectra
in (a) were obtained from a sputtered and annealed sample and
in (b) from a 7&7 surface obtained by annealing a Si(111)2)&1

crystal.
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FICx. 15. Experimental E;(k~~ ) dispersions for structure C ob-
tained from Si(111)7&&7(solid circles) and Si(111)2&&1 (open cir-
cles). The solid line corresponds to the calculated dispersion for
direct transitions from VB 4 to the X +G~» final band.

at ——1.3 eV observed at higher photon energies' which
we cannot detect at 10.2 eV because of the interference of
a bulk structure at this initial energy. This surface state
shows dispersion, ' *' in contrast to S& and S2, with a
bandwidth of -0.3 eV. ' For off-normal emission the
Si(111)2X1 surface-state emission looks entirely different
from that of Si(111)7X7. Instead of two nondispersive
surface-state structures near the VBM there is a highly-
dispersive, high-intensity structure on the Si(111)2X1 sur-
face (S). From the energy position of ——0.7 eV at
8, =0 (see Fig. 12) it disperses upwards along the [110]
(I"—J) and [112], [112] (I —I7) directions. The total
bandwidth is approximately 0.8 eV. The emission from
the dangling-bond state on Si(111)2X1 has been reported
elsewhere.

In Fig. 14 there is also a dispersive structure, denoted
C, not earlier reported for the 7 X 7 surface, which corre-
sponds to structure C for Si(111)2X1. It is easiest to
detect it in this 0, range, where it also has the highest
emission intensity observed for the 2)& 1 surface, although
compared with the 2&&1 case the intensity is drastically
reduced for the 7X7 surface. A possible explanation of
this observation is the increase in surface scattering intro-
duced by the many 7&7 reciprocal-lattice vectors. The
experimental dispersion of structure C for 7)&7 is plotted
as solid circles in Fig. 15 together with the dispersion for
Si(111)2X1 (open circles). The calculated dispersion for
the direct transition between VB 4 and the 6],&] free-
electron band is also shown in the figure.

We find that the dispersions of C for Si(ill)2X1 and
Si(111)7X7 are identical within the experimental uncer-
tainty. The comparison above shows that we can identify
direct transitions from the odd parity valence band (VB 4)
to the free-electron-like final band also in the spectra from
Si(111)7X7. The direct transitions from the even parity
valence band (VB 3), structure 8 in Fig. 3, are not possible
to identify for 7)&7 because of its lower emission intensity
and the presence of other structures in that initial-energy
region.

The direct transition structures D and +observed jn the
[112]and [1 1 2] directions, respectively, for the 2X 1 sur-
face can only be seen as very weak structures at certain
emission angles. It is not possible to obtain any E;(k~~)
dispersion relations for these structures. The use of polar-
ized light would probably reveal the dispersion for struc-
tures B, D, and E on the 7& 7 surface as well.

IV. DISCUSSION

We have shown that three dominating structures ( 8, C,
and F) in the photoemission spectra from Si(111)surfaces
are due to direct transitions from the uppermost two
valence bands to a free-electron-like final band, which can
be approximated by the k +G

~ & ~ free-electron band. The
structures were observed for a wide range of photon ener-
gies and einission angles in the (110)-mirror plane. The
identifications were made possible because of the strong
polarization dependence shown by structures 8 and C.

The simple free-electron final band gives calculated
E;(k~~) dispersions in surprisingly good agreement with
experiment for the photon-energy range 10.2—17.0 eV in-
vestigated. In another experiment at Ace=21.2 eV on
Si(111)7X7 and Si(111)v 3Xv 3:Al, ' the direct transi-
tions from the uppermost two valence bands were also ob-
served. The experimental dispersions are wel1 reproduced
by the calculated dispersions also for this higher photon
energy.

The application of a free-electron final-state band for
silicon, which has a calculated band structure deviating
substantially from one that can be considered as "free-
electron-like, " might at first seem questionable. However,
along the I —K like in Fig. 2 there are two parts of the
calculated conduction bands, at -2 eV below the steep
k+6~» band that have dispersions in close agreement
with the free-electron band. Such ealeulated final bands
can explain a free-electron-like behavior of the final band
in photoemission. Also in the I —L direction there are
parts of calculated conducting bands (A~) that can possi-
bly explain an apparent free-electron behavior of the final
band, although the hybridization gaps are larger in this
direction. We did not observe any effect of these gaps,
such as a decrease in emission intensity. A normal emis-
sion experiment with smaller photon-energy steps would
reveal any effects of these band gaps.

The k+6»& free-electron band has certainly been
proved to be useful when interpreting spectral features as
being due to direct bulk transitions, like 8, C, and F.
When the origins of these structures now are known, we
think it would be fruitful to perform more extensive
photoemission studies to reveal the details of the
conduction-band structure.

The 2X1 and 7X7 reconstructions of the Si(111) sur-
face exhibit very different surface electronic structures.
The highly dispersive dangling-bond band on Si(111)2X1
is replaced by three surface states on the 7 & 7 surface. As
discussed elsewhere, ' we find that all three surface states
are probably associated with dangling-bond electrons,
which is in contrast to an earlier A3 symmetry assignment
of the S3 surface state. ' The results presented here for
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the surface states are in good agreement with those ob-
tained in earlier studies for Si(111)2X1 (Refs. 20 and 21)
and Si(111)7X7(Ref. 19).
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