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From measurements of the dispersion of the lowest two conduction bands in silicon by k-
resolved inverse photoemission the energies of the L{ and Lf§ critical points were determined as
2.40 £0.15 and 4.15 £0.10 eV relative to the valence-band edge, respectively. A comparison with
energies derived from photoemission and optical data reveals a large excitonic lowering of the E;
transition by 0.5 £0.2 eV. The lowest unoccupied surface state on the Si(111) 2x 1 surface at T is

identified at 1.2 £0.1 eV.

PACS numbers: 71.25.Rk, 73.20.—r, 79.20.Kz

The bulk band structure of silicon is likely to be the
most studied of all semiconductors.! Combining the
information from photoelectron spectroscopy and opti-
cal measurements with an empirical nonlocal pseudo-
potential band-structure calculation, Chelicowsky and
Cohen (CC) obtained what appeared to be a satisfacto-
ry and complete picture of the band structure of silicon
up to about 5 eV above the valence-band edge.? They
assigned, for example, energies (all referred to the
valence-band edge Ey) of —1.23 eV (L}), 2.23 eV

(L§), and 4.34 eV (L§) to the critical points at L that
bracket the fundamental gap in Si. Ab initio calcula-
tions, on the other hand, gave critical-point energies in
substantial disagreement with the empirical scheme of
CC. The recent calculation of Wang and Klein® which
stands for many similar theoretical results arrives at
energies of 1.46 and 3.66 eV for the Lf{ and L§ critical
points, 0.8 and 0.7 eV lower than the empirical CC
values.

This raises the fundamental question of to what ex-
tent the influence of the valence hole on the photo-
emission binding energies and the optical excitation
energies can be neglected in what amounts to a single-
particle interpretation of these one- and two-
quasiparticle (electron and hole in the case of optical
spectra) excitations. Hanke and Sham* have recently
treated the influence of the electron-hole interaction
on the optical response of silicon rigorously. They are
able to reproduce position and amplitude of the FE,
maximum in the €, spectrum of Si satisfactorily pro-
vided that they allow for a nonlocal screening of the
electron-hole interaction in the form of a momentum-
dependent dielectric constant. The calculation yields
an excitonic lowering of the E; edge, i.e., the onset of
transitions from A% to Af{, by AE,=0.2 eV compared
to its ‘‘band-structure value,’’ a result that amounts to
a breakdown of the conventional interpretation
scheme of optical data.

In this Letter we address the same problem by pro-
viding independent energies of the lowest two conduc-
tion bands of Si that were obtained by adding (not tak-

ing away) an electron to the system and comparing
them with the combined results of photoelectron spec-
troscopy and optical data. The new energies were
derived from normal-incidence, k-resolved inverse-
photoemission measurements with variable photon en-
ergy performed on cleaved, well ordered Si(111) 2x 1
surfaces with an energy and momentum resolution of
0.3eVand 0.1 A~!, respectively.’

Figure 1 shows a limited series of spectra obtained
with the electron beam impinging perpendicularly onto
the Si(111) surface (k; =0). For each spectrum the
energy distribution of the emitted photons was record-
ed for a given energy E; of the primary electron beam.
The zero of energy in the spectra of Fig. 1 corresponds
to transitions to the Fermi level Er as determined
from the high-photon-energy cutoff in the spectrum of
a Au film. We identify the two peaks around 2.5 and
4.2 eV with direct transitions into the two lowest con-
duction bands along the 'L (i.e., [111]) direction in
the Brillouin zone of Si. The momentum component
perpendicular to the surface, k,, was calculated with a
free-electron initial-state dispersion with a value of
Ey— Ey=—12.1 eV for the inner potential.® Thus,
given the 5.34-A lattice constant of Si, transitions at L
have a k, value of 1.0 A™! at an initial-state energy of
22.2 eV above Ey. Peak positions are plotted versus
k, in a reduced-zone scheme in Fig. 2 and the data are
seen to cover approximately 60% of the I' L dimension.
The measured energy dispersion of the two bands
agrees qualitatively with virtually all band-structure
calculations: a dispersion that follows that of the
highest valence band for the A; conduction band and a
slight maximum about halfway between I' and L for
the band of A3 symmetry. Minima at L define the L{
and L§ critical-point energies independent of the par-
ticular choice made for E|.

The two symbols in Fig. 2 refer to n-type samples
(As doped, Np=2.6x10'" cm~3) and to p-type sam-
ples (B doped, N,=3x10!" cm~3), respectively. The
heavy doping was chosen to reduce the effect of band
bending on the spectra and the agreement in final-state
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FIG. 1. Inverse-photoemission spectra at normal in-
cidence for a range of initial electron energies E;.

ENERGY (eV relative to E)

energies for the two samples excludes band bending as
a source of systematic error in the band dispersion of
Fig. 2.

Values between 0.328 and 0.48 eV ? have been quot-
ed for the Fermi-level pinning position relative to the
valence-band edge, Ey, on the Si(111) 2x1 surface.
We base our analysis on the most recent value of
0.40 +0.03 eV,10 and obtain the following uncorrected
energies (relative to Ey) for the lowest two con-
duction-band critical points at L: L{=2.50 £0.10 eV
and L§=4.15+0.10 eV. The error reflects variations
in the peak positions of a total of six samples ( +0.07
eV) and a +0.08-eV uncertainty in the spectrometer
calibration.

We have also measured the dispersion of the A{ and
Af§ bands perpendicular to I' L at a point corresponding
to k, =0.78 A~! by taking spectra at off-normal an-
gles for k) along (011) (see Fig. 3). The dispersion in
this direction, which is parallel to the LW symmetry
line, is comparatively small (see inset of Fig. 3), as
would be expected for k vectors perpendicular to the
[111] direction near the surface of the Brillouin zone.!!
Taking the finite momentum resolution of the spec-
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FIG. 2. Energy dispersion of conduction-band states
along I' L as derived from inverse-photoemission data. The
A% band is from Ref. 6, and optical transition energies ap-
propriate for T=300 K are from Ref. 7. Data points
marked S.S. correspond to an empty surface state on the
Si(111) 2x 1 surface.

trometer into account we make allowance for this
dispersion by lowering L{ to 2.40 £0.15 eV. The
second peak in Fig. 3 does not disperse measurably.

A maximum in the three-dimensional density of
conduction states lies at 2.9 £0.1 eV.12 An unresolved
contribution of this maximum to the spectra of Fig. 1
brought about by umklapp processes involving many
reciprocal-lattice vectors could, in principle, reduce the
measured dispersion of the A{ band and thus raise the
energy of the minimum at L above the true position of
L§. Modeling this situation by two peaks with a width
of 0.8 eV (full width at half maximum) placed at 2.9
and 2.0 eV, respectively, showed that even a 30% con-
tribution of the density of states to the spectra does
not affect the measured peak positions due to direct
transitions near L. The opposite situation—a density-
of-states peak modulated in its position by a direct
transition—is most unlikely. The energy would be off
by 0.5 eV and the rapid variations in the relative cross
sections of the two peaks in Fig. 1 are characteristic of
direct transitions rather than of density-of-states
features. The final energies for the L critical points
from inverse photoemission are thus E(L§{)=2.40
+0.15eVand E(L§)=4.15+£0.10 eV.

Rather than comparing the new critical-point ener-
gies with band-structure calculations let us examine
our results in the light of the accurately known optical
transitions involving critical points along A. To this
end we augment the experimental band-structure
scheme of Fig. 2 by adding the A} valence band as
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FIG. 3. Inverse-photoemission spectra forooflf-normal in-
cidence with ky along (011) and k;, =0.78 A~ ". The inset
shows the dispersion of the lower peak with k.

determined in angle-resolved photoemission® with an

5 end point that is the average of the energies in
Himpsel, Heimann, and Eastman!? and Ref. 6, and by
placing I'5 at 3.30 eV in accordance with the direct op-
tical gap of Si (E§ =3.30¢eV).7

E; and E{ mark the onset of optical transitions from

¥ to Af and A§ near and including the critical points
at L, respectively.!? The E{ end-point energy (3.9 eV;
see Fig. 2) is only insignificantly lower than L§ when
the combined error of initial and final states ( + 0.2
eV) is taken into account. It is apparent, however,
that the E; excitation energy falls short of the corre-
sponding energy difference as obtained from photo-
emission and inverse-photoemission data by 0.5 +0.2
eV. This discrepancy, when ascribed to an excitonic
lowering of the L} — Lf{ optical transition, is in essen-
tial agreement with the 0.2-eV lowering of the E
threshold attributed by Hanke and Sham to the
electron-hole attraction.* Alternatively, our new data
require a reinterpretation of the optical absorption near
3.4 eV in such a sense that the transition takes place
near I' rather than L.

Finally, we observe at Ex+ 0.8 eV a shoulder in the
spectra of freshly cleaved surfaces (Fig. 4) that has the
characteristics of a surface state, i.e., it disappears
upon contamination and shows no dispersion with &k
(Fig. 2). The energy of this empty surface state, when
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FIG. 4. Inverse-photoemission spectra of Si(111) 2x1
that show the lowest unoccupied surface state 0.7 eV above
Ex. The dashed line represents the spectrum after contam-
ination.

combined with that of the corresponding occupied
state at Ex— 1.1 eV, yields for the surface-state gap
at ' 1.9+0.1 eV. This is in good agreement with
values calculated on the basis of the w-bonded chain
model for the reconstruction of the Si(111) 2x1 sur-
face: 2.0 and 1.8 eV.16

In conclusion, we find evidence for strong electron-
hole interaction in the E; but not the E{ optical transi-
tion in Si. The excitonic lowering of at least 0.3 eV is
comparable in magnitude to core exciton binding ener-
gies and renders obsolete the description of this transi-
tion in terms of an independent-particle picture.

We are indebted to A. Marx for his expert technical
help. One of us (L.L.) wishes to thank IBM for mak-
ing his stay at the Watson Research Center possible.
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