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We have measured k-resolved inverse-photoemission spectra of the Ge(111)2X 1 and Si(111)2X 1
surfaces. The main spectral features are well described in terms of direct transitions to the three
lowest conduction bands along I'L and a transition to a surface resonance near the conduction-band
minimum via a surface umklapp process. An extra feature reflects a maximum in the density of
empty states. Several critical points are determined, e.g., for Ge, L, at 0.7 eV, Ly at 4.2 eV, and L;
at 7.9 eV and a higher L point at 11 eV, and for Si, L, at 2.4 eV and L; at 4.15 eV above the
valence-band maximum. By comparing our inverse-photoemission results with those from photo-
emission and optical spectroscopy we find that the E; transition could be lowered by the electron-
hole interaction by up to 0.15 eV for Ge and 0.5 eV for Si. A comparison with first-principles and

empirical band calculations is made.

I. INTRODUCTION

Energy band dispersions are a fundamental way to
describe the electronic structure of a crystalline solid by
displaying the relation between the two quantum num-
bers, for energy and momentum, of an electron in a solid.
Experimentally, energy bands can be observed by various
methods, most notably angle-r&solved photoemission! and
by inverse photoemission.” These two methods are cap-
able of simultaneously measuring energy and momentum.
Photoemission can probe electronic states below the Fermi
level Er and above the vacuum level E,,.. The gap be-
tween Er and E,,. is now made available by the recently
developed technique of inverse photoemission.> We apply
this technique to measure conduction bands of germani-
um and silicon.

The band structure of germanium has been extensively
studied by a great number of optical spectroscopies.*
From these measurements critical point energies of inter-
band transitions have been determined with high accuracy
for the most prominent transitions, such as E; at 2.111
eV or E, at 4.35 eV.* If these transition energies are com-
bined with initial-state energies obtained from photoelec-
tron spectra, the position of conduction-band states can,
in principle, be inferred. Using this approach, Grobman,
Eastman, and Freeouf® derived a band-structure scheme
of germanium that covers all of the valence bands and the
conduction bands up to ~15 eV above the fundamental
gap. They used a nonrelativistic, nonlocal pseudopotential
calculation with adjustable parameters to fit the valence-
band states to a large body of angle-integrated photoelec-
tron spectra excited with photon energies between 6.5 and
25 eV. Ciritical point energies so derived were generally in
good agreement with earlier angle-integrated®’ and recent
angle-resolved measurements.®~!' Low-lying conduction
states were positioned by adding optical transition ener-
gies to the valence-band states, and the energies of some
higher lying critical points were inferred from a direct-
transition analysis of the photoemission spectra as a func-
tion of photon energy.

The band structure of silicon has received a large
amount of attention due to the important role of Si in
semiconductor devices. A large body of optical and
photoemission date exists for silicon. Unoccupied bands
play a role in the transport properties (e.g., electron mobil-
ity) of ballistic electron devices. Recently we have report-
ed the first band-structure measurement of unoccupied
states with inverse photoemission.”!>!3 Here we compare
the Si data with the results obtained for Ge.

It is apparent that the reliability of the conduction-band
energies from optical data depends on the correct location
of interband transitions in k space — a task that does not
always lead to an unambiguous assignment, as discussed
in Ref. 5. An independent determination of the energies
and dispersion of conduction bands by angle-resolved in-
verse photoemission is thus desirable and such measure-
ments will be presented below for Si and Ge. The same
arguments hold for the energy bands at the surface of Ge.
In this case our knowledge is less complete. The band
dispersion of occupied surface states of Ge(111)2X 1 has
been measured,!*~1® but with controversial results. We
have performed the first inverse photoemission measure-
ments of unoccupied surface states or surface resonances
for this surface and will discuss them in detail in a subse-
quent paper.’

From a more fundamental point of view such measure-
ments could shed light on the question of whether or not
it is reasonable to interpret photoelectron spectra and op-
tical excitations in terms of a common one-electron ener-
gy scheme. The valence-band structure of Grobman,
Eastman, and Freeouf represents, strictly speaking, the
dispersion of ionization energies that are measured in pho-
toelectron spectroscopy. The conduction-band energies,
on the other hand, are chosen such that energy differences
between valence and conduction bands agree with optical
excitation energies. In inverse photoemission, finally, we
measure the energy hv that is released in the form of a
photon when an electron is deposited from an initial state
E; outside the crystal into a final unoccupied state with
energy E;=E;—hv. E; is thus the energy of an
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electron-affinity level.

Ionization energies and electron affinities differ from
one-electron term values calculated in the Hartree-Fock
scheme, for example, by the response of the electrons not
directly involved in the transitions. They relax towards
the hole and screen it in the photoemission process, and
they move away from the incoming electron in the inverse
photoemission process. Compared with their respective
one-electron values, the ionization potential is lowered and
the electron affinity is increased (i.e., the affinity level
moves down). Relaxation energies are difficult to calcu-
late because they are many-body effects. There appears to
be, however, a simple relationship between an optical exci-
tation energy E,, from state 1 to state 2, and the corre-
sponding ionization potential E; and electron affinity E,
(see Fig. 1). We can compare the optical excitation with
the sum of the photoemission and inverse photoemission
processes: First we remove an electron from level 1 to in-
finity at the expense of the ionization energy E,. In the
second process we add an electron from infinity to level 2,
thereby gaining the energy E,. The optical excitation en-
ergy E, , is not exactly equal to E, —E,. The missing en-
ergy E,=(E,—E,)—E,, is caused by the interaction of
electron and hole that are simultaneously present after the
optical excitation. Thus, E, is the binding energy of the
exciton formed by the electron-hole pair.

Examples for excitonic energies E, that surpass those
normally encountered in optical spectra (~10 meV) are
core-level state to empty surface or bulk-state transitions
(core excitons) where E, reaches values of several hundred
meV.!8~2! Hanke and Sham recently found that the bulk
E, transition in diamond®? and silicon?® shows a substan-
tial enhancement in oscillator strength over its single-
particle value (see also Ref. 24 and 25). The enhancement
is accompanied by an excitonic lowering of the transition
threshold by ~1.5 eV (C) and 0.2 eV (Si) without the for-
mation of a bound exciton. This unusually large effect is
due to a reduced screening of the Coulomb interaction be-
tween electrons and holes, owing to the rather localized
nature of the E, transition. For Si a similar electron-hole
effect of about 0.6 eV was calculated by Pickett and
Wang.?* In silicon, we estimated'? an excitonic lowering
E, =0.5 eV for the E, transition in qualitative agreement
with theory. A smaller but still measurable effect is ex-
pected in Ge.
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FIG. 1. Schematic representation of the relationship between
photoelectron spectroscopy, inverse photoemission, and optical
excitation involving levels 1 and 2 in a solid. In general, the op-
tical excitation energy E,, is smaller than the difference be-
tween the ionization energy E, and the electron affinity E, by
an amount E, which corresponds to the electron-hole interac-
tion.
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The paper is organized as follows. After a brief
description of the apparatus and sample preparation in
Sec. II we present the analysis of bulk features in the in-
verse photoemission spectra in Sec. III; first for Ge, then
for Si. Thereby, we derive conduction-band dispersions
along the A symmetry direction of the Brillouin zone.
This is followed by a summary. In a subsequent publica-
tion (Ref. 17) we focus on surface-state transitions.

II. EXPERIMENTAL

The inverse photoemission spectra were recorded using
a newly developed spectrometer which employs a fast
(f/4) grating monochromator with simultaneous detection
of photons with energies between 8 and 28 eV.2® A paral-
lel beam of electrons emitted from an electron gun with
BaO cathode and Pierce-type geometry impinges onto the
sample surface. Photons are detected at 45° from the
sample normal with equal efficiency for both polariza-
tions. The energy and momentum resolutions of the spec-
trometer are mainly limited by the thermal spread of the
electrons, and amount to 0.3 eV and 0.1 A_l, respectively.
Spectra are displayed by recording the energy distribution
of the radiation that is emitted when electrons with a
chosen initial energy E; undergo radiative transition into
conduction-band states with energies E;. In the spectra
to be discussed in the next section photon energies have
been converted into final-state energies according to
E;=E;—hv. The reference energy for E; and E is the
Fermi level Er. Its position on the photon-energy scale
was determined from the sharp high-energy cutoff in the
spectrum of a thin Au film evaporated onto the semicon-
ductor surface in situ.

The samples used were 3 3X20-mm? bars of p-type
Ge with a resistivity of 1.5 Q& cm. Our Si samples were of
the same dimensions. We used n-type samples (As doped,
Np=2.6x10" cm~3 and p-type samples (B doped,
N,=3x%10" cm~3), respectively. The heavy doping was
chosen to reduce the voltage drop at the depletion layer,
and the agreement in final-state energies for the two sam-
ples excludes charging or band bending as a source of sys-
tematic error in the measured band dispersions. A thin Al
film sputtered onto the rear section of the Si and Ge bars
after standard cleaning procedures provided an Ohmic
contact to the sample holder as confirmed by I-V mea-
surements.

These bars were cleaved in a vacuum of better than
1 1071 torr along [211] to expose (111) surfaces of high
quality. The surface reconstruction was checked with
low-energy electron diffiaction after the inverse photo-
emission spectra were taken so as to keep electron-beam-
induced surface contamination to a minimum. The posi-
tion of the Fermi level for the Ge(111)2X 1 surface of p-
type samples coincides?”?® with the top of the valence
band E, to within 20 meV. We shall, therefore, assume
Er—E_ =0 for our analysis. For Si(111)2X1 we used
Er—E,=0.40 eV (Ref. 29) for both p- and n-type sam-
ples.

III. RESULTS AND DISCUSSION

Figure 2 shows a series of inverse photoemission spec-
tra obtained from a Ge(111)2 X1 surface at normal elec-
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FIG. 2. Inverse photoemission spectra from the Ge(111)2x 1
surface for normal electron incidence. Parameter is the energy
of the electron beam, E;, relative to the valence band maximum
E,. Transitions into various L critical points are marked in the
22.3-eV spectrum.

tron incidence and electron energies between 11.3 and 22.3
eV. In the following these data are analyzed in terms of
surface and bulk interband transitions by methods similar
to the ones used in angle-resolved photoemission (for a re-
view see Ref. 1). We ascribe the sharp peak at 0.7 eV
above Ep in Fig. 2 to transitions into an empty surface
resonance since it disappears when the 2X 1 reconstruc-
tion is destroyed by sample contamination (see Fig. 3).
The remaining maxima in the spectra of Fig. 2 are stable
with respect to contamination and are interpreted as tran-
sitions into bulk conduction-band states. The translation-
al symmetry of the single-crystal surface ensures the con-
servation of k| (the electron momentum component
parallel to the surface) in the radiative transitions that
give rise to the structures of Fig. 2. For normal electron
incidence and a nonreconstructed surface, k I vanishes
and the transitions take place along the A symmetry
direction, i.e., between I' and L in the Brillouin zone (see
Fig. 4). The momentum perpendicular to the surface, k|,
is scanned by tuning the photon energy, a unique capabili-
ty of our apparatus.

Since the Si (111) and Ge (111) surfaces are reconstruct-
ed one has to take momentum transfer via the extra 2X 1
surface reciprocal-lattice vector (g, in Fig. 4) into ac-
count. This process (often called a surface umklapp pro-
cess) makes another line in k space accessible which
passes through L and X (see Fig. 4). By testing the sensi-
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FIG. 3. Inverse photoemission spectra of Ge(111) for a clean
2X 1 surface (solid circles, top panel) and after exposure to 200
L of oxygen (crosses, middle panel) (1L =10~®Torrsec). The
lowest panel shows the difference spectrum indicating surface-
resonance character of the peak at 0.7 eV above Er and partial
surface contribution on the low-energy shoulder of the 2.2-eV

peak.

tivity of spectral features with respect to the 2 X 1 surface
reconstruction we can decide between these two assign-
ments.

In Fig. 5 we show in the left panel the nearly free-
electron-like bands (dashed lines) together with a recently
published band structure for the I'L symmetry line’ with
the zero of energy placed at the valence-band maximum
E,. This band structure showed a good agreement with
photoemission results along the I'X direction.” However,
there are other band-structure calculations available' that
show a different band topology in the area of interest.
This leaves us with some ambiguity in the assignment of
calculated initial bands. Given this uncertainty, we have
decided to use the nearly free-electron band as the dom-
inant one (the so-called®**! “primary cone”). In this sim-
ple free-electron picture (dashed lines) only an inner po-
tential of 8.8 eV below E, (Ref. 32) and momentum
transfer by bulk lattice vectors along the surface normal
are taken into account. For the surface umklapp case we
have to consider two such bands (see Fig. 5, right panel)
corresponding to a transfer of +g,.;. Without simplifi-
cations the ambiguity in assigning the spectral features to
certain interband transitions would be prohibitive for in-
terpreting the data. It is known from photoemission
and inverse photoemission?® work on III-V compounds
that the primary cone dominates but there exists signifi-
cant emission from other bands. In cases where many
initial-state bands contribute one probes final states at
many k points and sees an averaged spectrum. The aver-
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FIG. 4. Top panel: Surface Brillouin zone for the Si(111)-
and Ge(111)2Xx 1 surface. The extra surface reciprocal-lattice
vector is marked g,5;. The bottom panel shows a side view of
the bulk Brillouin zone for Ge and Si. The dashed lines indicate
the additional lines in k space through X and L which are ac-
cessible through the +g,,; surface umklapp process. Also indi-
cated are the k points of the bulk Brillouin zone that are
reached in the free-electron approximation for different initial
electron energies E;.

age reflects the one-dimensional density of states—3¢

along the line in k space that is accessible via momentum
conservation. The unexplained stationary feature at 2.2
eV above E, in our data is a candidate for a one-
dimensional density-of-states peak near the maximum of
the lowest A, band (see Fig. 6).

Most of the peaks in Fig. 2, however, can be attributed
to direct interband transitions from the free-electron pri-
mary cone band into the lower conduction bands as shown
in Fig. 6. From the experimentally obtained band disper-
sions, which cover almost 2/3 of the I'L direction, various
L critical points can be inferred. We find L; at 4.2 €V,
L) at 7.9 eV, and a higher L point around 11 eV. From
the transitions involving a surface umklapp process, we
can deduce the L, point at 0.7 eV above E,. The choice
of one of the two possible initial bands in the right panel
of Fig. 6 is consistent with the slight upwards dispersion
that is observed with increasing photon energy. The other
initial band would give a downward dispersion. However,
weaker contributions from the second initial band are pos-
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FIG. 5. Conduction-band structure of Ge along the I'L direc-
tion and along the XLX direction with an additional g,x; um-
klapp process. The solid lines show an empirical pseudopoten-
tial calculation by Nelson et al. (Ref. 9); the dashed lines are
free-electron-like bands calculated for an inner potential of
E,—E;=8.8¢V.
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FIG. 6. Experimental conduction-band structure of Ge along
the 'L direction and along the XLX direction with an addition-
al g5 umklapp process. The dispersion of the three lowest
conduction bands measured with inverse photoemission is indi-
cated by open circles. Small closed circles denote a density-of-
states feature. The crosses are results of a photoemission
analysis in Ref. 10.
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sible and, indeed, a second structure due to surface um-
klapp processes can be made out in the difference spec-
trum in Fig. 3. The crosses in Fig. 6 are taken from a re-
cent photoemission study.'” The agreement with our data
is satisfactory. The surface umklapp process is seen in
photoemission with the same upper band as in inverse
photoemission. We note, however, that along I'L the pri-
mary cone band seen in photoemission (Fig. 6, with
crosses) corresponds to a higher band than the free-
electron primary cone in inverse photoemission (Fig. 6,
thick band without symbols).

With regard to the excitonic effects in Ge, we notice
that the data points track the calculations®*!® well, but
are set off on the average by 0.15+0.10 eV towards higher
energy. In the calculation of Grobman et al.’, the posi-
tion of the L, critical point is matched to the E, optical
transition at 2.32+0.02 eV which connects the topmost
valence band with the lowest conduction band in the
neighborhood of k=(27/a)(5,+,+).>’ The energy of
the topmost valence band, in turn, is fixed at I" and L by
the photoemission data so that the discrepancy observed
here could be interpreted as an excitonic lowering of the
E, transition by AE;=0.15 eV analogous to the situation
found in silicon.!® The accuracy of the photoemission data
used to determine the Lj point is, however, limited to
about 0.1 eV so that the significance of AE is only mar-
ginal and within the combined error of our data (+0.1 eV)
and the photoemission results.!® Excitonic effects in the
vicinity of the E; transition have been reported in the
literature.®®=% A sharp drop off of €;(w), the imaginary
part of the dielectric constant above E;, is the most
characteristic of these effects which can be described as
the interference of a discrete two-dimensional exciton
with a quasicontinuous background.*""*? A final decision
on the magnitude of AE; requires obviously more accu-
rate measurements of the dispersion of the uppermost
valence band in Ge. The higher L points are also only
slightly higher in energy in inverse photoemission than in-
ferred from optical transition energies and photoemission
results. The excitonic energies E, are on the order of 0.1
eV for Ge and therefore of the same order as the ones re-
ported for GaAs (Ref. 20) and substantially smaller than
in the case of silicon.!* There is a reduction in electron-
hole interactions when going down the group-IV column
from diamond to silicon and germanium that concurs
with the increasingly metallic character of the elements.

For Si(111)2X 1 the normal-incidence spectra are simi-
lar to those for Ge(111)2X 1. As shown in Figs. 7 and 8
there exists a sharp structure!>* near the conduction-
band minimum that is sensitive to the surface reconstruc-
tion and, therefore, is interpreted as a surface resonance.
The remaining structures are interpreted as bulk interband
transitions (see also Ref. 13). The initial-state bands (Fig.
9) are assumed to be free-electron-like with an inner po-
tential of 12.1 eV below E, consistent with photoemis-
sion.!%4—4 Independent of this assumption we determine
the L, and L; critical points as extrema in the band
dispersion. We find the L, critical point at 2.4 eV and
the L; critical point at 4.15 eV. A detailed discussion of
these bulk bands and the electron-hole interaction in Si an
be found in Ref. 13. Using the same arguments as for
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FIG. 8. Inverse photoemission spectra of Si(111) for a clean
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the peak at 1.1 eV above E,.
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FIG. 9. Experiment conduction-band structure of Si along
the T'L direction and along the XLX direction with an addition-
al g,y umklapp process. The measured dispersion of the three
lowest conduction bands is indicated by open circles for n-type
and by crosses for p-type samples. The initial band is free-
electron-like with an inner potential of E,—E;=12.1¢€V.

Ge(111) we assign the contamination-sensitive surface res-
onance at 1.1 eV above E, to transitions involving a g
surface umklapp process. In contrast with Ge, however,
we are required to use the other initial band because the
L, point lies much too high in Si to explain the surface
umklapp peak. The different band topology of the lowest
conduction band in Si (I'; and I';5 are reversed relative to
Ge, different location of the conduction-band minima in
k space) may justify the different assignment.
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Our results on unoccupied bands in Ge and Si can be
compared with numerous band calculations (Refs. 48—54
and Table I). The calculations are divided into two
groups. Empirical methods>*® used previous experimen-
tal data as input and represent the state of our knowledge
for the band structure of Ge and Si. We find small
discrepancies between our data and these empirical bands
for certain critical points (e.g., the L§ point in Si). These
differences can be traced to the influence of the electron-
hole interaction (discussed above) on the optical data
which were used as an input for empirical calculations.
For higher bands the empirical calculations suffer from
insufficient experimental input. Our data provide the in-
formation that is needed for a more complete picture of
the higher conduction bands. The second group of calcu-
lations are based on first-principles methods**—3* (mostly
the local-density theory). Although there exists substan-
tial scatter among the results from different methods they
all exhibit one common failure: They give conduction
bands that are consistently too low compared with experi-
ment. This discrepancy can be explained almost quantita-
tively by a well-known*>—° problem with band calcula-
tions of semiconductors that use the local-density approxi-
mation. The band gap comes out only about half as large
as measured. Since we have referenced the energies in
Table I to the valence-band maximum we have to add half
the band gap of Si (E; =1.12 eV) and Ge (E,; =0.66 V) to
the calculated conduction-band values. This improves the
agreement between theory and experiment to a degree
which is comparable with the scatter between different
calculations.

IV. SUMMARY AND CONCLUSIONS

The present investigation demonstrates the usefulness
of k-resolved inverse photoemission measurements to

TABLE 1. Experimental and theoretical values of critical point energies for Si and Ge. Energies are given in eV relative to the

valence band maximum E,.

Critical point

Reference Theory L; L, L, L; L,
Si sample
Experiment This work —1.5° 2.4° 4.15
Theory Ref. 48 Empirical —1.23 2.23 4.34
Ref. 51 First Principles —1.40 1.46 3.66 7.73
Ref. 44 First Principles —1.2 1.7 3.7 7.8 11.6
Ref. 52 First Principles —1.16 1.40 3.37
Ref. 53 First Principles —1.13 1.58 3.92
Ref. 50 First Principles —1.26 1.39 3.12
Ref. 54 First Principles —1.16 1.36 3.55
Ge sample
Experiment This work —1.74¢ 0.7 4.2 7.9 11
Theory Ref. § Empirical —1.5 0.8 4.3 7.8 12.6
Ref. 48 Empirical —1.43 0.76 4.20
Ref. 51 First Principles —1.40 0.52 3.80 7.77
Ref. 54 First Principles —1.34 0.31 3.93

*Average of the values reported in Refs. 45 and 47.

°A value of 2.2 eV was reported (Ref. 2) from inverse photoemission measurements on Si(111)7 X 7. This value is not as accurate as
our result from Si(111)2X 1 due to the momentum transfer via many extra surface lattice vectors on Si(111)7 X 7.

“Reference 10.
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determine the dispersion of low-lying conduction states in
semiconductors. We find that our data for bulk states are
generally well reproduced by the empirical band structures
that are fitted mainly to optical data. The small remain-
ing differences can be traced to the Coulomb interaction
between electron and hole in the optical transition. First-
principles calculations using the local-density approxima-
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tion need to be adjusted for the correct band gap to come
to an agreement with the experiment.
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