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Conduction-band dispersion, critical points, and unoccupied surface states on CxaAs(110):
A high-resolution angle-resolved inverse photoemission study
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&e report the first angle-resolved, high-resolution inverse photoemission study of the cleaved
(110) surface of GaAs. The dispersion of the lowest conduction bands along the I -K-X main sym-

metry direction has been measured using inverse photoemission spectroscopy with tunable electron
energy for initial energies between 10 and 30 eV. The photon spectra can be explained by direct op-
tical interband transitions if bulk umklapp processes are taken into account. The I ~~ critical point is
found at 4.8 eV above the valence-band maximum. The maximum of the I ~X~ band is seen at 3.5
eV and the saddle of the X~ band from I q5 to X& has been measured at 6.2 eV. In the center of the
surface Brillouin zone at I a surface resonance is located at 2.1 eV above the valence-band max-
imum in the conduction band. The surface state shows noticeable downward dispersion with k~~ of
—0.4 eV in the direction toward X and little dispersion of —0.1 eV toward X'.

INTRODUCTION

During the last two decades of semiconductor research,
GaAs has evolved as a prototye material for the whole
class of III-V, compound semiconductors, materials that
have been of continuously growing technical and scientific
interest in recent years. Direct band gaps and high mobil-
ities make these materials well suited for semiconductor
devices operating at high speed or in optical applica-
tions, but major unsolved problems concerning passiva-
tion and contacting have hindered a large-scale applica-
tion up to now. Despite huge efforts, we have not yet
achieved a full understanding of the properties of the
clean surface and the surface-vacuum interface, which is
an essential step for understanding Schottky-barrier for-
mation and oxidation at the surface.

Although the (100) surface is continuously used in tech-
nology, the (110) surface is the most studied surface of
GaAs. It is the only nonpolar surface and can be
prepared easily in situ as it is the natural cleavage plane.
The (110) surface differs significantly from the ideally ter-
minated bulk crystal. It shows surface relaxation with the
As atoms moving outward and the Ga atoms moving into
the surface to obtain a more planar sp configuration.
The electronic bulk energy bands of GaAs have been a
subject of many theoretical and experimental studies.
The occupied electronic states of III-V semiconductors are
well understood and have been measured extensively by
photoemission, " but little is known about the unoccu-
pied states.

Concerning empty electronic states of III-V compound
semiconductors, research has focused on the existence and
exact energetic position of surface and interface states in
the band gap. Using partial-yield photoelectron spectros-
copy (PYS), an empty surface state was found which ap-
peared to be located in the middle of the fundamental
band gap. ' ' Early contact-potential —difference mea-
surements' showed a Fermi-level pinning on n-type

GaAs at midgap, presumably due to those unoccupied
surface states, supporting, therefore, the PYS results.
Theoretical calculations for an unrelaxed (110) sur-
face' agreed quite well and also predicted empty sur-
face states in the middle of that band gap. The picture
was marred, however, by the very careful and previously
unnoticed work-function measurements of van Laar
et a/. , ' who showed that the Fermi-level pinning at
midgap on GaAs(110) is due to cleavage defects and that
there are no intrinsic empty surface states in the funda-
mental band gap. The PYS results had to be reinterpret-
ed ' by suggesting the existence of a surface exciton
with an unusual high binding energy of at least 0.5 eV,
and theoretical calculations for a relaxed surface showed
that the empty surface state is moved into the conduction
band upon relaxation. " Theoretical calculations also
showed that the occupied surface states respond compara-
tively insensitively upon different relaxation models (al-
though the difference between the unreconstructed and
reconstructed surfaces was very significant), whereas the
empty surface states vary much more significantly to dif-
ferent reconstructions. Previous optical and energy-
loss ' ' measurements gave some insight into the ex-
istence of empty surface states by probing transitions be-
tween occupied and unoccupied states, but left the point
in momentum (k) space at which the transition takes
place, and the final-state energy, undetermined. Further-
more, excitonic effects cannot be ruled out for these mea-
surements as well.

The bulk band structure of GaAs has been extensively
studied by a large number of optical spectroscopies. The
valence bands have been carefully mapped by angle-
resolved photoemission spectroscopy. ' " Interband op-
tical transitions at critical points have been measured with
an accuracy of better than a few tenths of meV's. 3 By
combining the transition energies with the initial-state
valence-band energies from photoemission, the position of
conduction-band critical points can, in principle, be in-
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ferred. Obviously, the reliability of the conduction-band
energies depends on the correct location of interband tran-
sitions in k space, which is not always unambiguously
possible. It is thus desirable to have an independent deter-
mination of conduction-band energies and dispersions.
Inverse photoemission reveals the momentum and energy
of unoccupied states directly via the time-reversed photo-
emission process. ' This has been recently used to map
conduction bands for Si, Ge, and GaP, and will be
presented below for GaAs. Our measurements also shed
some light on the more fundamental question as to how
reasonable the common interpretation of photoelectron
spectra and optical excitations in the one-electron energy
scheme is. Strictly speaking, photoelectron spectroscopy
measures ionization energies, whereas inverse photoemis-
sion measures the energy hv that is released as a photon
when an electron undergoes a transition from an initial
state E; into an unoccupied final state with energy
Ef=E;—hv. Ef is thus the energy of an electron affinity
level. The sum of binding and optical transition energies
differs from the affinity levels by the exciton energy E„
for the electron-hole interaction. Recently reported values
for E„have been 0.5 and 0.25 eV for the E, and Ei opti-
cal transitions in silicon, respectively. For germanium a
0.15-eV excitonic lowering of the E i valence- to
conduction-band transition is conceivable.

A previous inverse photoemission study on ion-
bombarded and annealed GaAs(110) was focused on the
position of empty surface states. It showed no emission
tailing into the bulk band gap and gave no indication of
empty surface states in the fundamental gap. This earlier
study was performed in the angle-integrated mode and,
therefore, revealed only density-of-states [E(E)] informa-
tion. It has a lower resolution of 0.8 eV full width at half
maximum (FWHM) and depended strongly on the numer-
ical decomposition of bulk and surface contributions in
the spectra.

It is the purpose of the present investigation to ela-
borate upon these earlier measurements using high-
resolution inverse photoemission in order to determine the
position of the empty surface state more accurately and to
give some insight into the dispersion of the surface-state
band with k~~. We, furthermore, want to map the anti-
bonding sp conduction bands below the vacuum level
along the I XKSX main symmetry direction which have
been inaccessible to photoemission measurements. The
binding energy of the surface exciton for transitions from
the Ga 3ds&z surface core level into the surface state can
be obtained and some information can be given on exci-
tonic effects for optical determination of bulk critical
points.

The paper is organized as follows: After a brief
description of the apparatus and sample preparation, we
present the analysis of normal-incidence inverse photo-
emission spectra for various initial electron energies E~ in
terms of conduction-band dispersion along the I XIX
direction of GaAs Brillouin zone. The next section de-
scribes our results on the surface-state energy and disper-
sion, and relates our results to optical and energy-loss
measurements for the GaAs(110) surface. Finally, we
give a brief summary of our main results.

EXPERIMENTAL

The inverse photoemission spectra were measured using
a newly developed spectrometer which uses a fast f/4
grating monochromator with simultaneous detection of
the whole photon spectrum between 8 and 30 eV by two
position-sensitive devices which cover the ranges 8—20 eV
and 16—30 eV, respectively. ' The electrons are emitted
from an electron gun in the Pierce-type geometry with a
low-temperature BaO cathode and impinge under variable
angles onto the sample surface. Energy and momentum
resolution are typically 0.3 eV and 0.1 A ', respectively,
and are mainly limited by the thermal spread of the elec-
trons. The energy hv of the emitted photon is measured
for a chosen initial electron energy E;, the latter being
referenced to the sample Fermi level Ez. The spectra to
be discussed show the photon intensity versus the final-
state energy E;, which has been calculated according to
Ef E; —hv. ——The photon-energy calibration of the spec-
trometer was obtained experimentally from the high-
energy cutoff of spectra from evaporated gold films and
from the hydrogen Lyman-a radiation.

GaAs has the fcc zinc-blende crystal structure with a
lattice constant a =5.65 A. The important main symme-
try direction for this investigation is the [110] I XIX
direction, which has a length of V 2(2n/a)=1. 57 A
from I to X. The samples used were (4)&4X15)-mm
bars of p-type Zn-doped (nz ——1.7)&10' cm ) GaAs
oriented by x-ray methods prior to cutting. The bars were
cleaved in a separate preparation chamber in a vacuum of
better than 1X10 ' Torr along [110]or [001] to expose
(110) surfaces of high quality and mirrorlike finish. The
preparation facilities include low-energy electron diffrac-
tion (LEED), a retarding-field Auger arrangement, and a
Kelvin probe for work-function measurements. Immedi-
ately after the cleave, the samples were transferred under
vacuum into the measurement chamber, where the vacu-
um was better' than 5 )(, 10 Toll during data acqulsl-
tion. Multiple cleaves were checked after the inverse
photoemission experiment by LEED, and all exhibited a
sharp 1&&1 diffraction pattern. To avoid charging and
uncontrolled voltage drops at the interface between sam-
ple and sample holder, two indium contacts were alloyed
into the back of the sample bar. The Ohmic behavior of
those contacts was confirmed by I- V measurements. A
voltage drop in the surface region was not observed. For
well-cleaved surfaces one has a flatband situation without
depletion layer, ' and our oxygen coverages are low
enough to avoid significant band bending.

. The Fermi-level position at the surface can be directly
derived from the conduction-band low final-energy onset
of our spectra. Different surface Fermi-level positions
due to defects or surface contamination on the cleaved
surfaces could be seen as a rigid shift of the whole photon
spectra. From our data for a very good cleave, shown in
Fig. 1, we obtained an onset at Ef——1.3 eV, which is
equivalent to a Fermi-level pinning at 0.1 eV above the
valence-band maximum (VBM). Within our experimental
accuracy, this is compatible with previously reported
values. ' Small shifts of the Fermi-level position of
typicaHy less than 100 rneV upon the low oxygen cover-
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FICx. 1. Normal-incidence inverse photoemission spectra
from cleaved GaAs(110) for different initial electron energies

E;. The tick marks indicate the spectral features that are fur-
ther discussed in the text and assigned to conduction-band tran-
sitions in Fig. 2.

ages ( &0.1 layer) used in this study were corrected by lin-
ing up bulk related spectral features in the photon spectra
from clean and oxygen-exposed surfaces. The size of
these shifts is in good agreement with the ones reported in
Ref. 42 for low oxygen exposures.

RESULTS AND DISCUSSION

Bulk band structure

Figure 1 shows a series of inverse photoemission spec-
tra obtained. with the electron beam impinging perpendic-
ularly onto the GaAs(110) surface (flak~~

—0). Each spec-
trum represents the sum over data from different cleaves
and is normalized to the deposited charge. The spectra

A'ki (E; )=&(2m )(E;—Eo) '~ —fiGi, (2)

Gi being the component of G perpendicular to the sur-
face.

In the more general case of off-normal incidence, i.e.,
for nonvanishing A'k~~, only the momentum parallel to the
sample surface is conserved in a transition through the
vacuum-solid interface. Knowing the angle of electron in-
cidence 8 and the sample work function N, this com-

display the energy distribution of the emitted photons for
a given initial energy E; of the incident electron ranging
from 12.25 to 28.25 eV. The energy scale is given relative
to the Fermi level for a perfect cleave, and the positions of
the valence-band maximum and conduction-band min-
imum are also indicated. The spectrum for E;=28.25 eV
and the lower final-energy part of the two spectra for
E;=21.25 and 19.75 eV are obtained from the high-
energy photon detector, which has superior resolution in
the high-photon-energy range (see experimental section
and Ref. 40). The spectra shown were recorded from a
variety of surfaces with different cleavage quality for an
extended time of data acquisition, and they show primari-
ly bulk features with the surface-state features (see below)
being suppressed.

Three distinct features can be distinguished in the mea-
sured spectra. A multiplet peak shows up between 2 and
3.5 eV. For initial electron energies of about 20 eV this
multiplet reduces into a doublet with a highly dominating
peak around 2.6 eV. A second peak at about 4.7 eV above
EF is most pronounced in the 28.25-eV spectrum. This
peak decreases in intensity and disperses upwards for the
lower initial energies. A third peak is well resolved at
about 6 eV in the 17.25-eV spectrum. It shows noticeable
dispersion and can be seen in all spectra. Most of these
tick-marked structures reflect transitions into conduction
bands and can be interpreted in the direct-transition
scheme.

The direct-transition model describes the inverse photo-
emission process as interband optical transitions under en-
ergy and momentum conservation and has been used suc-
cessfully to interpret GaAs(110) photoemission results
from hv& 8 eV (Ref. 43) up to 100 eV (Refs. 7 and 8).
For the transition of an electron through the vacuum-
solid interface, only the electron momentum parallel to
the surface erik~~ is conserved, and in order to map the final
inverse photoemission bands we have to know the initial-
state —band dispersion and, in particular, the momentum
perpendicular to the surface A'ki for a given electron ener-
gy. A generally used approximation is the description of
the higher conduction bands as free-electron-like bands.
Their dispersion can then be described by

g2
E;(K)= (k+G) —Eo, (1)

2@1

K being the total wave vector, k the wave vector in the
reduced Brillouin zone, , and G a lattice vector of the re-
ciprocal lattice. The influence of the crystal is approxi-
mated by the inner potential Eo. Reference for all ener-
gies is the valence-band maximum. For normal incidence,
i.e., iiik~~ ——0, Eq. (1) reduces to a description for the elec-
tron momentuin perpendicular to the sample surface,
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ponent of the momentum can be calculated according the
the following relation:

iiik (E~)=v'(2 )(E;—4)' i 8. (3)
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FICx. 2. Energy dispersion of conduction band states along
I XESXas derived from inverse photoemission data. The upper
panel shows the initial free-electron-like bands with the um-

klapp vectors involved as parameters. The solid line labeled s.s.
indicates the position of the surface resonance as derived by
contamination-dependent measurements.

In Ref. 11 the dispersion E(ki) of the conduction
bands above the vacuum level has been mapped along
I XKSX for InAs using photoemission spectroscopy. This
study showed that the final photoemission states (i.e., the
initial inverse photoemission states) cluster around a free-
electron-like parabolic band with G=[000] in the ex-
panded-zone scheme, which is equivalent to G=[220] in
the reduced-zone scheme, and resembles the normal free-
electron band in the [110] direction with no umklapp in-
volved. However, this study also showed that significant
contributions of direct interband transitions also stem
from two initial bands far away in k space from this sim-

ple free-electron parabola.
Using the results of a similar study for GaAs(110), we

were able to obtain a value of —9.8 eV for Eo by adjust-
ing the free-electron parabola to the experimentally
mapped conduction bands in the middle between the zone
boundaries where the perturbation by the crystal potential
can be expected to be smallest. This is in good agreement
with the theoretically calculated bottom of the muffin-tin
potential at —9.34 eV, and a previous experimental value
of —8.0 eV obtained at photon energies above 30 eV.

The only two other significantly contributing bands (see
Fig. 2) can be easily reproduced by using G=[111]and
G= [002] and their associated energy degenerate partners
in formula (2). The deviation of these idealized bands
from the experimentally mapped ones is generally less
than 0.25 A ' for G=[002] and virtually vanishes for
G =[111]and the free-electron-like parabola.

The topology of the three lowest conduction bands of
III-V compound semiconductors is well established.
Therefore, we had almost no problems assigning the
strongest features in the measured spectra to direct transi-
tions from the free-electron-like parabola. Weaker peaks
were tested to see whether they could be reasonably posi-
tioned in k space if this free-electron initial band was
used. If this possibility had to be discarded, a possible
umklapp was considered. The result of this E(ki ) assign-
ment is summarized in Fig. 2. In the upper panel of this
figure the calculated initial bands are shown with the used
bulk umklapp vectors G as parameter. The lower panel
shows the experimentally obtained conduction-band struc-
ture along I XESX. The most pronounced tick-marked
features in Fig. 1 can generally be assigned to direct tran-
sitions from the free-electron band with G=[220] (solid
dots). Note that for E; =28.25 eV the optical transition
takes place very close to the I point and that a very pro-
nounced peak at 4.7 eV is found in the spectrum. This
peak can unambiguously be assigned to transitions into
the I ~5 symmetry point in analogy with photoemission re-
sults which exhibit a strong transition from the occupied
I i5 point at this photon energy. The strength of this tran-
sition is due to the flatness of the bands around I i5 and a
high transition cross section for p states, respectively.
The spin-orbit splitting of 0.17 eV at this point is below
our resolution and therefore cannot be resolved.

However, no strong transitions into the I
& point are

found. A likely explanation is a low cross section due to
the s character of this band at I and the shape of the
band there, resulting in a small density of states. The
transitions from the occupied I i states are found to be
weak in photoemission as well. ' The slightly dispersing
peak at 6.2 eV resembles the Xi band from I i5 to an X5
point at about 13 eV at and in close proximity to the sad-
dle point of this band. The various overlapping peaks
below 3.5 eV are more difficult to assign. A tentative ex-
planation can be derived from the very pronounced peaks
in (17.25—21.25)-eV spectra around 2.6 eV, which are
probably due to direct transitions from the free-electron
band into the lowest conduction band. This band can
then be pursued through the low-energy spectra as less
pronounced peaks.

The remaining structural features are due to transitions
involving surface states and a [111](open triangles) or a
[002] umklapp (open squares). Note that the main effect
of both umklapps is to position the observed direct transi-
tions closer to the X point of the GaAs Brillouin zone.
Therefore, it is conceivable that an alternative interpreta-
tion of these features in a one-dimensional density-of-
states picture would lead to identical results.

There is only one feature left, at approximately 2.9 eV,
which does not fit into the direct-transition model,
marked by plus signs in Fig. 2. A possible explanation is
that it is due to a one- or three-dimensional density of
states [X(E)]. This is further supported by theoretical
calculations. A recent self-consistent density-of-states cal-
culation shows a strong peak in the density of states
shortly below 3 eV, which can be found at comparable
energies in many calculations. Another confirmation of
the N(E) nature of this structure is given in Fig. 3, show-
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FIG. 3. Normal-incidence inverse photoemission spectra for
k~~

——0 and E; =15.25 eV. The data from a perfect cleave (solid
line) exhibit a surface resonance at 2.0 eV above E~ which is
weak for a poor cleave (2) and after oxygen contamination (3).
On a poor cleave (dashed-dotted line) one peak at 2.9 eV is em-
phasized which is assigned to a maximum in the bulk density of
states.

cidence (fikII ——0) and an electron energy of 1S.25 eV. The
solid line, labeled (1), displays the spectrum obtained for a
clean and perfectly mirrorlike surface. This spectrum ex-
hibits all the structures discussed in the preceding subsec-
tion. The influence of different surface conditions can be
seen in the two other inverse photoemission spectra, (2}
and (3), respectively. The dashed-dotted spectrum (2) was
taken for a very poor cleave with a high density of steps.
To account for the different Fermi, levels on this surface,
the whole spectrum has been shifted energetically by 50
meV using the well-pronounced bulk peak at 6 eV as a
guideline. Spectrum (3) (dashed line) was taken after an
oxygen exposure of SOOO L (Ref. 47) to the perfect cleave
of spectrum (1) (1 L= 1 langmuir=10 Torr sec). This
exposure corresponds to not more than 0.1 monolayer of
oxygen coverage and results in a Fermi-level shift of 50
meV. In the lower part of Fig. 3 difference spectra are
drawn to further illuminate the influence of the surface
conditions on the spectra.

The main feature in the difference spectra occurs at 2.0
eV, where a well-resolved peak on the perfect and clean
surface is strongly suppressed on the two other surfaces.
We assign this structure to the Ga-derived empty
dangling-bond surface state. All other structures remain
virtually unchanged by the various surface treatments and
are, therefore, assigned to the bulk contributions already
discussed in the preceding subsection.

Off-normal inverse photoemission spectra are shown in
Figs. 4 and 5. Angle of incidence and electron energy
were chosen after Eq. (3) to measure close to high-
symmetry points of the surface Brillouin zone, which is

ing this to be the dominant peak in the low-energy part of
the spectrum for a very poor cleave. There, a strong per-
turbation of the incoming electron wave at steps and de-
fect sites is conceivable, and contributions from a large
part of the Brillouin zone many contribute to the inverse
photoemission spectrum. Similar effects have been re-
ported for photoemission in Ref. 46.

Referring the energy values of our results to the
valence-band maximum, we find (4.8+0.1) eV for I'~5,
(6.3+0.1) eV for the X& saddle point, and (3.5'+0. 1) eV for
maximum of the lowest conduction band. By combining
valence-band positions with optical transition energies, in
Ref. 8 a value of 4.77 eV is derived for the energy of the
I ~5 critical point. Thus, we find no indication of exciton-
ic effects for the optical valence- to conduction-band tran-
sitions into I ~q within our error margin of +0.1 eV for
the determination of the critical-point energy.

Surface states

A close look at the empty surface states can be taken in
Fig. 3, which shows bremsstrahlung spectra at normal in-
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and oxygen-contaminated surface with k~~=0. 71 A along

[1 10), which corresponds to 0.9I X. The arrow-marked peak is
due to transitions into the lowest bulk conduction band.

displayed in Fig. 6. The surface contribution to the spec-
tra was derived in a fashion similar as for normal electron
incidence by controlled oxygen contamination of the clean
surface. Figure 4 shows a very pronounced surface state
at 1.9 eV above Ez, indicating only minor dispersion with

k~~ along I X'. In the I X direction, the shorter dimen-
sion of the surface unit cell in real space, there occurs a
possible doublet of surface states at 1.65 and 2.4 eV above
EF. This indicates a noticeable downward dispersion of
0.4 eV from 1 to X. Our findings on the empty-surface-
state dispersion are summarized in Fig. 7, which also
shows the measured occupied surface bands taken from
Ref. 48. Also shown are the possible optical transitions at

II [001]

L X'

[1 10]
K

L X'

the measured high-symmetry points from occupied into
unoccupied surface states, the transition energies being
T& T5. We fi—nd the lowest transition energy to be 2.7 eV
in the zone center at I . The possible transition energies
cluster around 3.0 eV (Tt, Tz, and T4). An additional
transition is found at T3 ——3.8 eV. A 3-eV-wide energy
gap between occupied and empty surface states over a
substantial part of the surface Brillouin zone is in almost
perfect agreement with the 3.1-eV surface-related transi-
tion found in energy-loss spectra. ' Optical spectros-
copy at the GaAs(110) surface shows the onset of
surface-related transitions well above 2.6 eV with maxima
at 2.9, 3.2, and 3.8 eV. This is also compatible with our
empirical surface band structure shown in Fig. 7. The
remaining energy differences of the order of 0.1 eV be-
tween the optical and energy-loss data, and our energy
levels in combination with the bands from Ref. 48, could
be due to excitonic effects in the surface-related transi-
tions. However, we want to mention that 0.1 eV is well
within the combined error margins of our experiment and
the photoemission data of Ref. 48.

In electron-energy-loss spectroscopy ' ' and
photoemission-yield spectroscopy, ' ' a Ga 3d5&z core-
level —to—surface-state transition is found at 19.68 eV
with the binding energy of the Ge 3d 5&2 surface core lev-
el being 18.88 eV. This positions the final state for the
transition at 0.80 eV above the VBM. Finding the empty
surface state at least at 1.75 eV above the valence-band
maximum, we can deduce a minimal binding energy of
0.95 eV for the surface exciton. This is compatible with a
very rough recent estimate of 0.8 eV given in Ref. 49 and
in perfect agreement with the value of 0.96 eV reported
for the GaP(110) surface. A more detailed analysis of
our data with respect to excitonic binding energies is given
in Ref. 50.

X

FIG. 6. Surface Brillouin zone I XM X of GaAs(110)
(dashed line) and the underlying projection of the bulk Brillouin
zone.

SUMMARY

The results of our high-resolution inverse photoemis-
sion study of GaAs(110) can be summarized as follows:
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(i) The band dispersion of the lower unoccupied bands
of GaAs has been mapped for the first time. In particu-
lar, the p-like antibonding I ~5 point has been determined,
which is the antibonding counterpart of the valence-band
maxImum.

(ii) The precise energy locations of the unoccupied Ga-
derived surface states have been measured.

(iii) Our results for unoccupied states can be combined
with previous photoemission measurements in order to
predict optical and electron-energy-loss transitions. The
difference between predicted and actual energies can be
ascribed to the electron-hole interaction. We find that the
electron-hole interaction is negligible for valence to
conduction-band transitions, both in the bulk and at the

surface. For core to conduction-band transitions at the
surface, the electron-hole interaction is substantial and an
accurate value of 0.95 eV is obtained for the Ga3d-
to—unoccupied-surface-state transition.
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