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Evidence for an Intrinsic Intergap Surface State on GaSb(110) by High-Resolution
Angle-Resolved Photoemission
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An intrinsic intergap surface state associated with the occupied dangling-bond state is found on high-
quality cleaved, p-type GaSb(110) surfaces. This conclusion is derived from a high-precision analysis of
angle-resolved photoemission data taken with high energy and momentum resolution as well as high ab-
solute accuracy with synchrotron and He& radiation. Thus GaSb is besides Gap the second exception to
the accepted rule that III-V compound semiconductors do not have such states.

PACS numbers: 73.20.—r, 79.60.Eq

It has been well established that surfaces of III-V
compound semiconductors are free of surface states in

the fundamental energy gap, with the exception of GaP. '

For a long time, this agreement was very hard to
achieve ' because of (i) technical insu%ciencies in the
beginning, i.e. , inability to meet the vacuum require-
ments or other problems associated with performing ex-
periments on semiconducting material of identical high-
quality standard, '' (ii) the preparation of clean, defect-
free surfaces which has generated controversy and has
remained a problem for over ten years, ' and finally (iii)
the technical standard of the experimental setups, e.g. ,
for photoemission, which have been applied to this prob-
lem.

Many of these problems, especially the technical ones,
have been overcome so that, for instance, the preparation
of clean semiconductor surfaces is not so critical today.
Also, the preparation of good-quality vacuum cleaved
(110) surfaces in the case of the III-V compound semi-
conductors is well known and can be controlled by
several techniques, i.e. , reflection high-energy electron
diffraction. ' Furthermore, the angle-resolved photo-
emission spectroscopy (ARPES) with the high standard
now available in several laboratories is a very sensitive
probe for surface quality. Intense emission from surface
states with narrow linewidths and strong dispersions will

be only observed for best-quality, defect-free, clean semi-
conductor surfaces.

In combination with theory, the experimentally de-
rived electronic structure of the surface can be applied
also to investigate the surface geometry' ' which is the
essential input for the developed theoretical methods. "
It is the limits of accuracy of these geometrical input
data, usually derived from dynamical LEED studies or,
nowadays, also from surface Rutherford backscatter-
ing, ' which makes a theoretical decision for the ex-
istence of intergap surface states, especially for the III-V
compound semiconductors with small energy gaps, prob-
lematical. Thus, accurate binding energies of surface
states and their dispersion should be determined by the
now available improved photoemission setups to derive

best inputs for the theories.
In this Letter, we report angle-resolved photoemission

spectroscopy data of the occupied dangling-bond surface
state of p-type GaSb(110), which is found in the funda-
mental energy gap, 190~ 30 meV above the top of the
bulk valence band at the I 8 point. The spectra were tak-
en with high energy and momentum resolution and abso-
lute accuracy in combination with synchrotron and Her
radiation. The philosophy of this paper is as follows: (i)
precise determination of the valence-band maximum at
the I s point from photon-energy-dependent (k~)
normal-emission spectra and resolving the uppermost oc-
cupied surface state at photon energies, where it is split
off the bulk band states; (ii) identification of the surface
state as being due to the anion-derived dangling-bond
(db) state by determination of its dispersion parallel to
the surface (k~~) at different photon energies and its in-

tensity variation with emission angle; (iii) comparison of
the position in energy of the db state with the valence-
band maximum I 8.

The experiments were carried out on UHV cleaved p-
type (1.5 x 10' carriers/cm 3, Zn) ' GaSb single crystals.
The orientation and quality were controlled by standard
x-ray techniques, LEED, and the surface sensitivity of
photoemission. Cleavage was performed with a wedge
working on both sides of a sawed groove parallel to the
(110) surface supported by an adjustable anvil, This
stress-free mounting yields best-quality cleaves by appli-
cation minimum forces. The photoemission spectra were
taken with synchrotron radiation from the DORIS II
storage ring at Hamburg Synchrotron Radiation Labo-
ratory (HASYLAB) in Hamburg in the region 10 eV
~ Ace ~ 30 eV and Her radiation. The electrons were

detected by use of a 180 spherical analyzer mounted on
a goniometer which is movable around two independent
axes (improved Leybold Heraeus three-dimensional
angle-resolved electron spectrometer). These degrees of
freedom allow a very accurate final sample adjustment
performed by our taking spectra in small angle steps
around the critical points without moving the sample.
The capability of this system has been demonstrated else-
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where. For the spectra shown here an overall energy
resolution of 50meV(AE (100 meV and an angle reso-
lution of ~ 0.5' were chosen.

For the determination of the valence-band maximum
of GaSb we measured energy distribution curves
(EDC's) with various photon energies at normal emis-
sion (kii =0). In Fig. 1(a) selection of these EDC's close
to the valence-band maximum is shown from which we
determined the experimental band structure by band
mapping for the I EL direction; the details will be given
elsewhere. ' The emission peaks assigned to A, B, and C
are identified as the bulk Z bands. They reveal signifi-
cant hco(k~) dispersion. At the zone center we found a
I 7 I 8 spin-orbit splitting of 0.7 eV in good agreement
with an empirical pseudopotential calculation and a
previous work. We found the maximum of the disper-
sion of the bulk bands (valence-band maximum I s) at
23-eV photon energy. '

In addition to the bulk-derived peaks we observe a
structure for all photon energies on the high-kinetic-
energy side of the EDC's without any dispersion. This
structure which is found to be sensitive to surface con-
taminations is clearly separated from the bulk bands for
photon energies where the bulk bands have already been
shifted to lower kinetic energies, for example, at Aco =17
eV, and is approached by the bulk bands near I (see also
Fig. 3). From these experimental facts this peak has to
be assigned to a surface state (SS). Its energy position
together with that of the bulk-derived state A is plotted
as a function of k& in the inset of Fig. 1. Note, that the
kinetic energy of the state SS is always found to be
higher than that of the top bulk state.

In order to investigate whether peak SS is due to the
occupied anion-derived dangling-bond state we measured
its dispersion parallel to the surface (kii) in I A" direc-
tion. This is shown for photon energies 17.0 and 21.2 eV
in Fig. 2. The dispersion of the surface peak is found to
be the same for both photon energies yielding 1.1 eV
bandwidth between I and A", the surface Brillouin-zone
boundary. The peak positions of the surface state are
plotted for both photon energies as a function of kii in

the right inset of Fig. 2, demonstrating that the peaks
have the same origin and are localized at the surface
without any k & dependence.

From the spectra (left inset of Fig. 2) taken with best
resolution it can be seen that, when the surface peak has
dispersed to lower kinetic energy, there is no emission
left in the regime where it is observed in normal emis-
sion. This means that there is no indication for the ex-
istence of other localized states, e.g. , cleavage-induced
surface states (extrinsic) or some artifacts resulting from
the dopant or contamination effects. These would show
no dispersion.

The surface peak SS is clearly attributable to the oc-
cupied dangling-bond state. This is further corroborated
from the spectra of Fig. 2 taken with momentum p of the
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FIG. 1. Normal-emission (kii =0) spectra as a function of

photon energy. A is the uppermost bulk band, SS is the sur-
face state. Inset: Experimental band structure close to the
valence-band maximum of peaks A and SS in I KA'direction of
the bulk Brillouin zone.

photoelectrons in the direction of the dangling-bond or-
bital or opposite to it in the I L' mirror plane. With the
assumption of plane-wave final states in first approxima-
tion and an atomiclike occupied dangling-bond orbital
the emission intensity can be described by the matrix ele-
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FIG. 2. klan is the dispersion of the surface state at 17- and

21.2-eV photon energy in I A mirror plane. Except the spectra
indicated by adb (anti-dangling-bond orbital direction) the
EDC's are taken in the dangling-bond direction. Right inset:

kii vs energy plot of the surface state at photon energies of 17.0
eV (solid circles) and 21.2 eV (open circles), Ek,„=maxi-
mum kinetic energy at I . Left inset: Selection of highest-

resolution spectra (~=50 meV) for 17.0-eV photon energy.
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FIG. 3. Comparison of EDC's with photon energy of 23
(where bulk band A has maximum kinetic energy) and 17 eV.
In the lower part, the Gaussian peaks resulting from a fit of the
23-eV spectrum are shown.

cident light, A, and the sample position, or y(p), are
kept constant, whereas p, or the position of the analyzer,
defines the db or anti-db direction. From the spectra of
Fig. 2 the angle dependence is obvious, showing the
strong directional character of the db surface state.

By our comparing quantitatively the energy position of
the db state with that of the uppermost bulk band it
should be finally decided whether the db is located in the
fundamental gap or not. In Fig. 3 we show the result:
high-resolution normal-emission spectra taken at 23- and
17-eV photon energy. As mentioned before, at 17 eV the
db state is found to be clearly separated from the bulk
bands, but note that we also observe a weak shoulder on
the high-energy side of the bulk band A at I 8. The
asymmetric peak structure at I is fitted by two Gauss-
ians shown in the lower part of Fig. 3. An energy differ-
ence between the uppermost bulk state 2 and the
dangling-bond state SS of 190~ 30 meV is derived.

In conclusion, we found an intrinsic occupied intergap
dangling-bond state on the clean (110) surface of GaSb
in the center of the Brillouin zone. This has become pos-
sible by high energy and angle resolution significantly
better than commonly applied. Our findings demon-
strate that GaSb is the second exception besides Gap to
the accepted rule that III-V compound semiconductors
do not have such states. Since these surface states are
extremely important in the determination of the surface
and interface properties of semiconductors, our results
call for detailed investigations for other III-V semicon-
ductor compounds as well and should stimulate new re-
fined theoretical calculations concerning the precise en-
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ergy location of the dangling-bond state and its relation
to the surface geometry.
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