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Y. Khazmi, P.O. Nilsson and J. Kanski

Department of Physics, Chalmers University of Technology, 412 96 Gothenburg, Sweden

ABSTRACT.
As part of an extensive project on the surface electronic structure of semiconductor compounds we re-
port here on an experimental and theoretical study of the InP(110) surface. By comparison of angle-resol-

ved photoemission data with results from empirical tight-binding calculations it has been possible to iden-
tify electronic surface related features and specify their origin.

1. INTRODUCTION.

Many properties of semiconductor surfaces depend on the existence of electronic states localised at the
surface. These states are conventionally classified as surface states (occurring in a band gap) or surface res-
onances (occurring in the continuum). Some specific surface states (resonances) on elemental and com-
pound semiconductors have been identified and reproduced by calculations in literature. We have, how-
ever, not been able to find any case where the semiconductor surface has been fully characterised with re-
spect to the electronic structure, By this we mean that the electronic states are not known over the whole
valence region and over large parts of the Brillouin zone. Our aim is to carry out combined experimental
and theoretical investigations to achieve this state. Our previous work has been focused on II-VI com-
pounds. In the present report we carry over these investigations to III-V systems, exemplified here by InP.
Some of the experimental data discussed here have been published in an earlier report [1].

2. EXPERIMENTAL.

Angle-resolved photoemission measurements were undertaken at the TGM beamline 41 of the national
synchrotron radiation facility MAX in Lund, Sweden. The crystals were of n-type and obtained from MCP
Electronic Materials Ltd. The (110) surface was prepared by cleaving in situ. The spectra were recorded
with an angular and energy resolution of 2° and 0.3 eV respectively.

3. THEORY.

We represent the electronic structure by an empirical tight-binding LCAO scheme. Eight basis functions
were used, i.e. the s and p states of the anion and cation atoms. First and second neighbour interactions
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(Hamiltonian matrix elements) were included, but the overlap integrals were set to zero [2]. A Green's
function technique was applied to extract the local (partial) density of states in the different atomic layers
[3]. The atomic positions in the first and second layers were taken from the recent calculation by Srivastava
[4]. The matrix elements were modified in the surface relaxation region according to a simple quadratic
scaling law [5].

4. RESULTS AND DISCUSSION.

Figure 1 displays photoemission energy distribution curves (EDCs) along the I'X direction. All four
borders of the surface Brillouin zone have been investigated but these results are reported elsewhere [1, 6].
The bulk bands were established by an iterative fitting of the parametrised LCAQ scheme to reproduce
known energies, e.g. critical point energies observed in normal photoemission. The bulk derived features
in the experimental spectra were identified by comparing with calculated direct transitions from the LCAO
bands into free electron like states. The remaining features were considered as candidates for surface related
states. The surface band structure Eg (k) was directly extracted from the measured electron kinetic energy
Eyin and emission angle 6 of the photoelectron:

Eg =hv-Ey,- ¢

Ik/A = V2Zm/h VEgip sin®
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Figure 1. Valence band spectra from InP(110) along the I'X azimuth excited with 23, 25, and 28 eV
photons. In all cases the light was incident at 45° and p-polarised in the (001) plane. The dashed lines indi-
cate surface related structures as discussed in the text. The short vertical double-lines show the position of
the X point. In the 21° spectrum of the 25-6V series we have also indicated the energy range around the X
point defined by the angular resolution.



C9-201

Here Eg is the binding energy, ¢ the work function and kj, the crystal momentum parallel to the sur-
face. Figure 2a summarises the peak locations in the T’ X direction obtained in this way. Photon energies in
the range 23 - 31 eV were used. Since surface related states do not disperse with perpendicular momentum
the Ep(k/)) relation should not depend on the photon energy used (marked with different symbols). The
lines are drawn as a guide for the eye. Figure 2b shows our calculated peak positions of the local density of
states in the first and second layer. The peaks can be identified either as surface states (resonances) or as
(modified) bulk density of states.

A few photoemission reports on the InP(110) surface have appeared literature [7 - 9]. There also exist
some theoretical papers on the surface band structure [10 - 12]. An overall, qualitative agreement is found
between these reports. However the detailed agreement is rather poor, a fact which has motivated the pre-
sent work.

Comparison between figures 2a and 2b shows a good agreement and it is possible to identify the obser-
ved features. The upper state Sy is the so called "dangling bond", which is a resonance in the T X direction.
1t is entirely of p character and is mostly located on the P atom in the outermost atomic layer. The S;, S3,
and S3' states are of the same character, but with a small admixture from In p-states. S, has an appreciable
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Figure 2a shows an experimental band structure plot of surface related structures for 23 eV(A), 25
eV(0), 28eV (¢), and 31 eV(Q) photon energies. Filled symbols represent well defined peaks, open sym-
bols weaker structures. The shadowed region is the surface projection of the bulk states. Figure 2b
shows theoretical results for surface related structures. The points indicate peaks in the density of states in

the two outermost layers and correspond to surface states (resonances) or surface modified bulk density of
states.
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amplitude in the second layer, while S5 and S3' in fact have their largest strength in the third layer. The Sy
peak is of a different nature. It has equal amounts of In s and P p character and it located entirely in the
outermost layer. Its presence in the theoretical spectra depends on a reduced coupling between the first and
second atomic layers. This coupling (In s and P s interaction) must be assumed to be considerably less than
in the bulk. The S4 location and dispersion is not affected by the amount of reduction, only its intensity. In
the same way we found S5 to be located in the second layer as result of reduced sso coupling between the
second and third atomic layers. The structure indicated at 5 -6 eV binding energy (not joined by a line) is
solely due to a density of states edge.

The other Brillouin zone borders are presently under investigation. From these results, together with
further adjustments of the surface parameters, we expect to be able to establish the surface electronic struc-
ture of InP(110) in detail. Comparing with results on other compounds raises the interesting question if
there is a "prototype surface band structure” for all the III-V and II-VI compounds, as in fact is the case for
the bulk band structure.

5. CONCLUSIONS.

By comparing detailed angle-resolved photoelectron spectra from InP(110) with empirical tight-binding
calculations it has been possible to identify observed surface related states. The restricted model used (mini-
mal basis, second neighbour interactions, etc) seems adequate to describe the surface electronic structure,
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