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Unreconstructed CdTe(100) surface prepared by ion bombardment and
annealing is investigated by angle-resolved photoemission. The experimen-
tal band structure E(k) is determined along high-symmetry lines of the
surface Brillonin zone by measuring energy-distribution curves of photoelec-
trons. Different criteria were applied to separate surface and bulk related
spectral features, e.g. calculating the position of bulk-derived emissions in
the frame of the free-electron final state approximation assuming k conserva-
tion. In this way, most dispersing features could be explained. All remaining
features were compared with theoretical surface band structures for differ-
ent polar surface terminations which were calculated within a layer doubling
procedure on the basis of an EHT-fit to the bulk band structure. The inves-
tigated CdTe(100)-(1x1) surface could be identified as Cd terminated. Two
surface bands were observed, one located above the valence-band edge and
the second in the open pocket of the projected bulk band structure along
the I' K direction. At 4.6 eV binding energy an additional weakly dispersing
band was found, which contains mixed surface and bulk character. The high
density of bulk states associated with this edge of the heteropolar gap is also
expected to contribute to this feature.
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1. Introduction

In recent years, II-VI and III-V semiconductors with their best studied
representatives CdTe and GaAs respectively, have gained increasing technologi-
cal interest, especially concerning the fabrication of optoelectronical devices. It is
therefore of great importance to study the electronic bulk and surface structure
of these materials in great detail in order to understand the electric properties.
The cleavable (110) surface of CdTe has become subject to band structure inves-
tigations by means of angle-resolved photoemission spectroscopy (ARPES) and
similarities between surface and bulk precperties of CdTe and ITI-V semiconductor
compounds have been demonstrated [1]. Concerning the (100} cvystal plane, GaAs
reveals a couple of various surface reconstructions [2-4], but an unreconstructed
(1x1) surface structure has not been observed. In contrast I (iaAs, Takahashi
and Ebina [5] reported that the CdTe(100) surface posesses (1) structure show-
ing up important differences concerning the surface related nicchanisms of these
two types of semiconductors. The (1x1) structure appeared upon annealing of
CdTe(100)—(3x1) surface and thus seems to be more stable Lermination. Up to
now, the only experimental investigation on the electronic structure of CdTe(100)
has been published by Niles and Hd6chst [6]. These authors took normal emission
ARPES data of CdTe(100)-(2x1) surface and studied exclusively the bulk elec-
tronic properties. In this paper we present the first investigation of the surface
electronic structure of CdTe(100)-(1x1). The detailed experimental and theoret-
ical analysis explains surface as well as bulk derived electronic emissions in the
spectra. In addition, we calculated the sorface band structure of CdTe(100)-(1x1)
including relaxation, which allows us to determine the termination of the surface
prepared in the experiment.

2. Experimental

The angle-resolved photoemission spectra were taken with synchrotron ra-
diation in a photon energy range of 9 eV < hv < 32 eV supplied from the storage
ring DORIS IIT at HASYLAB in Hamburg, FR Germany, with an enctgy resolu-
tion of 80 meV and with Hel radiation (hv = 21.22 V) with an energy resolution

of 144 meV. The electrons were detected by means of a spheticul analyzer raounted
on a two-axes goniometer. The angle resolution was better than 0.5°.
The CdTe(100) wafers with dimensions of 5 X 5 x 0.5 nnu® wers cut from

CdTe single crystals, which were grown by the modified Bridginan method in the
Institute of Physics, Polish Academy of Sciences, and oriented by standard X-ray
diffraction. All samples investigated here were cleaned by 500 ¢V argon ion bom-
bardment for 15 minutes and then annealed at about 260°C for 2 hours. 1'he surface
structure was characterized by means of low-energy electron diffraction (LEED)
and reflection high-energy electron diffraction (RHEED) in an ultrahigh-vacuum
(base pressure in the low 10~1° mbar range) preparation system. Fron all inves-
tigations we arrived at an unreconstructed CdTe(100) surface by the conditions
given above.
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3. Results and discussion

Before a detailed discussion of the surface band structure, E(ky), the bulk va-
lence band maximum (VBM) I's should be determined, i.e. via the photon energy
at which the emissions from the upperm ost bulk valence band I's X7 reach maxi-
mum kinetic energy. A selection of normal emission spectra (¥ = 0°) taken at var-
ious photon energies corresponding to kj-wave vectors along the I' AX-direction
of the bulk Brillouin zone is shown in Fig. 1. The first emission maxima at highest
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Fig. 1. Energy distribution curves at normal emission at various photon energies hv.
The binding energy is related to the bulk valence band maximum [ (see text). The
emission maxima connected by the line are the emission features of each spectrum
with the lowest binding energy which allowed the determination of the valence band

maximum I%.

kinetic energy or vice versa at low binding energy of each spectrum are connected
by a line. These maxima can be interpreted as direct transitions from the I's X7
valence band into a final state band. Oue can continuously follow the dispersion of
the first structure with decreasing photon energy down to 10 eV moving towards
lower binding energy. For slightly lower photon energies direct transitions from I
would fall into an energy gap of the final states ruling out I's as the origin of the
0.5 eV peak in the 9 eV spectrum. This situation, i.e. the changes in the spectra
measured with photon energies around the onset of transitions [rom the valence

band maximum I§, is discussed in detail in Ref. [6]. For the analysis discussed
below we took the energy position of the first peak of the 10 ¢V spectrum as the
reference for the bulk valence band maximum and the binding energy scale. This

leads to an inner potential related to VBM of |Eo| = 4.2 €V, which is in reasonable
agreement with the corresponding theoretical value (see below).

In order to determine the surface band structure E(k)) we measured energy-
-distribution curves for emission angles ¥ along the 'K direction of the surface
Brillouin zone at hv = 21.22 eV. A selection of spectra covering a large k| range
from T to K is shown in Fig. 2. The insert shows the surface Brillouin zone in-
cluding the direction scanned by the energy distribution curves of Fig. 2. Some
emission features are connected by full lines labelled S1, Sa, S, S’, and DS. These
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Fig. 2. Photoemission spectra taken parallel to the surface with 21.22 eV photon en-
ergy along TK as a function of the emission angle ¥9. The insert shows the surface
Brillouin zone. The emission maxima were determined by a least squares fit using Gaus-
sian functions. The structures labelled S1, Sz, S, S’ and DS have a dominantly surface
character. All other features not labelled are the contributions of transitions from bulk
states.

contain dominantly surface character. All other structures not labelled and con-
nected by dashed lines are due to emissions from bulk bands which will be shown
below.

In the first step of our analysis we calculated from the spectra series of Fig. 2
the entire experimental band structure E(ky) taking into consideration all emis-
sion maxima due to transitions from bulk and surface states into free-electron-like
final states, using the relation k) = (2m/h2)Ekin sind. To separate the surface
transitions from bulk transitions we applied in the second step a method developed
by Olde et al. [7], which consists in calculating a band structure Ei(kj) consid-
ering the transition energies of the bulk states at conditions directly comparable
with the experiment. The bulk valence band structure taken as the initial states
of the transitions, Ey;(k), is calculated by the empirical tight-binding method
(ETBM) [8]. For the final state bands we assume free-electron-like bands described
by Ev s (ky, ko) = (B2 /2m)[(kL +G1)? + (kj+ G))?]— | Eo|, where | Eq| is the inner
potential related to VBM and which was determined to |Ey| = 4.2 eV from the
normal emission spectra. kj and Gy are the components parallel to the surface
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of the Bloch wave vector and a reciprocal lattice vector respectively, and k) and
G — those components perpendicular to the surface. If a bulk band structure
Ey,i(k) is given and assuming k-conservation, one is then able to calculate for a
given photon energy hv the emissions from these bands, i.e. direct transitions using
Ey, s (k)= Ep i (k) = hv. Now we take the part of the k-space scanned by our exper-
iment in off-normal emission as a two-dimensional discrete array (i L,m, k)j,») with
the indices m and n. For each fixed k) n value we vary the k, ,, component and the
valence band index in order to get those values where transitions with a photon
energy of hv = 21.22 eV into a free-electron-like final state become allowed by
the energy and momentum selection rules. This procedure results in wave vectors
kir = (kL tr, kj¢r) and energy positions Ey i(ker) = Eb,g(ker) — hv at which transi-
tions occur. These points, ki, Ep i(k:), are projected into the plane with binding
energy Ey, ; as ordinate and the wave vector component kyj¢: as abscissa. This way
we get one-dimensional function Ei(kj) which shows, from the theoretical point
of view, where emissions from bulk bands shculd be seen in photoemission. This
function can directly be compared with the experimental band structure E(kj),
with the result that all features not labelled in Fig. 2 (dashed lines) can clearly be
attributed to transitions from bulk bands.
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Fig. 3. Surface band structure of CdTe(100)-(1x1). Together with the projected bulk
valence band structure (hatched area) and the calculated surface bands of an ideal
surface for Cd (dashed lines) and Te termination (dotted lines) the experimental surface
bands are shown, labelled S, S1, Sz, S’, and D3 (see text).

Figure 3 shows the resulting experimental surface band structure for the
T K direction. Triangles mark clearly identified surface structures, whereas circles
represent structures where this evidence is not so strong, mainly because bulk
transitions are expected nearby. Full symbcls indicate strong, open symbols —
weaker structures. Additionally, the projected theoretical band structure (hatched
area) calculated by ETBM is shown in this picture. Around the Brillouin zone
boundary K a surface band S is located above the valence band and a surface band
labelled S’ is found in the open pocket of the projected valence band structure,
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which confirms the surface state nature of S and S’. Besides these, we observe
additional bands due to surface resonances labelled S;, S, and DS.

The CdTe(100) surface is polar which means that this surface is either ter-
minated by Cd or Te. In order to decide the actual experimental termination, we
used the surface band structure calculationis performed together with these in-
vestigations. There, the parameters of the Exiended-Hiickel-Theory (EHT) were
determined by a fit of the bulk band structure to various experimental [9, 10] and
also theoretical band structures. The Hamilton matrix of the semi-infinite crystal
is then given by the EHT-parameters and by the calculated overlap matrix in de-
pendence on the surface termination and relaxation. A layer-doubling procedure
yields, via the matrix of the Greens function and the density of states, the surface
band structure which is shown in Fig. 3 for an ideal Cd and Te terminated surface
by dashed and dotted lines respectively. Termination by Te yields theoretically two
surface state bands each of them spin—orbit splitted above the valence band edge
located near S. One pair of these states crosses VBM at about k| ~ 0.35 A1 be-
coming unoccupied near the I'-point and predicting the Te terminated CdTe(100)
surface to be metallic. On the other hand, the Cd terminated surface exhibits only
one spin-orbit splitted pair below VBM in the energy regime near S which starts
to overlap with the bulk band structure near the I'-point. In the experiment only
one surface state band, i.e. S, was detected above the projected valence band edge
near the K-point. It cannot be continuously followed through the whole surface
Brillouin zone, but it seems to be reasonable to connect S with the surface state
51 near I'. The good correspondence between S and S; and the calculated surface
band together with the absence of a second pair of states within the gap suggests
this surface to be Cd terminated. More evidence arises from the fact that for Te
termination, in contrast to Cd termination, thr: theory predicts no surface state in
the open pocket of the projected band structur: where we observed experimentally
the surface state band S’. It should be mentioned here that for the Te termination
S’ is also absent when different relaxations arc included in the calculation.

Surface band structure calculations for a Cd terminated surface along the
high-symmetry directions T'J and I" J’ of the surface Brillouin zone show some
contribution to the dispersionless structure DS near —4.6 eV binding energy which
means that this structure may also contain surface character.The high density of
bulk states associated with the bulk band edgeat Xs is also expected to contribute
to this feature. A similar behaviourwas found for the CdTe(110) surface [1].

4. Conclusion

In contrast to GaAs we were able to prepare an unreconstructed (100) surface
for CdTe. We performed a detailed study of the electronic band structure of this
CdTe(100)-(1x1) surface by angle-resolved photoemission spectroscopy. The bulk
valence band maximum I's was determined by photon energy dependent normal
emission energy distribution curves, yielding also the inner potential parameter.
From oﬂ'—normal_&otoemission the experimental surface band si~.cture was de-
rived along the I' K-direction of the surface Brillouin zone. By calculating energy
and momentum of the bulk transitions expected for the particular experimental
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conditions it was possible to separate bulk from surface emissions. To decide fur-
ther whether the investigated surface is terminated by Cd or Te, we compared
the experimentally determined surface bands with the results of a surface band
structure calculation considering both possible surface terminations. The exam-
ined surface is found to be Cd terminated with reasonable agreement between
experimental and theoretical surface band structure.
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