THE ELECTRONIC STRUCTURE OF THE DIAMOND SURFACE: SURFACE STATE
DISPERSION OF DIAMOND (111) AND (110)
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Currently accepted understanding of the annealed intrinsic (111) surface of diamond is that it reconstructs to a 2x1
n-bonded chain structure (the Pandey model). The intrinsic diamond (110) surface has been found to not reconstruct (ie.
the surface unit cell is unchanged from the ideal cell). Assuming an ideal or a simply relaxed (110) surface, one finds that
these two surfaces are striking in topographical similarity. This observation has motivated us to comparatively examine
the surface electronic structure of the diamond (111) and (110) surfaces. Here we report the T (zone center)— K (corner
point) dispersion of the electronic surface states at the diamond (110) surface to the I —K surface state dispersion of the
(111) surface. In both cases we find bands which are relatively flat near gamma, and disperse upwards as we approach the
zone boundary. We find that the overall width of surface state dispersion on each of the two surfaces is, within the
accuracy of our data, identical at 1.7 eV. However, the k dependences of the two dispersion curves differ.

1. Introduction

Over the last ten years interest in the surface
properties of diamond has steadily increased. The
study of diamond surfaces has been motivated by:

1) the insight which diamond might provide in
terms of understanding fundamental properties of
semiconductor surfaces and interfaces" due to its
large bandgap, but covalent bonding;

2) the challenge carbon has presented to elec-
tronic structure (total energy) calculations” due to
its lack of core p electrons;

3) the propensity of carbon towards making
multiple bonds, which suggests that diamond is
particularly well suited to z-bonded surface struc-
tures such as proposed by Pandey””, Seiwatz’,
Chadi®, and Northrup”;

4) the potential use of diamond as an active
element in electronic devices®"”, and

5) by the recent success'® in the manufacture
of diamond thin films by low pressure CVD, which
has illustrated the importance'” of understanding
the surface properties.

In this report we examine the electronic struc-
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ture of the intrinsic (110) and (111) surfaces of
diamond. This study is motivated by the reported'”
lack of reconstruction of the diamond (110) surface
and the growing amount of evidence*”'*"™"® which
finds the n-bonded chain model is the likely recon-
struction of diamond (111). Assuming an ideal or a
simply relaxed (110) surface, one finds that the
(110) 1x1 and the n-bonded chain models of the
(111) 2X1 surface are striking in topographical
similarity. Both of the surfaces are comprised of
rows of zig-zag chains of atoms which lie parallel
to bulk [110] directions (see Fig. 1). Looking over
either surface in a direction perpendicular to the
rows, each surface is seen to be corrugated, with
one zig-zag chain forming a crest and the next
zig-zag chain forming the valley of the corruga-
tions. We note that the primitive vector along the
zig-zag chains is identical (2.52 A) for both
surfaces, although the separation between chains is
larger for the (111) 2x1 model surface (4.37 A
versus 3.57 A). Other than this, the major geo-
metrical difference between the two surfaces would
be severe (for the 111 surface) versus minor (for
the relaxed 110 surface) strain due to mismatch of
bond angles of the bulk lattice with the surface
layers. This observation of structural similarity has
led us to comparatively examine the surface elec-
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Fig. 4. The I'=K surface state band dispersion of diamond
(111) 2x1 derived from Fig. 3 are shown in comparison with
the theoretical work of Vanderbilt and Louie' and the experi-
mental work of Himpsel ez al.'” (after '*). In this figure, the
zero of the energy scale is referenced to the top of the valence
band.

4) in the dispersion of the surface state band of the
(111) 2Xx1 surface. Note that they mapped the
bands along a slightly different direction, so that
direct comparison cannot be made. However, we
note that the functional form of the measured
I'—K dispersion is similar to the theoretical T —J
dispersion as published by Vanderbilt and Louie'?.
In both cases we have a relatively flat band near I
which dips to form a minimum at about 1/2 way
to the zone boundary, and then rapidly disperses
upward to lower binding energy as the zone
boundary is approached. We find an overall band-
width of ~1.7 eV, and a change in binding energy
between I' and the zone boundary at K of ~1.4
eV. Vanderbilt and Louie have found the separa-
tion in binding energy between the surface state at
I’ and at K to be about 2.0 eV. Note also, in
agreement with the experimental work of Himpsel
et al., that the calculated energies of the surface
state dispersion are too low in binding energy by
about 1 eV atT.

3.2 The (110) surface
The (110) surface of diamond appears to be

unique among all of the principle surfaces of
column IV materials in that LEED studies have
not found a clean, thermally annealed surface to
reconstruct. In general, for column IV semicon-
ductors, a lack of reconstruction indicates impurity
stabilization by an adsorbate such as hydrogen.
However, studies to date indicate that hydrogen
can be removed by annealing to 1000°C'»2)
whereupon surface states are formed>”, and that
re-exposure to atomic hydrogen removes the band
gap surface states. Auger studies'” have found no
evidence of an impurity stabilized surface.

After annealing the mechanically polished, (110)
oriented diamond substrate to 1090°C, we ob-
served a 1 X1 LEED pattern. However, faint streak-
ing of the LEED pattern was observed parallel to
the short direction of the surface unit cell. This
streaking may be due to a rearrangement of the
spacing between chains (perhaps a large unit cell
reconstruction), or disorder with respect to the
chain spacing. ARPES spectra obtained from the
(110) surface are shown in Fig. 5; the relatively
poor quality of our (110) ARPES data may be due
to this disorder. In Fig. 6 the derived surface state
dispersion along I'=K is shown.

We are not aware of any previous experimental
work or theoretical calculations of the surface
state band dispersion from the diamond (110)
surface. However, in the case of an ideal (110)
surface, the unit cell would be 1x 1 and the charac-
teristics of the surface electronic structure can be
inferred (lacking any specific calculation for dia-
mond) from the comparative work of Ivanov et
al*®, where surface band structures were calcu-
lated for the ideal principal index faces of silicon
and germanium. As evidenced by the surface state
studies of the (111) 2x1 surface of silicon™,
germanium’® and diamond, the surface state band
width roughly scales with the valence band width
(a factor of 2 in going from silicon to diamond),
but not the bandgap (a factor of 5). The scaled Si
(110) 11 results of Ivanov et al. are shown in Fig.
6. We imply from the work of Ivanov et al., that
the filled surface state bandwidth of diamond (110)
would be about 2.5 eV, and the binding energy of
the surface state at I' would be about 0.5 eV larger
than at the K-point. The observed bandwidth
(I'=K) is 1.7 eV. The surface state binding energy
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Fig. 5. The ARPES results measured from the clean, annealed
diamond (110) 1x 1 surface. On the left are the raw data plotted
as a function of the emission angle. On the right are the same
data with the same background subtracted from each spectrum.
In this figure, the zero of the energy scale is referenced to the
Fermi level.

at I' is observed to be 1.7 eV larger than at the
K-point. The scaled (to diamond) surface state
dispersion from the calculation of Si (110) is
shown in Fig. 6 and does not agree well with our
results on diamond (110). In addition, Ivanov et al.
find that the ideal silicon (or germanium) (110)
surface is metallic, whereas we find that the dia-
mond (110) 1x1 surface is semiconducting.

4. Conclusion

We have measured the filled surface state disper-
sion along the I'—=K direction for the clean (111)
2% 1 surface and the clean (110) 1X1 surface of
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Fig. 6. The I'—K surface state band dispersion of diamond
(110) 1x1 derived from Fig. 5 is shown in comparison with the
scaled (see text) theoretical work of Ivanov®® for ideal Si (110)
Ix1.

diamond. In both cases we find bands which are
relatively flat near gamma, and disperse upwards
as we approach the zone boundary. We find that
the overall width of surface state dispersion on
each of the two surfaces is, within the accuracy of
our data, identical at 1.7 eV. However the k
dependences of the two dispersion curves differ.

A geometrical similarity between the ideal (110)
surface and the n-bonded chain reconstruction of
the (111) surface exists. We note that the theoreti-
cal '=J and 'K dispersion (see Fig. 6) of ideal
silicon (110) 1x1 exhibits similar dispersion charac-
teristics to the theoretical I'—J and I'—K disper-
sion (see Fig. 4) predicted n-bonded chain struc-
ture. In both cases, it was found that along the
I'—J direction, the band disperses slowly to higher
binding energy, followed by a rapid dispersion to
lower binding energy as the band edge is approach-
ed. Our I'—K measurement of the (111) z-bonded
chain structure is in agreement with this trend. In
contrast, our I'—~K measurement of the (110) 11
surface finds a monotonic band dispersion to
lower binding energy.
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