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Principles of semiconductor surface reconstruction

ductors (Pashley, 1989; Biegelsen ez al., 1990a, 1990b).
It determines a set of allowed stoichiometries for these
surfaces and is satisfied trivially for the 1:1 non-polar
cleavage faces. While this principle does not predict the
detailed atomic geometry, it does identify candidate
structures from which a possible geometry ought to be
selected. Thus, for example, it predicts both the 3:1 ra-
tio of anion dimers to missing anion dimers on III-V
(100) as shown in Figure 5 (Pashley, 1989; Biegelsen et
al., 1990a), the 2:2 ratio of anion to cation dimers ob-
served when the Ga in the second layer also dimerizes
(Northrup and Froyen, 1993), the change to a uniform
(2x1) dimer structure on II-VI (100) (Pashley, 1989),
and a further change to a c(2x2) adatom (or vacancy)
structure for I-VII (100) (Dassanayake et al., 1993). It
also is pertinent to the (111) surfaces, for example, the
cation vacancy structure characteristic of III-V (111)-
(2x2) shown in Figure 3 (Chadi, 1989) and the anion
trimer structure exhibited by III-V (111)-(2x2) shown
in Figure 6 (Biegelsen ef al., 1990b). The counting-rule
version of the autocompensation principle has been
applied to describe allowed surface structures on III-V
(100) surfaces for many years (Appelbaum ez al., 1976;
Ludeke, 1977). Detailed microscopic calculations on
GaAs(100) also support its validity (Appelbaum ez al.,
1976; Northrup and Froyen, 1993).

Principle (5): For a given surface stoichiometry, the
surface atomic geometry is determined primarily by
a rehybridization-induced lowering of the surface-
state bands associated with either surface bonds or
(filled) anion dangling bond states.

Whereas, for compound semiconductors, Principle
(4) determines allowed surface stoichiometries, Princi-
ple (5) determines the detailed atomic geometry. It is
formulated as an extension to arbitrary surfaces of arbi-
trary compound semiconductors of Principle (1) which
in its articulated form is most useful for the non-polar
surfaces of group IV and III-V semiconductors. It is an
extension for both non-polar and polar surfaces because
it embodies a new notion not contained in Principle (1):
that of surface chemical bonding carried by the deloca-
lized electronic surface states characteristic of a two-
dimensional epitaxially-constrained surface compound.
This is an extension of traditional local bonding concepts
characteristic of molecular bonding (Gray, 1965) and
bulk solid (Pauling, 1960) bonding which is required by
similarities between the cleavage surface bonding of III-
V and II-VI semiconductors (Duke, 1992). Thus,
Principle (5) can be applied simply to describe the
relaxations of the cleavage faces of II-VI semiconductors
whereas Principle (1), while still true, does not
illuminate the cause of the resulting surface structures.
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The fundamental motivation for developing Princi-
ple (5) as an extension to Principle (1) is the recognition
(Duke, 1983) that the (110) cleavage surface structures
of all zincblende structure compound semiconductors are
essentially identical when distances are measured in units
of the bulk lattice constant. Since the coordination
chemistry of II-VI compounds differs greatly from that
of III-V’s, local coordination chemistry concepts like
those articulated in Principle (1) had to be recast into
the more general context of Principle (5). The verifi-
cation of Principle (5) for the cleavage faces of both
wurtzite and zincblende 1I-VI and III-V compounds has
been reviewed recently by Duke (1992).

For the zincblende cleavage faces, the surface struc-
ture scaling rules have been extended to develop the
more general notion of universality for the potential en-
ergy surfaces governing the relaxation and lattice dy-
namics of these surfaces (Duke, 1992; Godin et al.,
1992). The minima in these surfaces specify the relaxed
atomic geometries whereas their curvature in the vicinity
of these minima specify the effective atomic dynamics
spring constants in the vicinity of the surface (and hence
the phonon frequencies). The existence of the scaling
laws predicted by these potential energy surfaces con-
firms the concept that the constraint of epitaxy with the
tetrahedrally-coordinated substrate leads to new types of
surface chemical bonding, mediated by delocalized two-
dimensional surface states rather than by local charge
densities, relative to molecular coordination chemistry.
Principle (5) is the articulation of this result that surface
states rather than local bonds are the mediators of the
bonding in epitaxially constrained surface compounds,
specifically those occurring at clean surfaces.

Principle (5) has not been tested rigorously for sur-
faces other than the zincblende and wurtzite cleavage
surfaces. Since all of the new motifs characteristic of
epitaxially constrained surface chemical bonding are lo-
calized within a few atomic layers of the surface, their
bonding and occupied non-bonding charge densities
must, by definition, be comprised of linear superposi-
tions of electronic eigenstates which are surface states or
resonances. Energy minimization calculations (Chadi,
1984; Brommer et al., 1992; Dabrowski and Scheffler,
1992; Stich et al., 1992; Kriiger and Pollmann, 1993;
Northrup and Froyen, 1993) typically do not identify the
surface state contributions to the total energy. Hence,
the microscopic origin of the energy lowering by virtue
of the surface relaxations usually is not explored. Only
for the cleavage faces of zincblende (Mailhiot et al.,
1985; Duke and Wang, 1989; Duke, 1992) and wurtzite
(Duke and Wang, 1988a, 1988b, 1989) has the separa-
tion of the surface state energies been made explicitly,
so that Principle (S) can be validated. Principle (5) is,
however, expected to be valid for all surfaces of tetra-




