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C.B. Duke 

occurrence of steps (Alerhand et al., 1988) are phenom
ena whose description lies beyond these principles. 
Nevertheless, cases occur in which solid state effects in
fluence the local structural motifs. The lowering of the 
surface energy by virtue of a metal-to-insulator transition 
for electrons in surface states accompanied by a struc
tural transition is one of those cases. Hence, it is en
compassed in our set of five principles by virtue of 
Principle (2). 

An example of this principle is given by the tilted 
dimer (2xl) structures of the (100) surfaces of Si and Ge 
shown in Figure 4. From a chemical perspective, we 
can regard the surface dimer in Figure 4 as being bound 
by a CT bond emanating from the two dangling bond orbi
tals in between the dimerized surface atoms and a weak
er 7r bond emanating from the two dangling bond orbit
als pointed away from the dimer. The associated 11'• 

bonding orbital is empty but is separated from the bond
ing orbital by only a small energy gap (Eg ~ 0.5 eV) 
(Chadi, 1979a; Ihm et al., 1980). On the surface, the 
molecular 11' and 1r • orbitals broaden into bands associa
ted with the wave vectors in the surface Brillouin zone. 
These bands overlap for a symmetric (i.e., untilted) 
dimer, so that the surface becomes metallic. Since these 
bands are nearly one-dimensional (along the rows of 
dimers), however, it is energetically favorable for the 
surface to lower its energy by an atomic relaxation (Yin 
and Cohen, 1981; Duke, 1993a), and hence, the dimers 
tilt, opening up a gap between filled electronic states o
riginating primarily from the "up" atom and empty states 
originating primarily from the "down" atom. The re
sulting "asymmetric" or tilted dimer model is in good 
quantitative accord both with experimental determina
tions of the surface excitation spectra (Uhrberg and 
Hansson, 1991; Northrup, 1993) and with modern (i.e., 
converged) total energy calculations (Dabrowski and 
Scheffler, 1992; Kriiger and Pollmann, 1993). 

Principle (3): Cleaved surfaces yield minimum-energy 
geometries if, and only if, the pathway to these sur
faces from the bulk structure exhibits an activation 
energy less than or comparable to «:T, where «: is 
Boltzmann's constant and T is the cleavage tempera
ture. More generally, the surface structure observed 
will be the lowest energy structure kinetically access
ible under the preparation conditions. 

This principle is required to' describe the well
known result that for surfaces prepared by molecular 
beam epitaxy (MBE) or even ion-bombardment and an
neal cycles the surface structure obtained depends on the 
process sequence used to obtain it. A particular example 
illustrated by the structural motifs in Figures 1 and 7 is 
the (111) surface of Si. When cleaved at "low" temper
atures (i.e., T �~� 350°C), a reconstruction of the upper-
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most four atomic layers occurs leading to a (2xl) 
11'-chain top-two-layer structure as shown in Figure 3. 
This structure yields a semiconducting surface state 
spectrum characterized by a gap between the 11' and the 
11' • states of the surface chains. Because of the 1r bond
ing along the chains, all the surface bonds are saturated, 
with the new surface epitaxially-constrained compound 
consisting of the uppermost two layers of "11'-bonded
chains" on an elastically distorted Si substrate (Pandey, 
1981). But the Si(l ll)-(2xl) and Ge(l 11)-(2xl) 
11'-bonded-chains are not the lowest-energy structures. 
Rather, these are the dimer-adatom-stacking fault (DAS) 
structure shown in Figure 7 for Si(ll 1)-(7x7) or an 
adatom structure for Ge(l 1 l)-c(2x8) (Feidenhans'l et al., 
1988). The reason that low temperature cleavage yields 
the higher-energy (2xl) structure is believed to be that 
this geometry can be reached from the truncated bulk 
geometry via a nearly activationless (Ea ::;; 0.03 eV) 
process (Northrup and Cohen, 1982). The DAS and 
c(2x8) structures require large-scale atomic motions 
which can be accessed only at high temperatures. 

Principle (4): Surfaces tend to be autocompensated. 

Another aspect of the metastable character of sur
face structures is that, for compound semiconductors, 
the surface composition as well as structure can vary 
with fabrication conditions. An important constraint 
used to restrict the range of possible surface composi
tions (stoichiometries) is that no charge accumulate at 
the surface (Harrison, 1979). Since its initial proposal, 
this constraint has been developed into a set of electron 
counting rules which can be used to select structural 
models which satisfy it (Ludeke, 1977; Farrell, et al., 
1987; Pashley, 1989; Chadi, 1991) based on the notion 
that bonding and non-bonding surface states that lie 
below the Fermi energy at the surface must be filled 
whereas antibonding and nonbonding surface states lying 
above the Fermi energy must be empty. This criterion 
is referred to as the "nonmetallicity" condition. Surfaces 
which satisfy it are said to be autocompensated. To 
describe doped semiconductors, the simple forms of 
these counting rules must be extended to include charge 
in the space charge region (Pashley and Haberern, 
1991). With these extensions, the autocompensation 
principle is satisfied by the known surface structures for 
which a quantitative test is available. It has been 
proposed to fail in a few cases, e.g., GaAs(lLJ)
{Vl9XV19) (Biegelsen et al., 1990b), but these cases all 
consist of large complicated structures for which a 
detailed description of the surface bonding is not yet 
available. 

Thi!i. principle describes a remarkable variety of 
structures on the polar surfaces of compound sernicon-
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ductors (Pashley, 1989; Biegelsen et 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 
(2xl) 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 (1LJ)-(2x2) shown 
in Figure 6 (Biegelsen et 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 et al., 1976; 
Ludeke, 1977). Detailed microscopic calculations on 
GaAs(lOO) also support its validity (Appelbaum et 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 de)oca
lized electronic surface states characteristic of a two
dimensional epitaxially-constrained surface compound. 
This is an extension of traditional local b9Dding 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. 

759 

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 II-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; Kruger 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 (5) can be validated. Principle (5) is, 
however, expected to be valid for all surfaces of tetra-


