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Abstract

Semiconductor surfaces are known to reconstruct,
i.e., their surface atomic geometries differ from those of
the corresponding surface planes in the bulk material.
For clean tetrahedrally coordinated semiconductors,
these reconstructed geometries are shown to be predicted
by five simple principles. These principles are il-
lustrated by the specific examples of Si(100)-(2x1),
Si(111)-(2x1), GaAs(100)-c(2x8), GaAs(111)-(2x2),
and relaxed zincblende (110) surfaces. The concept of
universal (i.e., material independent) semiconductor
surface structures is introduced and shown to be
characteristic of the cleavage surfaces of tetrahedrally
coordinated compound semiconductors. The role of
scanning tunneling microscopy in identifying and
validating these principles is highlighted.

Key Words: Semiconductor surface structure, scanning
tunneling microscopy, Si(100), Si(111), GaAs(100),
GaAs(111), GaAs(110), zincblende(110).

*Address for correspondence:
C.B. Duke
Xerox Webster Research Center,
800 Phillips Road, 0114-38D,
Webster, NY 14580, USA
Telephone number: (716) 422-2106
FAX number: (716) 265-5080

753

Introduction

It has been recognized since the late 1950s that sem-
iconductors reconstruct: i.e., the positions of the atoms
in the top few surface layers exhibit large (= 1 A) devi-
ations from their bulk counterparts. The term "recon-
struction” is used for surface structures which exhibit a
lower symmetry parallel to the surface than the bulk
structure. Surfaces for which the atomic positions differ
from their bulk values but which retain the symmetry of
bulk parallel to the surface are said to be "relaxed". All
semiconductor surfaces are either relaxed or recon-
structed. Their detailed structures have often been re-
viewed in the literature (Kahn 1983, 1994; Duke, 1988,
1993b). Our interest herein is why they reconstruct. In
particular, we seek general insight into this question
which can be used to interpret in a simple, visualizable
fashion the enormous body of experimental and theoreti-
cal results on specific systems.

To understand why semiconductors reconstruct, we
need only two major concepts: chemical bonding and au-
tocompensation. Bulk semiconductors are held together
by directional chemical bonds, each of which contains
two (spin paired) electrons. Good descriptions of the
types and nature of these bonds may be found in Pauling
(1960) or Gray (1965). When a surface is formed, these
bonds are broken, causing the surface atoms to reposi-
tion themselves to form new bonds so that all the elec-
trons on each surface atom are involved in a "saturated"”
bond containing two electrons. In such a case, one says
that the valence of each surface atom is "saturated."
For elemental semiconductors, (e.g., Si, Ge), the bond-
ing concept suffices to interpret the broad features of
surface reconstructions. For compound semiconductors
(e.g., GaAs), however, one also needs a concept which
explains the surface chemical compositions (stoichiome-
try) which can form, since the surface composition is
generally not the same as that in the bulk. Autocompen-
sation is this concept. It requires that no net charge
accumulates at the surface. It is generally believed that
only those surface compositions which satisfy this
condition can occur, although a few counterexamples
have been proposed in the literature, as discussed later.




Thus, we can say that surfaces reconstruct in order to
saturate the valences of the surface species subject to the
constraint that they are autocompensated.

In order to determine which semiconductor surface
structures occur, we need more. In principle, a full
quantum mechanical calculation of the surface ground
state energy is required to predict equilibrium semicon-
ductor surface structures. Our goal herein is both more
modest and more ambitious. We seek to characterize
the results of such calculations in terms of simple
visualizable "principles” which permit the prediction of
chemically feasible (i.e., saturated-bond) structures
subject to additional constraints imposed by solid-state
effects associated with the one- or two-dimensional na-
ture of surface structures and augmented by the concept
of metastability which permits the connection of the
structure obtained with the process conditions used to
prepare it (Duke, 1993a). This paper is devoted to the
articulation of a set of five such principles which permit
the interpretation of all known semiconductor surface
structures with the possible exceptions of two large-unit-
cell structures [Si(111)-(7x7), GaAs(111)-(/'19xV19)].
For these surfaces, the surface chemical bonding has not
yet been examined in sufficient detail to determine if
these principles suffice to provide a complete interpreta-
tion of the observed structure, although efforts have
been made to achieve this goal (Chadi, 1991; Brommer
et al., 1992; Stich et al., 1992).

Our attention in this paper is focused on the clean
low-index faces of tetrahedrally coordinated semicon-
ductors. In the next section, we catalog the structural
motifs which occur on these surfaces to produce the ob-
served surface reconstructions. Then, we articulate the
five principles of clean semiconductor reconstruction and
illustrate each by an example of its application. In the
last major section, we indicate some of the major contri-
butions of scanning tunneling microscopy to the deter-
mination of surface structures which validate specific
aspects of the five principles. We close with a synopsis.

Surface Structure Motifs

Recognizing that semiconductor surfaces reconstruct
or relax to saturate the singly-occupied dangling bonds
which would characterize a terminated bulk structure,
we regard these surfaces as consisting of new surface
chemical compounds which are constrained to fit epitaxi-
ally on the bulk substrate. These "epitaxially con-
strained" (Duke, 1987) surface compounds are typically
a few atomic layers thick, thereby forming two-dimen-
sional epitaxial films on the substrate. These films are
constructed from a variety of structural elements, which
we call motifs. This section is devoted to an articulation
of those motifs which have been observed on
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tetrahedrally coordinated semiconductor surfaces to date.

Chain structures, roughly analogous to the sp2
chains found in trans polyenes, form on both elemental
and compound tetrahedrally coordinated semiconductors.
A good example is the pi (7)-chain structure found on
Si(111)-(2x1) shown in Figure 1. They also are charac-
teristic of the cleavage surfaces of zincblende structure
compound semiconductors as shown in Figure 2. An
example of such a structure forming spontaneously is
afforded by the (111)-(2x2) structure on the cation (111)
faces of III-V compounds. As indicated in Figure 3 for
GaAs(111)-(2x2), a cation vacancy forms, leaving three
dangling As bonds and three dangling Ga bonds. The
Ga electrons are transferred to the As species which
relax into a cyclic structure analogous to the relaxed
chains on the (110) surface. The energy gained by the
relaxation of the cyclic chain exceeds that to create the
vacancy, leading to a stable structure (Chadi, 1984)
which has been observed for GaAs (Tong et al., 1984),
GaP (Xu et al., 1985), GaSb (Feidenhans’l ez al., 1987)
and InSb (Bohr er al., 1985). Therefore, these chain
structures, backbonded to the substrate by two bonds for
each surface atom, constitute a common structural motif
for tetrahedrally coordinated semiconductors.

A second common motif is the surface dimer in
which each atom is backbonded to the substrate by two
bonds. Common examples are the (2x1) surfaces of
S1(100) and Ge(100), shown in Figure 4, and the c(2x8)
structures on GaAs(100), shown in Figure 5. This motif
permits the surface atoms to saturate their valence by
forming a o bond with its companion and either a 7
bond between the remaining orbitals (group IV atoms) or
two filled non-bonding lone-pair orbitals (group V
atoms).

In one case, the (2x2) structure on the As face of
GaAs(111), a trimer motif has been found (Biegelsen er
al., 1990b). This motif is illustrated in Figure 6.

A fourth common motif is threefold coordinated ad-
atoms on group IV compounds. This is illustrated in
Figure 7 for the Si(111)-(7x7) dimer-adatom-stacking
fault (DAS) structure (Takayanagi et al., 1985). It also
occurs on the Ge(111)-c(2x8) structure (Feidenhans’l ez
al., 1988). The final observed motif, a stacking fault
between the epitaxially constrained surface compound
and the bulk substrate, also is illustrated in Figure 7 for
the Si(111)-(7x7) structure.

The five motifs illustrated in Figures 1-7 provide the
structural elements known to occur to date on the sur-
faces of clean tetrahedrally coordinated semiconductors.
These motifs are formed by atoms in the epitaxially
constrained surface compounds to saturate the valences
of the atomic constituents in these compounds. The
principles governing the formation of these motifs in
specific cases are articulated in the following section.
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Si (111)-2x1

GaAs(111) - (2x2)

[112]

[110]

Figure 1. Ball-and-stick model of the (2x1) pi-bonded
chain structure on Si(111) resulting from the single-
bond-scission cleavage of silicon. [Adapted from
Haneman and Chernov, 1989].

Zincblende (110)
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Figure 2. Atomic geometry of the relaxed non-polar
(110) cleavage faces of zincblende structure binary
compound semiconductors. [Adapted from Duke and
Wang, 1988b].
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Figure 3. Schematic indication of the ideal (unrelaxed)
GaAs(111)-p(2x2)-Ga vacancy structure. [From Duke,
1988].

Figure 4. Ball-and-stick model of the buckled dimer
structure of Si(100)-(2x1). [Adapted from MacLauren
et al., 1987].




GaAs (100) — ¢ (2x8)

Top View
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Side View
As
Ga
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Ga
Figure 5. Schematic illustration of the GaAs(100)-

c(2x8) [or (2x4)] reconstruction. The rectangle indicates
the surface unit cell. [Adapted from Biegelsen ez al.,
1990a].

Principles of Clean Semiconductor
Surface Reconstruction

As noted earlier, a useful conceptual model of semi-
conductor surface reconstruction is afforded by the re-
cognition that the atomic geometry of the uppermost few
atomic layers is driven by chemical forces which tend to
saturate the valences of the atomic species in these lay-
ers. If chemical bonds are formed in this process, the
energy gain per bond per atom may be substantial (e.g.,
AE = 1 eV) (Chadi, 1989). These bonds form a new
surface compound which places the substrate under elas-
tic stress. Hence, the substrate atoms relax to new
equilibrium positions. The energy gain in this relaxation
is about 0.01 eV/surface atom (Chadi, 1979b; Duke,
1993a). We envisage semiconductor surface reconstruc-
tions as occurring via the formation of a new "epitaxi-
ally constrained" chemical compound on the surface (AE
~ 1 eV/atom) together with the local atomic elastic re-
laxation of the substrate (AE ~ 0.01 eV/atom) on which
itis "grown" epitaxially (Duke, 1987, 1993a). This sec-
tion is devoted to the articulation of five "principles”
which govern the formation of these epitaxially con-
strained surface compounds.
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GaAs (111)/(111)-(2x2)
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Figure 6. Schematic illustration of the trimer model of
the GaAs(111)-(2x2) and GaAs(1 1 1)-(2x2) reconstruc-
tions. Large solid circles denote top layer As atoms in
the "trimer". For GaAs(111)-(2x2), small open circles
designate top-layer Ga atoms and small solid circles
denote second layer As atoms. For GaAs (11 1)-(2x2),
small open circles designate top-layer As atoms and
small solid circles denote second-layer Ga atoms.
[Adapted from Biegelsen et al., 1990b].

Principle (1): Reconstructions tend either to saturate
surface "dangling" bonds via rehybridization or to
convert them into non-bonding electronic states.

On the (100) faces of both elemental and compound
semiconductors, dimers form to saturate the valences of
the surface atoms. The simplest examples are the (100)
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Figure 7. Schematic illustration of the top [panel (a)]
and side [panel (b)] views of the dimer-adatom-stacking
fault (DAS) model of the Si(111)-(7x7) structure. The
side view is given along the diagonal of the until cell.
In the top view [panel (a)], the large shaded circles des-
ignate the adatoms in the top layer of the structure. The
large solid circles designate "rest atoms" in the second
layer which are not bonded to an adatom. Large open
circles designate triply bonded atoms in this layer,
whereas small open circles designate fourfold coordi-
nated atoms in the bilayer beneath. Smaller solid circles
designate atoms in the fourth and fifth bilayers from the
surface. The size of all circles is proportional to the
proximity to the surface. The side view [panel (b)] is a
plan view of nearest-neighbor bonding in a plane normal
to the surface containing the long diagonal of the surface
unit cell. Smaller circles indicate atoms out of the plane
of this diagonal. [Adapted from Takayanagi et al.,
1985].

surfaces of Si and Ge, for which the (2x1) surface struc-
tures consist of rows of dimers. These structures are
illustrated in Figure 4. These dimers form to saturate
the valences of the two Si or Ge surface species. A
sigma (¢) and a pi (w) bond forms between the two
atoms in each dimer. Thus, one can envisage the two
dangling bonds of the bulk-terminated surface as being
saturated by the participation of the associated electrons
in these two bonds. Detailed accounts of this bonding
scheme may be found in the literature (Chadi 1979a;
Ihm er al., 1980; Yin and Cohen, 1981).

On the (111) surfaces of Si and Ge, w-bonded
chains, analogous to polyene bonding in organic com-
pounds, occur to saturate the valences of the surface
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atoms (Pandey, 1981, 1982). These are illustrated in
Figure 1. In this case also, the electrons in the two dan-
gling bonds of the unrelaxed bulk surface participate in
one ¢ and one m bond. Unlike the dimer motif on
Si(100)-(2x1), which leads to localized dimer 7-bonding,
however, the 7-chain motif leads to delocalized m-elec-
tron bonding all along the chain. The energetics of both
motifs reveal that they occur because they stabilize the
resulting epitaxially constrained surface compound by
virtue of involving all the bulk-terminated dangling bond
electrons in surface bonds (Ihm et al., 1980; Yin and
Cohen, 1981; Pandey, 1981, 1982).

The tilted chains on zincblende III-V (110) surfaces,
illustrated in Figure 2, are reminiscent of the 7- bonded
chains of the (2x1) structures on Si and Ge(111). Like
the m-bonded chains, they are stabilized by the require-
ment that the surface atoms saturate their valences. The
microscopic mechanism for their stability is, however,
slightly different, being associated with charge transfer
from the surface cation to the surface anion and subse-
quent rehybridization of the surface bonds to achieve the
most stable bonding configuration of the resulting two-
dimensional epitaxially-constrained surface compound
(Duke, 1988, 1992). In this case, the unoccupied cation
states are raised in energy by the relaxation because the
group III cation bonds in a saturated sp? local environ-
ment. They become non-bonding w-states associated
with the sp? bonded cations. Similarly, the doubly occu-
pied anion "dangling bond" states are lowered in energy
and converted to non-bonding electronic states character-
istic of saturated (s2p’) bonding of group 'V elements in
molecules. Therefore, for III-V compounds, the tilting
of the surface chains is an excellent illustration of
Principle (1). Details of the character of the various
surface bonding and antibonding electronic states are de-
scribed, e.g., by Mailhiot et al. (1985). For II-VI com-
pounds, the situation is more complex (Duke and Wang,
1989), so we need to extend Principle (1) as described
in connection with Principle (5), below.

Principle (2): In many cases (and all quasi-one-dimen-
sional ones), surfaces can lower their energies by
atomic relaxations leading to semiconducting (as
opposed to metallic) surface state eigenvalue spectra.

As emphasized earlier, the epitaxially constrained
surface compounds on clean tetrahedrally coordinated
semiconductor surfaces are two-dimensional layer com-
pounds whose behaviors are governed in detail by solid-
state phenomena. Our five principles are designed to
predict and interpret only the local structural motifs
which occur. Thus, long-range broken symmetry states
(e.g., the conversion of the (1x2) states on Si(100)
(Garcia and Northrup, 1993) and Ge(100) (Needels et
al., 1988) into c(4x2) states at low temperature) and the
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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 (2x1) 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 o bond emanating from the two dangling bond orbi-
tals in between the dimerized surface atoms and a weak-
er m bond emanating from the two dangling bond orbit-
als pointed away from the dimer. The associated 7"
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 ez al., 1980). On the surface, the
molecular 7 and 7" 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 (2x1)
m-chain top-two-layer structure as shown in Figure 3.
This structure yields a semiconducting surface state
spectrum characterized by a gap between the 7 and the
7 states of the surface chains. Because of the 7 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 "mw-bonded-
chains" on an elastically distorted Si substrate (Pandey,
1981). But the Si(111)-(2x1) and Ge(111)-(2x1)
m-bonded-chains are not the lowest-energy structures.
Rather, these are the dimer-adatom-stacking fault (DAS)
structure shown in Figure 7 for Si(111)-(7x7) or an
adatom structure for Ge(111)-c(2x8) (Feidenhans’l et al.,
1988). The reason that low temperature cleavage yields
the higher-energy (2x1) structure is believed to be that
this geometry can be reached from the truncated bulk
geometry via a nearly activationless (E, < 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
1s 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 Haberem,
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(111)-
(V'19xV'19) (Biegelsen er al., 1990b), but these cases all
consist of large complicated structures for which a
detailed description of the surface bonding is not yet
available.

This principle describes a remarkable variety of
structures on the polar surfaces of compound semicon-
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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-




hedrally coordinated semiconductors, reducing in some
cases to Principle (1) which is more visualizable in
terms of traditional local chemical bonding concepts.

Role of Scanning Tunneling Microscopy

Since this paper was delivered at The 1994 Scanning
Microscopy Meeting, the purpose of this section is to in-
dicate a few highlights of the role of scanning tunneling
microscopy (STM) in testing and validating the five
principles of clean surface reconstruction. This section
is not intended to be a comprehensive review of STM
studies of semiconductor surfaces (a subject which cur-
rently encompasses nearly 1000 papers). Rather, it de-
scribes the author‘s impression of a few key results
which bear directly upon the principles articulated
above.

Historically, the first of these is the imaging of the
Si(111)-(7x7) structure by Binnig et al. (1983). This
study confirmed directly the (7x7) character of the sur-
face unit cell as well as revealed the existence of both
the twelve adatoms per unit cell and the deep holes at
the corners of the unit cell evident in the DAS structure
illustrated in Figure 7. It did not determine a quantita-
tive surface structure, which was first accomplished by
Takayanagi et al. (1985) using transmission electron dif-
fraction via an analysis leading to the initial proposal of
the DAS structure. Subsequent STM studies of clean
Si(111)-(7x7) focused on exploring the nature of the as-
sociated electronic surface states by studying the bias de-
pendence of the STM images as well as various meas-
ures of the current-voltage spectra at fixed tip positions.
One consequence of this effort was a quantitative valida-
tion of the DAS model relative to other proposed models
(Tromp et al., 1986). A second was the recognition that
STM images the electronic surface states of Si(111) rath-
er than atomic positions per se (Hamers et al., 1986a,
1987). Images of the adatoms as found by Binnig er al.
(1983) require the selection of a voltage at which the
electrons in surface states localized on the adatoms con-
tribute predominately to the tunneling current.

The intimate connection between surface electronic
and geometrical structure in generating STM images is
emphasized by studies of the zincblende (110) surfaces.
In this case, if the sample is biased positively relative to
the tip, electrons flow from the tip into empty cation
(e.g., Ga) derived states, whereas if it is biased nega-
tively electrons flow from filled anion (e.g., As) derived
states into empty states in the tip. Thus, at (moderate
V, ~ 2V) positive bias the cation sublattice is imaged
whereas at negative bias the anion sublattice is imaged
(Feenstra et al., 1987). Only via a synthesis of the cat-
ion and anion selective images is the chain motif shown
in Figure 2 revealed. Such superpositions can be ana-
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lyzed to estimate the lateral separation between the cat-
ion and anion sublattice. Moreover, if the relaxation is
taken to be bond-length-conserving, which is the case
for highly covalent compound semiconductors like GaAs
and InSb (Duke, 1992), then the measurement of this
lateral displacement also determines the tile angle of the
chain, and hence, the vertical cation-anion displacement.
This method of analysis has been used to validate prior
structure determinations [mostly via low energy elec-
tron diffraction (LEED)] for both GaAs(110) (Feenstra
et al., 1987) and InSb(110) (Whitman ez al., 1990).
These analyses also reveal two additional aspects of
structure estimates via STM imaging. First, the images
depend sensitively on the electronic surface states as
well as on atomic positions, so that even the qualitative
features of the images reflect the behaviour of the sur-
face-state wave functions rather than the surface atomic
geometry alone. Second, in part because of the mixing
between electronic and atomic information in the images
and in part because of the implicit dependence of these
images on the tip, the uncertainties in the estimated
structural parameters are large (Ad = 0.4 A in these
cases) relative to 0.1 A or less for LEED and ion-scat-
tering studies (Duke, 1988). The STM images, while
marvelously informative about qualitative features of
surface structure and topography, are of limited utility
for quantitative surface structure determination.

STM studies of the (2x1) reconstruction of the (111)
and (100) surfaces of Si and Ge move still further from
determinations of atomic geometry to measures of sur-
face electronic structure. Early studies of Si(111)-(2x1),
while unable to image atomic structure within the
w-bonded chains, were able to distinguish between the
w-bonded chain model and a previously proposed buck-
ling model for the surface structure (Feenstra et al.,
1986). Subsequent studies yielded improved images in
which structure within the chains could be resolved, but
which was shown to be associated with the features of
the wave functions of the 7 and 7 states accessed by
the tunneling electrons (Feenstra and Stroscio, 1987;
Stroscio et al., 1987). Specifically, by imaging sepa-
rately states at the bottom of the (unoccupied) 7 band
and the top of the (occupied) 7 band the two inequiva-
lent Si atoms in the chain could be imaged separately,
just like the cation and the anion in the analogous chains
in the zincblende (110) surface. The electronic inequiv-
alence of the two Si species in the Si(111)-(2x1) 7 bond-
ed chains renders them analogous to the anion and cat-
ion, respectively, on zincblende (110). Hence, just as
for zincblende (110), imaging of the surface atomic ge-
ometry requires the superposition of images taken at dif-
ferent bias voltages selected such that all of the surface
species are observed for at least one of the voltages.

STM studies of Si(100)-(2x1) followed the same
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general trend as those of Si(111)-(2x1). Early work led
to the confirmation of the dimer model (Tromp et al.,
1985; Hamers et al., 1986b), with later studies leading
to the recognition that the details of the images reflected

the electronic structure of the 7 and 7 states of the -

dimer rather than the total charge density outside the
surface (Hamers et al., 1987). Another complication
occurs for Si(100)-(2x1), however, associated with the
dynamics of the dimers. An isolated dimer can switch
from one atomic component up to its antisymmetric
equivalent with the other atom up on rapid time scales
because of the low (E, = 90 meV) energy barrier for
this interconversion process (Weakliem ez al., 1990;
Kochanski and Griffith, 1991; Dabrowski and Scheffler,
1992). Therefore, at room temperature, STM measures
only the time average of this process, which is a sym-
metric dimer unless a neighboring defect quenches the
interconversion by rendering the two degenerate dimer
states inequivalent. After years of controversy over
whether the symmetric or tilted dimer constitutes the
lowest-energy state, this issue seems to have been re-
solved experimentally by the measurement of the freez-
ing in of the asymmetric dimer states at low (T = 120K)
temperatures (Wolkow, 1992). Thus, the identification
of the tilted dimer structure shown in Figure 4 as the ap-
propriate atomic motif for Si(100)-(2x1) (and lower sym-
metry low-temperature states as well), seems secure.

In contrast to the situation for the low-index faces of
Si and the non-polar faces of tetrahedrally-coordinated
compound semiconductors, for which STM has largely
confirmed surface structures previously determined by
other methods, for the polar surfaces of compound
semiconductors, STM has lead the way in establishing
surface structural motifs. GaAs(100) has been the
surface of choice. The three As dimer motif, shown in
Figure 5, was first identified by Pashley er al. (1988)
and confirmed by Biegelsen et al. (1990a) for the
(2x4)/c(2x8) structure. Subsequently, several authors
(Biegelsen et al., 1989; Bressler-Hill et al., 1992;
Heller and Lagally, 1992; Xu et al., 1993) observed a
(2x4) unit cell with only two As dimers, which also is
compatible with the principle of autocompensation if,
e.g., the exposed Ga atoms in the second layer are
dimerized, as predicted by total energy calculations
(Northrup and Froyen, 1993). Unlike GaAs(110), how-
ever, changing the bias to inject charge into empty states
in the semiconductor does not image the Ga species in
the second layer (Wassermeier et al., 1992), presumably
because the rehybridization of the surface state bands
predicted by Principle (5) renders the As empty states
more accessible to the tunneling electrons from the tip.
This issue is not resolved at the present time, however,
because neither a quantitative structure calculation of the
surface-state excitation spectra nor a quantitative struc-
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ture analysis of the surface atomic geometry has been
given.

On the basis of STM images, geometries for the se-
quence of distinct surface structures which appear on
GaAs(100) as a function of surface composition were
proposed by Biegelsen et al. (1990a). All of them satis-
fy the autocompensation Principle (4) but the relaxation
and rehybridizations were not proposed. The second of
these, besides the c(2x8) structure shown in Figure 5,
which has been examined thoroughly by other groups,
the proposed Ga rich c¢(8x2) structure, has been contes-
ted on the basis of high- resolution STM images by
Skala ez al. (1993). These authors argue for a structure
consisting of chains of As dimers on a Ga substrate sep-
arated by two atomic rows of dimerized Ga atoms: a
structure which also satisfies the autocompensation Prin-
ciple (4). This sort of debate over which of the struc-
tures that satisfy Principle (4) are compatible with the
STM images reveals the need for quantitative structure
analyses using other techniques to specify definitively
the surface atomic geometries. It also reveals the limita-
tion of the autocompensation Principle (4) to predicting
possible structures while requiring the surface state re-
laxation Principle (5) to determine which of these pos-
sible structures actually occurs.

Synopsis

In this paper, we have argued that most, if not all,
of the wide array of surface reconstructions observed on
tetrahedrally coordinated semiconductors can be under-
stood on the basis of five straightforward principles
which capture the essence of the new types of chemical
bonding which occur at their surfaces. It is useful to
regard the uppermost few atomic layers of these surfaces
as defining new chemical compounds epitaxially con-
strained to fit on the bulk substrate. The chemical prin-
ciples governing bonding in these compounds are exten-
sions of those familiar from bulk and molecular bonding.
STM studies have made significant contributions to the
development of these principles. The intent of this pa-
per is to provide a brief overview of the principles them-
selves, an indication of STM contributions to them, and
pointers to the literature so that readers can develop a
more extensive understanding of these principles and use
them to advantage in their daily research and teaching.
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