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Crystalline Structure

and Surface Reactivity

Atomistic models are unique tools for dealing with
the chemical and physical properties of surfaces.

It has been known for some time
that crystalline structure and crystal-
lographic orientation play important
roles in various surface phenomena—
adsorption, catalysis, and metallo-
graphic etching, to name but a few
The influence of surface structure is
manifested also in the phenomena of
nucleation and crystal growth, in the
work function, and in other proper-
ties which are not generally considered
to be directly associated with surface
behavior. In many instances, orienta-
tion effects have been attributed to dif-
ferences in packing (surface atom den-
sity) or in thermodynamic stability.

The role of orientation in surface be-
havior is a specific aspect of the overall
influence of crystalline structure on
surface reactivity. In -considering an
ideally periodic lattice, it is apparent
that the abrupt termination of the lat-
tice at the surface must result in unique
crystalline configurations of atoms
whose behavior must also reflect the
presence of unaccommodated chemical
bonds. Quantum mechanical or statis-
tical treatments represent one approach
to the problem of crystalline surfaces.
Such treatments have shown that ad-
ditional electron energy levels—as
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Tamm states (/),—are associated with
the surface. One theoretical treatment
of semiconductor surfaces (2) has been
quite successful; it served to a large ex-
tent as the essential background in the
development of the transistor. In gen-
eral, however, quantum or statistical
treatments of surfaces are in a primitive
state of development (3) and can be
employed only sparingly in the inter-
pretation of surface behavior or in pre-
dicting surface characteristics.

It is frequently profitable, however,
to consider the surface atoms as indi-
vidual entities bonded to the lattice but
with fewer near-neighbor bonds than
atoms in the interior of the crystal. In
the case of metals, it is difficult to vis-
ualize the chemical bonds on the basis
of the classical bond orbital model,
since the number of nearest neighbors
is relatively high (12 in the case of
face-centered structures) and the metal-
lic bond is a resonating one (that is,
not localized). In covalent crystals on
the other hand, where the number of
nearest neighbors is relatively small
(four in the case of diamond-type ma-
terials) and where the bonds are highly
directional, one can visualize the sur-
face as a plane of atoms possessing
dangling bonds.

In a comprehensive treatment of
surface behavior based on chemical
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bonding it is necessary to take into ac-
count possible rearrangements of the
surface atoms and the fact that surface
contamination is, for all practical pur-
poses, implicit in dangling bonds. Pres-
ent knowledge of surface-atom rear-
rangements is very limited, and although
such rearrangements cannot be ignored,
they must be considered for the present
to be second-order effects. The contami-
nation problem can be eliminated only
under extreme and elaborate conditions
(4), but it can perhaps be minimized
through moderate experimental control.

A solid surface may be considered to
be a giant lattice defect. Conversely,
internal lattice defects, particularly line
defects such as dislocations, can be
treated as free surfaces. It appears that
strains associated with lattice defects
are not as important as the bonding
configuration of the “surface” atoms in
determining chemical reactivity. The
pronounced influence of chemical bond-
ing on the properties of solids, includ-
ing surface characteristics, is perhaps
most strikingly illustrated by recalling
the differences between the diamond
and the graphite forms of carbon. No
attempt is made here, in this article,
however, to discuss the surface prop-
erties as they are affected by crys-
talline structure in various allotropic
forms. My purpose is to examine the
surface behavior and the behavior of
lattice defects in the light of an atom-
istic or chemical bonding approach.
The discussion is limited to primarily
covalent materials. In the context of
chemical bonding concepts, metallic
surfaces represent a far more complex
case than the covalent surfaces.

Orientation Effects

Differences in chemical reactivity
among surfaces of different orientation
are not commonly observed. This is
not surprising, since the corresponding
surface free energies are not marked
(5) and become imperceptible in fast
reactions. Moreover, when the rate-
determining step of a reaction does not
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Table 1. Correlation between the density of free surface bonds, the work function (12),
and the dissolution rates of germanium in O,-saturated H,O (I7).

. . Free bonds Relative free- Relative work Relative dis-
Orientation (per cm?) bond density function solution rates
{100} 1.25 x 10 1.00 1.00 1.00
{ 110} 8.83 x 10t 0.71 0.95 0.89

7.22 X 10* .58 93 - .62

{111}

involve the direct participation of the
surface atoms, the surface structure is
of no significance (6). The influence of
orientation is most pronounced in rela-
tively slow reactions where the surface
atoms participate in the rate-determin-
ing step, so that kinetic considerations
become more pertinent than thermo-
dynamic considerations. Although I do
not attempt a comprehensive classifi-
cation of orientation effects, I can dis-
tinguish the following general types of
surface reactions:

1) Reactions with liquid or gaseous
ambients in which the resulting prod-

Fig. 1. Polycrystalline sample of copper etched in SN HNOs. The appearance of the

ucts do not remain on the surface. Me-
tallographic etching, employed for many
years. for the study of polycrystalline
materials (7), is essentially based on the
preferential reaction of the differently
oriented grains with the etchant (liquid
or gaseous)—a reaction which results
in the development of the individual
grains and of the corresponding grain
boundaries (Fig. 1).

Under suitable conditions, etching of
single crystals leads to the formation of
well-defined etch figures which reflect
the crystallographic symmetry of the
etched surface (Fig. 2). Etch figures

individual grains results from differences in their chemical reactivity brought about by
-differences in orientation. The reactivity of the grain boundaries, which are essentially
defect structures, also differs from that of the corresponding grains (X 50).
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have been used for some time for de-
termining the orientation of crystals
and for studying the thermodynamic
stability of the various crystallographic
planes (equilibrium or steady-state
forms) (8).

2) Crystal growth and thermal etch-
ing. These are essentially reciprocal
processes which depend upon nuclea-
tion phenomena at the surface. Perhaps
the earliest indication of the role of
crystalline orientation in surface phe-
nomena was the observation that nat-
urally occurring or artificially grown
single crystals develop certain crystallo-
graphic planes. Although crystal habit
does not appear at first to be a surface
effect, it is undoubtedly influenced by
the fact that the probability of nuclea-
tion is markedly affected by the geo-
metric arrangement of the surface
atoms. Thus, single crystals grown
without seeding grow not at random
but in one or possibly more preferred

‘orientations (Fig. 3). The role of sur-

face orientation in crystal growth is
frequently manifested indirectly: im-
purities adsorbed preferentially on cer-
tain crystallographic planes may serve
as nucleation centers or as inhibitors
of crystal growth (9).

The formation of surface etch pat-
terns by heating at elevated tempera-
tures in a vacuum or in gaseous ambi-
ents—thermal etching—proceeds either
through direct sublimation or through
the intermediate formation of volatile
compounds. In either case, the nuclea-
tion as well as the propagation proc-
esses of thermal etching are strongly
dependent upon crystallographic orien-
tation. Thermal etching usually results
in the development of the individual
grains but, under suitable conditions,
may lead to the formation of thermal
etch figures. Although thermal etching
is in many respects similar to ordinary
etching, it is better suited to the study
of details of the etching process under
near-equilibrium conditions. )

3) Formation of epitaxial layers. It
has been known for some time that
material A grown as a thin layer on
substrate B frequently acquires the
structure of material B; for example,
gold and a number of other metals de-
posited on the {100} surface of rock
salt take up the orientation of the sub-
strate crystal (Z0). It has also been ob-
served that dislocations in the sub-
strate can be propagated into epitaxially
grown material (11) (Fig. 4). Epitaxial
growth is closely related to the normal
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LEETE ERTON {100t

Fig. 2. Etch figures on the three main crystallographic planes of germanium. The symmetry of the corresponding crystallographic
axis in the cubic system is clearly revealed. The etch figures have a threefold symmetry on the { 111 } surface, twofold symmetry
on the {110} surface, and fourfold symmetry on the {100} surface. The etch figures are composed of distinct crystallographic
planes, which provide a useful criterion of relative crystallographic stability. Etchant, 30-percent H:O. (1 part, by volume), 48-
percent HF (1 part), and water (4 parts) (magnifications, from left: about 580, 1150, and 580).

Fig. 3. Natural quartz crystals (hexagonal crystal class). The natural habit is apparent: hexagonal prisms elongated along the C
axis.
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nucleation and growth of crystals, and
the effect of the crystalline structure of
the substrate surface on the epitaxially
grown layer is most striking.

4) Formation of surface layers of
reaction products—for example, oxides.
High-temperature oxidation in gaseous

media is usually markedly dependent
on orientation, so that at a certain stage
in the oxidation process the variation
of oxide thickness with orientation can
be readily seen from interference colors
(Fig. 5). Epitaxial growth is occasionally
observed during oxide-layer formation.

Fig. 4. A silicon crystal, showing a network of dislocations (revealed by decoration
techniques). The arrows indicate the surface of the original silicon bar, onto which
molten silicon was allowed to solidify. At the sides of the bar epitaxy was poor (for
experimental reasons). In the region where epitaxy was good (the original interface can-
not even be seen), a number of dislocations extend from the original bar into the new
crystal. Additional dislocations are formed by thermal stresses (I1).
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Surface Configuration of
Materials with Diamond Structure

The diamond-type elemental crystals,
such as silicon and germanium, are
characterized by four equivalent tetra-
hedral bonds resulting from the com-
bination of the one s and the three p
atomic orbitals (sp® hybridization); that
is, if a given atom is visualized as being
at the center of a tetrahedron, its four
nearest neighbors are located at the
corners. Termination of the lattice in a
{111} plane gives rise to surface atoms
each having a half-filled dangling orbi-
tal of one electron. The reactivity of a
{111} surface can be related to the
tendency of each of these dangling
bonds to acquire a second electron. The
atomic and electronic configuration of
the principal crystallographic planes of
the diamond-type crystals is shown
schematically in Fig. 6. On the basis of
the density of dangling bonds one can
largely account for the surface behavior
of, for example, germanium in aqueous
media (Table 1), as well as for differ-
ences in work function (72) and adsorp-
tion characteristics as a function of
orientation.

The tendency of dangling bonds to
achieve more stable configurations is
reflected not only in the chemical be-
havior of the crystal surface but also
in the electronic properties. The p-type
character (conduction via holes) of
clean germanium surfaces is believed
(13) to be the result of this tendency:

g}e\"‘ 9.;0\-0 e* (hole) )

The hole (electron deficiency) shown
in reaction 1 is a free positive carrier.
The germanium atoms shown in the
reaction are bonded to the lattice with
three covalent bonds.

Similarly, specific adsorption of
anions (X-) on germanium may in-
volve the formation of two-electron
(covalent) bonds, as follows (14):

Ge + &t.-:?‘-: + e @)

. G.

The electrons freed in reaction 2 re-
sult in an enhanced rate of dissolution
and modify the effect of illumination
on the electrode potential for ger-
manium single crystals in aqueous so-
lutions of surface-active anions (15).

In view of the tendency of the dan-
gling orbitals to form covalent bonds,
it is reasonable to ask why, upon ex-
posure to adsorbing molecules, sur-
faces of covalent crystals do not be-
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come chemically inert. Although in
some instances surfaces can become
entirely inactive in the presence of ad-
sorbing molecules, it is frequently ob-
served that complete surface passivity
cannot be induced, probably because
stereohindrance or electrostatic forces,
or both, prevent the formation of a
continuous protective layer. Stereohin-
drance also appears to play an impor-
tant role in determining the adsorption
characteristics of the atoms of surface
defects (for example, edge dislocations)
(16). For reasons which are not under-
stood at present, germanium surfaces
are inert to water free of dissolved oxy-
gen (I17), although the reaction between
germanium and water is thermodynam-
ically possible:

Ge + 2H:0 - GeO; + 4H* + 4e- 3

E° = —0.15 ®
Traces of oxygen provide a kinetic path
for the reaction through the formation
of a water-soluble oxide.

To return to Fig. 6, it may be séen
that the atoms of the {111} and the
{110} surfaces have one dangling bond,
whereas the atoms of the {100} sur-
faces have two dangling bonds. With
regard to rearrangements of the surface
atoms, one would expect the atoms of
the {100} surfaces to exhibit the great-
est tendency toward acquiring a more
stable configuration. By employing low-
energy electron diffraction techniques
it was indeed found (4) that the rela-
tive positions of the atoms on clean
{100} germanium surfaces (under high
vacuum) are not the same as the posi-
tions on similar planes in the bulk crys-
tal. Upon adsorption of oxygen, the
rearrangement of the atoms can no
longer-be observed. Surface rearrange-
ment is apparently of no particular sig-
nificance in real surfaces.

The bonding configuration of the
surface atoms may also account for
the nucleation and crystal-growth char-
acteristics of the principal crystallo-
graphic planes. The {111} surfaces do
not favor nucleation. The first new
atom to be added must form only one
bond with a surface atom and remain
with three dangling bonds. Thus, a
monatomic layer cannot form on a
{111} surface because a surface con-
figuration with atoms having three dan-
gling bonds is not stable. Nucleation
and growth must proceed through dia-
tomic layers (see Fig. 7, I). The proba-
bility of occurrence of such a process
is relatively small. The {100} surfaces,
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{111} Violet

{110}
Blue-lavender

{111} Blue

{100} Red

Fig. 5. A cylinder of indium antimonide (approximately 5 millimeters in diameter and
5 millimeters long), with its axis parallel to the < 110 > direction, oxidized in air at
350°C. A spectrum of colored bands was developed, reflecting the oxidation rates as
a function of orientation. The relative rates of oxidation are as follows: {111} >
{TIT+ > {110+t > {100 }. [See also Lavine, Rosenberg, Gatos, J. Appl. Phys. 29,

1131 (1958)]

where the surface atoms have two
dangling bonds, favor nucleation and
growth to a somewhat greater extent.
In this case a new atom can form two
bonds to the surface, one with each of
two adjacent surface atoms, and thus
remain with two dangling bonds. On
the other hand, the atoms of the {110}
surfaces have one dangling bond, one
bond directed toward the interior of
the crystal, and two bonds on the sur-
face plane. It is apparent that the {110}
surfaces favor the formation of mon-
atomic layers and that nucleation is
more likely to occur on these surfaces
than on either the {111} or the {100}
surfaces.

Bonding Model of the Surfaces
of Intermetallic Compounds

Many binary intermetallic compounds
are tetrahedrally bonded and have the
zinc-blende structure, which is identical
to the diamond structure except for the
fact that zinc blende is made up of
two kinds of atoms. Typical classes of
compounds with the zinc-blende struc-
ture are the III-V compounds (for ex-
ample, indium antimonide) and the II-
VI compounds (for example, mercuric

telluride). Some tetrahedrally bonded
compounds, particularly of the II-VI
type [for example, cadmium selenide
(CdSe)] have the closely related wurt-
zite structure. The basic difference be-
tween the two structures is the stacking
sequence of the atomic layers (Fig. 7).
In the zinc-blende structure the atomic
stacking pattern can be represented as
A-B-C-A-B-C. . . . (cubic symmetry),
whereas in the wurtzite structure the
pattern is A-B-A-B. . . . (hexagonal
symmetry). Both structures have two
properties which make them ideally
suited for studying the role of crystalline
structure in surface reactivity: (i) they
are covalently bonded, and (ii) they are
noncentrosymmetric—that is, they ex-
hibit crystallographic polarity in certain
directions. The discussion which follows
will be limited primarily to the {111}
surfaces of the III-V compounds with
the zinc-blende - structure. The {100}
and {110} surfaces are not so interest-
ing, since the corresponding crystallo-
graphic directions are nonpolar.

As a consequence of the crystallo-
graphic polarity along the <111> di-
rection of the zinc-blende structure,
two types of {111} surfaces exist, one
terminating with group III atoms (/8)
(A surfaces) and the other with group
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V atoms (B surfaces), as shown in Fig.
7, 1. The (111) surface on Fig. 7 can-
not terminate with B atoms (white) be-
cause B atoms on the (111) surface
would have three dangling bonds and
only one bond to the lattice. This con-
figuration is energetically unstable.
For the same reason the (111) surface
cannot terminate with A atoms (black).
It is not to be inferred from_this rea-
soning that the {111} and {111} sur-
faces are necessarily atomically flat,
but rather that such surface steps as
may exist must be diatomic or must be
comprised of atoms in groups of some
multiple of 2 (Fig. 8).

The electronic configurations of the
{111} surfaces are perhaps best visual-
ized by considering a cut made per-
pendicular to the <111> direction be-
tween planes AA and BB (Fig. 7, I) so
that only one bond per atom is broken.
Making the cut between planes AA and

//"///.
[ )

A
Z
C

(110)

ooy BB BD
707979787
70%9%8%8%

SURFACE >

————

SURFACE _ .8
HOL

SURFACE

B’B’ involves the breaking of three
bonds, a process requiring a great deal
more energy. It is important to know
how the two electrons comprising each
bond being broken will be apportioned
between the newly created surface
atoms. In the case of the diamond-type
crystals this question is easily answered:
each atom will carry with it one elec-
tron of the cut bond.

The situation is different for the III-
V compounds, however, since an iso-
lated A atom has three outer-shell elec-
trons and an isolated B atom has five.
Simple chemical arguments indicate
(19) that the surfaces created by a cut
perpendicular to the <111> direction
will be as shown in Fig. 9—that is, the
B surface has two electrons in the
dangling bonds, while on the A surface
there are no electrons which are not
employed in bonding. Neglecting the

- partial ionic character of the bonds, we

BULK

BULK

O. 1

BULK

Fig. 6 (above). Structure of the {111}, {110}, and {100} sur-
faces of the diamond-type crystals (germanium or silicon, for ex-
ample) and the corresponding electron configuration of the surface
atoms. In crystals with the zinc-blende structure (for example, in-
dium antimonide), the plain and shaded atoms correspond to the
group V and group III atoms, respectively. The electron configuration
of the surface atoms of crystals of the zinc-blende type is not shown

but is discussed in the text (6).

Fig. 7 (right). Models of the zinc-blende (I) and the wurtzite (II)
structures. The corresponding cubic and hexagonal symmetries are

clearly shown.
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find that the electric dipoles at the two
surfaces will be oriented as shown in
Fig. 10 (20).

Chemical reactivities of the {111 }
surfaces. One would expect the A sur-
faces with no dangling electrons to be
less reactive than the B surfaces toward
oxidizing agents, which, by definition,
accept electrons during reaction. More-
over, adsorption of electron donor mole-
cules or negative ions should be stronger
on the A surfaces than on the B sur-
faces, whereas the reverse should be
found for adsorption of electron ac-
ceptors or positive ions.

Differences in chemical reactivity be-
tween the A and B surfaces were stud-
ied (79) by employing tetrahedral sam-
ples having exclusively A or exclusively
B surfaces. The dissolution experiments
showed that, in oxidizing media, B sur-
faces of InSb are markedly more reac-
tive than A surfaces (21) (Fig. 11). It

(iil) SURFACE

DIRECTION

{u]
(1) SURFACE (n
(00T) SURFACE
|
1
DIRECTION
A _ = [oo]
(00.1) SURFACE m

SCIENCE, VOL. 137



may be seen that at room temperature
(or above) there is no difference in dis-
solution rate between the two types of
surfaces, since the dissolution process
is controlled by the transport of oxi-
dizing species from the solution to the
interface. Below room temperature,
however, the dissolution of the A sur-
faces becomes activation-controlled, and
differences in reactivity are then ob-
served. It is important to note that, in
studying orientation effects, the experi-
mental conditions must be so chosen
that the process under study is not un-
der mass-transport control. Consistent
with the results of Fig. 11, it was found
(19) that in the same etching media the
electrode potential of samples with ex-
posed A surfaces was approximately
75 millivolts more noble than that of
samples with exposed B surfaces (22).

These differences in dissolution rate
may be readily understood, at least
qualitatively (21), when it is recalled
that dissolution of crystals proceeds
through the propagation of atomic or
molecular steps along the exposed sur-
faces (Fig. 8). The rate of motion of the
diatomic steps (vs) across the surface
is a critical parameter in the dissolution
process. It is reasonable to assume that
atomic pits (created by the removal of
one atom from layer I) or kinks (cre-
ated by the removal of two adjacent
atoms from layer I) are nucleation
points for steps. The rate of nucleation
of these defects (v.) must be smaller
than vs, and, therefore, it constitutes
the rate-determining step. If v. were
greater than v,, a large number of
atomic pits or kinks would be formed
on the surface, leading to a surface
configuration with both types of atoms;
such a configuration is unstable, as I
pointed out earlier. Therefore, the re-
activity of the atoms in the outermost
layer determines the overall chemical
reactivity of the surface.

The dissolution rate of the B sur-
faces of InSb in an oxidizing etchant
[70-percent HNO: (2 parts by volume),
48-percent HF (1 part), and glacial
CH:COOH (1 part)] at 0°C was de-
creased from 7.8 milligrams to 0.36
milligram per square centimeter per
second in the presence of 0.5-percent
butylamine (27). Other primary ali-
phatic amines gave similar results.
However, no corresponding change in
dissolution rate was observed for the
A surfaces. It appears that the substi-
tuted ammonium ions

H +
R:N:H
H
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adsorb preferentially on the B surfaces,
which have a dipole moment, as indi-
cated in Fig. 10, thereby decreasing the
dissolution rate. Lack of inhibition in
the case of the A surfaces reflects lack
of significant adsorption of the spe-
cies in question.

Structural properties. The B-surface
atoms, with the two unshared electrons,
can retain their sp® electronic configura-

111> DIRECTION

LAYER [—»

{111} SurFace

tion, much as nitrogen does in the am-
monia molecule,

H

ZN:H

H
with minor deviations from the tetra-
hedral symmetry. The situation is alto-
gether different in the case of the A
surfaces, where there are not enough
sufficient electrons to fill four tetrahe-

{in} surrace

Fig. 8. Two-dimensional representation of the zinc-blende structure with diatomic

surface steps (21).
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Fig. 9. Atomic model of the A and B {111} surfaces (21).

‘ \
AW ,"‘: ,': ,: +

A SURFACE

B8 SURFACE

Fig. 10. Schematic representation of the dangling bonds on the A and B surfaces of
III-V compounds and the associated surface dipole moment (20).
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dral orbitals. Consequently, sp® hybrid-
ization cannot be maintained, and the
angles of the three bonds to the lattice
must be distorted. The bonds to under-
lying atoms presumably tend to become
coplanar, as in many compounds of
trivalent group III elements (for ex-
ample, InCl:). A planar configuration,

100

24.IG°C

however, is not possible, in view of the
tetrahedral configuration of the bonds
underneath the surface layer, as well
as for steric reasons. Thus, distortion
of the three bonds of A-surface atoms
will lead to a bonding configuration
between sp® and sp®.

Although a precise determination of
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Fig. 11. Dissolution rate of indium antimonide as a function of tempera-
ture. Etchant, 70-percent HNO; (2 parts, by volume), 48-percent HF
(1 part), and glacial CH:COOH (1 part) (21]).
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the energy associated with the distor-
tion of the A surfaces cannot be made
at present, it is reasonable to assume
that this energy is a substantial frac-
tion of the normal tetrahedral bond
energy. On this basis one would also
expect crystal growth to meet with
greater difficulties in the A direction

Fig. 13. The A surface (top) and the B surface (bottom)

of a {111} indium antimonide wafer. Dislocation
etch pits appear on the A surface but not on the B

Fig. 12. Depth of damage in the A and B surfaces of III-V compounds
surface. Etchant, 70-percent HNO; (5 parts, by vol-

as a function of energy gap. The surfaces were cold-worked with an
abrasive of 20-micron particle size. [Gatos, Lavine, Warekois, J. Elec- ume), 48-percent HF (3 parts), and glacial CH;:COOH
trochem. Soc. 108, 645 (1961)] (3 parts).
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than in the B direction. By employing
double crystal x-ray spectrometry, it
was found that the half-breadth (a
measure of crystalline perfection) of
the rocking curves of the A surfaces
was greater than that of the B surfaces
(23). The ratios of the measured half-
breadths for the A surfaces (es) and
B surfaces (ex) were as follows: for
InSb, e/es > 1.2, and for GaAs,
ea/es > 1.1. The observed differences
were well outside the limits of experi-
mental error.

Consistent with this result was the
finding that the cold work introduced
by abrasion leads to a greater depth
of damage in the B surfaces than in the
A surfaces (Fig. 12). Furthermore, it
was observed that crystal growth from
the melt in the A <111> direction

“4 9 _ S

\Q— Y

'Q—‘v* /"ﬂn 2 _
";‘h.' & ‘,7 '
. , \.lfi_, ,'\,l;', . ’I
. ’ . :" - ‘ P

\'!
I

Fig. 14. Atom model, showing a 60° edge dislocation intersect-
ing the A surface of a III-V compound. The surface of inter-
sect is defined by the atoms with protruding bonds. (I) Dis-
location with a row of B atoms; (II) dislocation with a row of

A atoms (19).
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leads to a less perfect crystal (one of
high dislocation density) than crystal
growth in the B <111> direction (24).
Actually, under the experimental condi-
tions commonly employed, growth of
single crystals in the A direction is ex-
tremely difficult.

All of these results are in accord
with the proposed atomic model of the
A and B surfaces and the predicted dis-
tortion of the bonds in the case of the
A surfaces.

Behavior of edge dislocations. In the
zinc-blende structure, slip occurs in the
{111} planes along the <110> direc-
tions. The dislocation axis in this struc-
ture is parallel to the <110> direction
and forms a 60° angle with the Burgers
vector (the lattice translation, or slip
vector). In view of the fact that slip

/
Iy
bd "
]

will occur between {111} planes of
atoms connected with single bonds, it
can be shown that there are two types
of edge dislocations; one consists of a
row of triply bonded A atoms (a dis-
locations), the other consists of a row
of triply bonded B atoms (8 disloca-
tions) (25). Dislocations of both these
types intersect the A and the B {111}
surfaces at an angle of 60° (26). The
characteristics of the triply bonded A
and B surface atoms should be reflected
in the behavior of the a and g disloca-
tions.

It was observed some years ago (27),
that, in a number of oxidizing etchants,
dislocation etch pits (28) develop only
on the A surfaces of InSb and other
III-V intermetallic compounds (Fig.
13). Subsequently, it was shown by de-

Fig. 15. Atom model, showing a 60° edge dislocation inter-
secting the B surface of a III-V compound. The surface of
intersect is defined by the atoms with protruding bonds. (I)
Dislocation with a row of A atoms: (II) dislocation with a

row of B atoms (19).
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Fig. 16. Dislocation etch pits on the A (I) and B (II) surfaces of a 1111} wafer of indium antimonide. Two types of pits (very
small and large) are apparent on the A surface. Etchant, 70-percent HNO, (2 parts, by volume), 48-percent HF (1 part), and
glacial CHsCOOH (1 part). Temperature, 8°C. The etchant was saturated with stearic acid, which is slightly soluble (about
X 45). [Gatos and Lavine, J. Appl. Phys. 31, 743 (1960)]

formation experiments (25) that the
etch pits on the A surfaces are asso-
ciated with only one of the two types
of edge dislocations. This result was
rather surprising in view of the fact
that the formation of dislocation etch
pits had been generally attributed to en-
hanced chemical reactivity resulting
from the lattice strain in the vicinity of
the edge dislocations. According to that
view, both types of dislocations should
lead to the formation of etch pits, and
on both types of {111} surfaces. The
experimental results, plus the fact that
dislocations can also be revealed at
low angle boundaries where they pos-
sess no additional lattice energy, in-
dicate that the lattice strain associated
with dislocations is not of primary
importance in determining their in-
creased chemical reactivity. For reasons
which will become apparent, the III-V
compounds are ideally suited for study
‘of the chemical reactivity of disloca-
tions and their role in surface re-
activity.

The A and B surfaces were identified
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on an absolute basis by x-ray diffrac-
tion techniques (29). In the light of this
identification and of the results of the
deformation experiments on InSb (25),
it was established (79) that the disloca-
tion etch pits commonly formed on the
A surfaces of III-V compounds are «
dislocations. It is now possible to ex-
plain the formation of e-dislocation etch
pits exclusively on the A surface solely
on the basis of the proposed model for
the triply bonded A and B surface atoms
(including dislocation atoms), with
the following straightforward assump-
tions: (i) The formation of a disloca-
tion etch pit is the result of a greater
rate of attack along the dislocation line
than along the normal surface. (ii) The
triply bonded B atoms are more reac-
tive than the triply bonded A atoms
toward oxidizing agents. (iii) Doubly
bonded atoms are more reactive than
triply bonded atoms.

Since both « and g dislocations inter-
sect the A and B surfaces, there are
four possibilities: Ae, A (Fig. 14), Ba,
and BB (Fig. 15). The chemical reactiv-

ity of each of these four surface-dislo-
cation combinations are discussed in
turn, with reference to Figs. 14 and 15.

Case Aa. The terminal doubly bonded
A: (30) atom of the dislocation is the
first one to be removed by reaction.
This removal exposes two Bs atoms,
which will react more rapidly than the
surface As atoms. When these Bs atoms
react, four A. surface atoms are ex-
posed, as well as an A: atom of the
dislocation. Thus, the attack proceeds
more rapidly along the dislocation than
over the rest of the surface, and this
leads to the formation of a dislocation
etch pit.

Case AB. Strictly speaking, the term-
inal Bs atom of the dislocation is not
part of the outermost layer of surface
atoms, and thus it would not be ex-
pected to initiate the etching process.
However, if this Bs atom is attacked
prior to the attack of the As surface
atoms, then two As surface atoms are
exposed, leaving the next atom of the
dislocation bonded to three As atoms. It
is apparent from Fig. 14 that the attack
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does not necessarily proceed preferen-
tially along the dislocation but proceeds,
rather, in a layer-like fashion over the
surface.

Case Ba. This case is in many re-
spects similar to the AB case. Actually,
the conditions favor the formation of
dislocation etch pits even less. The ter-
minal atom of the dislocation is As,
which is less reactive than the surface
B: atoms.

Case BB. Although this case is the
counterpart of Ae, it does not lead to
the formation of dislocation etch pits.
As the terminal dislocation atom B: is
attacked, two As atoms are exposed,
and these will not react as fast as the Bs
surface atoms. These As atoms delay
exposure of the next B: dislocation atom
until the surrounding Bs surface atoms
are attacked. Hence, no preferential at-

lla

tack along the dislocation axis takes
place.

Altering of the surface and disloca-
tion reactivity by adsorption. The ex-
planation for the formation of a-dislo-
cation etch pits on the A surfaces only
is based on the fact that the triply
bonded B atoms are more reactive to-
ward oxidizing media than are the A
atoms. Accordingly, by altering the rel-
ative reactivity of these atoms it should
be possible to develop a- and g-disloca-
tion etch pits on both the A and B
surfaces. This has been accomplished
by employing surface active agents
which can adsorb preferentially on
either the A or the B surface atoms.

The presence of aliphatic amines or
aliphatic acids in oxidizing solutions
leads to the formation of dislocation
etch pits on the B surfaces (Fig. 16).

The primary amines employed form
positively charged ammonium ions in
acid solution and adsorb preferentially
(although not exclusively) on the B-sur-
face atoms, as pointed out earlier. The
resulting decrease in the reactivity of the
B-surface atoms is responsible for the
formation of pits on the B surfaces. The
new etch pits are associated with 8 dis-
locations on the A surfaces and with «
or B dislocations, or both, on the B
surfaces.

By employing n-butylthiobutane in
an oxidizing etchant [30-percent H-O-:
(1 part, by volume), 48-percent HF (1
part), and water (8 parts)], dislocation
pits were found on the A as well as on
the B surfaces of InSb. However, it was
shown that these pits do not correspond
to the a-dislocation etch pits developed
in the etchant that contained no butyl-

Ib
Fig. 17. The A and B surfaces of a { 111 } wafer of indium an timonide, Ia and Ib, respectively, etched in 30-percent H.O. (1
part, by volume), 48-percent HF (1 part), and water (3 parts). The se sample fields are parallel and corresponding. IIa and IIb are the

A and B surfaces, respectively, in etchant containing the same com ponents plus 0.4-percent butylthiobutane. It is clear that the dis-
location pits formed in the two etchants do not correspond (about X 294). [From 16]
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thiobutane (Fig. 17). They are actually
associated with g3 dislocations. This re-
sult must be attributed to the strong
adsorption of the sulfoxide

o
R-é-R
formed by oxidation of the butylthio-
butane, on the surface indium atoms,
including the indium atoms at the inter-
section of the dislocation line with the
surface.

The formation of B dislocation pits
on the A and B surfaces of InSb can
again be visualized with the help of the
atom models shown in Figs. 14 (I) and
15 (IT). In the case of the A surface the
terminal dislocation atom As lies in the
layer below the indium surface atoms,
which are also triply bonded. In the
sulfide etchant, the room-temperature
dissolution rate of the antimony surface
is greater than that of the indium sur-
face by a factor of more than 2 (I6).
Since the rate-determining step in the
dissolution of the ITI-V compounds is
associated with the reactivity of the
outermost surface atoms, it must be
concluded - that here also the triply
bonded B atoms are more reactive than
the corresponding triply bonded A
atoms. This difference in reactivity
would favor attack along the g dislo-
cation and would lead to etch-pit for-
mation. In the case of the B surface,
the terminal g dislocation atom is only
doubly bonded and lies in the triply
bonded outer surface layer. Thus, it will
be the first to react, exposing adjacent
triply bonded A atoms, which are less
reactive than the triply bonded B atoms,
as pointed out earlier. However, this
would be the case only if the sulfoxide
were to adsorb on the exposed indium
atoms adjacent to the terminal disloca-
tion atom. It is reasonable to believe
that effective adsorption on these re-
cessed atoms is not probable because of
steric hindrance. Thus, dissolution along
the dislocation in this case would pro-

ceed more nearly at the rates found in .

the absence of the sulfide. Indeed, the
pits on the antimony surface are deeper
than those developed on the indium
surface by at least a factor of 2.

The association of certain pits with «
dislocations and of others with 8 dis-
locations has been unambiguously con-
firmed by plastic deformation experi-
ments (/6). In these experiments excess
« or 3 dislocations were introduced near
the neutral plane, according to the par-
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ticular orientation of the sample em-
ployed. Further discussion of these
experiments is beyond the scope of this
article.

Electronic properties. B-surface at-
oms, with two unshared electrons, are
expected to act as electron donors,
whereas A atoms, with no dangling elec-
trons, are expected to act primarily as
acceptors.

Direct observation of differences in
electrical behavior attributable to the
acceptor and donor nature of the A and
B surface atoms, respectively, presents
serious experimental difficulties stem-
ming from the necessity for working
with clean surfaces. However, triply
bonded A or B atoms are also present
along the line of edge dislocations where
contamination presents no problem. The
electronic configurations of the atoms
along the edge dislocations should be
nearly identical to those of the corre-
sponding surface atoms. Consequently,
the electrical behavior of edge disloca-
tions should be similar to that of triply
bonded surface atoms. By employing
single crystal samples of n-type InSb in
which an excess of « or g8 dislocations
had been introduced by plastic defor-
mation, it was unambiguously shown
that triply bonded B atoms act as elec-
tron donors, whereas triply bonded A
atoms act as electron acceptors (31).

Summary

The role of crystalline structure in
the surface reactivity of predominantly
covalent materials has been examined
in terms of chemical bonding concepts.
In this context a solid surface can be
viewed as a giant lattice defect charac-
terized by dangling bonds. Although it
is difficult, at the present stage of de-
velopment of the quantum mechanical
approach to surfaces, to define precise-
ly the perturbations resulting from the
abrupt termination of the lattice at the
surface, a host of experimental observa-
tions can be understood by assuming
displacements of surface atoms and dis-
tortions of bonding configurations in
accordance with simple chemical bond-
ing principles.

A purely atomistic approach has been
shown to account not only for the
chemical behavior but also for certain
structural and electrical characteristics
of the surfaces considered. A number
of phenomena, such as crystal growth

and the behavior of certain lattice de-
fects (for example, dislocations), are in-
timately related to the presence of
dangling bonds and the associated dis-
tortions of the lattice at the surface (32).
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