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Elastic low-energy electron diffraction (ELEED) intensities from GaSb(110) of normally
incident electrons with energies 30<E <210 eV were measured at T=125 K. Intensity
versus incident-energy profiles were recorded for 14 diffracted beams. The surfaces were
prepared by a chemical-polish—ion-bombard—anneal cycle. The stoichiometry of the sur-
faces and reproducibility of the data from one sample to another were verified explicitly.
Comparison of these measured intensities with dynamical ELEED intensity calculations in-
dicates that the dimensions of the surface unit cell are identical to those of truncated bulk
GaSb, but that the atomic geometry within that cell is reconstructed. The best-fit structure
consists of a bond-length—conserving rotation by ©,=(30+2)° of species in the uppermost
atomic layer with the Sb relaxing outward and the Ga inward. No displacements of the
second-layer species are indicated by the analysis. The structure resembles those of
ZnTe(110) and GaP(110), but is quite distinct from those of GaAs(110), InSb(110), and
CdTe(110). This result reveals that ionicity alone is an inadequate index of the surface
atomic geometries of compound semiconductors, independent of the definition chosen for
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the ionicity.
I. INTRODUCTION

For nearly two decades the establishment of rela-
tionships between interface properties and the nature
of interface chemical bonds has been a major and
controversial topic in studies of semiconductor inter-
faces.!~* Although for molecules and bulk solids the
traditional means for establishing such relationships
is via comparisons of atomic geometries with vari-
ous indices of the nature of the chemical bond,’#
for interfaces a dearth of structural information has
led to proposals of such relationships on the basis of
comparisons of interface electrical properties with
various indices of the strength of the bonds in-
volved.!=> During the past five years, however,
analyses of elastic low-energy electron diffraction
(ELEED) intensities from the (110) (i.e., cleavage)
surfaces of zinc-blende structure compound semi-
conductors have begun to provide a comprehensive
view’ of the richness of surface structures evident on
these homologous surfaces of materials whose bulk
structures are identical'® and whose bonding is nom-
inally “covalent.””® Our purposes in this paper are
to present and document our determination of the
surface structure of GaSb(110) by ELEED intensity
analysis and to comment upon the unique role
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which this structure plays in revealing the richness
of semiconductor surface (as opposed to bulk) atom-
ic geometries.

The definitions of the quantities specifying the
atomic geometry of GaSb(110) are given in Fig. 1 in
which the bulk structural parameters reported in
Wyckoff'© are utilized for the dimensions of the sur-
face unit cell. Our main result is that GaSb is
characterized by a bond-length—conserving rotation
of w;=(30+2°) in the top layer and no further
reconstruction of either the top or deeper layers.
The structure is most reminiscent of those reported
for ZnS(110) (Ref. 11) and GaP(110),'>"* although
in both of the latter cases the rotated top layer also
is concentrated toward the substrate by 0.1+0.05 A.
The relaxations of the Ga and Sb species normal to
the surface (inward by 0.55+0.05 A and outward by
0.22+0.05 A, respectively) are essentially identical to
those obtained earlier for the (110) surface of the
isoelectric II-VI compound, ZnTe."* In contrast to
GaSb, however, the relaxation parallel to the surface
of the Te species in ZnTe was found to be reduced
relative to that characteristic of a bond-
length—conserving reconstruction: a result which
could be caused either by a difference in bonding be-
tween II-VI and III-V compounds'® or by the use of
an older technology (nonrelativistic Slater exchange)
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FIG. 1. Schematic indication of the surface atomic
geometry and the associated ELEED normal incidence
spot pattern for the (110) surface GaSb. The symbols uti-
lized in Table I are defined in the upper panel of the fig-
ure. The numerical values shown are taken from panel (b)
of Table I. The surface unit-cell parameters are those
given by Wyckoff (Ref. 10).

to determine the structure of ZnTe.!® A detailed
discussion of the structural chemistry of GaSb(110)
relative to the (110) surfaces of other zinc-blende
structure compound semiconductors is given below.

We proceed by indicating the experimental pro-
cedures in Sec. II and defining our calculations in
Sec. III. We present our structure analysis in Sec.
IV and conclude with a discussion of our results.

II. EXPERIMENTAL PROCEDURES

The measurements of the ELEED intensities from
GaSb(110) were performed in a standard Physical
Electronics ultra-high-vacuum (UHV) LEED/
Auger chamber equipped with a 4-grid Varian
LEED (low-energy electron diffraction) optics and a
single pass 4 kV Physical Electronics cylindrical
mirror analyzer. The ELEED measurements were
performed at a pressure of 1 10~!° Torr.

The sample was mechanically polished with 5 um
SiC powder and chemically etched in a 0.5% solu-

tion of bromine in methanol. The crystal was then
mounted in a Mo foil and placed on a UHV sample
manipulator allowing cooling to about 125 K. A
Chromel-Alumel thermocouple, welded on the Mo
foil, was used to measure the temperature. The sur-
face was cleaned by Art ion sputtering (1.5 keV,
grazing incidence) and the cleanliness of the surface
was checked with Auger electron spectroscopy
(AES). The sample was then annealed at about
430°C for 1 h to restore atomic order. A sharp
(1x1) LEED pattern which exhibited the
(hk)=(hk) symmetries observed on other (110)
zinc-blende faces, resulted from this cleaning-
annealing cycle. The sample was then cooled to 100
K, to reduce thermal atomic vibrations which, at
room temperature, limit the intensity measurements
to energies below 170 eV. The ELEED intensity
data were recorded from the phosphor screen with a
Gamma Scientific spot photometer and normalized
to the incident beam current. Two sets of low-
temperature (125 K) data were recorded at 2 V in-
crements in primary beam voltage. The two sets of
data were averaged in order to increase the signal-
to-noise ratio. Each set included 14 beams, i.e.,
those with the beam indices (10) =(10), (01), (01),
(1) =(1I1), (11) =(11), (02), (02), (20) =(20),
(12) =(12), (12) =(12), (21), (21) =(21), (13)
=(13), and (13) =(13). Seven of these beams, the
(10, (O1), (01), (11), (11), (02), and (02) are much
more intense then the rest. The (12) and (12) beams
are of medium intensity, whereas the (20), (21), (21),
(13), and (13) beams are weak.

III. MODEL CALCULATIONS

An approximate multiple-scattering model of the
diffraction processes described previously'” was used
to perform our dynamical calculations of the
ELEED intensities. In this model, which is embo-
died in a series of computer programs, the scattering
species are represented by energy-dependent phase
shifts in terms of which the ELEED intensities
from the surface are computed. The scattering am-
plitudes associated with the uppermost three atomic
bilayers are evaluated exactly, as are those of each of
the individual atomic layers beneath. These ampli-
tudes are superposed, weighted by appropriate phase
factors, to obtain the diffracted intensities. The ac-
curacy of this approximation has been verified in
the analysis of other zinc-blende (110) surfaces, i.e.,
GaAs(110) and ZnTe(110), for which the intensity
profiles calculated solving the scattering in the up-
permost four atomic bilayers exactly were compared
with those calculated solving the scattering in the
uppermost three bilayers exactly. Convergence tests
revealed that the consideration of a slab of six atom-
ic layers and the use of six phase shifts for each



3438 C. B. DUKE, A. PATON, AND A. KAHN 27

scatterer yield predicted intensities which are gen-
erally accurate to within a few percent, so these
parameters were adopted for the calculations
presented herein.

The electron-ion-core interaction is described by a
one-clectron muffin-tin (MT) potential. The one-
electron crystal potential is formed from a superpo-
sition of overlapping ionic (e.g., GatSb™ ) relativis-
tic charge densities. These charge densities are ob-
tained via self-consistent solutions to the Dirac
equation for the individual ionic species. Given the
charge densities, the phase shifts are evaluated by
solving the nonrelativistic Schrodinger equation us-
ing the (energy-dependent) Hara model for the ex-
change potential.'® A MT approximation to the
crystal potential is imposed prior to the calculation
of the phase shifts. The MT radii are taken to be
the values at which the potentials of the Ga* and
Sb™ cross, and the potential outside the muffin-tin
spheres is taken to be the calculated value at the
crossover point. Because the exchange potential de-
pends on the energy of the incident electron, the
crossover point and hence, the MT radii and cross-
over potentials also depend on this energy. Values
of the radii range from ryr (Ga*)=1.16 A and ryr
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FIG. 2. Phase shifts for the Ga* and Sb™ species re-
sulting from relativistic Hara exchange. Since the ex-
change depends on the energy of the incident electron, so
do the muffin-tin radii and potentials, as described in the
text.

(Sb~)=1.48 A at an incident beam energy of E=10
eV, to ryr(Gat)=1.18 A and ryr(Sb-)=1.46 A at
E=300eV. Values of the muffin-tin potential range
from 12.7 eV at E=10¢eV to 11.3 eV at E=300 eV.
The phase shifts associated with these potentials are
shown in Fig. 2.

The electron-electron interaction is incorporated
in to the model via a complex inner potential with a
constant real part ¥, and an imaginary part charac-
terized by the inelastic collision mean free path
Aee-'® We selected ¥V, to minimize the x-ray R fac-
tor' [given by Egs. (3), (8), (13), (14), and (16) of
Ref. 19]. Our major structure searches were per-
formed using A, =8 A although we examined the
sensitivity of the values of the R factors to the value
of A..

The consequences of thermal lattice vibrations are
neglected in the structure search reported herein, be-
cause previous studies of GaAs(110) (Ref. 17) and
GaP(110) (Ref. 12) revealed that incorporation of
bulk lattice vibrations into the model do not effect
the results of the structure analysis. These conse-
quences are not expected to be important in the
analysis of ELEED intensity data taken with a spot
photometer at tempcratuws well below the Debye
temperature'"!® which in the case of GaSb is ap-
proximately 200 K.%°

IV. STRUCTURE ANALYSIS

Our analysis of the ELEED intensity data to ex-
tract the surface atomic geometry of GaSb(110) pro-
ceeded in a fashion analogous to that utilized previ-
ously for GaP(110) (Ref. 12) and CdTe(110) (Ref.
21). First, ELEED intensities were calculated for
the unreconstructed geometry and for the geometries
found for the (110) surfaces of other zinc-blende
structure compound semiconductors’ (suitably
scaled to remove the effects of changes in the bulk
lattice constant). Then these were compared with
the measured intensities and the quality of the
description thereof was assessed by both visual and
R-factor methods. The x-ray R factor R, was
adopted as the appropriate figure of merit because,
as described in detail elsewhere,'>2! it provides the
most reliable index of the quality of the fit of two
intensity profiles taken using our techniques (Sec.
II). Earlier sensitivity analyses established that for a
fixed set of values of the nonstructural model
parameters, changes of R, by 0.02 or greater are sig-
nificant in comparing one structure to another and
increases by 0.04 or more suffice to eliminate a class
of structures completely. Values of 0.2<R, <0.3
correspond to acceptable but probably not optimal
descriptions of the data whereas structures for
which R, >0.3 are unacceptable. (The best struc-
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FIG. 3. Comparison of calculated (solid lines) and
measured (dashed lines) intensities of electrons normally
incident on GaSb(110) diffracted into (01) beam. Panel
(a): Calculated intensities for the unreconstructed surface
structure as specified in panel (a) of Table I, evaluated for
a rigid lattice. Panel (b): Calculated intensities for the
structure that minimizes the x-ray R factor as specified in
panel (b) of Table I, evaluated for a rigid lattice. Panel
(c): Calculated intensities for the same structure as panel
(b) but with a reduced relaxation parallel to the surface of
the Sb in the top layer as specified in panel (c) of Table I.
Panel (d): Calculated intensities for the same structure as
panel (b) but with a 0.1-A shear in the second layer as
specified in panel (d) of Table I.

tures achieved to date yield 0.14 <R, <0.20.) This
test immediately eliminated the unreconstructed sur-
face (R, =0.38) and the InP structure?? (R, =0.31),
and discriminated against the GaAs-InSb-CdTe
structure!”?%23 (R, =0.28) and the ZnTe structure'*
(R, =0.26). The unreconstructed atomic geometry is
specified in panel (a) of Table I. The comparisons
between the calculated and measured ELEED inten-
sities are shown in panels (a) Figs. 3—11 for the
strong [(01), (O1), (10), (11), (02), (11), and (02)]
beams, one medium [(12)] beam and one weak [(21)]
beam. These figures are presented in order of the
decreasing intensities of the beams [e.g., the (01) is
stronger than the (01), etc.]. It is evident from the
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FIG. 4. Same as Fig. 3 for the (01) beam.
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FIG. 5. Same as Fig. 3 for the (10) beam.
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FIG. 7. Same as Fig. 3 for the (02) beam.
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FIG. 8. Same as Fig. 3 for the (1T) beam.

figures that the unreconstructed geometry provides a
poor description of many beams and hence may be
eliminated as an acceptable structure for GaSb(110).

Following this preliminary analysis, a systematic
search of reconstructions characterized by bond-
length—conserving rotations of the top layer was
performed. The x-ray R factor exhibits two minima
as a function of the angle w, (see Table I), one at
=10 for which R, ,;;=0.28 and one at w;=30°
for which R, ,;=0.24. The latter structure is
specified in panel (b) of Table I and the calculated
intensities are shown in panels (b) of Figs. 3—11.
Increasing A, to 10 A decreased the w;=30°
minimum to R, ;;=0.23. The »;=30° minimum
is an absolute minimum in R,. Adjustment of the
top-layer spacing revealed that expansions of 0.1
A increased R, by 0.06, well outside AR, =0.04
bounds for absolute discrimination against a struc-
ture. Similarly, introduction of a second-layer dis-
tortion perpendicular to the surface increased R, by
0.03, thereby revealing that an undistorted second
layer is clearly preferred by the minimum-R, cri-
terion, although the description of certain beams
(e.g., the (01) and (11) beams) is improved by such
relaxations as may be seen from inspection of panels
(d) of Figs. 3—11. Finally, in order to compare the
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FIG. 9. Same as Fig. 3 for the (02) beam.
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FIG. 10. Same as Fig. 3 for the (12) beam.
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FIG. 11. Same as Fig. 3 for the (21) beam.

GaSb(110) structure explicitly with the ZnTe(110)
structure, we examined a class of structures in
which the relaxation of the Sb parallel to the surface
was reduced relative to the w;=30" bond-rotated
structure. Again an absolute minimum in R, is as-
sociated with the bond-rotated structure, although in
this case the minimum is rather flat so that the posi-
tion of the Sb along the y axis in Fig. 1 is uncertain
to within about +0.2 A. The effects of reducing the
Sb relaxation in analogy with the structure found
earlier for ZnTe (Ref. 14) are indicated for the struc-
ture given in panel (c) of Table I by the calculated
intensities shown in panels (c) of Figs. 3—11. The
variations in the x-ray R factor associated with these
four surface-structure parameters are shown in Fig.
12.

V. SUMMARY AND DISCUSSION

The ELEED intensity analysis reported in Sec. IV
reveals that a simple bond-length—conserving top-
layer rotation characterized by «;=(30+2)° yields
the best description of the intensities measured at
T=125 K from GaSb(110). This structure corre-
sponds to an absolute minimum in the x-ray R fac-
tor and also affords a quite acceptable description of
the relative intensities of the various beams. It is
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FIG. 12. Values of the x-ray R factors associated with
systematic variations of the parameters characteristic of
the surface reconstruction of GaSb(110). Panel (a): Vari-
tions of w; for a bond-length—conserving top-layer rota-
tion. Panel (b): Variations of the spacing between the top
layer and the layer beneath relative to its value for an
®1=30° bond-length—conserving, top-layer rotation alone.
Panel (c): Variations in the second-layer shear relative to
an ©,=230" top-layer rotation. Panel (d): Variations in
the position of the top layer Sb parallel to the y axis (see
Fig. 1) relative to its value for an ;=30° top-layer rota-
tion.

significant that the atomic displacements normal to
the surface for this structure are identical to those
found earlier'* for ZnTe(110). GaSb is isoelectronic
with ZnTe, but its bonding is much more covalent
(e.g., the spectroscopic ionicities’ of GaSb and ZnTe
are 0.26 and 0.55, respectively). Therefore we have
another example, similar to that afforded by the
isoelectronic CdTe-InSb pair,2">?* in which two ma-
terials of widely varying spectroscopic ionicities ex-
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hibit quite similar atomic geometries on their (110)
surfaces.

The relationship between the properties of semi-
conductor interfaces and the nature of the bonding
in the bulk semiconductors is a venerable and con-
troversial topic.!”> Recent interest in the subject was
stimulated by the proposal in 1969 by Kurtin,
McGill, and Mead* of a correlation between the
heights of rectifying Schottky barriers on binary
compound semiconductors and the difference in ion-
icities of the two elements which comprise the
binary semiconductor. In particular, it was suggest-
ed24 that a transition between “covalent” and “ion-

” interface properties occurs at a difference in ion-
101ty of AX=~0.7, determined using the ‘“Pauling”
scale.® This proposal stimulated an enormous
volume of subsequent work, as may be verified by
inspection of recent reviews of Schottky barrier for-
mation.*?* An expression of this proposal in terms
of the dielectric function of the bulk semiconductor
(and hence of the spectroscopic ionicity’) was given
by Phillips.” His analysis was subsequently extended
(and corrected) by Barrera and Duke,?® and shown
to be incompatible with measured values of the bar-
rier heights.

The idea persisted, however, that a transition
from covalent to ionic interface behavior might
occur within the tetrahedrally coordinated com-
pound semiconductors. Early LEED studies of the
atomic geometries of GaAs(110) and ZnO(1010)
were compatible with this concept because they re-
vealed quite different reconstructions for the bulk
geometries for these two surfaces.”’ As more com-
pound semiconductor surface structures become
available, they initially seemed compatible'> with a
transition in the character of the surface structures
of the (charge-neutral) cleavage faces at a spectro-
scopic ionicity of f;~0.5. The subsequent deter-
mination of the structure of CdTe(110) revealed,
however, that the spectroscopic ionicity could not be
used as a suitable scale to correlate with the atomic
geometries of zinc-blende structure compound semi-
conductors, although the ionicity scale used by Kur-
tin, McGill, and Mead did correlate satisfactorily
with all of the surface geometries at that time.?!

The important role of the atomic geometry of
GaSb(110) in establishing the nature of correlations
of surface structure with indices of the nature of the
chemical bond in bulk compound semicondctors can
now be appreciated. The spectroscopic ionicity of
GaSb is f;=0.26 (Ref. 7) whereas the difference in
Pauling electronegativities of Sb and Ga is 0.3 (Ref.

6, p. 93). Both values lie comfortably on the covalent
side of the critical ionicity [f;.~0.5 (Ref. 15),
AX.~0.7 (Ref. 24)] characteristic of the proposed
transition in interface properties. Yet there is no
evidence in GaSb(110) for the multilayer reconstruc-
tion characteristic of the (110) surface of GaAs,!”
InSb,2? and CdTe,?! i.e., the reconstruction previous-
ly associated!® with the covalent limit of zinc-blende
(110) surface structures. Thus, the analysis of low-
temperature ELEED intensities from GaSb(110), in
concert with the results for CdTe(110) (Ref. 21), es-
tablish that the multilayer character of the recon-
struction of zinc-blende (110) surfaces cannot be
correlated simply with either the spectroscopic’ or
Pauling®?* ionicities. This result cannot be inferred
from the analysis of room temperature ELEED data
[as done, e.g., for GaP(110) in Ref. 12] because the
energy gained by reconstruction of the second and
deeper layers is comparable to thermal energies at
room temperature.? The only correlation which we
have been able to identify between the chemical
species and the occurrence of strong ELEED evi-
dence for second-layer reconstructions is that both
elements of the binary compound semiconductor
must lie in the same row of the Periodic Table.

In summary, analysis of ELEED intensities from
GaSb(110) at T=125 K reveals a simple top-layer
bond-rotated reconstruction corresponding to
@1=(30%2)". The accuracy of the atomic displace-
ments normal to the surface is Ad; ~0.05 A whereas
that of displacements parallel to the surface is
Ad|~0.2 A. This structure is similar but not iden-
t1ca1 to that hypothesized for use in recent calcula-
tions of electronic states at GaSb(110) surfaces.”
The absence of second-layer relaxations eliminates
the Pauling®?* as well as spectroscopic’ ionicity
scale as a suitabie index of the character of the
chemical bond to correlate with ELEED evidence
for the occurrence of multilayer as opposed to
single-layer low-temperature reconstructions of the
cleavage faces of tetrahedrally coordinated com-
pound semiconductors.
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