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Sb-Induced Surface States on (100) Surfaces of III-V Semiconductors
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(Received 26 July 1977)

The existence of. both empty and filled surface states derived from the rehybridization
of dangling Sb bonds is demonstrated for the first time in GaSb. The empty states are
nearly degenerate with those derived from dangling cation bonds and are located near the
bottom of the conduction band. The filled states lie - 0.8 eV below the valence-band edge.
Similar sets of states were observed for Sb adsorbed on QaAs and InAs.

The generally conceived notion of dangling-bond
states on surfaces of binary semiconductors at-
tributes empty, localized states to the metallic
surface atoms (cations) and filled surface states
to the nonmetallic atoms (anions). ' ' We report
in this Letter the first observation of localized,
Sb-derived, empty surface states, which are lo-
cated close to the cation-derived surface states
near the bottom of the conduction-band edge.
These states seem to be characteristic of (100)
surfaces, as they have not been observed on the
GaSb(110) surface. ' Their existence has been
deduced by electron-energy-loss spectroscopy
(ELS) from electron excitation out of the 4d core
levels of Sb surface atoms, in complete analogy
to similar excitations associated with the metal-
lic surface atoms. ' 4 In addition to their intrinsic
contribution on GaSb(100), Sb atoms induced sim-
ilar, extrinsic surface states on (100) surfaces
of InAs and GaAs, which reconstructed into new
surface structures.

The surfaces of GaSb, GaAs, and InAs were
prepared by homoepitaxial, molecular-beam
overgrowth on (100)-oriented substrates. The ad-
vantages of this method of preparation of clean
and nearly atomically smooth surfaces have been
discussed elsewhere. ' Whereas InAs and GaAs
could be grown in the As-stabilized c(2 x 8) (As
coverage -0.5) or the metal-stabilized c(8x2)
structures (As coverage -0),' only a c(2x6) sur-
face reconstruction was observed for GaSb(100)
during growth. ' Upon annealing the c(2 x6) sur-
face, which resulted in the removal of some Sb
surface atoms, the closely related (2x 3) recon-
struction was observed. When the c(2 x6) surface
was exposed only to the Sb molecular beam a new
Sb-rich (2x5) surface reconstruction appeared
below - 350'C. A similar treatment of the metal-
stabilized (100) surfaces of GaAs and InAs result-
ed in new Sb-induced surfa, ce structures: GaAs-
(8x2)-Sb and InAs-c(2x6)-Sb. Exposing the As-
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FIQ. 1. Second-derivative loss spectra of as-grown
(100) surfaces (a curves), and after Sb adsorption (b
curves). Dashed curve in part I, curve a: -107 lang-
muirs of 02 exposure (1 langmuir =10 Torr sec).
Primary electron energies: 80 eV.

stabilized GaAs-c(2 x8) surface to Sb near 350'C
resulted in a (1x3) surface reconstruction.

ELS and Auger spectra were taken soon after
the samples had cooled to room temperature. En-
ergy-loss spectra of various surfaces are shown
in Fig. 1. I have only labeled the energy posi-
tions of surface-related loss structure. The re-
maining structures are of bulk origin and their
assignments have been discussed elsewhere. "
Prominent features in the loss spectra, for GaSb
(Fig. 1, part I) are the doublet structures near
33 eV, which are due to electron excitations from
the spin-orbit-split Sb 4d core levels into empty
surface states. That these excitations are sur-
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face related may be ascertained from various ex-
perimental observations: (1) The sharpness of
the structure, which is limited here by experi-
mental resolution of -0.5 eV, suggests a local-
ized final state which is not bulklike. (2) Expo-
sure to oxygen suppresses the loss structure with
a gradual emergence of a new, oxygen-related
structure shifted to higher energies by 2.1 eV.
The specific case for an exposure of -10' lang-
muirs is indicated by a dashed curve in Fig. 1,
part I, curve a. (3) The addition of Sb to the
c(2 x6) surface, which results in the generation
of the (2x5) reconstruction, increases the inten-
sity of the doublet structure. (4) Identical loss
peaks appear when Sb is adsorbed on GaAs and
InAs (Fig. 1, curves b in parts II and III). The
sharpness of this doublet is comparable to the
Ga sd and In 4d core- to surface-state excitations
at 20.0 and 18.7 eV, respectively (Fig. 1, curves
a of parts II snd III), whose sharp spectral fea-
tures are attributed to electron-hole interactions
(ezcitons). +'

The existence of empty, anion-derived surface
states may be understood by the following argu-
ments': The two sP' dangling orbitals inherent to
a (100) surface atom rehybridize to form aP, or-
bital normal to the surface (dangling-bond-like)
and aP, -like orbital in the plane of the surface
and directed along the broken-bond direction.
For a surface terminated in group-V anions,
each atom contributes 2 electrons to be distribut-
ed among these orbitals: Two will fill the lower-
energy p, orbital; the remainder will go in the p,
orbital, which will be one-fourth filled. Similar
arguments for a group-III-cation-terminated sur-
face result in aP, orbital, which is three-fourths
occupied, and an empty P, orbital. Since overlap
between orbitals is likely to occur (banding), it
may be energetically more favorable for the for-
mation of a surface superlattice which produces
an even number of electrons per unit cell. Such
a metal-insulator transtion has been suggested to
occur on the Ga-stabilized GaAs(100)-c(8x2) and
-c(4x2) surfaces. ' For the GaSb(100) surfaces,
on the other hand, surface reconstructions with
these symmetries have not been observed, but
rather ones with a threefold or fivefold periodici-
ty. If a metal-insulator transition is the princi-
pal driving mechanism for GaSb(100) as well, the
surface reconstructions can only be explained by
invoking the presence of surface vacancies. The
number of possible Sb vacancy concentrations
necessary to achieve an even number of "dan-
gling" electrons per unit surface cell is quite lim-

ited: 0.1 for the (2x5); 0.17, 0.33, 0.67, and
0.83 for the c(2 x6); and 0.17, 0.5, and 0.83 for
the (2x3) structures. ' An estimate of the approx-
imate surface concentrations of Sb atoms can be
made from the variation of the ratio of the Sb and
Ga Auger lines for the various surfaces, as well
as that of the Sb-stabilized GaAs(100)-(2x8)-Sb.
For the latter structure we have assumed a mono-
layer coverage of Sb, which is consistent with the
extinction of the Ga Sd surface excitons at 20 eV
in Fig. 1, part II (no dangling Ga bonds), as well
as with the criterion for a metal-insulator transi-
tion. In conjunction with the Auger data, the rela-
tive intensities of both the Ga 3d and Sb 4d sur-
face excitons, and the reconstruction criterion,
the best estimates of Sb vacancy concentrations
are 0.1, 0.17, and 0.5 for the (2 x 5), c(2 x 6), and
(2x 3) surface reconstructions, respectively.

The filled and empty surface bands derived
from the unperturbed dangling Sb bonds are ex-
pected to split and move apart in energy as a re-
sult of the reconstruction. Whereas the empty
surface states are readily probed by core-elec-
tron excitations, details of the filled dangling-
bond-derived states can only be obtained by ener-
gy-loss events arising from excitations from
these states into the empty surface states. The
strong loss peak at 2.1 eV in Fig. 1, part I is at-
tributed to such excitations. Whereas in GaAs
the filled and empty dangling-bond states are spa-
tial. ly separated and the loss peak due to inter-
surface-state excitations reaches a maximum for
equal surface density of Ga and As atoms, ' in
GaSb both empty and filled dangling-bond-derived
surface states can arise from the Sb. Consequent-
ly, the intensity of interstate excitation is propor-
tionaL. to the density of Sb surface atoms. The
narrow linewidth of the 2.1-eV loss peak further-
more suggests that both filled and empty surface
bands have low dispersion in energy, and are con-
sequently quite localized. The 2.2-eV loss peak
in the spectrum of the GaAs(100)-(8x2)-Sb sur-
face (Fig. 1, part II, curve b) is due to the pres-
ence of Sb and is likewise attributed to excitations
between the Sb-derived dangling-bond states. A
similar loss peak could not be resolved for the
InAs(100)-c(2 x6)-Sb surface (Fig. 1, part III,
curve b). The loss peaks in the 7—10-eV range
are due to excitations from the filled back-bond
surface states into the empty, dangling-bond-
derived states. The strong peaks in the 7-7.6-
eV range are characteristic of the Sb back bond,
as they are only observed when Sb is on the sur-
face.
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FIG. 2. Energy-level diagrams of intrinsic and Sb-
induced surface states. Empty and filled levels are
indicated, respectively, by broken and solid lines for
intrinsic states, and by hatched and cross-hatched
areas for Sb-induced states. 8 indicated dangling-bond—
derived states. Heavy lines mark the positions of bulk
valence--(g„) and conduction-band (E,) edges. Posi-
tions of d core levels are also indicated.

In contrast to Sb, As on the GaSb(2 x3) surface
exhibited only a weak and broad loss peak arising
from the As 3d core level, in appearance similar
to the loss peak near 43 eV in Fig. 1, part II.
Neither did the As induce a surface reconstruc-
tion, but only weakened the GaSb diffraction pat-
terns. The differences in the electronic and

structural properties of these two group-V ele-
ments on (100) surfaces suggest the interesting
posibility that the As atoms have only a single
dangling bond. This arrangement, the result of
the more ionic character of GaAs, may be gener-
ated by the selective removal of Ga atoms, in a
manner similar to that proposed for the ZnSe(100)
surface. "

From the energies of the core- to surface-
state excitations (surface excitons) and the known

binding energies of the Ga 3d, In 4d, and Sb 4d
core levels, '*" relative to the bulk valence-band
edge, it is possible to deduce the location in en-
ergy of the empty, dangling-bond-derived sur-
face states. The results for the intrinsic empty
surface states are shown as dashed lines in Fig.

2. We have assumed here exciton binding ener-
gies of 0.5 eV. This values has been deduced for
the Ga M and In 4d surface excitons on (110) sur-
faces. The binding energy of the Sb 4d exciton
is not known, but should be comparable or even
less because of the large screening in GaSb. The
binding energies of the Sb 4d core levels for Sb
on GaAs and InAs were assumed to be the same
as those in GaSb. This assumption is supported
by the experimental observation that the binding
energies of a given core level vary by only a few
tenths of an eV among related III-V compounds. ~"
The empty, Sb-induced extrinsic surface states
are indicated in Fig. 2 by hatched areas, whereas
the filled states have been indicated by cross-
hatched areas. Their locations, as well as those
of the intrinsic filled surface states (thin solid
lines), have been determined from the loss spec-
tra by assuming that the empty surface states
are the sole final states. All surface states la-
beled with an S are derived from the dangling
bonds, with their origin in parentheses.

The unique feature of Sb on (100) surfaces is
its ability to induce empty, localized surface
states which are nearly degenerate with the cat-
ion-derived surface states and lie near or slight-
ly above the conduction-band edge. This location
limits the overlap with bulk conduction-band
states, and, consequently, contributes to the en-
hancement of the electron excitation spectra.
These effects are not observed for As: Evidence
for any empty, As-derived surface states sug-
gests their location to be -1 eV higher in energy,
which increases considerably the overlap with the
bulk conduction-band states.
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