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Sb overlayers deposited at 300 K on GaAs(110) surfaces cleaved in ultrahigh vacuum have been
investigated by ultraviolet and x-ray photoemission and ellipsometric spectroscopies. For the
strongly chemisorbed, well-ordered first monolayer of Sb (1 X 1 as determined by low-energy electron
diffraction) information about electronic interface states and optical transitions between them is ob-
tained. On top of this first Sb layer a semiconducting Sb species is deposited. The metallic charac-
ter of the film, revealed by a sharp Fermi edge in the ultraviolet photoemission spectra, occurs not
before evaporation of about 20 monolayers of Sb. Simultaneous measurement of the work function
gives further information about electronic states in the Sb overlayer. The results can also be ex-
plained consistently with respect to the recently measured Schottky barriers on GaAs(110)-Sb.

I. INTRODUCTION

For a deeper understanding of Schottky barriers on
semiconductors a detailed knowledge about the morpholo-
gy, the crystallographic structure, and the electronic prop-
erties of the metallic overlayers is necessary. Even if an
essential part of the barrier height on a III-V compound
semiconductor surface is already established after deposi-
tion of tiny fractions of a monolayer, the final band bend-
ing below a “thick” film with metallic properties might be
due to different mechanisms.»? It will definitely also be
influenced by the “bulk electronic properties” of the metal
overlayer.

In the context of these problems the overlayer system of
Sb on GaAs(110) is of particular interest. From recent
low-energy electron-diffraction (LEED) structural
analysis and from Auger-electron spectroscopy’ it is
known that Sb grows on cleaved GaAs(110) surfaces, at
least in two different modifications. A first well-ordered
monolayer is strongly chemisorbed. On top of this layer
Sb is deposited without any long-range order and with a
weaker chemical bond. For the first monolayer, theoreti-
cal structure models exist, which place the Sb atoms at
positions so as to continue a nearly unreconstructed GaAs
lattice. Furthermore, the Schottky-barrier height has
been measured by uv photoemission spectroscopy (UPS)
for Sb coverages up to 25 monolayers (ML).> Because of
all these available data, GaAs(110)-Sb should be an ideal
model system for studying also the change of the electron-
ic properties from the first epitaxially grown atomic layer
up to the bulk states of metallic Sb. UPS and x-ray
photoemission spectroscopy (XPS) as well as ellipsometric
spectroscopy are used in this work to get information
about electronic states at the interface and within thicker
Sb layers.

II. EXPERIMENTAL

The measurements were performed on (110) surfaces of
n-type [Te-doped, n~(1—5)x10'7 cm~3 and p-type

33

[Zn-doped, p~(1—5)%10'" cm 3] GaAs single crystals.
The surfaces were prepared by cleavage using the double
wedge technique in ultrahigh vacuum (UHV) systems
pumped by ion pumps and Ti sublimators (p < 1078 Pa).
High-purity Sb was evaporated from an electrically heated
Mo basket with an arrival rate of Sb atoms at the crystal
surface (300 K) of about 0.6 ML/min. One monolayer
contains 8.85X 10'* atoms/cm? referred to the GaAs(110)
surface. The evaporation rate was controlled by a quartz
balance.

In the UPS measurements a differentially pumped
discharge lamp was used as source for the Hel (21.2 eV)
and Hell (40.8 eV) radiation. The photoelectrons were
detected under normal emission by means of a hemispher-
ical electron-energy analyzer (resolution AE~0.1 eV).
The same analyzer was also used in the XPS measure-
ment, but with the resolution set to about 0.75 eV. For
XPS an x-ray source with an Al-coated anode was directly
mounted on the UHV chamber. All measurements were
thus performed with the Al Ka line (energetic width
~0.8 eV). The system was further equipped with LEED
optics in order to check the crystallographic surface struc-
ture.

The ellipsometric spectra were taken in a separate UHV
chamber with a manual null ellipsometer outside the vac-
uum such that difference measurements were made
through Pyrex windows. Usually the ellipsometric angles
A and ¥ were determined on the clean surface, after depo-
sition of Sb, in steps of 0.1 eV photon energy. More ex-
perimental details are given elsewhere.®’

III. RESULTS AND DATA ANALYSIS

A series of electron-energy distribution curves (EDC’s),
taken on the cleaved (110) surface of an n-doped GaAs
crystal with increasing Sb coverage, is shown in Fig. 1.
Upon Sb deposition, a new adsorbate characteristic
feature arises in the spectral range of the valence-band
maximum (VBM) for a coverage above 0.3 ML. This
shoulder appears at 0.74 eV below the Fermi energy Ep
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on n-type GaAs and at 0.53 eV below Er on p-type
GaAs. In the coverage range of several monolayers, a
broad, washed-out emission maximum develops below the
Fermi level [Fig. 1(d)] which gradually replaces the sharp
substrate structures. Photoemission from the Fermi edge
can be observed for coverages of about 20 ML. At the
same time the spectral shape changes into the characteris-
tic form of Fig. 1(e) with sharp emission maxima at 0.8,
1.6, and 2.4 eV below Ef.

The change of the work function A¢ upon Sb deposi-
tion is equal to the shift of the low-energy emission onset
of the UPS spectra. Figure 2 shows the results for sur-
faces of n-type GaAs without any band bending before
evaporation of Sb and for surfaces of p-type GaAs with
an initial depletion layer of —0.3 eV. The values of band
bending at the clean surface were determined from the
EDC’s by means of the energy difference between the Fer-
mi level and the VBM. These energies are given by the in-
tersection between the energy axis and the straight line ap-
proximating the EDC’s in the concerned spectral range.
More details about Sb-induced band bending have been
published elsewhere.® It should be noted that on n-doped
samples the saturation value of A¢ is reached for an Sb
coverage of 1.5 ML. On p-type GaAs, however, a further
decrease of about 0.1 eV occurs up to 7 ML of Sb.

Further information about the electronic properties of
the Sb overlayers is obtained from XPS. The kinetic ener-
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FIG. 1. Electron-energy distribution curves of a clean surface
(a) and of Sb-covered [(b)—(e)] (110) surfaces of n-type GaAs
taken with He I radiation in normal emission. The binding en-
ergy is referred to the energetic position E, of the valence-band
maximum at the clean surface.
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FIG. 2. Sb-induced change of work function A¢ on the (110)
surfaces of n-type GaAs (a) without any band bending at the
clean surface and of p-type GaAs (b) with an initial depletion of
—0.3eV.

gy of the photolelectrons from the 3d core levels
(~950 eV) of the adsorbate decreases with coverage in the
submonolayer range. Then an increase of about 0.4 eV
occurs until saturation is reached at 15 ML of Sb (Fig. 3).
Additionally, the full width at half maximum of the 3d
core-level lines decreases between 0.1 and 2 ML of Sb
monotonically by about 0.4 eV to a value determined by
the experimental resolution.

Finally, the results of ellipsometric spectroscopy are
given in Fig. 4. From the changes of the ellipsometric an-
gles A and ¥ upon deposition of 0.5 ML of Sb, effective
dielectric functions Ree and Ime for the Sb overlayer were
calculated within a “one-layer” model for photon energies
between 1.5 and 4 eV (circles).*® These curves, although
formally attributed to the overlayer, not only characterize
the adsorbed layer but also still reflect adsorbate-induced
changes of the dielectric constants of the substrate. Due
to the Franz-Keldysh effect,” a change of band bending at
the GaAs surface influences its dielectric properties, espe-
cially in the spectral range of interband transitions. In
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FIG. 3. Energy shift of the 3ds,-photoemission line of Sb
versus Sb coverage on a cleaved GaAs(110) surface. The curve
was measured with the Al Ka line.
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FIG. 4. Overlayer dielectric functions Ree and Ime versus
photon energy of half a monolayer of Sb on an n-type
GaAs(110) surface before (O) and after (A) correction for the
Franz-Keldysh effect in the GaAs space-charge layer.

this case, however, an appropriate correction for the influ-
ence of band bending on the dielectric functions is possi-
ble. The value of band bending after evaporation of 0.5
ML of Sb on an n-type GaAs(110) surface® agrees with
that observed after an oxygen dosage of about 1 L.1° As
the oxygen-induced changes of the ellipsometric angles A
and ¥ can be interpreted only in terms of the Franz-
Keldysh effect,” they can be used to correct the curves of
8A and 8V obtained after Sb deposition for the effects of
band bending. As expected, the influence of this correc-
tion on the dielectric function of the overlayer decreases
with increasing coverage. The corrected curves for Ree
and Ime (triangles in Fig. 4) then characterize only the Sb
overlayer. Ree exhibits prominent maxima near photon
energies of 3 and 3.5 eV; the maxima in Ime occur at en-
ergies of 2.65, 3.2, and 3.75 eV (average values from
several measurements).

IV. DISCUSSION

Since the first monolayer of Sb forms a well-ordered
overlayer on the GaAs substrate,* its electronic properties
are determined by a two-dimensional band structure.
Hence, in this coverage range the adsorbate is character-
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ized by sharp features in the uv-photoemission and the el-
lipsometric spectra. The pronounced Sb-induced shoulder
at the VBM in the EDC’s (Fig. 1) can be related to elec-
tronic states of the adsorbed layer, which have been deter-
mined theoretically by means of tight binding!! and self-
consistent pseudopotential calculations'? for 1 ML of Sb
on a GaAs(110) surface. These states have also been ob-
served in other regions of the Brillouin zone and with dif-
ferent photon energies.!*!* Beside two bands, S5 and S,
of occupied states at the VBM , theory predicts two
bands, S; and Sj, of empty states near the conduction-
band minimum. Interband transitions between these
states should determine the overlayer dielectric functions
Ree and Ime which differ completely from that of poly-
crystalline Sb.'* While Ree and Ime of metallic Sb in-
crease and decrease monotonically with photon energy,
respectively, the curves for 0.5 ML of Sb on GaAs(110)
exhibit several prominent structures. Table I compares
the energetic positions of the maxima of Ime from this
work with values of the interband transition energies at
some points of the Brillouin zone according to Refs. 11
and 12. Since the accuracy of the calculation is limited to
+0.5 eV,!¢ however, the agreement between the experi-
mentally and the theoretically determined transition ener-
gies must not be taken too seriously. Furthermore, the
optical transition-matrix elements are still unknown, so
that an association of the peaks of Ime with certain tran-
sitions in the Brillouin zone seems somewhat arbitrary. It
is at least difficult, with the present state of knowledge, to
favor one or the other theoretical approach!!!? purely on
the basis of the ellipsometric data.

According to UPS and ellipsometric spectra, the first
monolayer of Sb clearly has semiconducting properties.
The metallic character of the overlayer does not develop
before a film thickness of 20 ML is reached. Then,
photoemission at the Fermi edge occurs and the form of
the UPS spectra corresponds to that of metallic Sb.!” No
LEED patterns can be seen on the surfaces of these
films;® they seem to be polycrystalline, as the transverse
optical phonon of the Sb overlayer can be detected by
means of Raman spectroscopy.!® The TO phonon disap-
pears for a coverage below 10 ML so that a disordered
atomic configuration is given. Accordingly, the
adsorbate-derived features in the UPS spectra are very
broad and structureless (Fig. 1).

An astonishing result, which has to be explained, is the
different behavior of the work function on n- and p-doped
material, in particular, for higher coverages (Fig. 2). We

TABLE 1. Comparison of the energetic positions of the maxima of the overlayer dielectric function
Ime for 0.5 ML of Sb on (110) surfaces of n-type GaAs with theoretically determined optical transition
energies at symmetry points of the surface Brillouin zone according to Refs. 11 and 12. Ime was
corrected for the Franz-Keldysh effect in the space-charge layer.

Energies of the
maxima of Ime in meV

Transition energies
according to Ref. 11 in eV

Transition energies
according to Ref. 12 in eV

(this work) T X M X’ X M
2.65 2.0 2.6 25 24 1.8 2.8

3.2 2.5 3.35 3.25 29 2.0
’ 3.0 29 29 2.8 2.15 3.2

3.75 35 37 3.6 3.35 24
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will show that the decrease of the work function A¢ ob-
served only on p-type GaAs for coverages above 1 ML
can be interpreted in terms of the gradual change of the
electronic structure of the Sb overlayer. For coverages
below 1 ML, A¢ is determined by changes of the band
bending and the electron affinity at the semiconductor
surface and by a contribution due to a dipole moment be-
tween substrate and adsorbate. When the first atomic
layer of the adsorbate is closed, the electronic structure of
the overlayer becomes essential. Changes of the dipole
moment at the surface of the Sb film, however, must be
independent of the doping of the GaAs substrate so that
they should influence A¢ at Sb layers on n- as well as on
p-type GaAs in the same way. Furthermore, a shift of the
energy levels of the Sb film relative to the Fermi energy
might be responsible for the work-function decrease on
p-type GaAs. As can be seen from the energetic position
of the adsorbate-derived shoulder at the VBM in the UPS
spectra [Fig. 1(b)], the electronic states of the Sb film are
by 0.2 eV closer to the Fermi energy on p-type GaAs than
on n-type GaAs for a coverage of about 1 ML. This is a
consequence of the fact that the pinning positions of the
Fermi level within the bandgap of GaAs differs by 0.2 eV
in both cases, at least up to coverages of about 25 ML.}
For thick metallic films, however, the energy of the Sb
states relative to Ep, i.e., the metal work function being
the energetic distance between the vacuum level and the
Fermi energy, is independent of the substrate doping and
of properties of the interface. In the intermediate cover-
age range, therefore, an energetic adjustment must occur.
Since the work function of Sb overlayers on n-type GaAs
remains constant while the value on p-doped samples de-
creases, donor-type states of the Sb film might be respon-
sible. They could be above Ep, i.e., positively charged, on
p-type GaAs, and below Ep, i.e., electrically neutral, on
n-type GaAs. According to Fig. 5, they may originate
from the gradually developing bulk density of states of
metallic Sb. The Madelung energy of the ion cores, as
well as the energy of interaction with the valence elec-
trons, may thus depend on film thickness. For the sub-
monolayer coverage range, additionally, the strong chemi-
cal bond to the substrate should be considered. Chemical-
ly inequivalent adsorption sites on gallium and arsenic
atoms might be responsible for the broadening of the
photoemission line and for the shift of the point of max-
imum intensity.

V. CONCLUSION

The present study is of particular interest with regard
to recent work,> where we could show that the Schottky
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FIG. 5. Energy-level diagram of GaAs and schematic density
of states of the Sb overlayer for n- and p-type GaAs for a cover-
age above 1 ML. The interface states responsible for the band
bending are not shown. In both cases the value of the barrier
height, i.e., the difference between the energy of the
conduction-band minimum at the interface Ec, and the Fermi

energy Ef, is indicated.

barrier both on p- and on n-type GaAs is essentially
completed after a tenth of a monolayer of Sb and that it
does not significantly change anymore up to coverages of
about 25 ML. In this whole coverage regime three elec-
tronically different Sb species are revealed here; especially,
the true metallic character of Sb is reached “very slowly,”
at coverages of about 20 ML. For thinner films the semi-
conducting character of the overlayer prevails. The value
of band bending, however, is not influenced by this
structural rearrangement. No additional shielding of the
charge in the interface states by the metallic overlayer, or
in metal-induced gap states (MIGS), changes the barrier
height."> This might be due to the persistence of a semi-
conducting Sb interlayer between the GaAs surface and
the metallic Sb phase. In future theoretical work on the
influence of the metallic overlayer on the Schottky barrier
such multiphase structures as found here should, there-
fore, also be taken into account.
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