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A high-resolution electron-energy-loss spectroscopy study of the Sb/[n-type GaAs (110)] system
grown at room temperature is presented. A very wide range of antimony coverages was exploited
(from 0.02 to 200 monolayers). The amorphous-polycrystalline transition accompanied by the
semiconductor-metal transition, taking place in the deposited overlayer, was brought into evidence
through the analysis of the energy-loss structures related to the electronic and the vibrational exci-
tations of the system in different energy-loss regions. In particular, the intensity change and the en-
ergy shift undergone by the substrate’s Fuchs-Kliewer optical phonon, and the intensity
modification of the dopant-induced free-carrier plasmon, marked a critical value for 15 monolayers
coverage. The band-bending change upon antimony chemisorption has also been estimated from
the plasmon-energy position, and an origin for the states inducing the Fermi-level pinning has been
suggested. The evolution as a function of coverage of an electronic excitation proper of Sb, which
shifts from 90 to 125 meV of loss energy, has been explained as being due to a “‘size effect” due to
the varying overlayer thickness. This result has been obtained through the comparison of the exper-
imental loss function with a model one. Moreover, the dielectric function of antimony has been
determined in the 0.045-0.5-eV energy range. The high-resolution electron-energy-loss technique is
also presented as a superb probe for the study of the electronic structure of narrow-band-gap sur-
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face and interface systems.

I. INTRODUCTION

The study of the electronic and vibrational properties
of group-V elements chemisorbed on polar III-V com-
pound semiconductors has attracted much interest in the
last decade. Among the most extensively studied inter-
faces, Sb/GaAs(110) can be considered a real model sys-
tem of the epitaxial growth. Investigation of the reactivi-
ty, the kinetics of chemisorption and the growth mor-
phology, the Schottky-barrier formation mechanisms,
and the change in the electronic and vibrational struc-
tures, by deposition of Sb on GaAs(110), has been the
subject of several works in recent years.!”2? A large
number of experimental' ~*#722 and theoretical® ~7 works
were based mainly on electron-spectroscopy measure-
ments and on band-structure calculations. They led to a
picture of the Sb growth onto GaAs(110) at room temper-
ature which we shall very briefly review. Antimony
strongly bonds to the (110) surface of GaAs and, at sub-
monolayer coverage, forms ordered clusters along the
zig-zag chains of cations and anions in the [110] direc-
tion.2! At the completion of 1 monolayer (ML), Sb atoms
build up a structure with high chemical stability and lo-
cal order, periodically arranged so as to resemble the
geometry of a GaAs(110) topmost layer.>* The stability
is due to the establishment of strong covalent bonds be-
tween the overlayer atoms and the surface Ga and As
atoms along the zig-zag chains. In order to obtain a
large-scale ordered monolayer, a thermal treatment after
deposition of a thicker layer is required.>'® At higher
coverages, three-dimensional growth of Sb follows
without interdiffusion into the substrate.

While the submonolayer and monolayer coverage
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ranges play a key role in the understanding of several
physical phenomena occurring at the Sb/GaAs(110) in-
terface, the higher coverages are of the greatest interest
as well. At coverages higher than 1 ML, Sb grows as an
amorphous structure that undergoes a transition to a
polycrystalline atomic disposition at about 15 ML.!*716
This transition is accompanied by a parallel modification
of the dielectric properties of the overlayer, from semi-
conducting to semimetallic. This dielectric transition
was brought into evidence on the basis of ellipsometric
and photoemission measurements.'® It was shown that
the Sb overlayer deposited on GaAs(110) had semicon-
ducting properties up to a coverage of 15 ML, while clear
metallic character was present at larger thickness. On
the other hand, the picture of the Sb-overlayer structure
formation on GaAs(110) has been recently established
through reflection high-energy electron-diffraction
(RHEED) measurements. '® They showed the disappear-
ance of the typical substrate RHEED pattern (indicative
of a random disposition of the overlayer atoms) for Sb
thicknesses as high as 20 ML. At this coverage the
diffraction pattern suddenly reappeared, showing a struc-
ture due to Sb crystallites all oriented with the basal crys-
talline plane in contact with the substrate and with ran-
dom azimuth. The same structural evidence of a crystall-
ization of the overlayer—at a coverage of 12 ML —was
previously deduced from analysis of Raman-effect mea-
surements on the same interface system.!#!*> In those ex-
periments the appearance of two distinct phonon peaks,
characteristic of crystalline antimony?>»?* and clearly
different from broader structures found in amorphous
Sb, %> marked the structural transition. Moreover, band-
bending changes at the interface have been observed even
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after deposition of tens of monolayers. '

Thus, the transition from a semiconducting to a metal-
lic state in the Sb overlayer deposited onto GaAs(110)
was first experimentally established at about 15 ML of
coverage. Then the amorphous-polycrystalline transition
taking place in the overlayer was brought into evidence,
and interpreted as being responsible for the dielectric
transition. This assumption is reasonable, since in a very
early work by Moss?® the semiconducting character of
amorphous Sb and As had been established. Further-
more, the valence-band densities of states of Sb, As, and
Bi have been measured for their respective crystalline and
amorphous phases,?’ showing the different densities of
occupied states. Other works on the optical properties of
amorphous?® 73? and crystalline®' arsenic again highlight
the relationship between the structural and electronic
properties of group-V elements.

Hence, the characterization of the Sb/GaAs(110) sys-
tem at higher coverages must be considered fundamental
for better understanding of the physical processes under-
lying the structural and dielectric transitions of the over-
layer at completion of about 15 ML. Nevertheless—as
far as we know—only the works quoted above'> ™16 dealt
with the case of Sb coverages up to a few tens of ML.
Therefore, we decided to study in detail the electronic
and vibrational properties of the Sb/GaAs(110) system in
a wide coverage and energy range by means of the
energy-loss technique.

The high-resolution electron-energy-loss spectroscopy
(HREELS) technique is particularly suitable for studying
surface, interface, and ultrathin-film systems in III-V
compound semiconductors. In fact, when used in the
specular direction geometry (i.e., interpretable in the di-
polar scattering approximation?), HREELS has a prob-
ing depth “tunable” along the direction normal to the
crystal surface (z), through the modification of the kine-
matic conditions of the experiment. The HREELS tech-
nique has been extensively used to characterize the vibra-
tional and electronic structure of the clean n-type-doped
GaAs(110) surface.’* ™3¢ In particular, a correlation be-
tween the energy position of the dopant-free-carrier-
induced plasmon and the space-charge layer below the
surface was revealed.’*3¢ Indeed, we shall deduce the
properties of Sb/GaAs(110) from the modifications of the
Fuchs-Kliewer optical phonon and of the plasmon.
Moreover, the constant high energetic resolution in a
wide energy range renders HREELS most suited for the
study of the electronic properties of narrow-gap systems.
It has been used, for example, to analyze the azimuthal
dependence of the electronic excitations across the sur-
face gap at about 0.45 eV, in the clean Si(111)-(2X1)
reconstructed surface.’’ It also allowed the identification
of a new structure in the energy-loss spectrum of the
Sb/GaAs(110) system,38 related to the narrow gap of an-
timony, which we will analyze in detail in this paper.
Thus, HREELS is a very powerful surface technique for
obtaining a complete picture of an interface system, using
different kinematic conditions, chosen in such a way as to
maximize the electron cross section of the several excita-
tions (phonons, plasmons, interband transitions) under in-
vestigation.
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We investigated the Sb/[n-type GaAs(110)] system
within the framework described above. The overlayer
was grown at room temperature and in a very wide cover-
age range (from 0.02 to 200 ML). The HREELS tech-
nique was used in a wide energy-loss range (0—1400
meV), focusing attention on the different spectral struc-
tures appearing in their relative energy regions. Much of
the experimental evidence (energy and intensity variation
of the phonon, change of the plasmon intensity, and
modification of the elastic-peak width) was related to
screening effects occurring in the system as the Sb cover-
age approached 15 ML. Thus, new information was add-
ed to the knowledge of the dielectric transition occurring
in the overlayer. The plasmon position was related to the
band bending occurring at the interface. The evolution
of the loss structure due to the electronic transitions,
upon increasing the coverage, was explained by compar-
ison with the calculated model energy-loss function and
ascribed to “size effects” due to increasing overlayer
thickness. No other structure was detectable in the
energy-loss spectrum up to the bulk band-gap energy of
GaA:s.

The paper is organized as follows. After a description
of the experimental apparatus and of the characterization
of antimony deposition, we describe the studied energy-
loss regions and the relative experimental conditions. In
the following section we first show the analysis of the
elastic peak, the Fuchs-Kliewer phonon, and the plasmon
structures, all as functions of Sb coverage, and then we
describe a structure related to an electronic transition
proper of antimony. Then, a model loss function is calcu-
lated and discussed, along with comparison to the experi-
mental loss function derived from the spectra.

II. EXPERIMENT

A. Experimental apparatus

The experiments were carried out in the surface-
physics laboratory Laboratorio di Spettroscopia Elettron-
ica di Superfici e Adsorbati, Modena (SESAMO), at the
Dipartimento di Fisica, Universita degli Studi di Mode-
na. The ultrahigh-vacuum (UHYV) system consisted of
two experimental chambers separated by an all-metal
valve and connected through a shiftable sample manipu-
lator. The preparation chamber contained all the ancil-
lary equipment for crystal cleaning, metal deposition, and
characterization, while the measurement chamber was
equipped with the HREELS spectrometer (double-pass
monochromator-analyzer, Leybold Heraeus model ELS-
22), a low-energy electron-diffraction (LEED) apparatus,
and an x-ray photoemission spectroscopy (XPS) system
with a double-pass cylindrical mirror electron analyzer.
The pressure was kept always below 7X107!' mbar
(6.8 X 10~° Pa), except during Sb deposition, when it rose
to 2X 107! mbar. The vacuum was obtained by a com-
bination of a turbomolecular magnetically suspended
pump, a Ti-sublimation liquid-nitrogen-cooled pump, and
a bakable He-cooled cryopump. Thus, the residual atmo-
sphere was particularly free of organic contaminants.
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The GaAs(110) single crystals were obtained from
MCP Electronic Materials, Ltd. We used two differently
n-type (Si) -doped sets of sets of specimens, one with a
dopant concentration in the low-107-cm ™3 range, the
other with n =4.0X 10'"® cm™3. The clean surfaces were
prepared by cleavage in situ by means of the single-
wedge technique. After every good cleave, the cleaved
faces appeared mirrorlike and exhibited large terraces of
flat surfaces. They exhibited a perfect crystalline order,
as shown by the very sharp LEED pattern. A lower
number of good cleaves was obtained with the set of
more-doped samples. The cleanliness of the surfaces was
checked with XPS and with the energy-loss spectrum it-
self.

A computer-assisted data-acquisition system allowed
careful calibration of the energy ramp before each
HREELS spectrum, and we took the data in the energy-
loss and gain regions, relative to the observed structures.
Hence, we estimated an energy-loss accuracy of =1 meV.

B. Preparation and characterization
of the deposited Sb layers

Antimony deposition onto GaAs was obtained by sub-
limation of small Sb shots (99.999% purity) contained in
a resistively heated quartz crucible. Sublimation rates de-
pended on the desired coverage step and ranged between
0.1 and 10 ML/min. One monolayer of deposited Sb was
defined as a density of atoms per unit surface equal to
that of the substrate (0.88 X 10'> atoms/cm?). Thickness
was determined by using a Sloan crystal-thickness moni-
tor and independently by means of an XPS analysis of the
Sb 3d, Sb 4d, Ga 3d, and As 3d core levels. A run of
measurements was dedicated to the coverage calibration
of the quartz balance through XPS. This was done by
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measuring the XPS peak areas and by comparing them
with previous synchrotron-radiation photoemission data
of Skeath et al.,! accounting for the different probing
depths and core-line—excitation cross sections® of our
experiment. As an example, we show in Fig. 1 the inten-
sity behavior of the Sb 4d, As 3d, and Ga 3d XPS peaks
as a function of coverage. We chose these core levels
since they lie close in energy and the analyzed photoelec-
trons come from a comparable probed depth. An ex-
ponential decrease of the substrate’s related peaks and an
uptake of the overlayer’s peak intensity are present, upon
increasing Sb coverage. This behavior indicates a con-
tinuous growth of the overlayer, within the experimental
accuracy of our XPS data. Previous works,>%!"? main-
ly focused on the growth morphology of the first mono-
layers of Sb on GaAs(110), showed a slightly different be-
havior of the intensity of the Auger- and photoemission-
related peaks versus coverage. A change in the slope of
the curves describing the substrate-peak attenuation was
put into evidence, at the completion of 1 ML. This effect
has been attributed to three-dimensional growth of clus-
ters on top of a uniform monolayer. We cannot exclude
the fact that a similar change in the slope of the attenua-
tion curves is also present in our data. Nevertheless,
since we were interested in the physical phenomena sub-
tending the growth of ultrathin layers of Sb on
GaAs(110), our XPS analysis was performed only to ob-
tain a reproducible calibration for the coverage estima-
tion.

As it concerns the structural aspect of the growth, the
(1X1) LEED pattern was structurally unaffected up to a
coverage of about 15 ML, although the spots were super-
imposed on a growing structureless background. No su-
perstructure was detected. At higher coverages the
LEED pattern disappeared, buried in the background.
This behavior confirmed the epitaxial growth of the first

104
& ,____——'"‘I‘
/“”’ 1
. o
/
!
~103 .
307 g
g )
8
<
éxoz - (b) -
E b
i
101 PR | i 1
0 10 20 30

Sb coverage (ML)

FIG. 1. (a) XPS intensity of the As and Ga 3d core levels as a function of the Sb coverage; (b) XPS intensity of the Sb 4d core level

as a function of the Sb coverage.
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monolayer as well as the absence of long-range order
within the overlayer for coverages higher than 15 ML, in
agreement with previous LEED data.?

C. Energy-loss regions and kinematic conditions

All HREELS data was taken in specular geometry,
with an angle of incidence of 65°, equal to the collecting
angle. The energy resolution, evaluated as the full width
at half maximum (FWHM) of the direct electron beam
(i.e., of the elastic peak going straight from the electron
monochromator into the analyzer, without reflection on
the surface), was better than 8 meV. After reflection on
the clean cleaved surface of GaAs, the energy resolution
reached about 10-12 meV, depending on the experimen-
tal conditions.

We performed a few series of three different sets of
HREELS measurements. Each set was taken on GaAs
crystals with a suitable choice of doping level and/or ki-
nematic conditions (E, values) to enhance the scattering
cross section of the excitations under examination. A
first set of measurements was taken to study the GaAs
Fuchs-Kliewer optical phonon and the elastic peak. We
used the less-doped samples and E,=4.7 eV in order to
have the plasmon at low energy loss and with low intensi-
ty.3* The second set of measurements focused on the
dopant-induced free-carrier-induced plasmon. We used,
therefore, the more-doped samples (leading to a plasmon
frequency of about 77 meV) and Ep =20 eV, to achieve a
high excitation cross section for this loss structure.*
The last set of data was taken on the lower-doped sam-
ples and with E,=20 eV, to obtain a low-frequency
plasmon and a low-intensity phonon, and to enhance the
low-energy electronic transitions.

III. RESULTS AND DISCUSSION

A. Elastic-peak energy region

The spectra taken in the first set of measurements (low
doping level, E,=4.7 eV), centered on the elastic-peak
structure, are shown in Fig. 2, as a function of the Sb
coverage. Spectra were normalized to the peak height.
In addition to the main structure due to the elastic peak,
the feature at about 34.5 meV is due to the excitation of
the surface optical phonon of GaAs. The elastic-peak
width first increases, and then, from a certain coverage
value, starts narrowing. In order to get a quantitative
evaluation of the peak intensity and width, we fitted the
data with Gaussian curves corresponding to the elastic
peak and the Fuchs-Kliewer phonon. The results of this
procedure are shown in Figs. 3 and 4, where the elastic-
peak intensity (peak height) and width (FWHM) are plot-
ted. The error bar we quote in the figures is not due to
the fit (it would be much lower); it was derived from the
reproducibility of the spectra in different series of mea-
surements.

The elastic-peak intensity shows a reduction, with
respect to the clean-surface data, as 1 ML of Sb is depos-
ited (Fig. 3), while at this coverage the LEED pattern still
showed the (1X 1) substrate structure. A further step of
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FIG. 2. High-resolution electron-energy-loss spectra of the
Sb/[n-type GaAs(110)] system, as a function of the Sb coverage,
in the elastic-peak—energy region. Primary beam energy
E,=4.7 eV; angle of incidence 6, ~65°; doping concentration
n~10" cm™3. Spectra are normalized to the peak height.

intensity reduction is observed for a coverage © >4 ML,
and a diffused background grew onto the (1X1) LEED
spots at this stage of coverage. At © ~15 ML we observe
a major lowering of intensity, while the LEED pattern
disappeared, buried in the diffused background. The
changes of the elastic-peak intensity reflect the
modifications of the LEED image. In fact, as antimony
builds up a uniform monolayer by coalescence of large
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FIG. 3. Elastic-peak intensity as a function of the Sb cover-
age.



11 982

ELASTIC PEAK
WIDTH

Sb/n-type GaAs(110)

I

10 -

FWHM (meV)

L L ol ol
s [‘f 1 10 100 1000

Sb coverage (ML)

o

FIG. 4. Elastic-peak width as a function of the Sb coverage.

terraces formed in the submonolayer coverage,21 a
different reflectivity of the surface is observed. An amor-
phous phase follows from the ordered one, and the layer
becomes polycrystalline in the 4—15-ML coverage range.
All these complex structural modifications lead to
changes of the reflectivity of the surface, which we identi-
fy through the intensity variations of the elastic peak in
the respective structural phases.

As far as the elastic-peak width is concerned (Fig. 4), a
continuous increase is observed (from 13 to about 23
meV), up to a coverage of 20 ML. Then it narrows for
higher coverages, reaching 12 meV, the same value ob-
tained for a thick Sb layer (not shown in the figures). The
surface atomic disorder cannot be the only cause of the
broadening, since it would lead to a symmetric shape,
while an asymmetric peak with a tail on the energy-loss
side of the spectra is observed. Actually, the elastic-peak
structure is the convolution of the peak due to the back-
scattered electrons that have not undergone any loss of
energy, with the features due to the very-low-energy-loss
excitations. We speak in terms of an elastic peak only for
the sake of simplicity, this structure being more properly
termed a quasielastic peak. Thus, the broadening of the
elastic peak must be related to the presence of features at
a few meV of energy, whose intensity increases upon an-
timony deposition, up to the critical coverage of 15-20
ML. We can also exclude as the cause of the broadening
the presence of the dopant-induced free-carrier plasmon.
In fact, although it had an energy of about 20 meV, the
kinematic conditions we chose for this set of data were
unfavorable for its excitation. On the other hand, in
different measurements taken on the same sample and in
conditions able to enhance the plasmon intensity, the
evaluation of the elastic-peak width confirmed the data
presented here, even if with lower sensitivity (see Fig. 2 in
Ref. 38).

Similar behavior of the elastic-peak width was ob-
served in the Ag/GaAs(100) interface by Dubois et al.,*
as the overlayer thickness increased. A continuous peak
lgroadening was measured, up to the formation of a 2.5-
A-thick silver film, followed by a narrowing at higher
coverages. A layer model (vacuum-overlayer-substrate)
(Ref. 32) was used to fit the experimental data and to ex-
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plain the observed effects. Although in our system the
critical coverage for the inversion of the elastic-peak
broadening (15 ML) is different from that found by Du-
bois et al.,** a close similarity exists in the two experi-
ments. On the other hand, antimony is semimetallic,
while silver is a pure metal. Following their interpreta-
tion of the phenomenon, we explain the broadening and
subsequent narrowing of the quasielastic peak (as the Sb
coverage increases) as being due to an interaction be-
tween the overlayer excitations and the substrate’s pho-
non excitation. As a thickness is reached for which the
phonon peak is no longer detected, the overlayer screens
the electric field produced by the substrate’s surface vi-
brations, leading to a narrower elastic peak.

In conclusion, from the analysis of the intensity and of
the width of the elastic peak—as a function of Sb
coverage—a critical value © ~15-20 ML is determined
at which the system’s properties switch from semicon-
ducting to metallic. This coverage value will be found to
be critical for every physical characteristic of the energy-
loss structures we will show in the following sections.

B. Fuchs-Kliewer phonon-energy region

The measurements performed to study the behavior of
the GaAs surface optical phonon as a function of Sb cov-
erage were taken at E,=4.7 eV to enhance the phonon-
excitation cross section and on the less-doped crystal to
ensure a relatively low plasmon frequency.3* As a matter
of fact, the phonon peak is due to a higher mode of a
phonon-plasmon-coupled excitation, superimposed on
the unscreened longitudinal-optical phonon of GaAs.*!
However, due to the low doping level (n = 107 cm—3), we
can assume the lower-energy mode to be highly plasmon-
like in character, can assume the higher-energy branch to
be phononlike, * and can consider the structure a pure vi-
brational mode.

Spectra are shown in Fig. 5. The Fuchs-Kliewer pho-
non loss is at about 34.5 meV (for the clean surface); the
corresponding gain structure at —34.5 meV and the
double-loss replica at 69 meV can also be observed. It is
already noticeable from Fig. 5 that phonon intensity and
position change as Sb coverage approaches a value of
about 15 ML. In order to get a quantitative estimation,
we performed a fit of the data, by assuming all the struc-
tures to have a Gaussian shape. Although Lorentzian
curves would, in principle, better describe the losses, we
found that use of Gaussians enabled a good fit to the
spectra, as the experimental energy resolution is the main
broadening factor. We chose four independent Gaussian
curves, reproducing the elastic peak, the plasmon loss,
the Fuchs-Kliewer phonon, and the latter’s double-loss
structure, respectively. The four curves were allowed to
vary independently. We also considered the respective
gain peaks, by assuming a Boltzmann factor for their rel-
ative intensities. As an example, we show in Fig. 6 the
analysis for the clean GaAs surface and a Sb coverage of
6 ML. The experimental data are plotted together with
the resulting fit curves, while only the Gaussians relative
to the elastic peak, the plasmon, and the phonon are
shown. From the fit procedure we deduce a plasmon en-
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FIG. 5. High-resolution electron-energy-loss spectra of the
Sb/[n-type GaAs(110)] system, as a function of the Sb coverage,
in the Fuchs-Kliewer optical-phonon-energy region. Primary
beam energy E,=4.7 eV; angle of incidence 6, =65 doping
concentration n~ 10" cm™3. Spectra are normalized to the
respective elastic peak heights.

ergy between 20 and 24 meV, a reasonable value for the
actual doping level. We also verified that the intensity at-
tenuation for the phonon double-loss replica was Pois-
sonian, with respect to the excitation of the single loss.
The intensity of the Fuchs-Kliewer phonon (given by the
peak area normalized to that of the elastic peak) is shown

components
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in Fig. 7, as a function of coverage. The energy positions
of the phonon loss and of its double-loss replica are plot-
ted in Fig. 8.

Upon increasing the overlayer thickness, the phonon
intensity (Fig. 7) shows a clear attenuation, starting from
the lower values of the coverage ©, with a behavior cor-
responding to a © % law. At ©~20 ML the attenuation
rate increases, leading to a curve with a higher slope. In
correspondence with this critical coverage, the a value
changes from 0.1 to 1.4. We ascribe the low-rate intensi-
ty reduction—seen in the first part of the plot—to a con-
tinuous increase of the overlayer thickness. The sudden
uptake of the attenuation rate is indicative of increased
dielectric screening. Thus, the critical coverage of 20 ML
marks the modification of the dielectric structure of the
Sb overlayer, showing that the transition from a semicon-
ducting to a more metallic state is completed.

The Fuchs-Kliewer phonon-energy-loss value (34.5
11.0 meV) does not change as the first monolayers of an-
timony are deposited onto GaAs (Fig. 8). At ©~10 ML
the phonon changes its frequency slightly, ending up at
28.511.0 meV for ©~20 ML, and then maintains this
value as far as the structure is still detectable. The ener-
gy shift (6 meV) is reproduced very well by the corre-
sponding double shift of the double-loss replica (12 meV).
Since these results come from independent curve fitting,
we measured without a doubt a frequency modification of
the phonon at the higher Sb coverages. The phonon en-
ergy is not affected by the deposition of the first Sb layers.
Therefore, we think that the effect might be related to the
crystallization occurring in the overlayer.

The change of dielectric screening and the structural
modifications in the overlayer we invoked to explain the
behavior of the intensity and position of the phonon at a
coverage of about 15 ML can be indirectly confirmed by
previous studies of arsenic.?®3° In fact, in these works
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FIG. 6. Fit of two of the spectra appearing in Fig. 5: those corresponding to (a) the clean surface and (b) to the coverage of 6 ML.
Each experimental data (dotted line) is shown together with the fit curve (solid line). The Gaussian components relative to the elastic
peak, the phonon, and the plasmon (dashed-dotted lines) are shifted along the vertical axis, for clarity.
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FIG. 7. Fuchs-Kliewer phonon intensity as a function of the
Sb coverage.

the dielectric functions of both the amorphous and crys-
talline phases of As were derived at very low energy. A
complex dielectric function typical of a semiconductor
was found for the amorphous structure, while metallic
behavior resulted for crystalline As.

Another symptom of the crystallization of an antimony
overlayer deposited onto GaAs(110) was the appearance
of two typical vibrational structures of crystalline Sb
(Refs. 23 and 24) in the Raman spectra of the
Sb/GaAs(110) interface at ©~12-15 ML.'*!> We can-
not rule out the possibility that the energy shift of the
Fuchs-Kliewer phonon is related to the coupling with
those vibrational structures of Sb, when it crystallizes;
therefore, theoretical work on this argument is welcome.

Looking carefully at the critical coverages appearing in
Figs. 7 and 8, we see how the intensity slope (versus cov-
erage) changes at © =20 ML, while the phonon loss ener-
gy starts to change at ©=10 ML. Thus, the frequency of
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FIG. 8. Energy position of the Fuchs-Kliewer phonon loss
structure (lower curve) and of its double-loss replica (higher
curve), as a function of the Sb coverage.
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this vibrational mode changes when the layer is 10 ML
thick, while its intensity maintains the same attenuation
rate it has at the lower coverages. A possible explanation
for these different values of the critical coverage (beyond
the experimental errors) could be found by making some
hypotheses on the crystallization mechanism. If we sup-
pose that Sb starts the crystallization at the Sb/GaAs in-
terface for ©=10 ML, then the Fuchs-Kliewer phonon
would be influenced by the crystal structure close to the
substrate, modifying its energy. If we assume that a com-
plete crystallization of the full layer stops only when 20
ML are completed, then the metallic dielectric screening
affects the phonon intensity only when the overlayer is
fully crystalline. However, we think that this effect
demonstrates the complex crystallization dynamics of the
overlayer.

C. Plasmon-energy region

The plasmon due to the excitation of the conduction-
band free carriers given by the dopants in n-type GaAs
has been extensively and carefully analyzed theoretical-
1y*¢41:42 and experimentally by means of HREELS, 3443
among other techniques. For the clean substrate the
plasmon frequency is a function of the surface-charge-
layer thickness. In fact, the free-carrier density varies
dramatically near the surface. When there is neither sur-
face contamination or defects that could induce a de-
pletion layer, a surface-charge region still exists due to
the boundary condition between the vacuum and the
solid. This layer has been formerly defined as a “dead
layer,” a thin region close to the surface where the charge
density drops to zero.3®*? In a previous HREELS work
by Betti et al.,** the plasmon measured on the clean
GaAs(110) surface, in the absence of a depletion layer,
was confirmed to be a “subsurface’” mode by studying its
excitation cross section as a function of the primary beam
energy (i.e., of the probing depth). Matz and Liith,* and
more recently Chen et al.*’ observed how the plasmon
shifts in energy when the depletion-layer thickness is in-
creased, by chemisorbing hydrogen on n-type GaAs.
Chen et al.® also calculated a relation between the
depletion-layer thickness and the plasmon loss energy, for
a crystal with a bulk doping concentration n =4.0X 10'®
cm 3. The depletion-layer thickness—the consequence
of band bending at the n-type GaAs(110) surface—is
very sensitive to (a) structural defects at the surface, and
(b) surface contamination. Both effects induce states on
the surface which lead to a band bending and to the for-
mation of a depletion layer. (a) On different cleaves of
the same high-doped crystals (n =4X10"® cm™3), we
measured different plasmon energies as a function of the
cleavage quality, i.e., of the concentration of defects per
unit surface area. We also noticed that this high rate of
nonperfect cleaves was reduced when crystals with lower
dopant concentration were used. (b) On the good cleaved
surfaces of the more-doped samples, we measured a no-
ticeable change of the plasmon energy as a function of
the elapsed time after cleavage, in agreement with that
observed by Chen et al.® In fact, a plasmon peak at
about 77 meV shifted to 65 meV after about 10 h of expo-
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FIG. 9. High-resolution electron-energy-loss spectra of the
Sb/[n-type GaAs(110)] system, as a function of the Sb coverage,
in the energy region of the dopant-free-carrier-induced plasmon.
Primary beam energy E,=20 eV; angle of incidence 6;=~65";
doping concentration n =4.0X 10'® cm™3. Spectra are normal-
ized to the respective elastic-peak heights.

sition to the residual-gas atmosphere at a pressure of
7% 10~ " mbar, and under electron irradiation with a
beam current of less than 1 nA. Hence, the study of the
dopant-free-carrier-induced plasmon can be extremely
useful for an estimation of the band bending and of the
depletion layer in a metal-semiconductor system.

For the measurements relative to the Sb/[n-type
GaAs(110)] system, we exploited the more-doped sample,
so as to have the plasmon and the phonon losses well dis-
tinguished in terms of energy from each other. The
HREELS data are shown in Fig. 9. The spectrum rela-
tive to the clean surface was taken within 15 min after
cleavage, to minimize the contamination effects. The
structure at about 35 meV is due to the Fuchs-Kliewer
phonon, while the intense loss at 77.511.0 meV is due to
plasmon excitation. The phonon double-loss replica (at
about 69 meV) is hidden below the plasmon peak, but it
does not significantly affect this loss, since its intensity is
negligible (given the chosen kinematic conditions). We
deposited antimony in small steps of coverage, starting
from a few hundredths of ML, since it is well known that
such low depositions can already affect the space-charge
layer at the surface. The plasmon intensity and energy
position changed as the Sb coverage increased. The
plasmon loss was no longer detectable at © ~30 ML. We
analyzed the data with the same fitting procedure used
for the sets of measurements relative to the phonon, using
Gaussian curves. The results of this analysis are shown
in Fig. 10 for the plasmon intensity (normalized to the
elastic-peak intensity) and in Fig. 11 for the plasmon fre-
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FIG. 10. Plasmon intensity as a function of the Sb coverage.

quency.

The plasmon-peak intensity (Fig. 10) already shows a
decrease at ©~0.02 ML and a relative minimum at
6 ~0.2 ML, followed by a small increase and by a flat re-
gion, for coverages between 0.7 and 8 ML. The small
variations of the intensity in the coverage range 0-8 ML
may be due to the combination between the shift of the
localization of the maximum of the plasmon wave func-
tion towards deeper depths normal to the surface and the
increasing overlayer thickness. A stronger intensity
reduction takes place at ©=~15 ML. At this coverage,
the effect due to the depletion layer and the subsurface lo-
calization of the plasmon is overwhelmed by screening
effects. In fact, as in the case of the phonon intensity, we
attribute this intensity decrease to a modification of the
screening properties of the overlayer, a consequence of
the crystallization of antimony.

The frequency of the measured plasmon (Fig. 11) de-
creases from 77.5£1.0 to 70 meV, as only 0.02 ML of an-
timony is deposited. It varies within 2—-3 meV for cover-

80 rff
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&
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FIG. 11. Energy position of the plasmon as a function of the
Sb coverage.
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ages between 0.02 and 8 ML. It drops to 64 meV at
O =10 ML and rises again to 70.5 meV at ©=20 ML.
Following the model by Chen et al.*® briefly described
above, the plasmon energy that we measured on the clean
surface corresponds to a space-charge-layer thickness of
about 40 A, for a GaAs crystal with the given doping lev-
el. This is a reasonable value, corresponding to a band
bending of about 0.046 meV. As only 0.02 ML of Sb are
deposited, we can estimate that the depletion-layer thick-
ness is increased to about 160 A and the band bending to
0.73 eV, values that remain for coverages up to 8 ML.
Our estimation of the band-bending effect, derived from a
measure of the plasmon loss energy, for the first mono-
layer of Sb at the interface with GaAs(110), is in very
good agreement with previous experimental works. %420
In the submonolayer region the pinning of the Fermi lev-
el has been attributed to states localized at the edge of the
Sb terraces on GaAs, as measured through scanning tun-
nelling microscopy.?! The pinning was associated with
unsaturated dangling bonds that are present when the
monolayer is not yet completed, but that could be also
present at higher coverage if the disorder still exists.?
The theoretical studies of this interface showed that, for a
zig-zag—chain model of chemisorption, an ordered full
monolayer of Sb chemisorbed on GaAs(110) does not in-
duce states within the semiconductor band gap.>’ This
has also been confirmed experimentally.'>!® Thus, the
band bending for the ordered monolayer cannot be in-
duced by the electronic interface states, but can be in-
duced by other interface states of different nature. In
agreement with the findings of Cao et al.,?® we think that
the band bending we deduce for coverages between 1 and
15 ML could be related to intrinsic states of GaAs.
These intrinsic states may be associated to defects of the
GaAs surface, formed during the Sb chemisorption.?
Moreover, we detected no other states within the GaAs
band gap, at coverages of 1.2 and 12 ML. The overlayer
is not yet metallic in character at these stages of cover-
age, so that even gap states characteristic of the metal
cannot be invoked to explain the band bending.

As the coverage approaches the critical coverage of 15
ML, the sudden decrease of the plasmon-energy loss
would suggest a further increase in the space-charge-layer
thickness. An estimation of the Fermi-level pinning sub-
sequent to the deposition of several ML of antimony was
deduced from the Raman-effect measurements performed
by Pletschen et al.!* A direct comparison with our es-
timation is not possible, since the band-bending behavior
versus coverage is a strong function of the doping level
and the crystal we used had a much higher concentration
of dopant atoms. However, we observed probable
modifications of the band-bending dynamics around the
critical coverage of 15 ML, as Pletschen et al. 14
also did. The situation at this stage of coverage—and for
such high doping levels—is really intriguing. The
modifications of the plasmon energy might also be related
to the appearance of an overlayer plasmon developing in
the film. As a matter of fact, as we shall see in the next
section, at © =15 ML an excitation due to states proper
of metallic Sb appeared in the HREELS spectra at about
0.1 eV of loss energy.
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’ Sb/GaAs(110) (a) Clean
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FIG. 12. High-resolution electron-energy-loss spectra of the
Sb/[n-type GaAs(110)] system, as a function of the Sb coverage,
in the low-energy electronic excitation region. Primary beam
energy E, =20 eV; angle of incidence 6, ~65°; doping concen-
tration n ~10'7 cm 3. Spectra are normalized to the respective
elastic-peak areas.

D. Low-energy electronic transition region

We took HREELS data in the band-gap-energy region
of GaAs, at Sb coverages of 1.2 and 12 ML. At ©6=1.2
ML there was no evidence of states up to about 1.4 eV of
loss energy (we had a HREELS signal of 2 counts/s over
an elastic-peak intensity of 170000 counts/s). At ©~=12
ML as well we had an average signal of 20 counts/s over
an elastic-peak intensity of 150 000 counts/s. The possi-
ble presence of electronic states would have been below
the detection limit of the HREELS technique. The aver-
age structureless signal was indeed below 0.01% of the
elastic-peak height in that energy-loss region. On the
other hand, as a loss structure appeared at 0.1 eV for
O > 15 ML, it had an intensity of the order of 0.4% of the
elastic-peak intensity. Interface states located in the
band gap were found very recently in a theoretical calcu-
lation,?? for the submonolayer coverages. They would
arise from the incomplete bonding of the Sb atoms to the
substrate. We have no data in this energy region for the
submonolayer coverages, but we can surely rule out the
presence of such interface states for the coverages of 1.2
and 12 ML.

At the coverage of 15 ML, a structure appears at about
90 meV of loss energy (Fig. 12). At lower Sb thickness we
have no evidence of such a structure, although we cannot
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completely excluded its presence, since the high-energy
tail of the Fuchs-Kliewer phonon is still very intense. As
the Sb coverage increases, this structure shifts to higher
energies continuously, reaching an energy of about 125
meV for ©6=200 ML. As we showed in a previous
work, 3 this mode is equivalent to that found for a 0.3-
pm-thick Sb layer deposited onto a sputtered GaAs(110)
surface. The shape and intensity (0.4% of the elastic-
peak intensity) of this feature are those typical of an elec-
tronic transition. Crystalline antimony is a semimetal
and the Fermi level crosses the conduction band in some
points of the Brillouin zone (BZ). A few points of the BZ
present energy gaps. Assuming that a relatively high
joint density of states (JDOS) is present at these points of
the BZ, electronic excitations can indeed be observed
across the gaps, superimposed on the continuum of intra-
band transitions typical of the semimetal. Pseudopoten-
tial calculations* of the electronic structure of antimony
found an electronic minimum located at point L of the
BZ, opening a gap of about 0.1-0.2 eV, as well as a direct
energy gap of the same order of magnitude at point H.
Band-structure calculations for bulk antimony are avail-
able, either with no consideration of the spin-orbit in-
teraction® or with consideration of the relativistic ap-
proalch.46 In the latter calculation, the maximum of the
valence band of Sb was found at point H of the BZ and
an energy gap of 166 meV was estimated. A gap of simi-
lar magnitude was also found in very recent surface
band-structure calculations*’ performed with a tight-
binding method for the (111) surface of Sb. This gap
opens between two bands of non-spin-degenerate surface
states arising in the gap between the conduction and
valence bands.

Hence, although we cannot yet establish whether the
observed transition is related more to surface than to
bulk band states, we can undoubtedly attribute the loss
feature at about 0.1 eV to an electronic transition be-
tween bands characteristic of antimony. From the exper-
imental point of view, a confirmation of this attribution
comes from previous magneto-optical experiments on
single-crystal Sb specimens, where an average energy gap
of 0.1 eV was estimated. *®

A question arises regarding the explanation of the evo-
lution (changes in position and shape) of this electronic
transition loss structure, upon increasing the Sb coverage;
namely, whether it is due to an interaction of the over-
layer states with the substrate electronic states, or to a
“size effect” determined by the increasing overlayer
thickness. In the following subsection we shall deal with
this problem.

E. Model loss function and comparison
with the experimental loss function

We recall briefly that—in a HREELS experiment—
the differential electron scattering excitation cross sec-
tion, in the dipolar approximation, can be ex?ressed as
the scattering efficiency calculated by Mills.>> Within
certain approximations it can be factorized into two
terms: the kinematic prefactor and the loss function, the
last factor being proportional to the inverse of the imagi-
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nary part of the complex dielectric function. Thus, it is
possible to obtain from the experimental loss function the
complex dielectric function of a system.

In order to analyze the evolution of the electronic-
transition-related loss feature at 0.1 eV, as a function of
Sb coverage, we extracted the experimental loss function
(LF) from the HREELS data at each coverage step.
Thereafter, we compared each LF with the correspond-
ing calculated model LF that we calculated by applying
the three-layer model®? (vacuum-overlayer-substrate) to
our system in the 45-500-meV energy-loss range, where
the electronic transition structure was found. Within the
three-layer model an effective dielectric function € was
constructed as a function of the substrate [€g,5(@)] and
overlayer [€g,(@)] complex dielectric functions, as well as
a function of the overlayer thickness (d).

To calculate the model LF’s we needed as ingredients
the substrate and the overlayer complex dielectric func-
tions, considering the overlayer thickness as a parameter.
We proceeded as follows. First, we determined the exper-
imental LF of antimony, and then derived from it the Sb
complex dielectric function (through Kramers-Kronig
analysis*’). We then inserted €g(w) and €g,a (@) (the
latter taken from the literature®) into the model and cal-
culated the model LF’s as a function of the thickness d.
Finally, we compared them with the experimental ones.

We used the spectrum relative to a coverage of 200 ML
to get the LF of Sb. First, we subtracted a background
curve from the HREELS spectrum. This curve was eval-
uated by fitting the elastic and phonon peaks (the major
structures in the low-energy region) with Gaussian
curves. The background subtraction was done to avoid
the influence of the high-energy tail of the phonon peak

(200 ML Sb)/GaAs(110)

o
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FIG. 13. (a) Energy-loss spectrum (scattering efficiency) of
the low-energy excitation region of Sb in the Sb/GaAs(110) sys-
tem, for a coverage of 200 ML; (b) the same after background
subtraction; (c) the corresponding loss function obtained after
the kinematic prefactor division.
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on the electronic transition structure (we recall that this
latter feature was indeed much less intense than the vi-
brational loss). After the background subtraction, we di-
vided the data (scattering efficiency) by the appropriate
kinematic prefactor (obtained after integration with a
Gaussian weight over the angular aperture of the
analyzer entrance slit’’). The loss function relative to Sb,
shown in Fig. 13, is the result of this procedure.

Knowing the LF of antimony, a second step was the
derivation of its complex dielectric function. To do this
it was necessary to know the Sb LF in a wide energy
range and to know its absolute value.** We overcame
these difficulties by (a) connecting our LF to that derived
from optical measurements by Cardona and Greena-
way,’! in the 1-20-eV energy range, and (b) using a
linear and a cubic extrapolation of the LF to low and
high energies, respectively.** A linear link was used be-
tween our LF and that by Cardona and Greenaway,’' in
the the 0.5-1-eV energy region. We chose the linear link
in such a way as to avoid discontinuities in the derivative
of the whole curve. This also established a reasonable
normalization factor for our LF.

Having obtained the LF in an energy region compris-
ing all the main structures of antimony, satisfying the
sum rules, we analyzed it by means of a Kramers-Kronig
procedure® and finally obtained the real [¢,(w)] and
imaginary [€,(w)] parts of the complex dielectric func-
tion of Sb in the 0—1-eV energy region, as shown in Fig.
14. A maximum is present in €,(®) at about 240 meV,
corresponding to a zero of the €,(®). This maximum is
superimposed on a strongly decreasing curve, whose
slope is very high at low energies, clear indication of me-
tallic behavior. Thus, the maximum in €,(®) is clearly re-
lated to the 125-meV LF structure, even if the very-low-
energy intraband transitions shift it to 240 meV. The
complex dielectric function we obtained for Sb has a close
similarity with that measured for Bi,>? which shows a
maximum at 700 meV, superimposed on a decreasing
curve. The maximum in €,(w) of Bi corresponds to an
electronic transition analogous to that of antimony, these
elements both being semimetals and both presenting ener-
gy gaps at a few points of the BZ, with slightly different
values. 446

We finally put the obtained €g,(w), together with the
€Gaas @) taken from the literature, into the three-layer
model and built up the model LF’s, parametrized by the
overlayer thickness d. The model LF’s calculated as a
function of d are shown in Fig. 15, compared with the
corresponding experimental LF’s. The very good agree-
ment at the higher coverages is a sign of the reliability of
the method we used. At the intermediate and low cover-
ages (from 30 to 15 ML), the agreement is still good. In
particular, the energy shift—from 125 to 165 meV —of
the maximum of the experimental LF found as d in-
creases from 15 to 200 ML is very well reproduced.
Moreover, a “smoothing” of the triangular shape of the
experimental LF—upon increasing d —is also very well
reproduced by the model calculation. Small discrepan-
cies are present only in the high-energy tail of the curves,
probably due to the background subtraction and normali-
zation procedures. Nevertheless, these discrepancies do
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FIG. 14. Imaginary [€)(w)] and real [€(w)] parts of the
complex dielectric function of Sb, in the 45-500-meV energy
range.

not affect the main physical information on the feature
between 100 and 300 meV.

In conclusion, very good agreement was found between
the experimental LF’s of the Sb/GaAs(110) system and
those calculated through a layer model, in the
0.045-0.5-eV energy-loss range for the various overlayer
thickness exploited. Thus, “size effects” of the increasing
overlayer thickness are certainly responsible for the
changes observed in the spectral characteristics of the
structure at about 0.1 eV, upon increasing the coverage.
Its energy shift and shape modification are essentially
caused by the influence that the boarder conditions of the
overlayer have on the electronic structure of antimony.

IV. CONCLUSIONS

A HREELS experiment on the Sb/[n-type GaAs(110)]
system grown at room temperature and in a very wide
coverage range was presented. We examined different
energy-loss regions corresponding to the quasielastic
peak, the Fuchs-Kliewer optical phonon of GaAs, the
dopant-free-carrier-induced plasmon, and the low-energy
electronic transition region. The analysis of the intensity
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FIG. 15. Comparison of the experimental loss functions (dotted lines) with the calculated model loss functions (solid lines) of the

Sb/GaAs(110) system at various stages of antimony coverage.

and position of the Fuchs-Kliewer phonon showed the
presence of a critical coverage of 15 ML. At this thick-
ness, antimony undergoes an amorphous-polycrystalline
transition as well as a semiconductor-semimetal transi-
tion. The screening properties characteristic of these two
phases of the overlayer were reflected in the intensity of
the quasielastic peak, of the phonon, and of the plasmon.
The modification of the plasmon energy, as a function of
coverage, was related to the change in the space-charge-
layer depth and to the band bending at the interface be-

tween Sb and GaAs. The presence of states of different
origin inducing the band bending (defect induced at the
low coverages, electron interface states at the higher) has
been suggested.

Through analysis of the HREELS data the complex
dielectric function of Sb in the 0.045-0.5-eV energy re-
gion was obtained for the first time, to our knowledge.

A loss structure, which we had already attributed*® to
an electronic transition characteristic of antimony, was
analyzed at the different coverage steps. An energy shift
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and a shape modification of this feature were observed.
We derived the experimental loss functions from the data
and compared them with those obtained by means of a
layer-model calculation. The good agreement found al-
lowed us to explain the energy and shape modifications of
this structure as due to “size effects” induced by the in-
creasing overlayer thickness.

Finally, we believe that this research demonstrates the
very high versatility of the HREELS technique in study-
ing several physical aspects of surface and interface sys-
tems, such as their vibrational and electronic structure.
HREELS has also been shown to be an extremely power-
ful technique for identifying and characterizing narrow-
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gap surface systems. Extension of this kind of investiga-
tion to other semimetal-III-V-semiconductor systems
will surely give a better understanding of such interfaces,
especially at higher coverages.
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