PHYSICAL REVIEW B

VOLUME 49, NUMBER 12

Space-charge layer, metallization, and collective excitations of the Bi/GaAs(110) interface
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The collective excitations and the metallization of the Bi/GaAs(110) interface grown at room temper-
ature, up to the completion of a few tens of a monolayer, have been studied by means of the high-
resolution electron-energy-loss spectroscopy (HREELS). Through analysis of the HREELS data, also by
means of an appropriate semiclassical dielectric model, the modifications experienced by the substrate-
related loss structures (Fuchs-Kliewer phonon and dopant-induced free-carrier plasmon) and by the qua-
sielastic peak are related to changes in the dielectric response of the overlayer and in the semiconductor
space-charge region. The influence of bismuth is effective in enlarging the depletion layer thickness,
leaving the interface semiconducting at the monolayer-coverage scale. A band bending value of 0.56 eV
is obtained at the coverage of one monolayer on the highly n-type doped sample (n ~2.7X 10" cm™%); a
determination free from any possible surface photovoltaic effect. At coverages greater than two mono-
layers, which corresponds to a structural transition, the intermediate structural phase becomes metallic,
thus marking a clear semiconductor-metal transition. This intermediate metallic stage further develops
towards the formation of actual semimetallic crystalline bismuth layers oriented with the basal plane
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parallel to the substrate surface.

I. INTRODUCTION

Group-V semimetals deposited at room temperature
(RT) on the (110) surface of I1I-V compound semiconduc-
tors constitute valuable examples of unreactive, nondis-
ruptive, and ordered interfaces. These physical systems
have been studied in great detail at the very first growth
stage, around a coverage of one monolayer (ML), while a
complete and exhaustive investigation of the interface
evolution at higher thicknesses has not yet been achieved.
Within this class of interfaces, Sb/GaAs(110) has been
widely studied as a model system:! 3 the interface evolu-
tion at RT is characterized by the formation of a uniform
and epitaxial monolayer,! followed by island formation
(Stransky-Krastanov growth mode) with amorphous
character (up to about 15 ML),>”% and eventually by the
nucleation of bulklike crystallites of antimony.’ In
correspondence to these structural phases, a clear
modification of the dielectric properties from semicon-
ducting to semimetallic has been identified on overcom-
ing the coverage of 15 ML.%>

The Bi/GaAs(110) system is of interest also. It grows
with three different structural phases up to the com-
pletion of a bulklike Bi film. However, in contrast to the
Sb/GaAs(110) interface, it presents a long-range crystal-
line order in the whole thickness range (from the epitaxial
monolayer to the bulklike bismuth crystal).”® The three
growth phases are characterized by different crystalline
order, morphology, and dielectric properties. Our pur-
pose is to determine the dielectric properties of the sys-
tem at the different structural stages of the interface, up
to the bulklike phase. A great deal of information about
the Bi/GaAs(110) system is already available, in particu-
lar for what concerns the first growth stage, i.e., at a Bi
coverage lower than two monolayers (ML). Main works
on this system were performed using photoemission®!°
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and inverse photoemission spectroscopy,'’!? scanning

tunneling microscopy and spectroscopy (STM),”!° low-
energy electron diffraction (LEED),® and high-resolution
electron-energy-loss spectroscopy (HREELS).!* It is
worthwhile to recall briefly the principal characteristics
of the different growth phases, as achieved by the experi-
mental techniques mentioned above: for submonolayer
coverages Bi grows epitaxially on the GaAs(110) surface,®
forming zigzag chains along the [ 110] direction, in analo-
gy to what has been observed for the Sb/GaAs(110) sys-
toem.1 However, these chains extend no longer than ~24
A in the [110] direction, as if to relieve the strain due to
the Bi-substrate mismatch. On increasing coverage, these
parallel chains coalesce into islands until a uniform epi-
taxial monolayer is formed.”! From the dielectric point
of view, the 1-ML Bi/GaAs(110) system is still semicon-
ducting, as the energy gap narrows from that of clean
GaAs (1.4 eV) to 0.65 eV. This result has been accom-
plished by photoemission®!® and inverse photoemission
spectroscopies,' ' STM,!® and HREELS (Ref. 13) mea-
surements. Recent STM (Ref. 7) studies have shown that
after the completion of the first Bi monolayer an island
growth follows, with the formation of clusters on the eRi-
taxial layer, presenting an average height of ~7 A.
These two dimensional (2D) islands crystallize in a sur-
face lattice corresponding to a pseudocubic (110) plane,
with thickness equivalent to the stacking of three such
layers, and without exceeding a diameter of 300 A.
Beyond 2 ML these 2D islands coalesce at RT, forming
large three-dimensional (3D) crystallites, sweeping great
areas of the (1X 1) epilayer formerly free from 2D islands
(Stransky-Krastanov growth). The 3D crystallites result
to be very anisotropic in shape, as they are elongated
along the [110] substrate direction. Although both
structures (2D and 3D clusters) expose pseudocubic (110)
surfaces, the 2D islands are three layers high, while the
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height of the elongated crystallites is a multiple of two
layers.” As to the dielectric nature of the interface
beyond 2 ML, the semiconductor gap closes and the sys-
tem becomes semimetallic.3”!2 Hence the thickness
range 2—-30 ML can be considered as a peculiar growth
phase, intermediate between and different from both the
epitaxial (~1 ML) and the fully 3D (=30 ML) bulklike
stage. It is intermediate insofar as its crystalline struc-
ture appears different from that of the other phases, and a
semiconducting-semimetallic transition takes place in this
coverage range. The peculiarity of this coverage stage is
also outlined by its particular lattice dynamics singled
out by Raman effect measurements.'* In any event, the
proper dielectric and structural properties of this inter-
mediate phase are still not fully determined. In the third
growth stage (>30 ML) a bulklike and almost single-
crystalline growth of Bi is achieved, as shown by the hex-
agonallike LEED pattern,® and by the low-energy elec-
tronic properties studied by the HREELS technique.'’
Moreover, interesting effects due to size quantization
lgaxllg been singled out up to a coverage of the order of 500
A.

In the general framework of the Bi/GaAs(110) system
evolution on growing the bismuth thickness, outlined by
these different experimental techniques, the present inves-
tigation carried out by HREELS was performed to study
the dielectric properties of the interface and the subsur-
face space-charge region, at the different growth phases.
In fact, thanks to the high surface sensitivity of
HREELS, and to the high scattering efficiency of the vi-
brational and collective modes in the far-infrared energy
range, it is possible to carefully investigate the evolution
of the subsurface space-charge region of the substrate,!’
up to the completion of the first growth phase (~1 ML
Bi). In particular, this can be accomplished through the
experimental study of the coupled Fuchs-Kliewer optical
phonon and dopant-induced free-carrier plasmon, as a
function of the Bi thickness. Moreover, by performing a
model calculation using a semiclassical approach,18 it is
possible to simulate the interface system as a sequence of
uniform layers (each characterized by its proper modes),
and to construct model spectra to fit the experimental
data. As a consequence, the Bi-induced depletion layer
and consequent band bending can be deduced in the low-
coverage region, and the dielectric character of the sys-
tem can be obtained, following the metallization process
up to a coverage of a few tens of a monolayer.

The paper is organized as follows: after an experimen-
tal section (II), the data will be shown in Sec. III, while
their analysis and discussion will be presented in the Sec.
IV. The conclusions will be drawn in Sec. V.

II. EXPERIMENT

Experiments were carried out at the surface physics
laboratory Spettroscopia Eletronica Superfici ¢ Adsorbati
(SESAMO) at the Dipartimento di Fisica, Universita di
Modena. The HREELS spectrometer (Leybold-Heraeus
ELS-22) is contained in an ultrahigh-vacuum (UHYV)
chamber, also equipped with low-energy electron
diffraction (LEED), x-ray photoemission spectroscopy
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(XPS), and other spectroscopic tools. This system is
UHYV connected to a preparation chamber containing all
ancillary facilities for sample preparation and characteri-
zation. Base pressure in both chambers was in the
10~ "-mbar (10™° Pa) range, ensuring excellent condi-
tions for the clean crystal growth and investigation. The
Bi/GaAs(110) interface was obtained by evaporation of
the semimetal from a resistively heated quartz crucible,
with evaporation rate of the order of a few A/min on
freshly UHV-cleaved GaAs(110) surfaces, at room tem-
perature (RT). Pressure rose in the low 107'© mbar
(1078 Pa) during the evaporation. The overlayer thick-
ness was determined with an oscillating quartz microbal-
ance calibrated through XPS measurements. We have
performed x-ray photoemission with an Al Ka photon
source in the binding-energy range 50-10 eV, for
different stages of deposition. The coverage dependence
of the Ga 3d, As 3d, and Bi 5d core-level intensities was
analyzed and is reported in Fig. 1. The overlayer thick-
ness calibration has been achieved comparing the ratio
between the Ga and As peak intensities to that of Bi at
each coverage step, with those of the 1| ML Bi/GaAs(110)
system obtained after annealing a thin Bi film at 300°C
for about 10 min. In fact, it is well known that heating a
thick Bi layer for a few minutes at 300°C causes the
desorption of Bi until only 1 ML remains stuck at the sur-
face.” The equivalent uniform thickness at 1 ML—as
given by the oscillating quartz-crystal thickness
monitor—was about 3 A, corresponding to a Bi surface-
atomic density equal to that of the GaAs(110) substrate
(~8.85X 10" at.cm™2). The attenuation rate for Ga
and As is slightly different, owing to the different kinetic
energy and consequent mean free path of the outcoming
photoelectrons. Moreover, the attenuation rate shows a
linear behavior—indicative of epitaxial growth—until 1
ML is reached, while beyond this coverage a slowdown is
clearly observed, marking a Stransky-Krastanov growth
mode, as reported in previous photoemission works.”!°
The cleanness of the surface was checked by photoemis-
sion and by the HREELS spectra themselves; however,
the system under investigation has been shown to be very
unreactive in UHV conditions. HREELS measurements
were taken in the specular direction, with primary beam
energies (E,) ranging from 5 to 20 eV, and with incident
and collecting angles of about 65°. The energy resolution,
defined as the full width at half maximum (FWHM) of
the elastically scattered peak, was better than 10 meV,
ensuring a precision of the order of 2 meV in the energy-
shift measurements. Spectra were taken on two
differently n-type (Te) doped GaAs samples, with a nomi-
nal concentration of 2.7X10'® ¢cm™3 and 3X10' cm 3,
respectively.

III. RESULTS

The intensity of the elastically scattered electrons out
of a surface (i.e., the quasielastic peak in the HREELS
spectra) is related to the surface reflectivity of the sam-
ple.!” It is therefore ruled by two principal factors: sur-
face order and smoothness, and the surface dielectric
response. Even if a quartitative and absolute evaluation
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of these factors is quite a difficult item, qualitative but
valuable information on the dielectric nature and on the
order of the Bi/GaAs(110) interface can be obtained by
the analysis of the behavior of the quasielastic peak inten-
sity as a function of coverage. This behavior was well
reproducible in all series of measurements we have per-
formed, and resulted in being quite peculiar, as can be ob-
served in Fig. 2, where the elastic peak intensity vs Bi
coverage is reported. The quasielastic peak intensity
presents a pronounced dip for ~0.5 ML; thereafter it in-
creases rather steeply, reaching a maximum at ~5 ML,
where it becomes one order of magnitude greater than
that of the clean surface (I;). Above this coverage the
intensity slowly decreases toward a constant lower value.
To obtain more quantitative information about the
dielectric nature of the interface, we analyzed the cover-
age dependence of the energy-loss spectra also in the en-
ergy region of the phonon and the plasmon loss struc-
tures. The HREELS data for the higher doped sample
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FIG. 2. Intensity of the quasielastic peak as a function of the
Bi coverage.
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taken at a primary beam energy of 20 eV are presented in
Fig. 3 as a function of coverage (0—30 ML). The spectra
show two intense features. The strongest is the plasmon-
like excitation, and lies at about 62 meV for the clean sur-
face: it is due to the oscillations of the n-type dopant-
induced free carriers. The other structure is the Fuchs-
Kliewer optical phonon of GaAs, lying at about 36 meV
for the clean surface.’® We have fitted the quasielastic
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FIG. 3. High-resolution electron-energy-loss spectra of the
Bi/[n-type GaAs(110)] interface system, as a function of the Bi
coverage, in the energy region of the Fuchs-Kliewer optical
phonon and of the dopant-induced free-carrier plasmon. Highly
doped substrate, doping concentration n =2.7X10"® cm™>. Pri-
mary beam energy of 20 eV and angle of incidence of 65°. Spec-
tra are normalized to their respective quasielastic peak heights,
and displaced along the vertical axis for the sake of clarity.
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peak and the phonon and plasmon structures through
Lorentzian curves convoluted with a Gaussian, the latter
to take into account the experimental broadening. From
the results of this fitting procedure, we report in Fig. 4
the phonon and plasmon intensities thus evaluated, along
with the plasmon energy, as a function of coverage.
While the plasmon intensity begins to decrease at sub-
monolayer coverages, the phonon peak increases as Bi
grows up to 1 ML. After the completion of the first lay-
er, both structures lose intensity and finally become al-
most indistinguishable from the background at about 30
ML. Moreover, while the phonon peak energy does not
change with coverage, the plasmon peak undergoes a
shift toward lower energies by about 7 meV (as Bi reaches
1 ML), then shifts back by 2 meV between 1 and 10 ML.
In order to achieve more information about the dielectric
evolution of the overlayer toward a semimetallic charac-
ter, we have also performed HREELS measurements
with a primary beam energy of 5 eV, on the lower doped
sample. In these data the plasmon feature is centered at
about 7 meV, resulting in being convoluted with the qua-
sielastic peak, which consequently presents a 16-meV en-
ergy width. Beyond the decreasing intensity of the pho-
non peak upon Bi coverage, the most impressive feature
for this series of measurements is the strong elastic peak-
width dependence on coverage. We recall that, on cover-
ing a semiconducting substrate with a metallic overlayer,
a coupling between the overlayer plasmon with the sub-
strate phonon takes place, giving rise to two distinct exci-
tations.?! In the limit of vanishing exchanged momentum
g, (in the typical kinematic scattering conditions of a
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FIG. 4. From the top to the bottom: plasmon intensity, pho-
non intensity, and plasmon energy position, as a function of the
Bi coverage. Data refer to the HREELS experiment performed
on the highly doped substrate (and shown in Fig. 3).

HREELS experiment), the higher-energy mode is close to
the phonon energy, while the lower-energy excitation is
an acoustic mode with very low energy, which causes an
elastic peak enlargement, followed by a narrowing, when
the interface becomes fully metallic.’! In particular, this
phenomenon is more evident when the acoustic mode
presents a higher frequency, the latter proportional to the
exchanged momentum, thus inversely proportional to the
square root of the primary beam energy. Hence one can
expect that, upon metallization, the absolute value of the
elastic peak widening is inversely proportional to the pri-
mary beam energy (E,). This is what we have observed
and shown in Fig. 5, where the elastic peak width [evalu-
ated as the full width at half maximum (FWHM) of the
quasielastic peak] is reported as a function of the Bi cov-
erage and of E,. The AFWHM rises to 15 (for E, =5 eV)
and 5 meV (for E,=15.9 eV), while it is almost zero for
E,=20 eV, as expected.

The principal characteristics of the evolution of the
HREELS data relative to the Bi/GaAs(110) interface on
growing the overlayer thickness can be synthesized as fol-
lows. (i) The elastic peak intensity presents a peculiar
behavior as a function of coverage, inasmuch as a drastic
lowering (at ~0.5-ML Bi) is followed by a remarkable in-
crease (at ~5-ML Bi). (ii) The attenuation of the phonon
and plasmon structures is definite above =~1-ML cover-
age, along with the plasmon energy shift (by ~7 meV) to-
ward lower energy (at 1-ML Bi), reflecting the space-
charge layer conditions. (iii) The elastic peak width
shows a widening followed by a narrowing as a function
of the Bi coverage, and its absolute value depends on the
primary beam energy.

IV. ANALYSIS AND DISCUSSION

We have noticed that the elastic peak intensity I, de-
pends on the order and on the dielectric nature of the
scattering surface: since the system has been shown to
remain semiconducting until 1 ML is completed,'® the
dip observed for I; at 0.5 ML coverage (Fig. 2) can there-
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eV, black triangles).
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fore be attributed to the diminished order of the surface,
partially covered by the epitaxial Bi layer. This is con-
sistent with the LEED observation of a slightly lower
sharpness of the spots with respect to the pattern of the
clean surface, and with the STM images showing large
terraces of one layer height, at submonolayer coverage.'”
When the completion of the first monolayer is ultimated,
the surface order becomes greater than for submonolayer
coverages, explaining the elastic peak intensity increase
between 0.5 and 1 ML. Moreover, the further increase
observed can be attributed to the evolution toward a me-
tallic behavior beyond 2 ML, that strongly enhances the
surface reflectivity. In fact, as in the ~2-5-ML coverage
range the surface order is not increased (the overlayer
grows in 3D islands, and the LEED image does not shar-
pen), but I, mounts, we must suppose that the overlayer
metallicity increases in this coverage range. Beyond 5
ML both the less ordered surface and perhaps the slightly
lower metallicity of the last growth phase reduce the
sample reflectivity: in particular, we observed an intensi-
ty decrease from 5 to 30 ML, while the Bi crystalline
structure evolves from the pseudocubical phase to the
bulklike one. Beyond 30 ML the peak intensity reaches a
plateau, indicating a steady growth of the semimetallic
crystal.

We can deepen our analysis of the interface dielectric
evolution in a more quantitative way by using a semiclas-
sical dielectric layer model'® to reproduce the experimen-
tal data at different coverages. For this purpose, we have
employed a model system built up by several different
layers, each described by its peculiar dielectric response.
The model GaAs substrate consisted of two layers; a bulk
semi-infinite layer and a surface depletion layer. The
bulk layer can be described through the dielectric func-
tion
ngh . ‘0;231

24 ; ’
o tiyyw

EGaAs=6w+ 2 2 .
w —ﬂ)ph_l'yphﬂ)
where w,;, and o, are the oscillator frequencies of the
Fuchs-Kliewer phonon and the dopant-induced free-
carrier plasmon, respectively, while v, and v, are their
phenomenological dampings; €, is the infrared infinite
frequency value of the GaAs dielectric function, and Q is
the phonon oscillator strength. The numerical value of
these constants, along with all the other parameters in-

troduced during the analysis (which best fit the clean
GaAs data) are listed in Table 1.22° We remark that an
0, =224 meV corresponds to a surface plasmon
a)pl/\/ €, 1T1=60 meV, consistent with the experiment,
and that the characteristic modes of this layer, deriving
from the Coulombian coupling between plasmon and
phonon, are called plasmarons (phononlike and plasmon-
like branches). The second layer (surface region) repro-
duces the space-charge region, and differs from bulk
GaAs only for the absence of the plasma oscillator. Us-
ing this two-layer model and varying only the depletion
layer thickness, we were able to reproduce quite well the
spectra for the submonolayer coverage region, as shown
in Fig. 6, while the use of a third topmost layer represent-
ing semiconducting bismuth did not improve the fit. For
a Bi thickness lower than 1 ML, the main effect due to
the semiconducting overlayer is to increase the depletion
layer thickness, influencing both the plasmon and the
phonon loss structures. The phonon feature is prevalent-
ly determined by the free-carrier depleted region, as the
phononlike plasmaron of the underlying bulk is almost
completely screened out by the free-carrier gas, while the
plasmonlike structure derives from the underlying undep-
leted region. Therefore, the extension of the depletion
layer thickness causes both the enhancement of the pho-
nonlike structure intensity and the attenuation of the
plasmonlike peak. Moreover, a change in the depletion
layer extension determines an energy shift of the plasmon
loss structure, since the effective dielectric function of the
system €q(w) can be written as a combination of the
dielectric function of each layer, properly weighted by its
thickness.'”® Through the careful fitting of the phonon
and plasmon loss structures we could thus evaluate the
depletion layer thickness. Within the Schottky barrier
approximation we established a band bending value
Vi, =0.5610.02 eV at the saturation coverage of 1| ML
for the higher doped sample, as shown in Fig. 7, in good
agreement with other measurements.!”'*!" The same
evaluation has been made for the n=3X10"%cm 3
doped sample and gives a value of 0.25+0.1 eV. Howev-
er, the difficulty in evaluating the plasmon energy shift,
which in these spectra is convoluted with the elastic
peak, leads to a large percentual error in the estimated
value of V.

For an overlayer thickness larger than 1 ML, the main
features are (i) a strong attenuation of both phonon and

TABLE I. Parameters used for the dielectric model calculation fitting the experimental data. €, is
the infrared infinite frequency value of the GaAs dielectric function; w,, and wy, are the phonon and
plasmon energies, respectively; v, and v, are the phonon and plasmon dampings, respectively; and Q

is the phonon oscillator strength.

Layer €4 ©p, (meV)  yp, (meV) Q op (meV)  y, (meV)
n=2.7X10"® cm™3 224 10
GaAs 10.9° 334 0.3? 2.03°
n=3X10' cm™? 22 10
Depl. layer 10.9% 0.3% 2.03*
semic. Bi 20
metal. Bi 150 1200 120

?Data taken from Ref. 22.
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FIG. 6. Experimental HREELS data of the Bi/[n-type
GaAs(110)]  interface  system  (doping  concentration
n=2.7X10" cm™3), as taken from Fig. 3 (dotted lines). Results
of the fitting dielectric model calculation relative to each Bi cov-
erage (continuous lines). Spectra are normalized to their respec-
tive quasielastic peak heights, and displaced along the vertical
axis for the sake of clarity.

plasmon; (ii) an increase and subsequent decrease of the
quasielastic peak width; (iii) a slight backshift of the
plasmon energy at a Bi coverage of ~5 ML; and (iv)
growth of a structureless background beneath the phonon
and plasmon structures.

In order to gain further information about the dielec-
tric character of the interface at this coverage state (> 1
ML), we introduced a third (topmost) layer representing
bismuth. For coverages between 1 and 2 ML the use of a
semiconducting layer (characterized by a constant dielec-
tric function) leads to a good fit of the loss structures,
while beyond 2 ML we could not reproduce the spectral
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FIG. 7. Band bending potential ¥y, (right) and depletion-
layer thickness (left), as a function of the Bi coverage, for the
highly doped substrate (n=2.7X10"® cm™3). Data deduced
from the fitting dielectric model calculations.

changes (peak attenuation rate, backshift of the plasmon,
quasielastic peak widening) on considering a simple semi-
conducting bismuth layer. We had consequently to con-
sider the starting of the metallization above 2 ML.

As we know from previous HREELS," photoemis-
sion,”!® and inverse photoemission!"!? measurements,
beyond 2 ML the Bi overlayer becomes semimetallic, as
the Fermi energy crosses the conduction band and the en-
ergy gap closes. However, the very nature of this metalli-
city is not yet fully understood, as the bismuth layer in
this intermediate growth phase results different from
semimetallic bulklike Bi. Hence, for fully determining
the dielectric nature of the Bi/GaAs(110) system at this
coverage stage, we have modelized the interface system
by introducing a further (topmost) Bi layer characterized
by a metallic Drude-like dielectric function. In this con-
dition, we were able to reproduce fairly well the spectra
corresponding to the intermediate coverage stage, vary-
ing only the metallic layer thickness, as shown in Figs. 6
and 8, for the lower and higher doped substrates, respec-
tively. The best-fit parameters found for the metallic lay-
er were € , =150 [close to the bulk Bi value of ~100 (Ref.
23)], a plasmon frequency of 1.2 eV, and a damping of
0.12 eV. As a matter of fact, the semiclassical dielectric
model gives good fits of the reconstructed spectra to the
experimental data, bringing into evidence the interface
metallization; however, we would like to point out the in-
trinsic limitation in the use of such a model in the present
physical situation. While the uniform layer model is per-
fectly suited for the Bi/GaAs(110) interface up to the
completion of 1 ML, i.e., in the epitaxial growth phase, it
becomes more qualitative when dealing with the higher
overlayer thickness. In fact, Bi grows in a Stransky-
Krastanov mode, thus the uniform layer approximation
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FIG. 8. Experimental HREELS data of the Bi/[n-type
GaAs(110)] interface system (doping concentration n=3X10'¢
cm™3), taken with a primary beam energy of 5 eV and angle of
incidence of 65°. Results of the fitting dielectric model calcula-
tion relative to each Bi coverage (continuous lines). Spectra are
normalized to their respective quasielastic peak heights, and
displaced along the vertical axis for the sake of clarity.
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is not completely fulfilled above 1 ML. Nevertheless, the
model calculation furnishes decisive qualitative indica-
tions of the dielectric nature of the system, even at high
coverages. That is, the actual physical situation at this
coverage stage corresponds—concerning the model
calculation—to an equivalent uniform layer of semime-
tallic bismuth with a low density of free electrons. This is
also reflected in the quasielastic peak width behavior vs
coverage, as the onset of metallicity (marked by the peak
enlargement) is at ~6-9 A Bi, while a full metallization
of the overlayer (detectable through the complete screen-
ing of the substrate excitations) is achieved for a thick-
ness larger than ~60 A. In any event, the conclusion
that metallic screening must be taken into account for ex-
plaining the experimental data is not affected by the ap-
proximation of uniform layers.

Regarding the metallicity of the overlayer in the
different growth phases, the behavior of the reflectivity as
a function of Bi coverage indicates that in the intermedi-
ate growth phase, Bi has a more accentuated metallic
character than in the bulklike phase. With reference to
this last item, we recall that in this latter phase Bi
presents a very low free-carrier density (3X10!" cm™3)
for both electrons and holes.?* Moreover, due to a quan-
tum size effect,'® the bulklike Bi film undergoes a
semimetal-semiconductor transition at a thickness of
~100 A, so that a thinner Bi film would present an even
lower density of free carriers, which cannot account for
the dielectric behavior of the intermediate growth phase.

V. CONCLUSIONS

In this paper we have reported and analyzed HREELS
measurements for the Bi/[n-type GaAs(110)] interface,
for a Bi thickness ranging from O to 30 ML. In particu-
lar, we have studied the dielectric evolution of the system
in correspondence to the growth morphology changes,
upon increasing the Bi coverage. For submonolayer cov-
erages, the Bi overlayer induces in the GaAs substrate a
space-charge region, whose extension has been evaluated
fitting the data with the model calculation. From these

De RENZI, BIAGI, BETTI, AND MARIANI 49

values of the depletion layer thickness we have calculat-
ed, in the Schottky barrier approximation, the induced
band bending potential, that results to be 0.56 eV for a
doping level of n=2.7X10'"® cm 3, in good agreement
with previous measurements.!®!*!° We remark that this
determination of the band bending potential, though in-
direct, has the advantage of being absolutely free from
any possible surface photovoltage effects,>>% owing to
the extremely low current density reaching the sample
(below 1 nA/cm?). For coverages beyond 2 ML, we ob-
served a metallization of the system, pointed out by both
the increase of the elastic-peak intensity and the
modifications of the spectral features (width, frequency,
and background). An important tool in this investigation
has been the use of a semiclassical dielectric layer model,
not only to provide information about the space-charge
layer, but also to extract the dielectric properties of the
system from the HREELS spectra. We were able to
reproduce the spectra in this coverage range (>2 ML),
introducing a Drude-like metallic layer, characterized by
a large dielectric constant €, and damping of the plasma
oscillator. This kind of dielectric characterization (uni-
form layers) of the overlayer probably does not fully cor-
respond to the physical situation (island on uniform lay-
ers), but nevertheless it can account for the spectral evo-
lution and gives the main result (metallization) without
any doubt. We can assert that the Bi overlayer in this
thickness range behaves, from the dielectrical point of
view, as a uniform layer characterized by a low density of
free carriers. Moreover, the behavior of the reflectivity
as a function of Bi coverage indicates that, in the inter-
mediate growth phase, Bi has a more accentuated metal-
lic character than in the bulklike phase.
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