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In this paper, we report on the high-resolution electron-energy-loss spectroscopy study of high-quality
Al,Ga,_,As ternary alloys in the whole range of Al concentration, from x=0 to 1. The ternary alloys
have been grown by molecular-beam epitaxy and analyzed in the same ultrahigh-vacuum (UHYV) envi-
ronment. For intermediate Al concentrations we observe two long-wavelength surface phonons which
can be associated with the vibrations of Ga or Al atoms against As atoms, respectively. Precise values of
the frequencies of these two modes versus the Al concentration are deduced from a semitheoretical fit of
the spectra and compared with the theoretical model based on the coherent-potential approximation.
The surface-phonon frequency splitting provides an alternative way of determining the aluminum con-
centration in such ternary alloys. The intensities of both losses are considered in the framework of the
dielectric theory and some conclusions are drawn for the oscillator strengths of the two surface modes.

I. INTRODUCTION

In recent years, mixed semiconductor crystals have
been studied extensively both experimentally and theoret-
ically, because they provide new materials with tailored
properties, such as adjustable lattice parameters or band
gaps, intermediate between the ones of the pure crystals.
Among the III-V ternary semiconductors, Al ,Ga,_,As
alloys play an important role, especially for close lattice-
matched heterojunctions in optoelectronic devices. The
electronic properties of these materials are well under-
stood. However, because of the intrinsic mixing of ele-
ments that occur, their structural properties still lack a
precise description. Some of these structural properties
can be revealed experimentally through an analysis of the
vibrational eigenmodes.

This is the reason why considerable work has been de-
voted to understanding the long-wavelength phonon-
dispersion behavior versus the Al molar fraction in
Al,Ga;_,As ternaries. Such an investigation has to be
carried out in a range of wavelengths long enough to
avoid the influence of the local arrangement of the ele-
ments and reveal a general picture corresponding to the
average distribution of III-V atoms in the crystal. In this
respect, optical spectroscopies are appropriate and they
have already delivered many significant results.

The frequencies of the longitudinal-(LO) and
transverse-(TO) optical modes of Al Ga;_,As mixed
crystal have been studied by Ilegems and Pearson' from
the Kramers-Kronig analysis of infrared reflectance spec-
tra. Similar studies have been performed by Tsu,

0163-1829/93/48(7)/4380(8)/806.00 48

Kawamura, and Esaki?, and Abstreiter et al.? using Ra-
man spectroscopy. More recently, Jusserand and Sapriel*
repeated the measurements of the LO and TO modes
versus the Al concentration and analyzed in detail the
line-shape asymmetry of these modes in terms of defects
and anharmonicity. The dispersive character of the pho-
non branches of Al ,Ga,;_,As disordered material has
been observed by Raman  spectroscopy  on
Al Ga,_, As/GaAs superlattices.” Optical properties of
Al Ga,_,As from the visible to near-ultraviolet frequen-
cy range (1.5-6 eV) for Al concentrations between x =0
and 0.8 have been obtained by Aspnes et al.® using opti-
cal reflection techniques.

The long-wavelength vibrational behavior of n-doped
Al,Ga,;_,As has also been studied by Raman spectrosco-
py.”® Besides the phonon line frequencies, such material
exhibits a free-carrier plasmon signature. The LO pho-
nons and the free-carrier plasmon are coupled by the in-
teraction of the electric dipole moment induced by the
relative displacement of the ions and the electric field as-
sociated with the free carriers. The presence of free car-
riers excludes the possibility of determining correctly the
LO and TO frequencies without accounting for the cou-
pling that shifts dramatically the phonon bands at high
electron concentration. Due to this fact, the use of un-
doped mixed crystals for studying long-wavelength pho-
nons is more appropriate.

For a detailed review of the theoretical models describ-
ing the vibrational structure of mixed crystals, we refer to
the review papers of Chang and Mitra’ and Barker and
Sievers.!® A comprehensive theory has been constructed
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using the coherent potential approximation (CPA) model
developed by Bonneville.!! More recently, Baroni, de
Gironcoli, and Giannozzi'? have presented an ab initio
model by which they determined the dispersion of the
phonon branches in thin AlAs and GaAs films allowing
us to deduce long-wavelength optical phonons. The
study of the ternary alloys regained interest since the
discovery of the confined LO phonons in superlattices
which are due to mixing occurring at the interface.

In this paper, we report on measurements of the long-
wavelength surface optical phonons in Al,Ga,_, As films
grown by molecular-beam epitaxy (MBE) in the whole
range of composition (0<x <1). The measurements
have been carried out by high-resolution electron-
energy-loss spectroscopy (HREELS) which has proved to
be a well dedicated tool to study macroscopic excitations
at a solid surface. At the surface of polar semiconduc-
tors, long-wavelength optical surface phonons, often
called Fuchs-Kliewer (FK) modes, develop a long-range
polarization field. This polarization field can couple to an
incident charged particle that can lose or gain energy by
creating or annihilating quanta of such phonons.!> The
frequency associated to the FK mode falls inside the LO
and TO gap.

In mixed crystals, the dependence of the optical prop-
erties on the atomic composition can be twofold: the
one-mode or two-mode behavior. In the one-mode
behavior, the frequencies of each of the long-wavelength
(k==0) transverse- and longitudinal-optical modes vary
from the mode frequency of one end member to that of
the other one. On the contrary, the two-mode behavior
exhibits for an intermediate mixing ratio two sets of pho-
non frequencies appearing close to those of the end
members. The strength of one mode seems to be propor-
tional to the mole fraction of the corresponding com-
ponent.” Some mixed crystals show the two-mode
behavior over some part of the composition range and
one-mode behavior over another part. This is usually the
case for the III-V semiconductor ternary alloys.

Although this cannot be considered as a general law, it
is observed in most cases that ionic compounds exhibit a
one-mode behavior whereas covalent materials show a
two-mode behavior. In Al ,Ga,_,As, the long-
wavelength optical phonons display a two-mode behavior
throughout the entire composition range. There are thus
two pairs of TO and LO modes: one being assigned to a
GaAs-like mode and the other to an AlAs-like mode.
GaAs-like mode frequencies approach those of the GaAs
phonons when the aluminum molar fraction (x) reaches
zero, while AlAs-like modes converge to the pure AlAs
values when x approaches one. Two surface phonons can
be expected, one associated to the AlAs-like bulk
branches and the other one to the GaAs-like branches.
The collection of HREELS spectra recorded on different
samples allows us to represent the FK mode frequency
versus the aluminum concentration. The most important
result of this paper is that the frequency splitting between
the two surface phonons exhibits a nearly linear behavior
throughout the entire range of aluminum concentration.
This parameter provides a means of determining the
aluminum concentration of unknown Al, Ga,_, As mixed
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crystals.

In a previous set of experiments, Thiry et al.!* have
carried out a HREELS study of Al,Ga,;_,As films and
reported the qualitative observation of the two FK pho-
non branches. However, in that case, because the sam-
ples had to be transferred through air, the exact
stoichiometry of the alloys was uncertain after the neces-
sary cleaning treatment that involved annealing and ion
sputtering. The originality of the study presented here is
that the Al,Ga,_,As samples were grown in situ, in a
MBE chamber interconnected to the HREELS spectrom-
eter. By this, high-quality material could be available for
HREELS study. Furthermore, the exact alloy composi-
tion could be monitored by reflection high-energy elec-
tron diffraction (RHEED) during growth so that a quan-
titative interpretation of the HREELS data was feasible.

II. EXPERIMENT

The experiments reported here were carried out in a
system combining a high-resolution electron-energy-loss
spectrometer and a molecular-beam-epitaxy reactor. The
whole system is kept under ultrahigh vacuum (UHV)
conditions with a residual pressure below 108 Pa in the
spectrometer and the growth chamber and 10~ Pa in the
preparation chamber connecting these two. The MBE
chamber is equipped with three effusion cells for Al, Ga,
and As and with a 10-keV RHEED system. Due to the
reduced size of the sample (<1 cm?) imposed by the
spectrometer, no azimuthal rotation was needed during
the growth.

(100)-oriented gallium arsenide wafers are used as
substrates. After degreasing and etching in a
H,S0,:H,0,:H,0(5:1:1) solution, the wafer is glued with
liquid indium on a molybdenum sample holder and intro-
duced in the preparation chamber via a load-lock system.
A moderate heating under arsenic flux above 580 °C al-
lows us to remove the oxide layer formed after the rinsing
step. The temperature is measured and regulated with an
infrared pyrometer. The desorption temperature of galli-
um oxide (580 °C),'* as well as the surface phase transi-
tion between the two arsenic-rich reconstructions
c(2X8)to c(4X4) were used to calibrate the pyrometer.

A 2000-A-thick buffer layer of GaAs is deposited on
the substrate before starting the Al Ga,_,As alloy
growth. Ternary compounds are grown at 580 °C as in
the case of the buffer layer. With a suitable choice of gal-
lium and aluminum cell temperatures, the whole range of
concentration of the ternary alloy is accessible. The
aluminum concentration is determined by recording the
RHEED oscillations.!®

After growth, the sample is transferred under UHV
into the analysis chamber. The electron spectrometer
(SEDRA, ISA Riber) is equipped with two hemispherical
capacitors as monochromator and analyzer. The
HREELS spectra have been recorded in the dipole
scattering configuration (specular geometry). Under
these conditions, the long-range nature of the Coulomb
field accompanying the moving electron implies that the
probing electrons interact principally with long-
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wavelength excitations (k==0). The combination of MBE
and HREELS allows a perfectly consistent set of mea-
surements where the sample remains under UHV condi-
tions without exposure to any contaminants other than
the residual gases of the UHV chamber. The spectra
recorded immediately after the growth did not show any
hydrocarbon or oxide contaminant vibrations at the
detection limit of HREELS (<0.01 monolayer). The
resolution of the HREELS spectra reported here was
found to be within the range of 48—56 cm ™! as measured
from the full width at half maximum (FWHM) of the
elastic peak. The impact energy of the incident electron
beam used in the present study is of the order of 3 eV.
All the HREELS spectra have been recorded at room
temperature.

III. RESULTS AND DISCUSSIONS

Figure 1 shows a typical spectrum recorded on an
Al,Ga,_,As ternary alloy where the aluminum atomic
concentration was 0.55. The spectrum has been recorded
in specular geometry 6, =6, =45° with respect to the sur-
face normal and with an incident electron impact energy
(Eq) of 2.91 eV as measured by scanning the energy-loss
spectrum up to the cutoff. A low impact energy (E,) en-

Energy (meV)

-50 0 50 100 150
I Al ;Ga 4I5As ‘Syntheticlclassical
0,=0,= 45" probability
E,=2.91 eV
& F
g n 1 1
£ 0 200 400 60
s | .
=
2
c |
" 1 . 1 N 1
-400 0 400 800 1200
Wave number (cm™)
FIG. 1. Typical HREELS spectrum recorded on a

Alj 5sGag 4sAs mixed crystal. The inset displays the synthetic
first-order loss probability which by convolution with the
quantum-mechanical loss distribution gives the complete
semitheoretical spectrum solid line superimposed to the experi-
mental data.
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sures a high dipole cross section since the loss probability
is proportional to E; '/, At such an energy the angular
aperture of the dipole lobe #iw /2E (#iw is the energy lost
by the moving electrons) is still small as compared with
the monochromator aperture (¥, ).!

In the spectrum of Fig. 1, we observe characteristic en-
ergy loss and gain features symmetrically located on both
sides of the elastic peak. The Boltzmann factor
exp[ — (Aiw /kT)] reduces the gain peak intensity in com-
parison to the loss part of the spectrum. In the loss re-
gion, we distinguish two main peaks attributed to two
long-wavelength surface phonons of the mixed crystal. A
simple consideration based on the lighter mass of the
aluminum atom allows us to predict that the higher fre-
quency peak is related to an AlAs-like phonon. Three
much weaker loss features are observed at higher fre-
quencies. They can be attributed to double scattering,
i.e., incoming electrons loosing energy by creating two
phonons of the same or different type.

To determine accurately the frequency of the two main
peaks, we adopt a semitheoretical way. First, we con-
struct a so-called ‘“‘synthetic first-order classical probabil-
ity” which is, in fact, the frequency resolved energy-loss
spectrum, as a sum of Lorentzian line shapes to simulate
the two AlAs- and GaAs-like surface losses (see the insert
in Fig. 1). This can be justified by the fact that the sur-
face loss function is (1/w)Im{—1/[e(w)+ 1]}, where
e(w) is the dielectric function of the bulk material de-
scribed by a double-oscillator Lorentzian formula. Some
algebra shows that the loss function can be written, in the
case of small oscillator damping as a sum of two & func-
tions which in the simulation can be replaced by
Lorentzians. The second step constructs the quantum-
mechanical loss distribution at temperature T which ac-
counts for multiple excitation processes.'® After convolu-
tion with the experimental response function (typically
the elastic peak shape), the semitheoretical spectrum is
compared with the experimental one. This set of pro-
cedures is included in an adjusting routine, where the ad-
justable parameters are the peak positions and intensities.
Convergence to the satisfactory parameters is ensured by
the minimization of the least-squares difference of both
spectra. Figure 1 shows the semitheoretical spectrum su-
perimposed on the experimental one. With this pro-
cedure we estimate the peak position with a precision of
the order of 1 cm ™.

Figure 2 displays a panel of HREELS spectra recorded
on Al Ga,_,As mixed crystals with different aluminum
concentrations. These spectra have been normalized so
as to present the same integral and the energy resolution
measured as the FWHM of the quasi-elastic peak is
within 48 and 54 cm ™! in the whole range of concentra-
tion. One can distinguish at extreme concentrations
(x =0 and 1) the pure crystal vibration modes of GaAs
and AlAs, respectively. These spectra exhibit a strong
loss peak signature of one surface optical phonon. The
corresponding peaks are at 288 cm~ ! (GaAs) and 395
cm ™~ ! (AlAs). In the intermediate mixing ratio, two lines
are observed at frequencies close to the pure materials
loss peaks and are assigned to the Ga (respectively, Al
As-like modes. Figure 3 presents the dispersion curve of



48 OBSERVATION OF A LINEAR DEPENDENCE OF THE . . .

Energy (meV)
-50 0 50 100-50 0 50 100

T 1T v 1T Jrr - 1 v 1T 7T 1

AlLGa, As

Intensity ( arb.units)

AR

X =0.13 M
|
X=0.0 / t{\lu X = 0.55|
——— ]

1 1 " 1 " 1 1 PR

-400 0 400 800-400 O

AN

400 800
Wave number (cm™)

FIG. 2. Synoptic panel of the spectra recorded on the
Al,Ga,_,As mixed crystals in the whole range of Al concentra-
tion. The energy resolution varied between 45 and 52 cm™! as
measured from the FWHM of the elastic peak.
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FIG. 3. Energy of the two optical surface phonons deter-
mined by the semitheoretical treatment vs the molar fraction of
aluminum in Al,Ga,_,As mixed crystals. The dashed line
represents the results of the CPA model.
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the two surface phonons versus the Al concentration,
determined by the semitheoretical way described above.
The general tendency of the two lines is a downward shift
from 295 to 250 cm ™! (395 to 360 cm™!) of the surface
loss frequency when the foreign atom concentration in
the host crystal is increased. The high dilution limits
(x =0 and 1) have been determined by linear least-
squares fit for the GaAs-like (AlAs-like) branch when Al
(Ga) concentration is increased. At the dilution limit,
both branches converge to their respective impurity
modes. When x approaches zero, the AlAs-like branch
converges to a frequency well above the optical branches
of the pure GaAs crystal. This frequency corresponds to
the vibration of an isolated Al atom in the GaAs bulk
material and is called an impurity “local” mode. The es-
timated value of this mode is 360 cm ™! which is not very
far from 362 cm ™! determined by Raman spectroscopy.'’
On the other hand, when x approaches one, the GaAs-
like branch converges to a frequency value in the gap be-
tween the optical and acoustic branches of the AlAs pure
crystal; this is the so-called impurity “gap” mode. The
value extrapolated from the HREELS surface phonon
band is 250 cm ! which again is very close to the value of
252 cm™! measured by Raman spectroscopy.! The ex-
istence of these local and gap impurity modes is a neces-
sary condition for having a two-mode behavior. The dia-
tomic linear chain model proposed by Mazur et al.?°
gives a mass criterion to decide whether such a gap or lo-
cal mode exists. It follows from this model that when the
foreign atom replaces one of the lightest atoms of a dia-
tomic host crystal such an impurity mode exists and can
be of two kinds: if the impurity mass is lower than that of
the replaced atom, a local mode is expected whereas if
the impurity mass is between the masses of the two host
crystal atoms, a gap mode is predicted.

Figure 4 displays the LO- and TO-phonon branches of
the AlA-s and GaAs-like modes calculated by Bonne-
ville'! using the CPA (solid lines). Let us remark that for
both modes, the longitudinal and transverse frequencies
vary nearly linearly when 0.1 <x <0.9, but one observes
a rapid decrease of the longitudinal-transverse (LT) split-
ting for x in the ranges 0-0.1 and 0.9-1, for the pure
crystal modes as well as for the impurity modes. The
data of Fig. 4 are not directly comparable with our re-
sults and need some treatment. From the two sets of LO
and TO phonons calculated by the CPA model, it is
straightforward to determine the dielectric function of
the ternary alloys using the equation
ini — o’

e(w)=¢€, 5 (1)

2
i=1,2 ¥10; — @

where €, is the square of the refraction index. For the
ternary alloy, we assume a linear dependence of €, (Ref.
21) with the aluminum concentration from the two end
members high-frequency dielectric constant.??

As it follows from electromagnetism theory that the
matching of the Maxwell equations at the interface be-
tween two semi-infinite dielectric media leads to the com-
patibility equation

g(w)+ew)=0, (2)
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FIG. 4. The dashed line is the result of the CPA model of
Bonneville (Ref. 11). The dots represent the experimental data
obtained by Raman spectroscopy (Ref. 4).

where €; and g, are the dielectric functions of the two
media. Taking €, as the dielectric function of
Al ,Ga,;_,As as cast in Eq. (1) and &,=1 as the vacuum
permittivity, the zeros of Eq. (2) give the optical surface
mode frequencies of the ternary alloys. The results of
this calculation were represented as dashed lines on Fig.
3. Let us first compare these theoretical results with our
HREELS measurements for the Al1As mode. This mode
exhibits a downward shift (4 cm™!) when the Al concen-
tration varies from 1.0 to 0.9. This shift is two times
smaller than predicted by the theory. For the intermedi-
ate concentration, the theoretical branch fits quite well
the experimental one and in the dilution limit, i.e., near
the impurity local mode, we can extrapolate a downward
shift similar to the one predicted by Bonneville’s model.
Although the AlAs-like FK branch predicted by the
CPA theory is fairly well reproduced by the experimental
data, the GaAs-like mode exhibits some discrepancy.
Indeed, the theoretical calculation predicts a significant
downward shift in the range between 0-0.1 followed by a
linear behavior between 0.1-0.9 with a smaller slope. On
the other hand, if the experimental GaAs-like branch
shows a downward shift close to x =0, it is not so steep
as predicted by the CPA model. The slope of the experi-
mental branch for intermediate concentrations is more
pronounced in the case of the experiment. Similar obser-
vations can be made on the Raman measurements done
by Jusserand and Sapriel* (see Fig. 4) which show approx-
imately the same behavior, i.e., a good agreement in the
case of AlAs-like branch and some deviation for the
GaAs-like branch.

Figure 5 displays the frequency difference between the
two surface modes versus the aluminum concentration.

GUYAUX, THIRY, SPORKEN, CAUDANO, AND LAMBIN 48

T T T T
{18
'0
140 |
2 116
g w
120t p
o § —414 %
© 100 b 3 i
5 / 128
A
80 - % 110
‘P i 1 L 1 1

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 5. Optical surface-phonon splitting. The values at x =0
or 1 are determined as the difference between the FK frequency
of the pure GaAs or AlAs and the local or gap impurity mode
found in the literature.

As a consequence of the repulsion of the GaAs- and
AlAs-like branches when x varies from zero to one (Fig.
3), the splitting of the two surface-phonon bands in-
creases with Al concentration, from 75 cm ™! at x =0 to
140 cm ! at x =1. We point out that at the extreme con-
centrations (x =0 or 1) the splitting has been determined
as the difference between the FK frequency modes of the
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FIG. 6. Left panel: intensity ratio of the two main loss peaks
vs the Al concentration. Right panel: intensities of the two
main peaks. Intensities are determined by a semitheoretical fit
of the normalized spectra. Open squares and triangles represent
the GaAs- and AlAs-like peak areas, respectively. Filled circles
represent the total loss area, i.e., the sum of the two loss peak
areas.
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pure materials (GaAs or AlAs) and the impurity (local or
gap) mode frequencies found in the literature.'®! From
pure GaAs to pure AlAs, the surface FK splitting varies
quasilinearly with the aluminum concentration with a
slope as large as 70 cm ™! per unit concentration. This
quasilinear behavior can be used to determine the Al con-
centration in bulk mixed crystals: indeed, the long-range
nature of the Coulomb field accompanying the charged
particles probes sufficiently deep in the material to give
access to the average bulk concentration of Al. We con-
clude that this method can be used as far as the probing
material is thick enough to avoid any interfacial effects
and provides concentration values with an accuracy of
5%.

A. Intensities

The intensities of the two main peaks have been mea-
sured by the semitheoretical way described above. They
correspond to the area under the Lorentzian curves used
to generate the first-order loss probability. The left panel
J

1 —1

~1 ~ ™

(w%'OI _wz)(w%‘oz_w

o Te@+1  |2e,+1) [ (= )o?

where w_ and o are the two FK mode frequencies and
w101 and wtg, are the two TO phonon frequencies associ-
ated with the GaAs- and AlAs-like branches, respective-
ly. This formula gives the sum of the two surface loss
peak intensities 7_ and I, for GaAs- and AlAs-like
modes, respectively. The total loss probability is ob-
tained by replacing in I_ and I,, w_ and w, by the
roots of Eq. (2), i.e., by equating the double Lorentzian
oscillator dielectric function of Al,Ga,_,Asto —1,

+
bl =T f1+5s
2e,+1) f1+f,Te,+1

T €T Ep
2 (gg+1)e,+1) °

(5)

f1 and f, represent the oscillator strengths of the two
oscillators. Both together obey the sum rule
f1+f=¢gy—¢, where g, is the static dielectric constant.
Assuming a linear dependence of the static and high-
frequency dielectric constants upon Al concentration, we
compared the theoretical results (Fig. 6, solid line) to the
experimental data. The prefactor K (E,6;,0,,¥,,w) has
been adjusted to fit the data points and was found to be
equal to 6. The agreement is reasonable in the sense that
the tendency of the total loss area is well reproduced.

The left panel of Fig. 7 displays the oscillator strengths
of the GaAs- and AlAs-like modes calculated by using
Bonneville’s model. In fact, the oscillator strengths of
each band are nearly proportional to their corresponding
LT splitting. The oscillator strength of the AlAs-like
mode exhibits a linear behavior, whereas the GaAs-like
mode has a plateau in the Al concentration range be-
tween 0.1 to 0.4. The right panel displays the intensity of

Slo—wy)+
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of Fig. 6 represents the intensity ratio of the two main
peaks. The right panel represents the evolution of their
respective and total areas versus the Al concentration.
We observe a nearly linear evolution of the intensities for
Al concentrations between 0.1 <x <0.9. The GaAs-like
branch intensity increases more slowly than the AlAs-like
one.

For an isotropic material, such as Al,Ga;_,As, the
classical loss probability, i.e., the angle-resolved loss func-
tiozr; integrated over the spectrometer aperture is given
by

1 —1
= 0¥ w)—Im————
P,(w)=K(E,,0,,0,,¥,,0)—Im PR

This function can be separated in two distinct factors: the
first one defines the dipole lobe and appears to be approx-
imately the same for the two oscillators; the second factor
contains the surface loss function. Taking for the dielec-
tric function a sum of two Lorentzian oscillators, the sur-
face loss function can be written as

(3)

(030 — 0* N ko, — @?)
2_ 2,2
(0" — w5

Slw—w_) t, 4)
)

f

the AlAs- and GaAs-like surface modes calculated using
Eq. 4), and taking the frequencies deduced from the
Bonneville’s model. We observed that, as expected, the
intensities of both peaks exhibit the same behavior as the
oscillator strengths, because there exists a high degree of
correlation between the oscillator strengths and the
respective surface loss intensities. Looking at Fig. 6
(right panel), we can conclude from the evolution of the
intensities of both peaks that their respective oscillator
strength exhibits the same behavior, i.e., a linear behavior
between x =0.1 and 0.9. Although the CPA model gives
a linear evolution for the AlAs-like mode, the behavior of
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FIG. 7. Left panel: oscillator strengths of the AlAs- and
GaAs-like modes vs the aluminum concentration calculated
from Bonneville’s model. Right panel: intensities of the surface
loss peaks calculated using Eq. (4).
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the GaAs-like branch is not so well reproduced. The
model presented by Baroni, de Gironcoli, and Giannoz-
zi!?2 and based on ab initio calculations seems to provide a
better description of the observed linear variation of the
LT splitting of the GaAs-like branch.

B. Theoretical simulation

In principle, the dielectric theory is able to produce a
complete HREELS spectrum, provided that one mea-
sures in the dipole scattering regime and that the dielec-
tric function of the material is known.?> We have per-
formed such a calculation with the infrared optical pa-
rameters deduced from the Bonneville’s model. First-
order loss peak areas were determined from the comput-
ed spectra. The evolution of these areas versus Al con-
centration was found to be in good qualitative agreement
with the measured values plotted in Fig. 7, however with
intensities too low by a factor of 2. Preliminary measure-
ments on pure GaAs and AlAs crystals®* showed excel-
lent quantitative agreement with the dielectric theory.
However, in that case, the spectra were recorded at
significantly higher impact energies (5 eV). We have in-
vestigated several reasons that could explain this
discrepancy.

(a) The “image charge effect.” The attraction between
the incident electron and its image charge below the sur-
face is not negligible at such low energies.?> However, it
contributes to accelerate the electron and thus induces a
reduction of the energy-loss probability. Thus, this
correction goes in the wrong direction and cannot be in-
voked here.

(b) A “resonance” effect. Negative ion resonances are
well known from gas-phase measurements and have also
been observed by HREELS in physisorbed layers.”’ A
similar effect could happen on clean solid surfaces, where
the electron could be temporarily trapped in some unoc-
cupied conduction band of the substrate before being
emitted, thus enhancing the interaction probability with
the surface excitations. Such an effect was reported by
Thiry et al.?® on UO,(111) where resonant scattering
from the 5f unoccupied bands was observed to enhance
the energy-loss intensities. Although a similar mecha-
nism could be invoked to account for the discrepancy in
the work presented here, we lack the experimental data in

order to proceed further in this discussion. Especially de-
tailed measurements of energy-loss intensities at different
impact energies around 3 eV would certainly allow us to
disclose the presence of resonant effect in the HREELS
spectra. Further theoretical and experimental studies are
thus necessary in order to investigate the importance of
resonant scattering in the case of GaAs and related ter-
nary alloys.

IV. CONCLUSIONS

In situ grown thick epitaxial Al,Ga,_,As films have
been analyzed by HREELS. Two FK surface optical
modes (GaAs- and AlAs-like) have been observed. Their
frequencies and intensities have been measured by a sem-
itheoretical treatment, over the whole Al concentration
range 0<x <1. The evolution of the frequencies is in
keeping with the expected two-mode behavior. The ob-
servation of a linear behavior of the optical surface-
phonon frequency splitting with the aluminum concen-
tration permits the introduction of a new method of mea-
surements of the Al concentration in such ternary alloys.
This method is found to give a precision of the order of
5%. The measured intensities are significantly larger
than the values calculated from the dielectric theory.
This effect is tentatively explained by some resonant elec-
tron scattering at the clean solid surface similar to the
well-known negative-ion resonances that have been ob-
served both in gas phase or in physisorbed layers. On the
other hand, the evolution of the intensities allows to
determine that in the case of Al,Ga,_, As, the oscillator
strengths of both oscillators vary linearly in the concen-
tration range between x =0.1-0.9.
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