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on the first observation of long-wavelength interface optical phonons in ae report on e i

he observedGaAs/AlGaAs superlattice by high-resolution electron-energy-loss spectroscopy. The observe
spectrum is well accounted for by scattering theory with material data taken from infrared spectros-
copy.
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There is currently intense interest in applying
surface- and interface-sensitive techniques to the study
of electron and phonon excitations in semiconductor
superlattices. ' Raman spectroscopy has recently been
successfully used2 to investigate bulk optical phonons
"confined" to individual layers of a GaAs/AlAs su-
perlattice as well as interface delocalized optical pho-
nons of the same material.

In this Letter we present the first observation, by
means of high-resolution electron-energy-loss spec-
troscopy (HREELS), of localized and delocalized in-
terface optical phonons in a GaAs/A103GaoqAs super-
lattice such as used for optoelectronic devices.
HREELS, although primarily sensitive to surface vi-

brations, is thereby demonstrated to be also capable of
probing interface phonons propagating throughout a
semiconductor superlattice. In addition, we provide in
this Letter an analysis of our observations in terms of
a recently developed3 theory of the inelastic scattering
of electrons by the surface and interface optical pho-
nons of a stratified medium. While this theory has al-

ready been applied for illustration purposes to ideal-
ized GaSb/AISb and GaSb/InAs superlattices, 3 the
present cwork is aimed at a quantitative interpretation
of the highly resolved experimental spectrum of Fig.
1, devoted to a heterostructure of great current in-
terest.

Our sample superlattice consists of 25 periods of al-
ternate GaAs and Alo3Gao7As layers 100+10 A thick.
The layers were grown on a (100)-oriented GaAs sub-
strate by metalorganic vapor phase epitaxy. The sam-
ple, exposing a GaAs layer at its surface, was stored in
air before its introduction in the UHV chamber of the
HREELS spectrometer. The unavoidable surface con-
taminants (mainly hydrocarbons and oxygen) were
readily detected by their characteristic vibrational ener-
gy losses and could not be removed by heat treatment.
A clean surface was obtained by argon-ion bombard-
ment (0.5 keV, 5 p, A/cm2) during a time (10 min)
kept at a minimum to avoid excessive surface damage.
Under these conditions, it is estimated that 20 + 10 A
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FIG. l. Energy-loss probability for a GaAs/A103Ga07As
[(100 A)/(100 A)] superlattice (dots) compared with the
theoretical spectrum (full line) in reflection geometry (elec-
tron energy S.6 eV, incidence angle 4S', surface temperature
300 K). In the simulated spectrum, the thickness of the top-
most GaAs layer is reduced to 70 A to account for the effect
of sputter cleaning.

400

had been removed by sputtering from the first GaAs
layer. The sample was annealed at 300'C for 30 min
before the spectrum of Fig. I was recorded at room
temperature (data points). The spectrum was mea-
sured in the specular direction with a primary electron
energy of 5.6 eV, an angle of incidence of 45', and a
spectrometer aperture of 1.8'. On the right-hand side
of the elastic peak, one distinguishes a main energy-
loss peak at 292 cm ' (peak A) and, appearing as a
shoulder in the high-energy tail of this peak, there is a
less intense but clearly distinct structure centered
around 370 cm ' (peak B). The corresponding gain
peaks can be recognized symmetrically placed on the
left-hand side of the elastic peak. Weak features could
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also be observed at energies corresponding to over-
tones or combination bands of peaks A and B (not
shown in Fig. 1).

The energy distribution of electrons backscattered
near the specular direction from the surface of polar
materials is dominated, in the infrared range, by losses
arising from the excitation of long-wavelength surface

r +co
F(t, T) e'"'dt,

and interface optical vibrations. These vibrations,
such as the phonons first described by Fuchs and
Kliewer in an ionic slab, result from long-range
Coulomb interactions between ions in the target. The
probability P(ru, T) des that the backscattered electron
transfers energy tcu to the target at temperature Tean
be related to the classical spectrum P,i(~) of the
dielectric theory through the Fourier transform3

F(t, T) = exp{—„P„(cu)[1—cos(cut) ]coth(hem/2ka T)de —i J P„(~)sin(~t) dko].

When retardation effects are neglected, the classical spectrum P„(co) [the first moment of which, f ti cuP„(~)dry,

gives the average energy loss] is given by

2
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with' a;=e, (co)/tanh(kd;) and 6;=e, (cu) /i sn(h kd),

where e; is the homogeneous dielectric constant of the
ith layer of thickness d, . In polar semiconductors, the
bulk dielectric properties in the infrared range are well
described by

N rd2
e(~)=~„+ X

~ = ) a)To g OJ l+JOJ

In (3), k is the emitted-phonon wave vector parallel to
the surface of the target and D denotes a small ellipti-
cal integration domain3 that depends on the angle of
incidence and on the small circular aperture of the
spectrometer which, through energy and momentum
conservation, rejects electrons with momentum trans-
fer k outside D. v~~ and u~ are the electron velocity
components with respect to the surface and ( is the
dielectric response function of the target.

For interpretation of the data of Fig. 1, it is impor-
tant to note that, in HREELS, only the surface
response function, Im[ —I/(g+ I)], and not the bulk
one, Im( —I/e), is relevant. This is because bulk pho-
nons can be excited only when the probe electrons
penetrate deeply into the target. Indeed, contrary to
surface and interface phonons, bulk vibrations have
vanishing electric fields in vacuum, beyond a micro-
scopic neighborhood of the surface, and hence cannot
be excited by an electron that does not penetrate deep-
ly below the surface of the target. 6

On account of the smallness of the allowed values of
k, ( can be deduced from the Maxwell equations
governing the macroscopic electric field of the long-
wavelength vibrations in the target. For a target made
of isotropic layers separated by sharp neutral inter-
faces, g can be expressed as the continued fraction3

Q2

where n is the number of bulk transverse-optical
modes of frequencies coTo, , dampings y, , and
strengths 0/. For a heterostructure having a finite
number of layers, Eq. (4) is then a rational function of
co2. If we neglect temporarily the y, , the real zeros of
((k, cu) +1, i.e., the poles of the response function in
Eq. (3), give the dispersion relations of the Fuchs-
Kliewer-type phonon modes in the heterostructure.
The number of modes increases linearly with the
number of interfaces. In a model superlattice where
the first two layers are repeated periodically, nearly
all the Fuchs-Kliewer interface modes propagate
throughout the lattice and their dispersion-relation
curves accumulate in continuum regions3 of the (cu, k)
plane. However, a few modes give rise to isolated
branches3 8 '0 which represent vibrations localized
near the external surface of the superlattice. Mathe-
matically, the continued fraction (4) becomes periodic
and converges to that solution of the quadratic equa-
tion

(ai + a2) g' —(ei —e22)( —(aie22+ a2e2i) = 0 (6)

closest to its first approximant ai —bi /(ai+ a2).
Within the propagating-mode continua of the (co, k)
plane, Eq. (6) has two complex-conjugate solutions,
whereas along the isolated branches of the evanescent
modes the solution of Eq. (6) remains (= —1.

Let us now apply these general results to our
GaAs/Ai03Ga07As superlattice with di = d2= 100 A.
For the calculations, a single oscillator in Eq. (5) is
sufficient for GaAs, whereas two oscillators are re-
quired to reproduce the bulk infrared properties of Al-
GaAs. "'2 Table I lists the oscillator parameters de-
duced from reflectivity measurements. Figure 2 gives
the calculated dispersion relations of the interface
modes (for vanishing dampings). Corresponding to
the three-oscillator model, there are three continua
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TABLE I. Oscillator parameters used throughout this
Letter. "
Compound

GaAs
Alo. 3Gao 7As

10.9 2.03
10 2 1.24

0.93

cdTp

(cm ')

269
265
361

~Lp
(cm ')

293
278
379

0.009
0.027
0.030

(')Reference 11.

denoted A, B, B' of delocalized interface modes and
one localized branch of evanescent mode. The bound-
aries of the continua at k =0 occur at the ppTo and coLo
values listed in Table I. The large-k limit of the local-
ized branch converges to the Fuchs-Kliewer surface
phonon of a semi-infinite GaAs crystal. The classical
EELS spectrum of the superlattice (Fig. 3) as comput-
ed from Eq. (3) (including dampings) is easily under-
stood on the basis of Fig. 2. The strong peak at
pp=292 cm ' is due to the localized branch along
which Im[ —I/(g+ I)] assumes large values. The
width of the peak is due to both the dispersion and the
damping of the localized branch. The shoulder appear-
ing in the low-frequency wing of the peak is due to the
continuum of GaAs-like modes in region A. The
weaker peak denoted by B in the high-frequency range
350-390 cm ' originates from the corresponding B
continuum of A1As-like modes in Fig. 2. Finally the
B' continuum of GaAs-derived modes makes a very
small contribution to the classical spectrum on the
low-energy tail of the major A peak. The calculated
classical spectrum shown in Fig. 3 (full line) takes ac-
count of a reduction of the thickness of the topmost
GaAs layer caused by the sputter cleaning of the sam-
ple. [The continued-fraction formulation of the effec-
tive dielectric function in Eq. (4) allows for an arbi-
trary succession of layer thicknesses. ] The dashed line

in Fig. 3 applies to a perfect superlattice with an undis-
turbed top layer.

In order to compare these theoretical predictions to
the experimental spectrum in Fig. 1, multiple-
scattering and temperature effects must be included,
as prescribed in Eqs. (1) and (2). In addition, the
quantum-mechanical spectrum of Eq. (1) must further
be convoluted with the response function of the spec-
trometer in such a way as to reproduce the observed
width of the elastic peak. A symmetrical broadening
function was used to reproduce the experimental reso-
lution (56 cm ' FWHM). As seen in Fig. 1, that
resolution was sufficient to allow a definite identifica-
tion of the losses (and gains) arising from the excita-
tion of propagating interface phonons (peak B). Note
the quality of the overall agreement between theory
and experiment for both the positions and intensities
of the A and B features (the B' feature is too weak to
be detected in the low-energy tail of peak A). This
good agreement was obtained only with allowance for a
thinner topmost GaAs layer as shown in Fig. 3.

Let us emphasize that we did not attempt to fit the
detailed asymmetrical line shape of the observed elas-
tic peak. The use of an asymmetrical broadening func-
tion to better reproduce the experimental elastic line
shape would clearly affect the calculated shapes of
peaks A and B and bring them in better agreement
with the observed data.

Finally, one should reemphasize that, although very
close in frequencies to the bulk phonon, observed by
resonant Raman scattering in GaAs/A1GaAs superlat-
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FIG. 2. Dispersion relations of Fuchs-Kliewer phonons in
a semi-infinite GaAs/Alo 3Gao 7As superlattice when the
thicknesses of both layers coincide (d& = d2= d).

FIG. 3. Calculated classical energy-loss probability P„(cu)
for a 5.6-eV electron (incidence angle 45 ) specularly re-
flected at the surface of a GaAst Alp 3Gap 7AS [(100
A)/(100 A)] superlattice for the truly periodic superlattice
(dashed line) and for the sputtered sample (full line). The
labels A, B, and B' refer to the ~ regions shown in Fig. 2.
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tices, 12 the spectral features of the loss spectrum in
Fig. 1 are entirely due to surface and interface vibra-
tions and not to bulk excitations which remain out of
reach of HREELS in reflection geometry.

In conclusion, this Letter demonstrates the capabili-
ty of EELS to assess optical surface- and interface-
vibrational properties of multilayered semiconductor
compounds. In combination with the dielectric theory,
HREELS gives access to surface and interface optical
constants, such as needed for instance to describe
transport properties in two-dimensional electronic de-
V1CCS.
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