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We present a detailed experimental study of optical phonon Raman scattering in GaAs/AlAs
multiple quantum wells for several in-plane geometries. By exploiting a waveguided structure, we
performed 90°, forward, and backscattering experiments with dispersed light propagating along the
layers. Using these geometries, phonons with various propagation directions and polarized both
parallel and perpendicular to the growth axis can be probed. The 90° data complete and correct
earlier results obtained for the same geometry by Zucker et al., bringing them into accord with later
experimental and theoretical work. Moreover, in-plane forward scattering data are reported as a
complementary check to these experiments. We discuss selection rules and scattering mechanisms,
and compare the results with phonon energies calculated within a continuum model based on lin-
ear combinations of LO, TO, and interface modes. We find a very good agreement between the
experiment and the predictions of the established theory of phonon modes and Raman scattering in

semiconductor heterostructures.

I. INTRODUCTION

Optical phonons in semiconductor multiple quantum
wells (MQW’s) and the light scattering from them has
been intensively studied in the last ten years, and already
many review articles summarizing both experimental and
theoretical results can be found in the literature.!™ How-
ever, Raman experiments that directly probe in-plane
dispersion are rare.> 8 By exploiting a waveguided struc-
ture we have investigated Raman scattering geometries
where one or both of the incident and scattered photons
propagate parallel to the MQW layers. Up until now,
and to the best of our knowledge, only one such experi-
ment in a 90° geometry has been reported® and none for
in-plane forward scattering.

The optical vibrations of semiconductor MQW'’s re-
semble in many aspects those of a stacking of thin
ionic slabs.1®712 This is especially true when the optical
phonon branches of the consecutive layers do not overlap,
as happens for GaAs/AlAs MQW’s. In this case, similar
to that for electrons, the vibrational modes remain con-
fined in either slab. This confinement is the counterpart
of the “folding” of acoustic vibrations'?® and leads to a se-
ries of phonons labeled by an integer m, which are called
confined optical modes.'*% The effect of the MQW pe-
riodicity on the GaAs confined optical modes may be
viewed as equivalent to considering bulk phonons but
with a wave-vector component in the z direction (along
the growth axis) given by ¢, + mm/d;, where d; is the
GaAs well thickness and m = 1,2,3... .15 Thus, for
g < q1. € mn/d,, where g, is the component of the
phonon crystal momentum perpendicular to z, these vi-
brations have, generally speaking, the remarkable prop-
erty that z-polarized modes have LO-like frequency, while
in-plane polarized modes have TO-like frequency, inde-
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pendent of their propagation direction.

This latter feature of the MQW confined optical
phonon modes was first demonstrated by Zucker et al. in
1984 (Ref. 9) in an experiment revealing the excitation of
phonons with LO frequencies but with Raman selection
rules characteristic of TO modes. This experiment was
performed in a 90° geometry on a GaAs/Alg 23Gag.72As
MQW enclosed by cladding layers which form a wave-
guide for the scattered light. The right-angle geometry
enabled the observation of light scattered by phonons
with a finite ¢, both with polarization along and per-
pendicular to z. Note that, due to the extremely small
thickness of the artificially grown MQW’s (= 1 pm), ex-
periments in which either the incident or the scattered
light come to, or from, the side, are rare, and Raman scat-
tering experiments are usually performed in backscatter-
ing geometry along z. This geometry only allows, for
first-order processes, the excitation of phonons with zero
in-plane momentum. Only the development of micro-
Raman techniques has made possible the investigation of
backscattering geometries where the momentum transfer
can be in any direction between the growth and in-plane
directions.5™®

These micro-Raman experiments®™® together with pre-
vious experimental’® and theoretical work!” 2! (for a
complete list see Refs. 8 and 20) showed that the na-
ture of the phonon modes in polar semiconductor MQW'’s
is much more complicated than a simple folding of the
bulk dispersions. In fact, besides the above modification
of the bulk optical phonons due to the new periodicity
along z, the stacking of layers in a MQW produces other
changes in the long-range part of the Coulomb forces as
compared to the bulk. The complex characteristics of
the resulting phonon modes can be visualized by ana-
lyzing their angular dispersion with respect to the angle
© between z and the phonon wave vector ¢, for a fixed
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magnitude g (normally taken to be of the order of the
“transfer ¢” in a Raman experiment). Confined modes
of even index m do not show angular dispersion respect
to ©. On the contrary, odd order modes show a more
complicated behavior: the m = 1 LO (or TO) -like mode
develops a downward (upward) angular. dispersion and
anticrosses with the other confined modes of equal sym-
metry (odd m).19:2° The m = 1 strongly dispersive modes
correspond to those termed interface modes in early di-
electric continuum models.*'3:1¢ The name is related to
the fact that, in those models and for finite ¢, their am-
plitude decays exponentially away from the interfaces.?
Notice that their identification as “interface modes” may
be misleading since it seems to imply the existence of
modes other than the confined ones. Nevertheless, and
for historical reasons and the sake of shortness, we stick
to the widely used assignment of the m = 1 LO (TO)
modes as upper (lower) interface modes (IF). In Ref. 8
the complete angular dispersion of the phonon modes of
GaAs/AlAs (7/7) and (12/12) MQW'’s was determined
using the micro-Raman technique and compared to the
continuum theory of Ref. 20.

The main result of the Raman scattering experiment
reported earlier by Zucker et al.,® i.e., the fact that in
general z polarized modes vibrate at LO-like frequencies
regardless of their propagation direction (with the ex-
ception of the m = 1/interface modes), was confirmed
by later micro-Raman experiments.*® However, many
other important features of the data of Ref. 9, partic-
ularly selection rules, phonon energies, and scattering
mechanisms, have been shown to be inconsistent with
theoretical findings!7 2! and other experiments.5 %6 Let
us illustrate these points: (i) according to Raman scat-
tering selection rules,?? the TO-like peaks observed in
z(y', 2)y’ and z(z',2)y’ configurations (as usual, the in-
cident and scattered polarizations are indicated inside
the brackets and [110] is defined as the in-plane direc-
tion of the scattered light y’) should represent two dif-
ferent types of TO modes, one which shows angular dis-
persion and the other which does not.2! This difference
was not resolved in Ref. 9. (ii) A strong peak at the bulk
LO frequency was observed for z(z',z')y’ configuration
while the LO; mode is expected to reduce its frequency in
90° scattering due to the angular dispersion of interface
modes. (iii) Strong scattering was reported for z(y', z')y’
configuration which is forbidden by symmetry. (iv) It
was concluded that the Raman tensor is invariant un-
der rotations about the superlattice axis, something that
contradicts the symmetry-derived selection rules for the
D54 group of GaAs/AlAs MQW's.

However, the experiments of Ref. 9, performed ten
years ago, have so far remained unchallenged. Because
of the disagreement already outlined we have carried
out a detailed experimental study of the Raman scat-
tering spectra of GaAs/AlAs MQW/’s in a series of in-
plane scattering configurations involving 90°, forward
and backscattering. Similar to the sample used in Ref. 9,
we used a waveguided MQW to efficiently collect light
scattered in the in-plane direction. However, we studied
thinner quantum wells to make the confinement effects
more clear (51.5 A in our case against, 96 A in Ref. 9).

14 449

Also, because the effect of two-mode behavior of the al-
loys on the MQW phonons is not well understood,?® we
worked with AlAs instead of Alg 28Gag.72As barriers.

We performed 90° Raman scattering experiments with
excitation along z and light collected along both [110]
and [100]. Contrary to Ref. 9, we find the two series of
spectra to be different and, in fact, to be consistent with
the expected selection rules. We find good agreement
of the observed spectra with the optical phonon ener-
gies derived from a continuum model calculation which
takes into account the mixing of LO, TO, and interface
modes.2® The intensity of the observed peaks is also in
accord with the scattering mechanism (Fréhlich or defor-
mation potential) involved for each configuration.!®

To check these findings for other in-plane geometries,
we performed forward scattering experiments with the in-
cident and scattered light propagating along the plane of
the quantum wells. Up until now only forward scattering
along the growth direction, for which the substrate has to
be removed to avoid absorption, had been reported for
semiconductor MQW’s.24 In addition to the waveguide
design of our sample making the collection of light rather
efficient, the large scattering volume achieved when mea-
suring below the absorption edge of the sample helps to
make in-plane forward scattering experiments possible.
We studied scattering with light incident along both [110]
and [100] directions. As for the right-angle spectra, we
find selection rules, phonon energies, and peak ampli-
tudes in accordance with the established theory.

For the sake of completeness, we also performed
backscattering experiments with light incident along the
plane of the layers, similar to those reported in Refs. 5-8.
The results agree well with those obtained for the other
geometries. Only some minor departures from the ex-
pected selection rules, also reported in Ref. 6, are ob-
served for the data obtained in the green spectral region,
probably due to resonance effects.

The paper is organized as follows. In Sec. IT we present
an overview of the theory required to analyze the data,
namely phonon dispersions, selection rules, and scatter-
ing mechanisms. In Sec. III we describe the samples and
experimental setup. Section IV presents our experimen-
tal results for the three studied geometries: 90°, forward,
and backscattering, together with a discussion of the data
in terms of the expected selection rules and phonon en-
ergies derived from a continuum model calculation. The
conclusions are given in Sec. V.

II. THEORETICAL OVERVIEW

A. Angular dispersion of optical phonons

Although an accurate description of the angular dis-
persion of optical modes first became possible within the
framework of microscopic phonon models,'” 19 it was
shown recently that results with similar accuracy can
also be obtained with a modified continuum model.2°
In this model, the dependence of the phonon energy on
the wave vector is modeled by assuming isotropic and
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parabolic bands, and the optical phonons are described
as linear combinations of LO, TO, and interface modes
which satisfy both mechanical and electrostatic boundary
conditions at the interfaces. We use this modified con-
tinuum model which, compared to microscopic models,
needs only a small computational effort since analytical
solutions are obtained.

In Fig. 1 we show the angular dispersion of the GaAs-
like optical phonon modes of a GaAs/AlAs (51.5/48 A)
MQW, calculated for a phonon wave vector 9.56 x 10%
cm ™! which corresponds approximately to the wave vec-
tor transferred in our right-angle experiments. The an-
gle © is defined between z and the phonon wave vector
which, for © = 90°, is aligned parallel to y . Since in the
model rigid barriers are assumed at the interfaces, the
GaAs-like modes of the GaAs/AlAs (18/16 monolayers)
MQW are actually modeled with a (19/15 monolayers)
MQW in order to account for the displacement of the As
atoms at the interfaces.®2°

From Fig. 1 it can be seen that as the direction of ¢
rotates away from z strongly angular dispersing modes
evolve out of the m = 1 LO and TO modes (the so-
called “interface modes”). The LO; frequency decreases
while the TO; splits into two branches, one dispersion-
less (polarized along x) and the other with an upward
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FIG. 1. Angular dispersion of the GaAs-like optical phonon
modes of a GaAs/AlAs (18/16) MQW calculated with the
extended continuum model of Ref. 17. The dispersion rela-
tions were actually modeled with a (19/15) MQW in order
to account for the displacements of the As atoms at the in-
terfaces. The TO and LO bulklike frequencies were taken as
265.5 cm™! and 291 cm™?, respectively. The calculation is
for ¢ = 9.56 x 10* cm ™! which corresponds approximately to
right-angle scattering. © is defined between z and the phonon
wave vector ¢, which for © = 90° is aligned with y. Experi-
mental points, discussed in Sec. IV, are indicated in the figure
by full circles (for right-angle scattering), empty circles (for
forward scattering) and full triangles (for backscattering). In
the figures to come (Figs. 3, 4, 5, and 8), we use the same
symbols to label the peaks displayed here as experimental
points to facilitate the identification. Each different phonon,
when observed in more than one configuration, appears at the
same frequency within the experimental resolution.
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dispersion (polarized along y). Whenever the dispersive
modes’ frequencies approach that of a mode with the
same symmetry (i.e., an odd numbered mode), the two
modes mix, i.e., anticross.®192° For ©® # 0 this mixing
results in modes which are linear combinations of modes
polarized both along z and y, thus prohibiting a mean-
ingful classification in terms of polarization and mode
number. Nevertheless, and for identification purposes,
we will label them by their classification at ® = 0. The
m = 1 modes show the largest angular dispersion be-
cause their amplitude is nodeless within the GaAs region
and consequently they carry the largest dipole moment.
On the other hand, the positive and negative lobes in the
diplacement pattern of even order modes cancel exactly
and therefore they do not generate a macroscopic elec-
tric field. Consequently, even numbered modes remain
dispersionless. Strictly speaking this picture only holds
for ¢ — 0: for g # 0 the classification in terms of odd
and even modes is not possible, leading to small mixing
and hence weak anticrossings also with the even order
modes.?°

B. Raman tensors and selection rules

For ¢ = 0 the phonon modes can be analyzed in
terms of the irreducible representations of the crystal
point group. In the D34 point group of the GaAs/AlAs
MQW's, the z vibrations belong either to the B, (m odd)
or the A; (m even) representations. The in-plane polar-
ized modes are described by the E representations.?®

The corresponding allowed Raman tensors, in the basis
[100]= &, [010]= §, and [001]= 2, read?>2>

0 d O a 0 O
RBz(z) = (d 0 0), Ry, = (0 0) (1)
0 0 O 0 b

for the 2z polarized modes and

0 0 0 0 0 e
RE(I) = (0 0 e) s RE(y) = (0 0) (2)
0 e O e 0

for the in-plane vibrations.
The scattering efficiency is given by

ds
dQ

o e

oo

22,25
x|éL-R-és|®, (3)

where é7, and és are the polarization directions of inci-
dent and scattered fields.

We should point out that the discussion above is based
on the assumption that g is ezactly zero. This approxi-
mation must be analyzed with some care in cases where
a finite non-negligible ¢ actually means a serious reduc-
tion of the overall symmetry of the case ¢ = 0. The fact
that ¢ cannot always be set to zero is perhaps most ob-
vious for Brillouin scattering, for which ¢ = 0 implies a
rigid translation of the system and hence no modulation
of the dielectric function. Also, straightforward appli-
cation of this approximation for interpreting spectra of
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optical phonons in polar MQW’s is by no means justi-
fied since, although no large spatial dispersion effects are
expected in this case, a finite ¢ sets up macroscopic elec-
tric fields which lower the symmetry. Consequently, the
modes may no longer belong to a Dy, representation and
thus Egs. (1) and (2) may not hold. For backscattering
along z the symmetry is still D4 and hence use of the
q = 0 approximation is correct. For in-plane backscat-
tering along [100] or [110] the symmetry is reduced to
the orthorhombic D; or Cj, point groups, respectively.
The normal modes of vibration are still z, y, or z polar-
ized (or along primed axes in case of propagation along
[110]). The Raman tensors look much the same as for
D34 symmetry,?? except for the fact that the coefficients
in the E(x)-like and E(y)-like tensors are not equal. This
change reflects the lifting of degeneracy between x- and
y-polarized vibrations, evident in the angular dispersion
shown in Fig. 1. Also evident in Fig. 1 is the fact that for
intermediate values of © the eigenmodes are not pure y
or z polarized implying a further reduction of symmetry.
Moreover, they are not of pure LO or TO character: elec-
trostatic boundary conditions at the GaAs/AlAs inter-
faces add to the macroscopic electric field generated along
d resulting in a mixture of both components. For propa-
gation along the z —y or z — y’ planes (with © # 0°,90°)
the g-vector point groups are the monoclinic C3 or Cj,
respectively. The reduction of symmetry for these crys-
tal groups results in the fact that the Raman tensors
for y- and z-polarized modes (with different nonvanish-
ing components) do not exist any more and are replaced
by a tensor belonging to the so-called B representation.
Therefore, the phonon modes and selection rules should
be analyzed for each scattering geometry according to the
respective group of the ¢ vector. However, the symmetry
of the modes and selection rules for ¢ = 0 give physical
insight into which modes should mix, or are expected to
scatter, for each configuration. We will, therefore, give
the selection rule at ¢ = 0 [given by Egs. (1) and (2)]
when presenting the data, together with the expected
character of the mode taking into account the reduced
symmetry due to the effect of the macroscopic electric
field.

As an example, consider the right-angle geometry con-
figurations 2(y, z)y and z(z, z)y. Equations (1)—(3) imply
that each configuration will only couple to E(z) or E(y)
modes, i.e., vibrations polarized along z and y, respec-
tively. Considering that the ¢ transfer will be directed
at 45° with respect to z, and resorting to Fig. 1, we see
that pure z-polarized modes exist at the bulklike TO
frequency, while both “interface modes” are partially y
polarized. Consequently, for the first configuration [E(x)
allowed modes for ¢ = 0] the spectrum should consist of
a pure TO peak, fixed at the energy of the bulklike TO
phonon. On the other hand, for the second configuration
[E(y) allowed modes for ¢ = 0], the main peak should
correspond to a TO-like phonon displaced by about 3.3
cm™! to higher energies with respect to the bulklike fre-
quency, plus scattering at the energy of the upper “inter-
face mode” (LO-like).

Note also that even in the ¢ = 0 approximation the Ra-
man tensors are strongly anisotropic for rotations about
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FIG. 2. Schematic of the sample and the coordinate sys-
tems used. The sample consists of a thick (=~ 2.8 pm)
GaAs/AlAs MQW (300 times 51.5 A/46 A) enclosed by
~ 1.5 pm Alg.7Gao.3As layers. The refractive index of the
cladding is smaller than that of the MQW so that light guiding
occurs. The axes [110] (z') and [110] (y') are perpendicular to
cleavage planes. Some samples were polished perpendicular
to the crystalline axes [100] (z) or [010] (y).

z. In fact, if we define the primed coordinate system
(z'y'z) as in Fig. 2, with z’ along [110], it is easy to see
that a z(y,z)y configuration couples to Bs-like modes
while the z(y’,z')y’ should couple to none.

C. Scattering mechanisms

In bulk polar semiconductors the electron-phonon in-
teraction can be separated into a long- and a short-range
part:26

H. ,n = Hr + Hpp. (4)

The long-range part is the Frohlich interaction, which
is induced by the macroscopic electric fields created by
longitudinal phonons (Hp o« 1/q). On the other hand,
the short-range part corresponds to the deformation-
potential interaction, also found in nonpolar materials
such as Si and Ge.

The bulklike deformation-potential operator Hpp pro-
duces the Raman tensors Rg(,), Rg(y), and Rp,(;) of
Egs. (1) and (2). On the other hand, a diagonal tensor
like the one corresponding to A; phonons can be derived
for bulk polar semiconductors from Frohlich-interaction-
induced scattering.?%27 The efficiency for this latter scat-
tering is proportional to the square of ¢, thus being
“dipole-forbidden” (quadrupole allowed). Although the
wave vector ¢ is actually very small in a first-order light
scattering process, Frohlich intraband processes can give
strong resonant contributions to the Raman efficiency.?®
Moreover, by allowing large ¢’s, impurity-scattering pro-
cesses may enhance the scattering cross section despite
being a second-order mechanism.2”

These mechanisms existing in bulk materials may be
carried over to MQW’s. Note, however, that the g-
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dependent Frohlich mechanism only applies to odd num-
bered confined modes because the even ones do not carry
a macroscopic electric field. On the other hand, besides
these two mechanisms existing in bulk materials, scat-
tering in MQW’s may also occur mediated by the large
electrostatic potential accompanying the confined optical
modes and due to the charge induced at the GaAs/AlAs
interfaces. Depending on the well width, the length scale
of this potential resembles more that of a Frohlich-type or
of a deformation-potential-type mechanism. This mech-
anism has been considered for intraband processes in
Ref. 15 in a similar way to which “g-Frohlich” scatter-
ing is evaluated in the bulk. It was shown there that it
becomes dipole allowed in MQW’s because ¢ in the elec-
trostatic potential is replaced by the much larger “con-
finement” wave vector mn/d. By being intraband, this
“m /d-Frohlich” mechanism also leads to a diagonal tensor
like that for A; phonons. Moreover, only A; symmetry
phonons (even number) can be scattered by this mecha-
nism due to their even electrostatic potential.l®

Both B; (m odd) and A; (m even) z vibrations have
been identified in Raman scattering experiments (see, for
example, Refs. 14 and 15). It was shown that away from
resonance the deformation-potential terms dominate (m
odd),'* but in resonance the 7/d-Frohlich contribution is
stronger (m even).1®

III. SAMPLES AND EXPERIMENTAL SETUP

In order to transmit and collect light along the MQW
layers, a sample having a symmetric waveguide struc-
ture was grown by molecular-beam epitaxy (MBE) on
an undoped [001]-oriented GaAs substrate. The wave-
guide core was composed of a MQW consisting of 300
periods of GaAs/AlAs (18/16 monolayers), amounting
to a total width of about 2.8 um, sandwiched between
two 1.5 um Al 7Gag 3As cladding layers (see Fig. 2).
Since the refractive index is larger in the MQW than
in the cladding, light rays propagating at grazing inci-
dence in the MQW undergo total internal reflection and
thus light guiding is acomplished.??:3° Previously, Ra-
man scattering,® absorption,3! polariton time of flight,32
and birefringence3® experiments have exploited similar
waveguide structures to probe in-plane properties of
semiconductor MQW’s. The period of our MQW (97.5
A) was determined by x-ray diffraction and also from the
Raman backscattering by acoustic folded phonons. The
room-temperature gap (heavy hole to conduction band)
of this sample was found from luminescence measure-
ments to be 1.567 eV. Figure 2 shows a diagram of the
sample together with the coordinate systems used. Ge-
ometries with light propagating along both [110] or [100]
directions were studied with cleaved or polished sample
surfaces, respectively.

For the backscattering experiments, and due to our
observation of small Raman signals originating in the
Alp.7Gag 3As alloy cladding, we relied on a similar but
unclad sample. This second sample consisted of 300 pe-
riods of GaAs/AlAs (15/15 monolayers), amounting to a
total width of about 2.3 pm, directly grown on a [001]-
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oriented GaAs substrate. Measurements were performed
on a (110) cleaved face. The room-temperature lumi-
nescence gap of this sample was 1.633 eV, somewhat
larger than that of the clad sample due to the smaller
well width.

A pumped Ti-sapphire laser was used to excite the
spectra for the 90° and forward scattering experiments
in the frequency range 1.5-1.54 eV, below the MQW gap.
The beam was focused with a lens (f ~ 10 cm) on the
(001) face (for the 90° experiments) or on the side face of
the sample where the waveguide was located (for the for-
ward scattering geometry). The size of the laser spot is
not a strong experimental requirement in either the 90°
or the forward scattering geometry since, for frequencies
above the energy gap of the GaAs substrate (1.37 eV)
and below that of the MQW (1.567 eV), light propagates
only through the MQW and hence no microfocusing is
required. Only careful masking is needed in both cases
to limit stray light which would affect the collection of
inelastically scattered light. For both geometries the out-
going light was collected with a 5 cm focal length lens,
limiting the angles of the scattered light inside the sam-
ple to about 7° around the lens axis. The collected light
was later passed through a second polarizer, analyzed
with a Jarrell-Ash model No. 25-100 double monochro-
mator provided with 590 lines/mm gratings blazed at
10000 cm™!, and finally detected with a GaAs photo-
multiplier by conventional photon counting. Due to the
polarization dependence of the monochromator through-
put (about 8:1 in the studied energy range) a polarization
rotator was added before the slits of the monochromator
in some experiments in order to measure both horizontal
and vertical polarizations with the same dynamic range
and signal-to-noise ratio.

The Raman spectra in backscattering configuration
with &; || k, || [110] were collected using a Dilor triple
spectrometer with a charge coupled device (CCD) multi-
channel detector. In order to avoid scattered light com-
ing from the substrate, microfocusing must be used for
this geometry. A built-in microscope with a x100 ob-
jective focuses and collects the light with spot sizes of
about 1 um. The excitation, above the gap of the MQW,
was performed in this case using the discrete lines of an
Ar*-ion laser. All experiments were carried out at room
temperature, with a resolution of about 1-2 cm 1.

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

A. 90° scattering geometry

Figure 3 shows GaAs-like optical phonon Raman spec-
tra for light incident along z and collected along '
([110]). Spectra for the four possible polarization config-
urations are shown and, for comparison, the position of
the LO; phonon measured in usual backscattering geom-
etry along the growth axis [2(z/,2')Z]. Also, we present
for the LO region of the two lower configurations sim-
ilar right-angle Raman spectra collected along the per-
pendicular z’ direction (dashed lines). For this case, the
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lower curve corresponds to z(y’, z)z’ configuration [E(y’)
allowed scattering] and the upper to z(z/, z)z’ [E(z') al-
lowed]. This figure should be compared with Fig. 1 of
Ref. 9. The symmetry of the allowed modes for ¢ = 0 is
also given, together with the expected character of the
vibrations as discussed in Sec. II B. Peak positions from
spectra in Fig. 3 are indicated in Fig. 1 by full circles.
A first glance at the spectra shows that the main peak
corresponding to the z-polarized allowed scattering is lo-
cated in the LO region of the spectra while those of in-
plane vibrations have frequencies in the TO range, in
spite of the fact that the phonon ¢ points at 45° with
respect to z. This behavior, which resembles the vibra-
tional properties of a thin ionic slab,!® was first pointed
out by Zucker et al.® A more careful second look at the
data shows some other important details: (i) no scatter-
ing is observed for z(y’,z')y’, contrary to Ref. 9, where
the spectrum for this configuration was almost equal to
that observed for z(z',z')y’; (ii) the Raman shift of the
LO-like peak in the z(z',z')y’ configuration (=~ 286.5
cm™!) is smaller than that of the LO; mode obtained
in a backscattering experiment along z (= 290.7 cm™!);
(iii) the two lower spectra do not give the same result but,
instead, the TO-like feature for z(y', z)y’ (= 268.5 cm™1)

Selec.
rules

LO+TO
By(z)+A,

TO+LO
E(y)

Intensity [arb. units]

TO
E(x)

TO,

I T e/ WP S
250 260 270 280 290 300 310
Raman shift [em™']

FIG. 3. Raman spectra in the right-angle geometry excited
at a laser energy of 1.52 eV with a Ti-sapphire laser. Light is
incident along z and collected from a (110) cleaved face (y').
The four possible configurations are shown, together with the
predicted selection rules for ¢ = 0 and the expected charac-
ter of the modes, as discussed in Sec. IIB. For comparison
the LO; frequency (obtained in a backscattering experiment
along z) is indicated. The dashed curves were obtained by
similar right-angle Raman experiments but with light col-
lected along the perpendicular z’' direction (dashed lines).
The lower dashed curve corresponds to z(y',z)z’ configura-
tion [E(y') allowed scattering, pure TO character] and the
upper to z(z', z)z’ [E(z’) allowed, mixed LO+TO character].
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shifts to a higher frequency with respect to that seen for
z(z',z)y’ (=~ 266 cm™1!); (iv) the TO-like peak observed
in E(y') allowed scattering is broader than that cor-
responding to the z’-polarized vibration [E(z') allowed
mode]; (v) smaller structures are also observed in the
LO frequency range for the E symmetry allowed config-
urations and in the TO range for the B2(z) + A4, allowed
one.

Point (i) above is expected simply from the selec-
tion rules derived from very general symmetry consid-
erations. On the other hand, both selection rules and
optical phonon angular dispersions (Fig. 1) must be con-
sidered to explain the other highlighted features. Let us
discuss each of them separately.

(1) The ¢ phonon wave vector transferred in right-angle
scattering corresponds to ® = 45° in Fig. 1. No sig-
nal at the LO; frequency (corresponding to ® = 0°,
i.e., backscattering along z) is thus expected but, in-
stead, the LO-like peak should shift to lower energies.
In fact, comparing the experimental Raman shift with
the calculated dispersion we find that it is close to the
upper “interface mode.” In principle, both Frohlich and
deformation-potential mediated scattering is allowed for
the z(z’,z')y’ configuration (i.e., odd and even modes
may be excited). Nevertheless, is has been shown!%15
(and will be confirmed below) that the deformation po-
tential dominates except very close to resonance. Thus,
it is understandable that LO, (and other even modes)
does not contribute significantly to the scattering effi-
ciency. The “interface” mode which derives from LO;
has a nodeless displacement pattern within the GaAs re-
gion and thus provides the largest scattering intensity.
The number of nodes in the displacement of confined
modes increases with m. Consequently, their scattering
efficiency decays as 1/m? thus preventing the observa-
tion of high-order modes.?*3% The high-energy shoulder
of the LO-like peak in Fig. 3 may arise from scattering
by LOj3 (as labeled).

(2) Configurations z(z', z)y’ and z(y', z)y’, correspond-
ing to the two lower spectra in Fig. 3, couple to different
TO-like modes polarized perpendicular and parallel to
the ¢ — z plane, respectively. According to Fig. 1 and
the discussion in Sec. IIB, the former remains disper-
sionless (pure TO) while the latter, through its coupling
with the macroscopic-induced polarization, develops an
upward angular dispersion. The observed shift (=~ 2.5
cm™1!) is in quite good agreement with the splitting cal-
culated for © = 45° (= 3.3 cm™1).

(3) At ©® = 45° the upward dispersive TO; mode is
close to the anticrossing with LO;3. Both components
of the split levels should contribute to the scattering in
z(y', )y’ configuration and thus, if unresolved, lead to a
peak broader than that due to the E(z’) mode [2(z’, z)y’
configuration].

(4) The smaller peaks observed in z(z',z')y’ and
z(y',2)y’ [or z(a',z)z’, dashed upper curve] configura-
tions (= 268.5 cm™! and ~ 286.5 cm™!, respectively)
occur at the frequencies of the “interface modes.” As
discussed in Sec. II B, both interface modes are partially
z and y' polarized (or z’ polarized for ¢ along the =2-
z' plane) at ® = 45°, which explains the observation
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of scattering at the two frequencies for the 2- and y'-
polarized allowed configurations (or z’ polarized for light
collected along z’). Note that the amplitudes of the LO-
like peaks for the two lower spectra are different for light
collected along y' or z’, existing some transfer of effi-
ciency towards the “forbidden” (lower) configuration for
the former. Such distinction between z’ and 3’ may be
due to interface steps®®:3” along either [110] or [110] di-
rections which could break k-conservation perpendicular
to them. Unfortunately, which of the two perpendicular
directions was the [110] and which was the [110] was not
determined for our sample.

‘We now proceed with the description of 90° scattering
where the light is incident along z but collected along
y. The spectra are shown in Fig. 4 for the same polar-
ization configurations and in the same sequence as those
depicted in Fig. 3 for light scattered along y’. The spec-
tra are different from those in Fig. 3, thus demonstrating
that the Raman tensors are not invariant under rotations
about z;° in fact, they basically agree with the selection
rules derived for Doy symmetry MQW’s (also shown in
Fig. 4). We note that anisotropy for GaAs/AlAs MQW'’s
in backscattering experiments along [100] and [110] di-
rections was also reported in Refs. 5-8. The following
relevant features are revealed in Fig. 4. (i) The domi-
nant scattering mechanism is the deformation potential,
leading to stronger scattering of By-like than A; modes
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FIG. 4. Raman spectra in right-angle geometry excited at
a laser energy of 1.53 eV, with scattered light collected along
a [010] direction. The four possible configurations are ordered
in the same sequence as those of Fig. 3. The selection rules
predicted for D24 symmetry are also indicated, together with
the expected character of the modes (see the discussion in
Sec. II B). Note that contrary to the spectra in Fig. 3 where
the TO-like IF mode is broader than the TO; probably to an
anticrossing behavior, both peaks appear here roughly with
the same width.
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(w/d-Frohlich mediated), as expected.'®1% (ii) The peak
observed for A, allowed scattering is at a higher fre-
quency (=~ 290 cm™!) than that observed for B; sym-
metry [~ 286.5 cm™!, similar to the results obtained in
z(z',2')y’ configuration in Fig. 3]. In fact, it coincides
with the energy calculated for the LO; mode in Fig. 1,
as expected for A; scattering. (iii) The energy position
of the TO-like modes in the two lower spectra is inverted
with respect to the corresponding ones in Fig. 3: again,
the mode polarized perpendicular to the ¢-z plane [be-
longing to E(z) representation for ¢ = 0] remains at the
bulklike TO frequency while that polarized along y shifts
to higher frequency. (iv) Weaker scattering is also ob-
served at the upper (lower) interface mode frequency in
the z(z, 2)y [2(y, z)y] configuration, as expected due to
the mixed y and z polarization of that mode for ©® = 45°.
Note that no feature in the LO frequency range is ob-
served in this case for the z(y, 2)y configuration in accord
with the pure TO character of the allowed z-polarized
mode.

B. Forward scattering geometry

Before presenting the data, let us discuss how scatter-
ing in forward geometry occurs. For forward scattering
along [110] the ¢ transfer is perpendicular to [110], i.e., it
takes place along any direction in the z’-z plane. Hence,
the excited phonons scan the whole © range in Fig. 1 thus
contributing a continuum of scattered energies. The Ra-
man spectra must be interpreted consequently in terms
of the “angular phonon density of states” weighted by
the corresponding scattering efficiency. In this scheme,
maxima correspond to frequencies around which a large
number of modes exist or, in addition, the scattering effi-
ciency of a particular vibration is large. Also, as pointed
out in Ref. 34, the spectra can be strongly affected due
to the anticrossings of the interface mode bands with the
odd confined modes if the gaps are large enough to be
resolved.

The maximum magnitude of ¢ transferred in a forward
scattering experiment in bulk samples can be calculated
from the maximum collecting angle (determined by the
collecting lens) and the refractive index of the material.
This applies also to our waveguided structure: although
rays propagating at larger angles in the MQW may be
waveguided by the cladding, they are not detected if they
leave the sample with an angle larger than that defined by
the collecting lens. In our case this angle was about 25°
with respect to the lens axis, which gives =~ 7° inside the
sample. This leads to a maximum scattered wave vector
of approximately ¢ = 1.7 x 10%. The calculated angular
dispersion of GaAs-like optical phonons does not depend
too strongly on the magnitude of ¢ and for ¢ = 1.7 x 10*
cm™! and ¢ = 9.56 x 10* cm~! the calculated modes
are virtually identical. Consequently, we will analyze the
forward scattering data also in terms of Fig. 1. Note,
however, that for forward scattering along y’, phonons
are scattered along the z’-z plane and thus ® = 90°
corresponds to z’.

We show in Fig. 5 forward scattering Raman spec-
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tra obtained along [110] for the four possible polariza-
tion configurations, together with the corresponding pre-
dicted selection rules. The peak positions are indicated
in Fig. 1 by open circles. The spectra reveal the follow-
ing characteristics: (i) the main peaks agree with the
selection rules, the z-polarized vibrations corresponding
basically to LO-like frequencies and the in-plane modes
to TO-like energies; (ii) Bs modes show larger scatter-
ing efficiency than A; symmetry ones, thus confirming
that the bulklike deformation potential is the dominant
scattering mechanism below the E, gap;!*!® (iii) besides
the principal peaks, a continuum of scattered frequencies
with secondary maxima occurs between the bulklike LO
and TO energies with a decreasing amplitude towards
the “forbidden” frequency for each configuration.

The main contribution to the scattering efficiency
comes, as discussed above, from the nodeless “interface”
modes. Correspondingly, the scattering continuum ap-
pears shifted to the upper (lower) half of the TO-LO fre-
quency region for the z (z') polarized modes. According
to the shape of the interface modes’ dispersion the maxi-
mum contribution to these continua may be expected at
the borders of each of the two bands, corresponding to
® = 0° and 90°. In fact, besides the main peaks located
approximately at the LO; and TO; bulklike frequencies,
secondary maxima can be distinguished superimposed on
the Raman continuum at approximately 280.5 cm™! for
y'(z',z')y’ and at 276 cm™! for the two E(z’') allowed
configurations. These two peaks are close to the calcu-
lated “interface” modes at ©® = 90°. The fact that the
spectra are not symmetric but show instead a marked
weight towards the LO; and TO; bulklike frequencies
indicates a predominance of phonons with © = 0°, sug-
gesting a more efficient collection of light scattered along
the z-y’ plane. This can be understood as due to the
waveguided structure of the sample: light scattered along
the z-y' plane is reflected at the MQW-cladding inter-
face and thus brought to the focus of the collecting lens
(determined by the output spot on the back part of the
sample).

One surprising feature of the data in Fig. 5 is the obser-
vation for the y'(z’, ')y’ configuration of a minor peak
at approximately 276.5 cm ™!, close to the broader peak
observed in E(z') allowed scattering. We can understand
this by analyzing the mode displacements of the “inter-
face modes” shown for two values of © (45° and 90°) in
Fig. 6. The z’-polarized part of the modes is indicated
with solid lines, while those polarized along z are rep-
resented by dashed lines. As discussed in Sec. II, close
to ® = 0° LO; is predominately z polarized while TO,
has a strong ' component. Due to the effect of both the
macroscopic electric field and the boundary conditions
at the GaAs/AlAs interfaces, as © increases the m =1
(i.e., interface) vibrations are polarized both along z and
z'. Moreover, they anticross and mix with higher-order
odd confined modes as evidenced by the appearance of a
high-frequency component (besides the nodeless one) in
the displacements along z (see the curves for ©® = 45°
in Fig. 6). Due to this mixing the upper “interface”
mode is “pushed down” by the mixing and the lower
one “pushed up.” Consequently, the two modes are not
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FIG. 5. Raman spectra obtained in forward scattering ge-
ometry along [110], with an excitation energy of 1.52 eV. The
collection angle within the sample is limited to about 7° with
respect to the collecting lens axis. The transferred ¢ is per-
pendicular to the light propagation direction. The selection
rules predicted for D,4 symmetry are also indicated, together
with the expected character of the modes (see the discussion
in Sec. II B).

degenerate for © = 90°, as expected for MQW'’s with
similar well and barrier width from a simple dielectric
continuum model,'® but instead cross close to ©® = 90°.
Interestingly, due to this crossing at © = 90° the upper
(lower) confined mode turns out to be z’ (z) polarized.
For our sample the wells are slightly thicker than the bar-
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FIG. 6. Atomic displacement of interfacelike modes in a
GaAs layer for two values of ©, 45° and 90° (© = 90° corre-
sponds here to ¢ || '). The z’ (2) -polarized components of
the displacements are indicated with solid (dashed) lines. The
respective mode frequencies are also indicated. For © = 45°
the higher-energy interfacelike mode is mostly z polarized.
The lower-energy one is mainly z’ polarized but reveals a large
z-polarized nodeless component that mixes with high-order
confined modes. For ® = 90°, the lower (higher) energy
mode is mainly z (z') polarized, indicating that a crossing
of the interfacelike modes has occurred.
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FIG. 7. Raman spectra obtained in forward scattering ge-
ometry along [010], with an excitation energy of 1.53 eV. The
four possible configurations are ordered in the same sequence
as those of Fig. 5. The selection rules predicted for D24 sym-
metry are also indicated, together with the expected character
of the modes (see the discussion in Sec. IIB).

riers (51.5 A and 46 A, respectively), a fact which con-
tributes to producing the same effect, i.e., a z-polarized
mode at a lower energy compared to the z’-polarized one
for ©® = 90°. Thus, the peak observed for the y'(z’, ')y’
configuration at ~ 276.5 cm~! may arise from scattering
of phonons propagating parallel to the layers. Within
this picture, the peak at 280.5 cm ™! would result instead
from scattering close to but not exactly at © = 90°.

In Fig. 7 we show forward scattering Raman spectra for
light incident along the [010] crystal axis, together with
the predicted selection rules. The results agree well with
theory: the z-polarized modes correspond to LO-like fre-
quencies while the in-plane polarized vibrations are basi-
cally TO-like. Only scattering of z-polarized modes of A;
symmetry is allowed, which thus appears with reduced
intensity. Since the transferred q for forward scattering
along y belong to the z-z plane, the E(y) modes should
vibrate at the bulklike TO frequencies, i.e., they should
correspond to the dispersionless TO; mode of Fig. 1.
Consequently, no Raman scattering intensity is expected
between the bulklike TO and LO frequencies for the two
intermediate configurations of Fig. 7. This in fact oc-
curs for y(z,z)y while, on the other hand, an unexpected
secondary maximum appears for y(z, z)y.

C. Backscattering geometry

We present next our results of Raman scattering in
backscattering geometry for light incident on a cleaved
(110) face of an unclad GaAs/AlAs MQW. We have mea-
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sured the Raman spectra for several excitation energies
but, for the sake of brevity, we will only present the data
taken at 2.41 eV and point out, when important, the
features we found to depend on laser frequency. We an-
alyze our data in terms of the angular phonon disper-
sion of Fig. 1 although it was calculated for a different ¢
(g =~ 9 x 10° cm™?! for backscattering with 2.41 eV pho-
tons). Small differences between the calculated angular
dispersions for ¢ = 9.56 x 10* cm ™! and ¢ = 9x 10% cm™?!
are only evident at the anticrossings of the m = 1 modes
with the even numbered ones. Note that, for backscat-
tering along [110], the transferred ¢ is along y’ (corre-
sponding to ® = 90° in Fig. 1).

In Fig. 8 we show Raman spectra for the four possi-
ble configurations, taken with the green line (2.41 eV)
of an Ar*-ion laser (this figure should be compared with
Fig. 3 of Ref. 6). The positions of the peaks are indicated
in Fig. 1 by full triangles. The spectra reveal the follow-
ing important features. (i) Peaks at the bulklike TO
frequency are observed for the two lower configurations,
as expected for z’-polarized modes which do not show
dispersion with ©. (ii) A low-intensity LO-like shoulder
close to the LO; frequency is observed in the y'(z, z)y’
configuration, as expected for allowed A; scattering. We
note that for this configuration Hessmer et al.® reported
“forbidden” scattering at the TO; frequency, something
we do not observe. (iii) Strong scattering at the “in-
terface” modes frequency is observed for the y'(z',z’)y’
configuration, in agreement with the selection rules which
predict the excitation of B; symmetry phonons. Two
peaks are resolved corresponding to the two interface

Selec.
.. rules
y(xx)y| LO
) IF | By(2)-+A
‘c
: @27 | Lo
. y'(z,2)y
_e W A1
= 1
2 LO,
(7]
c
2
= _
y(x2)y| TO
E(x)
i
y(zx)y| TO
TO . E(X')

250 260 270 280 290 300 310
Raman shift [em™']

FIG. 8. Raman spectra taken in backscattering geometry
with excitation at a laser energy of 2.41 eV (green line of Ar™
laser). Light was incident along y’. The four possible configu-
rations are shown, together with the predicted selection rules
discussed in Sec. IIB.
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modes at ® = 90°. The spectral position of these peaks
agrees with that of the corresponding configuration in
forward scattering along y' [y’ (', z')y’ configuration] for
which two peaks are also seen. As in that case we ar-
gue here that, due to their crossing, close to ® =~ 90°
both “interface” vibrations have a large z-polarized com-
ponent. (iv) For the y'(z’,2')y’ configuration also LO-
and TO-like shoulders are observed. They are at a lower
and higher frequency, respectively, compared to the bulk-
like frequencies. This agrees with the calculated angular
dispersion which shows that, for ® = 90°, no signal at
the LO; frequency is expected. Nevertheless, the LO-like
feature is at too low a frequency (~ 287 cm™1!) to be as-
signed to LO3. In fact, both features are very close to the
position of the interface modes observed for 90° scatter-
ing (see Fig. 3). We have not observed any scattering at
these frequencies for experiments with excitation at 2.623
eV (blue line of Art-ion laser) nor at 1.916 eV (red line),
which suggests that they may be due to resonance effects
(probably impurity mediated Frohlich scattering).2” We
note that scattering at the “forbidden” TO- and LO-like
frequencies was also reported for this configuration in
Ref. 6, although it was much stronger in that case.
Before concluding we comment on the reasons that
may have led to the lack of agreement between theory
and experiment in Ref. 9. There may have existed, first
of all, quality-related problems in the samples grown sev-
eral years ago but, beside that, it is possible to specu-
late on the absence of strict confinement of the GaAs
optical modes in the well through interaction with the
GaAs-like®® modes of the barriers. In Ref. 9 barriers
with 28% of Al were used and according to existing
literature3® there are LO and TO GaAs-like modes in
Al,Ga;_,As at about 286 cm™! and 275 cm™!, respec-
tively (one should take into account that the peaks are
also somewhat broader than those of bulk GaAs, making,
for example the approximately 4 cm~?! difference to the
GaAs-phonon of the wells very small). Note that some
of the properties studied here depend exclusively on this
confinement (like the change from TO to LO character
and vice versa, mentioned in the Introduction, for in-
plane propagation). Apparently, the confinement in the
sample of Ref. 9 was enough to unveil the effect of the
boundaries on some of the selection rules but not enough
to make the interface phonons angular dispersion visible
for © = 45°. The discrepancy found in Ref. 9 cannot
be due to layer thickness. That of Zucker et al. is in-
deed twice as large as ours, a fact which prevents the
observation of confined modes in the former but should
not affect the selection rules discussed in our work. Ac-
tually, the selection rules are often found to be violated
(especially near resonance) because of interface rough-
ness. The large k-interface modes, halfway between LO
and TO for equal well-barrier thickness, are then seen.
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Under equal growth conditions, however, the effects of
interface roughness should be weaker in the thicker sam-
ple, i.e., that of Zucker et al. We have of course no way of
comparing the interface perfection of samples grown 10
years ago, at the early stages of MBE technology. On the
other hand, because of the large concentration of GaAs
in the barriers in Ref. 9 there is a possibility that this
may influence the selection rules. This is why we chose
to use pure AlAs in the barriers, which was not popu-
lar 10 years ago (because of state of the art problems
at that time). We mention, however, that the tetrahe-
dral point group selection rules are largely preserved in
the Al,Ga;_,As alloys and that our conclusions are sim-
ply based on these selection rules. Alloying in the barrier
should, however, strongly affect the interface modes since
it generates GaAs-like modes in the barrier which must
be taken into account when applying the boundary con-
ditions. At this point, no realistic calculational methods
for this effect are available and one would have to use
cumbersome supercell methods involving several statis-
tical alloy atom distributions plus ensemble averages of
the results in order to examine this point. This would
only affect the interface mode shifts but not the major
aspects of the selection rules discussed in the paper. Our
results reconcile, from that point of view, experimental
findings with theoretical expectations.

V. CONCLUSIONS

We have presented results for Raman scattering spec-
tra of optical phonons in GaAs/AlAs MQW'’s, for three
different in-plane scattering geometries: 90°, forward,
and backscattering with light propagating along the lay-
ers of the heterostructure. We have demonstrated that
these Raman spectra are consistent with the selection
rules expected from both symmetry grounds and consid-
eration of the way the macroscopic electric fields modify
the optical vibrations of a polar MQW structure. Also,
we find the phonon energies to be in good agreement with
calculations based on a continuum model. The peak in-
tensities confirm that the bulklike deformation potential
is the dominant scattering mechanism below the Eq gap.
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FIG. 2. Schematic of the sample and the coordinate sys-
tems used. The sample consists of a thick (=~ 2.8 pm)
GaAs/AlAs MQW (300 times 51.5 A/46 A) enclosed by
2 1.5 pm Alp,7Gag.sAs layers. The refractive index of the
cladding is smaller than that of the MQW so that light guiding
occurs. The axes [110] (z') and [110] (y') are perpendicular to
cleavage planes. Some samples were polished perpendicular
to the crystalline axes [100] (z) or [010] (y).



