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Raman scattering spectra of GaAs/AlAs superlattices grown along the [311] direction are com-
pared with results of lattice-dynamical calculations. Confined optical as well as folded acoustic-
phonon modes are clearly observed at frequencies in excellent agreement with those predicted.
Several of the bulk branches hybridize along the low-symmetry [311] direction, producing confined
optical modes in the superlattice of mixed longitudinal/transverse character. This hybridization
complicates also the assignment of a mode order to the confined phonons, since they encompass
components deriving from several bulk branches with different effective wave vectors. We demon-
strate that a proper assignment can only be made by comparison to the calculated eigenvector
envelope functions. We discuss how the crystal symmetry affects the angular dispersion of the optic

modes.

I. INTRODUCTION

There has been considerable interest in the elec-
tronic properties of GaAs/AlAs superlattices (SL’s)
grown on (311)-oriented substrates.'”” Reflection high-
energy diffraction measurements and high-resolution
transmission-electron microscopy? indicate the surface to
be corrugated with a 32 A period. It was suggested that
an inversion of the GaAs and AlAs growth surfaces leads
to the formation of a SL where the layer widths vary
periodically along one of the lateral directions. This
quasi-one-dimensional layer structure was invoked to ex-
plain the observed redshift of the band edge exciton of
(311) SL’s compared to their simultaneously grown (100)
counterparts.?

There have also been several investigations of (311)-
oriented GaAs/AlAs SL’s using Raman spectroscopy.870
These SL’s provide the rare opportunity of observing
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FIG. 1. Schematic of the crystal structure of (a)
(GaAs)s/(AlAs)s (space group Bo) and (b) (GaAs)s/(AlAs)s
(space group P,) (311) SL’s . The nearest neighbor bondings
are indicated by thicker lines. The thickest lines indicate the
edges of the SL unit cell.
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folded phonons arising from all three acoustic branches.®
The optic-phonon modes have also been studied, both for
laser energies close to resonance with the band edge,® as
well as higher-energy electronic transitions.!® Near res-
onance with the SL band edge a splitting of the Ra-
man peak due to each confined longitudinal optical (LO)
mode was observed and ascribed to a finite in-plane
wave vector induced by the lateral periodicity.® Close to
resonance with the transition between the second elec-
tron and heavy hole subbands it was shown that an in-
traband deformation potential mechanism, forbidden in
(100) SL’s, contributes to the scattering intensity.!°

In this paper we compare Raman scattering spectra of
both the optic and acoustic regions to lattice-dynamical
calculations of the vibrational frequencies of SL’s grown
along the [311] direction. Emphasis is placed on the po-
larization mixing and angular dispersion of the SL modes.

Figure 1 illustrates the atomic configuration in (311)
GaAs/AlAs SL’s. The structure is built up by pairs of
anion and cation planes perpendicular to the SL axis,
with a monolayer spacing of a = ag/ V11 = 1.7 A. Each
cation (anion) plane is neighbored on one side by a rather
close anion (cation) plane (separated by a/4) and on the
other by a more distant one (3a/4). The (311) SL’s have
monoclinic symmetry with point group C,, for which
there is only one symmetry operation, a mirror plane o
perpendicular to the [011] direction, apart from the iden-
tity element. The corresponding space group depends on
the number of monolayers: for an even number, the SL
has a B-face centered space group Bm (C2), while for
an odd number, the space group is primitive Pm (C}).
These two types of crystal structures are shown in Figs.
1(a) and 1(b).

II. LATTICE DYNAMICS

Lattice-dynamical calculation were performed for the

(311) (GaAs)ir/(AlAs)y7 SL using the shell model previ-
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ously applied to (012),1*12 (110),'3 and (111) (Ref. 14)
GaAs/AlAs SL’s with parameters fitted to neutron data
for GaAs.'® The mass approximation was used for the
AlAs layers (all lattice-dynamical parameters taken to be
the same as for GaAs, except for the mass). The interface
roughness and corrugation* of the layers was ignored.

In the (311) SL’s the lowering of the symmetry from
the cubic bulk structure to a monoclinic crystal (point
group C,) leads to a more complicated lattice dynamical
behavior than in the (001) and (111) cases. Compared
with other low-symmetry SL’s, such as those grown along
(012) and (110),'%!3 the lattice dynamics properties of
(311) SL’s are similar to the (110) case (point group Cy,).
As for (110) SL’s, the SL modes propagating parallel to
the growth direction ([311]) are either purely transverse
(labeled A”), when polarized parallel to [011] (=’ direc-
tion), or have mixed longitudinal/transverse character
(A’). This classification remains valid for nonvanishing
wave vectors along the [311] direction. However, in con-
trast to the (110} case, there is no symmetry element
in C, which would allow a classification of the modes in
terms of even and odd parity with respect to the center
plane of the layers. Another similarity with the (110)
case is that the bulk dispersion curves along the [311] di-
rection of the two SL constituents do not decrease mono-
tonically, as evident in Fig. 2, due to an anticrossing of
the modes with the same symmetry (A’) with respect to
the point group of ¢.

As usual we analyze the optical mode frequencies cal-
culated for the (311) SL’s by defining an effective wave
vector related to the confinement to either the GaAs or
AlAs layers,

mmn 21}

a4 W1thd,-::(n¢+6)\/1_1, o (1)

where ag/+/11 is the thickness of one monolayer and n;
the number of GaAs (or AlAs) monolayers, respectively.
The value of the “quantum defect” § describes the pen-
etration of the modes into the other layer.

In Fig. 2 we compare the frequencies calculated for a
(GaAs);7/(AlAs);7 SL plotted as a function of their ef-
fective wave vector given by Eq. (1) with the bulk mode
dispersions along [311]. Since the purely transverse opti-
cal (TO) modes polarized along z’ [labeled wy(k) in Fig.
2] do not mix with any other branch, they have just one
effective wave vector. For the TO, branch we find the
best mapping of the calculated frequencies onto the bulk
dispersion by taking 6 = 1, as plotted in Fig. 2(a) for
the GaAs region. This is consistent with the vibrations
extending to the first cation in the barriers on either side
of the layer.’® As an example, the displacement vector
components of the TO, ; mode are given in Fig. 3(g).

The mapping of the calculated vibrational frequencies
of the SL onto the bulk dispersion is more complicated
for the A’ modes due to their strongly mixed character.
First, LO,, and TO,s hybridize strongly at the frequen-
cies where their bands overlap. Furthermore, as can be
seen in Fig. 2, there is also a strong mixing of the LO,.
with a transverse acoustic branch at larger wave vectors.
This hybridization complicates the assignment of an ef-
fective wave vector to each mode, since they in general en-
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FIG. 2. Experimental and calculated confined mode fre-
quencies of a (311) (GaAs)17(AlAs)ir superlattice as a func-
tion of confinement wave vector §n, Eq. {1}, together with
theoretical optical-phonon dispersion curves of bulk (Ref. 15)
(a) GaAs and (b) AlAs in the [311] direction. The domi-
nant LO/TO character is indicated. The “quantum defect”
d was taken to be either one or three, as given in the figure.
The stars and crosses represent measured frequencies while
the circles and triangles give the results of the superlattice
calculations.
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FIG. 3. Envelope functions for a number of GaAs-like opti-
cal relative-displacement vectors of anion-cation pairs at the
zone center of the (GaAs)i7/(AlAs)i7 (311) SL for gm — 0
along the layer axis. The numbers denote the corresponding

frequency in cm™!.

compass components from the mixed bulk branches with
different effective wave vectors. Since the effective wave
vectors which correspond to different branches but to the
same mode frequencies have quite different magnitudes
and are incommensurate, they can shift the frequencies
to lower or higher values compared to the bulk case.'?

In contrast to (311) SL’s, (110) SL’s possess a reflec-
tion plane perpendicular to the growth axis. Therefore
the envelope functions of the LO,, and TO,, compo-
nents have different parity with respect to a reflection
at the middle of the layers and LO,,—cven (odd) mix only
with TO,,=0dd (even)-:> However, even for (311) SL’s, in
the limit of small ¢,,’s one can show that within the
macroscopic formulation of Ref. 17 a similar reflection
plane approximately exists. Hence for small m we expect
strong admixtures only of LO and TO modes with oppo-
site parity, i.e., LOm=—even With TO,,=04a and LO,, =044
with TO—even-

Using the definition of Eq. (1) for the effective wave
vector, the calculated and measured SL frequencies are
found to map the bulk dispersions most closely for the
following.

(a¢) § = 1 for the wi(k) branch. Displacement vector
components for modes of this kind are shown in Figs.

3(a)-3(d). As can be seen from Fig. 2(a), the LO,

m = 1 — 4) modes are given in Figs. 3(e) and 3(h)-3(}).
" (c) & =1 for the lower part of the wz(k) branch. For
0.45 < ¢ < 0.65 the wz(k) branch is the nearly unmixed
continuation of the w; (k) branch (eigenvector exchange)
and § = 1 can be taken again. The corresponding modes
are labeled m = 8, 9, 10, and 11. Displacement eigen-
vector components for this kind of modes are shown in
Fig. 3(k) for m = 8. The discontinuity in the calcu-

Jated frequencies near 245 cm~! in Fig. 2(a) is due the

abrupt change of § from 3 to 1 used to obtain good map-
ping of the SL frequencies to the bulk dispersions. For
0.65 < ¢ < 1 another eigenvector exchange with the dom-
inantly transverse-acoustic branch section takes place.
As an example, the displacement vector components of
TO, 17 are given in Fig. 3(1).

The low C, symmetry of the (311) SL’s is also reflected

"in the angular dispersion of the near-zone-center modes

(¢ = 0) as demonstrated in Fig. 4. Due to the fact that
the [233] and [011] directions are not symmetry equiv-
alent, the dispersion curves and eigenvectors of corre-
sponding modes are different for wave vectors parallel
to these two in-plane directions. It is known that only
modes which are infrared-active along the direction of
propagation exhibit angular dispersion.!? In the case of
(311) SL’s all the modes (A’ and A") are infrared active,
although not necessarily along the direction of propaga-
tion.

In the left-hand side of Fig. 4 the wave vector ¢ is
rotated in the 2’-y’ (011) plane. Since the electric dipole
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FIG. 4. Calculated angular dispersion of the optical modes
of a (GaAs)i7/(AlAs)1r SL for infinitesimal g¢,. In the left
panel, @ varies in the (011) plane, while in the right panel,
@m rotates in (233). The solid, dashed, and dash-dotted lines
represent modes predominantly polarized along z’ (LO), &’

(TO.1), y' {TO,), respectively.
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moment of the A” modes is parallel to the =’ ([011] di-
rection) their frequencies are independent of the angle of
propagation, while, in contrast, the A’ modes do exhibit
both angular dispersion and anticrossing effects. In (100)
SL’s, the m = even order modes have zero dipole moment
along the propagation direction, due to the twofold ro-
tation axis bisecting the layers. Consequently, only the
odd order modes are found to disperse for increasing wave
vector parallel to the layers. As discussed earlier, there
is no such symmetry element for (311) SL’s, a fact which
allows both m= even and m = odd modes to be infrared
active and therefore to show dispersion and anticrossing
effects. However, as evident in Fig. 4, the even order
modes disperse much less than the odd ones, because the
“quasisymmetry” about the center plane of the layers in
(311) SL’s, arguable in the macroscopic approximation,
results in a2 much smaller dipole moment for the even
modes than for the odd ones.

Turning now to varying ¢ in the (233) plane (Fig.
4, right-hand side) both the A4’ and A” modes are in-
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FIG. 5. Envelope functions as in Fig. 3 for a

number of GaAs-like zone-center optical modes of the
(GaAs)17/(AlAs)ir SL for & perpendicular to the layer axis
and ¢ — 0. Left panel § || [011] and right panel ¢ || [233].
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frared active along the direction of propagation and hence
should show angular dispersion. In contrast to the previ-
ously discussed rotation in the (011) plane, we find that
the A” modes, as well as the A’ ones, disperse. The
A’ modes with m = odd display strong angular disper-
sion in the frequency range between 295 cm™! and 273
cm !, while the even order ones show negligible change
in frequency, as well as no observable anticrossing effects:
the A’ modes with even m have a dipole moment parallel
to the [233] axis and are therefore not affected by a vari-
ation of the wave vector within the (233) plane. Due to
the fact that A’ modes with even and odd m belong to
the same representation anticrossings between both kinds
of modes should be present in principle, but cannot be
observed on the frequency scale of Fig. 4.

Figure 5 shows envelope functions of the eigenvector
components for several modes with small § parallel to
the layer plane. The two columns on the left show modes
with ¢ || [011], the two on the right with ¢ || [233]. The
eigenvectors of these modes (¢ L [311]) partially display
a superposition of confined bulklike modes with the in-
terface modes (IF,/, IF,,, and IF.—according to their
contribution to either the 2’, ¥/, or ' components of the
eigenvectors) of the type obtained in the electrostatic
approximation [Figs. 5(b), 5(d), 5(f), 5(i), 5(k)-5(m)].
The envelope functions of Fig. 5(e) exhibit the typical
displacement pattern of an interface modes with expo-
nentially decaying penetration into the AlAs layer and
a nearly constant displacement in the GaAs layer. All
other in-plane modes with negligible angular dispersion
have the same eigenvector components as the correspond-
ing confined modes for small 7' || [311] and § = 0 [cf. Figs.

5(a), 5(c), 5(g), 5(h) and 5(n)].

III. EXPERIMENT

The samples studied here were grown on (311)A-
oriented, semi-insulating GaAs substrates by molecular-
beam epitaxy under standard conditions, i.e., growth rate
0.3-1.2 pm/h, group V to group III flux ratio 5:1, and
substrate temperature 580-620 °C. Details of the growth
procedure and x-ray characterization of the samples have
been given earlier.* As an illustration of the sample qual-
ity, Fig. 6 shows the x-ray diffraction pattern for one of
the SL’s, {GaAs)17/{AlAs);~, investigated in this work.
This pattern was recorded in the vicinity of the (311)
GaAs reflection using Cug,_, radiation. The diffraction
geometry is displayed in the inset of Fig. 6. The oc-
currence of sharp and distinct first-order satellite peaks
4 1 demonstrates the highly periodic structure of the
SL. The parameters of the (GaAs),1/(AlAs),; SL’s de-
termined from the spacing of these satellite peaks are
(n1,n2)= (14,13), (17,17), (25,28), (27,25), (33,29), and
(39,36) monolayers.

The Raman spectra were measured in backscatter-
ing geometry using a double grating spectrometer with
Peltier-cooled photomultiplier and conventional photon
counting. The lines between 4579 A and 5145 A of an
Art-ion laser were used as the incident radiation. During
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FIG. 6. X-ray diffraction pattern of the (311)
(GaAs)i7/(AlAs)17 SL measured with the Cuxk,, line in the
vicinity of the (311) reflection. S denotes the GaAs substrate
peak and 0 and = 1 the SL peaks.

the measurements the samples were maintained at liquid
nitrogen temperature.

IV. RAMAN SPECTRA
A. Confined optical modes

Raman spectra of a (14,13) superlattice in the spectral
region of GaAs (AlAs) optical phonons are given in Figs.
7 (and 8); Fig. 9 shows the GaAs frequency range of a
(17,17) superlattice. From the symmetry properties of
the eigenvectors it follows that the polarized spectra cor-
respond to modes of A’ symmetry, while the depolarized
ones reflect modes of A” symmetry. The corresponding
Raman tensors and selection rules are given in Table I
of Ref. 10. In the GaAs optical-phonon frequency region
seven confined modes of A’ symmetry are observed in the
polarized specira of the (14,13) SL in Fig. 7 and five A’
modes in the case of the (17,17) SL in Fig. 9. The as-
signment of the observed modes, given in the upper part
of Figs. 7 and 8, has been performed with the help of the
calculated frequencies and eigenvectors described in Sec.
III. The LO,, and TO, ., labeling implies the assigned
dominant character of the eigenvectors. For the (17,17)
SL the calculated eigenvector components of LO,,, (m=1-
4) modes are given in Figs. 4(a)-4(d). The peak marked
as TOyr ; mode in Figs. 7 and 9 is the superposition
of at least two modes whose eigenvector components are
shown in Figs. 4(e) and 4(f).

The eigenvectors of the 267 cm™! TO,: ,, mode for
m = 3 are shown in Fig. 4(i). In the case of the AlAs
optical-phonon region, Fig. 8 shows LO,, modes with
indices up to m = 5. The mapping of these five fre-
quencies onto the bulk dispersion indicates that there is
much more dispersion in the AlAs bulk materials along
[311] [Fig. 3(b)] than along the more commonly studied

{001} direction. In the mass approximation the AlAs bulk
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FIG. 7. Raman spectra of (311) (GaAs)14/(AlAs);5 SL at
80 K in backscattering configuration (2’ || [011], ¥' || [233],
2" || [311]) measured with Ay = 5145 A . Calculated frequen-
cies of the confined modes are indicated by arrows.
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FIG. 8. Raman spectra of a (311) (GaAs)14/(AlAs)ys SL
at 80 K in the optical-phonon region of AlAs measured with

Az = 5145 A. Calculated SL-mode frequencies are indicated
by arrows.
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* FIG. 9. Raman spectra of (311) (GaAs),7/(AlAs):7 super-
lattice at 80 K in backscattering configuration for 2'(y'y’)#’,
2'(z'z")#', and Z'(a'y’)Z’ polarizations with A\, = 4579 A.
Calculated frequencies of the confined mode are indicated by
arrows.

phonon frequencies are not exactly reproduced: along a
cubic axis the whole LO branch is too low by about 6
cm~? and the TO branches too high by about 4 cm™!
in comparison with a recent ab initio calculation of the
AlAs dispersion.t® If we shift our theoretical bulk disper-
sion curves along the [311] wave vector direction (and also
the confined mode frequencies) to coincide with experi-
mental data at the I" point, the experimentally obtained
frequencies of the AlAs-like confined modes map closely
onto the optical bulk dispersion branches.

For the depolarized configuration we observe only
TOgt,m confined modes in agreement with the selection
rules. In the AlAs optical phonon region (Fig. 8), how-
ever, only one such TO,s mode is resolved. In the GaAs
optical phonon region (cf. Figs. 7 and 9) two such con-
fined modes at about 270 cm™! (m = 1) and 267 cm™?!
(m = 3) are observed. The eigenvector component of the
TO,,; mode at 270 cm™! is shown in Fig. 3(g).

In the upper parts of Figs. 7-9 we compare the mea-
sured Raman spectra with the theoretical results. The
calculated frequencies of the confined superlattice modes
are represented by arrows. Good agreement between ex-
perimental and calculated frequencies of the confined op-
tical modes is found for the (14,13) and (17,17) SL, es-
pecially in the GaAs region.

B. Folded acoustic phonons

In Fig. 10 we compare the frequencies of the measured
folded-phonon modes of the (311) (GaAs);7/(AlAs);7 SL
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FIG. 10. Lower part: Raman spectra of a (311)

(GaAs)17/(AlAs);7 SL in the spectral region from 10 to 110
cm™? measured with 4765 A at 300 K; upper part: shell model
calculation for folded-phonon dispersion curves together with
experimentally observed QL (o), QT (e), and T(o) foided
phonons.

with calculations based on the shell model. It can be seen
that folded phonons from all three acoustic branches are
Raman active. In agreement with the polarization se-
lection rules,® the quasitransverse (QT) and quasilongi-
tudinal (QL) folded phonon doublets appear for paral-
lel polarization configurations, while the purely trans-
verse doublet is observed for crossed geometry. Besides
the first-order doublets, two additional structures appear
for paraliel polarizations which we assign to the third
QT and second QL doublets, since their positions agree
with those predicted by the shell-model calculation. The
broad features near 75 cm™! and 90 cm ™! probably arise
from SL and disorder-induced scattering by large wave
vector TA phonons along [011] and [233] of GaAs and
AlAs, respectively. We do not find any evidence of folded
doublets resulting from the lateral periodicity, such as
that recently reported by Belousov et al.'® for SL’s with
gimilar parameters.

V. CONCLUSIONS

‘We have performed a shell-model calculation of the
phonon frequencies and eigenvectors of (311) GaAs/AlAs
SL’s. The low crystal symmetry (C, point group) of these
SL’s leads to vibrational properties. We find a strong
mixing of the bulk LO,: and TO, branches, which share
A’ symmetry with respect to the C, point group. The
confined optical modes of the SL are therefore superposi-
tions of modes deriving from various bulk branches with
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different effective wave vectors. However, we have shown
that the dominant character of the SL modes can be de-
termined by examining their calculated envelope function
eigenvectors. The frequencies of both the confined opti-
cal and folded acoustic modes calculated for the SL’s are
in good agreement with those measured in the Raman
spectra. We have also shown how the crystal symmetry
effects the angular dispersion of the optic modes.
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