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Qptical anisotropy of (113)-oriented GaAs/AlAs superlattices
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The optical properties of (113)-oriented GaAs/AlAs superlattices grown by atomic la-yer

molecular-beam epitaxy at low substrate temperature have been studied by means of piezore6ectance
techniques. Several transitions have been detected which exhibit heavy-hole and light-hole charac-
ter. The heavy-hole transitions are more polarized along the [332] direction whereas the light-hole

transitions are more polarized along the [110] direction. We have also performed calculations for

these superlattices by using an empirical tight-binding Hamiltonian. According to the results thus
obtained the observed optical anisotropy is related to the different components of the valence-band
wave functions of the superlattices.

The optical properties of semiconductor quantum wells

(QW's) and superlattices (SL's) are strongly dependent
on the growth direction. For example, the photolumi-
nescence intensity of (111)-oriented GaAs/Al Gaq As
quantum wells is greater than that of (001)-oriented
systems. This fact has been attributed to the heavier
mass of the heavy-hole band in GaAs along the [111]
direction compared to the [001] direction; such a differ-
ence gives rise to a larger density of states. Moreover, if
the heterostructures are grown on substrates with orien-
tations different from (001) or (111)one may expect the
appearance of in-plane optical anisotropies, as it has been
observed in (110)-oriented GaAs/Al Gaq As quantum
wells. 2

In some cases the properties of the systems are
also dependent on the growth method: (113)-
oriented GaAs/A1As superlattices grown by conven-
tional molecular-beam epitaxy (MBE) have a corru-
gated interface which gives rise to a quantum-wire-like
structure. ' Such corrugation is not present if the het-
erostructures are grown by atomic layer molecular-beam
epitaxy (ALMBE).

GaAs/AlAs superlattices grown by MBE present in-

plane optical anisotropies, which were attributed to the
quantum-wire-like structures present in those samples. '4

Our aim is to study the in-plane optical anisotropy in
noncorrugated superlattices, grown by ALMBE, and es-
tablish whether the anisotropy observed in corrugated
superlattices is really linked to the quantum-wire struc-
ture or if it is related to an intrinsic property of (113)-
oriented heterostructures. For that purpose we have per-
formed piezoreflectance measurements. The sample was
thinned to 150 pm and glued into a piezoelectric trans-
ducer. The transducer was driven by a sinusoidal elec-
tric field. That field produces a sinusoidal strain in the
(113) plane. The magnitude of this strain is very small

(e;s ( 10 ) which implies that the coupling induced by
this strain between the different levels of the superlattice
is negligible. The principal effect of the modulated strain
applied to the samples is to modulate the energy position

of the transitions. The piezoreflectance spectra thus ob-
tained are similar to the wavelength modulated spectra,
the difference being the magnitude of the energy modu-
lation which depends on the type of the transition. In
particular, the light-hole (lh) transitions are enhanced
in the piezoreflectance spectra compared to the wave-

length modulated spectra. In our experimental setup
the sample was illuminated with light polarized parallel
to [110] or [332] and the reflected light was analyzed by
a monochromator of 300 cm of local length and detected
by a Si photodiode. The signal of the photodiode has
two components, one proportional to the re6ectance (dc
component) and the other proportional to the modulated
reflectance which was measured using a lock-in ampli-
fier tuned to the modulated &equency. Both signals, the
dc component of the photodiode and the output of the
lock-in amplifier, were recorded by a computer to obtain
the normalized change in reflectance 6R/R. The ex-
perimental results are compared with calculations based
on an empirical tight-binding (ETB) Hamiltonian. s The
optical anisotropies observed for these (113) GaAs/AlAs
superlattices are related to the different components of
the valence-band wave function levels.

In Fig. 1 we present the piezoreflectivity spectra
of the samples studied here, (A1As) 74(GaAs) qr and
(AlAs)ss(GaAs)s, where the subindexes are expressed in
monolayers, for the two in-plane polarizations [110] and
[332].

Together with a small sinusoidal component related
to the piezomodulation of the thickness of the epilayer,
which gives rise to damped Fabry-Perot oscillations, we
observe several transitions. They are located at 1.8 eV,
1.88 eV, and 2.15 eV in sample 1 and at 2.02 eV, 2.12
eV and 2.39 eV in sample 2. We label these transitions
as heavy-hole- (hh) like, light-hole-like, and spin-orbit-
(s.o.) like, respectively. Such labeling is made accord-
ing to the different polarization properties and will be
discussed later.

As the GaAs well thickness is decreased there is an in-
crease in the relative intensity of the hh-like and s.o.-like
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FIG. 1. Piezorefiectsnce spectra of the (s)
(A1As)74 (GsAs)iq snd (b) (A1As)55(GsAs)e superlsttices ob-
tained st 80 K. Solid line: light polarized parallel to [110].
Dashed line: light polarized parallel to [332). The s.o. tran-
sition of the GsAs substrate is also observed in sample (b)
(*).

the (001) heterostructures. Some calculations indicate
a small variation of the band offset with the different
orientations. 'i We have made some calculations allow-

ing for these variations in the band offset and we have
found only small shifts (some meV) in the positions of
some states, but without modifying the overall picture
extracted with the unmodi6ed band offset. The effective
masses of the conduction electron, and light holes in the
[113]directions coming from our bulk ETB Hamiltonian
are higher than those obtained by other means. i" This
can introduce some error in the numerical values of the
corresponding transitions, but without altering the qual-
itative picture.

Due to the lower symmetry of the (113)-oriented het-
erostructures, as compared with the (001)-oriented ones,
the envelope wave function of the different levels has no
well de6ned parity, as can be observed in Fig. 2, where we

present the spatial distribution of the spectral strengthio
for the 6rst conduction level with a strong 8 component
and the two first valence levels, for the two samples stud-
ied here. In spite of this, it is useful to employ the same
nomenclature of the (001)-oriented superlattices for the
confined levels of these two structures. The n = 1 levels

have no nodes, the n = 2 have one node around the mid-

dle of the GaAs well, etc. According to our calculations,
sample 1 has six levels in the valence band which are lo-

calized in the GaAs layers and correspond to the n = 1—3
hh-like levels, n = 1 —2 lh-like levels, and n = 1 s.o.-like

level. The character of the valence levels is established by
the relative intensity of the p, p„, and p, components.

features of the [332] spectrum as compared to the [110]
spectrum. The opposite happens for the lh-like feature.
In Table I we present the relative intensity of the different
transitions observed in the spectra of Fig. 1.

In order to understand these results we have performed
calculations with an ETB Hamiltonian with an Sp3s'
orbital basis, and interactions up to nearest neighbors
only, including spin-orbit splitting together with the sur-
face Green function matching (SGFM) method. io This
approach gave good results for the case of the (001)
superlatticesii, i2 and can be easily applied to the case
of (113) superlattices and quantum wells. s In this case
the ETB Hamiltonian must be transformed to the new
axes corresponding to the (113) interfaces. All the de-
tails concerning the empirical matrix elements used in
this calculation, the interface interactions, and the for-
mal aspects of the calculation can be found in Ref. [13]
and need not be repeated here.

We have assumed that the valence-band offset of lat-
tice matched GaAs/A1As heterostructures is not direc-
tion dependent and we have used the same values of
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TABLE I. Experimental and theoretical intensity ratios of
the difFerent transitions observed. Al As GaAs Al As Al As GaAs AlAs

Idio)/1(552'

hh
lh

s.o.

(A1As)y4(GsAs) iq
Expt. Theory

0.9 0.86
1.4 1.22
1.2 1.04

(A1As)55 (GsAs)5
Expt. Theory

0.7 0.77
1.5 1.36
1.0 0.94

PEG. 2. Spatial distribution of the total spectral strength
local density of states (LDOS) for the levels discussed in the
text. The ~ corresponds to the anion layers and the o to the
cation layers. The energy position (in eV) of the levels is also
given.
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FIG. 3. Envelope of the spatial distribution of the contri-
butions to the total spectral strength of the p component
(dashed line) and p„component (solid line) for the first hh
level [located at 0.501 eV in the (AlAs)74(GaAs)ir SL and
at 0.389 eV in the (A1As)ss(GaAs)s SL, respectively] and the
first lh level [located at 0.439 eV in the (AlAs)74(GaAs)ir SL
and at 0.280 eV in the (A1As)ss(GaAs)s SL, respectively].

The p& component of the hh-like levels is greater than
the p component and these levels have very small p„s
and 8*, components. On the other hand, the p compo-
nent of the lh-like levels is greater than the p„and all
have a p, component which in some cases is greater than
the other two [remember that for (001)-oriented SL's the
hh-like levels have a negligible p, component and equal

p and p„components, whereas the lh-like levels have a
strong p, component and also equal p and p„compo-
nents]. The other sample presents four valence levels with
strong spectral strength in the GaAs layers; two of them
also have non-negligible spectral strength in the AlAs lay-
ers. The character of the most confined levels is clearly
hh-like and lh-like, with the p„component greater than
the p one in the hh-like level. This ordering is reversed
in the lh-like level and the p, component here is greater
than the other two. The character of the other two levels
is not so well defined. As an example we present in Fig.
3 the spatial distribution of the p~ and p„contributions
to the spectral strength for the first hh and lh levels of
the two samples. For the sake of clarity only the anion
layers have been presented.

There are several conduction levels having a strong
spectral strength in the GaAs layers, but only a few of
them have a strong 8 component.

We interpret the observed transitions, labeled as hh
and lh, as arising between the first hh and lh states (lo-
cated in sample 1 at 0.501 eV and 0.439 eV, respectively,
and in sample 2 at 0.389 eV and 0.280 eV, respectively)
and the first conduction states with a strong s compo-
nent (located in sample 1 at 2.214 eV and in sample 2
at 2.33 eV). The transition labeled s.o. originates from
the valence state at 0.132 eV and the conduction state at
2.214 eV in sample 1, and from the valence state at 0.046
eV or 0.018 eV and the conduction state at 2.33 eV in
sample 2.

The origin of the diferent contributions of the p and
p„components to the valence-band states of the SL's is
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FIG. 4. Ratio of the integrated p and p„components as
a function of the QW thickness (in monolayers) for the first
hh-like and lh-like states, in a GaAs/AlAs quantum well.

based on the low symmetry of the [113] direction. [001]
and [ill] are high symmetry directions and the wave
functions of the heavy-hole band and light-hole band of
bulk material along these directions have equal in-plane
components [p =p„with x and y in the (001) or (ill)
plane]. As a consequence no in-plane anisotropy is ex-
pected in the heterostructures (QW or SL) grown on
those planes, but for the [113] direction this is not true
and then in-plane anisotropies may appear in the het-
erostructures grown on this plane.

To have an idea of the theoretical optical anisotropy of
the diferent transitions we have performed a calculation
where the intensity of the optical transition is propor-
tional to the overlap of the p ([110]spectra) and p„([332]
spectra) components of the valence-band wave function
and the s component of the conduction-band wave func-
tion. In this calculation we neglect the matrix elements
between nearest neighbors, which is not a bad approxi-
mation due to the diKerence between its value and that of
the intra-atomic transitions. The results of this calcula-
tion are presented in Table I, and it can be observed that
the agreement with the experiment is quite good. We
have assumed that the dipolar matrix elements of the As
atoms is three times that of the Ga or Al atoms. Similar
results are obtained using other relations.

The degree of optical anisotropy depends on the tran-
sition and on the composition of the SL. As an example
we present in Fig. 4 the ratio of the integrated p and
p„components as a function of the QW thickness for
the first hh-like and lh-like states, in a GaAs/AlAs QW.
This ratio gives an idea of the in-plane optical anisotropy
of a transition. A value equal to 1 means no in-plane
anisotropy.

We would like to point out that the observed optical
anisotropy is not related to any kind of quantum-wire
structure, not present in our samples, but to the dif-
ferent components of the valence-band wave functions.
Moreover, the optical anisotropy observed in samples
with quantum-wire-like structure are of the same order as
those found here, which may imply that the corrugation
has a small eR'ect on the observed anisotropies.
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