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Short-period GaAs/AlAs superlattices grown along the [110] direction have orthorhombic symme-
try and thus exhibit two different dielectric functions ¢(w) along the main axes perpendicular to the
growth direction ([001] and [110] direction). Spectroscopic ellipsometry as well as ab initio calcula-
tions have been used to determine the optical properties of these superlattices. The F; transitions
split into two components with different strengths for the two principal polarizations. This effect
can be qualitatively interpreted on the basis of a k - p model for the E; transitions and confinement
arguments. The E; transition for [001] polarization is lower in energy than the one for [110] polar-
ization. In addition, we observe a transition slightly above E>, which occurs predominantly in [001]
polarization. T'wo other structures specific to the superlattices are identified, in analogy to the case
GaAs/AlAs superlattices grown along [001]. Confinement effects on optical transitions for various

superlattice periods are also discussed.

The linear optical properties of short-period
GaAs/AlAs superlattices (SL’s) grown along the [001]
direction have been studied in detail with both
theoretical! ™ as well as experimental’**~® methods. The
effects of the additional periodicity have been shown
to be important for the dielectric response, producing
two structures that are specific to the superlattice’ and
which are thus not found in Al,Ga;_.As alloys.” Lately,
the growth of device-quality GaAs on (110) oriented
surfaces® and GaAs/AlAs (110) superlattices® by molec-
ular beam epitaxy (MBE) and Raman studies of these
superlattices®!® have been reported. Recent photolumi-
nescence experiments on (110)-oriented quantum wells
show an in-plane polarization anisotropy of the lowest
optical transitions.!! The GaAs/AlAs (110) superlat-
tices are of importance for many applications, such as
avalanche devices and optical modulators for integrated
optics (see Ref. 8 and references therein). In addition,
the nonpolar (110) GaAs surface is known to produce no
intrinsic surface states in the fundamental band gap and
thus makes it a preferred orientation for the growth of
polar-nonpolar interface (e.g., Si on GaAs) systems.!?

Theoretical work on GaAs/AlAs (110) SL’s has fo-
cused on the electronic band structure and the crossover
from a direct to an indirect gap!®!* and on the stabil-
ity of these SL’s.1516 Here, we present both a theoret-
ical and an experimental study of the dielectric func-
tions of (GaAs),/(AlAs),, (110) SL’s with emphasis on
the orthorhombic anisotropy, which does not occur in
GaAs/AlAs SL’s grown along the [001] direction. The
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latter have tetragonal symmetry (optically uniaxial) and
thus only two different tensor components of the dielec-
tric function €(w). The SL’s grown along the [110] direc-
tion, however, have orthorhombic symmetry,® and of the
three components of the dielectric function the two per-
pendicular to the growth direction along the main axes
([001] and [110] directions) are experimentally accessible,
whereas for light polarized along the growth direction
([110]), the small thickness of the MBE-grown samples
inhibits measurement. For this reason we will not pur-
sue the latter any more, but rather concentrate on the
. : . [001] [110]

in-plane anisotropy, i.e., on €5 and €; .

We will demonstrate that this anisotropy reveals itself
in a splitting of the E; transition with different ampli-
tudes for the two polarizations. The experiment is in
qualitative agreement with a simple theoretical model of
confinement of these transitions, based on k - p argu-
ments. The difference of €3(w) for the two polarizations,
as calculated from first principles with the linear-muffin-
tin-orbitals (LMTO) method, also agrees well with ex-
periment, although spin-orbital (s.0.) interaction is ne-
glected in the calculation. A shift of the E5 transition be-
tween the two polarizations is observed both experimen-
tally and theoretically. In addition, a distinctive peak
just above F; that is unique for light polarized along the
[001] direction is detected.

The 0.5-pm-thick samples were grown by MBE on
slightly misoriented (110) surfaces of GaAs in order to
obtain atomically smooth interfaces, as described in more
detail in Ref. 10. The periods of these SL’s were obtained
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from measurements with a high-resolution double-crystal
x-ray diffractometer. The samples were measured with a
rotating analyzer ellipsometer? at room temperature in
the energy range 1.6-5.5 eV for the two azimuthal ori-
entations. The effects of an oxide overlayer have been
removed numerically by calculating e;(w) with a three-
phase model'? with tabulated values for the GaAs ox-
ide (assumed to be isotropic).!® The two dielectric com-
ponents, which are mixed by the ellipsometric measure-
ment technique, have been separated by a numerical in-
version routine. For the purpose of this inversion, the
dielectric component perpendicular to the surface, which
has small influence on the measurement,!® is assumed to
be comparable to the two in-plane components, which
is supported by the calculation. The magnitude of this
correction to the measured dielectric components turned
out to be rather small, as expected from a first-order
approximation.!®

Below 2.5 eV, the absorption of the SL’s is so small that
the spectra are dominated by interferences originating
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FIG. 1. (a) Imaginary part of the dielectric function for

light polarized along the [001] direction in [110]-oriented
superlattices. The solid line represents the result from a
fully relativistic LMTO calculation for a (GaAs)s/(AlAs)s
superlattice, which can be directly compared to the exper-
iment (dotted line). Dashed line: experimental result for a
(GaAs)12/(AlAs)s SL. The arrows indicate the critical points
of the 5 x 5 structure. (b) Difference of the e2(w)’s for light
polarized along the [001] and [110] direction of the SL’s shown
in (a).
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from light reflected from the SL/GaAs bulk interface.*
This is shown in Fig. 1(a), where the imaginary part of
the dielectric function for light polarized along the [001]
direction, 6[2001], is displayed for a (GaAs)s;/(AlAs)s (dot-
ted line) and a (GaAs);2/(AlAs)s (dashed line) sample.
A sudden reduction in the amplitude of the oscillations
is directly related to the onset of a strong absorption
edge, i.e., the first strong direct gap (E,), in the SL’s,
which we found to be ~ 2.1 and 2.0 eV, respectively, for
the 5 x 5 and 12 x 8 structure. In Fig. 1(a), the exper-

imental cgml] of the 5 x 5 superlattice can be directly
compared to the results of the self-consistent relativis-
tic LMTO calculation!®2?° (solid line). This method is
based on the local-density approximation (LDA), which
is known to notoriously underestimate the band gaps
when these are derived directly as LDA eigenvalue dif-
ferences. While this deficiency can, in principle, be over-
come by including many-body correlations in the form
of the GW-approximation?! into the calculation, this is
only possible for smaller systems than the ones studied
here due to the enormous computational effort involved
in such calculations. We thus add sharply peaked, exter-
nal potentials on the atomic sites in the self-consistent
iteration scheme.l?° The strengths of these ad hoc po-
tentials have been chosen such?? that the band gaps in
bulk GaAs and AlAs agree with experimental data at
4 K. In the calculation of the dielectric function,?® the
k-space integration has been performed by means of the
tetrahedron method.?* In order to reproduce fine details
of €3(w), such as the anisotropy L [110], a rather large
number of k points has to be used: for the 5 x 5 structure
displayed in Fig. 1 (solid line), 560 k points in the irre-
ducible part of the Brillouin zone (BZ) were used. For the
7 x 7 structure, 352 k points were the maximum we could
use in order not to exceed our computational resources.

For better comparison with experiment, we simulate
the effects of lifetime broadening on the various transi-
tions by folding the calculated spectra with a Lorentzian
of I'=0.15 eV full width at half maximum. This value
yielded the best overall agreement in the whole spectral
range with the experiment and is also typical for most
transitions in Al;Ga;_.As alloys and the two constitut-
ing bulk materials at room temperature.” The same pro-
cedure has been used to identify structures in strained
short-period Ge/Si superlattices.?®

We see in Fig. 1(a) qualitative agreement between
the experimental (dotted line) and calculated (full line)

6[2001]((4)) of the 5 x 5 SL. As in the bulk materials, the
calculated magnitude of the E; transitions is underesti-
mated due to the neglect of excitons and other many-
body phenomena.? The difference of €z(w) for light po-
larized along the [001] and [110] direction is shown in Fig.
1(b). Here, the agreement between calculation and ex-
periment is excellent for the energy region around F;—
the main difference for the two polarizations occurs at
~3.4-3.5 eV, i.e., slightly above the F; transitions. The
anisotropy at higher energies is not so pronounced for the
5 x 5 sample, which is probably due to sample imperfec-
tions such as interface alloying. For the 12 x 8 sample,
however, the effect is rather strong with the major dis-
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similarity appearing at 4.9 eV, which coincides with the
additional superlattice transition Eg;, discussed later.

Let us first concentrate on the effects on the E; transi-
tions caused by growing the superlattices along the [110]
direction and thus reducing the symmetry. It is possible
to perform a model calculation based on confinement and
k - p arguments which displays, in a simple physical way,
the possible origin of the [001]-[110] optical anisotropy.
We argue as follows. The E; and E; + A, transitions
of bulk zinc-blende-type semiconductors are well known
to be related to critical lines (two-dimensional critical
points) along the four equivalent (111) directions. The
corresponding initial and final bands around these criti-
cal points can be represented by simple analytical expres-
sions with only the critical point energies E1, E1+A; and
the matrix element of p transverse to any of the (111)
directions ({s|pg|X) ~ 2w/ao, where ag is the lattice
constant).

Within the standard analytical model the reduced lon-
gitudinal (i.e., parallel to a given (111} direction) masses
of the E; and E; + A; critical points are infinite (i.e.,
valence and conduction bands are parallel). This enables
us to treat these critical points as “critical lines” or two-
dimensional critical points. Consequently, confinement
effects will only take place for a given (111) direction if
it has a component in the confinement plane. We as-
sume infinite potential barriers bearing in mind that this
will overemphasize confinement effects. For a slab per-
pendicular to [110] the four (111) directions fall into two
categories (i.e., two different angles o between them and

[110]):
[111), [111](cos® & = )

and (1)

[111), [111](cos® @ = 0) .

We treat first the case A; # 0. The confinement effects
for infinite barriers are given by

1/4m., (7/d)? for [111],[111
AE = {3§4m:§74d§2 for %ili“lﬁ% , (2)

where m., is the conduction-band mass perpendicular
to the [111] direction and we have made use of the fact

TABLE 1.

SCHMID, CHRISTENSEN, CARDONA, LUKES, AND PLOOG 45

that the corresponding valence masses are m,; ~ 2m, .
Equation (2) indicates that the E; (and also E; + A;)
transtions split into doublets as a result of the differ-
ent confinement energies in the case of [110] superlat-
tices. Obviously, this does not happen for [100]-oriented
(tetragonal symmetry) superlattices.

Optical anisotropy for polarizations in the (110) plane
([110],[001]) results from the fact that the two sets of
(111) directions couple differently to the two principal
polarization directions. This coupling can be easily esti-
mated with the rule that only electric-field polarizations
perpendicular to the (111) direction under consideration
have nonzero matrix elements. The relative strengths
obtained in this manner are listed in Table I.

The calculation is slightly more subtle in the absence
of s.o. splitting (A; = 0) because of the orbital degener-
acy of the valence bands. The confinement shifts of the
conduction bands are basically the same as for A; # 0
but the valence bands now split for k perpendicular to
each (111) direction, leading to two different values of
my: m; = m; and m) = co. The FE,; transitions thus
split into four, although only three of them couple to the
light (see Table I).

In Table I the calculated energy shifts for the two po-
larizations and their relative intensities are given. The
calculations for A E refer to an infinitely high barrier and
thus are expected to give values that largely exceed the
experimentally observed ones. The purpose of the cal-
culation is to show, on a simple basis, that due to the
orthorhombic symmetry, a splitting of the F; transition
is expected, with different intensities for the two polar-
izations. This is also what we observe experimentally, as
depicted in Fig. 2, where the second derivative spectrum
d%e3/dw? near E; of the 12 x 8 SL is shown. The second
derivative has been used in order to emphasize the struc-
ture of the critical points responsible for the transitions,
as is usual in ellipsometric analysis. The splitting of E;
into a doublet is especially distinct for this sample, al-
beit also discernible in the other samples. The two small
additional peaks which we find should correspond to the
E, + A, transitions although crystal-field effects prevent
us from considering the observed F;, E; + A; as simply
a spin-orbit doublet.

We also see qualitative agreement between the inten-
sities of the F; doublet in Fig. 2 and the calculated ones

Relative intensities of the split E; transitions (that are shifted up in energy by AF

with respect to the bulk values) for light polarized along the two main axes perpendicular to the
growth direction. Results with and without spin-orbit (s.0.) coupling are given.

Polarization With s.o. coupling

direction AE =1/4m (x/d)? 3/4m (7 /d)?
[001) 3 3

[110] 1 i

Without s.o. coupling

AE =1/6m.(n/d)? 1/3m.(x/d)? 1/2mc(x/d)? 1/mc(x/d)?
[001) 0 2 2 0
[110] 1 0 : 0




45 OPTICAL ANISOTROPY IN GaAs/AlAs (110) SUPERLATTICES

100
QT"
>
e
N
3
A4
3
~N
o -100 | L
© - {2%;} polarization
- 1 | 1 | 1 | 1 | L
1502.6 2.8 3.0 3.2 3.4 3.6
Energy (eV)
FIG. 2. Second derivative spectrum d’e;(w)/dw? of the

(GaAs)12/(AlAs)s SL for [001] polarization (full line) and
[110] polarization (dashed line).

in Table I, i.e., the amplitude of the energetically lower
peak is larger for [110] than for [001] polarization and
vice versa for the higher-lying transition. The same level
of agreement is found for the LMTO calculations of the
5x 5 and 7x 7 GaAs/AlAs SL, but the exact ratio of the
intensities fluctuates heavily with the number of k points
used in the evaluation of ez2(w). For the exact represen-
tation of such details of the optical anisotropy it would
thus be desirable to have an even denser k mesh in the
calculation, but as mentioned above, this would require
computing resources beyond our limits. Nevertheless, the
difference of e3(w) in this energy region agrees well with
experiment.

In addition to the E;-derived transitions, we find some-
what weaker structures appearing below E; in both po-
larizations with approximately comparable intensities in
all samples and calculations. In analogy to GaAs/AlAs
SL’s grown along the [001] direction, where such peaks
have been found as well and attributed to the reduced
symmetry compared to the bulk materials,! we also de-
note these transitions Esy,, as depicted in Fig. 2. They
originate close to the point where the [110] direction of
the orthorhombic BZ (which corresponds to the A di-
rection of the bulk BZ) cuts through the surface of the
orthorhombic BZ, involving transitions from the highest
valence to the lowest conduction bands. The additional
peak denoted EY; appearing above the E; shoulder [see
Figs. 1(a) and 3] is related to transitions along the X di-
rection of the orthorhombic BZ ([110] of the bulk). Nei-
ther of these superlattice-specific transitions show, within
the experimental error, any dependence on polarization.
The structure labeled Ej is not present in the ellipsomet-
ric spectra due to the photon energy limitation.

The E, transitions show a small shift towards lower
energies for the [110] with respect to the [001] polariza-
tion. Fitting the critical points with a two-dimensional

line shape,” these shifts amount to AE; = E&lio] —

E£°°” ~ 19 meV up to =31 meV for total periodici-
ties of n + m = 10 and n + m = 20 — 26, respectively.
This compares rather favorably with the LMTO results of
AF5 =~ 20 and 35 meV for the 5 x 5 and 7 x 7 structure,
respectively. While this effect is rather small and not
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always discernible, especially in very-short-period SL’s
(n+ m < 12), we observe an additional peak just above
the E, edge that is unique (or at least predominant) for
[001] polarization, and which was found in all samples.
It disappears for light polarized along [110] in what we
believe to be the best samples. It is labeled E, in Fig.
3, where d%ez(w)/dw? is shown for a (GaAs)i3/(AlAs)is
sample. The LMTO calculations indicate that this tran-
sition stems from roughly the same region of the BZ that
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on the superlattice period and polarization for [110] SL’s with
n =~ m. Diamonds represent transitions which are (within the
experimental error) independent of polarization, in contrast
to transitions for which triangles of different orientation have
been used (see legend). The splitting of the F; and Ey + A,
transitions due to the orthorhombic symmetry is indicated
with O. The lines are drawn through the experimental points
as a guide to the eye.
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accounts for Egy, but lower valence and higher conduction
states are responsible for it.

Figure 4 summarizes the measured transition ener-
gies of the various critical points discussed above for
(GaAs), /(AlAs),, SL’s with varying superlattice period,
expressed either as (n + m) or the thickness d, and their
polarization dependence. The samples shown have ap-
proximately the same GaAs and AlAs slab thickness
(n &~ m, within 10%). The splitting of the E; critical
point is displayed in this figure, as well as the polariza-
tion dependence of F;. We observe most conspicuously
that the energies of the F; and E; + A; doublets in-
crease as the superlattice period decreases. This can be
qualitatively attributed to quantum confinement of the
electronic or excitonic states. For the superlattice-related
transitions Fgsy,, Fgp, and E,, this effect is negligible in
the superlattice period range (d = 52 A) examined. This
is consistent with results obtained for GaAs/AlAs (001)
SL’s.*

It is interesting to compare the effects discussed above
for the F, and E; + A, transitions with those reported
for the surface contribution to the dielectric function
of GaAs. Calculations?” and measurements?® of the
anisotropy of this surface contribution can be interpreted
in a manner similar to that of Table I and Fig. 1(b).
The differential surface response around E; (see Fig. 10
of Ref. 27) is qualitatively equivalent to the anisotropy
found for the [110] SL’s. It is possible to regard the sur-
face anisotropy as a confinement effect in the surface layer
(~4 A) induced by the barrier to vacuum and by the fact
that the gap at the interface is on the average somewhat
smaller than the bulk gap.

In summary, we have presented both experimental

SCHMID, CHRISTENSEN, CARDONA, LUKES, AND PLOOG 45

and theoretical results for the optical properties of
GaAs/AlAs (110) SL’s, and their optical anisotropy re-
sulting from the orthorhombic symmetry of these SL’s.
Our simple model calculation accounts for the splitting
of the F; transition into a doublet, and the experimen-
tal results are in qualitative agreement with both this
model and the ab initio calculations. The usefulness of
these calculations in spite of omitting s.o. coupling is sup-
ported by our simplified confinement model of the Ej
and E; + A; transitions (Table I), which predicts only
marginal changes for the full calculations that include
s.0. coupling. The model also predicts qualitatively the
anisotropy observed and calculated for the surface contri-
bution to the dielectric function. The LMTO calculations
and experiment are in good agreement in the description
of the shift of the F, transitions for the two polariza-
tions. The orientation of the SL’s can be checked by
analyzing the magnitude of the E, transition, which has
its maximum amplitude in [001] polarization. Similar-
ities and differences between (001)- and (110)-oriented
GaAs/AlAs SL’s have been discussed. The optical prop-
erties of GaAs/AlAs (110) superlattices, as well as their
anisotropy, are of basic physical interest and should be-
come important for optoelectronic devices, such as opti-
cal modulators.
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