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Polarization-Dependent Emission from [112]-Oriented GaAs/(Al, Ga)As
Quantum Wells:A Manifestation of Anisotropic Optical Matrix Elements

D. Sun, R. H. Henderson and E. Towe
Optics and Quantum Electronics Laboratory
Department of Electrical Engineering
University of Virginia
Charlottesville, VA 22903-2442, USA

Experimental evidence of optical anisotropy in GaAs/(Al,Ga)As quantum wells grown on
the (112) GaAs surface is presented. It is found that the photoluminescence emission
intensity of the fundamental e — hh transition is anisotropic for incident excitation light
polarized along the two orthogonal [110] and [111] directions. Simple theoretical optical
matrix element calculations also predict the anisotropy observed in the experiments.

The experimental investigation of anisotropic opti-
cal effects in quantum well structures is becoming
increasingly relevant because of the ability to grow
these structures on substrates oriented in crystallo-
graphic directions different from the [001] [1, 2]. Re-
cently for example, it has been determined that in
certain directions of the general crystallographic ori-
entation denoted by [11¢], where £ can be 0 or any
positive integer, a valence band anisotropy induced
by band mixing in quantum well structures can lead
to anisotropic matrix elements [3, 4]. For values of £
larger than 7, the properties of the surfaces approach
those of the conventional (001). Optical emission,
as well as absorption, by quantum well structures
grown on substrates oriented in the [110] orienta-
tion has been found to be anisotropic [3, 5]. The re-
ported anisotropic effects have encouraged the design
and demonstration of a polarization-sensitive optical
modulator [6] and the investigation of the use of this
anisotropy in the anticipated control of the polar-
ization eigenstates of vertical-cavity surface-emitting
lasers [7].

For the Miller index ¢=2, the substrate surface
denoted by (112) is obtained. It is relatively straight
forward to grow high quality optical ITI-V heterostruc-
tures by the technique of molecular beam epitaxy on
the (112) GaAs surface. We have done so and wish
to report our investigations of the anisotropic effect
on this particular orientation. The structures grown
were studied by photoluminescence excitation (PLE)
spectroscopy using a tunable Ti:sapphire laser. Op-
tical matrix elements for the interband transitions
in the GaAs/(Al,Ga)As quantum well structures on

the (112) GaAs substrate were computed using the
effective mass approximation at the Brillouin zone
center.

The structures investigated consisted of five
GaAs(8 nm)/Alg45Gag.s5As quantum well structures
grown on top of a GaAs buffer layer. The quan-
tum wells were capped with a 200-nm-layer of GaAs.
An identical structure on the (001) GaAs substrate
was grown alongside the (112) sample for purposes of

comparison. The photoluminescence excitation spec-
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Fig. 1: Photoluminescence excitation spectra of

GaAs/Alg 45GagssAs QWs oriented in the [112] di-
rection for incident light with polarization aligned
along the [111] and the [110] direction.



tra from the [112] and [001] quantum well structures
are shown in Figs. 1 and 2. The spectra shown
are for two orthogonal polarizations of the incident
light. The emission intensity for incident excitation
light polarized parallel to the [T10] crystallographic
direction and then to the [111] direction is shown in
Fig. 1. These spectra show that the transition from
the conduction band ground state to the heavy-hole
ground state is anisotropic for light polarized along
the two orthogonal directions. The anisotropy of the
light-hole related transition is not evident from our
experimental data although this transition is clearly
resolvable. This could probably be due to the lower
signal level recorded for this transition. The spectra
shown in Fig. 2 for the structures grown on the (001)
GaAs surface show no anisotropy—as expected from
qualitative symmetry arguments.
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Fig. 2: Photoluminensce excitation spectra of [001]-
oriented QWs for light polarized along the [110] and
[110] directions.

7835.0 7885.0

The optical matrix elements along any two orthog-
onal directions on the (112) surface can be calculated
from the general expression

h
M =< clé- z—,VI’U >, (1)

where |c > and |v > are the wavefunctions of the
conduction and valence band states; & is the unit po-
larization vector of the electric field associated with
incident light used for the excitation. The two or-
thogonal directions of interest on the (112) surface
are the [111] and the [T10]; they are chosen to form a

triplet of mutually orthogonal axes when considered
together with the [112] direction. This choice of axes
is justified on the basis of the fact that the triplet
includes the unit normal to the (110) surface which
is the only natural cleavage plane associated with the
(112) surface. This surface is important in the for-
mation of naturally cleaved laser facets for devices
fabricated on the (112) surface.

A coordinate transformation from the conven-
tional system where z is pointing in the [001] crys-
tallographic direction to a new system (z’,y',2") with
2 pointing in the [112] direction must be performed
in order to obtain the 4 x 4 Luttinger [8] Hamilto-
nian, Hig), for the [112] orientation. The appropri-
ate transformation matrix for this operation is

cos¢pcosd singcosf —sind
U=| —sing cos ¢ 0. (2

cos¢gsind singsinf  cosd

The angles ¢ and @ are the azimuthal and polar an-
gles spanned by the new coordinate system. They
are defined as in Fig. 1 of Ref. [9]. The 4 x 4 Lut-
tinger Hamiltonian obtained from these considera-
tions, valid for the [112] orientation at the Brillouin
zone center (k;=k,=0) for J = 2 in the |J,J, >
representation, is

—a b ¢ 0

Tzzkzg hzkﬁ b a 0 —¢

H[ug](kz) - 2m Nl 2m c 0 a b
0 —c b —a

where a = (3%1), b= (%), c= \/g(’fz - 73),

Iy is the 4 x 4 identity matrix, k, = —i%, and the
7is are the Luttinger valence band parameters. Note
that the angular momentum representation, J, used
here is obtained by a rotation of the one given by
Luttinger in eq. (57) of Ref. [8]. The valence band
wavefunctions, |v[1121 >, are obtained as eigenvectors
of Hiyig).

Because of the spin-degeneracy of both the heavy-
and light-hole valence bands, the momentum matrix
elements are calculated from the expression

B,
M= Z < ¢zl ;V[U[uz] > (4)
o=%

within the effective mass approximation. We have
further assumed that the quantum wells have barri-
ers with infinite potential energy. The expressions for
the ratios of the squared interband matrix elements
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for the two orthogonal directions of interest on the
(112) surface relative to the bulk matrix element are
tabulated below.
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If we take the numerical values of the Luttinger pa-
rameters for the GaAs quantum well layer to be v =
2.1 and 43 = 2.9, then the ratio of the matrix ele-
ments for the two polarizations of interest can be
determined to be

|M|2_nn(€ |
|MZ_hn(&

[T10))
[111))

for the conduction band to heavy-hole ground state
transition and

|M|2_, (& || [110])
M (& [ 1T — 0

for the conduction band to light-hole ground state
transition. These ratios predict an anisotropy in the
optical transitions. This anisotropy is clearly evident
from our PLE experiments on the quantum well sam-
ples grown on the (112) substrates. It is, however,
absent in structures grown on the (001) surface as
demonstrated by the experiments discussed here.

In summary, we have theoretically shown and ex-

. perimentally confirmed that quantum well structures

oriented in the [112] direction exhibit an optical aniso-
tropy. This anisotropy may have potential applica-
tions in novel optoelectronic devices.
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