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We report on the biaxial response of photoluminescence to electric fields in GaAs quantum-well struc-

tures.

For fields along [001], emission due to nominally forbidden excitons exhibits substantial

differences between [110] and [110] polarizations. Transitions which are allowed within the envelope-
function formalism show no noticeable anisotropy. In terms of symmetry, our observations relate to the
linear electro-optic (Pockels) effect. The field dependence of the anisotropy is unusual in that it de-
creases with increasing field. Results can be qualitatively accounted for by perturbative analyses.

PACS numbers: 78.20.Jq, 73.20.Dx, 73.40.Kp, 78.55.Cr

Electric fields normal to the layers modify the optical
properties of semiconductor quantum-well (QW) struc-
tures and superlattices in ways which depart appreciably
from those affecting bulk materials [1-10]. This refers in
particular to the quantum-confined Stark effect [1-4] and
features such as Wannier-Stark localization and ladders
[6-9] bearing on the problem of Bloch oscillations [10].
In this Letter, we report on a novel phenomenon relying
on quantum confinement which relates to Pockels linear
electrorefraction. Unlike previously considered phenome-
na where the optical uniaxial symmetry of the QW is
maintained [1-9], the new effect manifests itself in a gi-
ant field-induced biaxial anisotropy (electropleochroism).
A further associated distinction is that the relevant
dependence on the field is odd, as opposed to even [11].
Enhanced Pockels-like anisotropy is observed in photo-
luminescence (PL), primarily from excitons such as ek
showing weak coupling to photons at zero field [12] (e;A;
denotes states with one electron and one heavy hole in the
ith and jth subbands, respectively). Consistent with re-
cent near-gap measurements of linear electro-optic coeffi-
cients in GaAs-Al,Ga; —xAs QW structures [13], we find
no enhancement at the dominant e h, PL.

In zinc-blende (point group T,) semiconductors, the
presence of [001] electric fields leads to biaxial behavior
[14] where the anisotropy in the plane perpendicular to
the field distinguishes [110] from [110]. Important as it
is for some applications, however, this (Pockels) effect
remains very small [15] up to the breakdown field ( < 10°
Vcm ~!'). Below the band gap, the field derivative of the
refractive index n at F=0 is given by n/dF «n’ry,.
Here, F is the z component of the field and r4; is the
electro-optic Pockels coefficient. Experiments on bulk
GaAs in the vicinity of the fundamental E, gap give
rai~1.5x1071% v~=lcm, ie., (9n/0F)p=g~1072 V!
cm, with no significant wavelength dependence [16]. The
corresponding value for the imaginary part of the index k
is not well known. An estimate using optical-
susceptibility {3 data at the Eo resonance [17] gives
|8k/OF |p=o < 10~° V ~lcm. It will become evident later

that these values are too small to account for our QW
findings.

To discuss the mechanism for enhanced biaxial anisot-
ropy, it is appropriate to focus first on the symmetry ar-
guments underlying the problem. Let F be the static
electric field and ¥(F) an excited state of the GaAs
QW—say, an exciton of energy Q(F)— which couples to
light. For photons polarized in the direction of the unit
vector €, we expand the intensity J emitted (or absorbed)
at Q as
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Here, the tensors multiplying F and € are invariant under
operations of the QW D,; group. In particular, the al-
lowed form for F, =F and Fy =F,=0is

J(E,F)=(e2+e)I\" (F)+2ece, Iy (F)+ AT (F), (2)

where 77 and 7~ (|1, | <1t and 0=<17) are, respec-
tively, the even and odd parts of J associated with the
directions perpendicular (L) and parallel (il) to the lay-
ers. As for bulk GaAs, the principal axes are [110],
[110], and [001]. Obviously, QW structures are already
uniaxial (7;"=I}) at F=0. Pockels-related effects re-
quire Iy #0 and follow from the absence of inversion
symmetry. In the experiments, we determine the polar-
ization ratio

T —Juio _ I
JmatInie It

measuring the degree of in-plane anisotropy. The corre-
sponding ratio for [100] and [010] is, of course, equal to
zero.

A qualitative understanding of what determines the
magnitude of p can be gained from first-order perturba-
tion theory. As we shall see, the analysis discriminates
between excitons e;h; with i = (electric-dipole allowed in
the envelope-function approximation) and i=j (forbid-

pE (3)
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den). Only the latter may exhibit enhanced anisotropy.
To calculate the leading linear term of p(F) or, alterna-
tively, (dp/dF)g=o, it is important to recognize that Iy
is largely defined by field-mediated coupling of Bloch
states as opposed to envelope functions. There are two
basic contributions to /- [18]: (i) a purely electronic
one which involves coupling between FE, states and
higher-lying I'f ¢ states of the conduction band [19] and
(ii) a lattice term due to field-induced sublattice displace-
ment [18] leading to heavy-light hole mixing. The corre-
sponding hybridization parameters are (i) eFao/A and
(ii) Dd4F/5. Constants A=3-4.5 eV [19], D=6 eV,
and dj4=—2.7x10"'" V™ 'cm [20] represent, respec-
tively, the separation between the ['§g states and the
lowest conduction (I'§) and the top valence (I'jg) band
states at I', the [111] deformation potential, and the
piezoelectric coefficient of GaAs; ag is the (hydrogen)
Bohr radius and § is a measure of the heavy-light hole
splitting. Clearly, eFao/A~ Dd 4F/8 <1 for typical well
thicknesses and fields.

For allowed excitons exhy, the oscillator strength at
F=0 is comparable to the value for bulk GaAs [12].
Given that the electric-dipole matrix elements that
matter are all of the same order [19], it follows that
(dp/dF)p=q~2eao/A~2Dd 4/, ie., plexhy) <1 in the
range of interest. Nominally forbidden excitons behave
quite differently, for their oscillator strength originates in
q-dependent mixing of heavy and light holes [12] (q is
the wave-vector component parallel to the layers). The
fact that mixing parameters vary widely among the vari-
ous branches [12] provides the avenue for enhancement
(21]. An illuminating example relevant to our experi-
ments is the case of e;h;. Because the h; branch does not
couple much to /, or other branches (/; indicates light-
hole sth-subband states), the oscillator strength of e,k at
F =0 is negligible [12]. On the other hand, strong /,-h>
hybridization at q=0 results in comparable strengths for
the (q=0 forbidden) e/, and the (q=0 allowed) e3h>
transitions [12]. As mentioned earlier, the lattice contri-
bution to the electro-optic effect couples 4 and /; (here,
coupling to I'7g states through the electronic term is not
of importance). Thus, if yi/;|ha} and yil,|h} measure
the relevant q-induced admixture of the corresponding
subbands, (dp/dF)p=o~[yil\|h2}/yil2|h1312Dd \4/6 and,
therefore, plehy)>plexhy) at low fields because
7{11 lhz} > )’{lzlh 1}.

The above considerations are valid in the limit F— 0.
Beyond linear respnse, it is convenient to use the follow-
ing expression:

_ F/F,

P+ (F/Fy)?
providing a parametrization of the polarization ratio (see
later). According to the previous discussion, £,

~Udlaln 3 /vl |h 316/ (2Dd 14) for esh. Further, since
the F dependence of It relies mainly on the behavior of
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the envelope function—like in the quantum-confined
Stark effect [1,21—one obtains the estimate F»
=~ h?/2MeL > where L is the well width and M is the ex-
citon mass. We note that Eq. (4) applies to nominally
forbidden transitions. The sign in the denominator
reflects the fact that the associated overlap between the
electron and the hole envelopes increases with increasing
field.

Two QW structures, GaAs-AlAs and GaAs-Algs-
GagesAs, grown by molecular-beam epitaxy on (001)
n*-GaAs substrates were used in the experiments. They
consist of 40 periods of 90-A GaAs/40-A AlAs and 100
periods of 131-A GaAs/79-A Aly3sGagesAs, respectively.
Sample parameters are from growth conditions and
measurements of intersubband energies using photo-
current spectroscopy [22]. The sample with AlAs
(Alg.35Gag¢sAs) barriers was sandwiched between n- and
p-type GaAs (AlgsGag sAs) layers doped at ~10'8 cm 73
so as to form a p-i-n diode. Devices were processed into
mesas of area ~0.2 mm? (Alg35GagesAs barrier QW)
and ~0.03 mm? (AlAs barrier QW) with Ohmic con-
tacts made by evaporation of Cr/Au and AuGe/Ni. PL
measurements were performed at 7=2 K using various
ion and tunable laser sources operating in the range
AL =650-710 nm. Not unexpectedly, the polarization
behavior of the PL does not depend much on ;. Results
presented below were obtained with the 676.4-nm Kr*
line. As with other cases studied, electric-field profiles in
our samples exhibit a strong dependence on power density
P. In particular, the high-P regime in both structures is
that of domains associated with sequential resonant tun-
neling [22]. In the interest of clarity, the discussion will
focus on data at low P (uniform field) for the GaAs-AlAs
QW and at high P (domain pattern) for the GaAs-
Alg.35GagesAs sample.

Photoluminescence data of the GaAs-AlAs structure
showing pronounced anisotropy are reproduced in Fig. 1.
In the spectra, the main feature corresponds to e,k exci-
tons while X results from recombination of AlAs (X)
electrons with holes at GaAs (I'). These assignments are
based primarily on calculations of QW energies as a
function of electric field. In particular, X exhibits a blue-
shift that is nearly linear in the field and with a slope that
is consistent with our assignment (see also [23]). The
identification of ek, is further supported by a combina-
tion of photocurrent and PL experiments revealing maxi-
ma for the current and the PL intensity at the particular
bias for which e; and e, become aligned (similar results
were reported in [24]). Parenthetically, it is worth notic-
ing that the data show an intensity transfer between X
and e,k in the region of crossing which we construe as
evidence of their coupling. Such mixing, resembling the
well-documented problem of X-e A, hybridization [23], is
possibly the reason why the two excitations have similar
polarization properties.

The anisotropy was found to be independent of the po-
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FIG. 1. Polarized PL spectra of the GaAs-AlAs sample
showing ezh; recombination at various voltages. Negative
values correspond to reverse biases. The peak labeled X is due
to barrier — well transitions involving electron AlAs (X) states.
The data show large differences between [110] and [170] inten-
sities at low biases. Measurements were performed at 7=2 K.
The excitation wavelength is A, =676.4 nm and the power den-
sity is P=4 Wcm ~2,

larization state of the pump and to follow closely the
group-theory predictions contained in Eq. (2). Spe-
cifically, we find that [110] and [1T0] are the pair of mu-
tually orthogonal axes exhibiting the largest effect and
that these directions exchange their roles after a field re-
versal. In addition, the comparison between [100]- and
[010]-polarized spectra reveals no appreciable differences.
Other than e,k and X, Pockels-like anisotropy was ob-
served for a PL peak due to es3h; (not shown). As al-
ready indicated, the dominant e 4, emission at the gap,
being 10°-10* times more intense than esh, is isotropic
within experimental error.

Both the strength and the field dependence of the an-
isotropy support our early treatment of the phenomenon.
These characteristics are displayed in the measurements
of the polarization ratio [Eq. (3)] as a function of F
which are plotted in Fig. 2. Clearly, the large magnitude
of the effect and the unusual decrease in anisotropy with
increasing F are beyond interpretations based solely on
bulk properties. However, they can be accounted for by
QW effects. The curve in Fig. 2 is a fit by Eq. (4) giving
F1=2.46x10* Vem ~' and F,=1.43x10* Vem ~'. The
latter value is consistent with the parameters of our sam-
ple while— according to the arguments above— the linear
term translates into y{/2|h}/7{/1|hd ~4x 10 73 which is
not unreasonable [12]. Unfortunately, p could not be
determined for |F|<3x10* Vecm ™! as the oscillator
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FIG. 2. Polarization ratio p=(J10— I y501)/ (T o1+ I o))
for X and ek, photoluminescence as a function of the z com-
ponent of the electric field F and bias V. Here, F=(V —V,)/I
where Vo==1.5 V is the built-in voltage and / = 0.57 um is the
width of the intrinsic region of the device. The solid line is a
least-squares fit to the data (see text). Experimental parame-
ters are given in Fig. 1. Results are for the GaAs-AlAs hetero-
structure.

strength of eyh, becomes negligible. It is in this range
where the linear contribution is expected to dominate.

To conclude, we consider as an application high-P re-
sults for the GaAs-Aly3sGagesAs sample. Anisotropy
data for e,h; PL are depicted in Fig. 3. At arbitrary
voltages, this structure has been shown to break into
electric-field domains characterized by alignment of
specific conduction subbands in neighboring wells
[22,25]. The inset shows the potential profile for the
range inside the arrows. Here, domain e-e; coexists with
the high-field domain resulting from e;-e; alignment.
Unlike e h1, e,k spectra show not a doublet but a single
line (its polarization ratio is given in Fig. 3). This reflects
the much larger e, population of the low-field domain
arising from ej-e, resonant tunneling (see [24]). Our
measurements complement and are consistent with data
obtained using other techniques [22,25]. In particular, p
is nearly constant in the coexistence region and, as the
domain pattern changes, it varies rapidly to signal the
disappearance of the domain boundary. The latter
phenomenon is poorly understood. Because p increases at
low fields, our method holds promise for studies of elec-
tric fields in a range where standard PL measurements of
e1h energies are not very sensitive [22].
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FIG. 3. PL polarization ratio for ezh; in the GaAs-
Alp35GagesAs sample at P=160 Wcecm ™2 (T=2 K and A,
=6764 A). Results correspond to the high-P domain regime.
Arrows denote biases for which the field is uniform (single
domain). The field pattern in the region delimited by the ar-
rows is shown in the inset; PL originates mainly from the low-
field domain.
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