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For a single GaAs/AlAs/GaAs type II pseudodirect double quantum
well, as well as for superlattices it was predicted that the oscillator strength
of the lowest optical transition has a periodic dependence on the number
of AlAs monolayers. The oscillator strength depends on the coupling be-
tween the [' and X electron states. We use samples containing a single
GaAs/AlAs/GaAs double quantum well with thickness gradient to show ex-
perimental evidence of this effect. The results concerning the I'—X coupling
are obtained from the study of the ratio of photoluminescence intensities of
the zero-phonon line and the phonon replica and from their time decay. They
show the monolayer dependence of the I'—X mixing potential. We extend
the model describing the I'—X coupling for ideal interfaces in the frame of
the envelope approximation to the case of non-abrupt interfaces and exciton
localization. The amplitude of variation of the radiative recombination time
due to the /'—X mixing is well reproduced within this model.

PACS numbers: 78.66.—w, 71.70.—d

1. Introduction

Type IT GaAs/AlAs heterostructures have been the subject of a number of
experimental [1-7], as well as theoretical investigations [8-11] in the past years.
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In such structures the electron and the hole are confined in adjacent layers. The
oscillator strength of the lowest optical transition depends on the overlap of the
electron and the hole envelope functions. The spatially indirect character of this
optical transition makes it possible to use the exciton as a probe of interface-related
properties of the excitonic states [6]. In GaAs/AlAs type II heterostructures, the
lowest optical transition is not only indirect in real space but also in k-space. The
electron wave function is derived from a zone-edge X-state of AlAs. One of the
most surprising consequences is that for structures which are symmetrical with
respect to the middle of an AlAs slab (superlattices for instance), the oscillator
strength of the lowest optical transition should depend on the parity of the number
M of AlAs monolayers (ML) in the AlAs slabs [8-11]. Due to the interplay between
confinement and strain effects, the lowest electronic state can be either of X,-type
or of Xyy-type (2 denotes the growth axis). Structures with X, as lowest state are
named pseudodirect since the X, state can be coupled to the electron I state at
interfaces. For even M| the contributions to the coupling of successive GaAs/AlAs
and AlAs/GaAs interfaces add up and the optical transition is allowed whereas,
for odd M, these contributions cancel out and the transition is forbidden. This
effect arises from the symmetry properties of the zone-edge X,-Bloch function
under symmetry operations that change z into —z.

Layer thickness fluctuations is a major problem to investigate monolayer-
-dependent properties. Previous attempts to show experimental evidence of the
parity-dependent optical selection rule using superlattices either were unsuccess-
ful [5] or led to contradictory results [12, 13]. Our choice was to use a single
GaAs/AlAs/GaAs type IT double quantum well (DQW). Absorption is quite weak,
therefore only photoluminescence (PL) can be used to show evidence of the pe-
riodic behavior of the exciton oscillator strength with AlAs thickness. We report
hereafter on PL and time-resolved PL results.

2. Samples

The samples were grown by molecular beam epitaxy at Laboratoire de Mi-
crostructures et Microélectronique (Bagneux, France). A large gradient of AlAs
thickness across the wafer 1s achieved by stopping the rotation of the substrate
during the growth of AlAs in the DQW. Typical GaAs and AlAs thicknesses are
between 3 and 7 MLs (1 monolayer (ML) corresponds to 2.83 A). With thicker
layers the parity effect can no longer be observed. Additional quantum wells are
grown in the structure to provide accurate calibration of GaAs and AlAs thickness
by optical spectroscopy and electronic microscopy. Details on the growth condi-
tions and thickness calibration can be found elsewhere [14]. Samples are cleaved
from 2-inch wafers in the form of rectangular pieces of length 50 mm and width
3—4 mm. Sample 17Qb5 consists of a DQW with nominal structure at the cen-
ter of the wafer GaAs(6 ML)/AlAs(6 ML)/GaAs(6 ML) embedded in 1000 A of
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Gag gAlg 4As alloy layers. Unfortunately, the DQW was found to be asymmetrical,
the first GaAs layer being thinner than the second one by 1.4 ML. This asymmetry
originates from Ga evaporation during the growth interruption and temperature
rise at the GaAs/AlAs interface. For sample 39Z36 the composition is similar but
the substrate temperature was kept constant for GaAs and AlAs growth in order
to prevent Ga evaporation.

PL was excited with the 514 nm line of an argon ion laser. For time-resolved
PL, laser pulses were generated with a 250 MHz acousto-optical modulator. 50 ns
pulses with a 50 ps period were used. PL was detected with a time-correlated
single photon counting system.

3. Results and model
3.1. Photoluminescence

PL spectra consist of a zero-phonon line (ZPH) and phonon replica (PH).
In order to determine the dependence of the I'—X coupling matrix element on
AlAs thickness we have studied the ratio Lpn/Ipn of the intensities of the ZPH
line and the LO PH replica. Contrary to the I'—X coupling the electron—phonon
interaction 1s independent of the parity of the number M of AlAs MLs since
the symmetry of the LO phonon state changes with M in the same manner as
the symmetry of the electron Bloch X-state [15]. In the first approach the ratio
Ipn/Ion is equal to wrx /wpn, where wrx is the radiative recombination rate due
to the I'=X coupling and wpy is the recombination rate due to the LO-phonon
assisted transition. In second-order perturbation theory, one has

(Izph) | Mprx Er— Ex + hvpy ? (1)
Ioh ) cqre [ Mei—pn  Ep— Ex ’

where Ep, Ex are the energies of the HH,—I} and HH;—X; excitonic tran-
sitions, respectively, and hypy, is the LO phonon energy. Mrx and Me_pn are

the matrix elements of the I'—X coupling and the electron—phonon interaction,
respectively. In order to show that the I'—X coupling depends on M, one must
compare the experimental ratio Ipn /Ipn with the ratio calculated with a constant
value of |[Mpx /Me—pn|?. The Ep energy is obtained from the weak HH,—I'y PL
line observed when the excitation intensity is increased. The ratios Ipn/Ion and
(Lzph/Iph )cale are displayed in Fig. 1 for sample 17Q55. Their different behaviors
with AlAs thickness give a clear indication of the monolayer dependence of the
I'—X coupling. Due to the asymmetry of the DQW the ratio I,pn/Ipn varies only
by a factor 1.7 between odd and even M. The amplitude of variation is larger (2.4)
for the more symmetrical DQW of sample 39736 (Fig. 2). The periodic behavior
of Lph/Ipn is also more clearly seen owing to the larger AlAs gradient. The ratio
Ipn/Ion shows minima at positions where the average AlAs thickness is about 6
and 4 MLs. It seems that the observed dependence of the oscillator strength on
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Fig. 1. a — AlAs thickness for the DQW of sample 17Q55 as a function of the position
of the excited spot along the sample, b — experimental ratio I,pn/Ipn (black circles, the
solid line is a guide for the eyes) and ¢ — calculated ratio (I,ph/Ipn)calc (dashed line)

with a constant ratio |Mpx /Me—pn|* taken as an adjustable parameter.
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Fig. 2. a — AlAs thickness for the DQW of sample 39736 as a function of the position
of the excited spot along the sample, b — experimental ratio Ipn/Ipn (black circles).
The solid line is a guide for the eyes. This ratio cannot be obtained between positions
0 and 10 mm. In this region the disappearance of PH replica and the variation of the

ZPH line with sample composition indicate a type II to type I transition.

the parity of M is opposite to the theoretical one. This is attributed to exciton
localization. The ZPH PL line is 6-10 meV broad. Its energy varies smoothly with
sample composition. Excitons are very likely localized in regions where the effective
AlAs thickness 1s larger than the average thickness determined by the calibration
procedure which 1s relative to the free exciton. An effective AlAs thickness for
localized excitons larger than the average one by &~ 1 ML is consistent with the
line width (which is usually of the same order as the Stokes shift resulting from
localization). Hence our results are in accordance with the theoretical predictions.

3.2. Time-resolved photoluminescence

Time-resolved PL measurements were performed to obtain separately the
radiative recombination rates wrx and wpn. The PL decay is found to be non-
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-exponential both in the ZPH line and in the PH replica. This is attributed to a
distribution p(wrx) of the wrx recombination rate for localized excitons. From
the analysis of the decay of the PL signal both in the ZPH line and in the replica we
obtain the radiative decay time due to the I'—X coupling 7rx = (pr)_l and the
decay time due to phonon-assisted transition 7pn = (wpn)~t. We have neglected
the nonradiative recombination [16]. 7rx and 7pn are plotted in Fig. 3 for sample
17Q55. 1pp is in the range 80-150 ps. The solid line represents the recombination
time calculated in second-order perturbation theory [14]. The increase in 7oy across
the sample is mainly due to the increase in Fpr — Fx.
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Fig. 3. Sample 17Q55: « — radiative time 7 x due to the I'—X coupling (experimental:

circles, calculated: solid line) as a function of position of the excited spot along the

sample; b — recombination time for the phonon-assisted transition mn (experimental:

squares, calculated: solid line). The effective AlAs thickness for localized excitons (see

text) is shown at the top of the figure.

Trx varies between 0.5 and 1.7 us. In agreement with the time-integrated
data we observe a maximum of 7px around the position 10 mm and possibly
around 40 mm, where the ratio Ipn/Ipn shows minima. The behaviors of 7rx
and 7pp, are clearly different. This confirms the monolayer dependence of the I'=X
coupling. In the next section we develop a model describing the I'—X coupling for
localized excitons. Within this model we are able to reproduce the amplitude of
varlation of 7rx.

3.3. Model

The generalized envelope-function approximation has been applied to de-
scribe the I'=X coupling in the case of ideally plane interfaces [11]. The I'-=X
mixing potential acting on the envelope functions is a sum of §-functions at each
interface

Vrx(z) = thx(zi)aV(S(z — ). (2)
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The interfaces are taken as As planes at positions z;. V is equal to h2/2m0a2,

where @ is the lattice constant and mg is the free electron mass. trx(z) is
equal to trxn(z ), where tpx is a dimensionless coupling parameter and n(z;)
is the phase factor of the Bloch zone-edge wave function. It can be written as
n(z;) = cos(2wz fa) = (—1)221/(1. We have extended this model to calculate the
I'—X coupling in the case of interface roughness and exciton localization. In a real
GaAs/AlAs structure the interface can hardly be defined as an ideal As plane.
Fluctuations of the interface position over one or two MLs, when averaged over
a certain in-plane distance along the layer plane, result in an effective interface
position which can be located anywhere between two As planes. A non-abrupt
interface is modelled here by considering one ML of Ga;_¢Al¢As alloy between a
pure GaAs layer and a pure AlAs layer. We define an equivalent abrupt interface
at position z; = z, + 1 — &, where z = z, 1s the position of the As plane after the
last pure Ga plane (in units of 1 ML, i.e. a/2). We introduce the coupling coeffi-
cient trx(z ) as a function of the position of the effective interface. It continuously
varies between +ipx and —tpx, its values for perfect interfaces at an As plane.
In the following we shall take tpx(2) as tpx cos(wz), which is the first term of its
expansion in the Fourier series.

We assume that this model can be applied to a localized exciton, as well
as to a free exciton, since small-scale fluctuations of the interface position are
averaged over the relative motion of the electron and the hole. We calculate the
I'—X coupling for a localized exciton as if the exciton were free with the electron
located in an AlAs layer of effective thickness e which can be different from an
integer number of ML. Moreover, at each position y along the sample, the PL
line 1s the sum of the contributions of excitons localized in different sites with
position zr(y) of the left interface and zgr(y) of the right interface distributed
around their mean values z1,(y) and Zr(y) = Zu(y) + €(y). €(y) is taken as the
average AlAs thickness determined by the calibration augmented by 1.1 ML to
take into account exciton localization. z1,(y) is taken as the y-dependent position of
the GaAs/AlAs interface of the DQW calculated by adding the thicknesses of the
calibration structure, the alloy layer and the first GaAs layer of the DQW. Even
with a perfectly flat substrate surface, after the growth of the calibration structure
and the GaggAlg 4As alloy layer with (non-intentional) thickness gradient, the
sample surface is no more flat but convex. There is a difference of height of about
200 ML from the center to the edge of the wafer.

The I'—X coupling matrix element is then written as

Mrx(y) =trxaV {W}#(y)@)}} (y) cos [mzr(y)]

+ ()R (y) cos [mzn(y) + me(y)]} (3)

where ¥ denotes the envelope function. The oscillations of Mprx(y) are averaged
by taking into account a distribution of the positions of the interfaces under each
excited spot at position y. The best agreement with the experimental data is
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obtained by considering uncorrelated Gaussian fluctuations of z1, and e [14]. The
distributions of Pr(z1,) and P.(e) are both taken as Gaussian profiles of width
1 ML. The average squared matrix element for the I'—X coupling is calculated at
each y-position as

2
Mrx

thaV

Urx |z, =

= //dzLde [LT/II#W)I} cos mzp, + WRUER cos 7z + e)] ’ Pr(z1)Pe(e). (4)

We calculate the radiative decay time using second-order perturbation the-
ory. The calculated 7rx is shown in Fig. 3 as a solid line. The behavior and the
amplitude of variation of the experimental values of 7px are quite well reproduced.
Taking for the radiative time of the H Hy—1I" direct transition a value of 0.5-1 ns,
we find the dimensionless coupling parameter 7rx in the range 0.2-0.3. This is in
good agreement with other experimental determinations [7] and of the right order
of magnitude compared to the theoretically calculated one [9]. The I'—=X coupling
potential is found in the range 1.7-2.5 meV.

4. Conclusion

The aim of this work was to show experimental evidence of the periodic
dependence of the oscillator strength of the lowest optical transition on the number
of AlAs MLs in type IT pseudodirect GaAs/AlAs heterostructures. In GaAs/AlAs/
GaAs DQW structures with thickness gradient we have studied the ratio of PL
intensities of the ZPH line and the LO phonon replica, as well as the time decay of
these lines. We have obtained the average radiative recombination time 7 x due to
the I'—X coupling and the recombination time due to phonon-assisted transition
Ton as a function of AlAs thickness. The variation of the I'—X coupling with AlAs
thickness clearly shows the ML dependence of the I'—X mixing potential and its
oscillatory behavior with AlAs thickness.

We have developed a model describing the I'—X coupling for excitons lo-
calized in regions with fluctuations of the position of interfaces. The amplitude of
variation of the experimental radiative time 7px 1s well reproduced within this
model.
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