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An experimental study was made on the electroabsorption of asymmetric GaAs double quan-
tum wells separated by thin AlAs tunnel barriers to better understand the optical properties in the
coupled systems. It was clearly shown that the field-dependent absorption characteristics, i.c., the
anticrossing properties, were not fully explained by the predictions for the optical transitions be-
tween the quantized electronic levels but better interpreted by taking account of the contribution
of the exciton binding energies, i.e., in terms of tunneling between the excitonic states in the adja-

cent wells.

The coupling effects in semiconductor superlattice (SL)
or multiple-quantum-well (MQW) structures in electric
fields cause significant phenomena in optical properties,
e.g., the Wannier-Stark localization' =3 and the quantized
level mixing.*~¢ The application of the coupling effects to

optoelectronic devices’ ~!' might bring about fruitful
results as with the quantum-confined Stark effect
(QCSE). "

In conventional quantum-well structures, it is well
known that the Coulomb interactions of electron-hole
pairs, i.e., the exciton binding energies, are enhanced since
the electrons and holes are confined together in very nar-
row regions.'> For coupled-quantum-well (CQW) sys-
tems, the excitonic effect on the optical transitions would
also be of great interest."®!4~!" However, the experi-
mental investigation of the effects has been scarcely re-
ported so far. In this paper, we obtained meaningful in-
formation on the excitonic effects from absorption spectra
of the CQW structures to better understand the field-
dependent characteristics, i.e., anticrossing behavior, of
the optical transitions.

We investigated the double-quantum-well (DQW)
structures grown by molecular-beam epitaxy (MBE) on
Si-doped GaAs substrates. The DQW element consists of
100- and 60-A-thick GaAs wells separated by 4- or 8-A-
thick AlAs tunnel barriers. Four pairs of the asymmetric
DQW’s were embedded in undoped AlAs-GaAs SL re-
gions which were sandwiched between Be- and Si-doped
AlAs-GaAs SL regions. The epitaxial wafers were pro-
cessed into p-i-n photodiodes with much the same
configurations as reported earlier.*

For an asymmetric uncoupled DQW system, E} (X"
stands for an interwell transition between the nth electron
level in the wider (narrower) well ¢/*™, and the mth
heavy- (light-) hole level in the narrower (wider) well
R(DY™ while a usual intrawell transition between the
nth electron and the mth heavy- (light-) hole levels in the
wider (narrower) well, e#™ and ()™ is referred to
as EXS0).*5 The symbols also represent the energy
values of the optical transitions. We utilize the notations
expansively for the CQW system as well. Figure 1 shows
the energy-band diagrams of the DQW intrinsic region.
It should be noted that the energy band of the intrinsic re-
gion is inherently bent because of the existence of the
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built-in field. By varying the internal field of the intrinsic
regions, we can observe phenomena associated with the
quazxti6zed level mixing or crossing in the optical spec-
tra.

We measured the photocurrent (PC) spectra of the
diodes at 77 K in electric fields perpendicular to the lay-
ers. Figure 2 shows the spectra of the DQW structure
with the 4-A-thick tunnel barriers at various external bias
voltages V.. To elucidate the peak shift behavior, the
peak wavelengths (energies) were summarized as a func-
tion of Ve in Fig. 3(a). The absorption peaks were
identified by considering the intersection of the lowest-
and the first-excited electron levels (e} and e)) (Refs. 5
and 6) as well as by comparison with the PC spectra of
the reference samples. The assigned origins are denoted
in Figs. 2 and 3. Thus, the results can be clearly classified
into three anticrossing pairs. Also, we can find partial an-
ticrossing characteristics of an intrawell-like forbidden
transition of Efh,. The large energy repulsion (~20

EY EM

FIG. 1. Schematically illustrated energy-band diagrams of an
asymmetric double-quantum-well structure in two different
electric fields. Pay attention to the relative positions of e} and
el quantized levels. For clarity, the light-hole levels and the
higher-lying levels are eliminated. Some optical transitions are
inserted.
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FIG. 2. Photocurrent spectra of an asymmetric coupled-
quantum-well structure at different bias voltages. Four pairs of
100- and 60-A-thick GaAs wells, separated by 4-A-thick AlAs
barriers, are embedded in the intrinsic region sandwiched be-
tween p- and n-type AlAs-GaAs superlattices. Measurements
were made at 77 K. Reverse bias is positive.

meV) observed in the anticrossing characteristics origi-
nates from the very thin tunnel barrier thickness, i.e., the
strong interwell coupling. In addition, remarkable blue
shifts were observed for the transitions associated with the
kY quantized level (E}}; and EYY, E¥{Y and ENy).

If the observed optical transitions were the transitions
between the quantized levels (the band-to-band transi-
tions), the following relation should be satisfied:

LE¥ay —EN o | = | ENry —E¥Nay | = eV —el'| .

¢))
From the PC spectra, we can estimate both the separation
energies associated with the 4} and kY heavy-hole levels,
ie, |[E¥s—EM,| and |EN,—EVY|. Figure 3(b) indi-
cates the V., dependence of the separation energies (solid
and open circles). It is obvious that the experimental re-
sult is not represented by Eq. (1). In this connection, it
should be noted that the bias voltages which give the
minimum separation energies are appreciably different.
The energy values of |EY, —ENY| — |ENy—EWY| are
plotted as a function of V¢ in Fig. 3(b) as well (solid tri-
angles).
This marked result should be interpreted in terms of the
excitonic effects. In this work, we will give a fundamental
explanation for the experimental results by using a simple
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FIG. 3. (a) Absorption peak wavelengths (energies) as a
function of bias voltage V.. The observed optical transitions are
divided into four pairs. (b) The V.. dependence of the separa-
tion energies between the paired optical transitions associated
with the kY heavy-hole level, |EY,—ENL|, |EN:—EWNI,
and their differences, | EW, —ENL| — | ENy —EPY].

model. We start with considering the uncoupled system
where the e} and e}’ quantized levels intersect each other
at Vc. The solid lines in Fig. 4(a) indicate the energies of
the two pairs of transitions between the e}’ or el levels
and the A or hY levels as a function of V. (where, for
simplicity, the usual Stark shifts'? are neglected). In the
uncoupled DQW system, the exciton binding energies
ERXY and EX™ of the interwell ENYY and EMY transitions
(which really cannot be observed) should be evaluated as
zero. On the other hand, for the intrawell EY, and EY,
transitions, the sufficient exciton binding energies E} and
E} should be considered. The energies of the excitonic
E¥;, and EY; transitions are shown by the dashed lines in
Fig. 4(a) (where the bias-voltage dependence of the bind-
ing energies'? is also ignored). We name the two crossing
voltages of the paired excitonic transitions (E, and
ENY, ENn and EWY), Vi and Vy, respectively. Last, we
introduce the excitonic coupling effects, '® and thus the ex-
citonic transition energies in the coupled system may be
represented by the dash-dotted lines. It should be noted
that Vy < Ve < Vy.

In Fig. 4b), |E¥,—EYY| and |ENy—EWY| are
shown for the excitonic transitions in the uncoupled sys-
tem (dashed lines) and the coupled system (dash-dotted
lines). The differences between the separation energies,
|E¥ A —EMY| — |ENa—EPX|, are indicated in Fig.
4(c). The bias voltage V¢, where |EN,—EMY]
= |EN,—EWY| for the excitonic transitions, may be
shifted from V¢ due mainly to the difference between E 4
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FIG. 4. Graphical explanation of the anticrossing charac-
teristics of the excitonic transitions in double quantum wells.
(a) The bias-voltage dependence of EM; and ENY,
and Etiy and EFR, ) |E¥y—EM| and |EYy—EWY], and
©) |EWi—EMY| —|ENy—EWY| for the uncoupled system
(dashed lines) and the coupled system (dash-dotted lines). In
(a), the solid lines denote the band-to-band transition energies
for the uncoupled system, whereas the band-to-band transition
energies for the coupled system (or the anticrossing characteris-
tics for the bare electronic states) are not shown for simplicity.

and E}. Generally, since EY < Ef (Ref. 13), V&< Ve or
Vw=Vc<Vc—Vn.

This simple model accords very well with the experi-
mental results. In the present coupled system, Vy and Vy
(Ref. 19) are estimated to be ~ —0.25 and —0.55 V, re-
spectlvely, while V¢, which may be nearly equal to V¢ if
E¥~EF,is ~—0.4 V. As seen in Fig. 4(b), in the volt-
age ranges far from Vw(), the variations of |EM{Y
—EXPM| are identical for both the coupled and un-
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coupled systems, and will directly reflect the electric-field
change in the mtrmsw region if the QCSE and the Ve
dependence of EF™ are negllglble Here, the value of
|EXy—EWY I/Vex around 1.0 V is ~20 meV/V, which is
lower than an expected value of ~30 meV/V estimated
from the distance between the centers of the paired GaAs
wells (84 A) and the width of the intrinsic region (~2800
A). This may mean that the two transitions are not com-
pletely decoupled at ~1.0 V yet.

An equivalent conclusion was also obtained for another
DQW structure with 8-A-thick AlAs barriers, although
the minimum repulsion energies of the anticrossings were
about half the values for the system with 4-A-thick AlAs
barriers due to the weaker interwell coupling, which gives
more definite values of Vy and V.

Previously, we have observed the anticrossing charac-
teristics of the radiative transitions for the optical excita-
tion power in the photoluminescence properties of the oth-
er asymmetric GaAs/AlAs/GaAs CQW structure.’ In
the results (Fig. 4 in Ref. 5), the excitation powers which
give the minimum separation energies appear to be
different for the two anticrossings.?’ The property can
also be explained by the present model where the exciton
binding energies are taken into account. Furthermore, a
similar approach may be effective for the investigation of
the excitonic effect in the Stark localized SL’s, where the
serial difference energies between the optical transitions
are obtained.

In conculsion, we manifested the excitonic effects on the
absorption spectra of asymmetric coupled GaAs quantum
wells in an electric field. It was shown that the anticross-
ing characteristics of the optical transitions in the coupled
quantum well systems were appreciably modulated by the
excitonic effects. A similar investigation about various
coupled systems and sophisticated quantitative calcula-
tions will lead to deeper understanding of the tunneling
between the excitonic states.
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