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Abstract. Quantum wells, alternate thin layers of two different semicon-
ductor materials, show an exceptional electric field dependence of the
optical absorption, called the quantum-confined Stark etfect (QCSE), for

electric fields perpendicular to the layers. This enabies electrically con-
trolied optical modulators and optically controlled self-electro-optic-
effect devices that can operate at high speed and fow energy density. Re-
cent developments in these QCSE devices are summarized, including
new device materials and novel device structures. The variety of
sophisticated devices now demonstrated is promising for applications
to information processing.
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1. INTRODUCTION

Over the past few years, quantum wells (QWs) have emerged
as a new and exciting class of materials for optical devices.
QWs consist of alternating ultrathin layers (e.g., 100
thick) of two different semiconductors and can take advan-
tage of impressive layered semiconductor growth
technologies, such as molecular beam epitaxy or metal-
organic chemical vapor deposition, that are already well
developed. Consequently, even though some of the unusual
new physical mechanisms in QWs were discovered only
recently, it already has been possible to demonstrate a varie-
ty of sophisticated devices with practical potential.

This is currently a rapidly evolving field. The purpose of
this paper is to provide a short review of some of the recent
work in QW electroabsorptive devices. Section 2 introduces
QWs, the types of devices, and the physical mechanisms in-
volved. This discussion, included for completeness only, is
brief. Except for some recent work extending the under-
standing of the physical mechanisms, much of this material
has been reviewed elsewhere.! Work on materials other than
GaAs/GaAlAs is summarized in Sec. 3, and in Sec. 4 some
of the more sophisticated recent devices are discussed.
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2. QUANTUM WELLS AND ELECTROABSORPTIVE
DEVICES

The basic optical properties of QWs of interest for devices
were recently summarized in another paper in this journal,’
and only a brief summary of some of the key points is given
here.

Normal semiconductors show an absorption spectrum
near their band gap energy that is relatively smooth and
featureless at room temperature. QWs, on the other hand,
show a clear series of steps. These steps result from the fact
that electrons and holes are confined like particles in a box
(in one direction) and transitions are allowed only between
similar confined states for electrons and holes. In the system
most often studied, which consists of alternating layers of
GaAs and AlGaAs, the particles are confined within the
GaAs ‘“‘well” by the AlGaAs ‘‘barriers,”” with typical
thicknesses of these layers being ~ 100 A. The steps are fur-
ther enhanced by strong exciton absorption peaks at the
edges of the steps. For each confined state of electron and
hole, the lowest-energy electron/hole pair state is the ex-
citon, in which the electron and hole orbit around one
another like a hydrogen atom. The strength of an optical
transition is generally proportional to the ‘‘overlap’’ of elec-
tron and hole, and in the case of the exciton, this is large
because they are in a tight orbit around one another, hence
the strong absorption peak. The smaller the exciton, the
larger is this peak. Excitonic effects in QWs are particularly
large because the exciton is made smaller by being confined
inside the QW. This effect is so large that the exciton peak
can be seen even at room temperature. (See Ref. 2 for a
longer discussion of confined states and QW excitons.)

Many interesting nonlinear optical effects are associated
with these exciton peaks,!? but we will not consider these
further here. The effect that interests us most is the so-called
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quantum-confined Stark effect (QCSE),*# which describes
the changes in optical properties of QWs when electric fields
are applied perpendicular to the QW layers. One of the most
interesting consequences of this effect is that the sharp op-
tical absorption edge near the band gap energy can be
shifted to lower energies by this field without destroying the
sharp exciton absorption peaks. This contrasts strongly with
the behavior of bulk materials, in which the exciton peaks
are destroyed with moderate fields and the remaining ab-
sorption changes correspond to a broadening of the absorp-
tion edge, often referred to as the Franz-Keldysh effect.

The physics of the SCSE is relatively well understood.>-
The reason for the persistence of the exciton peaks is that
the walls of the QW prevent the electron and hole from be-
ing totally torn apart from each other by the field. This
prevents lifetime broadening of the exciton resonance. The
shift of the exciton resonance with field is simply equivalent
to the Stark shift that would occur in a strongly confined
hydrogen atom, hence the title QCSE. The relationship be-
tween the QCSE and the Franz-Keldysh effect is now
understood.¢ The absorption does become somewhat weaker
as it shifts to lower energies because the electron/hole
overlap is reduced by the electron and hole being pulled to
opposite sides of the well’; the absorption lost in this way is
picked up by the growth of forbidden transitions that ap-
pear at higher photon energies, resulting in sum rules for
this electroabsorption.’ Work on the physics of the QCSE is
summarized in Ref. S.

The practical result of the QCSE is that we obtain a new
and strong electroabsorption mechanism in semiconductors.
The changes in absorption are so large that it is possible to
make optical modulators that are only micrometers thick
and whose transmission can be changed by more than a fac-
tor of 2 with voltages ~5 to 10 V. We can therefore con-
template two-dimensional arrays of optical devices based on
this effect in which the light beams propagate perpendicular
to the surface, a class of devices that has always been dif-
ficult with semiconductors.

Because only micrometers of material thickness are re-
quired for substantial modulation, it is possible to obtain
the necessary field by including the QWs within the deple-
tion: region of a diode and reverse-biasing the diode.” This
results in an energy-efficient device, with no static dissipa-
tion except that from the photocurrent generated by absorp-
tion of the beam being modulated. The energy required to
change the transmission of the device is also small, being
simply ¥4 CV2, where C is the device capacitance and V is
the voltage applied; this results in operating energies in the
range of a number of fJ/pm?2. This energy density is very low
by the standards of optical devices and is comparable to the
energy densities required to run good electronic devices. The
modulation is also fast, with speeds of ~100 ps
demonstrated (see Ref. 1 for a discussion), and the fun-
damental limit is probably less than a picosecond.

With such low energies and relatively convenient devices,
it is attractive to consider whether devices can be made that
can operate under optical control rather than only electrical
control. One way of achieving this is to make devices that in-
corporate both an optical detector and a QW modulator.
This is the most general definition? of the self-electro-optic-
effect device (SEED).38-13 The simplest form of SEED is
that in which the QW diode is itself the only photo-
detector.!® When the diode is incorporated in an external

circuit, an optoelectronic feedback results because the
photocurrent changes the voltage across the diode, which in
turn changes the absorption of the diode, which in turn
changes the photocurrent, and so on. The absorption can
either increase or decrease with voltage, depending on the
wavelength chosen, so either positive or negative feedback
can be achieved. With positive feedback, the device is op-
tically bistable.’ With negative feedback and a current drive,
a self-linearized modulator results®® in which the power ab-
sorbed by the modulator is proportional to the drive cur-
rent; this same configuration also can be used as an optical
level shifter in which a constant power is subtracted from
the transmitted light. One extension of the self-linearized
modulator is to use another reverse-biased ‘‘load’’ photo-
diode as the current source. Then, the power transmitted by
the QW diode decreases linearly with increased power on the
““load”* photodiode. The basic principles of all of these
SEED:s are treated in detail in Ref. 11, and all are reviewed
in Ref. 1.

3. NEW MATERIALS

There are several motivations for investigating materials
systems other than GaAs/GaAlAs for QW optical devices.
Apart from the obvious desire to extend our knowledge,
there are specific shortcomings of the GaAs system for some
applications. First, the GaAs/GaAlAs QWs are grown on
GaAs substrates, and these substrates are therefore opaque
at the wavelengths at which the QWs show their most in-
teresting electroabsorptive effects. This can be overcome by
selective chemical etching to remove the substrate or by
growth of an integral mirror,™ as discussed in the next sec-
tion, but it is obviously desirable to have the option of
avoiding this problem. Second, the GaAs QWs do not
operate at the wavelengths of greatest interest for long-
distance optical fiber communications (e.g., ~1.3 and 1.5
um). Of the many possible materials for QWs, those based
on InGaAlAs and InP materials systems have received most
attention, with significant work also in the GaAlSb system.
In all of these cases, the growth technology already has been
advanced because of the interest in these materials for long-
wavelength optoelectronic devices.

The first of these other materials systems to be in-
vestigated was the combination of InGaAs wells with
InGaAlAs barriers, grown on InP substrates.!® This was
followed by studies of InGaAs wells with InAlAs
barriers.'6'” These materials do show excitonic peaks at
room temperature that are influenced by electric field, with
some shift of the peaks. These shifts are accompanied by
significant broadening of the absorption edge, and the
QCSE behavior is not as clear as in GaAs/GaAlAs QWs.
However, these materials are suitable for long-wavelength
operation, and the InP substrates used are transparent at the
operating wavelength. Recently, InGaAs QWs with InP bar-
riers (also on InP substrates) have shown very clear QCSE, '
as shown in Fig. 1. These data agree well with theory, testing
the QCSE quantitatively for a system other than
GaAs/GaAlAs. The photocurrent response of this material
is also good, suggesting possible extensions to SEEDs. One
possible reason for the differences in these different
materials systems is that higher impurity concentrations in
the nominally intrinsic region may result in broadening of
the spectra.'* GaSb wells with GaAlSb barriers also have
shown clear QCSE.!" This materials system is suitable for
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