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INTRODUCTION 

Over the past several years, quantum wells have shown themselves to be an 
important and exciting model system for investigating the physics and applications of 
quantum confinement for optical switching systems.1-4 Much of this interest is 
stimulated by the fact that there is an impressive fabrication technology available to 
make such structures. Together with the interesting physical properties shown by 
quantum wells, this technology has enabled us to make a variety of novel but relatively 
practical devices that offer us new opportunities in optical switching. Here I will 
summarize briefly some of the more recent optoelectronic devices using quantum 
wells that are based on the unusual electroabsorptive effects in quantum well systems. 
As we proceed towards more practical devices however, it becomes increasingly 
important to consider devices in the context of systems, and this consideration is now 
strongly influencing the directions of work in integrated quantum well switching 
devices. For this reason, I will start by briefly summarizing some of the more 
important systems requirements on devices. 

SYS1EMS REQUIREMENTS ON DEVICES 

Because most devices are conceived first by physical scientists, it is natural to 
emphasize the physical properties required of devices. Clearly, for example, such 
devices must operate at sufficiently low energy. For optical devices, optical power is 
particularly expensive and limited. Hence, if we wish to operate some large number of 
devices (as for example for two-dimensional array applications), we require 
particularly low optical operating energies. Of course we must also constrain the total 
energy dissipation of the system for thermal reasons. It is also clear that devices must 
be capable of operating in practical optical systems: for waveguide devices, they 
probably ought to be compatible with optical fibers; for array devices, we would like a 
high two-dimensional density of devices, without wasted space between devices, to 
take full advantage of lens properties. Finally of course the devices must be sufficiently 
fast to be of interest for a given application. 



For systems, however, we must also consider other physical and mathematical 
requirements on devices. To make a logic system we must have cascadability, fanout 
and logical inversion. Devices without all of these attributes cannot make an arbitrary 
logical system. If we are considering any large number of devices in a system, we must 
also consider various other attributes. For such large systems we cannot tolerate 
having to set very critical conditions for the operation of the device, as for example 
any necessity for a critical setting of bias power to obtain device operation or to obtain 
sufficient gain. Also, to make the system practically possible to design, we must have 
a reasonable degree of isolation between the output of a device and its input. Without 
this, devices can be inadvertently switched by minor reflections of one kind or another 
back through the system. Another important attribute of any digital logic device is 
that it must restore the logic level. Small variations in the input logic levels should not 
influence the form of the output; the output should always show the same logic levels 
independent of the precise details of the input. If this is not the case it is not possible 
to make any large logical system. Finally, it is highly desirable that the devices have 
flexibility of functionality. In designing any complex system, there must be complexity 
somewhere in that system, that is, the designer has to make many choices somewhere 
in the system design. Those choices can either be in the software, in the firmware, in 
the interconnection pattern of the devices, or in the choice of the devices themselves. 
If we have no choice in the devices, (for example, if we can only make, say, a NOR 
gate with two inputs and two outputs), then all the complexity must go elsewhere in 
the system. It would be very helpful, however, if we had at our disposal a family of 
devices that could all be made with the same technology so that we were able to make 
choices about functionality at the device or gate level. Note that we desire all of these 
different functionalities under the same biasing conditions; a device that can function 
many different ways under different biasing conditions merely transfers the complexity 
to the bias supply design. 

It is of course important to emphasize that there is no single best device; 
different applications emphasize different attributes. For example, devices designed 
for application in small systems, perhaps on the end of optical fibers, have much less 
stringent requirements on total operating energy and on many other physical and 
mathematical properties because they are used in simple systems. However, they 
might have a very stringent requirement, for example, on operating speed. Devices 
for large array applications have very stringent requirements on optical energy and 
must be extremely convenient to use so that large systems can be designed based on 
them. 

It is also important to emphasize that many of the potential advantages of optics 
lie not at the level of the individual device's physical performance, but rather at the 
level of the advantages which optics gives to the system as a whole. For example, 
electronic systems are generally not limited in speed by the speed of the individual 
devices, but rather by the communication of logical information from one device to 
another, especially when that other device is on another chip on another board. 
Optics may turn out to have major advantages in assisting in that communication 
process, and hence in speeding up the operation of the system as a whole. This 
advantage could exist for the system taken as a whole even if the optical device has 
poorer physical performance in terms of speed and energy then its electronic 
counterpart. In looking seriously at optical devices for practical applications it is 
crucial to consider the device in the context of the system and to show that it gives an 
advantage to the system overall. 
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As will become apparent below, quantum well devices can display many of the 
attributes, both physical and mathematical, that are required for devices in systems. 



Their physical performance is only just as important as the other attributes, such as 
flexibility of functionality and convenience of operation in its various forms. 

SELF ElECfRO-OPTIC EFFECT DEVICES 

When electric fields are applied to quantum well material in the direction 
perpendicular to the quantum well layers, the optical absorption edge of the material 
can be shifted to lower photon energies without destroying the excitons and the 
abruptness of the band edge absorption itself. This is a particularly strong 
electroabsorption mechanism for semiconductor materials, and it called the 
quantum-confined Stark effect. This effect is well understood, and the important 
difference in the quantum well that gives this behavior is that the excitons are not 
field-ionized by the application of the electric field; the walls of the quantum wells 
hold the exciton together so that it continues to exist as a particle for a reasonably long 
time. Hence the exciton peak is not broadened by uncertainty principle broadening 
resulting from rapid field ionization. 

Such an effect has obvious applications to electrically controlled optical 
modulators, and many such devices have been demonstrated. These can be relatively 
fast (for example, 100 ps), limited essentially only by the electrical parasitics of the 
circuit used to drive the modulator. Modulators have been successfully demonstrated 
in GaAs-based quantum wells at 850 nm, and also in other materials such as 
InGaAs/lnP quantum well systems operating at - 1.6 j.Lm. There is no need to 
restrict such modulators to simple rectangular quantum wells; other structures such as 
coupled quantum wells have been successfully demonstrated, with slightly different 
operating characteristics that may ultimately help in optimizing devices for specific 
applications. It has also proved possible to make waveguide devices and to make 
devices grown on reflecting dielectric stacks, hence making a reflection modulator in 
which the light makes two passes through the quantum well region. This reflecting 
structure has the additional advantage that it obviates the need to remove the 
substrate in GaAs-based quantum well systems. 

The extension of the use of the quantum-confined Stark effect to optically
controlled optical devices is the underlying concept of the self-electro-optic effect 
device (SEED). The SEED is a combination of a photodetector and a modulator, 
possibly with some other intervening electrical circuitry, so that light shining on the 
photodetector results in a change in voltage across the modulator. The SEED 
therefore can be a device with optical inputs and optical outputs. It is clear that such a 
device is a hybrid of optics and electronics. It is common to presume that such hybrids 
are inefficient, for example in terms of their energy, or are severely limited in terms of 
their speed of operation. Much of this belief comes from the fact that most such 
hybrid systems are not integrated. Hence they utilize different technologies for the 
different parts of the system and must be connected by external wiring. Such electrical 
communication over substantial distances is inefficient. However if we can make a 
fully integrated system, then we can take advantage of the intrinsic very low energy 
operation of the quantum-confined Stark effect to make devices that actually can have 
lower energy densities of operation than most other optical devices. Their speed of 
operation should ultimately also be comparable to that of the best electronic devices. 
As stated above, the principal speed limitations in electronic systems are not the 
speeds of the devices themselves but rather the times taken to communicate 
information from one device to another. Hence with such an integrated 
optoelectronic system we might hope to take advantage of the ability of optics to help 
us in communicating information more readily inside the system. With devices like 
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the SEED, when fully integrated without stray capacitances, the energy of operation is 
essentially cy2 from the electrical power supply and a similar energy from the optical 
beams. For typical quantum well diode structures these energies are of the order of 
perhaps 1 to 20 a / J.Lm2 under typical operating conditions. 

The first SEEDs to be demonstrated were not integrated. A simple circuit 
consisting of a reverse bias quantum well diode in series with a resistor and the power 
supply can show bistability as light is shone on the modulator. The modulator 
operates simultaneous as a detector as well, and hence it generates a photocurrent 
which results in a change in voltage across the resistor. This voltage change itself 
causes a voltage reduction across the modulator which increases its optical absorption 
and hence increases the photocurrent. This becomes a positive feedback mechanism 
that can lead to optically bistable switching within this system. 

Many other SEED configurations have been demonstrated first in discrete 
forms. Among the more recent of these is an all-optical regenerator.5 This includes a 
SEED optoelectronic oscillator locked to an incoming bit stream to generate a local 
optical clock. This clock and another portion of the bit stream are combined in a 
SEED bistable decision circuit to generate a retimed version of optical signal as 
required in a regenerator for a digital system. Another recent discrete device was a 
wavelength convertor demonstrated with a GaAs/ AlGaAs quantum well diode in 
series with an InGaAs/InP quantum well diode and a reverse bias power supply.6 This 
device is bistable either at the 1.6 J.Lm wavelength shone through the InGaAs/InP 
modulator or at the 850 nm wavelength shone through the GaAs/ AlGaAs modulator. 
It can be used to convert a signal on one wavelength into a signal on the other, in 
either direction. 

The first integrated device involved replacing the resistor of the simple bistable 
SEED with another photodiode grown directly on top of the quantum well diode. 
This device need have no parasitic capacitance because the only voltage point that 
needs to change is the point internal to the device at the join between the quantum 
well diode and the conventional photodiode. This diode-biased SEED (D-SEED) can 
be operated over many orders of magnitude of switching power and speed because the 
effective value of the load resistance can be altered by the amount of visible light 
absorbed in conventional photodiode. These devices show very good scaling over a 
wide speed and power range, with a constant energy density for switching. They also 
showed good scaling with area, retaining the same switching energy per unit area as 
the device was scaled down to smaller dimensions. Arrays as large as 6 x 6 fully 
functional devices were demonstrated with 60 J.Lm mesas.7 This device could also be 
used to demonstrate operation as an analog spatial light modulator and as an optical 
dynamic memory. In the dynamic memory mode, when all of the light is removed 
from the array, the devices retain their internal voltage for long times, up to 30 
seconds. Then when both light beams are turned on again onto each device they come 
back up in there previous state, in contrast the behavior of most bistable systems. 

Although these D-SEEDs showed relatively good uniformity of operation, it 
became clear that they, just like other simple bistable devices, would have difficulty in 
functioning as useful logic devices because of the critical biasing requirement inherent 
in the use of the conventional bistable devices for optical logic. A solution to this 
problem for bistable SEED devices is the so-called symmetric SEED (S-SEED).8 
This device consists of two quantum well diodes in series with a reverse-biasing power 
supply as shown in Fig. 1. With constant light power shining on one of these diodes, 
we could see bistability in the transmitted light power through the other, as shown in 
Fig.2(a). Importantly, however, this device is really bistable in the ratio of these two 
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Si doped GaAs substrate 

(b) 

Fig. 1 Schematic diagram of (a) the symmetric SEED circuit and (b) the symmetric 
SEED structure. 

incident beam powers. To understand why it is the ratio that is important, we need 
only note that the switching between one state and the other of such a device is caused 
when one photocurrent starts to exceed the other. If both light beams are reduced in 
proportion, there is no change in the ratio of the photocurrents and hence switching 
does not occur. 

If we derive both light beams from the same light source then the S-SEED is 
totally insensitive to fluctuations in the light source power. Furthermore it is possible 
to get gain out of the device by turning down the power from the light source, 
switching the device from one state to another with a weak light beam, and turning the 
power of the light source back up again to read the state out at high power. This 
"time-sequential" gain can be very large, up to several orders of magnitude, although it 
should be remembered that, just like many other amplifiers, the time-bandwidth 
product of that gain remains essentially constant. This device also has effective 
input/output isolation, because when this device is putting out a large output power it 
is insensitive to small reflections of that power back into the output. On the other 
hand, when it is sensitive to small input powers, it is putting out very little output 
power. These characteristics of lack of critical biasing and of input/output isolation 
make the S-SEED essentially a three-terminal device; the terminals are not at 
different points in space, but rather occur at different points in time. These S-SEEDs 
are now being considered for relatively large arrays, and preliminary results on large 
arrays of small devices continue to show good scaling and yield. 

The concept of the SEED can be extended to include the use of other electronic 
components in the system, provided in practice that they can be efficiently integrated. 
Schemes for integration have been proposed for bipolar transistors with quantum well 
modulators and photodetectors, and recently a field effect transistor has been 
successfully integrated with modulators and detectors to make a field effect transistor 
SEED (F-SEED).9 In this device the field effect transistor is formed by standard field 
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effect transistor processing steps in the top layer of a modulator, and hence there is a 
modulator available at the drain of every field effect transistor in the circuit if we wish 
it. Furthermore, we may use the same p-i-n diode structure elsewhere on the chip as a 
photodetector if we wish. Hence we can imagine a circuit with optical inputs and 
outputs distributed over the surface of the chip exactly where we wish to have them 
for the purposes of our application of the circuit. These optical inputs and outputs 
could be made very much smaller than the size of conventional electronic input and 
output pads. Such a scheme might enable us to make the best use of optics and 
electronics for a given application. 

Fig. 2 Input/ output characteristics of the symmetric SEED. 

Another interesting scheme that has recently been proposed and demonstrated 
for reading out quantum well field effect transistors is "phase-space absorption 
quenching" (see, e.g., Ref. 10). In this system, we make use of the change in optical 
absorption that occurs inside the quantum well channel of the field-effect transistor 
itself. As the transistor is turned on and off, the electron density in the channel 
changes. This can change the optical absorption coefficient of the quantum well 
dramatically over quite a large wavelength range by this band-filling mechanism. Such 
a scheme is particularly interesting for a waveguide modulator integrated with field 
effect transistors. 
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FUTURE DEVELOPMENTS 

It is clear that there is an evolutionary path for the integration of electronic and 
optical components using the SEED concept and related quantum well effects. There 
will doubtless be future research on this, directed towards the goal of allowing us to 
change between optics and electronics at will to make the functionality that we need 
for a particular systems application. It also seems likely that there will be research 
into even more intimately integrated optoelectronic devices, perhaps for very high 
speed applications. For example, it has recently been proposed that virtual transitions 
in quantum well structures under bias could allow the generation of ultrashort 
electrical pulses, perhaps inside devices themselves.ll This opens up exciting 
opportunities for such ultrafast optoelectronic systems. 

Another exciting area of research is into attempting to make further use of 
quantum confinement by going to even more highly confined structures. These are of 
interest both for absorption saturation, 12 and, as recently discussed, for 
electroabsorption.13 A principle advantage of quantum boxes for absorption saturation 
is that the oscillator strengths would be concentrated more strongly into lines. Hence 
in saturating these lines we would be able to make very large changes in absorption 
and refractive index. It has been argued12 that at least for standard absorption 
saturation mechanisms the energy required to make a given change in optical 
properties is not essentially changed by the use of quantum boxes compared to 
quantum wires and quantum wells, or even compared to bulk semiconductors under 
some conditions. In the case of electroabsorption, however, there is major energy 
advantage to be gained by utilizing more highly confined structures if they can be 
made sufficiently uniform.13 The electroabsorption of a ideal quantum box would 
involve shifts of strong absorption lines; these shifts, however, would be just as large as 
the shifts of the levels in a quantum well of the same thickness under the same field. 
Hence for the same electrostatic energy density we should be able to move a larger 
absorption, so that the change in optical properties per unit electrostatic energy should 
be larger in the highly confined structures. It must be emphasized, however, that such 
an advantage can only be realized if the structures can be made sufficiently uniform 
that they show strong concentration of the oscillator strength towards lines in the 
optical spectrum. 

CONCLUSIONS 

It can be seen that quantum well systems can make a variety of optoelectronic 
devices based on quantum-confined Stark effect electroabsorption and related effects. 
Of the many such devices proposed, a large fraction have actually been demonstrated 
and have been shown to operate under relatively practical conditions and with energy 
densities comparable to those of electronic devices. Sophisticated structures can be 
made with high yield and large arrays of devices have been successfully demonstrated. 
Such quantum well devices are therefore very strong candidates for the development 
of practical digital optical processing systems for both switching and computing 
applications. At this time there also seem to be many exciting prospects for novel 
quantum well devices possibly operating at very high speeds and there are 
theoretically opportunities for yet further enhanced performance in more highly 
confined systems. The realization of practical devices under such highly confined 
conditions, however, must await a practical fabrication technology for highly uniform, 
highly confined structures. 
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