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Quantum-well self-electro-optic effect devices (SEEDs) are reviewed. The basic
principles of operation in optical switching, bistability, oscillation and non-linear
analogue modes are presented, and the various implementations of SEEDs are sum-
marized. The usefulness of SEEDs in systems is also discussed, and the SEEDs are
considered in the context of optical non-linearities generally.

1. Introduction

Optics has many attractive features for switching and processing applications. It is clearly
very good at communicating information. It has the potential to solve many of the
communications problems within processing machines as well as between them. This is true
both for waveguide devices, and for the more speculative idea of ‘free-space’ two-
dimensional arrays (for a general discussion on digital optics, see {1]). A key problem for
optics lies in the shortage of suitable devices and device technologies either to perform
processing functions (such as logic) or to interface with other processing devices. This is
particularly severe for large digital systems. Here mechanisms and technologies are needed
that allow large numbers of devices to be made and used. The physical mechanisms must
therefore require low energies to avoid power source and dissipation problems. The devices
must also operate in such a way that they are usable in large systems. This latter problem
is one that has received less attention in optics, but as we start to move towards serious
practical devices it is increasingly important. The use of large numbers of devices means,
for example, that there must be no critical setting of device parameters (‘critical biasing’).
We cannot afford to adjust each device (for a general discussion of requirements on optical
devices in digital systems, see [2]).

The quantum-well self-electro-optic effect device (SEED) concept [3-6] attempts to
address both the physical and systems issues. It uses the very strong electroabsorptive effects
in quantum-confined systems as a low-energy physical mechanism (for discussions of
quantum-confined electroabsorption physics and applications, and non-linear optical and
electro-optical effects in quantum-confined systems, see {7, 8]). It combines this with other
optoelectronic and/or electronic devices to make devices that are potentially usable in
systems, and which have both optical inputs and outputs. The SEEDs range from very
simple devices using one quantum-well diode simultaneously as both a photodetector and
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a modulator (4] to more-complex systems that can have transistor logic incorporated with
them [9]. The SEEDs discussed here can all be made using modern layered semiconductor
growth techniques such as molecular beam epitaxy or metal-organic chemical vapour
deposition. Such technology has reasonable prospects for manufacturing large numbers of
devices. Indeed, at the time of writing, SEED arrays are now at the point of early
commercial availability. Integration of other optical and electronic components and devices
is promising with this technology. Such integration flexibility is also important for ultimate
usefulness in systems. This paper reviews the concepts, development and status of SEEDs,
and indicates possible future directions.

Section 2 briefly summarizes some of the background physics and properties of quantum
wells and quantum-well modulators. SEEDs themselves are discussed in Section 3. SEEDs
are discussed in the context of non-linear optics in Section 4, and Section 5 summarizes
some of the features and limitations of SEEDs. Finally, conclusions are drawn in Section 6.

2. Quantum-well electroabsorption and modulators

The important physical mechanism that underlies most of the SEEDs discussed here is the
quantum-confined Stark effect (QCSE) {10-12]. The QCSE gives rise to very large electro-
absorption near the bandgap of quantum-well semiconductors. The basics of quantum wells and
the QCSE have been extensively reviewed elsewhere {7, 8]; here only a brief summary is given.

Quantum wells usually consist of alternating thin (for example, 10 nm) layers of two
semiconductors, the most investigated system being GaAs and AlGaAs. Electrons in the
conduction band and holes in the valence band see minimum energy in the GaAs ‘well’
material, and hence see the AlGaAs layers on either side as a ‘barrier’. The layers are so
thin that the electrons and holes behave as ‘particles in a box’, just as in the elementary
quantum mechanics problem. The resulting quantum confinement leads to discrete energy
levels for the electron and hole, at least as far as their motion perpendicular to the layers
is concerned. These levels can have energies of about 10 to 100 meV.

One result is that the optical absorption spectrum breaks up into a series of steps, with
different steps associated with transitions between the different confined hole ‘sub-bands’ and
the different confined electron sub-bands. Another consequence is that very strong absorption
peaks appear at the edges of these steps, even at room temperature. These peaks are called
exciton absorption peaks. When a photon is absorbed to make a valence to conduction band
transition, an electron is actually created in the conduction and a positively charged hole
in the valence band. The lowest-energy state of this pair is the bound hydrogen-atom-like state
loosely called ‘the’ exciton. In bulk GaAs, such an exciton is about 30 nm in diameter. In
the quantum well it is substantially smaller. It therefore has a very strong overlap of electron
and hole, giving rise to strong absorption. These peaks are important for some devices.

When an electric field is applied perpendicular to the layers, the electron is pulled towards
one barrier and the hole towards the other. This reduces the net energy of the electron-hole
pair. As a consequence, the optical absorption associated with the creation of the pair is
reduced. This means that the absorption edge ‘red-shifts’ with such a field. The important
aspect of the quantum well is that, as this happens, the electron and hole are prevented from
escaping altogether by the walls of the well. This prevents rapid ‘field-ionization’ of the
exciton. If we try to do the same experiment in a normal semiconductor, we see pre-
dominantly a broadening of the optical absorption edge. This broadening is partly because
of the lifetime broadening of the exciton peaks. By suppressing this lifetime broadening in
the quantum wells, large shifts of the optical absorption edge with field can be obtained,
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while still retaining relatively sharp and strong exciton absorption peaks. A typical set of
absorption spectra with field is shown in Fig. | for the spectral region near the bandgap
energy where most devices work. The exciton peak does become weaker as it shifts to lower
photon energies. This is because the electron and hole are being pulled apart by the field,
reducing their overlap somewhat. This mechanism of shifts and changes in height of the
absorption features in quantum wells is the QCSE [10-12].

Because of this strong clectroabsorption mechanism, quantum wells permit various new
kinds of modulators to be made. This work will not be reviewed here, as it is now quite
extensive (see, for example [13]). Both absorptive and refractive modulators can be made,
although only the absorptive ones have so far been used in SEEDs.

The classic structure for a QCSE modulator, as used in all SEED:s so far, is a p-i~n diode
as shown schematically in the circuit in Fig. 1. The intrinsic (i) region contains some
quantum-well layers. As we reverse-bias this diode, we apply an electric field perpendicular
to the quantum-well layers. We can make a modulator by passing a light beam either
perpendicular to the layers or in the plane of the layers in a waveguide configuration. One
qualitatively new aspect of such modulators is that the QCSE absorption changes are so
large that useful modulation is obtained (for example, a factor of 2 or 3) even in a single
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pass through only | um of material (corresponding to 50 or more quantum wells). Hence,
two-dimensional arrays of devices can be made for arrays of light beams propagating
perpendicular to the surface.

One of the major basic physical reasons for being so interested in these modulators for
SEEDs and other applications is their very low operating energy. In contrast to many
optical devices, the energy density required for quantum-well modulators is quite compar-
able with that at which electronic devices normally run. Hence, we may hope to integrate
them usefully with electronics, for example.

The basic electrical energy required to change the optical properties of the quantum well
is essentially the energy required to charge up the volume of the device to the operating field.
This is the same as treating the device as if it were a capacitor. There is no need for the
quantum-well modulators to be large if they can be integrated with the devices that drive
them. For example, for perpendicular modulators or SEED arrays, [0 ym x 10 um is quite
sufficient to make 2 usable device. The capacitance of such a device would be about 10fF,
a capacitance comparable with that of a relatively small electronic device. The fields
required to run quantum-well modulators are typically in the range 5 x 10* to
2 x 10*°Vem~'. This corresponds to voltages of the order of 5 to 20V um~' for devices
1 um thick. The 5V um~' is somewhat higher than the best electronic devices use, so the
energy density involved is somewhat larger. However, it is still respectably low, correspond-
ing to energies of the order of fJ um~? device area. For the case of waveguide modulators
only a few quantum wells are needed in the core of the waveguide to make a usable modulator,
because the modulator can be made long; for example, about 100 um. Then the operating
voltage can be lower, about 1V, which is then compatible with most electronic devices. To
date quantum-well modulators appear to offer the lowest-energy method of getting infor-
mation out of an electronic system if they can be efficiently integrated with it. As is discussed
below, work on SEED arrays {14-16] has shown that the operating energies of such devices
do. indeed, scale down with device size, partly because these devices are fully integrated.

QCSE modulators have many other attractive features. They can be very fast, with their
speed essentially limited by the time taken to apply the electric field to them. This is a usual
constraint of any electrically driven device. The microscopic physics suggests that the
devices could be made to work faster than 1 ps if they could be driven. Measurements on
the parallel field electroabsorption have shown measurement-limited response times of
330fs [17]. The best-demonstrated high-speed performance in a real device is currently in
the range of 20 GHz [18]. They also have great potential for integration with both electronic
and optical devices, such as lasers. They may be successfully integrated with muitilayer
dielectric stack mirrors grown in the same molecular beam epitaxy machine [19, 20]. This
allows surface reflection modulators to be made. Here the light propagates through the
quantum well, off the mirror and back through the quantum well again. These two passes
through the quantum well improve the modulation contrast. For GaAs devices, where the
substrate is opaque, removal of the substrate is also avoided. Working in reflection makes
the mounting of devices easier, and this is the way in which large arrays of devices
are currently being made [21, 22]. It is also possible to make interesting quantum-well
modulators inside Fabry-Perot cavities formed with epitaxial mirrors both above and
below the quantum wells, and this could also be applied to SEEDs {23, 24).

There are many variations on the modulator structures, on the precise physical mechan-
isms, and in the materials of which they can be made. Rather than reviewing these here,
several of them are discussed below in the specific context of SEEDs.
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3. Self-electro-optic effect devices

The modulators discussed so far are electrically controlled with optical outputs. Can devices
be made that are also optically controlled? If so, we could use optics for all of the external
communication of information. The idea of devices with optical inputs and outputs, such
as optical logic devices, is not new. However, such devices have had many problems. They
typically require too much energy, and do not have many of the requirements for devices
that are usable in real digital systems [1, 2]. The SEED tries to get round these problems
to give useful devices with optical inputs and outputs.

As mentioned briefly above, the basic idea of the SEED is simple. Combine quantum-well
modulators with photodetectors, and possibly some other circuitry, to give devices with
both optical inputs and outputs. The use of the quantum-weil modulators gives optical
information outputs that can use very little energy. The use of an optoelectronic system
avoids many of the systems problems: some of these issues are discussed below. Incidentally,
the term SEED has also subsequently been applied to other kinds of devices that utilize the
concept of electrical-feedback circuits on optical elements, with the difference that the
change in optical properties is from thermal effects from ohmic heating rather than the
QCSE or related mechanisms [25]. Here we concentrate only on quantum-confined elec-
troabsorptive devices.

Such an idea raises one main objection. By going to an optoelectronic system, have we
not simply thrown away all of the potential advantages of optics, and acquired all of the
disadvantages of electronics? It is often argued that conversion from optics to electronics
and back to optics is an inefficient process. It usually is. The inefficiencies often result,
however, from the fact that the system is not integrated. Hence, for example, the capaci-
tance of wires and pads has to be charged, losing energy in the process. The lack of
integration also increases cost. Systems with large numbers of devices, such as large digital
systems, cannot realistically be made with non-integrated devices. It is therefore very
important that such SEEDs can be integrated. It is also important that the devices can be
scaled down to small sizes to make them run at low energies. Here we immediately obtain
one of the advantages of quantum wells. They can be integrated, and the resultant devices
can be scaled down, with proportionate improvement in performance. Hence, the com-
munications advantages of optics can be retained in such a hybrid optoelectronic device,
and they can be made in large numbers. Have we not also compromised the potential very
high speed of all-optical devices by going to an optoelectronic system? Perhaps we have, but
it is important to understand the role of the device switching speed in setting system
performance. Large electronic systems are not usually limited in their cycle time by the
intrinsic speed of electronic logic devices. Rather, it is the business of the communication
of information that in various ways sets the system speed. Perhaps optics can improve the
system performance without even making a faster device. Of course, we can also look in the
long term for ultrafast optical logic devices, although it is difficult to envisage these in large
systems in the foreseeable future because of power consumption and other issues.

We can consider the many different proposed SEED:s in two classes. The first class uses
only photodiodes and passive electrical components. It is possible to make some interesting
devices this way. These devices are relatively simple to make, and can be made in large
numbers in arrays. When signal gain for logical fanout with such devices is needed.
regenerative positive feedback can be used inside the device. This feedback can give
bistability; in this case the state of the device can be changed with small power, causing large
changes of output power. (The symmetrical SEED does this in a particularly interesting
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way because it does not require biasing the device close to threshold.) Such devices are
discussed in Sections 3.1 to 3.5. Section 3.6 summarizes some of the work on the use of
different quantum-well and superlattice systems to improve the operation of such SEED:s.
Section 3.7 discusses the second class of SEEDs, which also incorporate transistors. In this
case the transistor can also provide gain, and bistability is no longer necessary. Such devices
are harder to make at present, but are promising for the future.

3.1. Resistor-biased SEED

The simplest SEED to understand is the resistor-biased SEED (R-SEED) circuit (4, 5]
shown in Fig. 1. This simple circuit can show optical bistability and is a useful tutorial
introduction to the first class of SEEDs. It is arguably the simplest possible way to make
the QCSE into an optically controlled device with optical outputs. It does this by using the
same photodiode simultaneously as the modulator and the detector.

We operate this device at the photon energy shown by the broken line in Fig. 1. In this
regime, as we reduce the voltage across the diode we increase its optical absorption.
Suppose that initially there is no light shining on the diode. Then all of the (reverse-bias)
supply voltage will appear across the diode because there is no current flowing in the circuit.
As we start to shine light, we start to get absorption. Now, as it happens, that these diodes
are also very good photodiodes. For every photon that is absorbed, one clectron of current
is obtained. Hence, some current starts to flow in the circuit. This gives a voltage drop
across the resistor, reducing the voltage across the diode. This reduction gives an increase
in absorption, and hence a further increase in photocurrent. Past a certain critical *switch-
down’ input power, this process can continue, leading to an ever-decreasing voltage across
the diode with ever-increasing absorption. It stops when the voltage can get no smaller. This
is a regenerative positive-feedback process that leads to switching into a high absorption
state. Once the high absorption (low voltage) state is reached, the input power can be
decreased while still retaining the high absorption, until a lower critical ‘switch-up’
power. At this point, the positive feedback operates in reverse, and the device switches back
to a low absorption (high voltage) state. Between these two powers, the device is actually
bistable; it can have either high or low transmission. This is an example of bistability from
increasing absorption {26).

Another way of looking at the operation of this device is to use a simple load line analysis.
This is shown graphically in Fig. 2 for the R-SEED. As with any load line analysis, two
simultaneous equations are being solved. In this case, one of the equations is the photo-
current, , generated in the quantum well diode for a given light power, P, shining on the
diode. This photocurrent is shown as a function of the reverse voltage, ¥, across the diode
as a solid line. As the diode is driven into reverse-bias, the photocurrent decreases. This is
because the optical absorption decreases with increasing (reverse-bias) voltage at the
wavelength at which we are working. For the simple quantum wells used here, this decrease
is because the exciton absorption peak moves to lower photon energies with increasing
voltage, as shown in Fig. 1. As the diode is driven into forward bias (i.e., towards the far
left in Fig. 2), the current decreases because of the growth of the forward current for a
forward biased diode. The solid curve in Fig. 2 has been simplified for clarity but, in reality,
there may be more than one ‘bump’ in the curve because the higher energy, light-hole
exciton peak may also move down past the operating photon energy at high biases. The
form of the curve is also somewhat exaggerated compared to typical devices, and the
forward bias region is simplified somewhat, assuming a proportional scaling of forward
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I(photocurrent)

V (reverse-bias voltage)

Figure 2 Simplified load-line graph for R-SEED operation. (- - -) Load-line from series resistor and power
supply. (—-—) current-voltage characteristic for quantum-well diode at low incident optical power;
(—) at intermediate power and (----) at high power. The intermediate-power regime is bistable, as
indicated by the three intersections of line and curve.

current with light power that is not exactly justified. A good approximation is that the
current at any given voltage is simply proportional to the light power, P, is reached, because
the photocarrier collection efficiency is independent of power in simple photodetection.
Hence, we may usefully define a responsivity S(¥) = I(V)/P. One equation for the current
in the circuit is therefore

I = I(V,P) = PS(V) 4]
The other equation for this simple circuit is the relationship between the current through
the resistor and the voltage ¥. With a supply voltage ¥, this current is simply
I = (V, - V)R ()
where R is the resistance. This gives a straight broken line as shown in Fig. 2. Plotting both
Equations 1 and 2 on the same curve allows us to solve for the allowed steady-state voltages
of the circuit by looking at the intersections of the two lines.

In Fig. 2 the curves are plotted for three different light powers: a low power (chain-
broken curve), an intermediate power (full curve) and a high power (dotted curve). At the
low power it can be seen that there is only one intersection of the broken line and the
chain-broken curve. This is at high voltage, and the optical absorption is relatively low. For
the high-power curve there is also only one intersection, only this time it is at low voltage
(actually slightly into forward bias), with a correspondingly high absorption. At powers in
between, as shown by the full curve, there are actually three possible intersections. It is
straightforward to show that the middle one of these intersections corresponds to an
unstable point (see [5] for a further discussion). Any departure of the voltage on the diode
from this point will lead to a photocurrent that charges the capacitance of the diode in such
a direction as to increase further the voltage separation from this point. The opposite is true
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pOUT1 (arbitrary units)

PN 1 (arbitrary units)

¢
Figure 3 Optical input—output characteristic for an S-SEED, showing optical bistability (33, 34]. (This
characteristic is taken with constant power shining on the second mesa of the S-SEED). Bistability charac-
teristics are qualitatively similar for R- and D-SEEDs.

for the other two intersections. Any departures from these points result in resettling towards
these points. Hence, we have bistability. One of the stable states has low absorption, and
the other has high absorption. A bistable input-output characteristic for a SEED (actually
a symmetric SEED discussed below) is shown in Fig. 3.

The basic dynamics of the R-SEED can be understood by viewing the diode as a
capacitor. For a reverse-biased p-i-n diode this is a good approximation. The capacitance,
C, of such a structure is approximately that of a plane-parallel capacitor with plates
separated by the intrinsic region. The photocurrent acts to discharge the capacitance, and
the resistor and power supply tend to charge it up. From this it can be deduced directly that
the dominant time constant for the operation of the device is the resistor-capacitor time
constant, RC.

We could switch this device from the high- into the low-voltage state by suddenly
optically creating a charge Q = CV, in the diode, thereby totally discharging the diode.
This requires an absorbed optical energy

E, = —CV 3)

where e is the electronic charge; one electron of charge is created for each absorbed photon.
In an actual device the absorbed energy will be some large fraction of the incident energy
(for example, 50%), so this energy sets the overall scale of optical switching energies.
In switching with slowly varying powers, the switching energy can be defined as the
product of the incident power and the switching time. The resultant optical energy is still
generally about E,, although it can be several times larger depending on the precise
conditions. E, is therefore a useful characteristic optical energy for the device.
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In general, E, is comparable with or smaller than the stored electrostatic energy +CV2.
Interestingly, E, really depends only on the electric field at which the device is operated, and
not on how thick the quantum-well region is. This is because, in a plane-parallel capacitor,
the same charge density will neutralize the field regardless of the separation of the plates.
The larger the separation of the plates is, the larger the volume in which the field is reduced,
and hence the more efficient the effect of the optically created charge. (We return to this
point in Section 4, where SEED:s are discussed as optical non-linearities.) Formally, we can
define the field F = V/d, and the capacitance C = eA/d, where d is the plate separation in
the capacitor and 4 is the plate area (assuming a plane-parallel capacitor). Now we can
rewrite Equation 3 as

E = s'%w-AF 4)

Note that this is independent of the separation d. This gives £, ~ 1.7fJum-? for
GaAs/AlGaAs at an operating field of 10°Vcem™'. Actual demonstrated devices show
measured incident optical energies for switching of about 7 to 10 fJ um~2{16]. (In the actual
device not all of the incident energy is absorbed.) This is an extremely low energy for
operation of an optical non-linearity to give absorption changes of a factor of 2 or 3.
Absorption saturation in semiconductors typically requires 100 to 1000 times as much
energy.

An extensive discussion of switching dynamics is not given here. Much of the dynamics
can be described with a simple differential equation in which the measured S(V) is used (5)-
However, it is instructive to look at some of the processes using the load-line analysis..
Suppose we are in the high-voltage (high-transmission) state, corresponding to the right-
most intersection of the full-curve and broken line in Fig. 2. As the optical input power is
slowly increased, the full curve increases in size vertically. The intersection moves to the left
slightly as this happens, corresponding to a slight reduction in voltage. When we get to the
condition shown by the dotted curve, there is no longer any intersection at a reverse-bias
voltage. The device voltage does not, of course, change instantly. As the dotted curve
separates from the broken line, it can be seen that the photocurrent, as given by the dotted
curve, slightly exceeds the current from the power supply through the resistor, as given by
the broken line. Consequently, the voltage across the diode starts to reduce, because its
capacitance is being discharged. This reduction in voltage V itself moves us leftwards in
Fig. 2, thereby moving us to a point where the separation between the dotted curve and
broken line is larger, further increasing the rate of discharge. This is the positive-feedback
mechanism as described above. Note that there is a partial cancellation between the
charging current from the resistor and the discharging current from the photocurrent. This
increases the switching energy compared with the ideal minimum E,. Note also that, in the
situation shown by the broken line, although there is no longer any intersection, there is
little or no current difference to drive the system towards the actual stable intersection point
on the left. This is a manifestation of ‘critical slowing down’, an effect known well in optical
bistability and phase transitions in general. Critical slowing down can substantially increase
the switching times in situations where the input power is changed very slowly. It is easily
eliminated, however, by overdriving the system somewhat. This can still lead to a delay in
switching.

In practice, R-SEEDs usually show switching times of about RC and switching energies
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close to E,. One important point is that by varying the resistor one can choose either high
speed, high power operation with a low resistor value, or low speed, low power operation
with a high resistor value. In this case the switching energy remains constant, independent
of speed over many decades. The limit to the lowest usable power is set by the leakage
current of the diode. This may be in the pA range for a very good diode, allowing operation
with pW’s of power. (In practice, it is difficult to make a large enough conventional resistor
to exploit piocamp currents; resistances > 1 TQ (10'2Q) would be required. This problem
can be solved by using another reverse-biased photodiode as the load, as discussed below
for the diode-biased SEED.) The limit to highest usable speed will probably not be set by
the minimum achievable RC time, although high speeds will only be achieved in integrated
devices because of stray capacitances in discrete devices. Speeds from 2ms to 30 ns have
been reported for discrete R-SEED:s [5]. The energies are essentially independent of speed
over this range as expected. Other phenomena, such as the finite emission time of carriers
from quantum wells and saturation of optical absorption, will probably set ultimate speed
limits for SEEDs (see section S for further details).

It is a rather general consequence of catastrophe theory that systems bistable in the
variation of one parameter are generally also bistable in the variation of others. This can
be applied specifically to optical bistability [27]. This has been explicitly demonstrated for
both supply voltage (5] and wavelength [28, 29] for SEEDs. Also, as mentioned earlier, the
actual current/voltage characteristic is usually more complicated than the simple single-
peaked curve shown in Fig. 2. When there is more than one peak in the curve, it is quite
possible to get muitiple bistable regions in the optical input-output curve. For the case of
a simple quantum well, a second bistable loop can readily be seen resulting from the
light-hole exciton peak (the weaker, higher-energy peak in Fig. 1) [5].

3.2. SEED oscillator

If we look at the curves in Fig. 2, we can see that there is a region where the (photo)current
decreases as (the reverse-bias) voltage is decreased. This corresponds to negative differential
conductance. (In fact, for the idealized curves in Fig. 2 this is true for the whole of the
reverse-bias region.) The value of this conductance is simply the slope of the diode current-
voltage curve at a given voltage and power. Increasing the optical power increases the
conductance proportionately. Therefore, the quantum-well diode, with light shining on it
at an appropriate wavelength, has an electrical characteristic rather like a tunnel diode.
Conscquently, many circuits similar to those made with tunnel diodes and other negative-
resistance devices can be made. One simple circuit would be the same as in Fig. 1, and
would show electrical bistability. This has been demonstrated as mentioned above {s);
ramping the power supply voltage up and down at constant optical power gives bistable
switching of the voltage across the quantum-well diode. We can, if we wish, view all of the
bistabilities seen with this circuit as a consequence of the negative resistance.

Another classic negative-resistance circuit is an oscillator. If we replace the resistor in
Fig. 1 with an inductor, the circuit will oscillate once the magnitude of the negative
differential conductance is sufficiently large to overcome the losses of the rest of the circuit,
and it oscillates at the resonant frequency of the inductive-capacitive circuit. Hence, simply
shining at light beam on a quantum-well diode in series with an inductor and a voltage
supply can cause it to oscillate {5]. The oscillation is seen not only on the voltage across the
diode, but also in the power of the transmitted light beam. This beam can be quite deeply
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modulated this way (for example, a factor of 2), generating an optical clock. Simple discrete
bulk inductors readily give frequencies in the MHz region. This concept has not been tested
in an integrated configuration, and much higher frequencies may be possible.

One extension of this concept is to make a locked oscillator that can extract the clock
from a random optical bit stream (30). If, in addition to a continuous power beam, a weak
bit stream whose underlying clock frequency is close to the natural oscillation frequency of
the oscillator is also injected, the frequency of the oscillator can be locked on to this clock.
This is the same kind of locking that can take place with any oscillator. This has been tested
experimentally with a SEED oscillator {30]. The net result is that a powerful optical clock
beam is generated. locked in frequency and phase to the clock of a weak optical bit stream.
This optical clock can then be used with another SEED gate to retime and amplify the
signal. The whole system therefore performs all of the functions of a digital regenerator.
Such a system might become of serious practical interest if it were integrated.

3.3. Diode-biased SEEDs

As a substitute for a resistor in Fig. |, another reverse-biased photodiode could be used,
giving a diode-biased SEED (D-SEED) [5] as shown in the circuit schematic in Fig. 4. As
a very rough approximation, we could imagine that the photodiode behaves as a resistor
whose value depends on the amount of light shining on it (this light would come from
another light beam). Then it can be seen that bistability would be obtained as before. This
approach has one interesting feature; the effective value of the ‘resistor’ is not fixed in
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Figure 4 Layer structure and schematics for the integrated D-SEED [14]. This structure used a fine period
superiattice as a substitute for AIGaAs alloy for material quality reasons. The multiple-quantum-weil region
contains the active quantum wells. The structure is about 6 um thick overail.
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I (photocurrent)

v (reverse-bias voltage)

Figure 5 Simplified load-line graph for D-SEED operation. (- --) Load-line from voltage power supply with
reverse-biased conventional photodiode with constant light shining on it. Note that this behaves as a
light-controlled constant-curmrent source while the conventional photodiode is in reverss bias. (—-—)
Current-voltage characteristic for quantum-well diode at low incident optical power; (—) at intermediate
power and (----) at high power. The intermediate-power regime is bistable, as indicated by the three
intersections of line and curve.

advance, and hence the operating power and speed of the device can be set with the amount
of light on the second photodiode. More light will give faster, higher-power operation.
The use of a photodiode load also improves the performance of the device. This can be
seen from a load-line analysis, as shown in Fig. 5. The load-line representing the photo-
diode and power supply is as shown by the broken curve. When the load photodiode is in
reverse bias, the current passing through it will typically be approximately independent of
the bias; in this region, therefore, the load photodiode approximates a constant-current
source whose value is set by the light shining on the load diode. This is especially true if the
load diode is itself a p-i—n diode. When the reverse bias on the quantum-well diode becomes
comparable with or larger than the power supply voltage, the load diode starts to go into
foward bias, and its (photo)current drops as shown. As can be seen, such a circuit can show
bistability at lower supply voltages than required for the R-SEED. It also has a broader
bistable loop than the R-SEED; the ratio of the dotted to chain-broken curves is larger in
Fig. 5 than in Fig. 2, corresponding to a larger ratio of powers. Also, the separation of the
(broken) load line from the (dotted) quantum-well diode characteristic is larger at most
voltages than in the R-SEED case; hence, as the voltage starts to change during switching,
the difference in charging and discharging currents becomes larger sooner, leading to faster
switching and less critical-slowing-down. The ability to operate the D-SEED at lower
supply voltages gives lower operating energy than the R-SEED. Note that in this D-SEED
switching can be viewed as taking place when the photocurrent from one photodiode starts
to exceed that from the other. It therefore has the unusual property that the state of the
device will not change if both light beams (that is, the light beam on the quantum-well
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diode and the beam on the load photodiode) are changed together so that their ratio is
unchanged [14]. This property is used extensively in the symmetrical SEED discussed in
Section 3.4.

Another interesting SEED variation that has been demonstrated, and works well with a
D-SEED, is a self-biased SEED [31]. This is a SEED without any power supply. This also
works, to a lesser extent, with the R-SEED. If we take the circuit as in Fig. | and simply
set the supply voltage to zero (that is, replace it by a short circuit), the SEED can in principle
still work because of its own built-in field. In an ideal p-i-n diode the built-in field is
essentially the bandgap energy divided by the thickness of the intrinsic region. This comes
from the fact that the Fermi levels in the p- and n-regions must line up at zero supply
voltage. The Fermi level in the n-material is essentially at the bottom of the conduction
band, and that in the p-material is essentially at the top of the valence band. This self-biased
SEED works best if the built-in field is large. The self-biased SEED demonstrated used a
waveguide p-i-n diode with a thin intrinsic region and only two quantum wells {31]. The
resultant built-in field was about 10°Vem~'. This field is sufficient to shift the exciton
substantially to lower photon energies without any applied bias. As we shine light on the
quantum-well diode, it starts to generate photocurrent. This drives the diode slightly to
foward bias, reducing the built-in field. Consequently, the absorption increases as the
exciton shifts back to higher photon energies. Hence, as before, there is a further increase
in photocurrent, and so on. With sufficient light, the diode will be sufficiently into forward
bias that the photocurrent collection efficiency will fall off. The current-voltage curve for
such a quantum-well diode with a large built-in field will look like those in Figs 2 and §
except that the peak of the curve will be shifted to the left into forward bias. It will therefore
show bistability just as before. The practical demonstration showed bistability in a
D-SEED configuration {31]. The R-SEED showed a strong kink in its optical input-output
characteristic, although it was not bistable. It is easily seen from Figs 2 and 5 that the
D-SEED works better than the R-SEED for low (or zero) supply voltage. The idea of a
self-biased SEED, an optoelectronic device with no power supply and no external electrical
connections, raises an interesting point. Is this an optoelectronic effect or an all-optical
effect? We return to this point below, when discussing SEEDs as optical non-linearities in
Section 4.

The D-SEED was also the first SEED to be integrated [14, 15]. The layer structure
for doing this is shown in Fig. 4. Here the load photodiode is an AlGaAs p-i-n
diode grown vertically on top of the quantum-well diode. In operation, a short-wavelength
beam (for example, a red light beam) is shone on the top of the structure, so that it
is absorbed entirely in the AlGaAs diode. This beam sets the effective ‘resistance’ of
the load AlGaAs diode. An infrared beam, at the appropriate wavelength for the quantum-
well exciton peak, is also shone on the top (or on the bottom). It passes through the
AlGaAs diode without absorption. Then bistability is seen in the transmitted infrared
beam as would be expected, with the switching power and speed set by the power of the
red beam. ’

There is one subtlety in the actual layer structure used to implement this vertical
integration. If two diodes are grown one on top of the other, effectively a p-n-p-n layer
sequence is obtained. As a consequence, there are two possible transistors buried in the
structure. Numbering the p-n-p-n layers as 1 to 4, there is a p-n-p transistor from layers
1 to 3 and an n-p-n transistor from layers 2 to 4. Since layer | is biased negative with respect
to layer 4, layers 1, 2 and 3 are the collector, base and emitter, respectively, of the p-n-p
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transistor, and layers 2, 3 and 4 are the emitter, base and collector of the n-p-n transistor.
In each case the quantum wells are in the base—collector depletion region (actually the
intrinsic region). This means that any photocurrent generated by absorption in either
quantum-well region will be amplified by the appropriate transistor gain when the base-
collector junction is reverse-biased. At first sight this seems useful, since transistor gain
could reduce the operating power. However, because of Miller capacitance, a phenomenon
known well in transistors, it does not reduce the operating energy, and hence does not
reduce the switching power for a given switching speed; we return to this in Section 3.7
when discussing integration with electronics. Since we can already run the integrated
D-SEED at as low a power as we wish, there is therefore limited benefit. The transistors
bring with them other problems. One problem is that transistor gain is often strongly
dependent on extraneous effects such as interface states and surface recombination. This
would make the device dependent on such irreproducible effects, would make it difficult to
make uniform arrays of devices and would inhibit scaling to smaller dimensions; bipolar
transistors are particularly sensitive to surface recombination effects as they are made
smaller (the ratio of perimeter surface area to junction area increases as the device is made
smaller). To avoid these problems, the structure in Fig. 5 incorporates an ‘internal ohmic
contact’ between the two series diodes. This is actually a tunnel junction, formed by
adjacent heavily doped n- and p-regions. The tunnel junction is not operating as a negative-
resistance device here. Its function is as a current converter. Electrical current that
flows into one side of the tunnel junction as holes flows out of the other as electrons
and vice versa. (Of course, the electrons and holes themselves flow in opposite direc-
tions.) This means that there is no minority carricr injection from emitter to base in
cither transistor. Consequently, the transistor has no gain. (Formally, the emitter injection
efficiency is zero.) The circuit behaves like two separate diodes connected by a wire. The
disadvantage of using a tunnel junction is that it is difficult to make a good buried tunnel
junction. The doping levels required are very high to make a diode with high current-
carrying capability in the tunnelling mode. In fact, this current density limits the usable
speed of this particular device in practice. Minimum switching speeds demonstrated are
about 1 us.

With this vertical structure, it is relatively straightforward in principle to make arrays of
devices. These consist of mesas with insulators deposited on the sides, with a common top
contact taken off the top of all of the mesas, and the bottom n-layer in the structure used
as the other power supply contact. There is therefore only one pair of electrical connections
for the entire array. All of the devices in the array are reverse-biased in parallel. An
important point to note about this device is that the only capacitance that charges and
discharges in normal device operation is the internal capacitance of the device. Although
the device is internally partly electronic, there is no external electrical communication of
information, and hence no lines to charge. All of the information is communicated opti-
cally. This means that we can scale the device to smaller dimensions and proportionately
improve its performance.

Integrated D-SEEDs have been demonstrated in 2 x 2 arrays of 200 x 200 ym mesas
(14], and in 6 x 6 arrays of smaller (60 x 60 um) devices (15]. The devices were very
uniform in their performance across the arrays. Performance also scaled well with area [15].
Operating speed could be varied from about 1 us to 10s with a reciprocal speed—-power
trade-off. For example, for the smaller devices a switching power of 180 uW was required
for switching at 1 us. Switching with as little as 40 pW was observed. The slowest switching
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time in the device was limited only by the leakage current in the diodes, which was of the
order of pA.

As mentioned already, this device is unusual in that its bistable switching power is not
set in advance, but is controlled by another (red) light beam. If we are prepared to vary both
light beams, we can operate the device in ways not possible with conventional optical
bistability. We can also set and reset the device by changing the red light beam, for example,
without changing the infrared beam at all. Another unusual mode is to run the device as
a dynamic memory [15]. As mentioned above, both beam powers may be turned down
together, and the device will hold its state. Hence, memory may be held with little power,
only turning up the beams when it is wanted to read out or rapidly change state, as in a
dynamic memory. In fact, the beams may be turned off completely for a limited period. The
device will start to change state by discharging its internal capacitance through the differ-
ence in the leakage currents in the two diodes. If we do not let this go to far, then we may
turn both light beams on again and the device will latch back into its previous state. Hence,
we have 2 dynamic memory without the sense amplifiers normally required in electronic
implementations. Zero-power holding times as long as 30s have been demonstrated [15).
The steady-state holding power for such a memory is only about 250 nWcm~2.

Most of the work on SEEDs has concentrated on devices for digital applications. The
devices also have analogue modes. Such modes may be useful in spatial light modulator
applications or in optical neural networks. One interesting mode of the D-SEED is the
self-linearized modulator or optical level shifter (5, 15, 32]. Suppose we change the operat-
ing wavelength or photon energy such that it is at lower photon energies, below the
zero-field exciton peak position (that is, to the left of the broken line in Fig. 1). Then,
instead of a positive feedback (giving bistability), a negative feedback is obtained. This
negative feedback is particularly interesting if the quantum-well diode is driven with a
current source. Suppose there is a current source attempting to pass a current /, through
the quantum-well diode. A current source is simply a circuit that passes the same current
independent of the voltage. Suppose the photocurrent from the quantum-well diode, L,is
< I.. Then the quantum-well diode will charge up. For this operating wavelength, however,
this increase in voltage increases the absorption and hence the photocurrent. Hence, it can
be seen that /, will attempt to increase, and will tend to settle to the value /.. A similar
settling will take place for I, > I, in which case /, will decrease by reducing the voltage
over the quantum-well diode. Hence, there is an internal negative-feedback process that sets
the photocurrent in the quantum-well diode equal to the driving current. In the particular
common situation where there is one electron of current for each absorbed photon, we now
have a modulator that absorbs an amount of power linearly proportional to the drive
current, a self-linearized modulator. If the current is held constant and the optical input
power is varied, we have a device that subtracts a constant power from the light beam on
its way through, an optical ‘level shifter’. In both the self-linearized modulator and the
optical level shifter the output power range is, of course, limited by the minimum and
maximum absorption of the diode at the operating wavelength.

One particularly easy and interesting way to make a constant current source is, of course,
a reverse-biased photodiode, which is exactly the circuit of the D-SEED. This self-linearized
operation has been demonstrated with both discrete {5, 28] and integrated [15] D-SEED:s.
Since the current from the conventional reverse-biased photodiode can be linearly propor-
tional to the light incident on it, a self-linearized light-by-light modulator is possible. Note
that this is an inverting device, since more light on the conventional diode gives more
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absorption in the quantum-well diode. Since the incident light need not be coherent or
narrowband, we can also have a linear (inverting) incoherent-to-coherent converter. In fact,
the incident light could be a visible, incoherent image on an array of D-SEEDs, in which
case it would be possible to form a linear, inverted replica of it in a coherent infrared image
[15). It is also, of course, possible to use a similar visible image on to a D-SEED array
operating in the bistable mode, in which case a threshold version of the image can be formed
(15]). These various modes have all been demonstrated with a 6 x 6 D-SEED array.

3.4. Symmetric SEED

The D-SEED arrays are good optically bistable devices by relative standards, both in their
operating powers and speeds, and in the uniformity with which large arrays can be made.
Unfortunately, they are threshold devices. To obtain the gain necessary for operation of
any logic system, such devices are biased with a power supply (in this case, an optical power
beam) close to their switching threshold. Then a small additional input power will trip the
device over its threshold into another state. Thus, a large change in output power can be
achieved with a small change in input power, giving the desired gain. There are two
problems with such devices: they require very accurate setting of the bias conditions,
otherwise known as ‘critical biasing’; and they are sensitive to reflections of the output back
into itself, which can switch the device (that is, there is poor ‘input—output isolation’). In
electrical terms, these are characteristics of ‘two-terminal’ devices (such as tunnel diodes).
For these reasons ‘two-terminal’ devices are seldom used in large logic systems. Instead,
‘three-terminal’ devices like transistors are used, which are not critically biased and have
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Figure 6 Schematic diagram of an S-SEED [16].
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I (photocurrent)

v (reverse-bias voltage)

Figure 7 Simplified load-line graph for S-SEED operation. (- ~-) Load-line from voltage power supply with
reverse-biased quantum-well diode 1 with constant light shining on it. (—-—) Curment-voitage characteris-
tic for quantum-waell diode 2 at low incident optical power; (——) at intermediate power and (- - - -) at high
power. The intermediate-power regime is bistable as indicated by the three intersactions of line and curve.

The symmetric SEED (S-SEED) [33, 34] solves these problems of bistability. It is still
a simple device, not requiring integration of transistors to make it work. Hence, it has
already been possible to make very large functioning arrays with good performance [21, 22].
The S-SEED is also a bistable device, but it is bistable in the ratio of two light-beam powers.
Instead of having a resistor or a conventional photodiode as the ‘load’ for the quantum-well
diode, it uses another quantum-well diode, as shown in Fig. 6 [33]. Imagine for the moment
that a constant power shines on one diode. Then it can be seen that bistability will be
obtained in the transmission of the other beam through the other diode just as was argued
for the D-SEED above. Of course, we can reverse the roles of the two diodes, and obtain
bistability in the transmission of the first diode. The S-SEED retains many of the useful
features of the D-SEED, such as the ability to operate as a dynamic memory.

Fig. 7 shows the idealized load line analysis for the S-SEED. We can follow exactly
similar arguments as for the R-SEED and D-SEED. For the particular case of Fig. 7, a
somewhat larger supply voltage has been chosen than for the D-SEED in order to
exaggerate the differences. The S-SEED clearly has a very wide bistable loop (the ratio of
the switching powers being given by the ratio of the dotted and chain-broken curves as
before). There is even more separation of the dotted and broken curves, showing that the
S-SEED should have even less problem with critical slowing down than the D-SEED.
Hence, the S-SEED has quantitatively better performance features than the D-SEED. A
device like an R-SEED has been demonstrated with a tunnel diode as the load instead of
a resistor [35). The inherent negative resistance of the tunnel diode has similar benefits to
the quantum-well diode load of the S-SEED, although without the additional flexibility of
the two-beam operation of the S-SEED.
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The real difference with the S-SEED is, however, qualitative. This difference distinguishes
it from all other forms of optical bistability. Suppose we shine essentially equal powers on
the two diodes, perhaps derived from one laser with a beamsplitter. The device will be in
one or other bistable state, with one diode transmitting and the other diode absorbing.
Suppose now we turn down the power in both beams together (for example, by reducing
the laser power). As we do this, we will not cause the device to change state. The device
actually switches only when the photocurrent in one diode starts to exceed the photo
current in the other, hence causing the voltage across the diodes to change. This is similar
to the D-SEED. Provided we reduce both beams together, there will be no change in the
ratio of the photocurrents. This allows us to obtain signal gain in an unusual way. We may
turn down the power in both beams simultaneously, then switch the device with additional
low-power input beams. Then we may turn up the power and read the device at high power.
Thus, with low-power input beams we have caused a large change in output power, giving
gain. This gain is unusual, as the input and output occur at different times, and hence is
called ‘time-sequential gain’. Importantly, we can have this gain without ever having to bias
very close to a switching threshold: we have avoided critical biasing. In fact, the device is
now completely insensitive to fluctuations in the power supply beams, provided they are
both derived from the same laser. (The fact that the device is also tolerant to fluctuations
in one beam, because it is not critically biased, means that it is not even necessary to derive
both beams from the same source.) It also has some input-output isolation, because small
reflections of the output back into the device will not switch it, since it is not biased near
to a switching point. It is now effectively a ‘three-terminal’ device. The gain in the S-SEED
can be essentially as large as wanted (for example, several orders of magnitude). The
minimum power required to switch is limited only by the leakage current of the diodes. The
gain-bandwidth product is, however, constant. If we choose to use lower power, we must
wait proportionately longer for the switching to occur. Therefore, in digital applications we
typically will use the device with only a small amount of gain (for example, x 5 to 10).

In principle the D-SEED could be operated in a similar way, but this would require two
wavelengths and two lasers, with simultaneous clocking of the lasers. It also would not be
possible to interchange the light beams in the pair, an option that allows inversion of the
logical state. The use of two side-by-side diodes also means that the problems with the
internal tunnel junction of the D-SEED can be avoided by making an external ohmic
contact.

Another unusual aspect of the S-SEED is that it uses pairs of beams. The output of one
device is a pair of beams; one with high power, the other with low power. The input of the
next device is also such a pair of beams. As its input the S-SEED is actually sensitive to the
ratio of these two beams. This is important, since it avoids the need for high contrast in the
modulators. In electronics, logic levels do not need to have high contrast; for example, a
logic ‘1’ might be anything > 3.5V and a logic ‘0’ might be anything < 1.5V. The reason
why this can be done is that each logic gate actually has an internal reference voltage to
which it compares. Such internal references are difficult to implement in optics. The
S-SEED solves this problem because the light beams carry round there own reference: one
light beam is the reference for the other. A logic ‘1’ is one beam more powerful than the
other, a logic ‘0’ is the reverse. Incidentaily, this makes the logic level essentially indepen-
dent of attenuation, as long as both beams are attenuated equally.

Although it is simple device, the S-SEED is a complete logic device, with all of the basic
requirements for use in a digital logic system. It can perform logic operations {30], including
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