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ABSTRACT

This thesis concerns itself with the optimisation and potential use of the symmetric
self electro-optic effect device (S-SEED), a bistable optoelectronic logic device.

The SEED utilises the change in absorption of light, of semiconductor multiple
quantum wells, when an electric field is applied perpendicularly to their layers (ie. the
quantum confined Stark effect). These multiple quantum wells, incorporated into the
intrinsic region of a pin diode type structure, can be used to modulate an incident light
beam by varying an applied electric field. Under certain conditions, the SEED can be
operated under positive feedback and is bistable in the intensity of its input beams. By
using the modulation enhancing characteristics of an asymmetric Fabry-Perot cavity,
these devices can exhibit very high switching contrasts for low operating voltages. A
high contrast SEED is demonstrated. These devices can also operate as linear modulators
or optical 'taps’ in which the tap absorbs only sufficient incident optical power to satisfy
a current drive, with the remainder of the optical power reflected. An high contrast
linear modulator and its functionality as an optical tap is demonstrated. This device's
application for use in a self-adjusting, optical to electronic, serial to parallel convertor is
also proposed.

A limitation of current optical switching devices is that they are either relational
devices with high bandwidth and no bit-sensitivity, or they are purely logic devices
with bit-sensitivity but much lower bandwidth. A new way of operating the S-SEED is
shown which combines the advantages of both groups of optical switching device. This
‘enhanced intelligence’ S-SEED can be operated in such a way as to yield functionality
similar to that required in self-routeing optical packet switches. A discussion is also
made of optimum SEED device characteristics and limitations with respect to speed and
signal tolerances in S-SEED systems applications.
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CHAPTER 1

Introduction

1.1 Introduction

Optical technology has much to offer the areas of telecommunications and computing
[1]. Optical fibre has now, due to its high capacity and cost, almost entirely displaced co-
axial cable in the long distance terrestrial trunk telecommunications network [2]. The
high bandwidth capacity and the low signal losses of optical fibre has led to it being the
preferred transfer medium for very high bit-rate services such as high definition
television (HDTV) and pay per view television etc.[3]. Its presence has been felt in
metropolitan area networks (MANSs), local access networks (LANs) and its penetration is
now spreading towards the network perimeters. Currently there are a number of studies
going on around the world to investigate the feasibility of 'fibre-to-the-home' [4], in
which a single optical fibre would be able to handle all our information and home
entertainment requirements. However, it is not just in long distance communication
applications that optics is expected to play an increasingly important part.

As very large scale integration (VLSI) technology becomes more mature, ever
increasing integrated circuit packing densities are achieved. Circuits providing even
greater functionality can be constructed in the same die area due to the increased packing
density of devices and wires. These circuits can be made to operate at, or are 'clocked’ at,
higher and higher bit-rates as a direct result of integration and the associated increased
device capabilities and decreased parasitic capacitance that can be achieved. However
in the face of increased functionality per unit area and increased operating speeds, these
improvements are constrained by the problem of getting more and more data into and out
of the chip in order to meet its increased information needs [5-7]. As the functionality of a
single chip system increases, greater demands are made on the number of chip input and
output channels. This trend can be seen for example in microprocessor systems design: As
higher power processor chips with greater utility become available, wider data and
address paths have been adopted. In addition, special purpose co-processors requiring
high speed co-processor interfaces have become quite common [6]. Therefore it is seen that
interconnection and communication within a digital system is fast becoming a
fundamental system performance limitation. This is especially true in the case of certain
signal processing applications where the amount of actual computation per sample is
relatively small and hence the system is often input/output bound rather than processing
bound [5, 6].

As the trend towards increasing complexity and increasing pin count continues, a
problem arises due to the fact that the pin count in an integrated circuit does not scale
with increasing levels of integration. Bonding pad size and die perimeters remain
constant, thereby constraining the number of pins available for input and output. Also, as



system clock speeds get faster, data needs to be moved on and off the chip at higher
speeds. Off-chip load capacitances caused by bond pads, pins and board circuit tracks
unfortunately however do not decrease with decreased linewidths [7]. Increasing the
data rate therefore becomes expensive both in terms of power consumption and the chip
area required for driving the electrical tracks for communication. A typical metal
conducting path at chip level presents itself to the drive circuit as a capacitor to be
charged and discharged according to the required logic level. The power consumed in this
process increases with increasing track lengths and for higher bit-rates. The pin out/
communication issue in VLSI design is fast becoming a bottleneck which is constraining
future system performance. A number of studies have been carried out which compare the
power requirements for communication over electrical tracks and using optical techniques.
These studies suggest that in power terms, optical communication links are superior to
electrical ones over distances longer than approximately 1mm at bit rates of 1 GHz [8,9].
These arguments lead to the conclusion that an optimum architecture which exploits the
high capacity interconnect capabilities of optics and the processing power of electronics,
consists of small electronic 'islands' interconnected by high speed optics [10]. These
electronic islands or 'smart pixels' do their internal communication and processing at very
high speeds because of the short electrical interconnection lengths involved. Inter-island
communication over longer distances is performed optically and makes use of the high
speed and low power requirements of optical communication links to solve the
input/output bottleneck of conventional electronic systems.

Another method of increasing the capacity of processing systems, in addition to
operating at higher speeds, is to operate on information in parallel, instead of in series.
Optical technology readily lends itself to this type of application because of the low
crosstalk and interference of very closely spaced optical beams. Many optical beams can
be placed in close proximity, with very little interference, to form very high bit-rate,
massively parallel communication links. Optical logic devices have been made which
can perform processing and Boolean logic operations on input optical signals. However
these devices are currently too limited in their speed and energy requirements to be a
serious contender for the replacement of VLSI technology [10]. The 'electronic islands' or
'smart pixel' type architectures could take advantage of these concepts, with large
arrays of small high speed electronic processing units or islands, interconnected optically
in parallel. All the I/O in such a configuration is thus done optically, with a large
possible pin-out of very high bandwidth. The processing function of the system is
achieved electronically, communication is optical, and thus advantage is taken of the
strengths of the two respective technologies. The incoming signal can be converted from
the optical to the electronic domain by using photodetectors which can also act as
modulators in order to modulate a constant power incident optical beam, thereby
performing a pin-out function. The laser light source used, can be located off-chip to
reduce on-chip power consumption and can be split into a number of parallel optical
communication paths. Further advantage can be obtained reducing clock timing skew by
using optical techniques to distribute the clock signal within a digital processing system
[11]. Photodetector /modulators can be made very small and many devices of say 10um x
10um could be fitted in the surface area of a conventional electronic bond bad (200um x



200um). Also, due to these devices' very small capacitances, much less driver circuitry is
required to drive an electroabsorption modulator when compared to bond pads, pins and
printed circuit board electrical tracks. Surface emitting laser technology could also be
used as a source for the optical interconnect [12]. Considerable attention is now being paid
to the issue of optical 'wiring' in this type of system configuration. The problems
associated with interconnecting large arrays of cascaded devices are not insignificant
however and these systems require very precise mechanical optical alignment systems.
New architectures are being investigated which might make use of the inherent
parallelism of interconnection using free-space optics [13].

Until recently, one of the weaknesses of the use of optical fibre in the trunk
telecommunications network was that the optical signal needed to be amplified at
certain intervals due to signal attenuation down the fibre. This was achieved by
electronically detecting the signal, amplifying it and then reconverting the reconstructed
electrical signal back to an optical one. This however limited the maximum bit rate of
the transmission system to that of the speed of the repeater electronics. Increasing the
communication link bit rate was difficult since it required the replacement of the repeater
electronics. Also very little of the optical bandwidth was used, since the electronic
detection and amplification process made it difficult to use different wavelength signals
(wavelength division multiplexing, WDM) in a communications link. However, the
advent of the optical fibre amplifier [14] has meant that optical signals can be
regenerated all optically without having to have recourse to the electronic domain. It is
now possible to build a most desirable transmission channel in which all optical data can
be sent transparently from end-to-end. This transparent optical 'pipe’ is only limited by
the terminal electronics. If system capacity needs to be increased then the terminals are
simply replaced. The optical amplifier also has the property that it allows a passband
of approximately 50nm (@ 1.55um) which corresponds to an optical bandwidth of greater

than 6 x 1012 Hz. This opens up the huge bandwidth potential of optical communication
and leads the way to using dense wavelength division multiplexing [15] and coherent
communication techniques [16] (the optical analog of frequency multplexion in radio
communication). Given that we now have transparent optical pipes of virtually
unlimited bandwidth it would be nice to be able to route or switch optical signals to their
destinations without having recourse to speed limiting electronics.

A number of technologies exist that can switch or route optical signals. These can be
divided into two main categories based on their device characteristics in photonic
switching architectures [17-18]. Firstly, 'logic' devices are devices in which an optical
signal interacts with the device in such a way that controls the state of the switching
device (ie. ON or OFF). These devices have the ability to sense and interact with
individual bits in a bitstream and can perform boolean logic operations. However, because
of their strong interaction with individual bits, the maximum transmitted bit-rate that
may be conveyed is limited because of the need that some of the devices in a system must
be able to change states or switch as fast, or faster than the signal bit-rate. A device
structure which has been investigated to perform optical logic operations is the nonlinear
Fabry-Perot etalon. This device structure makes use of a non linearity eg. thermal [19], or
an absorption related change in refractive index [20] which enables logic operations to be
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performed. However, these devices have strict requirements on their bias beam stability
which puts very strict restrictions on the thermal control of these devices [21]. The use of
these devices in systems applications is limited by the requirement that they are
critically biased and the need for a high degree of system temperature stability. Because
of this they are intolerant to fluctuations in signal strength, thermal noise and are
difficult to cascade into useful systems. Another type of optical logic device is the
bistable Self Electro-optic Effect Device (SEED) [22], which uses the quantum confined
Stark effect (QCSE) [23] in semiconductor multiple quantum wells to alter its absorption of
light. A refinement of this device is the Symmetric or S-SEED [24-25] in which two mqw
modulators are reverse biased in series and in the presence of positive feedback, these
devices are bistable in the ratio of two input power beams. If one input is greater than the
other, then the device operates in one state with one output reflected (or suppressed)
with respect to the other. If the converse is true, the device operates in its other stable
state. This has the advantage that operation is possible over many decades of input
power range and since the inputs are differential in nature, there is no need for critical
biasing. It is the optimisation and practical application of the SEED logic device which
is the main subject of this thesis. The switching contrast ratio can be dramatically
enhanced and operating voltages reduced by incorporating the device structure within the
confines of an asymmetric Fabry-Perot cavity (chapter 2). System speed performance and
signal tolerancing can be enhanced by applications using this type of device with its
increased contrast. Ideal SEED device characteristics for use in photonic switching
applications are quantified and discussed (chapter 5).

The second category of optical switches are 'relational’ or 'passive’ devices. These
are optical switches that perform a mapping function between given inputs and outputs
depending on the state of some control signal. These devices are transparent to the service
bit-rate passing through them and therefore their bandwidth can be very large.
However, these switches have no ability to extract information from the bits throughput:
They are bit insensitive. Optical switches of this kind would include mechanical fibre
switches [26], planar waveguide switches, for example in LiNbO;3 [27] or spatial light
modulators (SLMs) [28]. Mechanical fibre switches operate by electro-mechanically
moving the end of an optical fibre to couple light in from one source to another. Switching
time is slow, due to having to physically move the fibre, but this switch can be useful in
applications having slow reconfiguration times, eg. route protection in a
telecommunications network. A more sophisticated relational optical switch is that of a
directional coupler. The most advanced implementations of these have been achieved
using LiNbOj technology. Demonstrations of a 128 x 128 switch have been implemented
[29]. These demonstrations make use of over 8000 directional couplers and 800 laser
amplifiers to cope with signal attenuation on passing through the switch. One of the
main disadvantages of LiNbOj technology and of directional couplers as a whole
however, is that long interaction lengths (order of a few mm's) are required for efficient
coupling of light from one signal path to the other. This limits the degree of integration
that can be obtained and is costly in terms of chip 'real estate'. Also these devices require
high operating voltages and dual rail voltage control which limits switching speed and
switch reconfiguration times. Also, the need for polarisation maintaining fibre and
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connections adds considerably to system cost and complexity. However, the main
advantage of directional couplers and relational devices, is their ability to pass a huge
bandwidth of optical signal. Once set up, these switches remain in whatever state,
passively relating their inputs to their outputs. The transparency of the switch to the
signal passing through it enables very high throughput signal routeing to be
implemented. However the switch is wholly insensitive to the bits passing through it, so
that no form of optical processing logic can be carried out. Control of the switch is
therefore electronic and therefore its speed is limited to that of electronic controlling
elements [30].

As higher and higher bit rate transmission systems are being developed, there is a
pressure to build faster and faster switching systems to switch these complex signals. In
transmission systems, the high bit rate signal only passes through a few elements as it is
generated or processed. This allows quite high speed operation, since all the controlling
electronics can be placed in close proximity, allowing high data processing rates over
small interconnection distances. In a switching system however, the signal must pass
through a large number of switching elements which are spread over a much larger area.
This makes high bit rate electronic switching much more difficult. A partial solution to
this problem is to trade-off between the complexity of the transmission and the
switching systems used [17]. One solution which is currently being implemented is that of
the Synchronous Digital Hierarchy (SDH) or the Synchronous Optical NETwork
(SONET) [31], where the transmitted signal format is of a block-multiplexed format
rather than a byte or bit-multiplexed time division format. In this transmission
hierarchy, the switching system can operate on a signal or block directly, rather than
having to demultiplex the information and switch at very high bit-rates. This
synchronous architecture removes the need for requiring large demultiplexer /multiplexer
mountains to remove or add a signal to the high bit rate stream at each node in a network.
Switching is also carried out at much lower bit rates as large blocks of data (2430 bytes:
SDH STM-1) can be switched at 125us rather than the bit or byte switching of data in
ns's.

Another proposed transfer mode is known as Fast Packet Switching (FPS) [32] or
Asynchronous Transfer Mode (ATM) [33]. ATM is the CCITT (International Consultative
Committee for Telephone and Telegraph) target transfer mode for broadband ISDN (ie.
the transmission of broadband multiple bit-rate services). This is a fixed size packet
based architecture in which packets or cells of 53 bytes (5 bytes destination address and
48 byte information payload) are statistically multiplexed on to high bit-rate carrier
channels. Each cell is conveyed to its destination address over the network in exactly the
same way, regardless of its service source. Higher bit-rate services simply transmit more
cells in order to satisfy their higher bit-rate demands. Loss sensitive services such as
computer data or delay sensitive cells, perhaps originating from telephony calls, can be
assigned 'priorities’ ensuring their safe and timely delivery.

An evolutionary step towards a full asynchronous transfer network is the mapping of
ATM cell streams onto the payload of a much larger synchronous packet or time frame
which provides an intermediate solution which allows the statistical multiplexing of
asynchronous cells on to a synchronous framework which is compatible with the current
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telecommunications network. A number of ATM cells destined for the same destination are
grouped together and placed in the Synchronous Payload Envelope (SPE) of a larger,
synchronous packet or cell [31]. This allows the network switching speed constraints to be
relaxed as frames consisting of many ATM cells are switched at say the current 125us
(8000 Hz) rate as opposed to individual cells (of 53 bytes) being switched at much higher
rates.

Given the dramatic increase in processing overhead by switching individual ATM
cells rather than using current circuit switched techniques, it would be very desirable for
individual ATM cells to be able to self-route through a switch to their network
destinations. One such switch type is the Batcher-Banyan routing network of which the
‘Starlite’ switch is an example [34]. At each stage in this switch, a simple logical
operation is performed on the cell header which determines whether the cell is
exchanged or bypassed. This is a non-blocking switch architecture whose size scales very
favourably with switch size. It would of course be very convenient to be able to perform
this logical operation and self-routeing, optically and 'on-the-fly’, thereby distributing
control of the switch and the routeing of cells over the entire switch fabric. To implement
in electronics, this normally requires a small processor with order of 100 gates per
exchange-bypass stage.

The problem in implementing a packet switching system using relational devices (eg.
directional couplers) is that a packet header or destination address has to be read and
some decision made, in order to determine whether the packet should be routed through
the switch (ie. exchanged or bypassed). This can be achieved by the use of an electrical
overlay network which controls the routeing of the optical signals through the switching
fabric (figure 1.1) [35]. A portion of the optical power is stripped off from the incoming
optical signal and the packet header is monitored electronically with the state of the
relational switch being set accordingly. The header information could be at a lower bit
rate than the ensuing data so that the electronic processing could be done at reasonably
low operating speeds allowing the slower speed electronics to switch an higher bit rate
optical signal. However, if the header bit-rate is the same as the data, then the speed of
the switch is limited by the speed of the electronic control overlay network. The cost of
such a system is mainly that a large amount of electronics surrounds and controls a small
number of photonic switching devices. For this to be economical, large packet lengths are
required so that the amount of processing required per bit transmitted is reduced.

If however a photonic relational device existed that exhibited sufficient
'intelligence’ to be able to perform a simple routeing operation, then it might be worth
while doing the packet switching entirely optically rather than having to expensively
integrate the two technologies side by side. Even though electronics is the main contender
for processing applications, if the operation is simple enough, (ie. the system is /O bound
rather than processor bound), then optical processing logic might prove more
advantageous rather than having to combine the two types of switching technology.
What is required is a device that combines the advantages of relational switches (ie.
high bandwidth and transparency) with those of optical logic switches which are bit
sensitive and have the potential for logical operation.

13



Optical Network

Electrical Overlay Network

Figure 1.1 Electrical overlay of an optical network

The characteristics of the various logic devices available, ie. relational devices
(high bandwidth and data transparency, but no logical operation) and logical devices
(optical processing functionality but much lower bandwidth) are such that neither class
of device offers the perfect switching solution: ie. Bandwidth and Intelligence. This
leads to the question that perhaps the advantages of both can be used in some 'hybrid'
device based, switching fabric. Up until quite recently however, it has been difficult to
consider the usage of current optical logic devices in real systems applications. High
power, critical biasing and accurate temperature control device requirements have meant
the slow evolution of these devices from the laboratory into practical systems. However,
the SEED and in particular the symmetric or S-SEED, overcome many of these difficulties
[24]. Its dual-rail differential logic operation, low switching energies and wide bistable
hysteresis width lend it to some very interesting systems applications. The S-SEED has
already been proven useful in optical computing applications such as optical clock
extraction [36] and wavelength modulation/conversion [37]. It can also be used as a self-
linearised modulator [38] or an optical 'tap' [39]. A whole range of SEED devices can now
be fabricated in large arrays [40] and with varying operating characteristics, such as very
high contrast [41] and low operating voltage [42]. It is shown in chapter 4 of this thesis
how the S-SEED can be used in a manner which gives to it, the properties of a combined
logic and relational device (ie. passive or relational switching with intelligence). For
this device, functionality very similar to that required in a self-routeing, all-optical
packet switch is demonstrated [43-44]. Optimisations, switching speeds and other
systems considerations for S-SEEDs operating in such a dual mode are also discussed.

As optical interconnection technologies mature, the distances over which optics is
used to enhance electronic processing will reduce. High speed optical fibre backplanes
have been made for computer rack systems and the optical 'printed circuit board' is
virtually a reality [45]. In these optical bus implementations it is extremely desirable to
be able to see into or 'tap' a portion of an optical bit stream without destroying it. Such a
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‘tap’ can be implemented using SEED technology and is proposed and demonstrated in
chapter 3 of this thesis [39]. This device configuration can 'tap’ as much or as little of an
incident optical signal as is required without destroying the signal. This device can also
be controlled in such a way as to be able to give high contrast linear modulation
characteristics so that the same device can act as a receiver or a transmitter node in an
optical bus configuration. Thus this highly functional element can be used in a dual mode
(receive or transmit) in the node interface of say an optical bus or rail-tap system. Also, a
very compact and useful systems application is proposed which uses the SEED tap in a
single stage, self-configuring, optical to electronic, serial to parallel convertor. This
architecture serves as a demonstration of how optical technologies may be applied, in
order to implement functions much more simply and elegantly than by using conventional
electronics-only techniques.

It is indisputable that optics will continue to play an increasingly important role in
communication and processing systems, where current systems are reaching certain
electronic systems limitations which only a conversion to optical technology can solve. It
is clear however, that due to lack of integration capacity and relatively large device
sizes and switching energies, optics will not replace electronics in compex processing
systems. However the use of photonics and optoelectronics technologies in future
processing and telecommunications applications should not be underestimated. It is hoped
that this thesis will give the reader some understanding of how optics can be judiciously
used in conjunction with electonics, to yield much simpler, more efficient and robust
systems than was previously possible
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CHAPTER 2

Self Electro-optic Effect Devices

Optical communications systems employing single frequency lasers have already been
implemented to huge effect in high capacity, optical fibre, long-haul terrestrial
telecommunications networks. Such systems take advantage of the single frequency nature
of these light sources so as to avoid the large power penalties that would result if multi-
frequency services were used in fibre systems having significant dispersions (=2ps/km
nm). However, even single frequency laser sources are not ideal because upon direct
intensity modulation, their wavelengths shift or ‘chirp’ [1]. If the laser is operated in a
continuous mode however, and its light is modulated ‘externally’, then it is possible to
virtually eliminate laser frequency chirp. Improved optical output power may also result
as the requirements on the laser source are relaxed. Higher modulation speeds will also
be possible because the modulators used may be made very small, with low capacitance
and low operating voltages enabling very high speed operation [2]. Further advantages to
be gained by using the external modulation of lasers are that the laser source can be
located off-chip, reducing the on-chip power consumption and additionally, a single
optical source beam can be split and used for multiple signals. It may also be possible for
the external modulator to be more easily integrated onto a VLSI chip [3].

External intensity modulators are generally of two types: Phase modulators in a
Mach-Zehnder [4] or coupler configuration [5], or through electroabsorption [6]. The phase
modulation effect of the first group of modulators can be achieved through either the
electro-optical [7] or the stronger electro-refractive effect [8]. The electroabsorption
modulator however, is a simpler alternative and is discussed in the following sections.
The multiple quantum well (MQW) electroabsorption modulator is discussed and a
particular use of MQW modulators, which will be described, is the Self Electro-optic
Effect Device (SEED), which under certain conditions can exhibit bistability and perform
optical logic functions.

2.1 Electroabsorption modulators

Electroabsorption modulators are devices which can modulate an incident optical
beam by absorbing a certain fraction of the optical power incident upon it. The fraction of
the incident power absorbed is controlled by a voltage applied across the modulator.
Electroabsorption modulators are in general made from semiconductor materials which
absorb light by means of optically induced transitions of electrons from the valence to the
conduction bands of the material.
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The proportion of the incident optical power absorbed, upon passing through the
modulator, is known as the ‘absorption’, A, of the modulator and is dependent on d, the
length of the absorbing material through which the light passes. The amount of optical

power absorbed also depends on the absorption coefficient, o (cm‘l), of the material,
which in turn depends on the wavelength of the light used and on the electric field
applied. For general consideration, it is assumed that the device absorption coefficient is
independent of the optical power incident on the device, however for high powers this
assumption is no longer valid as ‘saturation’ of the material can occur (5.6).

2.1.1 Theory of operation

Electroabsorption modulators utilise changes in the absorption of light, with photon
energies close to the band gap of a semiconductor material, upon the application of an
electric field. This change in absorption leads to a change in transmission of the light
through the modulator. The transmitted optical power through the device can therefore
be modulated by varying the electric field and thus the absorption of the device.

Upon application of an electric field, for bulk semiconductors, the valence and
conduction bands tilt, allowing less energetic electrons to cross between the bands. There is
a field-induced broadening effect and the band-edge is effectively broadened. This is
known as the Franz-Keldysh effect [9] and by shining incident light of wavelength
corresponding to the band-edge of the material used, this effect can be used to modulate
an incident light beam. However, much larger changes in absorption with electric field
can be achieved for multiple quantum well material. When the thickness of a semimetal
or semiconductor, L, is reduced to a size of order = 500 A, effects not typical of the bulk
material, known as quantum size effects occur. Quantum wells are very thin layers of two
different semiconductor materials (figure 2.1a) which have different band energies. For
the case of GaAs-AlGaAs quantum wells, the band gaps of GaAs and AlGaAs differ
depending on the Aluminium content and there is consequently, a discontinuity in the
energy gap at their interface. The periodic nature of the structure (GaAs-AlGaAs-GaAs-
AlGaAs-...etc.) results in the formation of potential wells, confining the electrons and
holes in the lower gap or well material, in this case GaAs. When the well thickness L,<

~ 500 A), size quantization occurs, causing changes to the density of states distribution in
the valence and conduction bands and hence to the shape of the absorption spectra of the
material. The quantum well layers are so thin that electrons and holes trapped within
them can not move freely in the lateral direction (ie. in the growth direction) unless they
are energetic enough to surmount one of the barriers [10]. The particle is therefore confined
in one-dimension. The behaviour of this 2-dimensional material is very different from
the 3-dimensional behaviour which takes place in bulk semiconductors. These differences
are as follows:-
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For bulk or ‘3-D materials’, for photon energies greater than the band gap, the
absorption coefficient, o of the material increases with increasing energy. The density of
states increases approximately parabolically with increasing photon energies (figure
2.2). For 1-dimensional confinement however (quantum wells), due to quantum size effects,
only certain discrete energy levels are available in the direction of the confinement,
although many energy levels are still available in the non-confined direction. Quantum
confinement also lifts the degeneracy of the valence band and leads to the observation of
two sets of subband transitions, namely the heavy and light holes. A potential well
exists in the conduction and valence bands giving rise to a series of bound states for the
electrons, E, and Epp,,/Ejpn for the heavy and light holes respectively. Below the
energy, E; there are zero allowed electron states (figure 2.1a). Then as shown in figure 2.2,

a sub-band with a constant density of states (per unit area) begins at Eq (Eg m qw)'

followed by another block of states appearing at E, etc. [11]. The result is that the
quantum well material has a ‘step-like’ density of states. Looking from the outside, it
appears that a quantum well has a small number of discrete energy levels available, but
each level may accept a large number of particles. The energy levels are said to be
‘quantised’ in both the valence and conduction bands and the absorption spectrum of the 2-
D material consists of a series of steps, with the first step occuring at an energy, E; a little
greater than the band gap of the material in bulk form, Eg bulk- The probability of
absorption at a particular energy is related to the spatial overlap of the wavefunctions
Ve and yy,, in the corresponding conduction and valence band states. A related quantity is
the ‘oscillator strength’ for the optical transition which is proportional to the square of
the overlap integral and ultimately determines the absorption coefficient, o of the
material [12]. Quantum wells are grown alongside each other in order to increase their
total absorption. The resulting multiple quantum well material should have the wells
sufficiently separated (ie. the barriers must be sufficiently wide ~ 50A), so as to avoid
coupling between wells. Coupled quantum wells can be used however, to enhance material
performance for use in certain systems applications [13, 14, 15], (5.4).

n=3
Bulk J

n=2  material

Ey

Quantum well

Density of states

Ep

Eg bulk Egmqw

Energy

Figure 2.2 Density of states profile for bulk and MQW materials
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Extra energy transitions are seen just below the sub-band of each energy transition, E,.
These are exciton states which occur when the electron and hole formed by the absorption
of a photon, have insufficient energy to escape from each other and hence form a bound
state. This state is confined in three dimensions by the coulomb interaction between the
two particles, and as such, has a well defined energy level rather than forming part of
the continuum. The energy required to create an exciton is given by:

Eex=E +Ee1+Ehh1-B

8

Where Eg is the band-gap of the GaAs well material, E,; and Ep; q are the energies of

the electron and hole respectively and B is the exciton binding energy.

In a bulk material like GaAs, the exciton binding energy is very small and therefore
excitons are visible only at low temperatures. Increased temperature broadening due to
increased phonon interactions occurs, so that at room temperature the material does not
have a sharpened excitonic absorption peak. In multiple quantum well material
however, at room temperature, as a direct result of confinement, the exciton shrinks in
size. Its binding energy, B, is thus increased which reduces the probability of phonon
ionisation. Although phonon energies are still larger, the exciton has a sufficiently long
lifetime so that it can be observed at room temperature. The exciton is therefore stable in
multiple quantum well material at room temperature, its strength is increased and
sharply enhances absorption at a place where the absorption edge is already sharp [16].
Therefore the absorption curve for a 2-dimensional material follows the density of states
function (figure 2.2), with additional absorption due to excitonic absorption at the
transition. In the GaAs system there are two excitons at the transition caused by
confinement splitting the hole energy into two (the light and heavy holes). For 2-D
materials, as for 3-D materials, an applied electric field causes the bands to tilt, thus
changing the shape of the wells (figure 2.1b). New quantised energy levels (at energies
lower than before) are formed, which implies that the band-edge moves to a lower
photon energy. Absorption may also fall, but the band-edge generally shifts as a step,
therefore greatly increasing the material absorption for photons with energies just below
the band gap under zero electric field. When an electric field is applied, the carrier
wavefunction ¥, and yy, are polarised towards the walls of the well: the electrons on one
side, the holes on the other. The height of the exciton resonance is proportional to the
overlap of the appropriate electron and hole wavefunctions. Thus under an applied
electric field, the overlap decreases, as does the height of the exciton peak. Also, the
wavefunctions are no longer symmetric about the mid-point of the well. This means that
previously forbidden energy transitions, with initially low overlaps, become allowed
and new peaks appear in the absorption spectrum. The exciton absorption peak is thus
reduced in magnitude and is broadened. The exciton shifts with the band-edge however so
that it still enhances absorption at this point. This change in absorption is usually
explained as the Quantum Confined Stark Effect (QCSE) [17], the shift in subband
energies as the wells are tilted. The exciton binding energy is also proportional to the
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quantum well width used [18] and also for narrower wells, the increase in confinement
gives increased electron-hole wavefunction overlap, giving increased oscillator strength
and a larger exciton to continuum height ratio.

MQW material is therefore useful for electroabsorption modulators because of the
large changes possible in its absorption coefficient, due to the sharp band-edge of the
material, which moves more or less intact with an applied electric field. Thus absorption
of light may change from a very low value to a large value, upon application af an
electric field. The presence of excitonic absorption enhances the material peak absorption
even further, although it does cause a broadening of the band-edge with applied field.
Multiple quantum wells are generally grown alongside each other so as to increase their
total absorption. It has been shown [19] that in the limit of infinitely wide wells, bulk
behaviour (ie. the Franz-Keldysh effect) is recovered. The ‘height’ of the well barriers
is significant when the speed and saturation performance of these devices are considered,
(chapter 5). Also for high barriers, confinement of the particles is enhanced and the
wavefunctions for the electrons and holes are stronger within the wells thereby
increasing the electron-hole overlap and overall absorption [10].

The idea of using quantum wells is not new. It has only been recently however that
semiconductor fabrication technology has allowed the high quality material required to
be produced. The growth process used in fabricating all the MQW structures used in this
thesis is metal organic vapour-phase epitaxy (MOVPE) [20, 21]. All the material was
grown at the SERC central facility for III-V materials at the University of Sheffield.
The multiple quantum well modulators referred to in this thesis all use the
GaAs/AlGaAs material system. This material has been studied extensively in recent
years and exhibits strong absorption changes with applied electric field. However, the
principles described in this thesis are equally applicable to other material systems at
different operating wavelengths and which may improve device performance for certain
systems applications.

2.1.2 Multiple quantum well modulator structures and characteristics

In order to apply an electric field across the quantum well material, and avoiding
large currents, the quantum well material is usually encapsulated within the intrinsic or
i-region of a pin diode structure (figure 2.1a). The p and n-type materials should ideally
be transparent to the wavelength of light at which the modulator is intended to be used.
This is achieved by using materials with a larger band-gap than the quantum well
material. When this structure is reverse biased, there is only an extremely small
‘leakage’ current that flows. The intrinsic active region is depleted of carriers and the
only way current flows is if carriers are generated within the intrinsic region by
photogeneration. Electroabsorption modulators also behave as photodetectors. When a
photon is absorbed, an electron-hole pair is generated. In the presence of an electric field,
the electron and hole are swept out of the intrinsic region and collected at the device
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terminals. The ratio of electrons (holes) collected at the device terminals to the number of
photons absorbed, is known as the device quantum collection efficiency, 1.7 is strongly
voltage dependent because in a strong electric field, carriers are swept out of the device
intrinsic region more quickly than in a weak field, thus there is less likelyhood of
recombination occurring. The physical mechanisms of carrier escape from the MQW
region are primarily by either thermionic emmission or a resonant tunelling process or a
combination of both. There is some debate as to the exact interaction between the two and
which of the two is in fact the dominant mechanism [22]. By increasing the speed of the
carrier escape mechanism, these devices can be made to operate more quickly. This and
other speed considerations for this class of device will be addressed more fully in
Chapter 5 of this thesis. The doping of the intrinsic region should be as low as possible.
This is so that all of the quantum wells within the intrinsic region experience the same
electric field applied. For high intrinsic doping, each well experiences a different
electric field, thus different excitonic shifts etc. take place, thereby effectively
broadening the absorption spectrum of the material.

Quantum well modulators can be made into two geometries (figure 2.3): The first with
the light travelling parallel to the wells, within a waveguide type structure [23, 24] and
secondly with the light propagated perpendicular to the transverse structure [25].
Waveguide modulators are useful as they offer a much longer interaction length between
the light and the quantum wells and therefore better depth of modulation can be
obtained. The main benefit of the transverse or ‘surface-normal’ type structure, is the ease
with which light can be coupled into and out of the devices using free-space optics.
Coupling light into and out of waveguide modulators can incurr significant losses (ie.
increased insertion loss to the system) and also optical polarisation considerations have
to be taken into account.

J Light Input
n Light Input n
l% Mawe : MQWS-—---’
P P light output

1
! Modulated light output

Surface-normal geometry Waveguide geometry

Figure 2.3 Electroabsorption modulator geometries

There are two distinct types of surface-normal modulators: Non-resonant modulators
with anti-reflection coatings on one or both surfaces, or resonant modulators with
reflections from both surfaces (figure 2.4). The non-resonant modulator is limited in its
achievable modulation contrast by the thickness of its absorbing region. A mirror grown on
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the back surface changes a transmission modulator to a reflective one, with enhanced
absorption due to the doubling of the optical interaction length [26]. The resonant
asymmetric Fabry-Perot modulator [27], allows multiple passes of light within a cavity
through the absorbing well region. This effectively increases the optical interaction
length of the device without altering the number of quantum wells, thereby decreasing
the applied voltage required for a given electric field across the wells. It is in fact
possible to achieve 100% absorption of light under certain conditions, thereby effectively
giving an infinite contrast ratio which proves useful in optical communications systems
requiring low cross-talk and high extinction ratios. It is the principle of the asymmetric
Fabry-Perot modulator, which has been used in my research and which is described in
this thesis, to enhance the performance of a range of optical logic devices, based on the
multiple quantum well electroabsorption modulator.

To TO l T To e 20d
‘ y
E‘“ AR eoine
d d
AR coati % Rl

-

Toe wod
v
Transmission type Reflection type Asymmetric Fabry-Perot
modulator modulator type modulator
Non-resonant modulators Resonant modulator

Figure 2.4 Non-resonant and resonant electroabsorption modulators

For the effective modulation of light, modulators need to work at wavelengths where
the change in absorption, Aa with applied electric field is the largest (figure 2.5). There
are two different possible ways of operating the modulator. By using a wavelength
corresponding to the zero-field, el-hh1 exciton, upon increasing device bias, by way of the
QCSE, decreasing device absorption occurs due to the red-shifting of the band-edge and
the exciton moving to lower photon energies. This is known as the ‘bias-transmitting’ or
the ‘normally-off’ mode of operation and its associated wavelength of operation is Ay, .
The alternative modus operandi is that obtained when operating the modulator at
photon energies just below the band-edge of the MQW material used. Upon increasing the
electric field, the exciton red-shifts by way of the QCSE, increasing device absorption at
this point. This is known as the ‘bias-absorbing’ or the ‘normally-on” mode of operation
and its associated wavelength is known as kb-a' The difference in operation between the
two wavelengths can be made use of in various device configurations, as will be seen in the
following sections.
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The overall change in transmission AT, through a single-pass, electroabsorption
modulator (figure 2.4) is given by the formula:

AT(AV,A) = exp(-Aa(AV,1)d)

Where AT is the change in the fraction of transmitted light through the modulator, Ax is
the change in the absorption coefficient of the MQWSs (dependent on AV and A) and d is
the depth of the absorbing region (number of wells x well width). The change in
transmission/reflection, AR is increased for the double-pass device for the same MQW
structure (figure 2.4) and is given by:

AR = exp(-2Aa(AV,A)d)
For the resonant device, the device characteristic equations are a little more

complicated and are shown in Appendix A. The asymmetric Fabry-Perot device structure
and behaviour is explained in section 2.5 of this chapter.
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Figure 2.5 Two different modes of operation of an electroabsorption modulator

2.2 SEED theory and principles of operation

The basic principle of a SEED [28-45] is that photocurrent flowing through some
electronic circuit influences the voltage across a multiple quantum well electroabsorption
modulator (figure 2.6). The voltage across the modulator in turn affects the absorption of
light by the modulator, which in turn influences the photocurrent through the external
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circuit. A feedback mechanism is thus established. It is the sign of this feedback which
determines how the SEED behaves.
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Figure 2.6 Generalised schematic diagram of SEED configuration

When i(v) is not explicitly dependent on time (ie. it doesn’t contain capacitors,
inductors or time-varying drive voltages), we can deduce the behaviour of the circuit at a
given equilibrium state, by performing a linearised stability analysis [30].

Performing a stability analysis on the generalised SEED schematic, figure 2.6: For a
small change in voltage, v at node A, the change in current charging the effective device
capacitance C, is equal to the change in current flowing through the external circuit
subtracted by the change in photocurrent flowing through the modulator. (ie. The
electronic circuit acts to charge up the device capacitance, C and the device photocurrent,
I, acts to discharge 0.

dv [i_dlp]
dt |[dv dv
dv
CE—[]V
e » ol
v v C
=>an=% = vV e[]t/c

If [ ] <0, feedback is negative and v is stable, optical level shifting and self-
linearised modulation are possible (see chapter 3). If [ ] > 0, the feedback is positive, v
diverges, is unstable and bistability or oscillation are possible.

The magnitude of [ ], determines how quickly v changes. The greater [ ], the faster the



divergence. If [ ] = 0, v takes an infinite time to diverge. This is the characteristic of
‘critical slowing down’ [46]. Divergence of v, discharge of C, would take longer with a
small photocurrent/incident optical power than with a larger photocurrent. If the
photocurrent is greater than the external circuit current, then the device discharges. And
vice-versa, if the external current is greater than the photocurrent, then the device
charges. The greater the difference in currents/incident optical powers, the faster the
charging/discharging of C. If the photocurrent is only slightly smaller or larger than the
external circuit current, then switching would take very much longer.

In the SEED circuit configurations considered here, electronic circuits exhibiting a
positive slope resistance were used:

ie. % is - ve, using the current convention as shown. Thus + ve feedback is only possible
v

when %I_‘I} <0 and then only when %%p < ad—‘l, <0 (equation 2.1)

Therefore positive feedback is only possible when decreasing photocurrent through
the modulator is observed for increasing applied device bias - negative device
resistance.

How does one achieve this ‘negative resistance’ and positive feedback in an actual
device? One way of observing this effect is by operating the device at a wavelength
corresponding to the unbiased el-hh1 exciton peak, Ap_¢ (2.1.2). Upon applying an
electric field perpendicular to the thin quantum well layers, by way of the Quantum
Confined Stark Effect (QCSE) [17], the band-edge absorption and excitonic features are
red-shifted to lower photon energies and the absorption of the multiple quantum well
structure falls. Therefore for increasing electric field across the multiple quantum wells,
one sees decreasing device absorption and hence decreasing photocurrent, ie. ‘negative
device resistance’.

2.3 Different SEED configurations

By varying the characteristics of the electrical feedback circuit in series with the
MQW modulator, different device functionality can be attained. Some of the many
possible variations of SEEDs are explained in the following sections

2.3.1 The R-SEED
The simplest type of SEED is the Resistive or R-SEED [30] in which a MQW PIN
modulator is reverse biased in series with a resistive load (figure 2.7). This is a single

input, optically bistable device whose operating state is controlled by the power of an
incident light beam. Initially, with zero optical power incident on the device all the
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supply voltage appears across the photodiode. When light starts falling on the device,
photocurrent is generated and a voltage drop can be observed across the resistive load.
This voltage acts to reduce the voltage seen across the diode.

R-SEED

+Vee

nip

Ip Ip =Photocurrent
% |

Figure 2.7 Resistive or R-SEED configuration

For light of the correct wavelength, 7"b-t' at a certain critical incident optical power
intensity, P the voltage across the device is such that any further decrease in diode
voltage would cause the diode voltage to enter its region of ‘negative resistance’. A
further drop in diode voltage gives rise to increased photocurrent, leading to increased
voltage across the resistive load, giving decreased device voltage which in turn gives
increased photocurrent, and so on. This positive feedback causes the SEED to ‘switch’ its
point of operation from a voltage one side of the diode’s region of negative resistance to
the other. This switch in device voltage gives rise to a corresponding change in the
device’s absorption of light, by way of the QCSE. The behaviour of the R-SEED is easy
to understand through the use of a graphical loadline analysis (figure 2.8).

The three curved lines are schematic photocurrent versus applied reverse bias
characteristics for a MQW modulator (operating at kb-t)' for three different optical
input powers, Py > Ppigiable > P1- The dashed straight line is the loadline imposed on
the circuit by the resistive load, R. The intercept of this line with the x-axis is the R-
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SEED supply voltage, V... Note the voltage range corresponding to decreasing device
photocurrent for increasing device bias, ie. negative device resistance.
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Figure 2.8 R-SEED graphical loadline analysis

The two curves corresponding to incident optical powers, P and P1 have only one
intersection with the resistive loadline at corresponding voltages across the MQW
modulator, V, and V1, either side of its region of negative device resistance. At
Ppistables the loadlines intersect at three points. Two of these possible operating points

di

dl
are stable, the middle one is unstable, since at the midpoint, -CTE < :i— < 0 and
v v

positive feedback causes the device to change its operating point to a stable one (see
equation 2.1). Therefore at this operating power the system is bistable and the device can
be in either of the two stable operating states.

In this configuration the resistive load and the power supply act to charge up the
characteristic device capacitance and the photocurrent acts to discharge the device
capacitance. It can be directly inferred that the dominant time constant for the operation
of this device is the resistor-capacitor time constant, RC. The optical powers at which
switch-up or switch-down occurs are slightly different. This is due to the resistive
loadline being shallower than the device negative resistance and results in a bistable
hysteresis width. When one of these currents is larger than the other, the device
capacitance charges up/down or ‘switches’ its operating point.

Increasing the value of the resistive load, R, has the effect of reducing the amount of



photocurrent and thus the incident optical power, required for the device to enter its
region of negative resistance and thus cause switching. Increasing R, gives switching at
lower optical power levels and conversely, decreasing R, gives switching at higher
optical power levels. However, increasing R increases the RC time constant for this
device. This implies that high power, high-speed switching is possible for low values of
the resistive load. Or alternatively low power, lower speed operation is possible for

larger values of the resistive load [43]. Similarly, increasing V.., means a larger voltage

cc/
drop across R and thus a larger optical power is required for R-SEED switching. {The
interplay between the magnitude of the negative device resistance and the value of the
resistive load giving the feedback required for switching, is discussed more fully in
Chapter 5 of this thesis Optimisation of negative device resistance is also discussed in

relation to a number of material characteristics}.

We could switch this device from the high to the low voltage state by suddenly
optically creating a charge Q = CAV=C(V;,-V) in the diode, thereby totally discharging
_he
opt ~ @)
be required to do this. Since the absorbed optical switching energy E

the mqw diode capacitance, C. An absorbed optical energy of E C(Vz - Vl) would

opt would normally

be a fraction of the incident optical energy, EOpt sets the scale of the switching energy
[44]. For switching with slowly varying powers, the switching energy can be defined as
the incident optical power, Pj;, multiplied by the switching time, At: Eopt=Pin x At
Where Pjp, is the incident optical power and At is the R-SEED switching time. '

Increasing the incident optical power to values larger than P (the minimum input

crit’
power required for switching), reduces the switching time, At and vice-versa (2.2)
(critical slowing down [46]). For large scale integration, low power dissipation and for
high-speed applications, the switching energy of these devices should be made as low as
possible. MQW device capacitance scales with its area, hence the optical switching
energy also scales with device size [38]. Therefore making these devices smaller is an
obvious step towards increased switching and system speeds. However, decreasing device
switching energies, by way of smaller area devices and lower operating voltages etc. has
the disadvantage that with lower and lower values of optical switching energies,
statistical fluctuations in incident photons will be enough to cause the device to change
states. Therefore for finite contrast devices, ie. logic zero #zero transmitted or reflected
photons, there is a limit as to how many optical inputs can be fanned-in and summed onto
a single device before severe degradation in system bit error ratio (BER) takes place [47].
Thus very high contrast switching devices are extremely desirable in applications
requiring low BERs and high extinction ratios (eg. in telecommunications optical routeing
applications).

2.3.2 The D-SEED

In the R-SEED, increasing the supply voltage V., causes the resistive loadline to

become more shallow, so that the condition for bistability is more easy to achieve, since



there are a wider range of input optical powers with three possible operating points. This
bistability occurs at higher input optical powers. However, if the resistive load is
increased simultaneously, the optical switching power would remain constant. As V.. and
R are increased in proportion, the resistive loadline becomes more horizontal and in the
limit of infinite voltage and resistance, di/dv=0, bistability is possible with even the
slightest SEED negative resistance. However rather than using high voltages, a constant
current source would give the same flat response. Connecting a constant current supply in
series with a MQW diode, in the presence of negative feedback, causes self-linearised
modulation and optical level shifting [30] and is discussed in Chapter 3 of this thesis.
Under conditions of positive feedback however, bistability and switching can be readily
achieved.

cc

Modulating .
signal — x Photodiode load

Pump Beam =i HHI MQW Modulator

D-SEED

Figure 2.9a The Diode or D-SEED

A good constant current source is a reverse biased photodiode (figure 2.9a). Its
photocurrent is directly proportional to its input optical power and its response is flat
over voltages greater than about 1 volt. At low voltages, the diode’s quantum efficiency
falls off and its responsivity characteristic is effectively vertical. The photocurrent
versus voltage, loadline characteristic of the diode or D-SEED is shown in figure 2.9b. It
can be seen that the reverse supply voltage V.., required is much less than that for the R-
SEED and corresponds to the voltage at the end of the MQW diode’s region of negative
resistance. It is seen that for the flat responsivity response and the rapid fall-off in
photocurrent at low voltages, of the series photodiode, it is very easy to obtain three
intersection points and bistability for a range of bias powers, (ie. the bistable loop is
wide).



D-SEED Loadlines
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Figure 2.9b D-SEED loadline operation

The required power incident on the MQW modulator to give switching can be set, by
adjusting the amount of light incident on the load photodiode, P 4;,4e (i€ increasing the

light incident on the photodiode, increases the optical power required to be incident on
the modulator to cause switching). When the optical power on the MQW modulator is
sufficiently greater than that on the photodiode, then all of the supply voltage falls
across the photodiode. Conversely, when the optical power incident on the photodiode is
sufficiently greater than that on the modulator, then the supply voltage is seen entirely
across the MQW modulator. Therefore if the MQW pump beam is held constant, then the
signal incident on the photodiode can be used to modulate the pump beam. Device
operation is thus possible over a range of input powers set by the magnitude of a control
optical signal on the photodiode. This control light beam can be incoherent and
broadband so that incoherent-to-coherent, wavelength modulation and conversion can
take place [32].

D-SEEDs have been integrated in 2 x 2 [31] and 6 x 6 [33] arrays and the resultant
devices can be used as optical dynamic memories. When both beams are removed, it can
take up to 30 seconds for the device to discharge due to the diodes’ very small leakage
currents. If the beams are then simultaneously reinstated, the D-SEED remains in its
previous ‘memorised’ state.

2.3.3 The T-SEED

A variation on the D-SEED is the transistor or T-SEED in which a phototransistor is
used as the load of the MQW modulator. Gain in the phototransistor allows a small
optical input signal power to generate a large photocurrent which can modulate a large
optical pump beam. Under positive feedback, bistability is possible. This device was



proposed in [48, 49] and exhibits a very desirable system device characteristic in that it
exhibits ‘gain’. The T-SEED is more fully explained in chapter 3 of this thesis as its
operation under negative feedback is very similar to that of the self-linearised
modulator.

2.3.4 The S-SEED

The Symmetric or S-SEED [34, 36, 37] is configured as two multiple quantum well pin
modulators reverse biased in series (figure 2.10a). Each diode sees the other diode as its
load. Device operation can be understood by using load lines (figure 2.10b).

The three light solid curves are the photocurrent vs. voltage characteristics for

quantum well diode;, operating at Q‘b-t' for three different optical input powers, P; 1=

Py > Py > P;. The dark solid curve is the current characteristic of diode,, for an input
optical power Pin2= P,, plotted against the voltage across diode;.

Pinl m Diode

. Diod
sz — > €2

Figure 2.10a Symmetric-SEED configuration

With roughly equal optical input powers on each diode there are three intersections
of the load lines. The device is bistable. At intersection point b, diode, experiences very

little voltage across it and diode, has most of V. across it. Thus diode, is in a high-
absorbing, low reflecting state and diode, is in a low absorption state corresponding to
high-reflectance. At operating point d, the situation is reversed with diodey
experiencing all of V.. (highly reflecting) and diode, seeing a very low bias (highly
absorbing). The point ¢ corresponds to the unstable case where equal voltages (V../2) are
seen across both diodes.
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