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ABSTRACT

This dissertation describes our recent results in the study of various types of pho-
tonic switches. Special attention is given to the devices with Fabry-Perot etalon or
planar waveguide structures based on dispersive optical nonlinearities. Basic optical
logic functions, such as digital pattern recognition, symbolic substitution, and all-opti-
cal compare-and-exchange operation are demonstrated using ZnS and ZnSe nonlinear
interference filters. Differential gain, cascading, and optical latching circuits are dem-
onstrated using GaAs/AlGaAs multiple-quantum-well nonlinear etalons that are com-
patible with diode-laser sources, and the relationship between differential gain and
device response time is established through a thorough investigation of the switching
dynamics. Preliminary results also indicate that optical fibers can be used as intercon-

nects between optical logic gates.

Picosecond all-optical switching with good (> 3:1) contrast is demonstrated for the
first time in single-mode strip-loaded GaAs/AlGaAs nonlinear directional couplers
(NLDC's). The anisotropy of quantum-well structure to light polarization is used to
achieve polarization-dependent two-beam switching, and the optical Stark effect is
used to demonstrate all-optical modulation in an NLDC with subpicosecond recovery

time.
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CHAPTER 1

INTRODUCTION

The use of optics as a tool for collecting light energy and delivering information in
the form of light can be dated back to many centuries ago, even when the nature of
light was very little understood [Hecht and Zajac (1979)]. The progress that has been
made over the centuries in this.field has enabled man to expand greatly this informa-
tion~delivery capability of optics, with much greater faithfulness and flexibility. At the
same time, new uses of optics have been found. Information in the form of light can
be recorded (e.g., in films or magneto-optic media), or even be processed in real time

(which is the subject of this dissertation).

Until recently, most optical signals have been in analog form, i.e., the state (such as
intensity) of the light can assume a range of continuous values. Correspondingly, the
processing of light in the analog form is called analog processing (the use of lenses to
do Fourier transform is an example of analog processing). Recently, however, an area
which will be tentatively called "digital optics" has emerged, where, similar to digital
electronics, light is only allowed to have a number of discrete states. One obvious
advantage of digital optics is that light information can be processed with much greater
accuracy than analog optics [Jenkins et al (1984)]. While it is possible to implement
digital optics by wusing "hybrid" devices (such as electronic detectors and
discriminators), a superior approach in terms of speed, volume and integration capabil-
ity is to develop nonlinear optical elements or optical logic gates that play the role of
decision making elements (their counterpart in electronics is the electronic logic gates,

such as transistors). These optical logic gates are usually called photonic switches.
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The dissertation will summarize some of the work that has been done in recent
years by the author and his collaborators at the Optical Sciences Center, which in-
cludes the first step in using nonlinear optical devices in digital optics. To keep this
dessertation as short and as clear as possible, I have adopted the following writing
strategy. At the beginning of each subject, the background and the basic concepts will
be discussed briefly, together with some useful terminologies and defianitions. Then, the
discussion will concentrate on our contributions to the subject. Important contributions
by other groups will also be discussed whenever it is relevant, but only briefly. The
details of those works will be given as references. This strategy has the advantages of
avoiding lengthy descriptions which are often intended as "summaries" of the subjects
(but often fail in terms of their completeness and depth), and ensuring that the materi-
als presented are relatively original and up-to-date. More importantly, this strategy
allows the author to discuss in detail only the things that he is more or less familiar
with, so that the danger of causing misconceptions and making mistakes due to the

author’s unfamiliarity or misunderstanding of a subject is greatly reduced.

The chapters in this dissertation will be organized as follows. In Chapter 2, the
possible applications of digital optics will be discussed, with a brief comparison
between digital optics and digital electronics. Chapter 3 includes the first demonstra-
tion of simultaneous optical bistable switching of many pixels on ZnS and ZnSe in-
terference filters, and the use of this capability to perform simple parallel processing,
such as pattern recognition and symbolic substitution. Chapter 4 gives detailed descrip-
tions of the circuit design and the experimental demonstration of an all-optical com-
pare-and-exchange switch using ZnS IF’s, and GHz-data rates are predicted for GaAs
implementations of this kind of switches. The crucial problem of gain and cascading of

nonlinear etalons is addressed in Chapter 5, and a relationship between differential
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gain and device relaxation time is established in Chapter 6. Discussions on the use of
angle multiplexing to enhance the differential gain of nonlinear etalons and analyses on
the effect of beam walk-off and polarization on switching are also presented. Chapter
7 describes a technique that directly interfaces optical fibers to nonlinear etalons,
allowing optical fibers to be used as interconnects among optica] logic gates. Chapter 8
discusses optical switches in a different structure — the waveguide structure — with
the first demonstration of picosecond all-optical switching in GaAs/AlGaAs nonlinear
directional couplers with good contrast (>3:1). The polarization-dependent two-beam
switching and the optical Stark effect are also observed for the first time in a nonli-
near directional coupler. Finally, a general conclusion will be made from the author’s

point of view, while progress is still being made in the exciting field of digital optics.
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CHAPTER 2

APPLICATIONS OF OPTICAL LOGIC DEVICES

Interest in Digital Optics

The interest in digital optics comes from the increasing need of our society to pro-
cess large amounts of information at ever faster rates. For 30 years, this task has
mainly been accomplished by digital electronic computers with great success. However,
there are more and more problems that are difficult to solve with current electronic

computer architecture and technology. The following are a few examples:

1. Switching Speea of Logic Gates

The switching speed of a logic gate indicates how fast a gate can change its state,
A computer consists of a large number of logic gates, so the speed of each individual
gate is one of the most fundamental factors that determine how fast the whole com-
puter can operate. The speed of an electronic logic gate is generally determined by the
resistance-capacitance time constant, usually called the RC time constant. Currently,
the switching times of an electronic transistor is usually in the 0.1- to 1-ns range, and
the projected reduction could lead to switching times of the order of 0.02 ns [Mead
and Conway (1980)]. Further reduction of the switching times may be difficult with
current VLSI (very large scale integration) technology. On the other hand, it has alre-
ady been demonstrated that an optical logic can have sub-picosecond switching times

[Hulin et al (1986)).
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2. Communication Between Gates and Processor Architecture

The speed of a processor is determined not only by the speed of individual logic
gates, but also by the speed of signal transfer among them. The later may be of more
importance since the gates are connected by conducting wires in an electronic proces-
sor or computer, and their RC time constants will not be reduced by scaling-down the
sizes of the wires using the VLSI technology (Fig. 2-1). The recent development in
high T, superconductors might provide a partial solution to this problem, but a tre-
mendous amount of work still needs to be done in order to provide enough information

for determining the extent of their applicability.

Another important factor that determines the speed of a processor or a computer is
its architecture. An ideal classical finite state machine consists of a logic unit and a
memory unit, and its memories can be updated in parallel (Fig. 2-2(a)). However,
because of the limitations of the electronics technology, most computers today employ a
modified finite state machine architecture that employs an address unit (Fig. 2-2(b)).
This kind of architecture suffers from a communications bottleneck called the "von
Neumann bottleneck”, which is discussed in more detail by Huang (1983). The origin
of the von Neumann bottleneck is the serial nature of the architecture, where the mem-
ories can not be addressed simultaneously due to the large interconnection space (see

Chap. 3) of electronics.

3. High-Bandwidth Optical Fiber Communications

We are probably in the middle of a communication’s revolution due to the fast dev-

elopment of the fiber optics research and industry. The major advantage of using opti-
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Fig. 2-1 Relationship between RC time constant and wire dimensions, where
R is the resistance, C is the capacitance, ¢ is the dielectric constant,
o is the conductivity, and ¥ is the scaling factor.
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IN—> —— OUT
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Fig. 2-2 A classical finite state machine (a) and a modified finite state

machine (b) with an address unit.
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cal fiber over using conventional means to deliver information is that the fiber has an
extremely high bandwidth (> 10* GHz). With this high bandwidth, signals from many
different sources can be multiplexed into one channel, transmitted with the speed of
light, and processed or demultiplexed to be sent to different receivers. Unfortunately,
only a very small part this high potential is being utilized today, partly due to the lack
of means to process the information at a rate comparable to the fiber's bandwidth.
Digital optics is probably preferred here since the photon-electron-photon conversion is

not desirable at multi-gegahertz rates.

The first application of digital optics is probably the use of diode lasers in optical
fiber communications, where the output of the laser is modulated to give a binary
signal (with or without a light pulse). Another great thrust in the field of digital optics
comes from the observation of non-thermal optical bistability, especially in semicon-
ductor materijals [McCall et al (1975ab); Gibbs et al (1976); Gibbs et al (1979ab); Miller
et al (1979)). Optical switches in the form of waveguides offers possibility for various
degrees of integration. It has been argued that optics could solve many of the problems
of electronics [Huang (1983); Peyghambarian and Gibbs (1985); Brenner et al (1986);
Lohmann (1986)]. For example, optical switches can have a high switching speed [Hulin
et al (1986); Friberg et al (1987a)], and optical interconnections do not have crosstalk, so
that an optical computer could have a more parallel architecture, and so on. However,
these "advantages of optics", as will be seen, still need to be tested from both a theoret-
ical and a practical point of view before they can be established, and this is in fact
one of the questions that our work will help to elucidate. Detailed discussions on these

issues will be given throughout this dissertation.
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Photonic Switches for Digital Optics

The extent of contribution that digital optics can make to signal processing depends
largely on the development of efficient optical logic gates or photonic switches, such as
nonlinear etalons and nonlinear waveguides. Here we define the pure photonic switches
(or all-optical switches) as the kind of switches whose state is controlled by the input
light level, and both the information and (possibly) the feedback are in the form of
photons. The nonlinear etalons and the nonlinear waveguides that will be discussed in
the dissertation are all pure photonic switches. The bistable laser amplifiers [Adams et
al (1985); Sharfin and Dagenais (1985)] are also pure photonic switches, although the
gain is provided there by electronic means. The Ahybrid photonic switches are those
with optical input and output but with electronic feedback. For example, a self-electro-
optic effect device (SEED) [Miller et al (1985)] is a hybrid photonic switch. The pur-

pose of these photonic switches is to switch (i.e., change the state of) photons.

The basic physical properties of photons and electrons are quite different. The later
are charged particles (Fermions), so that there are Coulomb interactions between them.
This means that they can be relatively easily switched. The former, however, are
uncharged particles (Bosons), so that they can not interact through the (relatively
strong) Coulomb force. Yet the wave-nature of photons (which are also electromagnetic
waves) allows them to interact through their relative phases: beams of (coherent) light
can interfere in the region where they overlap. An interesting question is thus whether
one can do logic using this interference. The answer can be seen from a simple exam-
ple. One can construct, e.g., an "XOR-gate" (Fig. 2-3) by using two coherent light

beams of equal magnitude, but with a phase difference of #. When there is one beam
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Fig. 2-3 Construction of an XOR-gate by combining two coherent beams (A
and B) of equal amplitude, but with a phase difference of 7.
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present, the output is high; when both are present, they destructively interfere to give
a low output (as if neither beam is present). Such a gate has several undesirable fea-
tures: (a) the phase of the output beam is uncertain (it can differ by #), making it dif-
ficult to use the output to control the next (similar) gate; (b) the output of one gate can
not be used to control more than one gate without the degradation of the signal level;
(c) the approach is essentially analog, and any noise in the input will most likely be
amplified through the prosessing; (d) it requires accurate control of the phases of many
light beams, which is practically impossible. From the above example we may conclude
that the direct use of interference between light beams is not a feasible way to perform

photonic switching.

A much better way to switch photons comes from our knowledge that photons do
interact with electrons. So a natural way to do photonic switching is to use the help of
electrons, as illustrated in Fig. 2-4. A certain number of incoming photons causes a
sufficient amount of perturbation of the wavefunction ¥, of an electron system (often
a nonlinear optical medium), then the subsequent photons sense this perturbation, and
change their state accordingly. All existing photonic switches are based on this princi-
ple. This dissertation will concentrate on two of the major types of pure photonic
switches: the nonlinear etalons and the nonlinear waveguides. More precisely, we will
discuss the above devices based on dispersive optical nonlinearities (the change of
refractive index with light). It is interesting to point out that the interference phe-
nomena are still used in these devices, but in a much more ingenious way than what

was described previously.

Photonic switches will not be competitive unless thier performances in some aspects

surpass their electronic counterparts. In the following we discuss some of the basic
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Fig. 2-4 The principle of photonic switches. The wavefunction of an elec-
tron system (¥,) is perturbed by the "control" photons (I;), and the
output (I ,,) of the "data" photons (I;;) is modified correspondingly.
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parameters of interest to photonic switches, such as speed, power, uniformity, wave-

length, and cascadability.

1. Speed

The speed of optical logic gates varies considerably with the material used, the
origin of nonlinearity, the device design, and the mode of operation. The switch-down
time 7.4 is usually longer than the switch-up time 7., so that 7,4 is usually the limit-
ing factor on the device speed. The importance of 7y, and 7,4 may be different for
some applications, since 7, determines how fast a decision can be made, while 7,4 det-
ermines how often a decisions can be made. Most nonlinear etalons make use of the
dispersive nonlinearity, where the speed is determined by the rate of change of the ref-
ractive index with the input light intensity. For thermal devices, such as ZnS and ZnSe
interference filters (IF's), 75, is governed by how fast one can raise the temperature of
the nonlinear material, and 7,4 is governed by the heat conduction rate [Weinberger et
al (1982); Olbright et al (1984)], which are usually in the microsecond or millisecond
range. Much faster switching speed can be obtained with devices based on electronic
nonlinearities, where 7, usually in the nanosecond or picosecond range, depends on
the creation of a carrier density. 7,4, Which is limited by the carrier recombination and
diffusion, can also be reduced to tens of picoseconds [Lee et al (1986ab)]. Even shorter
(< 1 ps) switching times has been achieved with an optical Stark switch, where the
nonlinearity is caused by an instantaneous shift of the exciton-absorption peak instead
of carrier generatiop [Frohlich et al (1985); Mysyrowicz et al (1986); Von Lehmen et al

(1986); Hulin et al (1986)].
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2. Power and Energy

It is obvious that a low power dissipation on each single device is desired. A device
that dissipates high power not only puts severe constraints on the light sources, but
also causes heatingy problem. For example, if a 100x100 gate array is operated simul-
taneously with each gate dissipating 5 mW thermal power (which is typical for most
present-day nonlinear etalons), then 50 W/cm? needs to be removed assuming a modest
inter-pixel separation of 100 pm. A large number of single-mode diode lasers are
needed to drive such an array. Thus a reduction of the operating power is essential for
parallel processing applications, and this reduction could in fact be achieved (in the
case of active devices, see Adams et al (1985) and Sharfin and Dagenais (1985)) before
one reaches some theoretical and practical limitations. Besides the fundamental limita-
tions such as the magnitude of the material nonlinearity and the photon noise effect
[McCall et al (1982)], other limitations exist. One of them is the‘ trade-off of power and
speed. Generally speaking, one has the choice between a slow, low power device and a
fast, high power device depending on one's particular applications. From this point of
view, there is a distinct advantage for GaAs etalons over ZnS and ZnSe IF's because
the speed of GaAs etalons is at least three orders of magnitude faster than the IF's

when both are operated at milliwatt power levels.

The usage of power vs. energy in describing the switching of a device depends on
the mode of operation. For devices based on carrier effects, swi_tching power should be
used when the input pulse length is much greater than the device relaxation time. For
pulse lengths shorter than the device relaxation time, switching energy should be used

instead. A thorough disscussion on this subject can be found in Chaps 5 and 6.
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3. Uniformity and Reproducibility

Parallel processing requires that a large number of switches be operated simultane-
ously. On a nonlinear etalon, these gates or "pixels" can be defined by light beams [Tai
et al (1982a); Olbright et al (1984); Jin et al (1985); Jewell et al (1985b)] or by etching
[Warren et al (1985)]. In either case, it requires that these pixels have sufficiently uni-
form characteristics. For example, a 103x10® array with 20 um spacing between pixels
requires uniform performance over 4 cm? area. The same is true if the etalons are
used as spatial light modulators. Our attempt to make uniform IF's have resulted in
ZnS IF's with reasonably uniform performance over a few cm?® area [Jin et al (1985);
Tsao et al (1987)]. Pixellated GaAs etalons (100x100) and microresonators have been
fabricated [Warren et al-(1985); Jewell et al (1987)]), and the recent success in GaAs
etalons with MBE-grown mirrors have shown promise for better uniformity [Jewell et
al (1987); Kuszelewicz et al (1988); Jin et al (1989c)]. The uniformity requirements
could also be alleviated by using several small arrays to form an effectively large
array. The reproducibility of the switches are not yet satisfactory, but are improving ’

with the technological progress.

4. Wavelength and Size

The issue of the operating wavelength (A,;) of an optical switch comes from several
considerations. First, A,, should match the response of the material and the light
source. Thermal IF's can have a wide range of \,;, below the absorption edge of the
material. Bulk semiconductor etalons have Ay, near the band gap, while MQW devices
give tuning of )\op into a shorter wavelength region. Although watts of argon laser

power at visible wavelength (e.g.. 514.5nm) allowed various demonstrational experi-
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ments to be performed with ZnS and ZnSe IF’s (see Chapters 3 & 4), it is more desir-
able to use diode lasers in a real system taking into account of efficiency, size, cost,
etc. The operation of GaAs etalons in different modes (bistable and pulsed) using diode
laser sources showed promise in this aspect [Tarng et al (1984); Ojima et al (1986)].
The use of similar materials for both the light sources and the switches may even offer

the possibility of integration.

An important consideration for )\op is the wavelength used by optical fiber com-
munication systems, which is currently in the 1.3 gm or 1.5 um region, where the
fiber material has its lowest absorption and group velocity dispersion [Senior (1985)].
Optical logic gates in these wavelength regions are being developed [Tai et al (1987a)].
It appears from the above discussion that Aop for optical switches might be in the near
infrared region. However, this is not conclusive since new materials and light sources
are still being developed. Operations at a shorter wavelength have at least the advan-
tage of a higher packing density, which is important for optical memories. Another
choice is to use wavelength conversion, i.e., the processing is done at one wavelength,
and the transmission is done at a different wavelength [Venkatesan et al (1984)]. This
approach has the advantage of making best use of both the fiber material and the mat-
erial for optical switches. The recent development in the dual wavelength SEED shows
that the wavelength conversion may be possible [Bar-Joseph et al (1988)], although

much work still needs to be done.

The minimum size of photonic switches based on interference phenomena is roughly
Aop/m, where n is the refractive index of the material. This size is also required for
effective waveguiding. The current VLSI technology is capable of producing sub-

micron features, and the trend for smaller features is continuing. Since the wavelength
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of electrons is much shorter than that of (visible or IR) photons, it may be reasonable
to argue that a single photonic switch would be generally "bulkier" than an electronic
switch. But it does not necessarily mean that an optical processor would always be
larger than a similar electronic processor, since the total number of gates and intercon-
nections needed to perform a certain function can be quite different depending on par-

ticular architecture.
5. Cascadability

With possibly a few exceptions (such as in the case of a simple multiplexer or a
demultiplexer), almost all useful digital optical processing requires more than one stage
of operation to complete. More precisely, it is generally desired that a signal be carried
in the form of photons for at least a few stages before it is transformed into another
form of carrier (such as electrons). So, one of the requirements for an optical logic gate
is that the output of one gate should be able to switch one or more gates in the subse-

quent stage. In other words, an optical logic gate should be cascadable in most cases.

Depending on the type of optical logic gates and the mode of operation, a gate can
be non-cascadable, finitely cascadable, and infinitely cascadable. A non-cascadable
gate can be used in the case where only one stage of optical processing is required
(e.g., simple multiplexing and demultiplexing), or, if the output of s;Jch a gate is to be
used to drive more gates, inter-stage amplification is needed. The finitely-cascadable
gates can be used where the optical processing can be completed in a few stages, espe-
cially where the conservation of wavelength and/or signal level is not needed (i.e., the
only requirement is that the output of the first stage can be used to switch the next

one, and so on for a few stages to get the answer). For applications such as general-
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purpose digital optical computing, infinitely-cascadable gates will be the ideal choice.
One necessary condition for a gate to be infinitely cascadable is that the gate must

have gain.

The real gain of an optical logic gate is defined as its output optical power (or
energy) versus its input optical power (or energy). It is obvious that a gate having gain
and wavelength conservation is cascadable (an example is a laser amplifier). Most in-
trinsic optical gates (e.g., nonlinear etalons), however, do not have real gain because
their trapsmission is always less than unity. But they do demonstrate differential gain
under certain operating conditions. The differential gain is defined as the change in
output signal power versus the change in input signal power of a gate, usually under
the bias of a stronger beam (which acts like a power supply). It will be shown in
Chap. 6 that a gate having differential gain is also cascadable. The first observation of
differential gain in an intrinsic bistable system was made using a Na-filled nonlinear
Fabry-Perot etalon [Gibbs et al (1976)]. Differeniial gain has been experimentally dem-
onstrated later in several other intrinsic bistable devices, including InSb etalons, ZnS
and ZnSe IF's, and GaAs etalons [Tooley et al (1983); Smith et al (1985b); Tsao et al
(1987); Jin et al (1988ab)]. The utilization of differential gain has resulted in several
kinds of all-optical circuits {Smith et al (1985ab); Jin et al (1985); Tsao et al (1987);
Zhang et al (1988); Jin et al (1988ab)]. The number of gates that can be driven by the
output of a single gate is called the fan-out capability of a gate, which is directly rel-
ated to the gain or the differential gain of the gate. For an infinitely-cascadable gate to
have a fan-out of N, the differential gain must be greater than N. The differential gain
can be enhanced by reducing the recovery time of the gate {Lee et al (1986b); Jin et al
(1988a)}, and by tuning the angle between the signal and the bias beams [Golaire et al

(1986); Cush et al (1987); Tooley (1987); Jin et al (1989b)], as discussed in Chaps. 5 and
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6. If several signal beams are combined to switch a gate, it is called fan-in. It has been
proposed recently that real gain be built into the originally passive devices to greatly

enhance the cascadability.
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CHAPTER 3
PARALLEL PROCESSING USING OPTICAL BISTABLE DEVICES

Parallelism of Optics

It has been mentioned in Chap. 2 that presently most electronic compters have a
serial architecture, which limits their speed and capability. In the hardware level, the
adoption of such an architecture is due to the impossibility of supporting the large
number of interconnections required by a parallel architecture by using wires that
conduct electrons. In other words, the parallelism is essentially an inferconnection prob-

lem.

A frequently used and probably over-simplified statement is that photons, unlike
electrons, do not interact with each other, so that a huge number of interconnects can
be supported by optics in free space without worrying about the problems such as
capacitance in electronics. The author’s own view of this problem is that in electronics,
each wire has to be separated from the others to avoid cross-talk, resulting in the
requirement of a large interconnection space if a highly—parallel‘ architecture is used. In
optics, however, the interconnection space can be siared by a large number of "wires",
so that the total interconnection space can be greatly reduced. A simple example is a
lens that images a large number of spots from one plane onto another. In general, each
spot can be viewed as a secondary light source. The light that is emitted from each
spot fills the aperture of the lens, so that the interconnection space, in this case the
space between the object and the image planes, is shared by all the spots. Yet the one-
to-one correspondence is still maintained, i.e., each spot can still be resolved in the

image plane. The power of this free-space interconnection capability is demonstrated in
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analog optical computing, where the Fourier transform of an object can be obtained by

using a single lens.

In digital optics, however, the situation becomes much more complicated because
optics is also employed in the decision-making process. The apparent ease of free-space
optical interconnection has to be re-examined with important considerations at the
hardware and architecture level. Optical interconnects in digital optics is still a subject
of active research [Lohmann (1986)]. Our experience tells us that optics is inherently
capable of processing two-dimensional informations, as opposed to the zero-dimension-
ality of electronics. This suggests that digital optics may have the additional freedom
over electronics of being able to manipulate not only numbers, but also symbols (i.e.,
pre-defined patterns). One interesting way to do logic by manipulating symbols is
called Symbolic Substitution Logic (as opposed to Boolean Logic), which was first pro-~
posed by Huang [Huang (1983); Brenner et al (1986)]. It involves definition, recognition
and substitution of some particular symbols in an input mask, and requires parallel
operations of many logic gates in a two-dimensional array. This seems to be well-
suited for nonlinear etalons. We took a systematic approach to the experimental dem-
onstration of Symbolic Substitution Logic (SSL). The results of the study are important
not only for the implementation of SSL, but also for other schemes that require parallel

operation of many gates in a 2-D array as well.

Fabrication of Uniform Interference Filters

The attempts to use arrays of optical bistable logic gates to do parallel processing

started in 1985, after years of research on optical bistability (OB) of single elements.

The first result of using a small array of biatable logic gates on interference filters
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(IF's) to perform simple pattern recognition by Jin et al, together with the parallel
operation of a small GaAs NOR-gate array by Jewell et al, was reported at the Topi-
cal Meeting on Optical Bistability (OBB)_ [Jin et al (1985); Jewell et al (1985b)].
Although GaAs etalons have been realized to be better candidates for real applications
[Gibbs (1985)], ZnS and ZnSe interference filters [Karpushko and Sinitsyn (1978) and
(1982)] were chosen to be used in our preliminary studies because they are relatively
easy to fabricate, and argon ion lasers with about 10-W single-line power in the visi-
ble (514.5 nm) were available to drive multiple pixels and stages (the IF's were used
later in the demonstration of all-optical compare-and-exchange switches for the same
reason). The first goal of our research was to fabricate IF's with reasonably uniform

characteristics over an area of about 1 cm? to allow parallel operation of many pixels.

The structure of an IF can be represented by (HL)P H?*m (LH)4, where H and L rep-
resent a quarter-wave layer of material having high and low indices of refraction,
respectively. p, q, and m are intergers to indicate the number of periods used in the
front mirror, the spacer, and the back mirror, respectively. The reflectivity R of a
mirror having N periods of HL-quarter-wave stacks can be estimated by (ignoring

absorption):

2

(ngy /0y )2N - 1 -
R= |:(nH/nL)2N + 1} ' -1

where ny and np, are the refractive indices of the H- and L-materials. As an example,
if ZnS is used in the H-layer and cryolite (Na;AlFg) is used in the L-layer, then ny =

2.39 and np, = 1.35, giving R = 0.96 for N = 4. This reflectivity is modified by the
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cover (usualiy air or glass) and the substrate (usually glass) materials. A thin-films
program written by Macleod gives detailed design of these IF's. An optimization

method of the bistable IF's is discussed by Wherrett et al (1986).
A list can be made for the desired properties of the IF's:

1. Normal-incidence OB operation at 514.5 nm, where the single-line argon laser
power is maximum

2. Reasonably high peak transmission (> 20%) and narrow bandpass (< 5-nm FWHM)

3. Small variation in peak transmission (< 5%) and bandpass (< one FWHM) in about
1-cm? area

4. Good short-term (minutes to hours) and long-term (days to months) stability

5. Low operating power (< 10 mW/pixel).

The fabrication of these IF's was carried out in the Thin-Films Lab of the Optical
Sciences Center. Cryolite was generally used as the low-index material, and either ZnS
or ZnSe was used as the high-index material as well as the nonlinear spacer. Kodak
glass cover slides were used as substrates, and the IF's were made by thermal evapora-
tion of alternate layers of ZnS (or ZnSe) and cryolite onto the substrates which were
placed in a 10-5 to 10-5-torr vacuum chamber at room temperature. The thickness of
the deposited layers was monitored by using a pair of calibrated crystal monitors in
addition to the optical monitoring. In the optical monitoring, a light beam of the
514.5-nm green-line of an argon laser was used to give better determination of the
layer-thickness in real time. The beam was first obtained by coupling the light from a
water-cooled argon laser located on the 6th floor into a multi-mode optical fiber, and

sending the light through the fiber to the Thin-Films Lab located on the 5th floor. The
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light was then collimated by a couple of lenses, and passed through a chopper which
was connected with a lock-in amplifier, before it entered the coating chamber of an
Edwards box coater through a window (Fig. 3-1). After entering the chamber, the
beam was deflected onto the substrate by a mirror that was located below the boats
which contained the materials to be evaporated. The position of the mirror was such
that the light incidence angle onto the substrate was nearly normal. The light that
passed through the substrate was sensed by a detector located outside a window on top
of the coater. A chart recorder gave visual display of the level of the transmitted
signal on the detector, allowing manual control of the opening and closing of the
shutters. During the deposition, the substrate was usually in rotation to improve uni-
formity. Several IF's were often grown during one run, but only the one located at the
center was monitored. The optical monitoring that used a laser beam through an opti-
cal fiber sometimes suffered from a low signal level and a poor stability. A powerful
laser source did not help because only a limited amount of light could be coupled into
the fiber without damaging the end of the fiber (it took some practice to find the best
power level). The vibration or drift of the laser source and other components has to be
carefully controlled to eliminate unwanted fluctuations in the signal (the noise was
much reduced after 6 pm). Despite all these difficulties, the optical monitoring did
work well in general, and some of the best IF's were fabricated. The availability and
installation of a 50-mW air-cooled argon laser in the Thin-Films Lab, about one year
later, greatly improved the signal-to-noise ratio and stability, and truly realized the

potential of thickness control using this method [Tsao et al (1987)].

Using the procedure described above, a number of IF’s with different mirror reflec-
tivity (p, q = 3-5), spacer thickness (m = 1-6), and material combination were fabricated

and tested. The linear transmission was usually measured with a Cary-14 spectrome-
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Fig. 3-1 Optical monitoring in the fabrications of ZnS and ZnSe interference
filters for normal incidence operation at laser wavelength.
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ter. Most IF’s had transmission peaks in the 512 to 516-nm region. It was desired that
the transmission peak be at a wavelength about half to one of the passband-width
shorter than the laser line (514.5 nm), which is best for'normal incidence operation of
these IF's that are based on a thermal nonlinearity. The IF’s so-produced showed a
tendency of having a peak wavelength slightly shorter than the laser wavelength. This
may be due to a slight deviation of the light beam from normal incidence in the optical
monitoring, or to human error in opening and closing the shutters. Those IF’s having a
peak wavelength slightly longer than the laser wavelength can still be used in a tilted
position (oblique incidence), which corresponds to an effective blue shift of the
transmission peak with respect to the laser line. The peak transmission of most ZnS
filters was about 20-50%, while that for most ZnSe filters was about 15-30% due to a
higher absorption. The FWHM of most IF was between 3-5 nm. The IF's were often
permanently covered with another piece of glass cover slide which was glued on top of
the film using Norland 61 UV-curing cement (n = 1.52) right after deposition to avoid
moisture absorption. One of the ZnS IF's showed nearly uniform characteristics: the
location of the transmission peak was within half of the filter passband over a 4-cm?
area (Fig. 3-2(a)). Even better results were obtained later after further modifications
of the coating~ and the monitoring system (e.g., the installation of a 50-mW air-cooled
argon laser in the thin-films lab), and, of course, after gaining more and more experi-
ence. Some of the IF's showed no peak-wavelength shift in a 12mmx12mm area [Tsao

et al (1987)].

Simultaneous Optical Bistable Switching of Multiple Pixels

An experimental setup similar to the one described by Olbright et al (1984) was

used to test the nonlinear properties of the IF's. The 514.5-nm line of a Coherent
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Innova-5 argon laser was used as the light source, and OB was observed on a number
of IF's. The minimum switching power for ZnS IF’s was about 10 mW, while that for
ZnSe IF's was 2-3 mW with a focused-spot size of about 10 um. The switch-on time
was power-dependent, ranging from around 10 us to tens of ms. The origin of nonline-
arity is known to be a thermally induced change in the index of refraction in the

spacer material [Weinberger (1984); Olbright et al (1984)].

The uniformity in the nonlinear response>oif the IF's was measured by mounting an
IF onto an XYZ-translation stage, and monitoring the OB characteristics of different
spots as the IF was translated in directions transverse to the direction of the light-beam
propagation. The main difficulty in this measurement was that the plane of the film
should be perpendicular to the laser beam, otherwise the spot being monitored would
move out of the focus as the IF was translated, causing a false change in the shape of
the bistable loop even if the IF was uniform. One way to achieve this perpendicular
orientation was to make the reflected beam from the IF to overlap the incident beam
(with and without the lens). The useful area of an IF was typically less than 4 cm?.
Since the IF located at the center was the only one monitored during deposition, it
always showed the best results, as expected (the others either had a smaller working

area or did not work).

The most obvious change in the OB characteristics across a sample (due to nonuni-
formity) is the chanlge in the switch-on power. Thus the variation in the OB switch-on
power was chosen to be the major parameter to characterize the uniformity. The vari-
ation in the switch-off power (which, together with the switch-on power, determines
the width of the OB loop) and the switching times were also measured. One ZnS IF

showed a less-than 25% variation in switch-on/off power and times over a 4-cm? area.
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It should be pointed out that the measurement of the linear tfénsmission of an IF does
not always correspond to the nonlinear results in terms of uniformity. It was found
that sometimes there can be large local variations in the nonlinear response of the film,
the area of which being on the order of 10-100 um? The linear transmission measure-
ments, however, might not be able to detect these local variations because of the large
aperture size (on the order of several mm?) required to have enough transmitted signal.
These local variations do cause a problem in simultaneous operations of many pixels.
To minimize this effect, extreme care is needed in cleaning the substrates, and in keep-
ing an overall clean deposition environment. The deposition rate ought to be relatively
slow to reduce nonuniformity. After deposition, the glass cover slide used for protec-
tion should be pressed evenly onto the film to minimize the thickness variation of the

cement.

The first observation of optical bistable switching of adjacent pixels was made with
a uniform ZnS IF. The IF was not pixellated, so the pixels had to be defined by light
beams. Although gratings and holograms could give multiple beams, these were not yet
available at that time. So, the first experiment was done by using a2 home-made
microlens array to define pixels. The array consisted of three plano-convex lenses with
3-mm diameter and 8-mm focal-length, and the lenses were cemer.lted onto a piece of
glass slide, with the centers of which forming an equilateral triangle with 3-mm
center-to-center separation. The 514.5-nm line of an argon laser was used as the light
source. The beam was expanded so that its diameter was several times larger than the
separation of the lenses, giving a fairly uniform illumination in the center region.
When the lens array was illuminated by this beam, three focused spots with about
3-mm spacing was formed on the ZnS IF. Simultaneous bistable operation of adjacent

pixels was produced at a power density of 200 kW/cm?, as shown in Fig. 3-2(b).
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Since the microlenses were slightly tilted and the thickness of the cement varied a little
during cementing, the plane that contained the three focused spots had a 5-10 degree
tilt with respect to the plane perpendicular to the incident light direction. So, it was
only possible to simultaneously switch two of the three pixels. The slight difference in
the bistable loops shown in Fig. 3-2(b) may be due to a slight non-uniformity of the IF

and the aberration and the tilt of the lenses.

The observation showed that the use of a lens array might be a feasible way to
perform multiple-beam operation, but better lens arrays were clearly needed to simul-
taneously switch more pixels. A fly's-eye graded-index fiber-lens array was obtained
from Nippon Sheet Glass soon after the first observation. The array had about 930
hexagonally packed microlenses with 1.065~-mm diameter and 1.2-mm center-to-center
spacing. The length of each fiber lens is 21.8 mm, and the numerical aperture is 0.15.
Although it was originally designed for one to one imaging with a total-conjugate dis-
tance of 40 mm, it seemed to work well with slightly-diverging beams for our purpose.
For example, simultaneous optical bistable switching of up to 12 pixels was achieved
using this lens array. This kind of capability allowed us to perform various kinds of
small-array operations, including pattern recognition and symbolic substitution [Jin et

al (1985); Tsao et al (1987); Wang et al (1988)].

Pattern Recognition Using AND-Gate Array

Pattern recognition is the first stage of the SSL proposed by Huang to exploit the
parallelism of optics (the second stage is called pattern scription) [Huang (1983)]. The
principle of SSL is to define some particular patterns (usually called "search patterns"),

and do processing by manipulating (recognizing and substituting) these patterns that
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exist in an input mask, where the information is encoded. A formal description of SSL
is given by Brenner et al (1986), and will not be repeated here. It will suffice here to
give an example to show how the pattern recognition procedure can be done with an
AND-gate array using the same example as given by Brenner et al (1986), where a

NOR-gate array was used for illustration.

Figures 3-3 and 3-4 show the pattern recognition procedure. The search pattern is
shown on the upper-left corner of Fig. 3-3. The first step is to make two copies of
the input pattern, and shift one of them diagonally by one pixel with respect to the
other. When the twb shifted patterns are recombined, they give the superposition pat-
tern shown on the right of Fig. 3-3. Each pixel in this superposition pattern has three
possible light levels: zero, one, and two. A search pattern can only exist when there
~are two units of light in a pixel, and this is where the nonlinear decision making
comes in. An AND-gate array is used to make the decision (the AND gate will switch
on only when there are two units of light). Finally, a mask selects the regions of inter-
est, and one obtains the recognition output as shown in Fig. 3-4. The parallelism of
this procedure is quite clear: by doing just one operation, all the search patterns that
exist in the input pattern can be identified. Fig. 3-5 shows the use of pattern scription
to generate a new pattern. An amplifier or a differential amplifier (such as a bistable
device) can be used after the pattern scription to restore the signal if necessary, so that

such kind of operation can be repeated or be sent to the next stage.

The experimental setup for pattern recognition is shown in Fig. 3-6. The informa-
tion to be processed is encoded as binary patterns on an input mask which also defines
a number of separate beams. An example of binary encoding is given on the upper-left

corner of Fig. 3-6, where the binary | and 0 are represented by the relative positions
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of a bright and a dark spot (this is called dual-rail encoding). The goal is to indentify
the number and locations of the pattern formed by two bright spots located next to
each other horizontally (the identification of the search pattern shown in Fig. 3-3 is
just as easy and is actually done using the same setup, but it is harder to be drawn on
a 1-D view since the shift is diagonal). In the first experiment, the laser beam is
expanded so that onlsr the central portion of the Gaussian intensity-distribution is used
to give a more uniform light level for each of the 2x3 pixel. Later. a bull's eye neu-
tral-density filter is used to compensate for the non-uniformity, and the intensity vari-
ation was controlled to be less than 10%. The two copies of the input pattern are made
by a polarizing beam-splitter (PBS1) with the orientation of the \/2-plate such that the
intensities of the two paths are the same. The horizontal shift by one pixel is done by
the two mirrors and a beam combiner (PBS2), which also gives the superimposed pat-
tern. An optional processing mask selects the locations of interest, and a collecting lens
controls the beam divergence. A fly's-eye selfoc lens array, as mentioned above, is
used to focus the beams onto an IF. The array size is typically 2x3 using a ZnSe IF
with about 20 mW switching power per pixel (the variation in the switch-on power is
generally less than 30%). The output pattern can be imaged onto a screen, resulting in
a fascinating visual effect. The bistable characteristics of each spot can be seen
through an oscilloscope. One very interesting thing to do with this setup is to use a
mask with each pixel transparent to align the system, then use a pen to blacken certain
spots on the input mask at will, and watch the change of the output pattern on the
screen (some of the originally bright spots would start to "turn off", of course). One
can even play a little game: one person creates an input pattern by blocking several
pixels on the input mask, and another person tries to guess what the input pattern is
by looking at the output pattern. Unfortunately, this game usually can not last for

longer than 15-30 minutes. It is not because people get tired by exhausting all the pos-
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sible combinations in the small 2x3 array (they get tired much sooner!), but because the
IF’s are not very stable (the bistable loop would drift with time). This has been a
problem that is not totally solved yet, and more comments will be given later on this

subject.

There are several features in the experiment that are worth discussing. First of all,
the input mask is made by exposing a 35-mm film to generate transparent and opaque
spots with appropriate configuration and spacing (to match the lens array). So, chang-
ing the input mask means some alignment work. Ideally, a spatial light modulator
(SLM) should replace the film, so that the input pattern could be updated without
affecting the alignment. Secondly, the optical path-length for the two arms (which
resemble the configuration of a Mach-Zehnder interferometer) are essentially equal due
to the small amount of shift (about 1 mm) needed (the optical path differs by only a -
few picoseconds). The path-lengths can even be made exactly equal with another setup
[Brenner (1986)]. This equal path configuration may seem to have no consequence in
our experiment that uses pulses longer than several milliseconds, but it is important for
operations with fast pulses. If femtosecond pulses are used in the extreme cases, a
phase-plate can be inserted in one of the arms to compensate for any small difference

in the optical path-length.

Another feature is that the modulated beams (especially the modulated bias beams)
rather than CW (continuous~-wave) beams are often used in our experiments. An obvi-
ous advantage of using modulated beams instead of CW beams is that the former
reduce the heat load of the device without reducing the data rate. This is extremely
important if a large number of closely packed pixels are operated simultaneously. Just

by modulating a CW beam into a train of triangular pulses without dead time (interval
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between pulses), one reduces the heat load of the device by roughly 50%. Further
reduction can be achieved by increasing the interval between the pulses and by vary-
ing the pulse shape and width. The modulation of the bias beams are more important

since most of the heating is caused by these beams.

The use of modulated bias beams can have another advantage. One might wonder
why the gates are operated in the bistable mode in the pattern recognition experiment,
where only AND-gate operation is required. The answer is that, first of all, it is prac-
tically impossible (or at least very difficult) to control the fabrication conditions of the
IF's to such a degree that the filters would show a nice thresholding characteristic
upon the normal incidence of a laser beam of fixed wavelength (514.5 nm in our case),
since there are almost no free parameters to adjust the initial detuning (the shape of
the loop can be changed somewhat by changing the focusing conditions). The actual
results showed that at normal incidence, the IF's would either work as a bistable
device (i.e., showing a nice bistable loop) or not work (i.e., showing a very poor nonli-
near curve or nothing). But there are even more fundamental reasons to favor a
bistable operation. Even though the transistor mode can be obtained by proper detun-
ing and can be used to do all-optical logic, the best switching is almost always
obtained when the device is operated in the bistable mode because the slope of the CW
threshold characteristic is infinite. When a constant bias is used, the width of the
bistable loop determines the required signal-beam power under CW illumination, limit-
ing the fan-out, With a modulated bias beam, the bias can be adjusted as close to the
switch-on point as noise will allow, irrespective of the width of the bistable loop. In
fact, a wider loop may even be desirable for a faster data rate to ensure reliable
switching of the stages that follow: the output can stay "on" while the input is decreas-

ing. This can be regarded as another advantage of using bistable devices in a digital-
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optics system.

One problem mentioned above is the instability (the change of linear and/or nonli-
near properties with time) of the IF's. The instability of ZnS and ZnSe IF's was disco-
vered at the very early stages of their research [Weinberger (1984)]. It is convenient to
divide this problem into two parts: the short-term (minutes to hours) stability and the
long-term stability. The problem of long-term stability, i.e., the moisture absorption
that alters the properties and eventually damages the film, is believed to be well-und-
erstood and essentially solved by using the conventional method of putting a protective
cover on top of the film right after deposition [Olbright et al (1984)]. The problem of
short-term stability, i.e., the drift of the bistable loop with time when an IF is illumi-
nated by a laser beam, is unfortunately not well-understood and not totally solved yet.
The detailed description of the phenomena is given by Weinberger (1984) and by
Campbell et al (1987). Our results show that in most cases, the IF’s can not be operated
stably for more than one to ten minutes, and even the best ones can only be operated
for fifteen minutes to half an hour wihtout making wrong decisions. Weinberger (1984)
attributed the instability to "the local driving out of water in a micro-volume in the
region of the intense laser beam", and used this to explain several observed phenomena.
While the real reason for this instability is not yet totally resolved, observations suggest
that it is probably related to the following factors: the packing density and the micros-
tructure of the film, the thickness of the spacer layer, and even the experimental con-
ditions such as the tightliness of focusing and the stability of the ambient temperature.
One might guess that since the switching of these IF's is essentially a very complicated
thermal conduction problem, it might be sensitive to all the factors listed above (they
would either affect the thermal conductivity of the materials or the boundary condi-

tions). For example, the prolonged exposure could raise the temperature of the sub-
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strate, or the incomplete thermal recovery between one operation and another may have
some cumulative effects. Keeping the IF's in a nitrogen atmosphere after deposition
until it is completely covered might be a good test to determine whether the water-
vapor absorption is the major problem (and, hopefully, have it solved). Unfortunately,
this suggestion came a little bit late (when the interference—filter program was about to
be stopped), and the test was never performed. The complete understanding and final

solution to this problem still awaits the result of future research.
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CHAPTER 4
ALL-OPTICAL COMPARE-AND-EXCHANGE SWITCHES

Circuit Design of Comparator and Exchanger

Chapters 2 and 3 have shown that digital optics may provide large-scale parallelism
and/or extremely high data rate in the future optical computing and photonic switching
systems. One of the interesting applications that require these capabilities is a sorting
network (an example of sorting is to make a list of numbers into ascending or descend-
ing orders). To sort a large amount of information rapidly, a parallel sorting algorithm
is preferred [Knuth (1973); Borodin and Hopcroft (1985); Stirk et al (1988ab)]. The
potential of this kind of algorithm can only be realized through hardwares that can
support a high throughput. One of the powerful sorting networks is the bitonic sorting
network [Stone (1971)], which can be implemented by using perfect-shuffle intercon-
nections and compare-and-exchange switches (they will be explained shortly). The elec-
tronics implementation of these are limited to relatively small numbers of channels and
low data rates because VLSI (very large scale integration) is essentially a 2-D technol-
ogy that limits the number of interconnections, and the RC time-constant also limits its
speed. On the other hand, the parallelism of 3-D optical interconnections and/or the
fast speed of optical logic gates may provide larger numbers of channels and/or faster

data rates [Stirk and Athale (1988b)].

Figure 4-1(a) is an example of a simple sorting network consisting of compare-and-
exchange switches and perfect-shuffle interconnections, and Fig. 4-1(b) shows an N =
8 perfect-shuffle interconnection pattern. An optical implementation of the perfect-

shuffle is described by Lohmann (1986). A compare-and-exchange switch is a 2x2 self-
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Fig. 4-1 (a) Example of a simple sorting network consisting of compare-and-
exchange switches and perfect-shuffle interconnections. (b) An N =
8 perfect-shuffle interconnection pattern.
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routing crossbar switch. The function of such a switch can be separated into two
parts: the comparison part determines the relative magnitude of the local data; the
exchange part configures the switch according to the outcome of the comparison. This
chapter gives a detailed description of the design and the experimental demonstration
of an all-optical compare-and-exchange switch using ZnS IF’s, and makes some projec-
tions for the more practical implementation of such switches using the GaAs technol-

ogy.

We start by assuming that all the data are represented in binary form. Overscores
represent the invert operation, so does the symbol comp (meaning "complement"). Thus
ﬁl or comp[R,] are the logical complements of the reset function. Brackets [ ]" contain
a latching condition (which will be explained later). The boldface letters (such as A

and B) represent vectors (or words), i.e., a stream of binary numbers.

An algorithm for compare and exchange proceeds as follows: we label the synchro-
nous input channels A and B, and operate serially from the most to the least signifi-
cant bit. If A; > B; occurs first, where i represents the bit position, then the switch
latches into the dypass (no exchange) position. Conversely, if B; > A; occurs first, then
the switch latches into the exchange position. Figure 4-2 shows the two positions,
where E is the exchange signal. Latching means that once an inequality has been det-

ected, the switch becomes set into one particular configuration until the system is reset.

A circuit that performs compare and exchange operations is experimentally demon-
strated using ZnS IF's as bistable devices. The modes of operation include latching and
bidirectional logic. In addition, polarization multiplexing and filtering are employed to

achieve channel isolation, four-port bidirectional devices, and reduced feedback. In the
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A=B, E=0

Fig. 4-2 The function of a compare-and-exchange switch. E represents the
exchange signal, A, B represent the two input numbers, and H, L
represent the higher and the lower number, respectively.
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following sections, the design and the operation of an all-optical compare-and-exchange

switch will be illustrated.

The compare-and-exchange switch consists of two parts: comparator and exchanger.
First we discuss the design of a comparator. Since the bits A; and B; arrive at the
switch simultaneously (starting from the most significant bit), the comparator has to be
able to distinguish between the cases where A; > B; or A; < B;. Figure 4-3(a) shows
how this can be done by generating the logic AND-function of one bit with the com-
plement of the other, namely, Aiﬁi and KiB,-. By exhausting all the combinations of A;
and B;, one can easily see that Aiﬁi = 1 and KiBi = | are mutually exclusive, i.e., they
never occur simultaneously, thus making it possible to separate the two cases this way.
After this comparison, a latching operation is needed so that the switch will be set into
one configuration which is not changed by the subsequent bits, until all the bits in one
set of vectors are transmitted. There are two possible positions that the switch can be
latched to: the bypass position and the exchange position. In the bypass position, the
exchange signal E is zero; in the exchange position, E is one. The exchanger will

decide on its configurations depending on the value of E.

The exchanger is the final step in the switch that directs the output positions of A
and B. Its state is controlled by the outcome of the comparator. If the exchange signal
is present (E = 1), it sends B to the H-output and A to the L-output. Otherwise, if the
exchange signal is zero (E = 0), it sends A to the H-output and B to the L-output (see

Fig. 4-2).

The above discussion shows that our circuit design needs a comparator, two latch-
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Fig. 4-3 (a) The use of A;B; and A;B; to compare A and B. When A < B,
A;B; = 1 will appear_first. When A > B, A;B; = 1 will appear first.
(b) Generation of A;B; and A;B; using the bidirectional operation of
a single nonlinear Fabry-Perot etalon.
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ing gates, and an exchanger. Figure 4-3(b) shows that A; El and Ki B; can be gener-
ated from a single bistable etalon by using its reflections from both sides, so that a
single bistable device can be used as a comparator. The latching operation is also
natural for bistable devices — the two latching gates are just two bistable devices.
Another bistable device is used in our preliminary experiment as the exchanger with

its transmission determined by the exchange signal.
Experimental Demonstration of Compare and Exchange Operations

The experimental layout of the compare-and-exchange circuit is shown in Fig. 4-4.
An argon laser and a phase grating generate four optical beams, each having a peak
power of about 40 mW. A chopper modulates beams A and B to generate the two test-
vector sets, and it blocks the holding beams ﬁl and ﬁz between each test vector set to
allow the latching gates to reset. A half-wave plate gives the two holding beams ﬁl
and ﬁz s-polarization. A quarter-wave plate gives the beams A and B circular polari-

zation.

For the experimental demonstration, we choose the test vector sets of A = 110001, B
= 101011 and A = 100011 and B = 110101. In the former set of test vectors, A; > B;
occurs first; other permutations of A;B; follow to ensure that the switch is properly
latched. Similarly, for the later group of test vectors we find that B > A and demon-
strate the exchange stability to further permutations. Up until the first mismatch, the
position of the exchange switch is not important since the output data streams are
identical. The compare circuit operates in the following manner. The circularly polar-
ized data beams, A and B, are incident on the two polarizing beam splitters (PBS's).

These PBS’s serve two functions. One function is to sample the data beams for the
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Fig. 4-4 Experimental layout for all-optical compare and exchange, where:
IF--ZnS interference filter; A/2--half-wave plate; \/4--quarter-wave
plate; E--exchange signal; A, B--binary-encoded input numbers; H,
L~-output of the larger and the smaller number, respectively.
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compare operation: the p-polarization from the A channel propagates through the PBS
for comparison, the s-polarizaiton is reflected to the exchange switch: conversely, the
s-polarization of the B beam is reflected for comparison and the p-polarization propa-
gates through the PBS to the exchange switch while its polarization is rotated by the
half-wave plate to match that of A. The orthogonally polarized data beams that were
injected into the compare circuit are converted to circular polarization by two quarter-

wave plates. The circularly polarized data beams are incident on the first IF (IF,).

IF, operates in reflection mode as a bidirectional comparator. If B; is zero and if A;
is one, then the circularly polarized A; is reflected by IF,, converted to the s-polariza-
tion by the quarter-fwave plate, and reflected by ihe PBS to produce the signal Aiﬁi. In
a similar fashion, if A; is zero and B; is one, then the circularly polarized B; is ref-
lected by IF,, converted to the p-polarization by the quarter-wave plate, and transmit-
ted through the PBS to produce the signal KiBi. Thus, the PBS's also function as part
of a bidirectional switch. Since the filter inputs are A; and B; and the outputs are both

A, B; and A;B;, IF, is a four-port device.

comp[—R-lAﬁ] is the exchange-prohibited signal from IF,, which works in reflection
mode as a latching NAND gate. As long as A;B; = 0, the reflection of R, is high,
which has been polarization rotated so it passes through the PBS helping IF; to switch
on and latches to have a low reflectivity; the reflection of ﬁ, will be low thereafter. If
this takes place before the first occurrence of Ki B; = 1, IF; will never have enough

power to switch on, and the output of the exchange signal E will always be low.

The final filter IF, is the exchanger and works in both transmission and reflection
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modes. If A; and B; are zero, both outputs are zero independent of the exchange
signal. In the case that E = 0 and only one of A; and B; is 1, IF, will not switch on;
beam A; reflects to the high output on the right; beam B; reflects to the low output on
the left. If both A; and B; are 1, IF, switches on and has a high transmissivity and
low reflectivity. Both sides have a high transmission independent of the exchange
status. When E = 1, either signal (or both) can switch on the gate; then A; and B; are

transmitted to the opposite sides to be exchanged.

Figures 4-5(a) and 4-5(b) show the results of the comparator. They demonstrate
clearly that as soon as there is a difference between A; and B;, the comparator has a
high output to the following corresponding gate which makes the appropriate decision.
At the first bit, numbers A; and B; are equal. The output goes from a high reflection
rapidly to a low reflection and produces a sharp pulse at the rising edge of the output.
If the signal pulse width is large compared to the width of the sharp pulse, this sharp
pulse will not have enough energy to switch the next stage. Before each comparison of
the input numbers, E, and ﬁz are reset to 1. When the compare and exchange is over,
ﬁl and ﬁz are shut off, The system waits for the next operation. Figure 4-5(c) shows
the exchange-prohibited signal comp[ﬁlAE]. Upon the first occurrence of A; > B;, this
signal latches to a low output. Figure 4-5(d) shows the exchange signal E which is the
transmission of ﬁz. On the left part of Fig. 4-5(d). although two cases of B; > A;
occur, E remains in its low state because of the earlier occurrence of A; > B; that
latched the exchange-prohibited signal to 0. On the right part of Fig. 4-5(d), A is
larger than B. Upon the first occurence of A; > B;, E is latched to I, and therefore all
the following bits exchange their positions. The time delay at the rising edge of E is
caused by the switching speed of the device. Figures 4-6(a) and 4-6(b) show the res-

ults of compare and exchange in the two cases of A > B and A < B, respectively. The(
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contrast in the outputs is not ideal, and it could be improved by using specially

designed IF’s, or using thresholding amplification.

It was not easy to obtain stable operations of all of the four IF’s simultaneously
long enough to test the whole system, especially since the contrast of the devices is not
so good. The data in Figs. 4-5 and 4-6 were taken with only the relevant sections
working. Figure 4-5 were taken from the compare unit consisting of IF;-IF;, and Fig.
4-6 were the results from the exchange unit IF,. In the exchange part, a third beam
having the power consistent with the exchange-control signal E was used. We also did
the experiment with IF, and IF; producing a real exchange signal for the last gate to

show that when A < B, the exchanger works.

Collinear incidence of three input beams (A, B, and E) with two collinear outputs
(H and L) may introduce some energy loss when the respective polarization directions
are considered. A 45° Farady-rotation glass and a half-wave plate between the
exchange-control signal and IF, might solve this problem. A plane-polarized light beam
passing through the glass will have its polarization rotated through an angle 8 relative
to the polarization . direction of the input beam. A beam cbming from the opposite
direction will have its polarization rotated in the same direction. Let 6 be 45° and the
fast axis of the half-wave plate be 67.5° with respect to the incident polarization-plane
of E. Then the polarization direction of E propagating to the right will be rotated by
90°, while that of L which propagates to the left will be unchanged. A Faraday rotator
as shown in the experimental layout was not available during the experiment. Instead,
only a half-wave plate was used to rotate the plane of polarization of E by 90° and
make E go to IF,, so that the system could work. By slightly detuning the half-wave

plate, a small transmission of L is detected. The differences of the operating points of
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each IF are shown by Zhang et al (1988), and qualitative agreement between the exper-

imental results and a simple computer simulation is obtained.

The ZnS IF's have relatively slow switching times (microseconds to milliseconds)
because they are based on thermal nonlinearities, making real-system applications
unlikely. On the other hand, much faster compare-and-exchange modules based on
GaAs nonlinear Fabry-Perot etalons may increase the throughput of the sorting net-
works [Lee et al(1986a); Hulin et al (1986)]. Optical latching circuits using GaAs
bistable devices have already been demonstrated recently [Jin et al (1988ab)], and will
be discussed in detail in Chap. 5. GaAs embodiments of the compare and exchange
designs demonstrated here appear ideal for packet-switching telecommunication net-
works because GaAs etalons are diode-laser compatible [Tarng et al (1984); Ojima et al
(1986)]. By using 2-D arrays of bistable devices [Jewell et al (1985b); Jin et al (1985);
Warren et al (1985)] and folded perfect shuffle interconnections [Stirk et al (1988a)],
optical sorting networks may also be feasible for large numbers of channels. It is
usefl-Jl to point out that the two main advantages of optics, the large-scale parallelism
and the high speed, do not necessarily need to be present at the same time in order to
make digital optics attractive. Optics may outperform electronics by using either one of
the advantages. In fact, the first real applications of digital optics 1ﬁay be in the area
of photonic switching, where a limited number of channelé (<100) with ultrafast
(picoseconds to femtoseconds) optical switches would give data rates that are very dif-
ficult to achieve with their electronic counterparts. One reason for this projection is
that the implementation of large-scale parallelism requires solutions to some system
engineering problems, such as multiple-beam manipulation, device uniformity, heat dis-
sipation, etc., while these problems are less severe if only a small number of channels

are operated (but at high speeds). If this is the case, then the use of optical fiber inter-
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connections [Lin et al (1985); Jin et al (1988c and 1989c)] and/or nonlinear-waveguide
switches [Li Kam Wa et al (1986); Warren et al (1987a); Jin et al (1988d)] in combina-
tion with nonlinear etalons may greatly improve the current design in terms of volume,
performance, reliability, and cost. For example, the exchanger in the current design
could be replaced by a nonlinear directional coupler (controlled optically), and fiber in-
terconnects can be used in many places. The relative merits of these different
approaches are strongly system-dependent. The optimum design of a real compare-and-
exchange switch is probably an integrated (or at least a small-volume) device that does
not take up the whole optical table, and it must be fast (-10 GHz), low-power (so that
diode-lasers can be used as sources), low-loss (probably < 3 dB, or by gain or
amplification), and reliable. We have already made the first step to show that a com-
pare-and-exchange switch can be implemented optically, and our current and future
research (some of it is discussed in the following chapters) could make such a switch a

reality.
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CHAPTER 5

SINGLE-WAVELENGTH CASCADING OF GaAs NONLINEAR ETALONS

Relative Merits of Single-Wavelength and Two-Wavelength Operations

The early works have shown that a GaAs nonlinear etalon can be operated in both
the quasi-CW (e.g., bistable) and the pulsed (gating) modes (an etalon biased by a
quasi-CW pulse can also be switched on or -off by a short pulse) [Gibbs et al
(1979ab); Gibbs et al (1980); Tarng et al (1982); Jewell et al (1984); Jewell et al
(1985a)]. For pulsed operation of such a device, two different wavelengths are usually
used for the control (pump) and the signal (probe) beams [Jewell et al (1984); Jewell et
al (1985a)]. The advantage of doing so is quite clear: the control pulse, usually above
the band, can be strongly absorbed to induce a large change in the index of refraction,
while the signal pulse can monitor the shift of the Fabry-Perot peak-wavelength which
is below the band to ensure a reasonably high finesse and transmission. Some of the
important logic functions (NOR, NAND, XOR, OR, AND) have been realized by two-

wavelength operation of a single etalon [Jewell et al (1984); .Iewéll et al (1985a)].

But, as stated in Chap. 2, most real applications require that the logic gates be cas-
cadable. Although two-wavelength operation can have differential gain [Tai et al
(1987)], it is not yet infinitely cascadable because the output wavelength is always
longer than the input wavelength, and only a limited tunability of the band edge can
be achieved. In fact, the wavelengths of the pump and the probe beams have to be
sufficiently separated to obtain efficient switching. As a rough estimate, if bulk and

MQW structures give a tunability of about 80 nm, then only 4 stages can be cascaded .
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with 20-nm separation in wavelength between the pump and the probe pulses. While
this limited cascadability could still be useful in some specialized applications, it is
perhaps one of the main reasons that even the simplest system has not yet been built
with GaAs etalons based on two wavelength operation, despite the fact that these etalons
can have a fast speed (< 100 ps cycle time) [Lee et al (1986a)] and low switching
energy (< 10 plJ) [Jewell et al (1985a)]. The hope for an isolated resonance, which

would allow the two wavelengths to be switched interchangeably, is yet to be realized.

On the first sight, single-wavelength operation seemed to be the answer. Differential
gain in the quasi-CW regime had already been demonstrated in several devices (see
Chap. 3). Although GaAs nonlinear etalons have not been operated by real CW beams
due to heating problem [Jewell et al (1982)], operations with microsecond pulses
showed clear bistable loops that are similar to the CW characteristics. So, it was
thought that demonstrating differential gain in this regime would be trivial. On the
other hand. the single-wavelength operation in the short-pulse regime had not been
studied in detail. Thus an experiment was carried out to study single-wavelength
pulsed logic, with the hope of demonstrating picosecond cascading. The experiment
was not successful (see the second part of this chapter for details): the gain measured
is always less than unity. It turned out later that the initial goal to achieve picosecond
cascading is unfortunately unrealizable under our experimental conditions. The nega-
tive result of our experiment, however, did stimulate a corhplete quantitative study of
the differential gain of passive nonlineal; etz.ilons._ Some discussion on this subject will
be given in the second part of this chapter, and a much more detailed study will be .
presented in Chap. 6. The main result is that differential gain vanishes for pulse
lengths approaching or less than the device recovery time. For nonlinearities based on

carrier-generation, cascading will be difficult for pulse lengths as long as nanoseconds
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because the carrier lifetime is already a few nanoseconds in most cases (and we were
trying to use picosecond pulses). The conclusion is that single-wavelength operation of
a passive nonlinear etalon is probably only useful in the quasi-steady-state regime
without any real gain or amplification (in fact, differential gain is already quite margi-
nal for pulse lengths less than about 100 times the carrier lifetime) [Jin et al (1988Db)].
Later experimental results with microsecond and nanosecond pulses do support our

conclusions, and these will be discussed in the next section.
Gain, Cascading, and All-Optical Latching Circuits

We began our experiment by studying a single-wavelength picosecond AND-gate. A
Spectra Physics model 375 cavity-dumped dye laser was pumped by a mgde-locked,
frequency-doubled Nd:YAG laser (model 370) to generate pulses of about 10 ps in
duration in the 830-890-nm wavelength region with variable repetition rates. The beam
is focused onto a GaAs-MQW nonlinear etalon by a 10x microscope objective, and the
output pulses are displayed on a sampling oscilloscope. The intensity of the beam is
varied by using several neutral-density filters. The nonlinear etalon was made by put-
ting a 180-period 58/0\/961& GaAs/AlGaAs MQW between two dielectric mirrors
having 90% reflectivity. The room-temperature optical nonlinearities of GaAs/AlGaAs
MQW'’s are studied by Chemla et al (1984), and the well-thickness dependence of index
change as a function of carrier density is measured by Park et al (1988). In our exper-
iment, optical bistability was observed at around 840 nm with this etalon using micro-
second pulses, and picosecond laser pulses were also tuned to the vicinity of this
wavelength to search for nonlinearity. The strétegy employed to look for AND-gat.ing
was as follows. The laser was tuned so that its wavelength was located at an appropri-

ate position on the high-energy side of the Fabry-Perot peak. When a certain amount
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of light (corresponding to a logic 1) is incident on the etalon, it results in a certain
amount of transmission which, hopefully, is quite low. When the input-pulse energy is
doubled, the transmission would increase by more than twice due to the nonlinearity
and the feedback mechanism of the etalon. We did observe this AND-gating with a 5:1
contrast (0.5 to 1 nJ/pulse). To measure differential gain, we gradually increased the
energy of an input pulse, and made plots of the output energy per pulse vs. the input
energy per pulse at various wavelengths. When plotted on the same scale, the maximum
slope of each curve would be the value of the maximum differential energy gain at
each wavelength. The results showed that the typical value of the maximum slope was
only about 0.015, far less than unity. After many measurements under different condi~
tions (different wavelength, spot size, etc.), it seemed that differential gain could not be
observed under the experimental conditions described above. Thus the single-wave-
length picosecond AND-gate that we had demonstrated seemed to be non-cascadable
(sounds as bad as two-wavelength operation!). A similar measurement with the same
etalon using nanosecond pulses gave a differential gain of 0.2 [Park (1988)]. These res-
ults are in fact consistent with our theoretical simulations (see Chap. 6). After we had
determined that differential gain could only be observed with pulse durations much
longer (about 100 times) than the carrier lifetime (a few nanoseconds), microsecond
pulses were used in the experiments. Signal power gains of up to 4.and.contrast ratios
of 10 were achieved at milliwatt power levels with 1-us pulses, which allowed the
construction of simple all-optical latching circuits that could operate much faster than
the ones built with thermal bistable devices [Smith et al (1985b), Jin et al (1985), Tsao
et al (1987)]. We first give some useful definitions, and then discuss the experimental

setup and results in detail.
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1. Definitions

For a nonlinear etalon operated in a bistable or thresholding mode, the differential
gain and the contrast can be defined in terms of the power of the light pulses as fol-
lows. Suppose a weak signal beam is amplified through a nonlinear etalon by a strong

holding beam, we define the device gain as

pu 'Pl

Gy = P, " (5-1)

where P, is the output power when the device is in the upper bistable state, P; is the
output in the lower state, and P; is the signal-beam power, see Fig. 5-1. This defini-
tion of Gy is suitable for the steady-state operation of a device, i.e., when the input
pulse length is much longer than the device response time. Note that G, is limited by
practical considerations such as the stability of the laser amplitude and frequency, the
etalon temperature stability, etc.. Theoretically, G4 can approach infinity by decreasing

P, but the switching time may increase due to the critical-slowing-down effect.

The contrast of a logic gate is defined as

P u
Cy = T,l— . (5-2)
For most applications, the contrast represents the signal-to-noise ratio of a device. Thus
a large contrast is desired generally. especially for such applications as the nonlinear .
decision making in an optical associative memory [Wang et al (1988)] and signal multi-

plexing [Friberg et al (1988a)]. For an etalon operating in the transient mode, where the

pulse length is comparable to the device response time, we can still define the device
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Fig. 5-1

A bistable device as a latching logic gate. Py, is the bias power, P,
is the signal power, P, and P; are the upper- and lower-state
output powers, respectively.
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gain and the contrast in a similar way, with the power in the above expressions

replaced by energy.

The minimum gain required for cascading is G4 > 1. Generally, for a gate to have
a fan-out of N, G4 > N is needed if the output of the first gate is to be able to switch
N succeeding gates by itself. This requirement can be reduced if the outputs of several
gates are used to switch one gate (fan-in). The contrast must also be high enough that
P, /N> P, but P; /N is too small to switch the device. This requirement in effect det-
ermines G4. The N needed depends upon the architecture. If the simplest symbolic-

substitution logic is to be implemented, N > 2 will be required [Brenner et al (1986)].

GaAs nonlinear etalons can be operated in the transmission mode or in the reflec-
tion mode (Fig. 5-2). For symmetrical cavities (like the ones used in this experiment),
it is possible to take advantage of the bidirectional operation, i.e., the transmitted
and/or reflected beams from both sides may be used. Latching means that the device
stays in the switched state even if the small signal power is removed. This happens
when the device is operating in a bistable mode with the bias-beam power exceeding
the switch-down power. Latching times can be controlled by setting and resetting the
bias pulse, as is done in this experiment, where thé device acts like a latching OR-gate

in transmission and a latching NOR-gate in reflection.
2. Experimental Setup
/] /]
The nonlinear Fabry-Perot etalons are made by sandwiching a 180-period 58A/96A

GaAs/AlGaAs MQW between two dielectric mirrors having 90% reflectivity. The eta-

lons fabricated by this method are usually not uniform [Lee et al (1986c)], but this.
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non-uniformity made it easier to match the cavity resonances of the two devices. Fig.
5-3(a) shows the experimental setup for cascading in reflection, i.e., the first etalon
works as a NOR-gate, and the second etalon is switched by the reflected beam from
the first etalon. The input pulses are generated by a pulse generator driving an
acousto-optic modulator to diffract a 0.4- to 4-us pulse from a near-infrared (LDS 821)
CW dye laser (Coherent model 370) pumped by an argon ion laser (Coherent Innova-6).
This beam is split into two paths in order to switch the two etalons. Fine adjustment
of the beam intensities is accomplished by using a half-wave plate in front of a polar-
izing beam splitter. The reflected beam from the first etalon is coupled into the second
one by rotating its polarization by 90 degrees using a quarter-wave plate and a pair of
polarizing beam splitters, so that after passing the quarter-wave plate twice the beam
is combined with a holding beam of opposite polarization to switch the second etalon.
The laser beams are focused down to spot sizes of about 15 pm in diameter by 10X
microscope objectives, and a TV camera allows the monitoring of the spots on the eta-
lons. The input power to the first stage is varied by rotating the half-wave plate or
changing the aperture size of the pinhole so that the etalon can be switched on or off.
Then the change of the output signal from the first stage is measured and compared
with the change of the output signal of the second stage to determine gain. Similar
setups are used for the cascading experiments with- both etalons working in transmis-
sion as OR-gates, where the transmitted signal of the first etalon is used to switch the

second one (Fig. 5-3(b)).

The external-switching experiment uses the picosecond pulses from the mode-locked
dye-laser system in combination with the microsecond pulses from the CW-dye laser
system. A synchronized electronic signal from the mode-locker control is used to

trigger a Tektronix 8005 pulse generator that controls an IntraAction acousto-optic
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modulator (model AOM40N), resulting in nearly synchronized ps and ps pulses. The
overlap time of the ps and the us pulses can also be adjusted by changing the variable
delay in the pulse generator. An optical system combines the two laser beams to switch

the nonlinear etalon.
3. Experimental Results and Discussions

Optical bistabilities are observed using the above etalons with microsecond pulses in
the 840-nm-wavelength region; the minimum input power for bistability is about 6
mW. The shortest pulse used to observe optical bistability is 400 ns, limited by the
pulse generator. A typical result of the cascading experiment is shown by the oscillo-
scope traces in Fig. 5-4. Note that the results shown here are for the cases where the
devices are operated in the bistable (latching) mode. It is also possible to adjust the
experimental parameters (such as the etalon detuning) to make the bistable loop
extremely narrow to approach the case of thresholding (non-latching) operation, which
is also experimentally demonstrated. The bias-beam powers in these experiments are
20-40 mW in order to observe sufficient gain, and the etalon which has a lower thres-
hold is chosen to be used in the first stage. Gains greater than 2 are obtained in both
cases described by Fig. 5-3(a) and Fig. 5-3(b), but thé cdnirast iﬁ the reflection mode is
lower due to the low finesse of the cavity. The. largest gain observed is 4, where a
0.25 mW change of the output signal of the first stage induced a change of 1 mW in
the output from the second one. The contrast at these power levels is 5-8; it can be in-
creased to about 10 (Fig. 5-5) with larger input powers (45-50 mW). The latching
times are usually of the order of microseconds to keep the device thermally stable.

Similar results are also expected for etalons made from bulk GaAs.
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We found that the focusing of the output beam from the first device onto the
second one is crucial in the experimental observation of gain. Unlike the single-beam
or two-beam experiments where both the bias and the signal beams come from the
laser source directly, the signal beam for the second stage in this experiment is the
output from the first stage, which is reshaped by the first-stage nonlinear etalon both
spatially and temporally. The spatial reshaping is due to the Gaussian profile of the
input beam and the nonlinearity of the etalon. Ideally, the limiting characteristics of
the bistable device should flatten the Gaussian profile of the beam after passing the
first etalon, making the signal beam on the second etalon more uniform. But experi-
mental observations show that the signal beam on the second etalon is not always spa-
tially uniform after passing through various optical components. The non-uniformity
does not seem to greatly inhibit the switching of the etalons, which may be due to the
tight focusing of the beams and the rapid carrier diffusion that makes the profile of
the much-stronger bias beam the dominant factor. It also explains why the best result
is always obtained when the signal beam is focused at the center of the bias beam, in
which case the former has the greatest influence on the latter. The temporal pulse-
reshaping by the first-stage etalon makes the rising edge of the signal beam much
steeper than that of the bias beam (because the etalop switch-on time is much shorter
than the rising edge of the input pulse), so that for -a given pulse area, this reshaping
may even be favorable in switching-on the next device (for the quasi-steady-state

case).

In the experiment described above, the bias and the signal beams have similar dura-
tions (about 1 ps). Real applications may require that an etalon that is biased by a long
(e.g., microsecond) pulse be switched by a much shorter (e.g.. picoseconds) pulse, and

be latched to the switched state until the bias signal is reset. The first external switch-
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on of a GaAs etalon held at about 10 K was observed by Gibbs et al (1979a) using a
200-ps, 590-nm, 0.6-nJ pulse. Later switch-on was also observed using a 10-ps,
600-nm, 1-nJ pulse focused onto a GaAs etalon held at 80 K [Tarng et al (1982)]. Our
experiment is performed at room temperature. The GaAs/AlGaAs nonlinear etalon is
biased by a 840-nm, 30-mW, 0.6-us pulse with a flat top just below the bistable
switch-on point (Fig. 5-6(a)). The introduction of a 830-nm, 10-ps, 350-pJ pulse res-
ulted in switching of the etalon (Fig. 5-6(b)). By changing the delay in the pulse gen-
erator, the relative arrival time of the us and the ps pulses is adjusted. If the ps pulse
arrives at the etalon earlier than the us pulse, no switching will occur. Figure 5-7(a)
shows that switching does not occur even if the ps pulse overlaps the rising edge of
the us pulse. But when the ps pulse overlaps the flat-top region of the us pulse,
switching is observed (Fig. 5-7(b)). In fact, switching can be induced anywhere in this
region using a ps pulse having roughly the same energy. Finally, when the ps pulse
moves to the trailing edge of the us pulse, switching disappears. This is probably the
first observation of external switching of a GaAs/AlGaAs etalon at room temperature.
The wavelength separation between the gs and the ps pulses is also much smaller than
the previous reports, which implies that diode lasers could be useql for both sources.
The switch-on time is not measured, but it is believed that there might be a time delay
between the arrival of the ps pulse and the occurrence of the actual switching of the
etalon (see, for example, Warren et al (1987b)). An indication of this delay can be

found by careful examination of Fig. 5-7.

The above experiment can also be done in a "reversed" fashion, i.e., the transmis-
sion of a picosecond pulse can be controlled by a quasi-CW pulse. A typical experi-
mental result is shown in Fig. 5-8. Initially, a 10-ps pulse is tuned to the shorter-

wavelength side of a 0.8-us pulse. When the us pulse is absent, the ps pulse has a low
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transmission (Fig. 5-8(a)). The presence of the us pulse shifts the Fabry-Perot cavity
resonance to a shorter wavelength that is much closer to the wavelength of the ps pulse
to allow it to be transmitted efficiently (Fig. 5-8(b)). This type of operation may be
called "latching-OR". The complementary function of latching-OR, or latching-NOR, is
also experimentally demonstrated (Figs. 5-8(c) and 5-8(d)). In this case, the wavelength
of the ps pulse is initially in coincidence with the cavity resonance so that its
transmission is high (Fig. 5-8(c)). The introduction of the gs pulse shifts the cavity
resonance to a shorter wavelength, causing a reduction in transmission of the ps-pulse
(Fig. 5-8(d)). These types of operations may lead to optically-controlled high-speed and

reconfigurable switches of picosecond data streams.

Room-~temperature regenerative pulsations [Gibbs et al (1982)] can be observed for
pulses longer than a few microseconds (Fig. 5-9). This means that without any heat
sinking, cw operation in the "real" sense (i.e., infinite latching time) is difficult to achi-
eve. Yet latching times in the microsecond range may still be considered "quasi-cw" at
least for fast sequential processing applications, such as the compare-and-exchange-
type operations [Zhang et al (1988)] with picosecond pulses. For example, if mode-
locked pulses of lO-ps in durations are used with the latching time of the bistable
gates of 1 ps, then lps/10ps = 10%--s0, even if one assumes a duty cycle of 1:100, one
thousand pulses can still be routed before the thermal effect comes in (the added power
dissipation by the pulses is roughly 5 mW if each pulse has 10 pJ). Reducing the pulse
spacing to 100 ps would increase the data rate to ten thousand operations per microse-
cond. Millisecond latching times was obtained previously by Gibbs (1985) using a dia-
mond heat sink, and more recently by Sahlen et al (1988) using etalons having MBE-
grown mirrors operating in reflection. Much longer latching times can be achieved

with better heat-sinking, which is inevitable for some applications.
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With no special procedures taken to stabilize the dye-laser output, the maximum
gain that can be measured is limited by the noise in the laser output. A detailed ana-
lysis of the influence of noise on the device transmission characteristics requires a sta-
tistical treatment [McCall et al (1982)]. However, in order to prevent noise-induced
switching in practice, it is sufficient to keep the bias-beam power Py < Py, - P,
where P, is the switch-up power and P, is the peak power of the noise. Therefore,
the noise level defines 2 minimum value for the power P; of the switching beam and,
hence, a maximum value for the observable gain. Let T, and T, be the etalon
transmission at upper- and lower-state, respectively, then the device gain given by (5.1)

can be written as

Gy = Tuz TP (5-3)
S
In the presence of noise, one must have
P >P, =Py, (5-4)

where v = P, /P, to ensure reliable operation. Thus the largest device gain (Gp,.4)
observable in the presence of noise is (combining (3) and (4))
T. -
Ginax < L,-T . (5-5)
Y
We can see from (5.5) that G, is determined by (a) the noise in the laser beam, and
(b) the difference between the upper- and lower-state transmission of the etalon. As an

estimate, if the laser noise level is 1, then for an etalon with 10 percent upper-state
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nonlinear transmission (T,) operating with a contrast of about 5 near the switching

threshold, the maximum observable gain is about 8.

All etalons are operated in the bistable mode in this experiment, although cascading
can also be done by operating the etalons in a thresholding (non-latching) mode. In
practice, bistability may be preferred for several reasons. Bistability is a natural
memory which greatly simplifies the circuitry where latching is needed. It can also
suppress the input noise by its contrast and hysteresis, or increase the gain by its large
slope. In some sense, this is very similar to the Schmitt trigger used in electronics [Sar-
gent and Shoemaker (1986)]. On the other hand, good thresholding will be required

when the etalon is operated in the picosecond time scale.

Several possible applications may be envisioned, which place quite different
requirements on the bistable etalons. For example, the symbolic-substitution logic
[Huang (1983)] requires that large arrays of pixels (probabally >100x100) be operated
simultaneously, which means that good uniformity in a relatively large etalon area (on
the order of 1 cm? is needed. One may want to reduce the speed requirement for a
single gate in exchange for a lower operating power, ;ince the pixels are densely
packed. High throughput may be achieved using simple 'interconnection patterns and
low fan-out requirements in this scheme. Applicétions‘along this line also include spa-
tial-light-modulators with sub-microsecond (single-wavelength, cascadable) or even
picosecond (two-wavelength) addressing times. Another class of application is high-
speed sequential processing which takes advantage of the fast switching speed of a
single device, like the all-optical compare-and-exchange switch [Zhang et al (1988)].
With GaAs optical‘logic gates, the data-rate of a single self-routing channel can be 1

to 10 Gbit/sec (assuming 1000-100 ps pulse spacing, as discussed above). Although the
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problem of picosecond cascading of passive nonlinear devices is not yet solved, it is
conceivable to use their fast switching speeds to make logic decisions (such as gating
and wavelength conversion), then amplify the output signals at the same rate so that
the overall bandwidth of the system can still be maintained. The development of high-
speed and high-gain laser amplifiers seems promising in providing a possible tool to
overcome the pulse;energy loss [Hegarty and Jackson (1984)]. Another possibility is to
introduce gain into the device itself. Thus optical switches may find some applications

in fast sequential processing.

In summary, we have demonstrated room-temperature single-wavelength optical
latching circuits using GaAs MQW etalons. The wavelength and the switching power
used for cascading the devices imply that diode lasers can be used as light sources,
and small-scale compact demonstration digital optical circuitry can be built that oper-
ates much faster than previous optical ones built with thermal devices. With picose-
cond switch-on times, the GaAs latching gates can be used in combination with other
devices operating in a non-latching, high-speed mode to provide the high data rates (=

GH2) required for future high-bandwidth photonic swiiching systems.
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‘ CHAPTER 6
DIFFERENTIAL GAIN OF NONLINEAR ETALONS

Basic Principles and Definitions

It can be seen from the last few chapters that differential gain of nonlinear etalons
is a very important quantity, because it determines the cascadability of the etalons. In
general, differential gain depends on both the intrinsic properties (the response time of
the nonlinear material, the mirror reflectivities, etc.) of the etalon and its operating
conditions (the initial detuning, the length and the power of the pulse, etc.). Although
differential gain was observed in the very early research of optical bistability [Gibbs
et al (1976)], it has not been systematically studied. The need for such a systematic
study became apparent only after we encountered some difficulties in building all-opti-
cal circuits using the nonlinear etalons (see Chap. 5). This chapter gives the first quan-
titative theoretical study of the differential gain of nonlinear etalons. Previously,
steady-state optical bistability of non-symmetric cavities with a Kerr nonlinearity was
studied by Miller (1981). Bischofberger and Shen (1978) and Goldstone and Garmire
(1981) studied the dynamics of symmetrical cavities under single beam illumination.
Here we present a self-consistent dynamic treatment for non-symmetric cavities with a
Kerr medium by combining the previous results. We also extend our results to treat the
case of multiple beam interactions. Theoretical calculations for GaAs etalons are also
presented using the plasma theory for band edge nonlinearities [Banyai and Koch
(1986)]. A realistic calculation is carried out to study the enhancement of differential
gain by angle multiplexing, with an assessment of the effect of interference, polariza-

tion, and beam walk-off on switching.
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The mathematical symbols used in this chapter are defined as follows:

T: medium relaxation time

te: cavity roundtrip time

ty: cavity build-up time

ty: duration of input pulse

A laser wavelength

Ao wavelength in free space

App: peak wavelength of Fabry-Perot etalon at normal incidance
6: angle of light beam inside cavity

Ng: peak wavelength of Fabry-Perot etalon at angle 6
@: phasg of cavity

Bo: initial detuning

Agy: phase change caused by bias beam
Agg: phase change caused by signal beam
I;: transmitted intensity

I.: reflected intensity

Lin: input intensity

Iout: output intensity

I intensity inside etalon

Iy: intensity of bias beam inside etalon
I intensity of signal beam inside etalon
Ei,: input energy

Eout: output energy

P;.: input power



l:)out.:

Ao

90 .
output power
absorption coefficient
change of absorption coefficient
cavity length
linear refractive index of medium
nonlinear refractive index of medium
change of refractive index
front mirror reflectivity
back mirror reflectivity
effective average reflectivity
coefficient of finesse of cavity
carrier density
differential energy gain
differential power gain
maximum G, or G, achievable in the presence of noise
radius of light spot
effective number of bounces of light inside cavity
Rayleigh length

effective Fresnel number

The differential power gain is defined by

G, =

Poyi(b+s) - Py, (b
| e ';:i)n(s) e )} . (6-1)

where P, (b+s) is the output power when both the bias beam and the signal beam are
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incident, and P, (b) is the output power when only the bias beam is incident. P;,(s) is
the power of the incident signal beam. The use of the absolute value in (6-1) ensures
that G, is always positive even if the etalon is operated in the reflection mode. The

corresponding differential energy gain can be defined in a similar way, namely,

| Eoui(b+s) - Egp (b)),

Ge = Ein (S) | »

(6-2)
The use of G, or G, depends on the relative length of the input pulse (t,) to the
medium relaxation time (7). Suppose the index change An is induced by generating car-
riers in the medium, then An = An(N), with N being the carrier density. For the case
where t; >> T, N at a given time is mainly determined by the rate of carrier genera-
tion. which is determined by the power of the input pulse. So, Gp is the appropriate
quantity to use in this regime because it is the power of the pulse that determines
whether the etalons can be switched or cascaded. For the opposite regime where t; is
comparable or less than 7, the carriers generated by the front portion of an input pulse
do not have enough time to recombine when the later portion of the pulse arrives, so
that N (and hence An) is determined by the power integrated over tp.' or the energy of
the pulse. Thus one should use G, in this regime. There also exists a transition region

between the two cases, where the distinction between G, and G, is not very clear.

It will be seen from the following sections in this chapter that the behavior of G,
and G, as a function of t; and 7 is approximately as follows. In the quasi-steady-state
case (t, >> 7). G, is used, and it can be very large or even diverge since there exists a
well-defined switching point at which |dPg,,/dP;,| approaches infinity. As t, decre-
ases, G, gradually decreases as t, approaches 7 because the switching point becomes

not well-defined, and the steady-state bistable loop is replaced by the dynamic hyster-
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esis. G, will become the appropriate parameter to describe differential gain when to
becomes comparable to 7. This trend continues as t, gets shorter, until both G, and G,

vanish (G,, G, < 1) at a certain point.
P e

Self-Consistent Dynamic Simulations for Kerr Medium

The transmission and the reflection of a nonlinear Fabry-Perot etalon filled with a
medium having a Kerr nonlinearity and a linear absorption is treated by Miller (1981).

The results can be summarized as follows:

_(1-R)(1 =Ryl

L, (I - RyF 1+ Fsin2¢li“ ’ (6-3)
k=13 l*lsinzqs [Rr - zﬁi;&;}be-zal‘ + Fsin2¢] Lin 6-4)
where R, = (R{Ry)!/2e-l and F = 4R_/(1 - R, ).
For Kerr medium, the refractive index is given by
n=n;+n,l. (6-5)

The use of n, assumes that the change of refractive index is propotional to the inten-
sity of light. This approximation is quite good for operating wavelengths far from the
semiconductor bandedge, where the change of absorption is insignificant. It also works
well for some thermal devices (e.g., ZnS and ZnSe IF's). For operating wavelengths

near the band edge, the change of refractive index (An) with light intensity will devi-
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ate from a linear relationship, especially at very high intensities. This index change
with the intensity can actually be calculated using the theories that includes the effect
of the change of absorption, such as the plasma theory [Banyai and Koch (1986); Koch
et al (1988)], and dérive An from Ac by using Kramer-Kronig transformation [Lee et al
(1987)]. Nevertheless, an effective n, is still very useful in a somewhat simplified
model because it maintains the essential qualitative features of the behavior of a nonli-
near etalon mainly based on dispersive nonlinearities. It is very useful especially in the
cases where a detailed microscopic theory is either not available or where one just
wants to gain some insight of a problem with some degree of compromise in complete-

ness.

In the steady-state, the phase ¢ of a cavity that appeared in equations (6-3) and

(6-4) can be written as
¢ = + BI, (6-6)

where @, = 2mngL/A, and 8 = 2wn,L/\, . ¢, is the initial detuning of the cavity; 8 gives
the size of the nonlinearity, and it can either be positive or negative depending on the

sign of n,; I is the effective average light intensity inside the cavity.

The steady-state behavior of a nonlinear etalon under normal incidence can be well-
described by the above equations. However, it was shown that the dynamic response
of a nonlinear etalon can differ significantly from its steady-state response
[Bischofberger and Shen (1978); Goldstone and Garmire (1981)]. There are at least three

important time constants that affect the dynamic response of a nonlinear etalon: the
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input pulse duration t,, the cavity build-up time ty,, and the medium relaxation time 7.
Inside a Fabry-Perot cavity, the change of refractive index at a particular point is in-
duced by the forward and the backward propagating waves, both are functions of
time. The phase change along a distance dz in the cavity is proportional to n(z)dz, and
the roundtrip phase change can be found by integrating over the roundtrip distance.
To obtain a detailed solution of the problem, the interaction of the foward and the
backward propagating electric fields with the medium at all times must be considered.
However, the experimental condition is usually such that the condition t, and 7 >> t;, is
satisfied. As an estimate, for |n,I| << np, the roundtrip time of a cavity is: t, =
(2n,L)/c, where c is the speed of light in free space. A GaAs etalon that has n; = 3.6
and L = 2 pm gives t, = 48 fs. Ten roundtrips takes 480 fs. The actual cavity build-up
time is determined by its finesse. A cavity with L = | ym, T = 0.1 and n, = 3 gives a
t, of about 200 fs [Gibbs (1985)]. The shortest carrier lifetime of a GaAs etalon is
about 10 to 100 ps, and a mode-locked pulse length is at the same order. So t;, and 7
>> t, is satisfied for our experimental conditions. Under this condition, the intracavity
dynamics can be spatially averaged out, and the phase of the cavity obeys Debye

relaxation equation
198 2 g~ g+ 41 (6-7)

The functional relationship between the input intensity, the internal intensity, the
output intensity, and the cavity phase can be expressed briefly as follows: I (t) = I, (I(t),
B); I.(1) = I.(I¢), ¢®); (t) = ¢(I(t)); and It) = I(T;, (t), ¢(t). The last relationship can be
derived with the help of the previous results by Miller (1981), and the final result is

written explicitly as
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L 3 - eoL)(1 - Re)(1 + Ryeol) 1

I 20l - R,P T+ FsinZglin °

(6-8)

The key for solving the above equations is to find a self-consistent solution of I(t)
and ¢(t) from equations (6-7) and (6-8). The detailed result depends on I (t), and an
analytical solution is usually not possible. Thus a numeric approach is used to solve
equations (6-3), (6-4), (6-7), and (6-8). The differential equation (6-7) is solved by using
a 4th order Runge-Kutta method with adaptive stepsize. The program is written in
FORTRAN, and the design parameters (such as R;, Ry, @, L, etc.) and the operating
conditions (such as I;, @, A, etc.) can be varied easily by the user to study various
cases (this program, which deals with the simple case of single-beam operation, will be
called PROGRAM-I). The result is stored in matrices, and it can also be presented in

a graphical form.

The discrepancy between the quasi-steady-state behavior and the dynamic behavior
of a nonlinear etalon is clearly demonstrated in Fig.6-1. In the quasi-steady-state case,
where the input pulse duration is much longer than 7, the solution gives the well-und-
erstood bistable behavior with well-defined switching points (Figs. 6-1(a) and 6-1(b)).
As the input pulse gets shorter, there is no longer a well defined switching point in the
output vs. input intensity curve, and the steady-state bistat;le curve can become a wide
hysteresis loop called the "dynamic hysteresis loop", as shown in Figs. 6-1(c) and

6-1(d).

To understand this change, it is useful to consider the relative nature of t;, and 7.
In other words, one can think of a long pulse duration as equivalent to a short carrier

lifetime, and vice versa. In the case of long pulses, or small 7, the medium responds
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Fig. 6-1

Optical bistability and dynamic hysteresis of a nonlinear etalon
with Rf = Ry, = 0.9, a = 0.1 pm™!, L = 1.529 gm, n, = 3.6, n, =
-0.0005 cm?/kW, and A = 0.84 um. The horizontal axis represents
the input intensity, and the vertical one represents the output inten-
sity (both in kW/cm?). (a) and (b) correspond to the quasi-steady-
state case (tp = 10007) with 16 kW/cm? and 30 kW/cm? peak input
intensity, respectively. (c) and (d) correspond to the dynamic case
ty = 307) with 18 kW/cm? and 30 kW/cm? peak input intensity,
respectively.
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almost immediately to the input intensity. For example, if the input intensity is cut off
at some point, the relaxation process goes as et/7. A small 7 gives a very fast response,
so that the device shows a steady-state-like behavior with well-defined switching
points. As t, gets shorter, or 7 gets longer, the medium can no longer follow the
changes in the input intensity closely. If carriers are generated, they can stay there for
a quite long time, and the input photons that come at a later time will interact with the
carriers that are generated at earlier times. So, when the etalon is brought to a high-
transmission state by the carriers generated at the first part of the input pulse, it will
stay in this state for a longer time than in the case of small 7 (in other words, there is
a higher correlation between I{t) and I(t+At) in the case of large 1), and this is the

origin of the very wide hysteresis loop.

The value of G, is found by calculating tﬁe change of the output-pulse area vs. the
change of the input;pulse area. The general behavior of G, as a function of the input-
pulse energy is plotted in Fig. 6-2. In the long-pulse limit, G, has a clear maximum
near the switching point of the etalon, where the etalon transmission is most sensitive
to the small changes of the input pulse energy. As one -approaches the short-pulse
limit, the peak of G, gets smaller due to the dynamic-hysteresis effect, and G, finally
goes below unity for short pulses (typically for tp/'r < 10). To obtain some insight into
this effect, a simple treatment is given below for a special case to show how G, varies
as a function of t, and 7. The definition of G, is given by (6-2). The energy of a

pulse is related to its intensity by (with planewave approximation)

tp
E= nrzj I(t)dt , 6-9)
0



98

DIFFERENTIAL ENERGY GAIN
]
1

—
()]
—t—

-—
o
~——t

0 X 02 03
SIGNAL-PULSE ENERGY (A.U.)

Fig. 6-2 (a) Differential gain (G,) of a nonlinear etalon operating in
transmission. The squares represent the long-pulse (t, = 10007) case
with Iy = 16.3 kW/cm? and I, = 0.5 kW/cm?. The circles represent
the short-pulse (t, = 307) case with Iy = 17.7 kW/cm? and I = 0.5
kW/cm? The etafon parameters are the same as in Fig. 6-1. (b) G,
for the etalon operating in reflection.
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where r is the spot radius. The change in the transmitted pulse energy with- and

without the signal pulse is given by

tP
AE, = E,(b+s) - E,(b) = nrzj [1,(b+s) - I, (b)1dt . (6-10)
0

For simplicity, if we assume that the input bias pulse and the signal pulse are both
square pulses of the same length to and notice that I, o I (t)/(1 + Fsin®}(t)) (where
[;n(t) = constant for t € [0, t;] under our assumption), then, for a given Ej,(s),

t
P

T+ FsinZg( " * €10

GechE,ch
0

where ¢(t) obeys (6-7). If one notices that the function to be integrated is always posi-
tive, it follows that G, increases monotonically with tp for any given 1. This is why G,
vanishes in the short-pulse regime. Equation (6-11) can not be integrated analytically in
most cases. But in order to see more clearly the functional dependence of G, on tos
approximate solutions for some special cases could be derived. We start by noting that

the general solution of eq. (6-7) can be written in the form

t

B(t) = o + & et J ex/T I(x)dx (6-12)
0

for t < tpg. Under the square-pulse assumption, we can roughly write I(x) = I, to obtain

an approximate solution for ¢(t):
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B(t) = ¢y + Blo(1 - et/7) . (6-13)

Equation (6-11) is re-written as

tP
dt
o =hi Jo 1 + F/2 - F/2cos(24(t)) * (6-14)

where f, is a constant that does not depend on either t, or 7. Putting (6-13) into (6-14)

results in

tp
dt
Ce = fi ,[ o ! + F/2 - F/2cos[2(¢, + Bl) - 2BI,e7] . (6-15)

Since the numerical results have shown that G, vanishes at around t,/r = 10 (Fig.
6-2), we concentrate our discussion in the region where t, > 57. Thus (6-15) can be
separated into two parts:

tp

dt
o = &l + o J 571+ F/2 - F2cosl2(go + Bl - 28171 619

where

5t

dt o
Colr) = fy Jo 1 + F/2 - F/2cos[2(¢e + Bly) - 2Ble-t/7] " (6-17)
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For a given 7, cy(7) is a constant that does not depend on ty. In the second part of
(6-16), we have et/ < 0.01, and if we are interested in the cases where the input-pulse

intensity is not too large (i.e., 28], is at most of the order of unity), then
cos[2(@y + Bl - 2BIae~t/T] = cos(2(gy + Bly) + 2BI,sin(2(¢, + BloNe /T . (6-18)

By inserting (6-18) into (6~16), we get

tp

dt
Ge = fr) + LT s =l (6-19)

where A =1 + F/2 - F/2cos(2(¢y + Bly)) and B = -FBI;sin(2(@, + Bly). Solving (6-19)

gives
EE. _B_ 'tp/T
G, = a7 T+1nl+ A€ + by, (6-20)

where a5 = f;/A > 0, and by = c(r) - f,7[5S + In(1 + Be-5/A)J/A. For e/ « 1, the

final solution is simply written as
Ge = 29ty + by'(7) , (6-21)

where a," = (1 - B/A)ay (2, > 0) and b,'(7) = by(r) + Br/A2. One can see from (6-20) and
(6-21) that in the long-pulse limit (i.e., ty > 1), G, for a given E;,(s) increses almost
linearly with the pulse length for a fixed 7 under our assumptions. In fact, G, is in-

finitely large for the steady-state case (where t;, approaches infinity). Equations (6-20)
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and (6-21) also gives a clear prediction of the decrease (and finally the vanishment) of

the differential gain (G, < 1) for a sufficiently small t.

The change in the total output vs. the change in the input is the simplest definition
of differential gain. In most cases, however, the signal beam will have a different pol-
arization [Jin et al (1988b)] and/or a different incidence angle [Jin et al (1989b)] from
the bias beam, and only the output of the bias beam is used to switch another etalon.
There are many important reasons for doing this, which include the reduction of the
loss in combining multiple beams, the prevention of noise propagation through the
system, the enhancement of differential gain, etc.. Under this situation, the numerators
in (6-1) and (6-2) should be understood as the change of the output of the bias beam,
and the treatment that has been presented so far should be extended to include multi~
ple-beam interactions. This will be the topic of the next section. Before we end this
section, it is helpful to mention briefly the behavior G, of an etalon operated in reflec-

tion.

As expected, the general behavioi' of G, as a function of ty in the reflection mode
is similar to that in the transmission mode, as evidenced iq Fig." 6-2(b). One noticeable
difference is that the peak value of G, is about 4 times larger than that in the
transmission mode. Figure 6-3 shows that this difference is due to the larger absolute
change in the amount of the reflected signal than in the transmitted signal (see Fig.
6-1(b) for comparison). This may sound promising, but one should notice that the rela-
tive change in the output signal, or the contrast, is reduced from about 4:1 (Fig. 6-1(b)) .
to less than 2:1 (Fig. 6-3, solid line). In the case where the output bias beam is used
for cascading, this reduction in contrast can be thought of as equivalent to an increase

in background noise. Using the argument presented in Chap. 5, it is easy to show that
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one can not take full advantage of this increase in G, with a decrease in contrast
because the bias-beam intensity will be forced to stay further away from the switching
point to prevent switching by the "noise" {i.e., the leakage light from the low-reflection
state). Using (5-5), it can be shown that the practically usable quasi-steady-state G,
for the transmission mode (Fig. 6-1(a), (b)) is about 2, while G, ,, for the reflection
mode (Fig. 6-3) is only about 0.7. Thus Gp (or G,) > 1 is only a necessary but not a
sufficient condition to ensure infinite cascadability (the sufficient condition is G, >
I). The calculations show that for a symmetric cavity, Gp,, is usually higher in the
transmission mode. To improve the contrast in reflection, asymmetric cavities could be

used. The dual-cavity approach [Capron and Holm (1988)] would give a better result,

but there are practical difficulties in fabricating and addressing such etalons.

Enhancement of Differential Gain by Angle Tuning

It is known that the transmission peak of a Fabry-Perot etalon shifts to shorter
wavelength at non-normal incidence than at normal incidence. More precisely,
Ao = Agpcos 0 . 6-22)
One can see that tuning the incidence angle can have the a similar effect as tuning the
wavelength. This forms the basis of angle multiplexing which offers some advantages
of quasi-two-wavelength operation. The effect of angle tuning on the steady-state
bistable behavior was first studied by Golaire et al (1986), and later by Cush et al
(1987) and by Tooley et al (1987), using some simple models. We have performed sys-
tematic studies of the effect of angle tuning on dispersive devices independently based .
on more refined models. Self-consistent dynamic simulations are carried out for a Kerr
medium having a linear absorption (including those important effects such as the

angle-dependence of finesse and total absorption), and the plasma theory is used to
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compute the enhancement of G, for a GaAs etalon, taking into account the saturation
of the absorption and the index change. Thus our results are quantitatively more real-

istic.

It is helpful to review the ideal case of genuine two-wavelength operation in order
to understand why a larger gain can be achieved by angle multiplexing. Suppose there
exists a very narrow isolated resonance peak that can be saturated by laser light with
a wavelength positioned near its peak. Then a "signal beam" with a wavelength at the
resonance can be used to induce the nonlinearity, and another stronger beam at a dif-
ferent wavelength can "see" the change of the Fabry-Perot peak. The resonance has to
be narrow enough so that the stronger beam, a few nanometers away from the reso-
nance peak, gives élmost no contribution to the nonlinearity. If the above conditions
are satisfied, then the shift of Agp can be achieved by the signal beam close to the
resonance, and the other beam can almost be arbitrarily strong to obtain large gain. In
the next stage. the wavelengths of the bias and the signal beams are interchanged with

the resonance peak shifted, so that the two can be switched interchangeably.

The above discussion is for the ideal case. In practice, an isolated narrow resonance
is not yet available, making two-wavelength cascading difficult. For single-wavelength
operation, both beams have to contribute to the nonlinearity, thus causing gain to dec-
rease for pulse lengths approaching the medium relaxation time. However, some
improvement can be made by adjusting the relative contributions of the bias beam and
the switching beam to the nonlinear phase shift using the angle-multiplexing technique. .
The principle of angle multiplexing can be easily understood in the steady-state case
(tp >> 7). A strong beam can be used to bias the etalon just below its switching point,

and a much weaker "signal beam" can be used to switch the etalon. The gain is def-.
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ined as the change of the transmitted power (or energy) of the bias beam devided by
the power (or energy) of the signal beam. So, a pulse-length-independent gain requires
maximizing the contribution to the nonlinearity by the signal beam to that of the bias
beam. The wavelength of the bias beam must be positioned sufficiently far away from
the Fabry-Perot peak in order to satisfy the conditions for bistability or to prevent
switching by the bias beam itself. At normal incidance, this means that the signal
beam is also detuned away from M\gp by the same amount since the laser wavelehgth
is fixed for single-wavelength operation, and the switching will be somewhat ineffi-
cient because a large amount of the signal beam will be reflected before the device is
switched. On the other hand, if the signal beam starts closer to Agp, then it can be
more efficiently used, and a smaller intensity can be used, resulting in a larger gain.
The use of angle multiplexing just achieves this wavelength tuning. If n, < 0, then the
bias beam wavelength can be fixed at the shorter wavelength side of Agp at normal in-
cidence. The signal beam, however, is incident from an angle, so that it sees a Ay at a
shorter wavelength. In fact, the signal beam wavelength can be anywhere inside the

Airy function, which results in an effective two-wavelength operation.

In order to study the angle-tuning effect quantitatively, the single-beam model of
the last section has to be extended to treat multiple-beam interactions inside a Fabry-
Perot etalon. This can be done by noting that the phase change inside the etalon is
now caused by both the bias and the signal beams, so (6-7) can be modified into two

coupled differential equations of the form

T dﬁ? S = -Ag, + B (. 1), (6-23)
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r9oPe o Ady + BTy, 0 6-29)

where ¢ = @9 + Ad; + Ady, and ¢y, = ¢y + Ady, + Ad, With ¢ and ¢y being the
initial detuning of I; and I, respectively. Due to the possible difference in the inci-
dence angle, we have ¢, # ¢y and B; # B, in general. For a self-defocusing nonline-
arity (8 < 0), we let the bias beam incident normally onto the etalon, and let the signal
beam incident at an angle (6 > 0) so that it is closer to the cavity resonance. In this
case, Iy (@, t) will still obey (6-8), but I (¢, t) will be given by a modified version of
(6-8), with oL replaced by al/cosf. Again, 2 FORTRAN program (PROGRAM-II) is
written to find the self-consistent numeric solutions of (6-23) and (6-24), which are
coupled through the appropriate equations for I (¢, t) and I, (@, t). A good test of
PROGRAM-II is given as follows. If we assume that there is no interference between
I, and I (e.g.. I, and I are orthogonally polarized), and let 6 = 0, then the fozal output
of the bias and the signal beams calculated by PROGRAM-II should yield exactly the
same result as in the single-beam case (as calculated by PROGRAM-I) because there is
no difference between the two cases. The result of this test is shown in Fig. 6-4.
Figure 6-4(a) is obtained using PROGRAM-I with the etalon operated under the same
conditions as in Fig. 6-1(b), and Fig. 6-4(b) is obtained using PROGRAM-II by arbi~-
trarily choosing a combination of I;,(b) and I;;(s) that add up to give the same total
input intensity as in Fig. 6-4(a). The nearly identical results (Fig. 6-4) obtained using
the two different programs show a good accuracy and stability of the solutions of the

calculation.

The effect of angle tuning can be seen clearly from Fig. 6-5, where the same etalon
design as in Fig. 6-1 is used, but the angle of the signal beam (with a fixed intensity)

inside the etalon is varied. Figure 6-5(a) shows that at normal incidence (6 = 0), the
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Fig. 6-4 Comparison of the results calculated by Program-I and by Pro-
gram-lI, where the horizontal and the vertical axes represent the
input and the output intensities, respectively. (a) Single-beam optical
bistability calculated by Program-] with a peak input intensity of
30 kW/cm?. (b) The same calculation done by using Program-II
with two input beams (I = 25 kW/cm? and I; = 5 kW/cm? having
the same total input intensity as in (a).
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signal beam is unable to switch the etalon. When 8 is increased to about 3°, the etalon
barely switches (Fig. 6-5(b)). The best switching is obtained for 8 = 5.5%, as shown in
Fig. 6-5(c). A further increase in 6 will result in a disappearance of switching (Fig.
6-5(d)) since the relative detuning of the signal beam has now moved to the other side
of the cavity resonance. Fig. 6-6 helps one to visualize why 6 = 5.5° gives the best
result in our case. Initially, the Fabry-Perot peak is located at A = 846.8 nm, and the
laser wavelength is at 840 nm. The peak wavelength of the etalon seen by the signal
beam with 6 = 5.5° is calculated from (6-22) to be Ay = 842.9 nm, so that the signal
beam is about 4-nm closer to the center of the Airy function. This means that the
signal beam can get into the cavity.much more easily than the bias beam to cause a
large effect. At the first thought, it might seem that the optimum angle ought to be 6 =
7°, where the signal beam is nearly on-resonance with the cavity Mg(0 = 7° = 840.5
nm). The reason for a smaller angle is that the problem is a dynamic one, and the
cavity resonance shifts constantly in a nonlinear fashion as the input beams interact
with the medium. The optimum angle is the one that causes I; to have the largest
effect on I, over the pulse length. Figure 6-7 shows that G, can be enhanced by a
factor of more than 2.5 by using this technique. The same figure also shows that this
enhancement is very well consistent with the amount of reduction of the signal pulse
energy: the maximum G, for § = 5.5° occurs at a signal pulse energy which is just
about 2.5 times smaller than that for § = 0° It should also be mentioned that G, as a
function of @ near its maximum position is very stable: a £ 0.5° change in 6 will only
cause a change in Ge of less than 5 percent. This is a very important feature in terms

of the practical feasibility of the angle tuning technique.
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Fig. 6-6 Explanation of the gain-enhancement by angle-tuning. In the figure:
Agp--Fabry-Perot cavity resonance at normal incidence; A--blue-
shifted cavity resonance at angle 6; A\ --laser wavelength. The
effective blue shift of the cavity resonance at 6 # 0 results in a
larger influence of the signal beam on the bias beam than in the
normal-incidence case.
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Fig. 6-7 Comparison of differential gain at different signal-beam angles,
where: circle-—-0 = 0% square--6 = 37 star--8 = 5.5° (G, = 4.89);
cross--9 = 8°. An enhancement factor of about 2.5 is achieved at 6
= 5.59,
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Results Using Plasma Theory of GaAs Nonlinearities

We have studied the important properties of a nonlinear etalon that are related to
its differential gain, using a simple model which assumes that the index change of the
medium is directly proportional to the light intensity. This is a good approximation for
laser wavelengths not too close to the semiconductor band edge, so that the change of
absorption is small for the light intensity required to obtain optical bistability. In many
cases, however, a nonlinear etalon is operated with laser wavelengths close to the band
edge, where the change of absorption can not be neglected (see, e.g., Lee et al (1987);
Koch et al (1988)). One theory that can calculate the change of absorption as a function
of the carrier density is the plasma theory developed by Banyai and Koch (1986), and it
is used to evaluate the enhancement of G, for GaAs etalons by using the angle-tuning
technique because it has shown to be in good agreement with the experimantally
obtained nonlinear absorption spectra of GaAs near its band edge [Banyai and Koch

(1986); Lee et al (1987); Koch et al (1988)].

For a symmetric cavity, equation (6-3) can be written as (taking into account of the

effect of angle tuning)

I, = (1L-R?_ L . (6-25)
(ex(w.N)L/2c0s6 _ Re-ofw.N)L/2c0s0)2 4 4Rsin?[(n, + An(w, N))wLcosf/c]

where R = Ry = R, w is the frequency of the laser beam, c is the velocity of light in
vacuum, and N is the carrier density. Note that o and An are now functions of N, and °

N is related to the intracavity light intensity by the rate equation
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QH = _H I d!w.I!!I

dt T fiw (6-26)

where # is the Planck constant over 27 (it may be interesting to note that in the case
of linear absorption, (6-26) would reduce to (6-7)). For two beam interactions, the total

intensity inside the cavity is given by
I= @0 + kO AR (6-27)

and ofw.N) is calculated by using a generalized Elliott formula [Banyai and Koch

(1986)]
o N) = 0A.N)Y (g (¢ = 0) | 5pthe - By - Ep) 4 (6-28)
A

where a, is a constant, A(w,N) is the band-filling factor, ¢, are the eigenstates, E, are
the eigenvalues of the Wannier equation with a screened Coulomb interaction, E; is the
bandgap energy, and §p is the exciton lineshape function. This calculation includes the
effects of band-filling, bandgap renormalization, and exciton screening. The nonlinear

index change is derived by using Kramers-Kronig transformation [Lee (1987)]

W,
An(w,N) = %PJ' ol M, (6-29)

w,

Equations (6-25) through (6-29) are solved numerically to obtain solutions for G,.

Figure 6-8 shows that the behavior of G, is qualitatively the same as calculated
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before (see Figs. 6-2). In the two beam case, the change of G, with the internal angle
of the signal beam is plotted in Fig. 6-9, where one might notice that the curve
between 8 = 4.5° and 6 = 5.5° is reasonably flat. Figure 6-10 shows that G, can be
enhanced by at least a factor of 2 using the angle-tuning technique, which is slightly
less than predicted by the Kerr medium model. Besides the small differences in the
parameters used in the calculations (e.g., the choice of n, is somewhat arbitrary), this
difference is probably due to the saturation of the change of the absorption and the
index of refraction; both are absent from the simple Kerr medium model used previ-

ously.
Effect of Interference, Polarization and Beam Walk-Off on Switching

The simulations that are carried out assume an incoherent superposition of the bias
beam and the signal beam, where the two beams interact in the cavity and in the non-
linear medium through their intensities (or coupled through the carrier density). This is
valid if the two beams have different polarizations, or if they come from two different
lasers that do not have a fixed phase relationship (in other words, two beams are not
coherent). It should be pointed out that if the bias beam and the signal beam are
coming from the same laser source which is monochromatic, or two nearly coherent
sources, then they may produce constructive or destructive interference at the nonli-
near etalon, which complicates the description. Especially. when the etalon is biased
near its switching point, this interference may produce a significant effect. So, in gen-
eral, one would like to avoid this interference since the relative phase of the two .
beams at the etalon is not easy to predict. On the other hand, this interference can also
be turned into advantage if one does have control over their phases. For example, the

phase of the signal beam could be adjusted to control the switching of the etalon [Tai
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et al (1982b)].

To see the effect of interference between two beams more clearly, let us look at a
simple example where the electric fields of the two beams are E, = 10 and E; = 1,
respectively, and they have the same polarization at mormal incidance. If they are in
phase, then the total field is given by E,,,y = Ey, + E; = 11, leading to an effective in-
tensity of 121. If they are out of phase, then E o1 Will be 9, and the effective total in-
tensity is only 81. In other words, the effective total input intensity can deviate from
the case of incoherent superposition by as much as 20 percent, which is more than

enough to cause the etalon to switch from one state to another.

One approximation that has been made in discussing the angle dependence of
switching is the planewave approximation. For the planewave approximation to be
valid, a necessary (though not sufficient) condition is Zz >> L, where Zp is the Ray-
leigh length of the input Gaussian beam, and L is the cavity length. Zp is given by Zg
= r?/\, where r is the beam waist radius and A\ is the wavelength [Gaskill (1978)]. If
we take our usual experimental conditions where 2r = 10 um and \ = .884 pm (the
same figure as used in the plasma-theory simulations), then Zg = 25 ym?/0.884 pm =

28 pm. Since L is about 2 um, Zp >> L is satisfied.

A more rigorous formulation requires Zr > mL/cosf, where m is the effective
number of bounces of light inside the cavity. Here m depends on R (the mirror
reflectivity), a (coefficient of absorption), and L. 0 is the angle of the beam inside the
cavity, which, when nonzero, makes the effective absorption-length of the cavity

longer. m can be defined by the following equation
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E,Rm e-cLm/cosd . Eoe‘z . (6-30)

where E, is the initial amplitude of the light field. If we take the parameters used in
the simulations, namely, R = 0.9, 0 = 5° and oL = 0.3, then N = 5 (even if one assumes
al. = 0.1, one gets m = 10), and Zg > mL/cosf is satisfied for sufficiently small 6.

Thus the planewave approximation is valid for our usual experimental conditions.

Another factor that might affect our results is the beam walk-off problem. Intui-
tively, the beam walk-off problem is small if the light spot size is much greater than
the etalon thickness, and the angle of the beam is not too large. The amount of walk-
off should also depend on the absorption inside the cavity and the reflectivities of the

mirrors. A good estimate is [Gibbs (1985)]

ngrr*T

F=T>>l.

(6-31)
where F is the effective Fresnel number, n, is the refractive index, and T is the mirror
transmission. Inserting the values ny = 3.514, r = 5 pgm, T = 0.1, A = 0.884 um, and L =
2 pm gives F = 16, showing that the beam walk-off is probably small. The amount of
walk-off can also be estimated by the value of m (m < 10). The lateral shift of the
beam after 10 bounces is about 3.5 um. Compared with a spot size of 10 gm, most of
the light stays in the interaction region of the normally incident beam and the beam
coming with an angle 6. So we expect the beam walk-off problem to be small for our
case. Jt should be noted that the angle-tuning technique may not be very effective if
the light is too tightly focused, since this will result in a small spot size (with respect

to the cavity length) and a large divergence angle (i.e., a short Rayleigh length).
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CHAPTER 7

DIRECT FIBER-ETALON-FIBER INTERFACING

Experimental Demonstration of Fiber-Etalon-Fiber Interfacing

The main use of optical fibers has been as carriers of information in optical com-
munication systems because of their extremely high bandwidth. The full utilization of
this 'high information-carrying potential still awaits the development of high~speed
opto-electronic or all-optical switching systems so that the information, in the form of
short light pulses, can be encoded, routed, and processed at a speed comparable to the
fiber's bandwidth. More recently, the use of optical fibers as interconnects has
attracted more attention. An example is the use of an optical fiber to couple light into

a waveguide [Lin et al (1985)].

A nonlinear Fabry-Perot etalon is a possible switching element in a digital optical
processor. It has been suggested that these etalons may have potential for both massive
parallel processing and fast sequential processing applications [Peyghambarian and
Gibbs (1985); Jin et al (1988b); Koch et al (1988); Friberg et al (1988a)]. Special atten-
tion has been given to nonlinear devices made from QaAs since they have more attrac-
tive features. For example, it has already been experimentally demonstrated that a
GaAs ac-Stark switch can respond and recover in 1-ps [Hulin et al (1986)], and these
etalons can be driven by laser diodes at room temperature [Tarng et al (1984); Ojima et .
al (1986)]. The study of the possible applications of optical fibers as interconnects in a
digital optical system is becoming increasingly important. For example, there have been

suggestions to use the fast switch-on times of GaAs nonlinear etalons to achieve multi- .
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GHz muitiplexing and demultiplexing [Friberg et al (1988a)]. Previous experimental
results showed that all-optical data switching can be done using GaAs etalons, with
picosecond data pulses transmitted over a 1-km-long single-mode fiber without affect-
ing the device perfqrmance [Venkatesan et al (1984)]. Here we demonstrate a technique
that directly interfaces single-mode optical fibers with GaAs nonlinear etalons. First,
we discuss the basic requirements of optical fiber interconnects, and present some prel-~
iminary experimental results with a GaAs/AlGaAs multiple-quantum-well (MQW)
nonlinear etalon having reflective silver coatings. The improved uniformity with the
GaAs etalons having mirrors grown by molecular-beam-epitaxy (MBE) allows immedi-
ate extension of this technique to small arrays of optical fibers and optical logic gates.
A more detailed disscussion of the implications of this technique is given in the next

section.

It is well-known that in order to switch a nonlinear optical logic gate, such as a
nonlinear etalon, a focused spot of light is generally needed in order to induce a suffi-
ciently large nonlinearity. If several such logic gates need to be connected with one
another, the output light from one logic gate has to be focused onto the other one, etc.
Usually, lenses, prisms, mirrors and holograms will be used as the interconnection ele-
ments, but one often encounters some problems in the implementation of a real system.
These problems include the restriction in the volume of the interconnection elements,
the spot sizes and their uniformity, the flatness of the focal plane, the constraints in
aberrations and beam divergences, the alignment, the fan-in and fan-out of multiple
beams, the interference and cross-talk among different channels, the timing of the light .
pulses, the efficiency, cost, and ruggedness of a system, etc. With these considered, it
will be argued that the conventional means of interconnection may not always be the

best choice in practice. The use of optical fiber interconnection, in combination with



123
free-space interconnection, may prove to be advantageous in many optical signal pro-
cessing and photonic switching applications, especially those that require high data-rate
but do not necessarily require a large scale parallelism [Venkatesan et al (1984); Zhang
et al (1988); Friberg et al (1988)]. It is premature at this stage to give a more complete
analysis on the full potential of fiber. interconnects because the use of fibers, unlike
other schemes, has not yet been studied carefully. But, as will be seen, the initial res-

ults have already shown great promise.

As stated earlier, the relative merits of using fiber interconnets and using free-space
interconnects are system-dependent, and in most cases the optimum choice may be a
combination of both. Yet there are some system-independent basic requirements that
optical-fiber interconnects have to satisfy in order for them to be useful and competi-
tive. We begin our research by studying these basic requirements, some of which are

listed below:

a. It is desirable that a fiber can be directly interfaced to an optical logic gate, i.e., the
output of a fiber can be used to switch the gate directly, without using other optical

components to re-focus the beam:;

b. The fiber should be able to collect the output of a logic gate easily and efficiently,
so that the signal can be sent to another logic gate (or more logic gates) without too

much loss;

c. The overall efficiency of the system should be competitive. This requires a high
coupling efficiency between a light source and a fiber, comparable or lower switch-

ing power using the light output from a fiber relative to that using a focusing lens, -
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and a high efficiency in coupling the output light from a logic gate into a fiber.

Our experiments are designed to test whether these basic requirements are satisfied
by optical fiber interconnects. The optical fibers used in our experiment are from
AMP Incorporated. The ends of these fibers are polished and mounted in ceramic
housings. The length of the fibers are 3 to 4 meters, and the core diameter is 10 gm.
The light source is a CR590 dye laser pumped by an argon ion laser. The laser beam
is modulated by an acousto-optic modulator to give pulses of several microseconds in
duration. The repetition rate of the pulses is kept low to avoid etalon-heating effects.
The laser light is coupled into the input fiber by using a 10x microscope objective
with a numeric aperture of 0.3. The output ends of the fibers are imaged onto an in-
frared camera, so that the modes can be examined on the screen of a TV monitor. The
fibers are originally designed for optimum use in the 1.3-um wavelength region. In
order to use the laser light efficiently, the relative lens-fiber position should be such
that the light output from the fiber is as uniform as possible. The total loss (mainly
due to coupling light into the fiber) can be controlled to below 3 dB without too much
effort. A nonlinear etalon is placed against the output end of the input fiber; then a
similar fiber is placed behind the etalon to collect its output. The expeimental setup is

shown in Fig. 7-1(a).

The etalons made previously by sandwiching the nonlinear crystal between two die-
lectric mirrors [Jin et al (1988b)] are not suitable for this experiment, because the mir-
rors were deposited on glass cover-slips of a few hundred micrometers in thickness, -
making it difficult to collect the transmitted light efficiently. The nonlinear etalon used
in this experiment was made by coating both sides of a 180-period 58 }0\/96 ,&

GaAs/AlGaAs multiple-quantum-well (MQW) crystal with 400-/(51 of silver, resulting
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Fig. 7-1 Experimental setup for interfacing fibers with a nonlinear etalon
operating in transmission (a) and in reflection (b).
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in reflectivities of about 85%. Optical bistability is observed (Fig. 7-2) at 842-nm
wavelength when the etalon is sandwiched between the two fibers (Fig. 7-3). Although
the beam diverges upon exiting the input fiber, its diameter is not much larger at the
entrance of the output fiber. This is due to the small total thickness of the etalon (a
few micrometers) and the large refractive index of the etalon material. In fact, more

than 70% of the light transmitted through the etalon is recollected by the output fiber.

An interesting switching-power trade-off is found between using a lens and
using a lens-fiber combination to switch the etalon. In the experiment with the silver-
coated etalon, the power at the etalon required for observing optical bistability is about
100 mW if a 10x microscope objective is used to focus the light onto the etalon. If the
same objective is used to couple light into a single-mode optical fiber (<3 dB loss), and
the output from the fiber is used to switch the same etalon, then the required switch-
ing power on the e_talon is only about 60 mW, resulting in the same light intensity on
the etalon. This power-reduction, which is confirmed in the experiments with samples
having integrated mirrors operating in reflection, will be discussed in more detail

shortly.

Etalons with highly uniform properties are desirable if one is to operate a large
number of optical logic gates under similar conditions, as in an array to be used for
parallel processing. The uniformity of an etalon may by improved by growing mirrors
on the sample when it is fabricated, compared to etalons in which the mirrors are
added after fabrication of the nonlinear optical material. Such an etalon was designed
and grown by MBE. The nonlinear layer is made of bulk GaAs 1.6-pm thick. The
mirrors are fabricated from alternating layers of AlAs and GaAs [Gourley and Drum-

mond (1986)] on a substrate of semi-insulating GaAs as shown in Fig. 7-4. The uni- .
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Fig. 7-3 Interfacing technique used to bring light into and out of a nonlinear
etalon with optical fibers as interconnects.
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Fig. 7-4 Structure of the GaAs etalon with MBE-grown mirrors.
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formity is greatly improved over the etalons made previously by adding mirrors after
growing the nonlinear crytal [Lee et al (1986c); Jin et al (1988b)]. The finesse of the
etalon is about 20, with a 2.1-nm linewidth (FWHM). Over a 1 cm? area taken from
the center of the wafer, the Fabry-Perot resonance monotonically shifts by only three
linewidths. The shift is even less in a smaller region: for a half-circle of about 6-mm
in radius around the center, the shift of the peak is only one linewidth. Optical bista-
bility can be seen at around 888-nm wavelength by directly focusing the beam on the

etalon.

The experimental setup for fiber-etalon-fiber interfacing is shown in Fig. 7-1(b).
The light reflected from the etalon is collected by the same fiber that transmits the in~
cident light, and a beamsplitter is used to divert a portion of the reflected light into a
detector. Figure 7-5 shows the bistability curve of the light reflected back through
the fiber. In this experiment more than 50% of the reflected light came back through
the fiber and the lens, and the beamsplitter reflected about 7% of that light into the
detector. By using a polarization-preserving fiber or an ordinary fiber with a short
length (so that most of the polarization is maintained) in combination with a polarizing
beam splitter and a quarter-wave plate [Jin et al (1988b)], it is poésible to collect most
of the reflected light. Operating the etalon in reflection greafly alleviates the problem
of fiber alignment in fiber-etalon-fiber coupling, sincé the output fiber is also the
input fiber. If thermal effects degrade the operation of an etalon based on an electronic
nonlinearity, one side of the etalon may be mounted to a heat sink when the etalon is

operated in the reflective mode.

The switching-power tradeoff seen in transmission is also seen in reflection. The

etalon was switched with 26 mW when it was interfaced with the fiber, whereas 42
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mW was required when light was focussed directly on the etalon using a 10x micro-
scope objective, giving a spot size of about 13 gm. The measurements using a 16x
microscope objective shows that there is a switching-power reduction with a smaller
spot size (which explains most of the reduction in switching power), although there are
limitations on the spot size due to carrier diffusion. It has also been shown experimen-
tally that using the fundamental mode of the fiber requires less switching power than
using the higher order modes, since its intensity distribution is more favorable. This
means that a fiber can act like a spatial filter that cleans up the initially aberrated
wavefront, thus giving a lower switching power. When a 10x objective is used to
couple light into the fiber the coupling loss is less than 3 dB. Further improvements on
the coupling efficiency are expected with a better match of the numerical aperture of

the focusing lens and the modes inside the fiber.
Fibers as Interconnects Between Optical Logic Gates

The experimental results described above show that the fiber interconnects satisfy
the basic requirements listed in the last section. The fibers can be directly interfaced
to optical logic gates (nonlinear etalons in our case), and the output from a gate can be
collected efficiently by a fiber (50-70% efficiency already demonstrated). The overall
system efficiency is also competitive: light can be coupled into a fiber with < 3 dB loss
without much difficulty, and the switchiflg power using the output light from a fiber
can be lower than using the focused light by a lens that couples light into the fiber.
Even further improvement in the system efficiency is achievable by using single-mode .
fibers designed to operate in the 850-nm wavelength region. An example is the experi-
mentally demonstrated coupling efficiency of 75% using a 40x objective lens to couple

light into a 5-um-core fiber [Venkatesan et al (1984)]. A reduction of switching power
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is also expected with a smaller core size using our technique (which may be difficult
if a lens is used to recollect the output light from the fiber, resulting in losses and
aberrations), and the fibers can be easily glued to the etalon to improve the stability.
The uniformity of the GaAs etalon with mirrors grown by MBE allows immediate
extension of our current results to fiber ai‘rays. This technique is also easily extend-
able to other similar devices, such as InGaAs/InP-MQW etalons that operate in the

1.55-um wavelength region [Tai et al (1987)].

The potential for optical fiber interconnections in an optical processor, however,
depends critically on the architecture. In general, the optical-processor architecture can
be roughly divided into two categories: serial and parallel. An example for high-
bandwidth serial processing is the photonic switching used in optical communications,
where a large amount of information is multiplexed into a few channels. Suppose an
optical processor (such as a demultiplexer) made with optical switches (such as nonli-
near etalons or waveguides) is used to process the information. Since the light signal is
already inside a fiber in this case, the simplest interconnection scheme may be to bring
the light from the fiber to the optical logic gates directly using fiber interconnects (e.g.,
in the all-optical compare-and-exchange switches discussed by Zhang et al (1988), some
lenses and prisms can be replaced by fibers). Pulses from different sources can be
combined by using fiber couplers, and their timings can be easily adjusted by choosing
the right fiber length (an accuracy within a few picoseconds is relatively easy to achi-
eve). In these processors, the use of fibers may make the whole system more efficient
and more rugged, and may also reduce the volume and the cost. Optical fibers may -
even be used as an efficient interface between different types of optical switches, such

as nonlinear etalons and nonlinear waveguides.
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Optical fiber interconnection may be able to preserve its advantage even with a
limited amount of parallelism. For example, significant enhancement of the system
capability could be achieved with a moderate extension to a 10x10 fiber array, which
would give 100 parallel channels. What fiber interconnection can offer here is, beside
the advantages discussed above, the fixed spot size, the uniformity of the spot size and
the light level for éach spot, the extremely low cross-talk between the channels, the
easy control of the beam divergences (especially for beams coming from different
sources), and the fixed angle of incidence. However, the extension of fiber intercon-
nects to applications that require large-scale parallelism (such as the parallel operation
of 10% to 10° pixels on an etalon) does not seem feasible at this stage, since coupling
light into a large number of optical fibers is difficult and un-necessary. Another possi-
ble disadvantage for fiber interconnection is its limited packing-density (it is difficult
to obtain inter-pixel separations of less than 100 gm due to the cladding size), so free-
space interconnection is clearly preferred in this case. A combination of free-space and

fiber interconnections may be the best choice for some applications.

In conclusion, we have experimently demonstrated that a nonlinear etalon can be in-
terfaced directly and efficiently with optical fibers. This result can lead to a number
of interesting developments, such as the 2-D and 3—D integration of fiber interconnects
and optical logic elements. The use of fibers with multiple inputs and availability of
various kinds of fiber-couplers will allow fan-in and fan-out of more beams. The
advantages of optical fiber interconnects are system-dependent, and they may play an

important role in a high-speed or complex digital optical system.
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CHAPTER 8

GaAs/AlGaAs STRIP-LOADED NONLINEAR DIRECTIONAL COUPLERS:
PICOSECOND ALL-OPTICAL SWITCHING, POLARIZATION-DEPENDENT
TWO-BEAM SWITCHING, AND OPTICAL STARK EFFECT

Introduction

The last few chapters of this dissertation have concentrated on etalon-type photonic
swtiches, where light is incident essentially normally to the plane of the device whose
length is typically less than several microns. Photonic switches can also be made in a
waveguide geometry (see, e.g., Stegeman and Seaton (1985)), where light is confined
to the plane of the device whose length usually ranges from hundreds of microns to
tens of millimeters (the fiber devices can even be longer). The two types of devices
have their own merits (there are also devices that have the features of both). There are
several reasons that make the guided-wave photonic switches interesting. First of all,
one might expect a lower switching power due to the long interaction length of the
guided-wave with the nonlinear medium in the case of non-resonant nonlinearities. It
also seems to be easier to integrate such devices with other optoelectronic devices.
Although one of the advantages of optics--the parallelism, might be lost with the
planar guided-wave approach, the advantage of high-speed is still maintained. Thus
the waveguide-type photonic switches appear to be attractive for high-bandwidth (>
GHz) sequential processing applications. One of the most important guided-wave pho-
tonic switches that was first proposed by Jensen (1980 and 1982) is a nonlinear direc-
tional coupler (NLDC), in which the intensity distribution of light at the output of two

closely-spaced waveguide channels is controlled by the intensity of light injected into
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the channels. Such a switch has many projected applications including crossbar
switching [Sharmir et al (1986)] and pulse compression [Kitayama and Wang (1983)].
However, until recently the experimental progress in the area of the waveguide-type
photonic switches has been relatively slow compared to that of the etalon-type devices.
The first demonstration of partial switching of light in a NLDC based on non-thermal
nonlinearities was made by Li Kam Wa et al (1986) in GaAs/AlGaAs strain-induced
channel waveguides. The result was encouraging, but the switching was quite incom-
plete, and the potential of the device was not clearly demonstrated since relatively long
(about 100 ns) pulses were used to switch the device held at low temperature (180 K).
Ultrafast switching with better (> 2:1) contrast in a dual-core glass-fiber nonlinear
coupler was later reported by Friberg et al (1987a) using femtosecond pulses. The
advantage of such couplers is the low loss and the fast (sub-picosecond) recovery, but
a peak power in excess of 1 kKW is required to switch a 2-meter-long NLDC. Even
higher (> 100 kW) powers are needed to switch shorter devices more completely (about
4:1 in contrast) [Fribergvet al (1988b)] due to the relatively small nonlinearities of the
optical glass used [Friberg and Smith (1987)]. Other reports prior to our experiments
also include the observation of all-optical modulation in vertical couplers [Cada et al
(1988); Chen et al (1988); Berger et al (1988)]. It is interesting to note that this progress
has all occurred in the last two or three years, indicating a growing interest in this

field.

In this chapter we summarize our recent achievements in the study of
GaAs/AlGaAs MQW NLDC's. At first, the basic principle of operation of a NLDC
will be discussed, both mathematically and intuitively. Then, the structure and the fab-
rication procedure of our NLDC will be described. The next section discusses our first

demonstration of picosecond all-optical switching [Jin et al (1988d)] in single-mode
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GaAs/AlGaAs strip-loaded [Kogelnik (1979)] nonlinear directional couplers with a high
contrast in the output intensity distribution between the two waveguide channels. The
polarization-dependent two-beam switching [Jin et al (1989a)] based on the large aniso-
tropy of optical absorption of the quantum-well structure to light polarization is pro-
posed and demonstrated experimentally, and the response time and the recovery time of
the NLDC's are measured by using a pump-probe techmique. Finally, the femtosecond
all-optical modulation [Harten et al (1989)] based on the optical Stark effect is reported

for the first time in a NLDC, where the recovery time of the device is less than 1 ps.

Principle of Operation

It has been well-known that the exchange of light energy can occur between
closely-spaced waveguide channels whose modes significantly overlap (see, e.g.,
Garmire (1979)). In other words, light can be coupled from one waveguide channel into
another (very much like several coupled oscillators). The amount of such coupling de-
pends on the material and the geometry of the particular structure. For the simple case
where two single-mode waveguides are coupled to each other, the mode amplitudes A,

and A, in the two channels can be described by [Yariv and Yeh (1984)]

d i(8,~

ﬁ' = -inlzel(ﬁ. ﬁz)zAz - iKuAl ’ (8"1)
dz

dA -i(By-

dz2 = -ikye i ﬁz)zAl - ikpA (8-2)

where B, and B, are the propagation constants of the modes and k,; and k,, are the
perturbations to 8, and B8, due to the presence of the other guide, respectively. «,, and

K,, are the coupling constants. For symmetric waveguides, we have k;; = k,;; = k, and
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the solutions for the powers P, = A,*A, and P, = A,*A, in the two guides are

Py(2) = P,(0) - Py(2) , (8-3)

P,(z) = P,(0) Kz—":—aisinz[(nz + ®)127] (8-4)

where P,(0) is the input power to guide 1 and & = (8, - B, + K;; - K;,)/2. It can be seen

from (8-4) that the maximum Value Of Pz(Z) iS
P max) = ——"—P O 8"'5
2( ) Kz 82 1( ) ] ( )

which represents the maximum amount of power transfer from guide 1 to guide 2.
Complete power transfer occurs for § = 0 and z = n/2k. Such a device can be called a
linear directional coupler, and it is widely used as guided-wave beam-splitters and

combiners.

For digital-optics applications, however, it is desirable to be able to switch the opti-
cal output back and forth between the two channels. One way to do this is to electri-
cally modulate the propagation constants and the coupling of the channels [Hammer
(1979)]. This can also be done optically in a directional coupler made with a nonlinear-
optical medium, by changing the input-light power. Such an all-optical device, first
analyzed by Jensen (1980 and 1982), is usually called a nonlinear directional coupler or
nonlinear coherent coupler. The nonlinear-optical medium used in Jensen's first ana-
lysis [Jensen (1982)] is a simple non-absorbing Kerr medium whose index change is -
directly proportional to the light intensity. Using such a model combined with proper

coupling and propagation constants, a solution can be derived for the single-input case
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Py(2) = P,0)1 + cn(2Z | m)}/2 , (8-6)

where ¢cn(2Z | m) is a Jacobi elliptic function [Abramowitz and Stegun (1965)], Z = Q,z
(Q; is the linear coupling between the two guides), and m = P (0)*)/P_2 with P_ being
the critical power defined by P, = 4Q,/(Q; - 2Q,) (where Q, is the nonlinear interac-
tion of a mode with itself, and Q, is the nonlinear interaction of one mode with the
other). This elliptic function has a period of 4K(m), where K(m) is a complete elliptic
integral of the first kind [Abramowitz and Stegum (1965)]. The solutions show that it
is possible to switch the output from one channel to another by changing the input
power. Using the NLDC'’s made with nonlinear optical glasses whose absorption is neg-
ligible and whose index change approximates that of a Kerr medium, the validity of
this approach is essentially verified within its assumptions [Friberg et al (1987a and

1988b)].

For NLDC’s made from semiconductor materials with bandgap-resonant nonlineari-
ties (such as GaAs), the above approach is no longer valid. If we assume that the de-
tuning is not too far from the band edge, then the absorption should be taken into
account (in fact, this absorption is essential for nonlinearities based on carrier-genera-
tion, such as in the case discussed by Jin et al (1988d)). Also, the index change may
not have a direct proportionality to the light intensity, so that a Kerr model would fail
in giving quantitative results. Under these circumstances, each material system ought to
be treated individually. A good example is given by Gibbons and Sarid (1987), who
modeled a GaAs NLDC using the effective index method in combination with the -
plasma theory. One way to include absorption in (8-1) and (8-2) is to let 8, and B,
have imaginary parts, i.e., to let B8, = k, - i, and B, = k, - io,, Where «; and o, are

amplitude absorption coefficients. Equations (8-1) and (8-2) become, after appropriate
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substitutions,

_1_’,:_' .l.(K -K2)+K ..i..l(a ..az)A'..i’c AL’ (8-7)
i 2 1 11 2 1 1 126732 »
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and these equations can be solved numerically by using the proper intensity or carrier-

density dependence [Gibbons and Sarid (1987)] of the coefficients (i.e., ks and a's).

Structure and Fabrication of NLDC

The structure of the directional coupler used in our experiments is shown in Fig.
8-1. GaAs/AlGaAs multiple quantum well (MQW) is chosen to be the nonlinear mat-
erial because of its large optical nonlinearities near the bandgap [Chemla et al (1984)]
(it is also shown later [Wright et al (1988)] that GaAs has a larger figure of merit than
other commonly-used semiconductors). The sample is grown by molecular beam epitax-
y (MBE). The guiding layer consists of 60 periods of GaAs/AlGaAs MQW with 100-/&
thickness for both the wells and the barriers. The individual waveguide of the NLDC
is designed for efficient single-mode operation in the 865 to 885-nm wavelength region
[Warren et al (1987a)], and the NLDC action is predicted by Gibbons and Sarid (1987)
using a bulk-GaAs model (see Gibbons (1987) for a detailed discussion). The exciton
resonance of the sample is at 845 nm for light polarized in the plane of the quantum-
well layers [Warren et al (1987a)], and it is shifted to about 839 nm for light polarized
perpendicular to the quantum-well layers, which is the case in our experiments. The

AlGaAs layers above and beneath the MQW region confine light in the vertical direc-
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Fig. 8-1 Structure of MBE-grown NLDC. The total thickness of the top
AlGaAs layer is 1 pm.
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tion, while the 2-pm-wide etched ridge on the top AlGaAs layer results in confinement
of light in the horizontal direction. The channels are formed by first patterning the
sample through contact-print photolithography, and then reactive ion etching the top
AlGaAs layer with a photoresist mask. The etch process uses pure BCl; as an etch gas
flowing at 25 sccm (standard cubic centimeter per minute) with a pressure of 35
mTorr. The power density delivered is 0.43 W/cm? and the self bias potential is 187
V. A Si wafer is used as the surface of the driven electrode on which the sample is
placed. After etching, the couplers are cleaved on both ends to allow light to be end-
fire coupled into the guides. Fig. 8-2 shows a scanning electron microscope (SEM)
micrograph of the cleaved end of an etched directional-coupler structure. One of the
advantages of the strip-loaded structure of our NLDC is that light is confined essen-
tially in the MQW region, so that the mode profile is less sensitive to the surface irre-
gularities than in the case where the surface is directly "seen" by the guided mode.
Another advantage is that the amount of confinement can be easily adjusted by chang-
ing the ridge height by controlling the etch depth (the amount of coupling can also be
changed by changing the channel spacing). These adjustments turned out to be crucial
to the success of our experiments since it is very difficult to obtain the correct device
parameters because of, e.g., the uncertainties of the refractive indices used in the
effective index method by Gibbons and Sarid (1987). In general, the mode-confinement
increases with increasing ridge height, and the amount (;f coupling increases with de-
creasing channel spacing. Our mask is designed to have channel separations of 1, 2, 3,
and 4 pm, and the ridge height can be controlled reproducibly to be within 0.1 gm in
the etching process [Gibbons (1987)]. The length of the NLDC is adjusted by cleaving. .
Again, the correct coupling length has to be found experimentally due to the uncertain-

ties in the design.
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Fig. 8-2 SEM micrograph of a cleaved end of an NLDC with 1-pm spacing
between the channels.
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Observation of Picosecond All-Optical Switching

The first experimental setup to test the NLDC's is similar to the ome used by
Warren et al (1987a) to observe optical bistability in a single waveguide. An argon
laser pumps a dye laser to generate 850-890 nm tunable near-IR CW beams with
200-300 mW in power. An acousto-optic modulator (AOM) is used to give 1-gs square
pulses with a small duty cycle to avoid sample-heating. A line scan is used to obtain
the output intensity profiles of the two channels. The peak intensity of the pulses can
be controlled by changing the voltage on the AOM driver. Bulk and MQW waveguide
samples from NEC and from Boeing are tested for different wavelengths and d  evice
parameters (etch depth, channel spacing, length, etc.). The experiments done at this
early stage used samples that were already made, most of them with 0.9-1.2 gm etch
depth and 0.8-1.3 mm length. Although some of the couplers with 1-gm or 2-pgm chan-
nel spacings showed various degrees of incomplete cross coupling (which was also
observed previously by Gibbons (1987) and Warren (1987)), no change in the output
intensity ratio between the two channels with input light intensity was observed. This
seemed very puzzling at first since the previous optical bistability experiments [Warren
et al (1987a)] suggested that there ought to be a significant phase éhit:t at our power
level. The difference in length and detuning (could be < 10 nm) in our case did not
seem to be sufficient to make the 27-phase shift observed by Warren et al (1987a)

totully disappear.

Several possible problems were identified after numerous discussions. The first and .
probably the most important revelation was the realization of the carrier-diffusion
problem. It has been known (see, e.g.. Olsson et al (1982)) that the lifetime of the

photo-generated carriers for the GaAs material are usually on the order of a few nan-
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oseconds over which the carriers can travel a distance of a few microns. Although the
vertical motion of the carriers is inhibited by the AlGaAs barriers, the carriers are
free to move horizontally out of the region of the guided modes. In the single-wave-
guide case, the effect of carrier diffusion is to reduce the carrier density in the center
region of the waveguide, and consequently a higher light intensity is needed to main-
tain the same amount of phase shift as in the zero-diffusion case. For a NLDC, the
- problem is much more severe if the diffusion length is larger than the channel separa-
tion. The difference in the phase shift of the two channels due to light-induced asym-
metry, which is the origin of the switching mechanism, will be largely destroyed. The
consequence is a much quicker divergence of the switching power than the single-
waveguide case. Therefore it is suspected that the quasi-CW partial switching in the
strain-induced NLDC [Li Kam Wa et al (1986)] may be due to the carrier confinement
by a strain-induced potential in the horizontal direction. The numeric calculations of
the diffusion effecté by Gibbons (1987) and by Heatley et al (1988) confirm our specu-
lations qualitatively. For example, Heately et al (1988) showed that with a diffusive
Kerr-type nonlinearity, the switching of a NLDC is essentially unachievable for diffu-
sion lengths longer than twice the channel separation. Other possible problems included
the seemingly too-large etch depth of the existing samples that could prevent sufficient
mode overlap for 2-um waveguide separations. The bad cleaving would reduce the
coupling efficiency, and the defects on the waveguide surface would introduce excess
loss or even make the devices unusable (this problem is much more severe in the
NLDC case than in the waveguide-bistability case since the lengths of the devices are
much longer). Two major steps were taken to overcome these problems. The first was
to use a picosecond laser source to replace the quasi-CW laser to eliminate the diffu-
sion problem, and the second was to make more samples with parameters determined

by the experimental feedback.
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Thus the CW dye-laser system in the previous setup was replaced by a cavity-
dumped dye laser synchronously pumped by a mode-locked, frequency-doubled
Nd:YAG laser to generate tunable pulses of slightly less than 10 ps duration with vari-
able repetition rates. The light is focused by a 40x microscope objective with a numer-
ical aperture of 0.65, and is coupled into the waveguides from the cleaved ends. The
output ends of the waveguides are imaged onto an infrared TV camera with a large
magnification so that they can be observed on the monitor screen. The output intensity
profiles are shown as traces on an oscilloscope séreen via a line-scan. The input inten-
sity is changed by using a circular variable neutral density filter. The filter was tested
by the following‘method before inserting the NLDC into the system. The light spot
focused by the 40x objective was imaged onto the camera, and the spot was viewed on
the monitor screen and its intensity profile was displayed on the oscilloscope. The pos-
sible displacement of the spot due to the filter rotation was measured by the position
of the traces on the oscilloscope screen. The result showed no measurable spot dis-
placement with the filter rotation (i.e., the amount of displacement was at the order of
0.1 um or less), so that the possibility of apparent "switching" caused by the filter rota-
tion was clearly ruled out. It should be pointed out that this may not be true for some
filters with a larger wedge, and very careful checks must be performed for each indi-
vidual case (our result was later cross-checked by using an electro-optic modualtor to

change the light intensity).

Then began the adventure of a trial-and-error process, after the realization that the
calculations could only give very rough guide-lines for the correct device parameters.
Most waveguides at this stage were made from the Boeing sample (and nobody knew if
they were good) because only a small amount of the (known-to-be-good) NEC sample

was left. Since a good operating-wavelength region was yet to be determined, the first
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experiments were intended to determine the device parameters that could make the
NLDC operate as close to the band edge as the transmission would allow (so that the
nonlinearity is still large). There were indications which suggest that the previous sam-
ples probably had a too-deep etching depth and a too-short length for the wavelength
region of interest. An enhancement of linear coupling was observed when the ridge
height was reduced to 0.7-0.85 um, for which good guiding in each channel was still
maintained. A big effort was made to fabricate longer devices (1-3 mm), which was
not as trivial as it might seem to be since the defects introduced in different stages of
the fabrication resulted in low yield (especially in our not-so-clean environment). De-
spite these difficulties, some potentially good devices did survive the process. The last

crucial fabrication stage--the cleaving, was also greatly improved after some practice.

The first observation of all-optical switching was made in a NLDC with 0.74-gm
etching depth, l1-um spacing, and 1.2-mm length. At an input wavelength = 870 nm,
nearly complete linear cross-coupling was observed at low input intensities. Since light
can be coupled into either one of the two channels of this NLDC, the position of the
input channel is determined by translating the NLDC in the transverse direction rela-
tive to the direction of the input beam, and observing the output intensity profiles
[Somekh et al (1974)]. By increasing the input light intensity, the ratio of the output in-
tensities of the two channels can be changed, so that most of the light can be made to
stay in the input channel (i.e., the straight-through guide). A contrast ratio greater than
3 is obtained for both the low and high (400 pJ coupled into one guide) input cases
(Fig. 8-3). The repetition rates of the pulses in this experiment were usually 0.4-0.8 .
MHz, and the average power on the sample was 1-2 mW. As a crude test to see
whether the switching was due to thermal effect, the sample at high input power was

heated by placing a hot soldering gun in its vicinity. Besides a large reduction in the
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Fig. 8-3 Normalized output intensity distributions at low (left)- and high
(right)-input intensities from the two channels of an NLDC with
0.74-pm etch depth. The camera displays are shown at the top, and
the scanned intensity profiles are shown at the bottom.
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sample transmission (presumably caused by a red shift of the band edge), the output-
intensity ratio of thé two channels changed in a direction opposite to that of increasing
the input pulse intensity. This was the first indication of the electronic origin of the
nonlinearity whose sign is opposite to that of the of the thermal nonlinearity. Similar
thermal effects were also observed by increasing the pulse-repetition rate, which would
reduce the energy of the pulse but increase the average power on the sample. The
origin of the nonlinearity was further clarified by measuring the recovery time of the

NLDC, which will be discussed in the next section of the chapter.

The transmission of the 0.74-um-etch-depth sample was about 1%, indicating a large
absorption coefficient (= 31 cm™ ignoring the guiding loss). The absorption is expected
to decrease for a larger detuning from the exciton peak. This was achieved by fabri-
cating another NLDC sample with 0.82-um etch depth and 3.6-mm length. Also, to
ensure that light is coupled into one channel only, the input guide was cleaved to 500
pm longer than the other guide (Fig. 8-4). The actual interaction length is about 3.1
mm. The best operating wavelength for the 0.82-um sample with 2-um spacing is
around 878 nm, where the absorption is reduced to about 5 cm™!, resulting in a higher
transmission (8%) despite the longer length. The improved transmiss‘ion could also be
due to a deeper etching depth that causes better guiding. Anti-reflection coating of the
end faces could further increase the transmission of this NLDC to 15%. The minimum
pulse energy required to achieve a 3:1 contrast is ‘the same (400 pJ into the input
channel). Figure 8-5 shows the relative intensity distribution at the output ends of the

two channels as a function of the input intensity.
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Fig. 8-4 The top view of an NLDC, showing the isolation of the input of
one channel from the other.
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Pump-Probe Experiments and Polarization~-Dependent Two-Beam Switching

One of the most decisive means to determine the origin of the observed nonlinearity
is to measure the response and the recovery time of the device. For example, electronic
nonlinearities based on carrier generation should respond in about 1 ps and recover in
about 10 ns {see, e.g., Chavez-Pirson et al (1988)]. Thermal nonlinearities, on the other
hand, would respond and recover much slower (usually in microseconds or longer). In
our experiment, the response time and the recovery time of the NLDC'’s are measured
by a pump-probe technique that gives reasonably accurate (within a few ps) time reso-
lution without the need for fast detection systems. The experimental setup is shown in
Fig. 8-6, where a weak probe pulse monitors the all-optical modulation caused by a
strong pump pulse. A variable time delay is introduced into the probe pulse, which
does not introduce any measurable nonlinearity by itself. With zero-delay, nonlinear
modulation of the probe-pulse transmission by the pump pulse is observed, and the
response time of the NLDC is determined to be less than 10 ps. This excludes the pos-
sibility of thermal effects which occur on a time scale of thg order of or longer than
the carrier lifetime (nanoseconds), but is consistent with electronic nonlinearities. The
nonlinear modulation becomes even larger when the probe pulse is delayed by more
than one pulse width with respect to the pump pulse, which can be easily explained
by a carrier effect for which the largest effect occurs when the probe pulse sees all
the carriers generated. The nonlinear modulation is observed to decrease for longer .
delays due to carrier recombination and diffusion. The experimentally measured re-
covery time of the NLDC is about 4 ns, and is probably diffusion-limited [Olsson et al

(1982); Heatley et al (1988)] since the carrier lifetime of this well size is about 10 ns
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Fig. 8-6 Setup for pump-probe and polarization-dependent switching experi-

ments, where: YAG--frequency-doubled Nd:YAG laser; DYE--
cavity-dumped dye laser; VA&PC--variable attenuator and polari-
zation control; PBS--polarizing beam splitter; ND--neutral density
filter; M-—mirror; VD--variable delay; B--beam blocker; MO--
microscope objective; DC--nonlinear directional coupler; A\/2--half-
wave plate; CAM--camera; MON--monitor; SCAN--line-scan; OSC-

-oscilloscope.
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[Chavez-Pirson et al (1988)]. Another important experiment was performed using the

same pump-probe setup, which we discuss next.

The previous experiments on all-optical modualtion and switching in NLDC's [Li
Kam Wa et al (1986); Friberg et al (1987a), Jin et al (1988d); etc.] were all performed
by varying the intensity of a single input light beam to change the relative transmis-
sion of the two adjacent waveguide channels. This single-beam method presents an
undesirable feature: the total absolute output of the NLDC in the switched state is
much higher than in the un-switched state (Fig. 8-7). While some improvement on the
switching behavior shown in Fig. 8-7 is possible, the qualitative features remain the
same. This makes it very difficult to define useful logic levels. There are even more
problems associated with the single-beam technique. For example, there exists a trade-
off for semiconductor NLDC's based on band-edge nonlinearities: a larger detuning
from the band edge, which may be necessary for a higher device transmission (see
Fig. 8-8), results in a decrease in nonlinearity. Also, a non-square, non-soliton input
pulse also suffers from a break-up (incomplete switching [Kitayama and Wang (1983)])
at the output end since the front part (and, in the case of a Kerr-type nonlinearity, the

back part) of the pulse is too weak to induce efficient switching.

The natural way to solve the above problems is to use {two beamns instead of a single
beam, so that one could take advantage of thg moré ideal NLDC characteristic depicted
in Fig. 8-5. Obviously, the two beams must be separable. The best choice seems to be
a two-wavelength operation, but it requires two synchronized lasers, which were not .
available in the laboratory. We propose and demonstrate a technique which uses two
orthogonal polarizations. The technique uses the output of a single laser, allows a

GaAs/AlGaAs NLDC to be operated at a wavelength where its transmission is reason-
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Fig. 8-7 Absolute single-beam transmission of a NLDC as a function of
peak power of input pulse.
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ably high, and still maintains efficient switching. The principle of our technique is
based on the anisotropic optical properties of quantum well (QW) structures [Weisbuch
et al (1981)), as measured by Weiner et al (1985) in a single-quantum-well leaky wave-
guide. It shows that there is an effective blue shift of the band edge for the light pol-
arized perpendicular to the QW layers (V-polarization) due to the absence of the
heavy-hole-exciton absorption feature, resulting in a lower absorption for this polariza-
" tion than for the polarization parallel to the QW layers (H-polarization) at the same
wavelength below the band edge. Thus for single-wavelength operation of such de-
vices, the trade-off can be partly resolved by using two beams with orthogonal polari-
zations. A H-polarized control beam would experience a large absorption, causing a
large change in index of refraction. The V-polarized signal beam, on the other hand,
can have a signifiéantly larger transmission than the control beam because it has an
effectively larger detuning from the band edge. The easy separation of the control
beam and the signal beam would result in a nearly constant output signal level (if the
change in absorption is relatively small), which is desirable for many applications. The
method would also provide a solution to the pulse-break-up problem by letting the
control pulse precede the signal pulse by a time interval which is longer than the pulse

length but shorter than the carrier recombination and diffusion time.

The experimental setup (Fig. 8-6) to test this idea is similar to that used in the pre-
vious pump-probe experiment. The output of a NLDC with 0.82-um etch depth, 1-gm
channel spacing, and 3.1-mm interaction length is shown in Fig. 8-9. Since the length
of this NLDC is longer than one coupling length, light is first cross-coupled, and then .
coupled back into the input guide. By varying the voltage across the electro-optic mod-
ulator, the intensity ratio of the two polarization components can be changed. Both pol-

arizations have to be well-coupled into and well-guided in the NLDC in order to.
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Fig. 8-9 Two-beam switching of a NLDC at 880.5 nm. Only the signal pulse
transmission is shown. (a) signal pulse output at low input energy
(control pulse blocked). (b) signal pulse output at high input energy
(230-pJ, control pulse blocked), showing very little nonlinear effect.
{c) signal pulse output modulated by a control pulse with 230-pJ
coupled into one channel. Note that the traces shown in (a) and (c)
have the same scale.
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induce effective switching behavior. Figs. 8-9(a) and 8-9(b) are the traces of the
signal beam outputs at 880.5-nm wavelength in the absence of the control beam. It can
be seen that the signal pulse itself, even with a high input energy (about 230-plJ), is
unable to induce switching at this wavelength. However, when this amount of energy
is put into a control pulse having the same wavelength but an orthogonal polarization,
efficient switching of the signal pulse does occur, i.e., most light of the signal pulse
that stays in the input channel in the absence of the control pulse is switched to the
crossed channel by the control pulse (Fig. 8-9(c)). The contrast in the switched state is
lower than that obtained in thé first obsérvation [Jin et al (1988d)], which can be
explained by the lower input energy (230-pJ here compared to 400-pJ) and the excess
length (= 1.5 coupling length) that may have made the switching less efficient. Another
NLDC with 1.7-mm length and 1-gm channel spacing has shown a 2:1 contrast at
867-nm wavelength with only 20-30 pJ in the control pulse coupled into one channel
(Fig. 8-10). The polarization of the control- and the signal beams stays essentially the
same after travelling through the NLDC. It should be noted that, in contrast to the pre-
vious single-beam results where the output signal level suffers from large changes
between the two states (Fig. 8-7), the total absolute transmission of the signal pulse for
both output states are nearly equal (Fig. 8-9 and Fig. 8-10).in the -present case (the
slight increase in total transmission for the switched state may be due to a small
amount of absorption-saturation by the control pulse), so that easy definition of at least

two logic levels may be obtained for many applicaitons.

Thus we have demonstrated that effective two-beam switching can be achieved by
using the anisotropy of the QW layers to input light polarization, while maintaining a
reasonable device transmission for the signal beam. The orthogonally polarized control-

and signal beams can be easily combined and separated with very little loss. The
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Fig. 8-10 Low energy switching at 867-nm. The coupled-in energy of the
control pulse is about 20-30 pJ, resulting in a 2:1 contrast in the
signal beam transmission. (a) un-switched. (b) switched. Again, all
the traces have the same scale.
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output level of the signal beam is nearly constant using our technique, which implies
that one can take advantage of the more ideal nonlinear characteristics of an NLDC
(such as the one shown in Fig. 8-5) because the difficulties due to the large change of
the signal level between the switched and the unswitched states of the device disappear

in our case.

Subpicosecond Modulation Using the Optical Stark Effect

The demonstration of picosecond all-optical switching with good contrast in
GaAs/AlGaAs NLDC's [Jin et al (1988d)] shows its potential for various high-speed
photonic switching applications. However, as in the case of nonlinear etalons based on
carrier-induced nonlinearities, the recovery time of the NLDC is limited to a few nan-
oseconds by carrier recombination and diffusion. The recovery time could be reduced
to be within 100 ps by using techniques such as enhanced surface recombination [Lee
et al (1986a)], but further reduction may be more difficult. On the other hand, reduc-
tion of the device recovery times by several orders of magnitude is achievable by
exploiting optical nonlinearities that do not depend on carrier generation. For example,
ultrafast switching and recovery in dual-core-fiber couplers based on Kerr-type nonli-
nearities was demonstrated by Friberg et al (1987a and 1988b) using 100-fs pulse, but
the relatively small optical nonlinearities of the optical glass material [Friberg and
Smith (1987b)] required high-power (100 kW) pulses (or long interaction lengths). On
the other hand, optical nonlinearities near a semiconductor bandgap, if understood and
engineered correctly, would produce lower power or more compact devices that are .
compatible in wavelength to diode-laser sources. It has also been demonstrated previ-
ously that nonlinear-etalon photonic switches based on the optical Stark effect [Froh-

lich et al (1985); Mysyrowicz et al (1986); Von Lehmen et al (1986); Tai et al (1987);
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Peyghambarian et al (1989); Knox et al (1989)] can respond and recover within 1 ps
[Hulin et al (1986)]. The effective n, for the GaAs MQW sample discussed by Hulin et
al (1986) is estimated to be of the order of 10~'2 cm?/W, which is orders of magnitude
larger compared to an n, of 3.2x107'® cm?/W for the fiber glass [Friberg et al (1988b)].
Estimates (see the following paragraphs) show that a relatively large n, (in comparison
to that of glass materials) is available even in a GaAs MQW waveguide device of a
few mm in length, where a large detuning from the exciton peak is required to reduce
absorption. In this section we discuss the first observation of the optical Stark effect in
a waveguide structure, where the response and the recovery time of the all-optical mod-

ulation in a NLDC by femtosecond pulses are both less than a picosecond.

The optical Stark effect is well known in atomic physics, and its origin can be intu-
itively understood as follows. We know from elementary quantum mechanics that
when a simple hydrogen atom is placed in a uniform electric field E, there will be a
split and shift of its energy levels due to the perturbation caused by the field. This
effect is generally called the Stark effect. An example is that the first order correction
to the Is to 2s transition, owing to the lifting of the degeneracy, is proportional to E.
In the cases where the levels are non-degenerate, the first order correction will disap-
pear, and the effect is quadratic (i.e., &< E?). An alternating electric field can also
cause a shift that is proportional to E? [see, e.g., Bonch-BrueVich and Khodovoi (1967);
Joffre et al (1988)], in which case it is called the dynamic- or ac-Stark effect [Khitrova
et al (1988)]. If the field has a frequency in the optical domain, the effect is usually
called the optical Stark effect. The excitons in a MQW can be thought of as similar to .
atoms, and the optical Stark effect on excitons was recently observed by several groups
[Frohlich et al (1985); Mysyrowicz et al (1986); Von Lehmen et al (1986); Tai et al

(1987); Peyghambarian et al (1989); Knox et al (1989)]. The effect is characterized by a
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blue shift of the exciton-absorption peak that follows the input pulse. Detailed theoreti-
cal calculations of the optical Stark effect can be found in papers by Schmitt-Rink and
Chemla (1986), Koch et al (1988), Combescot and Combescot (1988), and Schmitt-Rink
et al (1988), and the influence of many body interactions on the excitonic optical Stark

effect is discussed recently by Ell et al (1989).

Our experimental setup for studying the optical Stark effect in a waveguide is illus-
trated in Fig. 8-11. A linear-cavity femtosecond dye laser system pumped by a mode-
locked and frequency-doubled Nd:YAG laser is used to generate 150-fs (FWHM)
pulses at 82 MHz. A wavelength tunability from 869 nm to 879 nm is obtained by
placing an intracavity aperture between the dispersion-compensating prism and one
end mirror. To avoid possible heating effects of the sample, an acousto-optic modulator
is used to reduce the average power on the sample by reducing the duty cycle of the
pulses to about 0.01, resulting in an average power on the sample of the order of 0.1
mW. A half-wave plate in combination with a polarizing beam-splitter (PBS) provides
the pump and the probe pulses with orthogonal polarization and variable intensity
ratio. A variable delay is introduced into the pump pulse before it combines colline-
arly with the probe pulse via another PBS, which allows the purrip pulse to reach the
sample before or after the probe pulse. A microscope objective with a 0.65 numerical
aperture couples both pulses into the NLDC, and the output intensity profiles of both
are displayed on an oscilloscope. The polarization isolation between the pump and the

probe pulses is carefully checked to avoid artifacts due to interference.

The large anisotropy of the optical absorption of the quantum wells [Weisbuch et al
(1981); Weiner et al (1985)] has been utilized previously to demonstrate polarization-

dependent two-beam switching based on carrier effect in a NLDC [Jin et al (1989a)].
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Fig. 8-11 The experimental setup for observing of the optical Stark effect in
waveguides, where: AOM--acousto-optic modulator; P--pinhole;
A/2--half-wave plate; M--mirror; PBS--polarizing beam-splitter;
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In our first observation of the optical Stark effect, the polarization of the pump beam
is perpendicular to the quantum-well layers, while the polarization of the probe beam
is orthogonal to that of the pump beam. The choice is based on the fact that the mag-
nitude of the optical Stark effect depends on the instantaneous intensity of the optical
field rather than the integrated pulse energy, and a larger effective detuning for the
pump pulse will result in a higher average intensity over the waveguide length. It also
minimizes the possibility of carrier generation, which is undesirable since it could in-
terfere with the observation of the optical Stark effect by causing incomplete recovery
of the NLDC within the overlap time of the pump and the probe pulses. However,
more detailed studies are clearly needed to determine whether this is the optimum
choice, since the pump beam might only be able to cause a large blue shift of the
light-hole exciton peak whose effect on the probe polarization is smaller than that of
the heavy-hole exciton, and the magnitude of the nonlinearities may be correspondingly
reduced. For the pump pulse, the effective detuning from the exciton peak is about 60
meV at room temperature, while the intensity ratio between the pump and the probe
pulses is about 9 to 1. A typical experimental result is shown in Fig. 8-12. Both the
pump and the probe pulses are coupled into the NLDC from the left channel. With the
pump pulse blocked, most of the probe pulse is cross-coupled .into the right channel
upon exiting the NLDC (Fig. 8-12(a)). The introduction of the pump pulse, in time
coincidence with the probe pulse, changes the output ratio (left:right) from 1:2.3 to
1:1.2 (Fig. 8-12(b)). To cause such a modulation, the intensity of the pump after
entering the waveguide is estimated to be around 10 GW/cm? (although a direct com-
parison is not yet possible due tq the uncertainties of the phase shift in our case, it is .
estimated that an intensity of at least one order of magnitude larger is required to
cause a similar modulation in the dual-core fiber [Friberg et al (1988b)]). By changing

the delay between the pump and the probe pulses, it is found that the recovery time of -
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Fig. 8-12 All-optical modulation of the probe-pulse transmission by the pump
pulse. (a) The probe pulse transmission without the pump pulse; (b)
the probe pulse transmission with the pump pulse. Both the pump
and the probe pulses are coupled into the left channel. The inten-
sity of the pump pulse coupled into the NLDC is about 10
GW/cm?.
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the nonlinear modulation is within 1 ps (an example of the sub-picosecond recovery of
the NLDC at a slightly different wavelength is shown in Fig. 8-13, where the 0.6-ps
recovery may be due to the tail of the pulses). This clearly rules out the carrier-in-
duced nonlinearities with ns recovery times, while it is consistent with the optical
Stark effect previously observed in GaAs/AlGaAs MQW's [Mysyrowicz et al (1986);
Von Lehmen et al (1986); Hulin et al (1986)] in terms of intensity (& 1 GW/cm? and
recovery time (% 1 ps). The higher intensity required here can be attributed to the
larger effective detuning from the exciton peak (36 nm in the waveguide case com-
pared to 10 nm in the etalon case). In fact, Hulin et al (1986) did observe the same
behavior with reduced efficiency for a 40 nm detuning from the exciton at room tem-
perature. Another factor that should be taken into account in our experiment is that
the single-wavelength operation is not as efficient as in the case of two-wavelength
operation where the detuning of the probe can be made much smaller. Finally, it
should be pointed out that at high pump intensities, such as those used in our experi-
ment, generation of free carriers by two-photon absorption could become significant
[Peyghambarian et al (1989); Anderson et al (1989)]. Although the laser fluctuations
may have prevented us from observing such an effect, its magnitude is estimated to be

less than 10 %.

The operating conditions of the NLDC in this first observation of subpicosecond all-
optical modulation is certainly not yet optimized. For example, lower switching power

and better contrast may be achieved by choosing a better operating wavelength, taking

3\

into account the trade-off’s between the wavelength-dependence of the size of nonline- .

arity and the absorption coefficient. Although the pump pulse should have a wave-
length in the more transparent region to minimize carrier generation, the maximum

index change still occurs at a position much closer to the exciton absorption peak. .
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Thus the most efficient way to use the optical Stark effect is likely to be in a two-
wavelength operation, where the pump pulse would have a wavelength in the transpar-
ent region and an intensity which minimizes free carrier generation, but maximizes the
Stark-shift induced index change. The probe pulse, on the other hand, would be tuned
to a wavelength that displays a large index change, but a relatively small absorption
(or even gain [Khitrova et al (1988)]). All these (and many other) interesting possibilities

are under investigation, and the results are expected in the near future.
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CHAPTER 9

CONCLUSION

The research in photonic switching has been progressing in recent years, and a part
of this progress has been summarized in this dissertation. We have made the first step
in performing some simple parallel and serial functions using optical bistable devices.
Only through these studies can we clearly define the real strengths and the fundamen-
tal limitations of the existing photonic switches, and find the correct directions for our
future research. For example, the attempt to operate multiple pixels in parallel on a
nonlinear etalon has shown that the switching power of each pixel needs to be signifi-
cantly reduced, and a good device uniformity is also needed. The attempt to cascade
several switches has led to a detailed theoretical and experimental study of the
differential gain and the fanout of the nonlinear etalons, and has pointed out useful
schemes for gain-enhancement. We have learned a great deal in the design and the
experimental realization of a variety of optical circuits, and studied different intercon-
nection schemes. These studies have provided valuable feedback information to
improve the design'of the photonic switches from a system point of view, which was

not possible by just studying a single device.

All these studies show that the present photonic switches do not satisfy most appli-
cation requirements. These requirements impose severe constraints on the switching .
power, the speed, the wavelength, the gain, the fanout, the contrast, the size, the uni-
formity, and the stability of the devices. While some photonic switches may excel in

one or two parameters, they fail in others. The situation is clear that it is more urgent
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at present to develop new types of photonic switches that would satisfy the system
requirements as evidenced in our attempts to construct preliminary optical circuits, in-
stead of using the existing photonic switches to build more complicated circuits. This
does not mean that the present devices will not find applications in areas such as mul-
tiplexing and demultiplexing, where only a few ultra-fast switches are needed. But
without some significant breakthrough, the use of the existing photonic switches will

be severely limited.

The development of new photonic switches will require the combined effort ranging
from fundamental physics to applied science. It will include the search for new mater-
ials and new structures, and better understandings and clever uses of their optical and
electrical properties. An example is our demonstration of picosecond switching in
strip-loaded nonlinear directional couplers. While this result has obvious device impli-
cations, the most important thing may be that it has opened a large number of very in-
teresting research possibilities. The anisotropic optical response of a quantum-well
structure to light polarization has led to the demonstration of polarization-dependent
two-beam switching. All-optical modulation using the optical Stark effect with sub-
picosecond recovery time has also been observed recently using femtosecond pulses.
The ease of accessing the two orthogonal polarizations in waveguides will lead to more
interesting physics experiments which may be difficult to perform with etalons. These
physics exi)eriments would generate new information that would lead to new device
concepts. If such interactions are successful, it will result in effecient photonic

switches that can be widely used in practice.
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