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1.
INTRODUCTION

Optical switching devices, by which I mean devices with which light switches light, can
take many forms. The many devices proposed can operate on many different
principles and can perform many different functions. In this introductory summary, I
will attempt to give a qualitative overview of this field. This will not be an exhaustive
review, nor will it be a critical comparison of devices. Instead, I will try to explain
briefly some of the concepts in the field, both in the physical principles and types of
devices and in the requirements that systems impose on devices. 1 will also emphasize
the importance of considering devices in the context of systems. It is important to
realize that there is no "best" device; different systems require different device

attributes.

Hopefully, in this article I will introduce much of the vocabulary and concepts in
the field of optical switching devices. Space will not permit thorough discussions of
any. I will start by'discussing nonlinear optical processes in general;"then I will review
some physical attributes of devices, and finally I will summarize some systems

requirements on devices.



2.
NONLINEAR OPTICAL PHENOMENA

For this discussion, I will take the broadest possible view on nonlinear optics:
nonlinear optical effects are any phenomena that allow one light beam to affect
another. Clearly such phenomena must be at the core of any optical switching device.
I will treat such concepts as "real" and "virtual' transitions, local and nonlocal
nonlinearities, nonlinearities that can be expanded as a power series in the optical field

and those that cannot, all of which are relevant to optical switching devices.

What we could call "classical" nonlinear optics covers phenomena such as second
harmonic generation and related wave mixing phenomena, and is based on the fact
that, in all matter, the displacement of charge (i.e. the polarization) is not in general
proportional to the applied field, especially when that field becomes comparable to
the internal binding fields of the matter. Thus we can usefully think of this kind of
effect in terms of nonlinear springs with charged masses attached:; all harmonic
generation and many other phenomena can be modelled this way. Important
attributes of this kind of effect are as follows. (i) They are usually local, that is, fields
at a given point only produce polarizations at that point; this is certainly not true on
atomic distances, but is usually effectively true on length scales on the order of the
light wavelength. (ii) They are usually fast, because the "resonant frequencies” of the
springs are usually in the optical range (since they correspond to optical transitions in
the material). (iii) They are weak, because fields of the order of the internal binding
fields of matter are required for large effects. (iv) They rely on "virtual” transitions:
once the springs are oscillating, the nonlinear process (such as second harmonic
generation) can proceed without any dissipation in ideal lossless springs. Energy is
however being "exchanged, for example from the fundamental to the second harmonic,
by being absorbed by the springs and coherently re-emitted. Quantum mechanically
this proceeds through so-called "virtual” transitions. It is important to understand that
such transitions do result in finite populations that are perfectly real in the general
sense of the word, which correspond to the energy stored in the oscillating

spring/mass system in our classical mechanical analog. The quantum-mechanical
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phase of these populations is however still coherent with the light field. Note that,
although there is no steady state dissipation in such an ideal "virtual" system with
monochromatic fields, there must be absorption of energy from the light field to start

the springs oscillating in the first place. It is also in practice very difficult to recover all

‘of that energy back into the light field when we are finished, and some fraction of it

may be lost. As an illustrative analogy of this difficulty, if you drive‘vyour car, with no
shock absorbers, over a bump, then some of your forward kinetic energy is converted
into the vertical oscillations of your car. To convert this vertical energy back into
forward kinetic energy requires a complementary bump of exactly thé right size that is
also positioned such that it catches your oscillation at exactly the right phase. (v) Such
lossless systems are also intrinsically reversible in the thermodynamic sense (e.g. we
can in principle run second harmonic generation backwards to generate the
fundamental). This can be a problem when we desire irreversibility in our logic

system.

As our optical frequency approaches a transition frequency, such virtual processes
are resonantly enhanced, the time that the energy of an individual photon spends in
the excited state of the matter becomes longer and longer (it is essentially given by the
uncertainty time related to the detuning energy), and the probability that the quantum
mechanical phase of the excited state will be interrupted by some random collision
before re-emission becomes larger and larger. Eventually, this destroys the virtual
transition physics, and we obtain "real” transitions, which can give absorption. It is the

randomness of the collisions that makes the transition "real".

A typical real transition effect would be absorption saturation. This has received a
lot of attention for optical switching, particularly in semiconductors, although it is
more often the nonlinear refraction associated with this nonlinear absorption that is
used for the switching. Here typically the absorption saturates because of the Pauli
exclusion principle - the excited states become filled. The associated change in
refractive index can be calculated from the Kramers-Kronig relations, which
inescapably link absorption and refraction. The amount of intensity required for

saturation can be low if the lifetime of the excited state is large, and there is generally



-a reciprocal relation between power and speed in such effects. We can sometimes
approximately describe such effects in terms of nonlinear susceptibilities (e.g. the
degenerate four wave X(s) (w,-w,w,-w)), in which case we can obtain large numbers, but
in doing so we must be aware of two potential probleias: (i) because of diffusion of
excitation (e.g. carrier diffusion), these effects can be non-local; (ii) the changes in
properties are not actually induced directly by the field itself, but by the "degree of
excitation” of the material (e.g. the carrier density), which in turn is dependent on the
absorbed power. This latter effect has a non-trivial consequence, because it can lead
to intrinsic bistability due to increasing absorption; if, for example, increasing carrier
density gives increasing absorption (e.g. through band-gap renormalization) that in
turn gives increasing carrier density and so on, we can have overall positive feedback
and bistable switching. Such a bistable response of the material itself can never be
described in terms of a power series in the internal optical field or intensity, because
power series are always single-valued and bistability is triple-valued (there are two
stable and one unstable values of the output for some range of values of the input).
Another example of a real transition nonlinearity is a thermal nonlinearity; it also is
non-local because of thermal conduction and in some cases can show bistability from

increasing absorption. The "degree of excitation" in the thermal case is temperature.

Note that there is an important distinction between these intrinsic material
bistabilities and bistabilities involving external feedback (e.g. Fabry-Perot bistability).
In the latter case the whole system is bistable even although the response of the
material (e.g. the polarization) is single-valued in the field inside the material, and

hence can be described by a power series expansion.

Another e);ample of non-local, non-power-series effects is provided by hybrid
devices. Here we could electrically detect light in one place, communicate the
resulting voltage to another, and use it through some electro-optic effect to change the
optical transmission of another beam. It is also quite straightforward to make bistable
systems, for example by incorporating electrical bistability between the detector and
the electro-optic output device, or by some hybrid opto-electronic bistability as in

simple self-electro-optic-effect devices (SEEDs) or bistable laser diodes, and hence







