Materials for Optical
Information Processing

In recent years there has been a resur-
gence of activity in optical information-
processing devices which make use of
effects such as optical bistability, photo-
refractive effects and numerous electro-
optical, acousto-optical, and all-optical
processing schemes in integrated optics.
In parallel, theoretical studies have been
made of novel architectures for informa-
tion processing which capitalize on the
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method of processing, with arithmetic
and logic functions performed in a cen-
tral processing unit (CPU) and programs
stored in a separate memory (random-
access memory; RAM). These machines
evaluate a problem sequentially (serial
processing). A difficulty with such a de-
sign is that the communication channel
between the CPU and RAM limits the
computer speed and performance. This

Summary. The goal for optical information processing is to use the unique
characteristics of light which are not readily achieved with electronic devices, namely,
ultrahigh speed (picoseconds), a high degree of parallelism (image processing), and
conductor-free interconnection. The requirements of the nonlinear materials to
perform such functions, using all-optical interactions, are discussed and the limita-
tions of the nonlinear mechanisms are outlined.

unique capabilities of optics. In this arti-
cle, the various requirements of the non-
linear optical materials used as the pro-
cessing medium are discussed and the
fundamental materials limitations point-
ed out. The article will be restricted to
the requirements for all-optical process-
ing in which light interacts with light.
Many important and nearer term applica-
tions of optics will involve the switching
of light beams with externally applied
fields in an electro-optic material or with
sound waves in an acousto-optic materi-
al, but these are beyond the scope of this
article.

Since the material requirements de-
pend critically on how the optical pro-
cessing is to be performed, we first give a
brief outline of where and how optics
might prove useful in a world where
electronic processing has already
reached an advanced state of technolo-
gy.

Current Situation in

Electronic Processing

The development of computers from
the beginning has been dominated by one
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is the Von Neumann bottleneck. To
eliminate the bottleneck, researchers are
working on parallel processing, trying
to intermingle memory and processing
functions so that several operations are
carried out simultaneously rather than
sequentially. In practice, current super-
computers all incorporate some degree
of parallelism—typically fewer than 100
parallel channels. Current supercom-
puters offer bit rates of ~10'° bits per
second and future machines with up to
10'2 bits per second seem feasible. The
next generation of machines will require
considerable rethinking of conventional
computer architectures, and there is an
increasing trend to optimize machines
for specific application rather than for
general-purpose computing.

It is possible that in future generations
of machines, optical processing will play
a role. The potential of optics for infor-
mation processing and memory has been
realized for many years (/). A diffrac-
tion-limited optical image can contain
~108 bits of information per square cen-
timeter. Large amounts of information
can be processed simultaneously in rela-
tively small volumes, completely free of
interference from other electromagnetic
waves. Wireless interconnection with
noninterfering beams greatly facilitates
the design of three-dimensional architec-

tures. Certain functions can be per-
formed with simple linear optics—for
instance, performing a Fourier transform
with a lens. For any more general pro-
cessing function, an optical nonlinearity
is required.

Nonlinear Interactions of Light

In all-optical processing one light
beam is used to control a second signal
beam. Since, unlike electrons, photons
do not directly interact with each other,
an optical medium is required in which
an optical property, the refractive index
n or absorption «, is changed by the
propagation of a light beam in the medi-
um. A nonlinear refractive index n, can
be defined by

n=n; + nl (1

and a nonlinear absorption coefficient a;
by

a = o + ol )

In such a medium, the presence of one
light beam affects the propagation of a
second light beam. The optical absorp-
tion changes by an amount Aa = a,l in
the presence of light of intensity I, and
the intensity of the transmitted beam
varies. For a change of refractive index
An = n,l, the phase of the transmitted
signal varies. A phase change can be
converted to an intensity change by us-
ing polarizers, by holographic tech-
niques, or by placing the medium within
a Fabry-Perot cavity. Most of the re-
search to date has made primary use of
the nonlinear index n, rather than a.
However, recent work with the nonlin-
ear absorption in multilayer semiconduc-
tor structures looks promising for optical
switching, and this may change the em-
phasis.

An important point to emphasize at
the outset is that the nonlinear index or
absorption alone is not a useful measure
of the importance of a material for opti-
cal processing. A useful basis for com-
parison of different materials is the opti-
cal energy required to process a bit of
information. This quantity depends not
only on n, but also on the wavelength of
light in the medium and the response
time of the medium, that is, the rate at
which the index changes in response to
the incoming radiation.

Promise of Optics

During the 1960’s, considerable preju-
dice was developed against the use of
optics for computing because of the fol-
lowing problems.



1) The minimum size of an optical
switching element is (\/n)®, where A is
the wavelength of light.

2) The photon energy Av is much larger
than the thermal energy T.

3) Optical nonlinearities are small.

These basic problems imply large
switching volumes with accordingly long
propagation delay times between switch-
ing elements, and high heat dissipation.
Detailed evaluations of these limitations
were made two decades ago, primarily
by researchers at IBM (7).

These basic problems have not, of
course, changed. However, there have
been several developments of impor-
tance which have stimulated a new look
at the role of optics in information pro-
cessing.

1) Mode-locked lasers are now readily
available which deliver optical pulses of
subpicosecond duration—shorter than
any electronic pulses available. Such
short, intense pulses should permit sub-
picosecond switching operations.

2) New materials and new nonlinear
mechanisms have been discovered
which have larger optical nonlinearities.

3) Fiber optics and integrated optics
are available which permit the transmis-
sion and switching of very high band-
width (>>10'° Hz) communications
channels.

4) The limitations of serial electronic
processing have become evident and
have made the power of optics for large-
scale parallel processing increasingly at-
tractive.

Thus, the near-term goal of optical
processing is to use the capabilities of
optics which are not readily achieved
with electronics. This is particularly per-
tinent for both image processing and
fiber-optic communications, where the
information is already being carried on
optical beams. To achieve this goal, the
development of appropriate materials is
essential. The important material param-
eters for all applications are:

1) The optical quality of the material
and its resistance to optical damage.

2) The material response time—that is,
the speed with which n or a can be
changed by a control pulse and the speed
with which the material recovers so that
it can respond to a second control pulse.

3) The magnitude of the nonlinearity—
that is, the energy required in the control
pulse to change a or n by the required
amount.

Optical Quality and Damage
In optical processing, as in many other

technologies, the quality of materials is
of primary importance for device per-
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Fig. 1. Cross section of a focused optical
beam showing the effect of diffraction.

formance. In the case of optical materi-
als inhomogeneities give rise to spatial
variations of the refractive index or ab-
sorption which result in distortion of the
optical beams to be processed. Such
distortion gives rise to problems with the
signal-to-noise ratio in a device. As a
rule, the larger the nonlinearity of a
material the more serious the problems
of inhomogeneity become. This is be-
cause the optical inhomogeneities are
themselves due to strains or local fields
acting via the optical nonlinearity. Many
of the materials in which simple optical-
processing functions have been demon-
strated are in the early stages of develop-
ment as far as optical quality is con-
cerned, and considerable improvement
will be required. Extrapolating current
results to new materials systems must be
done with caution because the problems
of crystal growth, particularly in thin-
film form for integrated optics, can be
severe. Unfortunately, lithium niobate,
the only electro-optic material for which
an advanced optical waveguide technol-
ogy has been developed, does not have a
sufficiently high nonlinear index to be
practical for all-optical processing.
Because of the small optical nonlinear-
ities, high optical intensities are usually
necessary for fast serial optical switch-
ing. An upper limit to the intensity of
light that can propagate in a material is
determined by the optical damage
threshold of the material. In practical
materials, optical damage is difficult to
quantify because it depends on many
factors. The various common mecha-
nisms for catastrophic damage in nomi-
nally transparent materials include local
melting or fracture at absorbing inclu-
sions, multiphoton absorption, self-fo-
cusing, and avalanche breakdown (2).
The problem of inclusions, while often a
limiting factor in practice, is not funda-
mental and can in principle be avoided
by improved material preparation. Two-
photon absorption can for practical pur-
poses be avoided if the photon energy to
be processed is less than half of the
optical band gap of the material, while
three-photon and higher order processes
are generally unimportant. Self-focusing
and avalanche breakdown are, however,
fundamental limitations. Self-focusing
has its origin in the same nonlinear index
which is necessary for optical process-

ing. If n, is positive, the nonlinear index
acts as a lens and focuses the light,
which in turn increases the local intensi-
ty, leading to breakdown. The critical
power P for such breakdown occurs
when self-focusing overcomes the defo-
cusing effect of diffraction

P~ N2100n, (3)

The critical power decreases as the
nonlinear index increases. This effect
limits the use of positive-n, materials to
configurations with guided optical
waves.

Avalanche breakdown at optical fre-
quencies is exactly analogous to dielec-
tric breakdown at low frequencies: elec-
trons are accelerated in the electric field
of the light wave until they have suffi-
cient energy to undergo an ionizing colli-
sion and create another electron-hole
pair. The buildup of electron density N
goes as

N = N, exp[n(E)7,] )

where 7, is the duration of the optical
pulse, m(E) is the avalanche ionization
coefficient, and N, is the initial density
of electrons. This effect decreases in
importance with decreasing optical pulse
length because of the time required to
build up a plasma of sufficient energy to
destroy the material. In the case of
NaCl, where the effect has been well
characterized (2), an intensity of about
100 W/um? is required for avalanche
breakdown with pulses 1 nsec in dura-
tion, but about 10° W/um? is required
with pulses 1 psec in duration. Thus the
pulse energy required for breakdown is
approximately constant over this range.
Qualitatively, similar behavior is expect-
ed for other materials, scaled by the
avalanche ionization coefficient accord-
ing to Eq. 4. For most nonlinear optical
materials of interest m(E) is not known.
The alkali halides are known to have
particularly high dielectric strength and
such high intensities (while more than
adequate for serial optical processing)
are not likely to be achieved in nonlinear
optical materials.

The above considerations show the
importance of measuring fundamental
materials parameters which affect the
scaling of experimental results to high
intensities and small volumes. Once all
these parameters are understood, con-
siderable development of material of
high optical quality must be undertaken.

Material Response Time
For serial processing, the main poten-

tial advantage of optics is ultrahigh
speed. Since picosecond optical pulses



are available, it is desirable to have ma-
terials which respond on a picosecond
time scale. The peak intensity of such an
optical pulse can be very high even
though the pulse energy is low. To avoid
excessive transit time delays, such pro-
cessing would be done in a pipeline mode,
that is, with several optical pulses propa-
gating in a transmission line simulta-
neously. A serial processor capable of
processing 10'? bits per second would
appear to be a reasonable first goal, in
view of the potential of competing elec-
tronic technology. The only nonlinear
mechanism that is known to respond on
a picosecond or shorter time scale is the
nonresonant electronic Kerr effect. This
effect arises in transparent materials be-
cause of the nonlinear polarizability of a
material due to the instantaneous action
of the electric field of the light on its
valence electrons. As will be seen below,
nonresonant electronic Kerr nonlineari-
ties are very weak, and high optical
intensities are required to produce a sig-
nificant index change. Nonresonant Kerr
effects can also be observed in-transpar-
ent liquids containing anisotropic mole-
cules which are partially aligned in the
optical field, but the response time of the
medium is increased to 107!° to 10712
second because of the time required to
reorient the molecules. It is feasible that
materials having resonant nonlinear opti-
cal effects which involve optical absorp-
tion may be developed with picosecond
response times and much larger nonlin-
earities, but these have not yet been
demonstrated. Thus, picosecond optical
processing is marginal with present phe-
nomena and materials.

The response time requirement of ma-
terials can be greatly relaxed if one turns
to parallel processing. For the same
throughput of a processor, the required
material response time is increased by
the number of parallel channels, that is,

Maximum bit rate
= (number of parallel channels)
X (material response time)

For diffraction-limited optics with ~108
bit/cm? a simple argument suggests that a
material response time of ~10"* second
would be adequate for a rate of 10'? bits
per second with a 1-cm® nonlinear ele-
ment. In most situations one would prob-
ably not wish to have 10® parallel chan-
nels (10° seems a more reasonable goal),
but the example shows that material re-
sponse times much slower than a pico-
second and even on the microsecond
time scale may be important for parallel
processors. Long response times may
even perform some memory functions. A
much broader range of materials are

Table 1. Magnitude of the nonresonant nonlinear index #, for a variety of transparent materials
(13). The intensity I necessary to create a phase change of = for an optical interaction length L in
the material is shown only for comparison of different materials. It should not be deduced that
this material will support the optical intensities listed.

. A (] 1 L
Material (um) (X 10" cmW) (MW/cm?) (cm)

CS, 0.69 8 45 20
PTS 1.32 530 30 1
2-Methyl-4-nitroaniline 1.32 170 90 1
GaAs 10 100 900 I
InSb 10 5000 18 1
Silica 1.0 0.06 1500 1
LiNbO, 10 ~2.5 4500 i

available for optical processing on longer
time scales. All of these effects involve
absorption of the incident light:

1) The resonant Kerr effect with
1072 < 1 < 1072 second,

2) The photorefractive effect with
10719 < 7 < 10*8 seconds, and

3) Electroabsorption with 1071° < =
< 107* second,
where 7 is the material response time.
These ranges must be regarded as esti-
mates based on currently available infor-
mation. In the following sections, these
various mechanisms for nonlinear index
and absorption changes are discussed in
more detail.

Magnitude of Nonlinearity

Because the change of refractive index
An or absorption Aa is proportional to
the intensity of the control beam, the
smaller the area corresponding to a sin-
gle bit, the less optical energy is required
for a switching operation. There is a
penalty, however, for decreasing the fo-
cal spot size. This penalty is due to
diffraction as shown in Fig. 1. The confo-
cal parameter (the effective interaction
length L of the beams in the material)
decreases in proportion to the area of the
focal spot, that is,

_ wnD?
2\

where D is the diameter of the beam
waist at the focus and A is the wave-
length of light. For a 1-pm? spot size and
n = 1, the interaction length is only 3
wm. This distance is too short to achieve
adequate phase change ¢ (= wAnL/\) for
most situations. For ¢ ~ m the required
index change is An ~ 0.3! Either the
focal spot must be increased with corre-
spondingly increased energy require-
ments, or a guided wave structure (for
serial processors) or holographic tech-
niques (for parallel processors) which
overcome the effects of diffraction must
be used. With the latter techniques,
phase changes of w are achievable with

&)

~1-pm? bit cross sections and long inter-
action lengths.

As mentioned above, the most useful
parameter for comparing the magnitude
of the nonlinearity of materials is the
energy required to switch or process a
bit of information. For changes of refrac-
tive index, the transmission (neglecting
reflection losses) of a material between
crossed polarizers is

T = e “Ysin’d

(6)

or the diffraction efficiency of a thick
phase hologram is

M, = e *Isin’¢p/2

0

where « is the optical absorption coeffi-
cient and d is the optical path length in
the material. Thus, a phase change of
¢ = w gives maximum contrast for the
processing operation, that is, the change
of diffracted power between the control
beam on and off (¢ = /2 for maximum
transmission in Eq. 6). Values of
¢ << 7 can be tolerated in many situa-
tions, the minimum value being deter-
mined by the tolerable signal-to-noise
level, which is directly related to the bit
€rror rate.

Similar considerations are true for
changes of the absorption coefficient. In
this case the transmission

T=e

®)

A high contrast here implies a large
change of absorption Ao/a.

Nonlinear absorption has not attracted
a great deal of attention for holographic
processing because the maximum dif-
fraction efficiency of a thick absorption
hologram is only 3.7 percent, compared
with close to 100 percent for thick phase
holograms.

For the mechanisms involving nonlin-
ear refraction, it is possible to make
some general estimates of the minimum
energy required for a phase change of w
for each class of nonlinearity.

Nonresonant Kerr effect. The elec-
tronic Kerr effect is the fastest of all
mechanisms for optical processing. Be-
cause of the high speed, it responds to
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Fig. 2. Two-wave mixing for holographic
processing, using the photorefractive effect.

the instantaneous intensity of an optical
pulse. It is now well established, both
theoretically and experimentally, that
the nonlinear index n, is proportional to
the density of bonds in the material and
the orientation of the bonds with respect
to the optical field, and depends critical-
ly on the degree of delocalization of
electrons in the bond. Materials with the
highest known values of n, are highly
conjugated long-chain molecules such as
polymerized diacetylenes whose mono-
mers have alternating single and triple
bonds: R-C=C-C=C-R, where R is an
organic functional group (3). These sol-
ids have semiconductor character in the
direction of the polymer chains and insu-
lator character perpendicular to it. The
components of the nonlinear polarizabili-
ty of the polymer are some three orders

of magnitude larger than those of the
monomers. A limit to the degree of delo-
calization of the electrons is dictated by
the required optical transparency of the
material. The electronic absorption edge
E, shifts to longer wavelengths with in-
creasing delocalization, that is, n, <«
E;® The polydiacetylene PTS [bis(p-
toluene sulfonate)] probably represents
the limiting case for operation at infrared
wavelengths near 1.0 um. As seen in
Table 1, the nonlinear index of this solid
is huge compared with that of inorganic
solids such as SiO, and LiNbOj;. At
present, it is difficult to grow crystals of
any polymeric material with sufficient
quality for optical device applications,
and techniques for the growth of wave-
guiding thin films will be required. A
compromise may be found with nitroani-
lines, which more readily grow in single-
crystal form. Also listed in Table 1 are
examples of semiconducting materials
which have larger nonlinear refractive
indices at wavelengths in the infrared
within the band gap of the material. In n-
type InSb the nonlinearity is a free-
electron effect due to the nonparabolicity
of the conduction band. In GaAs, the
effect is due to bound electrons. It is
seen in Table 1 that InSb has a particu-
larly large nonlinear index n; at a wave-
length of 10 wm. However, the diffrac-
tion-limited bit size at 10 um is some 50
times larger than at 1.3 pm, so that PTS
requires less power per bit for processing
than InSb. Another factor is that detec-
tors are less sensitive at the longer wave-

Tab'le 2. Magnitude of the resonant nonlinear index n, for a variety of absorbing materials (13).
As in Tabl? 1, the intensities indicated have been normalized to give a phase change =. The
nonlinearities may saturate at intensities lower than those indicated.

. A ny T 1 L
Material (um) (cm?/W) (sec) (MW/cm?) (cm)
Sodium vapor 0.59 5 x 1071 107° 0.2 6
CdSexciton (77K) 049 1.6 x 1075 2 x 10~ 3 10-°
InSb 5.3 6 x10°° 3Ix107 2% 107 5x 102
GaAs (300 K) 087 2 x10°° 2x 1078 4x10°2 104
GaAs (QW)* 085 4 x 107 2x 107 4x 107 1074

*QW, quantum well multilayer structure.

Table 3. Comparison of the parameters of various photorefractive materials.

Useful Drift
Material lwave}; length Dark 2 e
aterial engt (wm) Tq i /e
range E = (sec) (pm/V) (pm/V)
(pm) 2 kV/cm
InP (14) 0.85-1.3 3 1074 52 4.1
GaAs (14, 15) 0.8 1.8 3 1074 43 3.3
LiNbO; (6) 0.4 -0.7 =107 300 320 11
Bi,,Si0 (16) 0.4 -0.7 3 10° 82 1.8
Sro.6Bag 4Nb,0g (17) 0.4 -0.6 102 2,460 4.0
BaTiO; (18) 0.4 -0.9 0.1 102 11,300 4.9
KNbO; (19) 0.4 -0.7 0.3 1073 690 14
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Fig. 3. Image storage due to charge transfer in
an electro-optic material.

length. Semiconductors have the advan-
tage of being available as large crystals
with good optical quality.

In contrast to the electronic Kerr ef-
fect, the molecular rotation Kerr effect
deper.ds on the orientation of molecules
in the electric field of the light. This
effect has not been seriously considered
for optical-processing applications be-
cause the known nonlinear susceptibil-
ities are smaller than those obtained with
the electronic effect and the effect is
slower because viscous forces hinder the
molecular rotation. Furthermore, it is
not clear that an integrated optics tech-
nology based on a liquid active medium
is viable. For comparison, the nonlinear
index n, of CS, is listed in Table 1.
Carbon disulfide has one of the largest
values of n, in the visible spectrum using
molecular rotation.

Resonant nonlinearities. The nonreso-
nant effects discussed above depend on
the response of a transparent material to
the electric field of the light beam. As the
frequency of light approaches an elec-
tronic resonance, some of the optical
power is absorbed by the medium, caus-
ing a redistribution of the population
among the energy levels. As a result, the
dispersion associated with the absorp-
tion line is changed, giving rise to an
intensity-dependent index of refraction.
For light beams of constant intensity /, a
nonlinear index n, can still be defined
according to Eq. 1. However, the change
of refractive index persists for the dura-
tion of the electron in the excited state.
Thus, for a resonant nonlinearity the
change of refractive index is integrated
over the excited state lifetime 7. If the
optical pulse length T, is short compared
with 7, then the change of refractive
index An depends on the absorbed ener-
gy ofP Idt and not the instantaneous
intensity 1. In terms of the density of
absorbed photons N, we can write the
index change

An = oN 9

The proportionality constant o is simply
related to the nonlinear index n; by

(10)
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n, = o(at/hv)



where hv is the photon energy. The
proportionality constant ¢ varies from
about 1072 ¢cm* in photochromic mole-
cules to about 6 X 1077 ¢cm™> at the
band edge of InSb.

Because of the integrating effect of the
excited state, resonant nonlinearities be-
come energetically more favorable than
nonresonant effects for longer pulses and
lower intensities. The largest effects are
achieved for very sharp absorption lines
having a high oscillator strength such as
those found in alkali vapors or at exciton
absorption lines in semiconductors. Sev-
eral examples are shown in Table 2.
Values of n, are given since the absorp-
tion coefficient o is not known in all
cases for calculation of .

The closer the optical frequency is to
the optical absorption, the greater is the
change of refractive index for a given
incident intensity. The maximum crystal
length is limited by the absorption
length, and in practice it is necessary to
move away from the center of the ab-
sorption liné to achieve sufficiently large
phase shifts. As before, the nonlinear
index is proportional to the density of
oscillators. It would seem that excitons
provide the highest density of oscillators
possible since excitons can be created up
to a density comparable to the inverse
cube of the exciton diameter—the point
at which the excitons begin to overlap
(4). Generally, exciton absorption lines
are well defined only at low tempera-
tures. However, it was recently ob-
served that thin GaAs-GaAlAs multilay-
er heterostructures exhibit sharp exciton
absorption lines even at room tempera-
ture. This is due to the increased con-
finement and binding energy of the exci-
ton within the thin layer structure. When
light at a wavelength just below the exci-
ton peak was used an extremely large
nonlinear index n; was observed: a sig-
nificant phase change (~107? radian)
was observed in a film only 1 pm thick.
A value of 0 = 4 X 107 cm™ (Eq. 9)
for this material was achieved (4), which
is the largest value obtained in the wave-
length range near 1 wm for a resonant
nonlinearity. ,

The nonlinear behavior of such materi-
als varies rapidly with optical wave-
length because of the sharpness of the
absorption peak. Thus, it is essential that
both the optical wavelength and the tem-
perature of the materials be precisely
controlled. )

Photorefractive effect. The photore-
fractive effect depends on the absorption
of light in electro-optic crystals, but in
this case the absorption bands are typi-
cally very broad and wavelength is non-
critical. The effect is based on photoexci-
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Table 4. Minimum energy per bit for a phase change of 7 estimated for each of the nonlinear

mechanisms.

. Nonlinear A T Energy
Material mechanism (wm) (sec) (pJ/bit)
PTS Nonresonant Kerr 1.3 1071 0.27, x 10'2
GaAs (QW) Resonant Kerr 0.85 2x 1078 1
InSb Resonant Kerr 5.3 3 x 1077 10
Bi,5Si0, Photorefractive 0.6 105 (dark) 1

~1072 (light)
InP Photorefractive 0.85-1.3 1074-10¢ 1

tation of free carriers, which then diffuse
or drift in an externally applied electric
field away from the light beam to trap-
ping sites. The resulting redistribution of
charge gives rise to space charge fields
within the crystal in the illuminated re-
gions. The space charge fields give rise
to refractive index changes, through the
electro-optic effect, which replicate the
incident intensity. The induced index
charige An persists for the duration of the
space charge field, which can vary from
subnanosecond time scale in semicon-
ductors to years in insulators. The pho-
torefractive effect can produce nonlinear
index changes An comparable to Kerr
effects because the optically induced in-
dex change is not just a local (atomic
scale) change in polarizability but is due
to the displacement of electrons over a
distance of micrometers. This large pho-
toinduced dipole gives rise to an amplifi-
cation of the index change. The material
can be viewed as having a built-in optical
detector which generates an electric
field.

The photorefractive effect was orig-
inally discovered (5) in LiNbO3 and soon
after was found to be generally present in
other electro-optic crystals. The material
requirements are (i) absorbing centers
which give rise to photocarriers, (ii)
trapping sites, and (iii) a suitable trans-
port mechanism. The largest nonlinear
index changes are observed in materials
such as ferroelectric BaTiO; and
Sr,_,Ba,Nb,Os (SBN), which have ex-
tremely high electro-optic coefficients r;,
but the nature of the absorbing centers
and traps in these materials is not
known. Such materials are important in
applications such as wave front conjuga-
tion where large index changes are re-
quired. However, it has been shown (6)
that the index change per absorbed pho-
ton (o in Eq. 9) which is important for
optical processing depends primarily on
the photocarrier drift or diffusion length
and the ratio n’rjfe, where ¢ is the
dielectric constant. This ratio is as large
in Bij5Si0y, InP, GaAs, and CdTe as
BaTiO; and SBN despite considerably
smaller electro-optic coefficients. The
values of n’r; and n’ryle; for several

photorefractive materials are shown in
Table 3. !

The relaxation time 7 depends only on
the dielectric relaxation time of the mate-
rial; in GaAs and InP this has been
varied from the millisecond region to the
microsecond region (and perhaps will
eventually be varied into the subnano-
second region) by varying the electronic
conductivity. In insulators, the relax-
ation time is considerably longer. The
minimum energy per bit for processing
via the photorefractive effect is approxi-
mately 1 pJ for a 1-um? bit size. This
corresponds to a value of o (Eq. 9) of
about 5 X 107! cm™3, comparable to
the resonant nonlinear index in GaAs
multilayer structures. Such materials are
well suited to image processing, as out-
lined earlier.

There is another important aspect of
the photorefractive effect in which it is
unique among all mechanisms for nonlin-
ear index change: there can be a spatial
phase shift between the incident intensi-
ty pattern and the induced index which
depends on the direction of displacement
of the photocarriers. In a holographic
two-beam mixing experiment, shown in
Fig. 2, this gives rise to transfer of ener-
gy from one beam to the other. A weak
image beam can, in this way, be ampli-
fied by mixing it with an intense pump
beam (carrying no information). Amplifi-
cation factors of up to 100 can be
achieved (7). Signal regeneration will be
essential in any complex optical process-
ing operation. The photorefractive effect
thus offers considerable versatility for
processing information, particularly
since the wavelength of operation is non-
critical and beams of one wavelength can
be used to control several other wave-
lengths. The effect has been used both
for holographic processing as shown in
Fig. 2, where the transverse electro-
optic effect is employed, and for real
image processing as shown in Fig. 3,
where the longitudinal electro-optic ef-
fect is used. In the latter case, the mini-
mum bit size is approximately equal to
the thickness of the material. In the
holographic case, the resolution is deter-
mined by the spatial frequency of the
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hologram. The minimum energy require-
ments for each mechanism for phase
change of m are summarized in Table 4.

Electroabsorption. Another recent
discovery is the use of electroabsorption
to produce a nonlinear absorption
change in GaAs multilayer heterostruc-
tures (8). As with the photorefractive
effect, the effect used is hybrid; photo-
carriers resulting from optical absorption
change the field inside the material and
hence the absorption through the large
electroabsorptive effect discovered in
these heterostructures. This electroab-
sorption results from a shift of the sharp
exciton line. In the first of these so-
called self electro-optic  devices
(SEED’s), the heterostructure is biased
through a series resistor. Photocurrent
resulting from optical absorption gives a
voltage drop across the resistor, chang-
ing the field across the heterostructure
and hence its optical absorption. In anal-
ogy with the photorefractive effect, the
effective material response time is the
resistive-capacitive time constant of the
series resistor and the intrinsic capaci-
tance of the heterostructure. An impor-
tant aspect of this result is that only very
thin samples (~1 um) are necessary. The
first results demonstrate that an on-off
contrast ratio of 2:1 in transmission can
be achieved with only 4 fJ/um? of optical
energy, and an additional 16 fJ/um? of
electrical energy from the bias circuit.
Although only single devices have been
demonstrated, the technology is promis-
ing for parallel arrays. It is likely that a
bit size of a few square micromieters is
achievable. Furthermore, higher con-
trast is in principle achievable with some
penalty in sensitivity. It is not clear at
this time how to make a comparison of
this with the energy to create refractive
index changes in Table 4, which are
normalized to induced phase changes of
« for maximum contrast. However, this
approach opens up new possibilities for
materials and new flexibility for parallel
optical processing with energies in the
subpicojoule range.

Source Limitations

It is clear from Table 4 that the energy
requirements of presently known materi-
als for optical processing, whether serial
or parallel, is ~1 pJ per bit for a phase
change & ~ m. This can be decreased
significantly if the nonlinear medium is
placed in a Fabry-Perot cavity, but with
increased system complexity. It is also
likely that adequate contrast can be
achieved with phase changes considera-
bly less than m in many processing oper-
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ations, thereby reducing the energy re-
quired per switching event. Thus, for a
single injection laser source of ~10 mW
power, a bit rate of 10'° per second is
achievable. To achieve 10'? bits per sec-
ond, a laser diode array having 100 injec-
tion lasers is required. An important
point here is that with simple optical
sources, the available source power lim-
its the simultaneous use of high speed
and a high degree of parallelism. The
material response time should be tailored
to the requirements of the system: a
material which is too fast does not make
optimum use of available energy.

Thermal Limitations

Most of the nonlinearities discussed
involve optical absorption in the nonlin-
ear medium. Even in the more sensitive
nonresonant Kerr media (such as PTS)
the optical absorption is significant since
the largest nonlinearities are achieved in
the materials having a smaller band gap.
From the discussion above, it is clear
that for resonant nonlinearities for a
phase change of w about 1 pJ or between
1 and 107* J/em® of optical energy is
dissipated. The larger figure corresponds
to the shortest optical interaction length
of an unguided wave (~1 pm). The
smaller figure corresponds to a 1l-cm-
long optical waveguide. The adiabatic
temperature rise of a switching volume
can be as high as 1°C per switching event
in the worst case. Thus, the repetition
rate between pulses must be kept suffi-
ciently small compared with the thermal
relaxation time of the device to prevent
temperature rises large enough to cause
thermally induced index or absorption
changes. Such considerations critically
limit the performance of serial process-
ing systems (/), but they do not seriously
affect architectures having a high degree
of parallelism because of the increased
volume used for processing.

Application

A variety of problems confront the
application of optics for computing with
serial architectures. Certainly, elemen-
tary logic functions can be demonstrated
in primitive form, but the appropriate
combination of material properties re-
quired for high-speed serial processing
has not yet been developed. Because of
the fast material response needed for a
serial processor, the choice of materials
is severely limited. This, coupled with
other complexities of serial optical com-
puting (interconnection, heat dissipa-

tion, and so on), puts serial optical pro-
cessing some distance in the future. In
the meantime, some specialized applica-
tions may emerge which make use of the
high-speed potential of all-optical serial
switching at low duty cycles.

Because the materials requirements
for high-speed parallel processing are
less demanding, more progress is being
made in this area than in serial process-
ing. Materials with resonant nonlineari-
ties and photorefractive materials are
already available with characteristics
suitable for prototype demonstrations of
the power of parallel processing. These
include applications such as real-time
interferometry (9), convolution and cor-
relation (/0), image amplification (7), and
wave front conjugation (/7). In all these
cases, the information to be processed is
already in image form. Photorefractive
materials are best suited to holographic
processing, while resonant exciton non-
linearities in semiconductor multilayer
structures are best suited to direct image
processing. A potentially much wider
range of applications exists in processing
information that is transmitted serially
down fibers and converted into parallel
streams by means of laser arrays or
liquid crystal light valve arrays. Such
applications include numerical computa-
tion such as matrix algebra (12). This
potential continues to provide the moti-
vation for fundamental work in new ma-
terials and mechanisms for nonlinear op-
tical processing.
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