
Optical Materials 

Optical technologies are becoming increasingly important 
in areas that were traditionally the domain of electronics. 
This trend is likely to continue into the foreseeable future 
with optics and electronics being integral, mutually com- 
patible components of systems for consumer markets, 
industry, and defense. The basis of this progress is the 
development of materials that have the required purity, 
physical properties, and optical quality; glass fibers for 
optical transmission, semiconductors for lasers and detec- 
tors, and nonlinear materials for optical switching are 
examples. In this article, some of the materials of choice 
for a variety of applications are described and the fron- 
tiers of materials research for new areas of opportunity 
are discussed. Particular emphasis is placed on optical 
materials for the transmission and processing of informa- 
tion. 

N OT LONG AGO OPTICAL TECHNOLOGIES INFLUENCED OUR 

lives only through the display interface between us and 
machines-namely, television cathode-ray tubes, alphanu- 

meric light-emitting diodes (LEDs) and liquid-crystal displays. In 
recent years, however, optics has been spreading more and more 
into areas that were traditionally the domain of electronics. This is 
most noticeable in communications, where an entire network of 
optical fibers, LEDs, lasers, and detectors has already been installed 
for transmission of voice and data. Optical disk recordings with 
semiconductor-laser playback are replacing the conventional picw- 
electric pickup. Solar cells are now common components in toys, 
calculators, and other consumer electronics. Infrared detectors and 
lasers are the basis of many intrusion detection systems. There are 
numerous other examples. 

The trend toward optical technologies will likely continue in 
consumer markets, industry, and defense systems. The development 
of materials with the necessary optical properties is the basis of each 
technology whether it be ultralow optical-loss fibers, semiconductor 
lasers emitting milliwatts of power, or gigawatt lasers for destroying 
missiles. The optics research community is now very diverse and the 
materials requirements are generally different for each application. 

In Table 1, I list a number of optical technologies together with 
some examples of the materials of current interest. It is immediately 
evident that optical materials are diverse, including inorganics, 
organics, polymers, semiconductors, glasses, single crystals, and 
composites. Because of the breadth of the topic, it is possible to 
address here only a few of the materials issues involved. Emphasis 
will be placed on materials of importance for optical communication 
and information processing. These are areas where the full capabili- 
ties of optics can be effectively utilized. With the optical carrier 
frequency exceeding loi4 Hz, communication bandwidths and 
information switching in the multi-terabit per second range is 
potentially achievable. At the present, the bandwidths are limited by 
current materials technologies, and the challenge is for optical 
materials research to develop improved components that will allow 
us to approach the theoretical optical limits. 

Optical Fibers 
In the 20 years since the first proposal to use glass fibers for 

optical transmission ( I ) ,  there has been dramatic progress in the 
materials technology. Optical losses have been reduced from about 
100 dB km-' to almost 0.1 dB km-' by elimination of absorbing 
impurities, careful choice of material composition, improvements in 
fiber design, and the development of-fiber-drawGg techniques 
which give uniform low-scatter light guides. Optical communica- 
tion systems have been developed in which light can be transmitted 
over distances beyond 100 km without signal regeneration (2). 
Communication bandwidths in excess of 1 Gbit sec-' have been 
demonstrated over these distances-a feat not possible with electri- 
cal transmission lines. 

To avoid leakage out of a glass fiber, the light is guided along a 
core of refractive index higher than that of the surrounding cladding 
material. The light intensity is then confined to the central region of 
the fiber and is not affected by the outer fiber walls. The radial 
variation in refractive index of the fiber is achieved by appropriately 
doping the core of the silica preform with higher index germania 
and the cladding with fluorosilicates during the preform fabrication. 
The fiber drawn from the preform maintains this profile but with 
greatly reduced lateral dimensions. 

The material parameters of importance for long-distance light 
propagation are scattering loss, absorption loss, and dispersion. 
Absorption loss has been effectively eliminated in silica fiber materi- 
als at communication wavelengths (A) of 1.3 and 1.55 pm by 
reducing absorbing impurity levels to below 1 part per billion. 
Propagation losses are now essentially limited by Rayleigh scattering 
from density fluctuations in the glass. This fundamental loss parame- 
ter is about 0.1 dB km-' in fused silica at a wavelenmh of 1.55 um. " 
At shorter wavelengths, Rayleigh scattering losses increase as A - ~ ,  
whereas at longer wavelengths multiphonon absorption is the 
dominant loss. The total theoretical loss is shown in Fig. 1 as a 
function of wavelength. To achieve a loss lower than 0.1 dB km-'. " 
other materials systems such as chlorides and fluorides or even 
modified silicates containing alkali metals and aluminate modifiers 
must be considered (3). In halides the multiphonon absorption edge 
is shifted to longer wavelengths and the fundamental Rayleigh 
scattering losses are reduced. The theoretical (4) minimum loss for 
these new fibers is expected to be some 1/10 to l / l O O  of that of 
fused silica fibers at longer wavelengths. This would allow commu- 
nication over thousands of miles without repeaters. At present, 
fibers have been drawn from heavy metal (zirconium, barium, 
lanthanum, and aluminum) fluoride compositions with total losses 
of below 1 dB km-' (5)  but this is constantly being reduced as 
purification techniques improve. ZnCl and BeF4 (6) have low 
ultimate losses as seen in Fig. 1 but, because of the reactivity of 
chlorides with atmospheric moisture and the toxicity of beryllium 
compounds, there has been less effort in these directions. Even the 
fluorides, for which there is much research in progress, are attacked 
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by moisture, have a tendency to crystallize, and currently have a 
mechanical strength about 1/10 of that of fused silica. They repre- 
sent a considerable challenge for the development of purifica;ion 
techniques and procedures for fabricating practical fiber. The optical 
losses actually achieved in these fibers are compared with those 
predicted theoreticallv in Table 2. 

As losses in new fiber materials decrease, new limitations for light 
transmission will likely emerge. Nonlinear optical effects such as 
Raman and Brillouin scattering and self-phase modulation will set 
an upper limit to the power that can be launched into a fiber, and 
this limit will ultimately affect the repeater spacing. Present esti- 
mates place the acceptable power levels in fluoride fibers at about 1 
mW. On the other hand, fiber materials having high cross section 
for these nonlinear effects may well find applications as parametric 
amplifiers, optical frequency converters, or optical pulse compres- 
sors. 

Material dispersion is also another critical parameter for optical 
fiber technology. Because of the finite spectral line width of laser 
sources, a short optical pulse injected into the fiber is broadened by 
the dispersion during propagation, eventually leading to pulse 
overlap and errors in pulse discrimination. In silica, the wavelength 
of minimum dispersion occurs at A = 1.3 pm, somewhat separated 
from the wavelength of minimum total loss (1.55 pm). The effects 
of dispersion can be minimized by using narrow line width .lasers. 
Alternatively, by careful design of the index profile of the fiber, 
fibers can be made in which material dispersion can be canceled at 
specific wavelengths by waveguide dispersion (7). Theoretically, 
techniques of this kind can be applied to longer wavelengths and 
lower loss fibers as these become available. 

Table 1. Examples of optical materials currently in use for a variety of 
applications. 

Technology 

Communications 
Lasersldetectors 
Fibers 
Modulator, switch 
Amplifiers 

Signal processing 
and interconnection 

Strategic defense 
and laser fusion 

Remote sensing 

Thermal detection 

Fiber sensors 

Display 

Light valves 

Storage 

Frequency conversion 

Optical isolation 

Materials 

Semiconductors 
InGaAsPIInP, GaALAslGaAs 
Si02, halides, plastic 
LiNb03, GaAs, InP 
Raman fibers 

Electro-optical materials (LiNb03) 
Acousto-optic (quartz, LiNb03) 
Photorefractive (BaTi03, BiSiI2O2,,, 

InP, GaAs, CdTe) 
Organics (polydiacetylenes) 
Semiconductors (GaAs multilayers) 
CdS, -,Sex particles in glass 

High average-power lasers and high 
damage threshold components. 
Graded index surfaces 

Tunable lasers (Ti: sapphire), alkali halides, 
parametric oscillators (chalcopyrites) 

Pyroelectrics (triglycene sulfate, 
LiTa03, PLZT), narrow-gap semiconduc- 
tors (HgCdTe) 

Si02 fibers, infrared fibers 

Liquid crystals, phosphors, light-emitting 
diodes (Gap) 

Liquid crystals, PLZT ceramics 

Short wavelength lasers, chalcogenides, 
magneto-optics 

K(TiO)P04, BaB204, organics, KH2PO4 

Although the main driving force for fiber technology is in 
communications, there is increasing interest in the use of fibers for 
sensing (8) and power transmission. A wide variety of sensors have 
been fabricated including hydrophones, gyroscopes, temperature 
sensors, gas detectors, and many others. Several approaches to 
making such sensors have been studied, some of which incorporate 
active impurities within the fiber core, or special designs of the fiber 
structure, while others use the temperature and pressure dependence 
of the refractive index of the fiber. Large changes in the phase of 
light propagating down lengths of fiber can be measured as a result 
of very small pressure or temperature changes. Infrared-transmitting 
fibers such as chalcogenide glasses GeS2, AsZS3, and AszSe3 and even 
polycrystalline thallium bromo-iodide (KRS5) and heavy metal 
(cadmium, cesium, and lead) halides are under active investigation 
for the delivery of C 0 2  laser power in surgical (9) and robotic 
applications, or even for remote sensing of thermal images. Most of 
these are short fiber-length applications and ultralow loss is not 
required. Because of the simplicity and low cost of remote monitor- 
ing, sensing, and power transmission with fibers, we can anticipate 
expansion in this area of research. 

Semiconductor Lasers and Detectors 
Probably the largest effort in optical materials is currently being 

devoted to semiconductors because of their importance in light- 
emitting devices (lasers and LEDs), detectors, and microelectronics, 
as well as the hope of combining optical and electronic fimctions on 
the same chip. Although silicon is now the dominant material for 
electronics technology, it plays a relatively small role in optics. 
Silicon has an indirect band gap and is not an efficient light emitter. 
It has a center of symmetry and is not useful for nonlinear optics. 
For wavelengths shorter than about 1 pm, however, silicon is the 
material of choice for photodetection because of the high quantum 
efficiency, high degree of uniformity, well-established technology, 
and low price. In addition, the avalanche cross section for electrons 
is very different from that for holes and this leads to exceptionally 
low-noise detectors for high-bandwidth optical detection. 

Group III-V sewzconductors. For LEDs, it is necessary to use direct 
band-gap compound semiconductors. The first semiconductor laser 
ever fabricated was made from GaAs (lo), which efficiently emits 
light near 0.88 pm in the near infrared. This material is still 
important for lasers and LEDs in consumer electronics. Since a 
strong parallel effort is under way to develop high-speed GaAs 
electronic integrated circuits, the dominance of GaAs optoelectron- 
ics is likely to continue for some time. However, since the optical 
loss of fibers at A = 1.5 pm is some 1\10 of that at 0.88 pm, it is 
necessary to go to InP-GaAs alloys operating at longer wavelengths 
for long-distance communication. Some of these alloys have elec- 
tronic properties superior to those of GaAs and may well find 
extensive application for high-speed electronics once the technology 
is fully developed. 

In conventional technology, semiconductor structures for lasers 
and detectors are first deposited as thin films on a substrate of 
equivalent lattice parameter by means of techniques described in 
another article of this issue (11). The material composition is 
determined first by the wavelength of operation and second by the 
choice of substrate. Since the perfection of the epitaxial layers (and 
the resulting device performance) depends on the quality of the 
substrate material, extensive research has been invested in the 
growth of substrates having low defect densities. InPGaAs alloys, 
which form devices that emit light in the 1.3- to 1.55-pm region of 
interest to fiber-optic communications, can be matched to an InP 
substrate. This system is somewhat more difficult to work with than 
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GaAs because of the greater volatility of phosphorus at the growth 
temperature. Nevertheless, the crystal quality now available is 
comparable in both InP- and GaAs-based materials (12). 

The longest wavelength for a device that can be grown on InP is 
about 1.7 pm. [This is demonstrated in figure 1 of (9) . ]  Operation 
at longer wavelengths to achieve ultralow loss can be accomplished 
within the 111-V semiconductor system by incorporating antimony 
in the alloy and using either InAs or GaSb substrates. Less has been 
done with these materials but it appears that there is no basic 
limitation to achieving materials and devices with quality similar to 
GaAs- and InP-based systems. There are wide regions within the 
quaternary field of antimonides where the composition phase 
separates (miscibility gap), but with the proper choice of composi- 
tion such difficulties can generally be avoided. 

An active area of current research is the fabrication of ultrathin 
multilayer structures. Alternating layers of two different composi- 
tions are deposited on a substrate, in which the thickness of each 
layer is about 100 A. The resulting composite material then has 
properties different from either of the constituents. If the composi- 
tions are GaAs and GaAlAs (for which most of this work has been 
done), then electrons in the conduction bands and holes in the 
valence band occupy energy levels intermediate between those of 
either GaAs or GaAlAs. These levels are quantum states of the 
carriers confined within the GaAs layers. The positions of these 
energy states depend on the thickness of GaAs layers. Thus the 
band-gap and electronic properties of structures of this kind can be 
tailored not only by modifying the compositions of the layers but 
also by appropriately designing the thickness of the layers to give the 
required properties (11). An interesting recent advance is the 
realization that transitions between quantized states within the 
conduction band of doped GaAs multilayer structures can be used 
for efficient far-infrared detection, in much the same way as 
intrinsically narrow band-gap semiconductors (13). 

Group II-VI semiconductors. If 111-V semiconductors have received 
the major share of attention for lasers and near-infrared detectors, II- 
VI semiconductors have received the major attention for far-infrared 
detection, particularly in the wavelength range from 5 to 10 pm, 
which is of importance for night vision and thermal imaging. Warm 

(Be Ca K Al) Fluoride 

I 

I I I I l l 1  I I I I I I I I  
0.5 1 5 10 

Wavelength (pm) 

Table 2. Experimentally observed losses of various optical fiber materials 
compared with ultimate theoretical expectations. 

Fiber Optical loss* (dB km-') 
material Experimental Theoretical 

S102 0.16 (1.55) -0.1 (1.55) 

Ge02 4 (2.0) 0.1 (2.5) 

Fluorides 0.9 (2.5) 0.001 (3.5) 

Chalcogenides 35 (2.5) 0.05 (5) 

Plastic 20 (0.7) 

*Values in parentheses are wavelengths in micrometers 

objects, from human beings to aircraft engines, emit radiation in this 
wavelength region which can be detected with semiconductors 
having a sufficiently narrow band gap. 

Figure 2 lists the 11-VI binary semiconductors (14) in the same 
format as shown in (11) for 111-V compounds. It is evident from the 
figure that a wide range of band gaps is available in the 11-VI system, 
and many of these have direct band gaps and emit light. So why do 
we bother with 111-V compounds? The main reason is that when II- 
VI materials were investigated in the 1960s, it was not possible 
except in HgCdTe, to make both p-type (hole conduction) and n- 
type (electron conduction) material from the same composition for 
thermodynamic reasons. It requires less energy to create structural 
defects (that is, anion or cation vacancies) than to create free carriers 
in the conduction or valence bands. For injection lasers it is essential 
to have p-n junctions in order to excite light emission with electric 
current. This is readily accomplished in GaAs by doping, and 
consequently this technology gained momentum. 

Group 11-VI materials have recently received increased attention 
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Fig. 1. Wavelength dependence of the theoretical optical loss of various fiber Fig. 2. Optical energy gap as a function of lattice parameter for some 11-VI 
materials. semiconductors. 
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Table 3. Electro-optic coefficient, refractive index n, and dielectric constant e 
of some important electro-optic materials. The product n3r and n3r/e are 
important figures of merit for switching applications. 

r 
Material ( ~ 1 0 ' ~  m n e n3r n3rie 

v-'1 
- - -  

Oxides 
BaTi03 1,640 2.46 3,600 24,400 6.8 
BiSi120zo 5 2.54 47 82 1.7 
LiNbO, 32 2.27 43 374 8.7 
Sro 7~Ba0.25Nb206 1,340 2.30 3,400 16,303 4.8 

Semiconductors 
In!? 1.45 3.29 12.6 52 4.1 
GaAs 1.2 3.60 13.2 56 4.2 
CdTe 6.8 2.82 9.4 1.52 16 

because of the need for semiconductor lasers and LEDs that emit 
in the blue. Blue lasers would allow higher density data storage on 
video disks, and blue LEDs are useful for information display. With 
new low-temperature crystal growth procedures and novel multilay- 
er structures, this area of research is likely to yield important new 
results. 

For wavelengths beyond 0.85 pm mercury is a necessary constitu- 
ent for 11-VI materials (Fig. 2). HgTe is a semimetal, and alloys with 
other 11-VI compounds can be made that cover the entire wave- 
length range from the far-infrared to the visible. Material can be 
made both p- and n-type and high-quality infrared detectors are 
commercially available that are made from HgCdTe alloys. Mercury 
is, however, a difficult element to work with in a crystal growth 
environment because of its high vapor pressure at normal crystal - - 
growth temperatures. ~urthermore, mercury diffises rapidly 
through crystals, even at temperatures as low as 250°C. To fabricate 
sharp interfaces or multilayer structures, it is necessary to grow 
mercury compounds below this temperature. The most promising 
approaches appear to be molecular beam epitaxy or chemical vapor 
deposition techniques (15). One of the major driving forces for 
HgCdTe is the desire of the military to have a two-dimensional 
detector array for thermal imaging. These require very good unifor- 
mity of composition because the semiconductor band gap varies 
rapidly with mercury content. The required uniformity is difficult to 
achieve in practice. Another obstacle is the fact that large CdTe 
substrates are difficult to grow with low defect density, owing to the 
difficulty in reducing thermally induced stress in the crystals. New 
crystal growth techniques or alternative substrate materials are 
needed to overcome those problems. Some progress has been made 
with the use of CdMnTe and CdZnTe substrates that reduce the 
defect density. The presence of the third constituent hardens the 
material against disldcation and twin formation (16). 

Although 11-VI semiconductors have advantages over 111-V com- 
pounds in both the very short and very long wavelength regimes, it 
is also possible to induce unique magnetic characteristics in certain 
compositions. Ternary compounds such as CdMnTe and CdMnSe 
are magnetic semiconductors in which the magnetic moment of the 
manganese ions interacts with the conduction electrons of the 
semiconductors. This results in huge effective magnetic moments. 
Giant magneto-optic effects occur near the semiconductor band 
edge and are currently under investigation for optical switches and 
isolators (17). The Verdet constant of CdMnTe at room tempera- 
ture, which is a measure of the magnetic field dependence of the 
Faraday rotation of polarized light, is about 1" cm-' G-' near the 
band edge at 620 nm. This means that with a magnetic field of 1 kG 
the 45" optical rotation required for isolators can be achieved in a 
0.5-mm path length. Similar values are achieved at shorter wave- 

lengths in ZnMnTe and ZnMnSe. These are some two orders of 
magnitude greater than the Verdet constants of 
glasses. The rotation achievable with practical ferromagnets such as 
bismuth-substituted yttrium-iron-garnet is 200" to 1000" cm-' in 
the infrared near 1.5 pm (a permanent magnetic field is not required 
for ferromagnetic isolators). Thus, these magnetic semiconductors 
produce comparable optical rotation with moderate magnetic fields 
in the visible spectrum. 

11-VI materials also have certain band structure advantages for 
avalanche detection in the near-infrared region of importance for 
optical communication. In 111-V alloys the avalanche ionization 
ratio of electrons and holes is close to unity (except in special 
multilayer structures), and this results in noisy detectors. In some 
HgCdTe compositions, however, the ratio becomes extremely large 
(IS), giving these materials the same advantage as silicon for 
avalanche detectors but for longer wavelength applications. 

These special characteristics of 11-VI alloys have encouraged a 
great deal of research in recent years, and it appears likely that many 
of the difficulties will be overcome with the new approaches to 
crystal growth and processing. If the cost of 11-VI devices can be 
reduced, an expansion of interest for consumer products for seeing 
in the dark and communications can be anticipated in addition to 
military applications. 

Alternative szlbstrates. Conventional wisdom in the field of semi- 
conductor epitaxial growth has been that the lattice parameter 
of the deposited layer should match that of the substrate to within 
0.1 percent. Thus, for each new material of interest, a new sub- 
strate technology had to be developed. This is a time-consum- 
ing process which inhibits the development of new device 
materials. 

Because of the high perfection, large size, low cost, high mechani- 
cal strength, and good thermal conductivity of silicon single crystals, 
much effort is being dedicated to the growth of GaAs on silicon 
substrates (19), even though the lattice mismatch is 4 percent. To 
date the GaAs films grown this way have better quality than might 
be expected and devices fabricated on thin films have shown 
comparable performance to those fabricated on GaAs substrates. 
The future of this new approach to the growth of GaAs is not yet 
clear, but it is off to a promising start. Likewise, CdTe is currently 
being grown on GaAs (20), which has a 14 percent lattice mismatch, 
with reasonable success, but again the quality is not yet as good as 
that of CdTe grown on CdTe substrates. In each of these research 
directions, it is essential to discover exactly what is required for 
device yield, reproducibility, and long-term stability. 

@oup IV superlatrices. The ability to tailor optical and electrical 
properties by depositing alternating layers of two different composi- 
tions to generate new material properties is, as mentioned above, 
one of the most active areas of semiconductor research. Silicon- 
germanium superlattices (21) represent an exciting area of research 
in this direction. It is now possible (22) to deposit by molecular 
beam epitaxy individual atomic layers of silicon and germanium 
with very high accuracy and to prepare ordered superlattices in 
which the superlattice period is comparable to or smaller than the 
elementary unit cell of germanium or silicon. Not only is it possible 
to combine the advantages of both silicon and germanium in one 
material, but the material can have completely new properties that 
are not characteristic of either germanium or silicon. A particular 
challenge, which has not yet been realized, is to design group IV 
structures that efficiently emit light. 

Other sewiconductor systems. Although most research in semicon- 
ductor materials is being carried out on those materials already 
discussed, many other semiconductor materials systems have re- 
ceived less attention or have even been ignored. Group IV-VI 
semiconductors such as PbTe and PbSnTe have been developed and 
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are commercially available as lasers for the middle infrared. 'Figure 3 
shows the optical band gap versus the lattice parameter (23) of the 
lead-tin chalcogenides. These materials have not shown promise for 
infrared detection because of the high-background free-carrier con- 
centration associated with natural defects in the material. The energy 
to create vacancies in PbTe type materials is very low and typical 
materials have 10" vacancies per cubic centimeter. This problem is 
even more severe than that ?or 11-VI materials but may also be 
reduced by low-temperature growth techniques. 

Complex materials in the 11-111-VI system, such as ZnIn2S4 and 
CdIn2Se4, exhibit fascinating optical switching behavior (24). Mate- 
rials in the I-111-VI system, such as CuInSn, have been studied for 
solar cells (25). 11-IV-VI materials, such as ZnGeP2, have interesting 
nonlinear optical properties (26). Because there is little existing 
materials technology, efforts to develop new materials occur only if 
they exhibit special characteristics that cannot be achieved with the 
more advanced materials. 

Electro-Optic Switching and Modulation 
Communication systems generally need some form of switching 

system to couple specific input channels to specific output channels. 
In optical communications, this can be accomplished with electronic 
switching systems by first detecting the optical signal and then 
converting back to optics with lasers after the switching functions 
are completed. This entire process can be simplified by directly 
switching the optical signals with electro-optic waveguide switches 
(27) fabricated in LiNbO3. Electro-optic switching with LiNb03 
has only been accomplished on a relatively small scale-four fibers 
in. fou; fibers out. br one fiber in. sixteen fibers out. The real 
advantage of electrh-optic switching is the extremely wide band- 
width of the switch. At present, LiNb03 is the material of choice for 
this application because it has a moderately large electro-optic 
coefficient (28), crystals can be grown with good optical quality, and 
waveguides can be fabricated by titanium diffi~ion below the 
LiNb03 substrate (29). Titanium increases the refractive index of 
the LiNb03 so that light is guided within the diffised region in the 
same way as it is in an optical fiber. Light propagating in one guide 
can be coupled into a neighboring guide by application of an electric 
field, thereby switching the light. The electric field and the length of 
the switch that are required are both inversely proportional to the 
electro-optic coefficient, so that materials of high electro-optic 
coefficient are desirable for efficient switching. A list of electro-optic 
materials is shown in Table 3, together with an important figure of 
merit for switching, n3r, where n is the refractive index and r the 
electro-optic coefficient (only the largest coefficient of each materials 
is listed): GaAs and InP arc elect;-optic materials and offer the 
possibility of combining electro-optic switches or modulators on the 
same substrate as the lasers or detectors. The electro-optic coeffi- 
cients of GaAs and InP are small compared with those of LiNbOl. +, 

however, and so these materials are of limited use for many 
switching applications. Electro-absorption, on the other hand, offers 
an alternative to the electro-owic effect for modulation and limited 
switching operations in monolithic GaAsIGaAlAs multilayer struc- 
tures (30). This effect is a result of the electric field-induced shift of 
the optical absorption edge. Sufficient absorption change can be 
achieved to permit switching in just a few micrometers of optical 
path length. 

Ferroelectric materials, such as Srl,Bal,NbzOs (SBN) and 
BaTi03, have particularly large coefficients, but these materials are 
extremely difficult to grow with adequate size and optical quality 
and so a waveguide technology has not yet been developed. 
Transparent polycrystalline ceramics in the lanthanum-doped lead 
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Fig. 3. Optical energy as a hnction of lattice parameter for some IV-VI 
semiconductors. 

zirconate-titanate system (PLZT) have large electro-optic coeffi- 
cients and, though adequate for incoherent light applications, scatter 
light too strongly for most laser and switching applications. SBN, 
PLZT, and BaTi03 have large dielectric constants and large dielec- 
tric loss, which can be a disadvantage for high-speed switching. The 
difficulty in growing high-quality single crystals with large electro- 
optic coefficients is fundamental: Because small electric fields create 
large changes in refractive index, so do small changes in material 
composition and elastic strain. Thus the perfection required of 
highly nonlinear materials is greater than that required of linear 
optical materials. To achieve the optical quality necessary for simple 
switching applications will require a novel approach to crystal 
growth. Perhaps thin-film techniques used for quaternary semicon- 
ductors may be used to advantage in these materials systems. 

Organic materials offer the potential for a large electro-optic effect 
where the nonlinear behavior is of electronic origin and the 
problems mentioned for ionic crystals should disappear. Despite the 
fact that large second-order nonlinear polarizabilities were measured 
in organic molecules many years ago (31), no practical material has 
yet emerged with an electro-optic coefficient close to that of 
LiNb03. Because the molecular dipoles tend to align in an antiparal- 
lel manner in organic crystal structures rather &an in a parallel 
manner required for electro-optics, it has been difficult to utilize the 
full molecular nonlinear polarizability. This area of research is still 
being actively pursued. It is not yet clear whether achieving high 
optical quality together with high optical nonlinearity will be as 
difficult as for ionic crystals. 

To avoid the crystal growth problems, some groups have investi- 
gated the alignment of organic molecules in noncrystalline polymers 
and liquid crystals (32). Such approaches would permit simple 
device fabrication. However, at this time the electro-optic coeffi- 
cients are too small for organic crystals to compete w i t h ~ i ~ b 0 ~ .  

Although LiNb03 technology is now quite advanced, this materi- 
al is not without problems. Careful control of crystal growth is 
critical to achieve uniform stoichiometrv and reproducible charac- 
teristics. Photorefractive effects unfortunately prohibit the use of 
this material at room temperature with visible wavelengths. Because 
of the importance of this material, considerable effort is being 
devoted to-overcoming these problems. 

- 

Although electro-optic switching has dominated optical switch- 
ing research, acousto-optic derives are finding application in laser 
mode-lockers and Q-switches (usually quartz crystals are used) and 
for radio-frequency spectrum analyzers (with LiNb03 waveguides). 
In this case, the switching is based on the diffraction of light from a 
refractive index grating created by an acoustic wave propagating in 
the material. The speed of this kind of switching is limited by the 
acoustic velocity and is not adequate for communication require- 
ments. 
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All-Optical Information Processing 

A logical extension of the development of optics for data transmis- 
sion and switching is to perform all information processing with 
light beams alone, that is, to use light beams to control other light 
beams. Because photons do not directly interact with each other the 
way electrons do, a nonlinear optical medium that mediates the 
interaction of two light beams is required. To this end, the search for 
materials having large optical nonlinearities has recently gathered 
momentum. If there is to be an optical computer of the future, it will 
have an architecture quite different from that of digital electronic 
computers. The goal of such a machine would be to take advantage 
of the ultrahigh speeds available with optics [laser pulses as short as 
8 fsec have been measured (33)] or the high degree of parallelism 
and simple interconnection offered by optics. With existing materi- 
als, however, an energy of about 0.1 to 1 pJ is still required for each 
switching event, which limits the data rate to 1012 to 1013 bits per 
second for a 1-W laser, regardless of whether serial or parallel 
processing architectures are used (34). The achievement of both a 
high degree of parallelism and a high pulse throughput will require 
considerable advances in nonlinear optical materials. In the mean- 
time it seems certain that applications will emerge, such as image 
processing, that benefit from optics without competing directly with 
electronic computers. 

Nonlinear optical materials under investigation for optical pro- 
cessing are semiconductors, both in bulk form and as multilayer 
quantum-well structures, glasses containing semiconductor crystal- 
lites, photorefractive materials, and organic materials. The common 
goal with these materials is to rapidly create a large change in the 
optical properties of the material, either the refractive index, the 
optical absorption, or the reflectivity when the "control" light beam 
passes through the material. Nonlinear absorption (photochro- 
mism) has long been studied for such applications as optical 
memory and variable-density sunglasses where high speed is not a 
critical factor. A nonlinear index n2 can be defined by An = n21 
where An is the index change created by light of intensity I 
(nonlinear absorption and nonlinear reflection can be defined in the 
same way). This change then affects the propagation of the "signal" 
beam. On a microscopic scale, this is achieved by creating a large 
change in the electronic dipole moment with a photon. If the 
control light beam is absorbed by the material and excites electrons 
to a higher energy state, the nonlinearities are generally larger than 
when the material is transparent. If the material is transparent, the 
nonresonant nonlinearity is due solely to the effects of the optical 
electric field on the valence electrons of the solid. Such effects can 
exhibit subpicosecond response with minimum power dissipation, 
but the nonlinearities are small and require very high optical 
intensities for switching. Resonant (absorbing) nonlinearities can be 
orders of magnitude larger, thereby permitting much lower switch- 
ing intensities. The penalty is higher power dissipation and slower 
response: The excited state must relax to the ground state before the 
medium can be used for a second switching event. The power 
dissipation is serious not only because of the difficulty of cooling the 
device, but also because resonant nonlinearities are generally very 
temperature sensitive. 

Both resonant and nonresonant nonlinearities in organic materials 
are being investigated. Polydiacetylenes [p-toluene sulfonate (PTS), 
for example] currently have the highest known nonlinearities of all 
organic materials. This molecule is a long conjugated diacetylene 
polymer with appreciable electronic delocalization along the poly- 
mer chain. The intense optical transitions in these molecules give 
rise to the large optically induced dipole and the large nonlinearity. 

Extremely large resonant effects were observed at the peak of the 
molecular exciton resonance in PTS-some three orders of magni- 

tude larger than measurements in the absorption tail (35). Large 
changes in the reflectivity (AR - 0.05) were observed in transient 
diffraction at intensities of 100 MW cm-2 with an intrinsic material 
response time of 2 psec. The exciton length in this case (the extent of 
the exciton wave function) was about 30 A. and the ratio of 
nonlinear index n2 to the absorption coefficient a was approximately 
constant over the exciton absorption line. The higher nonlinearity is 
achieved at the expense of decreased optical interaction length and 
increased local heating. " 

Knowledge of the effects of electron delocalization in organic 
molecules has been invaluable for developing other material systems. 
Many semiconductors including GaAs (36) and InSb (37) exhibit 
large resonant optical nonlinearities near the electronic band edges 
where excitons (electrons in the conduction band bound to holes in 
the valence band) have sham absor~tion bands. These excitons have 
diameters typically in the lb- to 160-!L range-omparable to that 
of molecular excitons in PTS. In some semiconductors, the exciton 
absorption lines can be extremely sharp, giving rise to a large 
oscillator strength and low energies for saturating the absorption. 
Because the exciton lifetimes are quite long (>lo-' second) and 
temperature-sensitive, exciton saturation in these materials is not 
likely to be useful for very high speed, high repetition rate applica- 
tions. Intersubband transitions in doped superlattices provide much 
faster response (38) but heating remains an issue. 

In multilaver semiconductor structures such as GaAs-GaA1As 
quantum wells ( l l ) ,  it is possible to confine the exciton within the 
layers of thickness comparable to the exciton diameter. This in- 
creases the exiton binding energy and, unlike the situation in bulk 
materials, the absorption peaks are sharp and well-resolved at room 
temperature (36). The nonlinear index increases as a result of the 
confinement. but saturation effects occur at such low intensities that 
it is difficult to achieve sufficient index change for practical applica- 
tion unless the material is placed inside a Fabry-Perot cavity. On the 
other hand, electric field-induced shifts of the exciton absorption 
peak can form the basis of an efficient electroabsorption switchon a 
nanosecond time scale (30) with the electric field variation induced 
optically by the drift of photoexcited carriers. 

Further confinement of excitons in three dimensions, either by 
appropriately structuring the multilayers on a scale of 100 A to 
produce "quantum dots" (39) or by preparing semiconductor 
crystallites within a glass matrix, can give rise to further enhance- 
ment of the nonlinear index (40). Experiments have been performed 
with optical filter glasses which contain small CdS and CdSe 
precipitates in a glass matrix. The electronic states in these quantum 
dots now become well-separated one-electron states similar to the 
molecular states of large molecules. The available exciton oscillator ., 
strength is squeezed into a narrower spectral region. As in the case 
of PTS, the ratio of the nonlinear index to the optical absorption 
coefficient remains approximately constant as the exciton becomes 
confined (39), which implies that the switching energy remains 
constant. Nonlinear optics with small particles might be advanta- 
geous because of a local field effect that enhances the optical field 
within the particles (40, 41) so that they act like small lenses. For 
dilute systems of semiconductors (such as CdS particles in silicate 
glasses) and metal particles (such as silver and gold colloids), 
enhancements as a result of the local field effect have been observed. 
As the particle density increases, these local field effects are expected 
to decrease as a result of  article interactions. 

Semiconductors offer several options for tailoring materials for 
specific needs, but at this time it is not clear which approach or 
which material is best suited for general purpose applications. 
Factors such as wavelength of operation (which determines the 
limiting pixel size), nonlinear index n2, and the magnitude of the 
change of the optical path length that is achievable under saturation, 
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are all important. In any application involving two or more nonlin- 
ear switching elements in cascade, then the effects of optical loss in 
absorbing materials must be considered, or multiple wavelength 
operation must be used. 

The photorefractive effect is another nonlinear mechanism that is 
especially well-suited to image processing (42). Indeed, a wide range 
of applications including phase conjugation, real-time holographic 
interferometry, matrix multiplication, image amplification, convolu- 
tion, and correlation have already been demonstrated (42). Typical 
energy requirements are about 1 pJ per resolution element-about 
the same as for the other nonlinear mechanisms. The photorefractive 
effect is based on electronic charge separation in electro-optic 
crystals: Local space-charge fields created by redistribution of 
photoexcited carriers can give rise to an index change by the electro- 
optic effect. In optimized materials, carriers are transported by drift 
or difision over distances of several hundred nanometers, thereby 
creating a large dipole that polarizes the surrounding lattice. The 
effect is large only in thick crystals (typically several millimeters) and 
usually involves volume holography. It is only weakly temperature 
dependent and is nonresonant. Presumably, resonant photorefrac- 
tive effects near a sharp absorption edge would be larger, but this has 
not yet been demonstrated. 

The photorefractive effect has been regarded as a slow effect, 
useful only in applications involving a high degree of parallelism 
(images with -10' bits cm-'). This is because the effect was first 
studied in highly resistive, low-mobility ferroelectric oxides such as 
LiNb03, SBN, BaTi03, and the electro-optic photoconductor 
BiSiI2O2@ Efficient submicrosecond photorefractive effects have 
now been demonstrated in high-resistivity InP, GaAs, and CdTe 
(43), and very recently effects have been observed on a 40-psec time 
scale (44). These semiconductors can be tailored for specific applica- 
tions: The response time can be varied from milliseconds (for 
applications requiring memory) to picoseconds; the wavelength of 
operation can be varied throughout the near-infrared; and the 
photorefractive sensitivity can be varied with an external electric 
field or light beam. Since the effect depends on absorbed energy, a 
compromise must be reached between the desired speed of opera- 
tion and the desired index change. For phase conjugation, large 
index changes are required and this implies slow materials with large 
electro-optic coefficients such as SBN and BaTi03, which have large 
values of n3r, as shown in Table 3. For optical information 
processing, small index changes can be tolerated such as those 
achievable with InP, GaAs and CdTe, and high-speed operation is 
possible with pulsed lasers. 

With all the activity in recent years, a wide range of new ideas 
have emerged that will provide the basis for future optical process- 
ing. Nonlinear optical elements have been placed within optical 
cavities to provide feedback and perform digital switching with 
amplified sensitivity. Several simple optical logic schemes have been 
demonstrated. At present, however, there is no architecture suitable 
for using the existing materials for general-purpose computation 
and the materials requirements are not well defined. It is, therefore, 
not prudent to focus research on any specific materials system or 
physical mechanism. Limited image processing has been demon- 
strated with existin hotorefractive materials with effective 

$ P  throughputs of >lo1 bits per second and 1-W lasers, and these are 
probably the first applications of optical processors. It is not clear 
that optics can meet the requirements of a high-speed general- 
purpose optical computer, even if we use projections based on our 
current understanding of materials. The hope is that this can be 
overcome by completely novel approaches to architecture. 

Conclusion 

Since optics already has a strong foothold in several technologies, 
we can expect a continuing expansion in the foreseeable future as the 
frontier between optics and electronics is pushed forward. Current 
technology is based on materials discovered decades ago. Commer- 
cially successful materials are not necessarily those with the largest 
technical figures of merit. Compromises are always made on the 
basis of such factors as optical quality, damage threshold, and 
difficulty of material preparation as well as the basic physical 
parameters of the materials. Materials synthesis and processing 
techniques have not been discussed in this article but they are clearly 
vital factors in the development of a new materials technology. 
Optical materials research must continue in all of these areas to 
discover new alternatives for future applications. 
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