
F R O N T I E R S  IN MATERIALS SCIENCE 

Nonlinear Competition Heats Up 
Four materials that transform light in unusual ways are going head to head in the race to build the fastest 

devices-such as switches-for optical communications systems 

T h e  revolutionary process has already begun 
of trading in the current vehicles of informa- 
tion transfer-electrons. which are shunted 
around at relatively plodding rates-for racy, 
high-speed photons. Long-distance fiber-op- 
tic roadways have been laid down to whisk 
these optical vehicles between computer and 
telecommunications systems separated by 
continents and oceans. But fully light-based 
communications systems will require not 
only interstate highways but also optical on- 
ramps, off-ramps, and interchanges to direct 
the photons to their destinations, as well as 
devices to generate and decipher the flashes 
of light that carry the messages. 

Central to the construction of these new 
devices are substances known as nonlinear 
optical (NLO) materials. Unlike most other 
materials, nonlinear forms undergo intrigu- 
ing changes when light or other energy 
passes through them, which in turn can alter 
light as it moves through. Pass- an infrared 
laser beam through an NLO inorganic crys- 
tal, for example, and it may come out green. 
Or the crystal may act as a switch, jumping 
the beam from one fiber-optic 
line to another. 

Normal linear materials are 
like a road that doesn't alter the 
behavior of cars that drive along 
its surface, explains Mohammed 
Islam, a professor of electrical 
engineering at the University of 
Michigan, Ann Arbor. "But non- 
linear materials are akin to wa- 
ter," he says. "When one boat 
goes through, it creates a wake 
that affects those in the vicinity." 

Such behavior has been 
known for decades, and materi- 
als scientists have been ~uttine 

The value of order-and disorderin 
materials is explored in this special news 
section. Ordered crystals and semi- 
ordered glass, among other substances, 
are competing for use in various optical 
communications devices; the race is de- 
scribed in our first story. A change in the 
internal order of plastic optical fibers- 
the topic of the next s t o v a y  finally 
bring fiber optics into the home. The third 
story looks at how d ~ g  and biotech com- 
panies, taking t h e w  cues from embryonic 
brine shrimp, are expkiing new ideas 
about glassy states to preserve their prod- 
ucts. Related Articles begin on p. 1924. 

beginning to challenge the supremacy of the 
inorganics," says Larry Dalton, a professor of 
chemistry and engineering at the University 
of Southern California (USC). 

The battle for supremacy is getting par- 
ticularly hot around two applications. NLO 
polymers are rapidly approaching commer- 
cialization in electro-optic modulators, de- 
vices that encode information in a stream of 

- 
it to use for nearly that long. For Making the code. A nonlinear polymer-based modulator can 
the last 30 years, the NLO mate- chop a laser beam into pulses coded for data transmission. 
rials that have occupied center 
stage have been inorganic crystals, such as laser pulses (a capacity that has long been 
lithium niobate or quartz. But these inor- the sole domain of crystals). In addition, 
ganic crystals have a number of drawbacks: glass fibers and semiconductor NLO materi- 
They are expensive, fragile, and difficult to als are competing to be used as all-optical 
integrate with the materials that make up switches-equivalent to the transistor-be- 
today's communications devices, such as op- cause both can use one light beam to change 
tical fibers and semiconductors. So more re- the direction of another. 
cently researchers have been exploring NLO These races, and competitions for a host 
effects in other materials. And three other of other applications, are creating a cli- 
candidates-polymers, semiconductors, and mate of intense excitement. "The field is 
glass optical fibers-are showing excep- exploding right now," says Daniel Chemla, 
tional promise. Indeed, these substances "are a solid-state physicist and nonlinear-op- 

tics specialist with joint appointments at 
the University of California, Berkeley, and 
the Lawrence Berkeley Laboratory. "I 
don't know if you can even call this a single 
field anymore." 

Coding pulses 
What does unite all NLO materials is their 
unique light-changing abilities. Underlying 
that behavior is the fact that the electronic 
charges of NLO materials are exceptionally 
easy to polarize, or displace along the mol- 
ecule, under the influence of a passing wave 
of energy. This wave can either be the origi- 
nal beam of light itself, an additional control 
beam, or even an applied electric voltage. 
The electric field of the incoming wave can 
cause negatively charged electrons and posi- 
tively charged ions in the material to vibrate. 
If that vibration is strong enough, it can af- 
fect the frequency of the original wave, over- 
lapping and reinforcing it like the overtones 
of a musical note. This can have any number 
of consequences: It can change the speed 
with which light moves through a material 
(the refractive index), change the material's 
transparency, or alter the frequency of the 
output beam. 

While this ability to shift the frequency of 
laser light continues to be one of the most 
lucrative properties of NLO materials (see 
box on p. 1920), it's their ability to change 
their refractive index that's likely to prove 
essential to the future of optical information 
networks. This property forms the basis for 
electro-optic modulators, which can trans- 
form a single beam of light into a series of 
discrete pulses, suitable for transmitting in- 
formation. NLO researchers routinelv dis- 
agree about whether such devices are truly 
nonlinear, as they control a beam of light 
with an electric field instead of another opti- 
cal beam or just the original beam itself. "But 
what is light besides an electromagnetic 
wave?" asks Chemla rhetorically. "So it's ar- 
tificial to separate the two." 

The most common design for such modu- 
lators, called a Mach-Zehnder interferometer, 
works by controlling the interference be- 
tween two beams of light. The interference 
patterns determine whether the two beams 
merge to produce a single, stronger beam or 
cancel each other out. Photons in these 
beams behave like waves which. iust like , , 
waves in the ocean, have a repeating series of 
peaks and troughs. When a light beam enters 
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this device, it is split into two separate pulses 
whose peaks and troughs are perfectly aligned. 
These pulses then enter parallel channels 
carved in an NLO material. As long as the 
NLO material in both channels has the same 
refractive index, the waves move at the same 
speed and their peaks and troughs remain in 
synch. When the two waves recombine in a 
single channel at the end of the device, the 
original beam is restored. 

When a voltage is applied across one of 
the channels, however, it produces electrical 
waves that travel aloneside the ~hotons in - 
the channel. These traveling electric waves 
boost the index of refraction of the material. 
slowing the light enough that its 
now line up with the troughs of the unaf- 
fected beam, a change known as a pi phase 
shift. When these out-of-phase waves meet 
at the single channel, they cancel each other 
out, and the pulse is stopped. Thus by vary- 
ing the applied electric field, 
devicemakers can chop a single 
beam of laser light into separate 
pulses. 

"But different NLO materi- r 
als produce this change in in- 
dex of refraction, and therefore 
the change in phase, by differ- 
ent mechanisms," says Dalton. 
Lithium niobate crystals-the 
current mainstay of commer- 
cial electro-optic modulators-- 
change their index of refrac- 
tion partly by moving relatively 
heavy ions back and forth in 

modulators have the potential to pulse light 
beams at even higher speeds than inorganics. 
The movement of ions in the lithium nio- 
bate, he explains, slows high-speed electric 
waves, causing them to fall behind some of 
the racing photons, which then cannot be 
phase-shifted. The polymers, on the other 
hand, change their refractive index by whisk- 
ing electrons around. Electrons don't slow 
down the traveling electric waves, and, as a 
result, these devices have the potential to 
increase their top speeds. "The higher the 
speed, the more information you can put in 
the optical beam," says Steier. 

Over the last few vears. researchers have , . 
been tailoring new NLO polymers and 
steadily improving their effects. And al- 
though polymer-based electro-optic modula- 
tors have yet to make it to the market, they 
are beginning to post impressive research 
results. In a forthcoming paper in the jour- 

Control pulse 
Signal pulse 
Out-of-ohase oulse ' 

make it to the market within 2 years, where 
they will go head-to-head with their crystal- 
line competition. 

Ultimate light switches 
Two different NLO materials-lass optical 
fibers and semiconductors-are also going 
head-to-head in the effort to commercialize 
all-optical switches. No matter which is suc- 
cessful, if all-optical switches could be made 
practical, they would break an irksome 
bottleneck in telecommunications. 

"At the moment. all fiber-o~tic commu- 
nications systems are limited by electronic 
com~onents" that can detect and retransmit 
signals at a top speed of around 10 gigabits 
per second, says Erich Ippen, a professor of 
electrical engineering and computer science 
at the Massachusetts Institute of Technology 
in Cambridge. "To break this bottleneck, 
you'd like to be able to do that all optically," 

he says. But although nonlin- 
5 ear-optics researchers have 
e been producing prototype 

optical switches since the 
mid-1980s, transferring these 

P achievements to the market 2 remains "at least one 'eureka' 
3 away," according to MIT 
- electrical engineer Kristin 

Rauschenbach. 
The need for the eureka, 

explains Nassar Peyghambar- 
ian, a professor of optical sci- 
ences at the University of 
Arizona, Tucson, is that opti- 

1 1  
the material. Commercial lith- cal switching relies on more 
ium niobate modulators switch complex behavior of the 
l i~h t  ~ulses on and off at a rate NLO material. which "takes 
oF20billion times Per second, Loopy Idea. Glass fiber-optical s=es can route beams of light by changing muchhigherfields tobegin to 
or 20 gigahertz. And experi- their properties. In this design, a signal pulse (1) is spli into two beams that travel generate." Ironically, up to 
mental NLO crystal devices in opposite directions around a fiber loop (2). A control pulse is added (3) so it now the most successful ma- 
made last year by researchers at t'@&$ alongside one signal Pulses altering its Phase (4). The changed Phase terials used in optical switches 

causes the beam sprier to route the reunited signal pulses down a particular fiber have been glass optical fibers, NTT in Yokosuka, Japan, have (5). Wih no control pulse added, the signal pulses are sent down another fiber. 
even pushed such modulators which have a vanishingly 
to a blinding 75 gigahertz. small NLO effect. But in 

But the high price of growing the crystals nal Chemistry of Materials, for example, Dal- their favor, such fibers are nearly perfectly 
can drive the cost of the lithium niobate ton, Steier, and their colleague Harold transparent. That allows control and signal 
modulators as high as $50,000, says Rick Fetterman at the University of California, light pulses to travel in tandem through kilo- 
Lytel, a device physicist at Akzo Nobel Elec- Los Angeles, report using a polymer called meters of fiber with little energy loss, allow- 
tronic Products in Redwood City, Califor- polyurethane-Disperse Red 19 (PUR-DR19) ing the nonlinear effect produced by the con- 
nia. Another drawback of inorganic NLO to make an electro-optic modulator that op- trol pulse to build to the needed levels. 
crystals is that they are difficult to grow on erates at up to 60 gi&hertz. And, says Dal- One of the most common optical 
semiconductor materials, adds USC electri- ton, "theory tells us that polymers will get us switches utilizing glass fibers is known as the 
cal engineer William Steier, and this makes to 200 gigahertz." nonlinear optical loop mirror (NOLM). 
them verv difficult to inteerate with semi- But ~olvmers have their downside. notes These devices are similar to Mach-Zehnder - 
conductor-based microelectronics devices. 

Polymers as pulsemakers 
NLO polymers, on the other hand, may be 
able to sidestep these pitfalls. Not only are 
polymers far cheaper to make because they 
can be engineered using common organic 
synthesis techniques, but they can easily be 
layered on semiconductors, says Steier. 
What's more, he adds, the polymer-based 

. , 
Lytel. Although fast, polymers are not as ro- 
bust as the inorganics, typically breaking 
down with continued exposure to high tem- 
peratures. Dalton says his group's device has 
proved it can last up to 1000 hours at 100 
degrees Celsius. Of course, that's not the 
multiyear life-span that telecommunications 
companies will be looking for. But based on 
the current pace of development, Lytel pre- 
dicts that polymer-based modulators will 

interferometers in that they exploit the same 
principal of changing the refractive index of 
the NLO material to generate interference 
between two light waves. And like the inter- 
ferometers, NOLMs begin by splitting a sin- 
gle light pulse into two. But there the devices 
depart in design and function. In the loop 
mirror switch, the two pulses, once split, travel 
in opposite directions through a long loop of 
fiber, passing each other briefly in the middle 
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Blue-Light Special 
Laser manufacturers have lone wanted to-
sing the blues-and with nonlinear optics 
they may soon get their wish. A blue-light 
semiconductor laser-a device much like 
the cheap, compact infrared lasers found 
in CD players but with shorter wave-
lengths-has topped their wish list. Short 
wavelengths mean information could be 
more tightly packed on optical disks, in-
creasing their storage capacity. "The de-
mand for blue lasers is here now. There are 
huge potential markets for this," says 
DerekNam, an electrical engineer at SDL 
Inc., a laser diode manufacturer in San 
Jose, California. 

But demand is far ahead of supply. La-
ser makers have had real trouble getting 
blue light from semiconductors. Materials 
that emit blue light when they're jolted 
with electricity, such as zinc selenide, are 
not very durable, and the emitted light is 
often too dim (Science, 24 February, p. 

Laser lieht is shot through a nonlinear- .., 
crystal called potassium niobate, and 
anv lieht not converted to blue is caD-, -
tured by a mirrored "resonant chamber" 
and sent through again. "It allows you to 
build up power at a particular frequency," 
explains John Trail, an optical engineer 
heading the project. With efficiency 
rates of 30% even a small, 100-milliwatt 
infrared laser can eenerate nearlv 30 milli--
watts of blue light-plenty of illumination 
for reading and writing optical disks. 
Coherent's blue laser will be on the mar-
ket this spring,but at $25,000 it's destined 
for high-end computer systems with mas-
sive storage needs. Despite the cost it is 
something of a landmark: the first solid-
state blue laser on the market. "People 
have wanted to do this for a long while," 
says Trail. 

At DuPont, physicistJohn Bierlein has 
taken a different route. Instead of recv-. 

1093). So researchers are trying to enter Mo' better blues. Firing an infraredsernicon- cling the unconverted light, his group 
the blue-light marketplace via a back door ductor laser through a nonlinear crystal pro- confines the original infrared beam in a 
known as nonlinear "frequency doubling." duceS a blue light btx~rn. "wave guide," a thin channel of nonlinear 

Specific frequencies of light entering a material that doubles the frequency of the 
nonlinear material set in motion a complex interaction among infrared photons and keeps the laser beam tightly focused, main-
electrons that affects the frequency of the light leaving the sub- taining its intensity. The device is still only about 10% efficient, 
stance, doubling it and cutting its wavelength in half (see main but starting with a typical infrared laser the final output is well 
text). That means light from a conventional, durable infrared over 2 milliwatts-still the minimum needed to read an optical 
semiconductor laser with a wavelength of 860 nanometers can be disk. Japan's Pioneer Electronic Corp. has licensed the technol-
shot through anonlinear crystal and generate light at 430 nanom- ogy from DuPont and built a prototype system which packs an 
eters-comfortably in the blue part of the spectrum. entire movie's worth of high-quality video on a laser disk the size 

But in nonlinear optics, things are rarely comfortable or of today's audio CDs. 
straightforward,particularly solutions. "The problem," says Nam, Promising as these developments now seem, some blue-laser 
' 6  .is power." Stamp-size semiconductor lasers don't generate a specialists see frequency-doubling devices as little more than 
beam with much power, and at low intensities only a fraction of stopgaps."It's an engineering package very much for 1995," says 
the beam actuallv converts into blue lieht. But over the last few Brown Universitv's Arto Nurmikko. "but no one can areue that 
years advances i i  the power of small lasers combined with effi- real blue lasers whn't replace them." Such devices, he arkes, will 
ciency-boosting nonlinear techniques have made the blue pic- ultimately be more efficient, smaller, and cheaper than the non-
ture brighter. linear variety. But Nurmikko admits that "ultimately" is probably 

The laser erouD at Coherent Inc. in Santa Clara. California. 5 to 10 vears down the line. And that "is a fairlv bie window of, ., 
for example, vhas Lsed a technique codeveloped w i h  the IBM opportuhity [for] a temporary solution," Trail says. 
Almaden Research Center known as "resonant doubling." -Antonio Regalado 

and returning eventually to the point where 
they were split, where they reunite. The 
channels ofthe splitter are designed so that if 
the pulses are in phase at this point, they are 
sent off in one direction; if they're out of 
phase, they are routed down a different fiber. 

In order to change the phase of one of the 
signal pulses coursing through the fiber loop, 
a control pulse of light is injected at the 
beginning of the loop so that it travels along-
sideone signal pulse. As it travels the loop, it 
"deforms electron clouds" in the glass, says 
Islam, causing a slight polarization of the 
glass molecules and increasing the material's 
refractive index, slowing the progress of the 
signal photon. But this reduction is so slight 

that the two pulses must travel together for 
several kilometers before the signal pulse is 
fully out of phase with its counterpart travel-
ing in the opposite direction. 

The advantage of such fiber-optic-based 
systems, says Islam, is that they can change 
the index of refraction extremely quickly, 
because the electron manipulation is so fast. 
That, Ippen adds, enables them to "switch 
very short pulses in very rapid succession." 
Last year, for example, Masatoshi Saruwatari 
and his colleaguesat NTTshowed that they 
could get such devices to switch light pulses 
at a speed of 100gigabits per second. 

But the size of the devices-the kilo-
meters of coiled fiber pack into a container 

the size of a shoe box-remains a real ob-
stacle. The transistors that form present-
day switches, in contrast, can be packed by 
the millions onto a microchip. In an effort 
to shrink the optical devices, researchers 
around the world have been working to re-
place the long fiber component of the 
NOLMs with a tiny chip-based device made 
of semiconductor. 

Switching phases,switching materials 
Last year, the first true semiconductor ana-
log to the NOLM, the terahertz optical 
asymmetric demultiplexer (TOAD), was 
built by Paul Prucnal and his colleagues at 
Princeton University. The device retains the 
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loop construction but replaces the long 
central fiber coil with a circuit etched onto 
a semiconductor chi^ made from an allov 
of indium, gallium, arsenide, and phos-
phide. The wavelength of the control 
pulse is tailored so that it excites nega-
tively charged electrons and oppositely 
charged "holes" in the material to combine 
and give off ~hotons.This elimination of-
charged particles changes the polarization of 
the material over a much shorter distance 
than the stretch needed by light to exert a 
similar effect in glass fibers. This in turn in-
creases the semiconductor's index of refrac-
tion and slows the signal pulse. 

This fast index of refraction change al-
lows the device to switch extremely short 
~ulses.But because the device can't switch 
again until the depleted electrons and holes 
are replaced-a comparatively slow pro-
cess-it must wait longer than the fiber de-
vices before it is readv to switch the next 
pulse comingdown the line. The first device, 
for example,was able to switch light pulses at 
a rate of only 3 gigabits per second, says 
Prucnal. Since then, however, researchers 
led by JulianLucek and David Cotter at Brit-
ish Telecom in Suffolk, U.K., have boosted 
the speed to 40 gigabits per second. 

But instead of switching each pulse as it 
comes down the fiber, these devices can also 
be used to switch every 250th pulse, for ex-
am~le.in a common telecommunications. . 
task called demultiplexing.Such systems are 
currently used to reconstruct large signals 
that have been divided up into smaller 
chunks for ease of transmission;chunks from 
250 of these large signals can be sent down a 
fiber in quick succession, and a TOAD can 
grab every 250th chunk, re-forming one 
original signal. In addition, Prucnal says, 
TOADs can pluck these chunksout at record 
speeds,when the main stream ofdata is mov-
ing at 250 gigabits per second.And semicon-
ductor-based demultiplexers have the ad-
vantaee over fiber-based svstems. as thev are 
smallGand should be easiir to in;egrate kith 
current semiconductor communications de-
vices, says Prucnal. But before TOADs and 
their ilk make it to market. thev will need to. , 
be integrated with other demultiplexing 
components on a single chip; Prucnal and 
others are currently pursuing this goal. 

The performance of both the fiber-optic 
and semiconductor devices continues to im-
prove, which is good, says Keith Blow, a 
~hvsicistat British Telecom. because "the
L , 

continued demand for bandwidth is not 
slowing." With electronics, he says, "you're 
probably going to run out of steam" to meet 
this demand. And that means the ~ u l lfrom 
the market, not only for optical switchesbut 
all the other NLO devices needed to create 
the information roadways of the future, is 
likely to get much stronger over time. 

-Robert F. Sewice 

Paving the Information 
Superhighway With Plastic 
T h e  deepest oceans and the highest moun-
tains haven't stopped telecommunications 
companies from wiring the world with the 
latest in high-performance fiber-opticcables. 
But taking those fibers from the curb to your 
house-that's proven to be one tough trip. 
Now, a team of Japanesescientists has devel-
oped a new type of plastic cable that may 
overcome the roadblock. 

While the glass optical fibers currently 
used for long-distanceconnectionscan trans-
mit massive amounts of data in the form of 
pulses of light-theoretically up to trillions 
of bits of data. or terabits. Der second-thev 

a manufacturing process for producing large 
amountsof the plastic can be developed,it is 
"going to displace a lot of the copper going 
in," Steele says. 

This is not the first time plastic optical 
fibers have been developed;they have been 
around for decades and used increasingly 
over the last 10years for such applicationsas 
carrying information between sensors and 
processors in robots. And certainly the 
thought of using them to wire homes had 
crossed a number of researchers' minds. 
"Their diameter is larger [than glass fibers], 
which makes them more user-friendlv to. . 

are poorly suited to "short-hop"applications. connect and install," says Berman. 
Each is thinner than a hair. and ex~ensive But the traditional ~lasticfibers-known 
junction equipment is needed to precisely as step-index fibers-were not suitable for 
align an optical beam so it can jump from a high-speed data transmission. One problem: 
"trunk" fiber into a local one. This makes Photons in each light pulse traveling down 
the cost of wiring each and every home in a the fiber spread apart as they move. As a 
community prohibi- , 1 8  

tive. In contrast, the 
copper wires that al-
ready feed movies to 
our televisions are 
cheap and simple to 
use. But thev can't 
transmit nearly as much 
data as fibers do. For 
the technological vi-
sionaries who dream 
of sending 500 cable 
channels into each 
home simultaneously, 
"that's a bottleneck," 
says Edward Berman, 
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president of Boston I 
Optical Fiber Inc. in Making the grade. Graded-index plastic optical fibers (bottom) have 
Marlborough, Massa- faster lanes for photons near their perimeters, ensuring that--unlike 
chusetts. step-index fibers-all the photons arrive closer together. 

The solution, a 
group of Japanese researchers now says, can 
be found in one word: plastics. In a presenta-
tion last Septemberat the EuropeanConfer-
ence on Optical Communication in Flo-
rence, Italy, materials scientist Yashuhiro 
Koike and his colleaguesfromKeio Universi-
ty in Yokohamadescribedusinga new type of 
plastic optical fiber to transmit light pulses 
from a red semiconductor laser at a blinding 
2.5 billion bits per second-that's a trans-
mission rate, or bandwidth, 25 times greater 
than that of the fastest copper cable. The 
performance is more than enough to handle 
the transmission demands of most short-ho~ 

result, the pulses must be spaced far apart or 
they overlap, making it impossible to deter-
mine where one signal ends and the next 
begins. That limits bandwidth to 100million 
bits per second over 100 meters of fiber. 

The reason photons don't fly along in 
formation lies in the fiber makeup. Each is 
composed of a strand of solid plastic sur-
rounded by a thin coating that acts like a 
mirror. As photons of light travel down these 
strands, they glance off the reflective walls. 
But different photons within a single light 
pulse glance off these walls at different 
aneles. Those that bounce back and forth at" 

applications for the foreseeable future, says steeper angles end up traveling a longer dis-
Robert Steele, a plastic-fiber specialist with tance from one end of the fiber to the other, 
Delphi Packard Electric in Warren, Ohio. If and as a result arrive at the other end well 
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