
Materials for nonlinear 
optical waveguides 

By R.H. Stolen and G.I. Stegeman 

The most recognizable waveguide is 
certainly the optical fiber, which has 

found wide application in 
communications. 

Low power nonlinear optics opens up a wide range 
of applications for the generation of new frequen
cies and the control of light by light. By using light-

guides, the typical optical powers required for nonlinear 
optical devices are in the 1 0 0 mW -- 1 0 0 W range. The 
problem is that even this four orders of magnitude im
provement over bulk nonlinear optics is not enough for 
most upcoming applications that will be based on semi
conductor lasers. To reduce nonlinear optical powers to 
the 1 -- 1 0 0 mW range requires new materials. 

Many of the applications of guided wave nonlinear op
tics are familiar from bulk nonlinear optics. Some of these 
familiar applications are second harmonic generation 
(SHG), Raman and parametric amplifiers, and Kerr mod-
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ulators. 1 Some new applications such as optical pulse 
compression and nonlinear switching have appeared, 
made possible by the enhancements provided by light
guides.1 Each application has its own particular materials 
requirements. 

Optical waveguides fall into the three general types (fi
ber, channel, and planar) pictured in Fig. 1. The most rec
ognizable waveguide is certainly the optical fiber, which 
has found wide application in communications. Although 
both fibers and channels provide confinement in two di
mensions, channel waveguides are viewed as extensions of 
the planar waveguide because they usually require some 
kind of planar processing technology to define the wave-
guiding regions. In all three structures, waveguiding re
quires a medium of high refractive index surrounded by 
media of lower refractive index. Most (but not all) of the 
optical power is confined to the high index guiding region. 

Nonlinear optics involves the mixing of one or more 
optical beams over some interaction length. The interac
tion efficiency depends strongly on a number of factors: 
the nonlinear optical response of the medium, the intensity 
of the interacting beams, and the distance over which the 
mixing occurs. The first is strictly a materials issue. The 
other two factors are optimized in guided wave geome
tries. A guided wave geometry provides maximum beam 
intensity for a given input power by limiting the beam di
mension(s) to sizes of order of the wavelength of light. 
And waveguides maintain such diffractionless propaga
tion for distances limited only by waveguide absorption 
and/or scattering losses. By way of comparison, the inten
sity is high using focused beams in bulk media, but the 



interaction length is short. Long interaction lengths in 
bulk media are obtained only with plane waves. 

Waveguide type restricts material choice 
The type of waveguide restricts the material choices. F i 

bers are usually made of glass—and not all glasses can be 
drawn into fiber lightguides. Efforts are underway to 
make fibers with single-crystal cores. Planar structures of
fer the most choices and waveguides have been made from 
dielectric crystals, glasses, crystalline and amorphous 
semiconductors, and organic materials. Channel guides 
can, in principle, be made in any planar waveguide, al
though the fabrication of low loss channels is seldom easy. 

The attenuation of high quality fibers is limited by the 
intrinsic absorption and scattering in the glass, whereas 
the attenuation in channel waveguides is frequently limit
ed by the waveguide processing technology. Although in
teraction distances of kilometers can be used in nonlinear 
fiber optics, meters to tens of meters are more typical. Pla
nar and channel waveguides seldom exceed a few cms in 
length. However, planar geometries do offer more possi
bilities for incorporating new materials with large optical 
nonlinearities. 

A material's response to optical fields can be broken 
down into three general categories, illustrated schemati
cally in Fig. 2. These categories are described in terms of 
susceptibilities that relate the material polarization at opti
cal frequencies to the optical electric field. The first order 
susceptibility x ( 1 ) gives the usual refractive index. The sec
ond order susceptibility x ( 2 ) gives rise to second harmonic 

FIGURE 2. Three important categories of optical nonlin
earities: a) X(2)produces second harmonic generation, b) 
X(3)(real) produces an intensity-dependent refractive in
dex, c) X(3)(imaginary) produces Raman gain. L is the 
length of the guide and A is an effective core area. 
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FIGURE 1. Optical waveguides. 



generation as in Fig. 2a. x ( 2 ) is zero in centrosymmetric 
media so that guided wave studies of second harmonic 
generation have concentrated on planar and channel crys
talline waveguides rather than on glass fibers. The third 
order susceptibility x ( 3 ) leads to an intensity-dependent 
contribution to the refractive index. This contribution oc
curs in all materials and forms the basis for most of the 
nonlinear effects observed in lightguides. x ( 3 ) is in general 
complex and the real part produces an intensity-depen
dent guided wave wavevector and an intensity-dependent 
phase shift as shown in Fig. 2b, and the imaginary part is 
equivalent to Raman gain as in Fig. 2c. 

The earliest guided wave enhancements of second har
monic generation were demonstrated in GaAs slab wave
guides with 10 mW outputs at 5,300 nm for input powers 
of 1 W. 1 The best results in the visible and near infrared 
have been obtained in channel waveguides in lithium nio
bate where 10 nW has been obtained with only 100 µW of 
pump power. 1 In fact, much of the experimental effort has 
been concentrated on channel waveguides in lithium nio
bate, despite the general belief that this is not the best ma
terial because of damage problems in the visible. The prin
cipal reason for the success of lithium niobate is that high 
quality waveguides have been available because of the ex
tensive technology developed in this material for integrat
ed optical switches and modulators. 

Phase-matching in second harmonic generation 

Besides the magnitude of the nonlinear coefficient x ( 2 ) , the central problem in second harmonic generation is 
phase-matching.1 , 2 Typically, the nonlinear polarization 
wave radiating at the harmonic frequency falls out of 
phase with the radiated freely propagating second har
monic wave after a short distance. Orthogonal field polar
izations can be phase-matched using the combination of 
birefringence intrinsic to a crystal and birefringence due to 
waveguiding. Usually the largest nonlinear coefficient cor
responds to parallel rather than orthogonal fundamental 
and second harmonic wave polarizations. 

There are, however, two approaches (Fig. 3) that permit 
phase-matched second harmonic generation with parallel 
polarizations. In the first, the second harmonic is emitted 
at an angle out of the waveguide in the form of Cerenkov 
radiation.3 It has been projected that mW can be achieved 
with 40 mW input. The problem, however, is that the ra
diation emerges in the form of an arc that cannot all be 
focused down to the diffraction limit. The most promising 
approach to phase-matching is to alternate the sign of the 
X ( 2 ) nonlinearity with exactly the right periodicity to com
pensate for the mismatch in wavevectors.4 , 5 This is called 
quasi-phase-matching and is a concept that dates back to 

the earliest days of nonlinear optics. Lithium niobate can 
be periodically poled to produce quasi-phase-matching if 
titanium is in-diffused along the -c-axis in the appropriate 
periodic fashion. Extrapolating from the present results, 
mWs of blue should be possible with 10s of mWs of near 
infrared (semiconductor laser) power. 

Another phase-matching scheme possible in waveguides 
uses the different wave velocities associated with different 
waveguide modes. The field distributions associated with 
the waveguide modes look very much like transverse laser 
modes. This is seldom the most desirable approach be
cause the products of different modes can lead to cancella
tions and poor overlap, reducing the second harmonic effi
ciency. 1 , 2 Also the intensity is highest in small guides that 
support only a single transverse mode. 

Research has also been initiated into organic materials.1 

Both single crystal and poled polymers appear to be better 
than the currently available dielectric materials. The chal
lenges with single crystal materials will be to grow thin 
crystal films of the correct orientation and to the required 
thickness tolerances. To date, single crystal film wave-

FIGURE 3. Phase-matching for second harmonic genera
tion. 
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One major surprise has been the 
observation of relatively efficient second 

harmonic in glass fibers. 

guides have been very lossy. 
Poled organic molecules in polymeric host matrices ap

pear much more promising right now. 1 Molecules with 
both large dipole moments and large second order suscep
tibilities are required. To prepare a non-centrosymmetric 
film, the material temperature is raised above the glass 
transition and a D C electric field is applied. After cooling 
and removal of the applied field, there is partial orienta
tion of the molecules. Unfortunately, the system is not at a 
minimum of thermodynamic stability and some subse
quent randomization of molecular orientations occurs. 
Chemical bonds can be used to cross-link molecules, lock
ing them into place and hence increasing stability. 

A low-loss fiber with a core of properly oriented organ
ic molecules or crystalline material would be an extremely 
efficient medium for S H G . For many years, researchers 
have been trying to grow organic crystals with their non
linear axes orthogonal to the fiber axis. Progress has been 
slow. Properly oriented lithium niobate has been grown in 
fibers, but not yet with the small single mode cores needed 
for high optical intensities.1 

One major surprise has been the observation of relative
ly efficient second harmonic in glass fibers.1 It appears that 
some sort of defects can be moved under the influence of 
light in just the right way to produce a non-centrosymme
tric core with a periodic x ( 2 ) grating for quasi-phase-
matching. The fiber is prepared by initially seeding it for a 
few minutes with light at both the fundamental and har
monic frequencies. The best results to date were obtained 
in a silica core fiber doped with germanium and phospho
rus and a conversion efficiency of 10% was obtained with 
900 W, Q-switched laser pulses at 1,064 nm. 1 Right now, 
the microscopic details of the process remain a mystery, 
but there is hope that this type of self-organization can 
ultimately lead to efficient and inexpensive fiber harmonic 
doublers. 

Devices for modulating/switching optical signals 
In contrast to the limited material choices available for 

second harmonic materials, the refractive index of every 
material changes with intensity (x ( 3 ) process) and this ef

fect forms the basis for several guided wave devices. Of 
course, some materials are better than others and no mate
rial is really quite good enough. Fortunately, most of the 
device applications for x ( 3 ) materials do not require phase-
matching, making it easier to use long guides. Figure 4 
gives some representative examples of nonlinear guided 
wave devices for modulating or switching optical signals.1 

The Kerr modulator of Fig. 4a uses the intensity-depen
dent index change produced by a strong pulse to change 
the polarization state of a weaker signal. The modulated 
and unmodulated signal pulses are separated with a polar
ization analyzer. Switching can be accomplished with the 
nonlinear interferometer shown in Fig. 4b where the phase 
difference between the two channels varies with optical 
intensity. 

Sharper switching characteristics are obtained with the 
nonlinear directional coupler of Fig. 4c. Here the intensity-
dependent change in the propagation wavevector mis
matches the two channels and blocks the normal coupling 
of light between them. At low powers, transfer between 
waveguides occurs and at high powers it does not, so that 
the device becomes a power-dependent optical switch. An-

FlGURE 4. Nonlinear x(3)waveguide devices. 
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other nonlinear switch based on polarization is illustrated 
in Fig. 4d. At low power, the polarization state changes 
because of fiber birefringence, whereas at high power the 
original circular polarization state is preserved. 

Some of the devices have been constructed in both fiber 
and channel guides. 1 , 6 For example, the nonlinear direc
tional coupler (Fig. 4c) has been implemented with both a 
twin core fiber and parallel channel waveguides. The ma
terials emphasis in the fibers has centered on developing 
highly nonlinear glasses, usually with a high lead content. 
The channel directional couplers have been made in semi
conductors, semiconductor-doped glasses, and, most re
cently, organic materials. The silica glass fiber devices 
switch at 100 W peak powers for a meter of fiber, if all 
other parameters have been optimized. While operating 
powers can be reduced by increasing the length, this also 
increases sensitivity to environmental changes, requiring 
some form of active stabilization. The channel devices 
have used much more nonlinear materials, al lowing 
switching with mW powers and centimeter long devices. 
But they have had their own class of problems, as dis
cussed later. 

Besides the power requirement, the other important 
property of any switch is its maximum operating speed. In 
the glasses used in optical fibers, the nonlinear index 
change is intrinsically fast and resolutions of much less 
than a picosecond are possible. In fact, response times in 
fiber devices are actually limited by dispersive effects such 
as pulse walk-off and spreading, requiring modification of 
the disperson properties of the fiber. 

The situation is different for the high nonlinearity mate
rials, typically semiconductors, used in channel guide de
vices. Frequently, high nonlinearities are accompanied by 
strong absorption and slow decay times for the nonlinear 
index change, limiting the operating speed. Furthermore, 
the strong absorption results in large thermally induced 
changes in the refractive index, often making it an impor
tant nonlinear mechanism in such devices. 

There are also important non-switching applications of 
the real part of x ( 3 ) in waveguides, primarily fibers. Chief 
among these are applications of intensity-dependent spec
tral broadening in fibers to chirp pulses for optical pulse 
compression.1 

The imaginary part of x ( 3 ) produces gain rather than an 
intensity-dependent phase shift. Raman gain comes from 
the coupling of light to high frequency vibrational modes 
of the medium. It has been investigated both for amplifica
tions in optical communications systems and for fiber Ra
man lasers.1 The materials requirements for the two ap
plications are slightly different although a large gain coeffi
cient is desirable for both. Minimal loss is essential in an 
amplifier fiber and a fairly sharp gain spectrum is desir

able. Loss is less important in a Raman laser but a broad 
gain spectrum is useful for wavelength tuning. The Raman 
gain coefficient of fused silica is about the smallest of any 
known material and its Raman gain spectrum is neither 
quite sharp enough for most amplifier applications, nor 
flat enough for tunable lasers. 

Silica still best material 
One would think that it would be easy to find a better 

material, but despite considerable effort, silica is still the 
champion. The problem is that every attempt to increase 
the gain coefficient seems to increase the loss even more, 
so that any application that requires a maximum gain-
length product winds up favoring silica. 

The realization that there is more to a nonlinear materi
al than the magnitude of its nonlinear coefficient has led to 
several different figures of merit (FOM). 1 For second har
monic generation, a simple figure of merit based just on 
the nonlinear coefficient works well, provided that the ma
terial can be fabricated into a low-loss waveguide. The 
F O M for several representative materials is collected in 
Table 1. In S H G , the usable guide lengths are limited by 
phase-matching rather than loss, so that loss is usually not 
the limiting problem. However, absorption leads to heat
ing and hence can also alter the phase-matching condition. 

For a Raman amplifier, however, length is important 
and a better figure of merit is the nonlinear coefficient 
times the absorption length. This implies that it is pointless 
to use a guide longer than the absorption length. Such a 
criterion becomes misleading in many of the high nonlin
earity materials used for all-optical switching in channel 
waveguides because the nonlinear index change can satu
rate at high intensities. The key factor is the maximum 
phase shift possible in an absorption length that leads to 
the figure of merit (FOM) W = n m a x / α λ where n s a t is 
the saturation index change, a is the absorption coeffi
cient, and λ the wavelength. Values for several material 
systems of interest are collected in Table 2. (There are 
many trade-offs beyond the scope of this article that are 

One would think that it would be easy to 
find a better material, but despite 
considerable effort, silica is still the 

champion. 
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TABLE 1: Second harmonic generation figures of 
merit relative to LiNbO3 for materials with po

tential for waveguide applications. 

Material d e f f (esu) d2/n3 

LiNbO3 1.2x10-3 1 
KTP 10-8 1.5 
MNA 7x10 - 8 75 
NPP 2x10 - 7 600 
(PS)O-NPP 2x10 - 8 

DCV/PMMA 7x10 - 8 85 
HCC#1232 2.5X10 -7 

MNA—metanitroaniline 
NPP—N-(4-nitrophenyl)-L-prolinol 
(PS)O-NPP-chromophore functionalized polymer 
DCV/PMMA—dicyanovinyl azo dye in PMMA 

TABLE 2: Figure of merit, n s a t/αλ, of different 
nonlinear materials for application of third order 
nonlinearities to guided wave devices. "nr" refers 

to detuned from resonance. 

Material System W 

Semiconductors 
GaAiAs (nr) 0.9 

(nr, theory) 10 
Doped Glasses 0.3 
CdS x 1 - x 

Organics 
PTS (nr) >100 

Glasses 
SiO2 (nr) >103 

discussed in some detail in References 1 and 6.) Other ma
terial characteristics such as damage threshholds, ease of 
waveguide fabrication, and long term stability are equally 
as important as the FOM in any actual material choice. 

There will never be an ideal material that is simulta
neously optimal for all applications. Fortunately, there 
does not have to be one! Most applications require differ
ent parameters to be optimized. The challenge is not only 
to find new and better materials for guided wave nonlin

ear optics, but to match new materials to the application. 
This should provide research and development opportuni
ties for a long time to come. 
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