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T he revolution in opti-
cal communications has been
enabled by the availability of

ultra-low-loss silica fiber, which has also
been the basis for a wide variety of opti-
cal building blocks such as Y-splitters,
directional couplers, dispersion compen-
sators, Bragg gratings and fiber back-
planes. Silica is also in common use in
planar light circuits built with silica-on-
silicon technology. For polymer compo-
nents to make inroads into this
established technology, they must at a
minimum provide competitive advantage
in either cost or performance.

Historically, polymer components in
optical communications have been pur-
sued by many because of their perceived
cost advantage over devices fabricated
from high purity silica and glass. Plastic
optical fiber has already found significant
application in the datacom market, where
cost is a major driver and applications are
generally less demanding than they are 
in telecom. In datacom, there is also the
potential for planar applications, such as
planar polymer optical interconnections
at the module and backplane level. In

telecom, the situation has
been different: there is great reluc-

tance to trade performance for cost, with
the one possible exception of the access
technology sector [e.g., fiber-to-the-
home (FTTH)]. While the possibility of
saving money remains an important con-
sideration, the vision is now more con-
centrated on profiting from the ways in
which the material properties of poly-
mers differ from those of silica. The
polymers that perform best in optical
communications are, in fact, highly spe-
cialized materials, far removed from the
commodity plastics used in consumer
goods. In the optical communications
sector, the cost factor is therefore driven
more by the properties of the materials
than by the materials themselves: in other
words, the potential for cost reduction
derives to a large extent from the avail-
ability of lower cost methods for process-
ing polymer materials and fabricating
optical devices.

In this article I will discuss recent
developments in polymer optical cir-
cuitry, along with its potential for future
applications. I will concentrate not on

Lawrence W. Shacklette

Many researchers have investigated the use of polymer components 
in optical communications because of the perceived cost advantage of
polymer devices over alternatives fabricated from high purity silica and

glass. While some applications remain cost driven, the viability of 
polymers in telecom applications primarily hinges on performance. 

The author discusses recent developments in polymer optical circuitry 
and its potential for future applications, with particular emphasis 

on polymer planar waveguide devices.

1047-6938/04/11/0022/6-$0015.00  © Optical Society of America

Optical fibers (facing page),
unclad polymer waveguides
(far left) and wafer with 
multiple chip sets of polymer
thermo-optic switches show-
ing gold traces for electrical
connections (left).

Tell us what you think: http://www.osa-opn.org/survey.cfm

http://www.osa-opn.org/survey.cfm


polymer optical fiber (POF)—which has
its own distinct technology and applica-
tions—but rather on planar waveguides
made from polymers. Such planar wave-
guides, which can function as passive
optical interconnects or as active or pas-
sive optical devices, are built on a sub-
strate of silicon, glass or another polymer.
Generally, the optical polymer materials
used can be either ultraviolet (UV)-cur-
ing polymers (photopolymers) or ther-
mally curing polymers (thermosets). In
this article I will concentrate on pho-
topolymers, drawing predominantly on
the work I and my colleagues carried 
out at AlliedSignal (now Honeywell
International) and at Corning Inc.1-3

The technology discussed, which is 
based on the polymerization of liquid
acrylate monomers by ultraviolet radia-
tion, is adaptable to broad use in both
single-mode and multimode waveguides
and devices.

The process
Photopolymers have a distinct advantage
over thermosetting polymers in that they
can be directly fabricated into waveguides
by means of either UV lithography or
direct writing with a UV laser. The

lithography process, in particular, is fast
and is also capable of reproducing a com-
plicated optical circuit with relative ease
and accuracy. At room temperature, the
monomers and waveguide formulations
described in this article are all solvent-
free viscous liquids. The waveguide 
formulations contain UV-sensitive pho-
toinitiators that allow the formulations to
be converted by exposure to ultraviolet
radiation into heavily cross-linked poly-
meric solids. UV photolithography is
used to process the liquid monomers 
into waveguides (see Fig. 1).

The process is comparatively rapid
since extensive annealing or reactive-
ion-etching steps are not required; in the
case of thermosets and silica-on-silicon,
on the other hand, such additional steps
are necessary. With acrylate monomers,
the UV-induced polymerization process
is inhibited by the presence of oxygen,
which can quench both photoinitiator
radicals and monomer radicals. The reac-
tions are carried out after oxygen has
been reduced to a trace level, either
through use of an oxygen barrier film
or through nitrogen purging of the 
gap between the mask and the liquid
monomer. Under such conditions,

exposed regions become polymerized
and fixed on the substrate surface. In suc-
cessive steps, the undercladding, core and
overcladding layers are coated and cured
on the substrate. During core-layer defi-
nition, in a separate development step,
an appropriate solvent is used to remove
unreacted monomer. After the over-
cladding is applied, the device is sub-
jected to a hard post cure with a UV
flood exposure. The lithography-based
fabrication process described provides
the smooth sidewalls, contrast and pre-
cise definition of fine features needed for
the realization of a low-loss waveguide.

Materials performance
In telecom applications, which as has
been noted are particularly demanding,
areas of concern include the accumu-
lated effects of dispersion, polarization
dependence, wavelength dependence 
and loss in the network, which are, of
course, exacerbated by network reach.
Depending on the application, there are
specific requirements for loss, polariza-
tion dependent loss (PDL), polarization
mode dispersion (PMD), chromatic dis-
persion and so forth. All components
must adhere to these requirements. One
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Figure 1. Schematic of waveguide fabrication process showing sequential coat and cure steps. 
[From L. W. Shacklette et al., Adv. Funct. Mater. 2003 13 (6), 453-62.]

Substrate

Underclad
coat & cure

Core coat & 
lithography

Solvent
development

Overclad
coat & cure

UV
Radiation

UV
Radiation

UV
Radiation

Mask



November 2004 ■ Optics & Photonics News 25

aspect that is especially important in the
case of polymers is the fact that today’s
telecom networks are linked by silica
fiber and contain numerous legacy sys-
tems: all newcomers to the network,
including polymer components, must be
compatible with the pre-existing compo-
sition. Polymers do not in fact have a 
significant presence in modern telecom-
munications networks, except of course
for the polymer adhesives used to pigtail
the various components. This means that
neither current networks nor the future
technology roadmap for telecom is likely
to be built around the operating require-
ments of polymer devices. Instead, these
devices will have to function in a world
dominated by silica. In this context, one
of the most important and historically
difficult problems has been to make the
absorption loss characteristics of poly-
mers comparable to those of silica. In
practice, this means producing polymers
that offer high transparency in the 

O band (1,260-1,360 nm), the C band
(1,530-1,565 nm), the newly exploited 
L-band (1,565-1,625 nm) and possibly
also the S-band (1,480-1,530 nm).

With these points as a backdrop, one
might well ask what case can be made 
for the use of polymers in telecom com-
ponents such as planar light circuits
(PLCs). As mentioned above, silica-on-
silicon has been a leading technology
because of its low loss and high temp-
erature stability.4 These advantages,
however, are accompanied by certain 
disadvantages. Since the deposition of
silica by plasma enhanced chemical
vapor deposition (PECVD) or flame
hydrolysis processes occurs at high tem-
perature, after the wafer has cooled,
stress can build up within the silica and
between the silica and the silicon sub-
strate. The stress arises both from a
mismatch in the coefficient of thermal
expansion (CTE) and from a contraction
of the silica film as it is sintered. Without

intervention, the stress produces bire-
fringence in the silica that leads to unde-
sired polarization dependence in any
resulting device. Another manifestation
of stress can be the warping of the sub-
strate that can contribute to significant
loss in large-port-count devices in which
fiber arrays are pigtailed. Although there
are ways to address the problem of stress
in planar silica, coping with it lengthens
processing time and increases costs.

The fact that silica has a small
thermo-optic coefficient, an advantage 
in producing athermal devices, can 
turn into a disadvantage when a tunable
device is desired. Some types of devices
—such as digital thermo-optic switches
and thermally tunable gratings which
cover a broad range of wavelengths—
are essentially impossible to achieve
with silica. Since polymers can be pro-
cessed at low temperatures they offer the
additional advantage of being readily
combinable with other passive or active
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Figure 2. Fluoroetheracrylate macromonomers with reactive groups at the ends.
White atoms are hydrogen, yellow are fluorine, red are oxygen, dark blue are 
nitrogen and light blue are carbon.
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components (organic and/or inorganic)
to produce hybrid integrated optical 
circuits.

The limitations of silica have fueled
research on planar polymer systems, in
which selected polymer materials can
provide advantages in the areas of tun-
ability and low polarization sensitivity.
Recent progress in this area is summa-
rized in several review articles that cover
the development of polymers for wave-
guide applications.1,5-10

Propagation loss and reliability have
been perceived as the major weaknesses
of polymer materials in the context of
telecom applications.5 It has also proved a
challenge to obtain low birefringence
with polymers that contain a significant
aromatic content and have a relatively
high glass transition temperature (Tg).8-11

I will describe recent breakthroughs in
the achievement of high stability, low
loss and low birefringence in low-Tg

crosslinked fluorinated acrylate polymers
with a low aromatic content. Recent work
has shown that it is possible to eliminate
the remaining drawbacks of polymer as it
compares to silica while retaining the
highly tunable refractive index which is

the most sought after advantage of
polymers.

Optical losses in waveguides generally
fall into two categories: losses inherent 
to the materials themselves and losses
caused by defects in the waveguides.
Material losses are predominantly related
to the absorption caused by the molecu-
lar vibrations that occur in the infrared
spectral region at wavelengths of 2.5 �m
and longer. Higher order overtones of
these vibrations fall within the near
infrared region (NIR) which is important
to telecommunications.1, 6 Vibrations that
involve low reduced mass—such as those
characteristic of the chemical groups 
C-H, N-H or O-H—have the greatest
adverse effect. For this reason, standard
commercial optical materials—such as
polystyrene, polycarbonate and poly-
methylmethacrylate—are not useful in
telecom. One of the most effective ways
to lower loss is to replace hydrogen with
halogens. By substantially increasing the
reduced mass of the oscillator, this tech-
nique dramatically lowers absorption
caused by vibrational overtones at wave-
lengths in the near infrared. But halo-
genation of the polymer can come at the

cost of making processing more difficult
and reducing interlayer adhesion.

To retain photoreactivity, at Corning
my colleagues and I designed monomer
molecules which have reactive hydrocar-
bon groups at the ends but a fully halo-
genated (fluorinated) center. Examples 
of these molecules are shown in Fig. 2.
These molecules are quite large and are
commonly described as macromono-
mers. Because they remain liquid at room
temperature, they can be processed by
spin coating without the need for addi-
tional solvent. The acrylate groups that
make it possible to further polymerize
these macromonomers reside at the ends.
Since the fluorinated segments are quite
flexible, they move in space, rather like
Medusa’s hair, until they find either each
other or—preferably—the reactive ends
of another molecule. As the end groups
react, an acrylate polymer chain grows at
each end, tying the fluorinated “hair” in 
a highly crosslinked three-dimensional
network. The resulting amorphous solid
has very low absorption and very low
scattering loss. Loss measurements on
straight, buried-channel single-mode
waveguides are shown in Fig. 3. Each
point represents the average of eight
nominally equivalent waveguides on a
sample wafer. The smooth curve repre-
sents spectroscopic data taken on a slab
of the waveguide core material. Loss
remains at or below 0.1 dB/cm from
1,500 to 1,600 nm, and below 0.23 dB/cm
throughout the S, C and L bands. Losses
in this range are comparable to those
obtained with planar silica (0.03 to
0.1 dB/cm) when such macromonomers
are used. For both polymer and silica
devices, the dominant form of loss
becomes that which occurs in the 
coupling at the chip-fiber interface.

Applications
As previously mentioned, polymers are
advantageous for dynamic, tunable appli-
cations because of the relatively large
variation of their index of refraction with
changes in temperature. The polymer
system described in Fig. 2 and Fig. 3 is
characterized by an index of refraction
that varies with temperature according to
dn/dT = -3 x 10-4. This value is roughly
30 times greater than that of silica—as
well as being opposite in sign. One way to
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Figure 3. Propagation loss of fluoroetheracrylate polymer waveguides fabricated from
monomers such as those shown in Fig. 2. Points are single-mode waveguide losses and
the smooth curve represents spectroscopic data on the absorption of the waveguide
core material alone.
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exploit this difference is with a so-called
thermo-optic device that uses tempera-
ture differentials created to dynamically
control the propagation of light. Some
examples of such devices include variable
optical attenuators (VOA), thermo-optic
switches and tunable wavelength filters.
Temperature changes can be created in
various ways, with the most common
being the incorporation of an electrical
heater above selected sections of a wave-
guide. The effect depends both on the
value of dn/dT and on the thermal con-
ductivity of the optical layer. Here again,
polymers have a substantial advantage
over silica and glass. Since their thermal
conductivity is much lower, polymer
devices can run at much lower electrical
power to the heaters. At Corning my col-
leagues and I built a variety of all-solid-
state thermo-optic switches that have
demonstrated excellent performance.
Such switches have potential application
for optical protection switching to enable
re-routing a signal in a redundant com-
munication link when there is a failure,
such as a fiber cut. An example is illus-
trated in Fig. 4, which depicts the
measured switching behavior of a 4 x 4
switch constructed with the polymer
materials described in this article.3 This
non-blocking switch can route any of
four inputs to any of four outputs. It
offers the additional possibility of termi-
nating any input so that it will not reach 
a particular output and splitting an input
to multiple outputs. The switching time,
in the range of 1-3 ms, is suitable for pro-
tection switching.

Yet another application opportunity
comprises tunable filters fabricated from
Bragg gratings written in polymer wave-
guides. Such polymer Bragg gratings 
fabricated on a low-CTE substrate can 
be thermally tuned by approximately 
-0.3 nm/degrees C.2 The wavelength
reflected by the grating is given by the
relation, �B = 2neff�, where � is the grat-
ing period (spacing) and neff is the effec-
tive index of the waveguide. Through
their dependence on neff, gratings are very
sensitive to birefringence and to small
changes in index that might result from
aging. Measurements on gratings offer
excellent support for the fact that poly-
mers such as those in Fig. 2 offer the sta-
bility needed for telecom applications.

At Corning my colleagues and I mea-
sured potential polymer degradation
using accelerated aging tests on polymer
Bragg gratings formed in sample wave-
guides.2, 12 Since the waveguide is
effectively bonded to a highly durable
substrate (silicon), there are no expected
changes in � as a function of aging. Any
changes in polymer composition will
appear in neff and be directly reflected in
a change in Bragg wavelength (i.e., the
center wavelength of the grating reflec-
tion peak). Aging results at 200 degrees C
and at 250 degrees C have demonstrated
remarkable thermochemical stability for
this class of polymers. Projected lifetimes
at 125 degrees C exceed 40 years. We also
extensively investigated stress-induced
birefringence by measuring the polariza-
tion dependence of Bragg gratings over
an extended temperature range. A polar-
ization shift of less than ±0.5 nm over a
tuning range of 40 nm (corresponding
to �T = 140 degrees C) indicates that
birefringence remains less than 5 x 10-4

over this entire temperature range.
There is no doubt that advanced poly-

mers can play a role in communications

technology and that they deserve a place
in the light path in those applications in
which they offer unique advantages in
cost or performance. The class of poly-
mers described in this article offers com-
petitive loss at communications
wavelengths, low birefringence, high sta-
bility, tunability and low processing cost.

Lawrence W. Shacklette (larry.shacklette@harris.
com) is a senior principal engineer with Harris
Corporation, Government Communications
Systems Division, Palm Bay, Fla.
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Figure 4. Switching curves for four different paths through a 4 x 4 switch fabricated from 
fluoroetheracrylate polymer. Applied voltage refers to the signal supplied to the requisite
heaters to accomplish a given switch state. In practice a digital signal would be applied, 
say 0 and 2.4 V for this switch. “On” channels would experience loss of < 2.5 dB, while “off” 
channels would reject unwanted signals by > 50 dB. [From L. W. Shacklette et al., Opt. Eng.
42 (10), 2841-9 (2003).]
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