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Organic and polymeric optoelectronic devices have made

tremendous progress over the past ten years, making the journey

from laboratory curiosity to emerging commercial products in

a number of important areas, such as displays, optical communications, solar

cells and data storage. Organic light emitting diode (OLED) technology has

already achieved significant penetration in the commercial market for small,

cheap and flexible displays. The flexibility of organic chemistry, coupled with

the knowledge of the requirements of a particular device, can be used to

design molecules and polymers for new applications. In this month’s article,

we will review some recent examples which highlight the development 

of organic optoelectronic materials for existing and emerging photonics 

applications. In the next issue of OPN, we will summarize the state-of-the-art

in organic solar cells, light emitting diodes, organic electronics and optical 

storage and optical processing devices.

(Left) Flexible video rate OLED display from Sarnoff Laboratories. (Above) Packaged hybrid sol-gel/
polymer electro-optic modulator.
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Optical communications
Advances in optical networks over 
the past 10 years have been fueled by
progress in laser and detector technol-
ogy, as well as by the availability of high
performance devices that execute func-
tions such as filtering, modulation,
attenuation and switching. There is gen-
eral agreement that the next generation
of optical components will have to be
highly integrated; another necessity will
be lower cost per function than has
been provided to this point. As can be
seen from the examples below, polymers
have the potential of providing, at low
cost, the desired functionalities for 
telecom applications.

Passive and 
thermo-optic devices 
Polymer optical waveguides can address
the issues of integration and overall cost
thanks to their ability to incorporate vari-
ous functionalities through molecular
engineering (integration), and their suit-
ability for new processes such as direct
lithography and molding. But significant
barriers have slowed the adoption of
polymer waveguide technology for
optical communications. The primary
difficulties have been:

• high single-mode optical wave-
guide loss (> 1 dB/cm) at key 

telecommunications wavelengths,
such as 1,310 nm and 1,550 nm;

• inability to pass standard industry
Telcordia tests, especially 2,500 and
5,000 hour 85 degree C/85 percent 
relative humidity soak tests;

• excessive sensitivity to ambient 
temperature changes.

As shown in Fig. 1, great progress has
been made in the fabrication of low-loss,
single-mode polymer waveguides suitable
for telecom wavelengths.1 Two important
insights contributed to this achievement:

1. The realization that the value for
absorption-limited loss in the near
infrared was connected directly to
hydrogen content in the polymer, and
that the dramatic reduction of hydro-
gen would lead to the lowest absorp-
tion limited result.

2. The realization that high glass transi-
tion temperature (Tg) was not neces-
sarily required to create robust,
low-loss optical polymer.

The relation between absorption and
hydrogen content derives from the pres-
ence of molecular vibrational overtones
that still have high absorption strength 
in the 1-2 �m region. The fundamental
energy of these vibrations is the highest

when light atoms are involved, since the
frequency (and hence the energy) is pro-
portional to 1/√�, where � is the reduced
mass of the two atoms comprising the
vibration, given by �=(m1m2)/(m1+m2),
with m1 and m2 being the masses of
the two atoms. Quick inspection of
� shows that for situations in which
m1<<m2, �� m1, which is the case when
atom 1 is hydrogen and atom 2 is carbon,
for example. The energy of the resulting
vibration can only be lowered by substi-
tuting heavier atoms for hydrogen, in
which case the vibrational energy reduces
with the increasing reduced mass.
Halogens such as fluorine, chlorine and
bromine are the atoms most commonly
substituted for hydrogen. Although the
resulting materials often present signifi-
cant technical processing challenges, a
number of groups have shown that they
can be overcome through adoption of
state-of-the-art techniques.

Point (2), above, concerns the devel-
opment of highly cross-linked low Tg

optical polymers, which were pioneered
by AlliedSignal and NTT in the mid-
1990s. These ultraviolet (UV) cured sys-
tems had the benefit of being direct-write
systems, which eliminate the need for
costly dry etching processes. In addition,
the low Tg of such polymers leads to a
lowering of the stress in the waveguide
that generally results from processing on
substrates such as silicon that have large
mismatch with the polymer in terms
of the coefficient of thermal expansion
(CTE) . But because of the chemistry
used, it is not possible to remove all the
hydrogen from these systems. Thus, the
best result achieved so far has come from
a completely fluorinated polymer wave-
guide system in which the waveguides
were made by conventional dry etching
processes and a polymer substrate was
used to greatly improve the CTE match
and thereby lower stress.2

The levels of loss achieved by both
halogenated cross-linked and conven-
tional perfluoropolymer systems are suit-
able for high levels of optical integration,
as has been demonstrated in silica-on-sil-
icon. Low-loss polymers such as these
also benefit from much better thermo-
optic effects than silica-on-silicon, result-
ing in greatly reduced electrical power
consumption for devices that incorporate
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Figure 1. Reduction in single-mode polymer waveguide loss at 1,550 nm over the past
30 years; key materials are indicated by their common names [From Ref. 1]. 
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switches, variable optical attenuators
(VOAs), tunable filters and phase shifters.

Figure 2 gives an example of the 
performance of an athermal arrayed
waveguide grating (AWG) filter fabri-
cated in perfluoropolymer on polymer
(Photon-X Inc.). The AWG was made
athermal to a level well beyond that of
ordinary silica-on-silicon through the
matching of the CTEs of the waveguide
films and the substrate.

An important example of the success
of polymer waveguide technology is the
Gemfire eight-port VOA array.3 The
polymer used is a specially formulated
polysiloxane system (polysiloxanes pro-
vide yet another route to both low stress
and low hydrogen content). The VOA
operates by taking advantage of the large
thermal gradient that can be produced 
in a thermo-optic polymer material. A
thin film heater is placed over the clad
waveguide. When the heater is off, light
propagates with low loss through the
polysiloxane waveguides; when the heater
is on, a thermal gradient is produced that
results in deflection of the propagating
light out of the waveguide. The attenua-
tion in a given waveguide is thus propor-
tional to the power delivered to the thin
film heater. With 20 mW of power to
the heater, attenuations of greater than 
25 dB are achieved, a much higher effi-
ciency than that obtained in silica-on-
silicon VOAs. These VOAs also passed 
the Telcordia tests, including temperature
cycling and damp heat exposure, over
thousands of hours, with no failures.
Figure 3 shows insertion loss as a func-
tion of attenuation level in the eight array
channels over 5,000 hours of operation 
at room temperature; the results show
very small changes in insertion loss over
this extended period. Dupont Photonics
Technologies has also recently announced
the availability of a Telcodia qualified
polymer VOA array.

Electro-optic devices
The standard material for high speed
electro-optic (EO) modulation has long
been lithium niobate, because of its 
relatively large electro-optic coefficient
(r33 = 30 pm/V), good waveguide tech-
nology and relatively good stability. But
because lithium niobate’s electro-optic
effect derives primarily from the motion

of nuclei in the crystal’s lattice, at high
modulation rates, the efficiency of the
response begins to diminish. Also the
velocity mismatch between the optical
and electrical waves in lithium niobate
traveling wave modulators leads to com-
plex, narrow bandwidth designs. EO
polymers, in contrast, derive their EO
effect entirely from electronic motion
and have virtually no velocity mismatch,
making them ideal for high speed de-
vices; indeed, EO polymer modulators
operating at greater than 100 GHz have
been demonstrated. Progress in the

design of the organic dye molecules that
give EO polymers their EO coefficient 
has led to the demonstration of materials
with r33 � 100 pm/V at telecommuni-
cations wavelengths,4 which make it 
possible to build modulators with low
operating voltages.

But EO polymers are still challenged
by several important issues, including
high fiber-to-waveguide coupling loss,
high propagation loss, relatively poor
thermal stability and low optical damage
thresholds. The low optical damage
thresholds are directly related to the
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Figure 2. Performance of a perfluoropolymers-on-polymer arrayed waveguide grating
showing low insertion loss [Ref. 2]; the device also had low temperature sensitivity (on
the order of 1 pm/C).

Figure 3. Insertion loss of Gemfire VOA array channels at various attenuation levels
(10 to 25 dB) vs. time (normal temperature operation) [Ref. 3].
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photo-oxidative stability of the dye
molecule, while the thermal stability is
related to the freedom of motion of the
dye molecule in the host polymer matrix.
The dye molecule, or chromophore, must
be oriented in the host polymer by rais-
ing the polymer to a temperature near its
Tg and then applying a relatively strong
electric field (50 – 100 V/�m) to it. The
film is then cooled while the field is still
being applied, which results in many of
the chromophores being locked in place;
over time, however, they will deorient
because of natural statistical fluctuations
in the polymer. To impede deorientation,
the chromophore must be covalently
bound to the polymer matrix; this 

can be done either prior to fabrication
or through a cross-linking process dur-
ing fabrication.

High propagation loss and high fiber-
to-waveguide coupling losses have been
difficult to address. One approach to
reduce these losses is to dope the EO
chromophore into a lower loss matrix
material, preferably a low molecular
weight prepolymer that mixes well with
the chromophore, thereby limiting
aggregation-induced scattering effects.
Promising host materials in this respect
include organically modified sol-gels,
which have been used to demonstrate
several hybrid device structures. A 
typical system consists of an organic

component and an inorganic compo-
nent which by adjusting the ratios of
these components, the refractive index
of the sol-gel can be adjusted so that
appropriate core and cladding material
can be used.

In Fig. 4(a), we show a schematic of
a sol-gel based EO phase modulator
developed at the University of Arizona.
It consists of sol-gels UV patterned to
form a trench that is then filled in with
the EO chromophore doped sol-gel that
comprises the core layer.5 The EO chro-
mophore is chemically modified to pro-
vide for direct incorporation into the
sol-gel matrix, leading to increased ther-
mal stability which has been verified by
experiment. The inset evidences good
single-mode propagation through the
waveguide structure.

A variation on the theme is shown 
in Fig. 4(b).6 In this case, the fiber input
and output areas of the waveguide 
modulator consist of passive MAPTMS-
based sol-gel waveguides; this configura-
tion provides for the ability to match 
the waveguide mode very well to stan-
dard optical fiber. The UV-patterning
capabilities of the sol-gels are used to
create an adiabatic vertical taper that
gradually moves the waveguide mode up
into an electro-optic polymer layer and
then back down into the passive sol-gel
waveguide at the exit to the device.
These devices have demonstrated inser-
tion losses in the 7-8 dB range, much
better than that of many EO polymer
modulators; V� are on the order of 10V
for simple phase modulators. For com-
parison, in Fig. 5 we show a typical all-
polymer electro-optic Mach-Zehnder
modulator that has been push-pull
poled to achieve the lowest possible V�.
While all-polymer modulators have
been demonstrated with V�� 2V,7 the
insertion loss of these modulators has
been very high, on the order of 10 dB,
owing to the poor mode-match of the
waveguides with standard optical fiber.
Recently, single-arm Mach-Zehnder
electro-optic polymer modulators 
have been made by soft embossing tech-
niques that demonstrated V� = 8.4V 
and contrast of 19dB.8 This technique 
is a promising approach to very low 
cost production of polymer wave-
guide devices.
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Figure 4. (a) Organically modified sol-gel electro-optic modulator. (Inset) Drive volt-
age (top) and optical modulation (bottom) performance. [Ref. 5]. (b) Hybrid sol-
gel/EO polymer phase modulator which makes use of the UV curing properties of
the sol-gel to effect an adiabatic vertical transition. (Inset) Drive voltage (top) and
optical modulation (bottom) performance.[Ref. 6].
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Components and fibers 
for optical access
The penetration of optical fiber into
homes—both from the outside (fiber-
to-the-home) and on the inside (home
and vehicular networks)—is finally
occurring, especially in Asia but now
also in the United States. While most of
the current systems use conventional 
micro-optic and fused fiber components,
intensive development of polymer-
based filters, splitters and transceivers 
is underway.

At the same time, polymer optical
fiber (POF) is increasingly being
deployed in high-end automobiles as 
well as in the final 100 meters of fiber
communication networks. While wire-
less access solutions are receiving
increasing attention, their limitations
will become more apparent as they are
more widely adopted, and POF will
claim its niche in home network and
enterprise applications at Gbit/s data
rates and a few hundred meter length
scales. The best multimode POF, one
based on perfluoropolymers,9 has
achieved losses on the order of 30
dB/km at 1,300 nm, the wavelength of
choice for many access applications.
Figure 6 illustrates the loss of various
types of POF; PMMA graded index (GI)
POF is generally used for communica-
tions applications in the visible, while
step index PMMA is employed for many
of the novelty illumination uses to
which POF is being put.

A deep understanding of the basic
multimode optical propagation charac-
teristics of both step index and graded
index POF has been achieved through a
series of detailed studies.10-12 This work
has shown that light propagation in
multimode POF is qualitatively different
from that in silica multimode optical
fiber13; one of the primary distinctions
is that multimode POF is much more
proficient at mode mixing than silica
fiber, by virtue of the increased light
scattering present in multimode POF. In
parallel with these developments, POF
has been developed for nonlinear optical
applications, as it is possible to dope
nonlinear chromophores into the core of
POF and thereby enable unique in-fiber
devices; a recent example is a multimode

POF-based phase conjugator reported
by Bian et al.14

The summary presented so far
describes the potential of organic and
polymeric materials for various applica-
tions in optical communications by
offering low cost and flexible solutions.
Further research is needed to make the
polymers more environmentally stable 
so that they can pass Telcordia tests such
as damp heat and high temperature
cycling, even though hermetically sealed
polymer devices are being used for com-
mercial applications.

Nasser Peyghambarian (nnp@U.Arizona.EDU) and
Robert A. Norwood are with the Optical
Sciences Center, University of Arizona,
Tucson. 
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Figure 6. Loss spectrum for multimode POF compared to silica [Ref. 9].

Figure 5. Classic electro-optic polymer Mach-Zehnder modulator.
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