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Polymers are increasingly used in the design and
manufacture of photonics products. One class of
polymer optical components provides product
forms and functions achievable only via polymer 

optics. Specific applications include ultrahigh-
efficiency reflectors and reflective polarizers.

Recently, all-polymer wavelength separation filters
for the photosensor industry have been developed.

These filters offer new degrees of freedom to 
designers and manufacturers at both the 

component and device levels.
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of the glaring light reflected from the surface of a wet highway or
the hood of a car, and the loss of efficiency of most multilayer
mirrors at high angles. When N1Z and N2 Z are equal, however, the
p-polarized reflection coefficient is given by 

N2Y  – N1YrP =  ———— (1)
N2Y  + N1Y

which is independent of angle. In this case, there is no Brewster’s
angle and a multilayer reflector made from such materials can
have excellent reflectivity for all angles of incidence.

For another set of index values,2 the Fresnel coefficients for the
two polarizations can be made equal in magnitude

|rP| = |rS| (2)

for all angles of incidence. A multilayer interference filter made
from these birefringent materials does not have separate s- and 
p-polarized reflection bands that shift with angle, a factor which
reduces the band edge sharpness of isotropic filters at large angles.
Filters made from the appropriate anisotropic materials retain
the sharpness of their reflection band edges over all angles.

The polymers used in GBO filters are carefully chosen for
their tendency when stretched to either remain isotropic or to
develop anisotropic values of refractive index. By controlling the
stretching process through temperature and mechanical defor-
mation, one can control the final index values: a uniaxial stretch,
for example, can increase the refractive index of an orientable
material along the stretch direction while decreasing it in the or-
thogonal directions.

GBO films can be made by alternating layers of an orientable
material with layers of an amorphous material whose refractive
index (NA) does not change when stretched, so that it remains
isotropic. By control of the stretching process, one obtains 
NY = NZ = NA. The result is a film that at normal incidence re-
flects no y-polarized light (in other words, Brewster’s angle is
zero). In addition, there will be no reflection of p-polarization
for light in the y-z plane at any angle of incidence because the re-
fractive index values along the z-axis between the two materials
are matched. To make a highly efficient polarizer, it is also neces-
sary that most of the x-polarized light be reflected. This can be
accomplished by generating a large index difference across the
material interface, |NX – NA | >> 0, and providing a large number
of layers of the correct optical thickness. Simple designs use lay-
ers with a quarter-wave optical thickness4 and a distribution of
layer thickness which provides high reflectivity over a wide band
of wavelengths. The design of precision wavelength selective fil-
ters may require additional complexity of layer sequences and
overall layer thickness distribution.

The matched z-index polarizer described above can be used as
a wide-angle polarizing beam splitter. A highly efficient mirror
can be made in a similar manner when the multilayer film is
stretched in two orthogonal directions, x and y. The goal in this
case is to obtain NX = NY, NZ = NA, |NX – NA | >> 0. The result is
a polarization insensitive reflector with high reflectivity over a
wide range of angles.

Computed transmission spectra for a broadband mirror are
shown in Fig. 2(a). Note that extinction remains high over 
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T he drive to improve the performance, compactness and
cost characteristics of photonics products has created a
continuous demand for higher manufacturing efficien-

cies and increased optical function. In recent decades, polymers
have made inroads in these areas due to their optical properties,
ability to be shaped and reduced thickness and weight compared
to glass.1

For certain industries, the advent of polymeric optics has been
particularly significant. Plastic ophthalmic lenses, originally in-
troduced in the 1950s, now dominate the market for eyeglasses.
The relative cost, weight and impact resistance of polymers such
as CR39 and polycarbonate have made them the material of
choice for this application worldwide. Similarly, the fact that in-
jection molding can now provide large volumes of precision lens-
es has helped transform the cost structure for cameras and cam-
corders. In another example, the availability of large plastic Fres-
nel lenses has enabled widespread deployment of the overhead
projector in business and academic environments.

Today, components that require quality optics are routinely
constructed from polymers. Often, as in the case of aspheric lens-
es, a polymer is the preferred material. Light management systems
such as the liquid crystal display (LCD) effectively use the unique
properties of polymer optical films to control brightness and lim-
it power requirements. The modern LCD employs polymer optics
for a variety of light management functions, including: diffusion;
reflection; polarization control; and brightness enhancement.

Polymers have properties that can be especially useful in the
design of new optical systems. In addition to well-known charac-
teristics such as low cost, flexibility and light weight, polymers can
also be highly birefringent. The PET in a plastic soda bottle, for
example, can be as birefringent as calcite. This characteristic of
certain polymers is of central importance to the field of giant
birefringent optics,2 where the combination of polymer birefrin-
gence with precision fabrication technology is enabling develop-
ment of a new class of optical polymer products. Examples in-
clude ultrahigh-efficiency reflectors, reflective polarizers and,
most recently, spectrally selective interference filters for wave-
length separation.

Giant birefringent optics
Giant birefringent optics (GBO) effects are observed at a materi-
al interface when anisotropy in the refractive index of a material is
comparable to the differences in index between materials.
Figure 1 shows a multilayer film made from two anisotropic ma-
terials, where for simplicity light is propagating in the y-z plane.
Note that propagation is strongly dependent on the polarization
state of the light. In the anisotropic media, s-polarized light re-
sponds only to the x-component of the refractive index, NX , while
p-polarized light senses a combination of NY and NZ that depends
on the angle of propagation. GBO effects are present when the
difference between NY and NZ for one material is comparable to
the difference of NY or NZ between the two materials.

The Fresnel coefficients for s- and p-polarized reflection from
the boundary between the two anisotropic materials are compli-
cated functions of the incidence angle and the refractive indices.2,3

Of particular interest is angle dependence. At Brewster’s angle,
p-polarized reflections vanish. This effect is responsible for a
number of common phenomena, including the polarization state



Figure 2(a). Computed reflectivity versus angle and wavelength for a
polymer GBO mirror with 528 layers of birefringent and amorphous
polymers. (b). Measured transmission versus wavelength for a polymer
GBO mirror with 448 layers of polyethylene naphthalate (PEN) and
polymethylmethacrylate (PMMA).
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nearly all angles of incidence. Actual measured transmission
spectra for a commercially available GBO polymer mirror are
shown in Fig. 2(b). As predicted, the high level of reflectivity at
normal incidence is retained at 60° for both s- and p-polariza-
tions. GBO polymer polarizers and broadband mirrors have
been produced in large quantities for several years.

The manufacturing process
The manufacturing process for polymer multilayer optical films
differs from conventional optical film manufacturing processes
in many ways. As outlined in Fig. 3, the process starts with engi-
neering-grade optical polymers. Polymer selection is based on a
number of criteria, including melt-processing considerations
and refractive indices. Polymers are extruded under heat and
pressure and combined into a multilayer web with controlled
layer thickness distribution. This moving web of thick material
is then stretched to develop its final optical properties.

Film stretching creates molecular orientation, desired values of
refractive index, the final values of layer thickness and thus the
spectral response of the multilayer film. Stretching can be either
along the film web travel direction or transverse. Reflecting polar-
izers, like those used for polarization recycling in a LCD, general-
ly require stretching in a single direction, while a polarization in-
sensitive reflector is typically stretched in two directions.

To complete the process, a liner is often added to protect the
film surface from scratches. The rolls are then wound to a length
convenient for shipping and handling. Optional processing steps
include surface treatments or coatings. Lamination with other
polymeric filter, diffuser, or absorber films has also proven useful in
tailoring spectra and the directional control of transmitted light.

Interference filters: the next step 
Polymers have been used in nearly all the functional areas of pas-
sive optical elements. One notable exception, the spectrally selec-
tive interference filter, had remained until recently almost exclu-
sively the domain of inorganic materials deposited on rigid glass
substrates. This situation has changed with the emergence of a
new class of optical interference filters comprised completely of
polymers. Based on recent improvements in the technology de-
veloped for making broadband GBO polarizers and mirrors,
these filters combine the ability to separate light by wavelength
with the physical characteristics of polymer films. They possess
sharp spectral cut-offs, good extinction and, because of their
mechanical flexibility, can be converted to new physical formats.

The measured normal incidence spectrum of a GBO wave-
length selective filter is shown in Fig. 4. This particular example
(a normal incidence cold mirror) is highly reflective across the
visible while passing near infrared (IR) light. There are several
noteworthy spectral features. First among them is the sharpness
of the transitions at 420 and 720 nm. Next is the uniformly high
extinction across the reflection band, averaging less than 1%
from 430 to 695 nm. Also significant is the low ripple in the pass-
band region. Note that the pass-band transmission level, roughly
85% for this filter, is dominated by Fresnel reflections off the out-
er surfaces. These reflections can be eliminated by index-match-
ing to other elements in the optical system or by adding an addi-
tional antireflection coating.

Figure 1. Ray diagram for light incident on a multilayer made from two
anisotropic materials.S-polarization is directed along the x-axis;p-polar-
ized light lies in the y, z-plane.

Figure 3. Diagram of the polymer GBO filter manufacturing process.
Two polymers (A and B) are used for optical interference layers; a third
polymer (C) is used for thick surface layers.
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The physical flexibility of polymers enables multiple manufac-
turing options, as illustrated in Figs. 5 and 6. Examples include fil-
ters in a continuous roll form or with a tape-like delivery system of
individual parts with a pre-applied optical adhesive. Parts have also
been laser cut into complex shapes where mounting tabs, for ex-
ample, can be incorporated to provide cost savings during assem-
bly. Housings can be injection molded around the GBO filters. An-
other possibility is design of molded optical parts which encom-
pass the GBO filter (e.g., a lens), thereby combining in a single ele-
ment the functionality of the polymer filter and plastic lens.

Design considerations
Design rules for polymer filters can be different than those for in-
organic multilayer filters deposited on glass substrates. Filter de-
sign is based on material choices, hardware, and some unique at-
tributes linked to the nature of the manufacturing processes used
to create extruded filters. There are also design rules for specific
filter applications. These design guidelines are summarized in
Table 1.

The polymers most commonly used in multilayer filters are
polyesters and acrylics. Acrylics are usually optically isotropic,
and have an index of about 1.48. Polyesters can range from the
optically isotropic to the highly anisotropic, with in-plane indices
ranging from about 1.5 to 1.75. Polyesters can be selected with a
transmission ranging between 330 nm and about 2500 nm. Hard-
ware is typically designed to coextrude between 100 and 1000 lay-
ers. Optically thick polymer layers are usually added to the extru-
sion process to improve manufacturability, particularly on the
outer portions of the filters. The layer thickness profile is usually
monotonic, with thin layers progressing to thicker layers through
the body of the filter. This profile is often modified for band-edge
apodization by creation of sharp band transitions with relatively
low side-lobes. One strategy for filter design is to modify the
thickness of each layer individually, as is common with vacuum-
coated filters. A more common practice with coextruded polymer
filters is to design systems with a high correlation in thickness be-
tween adjacent layers.

The sharp band edge of a multilayer filter is often valued above
the more gradual transition of an absorption filter. For an inter-
ference filter, however, changes in incidence angle introduce spec-
tral shifts. Whether such shifts are desirable or not, they typically
need to be controlled. By combining the GBO filter with a dif-
fuser, spectral shifts can be smoothed out and effectively integrat-
ed over a range of angles. The fact that polymers are relatively easy
to shape provides an additional aid in the control of angle shifts.

GBO filters and photosensors
GBO interference filters have potential applications in a number
of optics-related industries. Of particular interest is the area of
photosensors, the detectors used in a variety of applications in-
cluding imaging, sensing and communications. Today, system de-
signers are forced to choose from relatively few classes of detector
types, the spectral response of which may not be ideal for the in-
tended application.

Spectral response can be modified by use of a filter. Historical-
ly, however, the optical performance and physical forms of filters
have been limited. For example, polymer resins containing ab-
sorbing dyes have the advantage of being injection moldable into

Figure 5. Alternative formats for
polymer GBO filters include injec-
tion-molded plastic holders and
frames (top), cut parts with com-
plex shapes (center), and flexible
tape-delivery systems (left).

Figure 4.Transmission spectrum of a GBO visible wavelength spectral
filter, a PEN-PMMA cold mirror.
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virtually any shape, but control of spectral properties is restricted
by the range of available dyes. Conversely, while inorganic multi-
layer interference filters on glass can provide a wide range of spec-
tral responses, their brittleness, weight and incompatibility with
automated assembly processes make it impossible to use them in
some applications. Certain absorbing glasses have the additional
limitation of poor stability under humidity exposure, making
them unsuitable for the needs of system designers working in ap-
plications such as the automotive industry. Polymeric filters can
eliminate the need to make trade-offs between enhanced optical
performance, manufacturability and product design.

Polymers can provide interference filter optics with physical
properties that allow fabrication into custom shapes and inte-
grated photosensor packaging. Several examples illustrate the
range of potential applications. Most silicon detectors have a re-
sponse curve like that shown in Fig. 7, extending from UV
through the near IR. This wide response range is often undesir-
able. A silicon detector used to sense the level of visible light may
need to be shielded from stray infrared light, particularly out-of-
doors on a cloudy day, or around sunrise and sunset. A sharp cut-
off IR blocking filter is one solution, provided it has high trans-
mission in the visible and can be easily packaged with the sensor.

The combined filter-photosensor response in Fig. 7 was
demonstrated using a GBO filter and silicon photodiode. It shows
rejection of infrared with little loss in transmission at visible
wavelengths. As shown in Fig. 8, the filter film can be laser cut
into a self-supporting strip shape. The strip serves as a self-regis-
tering carrier for plastic frames which may be injection molded
around the filter film. In an automated assembly process, multiple
sensors are attached to the respective filter frames, which are then
trimmed into individual parts. In a design alternative, open-sided
enclosures are injection molded around the filter strip. Inserting
the silicon sensor into the trimmed enclosure and sealing with
epoxy completes the assembly.

An IR blocking filter can be used with silicon photosensors in
numerous other applications. Combination with CCD/CMOS
sensors in electronic cameras is one example. CCD/CMOS sen-
sors may have nearly half their integrated spectral sensitivity in
the near IR. The ratio of visible to near-IR light for natural
sources can vary dramatically, depending on the time of day or
weather. Filtration is necessary to limit infrared sensitivity, partic-
ularly for outdoor photography. An antireflection coating to pre-
vent the surface reflections that cause ghosting may also be re-
quired for this application.

Another example is based on the need for brightness sensors
to have a photopic (or human-vision-like) response. Cadmium
sulfide, conventionally used for these applications, poses prob-
lems in the areas of operational stability, linearity and environ-
mental impact. Silicon is ideal from all these standpoints but has
an inappropriate spectral sensitivity function. The response of sil-
icon detectors can be adjusted over a limited range by location of
the p-n junction, but deviation from the ideal photopic curve and
excess infrared sensitivity are significant drawbacks.

Use of a GBO filter to block unwanted infrared light and
achieve a closer approximation to the human eye can allow silicon
detectors to qualify for ubiquitous brightness control applications
in displays, light meters and control systems for general lighting.
The response curve in Fig. 9 is seen as a good approximation to
the CIE standard. Absorptive and reflective optics were used to
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Inorganic 
Multilayer Filter GBO

Property on Glass Substrate Polymer Filter

Design layers 10-200 100-1000

Index range 1.3-2.4 1.45-1.75*

Birefringence small 0.1-0.5

Thickness 1-3 mm 0.025-0.2 mm

Band shift with 45˚ tilt ~10% ~11%

Band shift with 20˚ C parts-per-million parts-per-thousand

Flexible No Yes

Formable No Yes

Max. temperature >200˚ C 100-160˚ C**

Table 1. Design rules for polymer filters. (*Higher indices possible with uni-
axially oriented films.) (**Depending on materials and conditions.)

Figure 6.An optical interference filter made completely from polymers.
In this example, a reflection filter was die cut into rectangular parts,
backed with an optical adhesive and delivered in a continuous tape format.

Figure 7.Typical response of a silicon detector, filter transmission for an
IR blocking filter and combined response of the filter and silicon detector.
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Figure 8. Laser-cut strip of GBO filter used as self-registering carrier for
molded frames.



Figure 11. A lattice
formed from polymer
GBO filter laminate
surrounds a rectangu-
lar array of scintillator
crystals to guide light
into a photodetector
array (not shown).

Figure 9. Measured transmission of GBO filter with dye.The transmis-
sion target was selected to give a CIE photopic response when com-
bined with a silicon photodetector.

adjust the shape of the combined response without unduly limit-
ing dynamic range through the visible. The result is an effective
replacement for cadmium sulfide devices.

Many properties of GBO films can also be exploited in light
transport applications. GBO films can have reflectance in excess
of 99%, making them suitable for multiple bounce applications
where light is transported from one point to another. This prop-
erty is proving particularly useful in scintillators. Scintillation-
type detectors include a region filled with a material that scintil-
lates (literally, gives off sparks) when excited by high-energy-
charged particles. The problem then becomes transporting the
light to a distant detector. The cosmic ray detector 5 depicted in
Fig. 10 is an example of GBO film use in light transport. Another
is the proposed design for the calorimeter used in the Gamma
Ray Large Area Space Telescope.6 In both these instances, the me-
chanical flexibility of the GBO reflector is valued for either lining
liquid scintillator tubes or wrapping solid scintillate rods, as well
as transporting light via multiple reflections to the photomulti-
plier tube detector.

A more down-to-earth example is a small animal positron
emission tomography scanner.7 This device uses a 4 x 8 array of
Hamamatsu photodiodes coupled to an array of lutetium oxy-
orthosilicate (LSO) crystals. Shown in Fig. 11 is a lattice of GBO
filter film that surrounds the scintillator crystal elements. It pro-
vides high reflectivity with very low cross talk between diode ar-
ray elements. Similar devices that employ fluorescence rather
than scintillation are also under development.

For an interference filter, changes in incidence angle introduce
spectral shifts. Polymer flexibility provides the additional tool of
filter geometry to manage such shifts in application design. For
example, the ability to curve a GBO filter about a single axis, as
demonstrated in Fig. 12, confers an added degree of freedom in
control of angle-induced spectral shifts. Sophisticated approach-
es, such as changing the caliper of a curved filter to compensate
for changes in incidence angle, have also been suggested.8

Conclusions
The use of polymeric materials has transformed modern indus-
trial optics, most recently in the field of interference filters. Poly-
meric interference filters based on giant birefringent optics com-
bine precision interference filter optics with physical properties
that allow them to be easily fabricated into custom shapes and in-
tegrated into an overall device package. For the photosensor in-
dustry, GBO filters present an opportunity for product and man-
ufacturing innovation in the design of optical systems at both the
component and device level.
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Figure 12. Flexible polymer GBO filters curved around a single axis
contained in plastic housing.

Figure 10. Sketch of a liquid scintillator cosmic ray detector using GBO
reflector filter to transport light to photomultiplier tube (PMT) detectors.
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