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1. INTRODUCTION: A NOVEL POLARIZING GLASS

Polarized light is electromagnetic radiation confined to oscillate in one plane. It
is one of the most technologically useful phenomena of nature, allowing light to be
controlled with simple devices such as calcite prisms, glass polarizing beamsplitters, wire
grid polarizers, microcrystalline polarizers and molecular sheet polarizers. Detailed
discussions of polarized light and description of the devices are available in several
texts.1>2

Dichroic polarizers are among the most useful because they can be made in sheet or
strip form and do not require precise alignment or assembly. In the 1920's, E.H. Land
observed that microcrystals of dichroic materials® produced polarization effects when they
were oriented by strerching in a sheet of polymeric material. He later used oriented
organic molecules made dichroic by staining with iodine. Polarization effects in glass
were first observed by Corning scientists in the mid-1960s.# They noticed that by
stretching glass containing dispersions of metal particles, one polarization component
could be transmirted and the other absorbed, thus producing an optical polarizer.
Moreover, the wavelength of the absorption could be adjusted by changing the aspect ratio
of the particles: long thin particles absorbed at longer wavelengths whereas shorrer thicker
particles absorbed at shorter wavelengths. Polarizers could thus be optimized for specific
wavelength ranges.

Corning introduced this new glass innovation under the trade name Polarcor™ in
1987 for use in the near infrared region of the spectrum.> This region, from about 700 nm
to 2000 nm, was poorly served by the existing molecular sheet and wire grid polarizer
technology. More recently, high performance polarizers have been introduced with
performance similar to calcite prism polarizers.®7 Polarcor has found application in six
market segments: optical isolators, optical data storage, instruments, fiber optic sensors,
military systems and research.

Polarcor replaced existing polarizer technology because of six main advantages:
high transmittance, high contrast, thin profile, large acceprance angles, heat resistance and
high durability. New applications of Polarcor will use these advantages 1o produce small,
rugged optical devices.

The purpose of this paper is to share some of the design considerations that have
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been effective in making best use of these advantages. I will conclude with some
suggestions of future applications for Polarcor.

2. CONTRAST RATIO SELECTION

Contrast ratio is the ratio of the intensity of the transmitted polarization
component, ki, (aligned perpendicular to the silver particles) divided by the intensity of
the absorbed component, k2, (aligned parallel to the silver particles). The higher the
contrast ratio, the higher the performance of the polarizer. Figure 1 shows the kj and k2

transmittance curves for polarizers processed for two different contrast ratios. It can be
seen that the high contrast process does not significandy reduce ki, so there is no

transmittance penalty paid for polarizers with high conrtrast.
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Fig. 1.1 Transmittance curves perpendicular (k1) to silver particles for high and standard

condrast ratio designs.

High contrast (HC) Polarcor has contrast rarios in excess of 10,000:1. HC
polarizers provide performance similar to calcite prisms and are used in the most
demanding applications such as optical isolators. Enhanced contrast (EC) polarizers
provide contrast ratios of 1000:1. EC polarizers have performance similar to glass
polarizing beam splicters (PBS) and rutile birefringent polarizers. They are used in
applications such as Kerr effect optical data storage devices and optical instruments where
relatively high performance is required, but cost constraines limit the use of high
performance polarizers. Standard contrast (SC) polarizers provide contrast ratios of 500:1.
They are used in high volume applications such as glare reduction and polarization clean-up
from diode lasers. Typical applications include optical data storage devices and range
finders. These polarizers provide better infrared performance than organic molecular sheet
polarizers because they have higher transmittance and are more suitable to hostile
environments.
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Fig. 1.2 Transmittance curves parallel (k2) to silver particles for high and standard

contrast rafio designs.

Figure 1 also shows that higher contrast polarizers cover a broader band than lower
contrast polarizers. This allows high contrast polarizers to be substituted in applications
where a low or intermediate contrase is required over a broad bandwidth. For example,
900-HC polarizers may be used to supply 100:1 contrast over much of the near-infrared
spectrum used by silicon detecrors (700-1100 nm).

3. WAVELENGTH SELECTION

The absorption wavelength is controiled by the silver particles” aspect ratio,
making it possible to optimize the glass for use at wavelengths cotresponding to
commercial lasers and other light sources. Figure 2 shows the k1 and k2 transmitrance
curves for polarizers optimized for use at 800, 900, 1060, 1300 and 1550 nm. The
absorbance bands broaden at higher wavelengths, although all are about the same width at
half maximum if displayed in electron volts rather than wavelength. The asymmertry of
the absorbance band probably reflects an asymmetric distribution of aspect ratios of silver
particles present in the glass.

The width of the absorption band allows the polarizers to be used at a variety of
wavelengths. For example, 800 nm polarizers may be used with 750, 780, 825 and 840 nm
diode lasers, These polarizers are typically used in low cost systems such as optical data
storage and compact disks. Another formulation is optimized for use at 1060 nm
(Nd:YAG or Nd:glass lasers), but can be used at the 1083 nm He line, the 1150 HeNe
laser line, and the 980 nm line associated with diode lasers used to pump fiber optic
amplifiers. Two popular wavelengths are 1300 and 1550 nm since they correspond to the
diode lasers used for optical relecommunications.
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Fig. 2. 1 Transmittance curves perpendicular to silver particles for five different wave-

length designs.
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designs,

4. TRANSMITTANCE AND ANTI-REFLECTION COATINGS

Polarcor’s principle transmittance, ki, is greater than 84% throughout the near-
infrared region of the spectrum. This transmittance is substantially higher than organic
sheet and wire grid polarizers which have transmittances in the 57-65% range. Figure 1
shows that Polarcor's k1 transmitrance is not substantially affected by changes in contrast
ratio. Figure 2 shows that absorption by metallic silver gradually reduces the transmittance
in the red and visible portions of the spectrum, limiting the usefulness of the Polarcor
technology for visible regions. The transmittance above 1200 nm is limited primarily by
surface reflections, with only very slight absorprion.
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The transmittance in the near-infrared can be improved substantially through the use
of anti-reflective coatings. About 4% of the energy of an incident light beam is lost at
each surface the beam encounters. Normally the beam encounters two surfaces, so the
maximum transmittance is about 92%. Anti-reflection coatings consist of several thin
layers of dielectric material that cause reflected beams to interfere destructively, thereby
increasing the transmittance. Polarcor can be treated like any oprical glass using
conventional coating techniques. Dielectric materials such as §iO2, TiO2 and ZrQ7 are
used, providing a durable coating that resists peeling.

Several types of coatings can be designed. A single wavelength coating® is the
most efficient, providing reflectivities under 0.25% per surface. The single wavelength
coating should used if the light source is a single wavelength laser. Its performance should
be specified over the expected emission range of the laser. Single wavelength coatings can
usuallv be designed to provide less than 0.25% reflectivity over a 20 nm range.

Double wavelength coatings provide minimum reflection at two specified
wavelengths. For example, if the polarizer is to be used with both a 1550 nm and a 1310
nm diode laser, it would be appropriate to specify a double wavelength coating (often
called a “Double V”). These coatings can usually be designed to provide less than 0.35%
reflectivity over £20 nm ranges centered on each of the two characteristic wavelengths.

Broadband coatings provide low reflectivity over several hundred nanomerers.
These are used when the incident light covers a broad spectrum. For example, a coating
might be designed to provide low reflectivity over the 700-1200 nm range of a silicon
detector. Broadband coatings have also been designed to work over the fiber optic
amplifier wavelengths (1450-1600 nm). These are usually specified at less than 0.5%
reflectivity over the wavelength range, but better performance can often be obrained if the
range is not too broad.

5. THICKNESS

Polarization effects in Polarcor arise from a 20-50 {im layer at both surfaces of the
glass (Figure 3). As a result, it is possible to make the polarizer very thin without
sacrificing performance or available aperture, This allows Polarcor to be used in micro-
optic components where thickness must be severely limited to allow the device to be used
in a small space. For example, 0.2 mm thick polarizers can be incorporated directly into
a diode laser package.

Three thicknesses have been established as standards. One mm thick material
should be selected for best mechanical strength and applications where wavefront
distortion must be limited. Aperture dimensions of up to 30 mm in the pass direction
and 75 mm in the absorption direction are possible with this thickness when used with 800
and 1060 nm polarizers. Optical isolators typically use 0.5 mm thick polarizers which
combines ease of production with a more compact formar. It is best limited to apertures
of 10 mm or less. When space is at a premium, the most demanding applications use 0.2
mm thick Polarcor, This thickness can be provided in dimensions up to 10 mm widths,
but it is preferable to limit the aperture to a few millimeters.
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Fig. 3 Polacor polarizers viewed on edge in polarized light.

6. SHAPE AND SIZE

Flexibility with respect to shape and size is one of the most important
considerations in designing with Polarcor. While traditional disk shapes can be produced,
most applications use straight-edged shapes such as squares or rectangles which lend
themselves to high volume production. Straight-edged shapes have an additional
advantage: the polarization direction can be aligned at any angle to a given edge within
0.1°, This can be an aid in assembly since the polarizer does not have to be oriented.

Shapes other than squares and rectangles can be produced to meet specific design
needs. In general, best yields come from symmetric shapes that are based on two sets of
parallel lines (parallelograms) or objects with three-fold or six-fold symmetry (triangles
and hexagons). Very sharp acute angles should be avoided as they may break during
handling,

Maximum dimensions parallel to the k] transmission direction (pass direction)
should be limited to 30 mm for 800, 900 and 1060 nm polarizers and 10 mm for 1300

and 1550 nm polarizers. Dimensions parallel to the k2 transmission direction (blocking
direction) may be as much as 75 mm for 800, 900 and 1060 nm polarizers and 10 mm for
1300 and 1550 nm polarizers.

Length and width dimensions can be very small in straight-edged designs. Care
must be taken in designing the clear aperture to allow for edge chips of up to 0.1 mm. It is
also prudent to observe at least a 2:1 ratio berween the minimum surface dimension and the
thickness. The smallest polarizers produced to date have been 0.6 mm squares.

Disk polarizers are generally one millimeter thick and 4-30 mm in diameter.
Nevertheless, diameters as small as 1.8 mm have been produced.
The ability to produce very small polarizers is an important design advantage.

Organic sheet polarizers often delaminate when they are cut very small. Difficulties in
handling and alignment limit the minimum size of prism polarizers to 1-2 mm.
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Fig. 4 Contrast ratio for off-normal incident angles.

7. ACCEPTANCE ANGLE

Acceptance angle is the angle over which the polarizer will provide specified
polarization and is generally twice the maximum incident angle. The absorption
mechanism in Polarcor is not strongly dependent on the incident angle (Figure 4), resulting
in a polarizer with a wide acceptance angle (30-40°). This contrasts with calcite prism
polarizers which require a length to aperture ratio of 3.0 to provide an acceprance angle of
20-25° in the near-ir. Polarizing beam splitrers have an acceptance angle of about 10°.

A wide acceprance angle means that the optical engineer can use the polarizer in
designs that require converging or diverging beams. For example, Polarcor can interface
directly to the facet of a diode laser, thereby eliminating the need for collimating optics.
The polarizer can be tipped off normal incidence in applications which are sensitive to
back reflections, such as optical isolators.

8. THERMAL AND ENVIRONMENTAL STABILITY

The host glass for Polarcor is a durable alkali borosilicate. It can be cleaned with
a variety of materials such as alcohol, acetone or trichloroethylene. The best cleaning
procedure is to scrub with soap and water followed by rinsing with high resistance
deionized water and spin drying in a nitrogen atmosphere.

Coated Polarcor polarizers have been exposed to thermal cycles between -55 and
125°C (2 hour cycle, 500 repetitions) and 1000 hour 85°C, 90% telative humidity storage
tests without significant loss of performance. Polarcor may also be exposed to
temperatures of up to 400°C for short durations (1 hour). Higher temperatures may cause
some loss of contrast ratio.
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High chemical and thermal durability recommends Polarcor for use in
applications which are too hostile for organic dichroic polarizers or cemented prism
polarizers.

9. LASER DAMAGE

Laser damage has not been a problem in diode laser applications since power levels
are generally low. Loss of contrast ratio has been observed in some pulsed Nd:YAG
applications where intensities are much higher. Polarization arises by the absorption of the
energy of one polarization component by the elongated silver particles. The resultant local
heating around the particles may cause the particles to foose their needle shape resulting in
a loss of contrast ratio and visible darkening of the polarizer.

Laser damage in the blocking direction should be limited to about 25 warts per
square centimeter in continuous wave operations. In the pass direction, intensities should be
limited to about 100 watts per square centimeter. In pulsed applicacions, it is best to test
prototypes carefully, since damage appears to be very sensitive to pulse duration and
intensity. For example, damage thresholds are much higher for a 120 microsecond pulse
than for a 13 nanosecond pulse.

10. FUTURE APPLICATIONS

Future applications can be expected in designs which take advantage of Polarcor’s
unique characteristics. In the past, Polarcor competed primarily with calcite prism and
glass polarizing beam splitters in high performance applications, the primary advantage
being low thickness, low cost and ease of alignment. As fiber optic and diode laser
technology becomes more commonplace in large volume products, we can expect to see
Polarcor’s characteristics put ro wider use.

For example, automobile manufacturers are using optical technology in a number
of navigational, sensing and measurement systems. These components must be able to
withstand long use at engine temperatures in environments rich in dust and hydrocarbons.
Polarcor’s high chemical durability and temperature resistance make it an attractive
alternative in environments that are too hostile for organic sheet polarizers.

Miniaturization and integration of optical devices is an importanc trend, especially
in optical data storage and fiber optic sensors. These applications require tiny, low cost
optical subcomponents that are rugged and easy to assemble. Polarcor’s ability to be cur
into submillimeter components and bonded to other components makes it an ideal
candidate for these applicadions. For example, Polarcor can be combined with quarter-
wave plates to produce circular polarizers used to reduce glare from specular reflections in
various fiber optic sensors. [t can also be bonded to molded optic lenses and lens arrays to
mass-produce polarizing optics.

Finally, mass customization? - the ability to produce custom shapes and optical
performance specifications at mass production prices and delivery times - is a critical
advantage to system suppliers who are faced with short development cycles in highly
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competitive environments. The design considerations outlined in this paper allow rapid
production of low volume prototypes at initial prices that are already well down the
learning curve. These rules thus provide users of Polarcor a unique competitive advantage:
time.

11. FIGURES
Figure 1 - Transmittance curves perpendicular (ky, Figure 1.1) and parallet (ks,

Figure 1.2) to silver particles for high and standard contrast ratio designs. Notice that the
transmittance curve, ky, is only slightly reduced in the high contrast form. ky is plotred

against the linear scale in Figure 1.1 and k; is plotted against the logarithmic scale in
Figure 1.2,

Figure 2 - Transmittance curves for five different wavelength designs. Figure 2.1
shows that the absorption wavelengeh has relatively little effect on the ki transmittance
curve. Changes in the aspect ratio of the silver particles change the wavelength of the
absorption band in the ky curve (Figure 2.2).

Figure 3 - Polarcor polarizers viewed on edge in polarized light. Surface zone (30
tm) contains metallic silver particles that selectively absorb the polarization component
oscillating parallel o the long axis. In orientation A, the silver particles are pointing out
of the plane of the photograph, so no extinction occurs, only partial light absorption. In
orientation B, the silver particles are aligned parallel to the direction of polarization of the
light and extinction occurs.

Figure 4 - Contrast ratio for off-normal incident angles. Curve I represents an
incident beam which is polarized perpendicular to the plane of incidence (S-polarization).
Curve II represents an incident beam which is polarized parallel to the plane of incidence
(P-polatization). Performance is better for the P-polarized transmitted component because
surface reflectivity of the k2 component increases with angle, thereby assisting the
polarization action. The polarizer is an 800-HC (high contrast). The calculated acceptance
angle is twice the maximum incident angle.
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