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POLARIZING BEAM SPLITTERS PROVIDING HIGH RESOLUTION IMAGES AND

SYSTEMS UTILIZING SUCH BEAM SPLITTERS

Cross Reference to Related Applications

Co-owned and copending U.S. Patent Application No. 61/564172, entitled "METHOD OF

MAKING POLARIZING BEAM SPLITTERS PROVIDING HIGH RESOLUTION IMAGES AND

SYSTEMS UTILIZING SUCH BEAM SPLITTERS" is incorporated herein by reference.

Field

The present description relates to polarizing beam splitters and systems incorporating such beam

splitters. More specifically, the present description relates to polarizing beam splitters and systems with

such beam splitters that incorporate multilayer optical films and reflect imaged light towards a viewer or

viewing screen with high effective resolution.

Background

Illumination systems incorporating polarizing beam splitters (PBSs) are used to form images on

viewing screens, such as projection displays. A typical display image incorporates an illumination source

that is arranged so that light rays from the illumination source reflect off of an image-forming device (i.e.,

an imager) that contains the desired image to be projected. The system folds the light rays such that the

light rays from the illumination source and the light rays of the projected image share the same physical

space between a PBS and the imager. The PBS separates the incoming illumination light from the

polarization-rotated light from the imager. Due to new demands on PBSs, in part due to their new uses in

applications such as, e.g., three-dimensional projection and imaging, a number of new issues have arisen.

The present application provides articles that address such issues.

Summary

In one aspect, the present description relates to a polarization subsystem. The polarization

subsystem includes a first imager and a polarizing beam splitter. In some embodiments, the imager may

be an LCOS imager. The polarizing beam splitter is made up in part of a reflective polarizer and receives

imaged light from the imager. The reflective polarizer may be a multilayer optical film. In some

embodiments, the reflective polarizer will have a surface roughness

Ra of less than 45 nm or a surface roughness Rq of less than 80 nm. . The polarizing beam splitter reflects

imaged light towards a viewer or screen with an effective pixel resolution of less than 12 microns. In

some embodiments, the polarizing beam splitter may reflect imaged light towards a viewer or screen with

an effective pixel resolution of less than 9 microns, or less than 6 microns. The polarization subsystem

may include a second imager, where the polarizing beam splitter receives imaged light from the second

imager at a different face from that where it receives light from the first imager. The polarization



subsystem may also include a projection lens that projects light from the polarizing beam splitter towards

a viewer or screen. In some cases, the polarization subsystem may be part of a three-dimensional image

projector.

In another aspect, the present description relates to a polarizing beam splitter. The polarizing

beam splitter includes a reflective polarizer that is positioned between a first cover and a second cover.

The reflective polarizer may be a multilayer optical film. The polarizing beam splitter is capable of

reflecting imaged light towards a viewer or screen with an effective pixel resolution of less than 12

microns, and potentially less than 9 microns or less than 6 microns. The first and/or second covers of the

polarizing beam splitter may be made, at least in part, of glass or suitable optical plastic. The first and/or

second covers may be attached to the reflective polarizer by a suitable optical adhesive with additional

processing, such as exposure to vacuum, to achieve the desired flatness of the multilayer optical film. The

reflective polarizer may have a surface roughness Ra of less than 45 nm or a surface roughness Rq of less

than 80 nm.

In yet another aspect, the present description relates to a projection subsystem. The projection

subsystem includes a light source, a polarizing beam splitter, at least a first imager, and potentially a

second imager. The polarizing beam splitter receives light from the light source and includes a reflective

polarizer made up of a multilayer optical film. The first imager is positioned adjacent to the polarizing

beam splitter. The second imager is positioned adjacent to the polarizing beam splitter on a different side

of the polarizing beam splitter than the first imager. Light from the light source is incident upon the

polarizing beam splitter and a first polarization of incident light is transmitted through the reflective

polarizer while a second polarization of incident light orthogonal to the first polarization state is reflected

by the reflective polarizer. Light of the second polarization travels from the polarizing beam splitter to the

second imager and is imaged and reflected back towards the polarizing beam splitter. Light reflected from

the second imager is transmitted through the polarizing beam splitter to an image plane. Light of the first

polarization is transmitted through the polarizing beam splitter to the first imager and is imaged and

reflected back towards the polarizing beam splitter. Light reflected from the first imager is reflected at the

polarizing beam splitter towards an image plane with an effective pixel resolution of less than 12 microns.

In at least some embodiments, light reflected from the first imager is reflected at the polarizing beam

splitter towards an image plane with an effective resolution of less than 9 microns or less than 6 microns.

The reflective polarizer may have a surface roughness Ra of less than 45 nm or a surface roughness Rq of

less than 80 nm. The light source of the projection subsystem may be any suitable light source such as an

arc lamp or an LED or LEDs.

In another aspect, the present description relates to a polarization subsystem. The polarization

subsystem includes a first imager and a polarizing beam splitter. The polarizing beam splitter is made up

in part of a reflective polarizer and receives imaged light from the imager. The reflective polarizer may be

a multilayer optical film. The polarizing beam splitter reflects imaged light towards a viewer or screen. In

some embodiments, the reflective polarizer has a surface roughness Ra of less than 45 nm or a surface



roughness Rq of less than 80nm. In some embodiments, the reflective polarizer has a surface roughness

Ra of less than 40 nm or a surface roughness Rq of less than 70nm. In some embodiments, the reflective

polarizer has a surface roughness Ra of less than 35 nm or a surface roughness Rq of less than 55nm

Brief Description of the Drawings

Figure 1 is a polarization conversion system according to the present description.

Figure 2 is a polarizing beam splitter according to the present description.

Figure 3 is a projection subsystem according to the present description.

Figure 4 is a flowchart illustrating a method of making a flat multilayer optical film for use in a

PBS.

Figure 5 illustrates a method for creating a polarizing beam splitter using a multilayer optical

film.

Detailed Description

A high performance PBS is essential for creating a viable optical engine for a projector that uses

Liquid Crystal on Silicon (LCOS) imagers. In addition, a PBS may be required even for nominally

unpolarized imagers such as DLP imagers when such imagers are required to handle polarized light.

Typically, a PBS will transmit nominally p-polarized light and reflect nominally s-polarized light. A

number of different types of PBSs have been used, including MacNeille type PBSs and wire grid

polarizers. However, PBSs based on multilayer optical film have proven to be one of the most effective

polarizing beam splitters for issues associated with light handling in projection systems, including the

ability to effectively polarize over a range of wavelengths and angles of incidence and with high

efficiencies both in reflection and transmission. Such multilayer optical films are made by 3M Company,

as described in U.S. Patent No. 5,882,774 to Jonza et al., and U.S. Patent No. 6,609,795 to Weber et al.

With the advent of a number of new imaging and projection applications, including, e.g., three-

dimensional projection and imaging, new challenges have arisen. Specifically, in at least some three-

dimensional imaging applications, it may be required that a PBS provide imaged light that has a high

effective resolution (as defined below) not only when transmitted through a reflective polarizing film, but

also when reflected by a reflective polarizing film. Unfortunately, polarizers based on multilayer optical

film, despite their other major advantages, may be difficult to formulate with the requisite flatness to

reflect imaged light at high resolution. Rather, where such multilayer film reflective polarizers are used to

reflect imaged light, the reflected image may be distorted. However, the concerns of effectively

polarizing a wide array of angles of incident light and wavelengths of incident light must still be

addressed. It would therefore be highly desirable to provide a polarizing beam splitter that has the benefits

of a PBS that contains multilayer optical film, while also achieving heightened effective resolution for

imaged light reflected off of the PBS towards a viewer or screen. The present description provides such a

solution.



Figure 1 provides an illustration of one polarization subsystem according to the present

description. Polarization subsystem includes a first imager 102. In a number of embodiments, such as that

illustrated in Fig. 1, the imager will be an appropriate reflective imager. Often, imagers used in projection

systems are typically polarization-rotating, image-forming devices, such as liquid crystal display imagers,

which operate by rotating the polarization of the light to produce an image corresponding to digital video

signals. Such imagers, when used in projection systems, typically rely on polarizers to separate light into

a pair of orthogonal polarization states (e.g., s-polarization and /^-polarization). Two common imagers

that may be used in the embodiment shown in Figure 1 include a liquid crystal on silicon (LCOS) imager,

or digital light processing (DLP) imager. Those skilled in the art will recognize that the DLP system will

require some modification to the illumination geometry as well as an external means of rotating the

polarization (such as a retarder plate) in order to make use of the PBS configuration shown in Figure 1.

The polarization subsystem also includes a polarizing beam splitter (PBS) 104. Light 112 from a light

source 110 travels towards PBS 104. Within PBS 104 is a reflective polarizer 106. The reflective

polarizer may be a multilayer optical film such as those available from 3M Company (St. Paul, MN) and

described in, e.g., U.S. Patent No. 5,882,774 to Jonza et al., and U.S. Patent No. 6,609,795 to Weber et

al., each of which is hereby incorporated by reference in its entirety. When light 112 is incident upon film

106, one orthogonal polarization state of the incident light, such as the p-polarized state, will be

transmitted through the film and exit the PBS as light 120 that is then incident on imager 102. The

orthogonal polarization state of the incident light (in this case, s-polarized light), will be reflected by

reflective polarizer 106 as a separate beam 118 in a different direction, here at right angles to beam 120.

Unimaged light of a given polarization state 120 is incident upon imager 102. The light is then

imaged and reflected back towards PBS 104 and incorporated reflective polarizer 106. Where the imager

102 is an LCOS imager, and for those pixels in an "on" state, light 114 is also converted to an orthogonal

polarization state. In this case, the p-polarized incident light, not yet imaged, is reflected as imaged light

of s-polarization. When the s-polarized light is incident upon the polarizing beam splitter 104, and

particularly multilayer optical film reflective polarizer 106, the light is reflected as s-polarized beam 116

towards a viewer or viewing screen 130.

In a number of embodiments of the prior art, the imager may be positioned, e.g., in the direction

towards which beam 118 travels. In such an embodiment imaged light would be transmitted through the

polarizing beam splitter 104 rather than reflected in polarizing beam splitter 104. Transmitting imaged

light through the polarizing beam splitter allows for less distortion of the image, and thus, higher effective

resolution. However, as will be further explained, it may be desirable in a number of embodiments to

include an imager 102 as positioned in Figure 1. This may, for example, allow for overlapping images of

different polarizations. Despite the many benefits of multilayer optical film as a reflective polarizer, it has

conventionally been difficult to achieve high effective resolution for imaged light reflected off such films.

The Effective Resolution of the image or light produced by elements is a useful quantitative

measurement because it helps predict what size pixel can be reliably resolved. Most current imagers



(LCOS and DLP) have a pixel size range from about 12.5 µ down to around 5 µ . So in order to be

useful in a reflective imaging situation, the reflector must be able to resolve down to at least about 12.5

µηι, and ideally better. Therefore the Effective Resolution of a PBS must be no more than about 12.5 µηι,

and preferably lower. This would be considered a high effective resolution.

Using techniques described in the specification, one may in fact provide a multilayer optical film

for use in a PBS 104 that can reflect imaged light at very high resolution. In fact, looking to Fig. 1,

imaged light 116 may be reflected from the polarizing beam splitter 104 towards a viewer or viewing

screen 130 with an effective pixel resolution of less than 12 microns. In fact, in some embodiments, the

imaged light 116 may be reflected from the polarizing beam splitter 104 towards a viewer or viewing

screen 130 with an effective pixel resolution of less than 11 microns, less than 10 microns, less than 9

microns, less than 8 microns, less than 7 microns, or potentially even less than 6 microns.

As discussed, in at least some embodiments, the polarization subsystem 100 may include a

second imager 108. Second imager 108 may generally be of the same type of imager as first imager 106,

e.g., LCOS or DLP. Light of one polarization state, such as s-polarized light, may be reflected from PBS

104, and specifically from reflective polarizer 106 of the PBS towards the second imager. It may then be

imaged and reflected back towards PBS 104. Again, as with the first imager 104, light reflected off of

second imager 108 is polarization converted, such that where s-polarized unimaged light 118 is incident

upon imager 108, p-polarized imaged light 122 is redirected from the imager 108 back towards PBS 104.

Whereas light 114 reflected from imager 102 is of a first polarization state (e.g., s-pol) and therefore

reflects off of PBS 104 towards viewer or viewing screen 130, light reflected off of imager 108 (e.g. light

122) is of a second polarization (e.g., p-pol.) and therefore is transmitted through PBS 104 towards viewer

or viewing screen 130. As can be seen from Fig. 1, the two imagers are located at different sides of the

PBS 104, such that the PBS receives imaged light 114 from first imager 102 at a first face 126 and

receives imaged light 122 from the second imager 108 at a second face 124 different from the first face.

Once imaged light 116 and potentially light 122 exits PBS 104 it is directed towards a viewer or

viewing screen 130. In order to best direct light to the viewer and properly scale the image, light may be

passed through a projection lens 128 or some sort of projection lens system. While only illustrated with a

single element projection lens 128, polarization conversion system 100 may include additional imaging

optics as needed. For example, the projection lens 128 may in fact be a plurality of lenses, such as lens

group 250 of commonly owned and assigned U.S. Patent No. 7,901,083. Note that in the case that

optional imager 108 is not used, the input light 112 may be pre-polarized to have the same polarization

state as light beam 120. This can be accomplished for example, by the use of a polarization converting

system (PCS), the addition or a reflective or absorptive linear polarizer or other such device for enhancing

the polarization purity of the input light stream 112. Such a technique may improve the overall efficiency

of the system.

PBS 104 may include other elements besides reflective polarizer 106. For example, Figure 1

illustrates a PBS 104 that also includes a first cover 132 and a second cover 134. Reflective polarizer 106



is positioned between first cover 132 and second cover 134, such that it is both protected and properly

positioned by the covers. The first cover 132 and second cover 134 may be made of any appropriate

material known in the art, such as glass, plastic or potentially other appropriate materials. It should be

understood that additional materials and constructions may be applied to, e.g. the faces of the PBS or

adjacent to and substantially coextensive with the reflective polarizer. Such other materials or

constructions may include additional polarizers, dichroic filters/reflectors, retarder plates, anti-reflection

coatings, lenses molded and/or bonded to the surface of the covers and the like.

Projection or polarization subsystems that emit light from different imagers, wherein the imaged

light is of different polarizations may be especially useful as part of a three-dimensional image projector

as described for example in US Pat. No. 7,690,796 (Bin et al.). The distinct advantage of using a PBS

based two imager system is that no time sequencing or polarization sequencing is required. This means

that both imagers are operating at all times, effectively doubling the light output of the projector. As

discussed, it is highly important that the reflective polarizer 106 be flat, such that the imaged light 116

reflected off of the polarizer is not distorted and has high effective resolution. Flatness can be quantified

by the standard roughness parameters Ra (the average of the absolute value of the vertical deviation of the

surface from the mean), Rq (the root mean squared average of the vertical deviation of the surface from

the mean), and Rz (the average distance between the highest peak and lowest valley in each sampling

length). Specifically, the reflective polarizer preferably has a surface roughness Ra of less than 45 nm or a

surface roughness Rq of less than 80 nm, and more preferably has a surface roughness Ra of less than 40

nm or a surface roughness Rq of less than 70 nm, and even more preferably has a surface roughness Ra of

less than 35 nm or a surface roughness Rq of less than 55 nm. One exemplary method of measuring the

surface roughness or flatness of the film is provided in the Examples section below.

In another aspect, the present description relates to a polarizing beam splitter. One such polarizing

beam splitter 200 is illustrated in Fig. 2. Polarizing beam splitter 200 includes a reflective polarizer 206

that is positioned between a first cover 232 and a second cover 234. As with reflective polarizer 106 of

Fig. 1, the reflective polarizer 206 of Fig. 2 is a multilayer optical film such as those described above. The

polarizing beam splitter 200 is capable of reflecting imaged light 216 towards a viewer or surface 230.

The effective pixel resolution of the imaged light 2 16 that is directed towards the viewer or surface is less

than 12 microns, and possibly less than 11 microns, less than 10 microns, less than 9 microns, less than 8

microns, less than 7 microns, or potentially even less than 6 microns.

As with the covers of Figure 1, first cover 232 and second cover 234 of PBS 200 may be made of

any number of appropriate materials used in the field, such as glass or optical plastics, among others. In

addition, the first cover 232, and second cover 234 may each be attached to reflective polarizer 206 by a

number of different means. For instance, in one embodiment, the first cover 232 may be attached to the

reflective polarizer 206 using a pressure sensitive adhesive layer 240. A suitable pressure sensitive

adhesive is 3M™ Optically Clear Adhesive 8141 (available from 3M Company, St. Paul, MN). Similarly,

the second cover 234 may be attached to the reflective polarizer using a pressure sensitive adhesive layer



242. In other embodiments, the first and second cover may be attached to reflective polarizer 206 using

different adhesive types for layer 240 and 242. For example, layers 240 and 242 may be made up of a

curable optical adhesive. Suitable optical adhesives may include optical adhesives from Norland Products

Inc. (Cranbury, NJ), such as NOA73, NOA75, NOA76 or NOA78, the optical adhesives described in

commonly owned and assigned U.S. Patent Publication No. 2006/0221447 (to DiZio et al.) and

commonly owned and assigned U.S. Patent Publication No. 2008/0079903 (to DiZio et al.), each of

which is hereby incorporated by reference. UV curable adhesives may also be used. It should be

understood that additional materials and constructions may be applied to, e.g. the faces of the PBS or

adjacent to and substantially coextensive with the reflective polarizer. Such other materials or

constructions may include additional polarizers, dichroic filters/reflectors, retarder plates, anti-reflection

coatings, and the like. As with the PBS described in Fig. 1, the reflective polarizer 206 of Fig. 2 must be

very flat to most effectively reflect imaged light 216 without distorting it. The reflective polarizer may

have a surface roughness Ra of less than 45 nm or a surface roughness Rq of less than 80 nm. . With

typical application procedures of pressure sensitive adhesives such as described in US 7,234,816 B2

(Bruzzone et al.) the required surface flatness of the reflective polarizer is not achieved. It has been

discovered that certain types of postprocessing, allow the required surface flatness to be achieved.

In yet another aspect, the present description relates to a projection subsystem. One such

projection subsystem is illustrated in Figure 3. Projection subsystem 300 includes a light source 310.

Light source 310 may be any number of appropriate light sources commonly used in projection systems.

For example, the light source 310 may be a solid-state emitter such as a laser or light emitting diode

(LED) emitting light of a specific color such as red, green, or blue light. The light source 310 may also

include a phosphor or other light converting material that absorbs light from the emissive source and re-

emits light at other (generally longer) wavelengths. Suitable phosphors include well known inorganic

phosphors such as Ce-doped YAG, strontium thiogallate, and doped silicate and SiAlON-type materials.

Other light converting materials include III-V and II-VI semiconductors, quantum dots, and organic

fluorescent dyes. Alternatively, the light source may be made up of a plurality of light sources, such as a

red, a green and a blue LED, where such LEDs may be activated together or sequentially. Light source

310 may also be a laser light source, or potentially a traditional UHP lamp. It is to be understood that

ancillary components such as color wheels, dichroic filters or reflectors and the like may additionally

comprise light source 310.

The projection subsystem 300 further includes a polarizing beam splitter 304. Polarizing beam

splitter 304 is positioned such that it receives light 312 from the light source. This incident light 312 may

generally be made up in part of two orthogonal polarization states, e.g., part s-polarized light, and part p-

polarized light. Within the polarizing beam splitter is a reflective polarizer 306, again in this case a

multilayer optical film such as those described with respect to reflective polarizer 106. Light 312 is

incident upon reflective polarizer 306 and light of one first polarization, e.g., p-polarized light is



transmitted through as light 320 while light of a second orthogonal polarization, e.g. s-polarized light, is

reflected as light 318.

Light of the first polarization 320 that is transmitted through the reflective polarizer 306 travels

towards a first imager 302 that is positioned adjacent to the PBS 304. Light is imaged and reflected at the

first imager 302 back towards PBS 304 with the polarization of the light converted. The converted imaged

light 314 is then reflected at the PBS 304 as light 316 towards an image plane 350. The light 316 is

reflected off of the reflective polarizer 306 of the PBS and reaches image plane 350 with an effective

resolution of less than 12 microns, and possibly less than 11 microns, less than 10 microns, less than 9

microns, less than 8 microns, less than 7 microns, or potentially even less than 6 microns. The reflective

polarizer 306 typically has a surface roughness Ra of less than 45 nm or a surface roughness Rq of less

than 80 nm.

Light of the second polarization (e.g. s-polarized) light that is reflected initially by the reflective

polarizer of PBS 304 travels as light 318 towards a second imager 308. Second imager 308 is also

positioned adjacent the PBS 304, as with first imager 302, but second imager is positioned on a different

side of the PBS. The incident light 318 is imaged and reflected back towards PBS 304. Upon reflection

from the imager, the polarization of this light is rotated as well by 90 degrees (e.g. from s-polarized light

to p-polarized light). The imaged light 322 is transmitted through the PBS 304 to the image plane 350.

The first imager 302 and second imager 308 may be any appropriate type of reflective imager, such as

those described above with respect to elements 102 and 108 of Fig. 1.

As discussed, in order to achieve high effective resolution for imaged light reflected off of the

PBS herein, the reflective polarizer of the PBS must be exceptionally optically flat. The present

description now provides methods of producing an optically flat reflective polarizer that is a multilayer

optical film and/or methods of producing an optically flat polarizing beam splitter.

One such method is illustrated in the flowchart of Figure 4. The method begins with providing a

multilayer optical film 410, and providing a flat substrate 420. The multilayer optical film 410 may be

similar to the multilayer optical films described with respect to the articles above. The flat substrate may

be any number of appropriate materials, such as acrylic, glass or other appropriate plastics. Most

importantly, the substrate 420 must possess at least the same degree of optical flatness as is required in

the polarizing beam splitter and must allow a wetting solution to spread over its surface. Therefore, other

plastics, inorganic glasses, ceramics, semiconductors, metals or polymers may be appropriate materials.

Additionally it is useful for the substrate to be slightly flexible.

In the next step, the surface 425 of the flat substrate is releasably attached to a first surface of the

multilayer optical film. In at least one embodiment, in order to create a releasable attachment, either the

surface 425 of the flat substrate, or a first surface of the multilayer optical film, or both is wetted with a

wetting agent, resulting in a thin layer of solution 430. A suitable wetting agent should have a surface

energy that is sufficiently low that it will wet out the substrate or the film and a vapor pressure that is

sufficiently high that it can evaporate at room temperature. In some embodiments, isopropyl alcohol is



used as the wetting agent. In at least some embodiments the wetting agent will be an aqueous solution that

contains at least a small amount of surfactant (e.g. less than 1% by volume). The surfactant may be

common commercially available industrial wetting agents, or even household materials such as

dishwashing detergent. Other embodiments may be aqueous mixtures of compounds that leave no residue

upon evaporation such as ammonia, vinegar, or alcohol. The wetting agent may be applied by a number

of appropriate methods including spraying, e.g., from a spray bottle. In the next step, the multilayer

optical film is applied to the surface of the substrate 425 such that the solution 430 is sandwiched between

the film and substrate. Typically the wetting agent is applied to the contacting surface of the multilayer

optical film also. A pressure applying instrument 435, such as a squeegee is then drawn across the top of

multilayer optical film 410 closely flattening optical film 410 to the surface 425 of substrate 420, and

leaving only a thin, fairly uniform layer of solution 430 separating the two. In at least some embodiments,

a protective layer may first be applied to the multilayer optical film on the side opposite the surface 440

that is applied to the substrate 420. At this point, the construction is left to allow the solution 430 to

evaporate. The squeegeeing process pushes residual water past the edges of the multilayer optical film

such that only a small amount remains. Next, the multilayer optical film, flat substrate, and wetting agent

are allowed to dry. With time, all of the volatile components of the wetting solution evaporate either

through layers 410 or 420 or by wicking along the space between layers 410 and 420 to the edges of layer

410 where evaporation can occur. As this process occurs, the multilayer optical film 410 is drawn closer

and closer to substrate 420 until layer 410 closely conforms to the surface 425. The result is shown in the

next step of Figure 4, as the drying closely draws the film 410 to substrate 420 and effectively flattens the

bottom surface 440 of the multilayer optical film. Once this flatness has been achieved, the multilayer

optical film 410 remains stably flat but releasably attached to the substrate. At this point a permanent

substrate may be adhered to the exposed surface of the film 410.

Figure 5 illustrates further steps that may be taken in providing a final construction of a polarizing

beam splitter. For example, an adhesive 550 may be applied on the flattened surface 450 of film 410. The

adhesive may be any appropriate adhesive that does not adversely affect the optical or mechanical

performance of the PBS. In some embodiments, the adhesive may be a curable optical adhesive, such as

NOA73, NOA75, NOA76 or NOA78 from Norland Products Inc. (Cranbury, NJ). In other embodiments,

optical epoxies may be used. In some embodiments, the adhesive may be a pressure sensitive adhesive.

Next, one may provide a permanent second substrate. In one embodiment, the permanent second substrate

may be a prism. As shown in Figure 5, Prism 560 is applied against the adhesive 550 and the construction

is cured if appropriate. The film 410 may now be removed from the substrate 420. In at least one

embodiment, the film 410 is peeled away from substrate 420, typically by flexing substrate 420 slightly to

allow the film 410 to release from substrate 420. For cured adhesives such as UV adhesives or epoxies

the newly exposed bottom surface of the film 440 retains the flatness of the substrate 420. For pressure

sensitive adhesives, the bottom surface of the film 440 may retain the flatness of the substrate 420 or may

require additional processing to maintain the flatness. Once the flat film surface 440 has been achieved a



second layer of adhesive 570 may be applied to the bottom surface of the film 440 and a second prism or

other permanent substrate 580 may be applied to the adhesive. Again the construction may be cured as

needed, resulting in a complete polarizing beam splitter.

Another method of making an optically flat polarizing beam splitter includes the use, specifically,

of pressure sensitive adhesives. With appropriate techniques, the multilayer optical film may be made to

conform closely to the flat surface of the prism. The following steps may be included. First, a multilayer

optical film is provided. The multilayer optical film will act as a reflective polarizer. This may be similar

to reflective polarizer optical film 410 of Fig. 5 with the exception that the surface 440 may not be

substantially flattened already through the steps shown in Fig. 4. A layer of pressure sensitive adhesive

(here corresponding to adhesive layer 550) may be applied to the first surface 440 of the multilayer

optical film. Next a prism 560 may be applied against the pressure sensitive adhesive layer adhesive layer

on the side opposite the multilayer optical film 410. The method may also include applying a second layer

of adhesive (e.g. layer 570) on a second surface 575 of the film opposite first surface 440. A second prism

580 may then be applied to the opposite side of layer 570 from film 410. The present method provides an

improvement over this method that further enhances the flatness of the reflective polarizer/prism

interface, such that imaged reflection off of the PBS has enhanced resolution. After pressure sensitive

adhesive 550 is applied between the prism 560 and multilayer optical film 410, the construction is

subjected to vacuum. This may occur, for example, by placing the construction in a vacuum chamber

equipped with a conventional vacuum pump. The vacuum chamber may be lowered to a given pressure,

and the sample may be held at that pressure for a given amount of time, e.g., 5 -20 minutes. When air is

re-introduced to the vacuum chamber, the air pressure pushes the prism 560 and multilayer optical film

410 together. Where a second adhesive layer and second prism are also applied, the subjection to vacuum

in the chamber may optionally be repeated for the second interface (e.g. at layer 570). Applying vacuum

to a prism/MOF assembly results in a PBS that provides heightened effective resolution when imaged

light is reflected off of the PBS. In place of or in conjunction with the vacuum treatment, a

thermal/pressure treatment may also be used. It may be advantageous to conduct the processing more

than one time.

Examples

The following list of materials and their source is referred to throughout the Examples. If not

otherwise specified, materials are available from Aldrich Chemical (Milwaukee, WI). Multilayer Optical

Films (MOFs) were generally prepared according to methods described in, for example, U.S. 6,179,948

(Merrill et al); 6,827,886 (Neavin et al); 2006/0084780 (Hebrink et al); 2006/0226561 (Merrill et al.);

and 2007/0047080 (Stover et al.).



Roughness Measurement Method

Prisms were placed on modeling clay and leveled using a plunger leveler. Topographic maps

were measured with a Wyko® 9800 optical interferometer (available from Veeco Metrology, Inc., Tucson,

AZ), with a lOx objective and 0.5x field lens and with the following settings: VSI detection; 4 mm x 4

mm scan area stitched using 6 rows and 5 columns of individual maps, 2 196x 196 pixels with a sampling

of 1.82 µ ; tilt and sphere correction used; 30-60 microns back scan length with 60-100 forward scan

length; with the modulation detection threshold 2% . Autoscan detection was enabled at 95% with 10 µ

post scan length (this short post scan length avoided subsurface reflections in the data collection).

A 4 mm x4 mm area in the central region of the hypotenuse-face of each prism was measured.

Specifically, the topography of each region was measured, plotted, and the roughness parameters Ra, Rq

and Rz were calculated. One measurement area was obtained per prism. Three prism samples were

measured in each case and the mean and standard deviation of the roughness parameters were determined.

Example 1: Wet Application Method

A reflective polarizing multilayer optical film (MOF) was releasably disposed onto an optically

flat substrate in the following manner. First a wetting solution comprising approximately 0.5% mild

dishwashing detergent in water was placed into a spray bottle. A sheet of approximately 6 mm high-gloss

acrylic was obtained and the protective layer removed from one side in a clean hood. The exposed acrylic

surface was sprayed with the wetting solution so that the entire surface was wet. Separately a piece of

MOF was obtained and one of its skin layers was removed in a clean hood. The exposed surface of the

MOF was sprayed with the wetting solution, and the wet surface of the MOF was contacted with the wet

surface of the acrylic sheet. A heavy release liner was applied to the surface of the MOF to prevent

damage to the MOF, and a 3M™ PA-1 applicator (available from 3M Company, St. Paul, MN) was used

to squeegee the MOF down to the surface of the acrylic. This resulted in most of the wetting solution

being expelled from between the two wetted surfaces. After this was done the second skin layer from the

MOF was removed. Inspection of the applied MOF showed that the MOF surface was much more

irregular than the surface of the acrylic. Upon inspection again after 24 hours, the MOF surface was

observed to be comparable in flatness to the acrylic sheet. This observed flattening over time is consistent

with residual wetting solution evaporating from between the two surfaces allowing the MOF to conform

closely to the surface of the acrylic. Even though the MOF conformed closely and stably to the surface of

the acrylic, it could be easily removed by peeling the MOF from the surface of the acrylic.

An imaging PBS was prepared by placing a small amount of Norland Optical Adhesive 73

(available from Norland Products, Cranbury, NJ) onto the surface of the MOF. The hypotenuse of a 10

mm 45° BK7 polished glass prism was slowly placed into contact with the adhesive so that no bubbles

were entrained in the adhesive. The amount of adhesive was chosen so that when the prism was placed

on to the adhesive, there was sufficient adhesive to flow out to the edges of the prism, but not so much

adhesive to cause substantial overflow of the adhesive beyond the perimeter of the prism. The result was



that the prism was substantially parallel to the surface of the MOF and separated by a layer of adhesive of

approximately uniform thickness.

A UV curing lamp was used to cure the adhesive layer through the prism. After curing, a section

of the MOF that was larger than the prism and that contained the prism was peeled away from the acrylic

substrate. Removal was facilitated by bending the acrylic plate, thereby allowing the rigid prism and

MOF composite to separate more easily from the acrylic plate. Inspection of the prism/MOF composite

showed that the MOF retained its flatness despite being removed from the acrylic plate.

The roughness parameters of the MOF were then measured as described under "Roughness

Measurement Method" and are reported in the following table.

A small amount of the Norland optical adhesive was applied to the MOF surface on the prism/MOF

composite. A second 10 mm 45° prism was procured and its hypotenuse placed in contact with the

adhesive. The second prism was aligned such that its principal and secondary axes were substantially

parallel to those of the first prism, and the two hypotenuse surfaces were substantially coextensive. A UV

curing lamp was used to cure the adhesive layer so that the second 45° prism was bonded to the

prism/MOF composite. The resulting configuration was a polarizing beam splitter.

Example 2 : PSA Method Using Heat and Pressure

An adhesive construction was formed by taking a sample of 3M™ Optically Clear Adhesive 8141

(available from 3M Company, St. Paul, MN) and laminating it to a reflective polarizing MOF using a roll

lamination process. A piece of this adhesive construction was adhered to the hypotenuse of a glass prism

similar to that used in Example 1. The resulting MOF/prism composite was placed into an autoclave

oven and processed at 60° C and 550 kPa (80 psi) for two hours. The sample was removed and a small

quantity of thermally curable optical epoxy was applied to the MOF surface of the MOF/prism composite.

The prisms were aligned as in Example 1. The sample was then returned to the oven and again processed

at 60° C and 550 kPa (80 psi), this time for 24 hours. The resulting configuration was a polarizing beam

splitter.

Example 2A: Roughness Resulting from PSA Method Using Heat and Pressure

The roughness of MOF produced using the method of Example 2 was determined as follows. A

piece of MOF measuring 17 mm x 17 mm was laminated using a hand roller to a glass cube having a

width of 17 mm. The glass cube had a flatness of about 0.25 lambda, where lambda equaled 632.80 nm (a

reference wavelength of light). The roll-laminated MOF was annealed in an autoclave oven at 60 °C and



550 kPa (80 psi) for two hours. A Zygo Interferometer (available from Zygo Corporation, Middlefield

CT) was used to measure the flatness of the roll-laminated MOF using light having a wavelength of

lambda = 632.80 nm. The Zygo Interferometer reported a peak to valley roughness, where a tilt correction

was used and no sphere correction was applied. The peak to valley roughness measured over the 17 mm x

17 mm area was determined to be 1.475 lambda or about 933 nm.

Example 3 : PSA Method Using Vacuum

A piece of the adhesive construction of Example 2 was adhered to a glass prism in a manner

similar to that in Example 2. The resulting prism/MOF composite was placed into a vacuum chamber

equipped with a conventional vacuum pump. The chamber was evacuated to around 7 1 cm (28 inches) of

Hg, and of the sample held under vacuum for about 15 minutes.

The sample was removed from the vacuum chamber and the roughness parameters of the MOF

were measured as described under "Roughness Measurement Method." and the measured values are

reported in the following table.

A second prism was attached to the prism/MOF composite using the technique and the UV

optical adhesive of Example 1. The resulting configuration was a polarizing beam splitter.

Comparative Example C-1

A polarizing beam splitter configuration was created according to U.S. 7, 234,816 (Bruzzone et

al.). A piece of the adhesive construction of Example 2 was adhered to a glass prism using a hand roller

thereby forming an MOF/prism composite.

The roughness parameters of the MOF were then measured as described under "Roughness

Measurement Method" and are reported in the following table.

A second prism was attached to the prism/MOF composite using the technique and the UV

optical adhesive of Example 1. The resulting configuration was a polarizing beam splitter.



Performance Assessment

The polarizing beam splitters of Example 1, 2, 3 and Comparative Example C-1were assessed for

their ability to reflect an image using a resolution test projector. A reference reflector consisting of one of

the 45° prisms used in the other examples and operating as a total internal reflection (TIR) reflector was

used to establish the best possible performance for the test projector.

A test target with 24X reduction was back illuminated with an arc lamp light source. Attached to

the front surface of the test target was a 45° prism, identical to those used in earlier examples (and herein

called the illumination prism). Light from the test target, traveling horizontally from the source through

the test target, entered one face of the illumination prism, reflected off of the hypotenuse (via TIR) and

exited the second face of the prism. The second face of the prism was oriented such that the exiting light

was directed vertically. The various PBSs from the examples, as well as the reference prism were placed

on top of the second face of the illumination prism. The reflecting surface (MOF) in the PBSs as well as

the hypotenuse from the reference prism were oriented such that the light reflecting from the MOF or the

hypotenuse of the reference prism were directed forward and horizontal. An F/2 .4 projection lens

obtained from a 3M™ SCP 712 digital projector (available from 3M Company, St. Paul, MN) was placed

at the exit surface of the PBS or the reference prism and focused back onto the test target, forming a kind

of "periscope" layout.

This optical system was then used to assess the ability of each different PBS to resolve a test

target while operating in a reflection mode. In the system, an approximately 5 mm x 5 mm portion of the

test target was projected to about 150 cm (60 inches) diagonal. Within this area of the test target were

multiple repeats of the resolution images. Five different identical repeats of the test target were assessed

in different locations of the projected image: Top Left, Bottom Left, Center, Top Right and Bottom

Right. Each test target was assessed to determine the highest resolution that was clearly resolved.

According to the protocol, the maximum resolution was required to be resolved as well as all resolutions

below that level. There were instances where localized distortions caused lower resolutions to not be

resolved even though higher resolutions (in a slightly different location) were resolved. The reason for

this choice is that the full field and not just small areas must be resolved in order for the PBS to function

effectively in a reflective mode.

Multiple samples of each Example were tested. Once the maximum resolutions were established

for each location on each PBS, an average and a standard deviation were computed for each type of

prism (that is, for Examples 1 - 3, Comparative Example C-l and the Reference prism.) An "Effective

Resolution" was defined as the average minus two standard deviations. This metric was determined from

the data in "line pairs/mm" (lp/mm) and then expressed in terms of the size of the smallest resolvable

pixel which was determined as ½ of the inverse of the Effective Resolution expressed in lp/mm. This

definition accounts for the fact that the resolution is only as good as the minimum resolution across the

field. The Effective Resolution represents the maximum resolution that the particular PBS set can be

expected to reliably (across 95% of the image) resolve.



Table 1 shows the results of the measurements of the different Examples within this disclosure

and Table 2 shows the resulting Effective Resolution. As can be seen, the reference sample can resolve a

5 µ pixel. The PBS from Example 1 can also resolve a very nearly 5 µ pixel. Example 2 is able to

resolve down to at least 12 µ and the PBS from Example 3 can resolve down to 7 µ . All of these

constructions should be adequate for at least some reflective imaging applications. On the other hand, the

PBS from Comparative Example C-1 is limited to resolving around 18 micron pixels, and would likely

not be a robust choice for a reflective imaging construction.

Table 1: Line Pairs/mm at Five Locations for Samples

Table 2 : Effective Resolution of Exemplary Film

The present invention should not be considered limited to the particular examples and embodiments

described above, as such embodiments are described in detail to facilitate explanation of various aspects

of the invention. Rather the present invention should be understood to cover all aspects of the invention,



including various modifications, equivalent processes, and alternative devices falling within the spirit and

scope of the invention as defined by the appended claims.



CLAIMS

1. A polarization subsystem comprising:

a first imager; and

a polarizing beam splitter receiving imaged light from the imager, the polarizing beam

splitter comprising a reflective polarizer;

wherein the reflective polarizer comprises a multilayer optical film, and wherein

the polarizing beam splitter reflects imaged light towards a viewer or screen, and further

wherein the imaged light is reflected from the polarizing beam splitter towards a viewer

or screen with an effective pixel resolution of less than 12 microns.

2. The polarization subsystem of claim 1, wherein the imaged light is reflected from the polarizing

beam splitter towards a viewer or screen with an effective pixel resolution of less than 9 microns.

3. The polarization subsystem of claim 2, wherein the imaged light is reflected from the polarizing

beam splitter towards a viewer or screen with an effective pixel resolution of less than 6 microns.

4. The polarization subsystem of claim 1, wherein the first imager comprises an LCOS imager.

5. The polarization subsystem of claim 1, further comprising a second imager, wherein the

polarizing beam splitter receives imaged light from the second imager at a second face and receives

imaged light from the first imager at a first face different from the second face.

6. The polarization subsystem of claim 5, wherein the first imager reflects light towards the

polarizing beam splitter with a first polarization and the second imager reflects light towards the

polarizing beam splitter with a second polarization, the second polarization being orthogonal to the first

polarization.

7. The polarization subsystem of claim 1, further comprising a projection lens that receives light

from the polarizing beam splitter after light is imaged and projects it towards the viewer or screen.

8. The polarization subsystem of claim 1, wherein the polarizing beam splitter comprises a first

cover, a reflective polarizing film, and a second cover, the reflective polarizing film being positioned

between the first cover and the second cover.

9. The polarization subsystem of claim 1, wherein the reflective polarizer has a surface roughness

Ra of less than 45 nm or a surface roughness Rq of less than 80 nm.



10. The polarization subsystem of claim 1, wherein the surface of the multilayer optical film upon

which imaged light is reflected is processed to assume the flatness of a flat substrate.

11. A three-dimensional image projector comprising the polarization subsystem of claim 1.

12. A polarizing beam splitter, comprising a reflective polarizer positioned between a first cover and

a second cover, the reflective polarizer comprising a multilayer optical film, wherein the polarizing beam

splitter is capable of reflecting imaged light towards a viewer or screen, the effective pixel resolution of

the imaged light being less than 12 microns after reflection from the polarizing beam splitter.

13. The polarizing beam splitter of claim 12, wherein the effective pixel resolution of the imaged

light is less than 9 microns after reflection from the polarizing beam splitter.

14. The polarizing beam splitter of claim 13, wherein the effective pixel resolution of the imaged

light is less than 6 microns after reflection from the polarizing beam splitter.

15. The polarizing beam splitter of claim 12, wherein the first cover comprises glass or an optical

plastic.

16. The polarizing beam splitter of claim 12, wherein the second cover comprises glass or an optical

plastic.

17. The polarizing beam splitter of claim 12, wherein the first cover is attached to the reflective

polarizer with a pressure sensitive adhesive, UV cured adhesive or optical epoxy.

18. The polarizing beam splitter of claim 12, wherein the second cover is attached to the reflective

polarizer with a pressure sensitive adhesive, UV cured adhesive or optical epoxy.

19. The polarizing beam splitter of claim 12, wherein the reflective polarizer is rendered flat via a

vacuum process after attaching to the first cover or second cover.

20. The polarizing beam splitter of claim 12, wherein the reflective polarizer has a surface roughness

Ra of less than 45 nm or a surface roughness Rq of less than 80 nm.



1. A projection subsystem, comprising:

a light source;

a polarizing beam splitter receiving light from the light source, the polarizing beam

splitter comprising a reflective polarizer, the reflective polarizer comprising a multilayer

optical film,

a first imager positioned adjacent to the polarizing beam splitter; and

a second imager positioned adjacent to the polarizing beam splitter on a different side of

the polarizing beam splitter than the first imager;

wherein light from the light source is incident upon the polarizing beam splitter, and

further wherein a first polarization of incident light is transmitted through the reflective

polarizer and a second polarization of incident light orthogonal to the first polarization is

reflected by the reflective polarizer; and

wherein light of the second polarization travels from the polarizing beam splitter to the

second imager, and is imaged and reflected back towards the polarizing beam splitter; light

reflected from the second imager transmitting through the polarizing beam splitter to an

image plane; and

wherein light of the first polarization is transmitted through the polarizing beam splitter

to the first imager, and is imaged and reflected back towards the polarizing beam splitter;

light reflected from the first imager being reflected at the polarizing beam splitter towards an

image plane with an effective pixel resolution of less than 12 microns.

22. The projection subsystem of claim 21, wherein the light reflected from the first imager is

reflected at the polarizing beam splitter towards an image plane with an effective pixel resolution of less

than 9 microns.

23. The projection subsystem of claim 22, wherein the light reflected from the first imager is

reflected at the polarizing beam splitter towards an image plane with an effective pixel resolution of less

than 6 microns.

24. The projection subsystem of claim 21, wherein the light source comprises an LED.

25. The projection subsystem of claim 21, wherein the reflective polarizer has a surface roughness Ra

of less than 45 nm or a surface roughness Rq of less than 80 nm.



26. A polarization subsystem comprising:

a first imager; and

a polarizing beam splitter receiving imaged light from the imager, the polarizing beam

splitter comprising a reflective polarizer;

wherein the reflective polarizer comprises a multilayer optical film, and wherein

the polarizing beam splitter reflects imaged light towards a viewer or screen, and wherein

the reflective polarizer has a surface roughness Ra of less than 45 nm or a surface

roughness Rq of less than 80 nm.

27. The projection subsystem of claim 26, wherein the reflective polarizer has a surface roughness Ra

of less than 40 nm or a surface roughness Rq of less than 70 nm.

28. The projection subsystem of claim 26, wherein the reflective polarizer has a surface roughness Ra

of less than 35 nm or a surface roughness Rq of less than 55 nm.
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