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5 LIGHT DISPERSING Fil.MAND 
MEIBOD OF MANUFACTURE 

Background 

The present invention is directed generally to a light dispersing fihn and a 

1 O method of manufacture, and particularly to a beaded light dispersing film. 

Beaded light dispersing films are used with rear projection screens and 

monitors for transmitting an image from one side of a screen to a viewer on the other 

side. Such films typically include a number of small beads attached to a substrate 

:film, and an opaque layer disposed between the beads so that whatever light is not 

15 transmitted through a bead is absorbed by the opaque layer. The opaque layer also 

absorbs ambient light incident on the :film from the viewer's side, thus reducing the 

background light detected by the viewer. 

Dispersing films are characterized by the gain, resolution, transmission, 

ambient light rejection and contrast, which properties are determined by the structure 

20 and materials employed in its construction. The gain is a measure of the intensity of 

the. light trarismitted by the film as a function of angle measured from normal 

incidence, and is determined, at least in part, by the refractive index of the beads and . 

the surrounding material. The viewing angle of a particular film is defined as that 

angle at which the intensity is half the intensity of the light transmitted on-axis. The 

25 resolution of the film is detennined, at least in part, by the size of the beads. Ambient 

light rejection and contrast are affected by absorption of the opaque layer. 

The interdependence of the optical properties of the various components of 

the :film limit the optimization of the film characteristics. There is, therefore, a need 

to overcome this interdependence so that new films may be produced having superior 

30 characteristics of gain, resolution, efficiency, ambient light rejection and contrast. 
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Summary of the Invention 

Generally, the present invention relates to a light dispersing film and its 

method of manufacture. In one embodiment the film has an optically transparent 

layer and optically transmitting beads arranged to penetrate at least partially into a 

S first surface of the transparent layer to define clear apertures at interfaces between 

the beads and the transparent layer. An absorbing layer is disposed on the 

transparent layer, iii interstices between the beads. The beads penetrate into the 

transparent layer to a depth selected to substantially achieve maximum transmission 

of light through the optically transmitting beads, while maintaining essentially 

1 O optimum contrast for the maximum light transmission. 

In another embodiment, the film includes a layer of optically transparent 

material having a support surface and a plurality of beads of optically transmitting · 

material having a selected shape and refractive index and arranged in a single-layer 

array on the support surface, each bead at least partially disposed within the layer of 

15 optically transparent material to produce an interface therewith, the interface defining 

a clear exit aperture. A layer of light absorbing material having a selected thickness is 

affixed to the layer of optically transparent material, for controlling ambient light 
. . . 

rejection of the light filter and to reduce light transmission through interstices formed ·· 

by the plurality of beads. The beads penetrate· into the layer of optically transparent 

20 material to a depth selected to sub$ntially maximize transmission of light through 

the plurality of beads. 

In another embodiment, the film includes optically transmitting beads 

arranged to penetrate at least partially into a first surface of a transparent layer. The 
. . 

beads define clear apertures at interfaces between the beads and the transparent layer. 

25 An absotbing layer is disposed on the transparent layer, in interstices between the 

beads, and a transparent cover layer is disposed over the absorbing layer and the 

optically transmitting beads. 

A method of manufacturing the film includes disposing optically transparent 

beads partially into an optically transparent layer, a bead penetration depth into the 

30 optically transparent layer being selected to substantially maximize light transmission 
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. through the optically transparent beads, an absorbing layer overlying the optically 

transparent layer. 

The above ~ of the present invention is not intended to describe each 

illustrated embodiment or every implementation of the present invention. The figures 

S and the detailed desaiption which follow more particularly exemplify these 

embodiments. 

Brief Description of the Drawings 

The invention may be more completely understood in consideration of the 

10 following detailed description of various embodiments of the invention in connection 

. with the accompanying drawings, in which: 

FIGs. IA and lB illustrate a dispersing film having refracting beads with exit 

apertures disposed within an absorbing layer; 

FIGs. 1 C-lE illustrate embodiments of a fi1m according to the present 

15 invention; 

FIGs. 2A and 2B respectively illustrate plots of light transmission vs. bead 

refractive index for the films ofFIGs. lA and lB; 

FIG. 3 illustrates a plot of light transmission vs. bead refractive index for the 

film of FIG. IB for various values of cover layer refractive index; 

20 FIG. 4 illustrates a plot of light transmission vs. bead refractive index for the 

. fihn of FIG. 1 C for various values of cover layer refractive index; 

FIG. S illustrates a second embodiment of a film according to the present 

invention having a polarizing layer on a viewing side of the film; 

FIG. 6 illustrates _a third embodiment of a film according to the present 

25 invention having polarizing and quarter-wave retardation layers; 

FIG. 7 illustrates a fourth embodiment of a film according to the present 

invention, having a Fresnel lens on an input side of the film; 

FIG. 8 illustrates a fifth embodiment of a film according to the present 

invention,. having a scattering layer above an absorbing layer; 
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FIG. 9 illustrates a sixth embodiment of a: film according tO the present 

invention, having scattering particles dispersed within the absorbing layer; 

FIG. 10 illustrates an hexagonally packed array of beads on a film according 

to an embodiment of the invention; 

s FIG.11 illustrates a first method ofmanu&cturing the dispersing film; 

FIG. 12 illustrates a second method of manufacturing the dispersing film; 

FIGs. 13A-13B illustrate a third method for manufitcturing the dispersing 

film· , 
FIGs. 14A-14C illustrate a fourth method for manufacturing the dispersing 

10 film; 

FIG. 15 illustrates the refraction of light passing through a bead in a two layer 

film having a clear top coating; 

FIG. 16 illustrates a relationship between bead penetration depth and heating 

time for a thermoplastic transparent layer, 

1 S FIG. 17 illusirates fabrication steps in another method for manufacturing the 

dispersing film; 
. .. . . 

FIG. 18 illustrates fabrication steps in another meth~d for manufacturing the 

dispersing film; and 

FIG.· 19 illustrate$ film contrast and transmission plotted as functions of bead 

20 penetration depth. 

While the· invention is amenable to varioos· modifications and alternative 

forms, specifics thereof have been shown by way of example in the drawings and will 

be described in detail. It should be understood, however, that the intention is not to 
. . 

limit the invention to the particular emboctiinents described. On the contrary, the 

25 intention is to cover all modifications, equivalents, and alternatives falling within the 

spirit and scope of the invention as defined by the appended claims. 

Detailed DescriPDoia 

The present invention is applicable to light dispersing films, and is believed to 

be particularly suited to light dispersing films for Use with rear projection screens and 

30 monitors. One of the advantages of the invention is that the interdependence of the 
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optical properties of the various components of the film is reduced, thus pennitting a 

selected film characteristic to be optimized without adversely affecting the other 

characteristics. This may be better understood with reference to FIG. lA which 

. illustrates, for comparison, a, film 100, having a substrate layer 102 covered by an 

S opaque layer 104. In this film the refracting beads 106, 108 and 110 are supported in 

the opaque layer 104. Image light 114 is incident on the back side of the :film 100 

from a source. Some of the image light 114 is refracted on passing into the beads 

106, 108 and 110, and is directed to respective exit portions 116, 118, and 120, 

where the opaque layer 104 is thinnest. GeneraJly light escapes through the exit 

10 portions 116, 118 and 120, into the substrate 102 and out to the viewing side of the 

film 113. 

The opaque layer 104 performs a number of functions, including supporting 

the beads,. defining the exit aperture of the beads; controlling light passing through 

the interstices between beads and controlling ambient light. Ideally, the opacity of 

15 the opaque layer is high in order to control interstitial light and ambient light. 

However, the opacity of the opaque layer .should be low for controlling the aperture 

of the bead. The reason for this is that the majority of the light passing through the 

exit portion of a bead passes through a portion of the opaque layer 104. In order to 

permit a reasonable amount of light through the exit.portion, and thus increase the 

20 transmission of the film, the· opaque layer should have a low opacity. Therefore, a 

compromise is required in the optical properties of the opaque layer, and it is 

djfficult, if not impossible, to optimize ambient and interstitial light control at the 

same time as optimizing the transmission of the film. 

Another reason for low transmission thf9ugh the film 100 arises because 

25 beads available for manufacturing the film 100 typ~cally vary in size. For example, 

beads used in fabricating the film 100 may have an average diameter of 60 µm, with a 

standard deviation of 12 µm. Consequently, when the beads are pressed into the 

opaque layer 104 during the manufacturing process, the larger beads, such as beads 

106 and 110, are pressed down close to the substrate layer 102, while the smaller 

30 beads, for example 108, are not pressed as far. This results in a substantial thickness, 
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d, of opaque layer 104 underlying the smaller bead 108, which absorbs the light 

exiting from the smaller bead 108. 

An overlayer 112 covering the beads 106, 108 and 110 and the opaque layer 

104, as illustrated in FIG. lB, may be uSed· to protect the beads, support the beads in 

S the film, or provide a flat surface for receiving other fihns. 

The problems associated with the opaque layer 104 have a serious effect on 

the transmission of the film 100. This is illustrated in FIG. 2A, which shows the 

calculated variation.ofdiffitsed light transmission through the film 100 as a function 

of An for different values of d, where An is the change in refractive index 

1 O experienced by the light on entering the beads. When there is no overlayer 112, An = 

ni-1, where n1 is the refractive index of the bead. Where the overlayer has a 

refractive index of no~ An= ni-no. The va1ues of d illustrated on the graph are given 

in microns. The absorption coefficient of the opaque layer was assumed to be 0.5 

µ.m-1. The plot illustrates a maximum efficiency of approximately 75% for a glass 

l S bead refractive index of 1.S for the impractical case where the thickness, d, is 

negligible. More realistically, the thickness, d, is of the order of l µm or more, 

especially where there is a large variation in bead size. The transmission is 

significantly less when realistjc values of d are c:Onsidered, having a maximum of only · 

about 42% when d = 1 µm. ·The transmission drops further to about 16% ford= 3 

20 µm. 

The refractive effect of the beads 106, 108 and 110 depends on the change in 

refractive index experienced by light on passing into the beads 106, I 08 and 110. 

Since the refractive index of the cover layer 112 is typically higher than that of air, 

the focusing power of the beads 106, 108 and 11 o is reduced in the presence of the 

25 . cover layer 112. ·Consequently, the light exiting the beads 106, 108 and 110 is less 

concentrated at the output portions 116, 118 and 120, with the result that a greater 

:fraction of light passes through a significant thickness of the opaque layer 104 and is 

absorbed. Therefore, the introduCtion of the cover layer 112 can affect the total 

amount of light transmitted by the film 100. 

30 This effect on the transmission is illustrated in FIG. 3, which shows plots of 

the light transmission through a beaded film calculated as a function of bead 
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refractive index for two values of refractive index, no, of the overlayer 112. In the · 

calculations to produce.the illustrated results, it was assumed.that d = 0 µm and that 

the beads were packed at maximum packing density. These plots illustrate that as the 

bead index increases, i.e~ as An increases, the focusing effect of the bead increases, 

5 thus constricting more light to the central, low loss portion of the bead output, and so 

overall transmission increases. Also, for a given bead index, the transmission is 

higher for a lower cover layer refractive irulex. However, few materials having a 

refractive index as low as 1.3 are available for use in the cover layer, while several 

materials are available that have a reftactive index close to 1.5. Therefore, practical 

10 films of the sort illustrated in FIG. lB suffer from low transmission. 

There is, therefore,. a substantial· deficiency in the transmission of beaded 

dispersion screens of the sort just .described. This transmission deficiency may be 

reduced by using mono-dispersed beads, te. beads of uniform size. However, it.is · 

more expensive to produce beads having little or no size variation, so the costs of the. 

15 film are increased. In addition, practice shows that it is very difficult to reduce the 

value of d to the sub-micron level where the affect on the transmission is negligible, 

even when using mono-dispersed beads. Moreover, the use of mono-dispersed beads 

does not solve the problems of reduced transmission associated with the cover layer. 

A related problem arises from the fact that the opaque layer 104 performs 

20 multiple functions .. The opaque layer 104 absorbs interstitial light passing between 

the beads, absorbs ambient light incident on the film 100 from the viewing side and 

also controls the diameter of the exit portion of each bead. Most of the light exiting 

from the beads passes through a portion of the opaque layer 104 because the opaque 

layer underlies substantially all of each bead. In order to increase the transmission 

25 through the film 100, the light that exits the beads should not be strongly absorbed, 

and so the absorption length ·of the opaque layer should be long. On the other hand, 

in order to control ambient light and interstitial light, the absorption length of the 

opaque layer should be short. These requirements on the absorption depth are in 

conflict. Thus, because the opaque layer 104 performs multiple functions, its optical 

30 properties may not permit optim~ film performance. 

In view of these problems with this film, another approach is needed. 
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The film: of the present invention reduce$ the problems of low transmission 

without requiring the use of mono-dispersed beads. Instead. the exit face of the bead 
is not contained within the absorbing layer, but is positioned within an optically 

transmitting material. In one particular approach, an optically clear layer is disposed 

· 5 between the opaque layer and the substrate layer. The beads penetrate into the clear 

layer, and so the opaque material between the exit portions of the beads and the 

substrate is either minimized or avoided. In addition, it is the clear layer which 

controls the size of the exit aperture of the beads, and not the·opaque layer. In 

· another particular approach, the beads penetrate through the absorbing layer into a 

10 clear substrate layer, and· so the opaque material between the bead and the substrate 

is avoided. In addition, it is the penetration depth of the beads into the transparent 

substrate layer that Controls the siie of the exit aperture of the beads, and not the 

opaque layer. 

Thus, functions which impo!e conflicting requirements on the opaque layer in 

15 the film described in FIG. lA are decoupled, and it is possible to increase the 

perfonnance of the film beyond that possible with a old film. 

One·particular embodiment of the invention is illustrated in Fig. lC. The film 

150 has a transparent substrate layer152, on top of which is disposed a layer of 

·optically transparent material .153, having a thickness, t. Typically, t is less than the 

20 radius of the bead, and may have a thickness ofthe order of one micron or so. The 

substrate layer 152 may be ·formed· from ·any sUitable transparent material, including 

acrylic .. Where the film 150 is to be flexible, the substrate layer 152 may be formed 

ftom a polyester or, if an optically isotropic material is required, from polycarbonate. 

The transparent material 153 may be formed by coating an optically clear polymer 

25 larer on the substrate layer 152. The polymer may be a compliant materiaJ, such as a 
thermo-plastic or a pressure sensitive adhesive, or may be a curable clear layer, for 

example a polymer that is thennally curable or curable by exposure to radiation. 

An absorbing layer 154 overlies the layer of transparent material 153. The 

· absorbing layer 154 typicaJly has an optical density greater than 4 so that the film 

30 contrast is kept high by extinguishing interstitial light 165 passing between the beads 

168 and 170. The absorbing layer 154 may be fanned from a polymer having a light 
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absorbing agent such as a dye, pigmen~ or carbon black disposed therein. The 

absorbing layer 154 may also be a powder coating of carbon black, black dyes, 

opaque particles or inorganic particles, or such. particles dispersed within a binding 

material .. In one particular embodiment. the absorbing layer 154 is formed from a: 
5 clear binder having black particles disposed therethrough. The binder may be, for 

example an acrylate or other UV-curable polymer . 

. The absorbing layer may be m&de with a very high optical density. Also, 

unlike the single layer :film 100, the absorbing layer 154 of the film 150 need not be 

used to support the beads. Consequently, the absorbing layer 154 may be made very 

IO thin relative to the bead diameter .. 

Beads 156, 158and160 are positioned to penetrate through the absorbing 

layer 154 and into the transparent material 153 so that their exit portions 166, 168 

and 170 lie within the transparent material 153. The beads may be glass beads, but 

may also be madeftom other optica1ly transparent material· including polymeric 

.. 15 materials,. such as polymethylmethacrylate. 

The layer of transparent matetjal 153 may be made to be substantially less 

than the radius of the beads, even less than about 10% ofthe bead radius, so that 

there is sufficient absorbing material around the lower portion of the bead to maintain · 

high :film contrast. 

20 . The film 150 may be used either with or without ·a cover .layer 162 covering 

the beads 156, 158 and 160; and the absorbing layer 154. The cover layer 162 may 

be formed from any suitable transparent material;. such as a polymer, sol-gel coating 

and the like. Advantages provided by the cover layer 162 include protecting the 

beads, supporting the beads in the· fihn; and an improved diffilse light transmission. 

25 The cover layer 162 m.ay provide a flat outer surface upon which additional layers 

can be disposed. The cover layer l 62a may conform to the surface topology of the 

beads, as shown in FIG. ID, with the effect that the radius of curvature of the beads 

is reduced. 

The exit portions 166, 168 and 170 of the beads 156, 158 and 160 are located 

30 within the transparent material 153. An advantage provided by this embodiment is 

tha~ even though bead 158 is smaller than the adjac~t beads 156 and 160, light 
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exiting from the exit~portiori ~68 propagates into the trarisparent material 153, and 

.through the substrate layer 152 to the viewing side of the film; Thus, the placement 

·of absorbing material at the output of the bead is avoided. The transmission aperture 

in the film 150 is effectively controlled by.the thickness of the transparent material 

5 · 153. Hence, the transmission of the film ISO is higher~ the ttailsmission of the 

single layer film 100. 

Another embodiment of the film 180 is illustrated in FIG. lE, where the beads 

156, 158 and 160 penetrate into the transparent layer IS2, which may also act as a 

support for the film 180. The beads IS6, 158 and l60·penetrate into the transparent 

IO layer 152 to a penetration depth of about t. This embodiment is different from that 

shown in FIG. IC in that there is no separate layer of transparent material I53. In 

. this film ISO, the function of the transparent material I 53 is also provided by the 

transparent layer 152. This embodimenthas a siinpler oonstruction than that of FIG. 

IC because there are fewer layers.· The transmission aperture of this film 180 is 

15 effectively controlled by the penetration·depth·ofthe beads into the transparent layer 

152. Hence, the transmission of the film 180 is higher than the transmission of the 

single layer fihn 100. 

Most of the additional embodiments presented below are described in terms 

of having a substrate layer and a thin transparent layer into which the beads penetrate. 

20. It will be appreciated that this is not intended to liinit the invention in any way, and 

the ·invention is also intended to coVer embodiments where the beads penetrate 

through the absorbing layer into a single transparent layer, for example as illustrated 

inFIG. lE; 

FIG. 2B illustrates the calculated light transmission through the :film 150 as a 

25 function of refractive index change on entering the bead, .An. It is assumed that the 

absorbing layer 154 has a thickness of20 µm and an optical density ofO.S µm·1• A 

number of curves are shown, corre8ponding to different thicknesses of transparent 

material (or penetration depth), t. The addition of the layer of transparent material 

I53 (or the penetration of the beads into the tranSpareni ·layer) reduces the absorption 

30 . of light transmitted by the beads, resulting in transmission values significantly higher 

than are obtained with the single layer film 100, as shown in FIG. 2A 
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A further advantage of the films ISO and 180 is that, unlike the film 100, the 

addition of a cover layer 162 does not introduce a severe reduction in overall light 

transmission and, in fact, may even improve the transmission. FIG. 4 illustrates the 

. fraction oflight transmitted by the film 150 or film 180 as a function of bead index, 

5 and for two values of cover layer reftactive index. With the exception of the 

transparent layer, the assumptions made. in the calculations to produce these results 

were the same as used in FIG. 3. There are several important differences between the 

results illustrated in FIGs. 3 and 4. First, it is important to note that the transmission 

of the·film 1 SO or film 180 is substantially higher than the single layer film 100 over 

10 the entire range of bead refractive index illustrated. Second, for a given cover layer 

refractive index, the variation in transmission over the range of bead refractive index 

is less than for the single layer film 100. These improvements in the transmission 

properties arise, at least in part, because exit aperture of the beads is controlled by · 

penetration of the beads into the transparent layer 1S3 or substrate layer 152, and not 

15 by the absorbing layer 154. Thus, the amount of light transmitted by the beads is not 

significantly dependent on the refracting power of the beads and so· the introduction 

of the cover layer 162 has· a smaller effect .on transmission. ·Therefore, the refractive · 

indices of the beads .and the cover layer can be independently selected to control the · 

gain and viewing angle of the film lSO and 180, with little effect on the film's 

20 transmission. 

A value of minimum thickness, of the transparent layer 153, tmin, that 

corresponds to a film 150 having high light transmission is given by: 

x2 +8 x2 -1 
train = r (1-)T[-

3
-]) 

where r is the radius of the bead and x is given by the ratio x = n1/no, where n1 is the 

25 refractive index of the bead and no is the refractive index of the cover layer 162. The 

transniission oflight through the film is reduced when the thickness of the transparent 

layer, t, is less than tmm. For :films having a thickness greater than tmm, i.e. where t > 

tu, the transmission is high. However, the film contrast reduces for high values oft. 

Therefore, for applications where high film transmission and high contrast are 

30 important, the thickness of the transparent layer is set at approximately equal to ta.. 
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It will be appreciated that,. where the beads penetrate through the absorbing 

layer into a single transmitting layer, for example as illustrated in FIG. lE, the above 

discussion is also applicable where t is taken to be the penetr&tion depth of the beads 

into the substrate layer. In such a case, ·t.nm is the penetration depth less than which 

5 the transmission of light through the :film is non-optimai. 

The expression for tmin given above holds for values of x less than or equal to 

2, for reasons which may be understood with ref'erence to FIG. 15~ The film includes 
a substrate layer1502, a transparent layer 1503, a light absorbing layer 1504 and a 

transparent cover ]ayer 1512. An incoming light ray 1520 (solid line) is illustrated for 
1 O the case where x is less than or equal to· 2. The light ray 1520 enters the cover layer 

1512, having a refractive index of no, in a direCtion substantially normal to the film. 

The ray 1520 is refracted on entering the bead 1506, which has a refractive index n1• 

The ray 1520 is again refracted on exiting the bead 1506 into the transparent layer 

1503 and then substrate 15.02; it is assumed that the transparent layer 1503 and the 
15 .. substrate 1502 each have a reftactive index given by 112. On exiting the film, the ray 

1520 emerges at ail angle 11, as ·shown. · 

For x less than or equal to 2; the height between the substrate 1502 and the 

point at which ray 1520 exits the bead 1506 defines the.thickness, t(a.), of the 

transparent layerJ503 through which the particular ray 1520 travels. The angle of 

20 incidence, a., on the outer surfBce of the bead 1506 is greater for rays increasingly 

removed from the ceriter-liiie, A, of the beact 1506. The thickness, t(a.), increases 

with increasing incident angle, a., until it reaches a maxiinum, and then reduces as a. 

approaches 900. The expression given above for tmm is an analytical expression·that 

describes this maximum thickness. 

25 On exiting the film, the ray 1520 emerges at an angle 11· If, at some incident 

angle, a.m, 11 becomes larger than 90°, then the light is totally internally reflected at 

the lower surface of the substrate 1502. In other words, the angle co becomes greater 

than the critical angle. This case is illustrated for ray 1522. The corresponding 

thickness at a.w is defined as tm. The value of thickness tm may be derived using 
30 numerical techniques. The minimum thickness for the transparent layer 1503 which 

produces the highest transmission of light is the larger oft.nm and tm. The solution for 
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tm does not exist for x less than or equal to 2. Therefore, for x less than or equal to 

2, the minimum coating thickness for maximum light transmission through the beads 

. is given by ttir. 

The effects of penetration depth on transmission through the film and film 

S •co~ are illustrated in FIG .. 19 .. The transmission of the film (black dots) increases 

with increasing thickness, t, of the transparent layer or, equivalently, with increasing 

penetration depth. The model used t<> generate the results illustrated in FIG. 19 used 

the following assumptions: the packing of the beads in the film is at maximum density 

(hexagonal close-packed) in a monolayer, all beads have a diameter of 60 µm and· 

. 1 o penetrate to the same depth, t. In addition, the thickness, t, and the thickness of the 

absorbing layer sum to 30 µm and the absorption coefficient of the absorbing layer is·· 

0.5 µm-1
• The substrate and transparent layers are assumed to. have refractive indices 

of 1.58, while the bead refractive index is 1.9 and the cleat cover layer has a · 

refractive index of 1.5 . 

. 15 The transmission for a value oft·= O is approximately 29%~ rising to· 

. ·approximately 70% fort = 3 .13 µm. The transmission remains at approximately 70% · 

·for values oft higher than 3.13 µin. The ''% Black Area" is the percentage of the 

screen area, as seen by the viewer, that is black. The conttastafforded by the film is 

proportional to the percentage of black area and, therefore,· a smaller :fraction of 

20 · black.area represents a reduction in film contrast. The film contrast falls. for 

transparent layer thickness increasing from zero·to lO·µm. 

·Therefore, in order to obtain optimized film perrormance, the thickness of the 

transparent layer, or, equivalently, the depth of penetration, is preferably selected to 

maximize transmission thrOugh the film while maintaining as high a contrast as 

25 possible. Therefore, a preferred penetration depth for the film whose properties form 

the basis for the curves iUUStrated in FIG. 19, is approxhtlately 3.1 µm, or a little 

·above~ ·A penetration depth significantly higher than about 3.1 µm results in a 

reduced contrast without any oifsetting benefit in transmission. 

The beads may·be disposed in the film 150 in a number of different array 

30 · ·patterns. One such array pattern is a hexagonally packed pattern, which 

advantageously permits a high packing density, thus increasing the resolution and 
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transmission of the film. A top vi~ ofa film 500 having beads arranged in a 

hexagonally packed pattern is illustrated in FIG. 5. The dotted line 502 shows a 

cross-section 6-6 through the film 500. A portion of the section 6-6 is illustrated 

in FIG. 6 below. 

·5 · FIG. 6 illustrates another embodiment of a film. This· embodiment 600 is 

similar to that illustrated· in FIG. lB, having a substrate layer 602~ a layer of 

transparent material 603, an absorbing layer 604,beads, 606,.608 and 610, and a 

transparent cover layer 612. Light 614 enters the illuminated surface 620 of the film 

600, and exits through the viewing surface 622~ In addition, a polarizing layer 616 is 
10 positioned on the viewing side of the film 600; ·The polarizing layer 616 may be 

formed from absorbing polarizer film, which preferentially absorbs light having a 

certain polarization, and which transmits light' having the orthogonal polarization. 

The polarizing layer 616 may alternatively be positioned between the layer of 
transparent material·603 and the substrate layer 602. 

15 · An. advantage provided by the. polarizing layer 616 is.that ambient light 618 

incident on the viewing ~urface622 of the film 600 is generally.unpolarized and is 

therefore reduced in intensity by around 500/o before passing into the film 600. This 

·, reduces the amount ¢ambient light.reflected out of the film, resulting in greater 

contrast in the image transmitted through the film 600. 

20 It will be. appreciated that efficient use of the image light 614 requires the 

polarizing layer 616 to be oriented to permit high transmission of the image light 614. 

For example, the image light produced by an LCD projector is linearly polarized, and 

should be aligned for preferential transmission through the polarizer 616. It will also 

be appreciated that, where it is important to preserve the polarization of image light 

25 passing through the film 600, the film 600 is constructed from materials that· do not 

alter the polarization of light passing therethrough. For example, the materials used 

for the substrate layer 602, the layer of transparent material and the cover layer 612 

may be optically isotropic. 

Another embodiment of a film 700 is illustrated in FIG. 7: The film 700 

30 includes a substrate layer 702, a layer of transparent material 703, an absorbing layer 

704, beads 706, 708, and 710, and a transparent cover layer 712. In addition, a first 
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polarizing layer 716 and a first qUarter-wave retarding layer 724 are positioned on the 

viewing side of the film 700, and a second quarter-wave retardation layer 726 is 

positioned on the illuminated side of the film 700. A second polarizer layer 728 may 

be provided on the second quarter-wave retardation layer 726. The relative 

5 orientations of the polarizing layers 716 and 728 may be chosen so that they operate 

as crossed polarizers. 

An advantage of this ~anent is that it provides increased discrimination 

against ambient light 718. The first polarizing layer 716 absorbs around 500/o of the 

incident ambient light 718, permitting a linearly polarized fraction to be transmitted. 

10 This linearly polarized ftaction of ambient light passes through the first quarter-wave 

retardation layer 724 to. become circularly polarized. The circularly polarized 

ambient light may be reflected from an interface between the component parts ofthe · 

film 700. Such reflected light passes once mpre through the first quarter-wave 

retardation layer 724 to become linearly polarized in the direction of maximum 

15 absorption in the first polarizinglayer 716. Consequently, ambient light reflected 

within the film 700 is not transmitted back out of the film, but is absorbed. thus 

reducing the amount of ambient light mixing with the image transmitted through the 

film 700 .. This reduction in ambient light advantageously enhances the contrast of the 

film 700. 

· .20 The fihn 700 may operate without the second polarizing layer 728, especially 

where the light 714 illuminating the film 700 is linearly polarized. 

Another embodiment of a film is illustrated in FIG. 8. The. film 800 includes a 

substrate layer 802, a. layer of transparent material 803, an absorbing layer 804, beads 

806, 808, and 810, and a transparent cover layer 812. 

25 The lower surface 832 of the absorbing layer 804.lies on the layer of 

. transparent material 803 which, as stated above, is typically less than halfway up the 

bead. Alternatively stated. the lower swface 832 of the absorbing layer 804 is closer 

to the substrate layer 802 than is a bead diameter 836 that is substantially parallel to 

the substrate layer 802 .. The upper surface of the absorbing layer 804 may lie further 

30 from the substrate layer 802 than the diameter 836 which is.substantially parallel to 

the substrate layer 802. When the absorbing layer 804 is relatively thick, its 
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absorption depth may be reduced by reducing the concentration of the absorbing 
species. This may be advantageous where the absorbing layer 804 is also used as a 
scattering layer, as discussed below. 

The film 800 may be provided with a Fresnel lens 830, or other diffractive 
5 optical component. An advantage provided by the Fresnel lens 830 is that it may be 

used to collimate the image light 814 incident on the film 800, or otherwise refocus 
the image light 814, when the image light 814 doei not illuminate the film at a nonnal 
angle of incidence. For example, the Fresnel lens 830 may collimate light transmitted· 
from a point souree, or a series of point sources. 

l 0 Another embodiment ofa film 900 is illustrated in FIG. 9. The film 900 
includes a substrate layer 902, a layer of transparent material 903, an absorbing layer 
904, beads 906, 908, and 910, and a transparent cover layer 912. The film 900 also 
incorporates a scatterilig layer 931 interposed between the cover layer 912 and the 
absorbing layer 904. The scattering- layer 931 may be funned from the same material 

. 15 . as the transparent material.903~ with scattering particles 932 disposed therein. The 

scattering particles 932 may.be fonned, for example, from small particles of calcium 
carbonate, or any other suitable scattering material. The scattering particles may be 
-fonned from organic or inorganic material, .and -may be irregularly shaped or regularly 

shaped. 

20 The scattering layer 931 may be Used to increase the transmission of light 
through the film 900. For example, ·without the scattering layer 931, interstitial light 
beam 934 would nonnally be absorbed in the absorbing layer 903. However, 
interstitial light beam 934 is scattered by a scattering particle 932 into the bead, so 
that the light beam 936 passes through the exit portion 920 and it transmitted through 

25 the viewing surface 922 of the film 900. The addition of a scattering layer provides 
another parameter useful for controlling the gain and viewing angle of the film 900. 

Another embodiment of a film l 000 is illustrated in FIG. 10. The film 1000 

includes a substrate layer 1002, a layer oftran8parerit material 1003, an absorbing 
layer 1004, beads 1006, 1008, and 1010, and a transparent cover layer 1012. In this 

30 embodiment, scattering particles 1032 are disposed within the absorbing layer 1004. 
Light rays 1014 are typically refracted by the beads 1006, 1008 and 1010, whereas 
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the interstitial light beam 1034 lies outside bead 1010 and would normally be 

absorbed in the absorbing layer 1004. However, a scattering particle.1032 scatters 

light beam into the bead 1010. The scattered light beam is transmitted by the film 

1000 as beam 1036. Thus, the presence of scattering particles in the absorbing layer 

5 1004 may increase the amount of light transmitted by the film 1000. Additionally, the 

introduction of scattering. particles 1032 into the absorbing layer 1004 may also 

increase the gain and viewing angle of the film 1000 .. 

Ifthe absorption depth oftheabsorbing layer 1004 is short, then only light 

scattered near the top of the absorbing layer, and.close to.the bead surface, will reach 

10 the bead, and light that has too.long a path length within.the absorbing layer will . 

. simply be absorbed, rather than scattered. Thus, when the absorbing layer 1004 is 

. used with scattering particles 1032, the absorption depth·ofthe absorbing layer 1004 

is adjusted so that a significant amount of light is scattered, rather than simply 

.absorbed. 

15 The layer of transparent material 1003 may also be provided with scattering 

particles 1038 to scatter light 1040 transmined by the beads, thereby providing 

additional control over the gairi and the viewing angle of the film .1000. 

It will be appreciated that the size and number of scattering particles in both 

the absorbing layer 1004 and in the layer of transparent material 1003 may be 

20 adjusted to control the gain and the viewing angle. 

Fig. 11 illustrates part of a first method of manufacturing a light dispersing 

film 1100. First, a layer of transparent material 1103 is laid on the substrate layer 

1102, and then an absorbing layer. 1104 is laid over the layer of transparent material 

1103. The beads 1106, 1108 and 1110. are pressed through the absorbing layer 

25 1104, and into the transparent material l 103. The beads may be pressed into the 

absorbing layer 1104 and, the transparent material 1103 using, for example, a flat 

plate or a roller. 

The transparent material 1103. may be an adhesive, such as a pressure 

sensitive adhesive, or a thermoplastic polymer such as polyethylene. 

30 The absorbing layer 1104 may be softer than the· layer of transparent material 

· 1103, for example, because of the intrinsic properties of the absorbing and 
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transparent materials.· The absorbing material may also have a lower glass 

temperature, T P• than the glass temperature of the transparent material, T.., and the 

struct\ire of layers 1102, 1103 and 1104 may be heated to a temper&ture above Tp to 

achieve the ·desired softness of the absorbing layer 1104. The difference in softness 

5 between layers penriits the beads, as they are pressed towards the substrate layer 

· 1102, to push the absorbing layer. 1104 out of the way; so that little or no absorbing 

material remains on the lower surfice of the bead at its exit· portion within the 

transparent material 1103 to reduce the amount of light transmitted by the bead. 

The absorbing layer ll 04 may be additionally. be fonned of a material that 

· · 1 O does not readily wet the surface of the beads, :so that the possibility of absorbing 

·.material remaining in the bead's.exit portion is reduced; 

The transparent material 1 103 may be an adhesive material,· so that the beads 

adhere to the transparent material 1103 as they are pushed into it. The transparent 

material 1103 may also be curable, so that, once the film 1100 is cured; the beads are 

15 held, at least in part, by the transparent layer 1103. 

Once the beads have been pressed into ;the transparent material 1103, a 

transparent cover layer (D()t illustrated in· FIG, 11) may be applied over the top of the· 

beads 1106, 1108 and 11.10, and the absorbing layer. A scattering layer may also be 

provided between the absorbing .layer and the cover layer. The cover layer provides 

20 protection for the beads and may also be used to support the beads within the film. 

Other layers may be applied to the film 1100, such as polarizing layers and quarter­

wave retardation layers, scattering layers; Fresnel lenses and other diffi"acting optics, 

to produce the structures described hereinabove. 

It is possible that portions of absorbing material may be present on the exit 

25 sur&ces of the beads ·after the beads have been pushed through the absorbing layer 

and into the transparent layer. If this occurs, the light transmission through the beads 

may be reduced because the portions of absorbing material occlude the output :from 

the beads. This situation is illustrated in FIG 13A, where the beads 1306 have been 

pushed through the absorbing layer 1304 into a transparent layer 1303 over a 

30 substrate 1302. Some portions of absorbing~material 1308 are present at the output 

surmces of the beads 1306. In one embodiment ofi method for removing the 
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portions of absorbing material 1308, the substrate 1302 is removed or etched away, 

leaving tbe transparent layer 1:103 exposed. The transparent layer 1303 may then be 

etched, to remove both the transparent layer 1303 and the portions of absorbing 

material 1308, to produce the stnicture illustrated in FIG. 13B. Etching may be 

5 performed by an O"fgen plasma etch or, where the transparent layer 1303 is formed 

of a photoresist-type material, etchabl~ by an alkaline solution, the etching may be 

performed using a mildly basic water etch, such as 0.01% -20% NaOH solution. 

The.transmission of the beads 1306 is increased by removal of the portions of 

absorbing material 1308. A replacement sµbstrate layer 1320 may then be disposed 

·IO over the exposed light. absorbing layer.1304, to· produce the· structure illustrated in 

FIG. 13C. In addition, the replacement substrate layer 1320 may be formed from a 

single layer of substrate material, as illustrated, or from one or more layers (not 

illustrated). 

Fig. 12 illustrates stages in a second method of manufacturing a light 

15 dispersing film 1200. First, a layer.oftransparent material 1203 is laid on the 

substrate layer 1202, and then the beads 1206, 1208, and 1210 are pressed into the 

transparent material 1203. The beads may be pressed,· for example,. using a flat plate 

or a roller. The transparent material 1203 may be an adhesive, .or at least tacky, 

material so that the beads adhere as they are pushed into the transparent material·· . 

20 1203. The transparent material 1203. may also be curable, so that, once the film 1200 

is cured, the beads are held, at least in· part, by the transparent layer 1203. 

Once the beads have b~ applied to the transparent material 1203, the 

absorbing material 1204 is applied as a layer on top of the transparent material 1203, 

in the interstices between the beads.· Suitable absorbing materials include dyes, 

25 carbon black, and organic _or inorganic pigments with a wide variety of sizes and 

shapes. The material can be dispersed either in a liquid or a solid binder system. The 

absorbing material 1204 can be applied by conventional coating techniques or 

. powder coating. In one particular embodiment of a method of applying the absorbing 

material 1204 using a liquid dispersion, the surface tension. of the coating solution 

30 may be high enough so that the solution does not readily wet the surface of the beads 

1206, 1208 and 1210. Consequently, the absorbing material 1204 rolls off the beads 
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into. the interstitial. spaces, and does not. remain on the upper sumwes of the beads 

where it might adversely affect the amount of light entering the bead: 

After the absorbing material 1204 has. been applied, a cover layer (not 

illustrated) may then be applied, or a Scattering layer, foll<>Wed by a caver layer. 

5 Other layers may be applied to the upper and lower surfaces of the film 1200. For 

example, quarter-wave retardation layers, polarizinglayets, Fresnel lenses and other 

diffiacting optical layers may be applied to produce the structures described 

hereinabove. Additionally, quarter-Wave retardation and polarizinglayers may be 

applied between the substrate laYer 1202 and the transparent material 1203. 

10 Another embodiment of a method of applying a layer of absorbing material is 

illustrated in FIGs. 14A-·14C. Beads 1406 havitig selected refractive index and size 

are first embedded in a transparent material 1403 overlying a substrate 1402. A light 

absorbing layer 1404 is then coated over the beads 1406. Some, or all of the beads 

1406 may be completely covered by the absorbing layer 1404, as illustrated in FIG. 

15 14A. The absorbingJayer 1404 is then etehed back to reveal the upper surface of the 

beads 1406, illustrated in FIG. 14B. The extent of the etch is determined by the 

thickness of the light absorbing layer 1404 remaining over the beads 1406 after the 

. absorbing layer 1404 is applied. After etching, the light absorbing layer 1404 remains 

sufficiently thick to effectively absorb light incident thereon pwing therethrough, as 
20 discussed hereinabove. After etching back the absorbirlglayer 1404, a cover·Iayer 

14.12 is applied, to produce the structure illusfrated in FIG. 14C. 

In another embodiment of a method oftabricating a film of the present 

invention, beads having a selected refractive index are disposed on a partially dried 

light absorbing layer coated on to a clear thennoplutic substrate. The film is then 

25 heated in an oven, for example a convection oven,· to a temperature sufficient to 

soften or melt the thermoplastic substrate. The softening or melting of the substrate 

layer enables the beads to "sink".into the substrate layer. After the film is removed 

from the oven and cooled, the beads may be overcoated with a polymeric coating to 

· control the effective refractive index ·of the beads, as descn"bed above. This method 

30 may be used for fabricating a film where there is a sfugle transparent layer below the 

absorbing layer, 
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A study. of the "sink depth" of glass beads into a polymeric layer was 

conducted, the results of which are illustrated in FIG. 16. In this study, glass beads 

were dispersed on a polyethylene .S\Jbsnte and left in an oven for a certain period of 

time. After removal from the oven, the beads were removed and the indentation 

5 depth was measured using a confocal microscope. The results presented in FIG. 16 

were produced at two different temperatures, 100°C (curve 1602) and 120°C (curve 

1604). IT was found that the. sink depth was greater for the higher temperature, and 

that the sink depth peaked at a heating time of approximately 5-7 mins. 

As an example of this method, illustrated in FIGs. 17 A-l 7B. A 3 mil thick 

1 O layer of polyethylene 1702 was coated with a solution· containing carbon black, 

polymeric binder and a cross-linker to form an absorbing layer 1704, to produce the 

structure shown in FIG .. 17 A The coating step was carried out using a knife-bar, but 

may be carried out using other methods. The coating was partially dried in an oven 

at 60°C for 45 seconds. Glass beads 1706, having a refractive index of 1.9, were 

15 dispersed on the partially dried coating, to produce the structure shown in FIG. l 7B. 

The sample was then heated in the oven .at 130°C for 3-5 min. to allow the beads 

1706 to penetrate into the substrate layer 1702, to produce the structure shown in · 

FIG. 17C. The heating also resulted in the evaporation of the solvent from the black· 

.coating and in cross-linking the polymeric binder. The film 1700 was then coated 

20 with a polymeric layer 1712 having a refractive index of 1.52, to produce the 

structure shown in FIG. 170. 

In another embodiment of a fabrication method, illustrated in FIGs. 18A-18D, 

beads 1806 were made to penetrate into a transparent layer 1802 ·of a thermoplastic 

polymer by heating the polymeric layer. A thin metallic layer 1804 (200 nm thick 

25 copper) was vapor coated onto the beads 1806 and transparent layer 1802, to 

produce the structure illustrated in FIG. 18A. The illustration is not drawn to scale. 

A layer 1811 of Shipley type 1818 photoresist was then coated over the structure 

with a knife coater, The photoresist layer 1811 was etched back using an oxygen 

plasma etch remove the photoresist ftom the upper surtaces of the beads 1806, as 

30 illustrated in FIG. 18B. The film was then dipped in a ferric chloride solution to etch 

the copper 1804 ftom the bead tops, to produce the structure illustrated in FIG. 18C. 
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The photoresist 1811 proteCted the areas between the beadS 1806 from etching. 

Finally. the remaining photoresist 1811 was removed by rinsing in water, resulting in 

the structure shown in FIG. 1 BD,. having beads 1806 embedded in a transparent layer, 

and with a layer of cooper 1804 operating as an ablorbing layer over the transparent 

· 5 layer 1802 and the lower portions of the beads. 

While various examples were provided above, the present invention is not 

limited to the specifics of the illustrated embodiments. For example, a combination 

of scattering layers may be employed in a film, including a scattering absorbing layer 

employed in conjunction· with a scattering layer above the absorbing layer. 

10 It will be appreciated that· the.outer surfi.ces of the film may be treated with 

additional coatings for protection against physical damage, such as hard coatings and 

anti-smudge coatings. In addition, antii-etlection Coatings may be provided on the 

outer surfilces to reduce reflective lOsses; 

In the above description, the positioning oflayers has sometimes been 

15 •· described in tenns of"upper" and "lower', "over" and "under", and "top" and 

~'bottom". These terms have been uSed merely to simplify the description of the 

relative positions of different films illustrated in the figures, and should not be 

understood to place any limitations on the useful orientation ·Of the film. 

As noted above, the present invention is applicable to display systems as a 

20 light dispersing film. It is believed to be particularly useful in ba~ projection displays · 

and screens. Accordingly, the present invention should not be considered limited to 

the particular examples described above, but rather should be understood to cover all 

aspects of the invention as fairly set out in the attached claims. Various 

modifications, equivalent processes, as well as numerous structures to which the 

25 present invention may be applicable will be readily apparent to those of skill in the art 

to.which the present invention is directed upon review of the present specification. 

The claims are intended to cover such modifications 8.nd devices. 
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WE CLAIM: 

1. A filter for transmitting light with a selected angular dispersion, 

comprising: 

a layer of optically transparent material having a support surface; 

a plurality of beads of optically transmitting material having a selected · 

shape and refractive index and arranged in a single-layer array on the support 

surface, each bead at least partially disposed within the layer of optically 

transparent material to produce an interface therewith, the interface defining a 

10 clear exit aperture; and 

IS 

a layer of light absorbing material having a selected thickness and 

being affixed to the layer of optically transparent material, for controlling 

ambient light rejection of the light fiher and to reduce light transmission 

through interstices formed by the plurality of beads; 

wherein a penetration depth of the b~s into the layer of optically 

transparent material is selected to subsiantially maximize transmission of light 

through the plurality of beads while maintaining film contrast for the 

maximum light transmission. 

2. A filter as recited in claim 1, wherein the layer of optically transparent 

20 material includes a penetration layer on a substrate layer, and the beads penetrate into 

the penetration layer. 

3. . A filter as recited in claim 1, further comprising a layer oflight 

transmitting material deposited over the layer of light absorbing material and the 

plurality of beads, the layer of light transmitting material having a refractive index 

25 that operates with the refractive index of the beads,·to provide the light filter with the 

selected angular dispersion of transmitted .light. 

I JllJ IJ ll(U Hill U 1111 
s * 
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4. A filter as recited in claim 3, wherein the layer of light transmitting 

material secures the plurality of beads partially disposed within the layer of opticillly 

transparent material. 

S. A filter as recited in claim 3, wherein the layer of light absorbing 

5 material covers a substantial portion of a lower half of each bead. 

6. A light dispersing film, compriSing: 

an optically transparent layer; 

optically transmitting beads arranged to penetrate at least partially into 

a first surface of the transparent layer to a preselected penetration depth, the 

IO beads defining clear apertures at interfaces between the beads and the 

transparent layer; and 

an. absorbing layer disposed on the transparent layer, in interstices 

between the beads;. 

wherein the_penet11ltion depth.is selected to substantially achieve 

15 maximum transtnission of light through the optically transmitting beads while . .. 

maintaining esse~ally optimum contrast for _the maximum light transmission. 

7. A fihii as recited in claim 6, .wherein the optically transparent layer 

includes a penetration layer over a substrate layer, and the beads are arranged to 

penetrate the penetration layer, the penetration layer having a predetermined 

20 thiclcness less than a bead radius. 

8. A film as recited in claim 6, wherein the penetration depth, t, is 
·. 2 2 . : 

approximately equal tot =r (1""7 x3x~S[x 3-
1
]), where ris a bead radius and xis a 

ratio given by a bead refractive index divided by a transparent cover layer refractive 

index, and x is less than or equal to 2. 

25 9. A film as recited in claim 6, further comprising a transparent cover 

layer disposed over the absorbing layer and the optically transmitting beads. 
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10. A film as recited in claim 9, wherein the transparent cover layer is 

adapted to secure the beads penetrating into the optically transparent layer. 

11. A film as recited in claim 9, further comprising a first quarter-wave 

retardation layer disposed over the transparent cover layer, a second quarter-wave 

5 retardation layer disposed below the optically transparent layer, and a first polarizer 

layer disposed below the second quarter-wave retardation layer. 

12. A film as recited in claim 11, further comprising a second polarizer 

disposed over the first quarter-wave retardation layer. 

13. A film as recited in claim 9, further comprising a first quarter-wave 

1 O retardation layer disposed over the transparent cover layer and a polarizing layer 

disposed over the first quarter-wave retardation layer. 

14. A film as recited in ?aim 9, :further comprising a Fresnel lens disposed 

over the transparent cover layer. 

15. A film as recited in claim 6, :further comprising a polarizing layer 

15 disposed over a second surface of the transparent layer. 

16. A film as recited in claim 15, further comprising a second quarter-

wave retardation layer disposed between the polarizing layer and the second surtace 

of the transparent layer. 

17. A film as recited in claim 6, wherein at least one of the transparent 

20 layer and absorbing layer include light scattering particles. 

18. A film as recited in claim 6, further comprising a scattering layer 

disposed over the absorbing layer, and a transparent cover layer disposed over the 

scattering layer and the optically transmitting beads. 

25 
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19. A film -as recited in claim 6, -wherein the transparent layer is a curable 

adhesive layer and the optically transmitting beads adhere to the adhesive transparent 

layer. 

20. A film as recited in claim 6, wherein the-transparent layer is selected 

5 from a pressure sensitive adhesive and a ~ot melt adhesive, and the optically 

transmitting beads are pressed into the transparent layer. 

21. A film as recited in claim 6, wherein the absorbing layer is a metallic 

layer. 

22. A film as recited in claim 6, wherein the absorbing layer extends from 

10 the transparent layer below ab~ diameter substantiBliy parallel to the substrate to a 

position on the bead surface abave the bead diameter. 

23. A film as recited in claiin 6, wherein the absorbing layer is disposed 

within interstices between beads and has an upper ~flying Closer to the 

transparent layer than a bead diameter substantially parallel to the substrate. 

15 24. A film as recited in claim 6, wherein the optically transmitting beads 

are fonned from one of glass and an optically transparent polymeric material. 

25. A method of making a light dispersing film, comprising: 

disposing optically transparent beads p3rtially into an optically 

transparent layer, a bead penetration depth intQ the optically transparent layer 

20 being selected to substantially maximize light triinsmission through the 

optically transparent beads while maintaiDing essentially optimum contrast for 

the maximum light transmission, an absorbing layer overlying the optically 

transparent 1ayer. 

26. A method as recited in claim 25, wherein -disposing the optically 

25 transparent beads in the optically transparent layer includes pressing the optically 
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transparent bea~~ i.nto the optically transparent layeri and applying the absorbing 

layer in interstices between the optically transparent beads and over the optically 

transparent layer. 

27. A method as recited in claim 26, wherein applying the absorbing layer 

5 in interstices between the optically transparent beads includes disposing a layer of 

absorbing material over the optically transparent beads, and etching the absorbing 

material to leave absorbing material in the interstices between the optically 

transparent beads. 

28. A method as recited in claim 27, wherein disposing a layer of 

1 O absorbing material over the optically transparent beads includes coating the beads 

·with a metallic film, coating the metallic film with a photoresist, removing portions of 

the photoresist over the bead~ and etchiilg the metallic layer where the photoresist 

has been removed. 

29. A method as recited in claim 25, wherein disposing the optically 

15 transparent beads in the optica11y transparent layer includes applying the absorbing 

layer over the optically transparent layer, and pressing the optically transparent beads 

through the ab8orbing layer and into the optically transparent layer. 

30. A method as recited in claim 25, further oomprising removing a 

substrate layer from the optically transparent layer to leave a remainder layer and 

20 etching the remainder layer. 

31. A method as recited in claim 30, further comprising applyirig a 

replacement substrate layer over the absorbing layer and portions of the optically 

transparent beads exposed when etching the remainder layer. 

32. A method as recited in claim 25, wherein disposing the optically 

25 transparent beads partially into the optically transparent layer includes penetrating the 
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beads into· a penetration layer of the optical1y transparent layer by less than a bead 

radius.· 

33. A method as recited in claim 25, wherein the penetration depth, t, is 

. · x2 +8 x2 -1 
selected to be ap_proximately equal to t = r (I- lx2 · _[~]), where r is the bead · 

5 radius and xis a ratio given by a bead refractive index divided by a transparent cover 

· layer refractive index,· and x is less than or equal to 2. 

34. A method as recited in claim 25, further comprising applying a 

transparent cover·layer over the absorbing layer and the optically transparent beads. 

35. A.method as recited in claim 34, furth~ Ct)mprising securing the beads 

. lo within the optically.transparent layer by. the.transparent cover layer. 

36. A method as recited in claim 34, further comprising disposing a 

Fresnel lens.over the transparent cover layer. 

37. A metllod as recited in claim 34, further; comprising disposing a first 

quarter-wave retardation layer over the transparent c()ver layer and a first polarizing 

15 layer over the first quarter-wave retardation layer, and disposing a second quarter­

wave retardation layer below the absorbing layer and a second polarizing layer below 

the second quarter-wave retardation layer. 

38. A method as recited in claim 25, further comprising disposing a 

quarter-wave .retar4ation layer and a polarizing .layer below the absorbing layer. 

20 39. A method as recited in claim 25, furth'j'f comprising disposing 

scattering particles in at least one of the optically transparent layer and the absorbing 

layer. 

40. A method as recited in claim 25, further comprising disposing a 

scattering layer over the absorbing layer. 
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41. §. #lethod as recited in claim :40, further comprising applying a 

transparent cover layer o~r the scattering layer and the optically transparent beads. 

42. A method as recited in cwm 25, further comprising disposing the 

beads in one of a pressµre sensitive adhesive fi1m, a curable adhesive film and a hot­

s melt film as the optically transparent layer. 

43. A method as recited in claim 25, further comprising partially 

surrounding one of the beads having a bead diameter substantially parallel to the 

substrate layer with the absorbing layer having an upper extent closer to the optically 

transparent layer than the bead diameter. 

10 44. A method as recited in claim 25, further comprising partially 

surrounding one of the beads having a bead diameter substantially parallel to the 

substrate layer with the absorbing layer having an upper extent,. wherein the bead 

diameter is closer to the optically transparent layer than an upper extent of the 

absorbing layer. 

15 45. A light dispersing film, comprising: 

optical absorbing means for preventing transmission of light 

therethrough; 

first optical refracting means for refracting lislit passing therethrough, 

the first optical refracting means disposed through the optical absorbing 

20 means so. as to permit light entering the optical refracting means to exit the 

optical refracting means; and 

optically transmitting support means for supporting the optical 

absorbing means, the :first optical refracting means being disposed to 

penetrate into the optically transmitting support means to a penetration depth. 

25 selected to essentially maximize light transmission through the first optical 

refraciing means. 
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46. A light dispei'siilg film as recited in claim 45, further comprising a 

second optical refracting mean8 disposed over the fi[st 6pticaJ refracting means for 

altering an effective refractive index of the first opti~ refractive means. 

47. Alight dispersing film as recited in cl~ 45, further comprising light 

5 scattering means disposed within the film for scaiterillg light passing through the film. 

48. A light dispersing film, comprising: 

an optically transparent layer; 

optically transmitting beads· arranged to penetrate at least partially into 

a first surface of the transparent layer to a pr~ected penetration depth, the 

10 beads defining clear apertures at interfaces between the beads and·the 

transparent layer; 

an absorbing layer di~posed on the transparent layer, in interstices 

between th~ beads; and 
a tiarisparent. cover layer disposed o~ the absorbing layer and the 

15 optically transmitting beads. 

49. A film as fecited in claim 4s, ·wherein the optically transparent layer 
. . 

includes a penetration layer over a stibstrate 18Jer, an~ the beads are arranged to 

penetrate the penetration layer, the penetration layer ~aVing a predetennined . ~ . 

thickness leas than a bead radius. 

20 50. · A film as recited in claim 48, wherein the penetration depth, t, is 

• ual ( x2 + 8 [x2 -1)) wh. . . • d . d . approx11nately eq to t = r l--.-2- --- , , ere ris a bea radius an x 1s a . . . . k 3 . 

ratio given by a bead refractive index divided by a transparent cover layer refractive 

index, and x is less than or equal to 2. 

51. A film as recited in claim 48, wherein the transparent cover layer is 

25 adapted to secure the beads penetrating into the optically _transparent layer. 
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52. Alum as recited in claim 48, wherein at least one of the transparent 

layer and absorbing layer include light scattering particles. 

53. A film as recited in claim 48, further comprising a scattering layer 

disposed between the absorbing layer and the transparent cover layer. 

5 
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